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Einleitung

1 EINLEITUNG

1.1 Dielnflammation bei kardiovaskularen Erkrankungen

Kardiovaskulare Erkrankungseind die fihrende Todesursacha weiten Teilen der Welbei
Erwachsenemabeinem Alter von 50 Jahren, angefihrt vder ischdmischen Herzerkrankung udem
Schlagardll*. DieAtherosklerose undie essentielléauch: primaregrterielle Hypertonie(hier Hyper-
tonie genannt)sind dabei zentralepravalentelJ G K2 LIK & & A 2 f 2 3 & a@d&@dovaskuld 306 S NS A
ren Morbiditat und deskardiovaskiaren Tods® 2 Deren Progression z.B.durchfehlende odermunzu-
reichende Behandlungotz diversertherapeutischer @tionen - fihrt zu Endorganschéaden.a. an
Gefalisystemtierz und Niere und schliel3lich fatalen kardiovaskularen Ereignisgéegweisendder-
kenntnissaler letzten Jahrzehnteur Pathophysiologieon Atherosklerose unélypertoniehaben sich
in vielerlei Hinsicht imlen aktuelletablierten medikamentdsen Therapiemiedergeschlgen. Medika-
mente aus dem kardiovaskularen Spektr@B.Antihypertensiva, Statine, Thrombozytenaggregati-
onshemme) machenheute einen Grofteitler Fharmakotherapieerwachsener Patientinnen ads.
Dennoch verbleiben kardiovaskulére Erkrankungen auf den vorderen Platzeelteeiten Morbidi-
tats- und MortalitatsstatistikenFolglich Iasst sich aus diesen StatistikenMatical Needdie Not-
wendigkeit derldentifikation neuartiger therapeutischeredé und neuer therapeutischer Strategijen
ableiten.Die vorliegende Arbeit konzentriert sich im komplexen Themenfeld der kardiovaskularen Er-
krankungen auf die Atherosklerose unig typertonie

Ein wesentlicher Fortschritt im Verstandmisr Pathophysiologi&ardiovaskularer Erkrankun-
gen ist dieErkenntnis, dss kardiovaskuléare Erkrankungesie die Atherosklerose undie Hypertonie
durch eine chronischinflammatorische Reaktiogekennzeichnet sirfd, welche die Krankheitspro-
gressionbefordert und die Prognose betroffener Patientinnen beeintracht@wohl sich in beiden
Erkrankungen die Ausldsder Inflammaton, diebeteiligtenlmmunzllen undSignalwege durchaus
unterscheiden, ist die chronische Inflammationbeiden Erkrankungen bei betroffenen Patientlnnen
messbarBiomarker der Entziindungie das hochsensitivEreaktive Protein (CrP) od&ytokine wie
Interleukinm i (IL-1 ) sind sowohl beHypertonieals auch im Rahmen der Atherosklerose erhdrid
konnen hilfreich bei der Risikopradiktion s€fif Viele Patientinnen weisetnotz leitliniengerechter
Therapieeine Erhéhung der Entziindungsmarker,aués die Notwendkgit einer gezielteranti-in-
flammatorischen Behandlung verdeutli¢htDie derzeitign Leitlinien festgelegteherapiestandards
adressieren die Inflammation nicht diretler nur unzureichend.

Beide Erkrankungersind durcheine chronisch inflammatorische Aktivierungharakterisiert
die nach derzeitigen Kenntnisstanchicht durch die Prasenzon oder die Infektion mit pathogenen

Mikroorganismen ausdést wird, sonderrdurchanhaltendeAuslenkungez.B.desLipidstoffwechse
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oder RenirAngiotensinAldosteon-Systens (RAASpder andere Umweltfaktoren angestof3en und
unterhalten wirdundsomitA Y 6SAGSaidSy {AyyS | teabeRithficdverded G SNR f S
kann Sowohl Immunzellen demngeborenen als auch des adaptiven Immunsystems sind beteiligt
vermitteln als Mediatoren der Entziindudgn resultierenden Endorganschaden, indem sie in Gefal3e,
Herz und Nieren einwanderBeiden Erkrankungeist ebenfalls gemeirdass si¢rotz vielerin genom-
weiten Assoziationsstudien (GWAS) identifizietbeglinstigender genetischer Polymorphisntein
einem hohen Mafe abhangig von Umwelteinfliséefiwie zum Beispiel der Ernahrusipd Uberge-
wicht, eine Ernahrung rei angesattigten Fetten tierischer Herkunft bzw. eine salzreiche Erndhrung
sind Einflisse, welche vielfach mit beiden Erkrankungen assoziiert wsirt#h 21 Ausdiesemwich-
tigen EinflusdiatetischerRisikofaktorereitet sichein Schwerpunkt der vorliegenden Arbeit &hese
untersuchtdas Darmmikrobiom als Mediator zwischen Umwelt und Wirtsorganisedaseinen Ein-
flussfaktor und therapeutisches Ziel

Motivation der vorliegenden Arbeit ist die Erfohemg neuartiger therapeutischer Angriffs-
punkte, um die Inflammation bei Atherosklerose und HypertanigeduzierenDaba liegt der Fokus
der Studierzum einenauf demUbiquitin-ProteasomSystemals einem zellularenyirtsseitigemSys-
tem und zum andererauf dem Mikrobiom des Darnads eine SchnittstellewischenUmweltund Im-

munsystem.

1.1.1 Atherosklaoseund Inflammation

Die Atherosklerose tragtresentlich zur globalen Morbiditat und Morttit von kardiovasku-
laren Erkrankungen belnter den drei haufigstenTodesursacherkardiovaskularer Ursache in
Deutschland fuhrte daStatistische Bundesanirn Jahr 2022nit der chronischischamischen Herzer-
krankung, dem akuten Myokardinfarkt und deerzinsuffizienzirei ICD10-Diagnosen auf, welche di-
rekt oder indirekt Folge einer atherosklerotischen Erkrankseig kénner?. Damit spiegeln die deut-
schen Zahlen imergkichbaer Weise den globalen Trend widér

Pathophysiologisch hat insbesondere die Erkenntnis, dass die Atherosklerose elgetripid
bene Erkrankunglarstellt, zwar zur ul3ersterfolgreichen Translation imlie medizinische Grundver-
sorgung jedochnicht zu Verdrangung der kardiovaskularen Erkrankungen von den vorderen Platzen
der Statisiken gefuhrt Statine zahlen heute zu den am meisten verschriebenen Medikamenten welt-
weit?%. Zudem werten wir die Atheroskleroseit mehr als zwei Dekades eine chronische Erkran-
kung mitausgepragter inflammatorischer Komponehte Dass einanti-inflammatorische Behand-
lungz.B.mit einem Antikérper gegen Interleukini nach stattgehabtem Myokardinfarktas Uberle-
ben verbessert, konnte zwar in der groRen CASBiudie gezeigt werdéfy hat sich jedoch unter

anderem wegen eines erhdhten Infektionsrisikos noch nicht in der klinischen Routine esrttig
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Auchtherapeutische Anséatze mit MethotrexXatund Colchizif habenzum TeikinenklinischerVorteil
gezeigt, sich allerdings nicht durchgesetzt.

Neben diesen relativ breiteanti-inflammatorischen Therapien bietgdochdie komplexdPa-
thophysiologieder Atherosklerosenit den verschiedenen involvierten Zelltypeielfaltigealternative
Ansatzpunkte, um zukinftig die Ef@eungund Progression dertAerosklerose zwerlargsamen ode
gar zuverhindern Kurz zusammengefasst fihrtedExposition gegentber Risikofaktorgtypercho-
lesterinamieim Zusammenspiel mRisikofaktoren wieHypertension Adipositas, Rauchgzu einer
endothelialenSchadigung un®ysfunktion zur Retention von Lipideim subendothelialen Raum so-
wie zur ExpressioandothelialerAdhasionsmolekiile und Sekretion chemotaktischer Substamasn,
chedie Rekrutierung, Adhasion und Transmigration von Leukozatsndem Bluin die GefalRwand
fordern. Die hier relevanten Immunzellen umfassena. Monozyten Makrophagenneutrophile Gra-
nulozytenaber auch ¥Zellen.Monozyten werden tber Integrine und Chehkin-Rezeptoren in digse-
falBwand aus dem Blut rekrutierils sibendothelialeMakrophagen internalisierediese danmmodi-
fizierte Lipoproteine, was zur Bildudgr sogenannteischaumzellen fuhrModifizierte Lipideaktivie-
rendas NLRRBflammasom in Makrophagemvas zuiProduktion von Hm i F DNeKIMdiatttion von
Makrophagen;T-Zellen und anderen Leukozytenterhalt die Inflammationreaktive Sauerstoffspe-
zies (ROS), Wachstumsfaktorend Zytokinewerden freigesetzt Vaskulare glatte Muskelzellen
(VSMG@ proliferieren undverandernihren Phanotypson einen kontraktilen hin zueinem Makropha-
genahnlichen Phanotypnd wandern in die Intimawo sieextrazellulare Matrixproteinesezernieren
und einefibrése Kappeler Plaquebilden. SchlieRlich flhrtlie Apoptose der in der Plague ansassigen
Zellen zuEntstehung einerekrotischen Kerns. Hypoxieduzierte Neovaskularisation und die Sekre-
tion vonMatrixmetalloproteinasenNIMP) durch Makrophagen kdnnen die fibrése Plagueiter de-
stabilisieren und zu einer Ruptur der Plagni Thrombusbildundthren.

Die vorliegende Awrit beschreibtzum einen den experimentellen Ansatz, oxidativen Stress
durchden Einsatz niedrigdosierter Proteasominhibitizun reduziererund somit auch inflammatori-
sche Prozesse einzudamm@xidativer Stress undflammationsindbekanntermafiern derAthero-
sklerose gleichzeitig nachweisband kbénnen einanderfdrdern. Sokann oxidativer Stresgro-in-
flammatorische Genexpression Ub&ranskriptionsfaktoremwie NF¢ . dzy-NRhsolwie das NLRR3
Inflammasomaktivieren wodurch pro-inflammatorischeZytoking Chemokineund andee Mediato-
ren gebildet werden Die vonlmmunzellen ausgeschutteterZytokine und Chemokin@rdern wiede-
rum die Rekrutierungweiterer Immunzellenund eine zusatzliche RGBroduktion womit sich dieser
Kreislauf verselbstandip kannund die Progression der Atherosklerose wetgefordert wird.Dain
der Atheroskleroseermehrt oxidatigeschadigte Proteinanfallen undiber das Proteasom abgebaut
werden missenuntersucht die voikgende Arbeit zuderdas Immunoproteasom, dem einéchtige

Rolle bei der Bewaltigung oxidativen Stresses zugeschrieben wurde.
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1.1.2 Hypertonig T-Zellenund Endorganschaden

Die arterielle Hypertonieist eine Sysemerkrankung, welchsichnicht ausschlie3licauf das
Gefalisystem beschranldondernmehrere Organsysteme inklusive Immunsystem einschli€fft als
adlGAftf SNI Y AwkertieddigklinisclehFSlige@& ydertanieoft erstlangfristigapparent als
Dysfunktionen vorefalisystem Nieren, Gehirmnd Herzund fihren sozu einerbetrachtlichenMor-
talitdt und Morbiditatweltweit. Unter denweltweit pravalentesterRisikofaktoren flnicht Ubertrag-
bare Erkrankungehelegt die Hypertonie den ersten R&ri§ Pathophysiologischind ebenfalls eine
Vielzahl vorOrganen undRegelkreise an der Entstehung von Blutbbdruck beteiligtund interagie-
ren. Hierzu zéhle(Dys)egulationender vaskulare, renalen und kardialen Struktur undFunktion,des
Natriumhaushals und der Blutvolumenregulationdes RenirAngiotensinAldosteronrSystens und
desvegetativen Nervensysters’’.

Die Hypothese, dasgas Immunsystem im Rahmen des Bluthochdrucks eiunehtige Rolle
spielt, kamvergleichsweise fritbereitsin den B60er Jahrepauf, alsman Lympozyten aus Ratten
mit unilateralem Niereninfarkt in mpfangerRatten trangerierte, welche daraufhirBluthochdruck
entwickelterf®. Experimentelle Studierkonnten bereits damals undermehrtin etwasjingerenAr-
beitenzeigen, dasg zum Nachweis des Konzep&ine immunsuppressive Behandludgn Bluthoch-
druck sowie denhypertensiven Endorganschademdammen kant 2233, Allerdingsverhindernpo-
tentiell schwere Nebenwirkungefz.B. Infektionengine langfristige, bre#tImmunsuppressiobeiPa-
tientinnen

Experimentelle, WpertensiveStimuli wie Angiotensin Il (Angll) oder ein hoher Salzgehalt in der
Nahrung fuihren zu einer Aktivierung von angeborenen und adaptiven ImmunzelleRoDerderT-
Zellen wurde grol3e Aufmerksamkeit zuteil, obwohl die Mechanismen, diezeitéirAktivierung fuh-
ren, nach wie vor nur unzureichend definiert sind. Es ist bekannt, dZedieh bei experimenteller
Hypertonie eine wichtige Rolle spielen. RAGbckoutMause, denen Bund TZellen fehlen, haben
einen abgeschwachte Blutdruckanstieg in Redkin auf Anglldie durch den adoptiven Transfer von
T-, aber nicht von Zellen wiederhergestellt werden kaftnT-Zellen exprimieren als Reaktion auf hy-
pertensive Stimuli Aktivierungsmarker (z. B. CD69). Es wurde@gedass sowohl CD&ytotoxische
T-Zellen als auch CDZ%-Helferzellenhierbeieine entscheidende Rolle spielen. AktiviertZdllen in-
filtrieren Zielorgane wie die Niere, wo sie grdlammatorische Zytokine wie InterleukitvA (ILL7A)
und Interferont (IFNt 0 FNBA&ASGHT Sys RAS 1Tdz %Stf&a0OKNRSYS 2EAF
tion, Fibrose und schlieRlich zum Verlust der Organfunktion fifar€nSowohl I£17A als auch IFN
sind nachweislich an der Entstehung Jdypertonieund Organschaden beteiligt. AulRerdem wurde
nachgewiesen, dass-1I7A den Blutdruck erhdht, indem es die Natriumriickresorption in der Niere

stimuliert®” 3 Hypertore Stimuli férdern die Differenzierung vorHelferzellen in prenflammatori-
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sche THelferSubtypen wie z.Blypl7 (Tu17) und Vpl-(Tul) Helferzellen die durch eine erhéhte Pro-
duktion von IE1I7A bzw. IFN 381 Sy y 1 8 ADeKeyi Bitieindéni BfiékteBGedachtnisPhéno-
typ (Tew; CD44CD62LCCRY akkumulieren beBluthochdruckn der Niere und sind die vorherrschen-
den Quellen von HLI7A und IFN @ L y (i S NB Evaneniviedhidts dygeensive Stimuli die
Ansammlung vongl in der Niereverstarker®, was aufdie Ausbildung einesnmunologischa Ge-
dachtnises im Rahmen defypertoniehindeutet. Entziindungshemmende Interleuki (1-10) pro-
duzierende regulatorische-Helferzellen (Red kdnnendie pro-inflammatorischeFunktion der Effek-
tor-T-Zellen aubalancieen und schiitzen voHypertonieund Endaganschadeff*2. Daher ist das
Gleichgewicht zwischen praind antiinflammatorischen ZellUntergruppen beiHypertonie ent-
scheidend.TherapeutischeStrategien, die zur Wiederherstellung des Gleichgewigbts pro- und
anti-inflammatorischenl-Zellen fiihren, kénnten ein®ption zur Organprotektion bélypertoniedar-

stellen
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1.2 Das UbiquitinProteasomSystem in der Atheroskleras

Das UbiquitifProteasomSystem (UPS) igentral fiir dieProteinhomdostaseder Zelle. Das 26S
Proteasom ist eine ATabhangige Proteasdestehendausdemkatalytischen Kern, dem 20S Protea-
som, und zwei 19S Regulatd@mplexen, welche fir Substraterkennuogd Transport der abzubau-
enden Proteinketta in das katalytische Zentruwerantwortlich sind®. Das 20S Proteasobesteht
aus vieriibereinander gelagerten Ringewgelchejeweils aus sieben Untereinheiten bestehemmbgi
bestehendie beiden duReren Ringaus der-! y i SNEAYKSHESRASH 0 Rrigeasy AyyS
deni-| YGSNBAYKSEHGSY 061 m

Das UP&t bedeutsam fiiden Abbaufehlgefalteter Proteiné®, ak auchfir die Degradation
zentralerregulatorischer Proteine des Zellzyklus, der Transkriptionsmaschinerie und des Stoffwech-
selg®. Der glektive Abbau solcher Proteine wird Uiber die kovalente Bindung von Ketten multipler
UbiquitinMolekule vermittelt, die als Erkennungssignal fiir das 26S Proteasom dienen

Eine wichtige Funktion des UPS besteht in der Antigenprozessierung und Immunabwehr. Die
nach proteasomaler Degradation entstandenen Peptide werden ivBgar Histocompatibility Com-
plex! (MHC |) integriert und auf der Zelloberflache prasentiédr allan in diesem Zusammenhang
wurde man erstmals auf eine alternative Form des Proteasoasmmunoproteasom, aufmerksam.
Unter ZytokinSimulation (z. B.durch IFRN 0 SNF 2 f 30 R SN@reintisitan bedzkoskiu- R S NJ |
tiven Proteasomg§ ™ X~ 1) gegendie pnmunoproteasomalen Untereinheitdow molecular mass
protein2 und 7 (LMP2, LMP7) umdulticatalytic endopeptidase complex subuhi{MECHL). Neben
der Induktion durch Zytoki#&timulation werden Immunoproteasomen gewsdpezifisch in immunre-
levanten @weben konstitutiv exprimiert. Immunoproteasomen verfigen Uber eine alternative
Schnittstellenpraferenz bei der Degradation von Proteinen und fiihren zur effizienten Generierung von
Peptiden zur Prasentation tber MHC I. Die transieftmkin-vermittelte Hochregulation von Immu-
noproteasomen scheint ein wichtiges Element in der Immunantwort bei viralen Infektionen 2% sein
Weitere Studierzeigten dass die Bedeutung des Immunoproteasoms nicht auf die Antigenprasenta-
tion beschrankt istBeigielsweise flihrt eind MP2Defizienz zwiner verminderten Proteasomaktivi-
tat und Akkumulation oxidierter Proteifié Weitere Regulatoren der immunoproteasomalen Expres-
sion, z. B. NO und Hitzeschoskirdenidentifiziert und sindauch in der Atherogenese relevdht',
Eine NGvermittelte Expressionszunahme von immunoproteasomalen Untereinheiten schitzt En-
dothelzellen vor oxidativem Stre¥sDas Proteasom ist beteiligt an der Aktivierung des Transkriptions-
faktorsnuclear factor 'kappdight-chainenhancer' of activated-Bells(NF* B), der die Expression vie-
ler inflammatorischer Proteine induziextim einen an der Entstehung der p&fhtereinheit aus dem
p105 Vorlauferprotein undum andereran der Degradation der inhibitorischen Proteimaclear fac-
tor of kappa light polypeptide gene enhancer iodlis inhibitoL 9h.  dzy R i = St OKS RAS
vonNF* . | dzA RSY ®%eda2LX I aYl A-fflaRnibriséhs Stimdli Gkigererd S NK A Y
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Signalkaskaden, welche zur Phosphorylierung, Ubiquitinierung und anschlie3enden proteasomalen
5 S 3 NI RI (i APPoteineRithned und damit die Translokatison NFF . Ay RSy %St f 1 SNJ
chert®. Es gibt Hinweise darauf, dass ein erhéhter Anteil von Immunoproteasomen in inflammatori-
schem Gewebe in direktem Zusammenhang mit einer erhéhten Aktivierung vOn.NF & 6 SK G ® 9 E LJ
mentell konnte gezeigt werden, daksY Y dzy 2 LINE (i SRraiethérsShyielldr &bbauen als konsti-
tutive Proteasomeft.
Experimentelle Daten lassen darauf schlieen, dass das UPS eine Rolle in der Entstehung und

Progressia der Atherosklerose spielt. Ob das UPS dabei einenaat@r proatherogenen Einfluss aus-
Ubt, istjedochnicht eindeutig geklart und méglicherweise abhéngig vom Stadium der Atherosklerose.
Eiren inflammationsférdernda Einfluss des UPS mit gesteigertetivitat legten Marfella et al. in
Plaques deArteria carotisvon symptomatischen Patientarahe®?. Auch der entgegengesetzte Effekt
¢ eine Aktiviitsminderung des UPS in spaten Stadien der Atheroskleraggde von einer anderen
Arbeitsgruppe im Tiermodell beschrielf8musgehend von diesen Beobachtungen wurde fiir das UPS
eine duale Rolle in der Atherosklerose postuliert: Einerseits kbnnte eine erhéhte Aktivitat des UPS flr
eine gesteigerte Aktivierung des pimaflammatorischen Transkriptionsfaktors {NF. BSNI yig2 NIt
sein, andererseits kénnte eine erhdhte Proteasomaktivitdt notwendig sein, um die durch oxidativen
Stress vermehrt anfallenden dysfunktionalen Proteine zu eliminieren und damit die Zelle vor toxischen
Effekten aggregierter dysfunktionaler Proteine urat dem Zelltod zu bewahre¥i. Dem Immunopro-
teasomkonnte inbeiden Prozessen eine besondere Bedeutung zukommen. Die im Rahmen der athero-
sklerotischen Inflammation vermehrt produzierten Zytokine kénnten einen zusatzlichen Stimulus fir
die Assembérung von Immunoproteasomen darstellen.

Diein dieser Habilitationsschrift dargelegten Arbeitentersucken in Mausmodellerden Ein-
fluss @sImmunoproteasoms auf die Entwicklung der Atherosklersmeie cn Effekt einer niedrig-

dosiertenProteasominhibibn in der friihen Atherosklerose.
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1.3 Die Rolle desMikrobiomsund bakterieller Metabolite in deHypertonie

Das intestinale Mikrobionthier fortan als Mikrobiom bezeichnet).h. die Gesamtheit der im
Darm vorhandenen Bakterien sowie deren Gene, ist ein auf Umwelteinfliisse hochst responsives Oko-
system mit profundem Einfluss auf das Immunsystéerschiedenen Umweltfaktoreimsbesondere
Bestandteile der Nahrung (z.B. Salisdfnoder sog. Badktstoffe) kbnnen Veranderungen der Zusam-
mensetzung und der Funktion des Mikrobioms verursachen und somit inflammatorische Prozesse vor-
teilhaft oder aber zum Nachteil des Wirts beeinflussen. Essentiell in diesem Zusammenhang ist die
Tatsache, dass Bakterien aus Nahrungsbestandteilen Metabolite (z.B. TryptOpbaietabolite o-
der Fettsauren) generieren, die vom Wirt resorbiert werden und die Differenzierunglierfelinktion
von Immunzellen beeinflussen kénnen. Auf diese Weise beeseiftudie Mikrobiota auch Darferne
Organgz.B. Niere, Herz)vodurch sich verschiedene Kommunikationsachsen identifizieren lassen (z.B.
DarmNiere, DarmHerz).Leitlinien zurBehandlung dearteriellen Hypertonie betonenlie gesunde
Ernahrung®®’, u.a. charakterisiert dutteinen fohen Ballaststoffund riedrigen SalzgehalDie vor-
liegende Arbeit demonstrieffilir diese Nahrungsbestandteile, dadas Mikrobiomin diesem Zusam-
menhangeine wichtige Vermittlerrolle zwischen Umwaeld Wirt einnimmt.Ein genaues Verstandnis
der Wechselwirkung von Ernahrung und Mikrobiom, Metaboliten mikrobieller Herkunft und Immun-
systemsowie der Auswirkungen auf die Hypertonie kénnte zuklnftig eine gezielte, personalisierte Be-
einflussung des Mikrobioms zur Organprotektion in der Hypertonie ermdglichen.

Diewohl prominentesteKlasse bakterielleMetabolite sind die kurzkettigen FettsauréEngl.
shortchain fatty acidsSCFA Fettsduremit einer kurzen Kettenlange von zwei bis sechs Kohlenstoff-
atomen,diedurch bakterielle Fermentatiomm Darmausunverdaulichen Kohlenhydrateter Nahrung
entstehenkdnnen Die wichtigsten Vertreter sindicetat (C2), Propionat (C3) und Butyr@ad) SCFA
sind im Blut in zum Teil hohen Konzentrationen mesSbliehrere Studienbelegen dass die Hyper-
tonie mit einervermindertenSCFAroduktion assoziiert i3t ©© Umgekehrt kann einBallaststoffrei-
che Ernahrungiber SCFA eine Blutdrugenkende Wirkungraielen DieverschiedenerSCFAinden
an G-Proteingekoppelte Rezeptoren (Endgh proteincoupled receptorsGPR), beispielsweisder
GPR41 (auch: FFAR3), GPR43 (auch: FFAR2), GPR109A und OIfr78 (olfactory récegitgew@)ls
unterschiedlicher Affinit&f 53 Pluzniclet al.zeigten, dass SCFafen Blutdruckiber GPR41 und Olfr78
modulieren kémen, daPropionat zu einem Blutdruckabfall im Mausmodahirte, auRerin GPR44
defizienten Mausetf. GPR41 wirdi.a. im vaskularen Endothel exprimiert ungrmittelt eine en-
dothelabhangige Vasodilatatiéh GPR4KnockoutMauseweiseneinen erhohten systolischen Blut-
druck und eine hohere GefaRsteifigkaitf®™. Propionatfiihrt Gber den Olfr78-Rezeptoram juxtaglo-
merularen Apparat zuReninSekretionmdglicherweiseals Gegenregulation zum Blutdrusknken-
den Effekt von Propionat am vaskuléaren Enddth&ne Ballaststoffeiche Diasowiedie Behandlung

mit Acetat fiihenim hypertensiven Rattenmodell zur Senkung des Blutdfficks
13
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Weitere, im kardiovaskularen Spektrum bedeutsame bakterielle Metabsitict TMA/TMAO und
Indole. TrimethylaminN-oxid (TMAO)dasdurch hepatische $fatierung aus dem Uderiellen Meta-
boliten Trimethylamin (TMAXxntsteht, wird durch Bakterieraus Phosphatidylcholin odek-Carnitin
der Nahrunggebildetund gilt (in erhéhten Konzentrationen) ad$n proatherogeneMediator®’. Auch
bei Patientinnen mit chronischer Nienschadigungchronic kidney diseas€KD)st TMAO im Blut
erhoht und mit einem erhohteMortalitatsrisiko assziiert®®. Im Rahmen der CK@nnenweitere bak-
terielle Metabolitein erhéhten Konzentrationeim Blutdetektiert werdeng¢ zum Teil wegen der re-
duzierten renalerClearancezum Teil jedoch auchegender erhéhten Produktiondurch intestinale
Bakterien Indole¢ bakterielle TrgMetabolite - kdnnen tber den ArylhydmarbonRezeptor (AhRin-
munmodulatorische Effekte austibgimsbesondere an der Darmbarré@?®, als auch toxische Effek
bei CKEPatientinnen ausloserindoxylsulat ist hiersicherlichder bekanntest Metabolit bekterieller
Herkunft®, der mit einer Reihe kardiovaskularer Pathologien in Verbindung gebracht wurde.

Diein dieseHabilitationsschrifeingehendenStudienhaben zum Zieldie Rolle des Mikrobioms
bei Bluthochdruck naher zu charakterisienamd den Beitrag des Mikrobionmgiher zu quantifizieren
Dabei steht der Einfluss des Mikrobioms auf die Inflammation bei Bluthochdruck im besonderen Fokus.
Zum einenwerden Einflussfaktoren der Umwelt (z. B. die salzreiche Ernahrung) in Bezug auf Zusam-
mensetzung und Funktion des Mikrobioms ndher charakterisiert und die Auswirkung auf die inflamm-
atorische Antwortuntersucht Zum anderenvird der Einfluss von bakteriellen Metaboliten (z. Bo-Tr
Metabolite (Indole) SCFAdes Darmmikrobioms auf dlaflammation und den Endorganschaden bei
Bluthochdruck charakterisiert. Langfristiges Ziel ist, Uber die Beeinflussung des Mikrobioms eine vor-
teilhafte, antrinflammatorische Immunmodulation und Organprotektion bei Bluthochdruck zu errei-

chen.
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2 EIGENE ARBEITEN

2.1 Attenuation of early atherogenesis in lowdensity lipoprotein receptordeficient mice

by proteasome inhibition

Die Bedeutungler chronischen Inflammatiérf und desoxidativen Stressés “*fiir die Entwick-
lung von atherosklerotischen Lasionen ist anerkannt. Als chronische Erkrankung der GefalBwand ist die
Entwicklung der Atherosklerose durch eine endotheliale Dysfunktiomd Aktivierund®, die Migra-
tion zirkulierender Leukgzen in den subendothelialen Raum, die Akkumulation Cholesteriaide-
ner Makrophagen in der GefaBwdndlie Freisetzung einer Reihe von Zytokinen und Chemokinen
durch Leukozytefi, die phanotypische Transformation glatter Q&aféandmuskelzellefd und somit
Wachstum deratherosklerotischen Plaque gekennzeichnet. Vorarbeiten hahevitro’”#2 und in
viva*® gezeigt, dass die Inhibition des Proteasoms in niedrigdosierter, nicht toxischer Konzentration die
Expression der endothelialen N&ynthase erhcht uhendothelabhangige Vasodilatation verbes$ert
81 die antioxidative Funktion stark? 8% 82und dartiber hinaus antnflammatorische Effekte beily-
pertonie-induzierter Inflammatiof? hat.

In Kenntnis der beschriebenen Effekte niedrigdosidPieteasominhibition auf vaskulére Zellen
untersucht diese experimentelle Studie, ob eine niedrigdosierte Proteasominhilnitivivotatsach-
lich die Entstehung von Atherosklerose glnstig beeinflussen kann. Als Modell wurasveliensity
Lipoprotein Rezeptorcdefiziente Maus (DLR -) gewahlt. Um ein frilhes Stadium der Atherosklerose
zu untersuchen, wurden 10 Wochen alte Mause mit einer Western Diat fur 6 Wochen gefiittert. Als
klinisch relevanter Proteasominhibitor kam in diesen 6 Wochen Bortezomib zuatZiakerdings in
weitaus niedrigerer Dosi®Qug/kg Kérpergewicht zweimalig pro Woche i.p.) als bei der Behandlung
des Multiplen Myeloms. Die Arbeit beschreibt zunachst die Dosisfindung einer effektiven, jedoch nicht
toxischen Dosis im Mausmodell und litelie Reduktion friiher atherosklerotischer Lasionen anhand
von histologischen Schnitten durch die Aortenklappenebene dar. Digrdliatinmatorische Wirkung
liel3 sich insbesondere durch eine signifikante Verminderung der Serumspiegel&amdLMCPL
nachweisen. Zudem reduzierte Bortezomib die Lipidperoxidation und die Expression detJhlox4
tereinheit der NADP#DxidaseDie Untersuchung des aortalen Expressionsprofils mittels eines mRNA
Microarraysoffenbarte eine Dysregulation von Adh&sionsmolekilen, inflammatorischen Mediatoren
und der oxidativen Stressantwort, welche durch die niedrigdosierte BortezBeiilandlung in Rich-
tung des Expressionsprofils der gesunden Kontrollen verandert werden kolmiégessanterweise
war die Reduktion der atherosklerotischen Lasionen durch Bortezomib unabhangig von den Mausmo-
delltypisch hohen Cholesteround TriglyzerieSpiegeln, was die Bedeutung der anflammatori-

schen und antoxidativen Wirkungen niedrigd@ster Proteasominhibition unterstreicht.
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Nachfolgend diZusammenfassung (Abstraat@produziertaus der Originalverdffentlichung

Objective Low and nontoxic proteasome inhibition has amflammatory, antiproliferative, and anti-
oxidative effects on vascular cells in vitro and in vivo. We hypothesized thadd®e inhibition of the
proteasome ould provide antiatherogenic protection. The present study investigated the effect of
low- dose proteasome inhibition on early lesion formation in {@ensity lipoprotein receptaydefi-

cient mice fed a Westerrtype diet.

Methods and Resultdlale low density lipoprotein receptardeficient mice, 10 weeks old, were fed a

Western type diet for 6 weeks with intraperitoneal injections of bortezomib or solvent. Bortezomib
was injected at a dose of 50 mg/kg body weight. Cholesterol plasma levedsyaeaffected by borte-

zomib treatment. En face Oil Red O staining of aortae and aortic root cryosections demonstrated sig-
nificant reduction of atherosclerotic lesion coverage in bortezertriated animals. Bortezomib sig-
nificantly reduced vascular celdu adhesion moleculé expression and macrophage infiltration as
shown by histological analysis. Bortezomib treatment resulted in a significant reduction of superoxide
content, lipid peroxidation and protein oxidation products, serum levels of monocychttractant
protein-1, and interleukirs. Gene expression microarray analysis showed that expressional changes

induced by Westerrtype diet were attenuated by treatment with lovdose bortezomib.

ConclusionLow dose proteasome inhibition exerts antiolative and antiinflammatory effects and

attenuates development of atherosclerotic lesions in{olensity lipoprotein receptardeficient mice.
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2.2 Immunoproteasome subunit ss5i/LMRd@eficiency in atherosclerosis

In dieser Studie wurde dieragestellungintersucht,inwieferndie genetische Defizierder im-
Ydzy 2 LINR G S| a2YIl f Sy |desiUbitBarrgtéas mIystemipy RRIn Makrophagen
sowiedie friihe und spate Atherosklerose ItDLR - Mausmodell beeinflusst.

Der zugrundeliegenderragestellunggehen zwei wichtige Erkenntnissezur Pathophysiologie
der Atherosklerose voraugrstensdie bereits diskutiertenrBeobachtungendass die Atherosklerose
durch einechronischinflammatorischeReaktionder GefaBwant’sowiedurchoxidativen Stres$ ge-
kennzeichnet istOxidativer Stres&ihrt zur Modifikation von zellularen Proteinen mit verstérkter Not-
wendigkeit der proteasomalen Degradatidiesergeschadigta unddysfunktional@ Proteiné”.

Die zweite Grundlage istas Wissen um den besonderen Aufbau des Proteasmies Bedingungen
der Inflammation undxidativem StressUnter dem Einflusson Zytokinen (z.B. Interferon ~ -t b C
werden anstlle der konstitutiven katalytischen Untereinheiten sogenannte immunoproteasomale
Untereinheiten( pA k[ at T Z i MA K [-B éexprimiery/urRdini dasR0OSRr&eagm einge-
baut®>88 Von Bedeutung ist das Immunoproteasom insbesondere bei der Herstellung antiemer
tide fur die MHC Klasseabhéange Antigenpisentatior?® 8 % Vorarbeiten anderer Arbeitsgruppen
habenzudemdie Frage diskutieybb das Immunoproteasomon besondereBedeutung fiir didPro-
teinhomdostase bei Zytokimduziertem oxidativen Stress ishd dasimmunoproteasom polyubiquiti-
nierte Proteine womaoglich schneller abbdapmit gegensatzlichen Ergebnis$éfi2 Die pharmakolo-
gische Inhibition der p A k [Uatéreinheit zeigte vorteilhafte Effekte in verschiedenen experimen-

tellen Modellen inflammatorischer Erkrankungéf?.

Fir diese Studie wurden p A k {defitienteLDLR - Mauseo o 5 2 LILIS f {ggzacttdt 2 dzi ¢ 0
mit i p A K {exptimierendenLDLR- 0 a 9 A Y T I OK{ y 2 O usddaliséchlieRIESNEE- A OK Sy
schwister (EngLittermateg verwendet.Die Arbeit zeigt, dasdiei p A k {Dafizianalie Atheroskle-
rose inLDLR - Mausen weder zu einem friihe.f. nach6 Wochen Western Diat) noch zu einem
spateren Zeitpunkt d.h. nach24 Wochen Western Diat) verstarl@&uch diein vitro Polarisation von
Knochenmarksmakrophagen (Ermine marrowderived macrophagé@svar nicht unterschiedlich zwi-
scheni p A k {defizienten und-exprimierenden Makrophagerinteressanterweise konnteauch
keine wesentlichen, durch dénp A k fKaotkout verursachten Anderungen der proteasomalen pro-
teolytischen Aktivitaten festgestellt werden. Insbesondere war ersichtlich, dads gid k {Defizi-T
enz durch den Einbau der kortgtiveni pldoform kompensiert wurde, wagim einerdie Bedeutung
intermediérer Proteasomformen und zum andemmorme Plastizitdt deBroteasoms hinsichtlich sei-

ner Zusammensetzungnterstreicht.
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Nachfolgend die Zusammenfassung (Abstract), reproduziert aus der Originalverdffentlichung:

Management of protein homeostasis by the ubiquiiroteasome system is critical for atherosclerosis
development. Recent studies showed controversial results on the role of immunoproteasome (IP) sub-

unit i 5i/LMP7 in maintenance of protein homeostasis undgtokine induced oxidative stress. The

present study aimed to investigate the effect &i/LMP7-deficiency on the initiation and progression

2T GKSNRaOf SNrpaArAa a | OKNBYAO AYTFElIYYIFG2NEBXT
[ 5[ wb kb YA ®WestériSyNaSdiefid Bither 6 or 24 weeks to induce early and advanced

stage atherosclerosis, respectively. Lesion burden was similar between genotypes in both stages. Mac-
rophage content and abundance of polyubiquitin conjugates in aortic root plagees unaltered by

I 5i/LMPZdeficiency. In vitro experiments using bone marrderived macrophages (BMDM) showed

that | 5i/LMP7deficiency did not influence macrophage polarization or accumulation of polyubiqui-

tinated proteins and cell survival upon hydrogeeroxide and interferod treatment. Analyses of pro-

teasome core particle composition by Western blot revealed incorporation of standard proteasome
subunits in 5i/LMP#deficient BMDM and spleen. Chymotrypsitrypsin and caspasdike activities

assesse by using short fluorogenic peptides in BMDM whole cell lysates were similar in both geno-

types. Taken together, deficiency of IP suburiit/LMP7 does not disturb protein homeostasis and

R2Sa y2d4 33aINIXQIGS FGKSNRISYySaAa Ay [5[wbkb YAOS

27


https://doi.org/10.1038/s41598-017-13592-w

Eigene Arbeiten

www.nature.comlscientificreports

SCIE

OPEN :

Received: 30 November 2016
Accepted: 17 August 2017
Published online: 17 October 2017

NTIFIC REP{g}RTS

LMP7-deficiency in atherosclerosis
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Gert Baumann?, Verena Stangl™?, Karl Stangl™? & Nicola Wilck%52

Management of protein homeostasis by the ubiquitin-proteasome system is critical for atherosclerosis
development. Recent studies showed controversial results on the role of immunoproteasome (IP)
subunit 35i/LMP7 in maintenance of protein homeostasis under cytokine induced oxidative stress. The
present study aimed to investigate the effect of 35i/LMP7-deficiency on the initiation and progression
of atherosclerosis as a chronic inflammatory, immune cell driven disease. LDLR/"LMP7 '~ and
LDLR~/~ mice were fed a Western-type diet for either 6 or 24 weeks to induce early and advanced

stage atherosclerosis, respectively. Lesion burden was similar between genotypes in both stages.
Macrophage content and abundance of polyubiquitin conjugates in aortic root plaques were unaltered
by 35i/LMP7-deficiency. In vitro experiments using bone marrow-derived macrophages (BMDM)
showed that 35i/LMP7-deficiency did not influence macrophage polarization or accumulation of
polyubiquitinated proteins and cell survival upon hydrogen peroxide and interferon-~ treatment.
Analyses of proteasome core particle composition by Western blot revealed incorporation of standard
proteasome subunits in 35i/LMP7-deficient BMDM and spleen. Chymotrypsin-, trypsin- and caspase-like
activities assessed by using short fluorogenic peptides in BMDM whole cell lysates were similar in both
genotypes. Taken together, deficiency of IP subunit 35i/LMP7 does not disturb protein homeostasis and
does not aggravate atherogenesis in LDLR '~ mice.

Dysregulation of the ubiquitin-proteasome system (UPS) has been associated with atherosclerosis develop-
ment'~. The UPS is essential for the intracellular degradation of proteins in all eukaryotic cells. Proteolytic degra-
dation takes place in the 26 S core proteasome, a multicatalytic peptidase carrying standard chymotrypsin-like (35
subunit), trypsin-like (32 subunit) and caspase-like (31 subunit) activities. Under cytokine stress these standard
catalytic activities of the proteasome are replaced by distinct isoforms (35i/LMP7, 31i/LMP2 and (32i/MECL-1),
leading to the formation of the immunoproteasome (IP)%. Moreover, replacement of solely one or two standard 3
subunits results in the formation of intermediate-type proteasomes, which have been detected in various tissues”.
Whereas non-immune cells predominantly express standard proteasomes, IPs are the predominant proteasomes
in leukocytes. The IP is long known to mediate immune responses, as it efficiently generates peptides for MHC
class I restricted antigen presentation®.

An increasing number of reports indicate an important role of IP subunit 35i/LMP7 in inflammatory dis-

eases. Hereditary inflammatory disorders have been linked to mutations in the 35i/LMP7 gene’™'°. Selective

© pharmacological inhibition of 35//LMP7 showed anti-inflammatory effects in several experimental inflamma-

tory models!! 13, Besides its function in immune responses, a recent study highlighted an involvement of 35i/

LMP7 in the management of protein homeostasis under cytokine-induced oxidative stress'®. It was shown that
(351/LMP7-deficiency leads to the formation of intracellular protein aggregates and aggravates experimental auto-
immune encephalomyelitis. Interestingly, these finding were challenged by others using similar methods'”. Yet,
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Body weight, g 312415 294422 0.045 36.6+4.5 346455 0.36
Body weight gain, g 6.640.2 6.4+ 0.8 0.732 121424 10.0+3.9 0.323
TC, mg/dl 1318.7 +138.6 1281.2+181.0 0.591 1289.5+265.4 1398.4+417.1 0.47
HDL-C, mg/dl 127.7 1234 13561247 0.448 247.6 1746 24711783 0.989
Non-HDL-C, mg/dl 1191.0£135.6 11456 £168.3 0.494 1041.9£232.8 1151.3£376.4 0417
Triglycerides, mg/dl 539.74165.7 708.24+187.3 0.023 393.94155.6 482.4+195.8 0.26

Table 1. Body weight and lipid levels. n=11 per group, except LDLR*~"LMP7~/~ 24 weeks WD n = 12; data are
shown as mean + SD. Statistical analysis using unpaired ¢-test or Mann-Whitney U test. WD, Western-type diet;
TC, total cholesterol; HDL-C, high-density lipoprotein cholesterol.

given its proposed significance for inflammation and cellular protein homeostasis, we questioned the impact
of 35i/LMP7 on atherosclerosis development, Atherosclerosis represents an inflammatory, immune cell driven
disease'® and defective removal of protein aggregates was proposed to aggravate atherosclerosis development'”.
However, studies investigating the impact of 35i/LMP7-deficiency on atherosclerosis are currently not available.

Therefore, the present study aims at elucidating the effect of 35i/LMP7-deficiency on the composition and
function of the UPS in macrophages and its consequences for atherosclerosis as a chronic inflammatory, immune
cell driven disease,

Results

B5i/LMP7-deficient atherosclerosis mouse model. In order to study the effect of 35{/LMP7-
deficiency on atherosclerosis, we generated low-density lipoprotein receptor-deficient and 35i/LMP7-deficient
mice (LDLR ¥ LMP7 * ); LDLR ' littermate mice served as controls. Upon control diet for 6 or 24 weeks,
respectively, serum levels of total cholesterol (TC), high-density lipoprotein cholesterol (HDL-C) and non-
HDL-C were similar between both genotypes (Supplement Table S1). Serum levels of triglycerides were lower in
LDLR * LMP7 / mice compared to LDLR ' littermates solely at 6 weeks of control diet and were found to be
equal at 24 weeks of control diet (Supplement Table S1). Serum glucose levels were similar between both geno-
types (Fig. S1). Body weight was similar after 6 weeks of diet, but lower in the group of LDLR~-LMP7 '~ mice
after 24 weeks compared to LDLR~~ littermates (Supplement Table $1). 35i/LMP7-deficiency did not influence
cardiac dimensions and function as assessed by echocardiography (Supplement Table $2).

Feeding of a high-fat Western-type diet (WD) for 6 or 24 weeks, respectively, resulted in hyperlipidemia
with similar serum levels of TC, HDL-C, non-HDL-C, and glucose between both genotypes (Table 1, Fig. S1).
LDLR™"LMP7 '~ mice exhibited a trend to higher levels of triglycerides compared to LDLR /" littermates,
which was statistically significant solely after 6 weeks of WD (Table 1). Body weight was lower in LDLR '~ mice
(statistically significant after 6 weeks of WD), while the actual body weight gain over the course of the WD did not
differ between both genotypes (Table 1). Serum levels of lipid peroxidation products measured as thiobarbituric
acid reactive substances (TBARS) were similar in both genotypes (Fig. $2).

B5i/LMP7-deficiency does not aggravate atherosclerotic lesion progression in LDLR /-
mice. LDLR~-LMP7~'~ and LDLR~'~ littermate mice developed early lesions in atherosclerosis-prone sites
such as the aortic root and arch after being fed a WD for 6 weeks. Mice fed a WD over 24 weeks exhibited
advanced lesions in the entire aorta, as shown by en face and histologic analyses of the aortic root and the truncus
brachiocephalicus (Figs 1A and $3). Lesion quantification did not reveal significant differences in atherosclerotic
plaque burden between both genotypes at either stage of atherosclerosis (Fig. 1A). Plaque macrophage (Mac-2)
and T cell (CD4) content in advanced aortic root plaques did not differ between both genotypes (Figs 1B and $4).
Cells associated with strong FK2 staining, a marker for accumulation of ubiquitinated proteins, were detectable
in macrophage-rich areas and were not significantly affected by 35i/LMP7-deficiency (Fig. 1B). Necrotic core size
was similar between both genotypes (Fig. 1B).

B5i/LMP7-deficiency does not influence macrophage polarization and stress response in BMDM
of LDLR™/~ mice. Macrophage activation states have been shown to differentially influence atherosclerosis'®.
Therefore, we assessed the influence of 35i/LMP7-deficiency on BMDM polarization towards M1 and M2 phe-
notypes induced by IFN-~ and IL-4, respectively. Figure 2A shows that IFN-~ induced mRNA levels of the M1
marker genes tumor necrosis factor-co (TNF-cv) and monocyte chemoattractant protein-1 (MCP-1) to a similar
extent in BMDM from LDLR /' LMP7 /~ and LDLR /" littermate mice. Likewise, superoxide anion production
of IFN-~ stimulated BMDM was not affected by 35i/LMP7-deficiency (Fig. 2B). IL-4 stimulation induced mRNA
expression of M2 marker arginase-1 similarly in BMDM of both genotypes (Fig. 2A).

Next, we determined the influence of cytokine-stimulation and oxidative stress on the content of polyubiqui-
tin conjugates in BMDM by Western blot. The amount of polyubiquitinated proteins was not changed after IFN-~
stimulation up to 24 hours in BMDM of both genotypes (Figs 2C and S5A). After hydrogen peroxide (H,0,)
challenge, we detected a similar increase in polyubiquitinated proteins in BMDM of both genotypes (Figs 2D and
$5B). BMDM survival following H,O, challenge was similar for both genotypes (Fig. 2E).

Impact of 35i/LMP7-deficiency on proteasome composition and proteolytic activity in
cells and tissues of LDLR™/~ mice. To determine the impact of B5i/LMP7-deficiency on proteasome
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Figure 1. 35i/LMP7-deficiency does not aggravate atherosclerotic lesion progression in LDLR '~ mice.
LDLR~/"LMP7~/~ and LDLR ™'~ littermate mice were fed a high-fat Western-type diet (WD) for either 6 or
24 weeks to induce early and advanced stage atherosclerosis, respectively. (A) Representative en face stainings
of aortic arch/whole aorta (upper rows) and Oil Red O stainings with hematoxylin counterstain of aortic root
cross-sections (bottom rows) for early (upper panels) and advanced (lower panels) stage atherosclerosis with
quantification of lesion sizes. (B) Representative stainings and quantifications of (upper row) macrophages
(MAC-2), (middle row) necrotic core (NC; Movat pentachrome staining), and (bottom row) ubiquitinated
proteins (FK2; magnification: 10x) of aortic root cross-sections of advanced stage atherosclerosis. Data in
graphs are presented as individual values with median and interquartile ranges indicated. n.s. = statistically
non-significant. Unpaired t-test (Welch test for unequal variances) or Mann-Whitney U test.

subunit composition, we performed Western blots in BMDM, spleen and liver lysates of LDLR /' LMP7 ' and
LDLR™'~ littermate mice. In BMDM lysates from LDLR '~ mice we detected expression of all standard and IP
(3 subunits (Fig. 3A). Standard proteasome subunits 35, 32, 31 and mature forms of IP subunit (31i were detect-
able in 35i/LMP7-deficient BMDM (under native and IFN-~ stimulated conditions) and in splenic lysates of
(35i/LMP7-deficient mice (Fig. 3A). Mature forms of IP subunit 32i were detectable in splenic lysates of 35i/
LMP7-deficient mice. In 35i/LMP7-deficient fibroblasts standard proteasome subunits 35, 32, 31 and induction
of IP subunit 31i after IFN-~ stimulation were detectable (Fig. $6). Enhanced bands for 35i/LMP7 were observa-
ble in spleens and livers of LDLR '~ mice fed a WD compared to tissues from CD fed mice (baseline) indicative
of a systemic inflammatory response under WD (Figs 3A and $6).

To examine the composition of 3 subunits incorporated into proteasomal core particles, we isolated 26 S pro-
teasomes from BMDM and splenic lysates using native gel electrophoresis and determined their subunit compo-
sition by Western blot (Fig. 3B). BMDM and spleens of LDLR '~ mice assembled IP subunits 35i/LMP7, 32i, 31i
and standard proteasome subunits 31 and 32, indicating the presence of immuno- and intermediate proteasomes.
In proteasomes of 35i/LMP7-deficient BMDM and spleen standard subunits 35, 32, 31 and IP subunit 31i (and
(32i in spleen) were detectable indicating the presence of standard and intermediate proteasomes. Incorporated
(32i was hardly detectable in 35//LMP7-deficient BMDM. Except for 35i/LMP7, mRNA expression levels of pro-
teasome subunits in BMDM did not differ between both genotypes (Fig. S7).

Next, we determined whether alterations in proteasomal composition ultimately lead to alterations in protea-
somal proteolytic activities. However, chymotrypsin-, trypsin- and caspase-like activities were similar in BMDM
of both genotypes, as measured by using short fluorogenic peptides in BMDM whole cell lysates (Fig. 3C).

Discussion

‘The major finding of the current study is that the deficiency of the IP subunit 35i/LMP7 does not aggravate initia-
tion and progression of atherosclerosis in LDLR '~ mice. This is of particular interest, since 35i/LMP7 expression
was suggested to be required for the efficient elimination of damaged proteins after cytokine induced oxidative
stress'’. However, this relationship was questioned by others'®, leading to a debate on the role of 35i/LMP?7 in the
pathogenesis of inflammatory disorders'. The present study contributes to this debate, as our observations do
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Figure 2. (35i/LMP7-deficiency does not influence macrophage polarization and stress response in BMDM of

LDLR /" mice. BMDM isolated from LDLR /' LMP7 /~ and LDLR /" littermate mice: (A) M1/M2 polarization

- mRNA expression of tumor necrosis factor-o (TNF-a), monocyte chemoattractant protein-1 (MCP-1) and
arginase-1 determined by quantitative real-time RT-PCR after treatment of BMDM with IFN-~ (100 U/ml) and
IL-4 (4 U/ml) over 6 hours for M1 and M2 macrophage phenotype polarization, respectively; C = untreated
cells; graphs show fold-change in mRNA expression levels relative to untreated BMDM of LDLR '~ mice;
n=5 experiments. Unpaired ¢-test (Welch test for unequal variances) or Mann-Whitney U test. (B)

Superoxide production of IFN-~-treated (100 U/ml) BMDM determined by electron paramagnetic resonance
(EPR) technique; n = 5-7 per group. Two-way ANOVA followed by Sidak’s multiple comparisons test. (C)
Representative Western blot with anti-ubiquitin antibody of lysates of IFN-~ (100 U/ml) treated BMDM;
Bortezomib (5 ng/ml) treated BMDM served as positive controls; n =4 experiments; LC indicates amidoblack
staining as loading control. (D) Representative Western blot with anti-ubiquitin antibody of lysates of BMDM
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after treatment with hydrogen peroxide (H,0,) over 1 hour; n =3 experiments. LC indicates GAPDH staining
as loading control. (E) Survival of BMDM treated with H,O, over 1 hour; n =4 experiments. Kruskal-Wallis test
with post hoc comparison by Dunn’s multiple comparison test. Data in graphs are presented as mean 4+ SEM.
n.s. = statistically non-significant.

not point to an impact of 35i/LMP7-deficiency on atherosclerosis, which is considered a chronic inflammatory
vascular disease®.

It has been hypothesized that the UPS is dysregulated in atherosclerosis*®*' and that the accumulation of dys-
functional proteins is associated with cell death within atherosclerotic lesions®. Given the proposed importance
of 35i/LMP?7 for the removal of damaged proteins'?, aggravation of atherosclerosis in 35i//LMP7-deficient mice
would have been conceivable. However, we did not detect augmented ubiquitin accumulation in plaques of 35i/
LMP7-deficient mice. In line with previous reports**", ubiquitin enrichment was associated with macrophages,
but was equally present in the plaques of both genotypes (considering the limited sample size). Furthermore, the
similar extent of necrotic cores in atherosclerotic lesions of both genotypes does not indicate increased cell death
in 35i/LMP7-deficient mice. Finally, atherosclerotic plaque size was not affected by 35i/LMP7-deficiency for early
or advanced stage atherosclerosis. Thus, these findings do not favor the perception that 35i/LMP7-containing
proteasomes have a higher capacity to degrade polyubiquitinated proteins compared to standard proteasomes.

Recently, beneficial effects of 35i/LMP7-deficiency on obesity and glucose homeostasis have been described
in the presence of mild hypercholesteremia®. 35i/LMP7-deficient mice fed a high fat diet showed an improved
glucose intolerance, lower triglyceride levels and a decreased weight gain when compared to C57BL/6 wild-
type mice”. Such metabolic alterations are potentially important to atherogenesis. However, in our study 35i/
LMP7-deficiency on a LDLR ™/~ background did not lead to significant alterations of glucose levels. Also, weight
gain during short and long term high-fat WD was not affected by 35i/LMP7-deficiency. We observed higher
triglyceride levels in 35i/LMP7-deficient mice fed a WD over 6 weeks; triglycerides are associated with risk of
cardiovascular disease in humans. However, atherosclerosis outcome was not affected by 35i//LMP7-deficiency in
our model. We cannot exclude the possibility that a potential impact of elevated triglycerides on atherogenesis has
been outweighed by other (yet unidentified) effects of 351/LMP7-deficiency. Thus, further in depth characteriza-
tion of lipoprotein forms in 35i/LMP7-deficient models should be performed in future studies.

Macrophages play a key role in atherosclerotic lesion formation, progression and plaque destabilization.
Depending on the cytokine milieu within atherosclerotic lesions macrophages are polarized towards distinct sub-
sets, which critically affect plaque development'®. It was recently reported that 351/LMP7-deficiency and selective
inhibition of 35i/LMP7 promotes M2 polarization of alveolar macrophages®. Our data derived from BMDM do
not suggest an impact of 35//LMP7 on M1 and M2 polarization as well as on macrophage survival under oxidative
stress.

In line with previous reports, we observed that 351/LMP7-deficiency leads to the formation of proteasome
subtypes with 35i/LMP7 being replaced by its corresponding standard subunit 35*%. Structure and function
of various proteasome subpopulations and -types have been investigated in different species and organs®*2°-2%.
Studies comparing the enzymatic activities of different isolated proteasome subtypes in vitro using fluorogenic
peptide substrates revealed varying activities and differential cleavage characteristics depending on the protea-
somal subunit composition®**?". However, despite differences in subunit composition we found similar proteo-
lytic activities when measured in BMDM whole cell lysates of both genotypes using short fluorogenic peptides.
In addition, the detection of similar amounts of accumulated polyubiquitinated proteins in hydrogen peroxide
stimulated BMDM of both genotypes further confirmed an equal capacity for the removal of damaged proteins
under oxidative stress; taken together, these observations are in accordance with the findings of Nathan et al.">.

In conclusion, deficiency of IP subunit 35i/LMP7 does not alter initiation and progression of atherosclerosis
in LDLR ' mice. Our data indicate that protein homeostasis in atherosclerosis is not disturbed by deficiency of
B5i/LMP7.

Methods
Materials. Unless otherwise specified, all reagents and media were purchased from Sigma Chemicals,
Germany. Bortezomib was kindly provided by Millenium Pharmaceuticals.

Animal experiments. Animal experiments were approved by the local authority (Landesamt fiir Gesundheit
und Soziales, Berlin, Germany) and were performed according to institutional guidelines.

Low-density lipoprotein receptor-deficient (LDLR™'~) mice (B6.129S7-Ldlr™!¥/]; JAX Mice, Boston) and
B5i/LMP7 ' mice (kindly provided by Antje Voigt, Department of Biochemistry, Charité-Universititsmedizin
Berlin, Germany) were crossed to generate double heterozygous mice. Both, LDLR~/~ and (35i/LMP7~/~ mice
were originally backcrossed at least 10 times to C57BL/6 mice. The resulting F1 generation was crossed and
the offsprings genotyped for LDLR and 35i/LMP7. Male mice homozygous for LDLR-deficiency (LDLR /) or
homozygous for LDLR-deficiency and (35i/LMP7-deficiency (LDLR '~ LMP7 /") were fed a high fat diet con-
taining 21% butterfat, 17% casein, and 0.21% cholesterol (Western-type diet, Ssniff, Soest, Germany) for 6 or 24
weeks ad libitum beginning from 10 weeks of age. Mice of both genotypes fed a low-fat control diet (CD) served
as additional controls. General condition and body weight were monitored regularly.

For harvesting, mice were fasted for two hours, anesthetized with isoflurane- and euthanized by blood with-
drawal. After perfusion with PBS, heart and aorta were dissected under a stereomicroscope (Leica), shock-frozen
in liquid nitrogen and stored at —80°C or fixed in formalin. Livers and spleens were collected, shock-frozen and
stored at —80°C.
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Figure 3. Impact of 35i/LMP7-deficiency on proteasome composition and proteolytic activity in cells

and tissues of LDLR '~ mice. (A) Western blot analysis of standard proteasome (31, 32, and 35) and
immunoproteasome (31i, 32i, and 35i) subunit expression in BMDM of LDLR /' LMP7 /* and LDLR "/~ at
baseline and after treatment with IFN-~ (100 U/ml) over 8 hours (left panel). Right panel shows Western blot
analyses of pooled spleen protein samples from LDLR~/~LMP7~'~ and LDLR~/~ mice at baseline and after
feeding a high-fat Western-type diet (WD) over 6 weeks (n = 11 mice per group). LC indicates actin staining
(for BMDM) or amidoblack staining (for spleen) as loading controls. (B) Representative Western blots of
standard proteasome and immunoproteasome subunits of isolated 26 S proteasome derived from murine
LDLR™"LMP7~/~ and LDLR ™/~ BMDM (left panel) and spleen (right panel) lysates. (C) Chymotrypsin-,
trypsin- and caspase-like proteasome activities (expressed as relative fluorescence units, RFU) of murine
LDLR " LMP7 / and LDLR /* BMDM; n=4 experiments. Unpaired t-test or Mann-Whitney U test. Data in
graphs are presented as mean = SEM.
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Echocardiography. Transthoracic Doppler echocardiography was performed in mice anesthetized with
isoflurane (2%) with the use of the high-resolution imaging system Vevo 770 (VisualSonics). M-mode trac-
ings were recorded from the short-axis view of the left ventricle (LV) at the level of the papillary muscles with
two-dimensional image guidance through the anterior and posterior walls. Left ventricular internal dimensions
were measured at the end of diastole (LVIDd) and systole (LVIDs). Ejection fraction (EF) and fractional shorten-
ing (FS) were calculated from linear measurements of LVIDd and LVIDs.

Measurement of serum glucose and lipids. Serum glucose levels were measured using a Fuji
DRI-CHEM NX500 system (Fujifilm). Serum total cholesterol and triglyceride concentrations were measured
by colorimetric enzymatic assay (CHOL-PAP, and TG GPO-PAP, Roche-Diagnostics). High-density lipoprotein
cholesterol concentration was separated by the phosphotungstate-magnesium precipitation technique. Briefly,
100 pl of serum were supplemented with 10 pl sodium phosphotungstate solution (40 g of phosphotungstic acid
per liter in 160 mM NaOH) and 5pl 1 M MgCI2. After mixing and incubation for 2 hours; samples were centri-
fuged (1500 g, 30 minutes, 4°C) and cholesterol was determined in the supernatant.

Measurement of thiobarbituric-acid reactive substances (TBARS). Lipid hydroperoxides were
determined in mouse serum by spectrophotometric measurement of formation of thiobarbituric-acid reactive

substances (TBARS), as described previously™.

Staining and analysis of atherosclerotic lesions. The dissected aorta was fixed in formalin overnight,
opened longitudinally under a stereomicroscope, and pinned flat on a silicon gel. For en face aortic lesion analysis,
pinned aortae were stained with Qil Red O (Sigma-Aldrich) and digitally photographed at standardized magnifi-
cation and illumination. Total aortic area and atherosclerotic lesion area were determined using Image] software.
Atherosclerotic lesion area was calculated as percentage of total en face aortic area.

Cross sections of formalin-fixed, paraffin-embedded brachiocephalic arteries (BCA, truncus brachiocephali-
cus) were stained with the original Movat pentachrome according to the manufacturers’ protocol (Morphisto).
Frozen acetone-fixed cross sections (5 pum) of aortic roots were stained with Oil Red O (counterstained with
hematoxylin) or with Movat pentachrome, Sections were digitally photographed under standardized conditions
using Zeiss AxioCam MrC and analyzed using Zeiss AxioVision software. Absolute plaque size (in pm?) was
determined as well as absolute cell free necrotic core area. Plaque macrophages and ubiquitinated proteins were
detected in cross sections by immunohistochemistry using anti-Mac-2 antibody (Cedarlane Laboratories), or
anti-FK2 ubiquitin monoclonal antibody (Enzo Life Sciences), respectively. Biotin-conjugated goat anti-mouse
IgG (Jackson Immunoresearch) was used as secondary antibody, followed by 10 minutes incubation with
streptavidin-peroxidase (Zymed) and visualization with diaminobenzidine (DAB, Zymed). For macrophage con-
tent Mac-2 positive plaque area was determined (in pm?). After ubiquitin staining, sections were stained with 4,
6-diamidino-2-phenylindole (DAPI) to visualize cell nuclei. Images of 3-4 regions of interest per plaque were
analyzed and the mean percentage of cells with strong ubiquitin signal was calculated. CD4 immunofluorescence
for analysis of plaque T cells was performed using rat anti-mouse anti-CD4 (BD Biosciences) and Cy3-conjugated
donkey anti-rat IgG (Jackson Immunoresearch) as secondary antibody. Nuclei were stained with DAPIL. Sections
were photographed with a Zeiss Axioplan-2 microscope and HrC AxioCam, plaque area was measured using
AxioVison software, CD4 cell numbers per plaque area were counted.

Cell Culture and treatments.  Primary bone marrow derived macrophages (BMDM) were recovered from
bone marrow suspensions of tibia and femur of LDLR*~"LMP7 '~ and LDLR '~ littermate mice as described
previously®'. For differentiation in macrophages, cells were incubated in RPMI-1640 (Gibco Life Technologies)
containing 10% fetal calf serum, 1% penicillin/streptomycin, and 10% of L929-conditioned RPMI (as a source
of Macrophage Colony Stimulating Factor, M-CSF) for 7 days. Macrophage differentiation was verified by flow
cytometry via staining for CD45 (APC, BioLegend), F4/80 (PE, Abcam) and C11b (V450, BD Horizon) on day 7.
Mouse ear fibroblasts have been isolated and cultivated as described previously®.

For individual experiments, BMDM or fibroblasts were treated with 100 U/ml IFN-~ (recombinant, Biomol)
for varying times or with medium containing varying concentrations of hydrogen peroxide (H,O,; Sigma) at
37°C for 60 minutes. For survival analyses, H,O,-treated BMDM were harvested by scraping, and counted in
a hemocytometer. Numbers of survived cells were expressed as percentage of cell count of the corresponding
untreated control. For polarization of macrophages into the M1 and M2 state, BMDMs were incubated with
100 U/ml IFN-~ or 5 U/ml IL-4 (Promokine) at 37 °C for 6 hours, respectively.

Quantitative real-time RT-PCR. RNA was isolated using RNeasy kit (Qiagen) according to the man-
ufacturer’s instructions. 500 ng of total RNA was reversed-transcribed with random hexamers (TIB Molbiol)
using Reverse Transcriptase Kit (Invitrogen). TagMan assays (Applied Biosystems) were used to quantify the
expression of tumor necrosis factor-ow (TNF-a; Mm00443260_gl), monocyte chemoattractant protein-1 (MCP-
1; Mm00441242_m1), arginase-1 (Mm00475988_m1), and proteasome subunits 31 (Mm01245590_gl1), 32
(Mm00650844_g1), 35 (Mm01615821_g1), B1i/LMP2 (Mm00479004_m1), 35i/LMP7 (Mm01278979_m1), 32i/
MECLI (Mm00479052_gl) using the 7300 Real Time PCR System (Applied Biosystems). RPL19 (Mm02601633_
g1) was used as housekeeping gene. Expression of the target gene relative to housekeeping gene expression was
calculated as the difference between the threshold values for the two genes.

Measurement of superoxide production. Superoxide production was measured using electron para-
magnetic resonance (EPR) technique as described previously’>**, Briefly, BMDM were washed twice in Krebs
HEPES buffer, pH 7.35 (99 mM NaCl, 4.69 mM KCl, 25 mM NaHCO;, 1.03 mM KH,PO,, 5.6 mM d-glucose,
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20 mM Na-HEPES, 2.5mM CaCl,, 1.2 mM MgSO,) and incubated in Krebs-HEPES buffer supplemented with
25uM desferoxamine, 5 uM diethyldithiocarbamate and 100 uM of the spintrap 1-hydroxy-3-methoxycarbonyl-2
,2,5,5-tetramethylpyrrolidine (CMH; Noxygen) for 20 minutes on ice followed by snap freezing in liquid nitrogen.
Superoxide generation was analyzed at 37°C for 10 minutes with 20 scannes in an Escan EPR spectrometer with
temperature control (Noxygen) with the following starting parameters: microwave power 23.89 mW; center field
3459-3466 G; steep width 10 G, frequency 9.7690 GHz and modulation amplitude 2.93 G. Superoxide generation
rate was calculated using linear regression and normalized to the protein content of cells.

Western blot analysis. BMDM and spleen specimen were lysed in extraction buffer containing (in
mmol/L): Tris/HCI 50 (pH 7.4), KCI 154, glucose 5, EDTA 0.5, Complete protease inhibitor, and 1% Triton X-100.
We isolated protein from livers and spleens separately for each animal, and used equal amounts of protein per ani-
mal to prepare one pooled sample per group. Total protein (10 pg per lane) was subjected to SDS-PAGE and mem-
branes were probed with the respective antibodies: anti-Ubiquitin (DAKO), anti-35 (Abcam), anti-31 (Abcam),
anti-32 (Abcam), anti-p1i/LMP2 (Abcam), anti-35i/LMP7 (Epitomics), anti-32i/MECL-1, anti-o4 (kindly pro-
vided by the Department of Biochemistry, Charité-Universitatsmedizin Berlin, Germany). After probing with the
respective secondary antibodies, bands were visualized using ECL detection system (Amersham) and chemilumi-
nescence system Fusion Solo (Vilber Lourmat). Amidoblack staining or probing with antibodies against GAPDH
(Santa Cruz) or 3-actin (MAB150, Millipore) served as controls for equal protein loading. Densitometry was
performed using Image] software.

Proteasomal activity assay and assessment of proteasome subunit composition. Proteasome
chymotrypsin-like (ChTL), trypsin-like (TL) and caspase-like (CaspL) activities of BMDM lysates were deter-
mined fluorometrically in a spectramax GEMINI-EM (Molecular Devices) by using synthetic peptides linked
to the fluorophor 7-amino-4-methylcoumarin (AMC). ChTL activity was measured by SLLVY-AMC, TL by
BzVGR-AMC and CaspL activity by ZLLE-AMC hydrolysis with 360-nm excitation and 460-nm emission wave-
lengths. BMDM were lysed under hypotonic conditions with three cycles of thawing and freezing in liquid nitro-
gen. Lysates were centrifuged and the protein content of the supernatant was estimated using the BCA Protein
Assay kit (Pierce).

For activity assays, 10 pg of protein were incubated at 37 °C for 30 minutes in incubation buffer containing
an ATP-regenerating system (225mM Tris-HCL, pH 8.2, 45 mM KCl, 7.5 mM Mg(CH,COO0),, 7.5mM MgCl,,
1.1 mM dithiothreitol, 6 mM ATP, 5mM phosphocreatine, 0.2 unit of phosphocreatinekinase) and 0.2 mM of the
appropriate fluorogenic substrate. Proteasomal activity was determined by calculating the difference of AMC
formation in the absence and presence of 10 pM MG262 and 20 pM epoxomicin and the results were expressed as
AMC formation (relative fluorescence units).

For assessment of proteasome subunit composition, lysates were separated on non-denaturing 3-8% Tris-acetate
polyacrylamide gels (Life Technologies) and 26 S proteasomes were localized after overlay with 100uM SLLVY-AMC
and 5mM ATP at 37°C for 30 minutes using an UV transilluminator. 26 S proteasome containing gel slices were
extracted by centrifugation through Amicon Ultra-2 Centrifugal Filter Devices (Millipore) in 120 mM Tris HCl pH
6.8,0.2M DTT, 4% SDS, 0.002% bromophenol blue and 20% glycine at 4°C. Protein extracts were separated under
denaturing conditions on 10% polyacrylamide gels and proteasome subunits were detected by Western blot with the
respective specific antibodies. At first, a Western blot with anti-o«4 antibody was performed and signal intensities
were used for the adjustment of equal proteasomal protein loading in subsequent Western blots.

Statistical analysis. Data were analyzed using GraphPad Prism software version 7. Data variability about the
mean is generally expressed as standard error of the mean (SEM), except where otherwise indicated. Continuous
variables were tested for normal distribution by Shapiro-Wilk test and skewness and for equality of variances by
F test. Unpaired Student’s t-test (Welch test for unequal variances) was used for normally distributed variables. A
two-way analysis of variance (ANOVA) followed by Sidak’s multiple comparisons test was used to analyze experi-
ments with multiple independent factors across genotypes. Mann-Whitney U test or Kruskal-Wallis test with post
hoc comparison by Dunn’s multiple comparison test was used for non-normally distributed variables. p < 0.05
was considered statistically significant.

References
1. Marfella, R. et al. Role of the ubiquitin-proteasome system in carotid plaque instability in diabetic patients, Acta cardiologica 61,
630-636 (2006).

. Marfella, R. ef al. Increased activity of the ubiguitin-proteasome system in patients with symptomatic carotid disease is associated
with enhanced inflammation and may destabilize the atherosclerotic plaque: effects of rosiglitazone treatment. fournal of the
American College of Cardiology 47, 2444-2455, https://doi.org/10.1016/j jacc.2006.01.073 (2006).

. Versari, D. et al. Dysregulation of the ubiguitin-proteasome system in human carotid atherosclerosis. Arteriosclerosis, thrombosis,

and vascular biology 26, 2132-2139, hitps://doLorg/10.1161/01.ATV.0000232501.08576.73 (2006).

Kloetzel, P. M. Generation of major histocompatibility complex class T antigens: functional interplay between proteasomes and

TPPIL Nature immunology 5, 661-669, https://doi.org/10.1038/ni1090 (2004).

. Dahlmann, B, Mammalian proteasome subtypes: Their diversity in structure and function, Archives of biochemistry and biophysics

591, 132-140, https://doi.org/10.1016/j.abb.2015.12.012 (2016).

Kincaid, E. Z. et al. Mice completely lacking immunoproteasomes show major changes in antigen presentation. Nature immunology

13, 129-135, https://doi.org/10.1038/1i.2203 (2012).

Agarwal, A. K. et al. PSMB8 encoding the beta5i proteasome subunit is mutated in joint contractures, muscle atrophy, microcytic

anemia, and panniculitis-induced lipodystrophy syndrome. American journal of human genetics 87, 866-872, https://doi.

0rg/10.1016/.ajhg.2010.10.031 (2010).

S

u

=

w

o

~1

SCIENTIFIC REPORTS |7: 13342 | DOI:10.1038/541598-017-13592-w 8

35



Eigene Arbeiten

36









































































































































































































