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SUMMARY

The immumproteasome is &ariantof the 265 proteasomen which the catalytically activetandard

i -subunits { 8 ¢ lFHy R c) are replaced by low molecular magsl2 f @ LISLJGA RS 6] at
multicatalytic endopeptiase complesike (MEClM 01 H[Aa)t 1 yHB@siges itsdbe in antigen
presentation, manytsidies have showrhat the immunoproteasomes importantin activation and
differentiation of T helper (Th)cells, cytokine secretioand development ofautoimmune disorders
making it an inteesting therapeutic target for delkmediated diseased$ndeed, ireversible inhibition
of the immunoproteasome subunitdViP2/LMP7 bPNX 091sasshown greakffectsin ameliorating
disease symptoms in various mouse models of inflammatory disemse in reducing the frequency
of IFN' *Th1 and 17" Th17 cells. In contradlittle is known about the role of the immunoproteasome
in the development of allergith2mediated inflammation.

Allergic asthmads induced by inhalation of environmental allergens which trigger an excessivene
response resulting in high levels of inflammaty cytokines likell-4, 11-5 and IE13, eosinophilic
infiltration and increased immunoglobulin E (IgE) production by B. égitigenspecific TR cells are
central mediators of this allergic reaction. Even though most patients benefit flemstandard
corticosteroid treatment a large proportion of patients develops corticosteroédistant athma,
leading to agreat need of novel therapeutics

The first part of thistudy aimed to investigatethe role of the immunoproteasome i@D4 Th cells. In
the first set of experiments, the focus wa$h2 cells and the therapeutic potential of
immunoproteasome inhiliion on Th2 cells in allergic airway inflammati@irst, it was shown thanh
vitro polarized T cell subsets (Thl, Th2, Th17, and Treg) express higls lef immunoproteasome.
Forin vivoanalysesallergic airway inflammatiomvas inducedn mice of thenovel GAT/-reporter
strain GATIRvhich are useful for easy identification ©h2 cells ONX 0914vas appliedduring the
challenge phase to investigatthe influence on the acute Th2 responsEurthermore, the
development of Th2 cellswas anajzed under the influence of ONX 081which was applied
continuously starting from the first sensitization.

WhenONX 0914vas applied during the challenge phaaeeduction of the Th2 responseas detected

in two different models, using ovalbumin or house dust mite (HDM) exaactllergeng-urthermore,

T cell activation and antigespecific cytokine secretion was impaired and a reduced infiltration of
eosinophils ad profesional antigerpresenting cells into the lung and the bronchoalveolar space was
observed in the ovalbumin modéh contrastthere was nalifference in the Th2 response or airway
inflammation, when ONX 0914 was applisthrting from the first sesitization Moreover, the
development of ovalbumiinduced airway inflammatiomwas similar irwildtype and LMP-deficient
mice. In both cases th@incided withincreased expressionf the standard subunit5¢, suggesting a

compensatory mechanisnf.aken bgether,it could be shown thaprimed Th2 cells are sensitive to



immunoproteasome inhibibn andthat allergic airway inflammationould be reduced but early ONX

0914 treatmentor genetic deficiency of LMRbuld not prevent disease development.

Even though many studies have demonstrated that Thl7 cells are diminished upon
immunoproteasome inhibition, it is still unclear if differentiation or survival of these cells is affected.
In a second line of experimentdextran sodium sulfate (DS8as theefore usedto induce colitis in

mice andto investigatethe effect of immunoproteasome inhibition on Thkells at different time
points, i.e. during differentiation and later on established Th17 cells. In the same manner, Tregs were
examinedas previoustudiesyielded opposinglata about the immunoproteasome in Tregs

In line with previous studies, tHeequencyof Th17 cellén the lamina propria of the colowas almost
abolishedwhen ONX 094 was applied continuousburing DSS colitisn contrast, ®IX0914 did not
decreaseaalreadyinduced Th17 cells at a latBme point. In both settings, Tregsn the lamina propria
were not affected by ONX 0914 treatment

In conclusion, different Th cell subsets require immunoproteasome function at distinct timts and
respond differently to ONX 0914Iin our setup, Th2 cells coulddevelop independeny of
immunoproteasome function bufTh17 cells required it. In contrast, primed Th2 cells bunot

established Th17 cells weadfected by immunoproteasome inhibitio

Comparative studies of degradation characteristics of the stardard immunoproteasome are often
performed with isolated proteasomes vitro. Since this might not reflect the real physiologic situation

in cellulg the aim of the second part of thikdsis was to establish a stable cell line for inducible
immunoproteasome expression. To our knowledge, the only currently available comparable cell line is
a tetracyclineinducible murine fibroblast line. Since fibroblasts normally do not express
immunoprdeasomes, the aim was to establish a line based on cells usually expressing almost
exclusively immunoproteasomes. To this end, the immortalized B cell line LCL721.174, lacking the
genomic region where the genes encoding for LMP2 and LMP7 are locatedsedhasua basis for a
tamoxifeninducible system. Three stable clones with robust expression after 7 days of tamoxifen
treatment were established. This cell line was then used for proteomics analysis {SiBl€isotope
labelingwith amino acids in celiulture) to identify potential substrates specific for one of the two
proteasome types. The best hit was a reduction of nuclear factef BN immunoproteasome
samples. Cycloheximide chase experiments were performed to confirm this but no differences could
be detected. Furthermore, this cell line was used to investigate the degradation e@ipiglyitinated
proteins and the susceptibility toxidative stress, but no differences were detected between the two

samples.
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ZUSAMMENFASSUNG

Das Immunproteasom ist eine Form des 26S Proteasoms in welchem die katalytischen
Untereinheiten (1c,i 2c undi 5¢) durch molecular maspolypeptide (LMP)2 Li), multicatalytic
endopeptidase complelike (MECL] ( 2i) und LMP7i (5i) ausgetauscht sindNeben seiner Rolle in
der Antigenprasentation haben viele Studien die Wichtigkeit des Immunproteasaes Aktivierung

und Differenzieung von THelferzllen (Th) Zytokinsekretion und der Entwicklung véotoimmun
erkrankungen gezeigt. Daher ist das Immunproteasiiminteressantes therapeutisches Zielmolekl
fur die Behadlung von T Zelfermittelten Krankheitenlrreversible Inhiltion der Immunproteasom
untereinheiten LMP2 undMP7 durch ONX 0914 zeigte gro3e Effekte in der Verbesserung von Krank
heitsymptomen in diversen Mausmodellen fir inflammatorische Erkrankungen und in der Reduktion
vonlIFN!*Thl ind IL-17" Th17 Zellenlm Gegensatz dazu ist bisher nur sehr wenig lber die Rolle des
Immunproteasoms in der Entwicklung von allergischenvérinittelten Entziindungen bekannt.
Allergisches Asthmaird durch das Einatmen von Umweltallergenen induziert, die eine Gbermafige
Immunantwort auslésen, welche sich durch hohe Mengen an inflammatorischen Zytokinendyie IL
IL-5 und IE13, eosinophile Infiltration und erhéhte IgEEoduktion von B Zellen auseknet. Antigen
spezifische Th2 Zellesind dabei die zentralen Mediatoren dieser allergischen Reakbbwohlviele
Patienten gut auf die Stalardbehamlung mit Kortikosteroiden ansprechen, entkeltein grof3er Teil

der Patienterkortikosteroidresistents Athma. Daher werden neue Behandlungsstrategien fiir diese
Patienten dringend gpraucht.

Diese Studie hatte zum Ziel, die Rolle des Immunproteaso@B4nT Helferzellen zu untersuchen. In
der ersten Reihe von Experimenten standéi? Zellen und das tha@peutische Potenzial der Immun
proteasominhibitionauf Th2 Zellen in allergischetewegsentziindungeim FokusZunachskonnte
gezeigt werdendassn vitropolarisierte T Helferzadubtypen (Thl, Th2, Th17 und Tregs)e Mengen

an Immunproteasom exprimierenFir anschlieBendein-vivo-Analysenwurde die neue GATA-
Reportermauslinie GATIR fur die einfache ldentifikation von Th2 Zg#entzt und allergische
Atemwegsinflammationmnduziert ONX 0914vurde wahrend der Reexpositioh &K/l £ t Snjt ea 0
Allergenverabreichtum den therapeutischen Effekt auf di&wate Th2 Antwort zu analysieren und auch
die Entwicklung der Th2 Antwdbei kontinuierlicherimmunproteasonmhibition wurde untersucht

Wenn ONX 0914 wahrend der Challerijesse appliziert wurde, konnteine Reduktion der Th2
Antwort in zwei verschiedenen Modelldreobachtet werdenDiese wurden mit denModellallergen
Ovalbumin oder durch Extrakt von Hausstaubmilben induzfarRerdem war die Aktigrung von T
Zellen undAntigenspezifische Zytokinsekretion beeintrachtigt und eine verringerte Infiltration von
eosinophilen Granulozyten und professioralAntigen-prasentierenden &len wurde im Ovalbumin
Modell beobachtet.Im Gegensatz dazwurden keine Unterschiede in defh2 Antwort oder der

Atemwegsinfaimmation festgestelltwenn ONX 0914 den gesamten Versuchsverlauf Uber vecabre

\Y,



wurde. Gleichzeitig konnteine erhthte Expression der Standarduntereinheic naclgewiesen
werden was eine Art Kompensationsmechanismuggeriert. Zusammengefasst konnte gezeigt
werden das geprimte T Zellen sensitiv fur Immunproteasominhibition sind und die allergische
Atemwegsinflammation durch Applikation von ONX 0914 wahrend der Challenge verringert werden
kann, abeffriihzeitige ONX @14-Gabe kanmie Entwicklung der Erkrankung nicht verhindern.

Obwohl bereits viele Studien zeigten, dass Th17 Zellen durch Immunproteasominhibition verringert
werden, ist bisher nicht klar, ob die Differenzierung oder das Uberleben der Zellen beeiwtrsthti

In der zweiten Versuchsreihgurde daherDextransulfat Natriumsal@®SS) verwendet um Kolitis in
Mausen zu induzieren und der Einfluss von ONX 0914 auf Th17 Zellen zu unterschiedlichen Zeitpunkten
wurde untersuchtGenauso wurden auategulatoriscle T ZellenTreg3 analysiert, da bisherigegien

dazu nicht eindeutig sind.

In Ubereinstimmung mit bisherigen Daten war die Frequenz von Th17 Zellen in der Lamina propria
stark reduziert, wenmlie Mause konstant mit ONX 09fhéhandelt wurden. Im Gegensatazugab es

keinen Unterschied, wenn die Tiere erst nach der Induktion der Th17 Zellen behandelt wurden und
auchdie Frequenz defregs wardurch die Imnunproteasominhibitionwenigverandert

AbschlieBRend kannman sagen, dass verschiedene T He#éisppen die Funktion des
Immunproteasoms zu unterschiedlichen Zeiten benétigen vewinutlichdaher verschieden auf die
Inhibition reagieren. In unserer Studie konnten sich ZaRen aber nicht Th17 Zellamabhéngigron

der Immunproteasomfunkibn entwickeln. Im Gegensatz damaren geprimte Th2 Zellen, aber nicht

reife Th17 Zellen, beeintrachtigt durch ONX 0914,

Vergleichsstudien fir die Abbaueigenschaften von Standerdimmunproteasom werdewvor allem

mit isoliertem Proteasom durchgefiihrt. Da dadser nur bedingt die reale, physiologische Situation in
Zellen darstellt, war das Ziel des dritten Prdgeldie Etablierung einer stabih Zelllinie mit
induzierbarer Immunproteasomexpression. Unseres Wissens nach gibt es bisher nur eine verfligbare
verglechbare Zelllinie welche auf murinen Fibroblasten basiert. Da Fibroblasten normalerweise kein
Immunproteasom exprimieren, sollte nun eineZBltbasierte Linie hergestellt werden. Dafur wurde

als Grundlagdir ein TamoxifeAnduzierbaresSystem die immortadierte B Zelllinie LCL7274
verwendet, der der Genomteil fehlt, wo LMP2 und LMP7 codiert sind. Drei stabile Zellklone wurden
generiert, die robuste Immunproteasomexpression nach siebentadigienulation zeigten. Diese
Zelllinien wurden dann fir Proteomnalysen verwendetSILAG stable isotope labeling with amino
acids in cell culture um potentielle Substrate von einem der beiden Proteasomsubtypen zu
identifizieren.Der beste Treffer war eine Verringerung vonNFin Immunpoteasomproben, aber

dies lonnte n Gycloheximidexperimentemicht bestatigt werden. Aul3erdem wurde die Zelllinie
genutzt um den Abbau von polybiquitiniertenProteinenund die Anfalligkeit fur xidativen Stress zu

vergleichen. Ekonntenjedochkeine Unterschiede festgestellt werden.

Vi



1. INTRODUCTION

1.1. Basic characteristics dfdproteasome

Maintenance of protein homeostasis @f critical importance to dés and controlled protei
degradation is involved in a wide range a#llular processesuch as cell cycle progression, signal
transduction transcriptional regulationand immunologic process€d,2) The proteasomeis the
primary non-lysosomal degradation systeim eukaryotesand one major degraden pathway is the
ubiquitin-proteasome system(UPS) This pathway facilitates postanslational modification of
proteins with the smalprotein ubiquitin to target them for degradatioifl,3) These proteins are
recognized and degraded by the 26S proteasonmaubi-subunitcatalytic complexwhich consists of

the catalytically active 208ore and the 19S regulat¢4).

1.1.1. The ubiquitinproteasome system
The UPS is the main cytosolic andlear degradation machinery whiatediates degradation of short
lived regulatory and damaged or misfolded soluble proteifis6). Ubiquitination of target proteins
requires an ATependent cascade of three enzym@$, starting with aubiquitin-activating enzyme
(E1). The E1 enzyme primes ubiquitin by covalent binding of-thentinal glycine residugesulting
in the formation of a reactive thioester bond. In the next stapiquitin is transferred to abiquitin-
conjugating enzyme (E2) from which it is relocated to the target protein with an E3 (Bjaséany
different E3 ligases exist whichroey substrate specificity and which exhibit different modes of
action. RINGréally interesting new genee3 ligases mediate the transfer of ubiquitin to the substrate
directly whereas HECT (homologous to E6AP carboxyl terminus) ligases require amaldditio
intermediate thioester conjugation to the ligaé®). In both cases, ubiquitin is bound to a lysine residue
of the target protein via an isopeptide bond, typicayA | G KS O NP2E&f 3INR dzLJ
glycine (G76) and theamino group of a lysine within the substrate. This ubiquitination is then further
elongated by the attachment of other ubiquitin moieties mainly via the lysine residue 48 (K48) of
ubiquitin. Formation of this pohlubiquitin chain with a minimum of four residues is the main signal for
recogrition and degradation by the &b proteasomg?9). Nevertheless, linkage to the other lysine
residues of ubiquitin (K6, K11, K229KK33 and K63) or the-tdrminus can also be found and has
been reported to mediate many different cellular functions also independently of proteasomal
degradation(10,11) Besides this pathway, proteins can also be degraded ubigadigpendently via

the 20Sproteasome as it was described foragmple for oxidizedr intrinsically disordered proteins

(1216).
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1.1.2. Structure of the proteasome
The proteasomés a multisubunit catalytic complex composed of the 20S core alone or in combination
with regulatory structures The barrelshaped 20S core structure is conserved amengaryotic
organisms and is composed of four rings wadvensubunits eaci{17¢20). The twoidenticalouter
ringsconsist oft-& dzo dzy A { & -subhifs NdBt thietwo inner rings(FigurelA). Due to the ring
like structure, three interconnected cavities are formed in between, namely two antechambers and
one central catalytic chambéFigurelB)(17,21) The latter is formed byhe twoi -rings d which the
three subunits m X i H(orle gaeh perpingare catalyticallyactive(18,19,21,22)Unfolding of the
protein targeted for degradation is required to penetrate the gate of thengs andto enter this

catalytic chamber which prevents unspecific degradation of surrounding pratEm8,22,23)

As part of the UPShe 19S regulatory cap (also named PATR@) bindsto2 y S 2 Ndingsdfth& N
20S cordFigurelB), forming the 269r 30Sproteasome respectively. Its main functiontis mediate

the degradation of polyubiquitinated proteing4,25) The 19S regulator consists of approximately 20
subunitsof two classes, namely Rpefulatory particle triple-ATPase) and Rprefulatory particle
non-ATPase) and comprises a base and a(Hidure 1B) The main function of the lid is the
deubiquitination(Rpnll and proteasomiateracting proteins Ubp6/Ubpl4)f the protein targeted

for degradationwhereas the base is importafor ubiquitin recognition Rpnl1,Rpn10 and Rpnl13),
promoation of substrate unfoldingd I G S 2 LJS y-fingdahd stiEtraie KaBslotation (Rp8) (25¢

27).

(A) (B)

\
Lid
Rpn3, Rpn5-9,
Rpn12, Rpn15
& o >— 19S regulator
ab Base
a7 a5
a-ring [ al ad Rpt subunits <
a2 | a3

B-ring

‘ >— 20S core
a-ring | o7

a5

B-ring ' 52
6

al

e
s

~\~

Figurel Structure of theeukaryoticproteasome.(A) Schematic drawingf the barrelshaped 20S core which is
composed of twd' -rings andwoi -NA Yy 34 @A GK aS@Sy adzomdzyiida SkOKd ¢KS

ip INB YENYSR Ay 3INBSY:s (B Répgdatidoythe 26 frdtdasmens andds LIS O i A

section showing how the substrate enters through the 19S regulator and is then degraded in the catalytic
chamber of the 20S core. The catalyticaltyive subunits are marked &s(A). The 19S regulator is nposed of

two complexes, the base and thel.liThebasecontains the subunit®pnl,Rpn2 Rpn10, Rpn18nd the motor
subunits RptdRpt6 (dark purple)The lid is composed of Rpn3, RERI9, Rpnll, Rpnl2, Rpnlght purple
(28,29)

{



Moreover, the proteasome activator®A28 i, PA28 and PA00 can build complexes with the 20S

core, also in combination with the 19S regula@r,3@33). They activate the proteasome by opening

the channel of the 20S core bubdot exhibit ATPase activity abiquitin-recognition capacity
(26,27,34)PAryhi A& O2YLRASR 2F (G(KNBS t!wuyh |yR F2dz
heptameric ring that binds to the 20S proteasorf82,35,36) PA28" iis IFN -inducible andnediates

the degradation of short peptides but noeeégularly folded, full-length proteins(29,37) It was shown

to be involved imajor histocompébility complex(MHQ class | antigeiprocessingand to influence

cleavage specificitincreasesubstrate affinity ané&nhance the formation of hybrid proteasomes (19S

20St ! H y (B8c4Q). The third member of the PA28 familytiie structurally homologou®A28 that

forms homopolymericomplexes(43). It is not IFN -inducible,mainly found in the nucleus and, in

contrast tot ! H ydan markedly enhance the degradation rate by the 20S proteagdré5)

PA200 is 200kDa nuclear protein which acts agnanomeric activatorof the 20S proteasome by
Ay G SNI OG At 8z0 dzy 6 &nd ihus Searfanging them to open the proteasome (8&46)
It was suggestedio be involved in DNA repaispermatogenesisand to stimulate degradation of

specific substrates buts main function remains controversig9,4748).

1.1.3. Catalytic activity of thproteasome
The catalytic activity of the 20S proteasome is carried outhigytwo inneri -rings. Each ring is
composed of the same seven subunits of whishthree subunit$ m > | Hard-cgtaiyticallg active
and form a catalytic chambéFigurel) (18,19,21,22)Mammalian cells encode for seven stahtlR- |
subunits and four additionabnes which replace the catalytic subunits in certain cell types and
conditions(described in detail il.1.4and 1.1.5. The standard catalytic subunits are referred to as
i MmO &GorLMP/E ci(RSMB7 or Z) y Rc (PSMB5 or LMPX)8,29) 20Sproteasomes, which
contain only these subunits but none of the alternative oras, called standard proteasoraé-igure
2) (SR). Each subunit confers a different catalytic actiwhd substrate specificitiesvhich depends
on the surfaceproperties of the S1 substratiginding pockeiwherethe active threonine residue Thrl
is located(seel.1.6. Every catalytic subunits contains this binding pocket whitdracts with the
amino acid of the substrate upstream of the cleavaienamed PX29). Structural analyserevealed
thatml G dzZNB | maposthily chardeq aiginine e bottom of the pocket aposition 45 which
mediatesthe caspasdike activity to cleavafter negatively charged, acidic residuy&9,20,49)At the
bottom of the S1 pocket dfovine and muriné Bis a glycine at position 45 and a negatively charged
aspartate at position 53 which convey the trypsike activity to cleave after positively chargdshsic
residues(18,19)Ly O2y (i N} ai > | Ke@RNRLIK206AO YInedatingthd y S A
chymotrypsinlike activity for cleavingafter hydrophobic residue$18,19,49)! RRA (i A 2¢/id t £ & =



reported to preferentially cleave branched as well as small neutral amino @&yPifferences of the
clk @1 3S aLISOATA OA Gshibirits a2eTetaildd @.1.¥andl 3. BY | G A BS i

All subunits us¢he Nterminal Thrl for hydrolysis of the peptide bond. The nucleophilic attack of the
hydroxyl group of Thrl onto the carbar the peptide bond leads to the formation aftetrahedral
intermediate while the Nerminus of Tirl acts as groton acceptor.Upon decomposition of this
intermediate,the N-terminal peptide fragmenits released and an aeghzyme intermediate is formed
with an ester bond Finally, the hydrolysis of the estbond leads to the releasef the Gterminal
peptide fragment and restoration of thactive site ofthe proteasome subunit(17,50;52). The
resulting peptide fragments have asiof 3o 22 amino acidg53)andare mainly further degraded by

cytosolic peptidasesr used for antigen presentation

1.1.4. Structure and function ohe immunoproteasome
In addition to the seven standas@ | f a2 OF f t S-Bubumi® Fofrdaadditichadzsub@ifsé = |
exist. These are t@rnative forms of the catalytic subits, which replace the standarsubunits in
certain tissues and condition$hree of them areegularlyexpressed in cells of the immune system
and canbe induced bystimulation with pro-inflammatory cytokinesuch asumor necrosis factor
(TNF), interferon (IFN)in other cells and are thus named immuray inducible subunits. The three
subunits are low molecular mass polypeptide (LMP) 2p(RSMB® multicatalytic endopeptidase
complexlike (MECLv @ PSMBIPI Y R [ a { PSMBB(54q68). A 20S prteasome containing
only these immunosubunits is called immunoproteasome (ffRJure2) which has specific functions
and properties compared to SPue to the importat role of the proteasome in the generation of
peptides for MH@ presentation and the location of the genes encoding for LMP2 and LMP7 in the
MHCII region (58,59) many studies investigated its role in antigen presentati(@4¢66). It was
reported to changeahe produced peptide repertoir@and thus alter antigen presentation. Thésdue
to the different cleavage activities of the immun@ompared to tke standardsubunits (67¢69).
Whereas LMP7 and MECLhave very siitar specificitestod KSANJ adF yRIFNR O2dzy G SN
LMP2 exhibi a chymotrypsifike activity due to changes the S1 binding pocket. The substitutions
T20V, T31F, R45L and T52A rdsudt reduced size of the pocket and a shift from positoveeutral
polarity (19). This aidghe binding oforanched or small hydrdmbicresidues instead of acidic ones.
Furthermore, the pocket of LMP7 is enlarged duethe substitution of serine with glutamine at
position 53 leading toconformational changes of Met45This enables the binding of larger
hydrophobic residues and thunhances the chymotrypsiike activity(19). Therefore, the caspase
like activity to cleaveafter acidic residues is almost absent in the IP while the chymotrypsit

trypsinlike activities are enhance(b7¢69). This leads to the productionf peptides better fit for



binding to MHA molecules by generatinmore hydrophobicand basicGterminal anchor residues

(70¢72). Therefore, altered cleavaggecificity of IPshapes the adaptive immune respon$s,66)
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(}LMPZ and LMPﬂPsybunjts inst,ead of the standqrd ones. TheAthyrpoproteasome ig only exprgssed in 'Ehe
iK&Yda +yR O2yidtAya ipl AyadStR 27F i p Osburitsodt tha LIS NIV
Ff 0SNYIFUAQGS &adzodzy Al N na Thisfigur® Was madificsl BasédX@B)a SR Ay UKS 0!
Besides this role in antigen presentation, the IP was reported to be required in many other functions

of the immune system, especially T and B cell biology (further ddtail1.2.5. In line with this,

immune cells express high levels of7TB). Previous studies showed strong constitutive IP expression

in T and B cells, monocytes, medullary thymic epithelial cells (INTECs) as well as professional antigen
presenting cells (APCs) sud@s dendritic cells (DCs) and macrophages (summarize(v4j.
Consequently, IP levels are high in all lymphoid tissues including thymus, spleen, lymph nodes (LNs)
and the bone marrow(75). Besides thislP expression was reported in the lung, liver and intestine
under steady state conditiond5,76)and is strongly enhanced upon viral or fungal infec(ién,78)

The constant expression of-fabunits is likely regulated by continuous activation of intracellular
signaling mehanisms such d&F1 (interferonregulatory factor 1) and STAT lgfsal transducer and
activator of transcription 1) which build a transcription factor complex supporting constant LMP2
expression in hematopoietic ce([89). Furthermore IP expression can be induced in various cells types

by proinflammatory cytokines such as TNFN (67,80) and type | IFNs, e.g. in the case of viral
infection(81). The promotors of all three subunits contain binding sites forllP,82,83)and nuclear
FILOU2NI .0 DOHIACOK O2y T SNI (-Kadd TNESH) d2syeatife.IMoBaver, IPG 2 L
expression can be induced by the nitric oxide pathy&g)and in cellular stress conditioti86). Even

though upregulation of all three subunits was reported during oxidative stress, Mit2e@r fator
erythroid-derived 2like 2) can only be partly mediating this since only the promotor of LMP7 contains

an antioxidant response element (ARE) element (seelals&) (87).



1.1.5. Further proteasome variantdiymoproteasomend spermatoproteasome
Besides the standardd i OO0 | YR A Y Ydzy 2 & dzo dzy A (i Subunit was Hentifigfi2 G K S N
which is exclusively expressgdi O2 NIIA OF f GKeYA O SLIAGKSt (PBMBLIDS Tt f &
(Figure2)(88,89yp L i A& K2Y2f 23 2sdpnitdiadd idirfc@poratéaigedhdwiihghd 1 p
immunosubunits LMP2ndMECEL. i p &G O2y il Aya YlIye KeRNRBLKAEAO N
leading to a strong reduction of the chymotrypdilke activity compared tdhe SP and IR88).
Therefore,the amount of peptides with high affinity for MH®inding is reduced whickas reported
to be important for positive selection of T cell progenitqithymocytes) During this process, self
peptides are presented on MHC molecutegshymocytes and aly thymocytes with T cell receptors
(TCRs)kefficiently recognizing these peptiedHC complexes receive survival signals for further
development. Since peptide generation for MH@resentation is an important function of the
proteasome, a change itcleavage activity leads to alterations in this processch is important for
the selection of T cell®0). Alteredaffinity for MHC binding might affect the strengthinteraction of
thymocytes and cTECs, an important criterion for the survival signal. Furthermaoneye diverse
peptide repertoireis generated bustill with considerable similarity to the one tifleranceinducing
MTECs expreisg) IP. Therefore, the hymoproteasome is important for the development of the CD8

T cell repertoire necessary e.g. for awitial immune response®0c92).

In contrast to the other proteasome variants, the spermatopra@ae is characterized by a change

Ay  ENRS/ I g K S-haB todtainghié Sandardsubunits(Figure2). Male germ cells express an

f OSNYyBdzadegAtiE yI YSR hnas GKIFG KL &(93) Iis ragditei NI |y
for proteasone formation in spermatocytes where it mediates acetylati@pendent degradation of

histones, a critical process for progression of mei(#i§96).

1.1.6. Assembly of the 20S proteasom@red mixed proteasomes
Upon de novosynthesis of the different subunifghe assembly of the complex proteasome structure
is highly regulated First, theh-ring is assembled under the control of proteasome assembling
chaperones (PAC) with PAZ%erving as a scaffold and PACHcilitating formation of a closed ring
Second, thi$ -ring is used as a scaffold for assembly ofithing starting with the incorporation of
i 2¢ (in the SP) which is controlled by PAG®d proteasome maturation protein (POMPhird,PAC3
4 is releasedfter integration ofi 3 and the other subunits are incorporated @2 1 pZ 1 cX |
resulting in a hlf proteasomecore O 2 y & A & (i A yF 3/ R2 RriyigSFirdhlly dimerization of half
proteasome cores is aided by POMP and the € NI A y I #(97q100n¢E K SRuBunitscontain pro

peptide sequences of-2 kDadé S E O S LJi ,iwbich keyvR asiintramnolecular chaperones and aid

proteasomeassembly Upon correct assemblgutolysis of thepro-peptidesbetween the glycine and



threonine residues of the catalytic subunltadsto the generation of the mature subunit and the

reactive Thrl in the active centé97,10%105)

¢ KS | &asS Y aing&oniifing (RKilints differs slightly and starts with the incorporation of

[ at v whichiienfacilitateECkv ¢ incerpotation¥ 2 £ f 2 ¢ $R 106)After inbegration

2F [atT 00 pAU0 2-8ibunits BllowiSihSe PRIBPtsAvithihigh@r affinity to the pro

peptide of LMFY thani 5¢ (107)F YR [ at T | a&aSyYof & the formaibdSof IBENBER 2
promoted in the presence of all catalytic subur(t98,109) Finally, LMP7 aids cleavage of LMP2 and
MECLL pro-peptides, thus facilitating the maturation of the 20S. Thidsa demonstrates the
interconnection of the different Bubunits and how they promote the formation of IPs containing all
IP-subunits.Nevertheless, also mixed proteasomes were described contabutiy, standard and
immunosubunitsvith several limitatims(29,11&112) It was originally reported that LMRsrequired

for the incorporation oLMP2 and MEQL Y ( Kdza fAYAGAYy3I GKS LIiEamAOAf A
i HA 2 NMOH@uUre2). Other studiesiowd dzZ33Sad G € SFad LI NIAFE O2
knock out (KO) cel(29,109,113)Studies withLMP2 and MECI1-KO mice argued against the mutual
requirement of LMP2 and ME&Lfor their incorporation resulting in varias different intermediate
proteasomes containing one or two immunosubunitt14¢116) Whether this occurs also in
physiological settingsvithout genetic depletion of one or more subunits still under debate
(reviewed in(29,117).

1.1.7. Ubiquitindependent @gradationby standardand immunoproteasome
As mentioned beforeone main function of the proteasome is to maintain protein homeostasis.
Therefore, degradation of damaged or misfolded prosa;mimediated by the URS detailed in section
1.1.1 Since the ratdimiting step of degradation by the 26S proteasome is substnafelding and the
activity of the 19S particle(118,119) one would not expect differences in the degradatioh
ubiquitinated substrates b$R and IR but this matter was discussed very controvelgidliring the
last yearsin steadystate, micdackingone or more IPsubunits do nbaccumuate poly-ubiquitinated
proteins in various cell type€l20c122) indicating no requirement for the IP in normal protein
turnover. There wasalsono difference in activated B ce($14)or in DCsand macrophagespon LPS
or IFN! -stimulation respectively(120,122) Moreover, a recenttudy investigated degradiain of
ubiquitinated p21 and-dycby different subtypes under neimflammatory conditions. They found no
RATFSNBYOSa 060S06SSy (GKS F2dzNJ F2N¥A 6K BOKA oISyNE
i MiAg p@A2B)
In inflammatory conditions)FN* A& LINPRdzOSR o6& ¢ FyR yltadzNF f |
transient increase of polybiquitin conjugates. Since IFN A Y RdzOS & (i K SevE&a udies & & A 2

comparedthe degradation of these conjugates between SP andnided upregulation ofilP was



accompanied with a decline of pelyiquitinatedproteins(124) In linewith this, IRdeficiency lel to
accumulation of polubiquitinated proteins in a mouse model of experimentitoimmune
encephalomyelitifEAERNd purified 26SA was more efficient in degradjraubiquitinated substrate
(124) In contrast,Nathan et al. could not reprodue this data in a similar setupnd found no
differences in the degradation capacitiédoreover, they did not observe altered degradatiarvitro
with purified 26Sproteasome (125) More recently, this was further supported by analysis of
lymphocytic choriomeningitis virusGMYV) infection of WT and LMD mice showing no differences
in the accumulation of pohubiquitinated proteins and viral clearancguggesting that IP expression is
not required to maintain protein homeostagj$26) Additionally, LCMYhfection did not change the
proteasome content or compositio.alen together, the necessity of IP upregulation to cope with
increased protein turnoven inflammatory conditionsemains controversial with currély more data

arguing against it (recently summarized1r27).

1.1.8. Degradation of oxidized proteins by standamdd immunoproteasome
Oxidative stress results fromverproduction andinsuficient clearance of reactive oxygen species
(ROS) which can derive from environmental fachutsalso from cellular processéb28) For example,
superoxide aniong(Qy) are byproducts of mitochondrial ATProduction (129) Furthermore,O; is
produced uponinduction of NADPH oxidase (NXBy IFN S E LleadingNdSincreased levels of
oxidized proteing124,130) If the cell cannot counteract the increase of ROS, this oxidative stress leads
to cellular damagéy oxidation of proteins.In this case, the 26S proteasome is less stable and more
free 20S proteasome is found in the oetich was reported to be important for the clearance of
oxidized proteing131¢134) This 198ndependent degradation iprobablymediated by thealtered
(loosered) protein structure upon odation which allows direct entryinto the proteasome, making
ubiquitination dispensabl€123,131,132,135)
Seveal studies have suggested a protective role of IP expression in oxidative stress. For example, IP
expressiorwas induced by nitric oxide, thereleyihancing proteasome activitg5). Similarly, IP levels
were upregulated after exposure to,& (136)which was investigated to be mediated by the Nrf2
pathway. Thigpathwayisinduced inoxidative stresgonditionsbut also when proteasome function is
impaired The NrfZresponsiveARBEwvas onlyidentified in the promotor region of LMP7 but none of the
other IRsubunit genes, making the involvement of this pathway rather unlike3%,137) Thus, the
underlying mechanism still remains to be elucidated in the future
The same study that reported enhanced degradation of ubiquitinated proteins by IPs (see section
1.1.7) also showed accumulation of oxidized proteins in L¥&ficient fibroblasts and livers upon IFN
(I NB I Y-iSdhded ligeNihflanim{ation, respective(§24) This was accompanied kjevated
susceptibility to apoptosis, probably resulting from the oxidative st{@2el) Similar observations

were made in primary cardiomyocytes and B-dejpleted splenocytes from LMRO mice upon IFN



1 (1 NB bririrdl$fedction(138) In contrast, KD, treatment did not reveal differences between WT
and LMP7KO macrophages in the accumulation of palbquitinated proteing(120) Morerecently,
oxidizedcalmodulin and hemoglobin were shown to be degraded by four different proteasome forms,
of which IP and twd.MP7containingintermediates exhibited faster degradation rates compared to
SP(123) In conclusionseveral studies suggest an importamaie of the IP in the clearance of oxidized

proteins, even though contradictory dasdsoexists(127)

1.2. Role of the immunoproteasome in the immune system
Given its constitutive expression in hematopoietic cedlsgoding of LMP2 and LMP7 in the MHC
region and its induction upon stimulation with pioflammatory cytokines, many studidsave
investigated the IP in numerous immunological processes (summarizé39). Depending on the
type of infection,the source of chronic inflammation or tiferm of malignancy, the IP was found to

have different functions, ranging from protective uofavorable.

1.2.1. Antigen presentation
The proteasome is the main intracellular producer of peptides for MHEstricted antigen
presentation also in conjunction with other cytosolic peptidag@éd0,141) Self or foreign, e.g. viral,
proteins in the cytosol are degraded by the proteasome tiradresulting fragments are transported
into the endoplasmic reticulurfERYyia thetransporter associated with antigen processing (TAP) 1 and
2 where they are loaded onto MHICmolecules. Stabilized peptiddHGcomplexes are then
trangported to the cell membrane and presented on the cell surfa€ensequently, they cahe
recognized by CD8ytotoxic T cells (CTLs) via the TZ3 As described isectionl.1.4 the cleavage
activitiesand structural propertiesf IP and SHiffer, resulting in the generation of a different peptide
repertoire(19). The IP was shown to generate a larger peptide pool better suitable for the presentation
on MHCI as proteomic analysis showed that the MH(&stricted peptide pool is affected by-IP
deficiency(142) Moreover, the presence of intermediate proteasomes adds even more diversity to
the peptide pool(110) Studies with genetically engiaeed mice showed that deficiency of one or
more IRsubunits results in an altered CTL response upon viral infe(@h 142 145)or transplant
rejection(146) The altered CTL response diffdrgtrondy between investigate viruses and ejfopes,
suggesting that all proteasome forms are involved in antigenic peptide generation (summarized in
(28,147). Besides the role in generation of antigenic peptides, it was shown tkdgfiBiency reduces

the expression level of MH®nN the cell surfac€l21,146)

1.2.2. Functions of the immunapteasome in inflammatory settings
Infectious diseases in-tkeficient mice

Due b the described role in antiggresentationand its induction by IFNsarious studies investigated

the role of the IPin viral andbacterial infections using {&eficient mce (KO of one, two or all three



subunits) Severabtudies usingnice with IRPdeficiencies (single, double or triple K@pwedreduced
CTL responses tepitopes which normally triggered the immunodominant response in WT mice
(121,144,145,148151) These differences were explained by the reduced presentation of relevant
epitopes on MH@ (148;150), changes in theCTLrepertoire (148,151)or increased responses to
subdominantepitopes (145,150) Even though differences in antigerpresentation and theCTL
responsewere detectable clearance of the infection was only partly affectbg IRdeficiency.
Whereas clearance of LCMV infection was comparable betwé€rand LMP-KO mice(126,152)
intracellularparasites and bacterieould not be efficietly eliminated inlP-deficientmice (153156).

It was shown thafl oxoplasma gondand Streptococcus pneumoniafections persisted in LMPKO
mice(153,156)and triple KO mice failed to clear infections witinypanosoma cruti54)andBrucella
abortus (155) a protozoan parasite and an intracellular bacterium, respectivelythermore,
persistingListeria monocytogenasfection was liked to reduced production of one particulepitope

in LMP7KO micg157) thus limiting recognition of infected cells in the liv@ine observed differences

in formation of the T cell responsi these studiesvasmainlylimited to CD8T cells, whereas CD#

cells were not affected by changes in the proteasome compogifiafh,158)

Autoimmunityand chronic inflammatgrdiseases

Besides the changes in antigen presentation and the CTL response;defititdhcy was shown to
impair proliferation and survival of T cells during viral infecithi9) To evaluate how these findings
affect the devdopment of autoimmunity several studies investigated this matiasing IPdeficient
mice. LMPTECLL-double deficient mice developed multiple autoimmune disorders such as
dermatitis, diabetes insipidus and diabetes mellitus upon irradiation and boneomaransferwhich
were caused by CDEF cell§160) Even though tts study reported a connection of IP expression and
autoimmunity, micelacking one or more IFsubunits generally did not develop autoimmunity
spontaneouslyln contrastjnduction of colitis usingextran sulfate sodium (DS&as lespronounced

in micelackingany of the IFsubunits suggesting a rather protective function of the (F61,1&).
Contrastingresults were obtained in EAEpetiments with LMP2ZKO mice showing no difference in
EAE developmer{iL63)but LMP7KO mice developing an exacerbation of EAtke first study(124)
Later on,two other studies cold not confirm this exacerbatiom micelackingLMP7 or any of the

other two subunitg125,164) suggesting no effect ofkeficiency on the development of EAE.

Great progress in this field was made with the discovery edpécific inhibitors, starting with the
suppres#on ofautoreactive responses in mouse models of arthritis and diabi@@s)which is further

detailed in sectiorl.2.3

In humans specific mutations in the gene sequence of LMPBMBBwere identified tocause a

spectrum of chronic inflammatory conditionfl66¢169) summarized under the term PRAAS



(proteasomeassociated autoinflammatory syndrome$)70) Thesemissense mutations impair
proteasomeassembly andunction, resuiing in accumulation of polybiquitinated and oxidized
proteins Furthermore, chronically elevategroduction of type | IFNw/as reported(169) possibly
caused by activation of the unfoldedqgtein responsg171) andrecently, an overactivation of the
CXCRS3 pathwayas discoverel72) Likewise, a missense point mutation8MB1@encodesMECL

1), resulting in single amino acid exchange, was identified to lead to severe combined
immunodeficiency and systemic autoinflammation in mice. Similar tdPtB¥B&nutations in PRAAS
patients, he identified mutation ofPSMB1@mpaired assembly of IP and thymoproteasomes, resulting
in severe defects of immune cells, especially T and NK (4818 Moreover, analysis ofsingle
nucleotide polymorphisn{SNPsand transcriptomics linked variants thie genes encodingMP7and
LMP2to the development of type tiabetes and multiple scleros{summarized in(139). Taken
together, data from mutant mice and humans strongly implies a critical role of the IP in the

development of autoinflammatory diseases.

1.2.3. Pharmacologal mmunoproteasome inhibition
The first proteasome inhibitors bortezomib and carfilzortaloget the active sites of the 20S core
without distinguishing between SP and IP. Even though preclinical studies showed the impact of
proteasome inhibition on T de activation, cytokine production, antigen presentation and
development of (aute) inflammatory diseasefl74) the first approval of bortezomib for clinical use
was obtained for the treatment of multiple myelont4a75) Later on, secongeneration proteasome
inhibitors such as carfilzomikere developed. &filzomib belongs to the groupf epoxyketones which
modify the hydroxyl group and the freetidrminus of Thrl of the active sites, leading to irreversible
inhibition of proteasome activityl76) Thetoxicity profile limited the chronic use of these inhibitors
in nortlife-threatening diseaseand thus, researchers focused neoplastic malignancies with high
protein turnover such as B cell malignanc{@$5,177) Increasing insight into the role of the IP in
immune cells prompted researchers to develogsgecific inhibitors, resulting in the discovery of ONX
0914 (previously called P#%7)(178) ONX 0914 is a tripeptide analog of the tetrapeptide epoxyketone
inhibitor carfilzomibwith at least 16fold selectivity forLMP7 over 5c which contains a tyrosine
residue at position P1. Structural analysis could demonstrate that libiky residue conveyed
selectivityof ONX 0914 to LMP7 oviebc, as the S1 binding pocketidc is smalle(19). Additionally,
ONX 0914 was reported to inhibit LMP2 at higher concentrations which was found to te éoitithe
therapeutic effect in autoimmunity179) Most importantly, ONX 0914 was shown to havéetter
safety profile and good tolerability in animals after subcutaneous dosing, making it suitable for chronic

treatment (165)



After this discovery and the great therapeutic effects obtained with ONX 0914, numerous other
inhibitors were developed with specificities for all catalytidsnits which help to decipher the
mechansms of immune modulation by IRhibition (recently summarized irf176). It could be
demonstrated that inhibition of at least two 48ubunits is requiré for therapeutic efficacy on
autoimmunity whereas several single subunit specific inhibitors failed to generate therapeutically
relevant responsefl76,17%184)

Of particular interest for clinical use is KBR6 which was developed based on the structure of ONX
0914. 1t exhibits a dual specificity for LMP7 and LMP2 and has improved pharmacokinetic and
metabolic properties such as better solubiliy78,1&). Results from clinical trials demonstrated good
tolerability and selective inhibition of the IP. Importanty3 weeks of treatment with KZ&L6
improved disease measures in patients with systemic lupus erythematosus (SLE) with or without
nephritis (178,186) Taken together, specific inhibition of the IP is a promising apprdac the

treatment of autoinflammatory disorders.

1.2.4. The immunoproteasome as a drug targeiimune systenadisorders
Based on the previous knowledge about the @anfiammatory effect of bortezomib and the strong
expression of IP in immune cells;gfecift inhibitors were investigated for the treatment of (adfo
inflammatory diseaseg:irst studies showed that treatment with ONX 0914 reduced disease symptoms
in mouse models of autoimmune arthritsd diabetes and blocked secretion of 123, TNF and &
of human peripheral blood mononuclear cells (PBMCH5) Furthermore, it blocked the
differentiation of isolated CD4I cells to Thl and Th17 célisvitroand reduced their frequency in the
lamina propria ofmice exposed toDSSfor colitis induction (162,165) During he following years
several otherinhibitors of one or more H3ubunits were discovered and investigatedpireclinical
modelsbut ONX 0914 was used in the majority of théRinhibition waseffectiveto decrease disease
symptomsin various mouse models of autoinflammatory diseases sashupus (187) colitis
(161,162,179,184FEAK164,179) experimental autoimmune neitis (188) myasthenia gravi§189)
Hashimotothyroiditis (190F { 21 NA Sy Q1) cutangdr\iBflahBnatiorf192) myocarditis
(2193)and polymyositi§194) In linewith these findingsONX 0914 weaasoeffective for the treatment
of colon cancer resulting from chronitfflammation(195,196) More recently, it could be shown that
this antitumor effect resulted from theole of the IFn shapinghe tumor microenvironment. While
it modulates the expression of ptamorigenic cytokines in chronic inflammatiomhich can be a pre
stage for cancer development, it can also have-amtiorigenic functions imther tumors In this case,
the IP is essential for an effective CBILresponse to fight against tumor development which is
impaired upon IP inhibitiof197) This data demostrates the diverse function of the IR different

cancer types and how IP inhibition can be very beneficial in some but not all of them



Given the role of the IP in antigen presentation, several studies explored IP inhibition in the context of
respective @sorders such as transplantation rejection agift-vs-host diseas§GvHD) ONX 0914
treatment ameliorated GvHD in the MH@atched minor histocompatibility antigedisparate mouse
model (198) While cardiac allograft survival could be prolonged by treatment withLMPZspecific
non-covalent inhibitor(199) there was no beneficial effect on skin allograft survivaich is mainly
mediated by CD8CTL$200) Finally, ONX 0914 treatmeoduld effectively preventejection of kidney
transplants in rat®y reducing plasma cells and alloantibody produc(@dig203).

Additionally, IRnhibition was used for effective treatment in viral myocard{l®©3,204) ischemic
stroke (205¢207) and formation of abdominal aortic aneurysm foriti@n (208) mainly by reducing
inflammation and subsagent tissue damage

Even though the main therapeutic effect ofitfhibition is dampening the immunesponse in these
settings, itmust bein balance with the important function of the immune system to fight of
pathogers. It was showrthat viral infectionscould be still controlled upon liRhibition (165,204,209)
whichis particularly critical fotreatment of chronic diseases, highlighting the potentillP inhibitors

for clinical use.

1.2.5. Immune cells anthe immunoproteasome
In line with the effect of bortezomib on T cglls8) first studies with ONX 0914 showed that it reduced
cytokine production by PBMCs and splenocytes and blocked differentiation of Thl7inceltso
(162,165) Later on, the reduction of 423 secretion could be attributed tthe selective killing of
monocytes among human PBM@40) In contrast, other cell types such as T cells {OC34), B cells
(CD19) andNKcells (CD5% were not affected by IP inhibition regarding the induction of cell death.
This is in line with previous studies showing tB&X 0914loesnot affect immune cell populatiain
mice atsteady state(161)and new data with the paiP inhibitor LLDO5i which did not affect cell
viability in vitro (184) The only other cell type susceptible for apoptosiduction by ONX 0914
describedso far are plasma cel{f202) Both celltypes, plasma cells and monocytes, are characterized
by high IRexpression and ONX 0914 treatment results in accumulation ofyimguitinated poteins.
It was proposed that these cells critically depend on IP function for maintenance of normal protein
turnover(202,210)

Due to their central role in the adaptive immune response and development of many-Yauto
inflammatory diseases, theffect of IPinhibition on T cells was extensively studidédrly studies
reported blockedifferentiation of CD4T cells to Th1l and Thlkellswith ONX 0914inder polarizing
conditionsin vitro (162,165)which was confirmed with other #ahibitors(179,184) These results are

in line with a reduction of Th1l7 cells andllL levels upon IP inhibition in various mouse models
(162,164,206,179,184,188,190,191,195,199,2@ilarly)evels ofThl ceband IFN' were reduced



upon ONX 0914 treatmer{l62,164,182,190)n contrast, the influence of liRhibition on Th2 cells is

not very well studied and previous studies yielded opposing results. Th2 differentiation was not
affected by ONX 0914 treatmeat LMP7Zdeficiencyin vitro(162,211)Volkovet al.reportedopposng
results for Th2 cellsin LMP7ZKO micein allergic airway inflammation, showing a reduction in
ovalbumin (OVA) but not house dust mikdHDM) induced inflammatioi211) Moreover, LMP7Y
deficiency did not affect Th2ell frequencies in a mouse model of aortic aneury&f8) To our
knowledge, the only study analyzing the effect of ONX 0914 on Th2ce®is theone from Gucet

al. in whichmice were treatedwith ONX 0914 after ischemic stroke. They saw no differences in the
frequency of Th2 cells in the brains of these@&{R06)but the frequercy was generally very low and
not markedly increased in ischemic mice compared to sbaerated mice, suggesting that Th2 cells
do not play a major role in disease developmehherefore, the role of the IP in Th2 cells in still
uncertain and nothing is kawn about the effect of Ikhhibition in ThZcelkmediated diseases.

More recently, it was shown that liahibition affects activation of T and B cells via restraining of ERK
signalingand induction of proteostatic stresf212) Similarly, expression levels afarkers for
activation and effectofunctionsof CD4 T cells, such as CD69, C2a28 CD44 were reducedfter in

vitro activation (182,212)and in mouse models of autoimmune myocarditj$93) and cardiac
transplantation(199)upon IPinhibition. Furthermore,proliferation of T cellsvas suppressed while

promotingexhaustion(192,199)

ProfessionaAPCshape the adaptive immune response by presenting antigens to T cells and the IP
was shown to play an important roie APC functionsActivationand functionof DCss impaired byP
inhibition as well agenetic deficiency114,187,213,214andtheir transcriptome is altered, implying

a role for the IP in transcription regulation in DT&2) In linewith this, IP inhibition irplasmacytoid
DCHpDCstould block proliferation of CDZ cellsn vitro (192)

Furthermore, inhibition andor genetic deficiency of the IRvas shown toaffect macrophage
polarization(215)as well agffector functions like nitric oxide production amthagocytosisand cell

death by pyroptosiqg182,192,216,217)Recently, increased IP expression was correlated to the
amount of SARE0V2 (severe acute respiratory syndrogeoronavirus 2) RNA in lungs of COVID19
patients. Tis was further linked to activation of M1 macrophages #me defense response during

mild cases of the disease while impairment of this activation was linked to severe(2a8gs

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

pathogenesis of many inflammatory diseases, making it an interesting therapeutic target.



1.3. CD4 T helper cells

T cells are a lymphocyte subset which derives from progenitors in the bone marrow that migrate into
the thymus, the main place of T cell lymphopoiesis. As a central part of the adaptive immune response,
T cel express antigerspecificTCRsvhich are generated bgomatic gene rearrangemenuring the
development in the thymusThe TCR on CD4£D8 progenitors interacts with MHC or MHCII
molecules on thymic epithelial celishich determines the fate of the progenitor towards CD4
(interacton with MHCII)or CD8T cellginteraction with MH@). Adequate interaction of the TCR with
MHCmoleculesresults in positive selection of the cells, followed by negative selection depending on
the interaction strengthResulting seffolerant T cell@migrate from the thymus into the peripheas

CD4 Thcells and CD8CTLgsummarized irf219¢221)).

Whereas CDS8T cellscan directly identify and eliminate infected (viral or intracellular bacteria) or
malignantly transformed cells, CD7# cells recognize antigens presented by APCs and shape the
immune response mainly by cytokine secretibiRCs, gpecially DC$ake up antgens, migrate to the
lymph node and present processed antigens to naive*dDéells. Upon antigen recognition and
sufficient cestimulation, these naive CDA cellsexpandclonaly and differentiate into distinct
subsets depending on the surrounding tkine milieuand the strength of the TCR signdhis
differentiationis mediated bymaster transdption factors for each lineage, which partially belong to
the STATand runt-related transcription factor (Runx) familieShese master transcription famts
induce gene expression ckrtain cytokines but also suppress the genes of other lineages by
induction of epigenetic changésecently summarized i(222,223). Th subsets are then categorized
according to their cytokine secretion profile. Even though all difféeéet Th subsets can secrdte

2, 11-6, 1:10, 1121, TNF and GM'SF, the subteare characterized by secretion of high levels of their

signature cytokines (see belo{®23)



1.3.1. Th subpopulations
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Figure3 Overview of T helper dgbopulations(simplified) Upon engagement of the T cell receptor with antigen
loaded MH@AI molecules on dendritic cells (DCs) and the presence-sficmlatory factors, naive CD# helper
(Th)cells differentiate into different effector subsets. Thigte ismainlydetermined bythe surrounding cytokine
milieu and the subsequent activation of specific signaling molecules and transcription fabtoessubset of
regulatory T cells (Tregs) derives from thymic seleclitiepolarized subsets are then atacterized byecretion
of specific cytokines

Thicells

Over the last decades an increasing amioof Th subsets was identifiecharacterized bgecretion of
specific cytokinesThe first identified subsets were termed Thl and Tefls (224,225) Thl cells
secretelFN' T~ K A SoKIL-Z aBddysnphotoxin §223). Thi polarization is mainly driven thy12
secreted from APCsia STAT4 signalingnd TFbet (T-box transcription factor TBX2Expression
(226,227)but can also be inated by IFN @A 11 (228% Tht cellsare required for immune
responses against intracellular pathogens (viruses, bacteria and protezga)py activatingnnate
immune cells likenacrophagesand play a role in the development of orgapecific autoimmunity.
Therefore, mutations in genes related to Thl differentiation and function result in susceptibility to
infections, especially with mycobactel229) They are associated with many autoimmune diseases
such as rheumatoid arthritis, multiple sclerogige one diabetes, Hashimoto thyroiditd other
chronic inflammatory disorders like attasclerosis, inflammatory bost diseasgIBD)and sarcoidosis
(230)



Th2cells

IL-4, I1-5 and IE13 are the signature cytokines of Th2 cells which are impofamimmunoglobulin

(lg) class switching, recruitment of eosinophils and the induction of alternatively activated
macrophageq231) (detailed in sectiorl.4.2). These functions are important thght extracellular
pathogers (224,225)but also result in allergy when the Th2 response is afubalance(231) The
allergic response can be triggered by a variety of diinnanging from infections (virus, bacteria,
parasites) to environmental products like food allergens, venoms, pollens, vaccine adjuvants and
interior allergens (e.gHDM) Thisresults in allergic inflammation, for exampbesthma, atopic
dermatitis, rhiritis, eczema and food allergi€230) Th2 polarization is indued by Ik4 via STAT6
(232,233)nd 11-:2 via STAT&34)and the master transcription factor is GABAvhichalso actsas an
epigenetic modifie(235,236) Th2 cells express chemokine receptors including CCR3,a08RCCRS8
that react to chemokines secreted from epdtial cells which mediates Th2 aaltruitment to the site

of allergen exposuré&30)

Thl7cells

The Thl7cell subet was described many years after the disagvef Thl and Th2 celik37)
Polarization of naive CD7 cells to Th17 cells is induced bylL =6, IL2fL, I1-23 and TGF (23&
242)and STAT signalingThl7 cells expredfe cytokines IEL7A, IE17F and H22 and their master
regulator is the retinoic acid receptoelated orphan receptor (i O w(248,244)0 Their
physiological function is the defense against fungal and bacterial infeciodsespecially the
regulation d the gut microbiota(245) In linewith this function,IL-17A and I£17F recruit and activate
neutrophils and K22 stimulaes prodution of antimicrobial peptides and prmflammatory cyte and
chemokinedy epithelial cells at mucosal barrid@16,247) Furthermore they are mainly involved in
the development of autinmune and chronic inflammatorydiseases such as multiple sclerosis,
rheumatoid arthritis, psorids, $Eand IBD(summarized irf{248). As the main function akgulatory

T cells Treg$ is the prevention of autnmunity and both subpopulations can be induced by TGE
the balance of Thl@ellsand Tregs seents be critical for the maintenance of sdtilerance while its
disruption results in autoimmunity(249) Thl7 cells were reported to exhibit heterogeneous
phenotypesand ahigh level of plasticitypon exposure to different cytokines, ranging froathmwlogic

to regulatory (222,250) Recently, londived Thl7 cells were reported to exhibit stem diié
characteristics such as sefnewal capacity and multipotency251) which are involved in

development of chronic colitis and E£F52,253)

Tregs
Tregsare an immunosuppressive Cpbpulation expressing high levels of the2likeceptorh -chain
CD25. There are two nmalreg subtypes which differ in their origin. tTregs are generated in the thymus

where they undergo selection processes to later mediatetsédfance in the periphery254) pTregs



can differentiate from (naive) CDE cellsn the periphery upon exposure to TGF | yY2Respedially
during inflammation(255) Their main functions the maintenance of immune tolerance atite
regulation ofimmune responses hgirectingthe differentiation and function of effector T ce([823)
Moreover, tissue specifitregs were found in various organs where they are important for tissue
homeostasig256) Independent oftheir origin, all Tregs expss forkhead box 3 (FoxP3) which is the
critical transcription factor for function and identity of Tre@857,258) They mediate their
immunosuppressive actions via many different mechanisms, for examle, IL-35, TGF I YR
perforin secretion, adenosine production via CD39/CD73 and expression of various inhibitory
molecules(summarized in(259). Several studies during the last years showed that Tregs are a very
heterogeneous population with a high plasticand that specific transcriptional and secretory profiles

are induced depending on the type of inflammation. Therefore, Tregexpoessing signature
cytokines and transcription factors of the other lineages were found to be important for the regulation
of the respective inflammatio(222,259) For exampleFoX>3 w h w Trégs are abundant in the large
intestine and likely represent a specialized subset critical for the regulation of colonic Th1/Thl7
inflammation (260,261) Due to thér immunosuppressive functions, Tregs are involvedniany
immune responses and play key roles in autoimmunity, tumor development, allergy, metabolic
diseases and tissue repair. Their dysregulation or impaired function is associated with a variety of
humandiseases such as immunodeficiency syndromes, diabetes, rheumatoid arthritis, SLE and cancer
(262)

Tthcells

As the name saygD4 ¢ K OSffa LINPOARS (KSANJ aKS frtiody G 2
production and class switchingA ecialized Th subsdbr these functionsvas found m the B cell
follicle of the ymph node whichwas named T follicular helper (Tftell. Tth cellalso differentiate
from naive CD4T cellsand dependon IL:6, Il-12 and IE27 which activate STAT3 and the master
regulator Bcl6(B cell lymphoma 6j263) CXCR5 expression mediates their localization in germinal
centers of secondary lymphoid orgaf®64) Their main function is to help B cediigsecretion of [£21
andthe expression of catimulatory factors such asducible Fcell costimulator (CO$and CD40L.
Futhermore, they were found to expresEN' HE-4 andIL-17 which is linked to the specific type of
antibody production induced by the respective resparidere recently, the expression of-il3 was
linked to the production of high affinity Ig265) Although they share the expression of these
signature cytokines, Tfleells are considered different from thether effector subsetsbut the
developmental relationship is still under debd223,266) Some studieproposethat conventional
Thl and Th2 cellsan give risg¢o IFN! | y4Rsecteting Tftcells (267,268)while another study
contrarily claimedthat Tfh cells can be precursors of the lbér Thcell subsets(269) Moreover,

simultaneous acquisition of these characteristicsdynamic plasticitys alsoplausible andhus, this



matter is still under investigation223,268) In a murine asthma model, effector Th2 celsre
reported to be derived from Tfh cel{269)but alsoopposingdata existswhich reports Tfh cells to
originate from Th2 cell@70,271) Furthermore, they are also implicated to give rise to menibiny

cells as a source for conventional effector Th cells upon reactivéicth271)

Additional subsets

Lastly further & dzy O 2 y @ S yaéllsidbsets fvere défiked as Th3, Trl, Th9 and Telgby their
distinct cytokine secretion profiles, namely high levels of-TGF10LIE9 and 122, respectivel. Even
though cytokine expression overlapped with the other subsets, they were found to be distinct subsets,

e.g. Thlzellsdo also express {22 but Th22 cells secrete onlydR (222)

Heterogeneity and plasticity

Importantly, although these subsets were originally described as distinct populationslotigs
standing paradigmlater was challenged by the discovery of alternate cytokine secretion and co
expression ofwo subsettranscription factorsnot only in Tregs bulso in the othesubsets e.g.co-
expression ofl-bet andwh w! & KA OK & | a(222,278387H Mdrgbvern el wetalzii
reported to transdifferentiate from one type to anothegspecially Thl@ellsand Tfhcells Th17 cells

in the gut were found to differentiate into Tregs or Tilswhich seemed important for resolution of
inflammation (275,276) Taken together, Tleells, along with their heterogeneity armlasticity, are
important for shaping immune responsagainstpathogens as well as against normal or also tumor

associated selantigens(277)

1.4.Asthma

Asthma is a chroniaflammatory disorder of the lower airwagdfectingmore than 300million people
worldwide. Itis characterized by breathing difficulties due to airway inflammation (Al), mucus
hypersecretbn and airway wall thickening resulting in airway obstructiorf278,279) Clinically,
susceptible patients present witlhequent episodes of wheezingoughingbreathlessess andchest
tightness oftenin the night or early morningsince thaunderlying inflammation is usually chronically
present,these acute episodes ar&riggered by additional exogenous factors such as viral infections
(especially rhinovirus), tobacco smoke, allergens, temperature changes, stress, exercises and
medicationg279%281) The underlying cause of asthma is not known but many risk factors have been
identified so far. Genetics seem to play a major role in the susceptibility to asthma and the heritability
is reported to be 3®5 % especially from the mothe(282,283) Large genetic studies have identified
several hundreds of genetic variants with an increased oiskgthma but the majority of the genetic

risk cannot yet be explaing@84) Another level of complexity is added by epigenetics and changes in
transcription levels, implicating otherundreds of genes(279,284286) Besides genetic and

epigenetic predisposons, many external factors were describéa increase the risk for asthma,



induding allergerexposure viral infectionsthe microbiome, contacto chemicals and metabolites,

dietary changes and psychological conditions like stress, depression and €2X#&887,288)
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Figure4 Overview ofasthma subtypes. Asthma can be classified inthigh (high levels of type 2 cytokines) and
non-T2 subtypeswhich are characterized by thE helper cell response and tliefiltration of eosinophilic or
neutrophilic granulocytes, respectiveljgmong these two categories, there are further subtypes that can be
categorized by their time of onset and/or underlying mechanism/risk fac{@89c291) Whereas allergic
responses are typical for early onset-figh asthma, the pathomechanism for late onset eosinophilic asthma is
not yet clear but infection wittStaphylococcus aurewgas suggested tbe involved.One patrticular group of
asthmatics suffers from aspirexacerbated respiratory disease which results from the dysregulation of the
arachidonic acid metabolism arayerexpression ofysteinyl leukotrienedn contrast, noAT2 asthma is further
divided based on related risk factors (obesity and smoking) and involvement of cellular pdbERP3
inflammasomeoxidative stress Immunosenescence was reported in very late onset asthma which can-be T2
high or nonT2 ashma.

Asthma is a very hetegeneous disease and many different ways were established to categorize it
based on clinical, biological amhysiological characteristics as well the mechanistic pathways
involved (summarized ifrigure4). Since many of these characteristics also overlap between the
groups, the usefulness of these classes for determinatioth@fbest treatment strategy iEmited

(289) The most common classificatisgbased on the level of the typergsponse involved, leading

to the separation of T-high and norT2 asthmg292,293) Three main groups have been identified
among T2asthma: earlyonset asthma (discussed in sectibd.]), late-onset eosinophilic asthma and
aspirinexacerbated respiratory disease (AERD) which is caused by a dysregulation of the arachidonic
acid metabolisn{289%291) Whereas early onset asthma is mostly atophe underlying mechanism

for late onset eosinophilic asthma is still unknown. Some patients present with high levels of IgE
directed againsiStaphylococcus aurewsnterotoxin, suggesting infection as a trigg@89,294) In
contrast, as the name implies, ndr2 asthmdacks the high type BEnmuneresponse. Bsides this, a
common underlying mechanism was not yet disaede Asthmatics often present with neutrophilic
inflammation but whether neutrophils are actuallyviblved in the development aisthma pathology

is still under debat€295) It was linked to the activation of Th1l and/or Th17 cells or a disruption of the

Th17/Treg balance, the activation of the NLRIRI3R family yrin domain containing Jdnflammasome



and elevated levels of 41 i (295,296) Even though the exact underlying mechanisms are not yet
understood, some studies suggest a link to chronic infection with atypical bacteria, obesity, smoking
and smooth muscle abnoralities (289,297) Importantly, this type does not respond sufficiently to

glucocorticoid therapy and thusther efficient treatnent strategies are still needg@89)

1.4.1. Pathophysiology dllergicT2-highasthma
The initial understandings of asthma pathogenesis described the dominant réfgbnse in
asthmatics with Th2 cells as the driversaatdpiceosinophilic asthmaviore recently, the discovery of
type 2 innate lymphoid cells (I128) extended this paradigm to these cells which exhibit similar
characteristic§298) Therefore, tiis subtype is now referred to as-hijh asthma, including high Th2
and ILC2 responseSven though other types exisgttopic asthma iby farthe mostcommon form of
T2-high asthmayesulting from allergic reactions to a variety efivironmental allergensike HDM

fungi, pets and pollen@78,291)

Allergic Tzhigh asthma is characterized by an initial sensitization phase in which thésdapmune
response is primed to the allergen, followed by subsequent challenges upamcoainter with the
sameallergen (summarized iRigureb). The initial senskation probably results from a dysregulation
of the epithelial barrier with loss of-€adherin and claudii8 in the tight junctions (critical cells and
mediators are summarized Higure6) (299,300) Some allergens even contain proteases which can

directly cleave tight junctions to introduce epithelial damage, for example HDM and cockr¢a0ttgs
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Figure5 Overview of sensitization and challenge phase of allergitigt2 asthma pathogenesis. Development of
allergic asthma is a multifactorial press involving many different cell types. An overview of the key plays and
events is summarized in this figure, starting from dysregulation of the epithelial layer and recognition of allergens
by the epithelium, over activation of innate and adaptive imraucells to the establishment of airway
inflammation. TLR; toll-like receptor, DCg dendritic cells, NK; natural killer (cells), ILCQ type 2 innate
lymphoid cells, LN lymph node



This damage in the airway epithelium results in entry of allergensracibes into the stromal tissue

and the activation of the innate immune respongeg. by uptake from DCSurthermore, Iinding of
allergens to patterrrecognition receptorgPRRs)such as tollike receptors (TLR) 2 and 4 or Dectrin

1, triggers therapid secretionof alarmins from the epitheliumThese alarmins are thymic stromal
lymphopoetin (TSLP),-B5 and 133 which can initiate multiple type 2 pathwagad act on almost

every cell typanvolved(295,302) I.-33 and IE25 mainly activate ILG2vhile TLSP also activates APCs

like DCs, resulting in the promotion of type 2 immunitystiynulating T and B cell§295,303) Upon

antigen uptake, activated DCs migrate to thmph nodes where they interagtith naive CD4T cells,
leadingto priming of allergerspecific T cells with a THike cytokine profileLocal priming of T cells by

DCs in the lung was also reported as a mechanism during the sensitization(pi@s#04) These
antigenspecific T and B cells reside in the body, mainly within the respective lymph nodes. Upon re
exposure to the allergen, thyaare reactivated and T celifferentiate to Th2 effector cellhey then
migrate to the lung wherefhtey secrete type cytokines likdL-4, IL-5 and IE13. Together with the
secretion from ILC2s, these effector cytokines stimulate a myriad of pathwlagsis particularly
involved in the early phase whereasSland IE13 are secreted lateibut due tothe many positive
feedback mechanisms, secretion of these cytokinesiginuously high. For example;4lis the main
cytokine driving Th2 differentiation and induces the production &f dnd IE13. Moreover, 14 drives

class switching of B delto BE and IgG1 and promotése expression of adhesion molecules which
allow the infiltration of eosinophil§305) Even though W and IEL3 are closely related and share the
common receptor H4R, Il-13was reported to be the main mediator of increased mucus production,
goblet cell metaplasia and airway hyperresponsiveniss plays a major role igranulocyte biology.

It mediatesthe development mobilizationand survival of eosinophils amdsoaidsthe maturationof
basophils ananast cell{306) Furthermore, ype 2 cytokines exhibit fibrogenic functions and activate
fibroblasts, resulting in airway remodeli289,295,302)

Besides type 2 cytokines, many other factors play a role in the development of clinical symptoms. As a
main part of the allergic cascadeEldpinds to the high affinity IgE receptoeR& which is expressed

on mast cells and basophils. Subsequent crosslinking of IgE by binding of the allergen activates these
cells, leading to the secretion of histamine and the lipid mediators prostaglandi(PGPR2) and
cysteinyl leukotrienes. PGD2 induces vasodilation and increases vascular permeability but its receptor
is also expressed on Th2 cells, ILC2s, eosinophils and the epithelium, suggesting a wide range of
functions. The activation of mast cells abasophils is very fast and thus represents the rapid phase

of the allergic response. Besides this, IgE was also reported to facilitate antigen uptake by B cells and
DCs, resulting in increased antigen presentation and thus an enhanced adaptive immunaseespo
(289,291,295)
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Figure 6 Overview of the cells and mediators involved in the development of allergic astBbua. to
dysregulation of the epithelial layerngironmental allergenget in contact with patterrrecognition receptors
(PRRs) oepithelial cells which then release alarmins likgmic stromal lymphopoetin (TSLP)X2B and 1E33.

These alarmins mediate the activation of dendritic cellssf2@d various innate immune cells such as innate
lymphoid cdls (ILC2), mast cells, eosinophils and macrophages.(WVhese release several factors such as
proteases which cause epithelial damage, and prostaglandin G2 (PDG2), histamine and cytokines which act on
blood vessels and smooth muscle celgtivated DCoresent the allergen to naive CDZ cells which
differentiate into Th2 cells. Note that this process mainly takes place in the lymph node (indicated by the grey
dotted box). Cytokines released by Th2 cells mediate many procesdgdsadilices class switching to lgkd IgG1

in B cells, H5 influences generation and infiltration of eosinophils and 3Linduces goblet cell metaplasia,
airway hyperresponsiveness and remodelifgis schematic overview was inspired(B95)

1.4.2. Key players in allergic asthma
Th2and relatedcells
AllergenspecificTh2 cellsvere identified agnain players in TRigh ashmaas they are clearly present
in the BALF and blood of asthmaticedamice with eosinophilic airway inflammatiof295)
Experiments with specific depletion and adoptive transfer of Th2 cells inproeed their crucial role
in the developmentof asthma(307) Even though this involvement of Th2 cells in asthma has long
beenestablished, their origin is still under debate.mice, itcould beshown thatTh2cellscanderive
from IL-4-committed Tfh cellin the lymph nodevhere they are induced after the first encounter with
GKS Ittt SNBSY o60aaSyaridArltdAaz2y£é0 |y Rncoutéryiithihed TF S NE

sameallergen (269) There are also other studies implying distinct developmehilth cells and

23



G LINR Y Sdels asprigaursors for mature Th2 cefts example by local priming of T cells in the lung
parenchyma(265,270,304) Eventhough high levels of Tfhellscanalso be found in humans, the
pathway involved here is still not knowm general, an important role of Tfh cells and secretion of
their signature cytokine {21 is established for the geneiah of the B cell response and antibody
production(265,270)

Human and murine Th2 cells seem to be closely related as they share very similar expression profiles
regarding high levels of Th2 cytokines, specific receptors for epitliglialed alarmins and the
nuclear receptor PPAR ¢ KA OK aSSYa (e upde§ulatioly dfie NB3-retéptorB 2 NI (i
and the pathogenicity of the cel{808,309) The Th2 cytokines-4, IL:5 and IE13 mediate a myriad of
processes in the pathogenesis of asthma as detailed in the previous s@€tione6). More recently,

IL-9 was discovered to be expressby Th2 cellswith pathogenic propertiesn asthmatic patients
(310) Moreover, it is expressdaly eosinophilsneutrophilsandthe newly identified Th9 subset which
expresses only 1@ and no other Th2 cytoking811¢313) Il-9 seems to be another key player in
asthma developmentas, for example blocking it with neutralizing antibodies reduced the
charactersticsof allergic Aln mice(295) In the last years, CD4issue resident memory cells (Trms)
have gained attention as they reside in the lung parenchyma for a long tilse afterallergen
elimination(295,304) Effector Th2 cells give rise to this leinged population which isapidly activated

upon re-exposure to the allergeand praduces higher cytokine levels than circulatimgemory Th2
cells(304,314) It was proposed that this rapid reaction is induced by CDDOs which locally present

the allergerto the surrounding Trmg315) In line with this notion Trms were found near the airways
and induced mucus production, eosinophil activation and bronchial hyperresponsivemessas
circulating Th2 cells preferentially localize in the parenchyma and promote eosinophil and T cell
recruitment(316) Further investigations are needed to fully understdhd relationship of circulating

Th2 cells and Trms, their specific functions and their roleimans.

ILC2s

Innate lymphoid cells (ILCs) an@ate immune cells that share many characteristics with T cells but do
not express TCRs. They do not express any lingaggficmarkersbut rather markers known for
stem/progenitor cells such askit andScal (317) Similar to Th2 cells, ILC2s express #83lteceptor

ST2 andoroduce large anounts of IL5 and IE13 which was found to be critical for induction of
eosinophilisand airway hyperresponsivenessit also for inducing the Th2 respon&8;320) They
reside inperipheral tissues such #se lung aml can therefore rapidly resporid IL-25 and 133 from
epithelid cells but also to HL3 produced by Th2 cells, making them a major player in the induction
and the maintenance of the type 2 response in allergic asttifigure6) (298) In line with this, it was
shown that ILC2s express MiH@nd the MHEI-TCR interaction with T cells leads to the promotion

of proliferation (321) More recently, ILC2s were also reported to bmre resistant to steroid



treatment, implicating them in the developmenif severe, treatmentefractory asthma(298)
Together with their role in tissue remodeli{898) ILC2s mediate several aspects of the immune

response in type 2 allergic asthma.

Dendritic cells

DCs havekey functions in antigen presentation and activation of CD4cells and thus playna
important role in the development of allergic asthifg&22;324) Three main DC subtypes xnamely

bone marrowderived conventionaDCs (cDCspDCsand monocytederived DCs (moDCs) which
develop under inflammatory condition822) cDCsre the main type involved in T cell priming and

can be further subdivided intBatf3/Irf8-dependent cDC1 anlif4-dependent cDC2 which are both
found in the lung at steadgtate. Whereas CD108DC1s are important for recognition of extracellular
pathogens and the activation of CD8TLs, CD11kDC2s induce type 2 immune responses against
parasites but also during allergic reactidi295,322,323,325)In the latter, cDC2 were found toe
indispensable for the induction of ThZcelkdriven eosinophilic inflammation, airway
hyperresponsiveness drgoblet cell metaplasié295,298,324) They are activated by antigen uptake

but also by cytokines released from epithelial cefliggre5 and Figure6) (295,298) Contradictory

data exists on the role of CDI08DC1s in asthma development witbnse studies reporting no
involvement and others a role in priming of Th2 ¢gdi®bably depending on the type and quantity of
allergen(270,295,35). Since cDC1s are in close location with epithelial cells and thus closer to allergen
exposure while cDC2s reside gee in the lung parenchymdifferential involvement of these cells in

the allergen responsdepending on the antigeseems plausiblé€270) Besideslieir important role in

the induction of the Th2 response during the sensitization phase, cDCs were also implicated to play a
role during the effector/challenge phase. Depletion of cDCs at this phase prevented eosinophilic airway
inflammation and airway hygresponsiveness in mice, also in presence of antggatific Th2 cells

(326) Furthermore, cDC2c¢ and moDCs could induce a Th2 response and airway inflammation after
intratracheal transfe(315) Even though the exact mechanisms ladw DCs mediate these functions

are not fully unérstood, first studies suggespregulation of cestimulatory molecules such as CD80,
ICAM1, CD40 and PHEIL (programmed cell death ligand &% an important mechanisi326) In line

with these observationghey are found in close proximity to effector T cells at the site of inflammation
(327) Take together, DCs exhibit crucial functions in the induction and also amplification of the Th2

response in allergic asthma.

Eosinophils

During the maturatiorirom CD34stem cells in the bone marrgweosinophils acquire R expression
and enter the circlation. Without inflammation they are mainly located in the bone marrow or in
peripheral tissues where they mediate tissue homeost§285,328) During the allergic immune

response, H5 mediates the maturation of eosinophils as well tagir mobilization, activation,



proliferation and survivalFigure6). Infiltration into the lung is facilitated bincreased expression of
VCAM1 which is induced by41(328,329) The biological effects @fosinophils are mediateby the
secretion of a geat amount of factors, including cytotoxic proteins, cytokines, chemokines and lipid
mediators. The cytotoxic proteins which are released from the granules inciudeajor basigrotein

(MBP) eosinophil peroxidase (EPO) and eosinegéilved neurotoin (EDN) which are usually
important for pathogen eliminatio329) During persistent airway inflammation, these proteins were
implicated to cause damage to the structural cells in the lung and to induce airway réng(@30)
Eosinophilsalso secrete a variety of cytokines which are involved in the pathogenic processes of
asthma development, ranging from Tegtokines to acute inflammatory cytokines like TNRIL | y R
IL-6 and fibrogenic factors such as IGF ¢ (i NI y & T 2 NJY A y(Z95) @reBpedififunsoh @ ( 2 NJ |
eosinophils is the formation of extracellular traps (EETs) made up of DNA fibers and important for the
immune response against extracelluf@athogens. Irasthma EETs were found to activagithelial

cells to secrete cytokines like-3B and TLSHReading to the activation of ILC2331) Moreover,EETs

are reported to change the viscosity of the mucus, making it more difficult to cou¢POH)

1.4.3. Th17 cells and asthma
Even though TRigh airway inflammation with easbphilic infiltration is the most common type of
asthma, it accounts only for about 50 % of the asthmd882) As outlined irFigure4, several other
subtypes exist which present with neutrophilic or mixed granulocytic inflammation. Especially in very
severe forms of asthma, the involvement of Th17 cells was impli¢@&@t335)as they were found
in the lungs of asthmatic§336) along with high levels of {17 in the sputum(337,338) This is
associated with neutrophilic inflammation, increased airway hyperresponsiveness and steroid
resistance in human@98,337)which was confirmed in mouse experiments. For example, transfer of
antigenspecific Th1l7 cells caused neutrophilic inflammation upon anigpatienge and
neutralization of I£23 attenuated neutrophi& (339) In contrast data regarding the role of 417 in
disease pathogenesis showed conflicting resulteaffnent with an antill-17 receptor A antibody
showed only limited therapeutieffect in asthmatic patient§340)and in miceopposing results were
obtained depending on the time point tfieatment (295) Beside the potentially differenbtes oflL-
17 at different time pointgluringthe developmentof asthma other studiessuggested that this lack
of efficacy was due to reciprocal regulation and mutual compensation of the Th2 and Th17 pathways
(335) Indeed, duabpositive Th2/ThlZellswere found in asthmatic patients which produced Th2
cytokines and H17A (341¢343) These cells induced chemo& expression fothe recruitment of
AN ydzZ 208iGSa Y2NBE STTAOASy@4R)AN mick Icagfansiey f NIz bndl ¢ ¢ K
Th17 cells le to mixed neutrophilieeosinophilic infiltration(339) Taken together, the interplay of Th2

and Th1l7 pathways seeto play a crucial role in the developmentadgthma.



1.4.4. Treatment of asthma
Corticosteroids are the most common treatment for asthma and many asthmatics achieve good
disease control with their application. They are administered by inhalatiften together with
bronchodilators such as loragtingi -agonists This fast and local application can effectively control
chronic symptoms and prevent acute attacks in most of the patiésdd) Corticosteroids mediate
their effect through the intracellular glucocorticoid receptor (GR) which acts as a transcription fa
upon binding of the ligand, translocation into the nucleus and homodimerization. Binding of the GR
homodimer to glucocorticoid response elements (GRES) in the promotor region of stespiginsive
genes lead$o activation (or in some cases repressiaf gene transcriptionlt can also interact with
other transcription factors like NFB to influence the respective expressidrrough these modes of
action corticosteroids were shown to induce expression of @milammatory genes and reduce
inflammatay pathways which results in the suppression of many aspects of thedlhediated
inflammation, e.gTh2 and epithelial cytokines, inflammatory infiltration and mucus secre(@)
However, corticosteroids are not effective in all patients, especially idarate and severe asthma.
Redwed treatment responsiveness is linked to sevemadchanisms, for example decreased
translocation of GC to the nucleushich ismediated by certain cytokineand reduction of Hbtone
deacetylases (HDACs) thatre important for the repression of inflammatory geneg345)
Corticosteroidresistance leads to poor disease control andjérent asthma exacerbations thaan
get progressively worse, resulting in respiratory failure in the worst case.
Hence new therapeutic optiongre urgently needed for these patieniSiven the allergic nature of
T2high asthma, allergen immurberapy (also called desensitization) is one treatment option.
Therefore, gradually increasing doses of the allergen apdiexpto divert the pathologic Th2 response
into a tolerogenic ong346) Although shown to be effective in reducing clinical symptoms, the
treatment is limited by its long time frame, usualib3/ears. Moreove the effect was reported to
reduce7-12 years after treatment was stopped, resulting in the need for other approa@4&5347)
New therapeutics for moderate to severe-lgh asthma patients target a variety of mediators of the
Th2 response. Biologicals were developed directed aghiis IE5, [:4/I1L-13 or TLSI347) Anti-IgE
binds free IgE and interrip the allergic response. It effectively redu@sacerbations andsgthma
symptomsin some of the patients. Unfortunately, it was alsassociated with lifehreatening
anaphylactic reactions and negative effects on the cardiovascular sy848) Biologics directed
against the cytokine mediators of asthma only showed limited therapeutic efficacy in clinical trials. Due
to redundancy of the cytokies and their partily overlapping functionscombined application/
blockade of those cytokinesas suggested as a new therapeutic approggb,347) Therefore, new

therapeutic options targeting different pects of the Th2 response ageeatly needed.



1.5. Inflammatory bowel disease
IBDis a chronic inflammation of the gastrointestinal tract that usuéitst occurs edy in life but
persists lifelongThere are two major forsE  y'F YSf & / NPKyQa RAaSIFasS 6/ 5
which differ in their localization but clinical symptoms are similar. These often come in episodes of
abdominal pain, @rrhea, bloody stool and weight loss while the intestinal inflammation presents with
influx of neutrophils and macrophages, high levels of inflammatory cytokines, free radicals and
proteolytic enzymes(349,350) Any part of the intestinecan be affected in CD patienia a
discontinuous pattern, often including the termindéum, cecum, perianal area and the aolo
Histologically, thickening of the submucosa, transmural inflammation, granulomas and fissuring
ulceration can be detecte351) In contrast, the inflammation is limited to the colon and usually
affects the rectum in UC patients. Furthermore, inflammatory lesame continuous and affect the
mucosa and submucosa, including cryptitis and crypt absc€356%
Although theincidenceof IBD stronglyorrelates with industrialization, implying arehg connection
to environmental factors in disease pathogeneés®2) the complete pathogenesis is still not
understood Saofar, many different factors haveeenidentified that play a role in disease pathogenesis
including a genetic component, the intestinal microbiota, immunologic abnormalities and other
environmental factorsEnvironmental risk factors are diet, drugs (exgnsteroidal antinflammatory
drugs), geography, social stress and smakirgle the latter was reported to have opposing functions
in UC and CD. Smoking increases the risk of CD but was reported to have a protective effect in UC, e.g.
it lowers the relapse rat€353) Stress has been linked to IBD development for a long (86d)and
studies suggest decreased glucocorticoid signaling and differences in the microbiota to be involved in
this pathway of IBD pathogenegB&55,356)
Large genetic studies have identified many genetic alteratiteed to IBDNOD2(nucleotidebinding
oligomerization domaincontaining) 2vas the firstsusceptibilitygene discovered for CINOD2 is
involved in the recognition of bacteria, activation of autophagy and mothrabf the immune
response. Similarhpther genes involved in autophagy were linked to IBD, implying an important role
in disease developmenEuthermore, many genes important for the regulation of the T cell response
are associated with IBD, e.l.23R, IL12B, JAK2, STAT3, SMO3L1R2(353) Given the close
proximity of the intestinal mucosa with a large variety of bacterial species, changes in the intestinal
microbiota were also linked to the development of IBD. A reduced diversity of the gut microbiome,
reduction of certain specg (Firmicutes, Bacteroidetes and Clostridium spp.) and an increase of

Escherichia coliere described inBD patient$353,357,358)



1.5.1. Main mechanisms in theathogenesiof IBD
As mentioned in the previous section, the exact pathomechanism fodévelopment of IBD is not
yet known but several factors were identified so far, which are associated with a higher risk for the
disease. Even though the exact trigger might be different between patients, the resulting chronic
inflammation is similar. Modikely, the chronic inflammation results from a dysregulation of the innate
and adaptive immune responsélhis was described to be characterized by epithelial damage,
expansion of inflammation driven by the intestinal microbiota and a strong infiltratiomflammatory
cells into the lamina proprié350)
Similar to the development ofilargic asthmagdisruptions of the functions ahe epithelial layerare
found in IBD patients and murine colitis modelsich wereproposed to be the leading cause of IBD
development(359,360) Due to the close contact with various kinds of antigens, intestinal epithelial
cells play an important role in regulation of the immune pesse By taking up antigens from the
intestinal lumen and exprebg) pattern recognition receptorsthey are involved in the establishment
of a tolerogenic environment and the regulation of immune cells in theaggbciated lymphoid tissue
(GALT)Impaiment of this regulation, e.g. by altered cytokine secretion, was reported in IBD patients
but especially the disruption of the epithal layer seems to be criticdbomedentified susceptibility
genes are involved in the maintemee of the barrier, for gample in tight junctions and the basement
membrane(350,361) Proinflammatory cytokines also increase the permeability of the epithelial layer,
for example TNF and IFNwhich are both found in the chronic inflammation of IBBb0,362)
Moreover, disruption of the mucus layeusually protecting the mucosa from direct cant with
bacterig wasreported in IBD patienté353)
DCareF2dzy R GKNRdzZAK2dzi G KS 3dzi Ay éhesdaiingsgericilgndh € | Y A
nodes. Thewre important forthe defense against pathogens and immune tolerance to the commensal
microbiota and food allergen863) Therefore, they continuously take up antigens from the intestinal
lumen, for example aftetranscytosis ofpecialized epithelial cells (microfold cells), directly by the
formation of dendrites between the epithelial celts after breaches of the epithelial barrier. Upon
antigen uptake, immature DCs migrate to tiaininglymph node where they present antigens to T
and B cells to activate the adaptive immune response (see also sedtidrisand 1.4.2) (363)
Depending on the surrounding cytokine milieu and the DC subtype, diffdrasell responses are
induced.DCs from mesenteric lymph nodes of CD patients were found to preferentially induce Thl
cells, in line with the general Th1 response described infEicthermore moDCs of CD patients secrete
high levels of H23, matching the Th17 cells found in IBdgether with the increased expression of
co-stimulatory factors, DCs are considered to be critjdalolved in the establishment of the aberrant
T cell response found in IBD patients. This was reported to result from incorrect reactions to the

captured antigens but also from inappropriate signals secreted from epithelial(86Bs364) The



induction of an excessive T cell response together with proinflammatory sigrthks iohate immune
system induceshe recruitment of inflammatory cells such as granutesyand macrophages. These
cells release enzymes, reactive oxygen species and more proinflammatory cytokines, resulting in
chronic inflammatn and tissue damage which leattsulceration and often granuloma formation
(350)

1.5.2. Th1l7 cells and Tregs in IBD
CD ionsidered to be drive by a Thl responseith high levels of IFN, whereas arunconventional
Th2 response wadescribed for UC350) More recently, Th17 cells we found to be involved in the
development of IBOvith large amounts of Th17 cells accumulating the lamina propria of UC patients
and the submucosa and muscularis propria of CD pati@3t3,360) NormallyTh17cellsplay a role in
maintaining the balance of #hlocal microenvironment in the gut but their dysfunction leads to
exacerbation of the intestinal inflammatory mgense. 8idiesin humansshoweda highassociation of
the 11:23 receptor (IE23R)and the chemokine CCR#th active IBD and increased leveldL-17, 116,
IL-23 and IEL (248) In murine moded, deficiency of the HL7 receptor as well asgatment with antt
IL-17 antibodies prevented or ameliorated colitis, respecti{@0)
Similarly, dysfudtion of Tregs is also implicated in the development of IBi;e maintenance of
immune toleraice is a main function of Tregsaive CD4T cellsnormally convert to prregs in the
GALT after exposure to oral antigens. This process is dependent én TGFy R NBGAYy2A O |
from cDCs and it is crucial to preveimappropriate immune response65) Murine transfer
experiments have confirmed the capability of Tregs to suppress not only Thl and Th17 responses but
also coliis development(366,367) In IBD patientsa defect in theinduction or/and suppressive
function of Tregs waseported (350,365) Another study also showetthat effector T cells are less
responsive to Tregnediated suppression by expressiof high levels of Smad7, an inhibitor of the
TGH pathway(368) It is commonly accepted that disturbamof the Th17/Treg balance is part of the
pathogenesis of IBDGiven their common requirement for T&Fduring differentiation, a fine
regulation of the TGF signal is crucial to maintain the correct batan Low TGF concentrations in
combinationwith I1L.-6 and 1E21 induce 23R expressiorand Th17 cell differentiation, whereas high
TGH I Y & idkybiii the expression of #3Rand inducesTregs. Furthermorehe strength of the
TCR signal, various -stimulatory factors and cytokinesas well as bile acid metabolitesd the

microbiotaare implicated to play a crucial role in the maintenance of the Th&g/balancg360).



2. AM OF THE THESIS

Besides its role in antigen presentation, tife has gained attention for its contribution to the
development and function of immune cells, especially T and B d&édiseover, nany studies have
demonstratedthe role of thelPin various immunological disorders, especially autoimmune and Th17
cellmediated diseasesn these settings, inhibition of the IRas proven to be an effective treatment

to limit the Th17 response and ameliorate disease symptoms.

In contrast, very lite isknown about the role of théPin Th2 cells and Th&Illmediated diseases.
Previous experiments in our group have suggested that Th2 cells are not affecti@éhhibition in

vitro, butso far it is unknown whethahe same applies to Th2 celtsvivo. Therefore, this study sought

to investigae the roleof the IPin allergicairway inflammaion, a ThZelkdriven diseaseThe effect of
IPinhibition at different time points was assesgednvestigate its influencenthe sensitizatiorphase

and the challenge responsé/ioreover,the aim was to assesghether the observedresponse was
allergenspecific which was previously proposed by another group who observed different Th2

responses in LMPdeficient mice depending on the applied allergen.

Even tlough many studies have demonstrated that Th17 cells are diminished l&pohibition, it is
still unclear whether thelifferentiation orthe survival of these cells is affected. Therefaaother set
of experimentsaimed at assessirtge effect ofIPinhibition on Th17 cells at different time points, i.e.
during differentiation and lateron established Thl7 celldn the same manner, Tregs were

investigated asthere is conflicting data about the effect amvitro polarized Tregs.

In a secongbroject, the aim was to establishstable cell line for inducibld? expression. This cell line
is usefuko study specific effects dPvs.SPexpression oprotein degradatiorin cellulo So far, to our
knowledge the only available comparable cell line igtaatyclineinducible murine fibroblastirie.
Since fibroblasts physiologically do not express immunoproteasaitribe steady statethe aim was

to establish a line based on cells usually expressing almost excluBiviadythis end, thémmortalized

B @ll line LCL72174, lacking the genomic regiorhere the genes of LMP2 and LM& located,
was used as a basis for a tamox#Haducible system. Furthermore, this cell line was used to identify
potential substrates ofP vs. SBy SILAC analysis andaddress longstanding debates about the role

of the two proteasome types in the degradation of palyiquitinated and oxidized proteins.



3. MATERIAER METHODS

3.1. Cell culture

Primary cells from mice were cultured in T cell medium composed of Roswell Pardrisliemstitute

(RPMI) 1640 medium containing ¥fetal calf serum ECSalways vy, 1x penicillin/streptomycin

(P/9 and 50 pM b-mercaptoethanol(referred to as T cell mediumHEK293T cellfor lentivirus
productionwere culturedA y 5 dzf 6 SO02Qa Y2 RAFTASR OtédWith30% BCR A dzY
and 1xP/S. For passaging, cells were washed once with phosphate buffered saline (PBS) and detached
with 0.05%(v/Vv) trypsinEDTAethylenediaminetetraacetic ac)dAll LCL721 cell &8 were cultured in
LA023SQa& Y2RATASR 5 dzplemdried dith YOQ/RACS ¥nd A& unlBss stated dz
otherwise.200uM hygromycin Band 2ug/ml puromycin were used for selection of transduced cells
after transduction and after thawing of frozealiquots. 4hydroxytamoxifen (4OHT; Sigma Aldrich)

was dissolved in methanol and used at 20 nM unless stated othenAlséasic mediacontained
GlutaMAX Cell culture reagents wemirchased from ThermoFisheXll cells were cultureth a humid
chambe at 37 °C and 5 % €0

3.2.Mice!
GATIR (Gatd3 " (369)mice were kindly provided by Hans Joerg Fehling (Institute of Immunology,
University Clinics Ulm, Ulm, eany). IE17AGFP (C57BLAGL7dM!Bc%1]; stock #018472nice were
purchased from The Jackson Laboratories. F&PB (C57BLAMBoxp3"kuch (238)mice were kindly
provided by Nicole JollerUgiversity of Zurich, Institute of Experimental Immunology, Zurich,
Switzerlandl. C57BI6 mice were originally purchased from Charles River Laboratories, Gottingen,
Germany. LMR{Psmb8""" (146)and MECI1- (Psmb1@"V9) (151)gene targeted rice were kindly
provided byJ. J. Monaco (Department of Molecular Genetics, Cincinnati Medical Center, QGincinna
OH) and LMPKECLEL-double KO mice were obtained by crossing. LMR® mice and C57BL/6
control mice were kept @separate colonies. Male and female mice were usedlat @eeks of age.
All mice were kept in a specific pathogigae environmentwith ad libitumaccess to food and water
The light/dark cycle wak2/12 h. All animal experiments in this study were aya by the reviewing

board of tte Regierungsprasidium Freiburg.

3.3.Immunobilotting

Cellswere lysed in RIPA buffer (50 mM Toisifered HCI, pH 7.5 containing 150 mM NacCl, @4
NPR40, 0.5 %wi/v) sodium dodecyl sulfat¢SD$ for 20 min on icefollowed by centrifugation at

12000 xgfor 20 min. Potein content was determined bybicinchoninic acid(BCA assay

1 This section was published [#62)
2 This section was published (#62)



(ThermoFisher). 135 ug protein lysate was separated by SiaB/acrylamidegel electrophoresis
(PAGE12 %(v/v) acrylamide) andransferred onto a0.45 pmnitrocellulose membranécytiva)using
the TransBlot Turbo transfer system (BioRad) or conventional wet blotting (110V,.1P%okgin
expression waanalyzed by incubation witlespective antibodieglablel). Antigtubulin, ant-GAPDH

or antH -actin served as loading controléll primary antibodies were incubated overnight at 4 °C.
IRDye800CW goat amabbit or antimouse and IRDye680RD geati-mouse or antrrabbit (LICOR)
were used as secondary antibodiésl 1:15000 diluted) Signals were analyzed with the@OR
Odyssey Imager and the Image Studio Lite Version 5.2.

Tablel: List of antibodies for immunoblotting

Antigen Clone Dilution Supplier

blc E1K90 1:1000 Cell Signaling
b2c E1L5H 1:1000 Cell Signaling
b5c D1H68 1:1000 Cell Signaling
LMP7 polyclonal 1:5000 Re{77)

LMP2 polyclonal 1:2000 abcam (#b3329
MECEL polyclonal 1:500 Re{370)
1-tubulin GTU88 1:10000  SigmaAldrich
GAPDH (glyceraldehyde $hosphate polyclonal 1:10000  SigmaAldrich
dehydrogenasg

i -actin polyclonal 1:5000 SigmaAldrich
NFS . LiMnpxz Lpn D7H5m 1:1000 Cell Signaling
Mono- and polyubiquitin conjugates  FK2 1:1000 ENZO lifesciences

3.4.Flow cytometry

3.4.1. Surface staining

Flow cytometric analyse were performed for a variety of experimentsTherefore, mgle cell
suspensions from different mousargans or cell culture were add into 96 well plates. Firsk-
receptor blocking was performeidr all samplesising the2.4G2antibody (dilution 1:100, obtained
from 2.4G2hybridoma cells)n FACS buffgiPBS, 20FCS, 2 mM EDT#) 20min on ice Cells were
washed oncewith FACS buffer andubsequently stained with different antibody cocktails (list of
antibodies inTable2) for 30min on icefollowed by three washing stepSytox Blue/Red1:100000
and 1:50000ThermoFisher) staining was included for live/dead cell discriminaébsamples were

measured on LSRFortesd8ACSVerse or FACSLyricBBIIBiosciences). Flow cytometry data was

3 This section was published (#62)



analyzed with FlowJo v10 (BD Biosciend@sjails on the stainirgare povided in the respective

figure captions

Table2: List of flowcytometry antibodies

Antigen
CD3
CD3
CD4
CD4
CD4
CD11b
CD11c
CD44
CD45
CD45
CD62L
ST2
SigleeF
Ly6G
MHGII
Lineage
Cocktail
Scal
Ki67
FoxP3
CD3
CD28
IL-4
IL-13
IL-17A
IFN

Fluorochrome
APC
eFluor450
BV605

PE

APC

BV605
PECy7
PECy7
eFluor450
BV605

APC

PECy7
PerCRCy5.5
AlexaFluor700
Bv421

Bv421

PE
eFluor660
eFluor450
unlabeled
unlabeled
PE

PE

APC
Bv421

Clone
1452C11
1452C11
GK1.5

GK1.5

GK1.5

M1/70

N418

IM7

30-F11

30-F11

MEL-14

DIH4

E502440

1A8
M5/114.15.2
17A2, RB®CS5,
Ter119, M1/70
REA422
SolA15

RA®B2,

FJK16s
1452C11
37.51
11B11
eBiol3A
ebiol7B7
XMG1.2

3.4.2. Intracellularstaining

Dilution
1:400
1:400
1:1200
1:1600
1:1600
1:400
1:800
1:1600
1:1600
1:800
1:800
1:400
1:800
1:400
1:1600
1:50

1:50

1:200
1:200
1:100
1:100
1:100
1:10

1:800
1:800

Supplier
Biolegend
eBioscience
Biolegend
Biolegend
Biolegend
Biolegend
eBioscience
eBioscience
eBioscience
Biolegend
Biolegend
Biolegend

BD Biosciences
BD Biosciences
Biolegend
Biolegend

Miltenyi Biotech
eBioscience
eBioscience
Biolegend
Biolegend
Biolegend
invitrogen
eBiosciences

Biolegend

Intracellular staining was performed to analyze cytokine secretion and other intracellular proteins such

as the transcription factor FoxP3. Firstréceptor blockwas performed as described befdialowed



by surface stainingSurface staining was performed in PBS to allovgtaming with fixable viability

dye 780 {:10@ dilution; BD Pharmingen) to discriminate dead cells (30 min, on ice). After washing
three times with FACS bufferamsiples were fixed using 4 &/v) paraformaldehyde for 5 min at 4 °C
and subsequently permeabilized wBERM buffer (PBS containing 0.w#) saponin, 2 %CS2 mM
EDTA, 2 mM NaN Samples were stained with antibodies directediagtintracellular proteinsin
PERM buffer overnight at*€(staining specified in respectifigure captior). Samples were measured

on LSRFortess&ACSVerse or FACSLyri@lBiosciencesllow cytometry data was analyzed with
FlowJo v10 (BD Biosnizes).

3.5.In vitropolarizatiort
Spkens from naivdl-17AGFP and GATIR mice were harvested and single cell suspensions were
prepared using 70 um nylon mesh. T cells were isolattdm these spleensising the Naive CDZ
OStt Aaz2frdAaz2y 1A0 oaAif GSyeAi instrucidnsSRokrizatidn @és2 NR A y
induced by addition of antibody cocktails using the Cytobox kits for Thl, Th2 anddls{iltenyi
. A2G0S0OKO FOO2NRAY 3 (2 with the exdeption alzisBidNblaie bdugdaantNHzO G A
CD3/antiCD28 (a list of all antibodies is found in Table 1) saifimade T cell mediunfsee section
3.1). Tregs wee activated using plate bound af@iD3anti-CD28 and polarized with Ig/mI TGF m X
10 ng/ml 12, 5 pg/ml antlFN¢ | YR p -4 kC¥lis wekeysiilik every other day and
supplemented with fresh polarization mix. On day 7, cells were harvested aaadlyzed by
immunoblotting. Furthermore, flow cytometric analysis was performed with a small proportion of the
cells to confirm polarizatianTherefore, surface staining f@D4 was performed fdBATA3 and IE17
measurementglue to reporterprotein expresion (GATA-vYFRand 1-:17AGFP)For the detection
of IFN: ell® were restimulated witt25 ng/ml phorbol12-myristat13-acetat (PMA), 508g/ml
ionomycin and 10 pg/ml brefeldin A (BFA; all Merck) for 5 hours at 37 °C, b %f@@vards, surface
staining for CD4 and intracellular cytokine staining for-IRias performed (sesection3.4.2. FoxP3

staining was performed accordingly without PMA/ionomycin restimulation.

3.6. Airway inflammation experimerits

3.6.1. Induction of airway inflammation with ovalbumin
Al was induced by intraperitoneal (i.p.) sensitization followed by aerosol challenge O%iA@s
described beforg371) In short, mice received two i.p. injection$ 50 pgOVA ¢rade V; Merck)
dissolved irPBSand mixed 1:1 with Imject Alum (ThermoFisher) on day 0 and 7. On day 14, 15 and 16

mice were challenged with nebulized/d(w/v) OVA solution (in ddi®) for 20 min using the Aerosol

4 This section was published [(#62)
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JetNebulizer (Hugo Sacli#ektronik, Harvard Apparatus GmbH). Mice were sacrificed and analyzed

on day 17.

3.6.2. House dust mite induced airway inflammation
For induction oHDMAI, D. pteronyssinus extract (Citeq Biologicaia$ dissolvedn PBS an&0 ug
were applied intranasallyi.n.) on day 0, 7, 14 and 21 to anesthetized mice as described bl

Mice were sacrificed on day 21 or 23 to analyze airway inflammation.

3.6.3. Proteasome inhibition in mice
ONX 0914(165) (Kezar Life Sciences) was formulated in a solutbrl0 % sulfobutylethe- -
cyclodextrin (w/v; Captisol)and 10 mM sodium citrate (pH 6). 10 mg/kg was administered
subcutaneouslys.c.) into the loose skin at the nedlo analyze the effect dPinhibition atdifferent
phases of the Thell response, ONX 0914 was administesiedifferent time points For the analysis
of the effect ofIPinhibition on primed T cells the challenge phasenice received ONX 0914 after
induction of the initial T cell responged (i K S NI LJS dZin ®\DMAI expeSitndnts, yhige received
injections on day 12 and one hour before each aerosol challemgdays 14, 15, 16 For HDM
experiments, mice re¢eed a single dose on day 21 one hbafore the intranasal challeng&o assess
whether TI2 cells can develop whelffunction is impaired, @X 0914 was administed every other
day (OVAAI)or three times per week (HDMI) starting from day @nd during the whole course of the
experimentd & LINE LIK & f | AlichtdEmicé rBagived tfiekanme volume of vehiatdhe same

time points

3.6.4. Organ preparation o&irway inflammation experiments
Mice were sacrificethy CQ asphyxia and blood was collect by cardiac punctureBronchoalveolar
lavage was performed by exposinigettrachea andnserting a bluntedl8G cannula into a small
incision Thelung was flushed thredrhes using 0.8 ml PBS each time amel bronchoalveolar lage
fluid (BALF) containingpfiltrating cells was collected.ungs were dissected into single lobes and
distributed forindividualanalysis. Lobes for histology were immediately fixeti(ifo formalin(RO™
Histofix 10 %, Carl RothYhe remaining lobes were used for dissociation to obtain single cell
suspensions using ¢hLung Dissociation Kit OO2 NRA Yy 3 (2 (K S tions (Midtehyi O dzNX
Biotec).In brief, lobes were washed in PBS and transferred into MACS C tubes containing buffer S and
an enzyme mix. Samples were incubated usidy2 3 NI Y & owre/ di¥yeptlBNWACS Octo
Dissociator(Miltenyi Biotech) Afterwards, samygls werefiltered with a 70 um MACS SmartStrainer,
centrifuged at 300 xg for 10 mend resuspended in T cell mediuBpleens and mediastinal lymph
nodes were collected and single cell suspensions were prepared using 70 um and 150 pm nylon
meshes Samples sed for restimulation with PMA/ionomycin were kept in T cell medium, all other

samples in FACS buff@fo diminish the background signal of erythrocytes, samples from lung and



spleen were incubated with erythrocyte lysis buffésdmM NHCI, 10 mMKHCG 0.1 mM EDTAfor
5 min at room temperature (RT) before proceeding to surface sigifar flow cytometry (sectio.4).

Viable cells were counted using the Cellometer Auto 2000 Cell Viability Counter (Nexcelom Bipscience

3.6.5. PMA/lonomycin restimulation
To analyze cytoke secreting T cells in the lunginge cell suspensions were seeded in avg#l plate
and restimulated with Tall medium containing 25 ng/ml PMAOO ng/ml ionomycin and 10 pug/ml
BFA(all Merck) for 5 hours at 37 °C, 5 %receptor blocking and surface staining with aGib4
was perfamed as described in secti@y¥. FVS780 was included for discrimination of dead d&fiter
fixation with 4 %(w/v) paraformaldehydefor 5 min cells were permeaed with PERM buffer and
stained intracellularly with antibodies directed agaiifafN , I1L-4, 11-13 or 1:17.

3.6.6. OVA restimulation
Single cell suspensions from the spleen and lymph node of vehicle or ONX 0914 treatédl roN¢é
were used for restimulatiowith OVA to evaluate the antigespecific immune response. 5¥1¢ells
were seeded in a 2#ell plate and incubated for 4 days in theepence of 200 pg/ml OVA and
10ng/ml 1L-2. Medium was replaced with fresh medium after 2 days. Cells were harvested,
restimulated with PMA/ionomycin/BFA and intracellular cytokine staining was performeskasiloded

in section3.4.

3.6.7. Determination of antibody concentrations
Bloodfrom cardiac puncture was transferred into serum collection tubes (Sarstedt). Samples were
centrifuged to separate the serum which was frozen&Q1 °Cuntil analysis. Antibody levelsere
measured using the Mouse Af@VA IgG1 Antibody ELISA Kit (Chondrexr Y R G KS [ 9D9b
Mouse OVA Specific IgE ELISA Kit (Biolegend).

3.6.8. In vitroproliferation
Splenocytes of OVAI mice treated with vehicle or ONX 0914 were labelled with-ITagolet
t NPEAFSNIGAZ2Y |yR [/ Stft ¢NIF O Atigrn3 (BhlégEnd)laiGeedeRiA y I (
a 96well plate coated with 5 pg/ml anttD3. Cells were incubated for 3 days atG736 CQin T cell
medium For flow cytometric analysis, cells from day 0 and day 3 were stained witeBA(BO min,
on ice)and SytoRedwas included during the measuremefdr exclusion of deaaells(1:50000)

Samplesvereanalyzed on BD FACS Lyric (BD Biosciences).

3.6.9. Histology
Formalinfixed samples were embedded in paraffin and sections it were used for histological
analyses. Samples were stained with hematoxylin and eosin (H&E; Carl Roth) to evaluate the

perivascular and peribronchial infiltration as described bef@#2) Scores were assigned in a blinded



manner according tohte following criteria: 0 normal, 1¢ few cells, 2¢ ring of one cell layer of
inflammatory cells, & ring of inflammatory cells-2 cells deep, 4 ring of inflammatory cells of more

than 4 cells. Eosinophilic infiltration was analyzed by staining @&Po (w/v) CongoRed (Merck) and
counterstaining with hematoxylin. Quantification of CongoRed stain positive area was performed using
color deconvolubn with ImageJ software. Pediw acidSchiff (PAS) staining with hematoxylin
counterstaining was perfor®@ R I OO2 NRAy 3 G2 GKS YI ydzFl Ol dzZNBNR A
depending on the quantity of PASsitivegoblet cells: 0: §% goblet cells; 1: 5 to 2&; 2: 25 to 506;

3: 50 to 79%; 4: 5/5%. The sum of airway scores from each lung was divigéide number of airways
examined, minimum 5 per mouse, and expressed as PAS score in arbitrary units (U). All images were

captured using the Zeiss AxioPlan2.

3.7. DSS colitis

3.7.1. Induction of colitis in reporter mice
Colitis was induced in-Il7 AGFPand FoxP3GFP mice by adding% (w/v) dextran sulfate sodium
(DSS; m.w. 36,0880,000; MP Biomedicals) to the drinking water for 5 days. Afterwards, mice received
normal drinking water. Body weight was measured every day throughout the experiment. Mice were

sacrificed at different time points and analyzed for TleElsand Treg induction by flow cytometry.

3.7.2. Immunoproteasome inhibition in colitis mice
10 mg/kgONX 0914Kezar Life Sciences) wadministereds.c. as described in secti@6.3 For the
analysis otPinhibition during the initiation of colitisnice were treated with ONX 0914 every other
day starting from the initiation of the DSS application on day 62_INK & f I'InQtie sed@nd setup,
mice received ONX 0914 injections every other ddier the DSS cycle starting on day 6
6630 KSNX LISdzi A O 0

3.7.3. Organ preparation of DSS experiments
Mice were sacrificed b§0, asphyxiar cervical dislocation. Spleens, iliac and mesenteric lymph nodes
were collected in FACS buffer agidgle cell suspensions were prepared using 70 um and 150 pum nylon
mestes The colon was dissectethd the length was measured.aimina propria lymphocytewere
isolated using the Lamin®ropria Dissociation Kit OO2 NRAYy 3 G2 GKS Y| ydzFl C
(Miltenyi Biotec)LyY o0 NASF>X 02t 2ya ¢6SNBE FfdzZaKSR gAGR ||y
and M¢* to remove feces and cut open using Metbanm scissors. They were cut into small pieces
and transferred into predigestion solution (HBSS with"@ad Md¢*, 5 mM EDTA, % FCS, 1 mM
dithiothreitol). Samples were subjected to three incubation rounds in predigestion solution at 37 °C
for 20 minwith mixing and filtering througi00 pm MACS SmartStrainier betweento remove
intraepithelial lymphocytes. Remaining tissue pieces were transferred into MACS C tubes containing

digestion solution (HBSS with“Cand M¢*, 5% FCS, enzyme mix) and disseclanto single cell



suspensions using thgentleMACS Octo Dissociat@Viltenyi Biotech program: 37°C_m_LPDK_1).
Single cell suspensions were again filtered (80 and collected by centrifugation at 30@ for
10min. Samples were resuspended in FAQfband analyzed bydw cytometry as described before
with the exception tlat cells were fixed with 4 % paraformaldehy@es described for intracellular

staining) to avoid excessive cell death due to the long processing time.

3.8. Generation of a cell lifer inducible immunoproteasome expression

3.8.1. Cloning
In order to generate a stable cell line inducibly expressing LMP2 and thdPOHTinduciblesystem
was usedplasmids kindly provided by Thomas Brunner, Universigaristanz and theLCIZ21.174
cell ine. RNA was isolateftom either LCL721.45 cells (still containing genes for LMP2 and LMP7) or
IFNd a0 AYdzZ F SR 1 9YHdo¢ OSt t asingtiieRDNMBYBEaNBHKE and tNd y & O
oligo dT buffer (BiozymJhe respective genes were amgifl bypolymerase chain reactiof?CRand
cloned into the multiple cloning site of plasmid p#ing specific primers with an overhang containing
BamHI and Xbal restriction sites (LMR2 p WAAACCGGTCAGGGATGCHRE®IP2rev p Q
AAATCTAGAGGGAAGGTTCAGTQATP Aw p -BAAACCGGTGGTCATGGCGEHAMTP #rev p -Q
AAATCTAGAACCATTATTGATTGGEITHe correct sequence of the plasmigsEULMP2 and pFU
LMP7wasconfirmedby colony PCR, restriction digest amdjsencing jjlasmid maps an be found in

the AppendixasAppendix Figurd and?2).

3.8.2. Production of lentivirus

For the production of lentiviral particles, HEK293T cells weaasiently transfected with the
expression plasmids pGevitFUGFPpFULMP2 opFULMP7 alag with pMD2.G (Addgen#12259)
and psPAX2 (Addgen#], 2260)as vectors containing lentiviral envelope and packaging sequehices.
transfection mix was prepared with polyethyleniminénéar; MW 25,000; Polysciencgsnd the
vectors at a ratio ol pygpMD2.G : 1.84ug psPAX2 2.1 pgexpression plasmidrhe mix was added
dropwise to thecells cultured in antibiotifree medium. After incubation overnight, the transfection
medium was replaced with fresh virsrvestmedium(IMDM, 15 % FCS, 1x P/S, 25 MEPES!}-(2-
hydroxyethy)1-piperazineethanesulfonic agidMedium containing viral particles was harvested 24
48 hours later, filteed to remove cell debris (0.28n polyethersulfone filter, Sartoriughd dored at

4 °C for shortor -80 °C for longierm storage.

3.8.3. Lentiviral transductioand generation of stable LCL7@G27 cell line
First LCZ21.174 cells were transiced by addition of the lentiviral particle$ pGevl@o LCZ21.174
cells in tle presence of 50 pg/ml protamine sulfa@ells were incubated for three days and washed
three times with PBS at the end to remove the viral particlée hygromycin resistance gene encoded

on the pGev16 plasmid allows selection of successfully transduced cells by addition |@¥1 200



hygromycin Bor 14days. Next, &éimiting dilution was pgormed to obtain single clones the newly
established LCL721.1-3ev16 cell lineWhen single cell clones expanded sufficiently, their Gev16
expression was assessed. Therefore, aliquots of each clone wékerédly transducedvith pFUGFP
as described for pGev1lpFUGFPencodesGFPunder the control of the GevZléctivated promotor.
After transduction, cells were treated with 10 nMOHT for 24 hots and GFP expression was angdlyz
by flow cytometry. Clon@ showed the strongest GFP expression and was thereforefugier.

Next, LCL721.17@ev16 cellsvere transduced with pFUMP2 and pFUMP7simultaneouslyAfter 4
days of selection with 200g/ml puromycin (resistnce encoded on the pFU plasmid), linmtidilution
was performed to obtain single cell clonekhe resuing cell lines were termed LCL7?&R7 (for
LCIZ21.174pGev16pFULMP2pFULMP7) and clones were screened for induclBlexpressionThe
three most promising clones (3, 10, 18), wisttongly expressed both subunits, were used for further
studies. Titration of OHT was performed to determine the optimal concentration with robiist
expression without affecting cell viability. Best results were obtained with 20 +@©H% which was

then usedin the following experiments.

3.8.4. Proteasome purification
LCL724527 (clone 18) cells were cultured for 8 days in the presence or absence of 28DhM.4
Approximately 1x190cells were used to purifgroteasomes as previously establishg@73) All steps
were performed on ice or at 4AC.Cellswere lysed with 10 ml lysis buffesing a dounc@omogeniser
(all buffers are detailed imable3). After centrifugation for 30 min at 30,600 x g, the supernatanswa
added to10ml equilibrated DEAE SephacéGE Healthcare) and incubated overnight while slowly
rotating. The next dayl00 mMKCI buffer was added and samples were centrifuge® min at 61xg.
This wahing procedure was repeated twicgamples were loaded onto a colurfificoneColumn, 1.5
cm x 18 cm, Biorgdincubatedor 5 min, washed once withO0 mMKCI buffer and eted by addition
of 500 mM KCI buffeiFlow through was collected in fractions of approx. 1 ml and protein content was
measuredby Ponceau S staining (2 ul of each fraction on nitrocellulose membRasjive fractions
were pooled and precipgtted with ammonium sulphate (3% saturatio by adding it dropwise to the
sample while stirringAfter 30 min of stirring, sampledere centrifuged for 20 min at 17,211 xg.
Precipitation was repeated with 8% saturated ammonium sulfate as before. After centrifugation, the
pellet was dissolved in 1.5 00 mMMKCI buffer and loaded on a-#® % (w/v) continuous sucrose
gradient. Ultacentrifugdion was performed at 274,355gxfor 16 h and approx. 20 fractions were
tested for proteasomal activitysing the Sue€LVYAMC substratéBachem)Therefore, 20 pl of each
fraction was aded to 100 pl substrate buffecontaining 100 uM SucLVYAMC Samples were
incubated at 37C and fluorescence was measured after 30, 608ndin using @hotometer (TECAN
excitation at 360 nm, emission at 465 nriRjactions with proteasomal activity were pooled, diluted

and filtered (0.22 pm, Satoriudfookd samples were purified byast protein liquid chromatography



(FPLC; AKTA FPLC, GE Heathcare) on a RB$Qum@umn (Amersham Pharmacia Biotedi)ese
were the applied conditiond:oading of samplat 5 ml/min;5 ml 0% B at 5 ml/min; Bl 10% B at
5 ml/min (collect1l ml fractions); 20ml 30% B at 1 ml/min (collect tl fractions); 5 ml 1006 B at
1 ml/min (collect Iml fractions);5 ml 100% B at 5 ml/min1 ml fractions); 3nl 0% B at 3nl/min. The
proteasome elutes at approx. 205% buffer B.Obtained fractions werechecked again for

proteasomal activity and positive ones were used for two dimensional (2D) gel electrophoresis

3.8.5. 2D gel electrophoresiBiIEPHGE/SEFAGE

80 pg of purifiedproteasome was precipitated in 2@ (v/v) trichloroacetic acid for 20 minAfter
centrifugation (20,000 ¢« 15 min), the protein pellet was wasth twice with icecold acetone and
subsequetly dissolved in sample buffdor nonequilibrium pH gel electrophoresis (NEPH&E)s
were prepared in 2 225 mm glass tubes (BioRa) detailed inTable3. The gel was covered with
overlay solution and polymerized for 1 fihe sample was added to the gel and again tapp&th
overlay solution and 0.0M HPQ. The gel electrophoresis was run for 4 h at 400 V with the anode
(0.01M H:PQ) at the top and the cathode at the bottom (0.02 M NaOH). After the run, the gel was

removed with a syringe and equilibrated twice for 2@in in equilibration bufferThe equilibrated gel

was fixed at the top of a 10 % Spd@yaaylamide gel usingaemmli sampléuffer supplemented with

1 %(w/v) agarose. The gel was run for 1050 Vh and afteds stained with Coomassie visualize

proteins.

Table3 Buffersfor proteasomepurification and NEPHEEDSPAGE

Buffer

lysis buffer
100 mM KCI
500 mM KCI
ponceau S

substrate buffer

buffer A
buffer B

sample buffer

acrylamide stock

NEPHGE gel

overlay solution

content

10 mM KCI, 5 mM Mgg£io mM HEPES, 0.1(9%v) Triton-X-100
100 mM KCI, 5 mM Mg£ILo mM HEPES, pH 7.2

500 mMKCI, 5 mM Mggl10mM HEPES, pH2

0.5 %(w/v) ponceau S, %(v/v) acetic acid in dkD

50 mM TrigHCI, 25 mM KCI, 10 mN&Cl, 1 mM Mggll mM DTT,
0.1 mM EDTA, pH 7.5

100 mM KCI, 5 mM MgCiLlo mM HEPES, pH 7.2

1 M KCI, 5 mM Mggl10mM HEPES, pH2

9.5 M urea, 2 Y%v/v) NP4Q 5 %w/v) ServalyB-10 pH 310 (Serva).
0.3%(w/v) SDS, 86(v/v) 2-mercaptoethanol

28.38%((v/v) acrylamide, 1.62 %v/v) bisacrylamide

5.5 g urea in 1.32 ml acrylamide stock, 4 ml &A6 NP40, 0.5 m
Servalyt 310, 27 plL0%(w/v) ammonium persulfatel9 pl TEMEL
8 M ureg 2.5%(w/v) Servalyt 310



equilibration buffer 10 %(v/v) glycerol, 10 %v/v) 2-mercaptoethano) 2.3 %(w/v) SDS,
90 mM TrisHCI pH 6.8

Laemmli sample buffer 40%(v/v) glycerol, 250 mM TrBICI, 8%6(w/v) SDS, 0.00% (w/v)
bromophenol blue, 1046 (v/v) 2-mercaptoethanol

Coomassie staining solution 0.1 % (w/v) Coomassie blue, 4% (v/v) ethanol, 10% (v/v) acetic
acid in ddHO

Coomassie destaining solutio 40%(v/v) ethanol, 10%(v/v) acetic acid in dd}©

3.8.6. HO; treatment and apoptosis analysis
LCL724527 and LCL721.1-3ev16 cells were cultured for&days with 20 nM-OHT or left untreated
prior to experiments1x1® cells/well were seeded into a 9%ell plate and incubated with different
concentrations of kD, ranging from 100 uM to 10 mM ferh at 37°C and 86 CQ@ The dilutions were
prepared in IMDM containing 1% FCS and 1x PASter 4 hours, apoptosis induction was analysed by
staining for propidium iodide (PI) and annexin V (kit from Biolegend). Therefore, cells were spun down
(300 xg 5 min) and washed once with PBS and once with annexin V binding buffer. Staining was
performedwith annexin YVAPC and PI (both diluted 1:100)50 plannexin V binding buffer for 1fin
at RT. 12l annexin V bindingouffer was added after staining andamples were measured

immediately at the LSR Fortessa.

3.8.7. SILAC analysis
LCIZ21-G27and LCL721.17@ev16cells were culturd for 4 days with or withouRO nM 4-OHT in
normal DMEM medium containing 1% FCS and 1x P/S. Normal medium was washed away and
replaced with stable isotope labeling by/with amino acids in cell culture (SILAC) m@&liantesjvith
or without 4OHT Heavy medium containearginine10 and lysine8 (*3C and'°N labelled)and was
used for induced cells treated witB0O nM 4-OHT. Lightmedium was used foruntreated cells
Depending on cell growth, cells were split ever§ @ays and fresh mediumas added. After 7 days
of incubation, cells were harvested, washed once with PBS and pellets were fre28nGitill analysis.
Samples werdysed with 1% (v/v) Triton-X-100, 10 mM Tris, 150 mM NaCl igCHor 20 min on ice.
Cell debris was removed by centrifugation at full speed for 20 min and the protein content of the
supernatant was determined by BCA assay (ThermoFigtgng of each saple was used for mass
spectrometric analysis. Thereforegreesponding samples (light untreated + heavwDHT treated)
were mixed 1:1 and after addition dhemmli buffer (Table3), they were incubated for 5 min at 95°C
for denaturation of proteins. Samples were separated by size on a 12 % gel-BASIBSThe gel was
stained with InstantBlue Coomassie Protein Stain (abcam) for 1h at RSubseluentlyanalyzed by

massspectrometry(MALDITOF)at the Proteomics core facditat the University of KonstanZhe



experiment wagerformed twice, first with just one LCL7R27 clone (18) and the second time with
two (3 and 18). In both experiments, th€L721.17Gev16 linavas includedas a control. All samples
were measured thrice or twice in experiment 1 or 2, respectively.

For the identification of differences between the samples, their ratio (heady@HT)/light {4-OHT)
was analyzednd sorted in the following wayirst, the Andromeda score served as a kind of quality
threshold, &nce the data wasnalyzedat the Proteomics fadtly with MaxQuant and Andromeda
Andromeda is ud to identify proeins measured by mass spectrometvigh a probabilisticapproach
includingdata ofposttranslationalmodifications(374) The thresholdwas setto a scoreD40 to have

a high confidence of having identified the correct protedcond proteinswere filteredthat were
identified in all sample setsThird, & (i dzR St¢sii Wwaa performedto comparethe means of the
LCL724521samples to the controllCL721.174Gev16) to eliminate changes induced bPBT and
not the expression of théP. At last, onesample ttest was used to comparthe sample ratiodo the
fixed value 1 (= identical levels in both samplé&pteins which sigficantly differed from 1 in the
LCL721.174Gev16 samples were excluded to further eliminate the effect-Gf=T from the analysis.
Samples were sorted by they@alue obtained from this analysis to identify the most significantly

changed proteins

3.8.8. Cycloheximide chase
LCL724527 and LCL721.1-13ev16 cells were cultured for&days with or without 20 nM ©OHT in
normal DMEM medium containing 1% FCS and 1x P/ISSft t a4 6SNB GNBI GSR ¢
cycloheximide (Merck) to stop protein synthediz1® cells were used foeach time pointOne sample
gl a I RRAGAZ2YLFEE& GNBI 0SR-13XSigkaldrich). Ealls weid Baivéstedt S A
after 0, 1, 2, 3, and 5 h and cell pellets were storee2@fC. Samples were analyzed using-BBSE

followed byimmunablotting as described in sectidh3.

3.9. Statistics

Data was analyzkusing GraphPad Prism Versioarfil depicted as mean standard deviation (SD).
Normality tests (Kolmogore8mirnov and Shapifd/ilk) were performed to check for Gaussian
RAAGNRAOdzIAZ2Y ® Ly OF a$S 2Bt ofieoNdis-wiay-ARO\BAWASpérfdzindd? v =
to determine statistical significancd differences. HolrBidak test for multiple comparison was used

to compare different groups. Nenormally distributed data was analyzed by Kuskalllistest.
Statistical significance was achieved when p < 0.05; * p <0.05, **p < 0.01, ***p < 0.001, &pd<***
0.0001.



4. RESULTS

Part I:.The immunoproteasome in CDRhelper cells

Many studies have shown that the IP is critical for T cell nagitum, activation and functiomnd IP
inhibitors have proven effective in several mouse models, e.g. for-iafilebnmatory diseases
(159,161,162,164,165,191,196,206,21R) these studies, especially Thl7 <ellere affected byP
inhibition. A previous study in our group suggested thatitro polarization of CD4T cells to Thl and
Th17but not to Th2 cells was impaired upddinhibition (162) Furthermore the frequenciesf Thl

and Th17 cells were reduceth a mouse model of colitiwhereas the frequenciesf Tregs were
increased(162) Eventhough many studies have shown the effect of IP inhibition on Th17 cells, it is
still unclear whether IP inhibition prevents the differentiatiof these cells and/or impairs their
survival In contrast to the grat amount of studies investigating IP inhibition in ThktEkmediated
diseases, very little is known about the effect on Th2 célisrefore, the role of the IP aritie effect

of its inhibitionon different Thcellswas investigated inarioussettings n thefirst part of this thesis.

For the study of Th2 cellallergic airway inflammation was induced with two different antigens,
namelyOVAandHDMextract. IP inhibition was applied either only during the challenge phase to study
the effect onthe maturation of Th2 cells or during the whole sensitization and challenge phase to
investigate the effect on the entire developmei. a similar fashion, DSS colitis was induced and IP

inhibition was applied at different time points to study the effect on Thdlls@and Tregs.

4.1.Immunoproteasme expressioin T helper celfs

In order to address the raised question, the tfissep was to analyze the expressiohIP and SP in
different Thsubsets.Therefore, naive CD4ells were isolated fim the spleen of GATI&hd 11:17A
GFP reporter micand thenin vitro polarized into the different Th subsetsSlow cytometry was used

to confirm polarizationby analyzingexpression ofFN- 0 ¢ Km® @Th2DIHLTAI(Th17) or BdP3
(Treg) expressiofFigure7A), showing very high polarization efficiency for all subsets. For the correct
identification of the subunits, lysates from spleen of wildtype and LIMIECEL-doubleKOmice were
induded in the immunoblots. In line with previous ddil2) expression of all {Bubunits wassery

high in the spleen(after erythrocyte lysispf wildtype mice whereas H O | ywere banel
detectablewhich wasreversed in LMPMECL1-double KOmice figure7B).Similarly, d four subsets
showedstrong expression of th#P-subunits LMP7, LMP2 and MEC(Figure7B) as it was reported

for bulk CDAT cellg212) This datasuggests thathe IPmight be importantin all of theanalyzed Th
cell subsetsThe expression of the standaéddzo dzy A (1 a i p O X compa@blyHoyweR iniallm O

subsetswith the expression of 1c beingalmost absent in all subsets. Whergac expression wa

6 This setion was published i(462)
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Results

only weakly detectable in Th1l and Te&lls, they still expressli p O todadeiver extent compared
to whole spleen lysate@igure7B, wildtype lane)L y i SNB a G Ay 3t &8> SELINBaAOAZY
was detectable in Th17 celand Tregs
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Figure 7 The immunoproteasome is strongly expressed in T helper cell subsets. Naivel @BHs were
magnetically sorted from spleens of GATIR arb7ieGFP mice and cultured with polarizing cytokine/antibody
cockails for 7 days(A) Flow cytometric analysis of polarization on day 7. Intracellular staining et IF I y R
FoxP3 was performed to identifyhl and Tregs, respectively. GATAnd IL17A expression was analyzed by
measuring the respective reporter fluacbrome vYFP or GFP. Histogram overlays show fluorescence levels in
the different Th populations with naive CDH cells on day 0 as controls (grey). For each parameter, one other
population is shown to demonstrate the specificity of the signal (@black Th2¢ red, Th17¢ petrol, Tregg
purple).(B) Polarized cells were harvested and lysed on day 7. Lysates were analyzed for LMP7, LMHA2, MECL
i pOx i O FyR i mO-tubuin wasYidedzs oading dbnirdl. \ ah€s represent extracts from three
different mice. Whole spleen lysates of wildtype (WT) and LIMIECLL-doubledeficient mice were used as
controls. Note the additional band of LMP2 in the LMREZCLL-double-deficient mice which likely represents

the accumulated precursor that is not incamated into the mature proteasome in the absence of LMP7 and
MECLEL’

4.2. IPfunctionduringthe challenge phase aflergic airway inflammatién

As mentioned before, several studies investigated the effect of IP inhibition and genetic deficiency on
Thl andTh17 cells but litd is known about Th2 cells and Tlk2llmediated diseases. To our

knowledge, the only study in this context is frafolkovet al. who reported a reduction of Th2 cells in

" This figure was published (#62)
8 This section was published (#62)
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LMPZKO mice in an OViAduced model of allergiairway inflammaion. Since theylid not find any
differences in anoter model using HDMxtract (211) the role of the IP in Th2 cells is still unclear
Therefore, the effect of IP inhibitiowas investigatedn two mouse models for allergiairway

inflammation, similar to the ones used bplkov et al.

4.2.1. Use of GAIR mice to identify Th2 ced#gvivo
Th2 cells are characterized by expression of the transcription factor-GARA the secretion of pro
inflammatory cytokins such as #, IL-5 andIL-13 (295) Since no Thellspecific surface arker ha
beenidentified so far, flow cytometric analysis of Th2 cells usually requires intracellular staining of
GATA3 or the cytokines. This process requires fixation and permeabilization of the cells and thus limits
the use of these cells e.g. for ss#quentin vitro analysesTo overcome this limitation and facilitate
the identification of Th2 cells, the usé the recently desribed GATIReporter micewas evaluated
(369) GATIR mice harbor an IRESRP (internal ribosome entry sit&enus yellow fluorescent protein)
SELINBa&aAzy OtkuatrarSlated Segidn yothdl dodgemo@Gatad locus GATAS is the
transcription factor required for Th2ell differentiation which is strongly upgulated in Thzells
(369,37%.377). Incooperation with the group of Prof. Fehling (Institute of Immunology, Ulm University
Medical Center) theGATA3-VYFP signslin different Th subsets aftein vitro polarizationwere
analyzed demonstrating strong expression in Th2 cells but notaidl Th1l%ells(exemplarily shown

in Appendix Figur8; (369).
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Figure8 GATA3VYFP expression signal correlates with-gytdkine expression. GATIR mice were sensitized with
OVA/Alum by two intraperitoneal (i.p.) injections on day 0 and 7. On day 14, 15 and 16 they were challenged
with aerosolized OVA for 20 min and analyzed on dayA)Experimental setup(B) GATA3-vYFRexpression

levels in indicated CDZ cell subsets in the lung compared to bulk CDdells (grey filling) an&)quantification

of the mean fluorescence intensity (MFI). Data is shown as mean = SD, n=3; statistical differences are not
indicated for beter visibility®

% This figure was published (#62)



To confirm thisn vivg Th2cellmediatedOVAAlwas inducedFigure8A) and GATA-VYFP expression
wasanalyzed irthe different Th subsets in the lung. In contrast to bulk CD4ells and FoxP3regs,
the GATA3-VYFP level was increased approximatefgl8 in -4 and IE13 expressing CDZh2 cells
(Figure8B,C). IFN*" CD4 Th1 cells exhibited slightly higher GAFAYFP signals than bulk C#4d
Tregs but still lesthan half of the Th2 cells. €be results indicate that vY'FBellsin GATIR micean
be identified as GATA expressing Th2 cells.

4.2.2. Impaired Th2 response Hinhibition during the challenge phase in ovalbumin
induced airway inflammation

Having shown thaTh2 cells express high levelsiB{Figure7B), the next step was to investigathe
potential of targeting thdPin a Th2celltmediated diseasef-or this purposéhe OVAAI modelwas
used and ONX 0914vas administeredsubcutaneously dunig the challenge phasd-igure 9A) to
analyze the effect dPinhibition on the maturatiorof Th2 cellsimmunoblot analysis of tissue lysates
from spleen, lung and nakastinal lymph nodes revealestrong LMP7 expression in these organs,
which could successfully be inhibited, as indicated by the altered electrophoretic mobility due to the
covalent modification with ONX 091@1.79)(Figure9B). Furthermore, it was previously reported that
ONX 0914 cinhibits LMP2 and LMRZ79)which was confirmed her@ppendix Figurd). Expression

2F i pO Aada NIXrOGKSNI t2¢ Ay GKS f dzy3 Itafdetind LIMPALIK y 2 R

GKAa aSdGAy3I® hT y208s GKS LINBaSyOS 2F | oNBIR
PG F LINIGAFE AYKAGAGAR2Y 2F i pO®d t NBOA2dA &G dzRA
[at T GKFY i pO tthg'dnceéntakion uskdyLMPAihre kefficientl{ih 6 A § SR G KI y
(165) Neverthelessfrom this immunoblotFigure9. 0 X | LI NI A+t AYKAOAGAZY

and activity assays would bequired to ultimately determine the degree of inhibition.

Th2 cellswhich were identifiedas GATA" or GATA3" co-expresing the L33 receptor ST2378)
(Figure9C) were strongly indced in the lungof OVAAI mice &pprox. #old compared to naive mige
ONX0914 treatment significantly reduced Th2 cells by aboued@hereas the frequency of total CD4
Tcells was not altered=igure9D, E). In line with this,-d* CD4 T cells were increased OVAAI from
about 1.3% in naive mice to more tharfe in OVAAI mice treated with the vehicle and the frequency
and absolutenumber of |4 expressing CDZ cells was reduced by %0 in ONX 0914 treated mice.
The IE13" CD4 population was increased from 198 in naive to 2.86 in OVAAI mice Figure9rI).
These lower levels of-l3 compared to H4 may result from the fact that 4 is expressed earlier and
implicated to be important during the early allergic response, whereds3 livas described to be
involved in the later phase€79) Since the reduction upon ONX 0914 treatment did not reach
significance, it will be interesting in the future to see L8 levds may be affected at a later time

point. When ells from the lymph node and spleen of OXAmicewere restimulatedn vitrowith OVA



Results

for four days there were about 506 lesdL-4" T cells in the samples obtained from ONX 0914 treated

mice (Figure9J), indicating a reduceallergenspecific Th2 response in these mice.
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Figure9 Immunoproteasome inhibition reduces the Th2 respons®WAinduced airway inflammation. GATIR
mice were sensitized with OVA/Alum by two intraperitoneal (i.p.) injections on day 0 and 7. On day 14, 15 and
16 they were challenged with aerosolized OVA for 20 min. Mice received subcutaneous injections of 10 mg/kg
ONX 094 or vehicle on day 12, 14, 15 and 16 and were analyzed on day 17. Naive mice served as(@gntrols.
Experimental setup(B) Lysates of spleen, lung and lymph nodes were analyzed by immunoblotting against the
indicated proteins. The shift of eleaphoretic mobility of LMP7 results from covalent modification with ONX

n ¢~ Aadiin $erved as a loading contr¢C)Gating strategy for the identification of Th2 cells in the lung as
GATA3"and GATA" co-expressing ST2 after doublet and dead celliesion and pregating on CD3CDA4. (D)
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Quantification of the frequenciegE) Frequency of total CD3D4 T cells in the lung. Frequenély, H)and
absolute coun{G, l)of IL-4 and IE13 expressing CDZ cells in the lungJ)Cells from spleen and lywh nodes
were restimulated with ovalbumin for 4 days vitro to measure the frequency of antigespecific k4" CD4
cells. Concentrations of ar®VA IgG1K)and IgEL)in the serum. Data is shown as mean + SD and statistical
significance was determie depending on the data structurgD, E)Pooled data from 5 independent
experiments (naive: n=7; vehicle/ONX 0914 nZ4Bwas analyzed by orneay ANOVA with Holiidak test for
multiple comparison(FI) Representative result of two independent experintgnn=3, data was analyzed by
two-tailed t test.(J)Representative result of two independent experiments, (n=4) data was analyzed hyawo
ANOVA with HolrSidak test for multiple comparisofK)Pooled data of three independent experiments (naive:
n=4 vehicle: n=8; ONX 0914: n=9) was analyzed byaeANOVA and Hok@idak test(L)Pooled data of three
independent experiments (naive: n=4; vehicle: n=11; ONX 0914: n=10) was analyzed byWalliskadst (not
normally distributed).* p <0.05, ** p 8.01, *** p < 0.001, **** p < 0.000%°

Since production of IgG1 and IgE antibodies is regulated by ThZ38€l)and IP inhibition reduces
activation and antibodysecretion of B cell§114,201,202,212)anttOVA 1gG1 and IgE serdavels
were measured in OMAI mice. Compared to naive mice, there was a strong induction ofOAM
IgG1 in OVA mice, which was reduced by a third in ONX 0914 treated rRigare€9K). Levels of
anti-OVA IgE were comparably lgevobably because class switching to IgE requires more cell divisions
then switching to 1gG1381) The samples showed high variance, thus statistically significant
differences were difficult to detectHgure9L). Taken together, IP inhibition reduced the allergen

specific Th2 resmse in OVAAI mice.

4.2.3. Reduced infiltrabn of inflammatory cells upon ifhibition
A hallmark of type 2 airway inflammation is eosinophilic lung infiltration which is mediategpby?
cytokines like H4, 15 andIL-13 (382) To investigate the effect of the Th2 reduction observetPin
inhibited mice FiguredD - I) on the subsequent recruitment of inflammatory cells to the lung BA&F
and lung of OVAI micewas analyzedTreatment with ONX 0914 reduced the number of infiltrating
cells in the BLF ly 50 %. Flow cytometric analysis shovtledt the composition of the BALF changed
upon OVAAI induction leading to sty eosinophilic infiltrationONX 0914reatment could efficiently
reduce the total amount of edsophils by 53 EFigurel0A, Appendix Figur&A) without affecting the
relative composition of cell types in tHRALF Figure 10B). Similar to the BALF, the frequency of
eosinophils in the lung=jgure10C) as well as the proportion of CongoRmsitive area in histologic
analyses, indicéig eosinophilic infiltration, wareduced upon ONX 0914 treatmeRigurelOE, §. In
contrast, there were nosignificant changes in thtal lymphocytepopulation in the BALAF({gure
10A). Analysis of the GATAVYFP signal allows further separation of these lymphocytes into GATA
and GATA (Appendix Figur®). The GATS* lymphocytes are likely mostly T cells which generally
express low levels of GABAIn contrast, B cells lack GAZ &xpression and therefore probably mainly
compose the GAT3- population(369,383,384)

10 This figure was published (462)
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Figure 10 Infiltration of inflammatory cells is reduced upon ONX 0914 treatment in -DWéced airway
inflammation. GATIR mice were sensitized with OMAMAby two intraperitonealnjections on day 0 and 7. On

day 14, 15 and 16 they were challenged with aerosol@¥d for 20 min. Mice received subcutaneous injections
of 10 mg/kg ONX {9 or vehicle on day 12, 14, 15 and 16 and were analyzed on d17. Naive mice served as

controls.(A, B)Infiltrating cells in the bronchalveolar lavage fluid (BALF) were analyzeddyy €ytometry.(A)

Absolute cell count an¢B) relative frequency of the different cell populations identified as eosinophils (CD45

CD11cCD11b Ly6G SigleeF"), neutrophils (CD45CD11cCD11b Ly6G), CD11tand lymphocytes (CD45

CD11bSSEA*¥) (ndve: n=3; vehicle/ONX 0914 n=7). Single cell suspensions from lungs were analyzed by flow
cytometry and cells were identified &8)eosinophilsand neutrophils (naive: n=3; vehicle/ONX 0914 n=9) as well

as(D, EXifferent CD11tsubpopulations (naive: 13z vehicle/ONX 0914 n={J, GFormalinfixed sections were

stained with CongoRed and the positive area was quantified by color deconvolution. Arrows indicate CengoRed

positive cells, representing eosinophils. Scale bar indicates the distance of 50 gimn.isDshown as a

representative of two independent experiments with similar results (n=3). All data is shown as mean + SD and

was pooled from & independent experiments (exceptG). Significance of differences was analyzed by-two
way (A-C)or oneway (D-G) ANOVA with HolrBidak test for multiple comparisorip <0.05and **** p < 0.0001.
For better visibility, only the results for the comparison Vehicle vs. ONX 0914 are inditated.

11 This figure was published mmodified form in(462)
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More than 90 % of lymphocytes in the BALF were GXTahd these were ot changed upon ONX
0914 treatment as seen for CDZ# cells in the lunge{gure9E). This suggests that in this setting, IP
inhibition specifically affects Th2 cells rather than lymphocgte€D4 T cellsn general. Contrary to
the BALF, GAT& lymphocytes represent alut 20 % of all CD4&ells in the lung. The relative
abundance of this population did not change with GMAinduction and ONX 0914 treatment
(Appendix FiguréC).
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Figure11 IP inhibition reduces peribronchial but not perivascular infiltration and does not change goblet cell
metaplasiaGATIR mice were sensitized with OMAM by two intraperitonealnjections on day 0 and 7. On day

14, 15 anl 16 they were challenged with aerosolized OVA for 20 min. Mice received subcutaneous injections of
10 mg/kg ONX a9t or vehicle on day 12, 14, 15 and 16 and were analyzed on d17. Naive mice served as controls.
(A, B Hematoxilineosinstaining of formalidfixed samples with representative micrographs (left) and scoring
results (right;naive: n=3; vehicle/ONX 0914 n={Q) PASstaining of formalidfixed lung samples (naive: n=3;
vehicle/ONX 0914: n=4%ale bar indicates the distance of 100 pii.datais shown as mean + SBignificance

of differences was analyzed by enay ANOVA with Holf8idak post hoc test. p <0.05, ** p < 0.01, ** p <

0.001, and **** p < 0.00012

12 This figure was published snmodified formin (462)
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The IP plays an important role in antigen presentafibdi7)and several professional APCs are involved
in the development of allergic airway inflammation such as (328,324)and macrophage§385)
Therefore, two different APC subsets characterized by their expression o£tQOCR11b and MHIC
were analyzedn the lung The CD1TdVHGII" population was strongly induced in OVWA mice and
ONX 0914 treatment reduced them by a thikigurel0D). Similarly, ONX 0914 limited the increase of
the CD11tCD11b population seen in O\fAlvehicletreated mice FigurelOE).

To determine the severity and logah of infiltration seen in flow cytometry, lung cross sections were
histologically analyzed. The infiltration of immune cells into peribronchial regions was reduced in ONX
0914 treated micdgFigurellA). Since this is the area where DCs and T cells interact with each other
(386) this observation is in line with the measured reduction of AF@gI(e10D, E). In contrast,
perivascular infiltration was similar in both grougsigure 11B). Given that type 2 cytokines and
macrofhages mediate goblet cell hyperplasia, a hallmark for allergic asthma, lung sestoes
analyzed by ASstainingfor mucinsand found increased mucus secretion in @MAnice which was

only slightly reduced upon ONX 0914 treatmédfig(ire11C). In summanyt could beshown that ONX

0914 treatment mitigates inflammatory infiltration into the lung resulting in reduced eosinophilia,

while not affecting goblet cell hypplasia.

4.2.4. Reduced Th2 response OGN X 0914n HDMinduced airway inflammation
To substantiate thdindings in another, widely used model of airway inflammation, the effedPof
inhibition in mice sensitized to HDMas analyzegwhich mimics the disease immmans Figurel2A)
(387) To directly compare thigtudy to the previously dested results using LMPROmice,the same

experimental setug211)wasused

After four intranasaimmunizations of GATIR midkere wasa strong induction of GAT2l'and GATA
3"ST2Th2 cells as well as 13" CD4 T cells in the lung{gure12B-D). Applicatio of a single dose of
ONX 0914 one hour before the last immunization strongly reduced the frequency of these cells without
affecting the total CD4T cell frequencyFigure12E) Interestingly, CD11dVIHGII" DCs were also
reducedby ONX 0914 treatmenE{gurel2P). In contrast, infiltration of granulocytes in the BALF and
lung was barely affected b\P inhibition Figure12GI1). ONX 0914 treatment slightly reduced the
frequency of eosinophils in the BAIFgurel2l) but the difference in the absolute cell count was not
signficantly changedKigurel2H). Of note, there was a tendency of increased neutrophil frequency as

well as absolute cell count but this did not reach statistical sagmte.
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Figure12 ONX 0914 reduces the Th2 response in house dustindigced airway inflammatior{A-I) GATIR mice
received intranasa(i.n.) applications of 50 pg house dust mite (HDM) extract on day 0, 7, 14 and 21. One hour
before the last immunization, mice were treated with 10 mg/kg ONX 0914 or vehicle subcutaneously.
Inflammatory infiltration was analyzed by flow cytometry on day 23. Naive mice served as cgA)Bthematic

setup. Frequency of GATR (B), GATA3" ST2 (C),IL-13" T cells(D) and total CDAT cells(E)in the lung.
Frequencies ofP CD11¢ MHGII" cells as well a3) granulocytes in the lungH) Absolute cell counts angl)

relative frequencies of cell populations in the BALF, identified as@gsils (CD45CD11cCD11bLy6GSiglee

F), neutrophils (CD45CD11cCD11b Ly6G; left), CD11tand lymphocytes (CD4&D11bSSENY). (JL) Mice

of day 23 (d23 (Vehicle)) were immunized and treated as described above. For analysis of the inflaromat

day 21 (d21), mice received only three immunizations on day 0, 7 and 14 and were analyzed without treatment
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and the last immunization(J Experimental setup for experiment&L. (K) Infiltration of myeloid cells in the
BALF andl) frequency of GAT&" ST2Th2 cells in the lung on day 21 and 23. Data is shown as mean + SD
(naive: n=3, vehicle/ONX 021n=67, d21: n=5). * p <0.05 and p < 0.01. For better visibility, only the results

for the comparison vehicle vs. ONX 0914 ackdated. Groups d21 and d23 were not significantly chariged.

Since intranasally applied HDM induces local pulmonary inflammation starting from the begihaing,
inflammation at the time point when treatment was usually startglhy 21)was analyzetb evaluate

the degree of inflammation before the last immunization and the treatméfigure 12J. This
inflammation was comparetb the one previously seen on day 23 afteour immunizations (vehicle
group). There waslready strong inflammatory infiltration in the BALF on day 21 which was only
slightly increased &r four immunizations Kigure12K), indicating that ONX 0914 could not have
prevented this infiltration by reducing the Th2 response. Interestingly, the frequency of Th2 cells was
alsoalready very high on day 2Eigurel2l). The fact that ONX 0914 treatment reduced this frequency

on day 23, suggests a specific effect on Th2 cells rather than a general effect on the inflammatory

response.

4.2.5. No effect ofONX 0914n ILC2n acute airway inflammation
ILC2sare an innate type of effector lymphocytes which do not expsgsecificantigen receptors and
which are implicated to be early responders in @le airway inflammatior388,389) Because ILC2s
share many charactegiics with Th2 cells anthere is no study on théPin ILC2s, the effect dP
inhibition on these cells in the OYand HDMinduced Al modelgsvas analyzedAs reportedbefore,
GATIR mice facilitate the identification of ILCZ),391)which also depend on and exhibit high levels
of GATA3 expressiorf392¢394). Although ILC2s could easily be detecteidrel3A), there were no
differences between the two treatment groupSigurel3B), suggesting that these cells do not critically

depend onlPfunction.

13This figure was published (462)
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Figure13 ONX 0914 does not affect type 2 innate lymphoid qéll€2) irairway inflammation(Al). AllergicAl
was induced in GATIR mice using ovalbumin (GQ\B); and house dust mite extract (HDNI). ILC2 were
identified as CD49.ineageGATA3-VYFP Scal* ST2. Data is shown as mean + SD, pooled from(@)er two
(C)independent experimets (naive: n=3; vehicle/ONX 091B)n=3 and(C)n=7)*

4.2.6. Decreasef activated but not proliferating CD# cells in ONX 091#ated mice
Since activation of CD4I' cells was previously reported to be affected by inhibition or genetic
inactivation of LMPT193,212) the expression level of CD&4 CDAT cells in the spleen of O\
mice was measured. CD44 is a cell surface glycoprotein that is upregulated upon-aotigget and
expressed on activated effector and memory T o@B5) There was a reduction of CD4éells by
approx.20% in ONX914 treated miceKigurel4B, C) and a 30 % reduction of @®44expression

on CDAT cells, suggesting reduced activation of these cells.

Given the redutton of Th2 cells in ONX 0914 treated mice, the possibility of ONX 0914 affecting their
proliferation was assessed. Whereas only about 30 % of all TBells expressl the proliferation
marker Ki67 in the lung, the frequency increased to almost 80 ¥henGATA3" population Figure

14D, E), highlighting the strong proliferative activity of Th2 cells. However, no significant differences
between the two treatment gsups were detectable. In additiom vitro restimulation of splenocytes

with plate bound aniCD3 demonstrated equal proliferation capacity of CDdells derived from OVA

Al mice treated with vehicle and ONX 09E&y(ireldrl).

1 This figure was published the supplement 0{462)
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Figure14 ONX 0914 treatment reduces T cell activation bot proliferation GATIR mice were sensitized with
OVA/Alum by two intraperitoneal (i.p.) injections day 0 and 7. On day 14, 15 and 16 they were challenged
with aerosolized OVA for 20 min. Mice recewibcutaneous injections of 1Ag/kg ONX 0®4 or vehicle on day

12, 14, 15 and 16 and were analyzed on day(AJ Experimental setugor experimentsB-E Gating(B) and
frequency(C)of CD44 populations of CD4T cells in the spleen as well as mean fluorescence intensity (MFI) of
CD44on CDAT cells (right) (n=4}D)Gating of kb7 positive populations among all CDHcells (left) and CD4
GATA3" cells (right) in the lung(E)Quantification of the respective frequency (n=@)Experimental setup for
experimentsG-l. Spleens were harvested on day 17, stained with-lT&fjolet cell trace dye and restimulated ex
vivo with antiCD3 for 3 daygG)Representative fluorescence signals of splenocytes on day 0 (dashed line) and
day 3 (solid line) from vehicle (blue) a@iNX 0914 treated (red) micgH) Gating strategy for the identification

of populations with different armunts of cell divisions an¢l) quantification of the populationgn=3. Data is
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shown as mean + SD as a representative from 2 independent experifoal#\-E). Significance of differences
was analyzed by twitailed t test(C)and twoway ANOVAE, ).* p <0.05%

4.2.7. No increased cetleath of Th2 cells on the day of analysis
One possible explanation for the reduction of Th2 cells upon ONX 0914 treaisrtbet induction of
cell death Toinvestigate this hypothesis, ceflability was analyzed among all CD#cells as well as
GATA3" ST2 Th2 cellsafter ONX 0914 treatment i®VAAI mice (setup as described beforghe
frequency of viable CDZ cells slightly decreased upon GXKinduction(Figurel5), probably caused
by the high cell turnover induced by the antigen challerijeere was no difference between the
treatment groups detectable neither among all CD4ells nor among Th2 cellidqurel5) which was
similar inthe HDMAImodel(data not shown)This suggests that ONX 0914 doesinduce cell death
at this time point.
In summary, it could be shown thiinhibition during the challenge phase redudbe type 2 immune
response in mouse models of allerggluced Al by reducing the activation and cytokine response of

CD4T cells, resulting in a decreased inflammatory eosinophilic airway infiltration irAD¥ce.
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Figurel5 No induction of cell death upon ONX 0914 treatmeéB®TIR mice were sensitized with OVAMIby

two intraperitonealinjections on day 0 and 7. On day 14, 15 and 16 they were challenged with aerosolized OVA
for 20 min. Mice receiwve subcutaneous injections of 18g/kg ONX 04 or vehicle on day 12, 14, 15 and 16 and
were analyzed on day 1Raive mice served as control§ability was assessed figw cytometry usingsytoxBue
staining.(A, C)Viable andB, D)dead cells amongA, B)all CD3CD4 T cells andC, D)GATA3" ST2 Th2 cells.

Data is shown as mean + Siajve:n=3 vehicle: n=8, ONX 0914: n=Sgnificance of differences was analyzed
by oneway ANOWA.* p <0.05.

4.3. Allergicairway infammation in LN?Zdeficientcompared to wildtypenice*®
Since Volkoet al. previously reported a reduction of inflammation in LMR® micg211) the next
experiments soughto confirm this data using exactly thersa strain of LMP-KO miceand this very
similar model of asthma inductiofrigurel6A). To evaluate the effect of LMR3eficiency on Th2 cells

and allergic airway inflammationh¢ main parameters which were found to be affected by IP

15 This figure was published amodfied form in(462)
16 This section was published (#62)



inhibition wereanalyzed in these mice. Surprisingly, there were no detectable differences between
WTandLMPZKO mice regarding BALF and lung infiltration, neither in eosinophils nor in Giglldc
(Figure16BC).Since these mice do not harbor the GAFRYFP cassette to identify Th2 cells, the
expression of the characteristic THgtokines 1t4 and 1E13 was neasured, yielding similar results in

both groups Figurel€D).
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Figure 16 LMP*#deficiency does not impair the type 2 response in ovalbumgduaed airway inflammation.
Wildtype (WT) and LMPkhockout (KO) mice were sensitized with OVA/Alum by two intraperitoneal (i.p.)
injections on day 0 and 7. On day 14, 15 and 16 they were challenged with aerosolized OVhiforMize

were analyzed on dal7 and naive mice served as contréds.Experimental setup(B) Single cell suspensions
from lungs andC)the bronchealveolar lavage fluid (BALF) were analyzed by flow cytometry and cells were
identified as eosinophils (CD46D11cCD11b Ly6G SigleeF), neutrophils (CD45CD11cCD11b Ly6G) and
CD11t (D)Frequency of H4 and IE13 expressing CD4ells in the lung. Titers of arBVA IgG1E)and IgHF)

in the serum.(G) Immunoblot of lysate from lungs oday 17 against the indicated gteins. Data is shown as
mean * SD, pooled from two independent experiments (naive:h£€3VAAI: n=36). Significance of differences

was analyzed b{B, CYwo-way or(E, Floneeway ANOVA with HolfBidak post hoc tes{D)was analyzed b
two-tailed t test. * p <0.05/

17 Parts of this figure were published [(#62)



Lastly, antibody concentrations in the serum were assessed. Similar to the previous experiment with
GATIR mice, the IgG1 levels strongly increased after-AD\fdduction but again, there was no
difference between the two genotypeFigurel6E). IgE levels only moderately increased during-OVA

Al and were similar in both groupBigurel6F). Immunoblot analysis revealed strongc expression

in the lungs of LMRRO compared to wildtypmice (Figurel6G) in line with previous dateegarding

other organg(126,212) This suggests thatc can compensate LMP7 in this setting. Taken together,

mice with genetic LMPRdeficiency showed similar responses in @M&ompared to wildtype mice.

4.4.1P function in the early development of allergic airway inflammation

4.4.1. No effect of pophylacticdPinhibitionon OVAinduced airway inflammation
The main aim of this thesisas to investigate how Thells are affected by IP inhiion. In the first
experiments,it could be shown that Th2 cells are reduced when mice were treated during the
challenge phase of OVAnd HDMAI. This is ailkd of dtherapeuti@ setting in whicHr cells are primed
before IP inhibition and are then targed during the challengphasewhen they are activated by fe
encounter with the antigen. Since data from LM@Rficient mice showed thafh2 cells could develop
independently of LMP expression the development of airway inflammation with continuqus
oprophylactié ONX @14 treatment startingon day Owas analyzedFigurel7A). In contrast to the
therapeutic treatment,ONX 0914 did not seem to ameliorate GXAinthis settingas neither the
cellular infiltration in the BALF and lurigigurel7B, C) nor the frequency of Th2 ceRsgrel7F, G)
was changedAccordinglyCD44 expression on CDHdcells in the lung was equal in both groupig(re
17H). Irterestingly, the CD11&HGIIM populationwasreduced in ONX 0914 treated mi@ggurel7D)
and there was a tendency of less CDX1D11bcells Figurel7E) similar to the previous experimés
(Figure10D). Furthermore]gG1 levels in the serumere slightly reduced even though this did not
reach significancé-igurel7l).
Although some parametersvere reduced, the overall inflammation and especially Toell
development was not significantly altered by IP inhibition. To investigate if upregulatioBcofs
compersating the inhibition of LMP7, lysates of lung and spleen from-@MAice on day 17 were
analyzed by immunoblotting. Increased expressionsafwas clearly detectable in both orgafeyure
17J), suggesting that prolonged IP inhibition leads to inductionpfO SELINS & &A 2y X LINE O
it was described before for naive CH4cellsn vitro (212) The shift of the LMP7 band in ONX 0914
samples clearly shows that almost all LMP7 is inhibRegufel7J) indicating that the observedselts

are not caused by inefficient IP inhibition but rather by compensation3uy
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Figurel7 Airway inflammation can develop despite continuous immunoproteasome inhibB&T.IR mice were
sensitized with OVA/Alum by two infparitoneal (i.p.) injections on day 0 and 7. On day 14, 15 and 16 they were
challenged with aerosolized OVA for 20 min. Mice reaksgbcutaneous injections of I9g/kg ONX 0®4 or
vehicleevery other day starting on day 0 and 1 hour before the challengeswere analyzed on day 1Raive

mice served as controlgA) Experimental setupinfiltrating cells in thgB)bronchoalveolar lavage fluid (BALF)
and (C)lungwere analyzed by flow cytometryB) Absolute cell counin the BALRNd (Q relative frequencyin

the lungof different cell populations identified as eosinophils (CD@b11cCD11k Ly6G SigleeF), neutrophils
(CD45CD11cCD11bLy6G) andCD11¢ (D, Efrequency of CD11subpopulations andF, G)Th2 cells in the
lung. (H) Expression of CD44 on CD4+ T cells in the splBeinti-OVA IgG1 levels in the serum measured by
ELISAData is shavn as mean + SD, each dot represents an individual mhaige: n=37, Vehicle/ONX 0914



n=910 (except (I): n=4)}J)Lung lysates &ém day 17 were analyzed by immunoblotting against the indicated
proteins.i -actin served as a loading contr@lata waspooled from three independent experiments (excépt

J). Significance of differences was analyzedByCYwo-way or(D-I) one-way ANOVA with HolfBidak post hoc
test.* p <0.05, ** p < 0.01, *** p < 0.001, and **** p < 0.0001

4.4.2. No effect of pophylactidPinhibitionon HDMinduced airway inflammation
In order to assess whether airway inflammation can also develop uponitiimhin another model,
the HDM model was applied and ONX 0914 was administered three times per week starting from day
0 (Figurel8A). Similar to OVAAI, continuoudP inhibition did not significantly change the infiltration

of inflammatory cells into the BALF and luRgg(irel8B, C) except for a tendency of reduced CD11c
MHGII" cells in the lungRigure18D).
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Figure 18 HDMinduced airway inflammation develops in the presence of continuous immunoproteasome
inhibition. GATIR mice received intrana@ah.) applications of 50 ug house dust mite (HDM) extract on day 0, 7,
14 and 21.Three times per weeknice were treated wih 10 mg/kg ONX 0914 or vehicle subcutaneously.
Inflammatory infiltration was analyzed by flow cytometry on day 23. Naive mice served as cgA)Bthematic
setup. (B) Absolute cell counts the BALRNd (O relative frequenciesf cell populations ithe lung identified

as eosinophils (CD48D11cCD11bLy6G SigleeF), neutrophils (CD43CD11cCD11bLy6G; left) andCD11¢

(D, Efrequencyof different CD11tsubpopulationsas well agF) GATA3", (G) GATA3" ST2 and(H) total CD4

T cells in the lunddata is shan as mean = SD, each depresents an individual mougeaive: n=3, Vehicle/ONX
0914: n=910). Data was pooled from three independent experimefiginificance of differences was analyzed
by (B, CYwo-way or(D-H) one-way ANOVA with Holssidak post hoc test* p < 0.01.



Moreover, the frequency of Th2 cells as well as the generat Tbdll population was not affected by

IP inhibition Figurel8FH). Of note, the variance between the mice was very high, making it difficult
to obtain very consistent data. The iamce was not based on tisex of the animals aesulted from
different immunizations as it was spread throughout both sexes and all experiments. Nevertheless, the
shown data is pooled from three experiment with a total of 10 mice per group, showing no difference
between them in most parameters. Thus, it was conetithat Th2 cells can indeed develop upon

continuous ONX 0914 treatment, maybe also by upregulatiorbof(not analyzed).

4.5.Role of the immunoproteasomeTilm17 cells and Tregs$S colitis
Previous work indicates a stromgfluence of IP inhibition onfilcell commitment, especially affecting
Thl and Th17 but not Th2 differentiati¢62,179) It was shownthat ONX0914 affects Thltell
differentiationin vitrowhen CD4splenocytesre polarized towards a Th17 phenotype with a specific
cytokine/antibody cocktai(162,165,179,184)Furthermore, Kalinet al. showed that less Th17 cells
but more Treggan be found in the lamina propraa lymph nodeof ONX 0914 treated mice compared
to PBS trated mice in DSS coli(i$62) Even though these results point towds a role of the IP in Th
cells, it is not yet clear whether IP inhibition by O0@44 affects the differenti#on or the survival of
Thcellsin vivo.In order to address this question, colitis was inducedibh7AGFP and FoxP3FP
reporter miceand ONX 0914 was applied at different time pototstudythe effectson Th17 cells and
Tregs

4.5.1. Reduction of body weight loss and colon shorteningbghylactidPinhibition
in DS&olitis

DSSis a negativelycharged sulfated polysaccharidehich is commonly used to induce intestinal
inflammation in mice which shows many features of hunaD. Even though the exact mechanism is
not known, the induction of colitis most likely results from damage of the epithelial layer, leading to
dissemination of bacteria and their products into the underlying tig896)
In the first set of experimesta rather prophylactic treatment scheme was applied in wBhit8vas
added to the drinking water of reporter mice{l1ZAGFP and FoxF3FP) for five days amad the sane
time, vehicle or ONX 0914 (10 mg/kg) veaBninistered subcutar@usly every other day{gurel9A).
In line with previous observations frorour group(161,162,179gapplication of ONX 0914 reduced
disease symptoms of D8%#luced colitis such as weight loss atmlonshortening(Figurel9B-E) Even
though the ma@nitude of weight loss and colon shortening differed between the two mouse sfrains
which has beemeported for this mode(396) the beneficial effects of ONX 0914 treatment could be

clearly seen in botkexperimental setupgFigurel9B-B).
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Figure19 Immunoproteasome inhibition reduces symptoms of DSS cdliti. DSS was added to the drimdi
water ofIL-17AGFRB, CandFoxP3GFRD, E)mice for 5 days. Simultaneously, vehicle or ONX 0914 (10 mg/kg)
was administered subcutaneously every other day mice were sacrificed on daya8 depicted iA). (B, D)

Body weight wasnonitored daily.Percent weight loss relative to the weight on day @xys) is plotted versus
time in days(x-axis).Vehicle or ONX 0914etatment time points are indicated witharrows. (C, B Mice were
sacrificed on day 8 and the colon length was measui@caphs showpooled data of 23 independent
experiments (B, Chaive: n=6, vehicle/ONX 091#=7,(D, E)aive: n=4, vehicle/ONX 091#=6.Data is shown

as mean 5D * p < 0.05, ** p < 0.01, **** p < 0.0001{ or 2-way ANOVA).

4.5.2. Decreased Th17 response bgghylactc IPinhibition in DS$olitis
In order to analyze the effect of IP inhibition in more detail, the induction of Tellswas measured
on day 6 and day 8. Flow cytometric analysis revealed that Th1{defilsed as CDID4 GFP) were
strongly inducedn the lamina propria of the colofFigure20GE) whereas only littleTh17 cells could
be detectedin lymph nodes (memnteric and iliac), spleen andSR SN a LI 6 OKSa 2F (K
(data not shown)In the lamina propria, the fragency of Th17 cells increased among all viable cells
(Figure 20D,E right but dso among CD4T cells Figure20D,E lef}, indicating that the observed

increase was not only a result of a general increase of infiltrating” Télls.Furthermore, the



frequency of Th17 cells increased from day 6 to day 8 which reflectsthblistment of the adaptive
immune responsehat requires several daystrikimgly, the frequency of Th17 celigas decreased
when mice weresimultaneously treated with ON0914 especially on day &igure20D,E) in line with
previous result{162) Importantly, this was not caused by a general decrease of Tlodlls in the
lamina propria since the frequency of abL T cells did not changeith ONX 0914 treatmenfjgure
20B) but the frequency of Th17 cells among CD4ells decreased significantly
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Figure20 Prophylactic immunoproteasome inhibition reduces the frequency of Th17 cells in DSSX#INSS

was added to the drinking water of-I7AGFP mice for 5 days. Simultaneously, mice received subcutaneous
injections of vehicle or ONX 0914 (d®/kg) every other day(A) Experimental setup(B) Frequency of CD3
CD4 T helper cells in the spleen, mesenteric lymph node (LN) and among lamina propria lymphocyte€3) PLS).
Gating sckeme to analyze Th17 cell&fter exclusion of dublets and deadells (not shown)cells weradentified
asCD3 CD4 and subsequently analyzddr the expression offl.-17AGFP. Graph shows sampleof the lamina
propria on day 8(D, E}Frequency of Thl@ells among CDA cellsleft) and among all viable cells (nij on day

6 (D)and day §E). Graphs show pooled data &3 independent experimentén=56). Data is shown as mean +

SD each point represents an individual mousep < Q05, ** p < 0.01, *** p < 0.00{1- or 2-way ANOVA).



Similar to the OVAI experiments (sectio#.2.6), the expression level of CD44 was assessed because
IP inhibition was shown previously to impair T cell activa(it?) In line with previous results, the
proportion of activated CD44cells among CD40xP3T cells in the spleen of ONX 0914 treated mice
on day 8was reducedRigure21A). Moreover, the average expression level of CD44 on these cells was

reduced indicating impaired activation of T cells by ONX 0#%igufe21B,C)
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Figure21 Reduced activation of CD#% cells by IP inhibition. 2 XSS was added to the drinking watef~aikP3
GFP mice for 5 days. Simultaneously, mice received subcutaneous injections of ae@ikl¥ 0914 (1Mhg/kg)
every other dayMice were sacrificed on day 8 and CD44 expression was analyzed dfra@xP3cells in the
spleen after exclusion of dead cells and doublétg.Frequency of the CD44opulation among CO40xP3
(pooled data fromtwo independent expements,n=6).(B,C)Mean fluorescence intensity (MFI) of CD44 on'CD4
FoxP3of two independent experiments (each n=3¥)ata is shown as meanSD, ach point represents an
individual mouse. * p <.05, ** p < 0.01 (unpaired, twaailSR a i dzZRSy i Qa G GSadoo

SinceDCgsplay a major role in the induction of Th17 cétighe intestine(397)and DCswere reported

to be affected by IP inhibitiofl14,122,187,213,214}he frequency of CD11cells was analyzed in

the lamina propria of the colon and in mesenteric lymph nod&311¢cells were slightly reduced in

the lamina propria of ONX 0914 treated m@meday 6 and day &ven though the data displayed quite
highvariationand the difference was not statistically significant on da¥Fi§ure22A,C) Mesenteric
lymph nodes are the major site fox@T cell interaction and accdrajly, a robust population of CD11c¢
cells could be detected thel&igure22B,D)which was a lot smaller in uninvolved inguinal lymph nodes
(data not shown).The varance on day 6 was very high, making a definite conclusion difflmutt
interestingly, the CD1Xpopulation was markedly reducexh day 8. Similar to the results of the GVA
(Figure10) and HDMAI Figurel?) experiments, this data suggests that DCs are also affected by IP

inhibition.
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Figure22 Thefrequency of CD1Zcells is only mildly reduced upon IP inhibition in DSS coliti©3%46vas added
to the drinking water of H17AGFP mice for 5 days. Simultaneously, mice received subcutaneous injections of
vehicle or ONX 0914 (19g/kg) every other dy starting on day 0. The frequency of CDHhaong all viable cells
(after exclusion ofdoublets and dead cells) was analyzed i, B)day 6 andC, D)day 8 in the lamina propria
(left) and mesenteric lymph nodes (rightsraphs show pooled data ofo independent experiment$n=56).
Data is shown as meanSD, ach point represents an individual mouse. * p.8%) ** p < 0.01 (unpaired, two
GFrAf SR adGdzRSyidQa G GdSadovo

4.5.3. Influenceof IP inhibition on existing Th17 caiSSolitis
Having shown thahe induction ofTh17 cellgs reduced when mice are treated with ONX 0914 starting
from day 0, the next experiments aimed at assessing the effect of IP inhibition on already existing Th17
cells. Therefore, DSS colitis was first induced-iiY AGFP mice an@NX 0914reatmentstarted after
induction of the Th17 response on dayFigure23A). As described in the literatu896) mice started
recovering weight after day &igure23B) and similarly also the colon length increased adaigu(e
23C). On day 12, vehicle and ONX 0914 treated mackerecovered their origal weight and colon
length similarly (Figure23D,E). In both experimental setup@NX 0914 treatment did not affect the

recovery.

To analyze the effect of IP inhiloih on existing Th17 cells, LPLs were analyzed on day 10 and 12. The
frequency of Th17 cells on day 10 was similar to day 8 (vehicle group) and slightly declined on day 12.
CDA4T cells were more abundant among LPLs on day 10 than on Bayu8e4B). Surprisingly, there

were no differences between the two treatment groups but there was even a slight increase of Th17

cells in the ONX 0914 group on day 12.
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Figure23 Similar recovery from DSS colitis with or without immunoproteasome inhibi#éh DSS was added to
the drinking water oflL-17AGFPmice for 5 daysStarting on day 6yehicle or ONX 0914 (10 mg/kg) was
administered subcutaneously every other dad mice were sacrificed o8, Cday 10 andD, E)12 as depicted

in (A). (B, D)Body weight wasnonitored daily. Percent weight loss relative to the weight on day-8x{g)is
plotted versus timen days(x-axis). Treatment timgoints are indicated witlarrows. Mice were sacrificed dT)
day 10and(E)day 12andthe colon length was measure@raphs show data ofiddependent experimentan=6
Data is shown as meanSB No statistically significant differences were detec{@dor 2-way ANOVA).
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Figure24 Immunoproteasmne inhibition does not reducexisting Th17 cells in D88litis.2 %DSS was added to
the drinking water of H17AGFP mice fob days.Starting on day @nice received subcutaneous injections of
vehicle or ONX 0914 (I@ig/kg) every other dayill analysis on day 10 atay 12. (A) Experimental setup(B)
Frequency of CDZXD4 T helper cell®n day 10n the spleen, mesenteric lympiode (LN) and among lamina
propria lymphocytes (LPLgL, D)Frequency of Thlgells amondgCD3 CD4 T cells left) and among all viable
cells (right)on day 10(D)and day 12E) Graphs show pooled data 2findependent experimentgnaive: n=6,
VehicldONX 0914: n=5). Data is shown as meanSH) each point represents an individual mougep < Q05,

** p < 0.01, ** p < 0.001*** p < 0.0001 (1- or 2-way ANOVA).

4.5.4. Effect of prophylactic IP inhibition on Tregs in the lamina propria
Treggepresent aspecific T cell lineage which play an important role in the modulation of the adaptive
immune response and preveoh of excessive inflammatiowhich canfor examplelead to tissue
damage(256) Therefore, Tregs amdso induced in DSS colifi®. assess the effect ¢ inhibitionon
Tregs theywere analyzed in theame setting as described befdor Th17 cellgFigure25A). As shown

in Figurel9D and E, FoxPGFP mice responded similarly to DSS and ONXt@@itrhent as described
before.

On day Ghe frequency of Tregs increased in the lamina propriehefd¢olon compared to naive mice
(Figure 25C) which was only slightlgnhanced on day @Figure25BD). There was no difference
detectable betweenthe two treatment groups, indicating that IP inhibition does not affect the
development of Tregs. In line with these respl® inhibition after DSS treatment did not affect the
frequency of Tregs (data not showgince the previously published studyKalim et al. investigated

Tregs not in the lamina propria but in mesenteric lymph nodes, these were also analyzed. There was

no difference to naive mice on day 6 (data not shown) but Tregs were induced in the vehicle group on



day 8 Figure25E). Interestingly, ONX 0914 treatment reduced Tregs in the lymph nodes in contrast to
the lamina propriaEven though there was a difference in the lymph nodes, the data fromathaa

propria indicates that in generdlregs do not require functional IP for their development.
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Figure25 Immunoproteasome inhibition does not change the frequency of Tregs in the lamina propria during
DS&colitis.2%DSS waaddead to the drinking water of FoxPGFP mice for 5 days. Simultaneously, mice received
subcutaneous injections of vehicle or ONX 0914 rfigdkg) every other day(A) Experimental setup(B)
Representative FACS plots of Fox3FP Tregs in the lamina propridP)after exclusion of dublets and dead

cells and pregating onCD3 CD4. Graph shows naive sample ansampleson day 8(C, D}requency of Tregs
cells among CDA cellsleft) and among all viable cells (righih day 6(C)and day gD)in the lamina propria
(E)Frequency of Tregamong CD4T celldn the mesenteric lymph node (LN) on daya8aphs show pooled data

of two independent experimentsData is shown as meanSH) each point represents an individual mouge=5

6).* p <Q05, *** p < 0.001 **** p < 0.0001 (2-way ANOVA).

4.5.5. Th17 cells in HDNhduced airway inflammation
Asthma is a very heterogeneous disease with many different phenotypes. The most common form is
Th2cellmeditated eosinophilic asthma bgeveral other forms exist, e.g. with a neutrophilic or mixed
granulocytic phentype (289) SinceThl7 cells have recently beeaported to play a major role in
these other forms of asthm#4398) they were investigated in the previously described HDM
experiment (see sectiof.2.4). The same sepuwith four intranasal applications of HDM and a single
dose of ONX914 was used to study the effect of IP inhibition in this contéatbetter evaluate the
effect of this single dosene group was analyzed on day 21 before the last immunization and the
treatment. Flow cytometric analysis showed a strong induction of Th17 cells in this model also already
after the three immunization§Figure26Q). In contrast to the strong effect of IP inhibition on Th2 cells
in this setting, Thl¢ellswere not affected by ONX 0914 treatmemigure26AB). Thus the results

from DSS colitis showing that existing Tl&lswere not reduced by IP inhibition could be confirmed



also in this modelTaken together, the results show that IP inhibition can prevent the development of

Th17cellsbut does not affect their survivaht least in shortterm experiments.
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Figure 26 Th17 cellsare not changed by imunoproteasome inhibition in house dust miteduced airway
inflammation(HDMAI). (A, B)GATIR mice received intranasal applications of SHDilextract on day 0, 7, 14

and 21. One hour before the last immunization, mice were treated with 10 mg/kg ONX 0914 or vehicle
subcutaneously. Inflammatory infiltration was analyzed by flow cytometry on dajN@Be mice served as
controls.(C)For analysisf the inflammation on day 21 (d21), mice received only three immunizations on day O,
7 and 14 and were analyzed without treatment and the last immunizati@mn.all experiments samples were
restimulated in vitro for 5 hours with PMAbnomycin andtreated with brefeldin A to analyze cytokine
expression(A) Representive plots showing the Thd&ll population in the lung after exclusion of doubletsd

dead cells and gating d@D4. (B, C)Frequency of the Thl@ell population among all CDA cellsEach pint
represents an individual mous®ata from day 23 is representative for two independent experiments (n=4).

Results from day 21 show n=8erived from one experimenData is shown as meanSD ** p < 0.01(1-way
ANOVA).



Part 1I:A novekell line for inducible immunoproteasome expression

4.6. Generation of LMR2and LMP+4nducible cell line LCL7-2327

ThelPis known to be important for antigen presentatidiy generating peptides better suitable for
MHGCI loading compared to the SP. LMP7 etgs bulky hydrophobic residues better thabc and
caspasdike activity oLMP2 compared to the chymotrypsitike activity of 1cleads to the generation
of more peptides appropriate for MHICloading(19,28,146) Besides this important role in antigen
processing, the IP haseen implicated to be critical fomany aspects of the immune response,
especially in lymphocytes. Even though many studies could show this in the past, little is known about
the underlying mechanism. One hypothesighat the IP spefically processes certain factorghich
are not- or with a different kinetic processed by th&PIn order to address this question, a novel cell
line was established that allowkdé comparative study of IP v2.S

To this endthe humanBcell lineLCL721.174as usedvhich waspreviouslyimmortalized by Epstein
Barr virus infetton and lost part of the genomiegiondue to! -irradiationin which the genes encoding
for LMP2 and LMP7 are locaté&2b9) Atamoxifenbased system composed iie two constructspFU
and pGev16400)was used for inducible expressiohhe multiple clonng site of pFU is located
downstream of five repetitions of the UAS (upstream activating sequemddaih binds the
transcription factor Gev16, a nddied Galdesterogenreceptor. This transcription factor is encoded
on the lentiviral plasmipGev16 and is constitutively expressedder the ubiquitin promotorin
transduced cells. Without-OHT,the Gev16fusion proteinis bound to the chaperon heat shock
protein 90 (HSP90) and remains in the cytoplasm. Wh€@HZbinds to the estrogn receptorof
Gevbp, it dissociates from HSP90, translocates into the nucleus and activates transdoyptamding
of Gal4 to UAS

First,LCL721.174 ceNgere lentivirally transduceavith pGev16 and single cell clonesre obtained
by limiting dilution Toconfirm robust expression of pGevla,fraction ofthe cellswastransduced
with pFUGFP which encodes for GFP under the promotor activated by Gev16 (data not shiwavn)
clone exhibiting the best expressiamas used for the next stepshis line is now ferred to as
LCL721.14Gev16.Second, after successful cloning of gBWP2 and pFUMP7 (data not shown)
LCL721.174Gev16 cells werdoubletransduced with both lentiviruses and single cell clonese
prepared Established clones were screened for LMP2 laMidP7 expression after addition ofGHT
and are now referred to dsCL724527 (for LCL721.14#Gev16pFULMP2pFULMPY). Tie best three
clones were kept for further studies, namely clone 3, 10 an@igure27A). Since clone 18 showed
strongest expression of LMP2 and LMP7, this clone was mainly used for further studies.

Third, the optimal working concentration of-@HT was determined in @ration experimentby
analyzingthe expession levels of all {Bnd SRsubunits after four and seven days of treatmelRigure

27B). Robust expression of the 4ubunitswas detectablalready with 10 nM 9DHT on day 4.
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Figure27 Establishment of a cell line for inducible immunoproteasomeaesgion(A) LCL721.174Gev16 were
transduced with pFULMP2 and pFUMP7. $igle cell clones were screenéat expression of both proteins after
addition of 40HT for 48h. Lysate of LCL721(d@itginal cell line still expressing LMP2/LMB&ived as a patve
control. lota served as loading contrdB, G Titration of 40HT to determine the best working concentration.
Samples were incubated with the indicated concentrations-GfHITand analyzed after 4 and 7 dafgs (B) the
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expression of lPand SPsubunitsand (O cell growth.(B) lota and’ -tubulin served as loading controls af@
LCL721.174Gev16 as a control for unspecific effects @dMT.(D) 20S proteasome was purified from LCL721
G27 cells cultured for 8 days with (bottom) or without (tofOHT and analyzed by 2 dimensional gel
electrophoresis (SBBAGE andionequilibrum pH gel electrophoresis NEFHGE). Arrows indicate respective
subunit.

For comparative analyses, not only induction eslBunitsbut also strong reduction of SRubunit is
critical. Since expression of-S&bunits strongly declined after seven days using 20 f®H4 without
affecting cell growth Kigure 27B,Q, this concentration w&s used for further studiesTo confirm
successful incorporation of the respective subunits, purified 20S proteasmssubjected totwo
dimensional gel electrophoresis which separates proteins by their size -FBWSE) andharge
(NEPHGE) Comparison ofthe patterns to previously published dat@870,401)revealed strong
induction of the IPsubunis LMP2 and LMP7 wherethe SPsubunitsi 1c and 5c were not detectable
anymore confirming the successful incorporation of the induced subunits in mature 20S proteasomes
(Figure27D).

4.6.1. SIIAC analysis
To identify potential substrates specific for IP or tBE,newly established cell line LCL7@27 was
used to perform &SILAC experimenTherefore, samples for IP expression were-ppeated with 4
OHT for four days before incubation with theavy SILAC medium. SP samples were left untreated
and cultured in light medium. To control for the effect e®HT on the cells, LCL721.93@ev16 cells
were included and treated the same way (HOMT: heavy: 4-OHT: light) Immunoblots directed
againstlP- and SPsubunits showedhat IP expression was normally absent insalinplesand could
strongly be induced by addition of@HT in LCL72%27 cell{Figure28A). In turn, the levels of 5c
andi 1c were very strongly reduced. Interestingly, the level ¢ wasalso reduced but to a lower
extent.
The obtained sigal ratios from mass spectrometffieavy/lightA IP/SP) were sorted and the top 10
results are presented iRigure28B. Strikingly, the top two results are proteasome subunit beta type 6
( 1o and 5( 5c) and also ppteasome subunit beta type 7 Zc) was among the top 10 hitsn line
with the immunoblot data. Of note, the tBubunitsLMP2 and LMPdre notdetected in this analysis
because theeproteins are completely absent in theCL721.17Gev16due to thegenetic deletion
and thus, no ratios can be determined.
The third best hit was the decreaseMF* B subunits p105 and p56A IP samplebut the analysis did
not specify if there were differences between the subunitee precursopl05 is processed by the
proteasome to generate p5@hich then home or heterodimerizes (with p65) to form the functional
NFSB factor, an important signaling pathwawolved in many immunological pathwaySince the
role of the IP in NFB signaling is still under debafd02,403) this hit seemed very interesting to

investigate further. Therefore, cycloheximide chase (CHX) experimemnésperformedwith LCL7241



Results

G27cellsto comparethe degradation oNFS Bin IP vs. SBxpressingells In a fist experiment, levels

of p50 were higher in samples with induced IP expression and another band was detectable at around
25 kDa, suggesting different processing by IP compared tBi@Re28C left). In contrast, repetition

of the experiment with the same and another clone did not show any differences between the two
setups (exemplarily shown iRigure28C right) This indicates that the previous finding might have

been an artefact and that there is no difference in the processing of p105/p50 by the IP or SP.
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Figure28 SILAC analysis of LCLTzA7 cellsLCL72-G27 and LCL721.1-pf5ev16 cells were cultured in the
presence (+) or absence 6f 20 nM 4hydroxy tamoxifen (4OHT) After 4 daysnpormal medium was replaced
with medium forstable isotope labeling with amd acids in cell cultufSILAQ) vy | { € eawédHPLys8,IArglo;
sampleswith4 | ¢ 0 2 NJ nérfnal Addiiing;sandpleTwithout OHT)mediumwas used for the different
samples After another 7 days of culture, samples were analyzedA)ymmunoblotting against the indicated
proteins and(B) mass spectrometryThe top 10 results are shown as the ratio of protein content in the heavy
(IP) versus light (SP) samples. The order (left to right) indicates the significance (according to pf vhkie)
changes detected (one sampketst with the theoretical value)l Data is shown as meaD, points represent
individual samples, LCL7&ER7 n=4, LCL721.1-pGevl6 n=2)(C) Cycloheximide chase experiments were
performed with LCL72G27 cells afte7 days of culture with or without-@HTMG-132 was included as a control
for proteasomal degradation. Samples were harvested at the indicated time points and analyzed by
immunoblotting. The left panel shows clone 3 and the right one clone 18. A repetitf the experiment with
clone 3 yieldedesultssimilar tothe right panel.
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4.6.2. No difference between IP and SP in susceptibility@ H
The IP was proposed to be more efficient in the degradation of oxidized proteirthdwaurrently
available data is ro completely conclusive due to diverse reports from different groups
(120,124,127,138) Therefore, he newly estabshed cell line LCL7Z327 was used to study the
susceptibility of cells expressing IP or SP to oxidative streswhisTend, cells were treated with
increasing concentrations of.&, leading to oxidative stress and the aowlation of oxidized
proteins The induction of cell death wassed as a read outtO; treatment strongly decreased the
amount of viable cells starting frommM. Even though cell survival seemed enhanced in celisred
with 4-OHT, the observedifferencewas clearly a side effecf the 4-OHTitself and not caused by IP
expression as also the control cell line LCL721{3dv16 behaved the sanfEigure29A). Thus,no

differences in the suscejbiility to oxidative stress of cells expressing IFFwere detected

4.6.3. Equal degradation of polyubiquitylated proteins in cells expressing EBPand
Previous studies suggestthat the IPis more effective in the clearance of palpiquitylated proteins
but also contradictory data existsummarized irf{127). Since tis claimis still under debateLCL721
G27 cells were used to address this matter. The accumulation ofubadyitylated proteins was
analyzed over the time course of one week and did not aéaay significant differencgfigure29B),

arguing against a difference in the clearance of pdiiguitylated proteins.
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Figure29 No difference between IP and SP in susceptibility40:ldnd in the degradatio of polyubiquitylated
proteins. (A) LCL7Z527 and LCL721.1pGev16 cells were cultured in the presence or absence of 20 nM 4
hydroxy tamoxifen (4DHT). After 7 days of induction, samples were incubated with the indicated concentrations
of Oz for 4 hou's and cell survival was analyzed by flow cytometric analysis of annexin V and propidium iodide
(PI) staining. Values were normalized to the untreated control and are shown as fold cBbextgés shown as
mean+ SD, n=4(B) Levels of poRubiquitylated proteins were analyzed in LCiG27 cells at different time
points upon 40HT additiorby immunoblotting As a positive control, cells were incubated for 6 hours with the
proteasome inhibitor M@L32.i -Actin served as a loadjncontrol. One out of three experiments with similar
results is shown.



5. DISCUSSION

5.1.Part I:Thelmmunoproteasomén T helpercells
Several preclinical studies demonstrated the importance oflia T cell maturation, activation and
function as well as edttiveness oflP inhibition in (auto) inflammatory diseaseq203,404)
Furthermore, the LMP7/3elective inhibitor KZB16 is currently investigated in pha2elinical triag
for inflammatory disease$178,181) Despite exnsive research on Thl and Thé&llmediated
diseases, only little is known about the role of fiiken Th2 cells and previoussults vary depending
on the methodof Th2cellinduction.In vitropolarized Th2 cellwere not dfected by genetic deletion
(211)or pharmacologic inhibitiomf LMP7(162) However, a reduced Th2 response was reported in
LMPZKO mice irOVA but not HDMinduced Al211)and ONX 0914 did not change the frequency of
Th2 cells in the brain in a moaisnodel for ischemic strok€06) Furthermore, a study of aortic
aneurysm formation reported no difference in the expression ef Hnd GATA in LMP7KO mice
(208)but this condition is mainly mediated by Thl and Thélfs anchot Th2 cells.

5.1.1. Immunoproteasomeexpression il helper cell subséfs
Since previous data suggested a different role of the IP incEi®compared to Thl and Th17 cells
(162,211,404)the IP content was analyzed in different Th subsets (Th1, Th2, Thl7%gsthat were
polarizedin vitroto detect potential difference@~igure?). Similar to bulk T cel(d20,212) all analyzed
subsets expressed high levels of LMP7 and LMP2 and alseIM&@tession could be detectedali
samples. Interestingly, Th1 and Th2 cells contaimedure i p, @entified by thelack ofthe pro-
peptide sequence required for assempbigdicating not only expression but also incorporation of the
subunit (101105 9 @Sy G K2dzZAK aA3dylfa 27F | uOsugheftRthed mO ¢
presence oBPbecausd at T 0 dziwas/r@€drted tpeDableleavage of LMP2 and MECpro-
peptides which facilitates IP formation(405,406) This implicateshat i p Ointeigrated iro i -rings
containing only the standardubunits(29,10%109) However,partial compens G A 2y 2F i p O
formation of proteasome containing LMP2 was reported in LMR® cell§103,109,11} indicating
that there could be also intermediate proteasomésre. Whether this istrue remains to be
determined for exampe by isolating 20S proteasonmdoreover,the results are alseestrictedby the
detection limit of the immunoblot which wasreported to be 1.2 pg for purified transferri@07).
Quantification of protein levelsis also limited even though the use of the LICOR system with
fluorochromelabelledantibodiesin the nearinfrared range was reported to be better suited for such

analyses compared to chemiluminescent detection methddevertheless, detailed analyses would

18 Parts of this section were publist in(462)



be required to determine the right amount of lysate to use for detection in the linear riorgeliable
quantification.

LT GKS O2YLSyal GA2y HtEould gxpaipre¥ious ghse&idhs i Th delis 3 LI |
were less dependent on IP function than TheElls, whichtS E LINB 8 8 SRt 2 giScNdtrdsiS 9SS &
¢Kmt OSffa FyR ¢NX3Ia SELINB&Z&ASR KAIKSNIGEB§DSE &
containingLMP7 as well as LMP7 and R2{29,151,4@) these cells probably contain intermediate
proteasomes with a mixture of immun@nd standardsubunits.Similarly, bulk CD4T cells isolated
FNRBY YdZNAYS aL) SSya ¢SNB LINB@Az2dzafte NBLRNISR
tS@Sta 2F i MmO YR i HOX AYRAOFGAWR) GKS LINBaSyoOS

Nevertheless, athnalyzed subsets expressaigh levels of IP, making the dR interesting targein

G

Th-mediated diseases

5.1.2. Use ofGATIR mice for the identification of Th2 cetvivé®

To investigate thdP as a targe for Th2 celkmediated diseasesstudies withtwo different mouse
models for allergic Al were performebh order to facilitate the investigation of Th2 celise novel
GATA3 reporter strain GATIRB69)was analyzed fothis purposebecause GATA is the naster
transcription factor of Th2 cells which is strongly upregulated in Th2(8&Hg377). It was previously
shown thatknockin of the IRE®, Ct Ol & & S {uritr&nsltedyrég@dn ofl tReSata®ld@usdoes
not affect GATA expressiorand that the vYFP signal reliably reflects this expression (868]390)
Besides the strong GABAYYFP signals detectedimvitro polarized h2 cellsbut not Thl and Th17
cells (369)and Appendix Figure 3) waspreviouslyshown thatintranasal applicatioof [.-33 or HDM
inducedvYFPsubsets in the lungf these micg390) The VYFP populations were detectable among
lineage and lireage’ CD4 subsets and wergaralleledby the induction of GATA3* populatiors
(antibody detection)implicating the identification of ILC2s and Th2 cells, respect{(38§) These
ILC2swvere studied in detail390,391)out CD4vYFP cells were not further analyze@herefore OVA
Al was used in this project to confirm the Thenotype of CD4GATA3-VYFP cells bycomparing
GATA3-vYFP signals andytokine levelsof CD4 T cells from OVAAI mice (Figure 8). It was
demonstratedfor the first time that he GATA-vYFP signal correlatedth production of Th2but not
Thl-cytokines or FOxP3 expressiondlsviva Theefore, GATIR mice will be a useful todhe future

to easily identify Th2 celkex vivo

5.1.3. IP inhibitionduring the challenge phaseallergic airway inflammatiéh
Next, dlergic Al was induced in GATIR mice by application of OVA and HDM andhthibitér ONX

0914 was administereat different time points to studyhe effects on the Th2 responsaAllergic

19 Parts of this section were published(#62)
20 parts of this section were published(#62)



responses are characterized by a first sensitization event followed by strong activation of the immune
response upon subsequent challengath the same allergefi278,295) Since allergic sensitizatiam
humans often occurs already very early in life and the exact event is usually unkd@&n
therapeutic intervention mainly aims at reducing inflammation caused by allergeaxpesure.
Therefore, in the first experiment®NX 0914reatment was appliedduring the challenge/effector
phaseto study theinfluenceon primed and established Th2 &ellhe Th2 response was decreadsd
IP inhibitionin OVAAIwhich was accompanidaly a reduction oflL-4 secretion andgG1 level¢Figure
9) as well aglecreasednflammatory, mainly eosinophilic, infiltration in the BALF and I{igurel0).
This isin line with earlier reports of shoterm SP/IPinhibition by P19 (410)or bortezomib(411)
which decreasecdeosinophilic infiltration in OVAAI models, indicating thenportance ofproteasome
functionin this setting.Moreover, proteasome inhibitors were suggested as a potentialapeutic
target for plasma celnediated diseases such ig=dependent allergy because of their therapeutic
effect for the treatment ofmultiple myelomaa plasma cell malignan¢12) Interestingly, shorterm
bortezomib treatment could not reduce IgE and IgG1 levedscimonic OVAAI model and longerm
treatment only decreased IgE but not IgG1 lewahich was suggesteth result from the longer half
life of IgG compared to Ig@10) However, chronic treatmenwith theseproteasome inhibitorss too
toxic for the therapy of asthma since they target SP aratikBwhich was reported to cause peripheral
neuropathy(413) In contrast, slectivelP inhibiton has educed adverse side effedtt85)due tothe
expressiorof IPmainly in immune cells, thus migg IP inhibition an attractive treatment optionlP
inhibition by ONX @14 in theacute OVAAI model used in this project decreased IgG1 le(ftaure
9E) potentially directly by reducing activation of as well asitibody secretion by B cells dswas
reported before(114,187,201,202,212PDn tte other hand, this could also laa indirect consequence

of the reduced Th2 response asllblays a major role in the development of the B cell resp¢886)

Furthermore IP inhibition also reduced@h2 cells in a mouse model using intranasal HDM application,
an allergerknown to trigger allergi@l alsoin humans(414) The frequency of Th2 cellsvhich was
already higlon day 21was markedly reduced after a single dose of ONX @@plied 1 hbefore the

last challengeon day 21 followed by thanalysis two days latdFigure12B-D, ). One explanation
couldbe induction of cell death in Th2 cells by ONX 0914 but there waffaot on the bulk CD4r

cell population(Figurel2E) and previous studies arguegainst apoptosis induction in CDHB cells by
ONX 0914161,192,210,212)There were no differences in cell viability detectable in CD4dells and
GATA3"ST2 Th2 cells in neither of the two mode(Bigurel15 and data not shown)Of note, these
results and the conclusion are limited to the analyzed time point which was 24 hroa#8r the last
challenge in the O\MAand HDMAI model, respectively. It is possible that cell death is indueelice

and cannot be detected here anymore. In orderdraw a definite conclusion, a kinetic study should



be performed to investigate different time points but thieihically questionableas it would involve

a great amount of animals.

In line withprevious studies, theesultshere rather suggest thatP inhibition reduces the activation

of CD4T cells, indicated by the reduction ©D4} expressiorfFigurel4B O andthe decrease ofL-4*

T cels afterin vitro restimulation(Figure9J) Schmidt et al. previouslgemonstrated that ONX 0914
restrainsERK signaling and indugaeteostatic stressn vitro, leading to reduced activation of T cells
(212) FurthermorereducedCD44 expressian CD4 T cells was reportedpon P inhibitionin mouse
modek of myocarditis(193)and heart transplantatiorf199) suggsting a similar mechanism in this
study. Interestingly, it was previously suggested that activated, proliferating T cells are more
susceptible to IP inhibition, resulting in apoptosislaell death(415) Thus, a combination of reduced
activation andnduction of cell death in activated cells could also contribute to the observed reduction

of Th2 cells, even though cell death was not detectable ircthieent study as explained befare

Moreover, this study also indicates that IP inhibition does natafthe proliferation capacitpf T
cells, as measured by similakpression levelof the proliferation marker K67 andcomparable
proliferation upon antiCD3stimulation (Figurel4D-I). This is in line wittother studiesshowing that
pulsetreatment with ONX 0914 does not impair proliferation of Ca¢ CD8 T cells in mixed
lymphocyte reaction$200) which is similar to the setup of the current study since ONX 0914 was not
added to the isolated T cells durimg vitro stimulation. Furthermore, antigerspecific CD8T cells
proliferated normally in LCMnfected ONX 091 treated miq209) In contrast, T cell proliferation
was reduced in other studiga which IP inhibitorsvere permanently present duringnti-CD3/CD28
induced proliferation(192,199,212,416418). In a setup very simildo the one used in this study,
isolated T cells from #Rhibitor treated mice proliferated less upoim vitro restimulation (199)
However,in vitro proliferation induced by amCD3stimulation was performed only with splenocytes
and might not reflect the proliferation status of Th2 cells in the Idfge high expression level of Ki
67 among Th2 cells in the lung indicates that these cells proliferatmaity, makingimpaired

proliferation of Th2 cellsather unlikely in these OVVand HDMAI experiments.

Impaired recruitment of T cells to the lumguld be another explanation for the observed effects but
there was no accumulation of Th2 cells in tizgph nodeor spleendetectablein anyof the setups
(data not shown)Future studies wilhave toelucidate wether decreasedactivation results in the

reduced Th2 response or whether there is another underlying meshadirectly affecting Th2 cells

Besides a direct influence B irhibition on Th2 cells, an indirect effect through altered activation of
CDA4T cells by professional APCs such as DCs could be an underlying medbatiie reduced Th2
responseln the current study, aeduction of CD1TdMHGII" and CD11bCD11¢ APCsvas detected
upon ONX 0914 treatment in both Al modé@fsgurelOD,E and-igurel2F) These populations might



be mainly DCs and macrophages, even though analyses & markers would be required to
definitely characterizeéhem. DCs express high levels of CD11c and-Midad play an important role
in the generation of antigespecific immune responses. The subtype cDGexpoesses CD11c and
CD11b and induces Tle2ll differentiation during the sensitization phag@19,420) Moreover, the
location of DCs close to airways allows them to immediately take up inhaled antigeisvaisdshown
that they accumulate there after allergen challenge. Similarly, activated T calisiakate in the same
region whichis an important local presentation mechanist®27) Therefore, impairing DCs in this
setting could result in a reduced Th2 resporiadine with the reduction of DCs and theZTitesponse,
decreased peribronchial inflammation could be observed in this s{kayurel1A), supporting the
hypothesis of an involvement of reduced IDCell interaton. Indeed,DC activatiorwas reported to
beimpaired bylPinhibition and genetic deficiendit87,213)andIPinhibition in pDCs could blo€kD4

T cell proliferationin vitro (192) Moreover, it was shown before thatP inhibition reduce MHGCII
expression on macrophages and endothelial cells which would lead to decreased intevattiQD4

T cellg(421,422)but this could not be detected in the current study, neither lmik CD11tnor on
CD11t¢MHGIIM cells (data not shown). In contrast was also shown before th@VAAI developed
independenty of LMP7 expression in DE&11) As discussed in more detail in sectibrl.4
pharmacologic inhition and genetic deficiency of LMP7 have a different impact on proteasome

function and can therefore not directlye compared.

On the other hand, at leagtart of the identified CD1Igopulatiors could bemacrophage$423) In

the healthy ing, macrophages represent about 70% of the immune cell populationexposure to

type 2 cytokines, especially-4Land IE13, induces alternatively activated macrophages (N&B5)
Increased polarization and activation of macrophages has been reported in allergic asthma but the
exact mechanisms in the sponse tahe allergenremains to be elucidate¢385,£24). A reduction of
macrophages upon IP inhibition would be in line with the literature. In a mouse model of viral
myocarditis macrophage infiltratiomnto the heart was reduced b¥YNX 0914 treatmen(204)
Furthermore, several studies have shown that the IP is required for macrophage functiamifrecg.
oxide production andhe expression ofopsonizing molecule§l56,217) Interestingly Chenet al.
showed that Ik4 receptor signaling induced IP expression during M2 polarization, similar to the
upregulation seen upon IFNLPS stimulation in M1 macrophageBut since they found thatP
inhibition and deficiency led taugmented M2 polagation (215) a reduction of hese cells in the
present studyseems rather unlikehDue to the hijh heterogeneity and plasticity of mactogpgesand

the shared expression of markers by DCs and macrophagddgjonalinvestigationsare needed to
characterize theCD11¢ subsets identified hereSince they were reduced in all settings,line with

earlier studies showing that ONX 0914 treatrheeduced the frequency of CDT1eell in the spleen



of naive micg161) the IP seems tplay a crucial role in the function of these cells, making them an

interesting field for future studies.

In contrastto the observedeffects of IP inhbition on Th2 celland CD11tcells granulocytes were
only mildly reducedn the BALF and lung 6fDMmice which were already persistent at the time of
ONX 0914 treatmen(Figure12H,K) Very little is known about theole of the IP in granulocytes
Analysis of huran PBMC subsets demonstrated expression of theuli3etan granulocyte®n mRNA
(425)and protein leve(unpublished data from M. Basl€426) but these studies did natifferentiate
between asinophils, basophilsieutrophilsor mast cellsSince eosinophils were not affected by ONX
0914 in the HDM experimernit,can be hypothesized that granulocytes do not require functionadP
described in longerm bortezomib tretment of chronic asthmd410). Moreover, the observed

reduction of eosinophils in OVAl likely resultsfrom the decreased Th2 response.

Additionally, the inflammation could b@aintained partly by ILCZ888)which were not affected by
ONX 0914 treatmenFigurel3). ILC2s play an important role in allergi¢ édpecially in the response
to HDMsince they are activated by-83 which is released from epithelial cells upon contact with HDM
(388) Al induced by HDM, but not OVA, was redd in ILC2leficient compared to WT mice,
implicating the important role of ILC2s in the immune response to inhaled allerg@98427)
Moreover, a high fregency of Th17 cells watketected in HDM experiments which wast affected

by ONX 0914 treatmerdnd could influence inflammatiofsee sectiorb.1.8).

Taken together, the results of this project shttvat IP inhibition by ONX 091during the challenge
phasereducesthe Th2 responsanimodels of OVAand HDMAI. Theadata indicatethat in this setting
Th2 cells are dependent dRfunctionand that, in the OVAI modelimpairment of theTh2 response
limitsthe recruitment of inflammatory celt® the lung.In HDM-AI a single dose of ONX 094#ongly
affected Th2 cks butwas not sufficient to reduce perting eosinophilic infiltration. Thereforé,will
be interesting toinvestigate further ifreduction of the Th2 responday IP inhibition mightead to
changes in the inflammatory infiltratioat a different timepoint, for example later onTo this end,
changes in théreatment schedule, e.g. repeated dosingvariation of the starting pointcould be
investigated.Furthermore,alternative HDM models could be analyzed siaceery wide variety of
HDM asthma modsis described in the literaturé388) differing not only in timing but also in dosing
and thecomposition of the HDM extracThiscould shed light on how and at which time theis
required forallergic responseand the recruitment of inflai@matory cells. Nevertbless, this study
provides insight into the important role of th@in Th2 cells in allergi&l. Together with the recent
observation by Kammesdt al. that the ratio of LMP7 té 5c is enhanced in asthmatic patier{&28)

this datalays the ground for therapeutically targetitige IP in this context.



5.1.4. OVAinduced airway inflammation LMP7KO micé'
Volkov et al. previously reported reduat inflammation in LMP-KO mice in O\WAbut not HDM
induced Al211) In order to reproduce this study, WT and LM&J mice wee used to analyze OVA
Al in thevery similar model used in this study. In contrast to the previous resultgjifferences
regarding the Th2 response, eosinophilic inflammatioamibody levelsvere observedetweenWT
and LMP7KO micein this setting (Figure16). Sincestrongi p O S E LitisSdatéctednyfungs of
LMPZKO mée (Figurel6G) it can behypothesize that thestandardd dzo dzy A G i pO Ol y & dz
in Th2 celldiereas it was reported for naive and virirdected LMP7KO micg108,126,212)Because
LMP7 is required for the incorporation of LMP2 and MEQhto proteasomes as discussedsin. ],
genetic depletion of LMP7 mainly leads to formation of maturg1%R,108,126)Together with the
fact that the proteasome is not primarily involved in generation of peptides for ptaten on MHG
I, the current datasuggests thathe specific expression dPis not required for mountinghe Th2
response andpecific antigerpresentation seems aanlikely underlying mechanisnThe previous
study using LMRKO mice suggested impairgdneration of memory T cells following intraperitoneal
sensitization in the OVA model which later on results in an impaired Th2 response upon challenge.
Given the slightly different time schedule applied in their study (3 immunizations on day 0, 14 and 21
weeks vs. 2 immunizations on day 0 and 7), this could be a potential explafatithe observed
differences.However it was previously shown that O\sfecific CD4%CD4 T cells persist for more
than 30 days at similar levels in the spleen and bone marrow following immunization with OVA/Alum
(429) Therefore, it is rather unlikely that the frequency of primédy” S Y 2 hNeedlsalteady declined
so differently between the two models anid both cases, mice were challertjé daysafter the last

immunization.

Furthermore, it is important to note that proteasome inhibition geneticdeficiencyof subunitshas
different consequences. In the first case, functional proteasome complexes are inhibited, leading to
reduction of general protein degradation by the proteasome which affects cellular homeostasis. In
contrast, genetic deficiency of one (or more)siitbunits éads to the formation of SBr mixed
proteasomeswithout acute effects on general degradation or induction of proteostatic stress
(127,212) Therefore inhibition of IP functiorby ONX 0914nost likely has different effects on the
immune response compared to Kfice, i.e. in the Th2 response uporegaenchallenge.Indeed,

there are studies demonstrating that-tfeficiency or inhibition can have even opposing results. In viral
myocarditis, LMP-deficiency enhanced the immunopatholo@@B8)whereas ONX 0914 had beneficial
effects in reducing tissue damage and inflammat{@@4) Moreover, it was recently demonstrated

that inhibition of both, LMP7 and LMP2, is required to bldébk7cellfunction and autoimmunity179)

21 parts of this section were plibhed in(462)



and single subunispecific inhibibrs were not able to block autmmunity (176) Since LMP2 inhibition
was also observed in the current stughppendix Figure 4jt suggests similar mechanism in Th2 cells
and a potential explanation for the differences seen between ONX 0914 treatment andK®IRiice.

In the future subunispecific inhibitors could be used to further investigate the role of the IP in T cell

development.

5.1.5. Prophylactic IP inhibition during the development of allergic airway
inflammation

Given the discrepancy of the data regarding LMY mice compared to ONX1XBtreatment during
the challenggphase another set of experiments was performed to evaluate the impact of IP inhibition
on the early induction of Th2 cells. Therefore, the same-@vé& HDMAI models were used but ONX
0914 was applied continuously stamyj from the beginningl 1 AYR 2F G LINR LIK&f I O
contrast to the other treatment schedule, this prophylactic ONX 0914 treatment did not affect the Th2
response (Figure 17 and Figure 18). Similar to LMPKO nice, the frequency of Th2 cells and
eosinophilianfiltration were not affected by this prolonged treatmertwas previously reported that
prolonged IPinhibition leads to the upregulation of the standard subuinfic which represents a
compensatory mechanism suggested to protect cells from apoptosis due to proteostatic stress
(176,183,212,404)Indeed, immunoblot analysis of lung and spleen from ONX 0914 treated mice
showed markedly upregulated expression 6t (Figurel7J) Mechanistically, proteasome inhibition
was shown to induce upregulation of all subunits via the activation of the-patiiway (430¢432)
which was recently also reported for iRhibition (212,433) Even though Nrfl levels were not analyzed
in this study, it is very likely that it was also activated here, leading tadhgensatory expression of
i5ck YR LJ2 a.&mpartandy, it wes@lso shown that LMP7 was modified by ONX (Fddre17J)
which indicates thesuccessful inhibitin and arguesagainst msufficient inhibitor function.
Interestingly, there was a similar tendency of reduced serum IgGL1 levels detectable in this setup even
though this did not reach significange&obably due to the small sample s{Egurel7l). As mentioned
in the previous section, seval studies have already showhmat plasma cells are particularly affected
by proteasomeinhibition, resulting m decreased antibody secretion and induction of cell death
(114,187,201,202,212,434Taken together, this data indicates that Th2 cells can corsgienIP
inhibition by the upregulation df5¢6 | Yy R LJ2 Zaddkhiid maintainhedype 2 responswhereas

this might not take place to the same extent in plasma cells.

5.1.6. Conclusion:Rinhibition in allergic airway inflammation
Together with the resut from LMP7KO mice, it can be concluded that Tdldl differentiation does
not critically depend on IP function, making it unlikely that a fafioi cell differentiatiorexists that

is specifically processed by the IP as it was suggested hefydel7) It can be hypothesized that the



inhibitory effect of ONX 0914 rather refts ingenerally impaired protein degradanoand that this

mild proteostatic stresgmpairsactivated h2 cellsupon antigerchallengelt was shown before that

cells undergoing high protein turnover are susceptiblgtoteostatic stress due t&P inhibition e.g.
plasma cells and monocyt€$87,201,202,210)n line with the hypothesis, it was previously shown
that ONX 0914 treatment leads to proteostatic stress upon T cell activation which derived from protein
neosynthesis(212) Moreover, subsequent upregulation #f5¢ might lead to the clearance of
accumulaed polyubiquitinated proteins which ig line with the results from this studfriming of T

cells is aslowprocess requiringeveral days and less proliferatioompared to the rapid proliferation
induced upon reactivation during the challeng@35) Therefore, it can be hypothesized that during
prophylactic ONX 0914 treatm& 5c upregulationis induced early enough to compensate the
inhibition. Of note, the prophylactic treatment is not clinically relevant since allergic sensitization
usually occurs very early in life and the time panperiodis unknown. Therefore, treatment usually
concentrates on the acute immune response uporeneounter with the allergen. In the respective
setting, inhibition just duringthe challenge phas&npairedrapid re-activation of Th2 cellgprobably

by inducing poteostatic stress due to increased protein synthesis at this g&it2,404,436,437Even
though increased cell death could not be detected here, it was previously shown that specifically
activated, proliferating CD4T cells are susceptible to apoptosis induction upon IP inhib{dd5)

How this proteolytic stress leads to the observed changes e.g. in cytokine seaatioii maybe
apoptosis is inducedneeds to be investigatein the future. In conclusion, IP inhibition poses a
interesting new therapeutic mtion for the treatment of Thxelkmediated dseases such as allergic

asthmabut detailed studies are needed to determine the rigihte point and duration

5.1.7. Effect of IP inhibition omh17 cel in DSS colitis
Several studies using padinical mouse moels of(auto) inflammatorydiseases have shown that IP
inhibition has great therapeutic potentialor example irSLE, EAE and IBEdmmarized ir(438). It
was very consistently demonstrated in these studies that fleguency of Th1l7 cells was reduced
upon I[P inhibition in line with in vitro studies showing impaired Thltell polarization
(162,165,179,184,196)mportantly, it was shown that emhibition of LMP7 andlMP2 is required to
block autommunity (179) Even though many studies have demonstrated this effect on Th17 cells, it
is still not clear at which point IP inhibition interferes with the Th17 responkerefore, two main
hypotheses were investigated in this stual§ing the DSS colitis model as fast method to iduce
Th17 cells in a clear tiframe. First, potential impairment of early ThIXell development was
analyzed. To this end, the IP inhibitor ONX 0914 was apgibetihg with the exposure to DSS. 8ed,
Thl7cellswere first induced by DSS application and mice were then treated wi @44 to analyze

the survival of these Th17 cells.



In line with previous studiesf IP inhibition(161,162,179,184,43%he hallmark characteristics of DSS
colitis, namely body weight loss and shortening of colon length, were improved by ONX 0914
treatment (Figurel9). Interestingly, even though there were also reports of opposing results obtained
by IP inhibition vs. deficiency in mouse modelsother diseasegdiscussed in sectiob.1.4), several
studiesdemonstratedameliorated disease symptoms odlitisin micelackingone of the IPsubunits
(161,162,402hich was attributed td_MP7#deficiency in the hematopoietic compartme(®02) In

line with these resultsit was demonstrated by several groupstttize Th17 response was reduced in
mice with impaired IPfunction, indicating that the IP plays a crucial role in Thl7 cells
(162,164,206,179,184,188,190,191,195,199,200hese observations could be confirmed in the
current study aghe frequency of Thlg€ellswas strongly reduced in the first setup when ONX 0914
was gien starting from the beginningFigure20). Previous studiesising IP inhibitorso far only
investigated one time pointisually day 9 of the DSS experiment. For example, Kalah showed

that daily application of ONX 0914 reduced the frequency of Th17 cells in the lamina propria of DSS
mice even though the frequency detected there was generally lower than in the cutxedyt (approx.

1.4 % vs. 6.% in the vehicle treated grouf)62) Snce this mighbe attributed to the use of reporter
mice in the current study compared to restimulation and intracellular cytokine staining in the previous
study, the conclusn might be still comparablévioreover, other studies analyzing-1lZ expression
levels and H17 secretion also reported reductions upon itfibition andalsoin LMPZKO mice,
indicating that the Th17 response is indeed impai(&€1,184,402)In order to assess whether the
development of Thl7 cell directly affected by IP inhibition, different time points were analyzed.
According to the normal timeframe that the establishment of the adaptive immune response requires
several days, the frequey of Th17 cells increased in the lamprapria from day 6 to day 8 wehicle
treated mice(Figure20D,E) Thl7cellscould only unreliablype detected on day 4 witlgreat variances
between the individual mice. Since also other studies showed that the Th17 response is still very low
at this time point(402) the data isnot shownhere. Nevertheless, the small proportion of Thi&lls

that was already detectable at this time was comparabétween the twotreatment groups.in
contrast, the frequency of Thicellswas stronglyncreased on day 6 and especially day 8 in the vehicle
treated mice while the frequency of Thtéllsstayed low on both dayis the ONX 0914 grouigure
20D,E) indicating that Th17 cells did not develop in the first pldtés important to note that the
inflammation induced by DSS is not mediated by the adapmite¢he innateimmune respons¢440)

and thus, the induction of Thl@ellsis rather a consequee of the inflammation Accordingly,
impaired function of the innate immune response could result in decreased Géilférmation but a
detailed analysis of innate immune cellas not part of the current studystablishment of the Th17
responsdn theintestinerequires antigerpresentation and cetimulation by APCs such as [I8%/)

Therefore, also impaired function of APCs could lead to this reduced Th17 response, as discussed for



Th2 cells in sectiob.1.3 Moreover, it was previously shown that IP inhibitioieither CD4 T cells or
APCs (CD4plenocytes)impaired Candida albicansinduced polarization of ThlZells which was
dependent on MHdI function(421) Analysis othe CD11¢ populationdemonstrateda reductionin
their abundancén ONX 0914 treated miam day6 and dayB (Figure22), suggesting that also reduced
activation of T cells by DCs could lead to the obsedexteaseof Th1l7 cells. Since the detected
differences were not very strong, further analyses, atsare functionalones wouldbe required to
definitely address this possibilitlowever since it is established thdifferentiation of Th17 cells from
naive CD4T cellsin vitro is impaired by IP inhibitior§162,165,179,184,196)a T cell intrinsic
mechanism seems more likel@ne possibility cdd be impaired activation of T cells as described
before and discussed in detait section 5.1.3 Since T cell activation is critically required for
polarization,impaired activatiorwould lead to a reduction of Thigells as observed heréndeed,
reduced expression of CD44 and less C24#s could be detected in splenic CBéxP3cells(Figure
21), similar to the results in OVAI and the literature(section4.2.6 and (193,212,441) Taken
together, the data of the first part of this project indicates that TiEll development is strongly

impaired by IP inibition, possibly by compromising activation

Becausehe majority of studies investigating autoimmune diseaapplied IP inhibitorstarting from

the beginning of disease induction, little is known about the impact of IP inhibition on survival of Th17
cells. To address this issue, the same DSS setup was used as before but ONX 0914 was applied starting
on day 6 when fi17 cells were already induced. In contrast to the strong effects observed before,
there was no rductionin the ONX 0914#reated group but aendency of slight increasgigure24).

Since this increase was only significant on day 12 and also only when the frequendyoédlls

among CD4T cells was alyzed (not in respect to all viable cells), the biological relevance of this
observation is difficult to determineHowever, the data clearly demonstrates that already
differentiated Th17 cells are needucedby IPinhibition. This is in line with previous reports that IP
inhibition does not induce apoptosis in T céll§1,192,210,212)Even though to my knowledge, no

study investigated the survival of differentiated Th17 cells in colitis, the survival @fcEfi$ upon IP
inhibition was assesséd a therapeutic setting of EAEwas shown that also therapeutic apglton

of ONX 0914 after the establishment of active EAE could ameliorate disease symptoms and decrease
the Th17 response. Moreover, adoptive transfeiirotitro stimulated PLBg1si-reactive T cells teto
induction of EAE in vehicle but not ONX 0914tied mice, indicating that the observed effect was
mediated by impaired differentiation and function of antigepecific T cellfl64) One hypothesis for

these opposing results regarding Thdéll survival upon IP inhibition could be the different activation
statuses of tlese cells in the two experimentd/hile DSSnduced inflammation is only shelived and
activation of naive T cells probably already took place before ONX 0914 was aBpliedevelops

more slowly and over a longer period of time during which Th17 ee#idikely continuously (re



activated) and new naive CDB cellsare stimulated.Therefore, the involved Th17 cells are likely in a
different activation statewith diverse protein turnoveand could thus be differentially susceptible to
IP inhibition.This hypothesis would be in line widnprevious study showing that activation of T cells

is impaired by IP inhibition but resting cedi® not affected(see discussion in sectiénl.3.

Furthermore one hypothesis for the slight increase in the ONX 0914 group could be that the survival
of Th17 cells is even enhanced in this group. While the levels of Th17 cells in the vehicle group are very
similar between day &nd day 10, they start declining towards day 12. This results from théhiat

the acute inflammation resolves once DSS treatment is stopped and the epithelial layer in the intestine
recoversin linewith this, also the level of induced antigespecificT cells usually declines ag&i2)

Thus, elevated Thl@ell levels could result fronimpaired contration of the T cell responsand
prolonged survival of these cells or even from sustained general inflamma&iooe there was no
difference between the groups in regaining their original weight and colon ldRighre23), sustained
intestinal inflammation is rather unlikelfNevertheless, histologic analyses and investigations of the
Th17 cell population at a later time point would be required to draw a definitelcsion ifthis slight

increase reflecta truedifference in the survival of Th17 cells.

5.1.8. Th17 cells in HDMI
In order to confirm the previous observation in another model, the Th17 response was analyzed in
HDMAI. Even tough allergic asthma is typicatijaracterized by a higlype 2 response, the
involvement of Th1Zellsin the pathogenesis of specific subtypes of asthma was reported in the last
years(335,398) While immunization wittOVAAIum isaclassical model for FRigh asthma, HDM was
reported to induce also a mixed phenoty@&13,444) Therefore, Th17 cells were analyzed in this setup
and found to be clearly induced in the lung of HBIMmice. In contrast to the effect of ONX 0914 on
Th2 cells, Th17 cells were not affectadthe single dose treatment of ONX 09EQgure26). This is in
line with the results obtained from the DSS experiments, strengthening the finding that differentiated
Thl7cellsare not impaired by IP inhibitiofzurthermore, this observation could, at least partially,
explain the sustained inflammation in HBiMmunizedmice and the slight change in eosinophilic vs.
neutrophilic inflammationEven though there was ndfterence in absolute cell numbera,decrease
in the frequency of eosinophils was detected while there wasrmlency of increased neutrophils
(Figure 121). I1L-17 levels were reported to correlate with neutrophilic inflammation in asthmatic
patients(298,337)and Th17 cells were linked to neaphil recruitment in micg339) Therefore, the
observed slight changes in the frequency of granulocytes could result from the maintaineddlhl17
population.Moreover, IP inhibition was shown to influence neutrophil retngnt independenly of
the Th17 response, resulting in increased neutrophil numbers at theosiefection in ONX 0914

treated Candida albicansnfected mice(421) but whether a similar process takes place in nion



infectious immune responses is not known. Thukethernot only ThZellsbut alsoTh17cellsindeed
play a major role in the maintenance of this inflammation regsi further investigation because the
frequency of ThZellswas higher and the observed inflammation was mainly eosinophilic while

neutrophils were geerally less abundant.

5.1.9. Tregs in DSS colitis
Tregs are crucial fothe regulation of immune responses Wiyniting excessive inflammation and
subsequent tissue ainage as well as for preventing autoimmuniBrevious data regarding the
influence of IP inhibition on the differentiation of Treigsvitroyielded opposing result§Vhile Kalim
et al.demonstrated enhanced Treg differentiation in the presence of ONX (%2} C. Schmidt did
not observe a difference between DMSO and ONX @@G4ps(445) It is important to note that the
experimental setup of both studies was not identical sincells evere only pulséreated in the first
study but ONX 0914 was continuously present in the second3ineein vitrodifferentiated Tregs are
reported to have different functions than the onesvivo(446)and thus might not reflect the influence
of ONX 0914 irphysiological conditionsTregs were investigated in DSS colitis where they are strongly
induced(447) In the lamina propria of DSS treated mice, the frequency of Tregs was increased on day
6 and day 8 but no differences between vehicle a@tlX 0914 treated mice were observ@gure
25B-D). Interestingly, the previous report that Tregs were more abundant in ONX 0914 mice during
DSS coliti$162) did not investigate the lamina propria on day 8 (whared whenThl17 cellsvere
analyzed but the mesateric lymph node on day 6.nalysisof the lymph node in the current study
did not reveal differences between the DSS groups and naive mice on(data ot shown) but only
on day 8(Figure25E) which is in line with the reported time frame for the development of Tregs in
DSS colitiq447) Thus, it emans unclear what k& to the previouslyobserved enhancement.
Moreover, the decrease of Tregs in the lymph node on day 8 detected upon ONX 0914 treatment could
result from the generally reduced inflammatigpossibly due t@animpaired innate immune response
observed in these micas discussed for Th17 ceNdoreover, it was previously shown that IP inhibition
impairs IE2 secretion of activated T ce(812) Since Tregs require strongdisignalind448) reduced
IL-2 levels could 8b result in lower levels offregs.With the current setup it is not possible to
determine whether the induction offregs is impaired heren a celintrinsic levelor if it is a
consequence of decreased inflammatiand decreased {2 levels Becauselregs could readily be
identified in the lamina propria, the first hypothesis seems rather unlikely. Furtherrpoeéminary
experiments showed that application of ONX 0914 after the DSS cycle starting on day 6 did not affect
Treg abundancy (data not shownpdicating that Tregs are not critically dependent on IP function
Taken together, it can be concluded that Treg differentiation is most likely not impaired by IP inhibition

and no evidence was found that it enhances their differentiation as proposed before. Nevertheless,



functional characteristics of Tregs were not assekin this study and thus, no conclusion can be drawn

aboutthe effect of IP inhibition otheir suppressiveapacity

5.1.10Conclusiorand future perspectivegffect of IP inhibition on Th cells
The data of this projectiemonstrates divers effects of IP inbition on CD4 Th cells indifferent
inflammatory settings. \Wile the levels of Th2 cells wereduced by IP inhibition during the challenge
phase, they developed normally when ONX 0914 was applied starting from the first antigen
sensitization. In contrasTh17cell differentiation was impaired by early IP inhibition but established
levels of Th17 cells were not affected by ONX 09hkse results show that CD#h cells are not
generally affected by impaired IP function but that the effect of IP inbibitiighly depends on the
time point. Takingall the experiments together, the common denominator the inhibitory effect of
IP inhibition on Th cells seems to the activationstate of the cellswhich fits to theprevious work by
Schmidtet al.(212) if assuming that it is a T cell intrinsic mechanism and not caused by altered antigen
presentation etc It can be hypothesized thamniTh2 cellmediated allergic settings the first
sensitization events require leastivation and proteirturnoverthan the laterrapidre-activation upon
antigenchallenge.Thus, T cells develop normally in the first setting #mal prolonged exposure to
ONX 0914 induces upregulationop O o6 | Y R Wifichcbrip@risates thavirthited IRsubunits.
In order to prove this idea, conditional Neéleficient mice(449) could be used to assess if this
mechanism mediates the resistancECD4 T cells to ONX 0914,
In contrast, primed Th2 cells undergo rapid activation and proliferatjppn re-encounter with the
allergen likely requiringncreased protein turnoverand are therefore highly affected by IP inhibition.
5dz2S (2 KA & 5daupréghlation liSNERIDBasiol ant thus cannot compensate impaired
proteasome functionlin linewith this hypothesisDS$hducesfast acute inflammation and also T cells
are immediatelystronglyactivated.Thus, IP inhibition interferes with the development of Th17 cells
but once the inflammation declines, their activation status likely also deescasd they are less
dependent on IP functionlo prove this hypothesis, future experimertsuld investigate the exact
activation status andfor exampleaccumulation of polubiquitinated proteins in Thells at different
time points. Furthermore, the peviously suggested specific differences of IP inhibition on Thl and
Thl7cellsbut not Th2 cells could not be confirmed in this study. Given the similar expression levels of
IP-subunits in all investigated Th subsets and the results oftlevzoexperiments, the effedo impair
differentiation seems to rathemesult from something else, e.g. impairedtivation of the cells as

discussed before

In conclusion, this study showed that IP inhibition is a useful tool to target aberrant Th resjronse
acute inflammatory diseases such as allergic airway inflammation and colitis;t&motreatment at

the time of strong T cell activation limits tAé2 and Th17 respongend thus provides a therapeutic



approach in diseases with phasesstfong T cel$ activation such as allergic asthma upon antigen

challenge olcute attacks in IBD.

5.2.Part II: A novel cell line for inducible immunoproteasome expression

5.2.1. Comparative proteomics analysid®fvs. SP expressing cells
Besides the generation of peptides bettfitting for MHGI presentation, several studies have
previously suggested that the BXclusivelydegrades certain proteins and thus mediates particular
cellular functions. In order to perform a comparative proteomics analgsihe identification ofsuch
proteins a novel inducible cell line was generated in the course of this sfudy.cell line was based
on the lymphoblastoid line LCL721.174 whielcks the genomic region encoding for LMP2 and LMP?7.
Lentiviral transduction with the tamoxiferespasive transcription factor Gev16 and genes encoding
for LMP2 and LMPiunder the control of Gev16, led to thgeneration of a nevstablecell line for
inducible IP expression. Immunotiog and 2D gel electrophoresis inducedsampleshowed robust
expresion of IPsubunits and successful incorporation into mature proteasomes while the SP levels
strongly declinedFigure27). Thus, these cells were used for SILAC apalio screen for differentially
processed proteins in IP vs. SP expressing thkstwo hits with the highest statistical significarioe
be reducedinlPsamplésSNE t {a.c YR t{a.p 6KAOK NS i mMO Iy
01 HOU ¢ Iha top tdhZedulgFigure28B). This clearly shows that the inducitdgstem works
GSNE ¢Sttt (2 NBRdIzOS {t f SOSt aappefredielyowiBinddcdd f 4 ©
cell& i HO f Sor8ldtidely higBeB WiHCR indicates the presence of mixed proteasomes
O2y Gt AyAy3a i mO |yR i pO -l Fongtd thig andlysis Sldws guSnkitativen O 2
comparison of the two sample setsgarding anindividual protein but comparison of different
proteins among each other is not really possifleK SNE T2 NB > ljdzZ yaAGlr GABS O2
i pt® each other isot directly feasiblel 2 6 SOSNE i v O | LIISFNBR y2i (2
induced samples whicltorresponds to theimmunoblot analyss (Figure 28C) and fits to the
characteristics of mteasome assembly that LMP7 enabiies successful incorporation of LMP2 and
MECLEL (29,108) Furthermore, it was previouslyeported that LMR and MECH are mutually
required fortheir incorporation(109)but other studies with LMR2and MECI1-deficient micehave
challenged thig114¢116) In the current datafi KSNBE g1 & y2 | OOdzydz I GA2Y
detectable,even though it cannibbe ruled that the antibody might not detect this form. Successful
AYO2NLI2 NI GA2Y AECH-nddperddentzicttpoatirid 3Rz 3 S G K S Mhdg A (i K

the formation of mixed proteasomes.

Besides the diérentially detected proteasomesubunits, the result with the highest statistical
significance was NF . LIm n(figare28B) This is particularly interesting because several studies

have previously repded increased degradation of NF. 0 & (450¢4%2)buit vthers have reported



no differences(403,453,454)Processing of precursor pl05 by the proteasome produces the p50
subunitwhich acts as a transcription factor upbamodimerzation orheterodimerization with p6®sr

c-Relin the absence aheA y KA 6 A (i 2 NJ45%) Sadcezifelpiptedsdme plays such a crucial role
iNNFS . aA3ylFfAy3ar aSOSNIf aidRRASE KIF @S Ay@Sadaar
cells lackig LMP2 and LMP7 and LMé&eficient lymphocytes were shown to harbionpaired NF .

activity and reduced generation of p50 and p®&0) but a later study challenged this since
reconstitution of LMP2 and/or LMP7 expression digt affect p50 levelg453) In linewith this,
acceleratedp105 processing was reported to correlatdth higher IP activitin / NB Ky Q&8 RA & &
patients(451)and p105and p50accumulated in LMP7/ME€Eand LMPZeficient cells compared to

WT (452) In contrast other studesshowed that nuclear translocation of p50/p65 was not altered in
LMP7/MECI1- and LMPZeficient cells(403)or by IP inhibition(454) and was even enhanced in

another study using a novel IP inhibitaamed DPLG@139) Since nuclear translocation of p50/p65
RSLISYyRa 2y (GKS | OGAQGAGE 2ForksutTMN2 YIKS I SNBERNIBSR P
which also requires the proteasom@&here is also conflicting data about the role of the IRhm

LINE OS & & A, yifh sotnd stubiés reporting enhanced degradat{dn4,124,450,4513nd others

no difference(212,403,454,456)Thus, the results from the SILAC experiment provide new evidence

for the involvement of the IP in NF . LINE O Syclatexintide éhdsé experimerits/estigating

the degradation of p108id not reveal any difference@igure28C) However, since many studies used

TNF toactivate NF° . & A 3y | htAb¢ Iarth reidvestigatillg p10H50 levels upon TNF

treatment.

Furthermore, POMP (proteasome maturation protein) was found to be significhigher in SP
containing samplef-igure28B). POMP is critical for proteasome assen({Bl§g100) and binds the preo

peptide of LMP7 with a higher affinity than § KS 2y S 2F i pO IyR (Kdza LI}
formation of LMP7containing proteasomegl07) The reduction of POMP iR tontaining samples is

in line with the fact that LMP7 mediates rapid turnover of POMP, resulting in lower levels of POMP in

LMP7-expressing cellEL07)

Interestingly, the levels of two protes involved in glycosylation were found to be different in IP vs. SP
containing cellgFigure28B). While phosphomannomutase 2 (PMM2) was higher in SP samples,
polypeptide N-acetylgalactosaminyltransferas¢ GALNT2)as strongly elevateih IP expressing cells.
Even though glycosylation is involved in various cellular procesggsaiticularly important in B cells

for antibody production(457) e.g. GALNTZ2 was reported todmsential for glycosylation of 1gA58)
Furthermore,glycosylation defects result in ER stress and accumulation of misfolded pr{t&is

To my knowledgethere is no data available that indicates a specific role of the IP in glycosylation
processesby changing respective enzyme levalsd thus, this finding might be interesting to

investigate further. For example, surface expression &Md or LAMP1, two common cellular



glycosylation markers, could be assessed by flow cytometry since they were reported to be affected
by changesn PMM2 (460)

Interpretation of the other esults from the SILAC analysis is rather difficult because also the control
samples from the LCL721.}p&ev16 lacking LMP2 and LMP7 seem to differ upon tamoxifen
treatment. Thus, observed differences might result from unspecific effects of tamoxiferr tatre |P
expression, even though the analysis process was aimed at filtering out such diffefdiocesver,

the detected differences appeared rather minor.

In summary, een though several statistically significant changes were detected, there wasulb res
with a large, striking differendeetween IP and SP containing cdifsparticular, one aim of this study

was to identify a factor specifically processed by the IP which could explain the differencesinBand T
cell biology that are not mediated by tgen processing28). These findings here rather indicate that
there is no such factor and that protein content in IP and SP expressing cells is very Althdagh

this setup was chosen because B cells physiologiegtisess high levels of [R12) this experiment

might not reflect pocesses in other cell typelsloreover, it might be interesting to perform a similar
analysis upon activation as it was previously reported thafuietion is also important for B cell

activation(212)

5.2.2. Oxidative stress and degradation of pobyquitinated proteins inP vs. CP
expressing cell

Several studies have previously implicated a protective role efifhin oxidative streq85,124,138)
but also opposing data exist$20) Seifertet al. showed that IFN -induced accumulation of oxidized
proteins was elevated in LMRigficentmice and isolateaellswhich coincided with higher levelsf
poly-ubiquitinated proteing124) Similar results were obtained in cardiomyocytes and B cell depleted
splenocytes from LMP7 mice upadm vitro stimulation with IFN B Nivoviral infection (138)
Recently, a stematic study using isolated 8Qproteasomes compared the degradation efficiency of
oxidized proteins by different proteasome subtypes containindy standard or one or more
immunosubunits(intermediate proteasomes)lt was demonstrated that oxidized calmodulin and
hemoglobin are faster degraded by IP afsbintermediate proteasomesxhibitedfaster degradation
than SP which was linked to digtion of protein structure by oxidatio(iLl23) Even though isolated
20S proteasome mightehave differentlyin vitro than in cellulg the fact that the 26S proteasome
dissociates into uncapped 20S in oxidative condit{d@®4¢134)indicates that degradation of the 20S
proteasome is also relevamt cellulo Moreover, LMP7deficiency was previously linked to higher
susceptibility for apoptosis dtuction upon IFN G NBI G YSy i 6KAOK ¢+ a &dza3a
accunulation of oxidized proteins(124) Therefore,apoptosis was measured in LCLA227 and

LCL721.14Gev16 cellsvhichwere treated with HO; in the presence o absence of tamoxifen but



no differences could be detected iR bs. SP expressing céfgyure29A). Moreover, similar results

were obtained with primary T and B cells from WT and MEOUMP7KO mice which reactesimilar

to HO, treatment (Bachelor thesis of Arfathrin Gluns performed under my supervision; data not
shown).It is important to note that the previous studyainlyused IFN G NB I G YSy G (2 AYR
stress and apoptosis. Thereforejdtpossible that the observed effects derive from other processes
inducedby IFN 6 KA OK | NB Ay RS LIS Matedyer] onlg the irtlkctioRdf dpap@S8s & i NJ
was hvestigated here becausk reflects the impact of potential degradation defects onllaar
homeostasis. Thus, oxidized proteimsght accunulate without affecting cellular viability. Oxyblot

analyses would be required to address this aspect.

Similarly Seifertet al. statedthat poly-ubiquitinated proteins accumulate upon treatment withNs

and that thelP is more efficient at degraditigese proteing124)but others hae strongly challenged

this concept(125) In line with the latter findingthere was no difference in the presenoé poly
ubiquitinated proteins detetable over the time course of days after inductia of IP expression by
tamoxifenin the current studyFigure29B). Given thain the previous study cellsere stimulatedwith

IFNs, it would be interesting in the future to investigate the effect of-IFN 2 y-G2F te]ls.
Nevertheles, differential degradation of polybiquitinated proteins seems rather unlikely since
specificity for ubiquitin is mediated by the 19S regulator and not the 20S core containing the
I £ G S NJsubinks@itfich is the rate limiting step in proteolysis by the 26S proteasome (summarized
in (29,127). Moreover, tissue samplesof mice lackingone or more IPsubunits did not show
accumulation opoly-ubiquitin conjugates neither in the steady stdie1,126nor upon viral infection
(126) In linewith these findingsisolated DCs, macrophagand B cells from LMP7/MECLLMP7or
LMP2deficient mice, respectively, did not sh@maccumulation of polubiquitinated proteinsgven
when they were activated114,120,122)Furthermore, Abi Habibt al. demonstrated similaim vitro
degradation kinetics for several proteasome subtypes containing onlgr@fe or more IBubunits
(123) However,in vivostudiesshowedenhanced accumulation of pelybiquitin conjugates in LMP7

KO mice in experimental pancreati{é61)and coxsackievirus B3 induced myocarditi88) but this
could also be a secondary effect resulting from enhanced inflammation with higher levels-of IFN

which cause®xidative stress and inductiaf the unfolded protein responsg27)

Taken together, the results of thistudy do not indicate enhanced degradation of pabyquitinated
proteins nor changed susceptibility to oxidative stress by IP expression but further experiments with

IFN' and TNFeould help tocomparethe differences to the literature.



6. ABBREVIATIONS

4-OHTC 4-hydroxytamoxifen

AERED; aspirinexacerbated respiratory disease
Al ¢ airway inflammation

APC; antigen presenting cell

ARE antioxidant response element

BALF, bronchoalveolar lavage fluid

BCA¢ bicinchoninic acid

Bcl6¢ B cell lymphoma 6

BFAC brefeldin A

CCR; chemokine receptor

CD¢/ NP Ky Qa RAAaSIEAS

cDC¢ conventional DC

CHX cycloheximide chase

CTlLg cytotoxic T cells

CXCR GX-C motif chemokine receptor 4
DCc¢ dendritic cell

DMEMCc Dulbecco's modified eagle's medium
DSS; dextransulfate sodium

EAE; experimental autoimmune encephalomyelitis

EDN¢ eosinophitderived neurotoxin

EDTA; ethylenediaminetetraacetic acid
EET extracellular traps
EPQ; eosinophil peroxidase

ER¢ endoplasmic reticulum

FACS fluorescence activated cell sorting
FC§; fetal calf serum

FoxPZ; forkhead box 3

GALNTZ, polypeptide N
acetylgalactosaminyltransferase 2
GALT gut-associated lymphoid tissue

GAPDH, glyceraldehyde $phosphate dehydrogenase

GFR; green fluorescent protein

GM-CSF, granulocytemacrophage colongtimulating

factor

GRc glucocorticoid receptor

GRE; glucocorticoid response elements

GRE; glucocorticoidresponsive element
GvHDX graft versus host disease

H&E¢ hematoxylin and eosin

HBS®I y1Qa ol ftlFyOSR al
HDAGQ; histone deacetylase

HDMc¢ house dust mite

HECT, homologous to E6AP carboxyl terminus
HEKg human embryonic kidney

HEPES 4-(2-hydroxyethy)-1-piperazineethanesulfonic

acid

HSP9@, heat shock protein 90
i.n. ¢ intranasal

i.p. ¢ intraperitoneal

PRR; pattern-recognition receptor

IBD¢ intestinal bowl disease

ICAMc intercellular adhesion molecule 1
ICOS inducible Tcell costimulator

IFNC interferon

Ig ¢ immunoglobulin

IL¢ interleukin

ILCg innate lymphoid cells

IMEM¢ improved minimum essential medium
IP¢ immunoproteasome

IRES internal ribosome entry site

IRFIg interferon regulatory factor 1

KOc¢ knockout

LCM\, lymphocytic choriomeningitigirus

Ling lineage

LMP¢ low molecular mass polgeptide

LN¢ lymph node

LPLg lamina propria lymphocytes

LPS; lipopolysaccharide

MBP¢ major binding protein

MECLL ¢ multicatalytic endopeptidase complex
like

MHCc¢ major histocompatibility complex
moDC¢ monocytederived DC
MTECs/cTE@snedullary/cortical thymic
epithelial cells

NEPHGE nonequilibrium pH gel electrophoresis
NFS ¢y dzOf S NJ FIF OG2NJ ¢ .
NK cells natural killer cells

NLRPZ NLR family pyrin domain containing 3
NOL2 ¢ nucleotidebinding oligomerization
domain containing 2

NOXc NADPHbxidase

Nrf2 ¢ nuclear factor erythroietderived 2like 2
OVAc ovalbumin

P/Sc¢ penicillin/streptomycin

PA¢ proteasome activator

PAC; proteasome assembling chaperones
PAS; periodic acidSchiff

PBMG; peripheral blood mononuclear cell
PBS; phosphate buffered saline

PCR; polymerase chain reaction

pDC¢ plasmacytoid DC

PDL1 ¢ programmed cell death ligand
PGDZ, prostaglandin D2

PI¢ propidium iodide

PMACc phorbot12-myristat-13-acetat

PMM2 ¢ phosphomannomutase 2
POMP¢ proteasome maturation protein
PRAARS proteasomeassociated
autoinflammatorysyndrome

TAP¢ transporter associated with antigen
processing



PSMB; proteasome subunit beta

RING really interesting new gene

RIPA (buffery radioimmuroprecipitation assay
(buffer)

w h w ¢ retiiloic acid receptorelated orphan
receptor (i

ROS; reactive oxygen species

RPMIc Roswell Park Memorial Institute
Rpn¢ regulatoryparticle non-ATPase

Rpt¢ regulatoryparticletriple-ATPase

RT¢ room temperature

Runxc runt-related transcription factor

SARE0V2( severe acute respiratory syndronge

coronavirus 2
SD¢ standard deviation
SDSg; sodium dodecyl sulfate

SDSPAGEK, sodium dodecylsulfate polyacrylamidel

electrophoresis

SILAG, stable isotope labeling by/with amino acids in

cell culture
SLE, systemic lupus erythematosus
SP¢ standardproteasome

T-bet ¢ T-box transcription factor TBX21
TCR; T cell receptor
Tfh¢ T follicular helper

TGH ¢ NI yaT2NXAYy3d INRg

Th¢ T helper

TLR toll-like receptor

TNF¢ tumor necrosis factor

Tregg regulatory T cell

Trmsg tissue resident memory T cells
TSLR, thymic stromal lymphopoetin
UAS upstream activating sequence

UCc ulceratice colitis
UP&; ubiquitin-proteasome system
v/v ¢ volume/volume

VCAM vascular cell adhesion protein 1

VYFR; venus yellow fluorescent ptein
w/v ¢ weight/volume

STAT;, signal transducer and activator of transcriptior WT¢ wildtype
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APPENDIMGURES

Appendix Figurel Map of the plasmid pFUMP2 with selectednique restriction sites. Thigtroviral construct
was generated during the course of this thesis by insertion of the LMP2 cDNA sequence into the multiple cloning
site (restriction sites: Xbal and Agel). The Gal4 protein of the Gev16 construct binddA& Fupstream

activating sequence) to activate transcription. LTR and psi sequences mediate packaging into the lentiviral
particle.

Appendix Figure Map of the plasmid pFUMP7 with selected unique restriction sitdsis retroviral construct
was generated during the course of this thesis by insertion of the LMP7 cDNA sequence into the multiple cloning
site (restriction sites: Xbal and Agel). The Gal4 protein of the Gevl6 construct binds to 5XxUAS (upstream

activating gquence) to activate transcription. LTR and psi sequences mediate packaging into the lentiviral
particle.









