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Vorwort

Die Alzheimer-Krankheit stellt die haufigste Form der Demenz dar und ist bis heute
unheilbar. Obwohl sich mittlerweile ein bemerkenswertes Wissen tber die Erkrankung
angesammelt hat, stellt ihre Komplexitat die Forschung vor gro3e Herausforderungen.
Ich halte es fur unabdingbar, dass aktuelle und zuklnftige Wissenschaftler mit Neugier
und Mut sowie einer Portion Flexibilitat in ihren Denkstrukturen an die weitere
Aufklarung neurodegenerativer Erkrankungen herangehen. Nur so lassen sich die
immer noch bestehenden Licken schlieRen und dadurch hoffentlich eine wirksame

Therapie entwickeln.

Die von mir vorgelegte Dissertation wurde wahrend meiner Tatigkeit als
Wissenschaftliche Mitarbeiterin im Institut fur Biochemie der Charité Universitatsmedizin
Berlin erarbeitet. Wahrend der gesamten Zeit wurde ich umfassend von meiner
Doktormutter Frau Prof. Dr. rer. nat. Elke Kriger (heute Universitatsmedizin Greifswald,
Institut fir Medizinische Biochemie und Molekularbiologie) betreut. Im Rahmen meiner
Teilnahme am internationalen Graduiertenprogramm Medical Neurosciences der
Charité wurde meine Forschungsarbeit von Prof. Dr. med. Christoph Harms (Charité
Universitadtsmedizin, Centrum fur Schlaganfallforschung) und Dr. Alessandro Prigione
(Max Delbrick Centrum Berlin, Mitochondria and cell fate reprogramming) co-betreut.

Der Uberwiegende Anteil meiner Forschungsarbeit entstand im Rahmen des vom
Berliner Institut fur Gesundheitsforschung (BIH) geférderten Collaborative Research
Grants (CRG) ,Elucidating the proteostasis network to control Alzheimer’'s disease®
unter der Koordination von Prof. Dr. Erich Wanker und Prof. Dr. Frank Heppner. Dazu
gehoren die Arbeiten an organotypischen Hirnschnitten und die Einbeziehung des
Alzheimer Mausmodells 5xXFAD. In einer weiteren Kooperation mit Prof. Dr. Frank
Heppner sind die in Kapitel 3.1.10. (Figure 24) dargestellten Daten in die
Veroffentlichung Wagner et al. (2017) eingeflossen (Figure 1c+d).

Die Basis meiner Arbeit, das synthetische AB Peptid, wurde in unserer Institutseigenen
Peptid-Facility von Frau Petra Henklein hergestellt. Die Umsetzung der
mikroskopischen Aufnahmen, mein personliches Herzstiick, wurde ermdglicht durch
einen von COST Proteostasis geforderten Aufenthalt in der Forschungsgruppe von
Prof. Huib Ovaa am Netherlands Cancer Institute in Amsterdam, der in diesem



Zusammenhang auch die pan-reaktive active site probe zur Verfigung gestellt hat.
Viele Stunden habe ich dann in der Charité-eigenen Advanced Medical Bioimaging
(AMBIO) Core Facility verbracht und bedanke mich fur die Beratung und Unterstitzung

von Dr. Jan Schmoranzer und Robyn Brackin-Helmers.

Forschung lebt nicht nur von Zusammenarbeit sondern auch von Austausch. In diesem
Sinne habe ich meine aktuellsten Erkenntnisse auf Symposien und Konferenzen, wie
z.B. auf der ENCODS (2017) oder dem Proteasome & Autophagy Workshop (2016),
prasentiert und mich mit anderen Wissenschaftlern dariber ausgetauscht. Sollte meine
Arbeit auch dariber hinaus zu wissenschaftlichem Diskurs anregen, hat sich der
Einsatz aller Beteiligten gelohnt.

,ES wird ja flei3ig gearbeitet und viel mikroskopiert,

aber es miisste mal wieder einer einen gescheiten Gedanken haben.*

Rudolf Virchow

Berlin, Juni 2018
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Abstract

Alzheimer’s disease (AD), one of the most prevalent neurodegenerative disorders, is
characterized by the accumulation of amyloid-f as extracellular plaques. Nonetheless,
the soluble forms of AB are thought to play a major role in driving disease progression,
for example by promoting inflammatory processes. Furthermore, evidence suggests
defects of protein degradation systems, in particular dysregulations in the ubiquitin
proteasome system, play a pathogenic role. Proteotoxic stress and inflammation are
associated with the upregulation of the specialized isoform immunoproteasome. Using
organotypic brain slice cultures (OBSCs), we aimed to elucidate AR oligomer (ABO)-
induced changes in proteasome networks and the role of the immunoproteasome. We
further planned to compare our results to AD mouse models with established plague
pathology and aimed to interfere with signaling pathways involved in proteasome

regulation.

Importantly, in OBSCs we were able to demonstrate that exposure to ABOs resulted in
a significant decrease of active B-subunits of the proteasome, upregulation of soluble
Ub-conjugates and moderate increase of immunoproteasome subunit LMP7.
Proteasome impairment was accompanied by activation of mTOR signaling and an
increase in activated microglia. Interestingly, in the absence of the immunoproteasome,
ABOs did not alter the amount of active B-subunits or the number of activated microglia
but changed the characteristics of astrocytes and induced the autophagy-marker LC3b-
II. In contrast, in aged APP/PS1 mice we detected a significant increase in proteasome
activity as well as the upregulation of LMP7. Immunoproteasome deficient APP/PS1
mice, however, displayed significant lower proteasome activity levels compared to age
matched WT and APP/PS1 mice. In 5XFAD mice we interfered with mTOR signaling
with rapamycin that surprisingly resulted in a decrease of active proteasome [B-subunits

probably due to already established AR plaques.

Overall, we found that the immunoproteasome indeed plays a significant role in AD
pathogenesis and might be a suitable target for therapy. Our results further indicate that
ABOs alter glial activities dependent on the presence of the immunoproteasome.
Moreover, we demonstrated that the impact on proteasome activity is dependent on the

time point and model used.



Zusammenfassung

Die Alzheimer-Krankheit, eine der haufigsten neurodegenerativen Erkrankungen, ist
durch die Anhaufung von p-Amyloid in Form von extrazellularen Plaques charakterisiert.
Dennoch nimmt man heute an, dass die 16sliche Form von AB eine bedeutende Rolle
beim Fortschreiten der Alzheimer Erkrankung spielt. Daruber hinaus stehen defekte
Protein-Abbauwege im Verdacht, insbesondere das Ubiquitin Proteasom System
(UPS). Proteotoxischer Stress und Entziindungsprozesse werden mit der Bildung einer
spezialisierten Isoform, dem Immunoproteasom (iP), in Verbindung gebracht. Mit
organotypischen Hirnschnitten mochten wir die durch AB Oligomere (ABOs) induzierten
Veranderungen im Proteasom System und die Rolle des iPs untersuchen. Diese
Ergebnisse sollen dann mit Erkenntnissen aus Alzheimer Mausmodellen verglichen
werden, die bereits eine Plaque-Pathologie aufweisen und bei denen mit Inhibitoren in

Proteasom-regulierenden Signalwegen eingegriffen wurde.

Unsere Daten haben bewiesen, dass ABOs eine signifikante Verringerung der aktiven
B-Untereinheiten des Proteasoms, eine Anreicherung loslicher Ub-Konjugate und die
moderate Hochregulierung der iP-Untereinheit LMP7 bewirken. Die Verminderung der
Proteasom-Aktivitat resultierte in einer Aktivierung des mTOR-Signalwegs und einer
Erhdhung der Anzahl aktivierter Mikroglia. Interessanterweise hatten ABROs bei
Abwesenheit vom iP keine Veranderung der aktiven p-Untereinheiten oder Mikroglia zur
Folge. Stattdessen haben sich die Eigenschaften der Astrozyten verdndert und
Autophagy wurde aktiviert. Im Gegensatz zu den ex-vivo Daten wurden in APP/PS1
Mausen im Vergleich zum Wildtyp eine Erhéhung der Proteasom-Aktivitat sowie die
signifikante Erhéhung der iP-Menge detektiert. Die Inhibierung des mTOR Signalwegs
durch Rapamycin hatte in 5xFAD Mausen Uberraschenderweise eine Verringerung der
aktiven Proteasom-Untereinheiten zur Folge, mdglichweise durch die bereits
bestehende Plaque-Pathologie.

Zusammenfassend haben wir nachgewiesen, dass das iP eine entscheidende Rolle bei
der Alzheimer Pathologie spielt und ein mogliches Ziel fur therapeutische Ansatze
darstellt. Unsere Ergebnisse zeigen ferner, dass ABOs - abhangig vom Vorhandensein
des iPs - die Aktivitat von Gliazellen beeinflussen. AulRerdem wurde deutlich, dass die
Effekte auf das UPS vom Fortschritt der Erkrankung und damit dem

Aggregationszustand von AB abhéangig sind.



Introduction

1. Introduction

1.1. Aspects of neuroinflammation in Alzheimer’s disease
1.1.1. Alzheimer’s disease (AD)

More than 100 years ago, Alois Alzheimer first described the pathology of the nowadays
most common neurodegenerative disorder based on a female patient, Auguste D., who
showed novel behavioral and cognitive symptoms and suspicious deposits in post-
mortem brain tissue [1]. While macroscopically the brain of Auguste D. clearly showed
signs of atrophy, microscopically Alois Alzheimer found neuronal loss with fibrillary
debris and extracellular plaques. Today it is known that these intracellular fibrillary
structures, called neurofibrillary tangles (NTFs), contain hyperphosphorylated tau
protein and the observed extracellular plaques consist of aggregated amyloid-f peptide.
Although both tau and AB deposits still remain histological hallmarks of Alzheimer’s
disease (AD), the scientific view on their contribution to disease progression changes.
Reasons for the major economic burden for the health care system by AD are in
particular the lack of suitable biomarkers and therapeutic approaches, although major
advances are expected in the near future. Nevertheless, today the highly complex AD
remains incurable. In addition, the number of AD patients increases due to the ageing

population [2].

The source of the small amyloid-B peptide is the stepwise cleavage of the amyloid
precursor protein (APP), a type | transmembrane glycoprotein, by B- and y-secretases
(Figure 1A). In the course of the so-called amyloidogenic pathway, APP that is
internalized into endosomes is cleaved by [(-secretases 1 and 2 (BACEl and 2)
resulting in two fragments, the long soluble APPB (sAPPB) and the short C-terminal
fragment (B-CTF or C99) that comprises the AB sequence and is bound to the
membrane [3]. Finally, y-secretase generates an APP intracellular domain (AICD) and
two peptides ABss and AB4e, depending on the cleavage site. The two peptides are
subsequently cleaved to AB4, and AB4o, respectively, and a number of other AB variants
[4], [5]. Although the majority of AR peptides produced is AB4o, the longer variant AR, is
more prone to aggregate due to its higher hydrophobicity (Figure 1B, [6]). A third
enzyme — the a-secretase - initiates the non-amyloidogenic pathway which is therefore

not producing any pathogenic AB fragments.
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Figure 1: Cleavage of amyloid-B from APP.

A Membrane-bound APP is first cleaved by -secretases resulting in the two fragments sAPP (soluble) and C99 (B-
CTF, still membrane bound). C99 is then cleaved by y-secretase into intracellular AICD and AB4s and ABag that are
further processed to AB4o and AB42. B AB42 with its higher hydrophobicity tends to aggregate to oligomeric structures
that can form fibrils and finally plaques.

APP as well as its cleavage products have been attributed to physiological roles in the
brain with, for example, SAPP[ being involved in calcium-homeostasis or A production
being influenced by synaptic activity and plasticity [7]. Depending on the location of A
secretion, AB can impair neuronal functions by synaptic toxicity, mitochondrial
dysregulation, microglial over-activation as well as by cross-talk with tau [7], [8]. The
complexity of Alzheimer’s disease is also reflected by the growing knowledge of the
interaction of the various cell types, like neurons, microglia, astrocytes and the lesser
studied oligodendrocytes, in response to AB stress [9]. In addition, the
neuroinflammatory component, in particular the chronic activation of innate immunity,
has gained attention in the research field of AD [10], [11]. Therefore, the cellular and
inflammatory aspects of AD, with special regard to oligomeric species of AB, will be

reviewed in more detail in the following chapters.

1.1.2. Amyloid-B oligomers as drivers of neuroinflammation

For a long time the involvement of neuroinflammation in Alzheimer’s disease has been
considered to be merely a concomitant feature rather than being relevant for disease
progression or even initiation. In contrast to classical inflammatory diseases of the
central nervous system (CNS) like multiple sclerosis (MS), AD is thought to involve cells
and responses mainly of the innate immunity [10], [11]. Support for the
neuroinflammatory hypothesis arises from epidemiological studies stating that long-term
treatment with nonsteroidal anti-inflammatory drugs reduces the risk for AD
development [12]-[14]. Although results about cytokine and chemokine levels in plasma

or cerebrospinal fluid (CSF) of patients are conflicting, they indicate a quite early
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involvement of inflammation at the stage of mild cognitive impairment (MCI) [15].
Importantly, the findings of genetic alterations in genes encoding for triggering receptor
expressed on myeloid cells 2 (TREM2) and myeloid cell surface antigen CD33 [16]—[18]
strongly supported the view of AD as a neuroinflammatory disorder. Interestingly, it has
been demonstrated that prenatally infection with polyriboinosinic-polyribocytidilic acid
(Polyl:C) of wild type (WT) mice is sufficient to induce an AD like phenotype with ageing
that could be enhanced with a second infection in adulthood or infection of transgenic
AD mice [19].

Amyloid-B coexists in a continuous equilibrium of monomers, oligomers and fibrils. The
literature reports the existence of numerous oligomeric assembly states as a result of
biological variety as well as different techniques for in vitro generation of A oligomers
(ABOs) or their extraction from brain tissue (as critically reviewed in [20]). The potential
toxic action of AB oligomers depends on the location of AB, intra- or extracellularly, and
is very diverse. Besides the secretion of AB peptide to the extracellular space by
cleavage of APP at the outer membrane, it has been proposed, that AR plagues might
serve as a source for AB oligomers [20]. In either way, it is conceivable that AB
oligomers interact with receptors at the surface of cells and induce, for example,
inflammatory signaling cascades. Indeed, it has been shown that A oligomers activate
microglia in a similar manner as lipopolysaccharide (LPS) via scavenger receptor A
(SRA) and calcium-activated potassium channel KCa3.1, already at nanomolar
concentrations [21]. Moreover, 1gG-binding Fcy receptors have been shown to play a
role in AB oligomer induced toxicity. Researchers found increased levels of FcyRIIb in
neurons of AD patients in co-localization with oligomeric AB structures. Furthermore, in
the same study it has been demonstrated that inhibition of FcyRIIb-AR interaction blocks
AB oligomer-induced neurotoxicity [22]. Another AB sensor, receptor for advanced
glycation end products (RAGE), became the focus of attention since it has not only
been shown that RAGE provides binding sites for AB resulting in an inflammatory
cascade leading to neuronal death but also its prevention by blockage of the V4 domain
of RAGE [23]. Another receptor of the innate immunity, toll-like receptor 4 (TLR4), has
been shown to be affected by AB oligomers. Thus, ABOs lead to an increase in pro-
inflammatory cytokines, enhanced expression of TLR4 and caused neuronal death.
Both - anti-inflammatory drugs and TLR4 antagonists - have been shown to prevent

ABO-induced cognitive impairment [24], [25]. Interestingly, in the hippocampus of a pre-
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plague AD mouse model, researchers found upregulation of major histocompatibility
complex class Il (MHCII), inducible nitric oxide synthase (i-NOS) and CD40 before
plaque deposition but along with intraneuronal AB oligomers surrounded by microglia
[26].

1.1.3. Microglia and astrocytes in Alzheimer’s disease

The “biochemical phase” of AD, meaning the abnormal production of AB, the formation
of AR assemblies and the resulting proteopathic stress, is per se not considered to be
determining for the manifestation of AD [9]. It is rather assumed, that only if
compensating mechanisms of protein homeostasis collapse, for example due to ageing,
the “cellular phase” with alterations in glial functions and chronic inflammation finally

results in cell death visible as “clinical phase” in AD [9].

The main cell types studied in terms of neuroinflammation is microglia. Although they
are classified as brain resident macrophages and inspect the CNS for pathogens,
recent advances highlight their heterogeneity and differences to other tissue resident
macrophages. Thus, in addition to their role in innate immunity, microglia support CNS
homeostasis and plasticity by, for example, synaptic remodeling [27]. Considering the
broad spectrum of their actions, it is not surprising that impairment of microglia has
various effects on cells of the CNS. Microglia are found in close association to amyloid
plaques [28] and to express a variety of receptors that sense AR peptides [11] and
induce the release of pro-inflammatory cytokines. Furthermore, although microglia have
been shown to bind and internalize AB via receptors, recent evidence suggest that
microglia-dependent AB clearance mechanisms are impaired in AD. In AD mouse
models using in vivo two photon microscopy, it has been demonstrated that microglia
dysfunction (impaired motility and phagocytosis) correlated with the accumulation of AR
plaques [29]. This finding was supported by Orre et al. [30] showing a reduction in
expression of phagocytosis genes in microglia isolated from AD mice. In addition,
intracellular aspects of protein clearance, namely autophagy, have been linked to AD by
showing reduced levels of Beclin-1 in microglia isolated from AD brains [31]. The idea of
microglia featured with a disturbed AB clearance capacity in the course of AD has been
promoted by a study that found no effect on Ap plaque burden in microglia-depleted AD
mice [32].

Although astrocytes exceed microglia in numbers in the CNS, their role in
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neuroinflammation is still relatively poorly understood [33]. In healthy CNS tissue,
astrocytes assure normal neuronal function by serving as a connection between
neurons and the blood brain barrier (BBB). Functioning in a so-called “tripartite”
synapse, astrocytes maintain transmitter homeostasis by either uptake or even release
of transmitters like glutamate. Connected to blood vessels, astrocytes are able to
influence, for example, the blood flow or transport energy metabolites to neurons [34].
Astrocytes can be challenged by injury or in disease and thereby - similar to microglia -
change their phenotype into at least two reactive states A1 and A2 [33]. Interestingly, a
recent study found that the neurotoxic state Al is induced by the release of cytokines of
activated microglia and these Al astrocytes lose their beneficial characteristics which
finally causes neuronal death [35]. Furthermore, transcriptional analysis of astrocytes
isolated from AD mice revealed a pro-inflammatory phenotype and reduced levels in
genes involved in neuronal support [30]. Astrocytes have been shown to surround AR
plaques [36] and respond to AB oligomers by activation of cyclooxygenase 2 (COX-2)
and the expression of cytokines interleukin 1B (IL-1B) and tumor necrosis factor a (TNF-
a) mediated by nuclear factor k-light chain enhancer of activated B-cells (NFkB)-
signaling [37]. In addition to their role in inflammatory signaling, astrocytes have been
shown to degrade AB deposits [38], [39] and to influence microglial phagocytosis of A
via the release of apolipoprotein E (APOE), one of the proteins responsible for
cholesterol export from the cell and considered as a genetic risk factor for AD [40]. By
stimulation of astrocytes ex vivo with A peptides it has been found that the secretion of
proteolytic enzymes like neprilysin are involved in AB clearance [41]. Despite the
demonstrated general ability of astrocytes to degrade AB, the morphological changes
like atrophy - as observed in an AD mouse model - indicate an overload of their

phagocytosis capacity [42].

1.2. The ubiquitin proteasome system in the central nervous system
1.2.1. General aspects of the ubiquitin proteasome system

Every protein has a definite lifespan that ends in its degradation to generate amino
acids for the synthesis of new proteins. In addition, protein synthesis can fail and result
in misfolded and therefore useless proteins. This constant need for a solid protein
recycling machinery is covered mainly by the ubiquitin proteasome system (UPS) [43].
Besides the maintenance of protein homeostasis, the proteasome provides peptides for
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antigen presentation via the major histocompatibility complex (MHC) class | [44].

The key player of the UPS, the proteasome, is a multimeric enzyme complex composed
of over 60 subunits and complemented by many associated proteins. The proteasome
structure is based on a barrel shaped 20S core consisting of two outer a-rings and two
inner B-rings of 7 subunits each (Figure 2A). The inner B-rings harbor six catalytically
active subunits - B1, B2 and B5 — with caspase-like, tryptic-like, and chymotryptic-like
activities, respectively. The 20S core alone is considered inactive until regulatory
particles (19S, PA200 or 11S/PA28) are added to form the 26S proteasome. According
to cellular requirements, the composition of the proteasome can be adjusted by
differential gene expression resulting in the incorporation of alternative catalytic subunits
or attachment of different combinations of regulators [45]. The immunoproteasome, for
example, is formed de novo by the incorporation of three immuno-subunits
B1i/LMP2/PSMB9, B2i/MECL-1/PSMB10, and pB5i/LMP7/PSMB8, and expressed
constitutively in immune cells or induced in other cells in response to cytokines [46].
Due to its higher proteolytic capacity, the induction of the immunoproteasome enables
cells to rapidly compensate the increased need for protein degradation upon proteotoxic

stress or inflammation [47], [48].

Proteins determined for proteasomal destruction are marked with a poly-ubiquitin (poly-
Ub) chain by ubiquitin ligases. Once the poly-Ub chain is reversibly bound to 19S

subunits, de-ubiquitinylation of the protein substrate can either lead to the release of the
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Figure 2: The structure of the proteasome and degradation of Ub-conjugated proteins.

A The proteasome consists of a barrel shaped 20S core build of two outer a-rings and two inner B-rings of 7 subunits
each. The inner B-rings harbor six catalytically active subunits - 1, B2 and 5. Alternatively within the
immunoproteasome the catalytically B-subunits are substituted by respective Bi subunits. In both — standard and
immunoproteasome — the 20S core can be complemented by regulator particles, for example, 19S. B In an ATP-
dependent enzymatic cascade (ubiquitin activation, E1; ubiquitin conjugation, E2; ubiquitin ligation, E3) proteins
determined for degradation by the proteasome are poly-ubiquitinylated. The poly-Ub-chain is recognized by
regulatory particles, the protein translocated to the core, unfolded and de-ubiquitinylated and finally degraded to short
peptides.
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protein or the interaction with ATPases promoted by a loosely folded region in the
substrate and adenosintriphosphate (ATP) hydrolysis. When the competition results in
tight binding to the proteasome complex and opening of the 20S gate, the protein
substrate gets translocated, unfolded and finally de-ubiquitinylated before peptide
hydrolysis occurs [49]. This process is highly specific and tightly regulated, for example,
via the ubiquitin-conjugation, the activity of de-ubiquitinylating enzymes (DUBs) and the

susceptibility of the substrate to the proteasome [49].

1.2.2. Therole of the immunoproteasome in immune response

The ubiquitin proteasome system is capable to adjust its proteolytic capacity suitable to
the changing cellular environment. Thus, for example, the pro-inflammatory cytokine
interferon-y (IFNy) induces the expression of immuno-subunits to form the isoform
immunoproteasome that possess higher chymotrypsin- and trypsin-like activity [50].
This way, the immunoproteasome has been proposed to serve as a more effective
producer of antigens for MHC class | presentation as part of the adaptive immunity [51],
[52]. However, the fact that the immunoproteasome can be cytokine-induced also in
non-immune cells indicates an important role in innate immunity. Besides the formation
of the immunoproteasome, cytokines induce the formation of reactive oxygen species
(ROS) and reactive nitrogen species (RNS) [53]. In high amounts both forms of radicals
cause oxidative stress by oxidant-damage of, for example, proteins. Evidence suggests
the immunoproteasome to take care of the degradation of those oxidant-damaged and

possibly toxic proteins to restore cell homeostasis and protect from cell death [48].

Evidence for the importance of the immunoproteasome emerged from studies using a
mouse model of immunoproteasome deficiency (LMP7 KO). LMP7 KO mice lack exon 1
to 5 of the Psmb8 gene, encoding for the first 247 to 276 amino acids of the LMP7
protein, and thus lack one of the catalytic B-subunits of the immunoproteasome [54].
Thus, it has been found that lymphocytic choriomeningitis virus (LCMV)-induced
meningitis is delayed and reduced in severity in mice deficient for the
immunoproteasome [55], [56]. This study further showed a reduced LCMV-induced
formation of the immunoproteasome in the WT brain compared to organs of the
periphery. The immunoproteasome was located predominantly to microglia-like cells,
suggesting that it is involved in microglia-driven aggravating harmful immune responses

in the brain [55]. Furthermore, macrophages derived from different mouse strains

11



The ubiquitin proteasome system in the central nervous system

lacking the immunoproteasome displayed reduced nitric oxide (NO) production upon
LPS indicating a role in the TLR4-IRF3 cascade [57]. This is in contrast, however, with
the finding that LPS-challenged livers and experimental autoimmune encephalomyelitis
(EAE)-diseased brains of LMP7 KO mice show significantly higher amounts of oxidant-
damaged proteins [48]. Supporting this, coxsackie virus B3 (CVB3)-infection of mice
lacking the immunoproteasome resulted in a severe enterovirus myocarditis [58]. This
conflicting state of data regarding the particular role of the immunoproteasome
underlines the need for elaborate research in the field, especially with regard to the

central nervous system.

1.2.3. The mTOR pathway as the intersection between the IFN signaling and the
UPS

Protein homeostasis is a delicate balance between protein synthesis and degradation. It
is therefore not surprising that mammalian target of rapamycin (mTOR), one major
control factor of protein synthesis, also determines the activity of protein degradation.
Indeed, it has been demonstrated that the inhibition of mMTOR by rapamycin increases
the activity not only of autophagy but of the ubiquitin proteasome system as well [59]. It
has been further shown that mTOR inhibition upregulates the expression of proteasome
assembly chaperone Adcl7 and the proteasome abundance in yeast [60]. Interestingly,
rapamycin fed to aged mice extended their lifespan [61] and its immunomodulatory
function is used as an immunosuppressant in transplantation [62]. mTOR signaling not
only regulates overall protein synthesis but is involved in the development, survival and
function of immune cells with a broad range of action in adaptive and innate immunity
[62]. In this context, it has been reported that Toll-like-receptor-mediated type | IFN
production in dendritic cells requires the activation of mTOR to establish the MyD88-
TLR complex that further induces the nuclear translocation of IFN regulatory factors
[63]. Co-treatment with rapamycin resulted in the significant reduction of IFNa and IFN
[63]. Type | IFNs in turn have been demonstrated to induce phosphorylation of p70 S6
kinase, a downstream target of mTOR, which further leads to the translation of IFN
stimulated genes encoding for ISG15 and CXCL-10 [64], [65]. Therefore, it has been
suggested that IFN induced mTOR signaling complements IFN mediated signal
transducer and activators of transcription (STAT) signaling to promote immune

responses [66].
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The contribution of MTOR signaling to the regulation of both proteasome activity and
IEN signaling as well as the intersection between IFN signaling and the modulation of
proteasome networks via the induction of the immunoproteasome allows the

assumption of an IFN-mTOR-immunoproteasome axis.

e e e e e > e

extracellular

L mTOR
MyD88 B« <« I «— XK Tyk

|

v R ' / PI3K / \
v o u@m&#y A p70 @ sTAT- @y
e S6 8

cytoplasm

nucleus

Figure 3: Intersections between IFN signhaling and the UPS.
IFN signaling offers several points of interaction with mTOR promoting TLR-mediated production of IFNs
that in turn activate STAT- and mTOR-mediated signaling that results in the production of ISGs. The

proteasome system, in addition, has been shown to be influenced by mTOR activity and its impairment has
been associated with IFN-induced upregulation of the immunoproteasome.

1.2.4. The ubiquitin proteasome system in brain homeostasis

A precisely regulated balance between protein synthesis and degradation is important
for cellular functions in almost any cell type. Nonetheless, the appearance of protein
aggregates in several neurodegenerative diseases suggests a particular susceptibility of
neuronal cells to imbalances in degradative pathways as, for example, the UPS. In
contrast to many other cell types, neurons are considered to be post-mitotic. Therefore,
neurons are dependent on accurate protein recycling for their period of (human) life. In
addition, neurons are characterized by a very unique morphology with long axons and
highly branched dendritic trees. The axons and dendrites again are compartmentalized
in axonal boutons and dendritic spines. These morphological features together with the
constant need for changes in the synaptic proteome to maintain synaptic plasticity
challenges the cellular regulation of protein synthesis and degradation. Although most
of the knowledge about the UPS has been made by studying other than CNS cells, the
understanding of CNS specific regulation of the UPS has gained in interest, especially

regarding potential therapeutic interventions [67], [68].
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The role of the UPS as a negative-feedback regulator in synaptic transmission has been
shown simply by blocking the proteasome with lactacystin in cultured hippocampal
neurons. Proteasome inhibition resulted in 76% increase in the recycling pool of
synaptic vesicles, independent of protein synthesis but dependent on neuronal activity
[69]. In particular, another study demonstrated the importance of E3 ubiquitin ligase
SCRAPPER to control synaptic transmission by the specific degradation of its substrate
RIM1, a modulator of synaptic activity that is upregulated upon proteasome inhibition
[70]. The influence of the proteasome on the composition of the postsynaptic density
(PSD) has been shown in cultured hippocampal neurons. Bicucullin-induced increase in
synaptic activity did not result in changes in the PSD protein intensity profile if the
neurons were treated with proteasome inhibitors MG132, lactacystin or epoxomicin [71].
Furthermore, evidence suggests that proteasome-mediated degradation is essential for
the establishment of late-long term potentiation (LTP), indicating an indispensable role
for memory formation [72], [73]. More specifically, researchers linked the loss of function
of E3 ubiquitin ligase E6-AP, encoded by a gene mutated in the neurodevelopmental
disorder Angelman syndrome, with the failure to induce LTP. Interestingly, E6-AP was
found to be localized in dendrites and spines and E6-AP-deficiency changed spine
number and morphology [74], [75].

The compartmentalization of neurons raises the question if protein turnover that is
necessary for synaptic functions is regulated remotely in the soma or by proteasomes
localized in defined spaces as the synapses themselves. Indeed, by microscopic
studies in hippocampal neurons using green fluorescent protein (GFP)-labeled Rptl (a
19S subunit), it has been demonstrated that proteasomes are recruited to synapses
from dendritic shafts along actin-filaments upon KCl-induced synaptic activity [76]. It has
been further found that autophoshorylated protein kinase CaMKIlla is required for the

activity dependent recruitment of proteasomes to dendritic spines [77].
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1.3. Alzheimer’'s disease and dysregulations in the ubiquitin
proteasome system

1.3.1 Altered proteasome networks in Alzheimer’s disease

The defective ubiquitin proteasome system as a driver in Alzheimer’s disease was
suggested about 30 years ago when NTFs and amyloid plaques in brain tissue of AD
patients have been associated with ubiquitin by immunohistochemistry [78], [79].
Interestingly, van Leeuwen et al. [80] found a mutated variant of ubiquitin (Ub*™) being
selectively expressed in brains of AD patients and it has been further demonstrated in
vitro that the proteasome fails to degrade poly-Ub*™* chains [81]. Moreover, analysis of
post-mortem brain tissue revealed a reduced proteolytic activity of the proteasome in
AD patients compared to healthy age matched controls. The significant reduction was
detected in hippocampus but not in AD-unaffected cerebellum and was not related to
overall reduction in the amount of a- and 3-subunits of the proteasome [82]. This finding
has been supported by early in-vitro studies that reported inhibition of proteasome
activity by direct binding of AB4o peptides to purified 20S [83], [84]. Proteasome
inhibition by AB4o. and Agso-0ligomers and -fibrils has been confirmed in lysates of
human neuroblastoma cell line SH-SY5Y in addition to accumulation of Ub-conjugates
and enhanced protein oxidation [85]. In APP mutant neurons it has been shown that
intraneuronal AB4, impairs multivesicular body (MVB) sorting via inhibiting the UPS, a
mechanism that could explain synaptic dysfunction by the failure of endocytic trafficking
of neuronal receptors [86]. In contradiction to these reports, Gillardon et al. [87] found
the proteasome activity being unchanged in purified 20S proteasomes isolated from AD
brains but identified altered post-translational modifications as acetylation and de-
phosphorylation of proteasome subunits. Furthermore, a more recent study reported
increased proteasome activity in glial and neuronal cultures treated with AB as well as
increased expression and activity of the immunoproteasome not only in microglia
derived from AD mouse brains but also in post-mortem AD brain tissue [88]. These
findings not only demonstrate the existing ambiguity regarding proteasome impairment
in AD but highlight the role of the immunoproteasome and glial cells in AD
pathogenesis. Evidence for the immunoproteasome in AD has been provided before by
a study of Mishto et al. [89] that demonstrated elevated immunoproteasome (LMP2
subunit) expression in hippocampus tissue of AD patients compared to non-demented

elderly with negligible or absent expression in young individuals. Surprisingly, LMP2
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expression was localized predominantly to astrocytes and neurons [89]. Nonetheless,
this study detected a decrease in proteasome (tryptic-like) activity in affected regions in
AD brains. Alterations in proteasome composition have been further investigated in
APP/PS1 transgenic AD mouse model. While the protein expression of standard subunit
5 was downregulated in aged AD mice, immune-subunits LMP2 (1i) and MECL1 (B2i)
were significantly higher expressed compared to WT [90]. They further analyzed
changes in proteasome activity and found an initial decrease in chymotryptic-like activity
that despite of an increase at 12 months remained lower compared to age matches WT
controls. In contrast, AD mice showed an initial increase in tryptic- and caspase-like
activity that dropped after 12 months to WT levels [90].

1.3.2. Altered inflammatory pathways related to the UPS in AD

The ubiquitin proteasome system is especially challenged in innate immune response
by for example the accumulation of oxidant-damaged proteins. When proteasome
impairment is added, cells might be confronted with a vicious cycle of inflammatory
response and perturbed proteostasis networks. In diseases such as the proteasome-
associated autoinflammatory syndrome (PRAAS) it has been demonstrated that
mutations in proteasome subunits, leading to reduced proteolytic activity of the
proteasome, result in a prominent type | IFN response [91]. Dysregulations in cytokine
signaling, so called “interferonopathies”, have been observed in several CNS diseases
as well [92]. Recent studies by Crack and colleagues highlight the involvement of IFNs
in Alzheimer’s disease. Thus, elevated IFNa and IFNB mRNA levels were detected in
brain tissue of AD patients and AD mice and could be induced by AR peptides in
neuronal cultures [93]. This study further demonstrated that the lack of type | IFNa
receptor 1 (IFNAR1) reduced AB-induced pro-inflammatory cytokines and protected the
neurons from cell death [93]. In addition, it has been shown in vitro that soluble AB-
induced type | IFN response is mediated by TLRs and is dependent on MyD88 and
IRF7 signaling [94]. Interestingly, analysis of aged AD mice lacking IFNAR1 displayed a
reduced type | IFN response, reduced levels of AR monomers with unchanged plaque
load and increased astrocyte activity with reduced microgliosis. These observations
were complemented by improvement of cognitive behavior in IFNAR1 deficient AD mice
[95].

Moreover, as described in chapter 1.2.3 the mTOR pathway has been shown to interact
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with IFN signaling and evidence point out the involvement in neuroinflammation in
Alzheimer’s disease. In particular, in mutant APP cell lines and in brains of transgenic
AD mice, mTOR activity and signaling has been found increased [96]. Furthermore, the
reduction of p70 S6 kinase expression has been shown to improve learning in an AD
mouse model [97]. Interestingly, in a very recent study of synaptosomes in
presymptomatic AD mice, researchers found ROS-induced modification of Aktl to
impair Aktl-mTOR signaling and consequently result in a deficiency of protein
translation [98]. Thus, alterations in mTOR signaling might be the link to cognitive

impairment in AD.

1.4. Scientific aims
1.4.1. Perturbations in proteasome networks in experimental models of AD

Alzheimer’s disease is characterized by neuroinflammatory events that involve the
production of proinflammatory cytokines, micro- and astrogliosis as well as ROS
production. Moreover, evidence suggests several alterations in the ubiquitin proteasome
system including proteasome impairment, accumulation of ubiquitin and perturbations in
UPS regulating signaling pathways. In this context, the immunoproteasome could play a
special role in the progression of AD. Nonetheless, the literature is full of conflicting
studies supporting a persistent ambiguity about perturbations in proteasome networks in
AD.

We therefore aim to elucidate the contribution of soluble AB oligomers to proteasome
impairment including changes in proteolytic activity, ubiquitin-conjugated proteins and
the expression of immunoproteasome subunits. In addition, we aim to analyze signaling
pathways involved in the UPS as IFN and mTOR signaling as well as the cross-talk with
autophagy. Since we are interested in particular in the immunoproteasome in the course
of AD, we aim to perform these experiments in a model for immunoproteasome
deficiency (LMP7 KO) as well. Our study will focus on an ex-vivo model (organotypic
brain slice culture, OBSC, treated with oligomeric AB) and include in-vivo AD mouse
models (APP/PS1, in collaboration with AG Heppner).

1.4.2. Interventions in proteasome-associated signaling in an AD mouse model

Evidence in the literature suggests the contribution of immunomodulatory pathways in

both the impairment of the proteasome networks and Alzheimer’s disease. This offers
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manifold opportunities for therapeutic interventions. Inhibition of mTOR, for example,
has been shown to extend life span in several organisms and to provide anti-
inflammatory effects. Rapamycin, for example, is already used as an

immunosuppressant in transplantation medicine.

We thus aim to intervene with mTOR signaling using rapamycin to treat mice that
exhibit AD pathology (5xFAD). We subsequently aim to analyze the effects of
rapamycin on proteasome activity and plan to refer our results to changes in microglia

characteristics and cognitive behavior (in collaboration with AG Priller).
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2. Material and methods
2.1. Mouse models of immunoproteasome-deficiency and Alzheimer’s disease

Immunoproteasome deficient mice (LMP7 KO) and APP/PS1 mice were kept under the
supervision of the lab of Prof. Heppner, Neuropathology (Charité), whereas 5xFAD mice
were kept under the supervision of the lab of Prof. Priller, Molecular Neuropsychiatry
(Charité). Mice or dissected tissue were provided in research collaboration of mutual
projects within the CRG “Elucidating the proteostasis network to control Alzheimer’s
disease” of the Berlin Institute of Health (BIH).

LMP7 knock out (KO) mice lack exon 1 to 5 of the Psmb8 gene, encoding for the first
247 to 276 amino acids of the LMP7 protein, and thus lack one of the catalytic
subunits of the immunoproteasome [54]. To generate effectively littermate pups for
organotypic brain slice culture, homozygous wild type and LMP7 KO mice from
heterozygous breeding were mated. Pups thrown from these breeding were used at
postnatal day 3 — 6 (P3-6).

APP/PS1 mice harbor the Swedish APP mutation KM670/671NL in conjunction with the
presenilin 1 mutation L166P [99]. APP/PS1 mice were crossed to LMP7 KO mice, to
generate immunoproteasome deficient APP/PS1 mice.

C57BL/6N mice (wildtype control for 5XFAD mice) were purchased from Janvier Labs
and 5xFAD transgenic mice from The Jackson Laboratory. The 5xFAD mouse model
[100] harbors the human APP and PSEN1 genes co-expressing five familial Alzheimer’s
diseases (FAD) mutations [APP K670N/M671L (Swedish) + 1716V (Florida) + V7171
(London) and PS1 M146LL286V].

Mice were group housed under pathogen—free conditions on a 12 h light/dark cycle and
food and water were provided to the mice ad libidum. All animal experiments were
performed in accordance with the national animal protection guidelines approved by the

regional offices for health and social services in Berlin (LaGeSo).

2.1.1. Genotyping

Ear biopsies from LMP7 KO mouse line were incubated in lysis buffer (100 mM Tris pH
7.5, 200 mM NaCl, 5 mM EDTA pH 8, 0.2 % SDS and 100 pg/mL Proteinase K [Sigma
Aldrich]) at 55°C overnight. The next day, the samples were centrifuged at 13 000 rpm

at 4°C for 15 min and the supernatant collected in a fresh tube. Equal amounts of
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Isopropanol was added and the tube inverted several times. Next, the samples were
centrifuged at 13 000 rpm at 4°C for 20 min and the supernatant carefully removed. The
remaining pellet was washed by adding 75% ethanol and centrifugation at 13 000 rpm
at 4°C for 10 min. The ethanol was removed and the pellet dried under a hood. The
pellet was resuspended in DNase free H,O and DNA concentration measured using the
NanoDrop. For amplification 0.5 — 2 pl DNA (~300 ng) was added to 24 ul PCR reaction
mixture containing 0.2 yl AmpliTag DNA Polymerase (250 Units, ABI), 2.5 ul
GeneAmp® 10X PCR Buffer | (ABI), 1 ul of each primer (Table 1), 0.5 pul dNTP’s 10 mM
and DNase free H,O water. Polymerase chain reaction (PCR) was performed in a
Thermocycler using the conditions depicted in Table 2. Sample buffer (50% glycerol, 50
mM EDTA pH 8, 0.25 % Xylencyanol) was added to the PCR products that were then
separated in agarose gel electrophoresis using 1% agarose gel in TAE-buffer (Tris,
acetic acid, EDTA pH 8) and Gel Red at 120 V. DNA bands were visualized using
ultraviolet (UV) light.

The genotyping of APP/PS1 and 5xFAD mice was performed in the lab of Prof. Heppner

and Prof. Priller, respectively.

Table 1: Primer sequences for LMP7 genotyping.

Primer Sequence PCR products
LMP7 wt forward GGA CCAGGACTTTACTACGTAGAT G wildtype \ 600 bp
LMP7 wt reverse CTT GTA CAG CAG GTC ACT GAC ATC G

LMP7 neo CCG ACG GCG AGG ATC TCG TCG TGA KO | 700 bp

Table 2: PCR conditions for LMP7 genotyping.

PCR protocol
Temperature Time
94°C 7 min
94°C 45 s
63°C 45s cycle 35x
72°C 1min10s
72°C 7 min
8°C hold/store
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2.1.2. Brain tissue sampling

Brain samples from APP/PS1 and APP/PS1xLMP7 KO mice were prepared in and
provided by Neuropathology lab (Prof. Frank Heppner). Brain samples from 5xFAD
mice were prepared in and provided by Molecular Neuropsychiatry lab (Prof. Josef
Priller). Therefore, animals were euthanized and transcardially perfused with 1x
phosphate buffered saline (PBS). Brains were carefully removed and snap-frozen in

liquid nitrogen for brain homogenization and subsequent proteasome activity analysis.

2.2. Organotypic brain slice culture (OBSC)

BTZ

ABOs
or vctrl
fresh medium
every 2-3 days
> > O
_____________ 0 DIV 9 10

Figure 4: Experimental setup for organotypic brain slice culture.

The pup was anesthetized, decapitated and the brain quickly dissected. The brain was further separated in
hemispheres that were cut into saggital slices using a vibratome. Slices were placed in a membrane insert on culture
medium and cultured for up to 10 days. Medium was replaced every 2-3 days and vitality of slices were checked
macroscopically or by light microcopy.

OBSC was prepared from postnatal 3—6-day-old mice pups according to the regulations
of animal care and protection. Pups were anesthetized by isoflurane and sacrificed by
decapitation. Brains were then rapidly dissected and separated in hemispheres. The cut
side was glued to the metal block of the vibratome (Leica VT1200S), which was then
placed in cold Hank's balanced salt solution (HBSS, Gibco) supplemented with 1%
penicillin/streptomycin (P/S, Pan Biotech), 0.6% glucose (Fluka), and 20 mM HEPES
(Sigma-Aldrich), purged with Carbogen for dissection in sagittal slices of 300 um. The
cerebellum was removed using a razor blade. Slices were collected and placed onto
membrane inserts (Millicell, 0.45 um; Merck Millipore) in six-well plates containing 1 ml
of minimum essential medium Eagle (Gibco) supplemented with 25% horse serum
(Gibco), 20.7% HBSS, 1% P/S, 0.6% glucose, and 2% B27 (Gibco). Two slices per
insert were cultivated at 35°C and 5% CO, for minimum 8 days before starting the
treatments. Medium was replaced every other day, and slice cultures were observed
regularly using light microscopy. OBSCs were treated with either 0.5 — 5 yM ABOs (see
chapter 1.3.) or 250 nM Bortezomib (BTZ) for 1 - 24 hrs. BTZ (Velcade) in 0.9% NacCl
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solution was provided by Charité Apotheke, aliquoted and stored at -20°C until usage.

2.2.1. Neural dissociation and microglia separation (MACS)

Microglia were isolated from OBSCs using the Neural Dissociation Kit (P), gentleMACS
Dissociator and CD11b (Microglia) microbeads from Milteny Biotec according to
manufacturer's protocol. At least 20 slices per treatment were scratched from the
membrane inserts to 1 mL HBSS (without Ca** and Mg?*, Sigma). For every sample
50 yl enzyme P and 1900 pL buffer X were pre-warmed at 37°C in a gentleMACS C
tube for 15 min. Slices in HBSS were added to the enzyme mix in C tube and attached
upside down onto the sleeve of the gentleMACS dissociator to run program
m_brain_01. Subsequently, the sample was incubated rotating at 37°C for 15 min
followed by running program m_brain_02 on the gentleMACS. For every sample 10 pL
enzyme A and 20 pL buffer Y was added and the tube gently mixed by inverting. In the
following the sample was incubated rotating at 37°C for 10 min, processed on
gentleMACS running program m_brain_03 and again incubated rotating at 37°C for
10 min. Then the sample was collected on the bottom of the tube by brief centrifugation
and transferred on moistened cell strainer (70um) placed on a fresh 50 mL tube. The
strainer was rinsed with 10 mL HBSS (with Ca** and Mg?*, Sigma) and the cell
suspension centrifuged at 300xg for 10 min at room temperature (RT). The supernatant
was removed completely and the cell pellet collected in 1 mL 1x PBS (pH 7.5) with 0.5%

bovine serum albumin (BSA).

To isolate microglia from OBSC cell suspension, the suspension was centrifuged 300xg
for 10 min at RT and the pellet collected in 90 pL 1xPBS/0.5%BSA (buffer). 10 pL of
CD11b microbeads were added to the cell suspension mixed well by flicking the tube
and incubated in the fridge for 15 min. Afterwards, 1 mL buffer was added and the cell
suspension centrifuged at 300xg for 10 min at RT. The supernatant was removed and
the cell pellet resuspended in 500 ul buffer. LS columns were placed in a magnetic
separator and prepared with 3 mL buffer before applying the cell suspension. The flow
through was collected and the column washed 3x with 3 mL buffer. The flow through
was collected and combined with the flow through from step 1. The column was
removed from the magnetic separator and placed on a collection tube. Finally, the
CD11b-labeled cells were washed from the column by adding buffer and immediately
pushing the plunger into the column. The cells from the flow through and the isolated

22



Material and methods

microglia were pelleted by centrifugation at 300xg for 10 min at RT and snap frozen in
liquid nitrogen (N»gy) and stored at -80°C until analysis.

2.3. Preparation of amyloid-B oligomers (ABOs)

Oligomeric amyloid-B was prepared according to Klein et al. ([101], see also [102] and
http://www.kleinlab.org/brochure.pdf). In-house generated amyloid- peptide 1-42 (AB42,
Petra Henklein; Head of peptide synthesis facility, Inst. of Biochemistry, Charité) was
dissolved in ice-cold 1,1,1,3,3,3-Hexafluoro-2-propanol (HFIP, Fluka Analytical) to a
ratio of 2.5 mg peptide/1 mL HFIP. The peptide/HFIP mix was then incubated for 1 hour
(h) at room temperature (RT) followed by 1 hour incubation on ice for monomerization.
The monomerized AB4, was further aliquoted in low-bind Eppendorf tubes & 125 pg and
HFIP was evaporated overnight. Residual HFIP was eliminated using a Speedvac for
10 min. The resulting peptide film was then stored at -80°C. To generate oligomeric AR,
the peptide film was solved in 5.5 pL dimethyl sulfoxid (DMSO, Applichem) thoroughly
and further diluted in phenol-red free Dulbecco's Modified Eagle Medium Nutrient
Mixture F-12 (DMEM/F12, (+) L Glutamin, Gibco) to reach an A concentration of
approximately 100 pM. For the analysis in confocal microscopy, 6 g
tetramethylrhodamine (TAMRA)-labeled ABR42 (AnaSpec) dissolved in DMSO was
added to the DMSO-solved A prior to the dilution in DMEM/F12 to reach a fraction of
5% TAMRA-AB. After 16 h of oligomer formation in the cold room at 4 °C the peptide
solution was centrifuged at 14 000 g for 15 min at 4 °C to remove fibrillary AB. The
effective peptide concentration in the supernatant was determined using the
bicinchoninic acid (BCA) protein assay Kit (Thermo Fisher) and 0.5, 2 and 5 uM ABOs

were used for treatments.

2.3.1. Blue native PAGE

ABO preparation of different AB42 peptide batches was validated using blue native
polyacrylamide gelelectrophoresis (BN PAGE) and western blot with AB specific
antibody 6E10. BN PAGE was performed using the NativePAGE Novex® Bis-Tris gel
system (Invitrogen) according to the manufacturer’s protocol. NativePAGE™ Sample
Buffer (4X) was added to 25 pl of the ABO preparation and loaded to a 4-16% Bis Tris
gel. BN PAGE was performed at 150 V for 1 h and 250 V for several hours in the cold
room until the blue front ran out. Afterwards, the gel was blotted on polyvinylidene
difluoride (PVDF) membrane (Immobilon-P 0.45 um, Millipore) for 1.5 h in the cold room
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using the wet tank system (Bio-Rad). The membrane was then blocked in 1x Roti-Block
(Roth) for at least 1 h and incubated in 6E10 antibody (BioLegend, 1:3000) shaking over
night at 4°C. The next day, after washing 3x for 10 min in 1x Tris-buffered
saline/0.02%Tween20 (TBST) the membrane was incubated shaking in anti-mouse
peroxidase labeled secondary antibody for 45 min at RT. The membrane was then
washed 3x for 10 min in TBST before performing the detection using Clarity enhanced
chemiluminescence (ECL) western blotting substrate (BioRad) according to

manufacturer’s protocol.

2.4. Assessment of proteasome activity

To measure the proteasome activity, lysates of the OBSC or adult mouse brain samples
were prepared under native conditions on ice. Therefore, two slices or tissue samples
were homogenized in native lysis buffer (10 mM Tris pH 7.5 at 4°C, 10 mM NacCl, 25
mM KCI, 1.1 mM MgCl, 0.1 mM EDTA pH 8, 2 mM Adenosintriphosphat [ATP], 1 mM
Dithiothreitol [DTT], 10% glycerin) followed by 6 freeze-thaw cycles in Ny. Then, the
lysates were centrifuged at 13 000 rpm at 4°C for 60 min and the supernatant collected
in a fresh tube. The protein concentration was determined using the BCA protein assay
Kit (Thermo Fisher).

2.4.1. Fluorogenic substrate based assay

Prior to assessment of chymotrypsin-like activity,10 pg of the native lysate was
incubated with 1 uM epoxomicin or DMSO, respectively, in assay buffer (50 mM Tris pH
7.5 at 37°C, 5 mM MgCl, 1 mM ATP, 1 mM DTT) for 10 min at 37°C and then
transferred to a black 96 well plate (in triplicate). Subsequently, 100 pl of 50 uM
fluorogenic substrate (Suc-Leu-Leu-Val-Tyr(LLVY)-7-amino-4-methycoumarin(AMC),
Bachem) in assay buffer was added per well and the plate incubated with a lid at 37°C.
Cleaved fluorescent AMC was measured using a plate reader (extinction 380 nm and
emission at 440 nm). Remaining activity in lysates incubated with epoxomicin were

considered to be of other proteases and was subtracted from DMSO incubated lysates.

2.4.2. Active site probes

To assess the availability of active sites within the proteasome, 25 pg of the native
lysate was incubated with 2 uM of pan reactive active site probe (pan-ASP) Me4-
BodipyFLAhx3Leu3VS (provided by Huib Ovaa, University Leiden) or ASP mix (B1c-
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and B1i-reactive Cy5-NC-001, B2c- and B2i-reactive BODIPY(FL)-LU-112 and 5c and
B5i-reactive BODIPY(TMR)-NC-005-VS, provided by Herman Overkleeft, University
Leiden) in assay buffer for 1 hour at 37°C. Afterwards, 3x Lammli sample buffer (0.35 M
Tris pH 6.8, 10% sodium dodecyl sulfate (SDS) (w/v), 9.3 % DTT (w/v), 30% glycerol
(v/v), Bromphenol blue) was added to the lysate-probe-mix and heated at 95°C for 5
min. The samples were then loaded completely to a 18% SDS polyacrylamide gel and
the electrophoresis was run in electrophoresis buffer (25 mM Tris, 0.2 M glycine, 0.1%
SDS) for 20 min at 80V and then for several hours at 120-150V. The labeled
proteasome subunits were detected in-gel in Fusion FX Spectra (Vilber) using the
settings GFP for Bodipy-FL, Cy3 for Bodipy-TMR and Cy5. For normalization, the gel
was then stained overnight shaking in a sensitive coomassie solution (150 mM
Al3(SO4)3xH20, 10% ethanol, 0.02% Coomassie Brilliant Blue, 2% orthoH3;PO,4) and

scanned.

2.5. Analysis of protein expression and ubiquitination
2.5.1. Protein extraction

Two slices from OBSC or the cell pellets after subsequent magnetic activated cell
sorting (MACS) were homogenized in lysis buffer (50 mM Tris pH 7.5, 150 mM NacCl,
1% NP40, 0.1% SDS, 1x cOmplete [ULTRA, Mini, EDTA-free, EASYpack, Roche], 1x
phosStop [EASYpack Roche], 20 mM N-ethylmaleimide, 10 uM MG132 and 0.5 %
sodium deoxycholate) and incubated on ice for 1 hour. The lysates were then
centrifuged at 13000 rpm at 4°C for 1 hour and the supernatant was transferred to a
fresh tube. The protein concentration in the supernatant was determined using the BCA

protein assay Kit (Thermo Fisher).

2.5.2. Analysis of protein expression by western blot

For immunodetection of proteins, 20 pg of protein was heated 1x LA&mmli SDS sample
buffer for 5 min at 95°C and loaded to SDS polyacrylamide gels that were run in
electrophoresis buffer at 80 V for 20 min and 120-150 V until the blue front ran out of
the gel. Each gel was run with PageRuler Prestained Protein Ladder (Thermo Scientific)
as a reference. The gel was then blotted semi-dry in 1x semi-dry blot buffer
(electrophoresis buffer supplemented with 10% methanol) on PVDF membrane. After
blotting, the membranes were stained for total protein using an amidoblack staining

solution (0.1% amidoblack, 10% acetic acid, 45% methanol) and photographed for
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normalization calculations.

2.5.3. Analysis of ubiquitinated proteins by dot blot

For immunodetection of poly-ubiquitinated proteins in particular, 10 pg of protein from
the lysis supernatant was heated in 1x La&mmli sample buffer for 5 min at 95°C. The
remaining pellet after lysis was resuspended in equal amounts (to homogenization
volume) of 1x Lammli sample buffer and heated for 5 min at 95°C as well. Supernatant
and pellet was loaded in duplicates using a BioDot Microfiltration apparatus (BioRad)
onto 1x TBS equilibrated 0.2 pum nitrocellulose membrane (Amersham Protran, GE
Healthcare). The membrane was washed once with 1XTBS and stained for total protein

using an amidoblack staining solution and photographed for normalization calculations.

2.5.4. Inmunodetection

The membranes were blocked in 5 % non-fat dry milk in TBST or 1x RotiBlock at least
for 1 hour at RT prior to incubation with the primary antibody (Table 3). The membrane
was washed in TBST 3x for 10 min before and after incubation with the respective horse
radish peroxidase (HRP)-conjugated secondary antibody (Table 3). Protein detection
was performed using Clarity ECL western blotting substrate (BioRad) according to

manufacturer’s protocol and the Fusion-FX7 Spectra (Vilber) gel documentation system.

Table 3: Antibodies used for immunodetection in western or dot blot.

Antibody Provider Host Dilution

anti-rabbit IgG Calbiochem Cat#401393 | goat 1: 10000

peroxidase conjugated

anti-mouse IgG Calbiochem Cat#402335 | goat 1: 10000

peroxidase conjugated

anti-poly-Ubiquitin Dako 20458 rabbit 1:5000-
1:10000

Anti-LMP7 K63 In-house rabbit 1:10000

anti-p70 S6 kinase (49D7) Cell Signaling L708P rabbit 1:1000
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anti-phospho-p70 S6 kinase Cell Signaling 9234P rabbit 1:1000
(Thr389)

anti-S6 ribosomal protein (5G10) | Cell Signaling 2217S rabbit 1:4000
anti-phospho-S6 ribosomal Cell Signaling 2211S rabbit 1:3000

protein (Ser235/236)

anti-STAT1 Cell Signaling 9172S rabbit 1:2000
Anti-phospho-STAT1 (Y701) Cell Signaling 9167S rabbit 1:1000
58D6

LC3b Cell Signaling 27755 rabbit 1:1000

2.6. Immunofluorescent stainings and confocal microscopy

After treatment with either ABOs or vehicle controls, organotypic brain slices were
incubated with 500 nM pan reactive proteasome probe in the cell culture incubator at
35°C for 1 hour. In a 24 well plate, slices were subsequently fixed in cold 4%
paraformaldehyde shaking for 20 min at RT, washed in 1x PBS/1% Triton-X for 20 min
and incubated in blocking solution (10% normal goat serum (NGS), 0.3% Triton-X in 1x
PBS [PBT]) shaking for 2 hrs at RT. Slices were then incubated in primary antibody
diluted 1:500 in PBT/5% NGS for 48 hrs shaking in the cold room. Further, slices were
washed twice for 30 min at RT and followed by overnight shaking in the cold room in
PBT. The next day, slices were washed again twice for 30 min at RT in PBT followed by
incubation in secondary antibody diluted 1:500 in PBT/5% NGS for 24 hrs shaking in the
cold room. The following day, slices were washed 6x for 30 min in PBT at RT. PBT was
replaced by MilliQ H,O and immediately replaced by autofluorescence reduction
solution (100 mM CuS04/50mM CH3COONHy,). After 1 hour of incubation the solution
was replaced by MilliQ H,O and then by 1x PBS. Finally, slices were mounted in
Fluoromount (aqueous, Sigma Aldrich) using the bridging technique. Thereby, two cover
slips were glued onto the microscope slide, the slice in mounting medium placed
between and covered by the final cover slip (#1.5). After resting for an hour, the edges

were sealed using transparent gel nail polish.
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Table 4: Antibodies for immunofluorescence stainings in organotypic brain slices.

Antibody Provider Host
Anti-MAP2 SynSys Cat no. 188004 guniea pig
Anti-Ibal Wako Cat no. 019-19741 | rabbit
Anti-GFAP Dako Z0334 rabbit
Anti-guinea-pig-Alexa Fluor 405 Abcam, Ab175678 goat
Anti-rabbit-Alexa Fluor 633 Invitrogen, A21071 goat

Immunostained slices were further imaged using the Nikon Alr+ confocal microscope
setup (AMBIO facility, Charité). First the hippocampal region of interest was examined
using a 20x objective before magnification was increased by using a 60x water
immersion (WI) objective. Z-stacks were obtained with 0.1 um step size. Images were
further processed in Image J. For quantification of pan proteasome probe signals the
total intensity (applied on SUM stacks) was measured in defined areas (identical for
every image analyzed) within the stratum pyramidale and stratum radiatum. lbal+
microglia and GFAP+ astrocytes were counted using the “analyze particle” function

(applied on SUM stacks). Thresholds were set equally for every image analyzed.

2.7. Analysis of mMRNA expression
2.7.1. RNA extraction

Two organotypic brain slices were homogenized in 1 mL of TRIzol Reagent (Thermo
Fisher) and incubated for 5 min at RT. Then 200 ul chloroform was added, the TRIzol-
chloroform mix was vortexed for 10 sec and incubated for further 3 min at RT.
Afterwards, the mix was centrifuged for 30 min at 13000 rpm at 4°C. The upper
agueous phase containing the RNA was removed carefully and transferred to a fresh
tube without touching the interphase or the lower phenol-chloroform phase. The RNA
was precipitated by adding 500 ul 2-propanol and incubating overnight at -20°C. The
next day, the RNA was pelleted by centrifugation at 13000 rpm and 4°C for 30 min. The
2-propanol was removed completely and the pellet washed in 75% ethanol by
centrifugation at 13000 rpm and 4°C for 20 min. The RNA pellet was dried under the lab

hood, resuspended in Rnase-free H,O and stored at -80°C.
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2.7.2. cDNA synthesis

Prior to performing complementary DNA (cDNA) synthesis the RNA was incubated with
TURBO DNAse for 20 min at 37°C, followed by incubation with DNAse inactivation
reagent for 5 min at RT (TURBO DNA-free Kit, Thermo Fisher) to remove any genomic
DNA. The remaining mRNA was transcribed using the PrimeScript First Strand cDNA
Synthesis Kit (Takara) according to manufacturer’s protocol. To reach a final cDNA
concentration of 50 ng/ul, 1000 ng RNA was diluted in RNAse-free H,O up to a volume
of 10 yl and added by 10 pl of cDNA synthesis mastermix (Table 5). The cDNA
synthesis was performed at 37°C for 15 min followed by 85°C for 5 min in a
Thermocycler. For every sample a no reverse-transcriptase (RT) control was performed
(RNA plus master mix but excluding RT).

Table 5: cDNA synthesis master mix.

1x Mastermix ul
5x prime script Buffer 4
Prime script RT Enzyme Mix | 1
oligo dT Primer (50 uM) 1
Random 6mers (100 uM) 4
total 10

2.7.3. Pre-amplification

To amplify the low amount transcripts Ifnal and Ifnbl, a fraction of the cDNA was pre-
amplified using the TagMan™ PreAmp Master Mix (Applied Biosystems) according to
manufacturer’s protocol. Therefore, Ifna1, Ifbo1 and Hprt were diluted 1:100 in 1x Tris-
EDTA (TE) buffer (RNase-free, Thermo Fisher) to generate a 0.2x PreAmp pool. 250 ng
cDNA in RNase-free H,O was added to 1x PreAmp Master Mix and 0.05x PreAmp pool.
Pre-amplification was performed in a Thermocycler according to the program depicted
in Table 6. For gRT-PCR 1 pl of pre-amplified cDNA applied.
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Table 6: Pre-amplification protocol.

temperature time

95°C 10 min

95°C 15sec cycle
60°C 4 min

4°C infinite

2.7.4. Quantitative real-time PCR

Material and methods

Quantitative real-time PCR was performed based on Tagman PCR reagents and

Tagman primer assays (Applied Biosystems). For each target gene the master mix was

prepared (Table 8). Hprt served as housekeeping gene. For each sample 1 pl of cDNA

or pre-amplified cDNA was added to 9 pl of respective master mix. PCR reaction was

performed in technical duplicates according to the program depicted in

Table 9 using the Rotor Gene RG-3000 Real-Time machine (Corbett). In every run a

H.O negative control, non-template control and a RT control sample was included.

Threshold was set equally for every sample.

The relative gene expression of a specific target gene was calculated as follows:

ACt (CyC|e threshold) = Ct,gene target — Ct,housekeeping gene

Relative gene expression (RE) = 204V

Table 7: Tagman primer assays.

Gene target

Assay number

Hprt (housekeeping gene)

MmO01545399_m1

Ifna2 MmO00833961_s1
Ifnbl MmO00439546_s1
Isgl5 MmO01705338_s1
Mx1 MmO01218004_m1
Cxcl-10 MmO00445235 m1
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Psmb8 Mm00440207_m1
Psmb9 Mm00479004_m1
Psmb10 MmO00479052_g1
Cd11b MmO00434455 m1
NeuN Mm01248771 _ml
Gfap MmO01253033_m1l

Table 8: Quantitative real-time PCR master mix.

1x master mix pl
PCR H20 3.5
TagMan Universal PCR MasterMix 2x 5
Tagman assay 0,5
total 9

Table 9: Quantitative real-time PCR program.

temperature time

95°C 10 min

95°C 15 sec 45 x
60°C Imin

2.8. Statistics

Material and methods

Statistical analyses were performed using the GraphPad Prism 6 Software. Differences

between two groups were evaluated by student’s t-test. Data are represented as means

+/- SEM. Statistical significance is indicated as follows: * p < 0.05, ** p < 0.01 and *** p

< 0.001.
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3. Results

3.1. Perturbations of proteasome networks in Alzheimer’s disease

The knowledge about the effects of AR on the ubiquitin proteasome system is limited
and ambiguous. Whereas initial studies have shown an inhibitory effect of AR on the
UPS [82]-[84], [86], recent findings suggest an activation of the proteasome in models
of Alzheimer’'s disease [87], [88]. In both studies, the involvement of the
immunoproteasome gains in importance. In addition, in earlier studies we found that the
immunoproteasome with its higher proteolytic capacity compensates increased
proteotoxic stress under inflammatory conditions [47], [48]. For that reason, we aim to
elucidate the impact of Ap oligomers (ABOs) in organotypic brain slice cultures (OBSCs)
derived from wild type (WT) pups as well as those deficient for the immunoproteasome
(LMP7 KO). Furthermore, we aim to analyze APP/PS1 (Alzheimer) mice with respect to

the immunoproteasome.

3.1.1. Characterization of amyloid- oligomer preparation

According to several studies in the past demonstrating that oligomeric amyloid-p plays a
major role in the development of Alzheimer's disease [8], [20], [103], we decided to use
an ABO preparation to study the effects on proteasome networks in OBSCs. In the
course of the study different batches of AB1..2 were monomerized in HFIP and regularly
characterized by BN PAGE and western blot. The analysis of ABO preparations from
four distinct AB;.4 batches that were used in a time period of 2.5 years showed the
major proportion of protein smear above a protein size of 242 kDa. This pattern could
be reproduced in all of the AB;14, batches used for the following treatments of OBSCs
(Figure 5A). From this analysis we describe the ABO preparations used in the following
experiments as a heterogeneous mixture of high molecular weight oligomeric AB.In
addition, to visualize the uptake of ABO applied to the medium, TMR-labeled ABO was
generated and used to treat OBSCs. These TMR-ABO treated slices were further
processed for immunofluorescence confocal microcopy. Imaging clearly showed
assemblies of TMR-labeled AB (magenta) in the hippocampus of treated OBSCs
(Figure 5B). Presumably, these AB assemblies were located extracellularly. However,
conclusions about even smaller AR assemblies located intracellularly cannot be drawn
by this data.
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Figure 5: Characterization of ABO preparation.

A 25 pl of each ABO preparation derived from 4 distinct ABi.42 batches were separated in a 4-16% Bis Tris gel
followed by wet transfer on PVDF membrane. AR species were detected on the membrane using anti-AB antibody
6E10. A characteristic smear of AR protein aggregates of different sizes could be detected. B OBSCs treated with
TMR ABO were subsequently stained with anti-MAP2 antibody and 405-secondary antibody to visualize neurons.

Hippocampal regions of the slices were imaged with Nikon Alr+ confocal microscope setup and 20x (left) and 60x
water immersion (WI, right) objectives. White arrows mark visible TMR ABO within the hippocampus.

3.1.2. ABO-induced decrease of active proteasome subunits is abolished by
immunoproteasome deficiency

To analyze the effect of ABOs on proteasome activity we decided to visualize the active
sites 1, B2 and B5 as well as the corresponding immunoproteasome subunits B1i, B2i
and B5i using a fluorescently labeled pan reactive proteasome inhibitor. Thereby, in WT
OBSCs we could show that treatment with ABOs decreases the amount of active 3
subunits already after 4 hrs of treatment and resulted in a significant decrease of 48 %
after 24 hrs. In contrast, in OBSCs deficient for the immunoproteasome the treatment
with ABOs either resulted in an increase or no change of active 3 subunits (Figure 6AB).
Weather this difference is due to a lower initial activity of the proteasome in LMP7 KO
slices was analyzed by comparing the amount of active 3 subunits in vehicle controls of
WT and LMP7 KO samples. Indeed, the basal level of active B subunits is significantly
lower in immunoproteasome deficient OBSCs compared to wild type (Figure 6C), which

is in agreement with our recent findings in adult LMP7 KO mouse brains [104].
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Figure 6: Concentration depended decrease of active subunits upon ABO treatment.

A Representative image of proteasome subunit activity using pan-reactive proteasome probe in native lysates of
WT and LMP7 KO OBSCs treated with 0.5 — 5 yM ABOs or vehicle control. Coomassie staining served as protein
loading control. B Corresponding densitometric analysis of 24 hrs time point (normalized to coomassie staining). Fold
change was calculated to WT or LMP7 KO vctrl. C The fluorescence intensity (FI) of pan reactive proteasome probe
normalized to coomassie of WT compared to LMP7 KO vehicle controls. Values represent mean with SEM (** p <
0.005, ***p<0.001, student-t test).

In order to differentially analyze the effect of ABOs on specific proteasome [ subunits,
we used a fluorescently labeled proteasome inhibitor mix with inhibitors specifically
binding to B1/81i and B5/B5i. The results showed that the decrease in active § subunits
in WT OBSCs induced by ABO treatment is restricted to 1 subunits. Here, in WT we
detected a decrease of 48% (2 uM ABO) up to 55% (5 uM ABO) of active B1 subunits
after 24 hrs of treatment. In LMP7 KO, however, no changes in 31 or 35 could be
detected, confirming the results above obtained with the pan reactive proteasome probe

(Figure 7).

In summary, this data showed inhibitory effects of ABOs on proteasome activity in wild
type OBSCs but no effects in those deficient for the immunoproteasome. Furthermore,
we were able to show a specific effect on 1 subunits in the case of WT OBSCs.
Nonetheless, using the fluorescent probes labeling active proteasome subunits we were
not able to differentiate between standard and immuno subunits. This is possibly due to

the very similar protein size of the B subunits and limits in resolution using SDS-PAGE.
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Finally, we decided to focus on the ABO concentration of 5 uM for further experiments

since it lead to the highest inhibitory effect on 8 subunits.
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Figure 7: ABO-induced decrease of active 81 subunits in WT OBSCs.

A Representative image of specific $1/B1i (green) and 35/ 35i (magenta) subunit activity using a proteasome probe
mix in native lysates of WT and LMP7 KO OBSCs treated with 0.5 — 5 yM ABOs or vehicle control. Coomassie
staining served as protein loading control. B Corresponding densitometric analysis of 24 hrs time point (normalized to

coomassie staining). Fold change was calculated to WT or LMP7 KO vctrl, respectively. Values represent mean with
SEM (* p < 0.05, student-t test).

3.1.3. Proteasome impairment results in the accumulation of Ub-conjugates,
immunoproteasome formation and a Type-I IFN response

Previous studies have shown that conditions that challenge the ubiquitin proteasome
system (e.g. exposure to interferons) lead to the formation of the specialized isoform
immunoproteasome and a transient accumulation of poly-ubiquitinated proteins [47],
[48], [105]. Since we demonstrated an inhibitory effect of ABOs on WT organotypic brain
slices, we hypothesize that in response to ABOs ubiquitinated proteins will accumulate,
which in turn induce the formation of the immunoproteasome, accompanied by a Type-I
IFN response. To verify the accumulation of ubiquitin-conjugated proteins (Ub-
conjugates) by chemical inhibition of the proteasome, protein lysates and insoluble
pellets of Bortezomib (BTZ)-treated OBSCs were analyzed in dot blot. Whereas Ub-
conjugates of the soluble fraction (supernatant) started to accumulate at 4 hrs of BTZ
treatment, those in the insoluble fraction (pellet) first accumulated at 24 hrs with
significant amounts (3 fold increase, Figure 8A). Following this, we analyzed Ub-
conjugate levels in OBSCs treated with ABOs. Whereas in both, WT and LMP7 KO, the

soluble Ub-protein levels in the supernatant were slightly decreased initially only in WT
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the levels rose again after 24 hrs (42% towards vehicle control). After 24 hrs of ABO
exposure, when proteasome inhibition was highest in WT, the levels of insoluble Ub-

conjugates were increased by 30%. In contrast, in immunoproteasome deficient OBSCs
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Figure 8: Proteasome inhibition by Bortezomib results in higher insoluble Ubiquitin positive fraction.

A Upper panel: Dot blot analysis of ubiquitinated proteins in RIPA protein lysates and pellets after fractionation of WT
OBSCs treated with 250 nM BTZ using anti-poly-ubiquitin antibody (Dako). Amidoblack staining serves as protein
loading control. Lower panel: Corresponding densitometric analysis of protein levels of n=3 normalized to amidoblack
staining. Dot blot was performed in duplicates and fold changes calculated towards control. Values represent mean
and SEM (significance refers to difference between ctrl and treatment, *p<0.05, student-t test).

B Upper panel: Dot blot analysis of ubiquitinated proteins in RIPA protein lysates and pellets after fractionation of WT
and LMP7 KO OBSCs treated with 5 yM ABO using anti-poly-ubiquitin antibody (Dako). Amidoblack staining serves
as protein loading control. Lower panel: Corresponding densitometric analysis of protein levels normalized to
amidoblack staining. Dot blot was performed in duplicates and fold changes calculated towards control. Values
represent mean and SEM (significance refers to difference between 8 and 24 hrs time points, *p<0.05, student-t test).
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the insoluble Ub-conjugate levels were raised by 60% after 24 hrs in response to ABOs,

although no proteasome inhibition was detected (Figure 8B).

Next we verified if chemical proteasome inhibition in general induces the upregulation of
immunoproteasome subunit LMP7 in our OBSC model. Therefore, we treated WT
OBSCs with proteasome inhibitor BTZ and analyzed LMP7 protein expression levels at
different time points in western blot. In fact, we clearly demonstrated that BTZ induces
an upregulation of LMP7 subunit on protein expression level (Figure 9A). In the
following, we reviewed the protein expression of LMP7 in OBSCs treated with ABOs.
While LMP7 protein expression initially appeared decreased, 24 hrs of treatment

resulted in a 30% increase versus vehicle control (Figure 9B).

The formation of the immunoproteasome is mediated by interferons that are generally
known to activate JAK-STAT signaling resulting, for example, in the production of IFN
stimulated genes (ISGs) (Figure 10A). We verified the activation of this pathway in our
OBSC model using murine IFNB (mIFNB) and detected the transient phosphorylation of
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Figure 9: Chemical proteasome inhibition by Bortezomib upregulates LMP7 protein expression.

A Western blot analysis of LMP7 protein expression in OBSCs treated with 250 nM BTZ using in-house anti-LMP7
antibody. Purified 20S proteasome from mouse spleen serves as positive control and the amidoblack staining
served as protein loading control. B Left: Representative western blot of LMP7 protein expression in OBSCs treated
with 5 uM ABOs using in-house anti-LMP7 antibody. OBSCs from LMP7 KO pups serve as negative control and the
amidoblack staining served as protein loading control. Right: Corresponding densitometric analysis of LMP7 protein
levels normalized to amidoblack staining. Fold changes were calculated towards vehicle controls. Values represent
mean and SEM (no significant changes were detected, student-t test).

37



Perturbations of proteasome networks in Alzheimer's disease

STAT1 in western blots (Figure 10B). Moreover, we detected definitely elevated mRNA
levels of a selection of ISGs — Cxcl10, Mx1 and Isgl5 - by quantitative RT-PCR (Figure

10C).

Next, we examined if chemical proteasome inhibition or ABO exposure results in the
production of Type | IFNs IFNa and IFNB with subsequent STAT activation and the
transcription of ISGs. The results of gene expression analysis of OBSCs treated with
proteasome inhibitor BTZ revealed elevated mRNA levels for Ifnal after 4 hrs by 2.7-
fold and significantly elevated mRNA levels for Ifnbl already after 2 hrs by 1.8-fold,
remaining stable until 8 hrs (Figure 11). Nevertheless, the results of OBSCs treated with

ABOs were less conclusive. Although occasionally elevated mRNA levels of Ifnal and
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Figure 10: Type | IFN induced JAK-STAT signaling.

A Binding of Type | IFNs IFNa or IFNB to IFN receptors initiate a phosphorylation cascade resulting in the
dimerization of STAT1 and STAT2 that finally translocate to the nucleus. Binding to IFN stimulated response
elements (ISRE) IFN via IFN regulating factors (IRF) initiates the transcription of IFN stimulated genes (ISGs). B
Western blot of STAT1 and phosphorylated STAT1 in OBSCs treated with murine IFNB. C Gene expression analysis
of Cxcl-10, Mx1 and Isgl5 mRNA levels in OBSCs treated with mIFNB. Fold changes were calculated towards
control. Values represent mean with SEM.
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Ifnbl appeared in both WT and immunoproteasome deficient OBSCs, no significant

pattern for upregulation could be observed (Figure 11).

Next, we analyzed the protein levels of STAT1 and its phosphorylation-status in OBSCs
treated with BTZ in western blot. We were able to detect increased levels of STAT1 at 8
hrs of BTZ treatment compared to untreated control. Simultaneously, only at this time
point STAT1 appears phosphorylated (Figure 12A). Corresponding, we detected
significantly elevated mRNA levels of Cxcl-10 and Mx1. Interestingly, although the
results suggest an upregulation of total STAT1 protein expression upon ABO-treatment
(enhanced in WT compared with LMP7 KO), statements to phosphorylated STAT1 were
more challenging since we were not able to detect a signal using the antibody directed
against STAT1 phosphorylation sites (Figure 12A). However, assuming the upper protein
band being the phosphorylated STAT1, we observe an activation of STAT1 in both WT
and LMP7 KO. Corresponding, we found elevated ISG levels only for Mx1 in ABO-
treated WT OBSCs (Figure 12B). Probably, the expected Type | IFN response only

appears after much longer periods of proteasome inhibition.
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Figure 11: Bortezomib induces a Type | IFN response.

Gene expression analysis of Ifnal and Ifnbl mMRNA levels in OBSCs treated with 250 nM BTZ or 5 uM
ABOs. Fold changes were calculated towards control. Values represent mean with SEM (*p<0.05
**p<0.005, student-t test).
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To sum up, while proteasome inhibition by Bortezomib results in a significant
accumulation of insoluble Ub-proteins in organotypic brain slices (3-fold), in WT OBSCs
treated with ABOs only a slight increase in insoluble Ub-protein levels could be detected
(1.3-fold). Surprisingly, in ABO-treated OBSCs from LMP7 KO pups, that could not be
associated with proteasome inhibition, we found a 1.6-fold increase in the insoluble Ub-
protein fraction. Furthermore, chemical proteasome inhibition resulted in a clear
upregulation of immunoproteasome subunit LMP7, whereas we could demonstrate that
ABO-induced proteasome inhibition leads to a slight increase in LMP7 protein
expression level. Finally, a Type-lI IFN response with elevated levels of Ifnbl mMRNA,
STAT1 phosphorylation and subsequent upregulation of IFN-stimulated genes could be
shown for OBSCs treated with Bortezomib but not for those treated with ABOs.
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Figure 12: Bortezomib but not ABOs activate STAT1 and ISG transcription.
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A Western blot analysis of STAT1 and phospho-STAT1 in OBSCs treated with 250 nM BTZ or 5 uM ABOs.
Amidoblack staining serves as protein loading control. B Gene expression analysis of Cxcl10, Mx1 and Isg15
mRNA levels in OBSCs treated with 250 nM BTZ or 5 yM ABO. Fold changes were calculated towards

corresponding vehicle control. Values represent mean with SEM. (*p<0.05 ***p<0.001, student-t test).
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3.1.4. AB oligomers activate mTOR signaling pathway

Another sensor of immune signals — the mTOR pathway — has been shown to
cooperate with JAK/STAT signaling [66] and act independently of STAT phosphorylation
to induce IFN-stimulated genes [64]. In addition, the mTOR pathway plays a role in the
regulation of the ubiquitin proteasome system and autophagy [60], [106]. For this
reason, we aimed to include the analysis of mMTOR signaling in the context with
impairment of the UPS in our Alzheimer's disease model. Since it has been
demonstrated that Type | IFNs activate mTOR signaling via phosphorylation of p70 S6
kinase and S6 ribosomal protein [65], we decided to study their protein expression and

phosphorylation status in western blot.

First, in line with previous experiments, we treated OBSCs with proteasome inhibitor
BTZ and analyzed p70 kinase and S6 ribosomal protein expression. While the protein
expression levels of p70 and S6 remained nearly unchanged, we detected up to 2-fold
increase in p70 phosphorylation and up to 13-fold increase in S6 phosphorylation
(Figure 13).

In a similar manner, OBSCs from WT and LMP7 KO pups treated with ABOs were
examined regarding p70 and S6 protein expression and phosphorylation. Both, in WT
and LMP7 KO, the protein expression and phosphorylation levels of p70 kinase
appeared unchanged. Although in both genotypes the applied ABOs increased the S6
protein levels, the results further showed significantly increased phosphorylation of S6
protein only in WT OBSCs - already after 8 hrs of ABO-treatment. In contrast, S6
phosphorylation levels prevailed unchanged in LMP7 KO at the tested time points
(Figure 14).

Taken together, we found that chemical proteasome inhibition by Bortezomib lead to an
activation of mTOR signaling resulting in phosphorylation of downstream target S6
ribosomal protein. In accordance with this notion, we were able to demonstrate that
proteasome inhibition by ABOs activated mTOR signaling as well. This is consistent
with our finding in LMP7 KO OBSCs, which did not display further impaired proteasome
activity, no increase in S6 phosphorylation was observed. The question remains though,
how immunoproteasome deficient OBSCs compensate the ABRO-induced proteotoxic

stress.
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Figure 13: Proteasome inhibition by Bortezomib results in p70/S6 activation.

A Western blot analysis of p70 S6 kinase, S6 ribosomal protein and their phosphorylation in OBSCs treated with 250
nM BTZ. Amidoblack staining served as protein loading control. B Corresponding densitometric analysis of protein
levels normalized to amidoblack staining. Fold changes were calculated towards control. Values represent mean with

SEM.
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Figure 14: ABO-induced p70/S6 (MTOR) pathway in WT OBSCs.

Upper panel: Western blot analysis of p70 S6 kinase and S6 ribosomal protein and their phosphorylation in
OBSCs treated with 5 uM ABOs. Amidoblack staining served as protein loading control. Lower panel:
Corresponding densitometric analysis of protein levels normalized to amidoblack staining. Fold changes

were calculated towards control. Values represent mean with SEM (*p<0.05, student-t test).
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3.1.5. ABO-induced autophagy in immunoproteasome deficiency

It is a rather new way of thinking that the two major degradation pathways - the ubiquitin
proteasome system and macroautophagy - are linked to each other. In fact,
experimental data suggests a direct cross-talk between these pathways [107]. Since we
observed no further proteasome inhibiton and no mMTOR activation in
immunoproteasome deficient OBSCs treated with ABOs, we suspected involvement of
autophagy. Therefore, we analyzed the protein expression of the established autophagy
marker microtubule- associated protein 1 light chain (LC3), in particular the conjugated
variant LC3-Il. In order to verify the interplay between the proteasome and autophagy,
we performed western blot analysis of LC3-1 and LC3-1l in OBSCs treated with
proteasome inhibitor BTZ. Surprisingly, we detected no changes in expression of the
autophagy marker LC3-Il and even significantly downregulated expression of LC3-I in

the initial phase of proteasome inhibition (Figure 15A).
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Figure 15: Suppression of autophagy upon Bortezomib and ABO-induced autophagy in LMP7 KO OBSCs.

A Left panel: Western blot analysis of LC3-l1 and LC3-Il in OBSCs treated with 250 nM BTZ. Amidoblack staining
serves as protein loading control. Right panel: Corresponding densitometric analysis of protein levels normalized to
amidoblack staining. Fold changes were calculated towards control. Values represent mean with SEM (*p<0.05
**p<0.005, student-t test).

B Left panel: Western blot analysis of LC3-l and LC3-Il in OBSCs treated with 5 uM ABO. Amidoblack staining serves
as protein loading control. Right panel: Corresponding densitometric analysis of protein levels normalized to
amidoblack staining. Fold changes were calculated towards control. Values represent mean with SEM (*p<0.05,
student-t test).
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In agreement with this finding, proteasome inhibition by ABOs in WT-derived OBSCs
does not result in activation of autophagy at the tested time points as protein expression
levels of both, LC3-I and LC3-lI remain unchanged. Interestingly, when the
immunoproteasome is absent, we observed significantly upregulated LC3-Il protein

levels indicating activation of autophagy (Figure 15B).

Collectively, our data show no activation or even downregulation of autophagy in WT-
derived OBSCs treated with Bortezomib or ABOs which differs from our expectations
and the literature. In contrast, in OBSCs lacking for the immunoproteasome elevated
levels of autophagy marker LC3-Il were detected, possibly reflecting the compensation

mechanism upon ABO-induced proteotoxic stress.

3.1.6. ABOs alter glial activities dependent on the immunoproteasome
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Figure 16: Experimental setup for confocal imaging.

Organotypic brain slices were cultured for 9 days in vitro (DIV) before treatment with either 5 uM TMR-labeled ABOs
or vehicle control (vctrl) for 24 hrs followed. At day 10 the OBSCs were incubated with pan-reactive Bodipy-FL-
labeled active site probe (ASP) for 1 hour in the incubator. Slices were subsequently fixed in 4% PFA and one slice
further immunostained free floating for MAP2 and Ibal or MAP2 and GFAP as described in material & methods

section. Finally, the slices were mounted in aqueous Fluoromount using the bridge-technique and imaged with the
Nikon A1R+ confocal setup using 20x objective and 63x water immersion (WI) objective.

The use of organotypic brain slices enables to investigate how amyloid-g oligomers
impacts on proteasome networks in a tissue-like context. Thereby we aimed to include
effects of ABOs on all cell types and the interaction between them. In order to visualize
the reaction of the different cell types, we performed confocal imaging using TMR-
labeled ABOs for treatments followed by incubation with the pan-reactive active site
probe (proteasome, pan-ASP) and immunostaining for neuronal (MAP2), microglial
(Ibal) and astrocyte (GFAP) markers (Figure 16).

As expected according to earlier findings (see Figure 6C), the quantitative analysis of
pan-ASP fluorescence intensity in confocal images of OBSCs revealed significantly

reduced proteasome activity signals in slices lacking the immunoproteasome (Figure

17). The reduction was observed under untreated and treated conditions and was
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Figure 17: Reduced proteasome activity in immunoproteasome deficient OBSCs.

A Confocal images of WT and LMP7 KO OBSCs treated with vehicle control or ABO for 24 hrs and subsequently
labeled with pan-ASP. Images were obtained with 20x objective using equal laser excitation (488 nm) for every slice.
B Corresponding quantitative analysis of total fluorescence intensity in two different areas: stratum pyramidale (SP)
and stratum radiatum (SR). Values represent mean with SEM (*p<0.05, **p<0.005, student-t test). C Confocal images
of WT and LMP7 KO OBSCs treated with ABO for 24 hrs and subsequently labeled with pan-ASP and a-lbal
antibody. Images were obtained with 63x WI objective. White arrows indicate spotty ASP signals associated with
Ibal+ microglia. White box highlights Ibal+ positive microglia engulfing TMR-ABO accumulations.
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independent of the area analyzed. Nonetheless, the proteasome activity signal was not
changed upon ABO-treatment (in contrast to the observed reduction in proteasome
activity analyzed in SDS-PAGE, see Figure 6 and Figure 7). Using higher magnification
(63x) we observed suspicious spotty ASP signals in close proximity to Ibal positive
microglia in WT OBSCs treated with ABOs as well as microglia obviously embracing
TMR-labeled ABO accumulations (Figure 17C). In contrast, in ABO-treated LMP7 KO
slices fewer Ibal positive microglia were detected that at the same time did not feature
additional ASP signals. We therefore intended to quantify the Ibal positive signals in

confocal images to verify the difference in microglia activation between WT and
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Figure 18: ABO-induced microgliosis.

A Confocal images of WT and LMP7 KO OBSCs treated with vehicle control or ABO for 24 hrs and immunostained
for neurons (MAP2) and microglia (Ibal). Images were obtained with 20x objective. B Total counts and area covered
by Ibal positive microglia in image stacks obtained with 20x objective. n = 2 slices per group were analyzed.
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LMP7 KO OBSCs upon ABO treatment. Indeed, the number of activated microglia was
4-fold higher in response to ABOs in both WT and LMP7 KO although the total counts
were 50 % lower in immunoproteasome deficient OBSCs (Figure 18C). This finding is in
line with our earlier observations that demonstrated significantly lower numbers of Ibal

positive microglia in brain slices of aged APPPS1xXLMP7 KO mice [104].

The second slice of each well treated with either vehicle control or TMR-ABO was
immunostained for GFAP (astrocytes) in addition of MAP2 (neurons). The quantitative
analysis of the respective images (Figure 19) revealed an interesting observation: Upon

ABO-treatment, astrocytes appear more numerous in slices deficient for the
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Figure 19: ABO-induced astrogliosis in immunoproteasome deficient OBSCs.

A Confocal images of WT and LMP7 KO OBSCs treated with vehicle control or ABO for 24 hrs and immunostained
for neurons (MAP2) and astrocytes (GFAP). Images were obtained with 20x B Quantified area covered by GFAP
positive astrocytes in image stacks obtained with 20x objective. n = 2 slices per group were analyzed.
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immunoproteasome (LMP7 KO) compared to WT, reflected by an increase in area
covered by GFAP positive cells (Figure 19B). Interestingly, recently we observed an
enhanced astrogliosis in brain sections of AD mice deficient for the immunoproteasome
as well [104].

Taken together, our data from confocal microcopy highlights the importance of glial cells
and the immunoproteasome in our OBSC model of Alzheimer's disease. ABOs
increased the Ibal (microglia) immunoreactivity in WT with associated increased signals
for proteasome active sites. Although ABRO-induced microgliosis appeared less
pronounced in immunoproteasome deficient OBSCs, astrogliosis was enhanced.
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3.1.7. Cell type specific response upon ABO-treatment

Following the observations of differential activation of microglia and astrocytes
compared with neurons in response to AR oligomers in WT and LMP7 KO slices in
confocal microscopy, we decided to analyze MACS-separated microglia from ABRO-
treated OBSCs on mRNA and protein level and compare the results with the flow
through fraction. Therefore, at least 20 slices from each condition were collected, the
tissue dissociated and microglia separated using CD11b magnetic beads (Figure 20A).
We subsequently extracted either RNA for gRT-PCR or protein for western blot.

To validate the successful microglia separation, we measured the expression of marker
genes for microglia (Cd11b), neurons (NeuN) and astrocytes (Gfap) in CD11b-positive
cells and those cells from the respective flow through. The results clearly show high

levels of Cd11b gene expression and negligible NeuN and Gfap gene expression levels
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Figure 20: MACS-separating of Cd11b-positive microglia from OBSCs.

A Neural dissociation and MACS-separating of CD11b-positive microglia. OBSCs were cultured and treated as
described in the methods section. Slices of at least 10 wells treated equally were pooled (a). Slices were
subsequently dissociated mechanically using gentleMACS dissociator and enzymatically using papain. Cell
suspension was incubated with CD11b-conjugated magnetic-beads and CD11b-positive cells were separated from
flow through using by magnetic force. B CD11b-positive and flow through fractions were characterized by gRT-PCR
using markers specific for microglia (CD11b), neurons (NeuN) and astrocytes (GFAP). Bars represent one single
measurement (performed in technical duplicates) but includes a sample pool of at least 10 individually treated wells
corresponding to 2-3 pups.
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in the CD11b-positive fraction, whereas we detected only negligible levels of Cd11lb
gene expression but high expression levels of NeuN and Gfap gene expression in the

flow through, respectively (Figure 20B).

We were first interested in the expression of immunoproteasome [ subunits PSMB9
(encoding for LMP2, 31i), PSMB8 (encoding for LMP7, 31i) and PSMB10 (encoding for
MECLA1, B2i) on the mRNA level and further analyzed the protein expression of LMP7 in
microglia derived from OBSCs treated with ABOs. As expected, the results of gene
expression analysis in isolated microglia in WT OBSCs revealed that gene expression
of PSMB9 and PSMB8 was increased 1.2 and 1.5 fold upon 24 hrs ABO-treatment
(Figure 21A). The respective protein expression of LMP7 was slightly increased by 1.3-
fold in western blot as well (Figure 21B). In contrast, regarding the flow through fraction,
the gene expression of both PSMB9 and PSMB8 was reduced by 0.9- and 0.7-fold
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Figure 21: Differential expression of iP subunits in MACS-separated microglia versus flow through.

A Gene expression of immunoproteasome subunit genes PSMB9, PSMB8 an PSMB10 relative to housekeeping
gene Hprt. B Western blot analysis of immunoproteasome subunit LMP7. Bars (QRT-PCR) and lanes (western blot)
represent one single measurement (performed in technical duplicates) but includes a sample pool of at least 10
individually treated wells corresponding to 2-3 pups.
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(Figure 21A). Protein expression of LMP7 was clearly lower compared with CD11b-
positive fraction but contrary to gene expression results, ABO-treatment resulted in a
slight increase in LMP7 signal in western blot (Figure 21B). Results of PSMB10 gene
expression revealed an increase by 1.2 fold in the microglia fraction but no change in
the flow through. Interestingly, in both the CD11-positive and flow through fraction we
detected lowered gene expression of PSMB9 by 0.7- (both fractions) and PSMB10 by
0.9- (CD11+) and even 0.5-fold (flow through, Figure 21A).

Next, we were interested in the gene expression profile of Type-I IFN genes Ifnal, Ifnbl
and a selection of IFN stimulated genes (Cxcl10, Mx1 and Isgl5) and therefore
performed quantitative real-time PCR with RNA from cells separated by CD11b-MACS.
Surprisingly, we observed that the relative expression levels of Ifnal and Ifnbl
completely differ between CD11b-positive and flow through fractions. The results
showed 23 fold higher relative expression of Ifnal in vehicle treated WT flow through
compared with CD11b-positive cells and 5-fold higher relative expression of Ifnbl in
vehicle treated CD11b-positive cells compared with the flow through fraction (Figure
22). In addition, we detected 3-fold higher Cxcl10 gene expression levels in the flow
through fraction of WT OBSCs compared with CD11b-positive cells, whereas the gene
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Figure 22: Differential gene expression of ABO-induced Type | IFN response in CD11b-separated microglia.

Gene expression of Ifnal and Ifnb1 and also IFN stimulated genes Cxcl10, Mx1 and Isg15 relative to housekeeping
gene Hprt. Bars represent one single measurement (performed in technical duplicates) but includes a sample pool of
at least 10 individually treated wells corresponding to 2-3 pups.
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expression of Mx1 and Isgl5 did not differ considerably between flow through and
microglia fraction. Cxcl10 gene expression, however, was slightly elevated 1.2-fold in
flow through cells from WT OBSCs treated with ABOs while in those from LMP7 KO
OBSCs the gene expression of Cxcl10 was decreased 0.8-fold. Interestingly, while gene
expression of Mx1 remained nearly unchanged upon ABRO-treatment in both CD11b-
positive cells and flow through of WT OBSCs, we detected a decrease in Mx1 levels by
0.8-fold in CD11b-positive cells and by 0.5-fold in flow through cells from LMP7 KO
OBSCs. Furthermore, we measured slightly decreased levels of Isgl5 gene expression
in ABO-treated CD11b-positive microglia by 0.7-fold and in flow through cells by 0.9-
fold. In contrast, in those cells from immunoproteasome deficient OBSCs the gene
expression of 1sgl5 appeared 1.6-fold higher in CD11b-positive but 0.6-fold lower in

flow through cells in response to ABO-treatment (Figure 22).

Finally we analyzed the protein expression of mMTOR downstream target S6 ribosomal
protein (S6) and its phosphorylation status as well as the protein expression of
autophagy marker LC3 in western blot. First we observed lower S6 protein expression
in CD11b-positive microglia compared with the respective flow through cells, with lowest
signals for microglia derived from LMP7 KO slices. Surprisingly, we detected a higher
ABO-induced increase in S6 phosphorylation in flow through cells from LMP7 KO slices
(1.9-fold) compared with those from WT slices (1.3-fold). In contrast, in CD11b-
separated microglia from WT slices the S6 phosphorylation was 1.2-fold higher in

response to ABOs whereas the signal was 0.7-fold decreased in microglia from
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Figure 23: Analysis of mTOR and autophagy activation in CD11b-separated microglia.

Western blot analysis of S6 ribosomal protein (S6) protein expression and S6 phosphorylation as well as LC3-I and
LC3-Il protein expression. Lanes represent one single measurement (performed in technical duplicates) but

includes a sample pool of at least 10 individually treated wells corresponding to 2-3 pups.
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LMP7 KO slices. In concordance with data obtained from whole OBSC analysis, we
measured a 2.9-fold increase in LC3-Il levels in microglia derived from ABO-treated
LMP7 KO slices indicating the activation of autophagy. As expected, we did not detect
elevated LC3-1l levels in both microglia and flow through cells derived from WT slices
(Figure 23).

In summary, our results reveal that LMP7 protein expression is clearly higher in CD11b-
positive microglia compared with the flow through fraction and both, gene and protein
expression, is slightly elevated upon ABO-treatment. Ifnal and Mx1 gene expression
seems to be more relevant in those cells in the flow through fraction, namely astrocytes
and neurons. On the other hand, Ifnb1l gene expression appeared higher in CD11b-
positive microglia. ABO-induced activation of autophagy was detected in microglia
derived from LMP7 KO slices whereas activation of mTOR pathway via S6
phosphorylation was present only in flow through cells, although surprisingly higher in
those derived from LMP7 KO slices.
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3.1.8. Increased proteasome activity and immunoproteasome expression in aged
APP/PS1 mice

Since a recent study suggested an increase in immunoproteasome gene expression
during aging and in microglia associated with AB-plaques in APP/PS1 mice [88], we
analyzed proteasome activity and LMP7 protein expression in native brain lysates of
APP/PS1 mice, LMP7 KO mice and a crossbreed of these two mouse strains at the age
of 60, 120 and 250 days and compared them with age matched wild type mice
(collaboration with Prof. Heppner, Neuropathology, Charité).

The proteasome activity in native mouse brain lysates was measured using the
fluorogenic substrate Suc-LLVY-AMC, reflecting the chymotryptic-like activity of the 26S
proteasome. The results revealed that the proteasome activity significantly increased in
WT mice with aging, shown by an increase of 1.7-fold in 120 days old and even 1.9-fold
in 250 days old mice compared to 60 days old mice. As expected, aged mice deficient
for the immunoproteasome showed significantly lower proteasome activity (0.7-fold)
compared with age matched WT mice. Interestingly, we detected significantly higher
proteasome activity in 250 days old APP/PS1 mice with full established AB-pathology
(1.7-fold) compared with 120 days old APP/PS1 mice. However, in aged APP/PS1 mice
lacking the immunoproteasome, the proteasome activity was significantly decreased by
0.7-fold in 120 days old mice and by 0.6-fold in 250 old mice compared to age matched
WT mice, respectively (Figure 24A). To test if the immunoproteasome is involved in the
observed increase in activity, we performed native PAGE with the brain lysates followed
by western blot to detect immunoproteasome subunits incorporated into 20S and 26S
proteasome complexes. Corresponding to the proteasome activity measured by peptide
hydrolysis, the resulting western blot showed an increasing signal with aging for LMP7
at the protein size of both 20S and 26S proteasome complexes in WT mice. Indeed, the
signal even appears enhanced for aged APP/PS1 mice compared to WT mice (Figure
24B).

Taken together, we were able to show that proteasome activity is increased upon aging
and enhanced in mice with plaque-pathology, accompanied by an increase in the
amount of LMP7 containing proteasome complexes. In LMP7 KO and
immunoproteasome deficient APP/PS1 mice, however, proteasome activity was
decreased compared to WT and APP/PS1 mice. This data has been included in a

recent publication [104]
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Figure 24: Proteasome activity and immunoproteasome expression is increased in APP/PS1 mice but
reversed with immunoproteasome deficiency.

A Analysis of proteasome activity in brain lysates of 60, 120 and 250 d old WT, LMP7 KO, APP/PS1 and APP/PS1 x
LMP7 KO mice by measuring hydrolysis of fluorogenic substrate Suc-LLVY-AMC (chymotryptic-like activity). Values
represent mean +-SEM, (*p<0.05 **p<0.005 ***p<0.001, student-t test). B Native PAGE of brain lysates of 60, 120
and 250 d old WT and APP/PS1 mice followed by western blot using in-house LMP7 antibody to visualize 26S and

20S proteasome complexes with LMP7 subunits incorporated. Amidoblack staining served as protein loading
control.
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3.2. Rapamycin decreases the amount of active proteasome
subunits in 5xFAD mice

Earlier, we demonstrated the upregulation of the mTOR pathway via phosphorylation of
downstream target S6 ribosomal protein in our ex vivo Alzheimer’s disease model using
organotypic brain slice culture. In addition, previously it has been shown that
intervention in AD pathogenesis in mouse models by reduction of p70 kinase [97] or
administration of mTOR inhibitor rapamycin [108] leads to improvements of the disease
phenotype. According to these hints to mTOR as a link to AD pathology and using
rapamycin as a therapeutic approach, we were further interested in the modulation of
the proteasome activity. Therefore, in a collaboration with the lab of Prof. Priller
(Molecular Psychiatry, Charité), we analyzed the proteasome activity in native brain
lysates from 4 months old 5xFAD mice treated with rapamycin (RAPA) using
fluorescently labeled probes targeting the active sites of the proteasome and compared

them with equally treated age matched wild type mice.

First, our results demonstrated that in the cortex of 5xFAD mice the B1/B1i subunit
activity is 1.4-fold enhanced and 5/B5i subunit activity is significantly enhanced by 1.2-

fold compared to WT while the total proteasome activity remained unchanged (Figure
A
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Figure 25: Enhanced proteasome activity in 5xFAD mice.

Left panel: Representative images of 31/2/5 subunit activity and specific 1 (green) and 5 (magenta) subunit activity
in native brain lysates of cortex (A) and hippocampus (B) tissue dissected from vehicle treated 4 months old WT and
5xFAD mice. Coomassie staining served as protein loading control. Right panel: Corresponding densitometric
analysis normalized to coomassie staining (n = 5-6). Values represent mean with SEM (*p<0.05, student t-test).
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25A). In the hippocampus of 5XxFAD mice we observed a similar tendency with 1.2-fold
higher amount of active 35/35i subunits compared to WT (Figure 25B).

In order to validate the effect of RAPA on WT mice as well as 5XxFAD mice, we analyzed
the protein levels and phosphorylation status of mMTOR downstream targets p70 S6
kinase and S6 ribosomal protein. As expected, in cortex lysates we found that RAPA
inhibits phosphorylation of p70K by 0.7-fold and significantly inhibits phosphorylation of
S6 by 0.2-fold in WT mice. In RAPA-treated 5XxFAD mice, however, phosphorylation of
p70K was significantly increased by 1.7-fold whereas phosphorylation of S6 was

decreased by 0.7-fold (Figure 26). Similar results were observed in hippocampus
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Figure 26: Rapamycin inhibits p70K and S6 phosphorylation in WT mice.

Upper panel: Western blot analysis of p70 kinase, S6 ribosomal protein and its phosphorylation status in native
cortex lysates from 4 months old WT and 5xFAD mice treated with Rapamycin or vehicle. Amidoblack staining served
as protein loading control. Lower panel: Corresponding densitometric analysis of protein levels normalized to
amidoblack staining. Values represent mean with SEM (**p<0.005, ***p<0.001, student t-test).
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lysates (data not shown).

We then measured the amount of active proteasome [-subunits in response to RAPA
treatment in WT compared to 5XxFAD mice. Surprisingly, by applying the pan-reactive
proteasome probe to native lysates from cortex and hippocampus tissue, we found that
neither in WT nor in 5xFAD the amount of active [ subunits changed in mice treated
with RAPA (Figure 27).

Using the proteasome probe mix, containing the inhibitors specific for 1/81i and B5/@5i
and labeled with two distinct fluorophores, we were able to gain more informative
results. In native lysates of cortex tissue we found no changes in the amount of 31/B1i
active subunits, neither in WT nor in 5XFAD mice treated with RAPA (Figure 28A). In
lysates of hippocampus tissue dissected from RAPA-treated WT mice, however, we
detected a significant decrease in the amount of active B1/B1i subunits by 0.5-fold.
Furthermore, RAPA-treatment of 5XFAD mice resulted in a significant decrease of
active B5/B85i subunits by 0.6 - 0.7-fold in native hippocampus lysates (Figure 28B).
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Figure 27: Rapamycin-treatment does not lead to changes in the total amount of active 8 subunits.

Left panel: Representative images of (31/2/5 subunit activity in native brain lysates of cortex (A) and
hippocampus (B) tissue dissected from vehicle- or RAPA-treated 4 months old WT and 5xFAD mice. Right
panel: Corresponding densitometric analysis normalized to coomassie staining (n = 7-9). Fold changes were
calculated to WT vehicle control. Values represent mean with SEM.
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In summary, we found higher levels of active 5/85i subunits in brain lysates of 5xFAD
mice by 1.2-fold compared with WT mice. Rapamycin-treatment of 5XFAD mice resulted

in a decrease in the amount of active B5/85i subunits in brain lysates by 0.8 — 0.7 fold.
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Figure 28: Rapamycin-treatment results in a decrease of active 1 and 85 subunits.

Left panel: Representative images of specific 31 (green) and B5 (magenta) subunit activity in native brain lysates of
cortex (A) and hippocampus (B) tissue dissected from vehicle- or RAPA-treated 4 months old WT and 5xFAD mice.
Right panel: Corresponding densitometric analysis normalized to coomassie staining (n = 7-9). Fold changes were
calculated to WT vehicle control. Values represent mean with SEM (*p<0.05, **p<0.005, student t-test).
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4. Discussion
4.1. Perturbations in proteasome networks in experimental models of AD

Studies regarding the effect of amyloid-8 on proteasome activity diverge. Inhibitory [82]—
[86] as well as activating [87], [88] effects have been reported — in vitro using Ap
peptides, in vivo using mouse models exhibiting AD pathology as well as in post-
mortem brain of AD patients. So far, in-vitro approaches were restricted to either
interactions between AB and purified proteasomes or lysates or - if cell cultures were
used — to effects of AB on neurons and glial cells cultured separately. Especially when
immunomodulatory effects are expected in AR pathology (as presented in chapter
1.1.2)), interactions and communication between different cell types of the brain should
be considered. We therefore aimed to elucidate the consequences of AB exposure
simultaneous to all brain cells in a tissue network using organotypic brain slice culture
(OBSCs). Thereby, we were able to demonstrate that oligomeric AR, that is considered
to be a major contributor to AD pathology [103], clearly reduces the activity of
proteasome B-subunits which is in concordance with early findings suggesting an
inhibitory effect of AR [82]-[85], [109]. Using subunit-specific active site probes we
further found that in particular active B1/B1i subunits were significantly reduced in
response to ABO-treatment. Unchanged levels of B5/B5i might be due to initiating
compensation by upregulation of B5i activity, indicating initial immunoproteasome
formation. Accordingly, we detected a moderate increase in LMP7 protein expression in
ABO-treated OBSCs. Surprisingly, we detected no change in active B-subunits in
OBSCs lacking the B5i subunit and therefore the immunoproteasome. This underlines
our hypothesis that the immunoproteasome plays a specific role in AD pathology. No
changes in proteasome activity indicate the existence of a compensatory mechanism. It
is conceivable that other degradation pathways, as for example autophagy, cover the
lack of immunoproteasome. Indeed, studies have demonstrated a cross-talk between
the UPS and autophagy [107]. To answer the question how ABO-induced proteotoxic
stress is compensated when the immunoproteasome is absent, we analyzed the protein
expression of autophagy marker LC3b. In fact, while proteasome inhibition by
Bortezomib or ABOs did not induce autophagy in our OBSC model, immunoproteasome
deficient OBSCs react early with activation of autophagy upon ABO exposure.
Supporting this finding, in a fly model of neurodegeneration it has been reported that an

impaired proteasome induced autophagy as a compensatory mechanism, mediated by
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poly-ubiquitin-interacting histone deacetylase 6 (HDACG6) [110]. Considering the
absence of the immunoproteasome as an inherent impairment of the UPS, ABO
exposure leads to autophagy much earlier than chemical proteasome inhibition or AB-
induced proteasome impairment. We therefore propose that induced proteasome
inhibition in our model will lead to activation of autophagy at later time points probably
due to initial compensation by the immunoproteasome. Indeed, the promotion of
autophagy by upregulation of p62 expression, has been shown to improve cognitive
deficits in APP/PS1 mice [111]. Thus, the activation of autophagy via the inhibition or
deactivation of the immunoproteasome might be a possible treatment strategy for AD.

As expected from previous studies [112], in our ex-vivo OBSC model we were able to
show that chemical proteasome inhibition by Bortezomib resulted in a clear
accumulation of insoluble poly-Ub-conjugated proteins and elevated protein levels of
immunoproteasome B-subunit LMP7. In addition, we confirmed the induction of a type |
IFN response with significantly elevated mRNA levels of IFNB and IFN stimulated genes
Mx1 and Cxcl-10. This is in line with our previous study demonstrating an enhanced IFN
response in patients exhibiting mutations and therefore defects in the proteasome [91].
A possible linkage between proteasome impairment and the production of IFNs has
been identified in a current study of two patients with POMP-related autoinflammatory
immunodeficiency diseases (PRAID). The analysis of PRAID-patient derived cells that
displayed an established interferonopathy, revealed the clear upregulation of unfolded
protein response (UPR) genes [113]. We therefore speculate that the accumulation of
Ub-conjugates upon proteasome impairment induces endoplasmatic reticulum (ER)
stress resulting in UPR-mediated production of IFNs promoting inflammatory processes.
Interferonopathies, meaning the abnormal production of IFNs and ISGs, have been
associated with a number of CNS diseases [92]. In addition, the induction of type | IFNs
in AD models have been demonstrated earlier [93]. With the knowledge of
interferonopathies associated with proteasome defects and our observation of ABO-
induced proteasome impairment, we expected to detect upregulation of IFNs and ISGs
in response to ABOs as well. Surprisingly, we were not able to show a clear type | IFN
response in WT OBSCs treated with ABOs. Nonetheless, since we observed
significantly elevated levels of soluble Ub-conjugates in ABO-treated OBSCs and
occasionally detected elevated levels of IFNs and ISGs, we assume that longer ABO-

induced proteasome inhibition would finally lead to the phenotype that we observed by

63



Discussion

chemical proteasome inhibition. This assumption is supported by the finding that levels
of active B5/B5i subunits remained unchanged upon ABRO-treatment. We therefore
speculate an increase in active B5/B5i subunits at later time points if the amount of
insoluble Ub-conjugates further increases with prolonged proteasome impairment.
Indeed, our results from analyzing proteasome activity and LMP7 protein levels in
APP/PS1 mice clearly showed an increase in chymotryptic-like proteasome activity and
LMP7 protein levels in mice exhibiting full established plaque pathology [104].
Furthermore, we detected elevated levels of active B5/B5i subunits in cortex tissue of
5xFAD mice compared to WT. In this context we further conclude that whether A
impairs proteasome activity or increases the activity by upregulation of the
immunoproteasome depends on the stage of AD pathology or AR aggregation state and

therefore on the model and time point of analysis.

The analysis of basal levels of active B-subunits revealed significant lower levels in
immunoproteasome deficient OBSCs compared to WT, which is in accordance with our
previous findings demonstrating lower chymotryptic-like activity in adult LMP7 KO
mouse brains [104]. This lack of basal proteasome activity due to the
immunoproteasome deficiency in our OBSC model resulted in a mildly more
pronounced accumulation of insoluble Ub-conjugates upon ABO exposure compared to
WT. Corresponding, we have previously shown that immunoproteasome deficiency
together with inflammatory stimulation results in the accumulation of Ub-aggregates
[48]. Moreover, we found that the presence of the immunoproteasome seems to be
important for the activation of mTOR signaling. It has been shown before that
proteasome activity is enhanced by inhibiting mTOR via enhancing proteasome
assembly and thereby proteasome abundance [59], [60]. Nonetheless, the cross-talk
between the proteasome system and mTOR signaling is discussed controversially.
Thus, another study demonstrates the opposite phenomenon showing that the
activation of mTOR is accompanied by elevated levels of the proteasome [114]. Our
results, however, supports the first hypothesis showing that proteasome inhibition by
Bortezomib or ABOs activates mTOR signaling and confirm the relevance in AD
pathology that has been observed before by Caccamo et al. [96]. Interestingly, in a
follow-up study is has been demonstrated that reduction of phospho-S6 kinase
improved cognitive impairment in an AD mouse model [97]. Supporting this, we found

that immunoproteasome deficiency lacks mTOR activation in our ABO-treated OBSCs
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model and that LMP7 KO improves cognitive behavior in APP/PS1 mice [104]. These
findings raise the possibility of the immunoproteasome as therapeutic target in CNS
diseases. Similarly, it has been reported that specific inhibition by ONX-0914 or genetic
deficiency of the immunoproteasome in mice is beneficial in LCMV-induced meningitis
[55], [56]. In contrast, in a model of experimental autoimmune encephalomyelitis (EAE)
we observed higher susceptibility to proteotoxic stress under immunoproteasome
deficiency [48]. Nonetheless, recently immunoproteasome-specific inhibitor ONX0914
has been reported to display lower neurotoxicity compared to FDA-approved
bortezomib and is therefore suggested to be a promising therapeutic alternative for
neoplastic autoinflammatory diseases [115].

Using confocal microscopy we were able to verify the reduction in proteasome activity in
immunoproteasome deficient brain slices. In addition, we detected less (activated)
microglia but more astrocytes in ABO-treated OBSCs of LMP7 KO compared to WT.
Interestingly, we found remarkable reduced Ibal+ microglia even in untreated LMP7 KO
slices compared to WT. These findings indicate that immunoproteasome deficiency
might result in a cellular environment that is less prone to inflammatory responses. This
observation confirms our data from immunoproteasome deficient APP/PS1 mice that
displayed a reduced microgliosis but enhanced astrogliosis as well as changes in
cytokine secretion compared to APP/PS1 mice [104]. Since we observed an improved
cognitive phenotype in immunoproteasome deficient APP/PS1 mice in that study, it is
tempting to speculate that increasing astrocyte activity might be beneficial in AD
pathogenesis. Indeed, it has been shown that attenuating astroglial activity accelerates

plaque formation and promotes dystrophic neurites in APP/PS1 mice [116].

Furthermore, we found conspicuously increased proteasome signals nearby activated
microglia in WT OBSCs treated with ABOs that were not detected in LMP7 KO. An
increase in proteasome activity in cultured microglia upon AB-treatment was also
observed by Orre et al. [88] and attributed to increased immunoproteasome subunit
expression. Nonetheless, they detected an increase in activity in cultured neurons and
astrocytes as well. In that study, however, cells were treated 3 times longer (72 hrs) with
AB peptides. This underlines our idea that proteasome activation with formation of the
immunoproteasome might be a phenomenon of chronic AR exposure and our results
reflect a pre-adaptation period with an initial decrease of proteasome activity. In this

scenario microglia might be the first to react with immunoproteasome formation.
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Our preliminary results obtained by CD11b-MACS separation of microglia supports the
idea of the immunoproteasome expression being most abundant in microglia, since we
detected much lower LMP7 expression in the flow-through fraction. In a similar manner,
Kremer et al. [55] found LMP2 expression mainly co-localizing with microglia in
cryosections of LCMV-injected mice brains. LMP2 signals in other than microglia cells
were localized to nuclei of astrocytes [55]. Nonetheless, in a study of epileptogenesis in
a rat model and human patients, elevated levels of the immunoproteasome subunits
LMP2 and LMP7 were found in astrocytes and neurons of the hippocampus [117].
Similarly, in cortical neurons of patients with neurodegenerative disorder Huntington’s
disease, researchers found elevated levels of LMP2 and LMP7 [118]. We can therefore
not exclude neurons as a source for LMP7 protein expression in the flow through as
well. Further studies are definitely necessary to elucidate the relevance of

immunoproteasome formation in the different cell types of the CNS.

Taken together, our results confirmed that proteasome impairment by specific inhibitor
BTZ results in the accumulation of Ub-conjugates, a type | IFN response including
STAT-signaling and the activation of mTOR that results in the production of ISGs
(Figure 29A). Those ISGs might further promote the communication between neurons
and immune cells of the CNS as microglia and astrocytes. Finally, we demonstrated that
the effect of AR on the proteasome highly depends on the model and therefore on the
time point and the dominating AR species. In particular we confirmed an inhibitory effect
of ABOs in our OBSC model while we detected an increase in proteasome activity in
AB-plaque exhibiting AD mouse models. In addition, we were able to support the
hypothesis of the immunoproteasome playing a crucial role in AD pathogenesis. Based
on our OBSC model we conclude that the presence of the immunoproteasome is
essential for mTOR-mediated response to AR exposure (Figure 29A). The absence of
the immunoproteasome, however, induces a fast compensation of AP-induced
proteotoxic stress by autophagy (Figure 29B) which has been shown by others before to
be beneficial in AD pathogenesis. Moreover, the immunoproteasome seems to be
important for the activation of microglia and its absence promotes astroglial activity.
Together with our published results showing a beneficial phenotype of
immunoproteasome-deficient AD mice, our ex-vivo findings clearly support the idea of

the immunoproteasome being a promising target in neurodegeneration.
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Figure 29: Models for neuroinflammatory events associated with proteasome impairment or deficiency.

A Proteasome impairment results in accumulation of Ub-conjugates that induce the formation of the
immunoproteasome and might lead to ER stress that promotes the production of IFNs via UPR activation. IFNs in
turn activate signaling via JAK/STAT or mTOR that result in the production of ISGs. A similar pathway is conceivable
for ABO-induced proteotoxic stress being induced either indirectly via extracellular interactions with immune receptors
or directly via intracellular interactions with the proteasome or its associated network factors. B In the absence of the
immunoproteasome ABO-induced proteotoxic stress results in the activation of autophagy mechanisms that might
compensate impairment of proteasome networks.

4.2. Interventions in proteasome-associated signaling in an AD mouse model

Accumulating evidence suggests that mTOR signaling plays an important role in i) the
regulation of the UPS and ii) cross-talk with inflammatory pathways including IFN
signaling. Activation of the mTOR pathway in Alzheimer’s disease has been shown [96]

and was confirmed in our ex-vivo model showing significantly elevated levels of
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phospho-S6 ribosomal protein upon ABO exposure. We further demonstrated changes
in proteasome activity depending on the experimental model with ABO-induced
decrease but AB plaque-associated increase in proteasome activity. The reduction of
p70 S6 kinase expression has been shown to improve learning in an AD mouse model
[97] and MTOR inhibitor RAPA fed to mice extended their lifespan [61]. Furthermore, it
has been demonstrated that neurodegeneration induced by proteasome inhibition was
protected by RAPA-induced autophagy [119]. We were therefore interested how RAPA
influences proteasome activity in an AD mouse model 5xFAD and its impact on AD

pathology (assessed by the group of Prof. Priller, Neuropsychiatry, unpublished data).

First, we confirmed our results from analyzing proteasome activity in APP/PS1 mice and
found an increase in B1/p1i and B5/B5i active subunits in 5XxFAD mice compared to age
matched WT mice. Interestingly, although rapamycin reduced the levels of phospho-S6
in both WT and 5xFAD, the effect was considerably stronger in WT. Surprisingly, in
hippocampus tissue we observed a significant reduction in active $1/B1i-subunits in
RAPA-treated WT mice as well as a significant reduction in active B5/B5i-subunits in
RAPA-treated 5XxFAD mice compared to untreated WT and 5xFAD mice. This finding
contradicts the study of Zhao et al. [59] that shows an overall increase in protein
degradation by mTOR inhibition. Another study, however, demonstrated the
suppression of proteasome expression and thereby reduction in proteasome-mediated
degradation by mTOR inhibition [114]. In concordance with the observed RAPA-induced
reduction of proteasome activity, immunohistochemical analysis of 5xFAD brain
sections revealed an increase in AB-plaque load in response to RAPA treatment
(unpublished data, AG Priller). Furthermore, microgliosis was enhanced in those 5xFAD
mice treated with rapamycin and FACS analysis revealed changes in the microglia
phenotype with a decrease in CD11c+ cells (unpublished data, AG Priller). CD11c+
microglia have been described as a plague-associated subtype that is thought to play a
crucial role in AB-uptake and promoting inflammatory events [120]. RAPA has been
shown to have immunomodulatory effects due to the role of mMTOR in regulating
immune cells [62]. In our study this has been manifested in the changes of microglia
numbers and phenotype. The question remains if the RAPA-induced decrease of
proteasome activity or the reduction in AB-degrading and inflammatory CD11c+-
phenotype of microglia is responsible for the increase in plaque load. It is further

unclear, if the reduction in proteasome activity accompanied by an increase in plaque
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load is beneficial or detrimental for AD pathogenesis including cognitive deficits. It has
been shown in 3xTg-AD mice, however, that the time point for RAPA-administration
determines the effects on cognition. Thus, it has been found that continuously RAPA-
treatment before establishment of disease signs significantly reduced plague formation
and improved cognitive deficits whereas the administration of RAPA at later time points
when plaque formation was established had no effect [121]. We found that 5xXFAD mice
in our study already exhibited AB-plagues at the time point of RAPA-treatment
(unpublished data, AG Priller). This might account for the unexpected reduction in
proteasome activity and increase in plaque pathology. We therefore conclude that
additional studies including much earlier treatment strategies and assessment of

cognitive behavior are necessary.
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Abbreviations

AD

AB
ABO
APP
AICD
AMC
APOE
ASP
ATP
BACE
BBB
BCA
bp
BSA
BTZ
B-CTF (C99)
cDNA
CNS
CSF
CD
CD11b
COX
Ci

Ctrl
Cxcl-10
CVvB
DIV
DMEM

Alzheimer’s disease

amyloid-8

amyloid-3 oligomer

amyloid precursor protein

amyloid precursor protein intracellular domain
7-amino-4-methycoumarin
apolipoprotein E

active site probe
adenosinetriphosphate

beta-secretase

blood brain barrier

bicinchoninic acid

base pairs

bovine serum albumin

bortezomib

short C-terminal fragment
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