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Summary

Summary

Alzheimer’s disease (AD) is the most common neurodegenerative disorder in the elderly
and responsible for up to 75 % of all dementia cases. Imaging studies indicate that the
accumulation of amyloid- (AR) peptides in the brain and their deposition into insoluble
amyloid plaques is a triggering event in the disease process. Microglia are the resident
immune cells of the brain, and they surround AR deposits in the brains of AD patients.
Microglia have the ability to internalize AR and numerous studies support that this cell
population is involved in the removal of AR peptides from the brain. This clearance
pathway appears to be impaired in AD patients, and boosting salutary microglia functions
is a putative treatment option for AD. At the beginning of this thesis project, preliminary
evidence indicated that small molecule inhibitors of the glycogen synthase kinase 3
(GSK3) might promote the capacity of cells to take up and internalize AR peptides. In this
study, we show that structurally divergent GSK3 inhibitors (GSKi) stimulated AR uptake
by human THP-1 macrophages and primary murine microglia cells in a dose-dependent
fashion, without negative effects on the cellular degradation rate of AR. In primary
microglia, treatment with GSKi was accompanied by a ramified morphology and
upregulation of CD36 and IL-4R surface receptors, indicating the transition to an anti-
inflammatory activation state. GSKi similarly enhanced the uptake of E. coli particles
suggesting a receptor-independent, macropinocytic uptake mechanism. Importantly, both
siRNA knockdown and CRISPR/Cas9 knockout experiments in THP-1 cells confirmed
that the stimulatory effect of GSKi was mediated by their primary target GSK3 with a
critical role for the GSK3R isoform. Further studies showed that, while GSK3-dependent
Whnt/R-catenin signalling was not involved, the stimulation of AR uptake by GSKi did
require de novo transcription. Consequently, a microarray-based gene expression
analysis of THP-1 cells was performed and identified a subset of genes similarly altered
by three different GSKi, including cytokines and surface receptors implicated in the
regulation of microglia activation and endocytosis. Finally, extensive CRISPR/Cas9
candidate gene analysis revealed a role for CDC42, a small Rho family GTPase, in the
stimulation of AR uptake. GSKi have been demonstrated to improve cognition in AD
animal models. Our findings that GSKi stimulate the uptake of AR peptides by microglia
cells suggest a novel molecular explanation for their beneficial effects and further
indicate that pharmacological targeting of GSK3 or its downstream effectors could

provide a way to overcome impaired A clearance and limit its accumulation in AD.



Zusammenfassung

Zusammenfassung

Die Alzheimer Erkrankung ist die haufigste neurodegenerative Erkrankung des Alters
und verantwortlich fur bis zu 75% aller Demenzfalle. Bildgebende Verfahren haben
gezeigt, dass die Akkumulation von Amyloid-B (AR) Peptiden im Gehirn und die
Ausbildung von unléslichen amyloiden Plaques eine Schlusselrolle in der Pathogenese
der Erkrankung spielen. Mikroglia sind die Immunzellen des Gehirns und finden sich im
Gehirn von Alzheimer Patienten vermehrt in der Umgebung der amyloiden Plaques.
Mikroglia kdnnen AR aufnehmen und sie tragen zur Beseitigung von AR aus dem Gehirn
bei, eine Funktion, die bei Alzheimer Patienten gestort ist. Zu Beginn dieses
Dissertationsprojektes deuteten vorlaufige Ergebnisse darauf hin, dass Inhibitoren der
Glykogensynthase-Kinase 3 (GSK3) die Aufnahme von AR Peptiden durch Zellen
steigern kdnnen. Nachfolgend konnten wir zeigen, dass strukturell divergierende GSK3
Inhibitoren (GSKi) die Aufnahme von AR durch humane THP-1 Makrophagen und
primare murine Mikroglia dosisabhangig stimulieren, ohne den zellularen Abbau der
Peptide negativ zu beeinflussen. GSKi behandelte primare Mikroglia zeigten einen anti-
inflammatorischen Aktivierungszustand mit einer verzweigten Morphologie und einer
erhdohten Expression der Oberflachenrezeptoren CD36 und IL-4R. GSKi stimulierten
auch die zellulare Aufnahme von E. coli Partikeln, was auf einen Rezeptor-
unabhangigen, makropinozytotischen Mechanismus hindeutet. Knockout Experimente
mittels siRNA und CRISPR/Cas9 bestatigten, dass der stimulierende Effekt der GSKi auf
einer Inhibition der GSK3 Enzymaktivitat beruht, mit einer zentralen Rolle der GSK3[}
Isoform. Weitere Untersuchungen ergaben keine Hinweise auf eine Beteiligung des
GSK3-abhangigen Wnt/R-Catenin Signalweges, die Stimulation der AR-Aufnahme war
jedoch transkriptionsabhangig. Eine Transkriptomanalyse von THP-1 Zellen identifizierte
eine Gruppe von Genen, die gleichermalRen von drei unterschiedlichen GSKi reguliert
wurden. Diese umfassten Zytokine und Rezeptoren, welche den Aktivierungszustand
von Mikroglia und den Prozess der Endozytose beeinflussen. Schliel3lich konnte durch
eine umfassende CRISPR/Cas9 Analyse dieser Kandidatengene gezeigt werden, dass
die Rho-GTPase CDC42 (cell division cycle 42) fur die Stimulation der AR-Aufnahme
durch GSKi erforderlich ist. In Alzheimer-Tiermodellen hatten GSKi in friiheren Studien
kognitionsverbessernde Effekte gezeigt. Die in dieser Arbeit nachgewiesene, gesteigerte
Aufnahme von AR durch Mikroglia bietet einen neuen molekularen Erklarungsansatz fur
die beobachteten positiven Effekte der GSKi. Folglich kénnten GSKi oder eine
pharmakologische Beeinflussung von GSK3 Effektorproteinen der toxischen

Akkumulation von AR Peptiden bei der Alzheimer Erkrankung entgegenwirken.
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Introduction

1 Introduction

1.1 Alzheimer's Disease

Alzheimer's disease (AD) is a progressive neurodegenerative disorder and the
predominant type of dementia in the elderly, accounting for 60-70 % of all cases.
Worldwide, over 47 million people are living with dementia, with approximately 7.7 million
new patients being diagnosed with dementia every year (WHO 2016). Due to increasing
life expectancy the number of dementia cases is expected to increase to 135.5 million by
2050 (WHO 2016). AD is clinically characterized by gradual loss of cognitive abilities
including early memory impairment and language difficulties (Burns & lliffe 2009). In
addition, patients suffer from psychiatric symptoms and behavioural disturbances that
may involve depression, hallucinations, delusions and agitation (Burns et al. 1990).
Eventually, AD patients lose their ability to independently perform activities of daily living.
The disease ultimately leads to death mostly within 8 to 10 years after clinical onset, but
it can last in excess of 20 years. Age is the strongest risk factor for AD. In addition,
genetic, medical and environmental factors have been implicated, including
cardiovascular risk factors, psychosocial factors (e.g. depression) and lifestyle choices
(e.g. physical activity and smoking) (Daviglus et al. 2010). Based on the age of onset, the
disease can be divided into early-onset and late-onset AD (sporadic AD). Late-onset,
sporadic AD accounts for about 90 % of cases and usually occurs after the age of 65.
While early-onset AD with onset ages younger than 65 years is almost exlusively
determined by genetic causes, only around 10 % of early-onset and < 1% of all AD cases
are due to mutations in known genes and are inherited within families in an autosomal-
dominant fashion (Bertram & Tanzi 2005, Cacace et al. 2016). The first-line medication
for the treatment of AD are cholinesterase inhibitors, which raise the level of the
neurotransmitter acetylcholine and thus alleviate symptoms without treating the
underlying pathology (Winslow et al. 2011). To date, no effective cure or preventive
treatment has been developed yet. One major barrier to an effective therapy is the lack

of a full understanding of the pathomechanisms of AD.

1.2 Neuropathological hallmarks of Alzheimer's Disease

AD is named after the psychiatrist Alois Alzheimer, who originally described the clinical
and neuropathological characteristics of the disease in 1906. He examined the brain of a

51-year-old woman who died of an unusual mental disorder, and made the assertion that
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her dementia was related to abnormal changes that he observed in her brain tissue
(Alzheimer 1907). At present, the definitive diagnosis of AD is still based on a post
mortem histological confirmation. The most significant neuropathological findings in
autopsy brain tissues of AD patients are extensive neuronal loss and the presence of
amyloid plaques and neurofibrillary tangles (NFT). Amyloid plaques are composed of the
amyloid-f3 peptide (ABR) (Masters et al. 1985, Gorevic et al. 1986), which is produced
through proteolytic cleavage of the amyloid precursor protein (APP), a type |
transmembrane protein. A3 is a 4 kDa peptide (Glenner & Wong 1984) and comprises
part of the extracellular and part of the transmembrane domain of APP (Vassar et al.
1999b). AR accumulates in the brain and forms soluble oligomers as well as R-sheet
pleated insoluble amyloid fibrils that are the main component of the amyloid plaques
(Meyer-Luehmann et al. 2008). Based on their morphology and immunohistochemical
staining properties amyloid plaques are commonly classified in neuritic A} plaques and
diffuse plaques. Neuritic plaques are fibrillar amyloid deposits associated with
degenerating neuronal processes, which can be axons or dendrites. These dystrophic
neurites, which are located within or in the immediate vicinity of amyloid plaques, are
characterized by abnormal cellular structures including enlarged lysosomes and
numerous mitochondria and are believed to be signs of neuronal injury (Selkoe 2001a).
In contrast, diffuse plaques lack the compact structure of the classical neuritic plaques
and are not associated with neuritic dystrophy. Several studies suggest that cognition is
affected primarily by neuritic plaques, whereas diffuse plaques appear to be age-related
changes and are also frequently found in the brains of cognitively intact elderly people
(Aizenstein et al. 2008, Malek-Ahmadi et al. 2016). Besides its presence in parenchymal
plaques, AR} accumulation is also found in the walls of cerebral capillaries and arteries,
which has been named cerebral amyloid angiopathy (CAA) (Ghiso & Frangione 2002,
Greenberg et al. 2004). NFT are intracellular paired helical filaments that are composed
of a hyperphosphorylated form of the Tau protein (Kosik et al. 1986, Grundke-lgbal et al.
1986, Lee et al. 1991). Tau was originally discovered as a microtubule-associated
protein that stimulates tubulin assembly into microtubules and plays an important role in
the stabilization of the microtubule network (Weingarten et al. 1975). The
phosphorylation of Tau isolated from AD brains is 3- to 4-fold higher compared to Tau
isolated from normal human brains (Kopke et al. 1993). Abnormal hyperphosphorylation
of Tau leads to its dissociation from microtubules (Sengupta et al. 1998), promotes its
self-aggregation into insoluble filaments (Abraha et al. 2000), and the formation of NFT in
neuronal cell bodies as well as in dystrophic neurites associated with amyloid plaques
(Grundke-Igbal et al. 1986, Kosik et al. 1986, Wood et al. 1986).
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Figure 1: The two hallmark features of Alzheimer's disease. Neuritic plaque (upper arrow) and
neurofibrillary tangle (lower arrow) visualized by silver staining in the brain of an 85-year old patient
with histologically confirmed AD (histological picture adopted from Clifford 2012).

Specific regions in the brain are more susceptible to neuronal loss and formation of
amyloid plaques and NFT than others. The cognitive impairment in AD patients is closely
correlated with the progressive degeneration of the limbic system, neocortical regions
and the basal forebrain (Serrano-Pozo et al. 2011). Within the cortex, the most severely
affected brain regions include the hippocampal formation and association cortices
(Arnold et al. 1991). The loss of neurons and synapses in the cerebral cortex and
subcortical areas leads to severe atrophy of the affected regions.

Although autopsy of the brain is still required for a definitive AD diagnosis, newly
developed diagnostic methods allow an early prediction of the disease in living patients
with high accuracy. Imaging techniques have been developed to detect overall changes
in brain size, to measure glucose metabolism in the brain, and to visualize AR deposits
and NFT using positron emission tomography imaging. Moreover, AR and Tau
concentration changes in the cerebrospinal fluid (CSF) are currently used to help in the
diagnosis of AD (Jack et al. 2013, Blennow et al. 2015, Da Mesquita et al. 2016).

1.3 Proteolytic processing of APP

The amyloid precursor protein (APP) is a ubiquitously expressed type | transmembrane
protein. The human APP gene is located on chromosome 21. Alternative splicing of the
human APP mRNA leads to the expression of multiple APP protein isoforms of different
sizes (Sandbrink et al. 1996, Matsui et al. 2007). The most common APP splice forms
contain 751, 770 and 695 amino acids. In humans, the APP751 and APP770 isoforms
are widely expressed in tissues, while the 695-residue isoform is predominantly

expressed in neurons (Matsui et al. 2007). APP belongs to the family of amyloid
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precursor-like proteins (APLPs), together with the APP like proteins 1 and 2 (APLP1 and
2), two proteins that share high sequence homology with APP, except in the A3 peptide
region (Slunt et al. 1994). The subcellular localization of APP is dynamic: in the secretory
pathway APP shuttles from the endoplasmic reticulum (ER) through the Golgi complex to
the plasma membrane. During its transit, APP undergoes a variety of posttranslational
modifications, which include N- or O- linked glycosylation, tyrosine sulphation and
phosphorylation (De Strooper & Annaert 2000). Based on APP overexpression studies in
cultured cells it has been reported that only a small fraction of APP (10%) is trafficked to
the plasma membrane, while the majority of APP molecules are localized to the Golgi
complex (Haass et al. 2012). APP at the cell surface can be rapidly internalized via the
endosomal/lysosomal pathway, and endocytosed APP molecules are partly recycled
back to the cell surface (Lai et al. 1995, Haass et al. 2012).

Three proteases called a-, B-, and y-secretase are involved in the proteolytic processing
of APP. The predominant APP processing pathways are divided into the non-
amyloidogenic pathway, preventing AR generation, and the amyloidogenic pathway,
which leads to the generation of AR (Wilquet & De Strooper 2004). The non-
amyloidogenic pathway starts with a-secretase-mediated cleavage of APP, which leads
to the release of a large ectodomain fragment, soluble APP a (APPsa), and the retention
of an 83-residue C-terminal fragment (CTFa or C83) in the plasma membrane. The a-
secretase cuts APP within the AR domain and therefore prevents AR formation (Lammich
et al. 1999). Subsequent intramembrane cleavage of C83 by y-secretase results in a
small peptide called p3 and the APP intracellular domain (AICD) (Chow et al. 2010). In
the amyloidogenic pathway full-length APP is initially cleaved by R-secretase, yielding a
slightly smaller ectodomain (APPsf3) and retaining a fragment of 99 amino acids (C99) in
the plasma membrane (Seubert et al. 1993, Vassar et al. 1999a). The C99 fragment
includes the complete AR region. Finally, cleavage of C99 by y-secretase releases A

into the luminal/extracellular space, whereas the AICD is released into the cytoplasm.
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Figure 2: APP processing pathways. The non-amyloidogenic pathway starts with cleavage of APP
by a-secretase, generating the soluble ectodomain APPsa and membrane bound C83. C83 is then
cleaved by y-secretase, which leads to the release of p3 into the extracellular space and AICD into the
cytoplasm. Alternatively, some APP molecules are cleaved by R-secretase, yielding extracellular
APPsf} and membrane bound C99. AR and AICD are released upon cleavage by y-secretase of the

C99 fragment (schema adopted from K. W. Menting 2014).

The a-secretase is a membrane-bound protease and a member of the A Disintegrin
And Metalloprotease (ADAM) family. ADAM10 has been identified as the constitutive a-
secretase that cleaves APP predominantly at the plasma membrane (Kuhn et al. 2010).
BACE1 (R-site APP Cleaving Enzyme 1) is the 3-secretase and the rate limiting enzyme
for the generation of AR. Knockout of BACE1 completely blocks the generation of AR
(Cai et al. 2001, Luo et al. 2003). It is a membrane-bound aspartyl protease with highest
activity in acidic environments like the endosome (Vassar et al. 1999a, Yan & Vassar
2014). The majority of body tissues express BACE1, with highest activity in brain and
pancreas. The concurrent high expression of BACE1 and APP makes the brain
susceptible for high AR generation and provides an explanation why AD is a disease of
the brain (Haass et al. 2012, Yan & Vassar 2014). The AR liberating y-secretase, another
aspartyl protease, is a high molecular weight complex consisting of four subunits. These
include presenilin (PSEN), nicastrin, anterior pharynx defective (APH-1), and PS
enhancer (PEN2) (Kimberly et al. 2003, Bergmans & De Strooper 2010). In mammals
two presenilin homologs exist, PSEN1 and PSEN2, that can both function as the crucial
catalytic domain of y-secretase. However, each of the four y-secretase components
seems to be necessary for enzymatic activity, since deficiency in any of them leads to
impaired y-secretase function (Bergmans & De Strooper 2010, Zhang et al. 2011). Since

both BACE1 and y-secretase are located in endosomes, it is thought that AR is mainly
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generated in this subcellular compartment and secreted through exocytosis. Intracellular
AR has also been found, both in animal models of AD and in human brains (Wirths et al.
2001, Gouras et al. 2000, Oakley et al. 2006). In addition to the three secretases, other
proteins have been identified that might be involved in APP proteolysis and Al
production (Andrew et al. 2016). However, their potential contribution to AD

pathogenesis remains to be established.

The exact functions of APP and its proteolytic fragments are still largely unclear (Zheng
& Koo 2011). A number of possible functions of APP have been proposed, including
neuroprotective and neurotrophic effects (Mattson et al. 1993). Since APP interacts with
laminin and collagen and co-localizes with integrins, it has been implicated in cell
adhesion (Yamazaki et al. 1997, Young-Pearse et al. 2008). APP was also found to play
a role in cell growth. Downregulation of APP expression in fibroblasts resulted in slow
cell growth and division, which could be rescued by restoring APPsa levels (Saitoh et al.
1989). APP knock-out mice are viable but show cerebral gliosis and decreased
locomotor activity in adult animals (Zheng et al. 1995). These abnormalities of APP-
deficient mice could be restored by expression of APPsa (Ring et al. 2007), which further
supported an important physiological function of this APP cleavage fragment. In addition,
the AICD fragment has been implicated in the modulation of gene expression and
apoptosis (Muller et al. 2008). Although most studies are directed at determining how
and why AR forms aggregates, limited data indicate that AR may also have a
physiological function. Regulation of neuronal cell survival and protection of organisms
from microbial infections have been proposed as putative physiological functions of AR
(Plant et al. 2003, Soscia et al. 2010, Kumar et al. 2016).

1.4 The amyloid hypothesis

The amyloid hypothesis has become the leading model to explain how AD pathology
develops and progresses. This hypothesis states that the accumulation and aggregation
of AR peptides in the brain is the critical factor initiating and driving the pathological
cascade in AD (Hardy & Higgins 1992, Hardy & Selkoe 2002, Selkoe & Hardy 2016). The
cleavage of APP catalyzed by y-secretase results in the secretion of AR peptides of
variable length. Peptides consisting of 40 amino acids (AR40) are the predominant AR
species that are produced by cells. However, a two amino acids longer AR42 form is the
major component of the amyloid material in neuritic plaques and is believed to be the key

pathogenic species affecting memory and cell survival (Haass & Selkoe 2007, Selkoe
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2011). AR42 is particularly prone to aggregation as a result of its higher hydrophobicity
(Glabe 2001). Fibrils consisting of AR42 are formed more rapidly and are more stable
than those consisting of shorter AR peptides (Jarrett et al. 1993, Burdick et al. 1992).
Soluble AR oligomers rather than insoluble plaques have been proposed to be the
primary synaptotoxic species (Gong et al. 2003, Haass & Selkoe 2007, Shankar et al.
2008). Distinct oligomeric AR forms have been isolated from brains of AD mouse models
as well as human AD brains (Lesne et al. 2006, Shankar et al. 2008). According to the
amyloid hypothesis, these oligomers act as a pathological trigger and might directly
causes synaptic and neuritic injury. In addition, AR oligomers are believed to induce the
formation of neurofibrillary tangles, eventually leading to neuronal dysfunction and cell
death (Hardy & Higgins 1992, Lewis et al. 2001, Gotz et al. 2001). Furthermore, AR
deposition and amyloid plaque formation promote the activation of microglia cells and
astrocytes and the release of cytokines, resulting in widespread neuroinflammation
(Eikelenboom et al. 1994, Rogers et al. 1996).

PSEN1, PSEN2 or APP
Trisomy 21 EOAD mutations APOE4
AR aggregation
Soluble A plagues

AR oligomers

Synaptic Dysfunction | «— | Neuroinflammation

N

NFTs

Widespread neuronal dysfunction
and death

\/

Dementia with AR plaques,
tau tangles
and neuroinflammation

Figure 3: The amyloid cascade hypothesis of AD. Proposed cascade of pathogenic events
ultimately leading to neuronal cell death and dementia (schema adopted from Morris et al. 2014).

Strong support for the amyloid hypothesis results from cases of early-onset familial AD

(FAD). FAD is caused by autosomal-dominantly inherited missense mutations that occur
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either in the gene encoding APP or in the two homologous PSEN1 and PSEN2 genes
that encode the catalytic subunit of the y-secretase complex. Mutations in PSEN1 or
PSEN2 impair the y-secretase mediated cleavage of APP and lead to an elevation of the
AR42/AR40 ratio, by increasing AR42 production, decreasing AlR40 production, or by a
combination of both mechanisms (Weggen & Beher 2012). Numerous mutations have
also been identified within and around the AR sequence of the APP gene (Chartier et al.
1991, Goate et al. 1991, Haass et al. 2012). These missense mutations in APP can
increase total AR production by converting APP into a better substrate for the B-
secretase, or they can lead to increased generation of longer AR42 species similar to
PSEN mutations. In addition, mutations in the central region of AR can increase the self-
aggregation of the produced peptides (Citron et al. 1992, Cai et al. 1993, Suzuki et al.
1994, Nilsberth et al. 2001, Weggen & Beher 2012). Another finding strongly supporting
the amyloid hypothesis is that patients with Down’s syndrome (trisomy 21) suffer from
AD. Down’s syndrome patients have an additional copy of the APP gene, which is
located on chromosome 21. Duplication of the APP gene results in higher AR levels and
eventually leads to AR deposition and an AD-like dementia in middle adult years (Teller
et al. 1996, Tokuda et al. 1997). Conversely, patients, who harbor a rare microduplication
of chromosome 21 involving the distal part of the chromosome but not the APP gene,
have Down’s syndrome features but do not develop AD (Prasher et al. 1998). More
recently, an APP missense mutation (A673T) within the AR region has been identified,
which has been shown to reduce amyloid deposition and to protect against AD. These
beneficial effects are thought to result from decreased APP cleavage by R-secretase and
altered aggregation properties of the mutant A3 peptides (Jonsson et al. 2012, Benilova
et al. 2014, Zheng et al. 2015). Together, these findings provide overwhelming evidence
that AR} is crucial for the initiation of AD pathogenesis. The relatively rare FAD cases are
characterized by an early disease onset and a strong genetic disposition, but otherwise
exhibit a similar progression of clinical symptoms and the same amyloid plaque and
neurofibrillary tangle pathology as sporadic late-onset AD (De Strooper 2012).
Nevertheless, the reasons for brain AR accumulation in the much more common
sporadic AD cases are less well understood. Numerous contributing factors have been
suggested, including the age-dependent downregulation of AR degrading enzymes like
the metalloprotease neprilysin (Selkoe 2001b), increased R-secretase activity (Li et al.
2004, Willem et al. 2009) and reduced AR clearance due to the presence of the
apolipoprotein E4 (APOE4) allele (Kim et al. 2009). The APOE4 allele is the strongest
genetic risk factor for late-onset AD (Corder et al. 1993). APOE4 carriers displayed a

significantly higher amyloid plaque burden than patients lacking this allele (Rebeck et al.
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1993). ApoE is a glycoprotein that is involved in lipid metabolism by regulating
cholesterol and triglyceride transport and distribution in the brain (Mahley 1988, Mahley
& Rall 2000). Interestingly, ApoE binds AR and the ApoE4 isoform was found to enhance
AR aggregation and to impair clearance of AR in the brain (Ma et al. 1994, Castano et al.
1995, Castellano et al. 2011). In recent years, numerous additional genetic risk factors
have been identified for AD, although these are much rarer and weaker in effect than
ApoE4 (Lambert et al. 2013, Selkoe & Hardy 2016). These discovered genes are
associated with three types of cellular processes that have emerged as particularly
important: cholesterol and lipid metabolism, immune system function and inflammation,
and endosomal vesicle recycling (Van Cauwenberghe et al. 2016). Among the multiple
genetic and environmental risk factors that have been linked to AD pathogenesis, the
overall failure of AR clearance in the brain is likely a major contributor to the late-onset

form of AD (Mawuenyega et al. 2010).

1.5 Microglia — Immune defense of the brain

Microglia are the resident immune cells of the central nervous system (CNS). They are
part of the glial system of non-neuronal cells supporting and protecting neuronal
functions. Nearly 90 % of the human brain is composed of glial cells which consist of two
main populations: the macroglia, comprising astrocytes and oligodendrocytes, and the
microglia (Greter & Merad 2013). Microglia are widely distributed in the brain and spinal
cord and represent approximately 10 % of the total glial cell population within the CNS
parenchyma (Perry 1998, Lawson et al. 1990). Microglia were originally described and
named by the Spanish neuroscientist Pio del Rio-Hortega who characterized them using
silver carbonate staining almost 100 years ago (del Rio-Hortega 1919). The origin of
microglia has been a matter of much debate (Katsumoto et al. 2014), but it is now
accepted that microglia in the adult CNS are derived from myeloid precursors (primitive
macrophages) in the yolk sac, that migrate into the neuroepithelium during early
embryogenesis prior to formation of the blood-brain-barrier (Ginhoux et al. 2010).
Moreover, it was shown that under steady-state conditions microglia are predominantly
maintained via local self-renewal independently of input from hematopoietic stem cells
(Ajami et al. 2007, Bruttger et al. 2015). However, the potential contribution of bone
marrow-derived precursors to the resident microglial pool in the course of a lifetime and
after repeated immune challenges remains controversial (Mildner et al. 2007, Ajami et al.
2011, Perry & Teeling 2013).
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Immune defense and CNS maintenance are the two main functions of microglia. In the
steady-state, microglia exhibit a specific morphology with a small cell body and
numerous ramified processes. Like macrophages in other tissues, these ramified or
‘resting” microglia have been recognized as surveying cells in the healthy brain. They
constantly scan the brain environment for signs of tissue damage or pathogenic invasion
by extending their highly motile processes (Davalos et al. 2005, Nimmerjahn et al. 2005).
Besides their surveillance function, microglia have an impact on neural networks via
removal of cellular and subcellular elements and secretion of factors mediating
transmitter, trophic or neuroprotective functions (Kohsaka et al. 1996, Morgan et al.
2004, Kettenmann et al. 2013). It was shown that microglial processes transiently
contact neuronal synapses and contribute to the modification or elimination of synaptic
structures (Tremblay et al. 2010, Kettenmann et al. 2013). This interaction with synapses
seems to play an important role for synapse formation and plasticity during development
and also in the adult brain (Wu et al. 2015, Paolicelli et al. 2011).

el

Figure 4: Microglia in the rat hippocampus. Immunocytochemical staining for the microglia marker
and calcium binding protein Iba-1 reveals a microglia cell endowed with numerous processes.
Counterstaining with hematoxylin (picture adopted from Korzhevskii & Kirik 2016).

Microglia remove cellular particles and internalize solutes from the surrounding
environment via endocytosis. The term endocytosis comprises various mechanisms that
are used by cells to take up molecules, including phagocytosis, receptor-mediated
endocytosis and pinocytosis (Mandrekar et al. 2009). The uptake of large particles such
as microorganisms and dead cells across the plasma membrane by phagocytosis is an
active process that involves the interaction with specific cell surface receptors and is
dependent on actin as part of the cell cytoskeleton (Stuart & Ezekowitz 2005). Receptor-
mediated endocytosis enables the uptake of selected macromolecules and is induced
upon binding of a ligand to a receptor on the cell surface, resulting in the incorporation of
the ligand-receptor complex within clathrin-coated or uncoated vesicles (Sorkin & von
Zastrow 2009). Pinocytosis is associated with the non-specific uptake of soluble
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molecules from the extracellular space and can occur either by macropinocytosis or
micropinocytosis. Macropinocytosis allows the uptake of larger particles and is actin-
dependent while micropinocytosis is an actin-independent process (Swanson & Watts
1995).

Microglia are considered the most sensitive sensors of brain pathology. They express
diverse pattern recognition receptors (PRRs) that sense microbial molecules, including
highly conserved pathogen-associated molecular patterns (PAMPs). Other sets of PRRs
on microglia recognize damage-associated molecular patterns (DAMPs), which comprise
cell components released during tissue damage and cell death (Wolf et al. 2016). Upon
detection of signs for brain injury or pathogen infection, microglia cells acquire a new
morphology characterized by an amoeboid shape, and undergo a complex activation
process (Stence et al. 2001, Colton & Wilcock 2010). Activated microglia have an
enlarged cell body with several short processes. They are capable of performing
macrophage-like immune functions, including the release of multiple factors with pro-
inflammatory and immunoregulatory effects like cytokines, chemokines and reactive
oxygen species (ROS) that contribute to the clearance of pathogen infections (Block et
al. 2007, Saijo & Glass 2011). In parallel to their change in morphology, the cells
undergo changes in the expression of cell membrane receptors and intracellular

enzymes (Raivich et al. 1999, Kettenmann et al. 2011).

RAMIFIED

UNRAMIFIED/AMOEBOID/ACTIVATED

Figure 5: lllustration of microglia cell morphologies. Microglia cells can switch reversibly from a
simple roundish form to a complex branched morphology. Morphology and function of microglia are
highly related and depend on complex environmental signals. In their ramified form, microglia are
associated with a “resting” state, primarily serving physiological functions. Amoeboid forms of
microglia are considered to represent a “reactive” or “activated” state (schema adopted from Karperien
et al. 2013).

In the active state, microglia become professional phagocytes, which proliferate and

migrate to the site of injury where they phagocytose damaged cells and debris, and
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present antigens to infiltrating lymphocytes. Once activated, microglia can acquire
diverse functional phenotypes ranging between two extremes: the classically activated
M1 phenotype that is mainly pro-inflammatory, and an alternatively activated M2
phenotype that is involved in anti-inflammatory actions promoting regeneration (Colton &
Wilcock 2010, Prinz & Priller 2014). Classically activated microglia are associated with
the production of pro-inflammatory cytokines such as tumor necrosis factor-a (TNF-a),
interleukin-1B (IL-18) and IL-6, as well as superoxide, nitric oxide (NO) and ROS (Block
et al. 2007). The alternatively activated M2 phenotype is linked to the activation state
induced by the cytokines IL-4 and IL-13 and is closely associated with the expression of
M2 genes promoting tissue repair, extracellular matrix (ECM) reconstruction and the
release of neurotrophic factors (Ponomarev et al. 2007, Martinez et al. 2009, Colton
2009). M2 microglia are driven by multiple anti-inflammatory factors and antagonize the
pro-inflammatory responses, which eventually results in immunosuppression and
neuronal protection. However, the M1/M2 classification represents a simplified model to
describe just two contrasting sides of the immune response. More likely, microglia
activation states represent a complex continuum highly dependent on the environment,
in which the cells become activated, and the factors by which they are stimulated (Tang
& Le 2016).

1.6 Microglia in Alzheimer's disease

The deposition of amyloid plaques in the AD brain is accompanied by a chronic
inflammatory response involving astrocytes and, in particular, microglia. While the
microglia response to injury is commonly beneficial, it can become detrimental,
particularly in cases of chronic injury and long-term inflammation such as in AD. In AD
patients as well as in AD mouse models, microglia are phenotypically activated and are
found in close proximity to amyloid deposits (Itagaki et al. 1989, Perlmutter et al. 1990,
Frautschy et al. 1998).
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Figure 6: Microglia clustering around AR plaques in the AD brain. Immunostaining of the temporal
cortex of an AD brain reveals AR plaques visualized with a monoclonal anti-AR antibody (brown).
Microglia are found in close proximity to the amyloid deposits, as shown by immunostaining with an
antibody against the microglial marker Iba-1 (black) (picture adopted from McGeer & McGeer 2015).

The interaction of microglia with A3 can trigger their activation resulting in the secretion
of inflammatory cytokines (Meda et al. 1995, Giulian et al. 1996, Combs et al. 1999,
Manocha et al. 2016). Increased levels of pro-inflammatory cytokines such as TNFa, IL-
18 and IL-6 have been measured in the brains of APP transgenic mouse models of AD,
and the production of these cytokines was increased in microglia cell cultures upon
exposure to aggregated synthetic AR (Lue et al. 2001a, Patel et al. 2005). Elevated
levels of pro-inflammatory cytokines were also found in the brains and CSF of AD
patients, whereas anti-inflammatory factors were decreased (Griffin et al. 1989,
Cacabelos et al. 1991, Blum-Degen et al. 1995). AR-stimulated microglia also release
ROS and reactive nitrogen species, as well as a number of other immune mediators
including macrophage colony stimulating factor (M-CSF) and members of the
complement system (Lue et al. 1996). Products of the complement system, including the
membrane attack complex, have been found to colocalize with amyloid plaques and
neurons containing neurofibrillary tangles in AD (Webster et al. 1997). The secretion of
multiple proinflammatory molecules by microglia is believed to contribute to the chronic
inflammatory response and neurotoxicity observed in the AD brain (Combs et al. 2001,
Yates et al. 2000). In support of this hypothesis some studies reported a lower incidence
of AD in humans and a reduction of AD pathogenic features in AD mouse models
following long term treatment with nonsteroidal anti-inflammatory drugs (NSAIDs)
(Anthony et al. 2000, Zandi et al. 2002, Heneka et al. 2005, Yip et al. 2005). However, on
the contrary, overexpression of the proinflammatory cytokine IL-1B in transgenic mice
was shown to decrease amyloid deposition. It was observed that sustained IL-1R}
activation led to increased numbers of activated plaque-associated microglia and IL-13-

stimulated recruitment of bone marrow-derived cells into the brain (Shaftel et al. 2007).
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Similarly, the overexpression of the proinflammatory cytokine IL-6 in the brain of AD mice
was found to increase gliosis and attenuate AR deposition. In addition, IL-6 expression
was associated with the upregulation of glial phagocytic markers in vivo and increased
microglia-mediated phagocytosis of AR aggregates in vitro, without affecting APP
expression or processing (Chakrabarty et al. 2010). These studies point to a more
beneficial role of microglia in AD pathogenesis and illustrate the complexity of the
inflammatory response. Microglia are able to recognize AR and numerous studies
indicate that microglia and bone marrow-derived macrophages are involved in the
clearance of AR (Rogers et al. 2002, Simard et al. 2006, El Khoury et al. 2007, Bolmont
et al. 2008, Liu et al. 2010). There is clear evidence that microglia in culture are able to
internalize aggregated AR (Paresce et al. 1996, Paresce et al. 1997, Li et al. 2000,
Koenigsknecht-Talboo & Landreth 2005). Microglia can take up soluble forms of AR by
macropinocytosis and are capable of internalizing fibrillary AR via phagocytosis
(Koenigsknecht & Landreth 2004, Mandrekar et al. 2009). Several microglial cell surface
receptors have been proposed to cooperate in the recognition, internalization and
clearance of AR as well as cell activation. Fibrillar forms of AR can be recognized by a
complex of cell surface receptors composed of CD36 (a B-class scavenger receptor),
a6B1 integrin, the integrin associated protein CD47 and the scavenger receptor A
(Bamberger et al. 2003). Upon binding of AR, the complex triggers the activation of
tyrosine kinase-based intracellular signaling cascades, which lead to the activation of
microglia, increased phagocytosis and cytokine production (Koenigsknecht & Landreth
2004, Combs et al. 1999). Microglia from CD36 knock-out mice showed decreased
production of cytokines and less microglia recruitment after exposure to fibrillar AR
species (El Khoury et al. 2003). Furthermore, innate immune toll-like receptors (TLRs)
and the coreceptor CD14 were reported to play a role as members of the AR receptor
complex (Reed-Geaghan et al. 2009). Stimulation of TLR2, TLR4 and its coreceptor
CD14 were required for microglial activation in response to fibrillar AR, and deficiency in
any of these receptors resulted in impaired fibrillar AR-stimulated phagocytosis of
microglia (Fassbender et al. 2004, Reed-Geaghan et al. 2009). In line with that, Tahara
et al. have reported increased AR phagocytosis after activation of microglial TLR2 and
TLR4 receptors (Tahara et al. 2006). Another cell surface receptor that has been
postulated to interact with AR is the receptor for advanced glycosylation endproducts
(RAGE). Several studies indicate that the RAGE-AR interaction mediates microglia
activation and the production of proinflammatory molecules (Lue et al. 2001b, Fang et al.
2010, Doens & Fernandez 2014).
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The link between microglia function and AD pathology is further supported by the
identification of immune receptors as risk factors for AD. Several genome-wide
association studies (GWAS) of sporadic AD cases have identified disease-associated
single nucleotide polymorphisms (SNPs) and rare mutations in genes that may be
implicated in microglial phagocytosis and AR clearance. Variants of genes encoding for
CD33, the triggering receptor expressed on myeloid 2 (TREM2) and the complement
receptor (CR1) were identified as susceptibility loci for late-onset AD (Lambert et al.
2009, Naj et al. 2011, Guerreiro et al. 2013, Jonsson et al. 2013). CD33 is a
transmembrane protein that was found to be highly expressed on microglia in human AD
brains. A variant of the CD33 gene is associated with increased CD33 levels, leading to
higher plaque burden in AD brains due to inhibition of A} uptake by microglia (Griciuc et
al. 2013). TREM2 is a transmembrane receptor found on myeloid cells such as
monocytes and microglia (Sessa et al. 2004), and has previously been shown to be
involved in the regulation of phagocytosis (Takahashi et al. 2005, Hsieh et al. 2009,
N'Diaye et al. 2009). Very rare mutations in the TREMZ2 gene increase the risk for AD to
a similar extent as variants of the APOE4 gene (Guerreiro et al. 2013, Jonsson et al.
2013). In AD, TREM2 was found to be upregulated in amyloid plaque-associated
microglia (Frank et al. 2008). The most common AD-associated TREM2 mutation, R47H,
has been shown to reduce the phagocytic activity of microglia cells and to impair the
detection of lipid ligands known to associate with fibrillar AR (Kleinberger et al. 2014,
Wang et al. 2015). This indicates that impaired clearance of AR may at least contribute to
the increased risk of AD in carriers of TREM2 gene variants (Hickman & El Khoury
2014). However, recent studies of the impact of TREMZ2 deficiency on AR accumulation
in AD mouse models resulted in contradictory outcomes and further investigations are
required (Jiang et al. 2014, Ulrich et al. 2014, Wang et al. 2015, Jay et al. 2015). Another
GWAS also found rare variants in TREM1, another TREM family receptor, to be
associated with susceptibility to AD (Replogle et al. 2015). In this study, variants of
TREM1 were related to an increased AR burden and an increased rate of cognitive
decline. In support of that, Jiang et al. have reported that a TREM1 variant was
associated with a decline in monocytic TREM1 expression and a reduced ability of
human monocytes for AR phagocytosis (Jiang et al. 2016). On the contrary, increased
microglial phagocytosis of AR and a reduced amyloid burden in brains of AD mice was
observed upon TREM1 overexpression (Jiang et al. 2016). In other studies silencing of
TREM1 expression has also been linked to an impaired phagocytosis activity of immune
cells (Hommes et al. 2014, Li et al. 2016), further supporting the role of TREM1 as a
positive modulator of phagocytosis. The identification of AD risk-associated variants in
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microglia-specific genes supports the concept of altered microglial function in AD.
Despite their interaction with A3, microglia fail to clear AR deposits in the brain of AD
patients. Several studies provided evidence that microglia in AD become chronically
altered, including phagocytic and physiological functions like secretion of cytokines and
growth factors (Lue et al. 2001a, Hanisch & Kettenmann 2007, Solito & Sastre 2012,
Orre et al. 2014). It has further been reported that myeloid cells of AD patients displayed
reduced AR phagocytosis compared to healthy controls (Fiala et al. 2005). Similarly,
microglia from adult AD mice were shown to ingest less AR compared to microglia from
young AD mice (Hellwig et al. 2015). In line with that, Hickman et al. have reported that
microglia from aged AD mice showed a decrease in the expression of AR-binding
receptors including the scavenger receptor A, CD36 and RAGE. Moreover, a reduction in
the AR degrading enzymes insulysin, neprilysin, and matrix metallopeptidase 9 (MMP9)
has been observed (Hickman et al. 2008). Likewise, Orre et al. have shown a reduced
expression of genes involved in phagocytosis in microglia isolated from aged AD brains
(Orre et al. 2014). These findings suggest that a compromised phagocytic function of
microglia in AD and a diminished ability to degrade AR might, at least partly, explain the
failure of AR clearance in AD brains (Mawuenyega et al. 2010). Indeed, experiments with
organotypic brain slices of AD mice demonstrated that a decrease in the phagocytic
capacity of microglia correlated with an increased AR plaque burden, indicating a close
connection between AR plaque deposition and microglial function (Krabbe et al. 2013).
Furthermore, studies by Streit et al. revealed age-related microglial structural
deterioration, with more prevalent dystrophic (senescent) microglia especially in older
subjects (Streit et al. 2004, Streit 2006), suggesting a functional impairment of microglia
during aging. Morphological changes, including increased soma size and thickening of
processes, have also been observed in plaque-associated microglia of AD mouse
models (Brawek et al. 2014). These morphological differences may represent different
functional states, but further studies are required to clarify the connection between

microglia morphology and functional impairment in AD.

1.7 Targeting microglia for the treatment of Alzheimer's disease

Despite the findings of age-related changes and compromised microglial function in AD,
under particular circumstances microglia are able to phagocytose or degrade AR.
Interestingly, immunization studies with anti-A3 antibodies resulted in a reduction in
amyloid deposition in AD mouse models (Schenk et al. 1999, Bard et al. 2000, Bacskai

et al. 2001, Wilcock et al. 2004). Several mechanisms have been proposed, including the
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antibody-mediated activation of microglia. It is assumed that microglial activation and
clearance of amyloid plaques is triggered through Fcy-receptor binding of antibody
opsonized AR aggregates (Bard et al. 2000, Bard et al. 2003, Wilcock et al. 2004,
Koenigsknecht-Talboo et al. 2008). A reduction in amyloid deposits was subsequently
reproduced in AD patients after AR immunotherapy, through both active and passive
immunization (Nicoll et al. 2003, Nicoll et al. 2006, Sevigny et al. 2016). These findings
indicate that the in vivo stimulation of microglia can trigger an efficient phagocytic
response and clearance of insoluble A} aggregates. However, vaccination approaches
have repeatedly failed in clinical trials due to lack of efficacy (Morkuniene et al. 2013).
Nevertheless, a large number of active and passive immunotherapies are still in clinical
development (Sevigny et al. 2016, Rygiel 2016, Hull et al. 2017).

Studies with bone-marrow derived monocytes that can infiltrate the brain during the
disease process and differentiate into macrophages or microglia have shown that these
cells might be more effective in AR phagocytosis compared to resident microglia that
were highly exposed to AR (Simard et al. 2006). In addition, transplantation of bone-
marrow derived mesenchymal stem cells into brains of AD mice was shown to reduce
amyloid deposition and enhance cognitive functions (Lee et al. 2010). The beneficial
effects of transplanted cells seem not only to arise from the differentiation into microglia-
like cells but also from the modulation of the microenvironment of resident microglia (Kim
et al. 2012, Ma et al. 2013a). Thus, the transplantation of bone-marrow derived
progenitor cells from healthy individuals into AD patients might represent a potential
therapeutic approach (Theriault et al. 2015).

Other therapeutic strategies attempt to revert the phenotype that microglia adopt in the
disease state to a healthy, physiological phenotype. Several studies have addressed the
question whether microglial dysfunction in AD is reversible and whether their phagocytic
ability can be restored. In this regard, modulation of the inflammatory state via cytokines
such as TGF-3, IL-10 and TNF-a was reported to modify amyloid plaque deposition and
to improve outcomes in AD mouse models (Town et al. 2008, Chakrabarty et al. 2011,
Chakrabarty et al. 2015, Guillot-Sestier et al. 2015). Furthermore, it has been proposed
that a shift from the classically activated M1 phenotype that seems to aggravate the
inflammatory response towards the alternatively activated M2 phenotype promoting
tissue repair would increase Al clearance (Heneka et al. 2013). In support of this idea, it
has been reported that the PPARy agonist pioglitazone enhanced phagocytosis and
degradation of AR by microglia. The effect was attributed to a switch from M1 to M2
microglia phenotype (Mandrekar-Colucci et al. 2012). In another study, reduced amyloid

plague size was observed when brain slices from old AD mice were cultured together
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with slices from young wild type mice in a novel ex vivo model (Daria et al. 2016). Co-
culturing resulted in increased proliferation and clustering of old microglia around amyloid
plaques, suggesting that dysfunction of old microglia might be restored by factors
secreted by young microglia (Daria et al. 2016). Similarly, treatment of an AD mouse
model with the growth factor M-CSF resulted in a reduced AR burden and improved
cognitive functions (Boissonneault et al. 2009). M-CSF treatment increased the number
of plaque-associated microglia, which was accompanied by an increased uptake of A}
by these cells (Boissonneault et al. 2009). Taken together, these studies suggest that the
modulation of microglia phenotypes in vivo might be of benefit for the treatment of AD.

In 2005 it was discovered that glycogen synthase kinase 3 (GSK3) is a positive regulator
of inflammatory pathways in immune cells (Martin et al. 2005). GSK3 is a highly
conserved serine/threonine kinase, which exists in two closely related isoforms (GSK3a
and GSK3R) (Embi et al. 1980, Woodgett 1990). In the brain, GSK3R regulates
numerous signalling pathways, including innate and adaptive immune responses (Beurel
et al. 2010). The activation of several subtypes of Toll-like receptors revealed that GSK3
is required for the inflammatory response in human monocytes (Martin et al. 2005).
GSK3 has been found to promote the production of pro-inflammatory cytokines such as
IL-6, IL-1R and TNFa (Martin et al. 2005, Cheng et al. 2009, Beurel & Jope 2009,
Yuskaitis & Jope 2009, Wang et al. 2010). Inhibition of GSK3 has been subsequently
found to reduce inflammation in the CNS (Cuzzocrea et al. 2006, De Sarno et al. 2008,
Yuskaitis & Jope 2009). GSK3 inhibitors decreased the production of pro-inflammatory
cytokines and were shown to increase the secretion of the anti-inflammatory cytokine
interleukin 10 (IL-10) (Martin et al. 2005, Beurel 2011). Furthermore, administration of
GSKa3 inhibitors protected mice from sepsis induced by an otherwise lethal dose of the
inflammatory stimulans lipopolysaccharide (LPS) (Martin et al. 2005). The data indicated
that GSK3 inhibitors could shift the inflammatory response from pro-inflammatory toward
an anti-inflammatory state. Given that inflammation and microglia activation are
contributing factors in AD, inhibition of GSK3 might provide a novel therapeutic approach
to control inflammation. However, the full impact of GSK3 inhibitors on microglial

functions and, in particular, on AR uptake and degradation remains to be determined.

1.8 Aims of this study

The modulation of microglial phenotypes has become a major focus of interest in the
area of AD therapy development. The identification of cellular targets that promote AR

clearance by microglia while in parallel limiting potentially detrimental inflammatory
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responses may be key to develop effective disease-modifying drugs. However, the
knowledge is limited with regard to the molecular mechanisms that control different
microglia phenotypes and their ability to internalize and degrade AR peptides. GSK3 has
been identified as an important mediator of inflammatory responses and has been
recognized as a potential therapeutic target in AD (Martin et al. 2005, Jope et al. 2007).
In preliminary studies, we had observed that treatment with GSK3 inhibitors might be
able to promote the uptake of AR by macrophages derived from the human monocytic
cell line THP-1 (Ogorek 2011, unpublished Master's thesis). Therefore, the objectives of

this doctoral thesis were as follows:
(1) To rigorously validate the effects of GSKS3 inhibitors on AR uptake and degradation
using the human monocytic cell line THP-1, human primary macrophages, and primary

mouse microglia cells.

(2) To confirm that the stimulatory effect of GSK3 inhibitors is mediated by their primary
targets GSK3a and GSK3R, and to exclude off-target effects.

(3) To investigate the molecular mechanism(s) by which GSK3 inhibition might stimulate

AR uptake and degradation.
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2 Materials

2.1 Cell lines

THP-1 human acute monocytic leukemia cell line | (Tsuchiya et al. 1980)

L929 murine fibroblast cell line (Earle 1943)

GP2-293 HEK293-based cell line with stable | (Emi et al. 1991, Burns et al.
expression of the viral gag and pol | 1993)
proteins.

HEK293FT HEK293-based cell line transformed with | (Naldini et al. 1996)

the SV40 large T antigen.

2.2 Bacterial strains

Strain Genotype

DH5a F* ®80/acZAM15 A(lacZYA-argF) U169 recA1 endA1 hsdR17
(r«", mk’) phoA supE44 \— thi-1 gyrA96 relA1

STBL3 F"mcrB mrrhsdS20(rg’, mg’) recA13 supE44 ara-14 galK2 lacY1
proA2 rpsL20(StrR) xyl-5 N'leumtl-1

2.3 Plasmids

Name

E(beta)P Addgene, #24313 (Fuerer & Nusse 2010)

lentiCRISPRv2 Addgene, #52961 (Sanjana et al. 2014)

pLHCX Clontech

pLHCX-R-catenin

pCMV-VSV-G Addgene, #8454 (Stewart et al. 2003)

pMD2.G Addgene, #12259

pMDLg/pRRE Addgene, #12251 (Dull et al. 1998)

pRSV-Rev Addgene, #12253 (Dull et al. 1998)

pVSVG Clontech
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2.4 Primer

Name

Sequence

hARF1_RT_for

GAC CAC GAT CCT CTACAAGC

hARF1_RT rev

TCC CAC ACA GTG AAG CTG ATG

betaCat_Xhol_for

AAA TCT CGA GAT GGC TAC TCA AGC TGA CCT GA

betaCat_Notl_rev

AAA TGC GGC CGC TTA CAG GTC AGT ATC AAACCAG

hCCL2_RT_for

AGA ATC ACC AGC AGC AAG TGT

hCCL2_RT rev

CAGATC TCC TTG GCC ACA AT

hCCL3_RT for

TGC TCAGAATCATGC AGGTC

hCCL3_RT _rev

TGATGC AGA GAACTG GTT GC

hCCL7_RT for

CCACCAGTAGCCACTGTCC

hCCL7_RT_rev

CAG CAC AGATCT CCT TGT CC

hCD163_RT_for

TTG CCA GCAGCT TAAATG TG

hCD163_RT_rev

AGG ACAGTG TTT GGG ACT GG

hCDC42_RT_for

TAA CTC ACC ACT GTC CAAAGACTCC

hCDC42_RT rev

CCT CAT CAAACACATTCT TCAGACC

mCDC42_RT_for

ACG ACC GCT AAG TTATCC ACA

mCDC42_RT rev

GGC TTCTGTTTG TTC TTG GCA

hLDLR_RT_for

TTT CCA GCT AGG ACA CAG CA

hLDLR_RT rev

CTC CTG GGA CTC ATC AGA GC

hMMP10_RT_for

AGT GGA GGAAAACCCACCTT

hMMP10_RT_rev

CCT GGG CCATCAAAAGAGTA

hNLRP3_RT_for

GAT CTT CGC TGC GAT CAA CAG

hNLRP3_RT _rev

CGT GCATTATCT GAA CCC CAC

mRPL32_RT_for

GCC TCT GGT GAAGCC CAAG

mRPL32_RT_rev

TTGTTG CTC CCATAACCGATGT

Sequencing_hU6-F

GAG GGC CTATTT CCC ATG ATT

hSTAB1_RT _for

CAT AGGCCCTTC ACAATG CT

hSTAB1_RT rev

CTG CAG GAG AAA GAG ATG GG

hTHBS1_RT_for

TTG TCT TTG GAA CCA CAC CA

hTHBS1_RT_rev

GGG TGA GGA GGA CAC TGG TA

hTREM1_RT_for

TCC AAG TGG GGA GGA TCATA

hTREM1_RT_rev

AAG GCC TTA GTG GTG GTA GGA

mTREM1_RT_for

CTGCTGTGC GTGTTCTTT GT

MTREM1_RT_rev

TAA AGG GCC TCT GTG TGA CC

hTREM2_RT_for

GGC ACT CTC ACC ATT ACG CT

hTREM2_RT_rev

GGC ATC CTC GAA GCT CTC AG

mTREM2_RT_for

GGA ACC GTC ACCATCACT CT

MTREM2_RT rev

GGA GGT GCTGTGTTCCACTT
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2.5 siRNA and esiRNA

Name Target Source

Hs_ GSK3A 5 siRNA | human GSK3a Qiagen
Hs_GSK3B_8 siRNA | human GSK3R Qiagen
GSK3B esiRNA human GSK30R Sigma Aldrich
AllStars negative - Qiagen
control siRNA

2.6 CRISPR/Cas9 sgRNA

Gene/sgRNA name Target exon sgRNA sequence (N)y

CCL2 Ex1 Exon 1 AGC GAG CCC TTG GGG AAT GA
CCL2 Ex2 Exon 2 ATT GGT GAA GTT ATAACA GC
CCL3 Ex1 Exon 1 GGT GCA GAG GAG GAC AGC AA
CCL3 Ex3 Exon 3 CCT AAC CAA GCG AAG CCG GC
CCL7 Ex2 Exon 2 TTC CCG GGG ACA GTG GCT AC
CCL7 Ex3 Exon3 CCA GGT GCT TCATAA AGT CC
CD44 Ex2 Exon 2 CTA CAG CAT CTC TCG GAC GG
CD44 Ex3 Exon 3 AAG GGC ACGTGG TGATTC CC
CD163 Ex1 Exon 1 ATG GTG CTACTT GAAGAC TC
CD163 Ex2 Exon 2 GAG TCC CTT CAC CAT TAC TG
CDC42 Ex1 Exon 1 GTC TCC TGC GCG CTG ACG TC
CDC42 Ex1.2 Exon 1 ACA ATT AAG TGT GTT GTT GT
CTNNB1/ BCat Ex2 Exon 2 GAA AAG CGG CTG TTAGTC AC
CTNNB1/ RCat Ex3 Exon 3 TCC CACTAATGT CCAGCGTT

EGFP control

(Shalem et al. 2014)

GGT GAA CCG CAT CGA GCT GA

GSK3B/ GSK3R Ex1

Exon 1

CGG CTT GCA GCT CTC CGC AA

GSK3B/ GSK3ik Ex4 Exon 4 TTT GGC TCG ACT ATAGTG TC
LDLR Ex1 Exon 1 GCC TTG CTC CTC GCC GCG GC
LDLR Ex2 Exon 2 TCC TAC AAG TGG GTC TGC GA
MMP10 Ex2 Exon 2 GAG CTG AAG TGACCAACGTC
MMP10 Ex4 Exon 4 TTG GCT CAT GCC TAC CCACC
NLRP3 Ex1 Exon 1 ATT GAA GTC GAT CAT TAG CG
NLRP3 Ex2 Exon 2 GTC TTC CTG GCA TAT CAC AG
STAB1 Ex1 Exon 1 CAG AGT GGG AGG AGG CCC CG
STAB1 Ex2 Exon 2 CTT CTT GAT GGC CGC GCA CG
THBS1 Ex1 Exon 1 GAA CAG GAC GCC TAG TCC CC
THBS1 Ex2 Exon 2 CAG CCC AGC TTT CCG CAT CG
TREM1 Ex1 Exon 1 CCG AAG CCT CTAGGT CAT TG
TREM1 Ex1.2 Exon 1 CCACAATGACCT AGAGGCTT
TREM1 Ex2 Exon 2 TGG TTT ACT GCG CGT CCG AA
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2.7 Antibodies

2.7.1 Primary antibodies

Name Host Dilution Clonality Source
anti-Actin rabbit 1:2000 polyclonal Sigma Aldrich
anti--catenin mouse 1:1000 monoclonal BD Biosciences
anti-CDC42 mouse 1:500 monoclonal Santa Cruz
Anti-CD36 (phycoerythrin rat 1:75 monoclonal eBioscience
conjugate)
anti-CD44 rabbit 1:1000 polyclonal Sigma Aldrich
anti-CD163 rabbit 1:1000 polyclonal Santa Cruz
anti-GSK3a rabbit 1:2000 polyclonal Cell Signaling Technology
anti-GSK3R rabbit 1:5000 polyclonal Cell Signaling Technology
anti-lba1 rabbit 1:350 polyclonal Wako
IC16 (anti-AR) mouse 1:1000 monoclonal unpublished
anti-IL-4R (biotinylated) goat 1:50 polyclonal R&D Systems
anti-NLRP3 mouse 1:1000 monoclonal Adipogen
2.7.2 Secondary antibodies
Antigen Conjugate Dilution Species Source
Goat IgG IRDye 800CW 1:10000 donkey LI-COR Biosciences
Mouse IgG IRDye 800CW 1:10000 goat LI-COR Biosciences
Rabbit IgG IRDye 800CW 1:10000 goat LI-COR Biosciences
Rabbit IgG Alexa Fluor 594 1:500 goat Thermo Fisher Scientific
2.8 Reagents
2.8.1 Chemicals
1-Step Ultra TMB ELISA Pierce, Bonn

30 % Acrylamide 37.5:1, Bis-Acrylamide
Agar

Agarose

AlamarBlue

Ammoniumpersulfate (APS)

National Diagnostics, USA
Roth, Karlsruhe
Bio-Budget, Krefeld
Invitrogen, Karlsruhe
Sigma Aldrich, USA
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Beta-amyloid (1-42)

BisTris

Boric Acid

Bromphenolblue

BSA

Desoxynucleotide-tri-phosphate (ANTP)
Dimethylsulfoxide (DMSO)
Dithiothreitol (DTT)

Dry-milk
Ethylendiaminetetraacetic acid
Ethanol

FAM-AR

Fetal calf serum (FCS)

Gene Juice

(EDTA)

Glycerine

Glycine

HiPerfect transfection reagent

Hoechst 33342

Hydrochloric acid (HCI)

Isopropanol

Lymphoprep

Lipofectamine 2000
Lipopolysaccharide (LPS)
Magnesium-chloride (MgCly)
2-B-mercaptoethanol

Methanol

Methylthialazole Tetrazolium (MTT)
Midori Green Advance DNA Stain
2-(N-morpholino)ethanesulfonic acid (MES)
Paraformaldehyde (PFA)

PBS

Phorbol 12-myristate 13-acetate (PMA)
Polybrene

Potassium chloride (KCI)

Potassium di-hydrogen phosphate (KH,POy,)
Protease Inhibitor cocktail tablets

JPT, Berlin

Calbiochem, Darmstadt
Sigma Aldrich, USA

Roth, Karlsruhe

Sigma Aldrich, USA

New England Biolabs, USA
Sigma Aldrich, USA

Sigma Aldrich, USA

Oxoid, GB

Roth, Karlsruhe

Roth, Karlsruhe

Peptide Specialty Lab., Heidelberg
Invitrogen, Karlsruhe
Merck, Darmstadt

Roth, Karlsruhe

Roth, Karlsruhe

Qiagen, Hilden

Cayman Chemical, USA
Sigma Aldrich, USA

Roth, Karlsruhe

Stemcell Technologies, Vancouver
Thermo Fisher Scientific, USA
Sigma Aldrich, USA

Roth, Karlsruhe

Invitrogen, Karlsruhe

Roth, Karlsruhe

Cayman Chemical, USA
Biozym, Oldendorf

Roth, Karlsruhe

Sigma Aldrich, USA
Invitrogen, Karlsruhe
Cayman Chemical, USA
Sigma Aldrich, USA

Sigma Aldrich, USA

Roth, Karlsruhe

Roche, Mannheim
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Random Hexamers (pd(Ne))
RPMI1640

Sodium azide (NaN3)

Sodium chloride (NaCl)

Sodium di-hydrogen phosphate (NaH;POy)
Sodium dodecyl sulfate (SDS)
Sodium hydroxide (NaOH)
Sulfuric acid

TEMED (Tetramethylendiamine)
Tris hydrochloride

Tris-Base

Triton-X 100

Trypan blue

Tryptone

Trypsin/EDTA

Tween-20

Yeast Extract

2.8.2 Cell culture reagents

CCL2 (human)
DMEM

DPBS

Fetal Bovine Serum
GM-CSF (human)
IL-34 (human)
L-Glutamine
Opti-MEM
Poly-L-Lysine
RPMI 1640
Sodium pyruvate
Trypsin 0.25 % (no EDTA)
Trypsin/EDTA
Whnt-3a (human)

Thermo Fisher Scientific, USA
Invitrogen, Karlsruhe
Merck, Darmstadt
Roth, Karlsruhe
Merck, Darmstadt
BioRad, Munich
Merck, Darmstadt
Merck, Darmstadt
BioRad, Munich
Roth, Karlsruhe
Roth, Karlsruhe
Pierce, Bonn
Invitrogen, Karlsruhe
Roth, Karlsruhe
Invitrogen, Karlsruhe
Roth, Karlsruhe
Roth. Karlsruhe

Peprotech, London

Thermo Fisher Scientific, USA
Thermo Fisher Scientific, USA
Thermo Fisher Scientific, USA
Peprotech, London
Peprotech, London

Thermo Fisher Scientific, USA
Thermo Fisher Scientific, USA
Sigma Aldrich, USA

Thermo Fisher Scientific, USA
Thermo Fisher Scientific, USA
Thermo Fisher Scientific, USA
Thermo Fisher Scientific, USA
R&D Systems, USA
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2.8.3 Inhibitors

Name Target ICx Source

SB216763 GSK3 GSK3a: 34 nM; GSK3R: 12 nM Cayman Chemical
(Coghlan et al. 2000)

Bio-Acetoxime GSK3 GSK3a/R3: 10 nM Cayman Chemical
(Polychronopoulos et al. 2004)

CHIR99021 GSK3 GSK3a: 10 nM; GSK3R: 6.7 nM | Cayman Chemical

(Ring et al. 2003)

Cytochalasin D

Actin polymerization

Cayman Chemical

Roscovitine CDKs CDK1: 0.65 uM Cell Signaling
(Meijer et al. 1997)
Purvalanol A CDKs CDK1: 4 nM Santa Cruz

(Gray et al. 1998)

2.8.4 Antibiotics

Actinomycin D
Ampicillin

Hygromycin

Penicillin/ Streptomycin

Puromycin

2.8.5 Size standards

PageRuler Plus Prestained Protein Ladder
Quick-Load 2-log DNA Ladder

2.8.6 Enzymes

Antarctic phosphatase

DNase

M-MLV Reverse Transcriptase

Notl Restriction Endonuclease

Phusion High-Fidelity DNA-Polymerase
Quick Ligase

T4 DNA Ligase

Cayman Chemical, USA
Sigma Aldrich, USA

Roth, Karlsruhe

Thermo Fisher Scientific, USA

Merck, Darmstadt

Thermo Fisher Scientific, USA
New England Biolabs, USA

New England Biolabs, USA
Sigma Aldrich, USA
Promega, USA

New England Biolabs, USA
Thermo Fisher Scientific, USA
New England Biolabs, USA
New England Biolabs, USA
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T4 Polynucleotide Kinase

Xhol Restriction Endonuclease

2.8.7 Kits

BCA Protein Assay Kit

Cell Mask Plasma Membrane Stain

E. coli BioParticles

EasySep Human Monocyte Enrichment Kit

Platinum SYBR Green

QIAquick Gel Extraction Kit
QIAquick PCR purification Kit
ReliaPrep RNA Cell Miniprep System
Wizard Plus SV Minipreps

DNA Purification System

2.9 Laboratory equipment

Centrifuges

Electronic multi channel pipette
Electrophoresis power supply
Flat bed shaker

Fluorescence microscope

Freezers and fridges

Glassware

Heating block

Incubator, Cell culture
Incubator, bacteria
Laminar flow

LI-COR Odyssey CLx
Light-optical microscope
Magnetic stirrer

NanoDrop ND-1000 Spectrophotometer

New England Biolabs, USA
New England Biolabs, USA

Pierce, Bonn

Thermo Fisher Scientific, USA
Thermo Fisher Scientific, USA
Stemcell Technologies, Vancouver
Invitrogen, Karlsruhe

Qiagen, Hilden

Qiagen, Hilden

Promega, USA

Promega, USA

Eppendorf, Hamburg
Hettich, Tuttingen

Brand, UK

Consort, Belgium

Heidolph, Kehlheim

Zeiss, Oberkochen

-80°C Heraeus

-20°C Liebherr

4°C Liebherr

Schott, Mainz

HLC BioTech, Bovenden
Binder, Tuttlingen

New Brunswick Scientific, USA
Gelaire, Kottenforst

LI-COR Biotechnology, USA
Olympus, Hamburg
Heidolph, Kehlheim

Peqlab, Erlangen
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Novex Mini-Cell Electrophoresis chamber

Paradigm microtiterplate reader
Pasteur pipettes

pH meter

Pipettes 0.2 ul-1ml

Pipettor AccuJet

Scale (max=110 g)

Semi Dry Blotter

Scale (max= 2000 g)

StepOne Plus Real Time PCR System
T3 Thermocycler

Tank Blotter

Vi-Cell XR cell counter
Vortexer

Waterbath

XCell SureLock™ Mini-Cell

Electrophoresis System

2.10 Consumables

0.2 ml reaction tubes
1.5 ml reaction tubes
2 ml reaction tubes
10 cm petri dishes
15 ml tubes

50 ml tubes

6-well plates

12-well plates
24-well plates
96-well plates
96-well plates (black)
Aluminium-foil
Cassettes

Cell Scraper
Centrifugal Filter Units
Coverslips

Thermo Fisher Scientific, USA
Beckman Coulter, Krefeld
Roth, Karlsruhe

inoLab, Weinheim

Gilson, USA

Brand, UK

Sartorius, Goettingen

Hoefer, USA

KERN, Balingen

Thermo Fisher Scientific, USA
Biometra, Goettingen

CBS Scientific, USA
Beckman Coulter, Krefeld
IKA, Staufen

Julabo, Seelbach

Invitrogen, Karlsruhe

Eppendorf, Hamburg
Eppendorf, Hamburg
Eppendorf, Hamburg
Nunc, Wiesbaden
Sarstedt, Nurnbrecht
Sarstedt, NUrnbrecht
Nunc, Wiesbaden
Nunc, Wiesbaden
Nunc, Wiesbaden
Nunc, Wiesbaden
Greiner, Frickenhausen
Aro, Metro

Thermo Fisher Scientific, USA
TPP, Schweiz
Sartorius, Goettingen
VWR, Darmstadt
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Cryotubes

Disposable gloves, Latex
Disposable gloves, Nitril
Immobilion-FL Transfer Membrane (PVDF)
Microscope cover glasses
Needles

Pipet tips (10 pl — 1000 pl)
Pipettes (5 ml-25ml)
Syringes (5 ml, 10 ml)
T25, T75 flask

Whatman paper

2.11 Software

Adobe lllustrator CS3

Adobe Photoshop CS3

CLC DNA Workbench 6

EndNote X5

GraphPad Prism 5.0

Image Studio Software 2.1

Microsoft Office Professional Plus 2010

Nunc, Wiesbaden
Maimed, Neuenkirchen
Ansell, UK

Millipore, USA

VWR, Darmstadt
Becton Dickinson, USA
Starlab, Ahrensburg
Sarstedt, Nurnbrecht
Braun, Melsung

Nunc, Wiesbaden

Whatman, Dassel
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3 Methods

3.1 Cell culture
3.1.1 Passaging of immortalized cell lines

Routine cell culture was performed under sterile working conditions in S1 or S2 qualified
laboratories. Cell lines were cultured in the appropriate medium supplemented with
selection antibiotics as necessary and incubated in a humidified incubator at 37°C in the
presence of 5 % CO,. Monocyte THP-1 cells were cultured in RPMI 1640 medium
supplemented with 10 % FCS, 1 mM sodium pyruvate, antibiotics (5 units/ml penicillin, 5
pg/ml streptomycin), 2 mM L-glutamine and 50 uM 2-3-mercaptoethanol. For passaging,
every 3 or 4 days a portion of the cell suspension was transferred into a new 75 cm? cell
culture flask containing fresh medium. For the differentiation of THP-1 monocytes into
adherent macrophages the cells were grown for at least 24 h in the presence of 10 nM
phorbol myristate acetate (PMA). In general, adherent cell lines (HEK293, L929) were
cultured in 10 cm cell culture dishes in DMEM (high glucose, + L-glutamine)
supplemented with 10 % FCS, antibiotics (5 units/ml penicillin, 5 pg/ml streptomycin) and
1 mM sodium pyruvate. For passaging, cells were washed with PBS and subsequently
incubated in 1 ml 0.05 % trypsin/EDTA. The trypsination reaction was stopped by
addition of 9 ml fresh medium. A desired amount of the cell suspension was transferred

into a new 10 cm culture dish with fresh medium.
3.1.2 Freezing and thawing of cells

For long-term storage of cell lines the cells were frozen and stored at -80 °C or in liquid
nitrogen. The cells were trypsinized (3.1.1) and centrifuged for 5 min at 1000 rpm. After
centrifugation the cells were resuspended in freezing medium (1 ml per 10 cm dish/ 75
cm? flask) containing 95 % FCS and 5 % DMSO. The cell suspension was aliquoted in 1
ml cryo-vials and frozen at -80 °C. For long-term storage the vials were transferred into a
liquid nitrogen tank. For thawing of cells, the cryo-vials were placed in a 37 °C water
bath. The cell suspension was diluted in medium and centrifuged at 1000 rpm for 5 min.
The cell pellet was resuspended in fresh medium and transferred onto a culture dish or
into a culture flask.
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3.1.3 Primary microglia cell culture

Primary microglia were isolated from mixed glial cultures prepared from newborn
wildtype C57BL/6 mice. After decapitation, brains were isolated and collected on ice in
Hank’s Balanced Salt solution (HBSS, Biochrom). Blood vessels and meninges were
removed and brains were washed three times with HBSS. Next, 1 ml trypsin (0.25 %, no
EDTA) was added to 10 ml HBSS containing the brain tissue and incubated for 10 min at
37 °C. After 5 min of incubation cells were vortexed. In the meantime, 75 cm? flasks were
coated with 10 ml poly-L-lysine (0.01 % in MilliQ) for at least 20 min. Flasks were washed
with 10 ml PBS and 10 ml complete growth medium were added per flask. The trypsin
reaction was stopped by addition of 10 ml complete growth medium (DMEM
supplemented with 5 % heat-inactivated FCS, 1 mM sodium pyruvate, 5 units/ml
penicillin and 5 pg/ml streptomycin). 200 yl of DNase (2000 U/ml) were added and the
tissue was dissociated by pipetting up and down with a 10 ml pipette. For further
dissociation of cells, a 1000 ul tip was mounted on the top of the 10 ml pipette and the
procedure was repeated. The cell suspension was centrifuged at 1200 rpm and 4 °C for
10 min. Cells were then resuspended in 5 ml fresh DMEM per two brains and transferred
to a 75 cm? flask (5 mlfflask) already containing 10 ml pre-warmed DMEM. After 48 h
cells were washed three times with pre-warmed PBS to remove cell debris and 9 mi
fresh DMEM and 1 ml L929 conditioned media (3.1.4) were added to each flask. After
approximately eight days in culture microglia cells were harvested and separated from
the underlying astrocytic layer by shake-off. Supernatants were centrifuged at 1200 rpm
for 10 min at 4 °C. Cells were resuspended in fresh medium and plated at appropriate
numbers on poly-L-lysine coated glass coverslips in 24-well plates, in 6-well plates or 96-
well plates for following experiments. Flasks were refilled with 5 ml fresh DMEM, 5 ml of
the old supernatant and 500 ul of L929 conditioned media. Cells could be shaken-off

every two to four days and the procedure was repeated up to three times per flask.
3.1.4 Preparation of L929 conditioned media

Conditioned media from L929 fibroblasts were used for microglia cultures as a source of
Macrophage-Colony-Stimulating Factor (M-CSF). A confluent 10 cm culture dish of L929
cells was splitted 1 : 8 to 75 cm? flasks. After 24 h, 30 ml of complete DMEM were added
to the cells. Supernatant was harvested after four days by centrifugation and sterile

filtration through a 0.2 ym filter. Conditioned media were aliquoted and stored at -20 °C.
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3.1.5 Isolation and differentiation of human monocytes

Monocytes were prepared from buffy coats from healthy blood donors in a two-step
procedure. Firstly, Lymphoprep (Stemcell Technologies) density gradient centrifugation
was used to isolate peripheral blood mononuclear cells (PBMCs). 15 ml of blood were
diluted with 15 ml PBS containing 2 % FCS/ 5mM EDTA and layered on top of 15 ml of
the Lymphoprep density gradient medium. The tube was centrifuged at 800 x g for 30
min at RT with the brake off. After centrifugation the cells were kept on ice and the white
cell layer containing mononuclear cells was removed and transferred into a new tube.
The mononuclear cell fraction was filled up with PBS to a total volume of 20 ml and
centrifuged at 120 x g for 10 min at RT with the brake off. The supernatant was removed
and the cell pellet was resuspended in 20 ml PBS. The centrifugation step was repeated
twice and the purified PBMC pellet was resuspended in 1 ml of PBS containing 2 % FCS/
1 mM EDTA. In the second purification step, monocytes were isolated from PBMCs
using the EasySep™ Human Monocyte Enrichment Kit without CD16 Depletion
(Stemcell Technologies) and the Purple EasySep™ Magnet (Stemcell Technologies).
The method is based on negative selection to isolate monocytes and CD14+CD16+
monocytes. Non-monocytes are removed by magnetic labelling with monoclonal
antibodies and subsequent separation in the EasySep™ magnet. The isolation was
performed according to the manufacturer's instructions. Following isolation, the
monocytes were differentiated into macrophages under conditions described by Ohgidani
et al. (Ohgidani et al. 2014). Monocytes were transferred into growth medium (RPMI
1640 supplemented with 10 % heat-inactivated FCS, 1 mM sodium pyruvate, 5 units/ml
penicillin and 5 pg/ml streptomycin, 1 mM L-glutamine and 50 uM 2-R-mercaptoethanol)
and seeded at a density of 50.000 cells/well in poly-L-lysine (0.01 % in MilliQ) coated
black and clear 96-well plates. After 24 h medium was changed to growth medium
containing 10 ng/ml GM-CSF and 100 ng/ml IL-34. After seven days in culture, medium
was changed to fresh growth medium containing 10 ng/ml GM-CSF and 100 ng/ml IL-34
and the cells were cultured for another 7 days. The morphology of cells that were seeded
in clear 96-well plates was monitored using light microscopy. After 14 days of
differentiation, the cells were treated for 48 h with the GSKS inhibitor CHIR99021 and a
FAM-AR4, uptake assay was performed (3.1.14).
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3.1.6 Determination of cell concentrations

Cell concentrations were determined using the Vi-CELL™ cell viability analyzer
(Beckman Coulter). The system uses the trypan blue cell counting method to determine

the percentage of viable and non-viable cells.
3.1.7 Generation of retroviral particles

A confluent 10 cm culture plate of the HEK293-based packaging cell line GP2-293 was
splitted 1 : 4 to 75 cm? flasks. After 24 h (cell density 70 - 80 %) cells were transfected by
lipid transfection using Gene Juice® (Millipore). A transfection mixture was prepared
containing 45 ul Gene Juice® in 800 pl Opti-MEM™ (Invitrogen). Following incubation for
5 min at RT, 7.5 ug of a retroviral shuttle vector containing the gene of interest and 7.5
Mg of the envelope plasmid pCMV-VSVG were added to the transfection mixture and
incubated for 20 min at RT. Medium on the GP2-293 cells was replaced by fresh
complete DMEM and the transfection mixture was added dropwise onto the cells. The
next day, the supernatant was removed and 5 ml fresh medium were added to the cells
for 24 h. To harvest the retroviral particles, the supernatant was drawn into a 10 ml
syringe and filter sterilized through a 0.45 um filter. Filtered supernatants were aliquoted

into screw cap cryovials and stored at -80 °C.
3.1.8 Generation of lentiviral particles

A confluent 10 cm culture plate of the packaging cell line HEK293FT was splitted 1 : 2 to
75 cm? flasks. After 24 h (cell density 90-100 %) medium was changed to 5 ml Opti-
MEM™ (Invitrogen) 1 h before transfection. A transfection mixture was prepared
containing 27 pl Lipofectamine™ 2000 (Thermo Fisher) in 640 pl Opti-MEM™
(Invitrogen) and incubated for 5 min a RT. For the transfection of HEK293FT cells a 3"
generation lentivirus system comprising the two packaging plasmids pMDLg/pRRE and
pRSV_Rev and the envelope plasmid pMD2.G was used. 4 ug of each plasmid and 7 ug
of a lentiviral shuttle vector containing the gene of interest were added to a final volume
of 667 ul Opti-MEM™ . After incubation for 5 min at RT the mixture was combined with
the transfection mixture and incubated for another 20 min at RT. The mixture was added
dropwise onto the cells. The next morning, medium was changed to 6 ml DMEM without

antibiotics for 24 h. Lentiviral particles were harvested as described in 3.1.7.
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3.1.9 Infection with viral particles

To generate THP-1 cells stably expressing a gene of interest, cells were infected with
retro- or lentiviral particles. THP-1 cells were seeded in 25 cm? flasks at a density of
750.000 cells in 5 ml complete RPMI. The next day, cells were centrifuged at 1000 rpm
for 5 min and resuspended in 1 ml fresh medium. Next, 2 ul of a polybrene stock solution
(5 mg/ml) were added to the cells. Viral particles were thawed in a waterbath at 37 °C
and 1 ml was added to the cells. Control cells were treated with 1 ml RPMI instead of
viral particles. After incubation for 24 h, cells were centrifuged at 1000 rpm for 5 min and
the supernatant containing the viral particles was removed. Cells were washed once with
5 ml PBS followed by another centrifugation step. Then, 5 ml of fresh complete RPMI
were added to the cells. After 24 h an appropriate concentration of a selection antibiotic
was added. Selection was maintained at least until the control cells not expressing

antibiotic selection markers were dead and stable clones appeared.
3.1.10 Dose-response curve for antibiotic selection

To determine the minimum concentration of antibiotics needed for the selection of stable
THP-1 cell clones after lentiviral or retroviral transduction, non-transduced THP-1 cells
were subjected to increasing concentrations of the selection antibiotic. Cells were
seeded in 6-well plates at a density of 500.000 cells/well. After 24 h medium was
changed to medium containing the selection antibiotic. One well served as control
without the addition of antibiotics. Medium was exchanged every 2 — 3 days and fresh
antibiotic was added. The lowest antibiotic concentration that killed 100 % of cells over
the course of one week was determined. For THP-1 cells, 1 ug/ml puromycin and 300

Mg/ml hygromycin were used for selection.
3.1.11 Compound treatment

To evaluate the effect of compounds, cells were treated for indicated time periods with
the respective compounds and vehicle control and an uptake assay was performed or
lysates were prepared. Inhibitors were dissolved in DMSO. Wnt3-a was dissolved in
sterile PBS containing 0.1 % BSA. THP-1 cells, primary macrophages and primary
microglia were seeded and treated in complete growth medium. For seeding and
treatment of THP-1 cells, 10 nM PMA was added to the medium.
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3.1.12 AlamarBlue cell viability assay

The alamarBlue® dye (Invitrogen) monitors cell viability and was used to test for
compound toxicity. AlamarBlue® (resazurin) undergoes a colorimetric change in
response to the metabolic reduction by living cells. Cells were seeded in clear 96-well
plates at a concentration of 5000 cells/50 uyl medium per well. Appropriate dilutions of the
inhibitors in medium were added to the cells (50 ul/well). Cells treated with DMSO only
served as a control. After 24 h, 48 h or 72 h of treatment, 10 pl of the AlamarBlue®
solution were added to each well. Cells were incubated for at least 4 h at 37 °C until a
color change appeared. Absorbance was measured on a Paradigm™ plate reader

(Beckman Coulter) at 570 nm and 600 nm as a reference wavelength.

3.1.13 MTT assay

MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) was used to test for
compound toxicity. The method is based on the conversion of the yellow MTT reagent to
insoluble purple formazan by living cells. Cells were seeded in clear 96-well plates at a
concentration of 20.000 cells/100 pl medium per well. After 24 h, cells were treated with
increasing compound concentrations for 24 h — 72 h. Cells treated with DMSO only
served as a control. Following compound treatment, 20 ul of the MTT solution (5 mg/ml
MTT in PBS) were added to each well and the cells were incubated for 3.5 h at 37 °C.
The media was carefully removed prior to the addition of 150 yl MTT solvent (4 mM HCI,
0.1 % Nonidet P-40 in isopropanol) per well. The plate was incubated for 15 min in the
dark at RT with shaking to dissolve formazan crystals. Absorbance was measured on a

Paradigm™ plate reader (Beckman Coulter) at 590 nm with a reference filter of 620 nm.

3.1.14 Uptake assay for FAM-labeled AR,,

The uptake assay was used to quantify the ability of cells to internalize
carboxyfluorescein (FAM)-labeled amyloid beta 1-42 (FAM-AR,,). FAM-AR4, was diluted
in PBS/10% DMSO and incubated for three days at 37 °C. Cells were seeded in black
96-well plates at a density of 20.000 cells/well (primary monocytes: 50.000 cells/well).
After 24 h, the cells were subjected to compound treatment in a total volume of 100 pl
per well for the indicated time points. Following compound treatment, 50 yl medium and
50 pl medium containing 2 uM FAM-AR,, were added to the cells (total volume 200 pl
containing 0.5 yM FAM-AR4, per well). Control wells contained 10 yM of the actin
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polymerization inhibitor cytochalasin D. The cells were incubated for 4 h at 37 °C. The
AR-containing medium was removed and the fluorescence of extracellular FAM-AR,4, was
quenched by adding 100 pl/well of a 0.2 % trypan blue solution in PBS (pH 4.4). After an
incubation time of 1 min, trypan blue was aspirated and the intracellular fluorescence
was recorded on a Paradigm™ plate reader (Beckman Coulter) at 485 nm excitation/535
nm emission. The detected signal was used as a direct measure for the cellular uptake of
FAM-AR,,. To estimate cell numbers per well, 100 ul/well of the cell-permeable Hoechst
dye 33342 (50 ug/ml in PBS) were added to the cells for 5 min. After removal of the dye,

fluorescence was measured at 360 nm excitation/465 nm emission.

3.1.15 Uptake assay for E. coli particles

The uptake assay was used to determine the ability of cells to internalize fluorescently
labeled E. coli BioParticles (Molecular Probes). These particles consist of fluorescein-
conjugated heat-inactivated E. coli. The E. coli particles were resuspended in PBS
containing 2 mM NaN;3; at a concentration of 20 mg/ml. For the uptake assay, the
suspension was diluted 1:100 in the appropriate cell culture medium. 50 pl of this dilution
were added to compound-treated cells seeded in 96-well plates in a final volume of 200
pI per well. After an incubation time of 45 min at 37 °C, the particle-containing medium
was removed. Quenching of the extracellular fluorescence, recording of the intracellular
fluorescence and Hoechst staining were performed as described for the FAM-AR,;

uptake assay (3.1.14).

3.1.16 Preparation of THP-1 conditioned media

Conditioned media (CM) from CHIR99021-treated THP-1 cells were used to investigate
the contribution of soluble factors in promoting AR uptake. THP-1 cells were seeded at a
density of 240.000 cells/well in a 24-well plate. After 24 h, medium was changed to 1 ml
growth medium per well containing 5 yM CHIR99021 or DMSO vehicle control and the
cells were incubated for 48 h. Supernatants were collected and centrifuged at 1000 x g
for 5 min to remove cell debris. To purify the supernatants from remaining CHIR99021,
the supernatants were transferred to an ultracentrifugal filter with a 3 kDa molecular
weight cut-off (Sartorius) and centrifuged at 2800 x g for 35 min. The resulting
concentrate was then diluted with fresh medium to the initial volume. The centrifugation
and dilution steps were repeated twice and the conditioned media were used for

treatment of THP-1 cells. For the preparation of conditioned media from THP-1 cells that
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were pre-treated with CHIR99021, THP-1 cells were seeded as described above. After
24 h medium was changed to 1 ml growth medium per well containing 5 yM CHIR99021
or DMSO vehicle control and the cells were incubated for 48 h. Cells were then washed
two times with PBS to remove the CHIR99021 containing medium prior to the addition of
500 pl fresh medium per well. After conditioning for 24 h, the supernatants were collected
and centrifuged at 1000 x g for 5 min to remove cell debris. The 24 h conditioned media

were used undiluted or 1:1 diluted with fresh medium for the treatment of THP-1 cells.

3.1.17 AR,4, degradation assay

AR, (JPT) was reconstituted in PBS/10 % DMSO. THP-1 cells were seeded in 12-well
plates at a density of 700.000 cells/well. After 24 h medium was changed to 2 ml growth
medium per well containing an appropriate concentration of the GSK3 inhibitor or DMSO
vehicle control and incubated for 48 h. The medium was removed and 600 pl of fresh
growth medium containing 2 yM AR4, were added per well and incubated for 2 h at 37
°C. Cells that were treated with medium without AR4, were used as control. The medium
was removed, cells were washed twice with 1 ml PBS and 600 pl of fresh growth medium
were added per well. After 0, 0.5, 1 and 4 hours of incubation at 37 °C the cells were
washed once with PBS and cells were lysed in 70 yl RIPA buffer (table 3.2) per well.
Protein concentrations of the lysates were determined by BCA (3.2.2) and the lysates
were analyzed by ELISA (3.2.6) for A4, levels. Furthermore, the 0 h samples were
analyzed by SDS-PAGE and Western Blot (3.2.3 and 3.2.4).

3.1.18 Reverse transfection of siRNA

THP-1 cells were transiently transfected with either siRNAs or esiRNAs (section 2.5) by
lipid transfection using HiPerfect transfection reagent (Qiagen). A non-targeting siRNA
(AllStars negative control siRNA, Qiagen) served as a negative control. For a
subsequent uptake assay, transfections were performed in 96-well plates. To determine
the knock- down efficiencies of target proteins, the transfection was performed in 24-well
plates. For the transfection of cells in 96-well plates 4.5 pl (27 pl for 24-well) of an
esiRNA or siRNA dilution (1 uM in RNase free water) were spotted into each well. A
transfection mixture was prepared by adding 1 pl HiPerfect (6 pl for 24-well) to a total
volume of 25 pl (144 pl for 24-well) Opti-MEM™. Following incubation for 10 min at RT
the mixture was transferred onto the spotted siRNA. The siRNA- transfection reagent

mixture was then further incubated for 15 min at RT. In the meantime, a cell suspension
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containing 20.000 cells/30 ul (120000 cell/180 pl for 24-well) in RPMI medium without
antibiotics and supplemented with 10 nM PMA was prepared. 30 pl (180 ul for 24-well) of
the cell suspension were added directly to the well containing the transfection
complexes. After incubation for 2 h at 37 °C fresh medium without antibiotics and
supplemented with 10 nM PMA was added to a final volume of 200 pl (1200 pl for 24-
well) which resulted in a final siRNA/esiRNA concentration of 22.5 nM. On the next
morning, medium was changed to 100 pl (500 pl for 24-well) complete growth medium
containing 10 nM PMA. 72 h after transfection an uptake assay was performed (3.1.14)

or cells were lysed for protein extraction (24-well).

3.1.19 RNA extraction, reverse transcription and quantitative PCR

For gene expression analysis total RNA was isolated from THP-1 cells and primary
microglia using the ReliaPrep™ RNA Cell Miniprep System (Promega) according to the
manufacturer's protocol. THP-1 cells were seeded in 12-well plates in the presence of 10
nM PMA and allowed to differentiate for 24 h. The cells were then incubated in complete
RPMI with or without GSK3 inhibitor or DMSO as control for up to 48 h. For primary
microglia, an appropriate number of cells was seeded in 12-well plates and allowed to
adhere for 24 h. Cells were then grown in DMEM with or without GSK3 inhibitor or
DMSO as control for up to 72 h. RNA concentrations were measured by
spectrophotometry at 260 nm. First-strand cDNA was synthesized from up to 3 uyg RNA
by reverse transcription reaction. For cDNA synthesis, the RNA was incubated with 0.5
mM dNTPs (Thermo Fisher) and 1.25 yM random hexamer primer (Thermo Fisher) in a
volume of 15 pl for 5 min at 65 °C. The samples were cooled on ice before adding 4 ul
M-MLV reverse transcriptase 5x reaction buffer (Promega) and 200 U M-MLV (H-)
reverse transcriptase (Promega) to a final volume of 20 ul. The samples were placed in a
thermocycler and the following program was run: 25 °C for 10 min, 40 °C for 50 min and
70 °C for 15 min. Appropriate dilutions of the cDNA were prepared. For subsequent
quantitative PCR analysis the Platinum™ gPCR Super Mix (Thermo Fisher) based on
the fluorescent nucleic acid dye SYBR™ Green was used. 10 pl of the SYBR™ Green
Mix, 500 nM of each primer (section 2.4) and 0.5 yl ROX™ reference dye were mixed
and RNase free water was added to a final volume of 17 yl. The SYBR™ green mix and
3 ul of the diluted cDNA were transferred into a 96-well reaction plate (Applied
Biosystems). Quantitative PCR was performed in a StepOnePlus™ Real-Time PCR
System (Applied Biosystems) using the following program: 10 min for 95 °C followed by
40 cycles of repeated denaturation and hybridzation/elongation at 95 °C for 15 sec and
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60 °C for 1 min. After completing the whole run the wells were heated to 95 °C and
stepwise cooled to 60 °C to measure the melting temperature of the amplified product to
control for specificity. The results for the relative gene expression were calculated using

the 2*2°"-method. Human ARF and mouse MRPL32 served as housekeeping genes.
3.1.20 Morphometric analysis of primary microglia

For the evaluation of cell morphology of primary microglia that were treated for 72 h with
DMSO vehicle control or GSK3 inhibitors, cells were examined by light microscopy. For
morphometric quantification, the plasma membrane of cells was stained using the
CellMask™ Green plasma membrane stain (Molecular Probes). 150.000 cells per well
were seeded on cover slips in a 24-well plate and incubated overnight. The cells were
treated for 72 h with DMSO or GSK3 inhibitors. After washing once with PBS, the cells
were incubated with CellMask™ Green plasma membrane stain (1:250 in PBS) for 10
min at 37 °C. Cells were fixed with 1 ml fixation solution (3.1.21) for 10 min at RT. After
washing 3 times with PBS the coverslips were mounted in ProLong™ Gold Antifade
Mountant with DAPI (Thermo Fisher Scientific) onto microscope slides and stored
overnight at RT in the dark. The next day fluorescence images were taken using a
confocal microscope (Axio Imager 2, Zeiss). The images were sent to our collaborative
partner at the group of Michael Heneka (Department of Neurodegenerative Diseases and
Gerontopsychiatry at the University of Bonn) for analysis of cell morphology. The
Schoenen ramification index (RI) was calculated by dividing the maximum process
number by the number of primary branches originating at the cell soma (Schoenen

1982). Morphometric analysis was performed using the program ImageJ.
3.1.21 Immunocytochemistry

Immunocytochemistry was used to visualize the localization of a protein of interest in
cells. The use of a fluorophore-conjugated secondary antibody that binds to a specific
primary antibody allows the visualization of the target protein under a fluorescence
microscope. Cells were seeded at a density of 5 x 10* cells per well on coverslips in a 24-
well plate and incubated overnight at 37 °C. THP-1 cells were incubated for 48 h in the
presence of 10 nM PMA. For the visualization of internalized FAM-Al,4,, the cells were
treated with 0.7 uM FAM-AR,, in 400 pl medium per well for 1 h. After washing three
times for 5 min with PBST, the cells were fixed with 1 ml of the fixation solution per well

for 10 min at RT. Cells were washed two times with TBS and 1 ml of the permeabilization
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solution was added for 20 min at RT to permeabilize the cells. Cells were washed once
with TBS before the addition of blocking solution for 1 h at RT. After blocking, cells were
washed once with TBS and 350 ul of the primary antibody solution were added and
incubated for 1 h at RT. Cells were washed three times with TBS and 350 ul of the
secondary antibody were added and incubated for 1 h in the dark. After antibody
incubation, cells were washed three times with TBS and 1 ml sterile water was added.
The coverslips were mounted in ProLong™ Gold Antifade Mountant with DAPI (Thermo
Fisher Scientific) onto microscope slides and stored overnight at RT in the dark. The next
day the slides were analysed using a confocal fluorescence microscope (Axio Imager 2,

Zeiss).

Table 3.1: Solutions for immunocytochemistry

TBS/ PBST Fixation/ Permeabilization Blocking solution Antibody buffer
TBS: Fixation: 5% BSA (w/v) in TBS | 4% BSA (w/v) in TBS
see table 3.6 4% PFA (w/v) in ddH,O -> sterile filtration -> sterile filtration

PBS: Permeabilization:

137 mM NaCl 1 % saponin (w/v) in ddH,0
2,7 mM KCI

8 mM Na,HPO,
1,5 mM KH,PO,
pH 7.4

PBST:

PBS

0.05 % Tween-20

3.1.22 Flow cytometry analysis

FACS

collaborative partner at the group of Michael Heneka (Department of Neurodegenerative

(Fluorescence-Activated Cell Sorting) analyses were carried out by our
Diseases and Gerontopsychiatry at the University of Bonn). Primary microglia were
seeded at a density of 300.000 cells/well in a 6-well plate and incubated overnight. The
cells were treated for 72 h with GSK3 inhibitors. After washing twice with PBS, cells were
detached using 0.05 % trypsin at 37 °C. After addition of 1 ml PBS per well the cells were
transferred into tubes and centrifuged for 3 min at 1000 x g. The supernatants were
discarded and the pellets were resuspended in 50 yl Hank’s Balanced Salt solution

(HBSS, Biochrom) containing 1 % BSA and Fc blocking reagent, which prevents the
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binding of antibodies to Fc-receptors. The cells were incubated for 10 min on ice and 500
pl HBSS/1% BSA were added. After centrifugation for 3 min at 1000 x g the cells were
incubated in 50 pl antibody mix (CD36-PE 1:75/ biotinylated IL-4R 1:50 with streptavidin-
PE/Cy7 conjugate 1:200) for 1 h on ice. After addition of 1 ml HBSS the cells were
centrifuged for 5 min at 1000 rpm and the pellet was resuspended in 100 pl HBSS. Cells
were measured on a FACSCanto [I™ (BD Bioscience). As control, corresponding isotype

control antibodies were used.

3.2 Protein Biochemistry

3.2.1 Protein extraction

To investigate intracellular proteins, cells were lysed in RIPA (Radio-Immunoprecipitation
Assay) buffer. For protein extraction from cells grown in 12-well plates, the cells were
washed with 1 ml ice-cold PBS. After removing PBS, an appropriate amount of RIPA
buffer containing 1x protease inhibitor (Complete Protease Inhibitor, Roche) was added
directly onto the cells in each well of the plate. Cells were scraped off the plate,
transferred into 1.5 ml tubes and incubated for 20 min at 4 °C with vortexing every 5 min.
Next, lysed cells were centrifuged at 4 °C with 13 000 x g for 15 min. Supernatants were

transferred into fresh tubes and stored at -20 °C.

Table 3.2: RIPA lysis buffer.
5 x RIPA buffer

250 mM Tris-HCI, pH 8.0
750 mM NaCl

5 % Triton X

2.5 % Na-Desoxycholat

0.5 % SDS

in 4¢H-O

(add 1 x protease inhibitor prior

to cell lysis)

3.2.2 Determination of protein concentrations

Protein concentrations of cell lysates were determined photometrically by using a
bicinchoninic acid (BCA) protein assay kit (Pierce). This detection method is based on a

two step colorimetric reaction starting with the reduction of Cu® ions to Cu* by peptide

50



Methods

bonds (biuret reaction) followed by the chelation of BCA with Cu®. The reaction results in
purple-colored product with a strong linear absorbance at 562 nm. For the determination
of protein concentrations BCA reagents A and B were mixed in a 50:1 ratio. Next, 2.5 pl
of each protein sample were loaded onto a clear 96-well plate and filled up to a volume
of 25 pl with RIPA buffer (table 3.2). As a standard curve 25 yl BSA standard diluted with
RIPA buffer to a concentration of 100, 200, 300, 400, 500 and 600 ug/ml protein was
used. Protein samples and standards were loaded in duplicates. Then, 200 ul of the BCA
reagent mix were added to each sample and standard. After incubation at 60 °C for 20
min, absorbance was measured on a Paradigm™ plate reader (Beckman Coulter) at 562

nm.

3.2.3 SDS-PAGE

SDS-PAGE (sodium dodecylsulfate polyacrylamide gel electrophoresis) allows the
separation of denatured proteins according to their molecular weight under the influence
of an applied electrical field. SDS disrupts the tertiary and secondary structure of proteins
resulting in an overall negative charge of the proteins. Separating gels were produced by

preparing resolving and stacking gel mixtures listed in table 3.3.

Table 3.3: Composition of polyacrylamide gels.

7.4 % stacking gel 10 % resolving gel 12 % resolving gel
(2 gels) (2 gels) (2 gels)
30 % Acrylamide (37.5:1) 1 mi 4.4 ml 5.28 ml
1.6 M Bis-Tris, pH 6.4 1ml 3.3 ml 3.3 ml
MilliQ-water 2ml 5.4 ml 4.52 ml
10 % APS 40 pl 66 pl 66 pl
TEMED 10 pl 22 ul 22 ul

A Novex gel cassette was filled up to 3/4 with the resolving gel mixture. The gel mixture
was covered with a layer of water until the polymerization was completed. Next, water
was removed and the 7.4 % stacking gel mixture was poured onto the resolving gel. The
gels were placed into the electrophoresis chamber and covered with 1 x MES running
buffer (table 3.4). Protein samples were mixed with 4 x SDS sample buffer (table 3.4),
heated to 95 °C for 5 min and loaded onto the gel. To determine the molecular weights of
the proteins in the samples, the protein marker PageRuIerT'\’I Plus Prestained Protein
Ladder (Thermo Fisher Scientific) was used. The gel was run at 150 V for approximately
1 h.
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Table 3.4: Composition of buffers used for SDS-PAGE.

4 x SDS sample buffer running buffer (20 x MES)
1.44 M Bis-Tris 1M MES

0.64 M Bicine 1 M Tris-Base

4 % SDS 69.3 mM SDS

100 mM DTT 20.5 mM EDTA

0.05 % Bromphenol blue

3.2.4 Western Blot

To enable the detection of specific proteins, protein samples were first separated by
SDS-PAGE (3.2.3) and subsequently analyzed by Western Blotting. After
electrophoresis, proteins were transferred from the gel to a polyvinylidene fluoride
(PVDF) membrane by application of an electric field in a semi dry blotting apparatus. In
semi-dry blotting a gel/PVDF membrane stack is placed directly in contact with the
electrodes. First a piece of blot paper soaked with transfer buffer A was placed onto the
anode of the blotting system. A second blot paper soaked with transfer buffer B was
placed on the top of the first piece. Next, the PVDF membrane was pre-soaked in
methanol/transfer buffer B and placed on top of the wetted blot papers. The gel was
placed onto the membrane and was covered with two additional blot papers soaked with
transfer buffer C. The stack was covered with the cathode plate and the transfer was run

at 50 mA per gel for 1 h.

Table 3.5: Composition of buffers used for Western Blotting.

Transfer buffer A Transfer buffer B Transfer buffer C

210 mM Tris, pH 10.4 25 mM Tris, pH 10.4 25 mM Tris

30 % Methanol 30 % Methanol 0.025 % SDS

in 4oH-0O in gH-0 pH 9 (with boric acid)
in 4qH-0

3.2.5 Immunostaining of membranes

Following protein transfer by Western Blotting (3.2.4), the membrane was blocked in 5 %
dry-milk in 1 x TBST for 1 h at RT. The membrane was then washed 3 x 5 min with 1 x
TBST. An appropriate dilution of the primary antibody (section 2.7.1) was prepared in 1 x
TBST with 0.02 % NaNj; and incubated on the membrane at 4 °C overnight while
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shaking. The membrane was washed 3 x 10 min with 1 x TBST and the secondary
antibody (section 2.7.2) in the respective dilution and buffer was added. After incubation
for 1h at RT, the membrane was washed 2 x 10 min with 1 x TBST and 1 x 5 min with 1 x
TBS. The fluorescence signal of the antibody-labeled proteins was detected using the
Odyssey® CLx near-infrared fluorescence imaging system (LI-COR® Biosciences). The
fluorescence signal was quantified with the Image Studio Software 2.1 (LI-COR®

Biosciences).

Table 3.6: Composition of buffers.

10 x TBS 1xTBS 1x TBST

1.37 M NaCl 1:10 dilution of 10 x TBS 1:10 dilution of 10 x TBS
27 mM KCI in 4qH20 0.1 % Tween-20

0.25 M Tris-Base, pH 7.4 in 4qH-,O

in 4gH20

3.2.6 Enzyme-linked immunorsorbent assay (ELISA)

For the detection of ARy, peptides in THP-1 protein lysates a cell-based sandwich ELISA
assay was performed. As a capture antibody the monoclonal antibody IC16 diluted 1:250
in PBS (table 3.1) was used, which recognizes amino acids 1-15 of the AR sequence.
Synthetic AR4, peptides (JPT Peptide Technologies), solubilized in DMSO at a
concentration of 1 mg/ml, were used to generate standard curves. 96-well high-binding
microtiter plates were coated over night at 4 °C with the capture antibody. The capture
antibody was removed and 5 yl of the THP-1 lysates (1 pg/ml in RIPA) and 145 pl assay
buffer (PBS containing 0.05 % Tween-20, 1 % BSA) were added per well. Additionally, a
freshly diluted standard containing A4, concentrations ranging from 125 to 3000 pg/ml
in assay buffer was transferred onto the plate. Subsequently, a C-terminal detection
antibody specific for Al34, labeled with horseradish peroxidase (HRP) using the Pierce
EZ-Link™ Plus Activated Peroxidase kit (Thermo Fisher Scientific) was diluted 1:1000 in
assay buffer. 50 pl of the diluted detection antibody were added to each well. The plate
was incubated overnight at 4°C. Plates were then washed 3 times with PBST (table 3.1)
and once with PBS. Then, 50 pl of TMB ultrasubstrate (Thermo Fisher Scientific) were
added to each well and incubated for 1-5 min at RT until a blue-colored reaction product
appeared. The reaction was stopped with 50 pl of 2 M H,SO,4 and the absorbance was

measured at 450 nm using a Paradigm™ microplate reader (Beckman Coulter).
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3.3 Molecular Biology

3.3.1 CRISPR/Cas9 sgRNA design and sgRNA vector cloning

CRISPR/Cas9 (clustered regularly interspaced short palindromic repeats)-mediated
genome editing was used to introduce loss-of-function mutations at specific target genes
in THP-1 cells. The CRISPR/Cas9 system utilizes a 20-bp single-guide RNA (sgRNA)
sequence that directs the Cas9 nuclease to the target site. In the present study, the
lentiviral plasmid lentiCRISPRv2 (#52961, Addgene), deposited by Feng Zhang, was
used as sgRNA cloning vector (Sanjana et al. 2014). This plasmid enables the
simultaneous expression of the sgRNA and Cas9 from Streptococcus pyogenes
(SpCas9). In the target genome, the corresponding sgRNA sequence must precede a
NGG protospacer adjacent motif (PAM) site to be recognized and cleaved by the
SpCas9 nuclease. The online CRISPR design tool crispr.mit.edu was used to identify
high-specificity sgRNAs that comply to the sequence (N),oNGG and target a sequence
located within the first exons of the gene of interest. For each gene, at least two sgRNA
sequences with highest targeting score and lowest off-target hit score were chosen to be
cloned in lentiCRISPRv2. A sgRNA targeting enhanced green fluorescent protein
(EGFP) was used as control (Shalem et al. 2014). sgRNA sequences that were cloned
into lentiCRISPRv2 are listed in section 2.6. Cloning steps to insert the sgRNA
sequences into the lentiCRISPRv2 vector were performed according to the cloning
protocol deposited by Feng Zhang on the Addgene website. Single strand

oligonucleotides were designed as follows:

Forward oligo 5° - CACCG(N)y - 3°
Reverse oligo 3'- C(N),oCAAA - 5°

For phosphorylation and annealing of the oligonucleotides, 1 yl of a 100 uM solution of
each oligonucleotide was mixed with 1 x T4 ligation buffer (NEB) and 0.5 pl T4
polynucleotide kinase (NEB) in a total volume of 10 pl. The mixture was placed in a

thermocycler and incubated under the following conditions:

37°C 30 min
95 °C 5 min, then cool down to 25 °C at 5 °C/min
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The annealed oligonucleotides were diluted 1:200 in sterile water. For the linearization
and dephosphorylation of the lentiCRISPRv2 cloning vector the following mixture was

prepared:

5ug lentiCRISPRv2

3 ul FastDigest Esp3/ (Thermo Fisher)

3 pl Fast Antarctic phosphatase (NEB)

6 ul FastDigest Buffer

0.6yl 100 MM DTT

Total volume was adjusted to 60 pl with sterile water and the reaction was incubated for
30 min at 37 °C.

Annealed oligonucleotides (sgRNA inserts) and the linearized vector were ligated at

room temperature for 10 min in the following reaction mixture:

50 ng digested lentiCRISPRv2

1 ul 1:200 diluted, annealed oligonucleotides
5 pl 2 x Quick Ligase buffer (NEB)

1 ul Quick Ligase (NEB)

Total volume was adjusted to 11 pl with sterile water.

5 ul of the ligation reaction were transformed into competent StbI3™ bacteria as
described in section 3.3.8. Transformed bacteria were plated on agar plates containing
50 ug/ml ampicillin and a selection of colonies was picked after overnight incubation at
37 °C. Colonies were grown in 4 ml LB medium containing 50 ug/ml ampicillin (table 3.9).
Plasmid DNA was extracted (3.3.8) and sequenced to confirm the correct insertion of the
sgRNA into the lentiCRISPRv2 vector using the hU6_for sequencing primer (section 2.4).
Plasmids with proper sgRNA insertion were stored at -20 °C and used for lentiviral
production and subsequent transduction of THP-1 cells (3.1.8 and 3.1.9). After
transduction, puromycin was used as selection antibiotic to select for positive clones.
Limited dilution of puromycin-selected cells was performed to obtain single cell clones.
THP-1 cells were seeded in 96-well plates at a density of one cell per well. Cells were
expanded and analysed for target gene knock-out by SDS-PAGE (3.2.3) and Western
blotting (3.2.4) or gPCR (3.1.19).
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3.3.2 Polymerase chain reaction (PCR)

Polymerase chain reaction (PCR) allows the amplification of a specific DNA fragment.
PCR cycles consist of denaturation, annealing and elongation steps. During the
denaturation and annealing phase, the DNA becomes thermally denatured and
hybridizes with short oligonucleotides called primers. In the subsequent elongation
phase, the DNA sequence that is flanked by the forward and reverse primer is amplified
by a thermostable DNA polymerase. PCR was used to amplify the mutated CTNNB1
gene encoding for constitutively active R-catenin from the E(beta)P vector (Addgene
#24313). For the amplification, the primers betaCat_Xhol_for and betaCat_Notl_rev
(section 2.4) were used to introduce restriction sites on the 3’- and 5’- end of the DNA

sequence.

PCR sample (50 pl):

1 pug template DNA

1 x Phusion GC reaction buffer (5x)

500 nM forward primer

500 nM reverse primer

200 pM dNTP mix

1 U Phusion® High-Fidelity DNA-Polymerase (2 U/ ul)
in ddH,0

PCR program:

98 °C 30 sec
98 °C 10 sec
61,2 °C 20 sec 30 x
72 °C 59 sec
72 °C 7 min
4°C

3.3.3 Agarose gelelectrophoresis

For the analysis of DNA fragments they were separated according to their size on an
agarose-gel matrix under the influence of an applied electrical field. The percentage of
agarose (w/v) was adjusted depending on the size of the DNA fragments. Usually 1 %

agarose in electrophoresis buffer (1 x TAE) was used. After boiling the agarose, an
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appropriate amount of it was poured into a small glass and stirred for 2 min. For the
visualization of DNA fragments 1.5 yl/ 20 ml Midori Green (Biozym) were added. The
agarose was poured in a gel cassette and a comb was placed into the gel. The solid gel
was then placed in a running chamber filled with 1 x TAE. Samples and a size standard
(2-Log DNA Ladder, NEB) were loaded and the gel was run at 100 V for 20 — 25 min.
When the run was finished, the gel was placed on an UV table to take pictures or excise

fragments.

Table 3.7: Composition of the electrophoresis buffer.

10 x TAE 1x TAE

0.8 M Tris-Base 1:10 dilution of 10 x TAE
20 mM EDTA in 4qH20

1 % glacial acetic acid

in 4qH-0

3.3.4 Gelelution

To purify PCR products or to isolate DNA fragments after restriction digest, the DNA was
loaded onto an agarose gel and the respective band was excised after gel
electrophoresis. The DNA was then extracted from the gel slice using the Qiagen Gel
Extraction Kit according to the manufacturer’s protocol. The DNA was eluted in an

appropriate amount of sterile MilliQ water.

3.3.5 Restriction-enzyme digest

Restriction endonucleases cut double stranded DNA within a specific recognition site
generating blunt or sticky ends. Sticky ends have single stranded base overlaps, which
anneal with the complementary sticky ends of a DNA fragment that has been cut with the
same enzyme.

The amplified PCR fragment containing the mutated CTNNB1 gene (3.3.2) encoding for
constitutively active 3-catenin was cloned into the pLHCX vector using the Xhol and Notl

restriction endonucleases (NEB) followed by ligation (3.3.6).
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Digest (50 pl):

1 ug vector DNA or 20 pl PCR product

1 x NEB Buffer (10x)

100 pg/ml BSA

10 U of each restriction enzyme (Xhol/Notl)
in ddH,0

3.3.6 Ligation

Ligation is used to integrate a DNA fragment into a vector plasmid. To create
complementary ends, both, the DNA fragment and the vector, were digested with
identical restriction enzymes. A molar ratio of 1:3 for the vector and insert was chosen for
the sticky end ligation. The enzyme used for the ligation was the T4 DNA ligase which
catalyzes the formation of a phosphodiester-bond between 5- phosphate and the 3’-

hydroxyl termini of the DNA.

Ligation sample (10 pl):

50 ng vector plasmid

X ng insert

1 x T4 DNA ligase buffer (10 x)
3 U T4 DNA ligase

in ddH,0

The reaction was incubated overnight at 16 °C followed by heat inactivation at 65 °C for

10 minutes. The ligated construct was transformed into DH5a E. coli (3.3.8).

3.3.7 Preparation of chemically competent E. coli

For the generation of competent E. coli cells (DH5a and Stbl3) the Inoue method was
used (Inoue et al. 1990). Bacteria were plated and incubated for 16 h at 37 °C. A 250 mi
flask containing 25 ml SOB medium was inoculated with a freshly picked colony and
incubated for 6 — 8 hours at 37 °C with shaking. 10, 4 and 2 ml of this starter culture were
used to inoculate three 1 liter flasks containing 250 ml SOB medium. The cultures were
incubated overnight at 18 - 22 °C with gently shaking. The first culture that reached an
OD600 of 0.8 was cooled in an ice-water bath for 10 min and harvested by centrifugation

at 2500 x g for 10 min at 4 °C. The remaining two cultures were discarded. The
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harvested cells were resuspended in 80 ml ice-cold Inoue transformation buffer. The cell
suspension was centrifuged at 2500 x g for 10 min at 4 °C and the pellet was
resuspended in 20 ml ice-cold Inoue transformation buffer containing 1.5 ml DMSO. The
cells were kept on ice for 10 min and aliquots were frozen in liquid nitrogen and stored at
-80 °C.

Table 3.8: Composition of SOB medium and Inoue buffer.

SOB medium Inoue buffer

2 % tryptone 55 mM MnCl,

0.5 % yeast extract 15 mM CacCl,

0.05 % NaCl 250 mM KCI

0.25 % KCI 10 mM PIPES (stock 0.5 M, pH 6.7)
Autoclave and store at 4 °C | Sterilize by filtration and store at -20°C

3.3.8 Bacterial transformation and plasmid purification

Plasmids were transformed into chemically competent bacteria to amplify the vector
DNA. For the transformation of a ligated construct, 5 ul of the ligation reaction were
transformed into selfmade chemically competent DH5a E. coli. For the transformation of
ligated lentiCRISPRv2 constructs, selfmade competent Stbl3 E. coli were used. For the
re-transformation of already existing constructs into DH5a, a maximum of 1 pl plasmid
DNA was used. Competent bacteria were thawed on ice before the addition of the
plasmid DNA. After 30 min incubation on ice, a heat shock was performed at 42 °C for 90
sec. The cells were placed on ice for 2 min and 1 ml LB medium was added. Following 1
h incubation at 37 °C with shaking, the bacteria were centrifuged at 1000 x g for 5 min.
The pellet was resuspended in 100 ul LB medium and plated on agar plates containing
the appropriate selection antibiotic. Colonies were picked after over-night incubation at
37 °C. For large scale plasmid DNA extraction from single colonies the Genopure
Plasmid Maxi Kit (Roche) was used. For small scale DNA preparation from 4 ml bacterial
culture the Wizard® Plus SV Miniprep DNA Purification System (Promega) was used.
DNA extraction with both kits was performed according to the manufacturer's protocol

and DNA constructs were sequenced with the appropriate primers (StarSEQ, Mainz).
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Table 3.9: Composition of LB medium and agar.

LB medium LB-agar

1 % tryptone 1 % tryptone

0.5 % yeast extract 0.5 % yeast extract
1 % NaCl 1 % NaCl

Autoclave and store at4 °C | 1.5 % agar
Autoclave, pour plates and store
at4°C

3.3.9 Microarray gene expression analysis

THP-1 cells were seeded in 6-well plates at a density of 700.000 cells in 3 ml medium
per well. 24h after seeding the cells were treated for 48 h with GSK3 inhibitors. RNA was
extracted from cells using the TRIzol™ Plus RNA Purification Kit (Thermo Fisher
Scientific) according to the manufacturer's instructions. Microarray experiments and
statistical data analysis were carried out by Dr. René Deenen at the group of Prof. Karl
Koéhrer (BMFZ Genomics and Transcriptomics Laboratory, University of Dusseldorf).
RNA preparations were analysed for RNA integrity by using the Agilent 2100 Bioanalyzer
(Agilent Technologies). All RNA samples showed high quality RNA Integrity Numbers
(RIN 10). RNA was further analysed by photometric measurement using NanoDrop™
and quantified by fluorometric Qubit® RNA assays (Life Technologies). Synthesis of
cDNA and subsequent biotin labeling of cRNA was performed according to the
manufacturer’s instructions (3" IVT Plus Kit; Affymetrix, Inc.). Briefly, 100 ng of total RNA
were converted to cDNA, followed by in vitro transcription and biotin labeling of cRNA.
After fragmentation the labeled cRNA was hybridized to Affymetrix PrimeView™ Human
Gene Expression Microarrays for 16 h at 45 °C, stained by streptavidin/phycoerythrin
conjugate and scanned as described in the manufacturers” protocol. Data analyses on
Affymetrix CEL files were carried out using the GeneSpring GX software (Vers. 12.5;
Agilent Technologies). Probes within each probeset were summarized by GeneSpring's
RMA algorithm after quantile normalization of probe level signal intensities across all
samples to reduce inter-array variability (Bolstad et al. 2003). Input data pre-processing
was concluded by baseline transformation to the median of all samples. To further
improve signal-to-noise ratio, a given probeset had to be expressed above background
(i.e. fluorescence signal of a probeset was detected within the 20th and 100th percentiles
of the raw signal distribution of a given array) in both replicates in at least one of two, or
both conditions to be subsequently analysed in pairwise comparisons. Differential gene
expression was statistically determined by moderated t-tests. Resulting p-values were

corrected for multiple testing (Benjamini-Hochberg false discovery rate (FDR)). The
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significance threshold was set to p(corr)<0.05. The Database for Annotation,
Visualization, and Integrated Discovery (DAVID Bioinformatics database) was used to
identify functional related categories within the group of differentially expressed genes
regulated by all three inhibitors (p(corr)<0.01) (Huang da et al. 2009a, Huang da et al.
2009b). This allowed enriched genes to be clustered into biological process gene
ontology (GO) terms. For the determination of enriched canonical pathways (differentially
expressed genes with p<0.01 and fold change >5x) the Ingenuity Pathway Analysis (IPA)

software (Qiagen) was used.
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4 Results

4.1 Effects of GSK3 inhibitors on cellular uptake activity of macrophages and

microglia

Glycogen synthase kinase 3 (GSK3) is a ubiquitous serine/threonine protein kinase that
is expressed in two isoforms, GSK3a and GSK3[. The isoforms share 98% sequence
identity within their kinase domains and are highly expressed in the brain (Woodgett
1990, Yao et al. 2002). GSK3 is known to function in a wide spectrum of cellular
processes including glycogen metabolism, apoptosis, transcription and microtubule
stability (Hooper et al. 2008). Among its actions, GSK3 plays a central role in the
inflammatory response of immune cells, including microglia (Beurel & Jope 2009,
Yuskaitis & Jope 2009). In the present study the impact of GSK3 inhibition on the cellular
uptake activity of primary mouse microglia cells, the human monocytic cell line THP-1,
and of primary human macrophages was investigated. Primary mouse microglia were
prepared from wild type postnatal mouse brains. THP-1 is a well-established in vitro
model for mononuclear phagocytes. The cells were derived from an acute monocytic
leukemia patient and differentiate into macrophage-like cells after treatment with phorbol
myristate acetate (PMA) through activation of protein kinase C (PKC). Differentiated
THP-1 cells are capable of releasing oxygen radicals and cytokines and have been
extensively used in studies of phagocytosis (Tsuchiya et al. 1980, Nakamura et al. 1986,
Friedland et al. 1993, Schiff et al. 1997, Kapetanovic et al. 2007). To quantify the AR
uptake capacity of cells after GSK3 inhibition, a microplate based uptake assay was
established (Figure 7).

Seeding of cells in 96 well plates Figure 7: Flow chart of the FAM-AR,, uptake
Treatment with inhibitors assay. Cells were seeded in black 96-well plates,

l 24/48/72 h treated with compounds and incubated with FAM-

labeled AR,, peptides for 4 h. After quenching of

INELTARGR Wi EAM-HReied A the extracellular fluorescence, the intracellular

l 4h fluorescence was recorded using a plate reader. To
Quenching of extracellular fluorescence with control for equal cell numbers per well, the cells
trypan blue were stained with the Hoechst dye 33342.

Recording of intracellular fluorescence (AR uptake)

l

Incubation with DNA-dye Hoechst 33342

1

Recording of fluorescence (DNA-staining)
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This assay is based on the uptake of 6-fluorescein amidite (FAM)-labeled synthetic A4,
peptides, which were pre-incubated for 3 days at 37°C to enable the formation of
oligomers and aggregates (Fleisher-Berkovich et al. 2010, Floden & Combs 2006).
Primary microglia and THP-1 cells were found to internalize FAM-AR4;, as shown by
fluorescence microscopy (Figure 8). The fluorescence images showed the spatial
relation of internalized FAM-AR4, to the cell nucleus, indicating that FAM-AR,, was

present in intracellular compartments and not only bound to the cell surface.

Figure 8: Uptake of FAM-AR,, peptides by THP-1 cells and primary mouse microglia. Cells were
incubated for 1 h in the presence of 0.7 yM FAM-AR,,. (A-C) Representative images of differentiated
macrophage-like THP-1 cells with internalized FAM-AR,, peptides (green). Nuclei were stained with
DAPI (blue). (D-G) Representative images of FAM-AR,, (green) uptake by primary mouse microglia.
Primary cells were immunostained with the macrophage/microglia specific marker Iba-1 (red). Nuclei
were stained with DAPI (blue). Scale bar 10 pym.

Three commercially available GSK3 inhibitors, CHIR99021, SB216763 and Bio-
Acetoxime were used to inhibit GSK3 activity. These compounds inhibit GSK3 in an
ATP-competitive manner and differ in their potency, selectivity and binding affinity.
Especially the aminopyrimidine derivative CHIR99021 is a highly selective and potent
inhibitor, inhibiting GSK3 at low nanomolar concentrations (ICs, = 6.7 nM for GSK3R and
ICso = 10 nM for GSK3a) in in vitro kinase assays (Ring et al. 2003). Prior to the uptake
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assay, the toxicity of the compounds was determined using both alamarBlue and MTT
cell viability assays, to demonstrate that the cells tolerate the applied inhibitor
concentrations (see subsection 4.3). Subsequently, THP-1 cells and primary microglia
were incubated with non-toxic concentrations of the GSK3 inhibitors or DMSO vehicle,
and the cellular uptake of FAM-AR4, was quantified in the uptake assay. Intracellular
fluorescence was measured via a fluorescence plate reader as a readout for the cellular
uptake of FAM-AR4,. Cell nuclei were stained with the DNA-dye Hoechst 33342 to

estimate cell numbers and control for equal cell plating as well as cytotoxicity.
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Figure 9: Inhibition of GSK3 promotes the uptake of FAM-AR,, by THP-1 cells. (A and C) FAM-
AR4, uptake by THP-1 cells was quantified after 48-72 h of GSK3 inhibitor treatment. Control cells
were treated with DMSO vehicle. Subsequently, cells were incubated in the presence of 0.5 yM FAM-
ARy, for 4 h and the intracellular fluorescence was measured. AR uptake was strongly impaired in the
presence of 10 uM cytochalasin D (CytD), an inhibitor of actin polymerization. (B and D) Hoechst
staining of cell nuclei was used to control for equal cell numbers per well. Bio-Acetoxime 72h: n=2,
others: n=3-5 independent biological experiments, with 3 technical replicates for each experimental
condition. Averaged values for each experimental condition were normalized to the control condition.
Statistical analysis was performed by one-way ANOVA, followed by Dunnett’'s multiple comparison
test (* p<0.05, ** p<0.01, *** p<0.001). Error bars represent SD.

Treatment with the GSK3 inhibitors for 48-72 h resulted in a dose-dependent increase in
the uptake of FAM-AR4, by THP-1 cells (Figure 9 A, C). FAM-AR,4, uptake was enhanced
approximately 2-3-fold after exposure to 5 yM CHIR99021 and 10 uM SB216763 as
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compared to the DMSO control, whereas Bio-Acetoxime showed a weaker effect. A 48 h
treatment with GSK3 inhibitors produced a greater change than the 72 h treatment.
Endocytotic processes like phagocytosis and macropinocytosis are dependent on a
functional actin cytoskeleton and are sensitive to cytochalasins (Araki et al. 1996,
Aderem & Underhill 1999). Cytochalasin D, which inhibits actin polymerization, was used
as a control to verify the endocytic uptake (Figure 9 A). The presence of 10 uM
cytochalasin D blocked approximately 70 % of FAM-AR4, uptake. Nuclear staining with
Hoechst 33342 indicated no significant changes in cell numbers after treatment with
GSK3 inhibitors. In all follow-up experiments, Hoechst staining was solely used as an

internal control to detect substantial differences in cell numbers.

Primary microglia cells treated with GSK3 inhibitors were also analyzed in the AR uptake
assay. Similar to the effects with THP-1 cells, inhibition of GSK3 in primary microglia
increased the uptake of FAM-AR,; in a dose-dependent manner. While GSK3 inhibition in
THP-1 cells resulted in the strongest increase after 48 h, treatment of primary microglia
with  GSK3 inhibitors showed the strongest effects after 72 h (Figure 10 A, C).
CHIR99021 (5 pM) and SB261763 (10 uM) treatment of primary microglia for 72 h
resulted in an approximately 2-fold increase of AR uptake. As observed for the THP-1
cells, the effect of Bio-Acetoxime was less prominent. Internalization of AR was reduced
by around 70 % in the presence of cytochalasin D. Both primary microglia and THP-1
cells displayed the strongest effects with 5 yM CHIR99021. Taken together, these results
showed that inhibition of GSK3 significantly increased the cellular uptake of AR by

primary microglia and macrophage-like THP-1 cells.
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Figure 10: Inhibition of GSK3 promotes the uptake of FAM-AR,, by primary mouse microglia. (A
and C) FAM-AR,, uptake by primary microglia was quantified after 48-72 h of GSK3 inhibitor
treatment. Control cells were treated with DMSO vehicle. AR uptake was impaired in the presence of
10 uM cytochalasin D (CytD), an inhibitor of actin polymerization. (B and D) Hoechst staining of cell
nuclei was used to control for equal cell numbers per well. Bio-Acetoxime 0.5 uM: n=2-3, others: n=7-
10 independent experiments, with 3 technical replicates for each experimental condition. Averaged
values for each experimental condition were normalized to the control condition. Statistical analysis
was performed by one-way ANOVA, followed by Dunnett's multiple comparison test (* p<0.05, **
p<0.01, *** p<0.001). Error bars represent SD.

Next, primary human macrophages were treated with the GSK3 inhibitor CHIR99021.
Human monocytes isolated from peripheral blood were plated and differentiated into
macrophages in the presence of granulocyte-macrophage colony-stimulating factor (GM-
CSF) and interleukin 34 (IL-34) for 14 days. The differentiation conditions were adopted
from a study by Ohgidani et al. (Ohgidani et al. 2014). These authors reported that GM-
CSF and IL-34 -treated cells showed microglial properties, such as cytokine production,
expression of microglial markers, and a characteristic ramified morphology (Ohgidani et
al. 2014). However, in our experiments under identical conditions, the combination of
GM-CSF and IL-34 resulted in a macrophage-like amoeboid morphology, with an
enlarged cell volume compared to the untreated monocytes (Figure 11 A, B). These
induced primary macrophages were treated with CHIR99021 for 48 h prior to the AR
uptake assay. Exposure to 5 yM CHIR99021 resulted in an approximately 50 % increase
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in AR uptake (Figure 11 C). Again, internalization of AR was strongly reduced in the
presence of cytochalasin D, indicating an actin-dependent mechanism. While the
stimulation of AR uptake by CHIR99021 was weaker, the outcome of these experiments
with  human macrophages was consistent with the results obtained with THP-1

macrophages and primary mouse microglia cells.
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Figure 11: Inhibition of GSK3 stimulates the uptake of FAM-ABR,, by primary human
macrophages. (A) Representative light microscopy image of human monocytes 24 h after isolation.
(B) Representative light microscopy image of induced human macrophages after 14 days of treatment
with 10 ng/ml GM-CSF and 100 ng/ml IL-34. Scale bar 40 pm (C) Quantification of FAM-AR,, uptake
by human macrophages after 48 h treatment with GSK3 inhibitor CHIR99021 (CHIR) (5 uM). AR
uptake was impaired in the presence of 10 uyM cytochalasin D (CytD). n=2 independent biological
experiments, with 3 technical replicates for each experimental condition. Averaged values for each
experimental condition were normalized to the control condition. Statistical analysis was performed
using two-tailed t test (* p<0.05). Error bars represent SD.

To investigate whether the increase in cellular uptake activity after treatment with GSK3
inhibitors is specific for the ligand ARs, the uptake assays were repeated with
fluorescein-labeled E. coli particles instead of FAM-ARs,. Following GSKS3 inhibitor
treatment, THP-1 cells or primary microglia cells were exposed to E. coli particles for 45
min. As decribed for the AR uptake assay, extracellular fluorescence was quenched and
the intracellular fluorescence was recorded to quantify the cellular uptake. Both THP-1
cells and primary microglia showed an increased uptake of fluorescently labeled E. coli
particles after treatment with GSKS3 inhibitors (Figure 12). The increase was
approximately 2-fold at the highest concentration of CHIR99021, while SB216763
showed weaker effects. As seen with AR, the uptake of E. coli particles was reduced in
the presence of cytochalasin D. These results indicated that the increase in cellular
uptake activity observed after treatment with GSK3 inhibitors is not specific for ARgs.
Rather, GSK3 inhibitors appeared to stimulate a cellular uptake mechanism that is used

to internalize different types of molecules and particles.
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Figure 12: Inhibition of GSK3 stimulates the uptake of E. coli particles by THP-1 cells and
primary microglia. (A) Uptake of E. coli particles by THP-1 cells after 48 h GSK3 inhibitor treatment.
(B) Uptake of E. coli particles by primary microglia cells after 72 h GSK3 inhibitor treatment. Uptake
was impaired in the presence of 10 uM cytochalasin D (CytD). n=3-5 independent biological
experiments, with 3 technical replicates for each experimental condition. Averaged values for each
experimental condition were normalized to the control condition. Statistical analysis was performed by
one-way ANOVA, followed by Dunnett's multiple comparison test (* p<0.05, ** p<0.01, *** p<0.001).
Error bars represent SD.

4.2 Effects of GSK3 inhibitors on intracellular AR degradation

Macrophages and microglia cells are able to internalize AR aggregates and to degrade
these peptides via the endo-lysosomal system (Sole-Domenech et al. 2016). The results
in figures 9 and 10 showed that treatment of THP-1 macrophages and primary microglia
cells with GSK3 inhibitors stimulated the cellular uptake of FAM-AR,,. Next, we examined
whether GSK3 inhibitors might also affect the rate of AR4; degradation within cells. THP-1
cells were treated with GSK3 inhibitors and then incubated in the presence of unlabeled,
non-aggregated AR,4. Western blotting of cell lysates with the monoclonal anti-AR
antibody 1C16 showed that intracellular A4, levels were increased after treatment with
CHIR99021 and SB216763 compared to the DMSO control condition (Figure 13 A),
supporting the findings of the uptake assays with fluorescently-labelled FAM-AR4,. To
assess the impact of GSK3 inhibitors on the degradation of internalized A4, cells were
treated with CHIR99021 or DMSO vehicle, incubated for 2 h with 2 uM ARy, and Al4,
levels were then compared in cell lysates at 4 different time points with an AR,-specific
ELISA assay.
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Figure 13: Treatment with GSK3 inhibitors increases the cellular uptake of AB4, but does not
enhance ARB,, degradation. THP-1 cells were treated with 5 pM CHIR99021 (CHIR) or 10 uM
SB216763 (SB) for 48 h followed by incubation with 2 yM ARy, for 2 h. (A) Representative Western
blots showing AR levels in THP-1 cell lysates as detected with the monoclonal anti-A3 antibody IC16.
n=3 independent biological experiments. (B) ELISA measurements of AR, levels in cell lysates of
CHIR99021 and DMSO-treated cells 0-4 h after incubation with 2 uM AR4,. The amount of AR, that
was detected at time 0 in each experimental group was set to 100 %. n=3-6 independent biological
experiments, with 3 technical replicates for each experimental condition. Statistical analysis was
performed using two-tailed t test (* p<0.05). Error bars represent SD.

The results of the ELISA measurements showed a time-dependent decrease of
intracellular Al34, levels in both CHIR99021 and DMSO treated cells (Figure 13 B). After
4 h, AR levels in both experimental groups were reduced to approximately 25 % of the
AR, amount detected at time 0 h, indicating that AR4, was efficiently cleared in both
control and GSK3 inhibitor treated cells. These findings demonstrated that GSKS3
inhibitors stimulated the cellular uptake of AR4 but did not measurably enhance its

intracellular degradation.

4.3 Effects of GSK3 inhibitors on metabolic activity and cell proliferation

GSKa3 inhibition has been reported to stimulate the proliferation of specific cell types
(Tseng et al. 2006, Cao et al. 2012). Increased cell numbers could potentially explain the
increased AR and E. coli particle uptake activity after treatment with GSK3 inhibitors.
Therefore, alamarBlue and MTT assays were performed to detect cell proliferation and
cell viability. In the alamarBlue assay the dye resazurin is converted to the fluorescent
molecule resofurin by metabolically active cells. The MTT assay is based on the
conversion of the tetrazolium dye MTT into formazan. Cellular tetrazolium reduction
depends on the metabolic activity and has been linked to the activity of mitochondrial
enzymes (Berridge & Tan 1993). The generation of both resofurin and formazan was

quantified by absorbance measurement. For the alamarBlue assay, THP-1 cells were
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treated with increasing concentrations of the GSK3 inhibitors. No cytotoxic effects of the
compounds were observed for the concentration ranges and treatment periods used in
this study (data not shown). For the MTT assay, THP-1 cells and primary microglia cells
were treated with increasing concentrations of the GSK3 inhibitors for 48 h and 72 h,
respectively. The results of the MTT assay indicated no toxic effects of the compounds
on THP-1 and primary microglia cells (Figure 14). In contrast, treatment of primary
microglia resulted in an increased rate of MTT conversion (Figure 14 B). This result was
consistent with either increased cell numbers at the end of the treatment period or
unchanged cell numbers with increased metabolic activity of individual cells. However,
staining of cells with the nuclear dye Hoechst 33342 at the end of the AR uptake assays
as shown in figure 9 for THP-1 cells and figure 10 for primary microglia cells had not

provided evidence for increased cell proliferation stimulated by GSK3 inhibitors.
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Figure 14: Treatment with GSK3 inhibitors reveals no cytotoxic effects but increases the
metabolic activity of primary microglia cells. Conversion of MTT to formazan by (A) THP-1 cells
and (B) primary microglia cells was quantified after GSK3 inhibitor treatment for 48 h and 72 h,
respectively. Cells treated with medium only (untreated) served as control. THP-1 Bio-Acetoxime 0.5
MM: n=1, others: n=4-8 independent experiments, with 3 technical replicates for each experimental
condition. Averaged values for each experimental condition were normalized to the control condition.
Error bars represent SD.

To further exclude that changes in cell numbers affect the uptake activity of THP-1 and
primary microglia cells, total cell numbers were determined after GSK3 inhibitor
treatment with an automated Vi-Cell cell counter. Viable and non-viable cells were
distinguished via the trypan blue exclusion method. In line with the results of the nuclear
Hoechst 33342 staining, counting of cells revealed no changes in numbers of THP-1 and
primary microglia cells treated with GSK3 inhibitors or DMSO vehicle (Figure 15). In
conclusion, these results demonstrated that GSK3 inhibitors did not stimulate cellular

proliferation but might increase overall metabolic activity of primary microglia cells.
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Figure 15: Inhibition of GSK3 has no impact on the proliferation of THP-1 and primary microglia
cells. Cell numbers were determined after 48 h (THP-1, A) and 72 h (primary microglia, B) exposure
to 5 yM CHIR99021 (CHIR) or 10 uM SB216763 (SB) with an automated Vi-Cell cell counter. As a
control for appropriate cell counting, in one experimental condition twice the number of cells (240.000
cells) was plated. THP-1: n=2-5, primary microglia: n=7-9 independent biological experiments, with 3
technical replicates for each experimental condition. Averaged values for each experimental condition
were normalized to the control condition. Statistical analysis was performed by one-way ANOVA,
followed by Dunnett's multiple comparison test (ns = non significant p>0.05, *** p<0.001). Error bars
represent SD.

4.4 Phenotypic characterization of primary microglia cells treated with GSK3

inhibitors

Microglia can acquire a range of morphological and functional phenotypes, which have
frequently been categorized into two extremes: the M1 phenotype, which is associated
with cytotoxic effects, and the M2 phenotype, which is thought to be involved in
neuroprotective actions (Colton & Wilcock 2010). The M2 state is related to an activation
state induced by the cytokines IL-4 and IL-13. In addition, the release of anti-
inflammatory and neurotrophic factors and enhanced uptake of cellular debris and
misfolded proteins have been attributed to M2 microglia (Tang & Le 2016, Cherry et al.
2014). The morphology of microglia is very dynamic and related to their functional
phenotype, ranging between a highly ramified and an amoeboid form completely lacking
processes. The amoeboid form is generally considered to be “reactive”, whereas the
ramified form is associated with a resting state engaged in physiological functions
(Karperien et al. 2013).

As described above, treatment with GSKS3 inhibitors enhanced the uptake activity of
primary microglia (chapter 4.1). To investigate a potential relationship between GSK3
inhibition and the morphological and functional state of primary microglia, cell
morphology was determined after 72 h treatment with GSK3 inhibitors. DMSO treated
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microglia mostly exhibited an amoeboid or rod-like shape. In contrast, a large number of
microglia cells treated with CHIR99021 or SB216763 displayed a ramified morphology
with several long processes (Figure 16 A).
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Figure 16: Morphological and functional characterization of GSK3 inhibitor treated primary
microglia cells. (A) Representative microscopic picture for the morphology of primary microglia that
were treated for 72h with DMSO or the GSK3 inhibitors CHIR99021 (CHIR) or SB216763 (SB). Scale
bar 50 um. (B) The Schoenen ramification index (RI) was calculated for microglia cells treated with
DMSO or CHIR99021 (CHIR) for 72h, by dividing the maximum process number by the number of
primary branches originating at the cell soma. Number of cells, DMSO=85, CHIR99021=70. n=1.
Statistical analysis was performed by using two-tailed t test (*** p<0.001). Error bars represent
interquartile range. (C) Representative flow cytometry analysis of CD36 and IL-4 receptor (IL-4R)
expression levels on the surface of primary microglia after 72 h treatment with DMSO (control),
CHIR99021 (CHIR) or SB216763 (SB). The number of primary microglia cells was normalized to mode
(cell numbers). n=2 independent biological experiments were performed. Analysis of cell morphology
and flow cytometry analysis were performed by our collaborative partner at the group of Michael
Heneka (Department of Neurodegenerative Diseases and Gerontopsychiatry at the University of
Bonn).

To quantify the shape changes of the cells, the ramification index (RI) of DMSO and
CHIR99021 treated cells was determined by image analysis. CHIR99021 treated
ramified microglia showed a significantly higher RI than DMSO treated cells, indicating
enhanced branching in response to GSK3 inhibition (Figure 16 B). To further evaluate
the functional phenotype of microglia, DMSO and GSK3 inhibitor treated cells were
subjected to fluorescence activating cell sorting (FACS) analysis to determine the levels
of the IL-4-receptor (IL4-R) and CD36, two receptors that have been linked to the M2
phenotype. Signaling of IL-4R is induced by binding of the cytokines IL-4 and IL-13 and
triggers downstream anti-inflammatory actions (Gadani et al. 2012). CD36 is a scavenger
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receptor that is part of the receptor complex for AR and has been defined as an M2
alternative activation marker (Martinez et al. 2006, Yamanaka et al. 2012). FACS
analysis showed that both receptors were upregulated on the surface of microglia cells
treated with CHIR99021 or SB216763 in comparison to the DMSO control (Figure 16 C).
These data are consistent with the hypothesis that microglia polarize towards an
alternative M2 activation state upon treatment with GSKS3 inhibitors, resulting in altered

morphology and function and increased uptake activity.

4.5 Co-stimulation of THP-1 cells with lipopolysaccharides (LPS) and GSK3

inhibitors

In AD, microglia functions including phagocytosis and clearance of soluble and insoluble
AR peptides appear to be impaired, and it is believed that this is at least in part due to the
chronic inflammatory state of the AD brain. Therefore, we wanted to investigate whether
inflammatory co-stimulation would affect and potentially diminish the stimulatory effect of
GSK3 inhibitors on FAM-AR4, uptake activity. Based on in vitro and in vivo studies, it is
well established that macrophage and microglia activation can be induced by
lipopolysaccharides (LPS), a component of the outer membrane of gram-negative
bacteria. Upon activation by LPS, macrophages and microglia release inflammatory
cytokines such as TNFa, IL-13 and IL-6 (Sebire et al. 1993, Lee et al. 1993, Sharif et al.
2007, Chanput et al. 2010). To assess whether LPS treatment would affect AR uptake
under basal and stimulated conditions, THP-1 cells were co-incubated with CHIR99021
and LPS for 48 h and the uptake of FAM-AlR4, was quantified (Figure 17).
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Figure 17: LPS stimulation reduced the stimulation of AR uptake activity by GSK3 inhibitors.
THP-1 cells were incubated with 5 yM CHIR99021 (CHIR) or DMSO vehicle (control) either in the
presence or absence of 0.5-1 ug/ml LPS. FAM-AR,, uptake was quantified at the end of the 48 h
treatment period. n=3 independent biological experiments, with 3 technical replicates for each
experimental condition. Averaged values for each experimental condition were normalized to the
control condition (cells treated only with DMSO). Statistical analysis was performed by using one-way
ANOVA with Tukey's post test (ns = non significant p>0.05, **p<0.01). Error bars represent SD.
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LPS stimulation did not affect the basal A3 uptake activity as compared to control cells
treated only with DMSO vehicle. After simultaneous exposure to LPS and CHIR99021,
THP-1 cells still showed a tendency to increase their AR uptake activity (Figure 17).
However, the effect was not significant. The results indicated that the stimulatory effect of
GSKa3 inhibitors is reduced but might still be effective even under inflammatory conditions
as induced by LPS.

4.6 Effects of cyclin-dependent kinase (CDK) inhibitors on AR uptake activity

As a first to step to investigate the molecular mechanism by which GSK3 inhibitors might
stimulate the cellular uptake of AR we attempted to exclude known off-target activities of
this group of kinase inhibitors. Many ATP-competitive GSK3 inhibitors show promiscuous
inhibitory activity towards other protein kinases (Meijer et al. 2004). Especially cyclin-
dependent protein kinases (CDKs) are known off-targets of GSK3 inhibitors. This results
from the structural similarity within the ATP-binding domain of GSK3 and CDKs (Eldar-
Finkelman & Martinez 2011). To exclude that the stimulatory effects of GSK3 inhibitors
on AR uptake activity might be mediated by inhibition of CDKs, THP-1 cells were treated
with Roscovitine and Purvalanol A, two compounds that inhibit multiple CDKs but do not
target GSK3 (Bain et al. 2003). The toxicity of the compounds was assessed using the
alamarBlue cell viability assay (data not shown). Subsequently, THP-1 cells were treated
for 48 h with non-toxic concentrations of the CDK inhibitors followed by an AR uptake
assay. CDK inhibitor treatment had no effect on AR uptake by THP-1 cells, indicating that

CDKs are not involved in the modulation of uptake activity (Figure 18).

Figure 18: Inhibition of CDKs has no effect on AR
150 ns uptake by THP-1 cells. FAM-AR,, uptake by THP-1
' ' cells was quantified after 48 h treatment with
Roscovitine or Purvalanol A. n=3-4 independent
biological experiments, with 3 technical replicates for
each experimental condition. Averaged values for
each experimental condition were normalized to the
control condition. Statistical analysis was performed
by one-way ANOVA, followed by Dunnett's multiple
comparison test (ns = non significant p>0.05). Error
bars represent SD.
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4.7 Role of GSK3R in the stimulation of AR uptake activity by GSK3 inhibitors

To further exclude off-target drug effects and to confirm that the stimulatory effect of
GSKa3 inhibitors on AR uptake activity is mediated by their primary targets GSK3a/f3,
endogenous GSK3 expression was knocked-down in RNAi experiments. THP-1 cells
were transfected with siRNAs specific for GSK3a/R. In addition, endoribonuclease-
prepared siRNA (esiRNA) directed against GSK3R was used. While siRNAs are
chemically synthesized oligonucleotides, esiRNAs are prepared in vitro through
endonucleolytic cleavage of target specific long double-stranded RNAs by RNase Ill. The
cleavage results in a diverse pool of siRNA-like oligonucleotides. Both siRNA and
esiRNA can trigger potent silencing of target-genes. However, esiRNAs have been
proposed to cause less off-target effects (Kittler et al. 2007). Western blotting analysis
showed that 72 h after GSK3a/l3 siRNA or esiRNA transfection, protein levels of both
GSK3a and GSK3R were decreased to approximately 50 % as compared to control cells
transfected with a non-targeting siRNA (Figure 19 A, B). Importantly, when the AR uptake
assay was performed after the knock-down of GSK3R by siRNA or esiRNA, a small but
significant increase of uptake activity was observed (Figure 19 C). In contrast, knock-
down of GSK3a alone had no significant impact on AR uptake activity. Likewise, the
combined knock-down of both isoforms did not increase the effect size as compared to
the single GSK3R knock-down (Figure 19 C). These results supported that the
stimulation of AR uptake activity by GSK3 inhibitors is mediated by reduced activity of
GSK3R. Furthermore, they indicated that GSK3a is not involved in the modulation of

uptake activity, at least in THP-1 cells.
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Figure 19: Knock-down of endogenous GSK30 increased AR uptake by THP-1 cells. THP-1 cells
were transfected with either siRNA or esiRNA targeting GSK3R, GSK3a or with a non-targeting control
siRNA. (A) Representative Western blot analysis showing the expression of GSK3R and GSK3a in
THP-1 cell lysates 72 h post-transfection. (B) For semiquantitative analysis of protein levels, the signal
intensity of Western blotting bands was measured with a LI-COR Odyssey CLx Imager system. n=3
independent biological experiments, with 2 technical replicates for each experimental condition. (C)
FAM-AR,, uptake by THP-1 cells was quantified 72 h after single siRNA/esiRNA or combined siRNA
(GSK3a/R) transfections. n=3-5 independent biological experiments, with 3 technical replicates for
each experimental condition. Averaged values for each experimental condition were normalized to the
control condition. Statistical analysis was performed by either two-tailed t test or one-way ANOVA,
followed by Dunnett's multiple comparison test (ns = non significant p>0.05, ** p<0.01, *** p<0.001).
Error bars represent SD.

The stimulatory effects of the GSK3R knock-down on AR uptake activity were much
smaller compared to treatment with GSK3 inhibitors. This could be explained by the fact
that the expression of GSK3 was only partially reduced after siRNA/esiRNA transfection
with substantial residual enzyme activity remaining. Therefore, we wanted to obtain
additional evidence to support the mechanistic role GSK3R through the use of knock-out
(KO) cell lines generated with the Clustered Regularly Interspaced Short Palindromic
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Repeats/Cas9 (CRISPR/Cas9) system. The CRISPR/Cas9 system has emerged in
recent years as a highly efficient tool to edit the cellular genome (Mali et al. 2013, Cong
et al. 2013). It is is derived from a bacterial defence system (Jinek et al. 2012) and
requires the co-expression of two components: the endonuclease Cas9 and a 20 bp
single guide RNA (sgRNA) that is complementary to the genomic target. The most
commonly used Cas9 endonuclease is from Streptococcus pyogenes (SpCas9). The
sgRNA sequence allows for gene-specific targeting and needs to be positioned next to a
protospacer adjacent motif (PAM). In S. pyogenes, the target DNA must immediately
precede the PAM sequence “NGG,” where N can be any nucleotide. The sgRNA forms a
complex with Cas9 and directs it to the target DNA site, where Cas9 generates a double
strand break (DSB) near the PAM. The DSB can be repaired by either of the two major
cellular repair mechanisms: non-homologous end joining (NHEJ) or homology-directed
repair (HDR). NHEJ repair is the most active but error-prone repair pathway, which often
causes the introduction of insertion/deletion mutations within the target gene. Resulting
frameshift mutations can lead to a premature stop codon in the open reading frame,
generating a knock-out (KO) of the target gene. Throughout this study, the
CRISPR/Cas9 technology was repeatedly used to validate candidate genes putatively
involved in the modulation of AR uptake activity. First, CRISPR/Cas9 was applied to
generate THP-1 cells deficient for GSK3R. The lentiviral vector lentiCRISPRv2 was used,
which is a single-vector system for co-expression of Cas9 and sgRNA (Sanjana et al.
2014). The cloning vector is described in figure 20 A. Two individual sgRNAs were
designed targeting different exons of the GSK3[R gene. As a non-targeting control, a
sgRNA specific for EGFP was used. After cloning of sgRNAs into lentiCRISPRv2 and
production of lentiviral particles, THP-1 cells were infected and subjected to puromycin
selection. Limited dilution cloning of puromycin-selected cells was performed to obtain
single cell clones. Individual cell clones were isolated and expanded prior to a western
blot analysis. It is important to mention here that since THP-1 cells are growing in
solution the isolation of true single cell clones is technically challenging, meaning that in
some cases the isolated cell populations were likely heterogenous and derived from
more than one cell. However, as shown by Western blotting in figure 20 B, for GSK3R}
KO cell clones could be identified for both sgRNAs targeting exon 1 (Ex1) and exon 4
(Ex4) that completely lacked GSK3R expression as compared to the control cell line
expressing the sgRNA against EGFP. Subsequently, the KO cell lines were evaluated in
the AR uptake assay. KO and control cells were treated for 48 h with DMSO or 5 uyM
CHIR99021 and FAM-AR,, uptake was measured.
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Figure 20: CRISPR/Cas9 mediated knock-out (KO) of GSK3RB increases the basal AR uptake
activity of THP-1 cells and abolishes the stimulatory effect of GSK3 inhibitors. (A) Schematic of
the CRISPR/Cas9 lentiviral cloning vector containing a U6 promoter-driven sgRNA expression
cassette, elongation factor-1a short (EFS) promoter-driven SpCas9 with FLAG tag, Psi packaging
signal (psi+), rev response element (RRE), central polypurine tract (cPPT), 2A self-cleaving peptide
(P2A), puromycin selection marker (puro) and posttranscriptional regulatory element (WPRE)
(Sanjana et al. 2014). (B) Representative Western blot analysis of endogenous GSK3R protein levels
in CRISPR/Cas9 generated THP-1 cells expressing a sgRNA against EGFP (control) or a target
sequence in exons 1 or 4 of GSK3R (GSK3R Ex1, GSK3R Ex4). Actin protein levels were used as a
loading control. n=3 independent biological experiments. (C) Quantification of FAM-AR,, uptake by
GSK3R KO cells (GSK3R Ex1 and Ex4) and control cells expressing EGFP sgRNA (control). Prior to
the uptake assay the cells were treated for 48 h with 5 yM CHIR99021 or DMSO vehicle. n=3
independent biological experiments, with 3 technical replicates for each experimental condition.
Averaged values for each experimental condition were normalized to the control condition (cells
expressing sgRNA against EGFP treated with DMSO). Statistical analysis was performed by using
one-way ANOVA with Tukey's post test (ns = non significant p>0.05, **p<0.01, *** p<0.001). Error
bars represent SD.

In line with the RNAIi experiments shown in figure 19, GSK3[} KO increased the basal
level of AR uptake (Figure 20 C, compare the two DMSO treated GSK3[3 KO cell lines
with the DMSO treated control line). However, the effect sizes were substantially larger
and the KO cell lines generated with either of the two GSK3R sgRNAs showed a 2-3 fold
higher AR uptake compared to the control cell line, likely because of the complete
elimination of GSK3R expression. Moreover, after treatment of the KO cell lines with the
GSKa3 inhibitor CHIR99021 the uptake of AR was not significantly increased as compared
to the DMSO control condition. In contrast, the control cell line expressing the sgRNA
against EGFP displayed a > 2 fold increase in AR uptake activity after treatment with 5
MM CHIR99021, similar to the effects shown in figure 9. Taken together, the results of the
RNAI experiments and the CRISPR/Cas9 generated KO cell lines confirmed that GSK301
activity is limiting the basal AR uptake capacity of THP-1 cells, and that the stimulatory
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effect of GSK3 inhibitors is due to inhibition of their main target GSK3R with likely

negligible contribution from off-targets.

4.8 Role of the Wnt/B-catenin pathway in the stimulation of AR uptake activity by
GSKa3 inhibitors

As GSKa3 is a central kinase in the [3-catenin dependent canonical Wnt pathway, the role
of this pathway in the stimulation of AR uptake was investigated. The Wnt/3-catenin
pathway plays an important role in a wide range of developmental and physiological
processes including cell proliferation, cell polarity and cell fate determination (Logan &
Nusse 2004). In this pathway, GSK3 acts as a negative regulator. In the absence of a
Wnt ligand, GSK3 mediates the phosphorylation of [3-catenin, which leads to the
proteasomal degradation of R-catenin. Upon Wnt stimulation, phosphorylation of R-
catenin by GSK3 is inhibited. This allows cytoplasmic accumulation of 3-catenin and its
translocation into the nucleus, where R-catenin serves as a transcriptional co-activator
and interacts with TCF/LEF (T-cell factor/lymphoid enhancing factor) transcription factors

to induce the transcription of target genes (Figure 21).
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Figure 21: Simplified overview of the canonical Wnt/R-catenin signaling pathway. (A) In the
absence of a Wnt ligand, R-catenin is associated with a multi-protein complex (destruction complex)
consisting of Axin (axis inhibition protein), APC (adenomatous polyposis coli protein) and the kinases
CK1 (casein kinase 1) and GSK3. In this complex, 3-catenin is sequentially phosphorylated by CK1
and GSK3, which leads to the ubiquitin-dependent degradation of R-catenin by the proteasome. (B)
Binding of a Wnt ligand to a Frizzled receptor and its co-receptors (LRP5/6) leads to the inactivation of
the destruction complex and inhibition of R-catenin phosphorylation. R-catenin accumulates in the
cytoplasm and translocates into the nucleus where it activates transcription of Wnt target genes
(MacDonald et al. 2009).
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Similarly, inhibition of GSK3 by GSK3 inhibitors enables 3-catenin accumulation and the
activation of transcription. To confirm the accumulation of 3-catenin in THP-1 cells, the
cells were treated with GSK3 inhibitors or a Wnt ligand, and [3-catenin protein levels were
determined by Western blotting. Wnt-3a was chosen as a representative Wnt ligand that
was shown to activate canonical 3-catenin signaling (van Amerongen & Nusse 2009,
Oderup et al. 2013). Both GSK3 inhibitor and Wnt-3a treatment resulted in a strong
accumulation of R-catenin in THP-1 cells (Figure 22 A, D). To assess putative effects of
3-catenin accumulation and downstream 3-catenin-mediated transcription on cellular AR
uptake, an activated form of mouse [3-catenin was stably overexpressed by infecting
THP-1 cells with a 3-catenin-expressing retrovirus and selection of stable mass cultures

(Figure 22 B).
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Figure 22: Increased RB-catenin protein levels did not affect AR uptake by THP-1 cells. (A)
Representative Western blot analysis of R-catenin protein levels in THP-1 cells after 48 h treatment
with GSK3 inhibitors CHIR99021 (CHIR), SB216763 (SB), Bio-Acetoxime (Bio) or DMSO vehicle
(control). Actin protein levels were determined as a loading control. n=2-3 independent biological
experiments. (B) Representative Western blot analysis of R-catenin protein levels in THP-1 cells
infected with the retroviral vector pLHCX-R-catenin (RCat) or empty control vector. Stable mass
cultures were selected with hygromycin. Actin protein levels were determined as a loading control. n=3
independent biological experiments. (C) Quantification of FAM-AR,, uptake by THP-1 cells with stable
overexpression of an activated form of -catenin (RCat) and control cells with endogenous R-catenin
expression levels (control). n=4 independent biological experiments, with 3 technical replicates for
each experimental condition. (D) Representative Western blot analysis of 3-catenin protein levels in
THP-1 cells after 24 h treatment with 250 ng/ml human Wnt-3a. n=3 independent biological
experiments. (E) Quantification of FAM-AR,, uptake by THP-1 cells treated for 72 h with increasing
concentrations of the human Wnt-3a ligand. n=3 independent biological experiments, with 3 technical
replicates for each experimental condition. Error bars represent SD.
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Stable overexpression of an activated form of 3-catenin in THP-1 cells showed no effect
on FAM-AR,, uptake as compared to the control cell line (Figure 22 C). Next, THP-1 cells
were treated with increasing concentrations of Wnt-3a and FAM-AR4, uptake was
quantified. Again, no effect on AR uptake was observed (Figure 22 E). In addition, [3-
catenin KO cells were generated using CRISPR/Cas9. A sgRNA targeting exon 2 (Ex2)
of R-catenin was cloned into lentiCRISPRv2 and lentiviral particles were produced.
Subsequently, THP-1 cells were infected, subjected to puromycin selection, and single
cell clones were obtained by limited dilution cloning. As shown in figure 23 A, Western
blotting confirmed the complete absence of 3-catenin expression as compared to control
cells expressing a sgRNA against EGFP. In contrast to the result with GSK3[ KO cells
shown in figure 20, cells lacking 3-catenin expression displayed similar basal FAM-AR,,
uptake as the control cells. Furthermore, after treatment with the GSK3 inhibitor
CHIR99021 both R-catenin KO cells and control cells showed a significant increase in
FAM-AR,4, uptake activity compared to the DMSO vehicle treated cells. Taken together,
these results indicated that the stimulation of AR uptake by GSK3 inhibitors was not
mediated by enhanced Wnt/R-catenin signalling and transcription of R-catenin target

genes.
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Figure 23: CRISPR/Cas9 mediated knock-out (KO) of B-catenin did not affect basal or GSK3
inhibitor stimulated AR uptake activity. (A) Representative Western blot analysis of endogenous R3-
catenin protein levels in CRISPR/Cas9 generated THP-1 cells expressing a sgRNA against EGFP
(control) or a target sequence in exon 2 of R-catenin (3Cat Ex2). Actin protein levels were determined
as a loading control. n=3 independent biological experiments. (B) Quantification of FAM-AR,, uptake
by R-catenin KO cells (RCat Ex2) in comparison to control cells expressing EGFP sgRNA (control).
Prior to the uptake assay the cells were treated for 48 h with 5 yM CHIR99021 or DMSO vehicle. n=3
independent biological experiments, with 3 technical replicates for each experimental condition.
Averaged values for each experimental condition were normalized to the control condition (cells
expressing sgRNA against EGFP treated with DMSO). Statistical analysis was performed by using
one-way ANOVA with Tukey's post test (ns = non significant p>0.05, *p<0.05, ** p<0.01). Error bars
represent SD.
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4.9 Role of de novo transcription in the stimulation of AR uptake activity by GSK3

inhibitors

The observation that the effects of GSK3 inhibitors on AR uptake activity were time-
dependent and that, at least for primary microglia cells, the effects sizes increased with
longer treatment periods (figures 9 and 10) indicated that the stimulatory effect might
require transcription and the synthesis of novel proteins. Furthermore, GSK3 is know to
regulate immune responses and transcriptional activity through the phosphorylation of
several classes of transcription factors and co-activators/repressors including NF-kB
(nuclear factor kappa-light-chain-enhancer of activated B-cells), CREB (cAMP response
element-binding protein), NFAT (nuclear factor of activated T-cells), STATs (signal
transducer and activator of transcription) and SMADs (Beurel et al. 2010). Therefore, to
determine whether the stimulation of AR, uptake activity after treatment with GSK3
inhibitors was dependent on de novo synthesis of mMRNA, THP-1 cells were stimulated
with the GSK3 inhibitor CHIR99021 in the presence of the transcriptional inhibitor
actinomycin D followed by an FAM-AR,, uptake assay. Actinomycin D intercalates into
the DNA and prevents RNA polymerase progression (Trask & Muller 1988). In
preliminary experiments, a non-toxic concentration of actinomycin D was determined by
an alamarBlue assay and it was found that THP-1 cells could tolerate a concentration of
0.05 pg/ml actinomycin D for a short period of time (7.5 h) without measurable toxicity
(data not shown). Treatment of THP-1 cells with 5 uM CHIR99021 for only 7.5 h caused
a smaller but significant increase in FAM-AR,, uptake (figure 24, compare to the 48 h
treatment in figure 9). However, coincubation with actinomycin D abolished the
increasing effect of CHIR99021 on AR uptake, indicating that de novo mRNA synthesis
was indeed required for the stimulation (figure 24). In contrast, actinomycin D did not
affect the basal level of FAM-AR,, uptake.

Figure 24: The stimulation of FAM-AR,, uptake by the
GSK3 inhibitor CHIR99021 is abolished by coincubation

Wl DRSO with a transcriptional inhibitor. The AR uptake by THP-1

CHIR 5 pM
= “ns cells was quantified after treatment with 5 yM CHIR99021 or
L DMSO vehicle in the presence or absence of 0.05 pg/mi
1504 1 actinomycin D (ActD) for 7.5 h. While actinomycin D blocked

—ne the stimulatory effect of CHIR99021 it did not affect basal
levels of AR uptake activity. n=3 independent biological
experiments, with 3 technical replicates for each
experimental condition. Averaged values for each
experimental condition were normalized to the control
condition (cells treated only with DMSQ). Statistical analysis
control ActD was performed by one-way ANOVA with Tukey's post test
(ns = non significant p>0.05, *** p<0.001). Error bars
represent SD.
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4.10 Microarray-based gene expression analysis

The results with the transcriptional inhibitor actinomycin D had indicated that de novo
gene expression was required for the stimulation of AR uptake activity by GSK3
inhibitors. Therefore, to further address the underlying mechanism and to identify
differentially expressed genes, a DNA microarray-based gene expression analysis of
GSKa3 inhibitor treated THP-1 cells was performed. RNA was isolated from THP-1 cells
treated with CHIR99021, SB216763, Bio-Acetoxime or DMSO vehicle as a control. All
RNA samples were of high quality with a RNA Integrity Number (RIN) of 10. RIN is an
algorithm used by the Agilent 2100 Bioanalyzer and allows for standardized
determination of RNA quality with values ranging from 1 (totally degraded RNA) to 10
(completely intact RNA). RNA from GSKS3 inhibitor treated and control cells was
subjected to analysis using Affymetrix PrimeView Human Gene Expression microarrays,

and the resulting gene expression profiles were compared.
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Figure 25: Microarray analysis comparing the gene expression profiles of THP-1 cells treated
with three different GSK3 inhibitors to DMSO vehicle treated control cells. (A) Venn diagram
displaying number and overlap of differentially expressed genes in THP-1 cells treated with GSK3
inhibitors. Gene ontology (GO) analysis was performed on the differentially expressed gene set
common to all three inhibitors. The top ten significantly enriched GO terms with lowest p-values are
shown (p(corr)<0.01). (B) Bar graphs showing the top 15 genes most significantly changed by each of
the three GSK3 inhibitors from the overlapping set of 2101 genes (p(corr)<0.01). Upregulated genes
are shown in grey; downregulated genes are shown in blue. Multiple entries of a gene indicate
different gene probe sets that recognize alternative transcripts.
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Treatment with GSK3 inhibitors caused both the induction and the repression of a large
number of genes. The microarray results revealed 6104 genes that were differentially
regulated in CHIR99021 treated THP-1 cells, while 2822 and 4752 differentially
expressed genes were detected in SB216763 and Bio-Acetoxime treated cells,
respectively (p(corr)<0.01). In total, an overlapping set of 2101 genes was found that
were similarly regulated by all three GSK3 inhibitors in comparison to the DMSO control
as displayed in the Venn diagram (Figure 25 A). Of note, the direction of gene
expression regulation (upregulation or downregulation) among the overlapping 2101
genes was almost 100 % concordant between the three treatment groups, with only four
genes regulated in opposite directions. The overlapping genes were categorized into
functional GeneOntology (GO) classes. Several immune function related terms showed
significant enrichment of differentially expressed genes and were among the ten most
significantly regulated GO classes, including immune system response, response to
stress, response to wounding, defense response and inflammatory response (Figure 25
A). The group of 2101 genes similarly up- or downregulated by all three inhibitors was
ranked by fold change. Figure 25 B displays the top 15 up- and down-regulated genes.
The most highly induced gene in response to all three GSK3 inhibitors was the
chemokine CCL2 (chemokine C-C motif ligand 2) with a mean fold change of
approximately 200. Likewise, expression of CCL7 (chemokine C-C motif ligand 7),
THBS1 (thrombospondin 1), GZMB (granzyme B), LGI2 (leucin-rich repeat LGl family
member 2) and CD163 was highly upregulated with fold changes ranging from 22 (LGI2,
SB216763) to 181 (THBS1, CHIR99021), further supporting a high concordance

between the three treatment groups.

To further analyze the overlap between the transcriptional profiles induced by
CHIR99021, SB216763 and Bio-Acetoxime, an Ingenuity Pathway Analysis (IPA) was
performed. The IPA software allows the identification of gene networks and the analysis
of gene expression patterns using a literature based database. Genes with a fold change
greater than 5 were evaluated by IPA and categorized to related canonical pathways.
The top five canonical pathways and their associated genes are listed in table 1. IPA
revealed that pathways related to immune response and cytokine signaling were

particularly enriched in the overlapping set of differentially expressed genes.
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Table 1: The top five canonical pathways and their associated genes identified by IPA (minimum 5-
fold change, p<0.01).

Canonical pathway -log (p-value) Associated gene

Agranulocyte Adhesion and Diapedesis 7.86 MMP7, IL1A, FN1, CCL2, MMPS8,
MMP10, CCL3, CCL4L1/CCL4L2,
CCL7

Granulocyte Adhesion and Diapedesis 6.83 MMP7, IL1A, CCL2, MMPS,
MMP10, CCL3, CCL4L1/CCL4L2,
CCL7

Differential Regulation of Cytokine 5.92 IL-1A, CCL2, IL10, CCL3

Production in Intestinal Epithelial Cells by
IL-17A and IL-17F

TREM1 Signaling 5.22 TREM1, CCL2, IL10, CCL3, CCL7

Differential Regulation of Cytokine 4.49 CCL2, IL10, CCL3
Production in Macrophages and T Helper
Cells by IL-17A and IL-17F

The identified pathways included the migration of leukocytes towards site of
injury/infection (Agranulocyte/granulocyte adhesion and diapedesis), interleukin-17 (IL-
17) signaling and TREM1 (triggering receptor expressed on myeloid cells 1) signaling.
The cytokines IL-17A and IL-17F share identical receptors and are associated with the
induction of cytokine and chemokine production (Kawaguchi et al. 2004, Jin & Dong
2013). TREM1 is an immune receptor that was reported to be involved in inflammatory
signaling (Bouchon et al. 2000, Bouchon et al. 2001, Bleharski et al. 2003). In AD,
TREM1 is thought to play a role in microglial AR clearance. Overexpression of TREM1
was shown to facilitate AR phagocytosis in primary mouse microglia (Jiang et al. 2016).
In the microarray analysis, TREM1 expression was found to be induced between 9
(SB216763) to 15 fold (CHIR99021), making TREM1 an interesting candidate gene
potentially involved in the regulation of AR uptake activity. In addition to TREM1, another
eleven candidates from the overlapping set of differentially expressed genes were
selected for further investigation. These genes were chosen based on literature
associations with AD, endocytosis, microglia/macrophage activation and/or their strong
regulation in the microarray analysis. Table 2 shows a list of all the candidate genes that

were selected for further investigation.
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Table 2: List of candidate genes selected for further analysis. Blue values indicate downregulation.

Fold change
Gene name Gene (p-value)
symbol CHIR99021 SB216763 Bio-Acetoxime
chemokine (C-C moitif) CCL2 305,61 168,96 164,96
ligand 2 (0.0000223) (0.00000538) (0.000115)
thrombospondin 1 THBS1 180,80 62,43 82,57
(0.0000998) (0.0000337) (0.000115)
chemokine (C-C maotif) CCL7 160,38 72,25 56,66
ligand 7 (0.0000552) (0.000145) (0.000372)
matrix metallopeptidase 10 MMP10 72,33 5,37 28,08
(0.00011) (0.000838) (0.000252)
CD163 molecule CD163 35,82 27,30 24,81
(0.0000887) (0.0000323) (0.000115)
triggering receptor TREMA1 15,41 9,36 11,83
expressed on myeloid cells (0.000155) (0.000163) (0.000273)
1
chemokine (C-C motif) CCL3 11,51 6,12 9,22
ligand 3 (0.000301) (0.000338) (0.000593)
low density lipoprotein LDLR 3,88 2,73 3,48
receptor (0.000310) (0.00104) (0.000372)
stabilin 1 STAB1 2,89 2,06 2,68
(0.00314) (0.00775) (0.00254)
CD44 molecule CD44 2,71 2,10 1,95
(0.000509) (0.00114) (0.00278)
NLR family, pyrin domain NLRP3 2,64 2,15 2,99
containing 3 (0.00137) (0.00171) (0.000504)
cell division cycle 42 CDC42 2,03 1,62 2,09
(0.00275) (0.00909) (0.00113)

The list included the three chemokines CCL2, CCL3 and CCL7, which mediate the
recruitment of microglia and macrophages to sites of inflammation (Shi & Pamer 2011).
Besides, these chemokines were associated with TREM1 signaling in the IPA analysis
(Table 1). A number of studies support, in particular, a role for CCL2 in microglia immune
responses relevant to AD pathogenesis (Ishizuka et al. 1997, El Khoury et al. 2007,
Kiyota et al. 2009, Naert & Rivest 2011). In a study by Kiyota et al., CCL2-deficient AD
mice showed increased AR deposition in the brain, which was linked to impaired AR
clearance (Kiyota et al. 2013). THBS1 appeared in the top three most substantially
regulated genes for all three GSK3 inhibitors. It is a matrix glycoprotein that is involved in
the regulation of macrophage function via its interaction with several cell surface
receptors, including CD36 and CD47 (Lopez-Dee et al. 2011, Li et al. 2013b, Stein et al.
2016). The interaction of THBS1 with CD36 was shown to play a role in the uptake of
apoptotic cells by macrophages (Savill et al. 1992). The matrix metallopeptidase 10
(MMP10), another strongly regulated matrix protein in the microarray analysis, has also
been linked to the modulation of macrophage activity (Murray et al. 2013, McMahan et al.
2016). Moreover, a recent study provided evidence for a role of MMP10 in AD pathology
(Duits et al. 2015). Besides TREM1, the cell surface receptors CD163, low density
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lipoprotein receptor (LDLR), stabilin 1 (STAB1) and CD44 have all been connected to the
endocytotic uptake of soluble factors or particles, and were selected for further
investigations (Li et al. 2001, Kzhyshkowska et al. 2006, Thankamony & Knudson 2006,
Vachon et al. 2006, Schaer et al. 2007, Park et al. 2009). The only downregulated gene
listed in table 2, NLR Family Pyrin Domain Containing 3 (NLRP3), encodes a cytosolic
pattern recognition receptor. NLRP3 is involved in the formation of the NLRP3
inflammasome and triggers the release of pro-inflammatory cytokines such as IL-113
(Latz et al. 2013). NLRP3-deficient AD mice showed enhanced AR clearance and
improved cognitive performance (Heneka et al. 2013). Finally, CDC42 (cell division cycle
42), which encodes a small GTPase of the Rho family, is involved in the rearrangement
of the actin cytoskeleton and has been directly implicated in the regulation of
phagocytosis by monocytic cells (Cox et al. 1997, Massol et al. 1998, Hoppe & Swanson
2004).

4.11 Validation of the microarray results by quantitative PCR (qPCR)

To verify the results of the microarray analysis, quantitative PCR (QPCR) was performed
for 8 of the 12 similarly regulated candidate genes listed in table 2. Confirmation of up- or
downregulation of the candidate genes was performed with mRNA isolated from DMSO-
and CHIR99021 treated THP-1 cells. At least three independent gqPCR measurements
were conducted for each gene and the data were analyzed using the comparative Cy
method (Livak & Schmittgen 2001). A comparison of the fold changes obtained in the
microarray analysis and by qPCR is shown in figure 26. The fold changes obtained by
gPCR were in good agreement with the microarray data for each of the eight selected

genes, indicating that the microarray data were reliable and reproducible.

Figure 26: Validation of microarray data by qPCR.

DMSO vs. CHIR B Microarray mRNA for gPCR analysis was isolated from THP-1 cells
[] gPCR treated for 48 h with CHIR99021 (CHIR) or DMSO. The
104 results from the qPCR and microarray analysis are

depicted as relative fold change on a log scale. Details
of the gPCR analysis are described in the method
51 section. n=3-4 independent biological experiments, with
3 technical replicates for each gene. Error bars
represent SD.

log, (fold change)
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4.12 The role of secreted proteins in the stimulation of AR uptake activity by GSK3

inhibitors

In a recent study, amyloid plaques in brain slices from old AD mice were reduced when
these slices were co-cultured with brain slices from young wild type mice (Daria et al.
2016). The co-culturing caused the proliferation and clustering of old microglia around
amyloid plaques, suggesting that dysfunction of old microglia might be restored by
factors secreted by young microglia. Further studies identified the growth factor M-CSF
as the responsible secreted protein (Daria et al. 2016) These and other studies indicate
that secreted factors might be able to stimulate the phagocytic capacity of macrophages
and microglia cells. While we did not observe proliferation of THP-1 or primary microglia
cells after treatment with GSKS3 inhibitors (figure 15), we wanted to investigate the
contribution of soluble factors to the stimulation of AR uptake activity. For this purpose,
THP-1 cells were treated with conditioned media (CM) collected from cells that were
treated for 48 h with either CHIR99021 or DMSO vehicle. Remaining CHIR99021
compound was removed from the CM via ultrafiltration using a 4 kDa molecular weight
cut-off membrane. Addition of this CM to THP-1 cells did not result in increased uptake of
FAM-AR4, (Figure 27 A). To exclude that small molecular weight stimulatory factors
might be removed by the ultrafiltration, CM obtained from cells pre-treated with
CHIR99021 was also tested. In these experiments, after treatment of THP-1 cells with
CHIR99021 for 48 h, the medium was replaced by fresh medium and conditioned for
another 24 h (24 h CM). THP-1 cells were then cultured for 48 h in the presence of this
24 h CM, which did not contain CHIR99021 but potentially increased levels of secreted
factors stimulated by GSK3 inhibitor treatment. The addition of undiluted 24 h CM
resulted in a decrease of FAM-AR,, uptake, likely indicating toxicity of the pure CM
(Figure 27 B). Therefore, the 24 h CM was diluted 1:1 with fresh medium. Again, no
effect on FAM-AR,, uptake was observed after treatment of THP-1 cells with the diluted
24h CM (Figure 27 B). These results suggested that increased levels of secreted factors

were not responsible for the stimulation of AR uptake activity by GSK3 inhibitors.
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Figure 27: Conditioned media from CHIR99021 treated cells did not promote AR uptake. (A)
THP-1 cells were exposed to CM obtained from THP-1 cells treated for 48 h with DMSO or
CHIR99021 (CHIR). Remaining CHIR99021 compound was removed by ultrafiltration. As a control,
FAM-AR,, uptake by THP-1 cells directly treated for 48 h with DMSO or 5 yM CHIR99021 was
quantified. (B) In an alternative approach, THP-1 cells were pre-treated with DMSO or 5 pM
CHIR99021 (CHIR) for 48 h, the culture medium was changed and conditioned for another 24 h. This
24 CM was then used to treat another culture of THP-1 cells. Since the 24 h CM seemed to induce
toxicity, the CM was also applied diluted in a ratio of 1:1 with fresh culture medium (24h CM diluted). A
similar control experiment with direct treatment of THP-1 cells as in (A) was performed to prove the
biological activity of the CHIR99021 compound. n=2 independent biological experiments, with 3
technical replicates for each experimental condition. Statistical analysis was performed by using two-
tailed f test (ns = non significant p>0.05; * p<0.05). Error bars represent SD.

4.13 Validation of candidate genes by CRISPR/Cas9-mediated genome editing

The results for GSK3 and R-catenin shown in sections 4.7 and 4.8 had indicated that
CRISPR/Cas9 mediated gene silencing in THP-1 cells followed by an AR uptake assay
was a straightforward and appropriate method to validate putative candidate genes that
might be linked to the underlying molecular mechanism. Therefore, to assess the role of
the selected microarray candidate genes in the stimulation of AR uptake by GSK3
inhibitors, two sgRNAs per gene targeting different exons were designed and cloned into
lentiCRISPRV2. Lentiviral particles were generated and used to transduce THP-1 cells as
described above. After limited dilution cloning of puromycin-selected cells, none of the
final cell populations displayed a complete knock-out as determined by gqPCR. As
mentioned above, this was likely due to the technical difficulties in isolating true single
cell clones from THP-1 cells growing in suspension. Hence, the resulting cell populations
consisted of a mixture of wild type cells (due to lack of efficient target cleavage) and
mutant cells with heterozygously and homozygously mutated target genes. Cell lines and
sgRNAs, which showed the strongest partial KO for a specific target gene, were chosen
for subsequent analysis in the AR uptake assay. Prior to the gPCR analysis of target
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gene expression in the partial KO cell lines, the cells were treated with CHIR99021 for 48
h to assess the stimulated mRNA levels (either upregulated or downregulated) of each
specific gene as determined in the microarray analysis. The qPCR analysis of cell lines
expressing sgRNAs targeting the cytokines CCL2, CCL3 and CCL7, and the matrix
proteins THBS1 and MMP10 revealed a strong reduction of target gene mRNA levels of
70-90 % (Figure 28, A, C-F). To examine the impact of the partial gene KO, cells were
treated for 48 h with CHIR99021 or DMSO vehicle followed by the FAM-AR,4, uptake
assay. Assuming that the effect of CHIR99021 is due to the upregulation of one of the
targeted proteins, even a partial KO of the responsible gene would be expected to
reduce or abolish the stimulation of FAM-AR4, uptake activity by GSKS3 inhibitors.
Therefore, only the CHIR99021-induced stimulation of the AR uptake activity was
compared between the partial KO and the control cell line and statistically evaluated.
However, the AR uptake assays revealed no significant differences in the uptake activity
induced by CHIR99021 in partial KO cell lines for CCL2, CCL3, CCL7, THBS1 and
MMP10 in comparison to wild type THP-1 control cells, indicating that the stimulation in
uptake activity was not mediated by the upregulation of any of these candidate proteins
(Figure 28, A, C-F). Since CCL2 was the most highly induced gene in response to all
three inhibitors in the microarray analysis (Figure 25), the role of this cytokine was further
validated by treatment of THP-1 cells with recombinant CCL2 for 48 h. Treatment with
increasing concentrations of purified CCL2 did not show effects in the AR uptake assay
(Figure 28 B), supporting the results of the CRISPR cell line. Likewise, longer (72 h) and

shorter (3 h) treatment periods with CCL2 had no impact (data not shown).
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Figure 28: Functional validation of cytokine and matrix protein encoding candidate genes with
CRISPR/Cas9 generated KO cell lines. (A) CCL2, (C) CCL7, (D) MMP10, (E) CCL3, (F) THBS1.
Prior to the analysis of target genes expression by qPCR, the putative KO and control cells were
treated for 48 h with CHIR99021 (CHIR) to compare the stimulated mRNA levels. For the functional
analysis, the KO and the corresponding control cells were treated with CHIR99021 or DMSO vehicle
for 48 h, and the stimulation of FAM-AR,, uptake activity was compared. Note that for the statistical
analysis the FAM-AR,, uptake values after CHIR99021 treatment were normalized to the same cell
line treated with DMSO. n=3 independent biological experiments, with 3 technical replicates for each
experimental condition. (B) FAM-AR,, uptake by THP-1 cells after 48 h treatment with CCL2.
Statistical analysis was performed by two-tailed t test (ns = non significant p>0.05; *** p<0.001). Error
bars represent SD.

Subsequently, the same approach was used to validate additional genes from the list of
putative candidates identified in the microarray analysis (Table 2). THP-1 cell lines
expressing sgRNAs targeting the receptors CD163, CD44, NLRP3, TREM1, LDLR,
STAB1, and the small GTPase CDC42 were generated as described above. Partial KO
of the targeted genes was confirmed by either Western blotting or qPCR, and the cell
lines were analyzed in the AR uptake assay (Figure 29 A-C; Figure 30 A-D). Protein or
mRNA levels were reduced by 70- 90% for CD163, CD44, TREM1, STAB1 and CDC42.
A weaker reduction of approximately 60 % was observed for NLRP3 and LDLR mRNA
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levels. Among the targeted receptors, NLRP3 was the only candidate gene that was
downregulated in the microarray analysis (Table 2). After treatment with CHIR99021,
none of the KO cell lines for CD163, CD44, NLRP3, LDLR and STAB1 showed a
significant difference in the FAM-AR,, uptake activity in comparison to wildtype control
cells (Figure 29 A-C; Figure 30 A-D), indicating that these receptors were not involved in

the upregulation of AR uptake activity by GSK3 inhibitors.
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Figure 29: Functional validation of the candidate genes CD163 (A), CD44 (B) and NLRP3 (C)
with CRISPR/Cas9 generated KO cell lines. Prior to expression analysis by Western blotting, the
putative KO and control cells were treated for 48 h with CHIR99021 (CHIR) to compare the stimulated
protein levels. The functional validation in the AR uptake assay and the statistical analysis were
performed as described in figure 28. n=3 independent biological experiments, with 1-3 technical
replicates for each experimental condition. Statistical analysis was performed by two-tailed t test (ns =
non significant p>0.05; ** p<0.01; *** p<0.001). Error bars represent SD.

In contrast, partial KO of the TREM1 receptor and the small GTPase CDC42 appeared to
reduce the stimulating effect of the GSKS inhibitor on A} uptake activity (Figure 30 A, D).
Here, after CHIR99021 treatment, a significant difference in the AR uptake activity

between the KO cell lines and the control cells was observed. These results indicated
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that TREM1 and CDC42 might be involved in the stimulation of AR uptake by GSK3

inhibitors.
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Figure 30: Functional validation of the candidate genes TREM1 (A), LDLR (B), STAB1 (C) and
CDC42 (D) with CRISPR/Cas9 generated KO cells lines. Expression analysis of the candidate
genes by Western blotting or qPCR, functional validation in the AR uptake assay, and the statistical
analysis were performed as described in figure 28. n=3 independent biological experiments, with 1-3
technical replicates for each experimental condition. Statistical analysis was performed by two-tailed ¢
test (ns = non significant p>0.05; * p<0.05; *** p<0.001). Error bars represent SD.

To exclude potential false positive results due to clonal or off-target effects, additional
sgRNAs targeting different parts of the CDC42 and TREM1 gene sequences were
designed and additional KO cell lines were generated. Single cell clones were obtained
for two sgRNAs targeting TREM1 (exon 1 and exon 2) and one sgRNA targeting CDC42
(exon 1), which showed partial KOs between 85 - 95 % as determined by gPCR (Figure
31 A, B) and Western blotting (Figure 31 C). In addition, as shown by Western blotting in
figure 31 D, a CDC42 KO cell clone was identified for the sgRNA targeting exon 1. These
cell lines were again treated for 48 h with CHIR99021 or DMSO vehicle followed by the
AR uptake assay.
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Figure 31: Additional validation experiments for the candidate genes TREM1 (A,B) and CDC42
(C,D) with CRISPR/Cas9 generated KO cells lines. Expression analysis of TREM1 and CDC42 by
Western blotting or gPCR, functional validation in the AR uptake assay, and the statistical analysis
were performed as described in figure 28. qPCR n=2-3, others n=3 independent biological
experiments, with 1-3 technical replicates for each experimental condition. Statistical analysis was
performed by two-tailed t test (ns = non significant p>0.05; * p<0.05; ** p<0.01; *** p<0.001). Error
bars represent SD.

Both TREM1 KO cell lines revealed no significant differences in their CHIR99021
stimulated FAM-AR,4, uptake activity in comparison to the control cells (Figure 31 A, B).
These results contradicted the positive findings with the first sgRNA targeting exon 1
(Figure 30 A), indicating that these previous observations were likely a false positive
result. In contrast, the partial KO and the complete KO cell line generated with the
second sgRNA against CDC42 displayed a significantly reduced FAM-AR,, uptake
activity after CHIR99021 treatment (Figure 31 C, D), which was consistent with the
phenotype induced by the previous sgRNA (Figure 30 D). These results suggested that
CDC42 might indeed play a critical role in the upregulation of A3 uptake activity by GSK3
inhibitors.

The impact of GSK3 inhibitors on the expression levels of the two candidate genes

TREM1 and CDC42 was further investigated in primary microglia. Cells were treated for
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72 h with CHIR99021 and the expression of TREM1 and CDC42 was assessed by
gPCR. While CDC42 mRNA expression was 2 fold upregulated in the microarray
analysis, the expression level was unchanged in primary microglia following CHIR99021
treatment (Figure 32 B). In contrast, TREM1 expression was induced approximately 2
fold in CHIR99021 treated microglia (Figure 32 A). This corresponded to the upregulation
of TREM1 in the microarray analysis, although the induction was weaker. In addition to
TREM1, the expression levels of TREM2 were investigated. TREM1 and TREM2 belong
to a family of structural related receptors and variants in either of the two genes have
been associated with AD pathology (Guerreiro et al. 2013, Jonsson et al. 2013, Replogle
et al. 2015). Interestingly, qPCR analysis showed that TREM2 expression was
significantly reduced after treatment of THP-1 cells and primary microglia with
CHIR99021 (Figure 32, C: primary microglia, D: THP-1).
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Figure 32: Analysis of TREM1, TREM2 and CDC42 expression in THP-1 and primary microglia
cells by qPCR. mRNA was isolated from primary microglia treated for 72 h with CHIR99021 (CHIR) or
DMSO vehicle. Expression levels of TREM1 (A), CDC42 (B) and TREM2 (C) were measured by
gPCR. (D) mRNA was isolated from THP-1 cells treated for 48 h with CHIR99021 (CHIR) or DMSO
vehicle and TREM2 expression was analyzed by qPCR. n=3-7 independent biological experiments,
with 3 technical replicates for each experimental condition. Statistical analysis was performed by two-
tailed f test (ns = non significant p>0.05; ** p<0.01; *** p<0.001). Error bars represent SD.

In summary, the microarray analysis revealed a large set of genes that were consistently
regulated by all three GSK3 inhibitors in THP-1 cells. 12 candidate genes associated
with endocytic processes and/or other macrophage and microglia functions were
selected for further validation experiments with CRISPR/Cas9 generated KO cell lines.
Out of these, only CDC42 KO cell lines showed significant and consistent effects in the
AR uptake assays supporting that CDC42 might be mechanistically involved in the
stimulation of AR uptake activity by GSK3 inhibitors. However, gqPCR measurements did
not confirm upregulation of CDC42 expression in primary microglia cells after
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CHIR99021 treatment, indicating potential differences in the response to GSK3 inhibitors

between the two cell types.
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5 Discussion

Microglia, the brain-resident immune cells, are now regarded as a central factor in the
pathogenesis of AD. In the brains of AD patients, microglia cells have been shown to be
closely associated with AR} deposits (ltagaki et al. 1989). Activated microglia mediate AR3-
induced inflammation through the production of inflammatory cytokines and reactive
oxygen species, which may contribute to neuronal cell death (Giulian et al. 1996, Lue et
al. 2001a). Furthermore, numerous studies indicate that microglia are involved in the
clearance of AR peptides and amyloid deposits. They are able to internalize and degrade
AR and might therefore play a beneficial role in AD (Paresce et al. 1996, Koenigsknecht
& Landreth 2004, Bolmont et al. 2008, Liu et al. 2010). Failure of AR clearance is
assumed to be a crucial factor in AD pathogenesis. Age-related alterations and specific
pathological conditions in the AD brain have been suggested to be responsible for
impaired microglia function and inefficient AR clearance (Streit et al. 2004, Krabbe et al.
2013). Consequently, modulation of microglia behavior might be of benefit for AD and

further understanding of molecular clearance mechanisms is of great relevance.

In the present study, the role of GSK3 in the modulation of microglia functions was
investigated. GSK3 is a constitutively active serine-threonine kinase that exists in two
isoforms, GSK3a und GSK3 (Woodgett 1990). GSK3 was found to be a key regulator of
the insulin and Wnt signaling pathways and is involved in numerous other cellular
processes, including the regulation of apoptosis, cell polarity and migration (Jope et al.
2007). Importantly, dysregulation of this kinase has been implicated at multiple steps in
the pathogenesis of AD (Figure 33) (Hooper et al. 2008). It has been shown that AR
activates GSK3 signaling in an AD mouse model, and increased GSK3 activity has been
observed in the brains of AD patients (Leroy et al. 2007, Terwel et al. 2008). AD-related
proteins such as microtubule-associated protein tau, presenilin and [3-catenin are known
substrates of GSK3 and GSK3-mediated, aberrant phosphorylation of these targets has
been proposed to contribute to both neurofibrillary tangle (NFT) and amyloid plaque
formation (Phiel et al. 2003, Uemura et al. 2007, Hanger et al. 2009, Llorens-Maritin et al.
2014). Tau hyperphosphorylation and neurodegeneration have been observed in
transgenic mice overexpressing GSK3, whereas inhibition of GSK3 prevented tau
hyperphosphorylation and NFT formation (Lucas et al. 2001, Engel et al. 2006). Several
studies have reported reduced AR deposition in AD mouse models after treatment with
GSK3 inhibitors or silencing of GSK3 with hairpin RNA constructs, and have further

indicated a potential direct role of GSK3 in the regulation of APP cleavage (Sun et al.
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2002, Phiel et al. 2003, Su et al. 2004, Sereno et al. 2009, Hurtado et al. 2012). It has
been proposed that GSK3 might affect the proteolytic processing of APP by the y-
secretase complex, since both APP and presenilin are substrates of GSK3 (Aplin et al.
1996, Rockenstein et al. 2007, Uemura et al. 2007, Cai et al. 2012). However, the
contribution of GSK3 to AB production remains controversial. A report by Jaworski et al.
showed that knock-out of GSK3 in the mouse brain had no impact on the steady-state
levels of APP metabolites or AR peptides (Jaworski et al. 2011). Increased activity of
GSK3 has also been associated with learning and memory impairment. Overexpression
of GSK3 in transgenic mice was shown to block the induction of long term potentiation
(LTP), the long-lasting enhancement of synaptic efficacy, and caused a decrease in

spatial learning (Hernandez et al. 2002, Hooper et al. 2007).
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Neuroinflammation plays a fundamental role in AD pathogenesis and GSK3R was found
to be a strong regulator of the inflammatory response in immune cells including microglia
(Beurel & Jope 2009, Yuskaitis & Jope 2009). Microglia were shown to secrete a range
of cytokines and chemokines upon activation by AR, including IL-6, IL-8, TNFaq,
inflammatory protein-1 (MIP-1) and monocyte chemotactic protein-1 (MCP-1) (Rogers &
Lue 2001). These secretory products regulate the intensity and duration of the immune
response and might contribute to neuronal death observed in AD (Hanisch 2002, von

Bernhardi et al. 2010). Strikingly, GSK3R activity was found to be required to induce the
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production of pro-inflammatory cytokines in monocytes and LPS-stimulated microglia
(Martin et al. 2005, Beurel & Jope 2009, Cheng et al. 2009).
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Figure 34: GSK3R regulates the inflammatory response in microglia. GSK3R-mediated
phosphorylation increases the production of pro-inflammatory molecules via upregulation of multiple
signaling pathways, including JNK-, STAT3/5- and NF-kB pathways. Moreover, phosphorylation by
GSKa30 triggers the downregulation of anti-inflammatory pathways, such as CREB-mediated induction
of IL-10 and R-catenin mediated inhibition of the NF-kB pathway (adopted from Koistinaho et al. 2011).

The activation of the inflammatory response by GSK3R in microglia involves several
signaling pathways (Figure 34). LPS and other stimuli activate the c-Jun N-terminal
kinase (JNK)- pathway via GSK3R-mediated phosphorylation of mixed lineage kinase 3
(MLKS3), which eventually leads to IL-6 and TNFa synthesis (Wang et al. 2010).
Intracellular signaling induced by IL-6 receptors leads to the GSK3R-mediated
phosphorylation and activation of signal transducer and activator of transcription 3 and 5
(STAT3/5). These transcription factors translocate into the nucleus where they regulate
the expression of proinflammatory molecules, including IL-6 itself (Beurel & Jope 2008,
Beurel & Jope 2009). The transcription factor nuclear factor kB (NF-kB) is a protein
complex that forms DNA-binding dimers and controls the transcription of numerous
target genes. In mammails, the NF-kB family is composed of p50, p52, RelA (p65), c-Rel
and RelB (Hayden & Ghosh 2004). NF-kB activation can be mediated at multiple steps.
Phosphorylation of the p65 subunit of NF-kB by GSK3R increases the binding of p65 to
the coactivator CREB-binding protein (CBP) and induces NF-kB transcriptional activity

(Steinbrecher et al. 2005). Activated NF-kB triggers the expression of pro-inflammatory
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molecules, including IL-6, TNFa, MCP-1 and inducible nitric oxide synthase (iNOS)
(Arias-Salvatierra et al. 2011). The transcription factor cAMP response element-binding
protein (CREB) competes with p65 for CBP binding. GSK3[} phosphorylation of p65
shifts the balance in favor of NF-kB activation, thereby reducing CREB-mediated
expression of interleukin 10 (IL-10) (Martin et al. 2005), which was shown to play an anti-
inflammatory role by limiting excessive production of pro-inflammatory cytokines
(Williams et al. 2004, Park et al. 2007). 3-catenin is a transcriptional coactivator of the
Wnt pathway and a negative regulator of NF-kB activity. R-catenin is a direct target of
GSK3[} phosphorylation, leading to the proteasomal degradation of R-catenin.
Decreased R-catenin levels, in turn, result in reduced inhibition of NF-kB-mediated
inflammatory responses (Ma & Hottiger 2016). Consequently, pro-inflammatory GSK30}
signaling mediates both the upregulation of pro-inflammatory pathways and
downregulation of anti-inflammatory pathways. These findings are consistent with
published studies demonstrating benefits of GSK3 inhibitors in animal models of sepsis
and organ injuries (Martin et al. 2005, Dugo et al. 2005, Ko et al. 2010, Noh et al. 2012).
Mice treated with the GSK3 inhibitor SB216763 were protected from sepsis caused by
the inflammatory stimulans LPS (Martin et al. 2005). A similar outcome has been
observed with the GSK3 inhibitor SB415286 (Noh et al. 2012). Moreover, GSK3 inhibitor
treated mice showed a significant reduction in the expression of pro-inflammatroy
cytokines and an increase of anti-inflammatory cytokines when compared to control mice
treated with only LPS (Martin et al. 2005, Ko et al. 2010). These results indicated that
GSKa3 inhibitors could effectively suppress the production of pro-inflammatory cytokines
in vivo. In studies by Tay et al. and Tsao et al., GSKS3 inhibition decreased the mortality
of bacteria-infected mice. The authors reported lower bacterial counts in the organs of
infected mice after GSK3 inhibitor treatment when compared to untreated control mice
(Tay et al. 2012, Tsao et al. 2015). This effect was attributed to enhanced bactericidal
activity of macrophages (Tsao et al. 2015). Evidently, an increase in the phagocytic
uptake of bacteria by macrophages could also provide a mechanistic explanation for the
beneficial effect of GSK3 inhibition in these model systems.

Due to its role in AD pathophysiological processes, a reduction in GSK3 activity has
been considered as a potential therapeutic strategy in AD, and GSK3 inhibitors have
gained attention as a treatment approach. Treatment with the uncompetitive GSK3
inhibitor lithium and classical ATP-competitive inhibitors such as AR-014418 and
indirubin reduced tau phosphorylation and amyloid deposition in several APP-transgenic
mouse models of AD (Rockenstein et al. 2007, Sereno et al. 2009, Ding et al. 2010,
Toledo & Inestrosa 2010). These promising results of GSK3 inhibitors in mouse models
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of AD supported the initiation of several clinical trails in AD patients (Macdonald et al.
2008, Leyhe et al. 2009, Forlenza et al. 2011, del Ser et al. 2013, Lovestone et al. 2015).
However, these studies produced either negative results, they were not designed or
powered to observe clinical benefits, or they did not progress beyond early clinical

stages.

In this study, human THP-1 macrophages, primary human macrophages and primary
mouse microglia were used to examine the effects of GSK3 inhibition. THP-1 is a well-
established human monocytic cell line, which was derived from the peripheral blood of an
acute monocytic leukemia patient (Tsuchiya et al. 1980). In the presence of PMA, these
cells differentiate into macrophage-like cells. It remains controversial whether monocytes
interact with the brain under physiological conditions. However, under pathological
conditions it was shown that monocytes are able to infiltrate the brain and differentiate
into macrophages that produce inflammatory factors and internalize molecules, including
AR (Malm et al. 2010, Mildner et al. 2011). Furthermore, macrophages derived from
infiltrated peripheral monocytes have been reported to be more efficient in clearing AR
deposits than resident microglia in AD mouse models (Simard et al. 2006). These
findings make macrophages an appropriate surrogate model to study the impact of
GSKa3 inhibition on the regulation of A3 uptake.

Three commercially available GSK3 inhibitors, CHIR99021, SB216763 and Bio-
Acetoxime were used to block GSK3 activity. They differ in their selectivity for GSK3 over
other kinases and in their potency, and they inhibit both isoforms, GSK3a and GSK3H3.
The high sequence homology of the two isoforms, which share 98 % sequence identity in
their kinase domains, complicates the development of small molecule inhibitors that can
discriminate between them (Kaidanovich-Beilin & Woodgett 2011). To date, all known
GSKa3 inhibitors inhibit both isoforms (Beurel et al. 2015). Especially, CHIR99021 was
found to be a very potent and specific GSK3 inhibitor showing high selectivity towards
GSK3a/R over 359 other kinases, whereas Bio-Acetoxime and SB216763 were found to
be less selective (Ring et al. 2003, Pan et al. 2011).

The results of the AR uptake assay demonstrated that GSK3 inhibitors were able to
stimulate the internalization of AR. GSK3 inhibitor treatment of both THP-1 macrophages
and primary microglia resulted in a substantial, dose-dependent increase of AR} uptake
up to 2-3 fold. CHIR99021 treatment showed the strongest effects, likely due to its potent
and specific inhibition of GSK3. Whereas treatment of THP-1 cells resulted in the

strongest increase of AR uptake after 48 h, primary microglia showed the strongest effect
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after 72 h of treatment. An overall weaker increase was observed for primary
macrophages differentiated from human monocytes. These observations suggest cell

type specific differences in the molecular response to GSK3 inhibition.

For the AR uptake assay, synthetic, N-terminally labeled carboxyfluorescein-Afl4;
peptides (FAM-AR,,) were used, which were pre-incubated at 37° to enable the formation
of aggregates. Similar fluorophore-labeled AR preparations have been extensively used
by numerous other research groups to quantify the cellular uptake of AR (Paresce et al.
1996, Chung et al. 1999, Majumdar et al. 2008, Hickman et al. 2008, Jiang et al. 2008,
Terwel et al. 2011, Li et al. 2013a). However, differences in the solubilization and
preparation methods have been reported, and in many cases the structures of the
peptide assemblies have not been well characterized. It can be assumed that the
molecular properties of the fluorophores such as charged groups and size might
influence the AR aggregation process. In a study by Jungbauer et al., the presence of an
N-terminal fluorophore resulted in atypical oligomer and fibril formation when compared
to unlabeled AR preparations as demonstrated by atomic force microscopy (Jungbauer et
al. 2009). In contrast, SDS-PAGE gel analysis of a FAM-AR,, preparation showed a
similar pattern to the unlabeled peptide with bands corresponding to the monomer,
oligomers and higher molecular weight AR assemblies (Jungbauer et al. 2009).
Consequently, despite small differences in fibril forming conditions, it appears likely that
the FAM-AR,, preparations used in our present study contained monomers, dimers and
oligomers as well as fibrillar aggregates. Moreover, in another study, the functional
characterization of N-terminally fluorescein labeled and unlabeled AR preparations
revealed similar potencies to induce neuronal apoptosis, indicating similar toxic

behaviour of those AR preparations (Saavedra et al. 2007).

A number of critical control experiments were performed, which demonstrated that the
increase in AR uptake activity was indeed mediated by the inhibition of GSKS3.
Importantly, Hoechst 33342 stainings and cell counting experiments demonstrated that
the increase in AR uptake activity after GSK3 inhibitor treatment was not simply due to
changes in the cellular proliferation of THP-1 cells and primary microglia cells. However,
the MTT assays suggested an increase in the metabolic activity of primary microglia cells
following GSKS3 inhibitor treatment. This assay is based on the conversion of the
tetrazolium dye MTT into formazan (Mueller et al. 2004). The rate of tetrazolium
reduction reflects the metabolic activity and has been associated with the activity of

mitochondrial enzymes (Berridge & Tan 1993). In this respect, it has been reported that
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drug-induced changes in cell size and mitochondrial content could yield misleading
results when screening compounds for proliferative activity (Chan et al. 2013). This is
consistent with our findings as treatment of primary microglia cultures with GSK3
inhibitors led to enhanced formazan formation but not to increased cell numbers. This
was also clearly different from a recent study in which an increase in AR uptake by
primary microglia cells after treatment with granulocyte-macrophage colony stimulating
factor (GM-CSF) appeared to be largely driven by enhanced microglia proliferation (Daria
et al. 2016). Interestingly, several studies have implicated GSK30 in the regulation of
mitochondrial proteins (Lim et al. 2016). However, it remains to be clarified how GSK3
inhibitiors influence the metabolic activity of primary microglia cells and how this might
affect their AR uptake activity.

In addition, the role of CDKs was investigated. Most of the ATP competitive GSK3
inhibitors also inhibit CDKs, due to the high sequence similarity of up to 86 % between
the ATP binding sites of theses kinases (Eldar-Finkelman & Martinez 2011). CDKs are
serine/threonine kinases that are involved in the regulation of the cell cycle and
transcription (Malumbres 2014). In AD, dysregulation of CDKS5 activity has been
implicated in the disease pathogenesis through aberrant phosphorylation of its subtrates,
including tau and APP (Liu et al. 2016a). Moreover, treatment of the microglia cell line
BV-2 or primary microglia cultures with the CDK inhibitor roscovitine had been reported
to reduce the uptake of AR peptides (Ma et al. 2013b). In the present study, inhibition of
CDKs in THP-1 cells by roscovitine or purvalanol A, two potent inhibitors of CDK1, CDK2
and CDKS5 (Bain et al. 2003), showed no effect on the AR uptake activity. Thus, a role for
these CDKs in the cellular uptake of AR could no be confirmed, at least in the THP-1
cellular model. More importantly, this indicated that the increase in AR uptake after GSK3
inhibitor treatment did not result from an off-target effect of these compounds on CDK
activity.

To confirm that the upregulation of A} uptake activity after GSKS3 inhibitor treatment was
indeed mediated through their primary target GSK3, knock-down experiments were
performed. SiRNA or esiRNA knock-down of the GSK3R isoform in THP-1 cells by
approximately 50% resulted in a significant upregulation of AR uptake activity, albeit with
a much smaller effect size compared to GSK3 inhibitor treatment. This might be
explained by the remaining enzyme activity as GSK3M} protein levels were only partially
reduced. In contrast, knock-down of the GSK3a isoform by 50 % showed no significant
effects in the AR uptake assay. Likewise, the combined knock-down of both isoforms
showed no additive effects as compared to the single GSK3R knock-down. These results
suggest that GSK3R but not GSK3a inhibition is critical for the observed effects of GSK3
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inhibitors. Although both isoforms have been suggested to be involved in AD
pathogenesis, differences in their tissue-specific distribution and functions have been
reported. Whereas GSK3a has been implicated in the amyloidogenic processing of APP,
GSK3R has been associated with tau hyperphosphorylation (Kosik 1992, Phiel et al.
2003, Muyllaert et al. 2008). Both isoforms are highly expressed in neurons and glia
cells, with GSK3a being particularly enriched in the hippocampus, cerebral cortex,
striatum and cerebellum, whereas GSK3R is found in nearly all human brain regions
(Pandey et al. 2009, Kaidanovich-Beilin & Woodgett 2011). Deletion of the GSK3R gene
in mice was shown to be embryonically lethal, while GSK3a knock-out mice are viable
and appear normal (Hoeflich et al. 2000, MacAulay et al. 2007). Furthermore, distinct
changes in substrate phosphorylation were observed after GSK3 isoform-specific genetic
deletion in the mouse brain, indicating differences in substrate specificity for each
isoform (Soutar et al. 2010). GSKa3 itself is differentially regulated by tyrosine and serine
phosphorylation. Tyrosine phosphorylation leads to the activation of the enzyme (Tyr279
for GSK3a and Tyr216 for GSK3p), while phosphorylation of serine residues triggers
inactivation (Ser21 for GSK3a and Ser9 for GSK3p) (Hughes et al. 1993, Sutherland et
al. 1993). In a study by Gulen et al., it was reported that inactivation of GSK3a but not
GSK3B} by phosphorylation selectively modulated IL-1-mediated regulation of the Th17
subtype of T cells (Gulen et al. 2012). Overall, the GSK3 isoforms appear to differ in
certain regulatory functions, which might also apply to the modulation of AR uptake
activity.

Results of the GSK3R knock-down experiments were further validated by CRISPR/Cas9-
mediated knock-out of GSK3R in THP-1 cells. Two specific sgRNAs targeting exons 1
and 4 of the GSK3B genomic region were designed and sequences were blasted to
ensure minimal off-target potential. For each sgRNA one cell clone was obtained that
likely represented a complete knock-out as GSK3R expression was undetectable by
Western blotting. Both GSK3R} knock-out cell lines demonstrated a considerable increase
in AR uptake activity as compared to the control cell line expressing a non-targeting
sgRNA against EGFP. Importantly, after treatment of the GSK3R knock-out cell lines with
the GSK3 inhibitor CHIR99021, no further upregulation of AR uptake activity was
observed, showing that the GSK3R knock-out phenotype indeed mimiced the effect of
GSK3R inhibitor treatment. Taken together, the confirmation of the GSK3R knock-down
phenotype with the CRISPR/Cas9 knock-out cell lines provided strong evidence that
GSKa3M is mechanistically involved in the regulation of AR uptake activity, and that GSK3
inhibitors upregulate AR uptake through inhibition of their primary target GSK3.
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The best characterized pathway that involves GSK3 is the canonical Wnt signaling
pathway. GSK3 serves as a negative regulator of this pathway by constitutively
phosphorylating -catenin, which targets the protein for proteasomal degradation (Doble
& Woodgett 2003, Wu & Pan 2010). In the presence of a Wnt signal, phosphorylation of
R-catenin by GSK3 is inhibited, and stabilized [3-catenin translocates into the nucleus
where it initiates the transcription of Wnt-responsive target genes. Consequently,
changes in GSK3 activity are expected to alter 3-catenin levels. In the present study, it
was assessed whether the Wnt pathway and R-catenin-induced transcription had any
mechanistic role in the upregulation of AR uptake activity after GSKS3 inhibitor treatment.
Inhibition of GSKS3 activity either by Wnt-3a stimulation or by GSKS3 inhibitors resulted in
a substantial increase in R-catenin levels. However, Wnt-3a treatment alone had no
effect on the AR uptake activity of THP-1 macrophages. This result was further validated
by overexpression of an active form of 3-catenin and a CRISPR/Cas9-mediated knock-
out for B-catenin in THP-1 macrophages. Neither overexpression nor a knock-out of 3-
catenin had any impact on the basal AR uptake activity of THP-1 cells. Moreover, the
CHIR99021-mediated upregulation of AR uptake activity was not different in wild type
and R-catenin knock-out THP-1 cells. These results indicated that the upregulation of AR
uptake activity was not dependent on R-catenin or the transcription of R-catenin
responsive genes. In the context of AD, several studies have reported a downregulation
of Wnt/l3-catenin signaling due to decreased [3-catenin levels or increased activity of Wnt
signaling inhibitors like GSK3 (Rosi et al. 2010, Inestrosa et al. 2012, Oliva et al. 2013).
Moreover, activation of Wnt signaling was reported to mediate neuroprotective effects in
AD (Alvarez et al. 2004, Quintanilla et al. 2005). In rat hippocampal neurons, activation of
the Wnt pathway by Wnt-3a was shown to block AR-dependent toxic effects (Alvarez et
al. 2004). In a more recent study, the authors reported similar effects with a GSK3
inhibitor for the indirect activation of Wnt signaling. They observed recovered R-catenin
levels and protection of hippocampal neurons from AP oligomer-induced neurotoxicity
and apoptosis (Silva-Alvarez et al. 2013). Although our results did not provide evidence
for an involvement of Wnt signaling in the cellular uptake of AR, these studies suggest
that activation of the Wnt pathway via Wnt ligands or inhibition of GSK3 might still
represent a potential approach for AD treatment.

Numerous studies have investigated the internalization and degradation of AR by
microglia cells. Nevertheless, it has remained controversial how effective microglia are in
the degradation of AR. A study using in vivo imaging in an AD mouse model showed that
microglia internalize AR, and the ingested AR was found to be localized to lysosomal
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compartments of the cells, suggesting that microglia are engaged in the proteolytic
degradation of AR (Bolmont et al. 2008). In an earlier study by Frackowiak et al., electron
microscopy had been used to demonstrate the uptake of fibrillar AR by microglia cells in
vitro. These authors reported that the ingested A} was stored in phagosomes for up to
20 days, indicating only limited effectiveness of microglia in degrading AR fibrils
(Frackowiak et al. 1992). In a study by Paresce et al., the authors compared microglia
degradation of AR microaggregates with the degradation of acetylated low density
lipoprotein and a2-macroglobulin. In line with the findings by Frackowiak et al., they
reported that, while AR was ingested effectively and trafficked to the lysosomal
compartment, degradation was very slow in comparison to the two other proteins
(Paresce et al. 1997). Another study found that macrophages degraded fibrillar AR
efficiently, but limited digestion of the identical material was observed in microglia cells
(Majumdar et al. 2008). In contrast, data from Mandrekar et al. showed efficient uptake
and degradation of soluble AR by microglia (Mandrekar et al. 2009). These discrepancies
might have resulted from differences in the properties of the AR preparations, in
particular the use of aggregated, fibrillar versus soluble AR peptides. Moreover,
differences in the activation state of the cells might have played a role (Majumdar et al.
2008). In support of this idea, it has been shown that interferon-y (IFN-y) increased the
intracellular retention of fibrillar AR, whereas treatment with the anti-inflammatory
cytokines IL-4, IL-10 and transforming growth factor-B1 (TGF-B1) enhanced AR
degradation by macrophages in vitro (Yamamoto et al. 2008). Furthermore, poor
degradation of fibrillar A3 by cultured microglia has been suggested to result from low
activity of lysosomal enzymes. Treatment with the cytokine macrophage colony
stimulating factor (M-CSF) stimulated degradation of fibrillar AR, which was attributed to
increased acidity and hydrolytic activity of microglia lysosomes (Majumdar et al. 2007,
Majumdar et al. 2008). In a study by Avrahami et al., the authors reported that treatment
with the GSK3 inhibitor L803-mts restored lysosomal acidification and reduced AR
deposition in an AD mouse model. /n vitro studies confirmed that GSK3 activity impaired
lysosomal acidification (Avrahami et al. 2013). We also investigated the impact of GSK3
inhibition on AR degradation by THP-1 macrophages. Western blot analysis showed
increased levels of intracellular AR in cells treated with GSK3 inhibitors, indicating
increased AR uptake and confirming the results of the uptake assays with FAM-AR,.
However, GSK3 inhibition had no effect on the degradation rate of the internalized
peptides in THP-1 cells as monitored by ELISA. After 4 h, intracellular Al levels were
reduced by approximately 75 % in both the control and CHIR99021-treated THP-1 cells,

indicating that intracellular AR was degraded in both experimental groups with similar
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efficacy. For these degradation assays, unlabeled AR, was used, which was not
subjected to fibrillization. Similar to our findings, Mandrekar et al. observed that
approximately 50 % of internalized soluble AR peptides were degraded after 3 h in a
microglial cell line and in primary microglia cells (Mandrekar et al. 2009). Of note, in an
earlier study by Chung et al., it was reported that over 80 % of the internalized soluble
AR peptides were re-secreted back into the culture medium (Chung et al. 1999). In

contrast, this was not observed in the study by Mandrekar et al. (Mandrekar et al. 2009).

To test whether a proinflammatory environment would block or attenuate the
upregulation of AR uptake activity by GSK3 inhibitors, THP-1 macrophages were treated
with the bacterial membrane component LPS, which has been commonly used to model
inflammation (Lien et al. 2000, Lehnardt et al. 2003, Koenigsknecht-Talboo & Landreth
2005, Awada et al. 2014). Stimulation of microglia cells and THP-1 macrophages with
LPS triggers the production of inflammatory cytokines, and the activation of microglia by
LPS has been shown to result in neuronal loss in vitro and in in vivo models (Chanput et
al. 2010, Lehnardt et al. 2003). Moreover, it has been shown that LPS exposure could
suppress phagocytosis by primary mouse macrophages, which was attributed to the
effect of LPS on the cytoskeletal network (Wonderling et al. 1996). In another study by
Feng et al., it has been demonstrated that LPS-mediated suppression of macrophage
phagocytosis was partly due to the induction of TNF-a (Feng et al. 2011). These data
indicated that a pro-inflammatory environment might suppress the uptake activity of
macrophages and microglia cells, and thereby inhibit the clearance of AR deposits in the
AD brain. Further supporting this idea, cellular uptake capacity could be be restored by
coincubation with anti-inflammatory cytokines and the non-steroidal anti-inflammatory
drug ibuprofen (Koenigsknecht-Talboo & Landreth 2005). In most studies, LPS doses
between 10 ng and 1 ug/ml had been used to induce a neuroinflammatory response. We
used 0.5 and 1 ug/ml LPS, and LPS treatment did not impair the basal A} uptake activity
of THP-1 macrophages. These seemingly contradictory results might reflect differences
in the LPS response between mouse and human macrophages and in the LPS
concentrations used in the studies mentioned above. In this respect, it has been reported
that different human macrophage cell lines showed dramatically different changes in
gene expression in response to LPS treatment (Sharif et al. 2007, Genin et al. 2015).
Moreover, LPS treatment reduced the upregulation of A3 uptake activity in response to
the GSK3 inhibitor CHIR99021. Overall, these observations indicated that inflammatory
conditions induced by LPS might negatively affect AR uptake activity but that the
stimulatory effect of GSK3 inhibitors was still detectable.
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Intriguingly, our experiments also indicated that treatment with GSK3 inhibitors had a
modifiying effect on the activation state of primary microglia cells. Microglia can undergo
diverse morphological and functional changes in response to various environmental
signals (Karperien et al. 2013). The complexity of the microglia response to different
stimuli has been simplified and categorized into two functional phenotypes, known as the
classical pro-inflammatory M1 phenotype and the alternative anti-inflammatory M2 state
(Tang & Le 2016). Interestingly, oligomeric AR was found to be a more potent M1-
inducer than fibrillar AR (Michelucci et al. 2009). Studies investigating the activation state
of microglia in cortical tissues from AD mouse models and AD patients demonstrated a
mixed profile of alternative activation and classical activation genes, indicating
heterogeneous, functional phenotypes of microglia cells in AD (Colton et al. 2006,
Sudduth et al. 2013). In a recent study by Keren-Shaul et al., single-cell RNA sequencing
was used to identify molecular characteristics of microglia subtypes in an AD mouse
model and wild-type control animals (Keren-Shaul et al. 2017). The authors discovered
two additional microglia subtypes in the AD mice, defined as disease-associated
microglia (DAMs), which were absent from the healthy animals. These DAM microglia
showed a reduction in the expression levels of certain homeostatic genes, e.g. the
chemokine receptor Cx3Cr1 and the purinergic receptors P2ry12/P2ry13, whereas
several AD-related genes, including APOE and TREM2, were upregulated. Furthermore,
these cells were found to be localized near AR plaques and contained intracellular AR
particles. Multiple studies have hypothesized that TREM2 is important for the phagocytic
activity of microglia cells (Kleinberger et al. 2014, Xiang et al. 2016, Yeh et al. 2016).
Moreover, several studies in AD mouse models have consistently reported that TREM2
deficiency leads to reduced microglia and macrophage accumulation around amyloid
deposits (Ulrich et al. 2014, Jay et al. 2015, Wang et al. 2015). Knock-out of TREM2 also
reduced the efficacy of antibody-mediated AB clearance in an AD mouse model (Xiang et
al. 2016). Consequently, the DAM profile has been suggested to reflect a protective state
of microglia cells (Keren-Shaul et al. 2017). However, in another recent report, the
TREM2-APOE pathway was shown to induce a phenotypic switch from a homeostatic to
a neurodegenerative microglia phenotype (Krasemann et al. 2017). Thus, further
investigations are required to clarify whether the TREM2-dependent transcriptional
profile of microglia cells is beneficial or detrimental. In addition, it is not clear how these
novel microglia activation states exemplified by the DAM profile conform to the older
categorization of microglia into M1 and M2 states. In our study, treatment of primary
microglia with GSK3 inhibitors resulted in a transition from an amoeboid or rod-like shape

to a ramified morphology with several long processes and enhanced branching. This
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change in morphology was accompanied by the upregulation of two cell surface
receptors CD36 and IL-4R, which have been linked to the anti-inflammatory M2
activation state (Martinez et al. 2006, Zhao et al. 2015, Liu et al. 2016b). These findings
indicated that GSK3 inhibitors were able to induce a morphological and functional
transition of primary microglia towards an anti-inflammatory (M2-like) state with
increased AR uptake activity. This result is also consistent with GSK3 being a central
regulator of inflammatory processes, and with previous reports, which had demonstrated
that GSK3 inhibitors can attenuate inflammatory actions of microglia cells (Beurel & Jope
2008, Yuskaitis & Jope 2009, Wang et al. 2010). Interestingly, TREM2 expression was
downregulated after the treatment of THP-1 macrophages and primary microglia cells
with CHIR99021, indicating that the AR uptake mechanism was likely not dependent on
TREM2.

Different endocytic mechanisms have been proposed for the uptake of AR peptides by
microglia cells. It is widely accepted that microglia internalize fibrillar AR via
phagocytosis, a process that enables the uptake of larger particles through the
interaction with cell surface receptors (Stuart & Ezekowitz 2005). A range of cell surface
receptors have been implicated in the interaction with fibrillar AR, including a receptor
complex consisting of CD36, a6B1 integrin and the integrin associated protein CD47
(Bamberger et al. 2003, Koenigsknecht & Landreth 2004). In contrast, soluble AR was
cleared by microglia cells through a macropinocytic mechanism (Mandrekar et al. 2009).
Macropinocytosis allows the efficient and non-selective cellular uptake of solute
macromolecules from the extracellular milieu and involves the formation and
internalization of vesicles from membrane ruffles, which is an actin and tubulin
dependent process (Swanson & Watts 1995). Interestingly, treatment with GSKS3
inhibitors also resulted in increased uptake of E. coli particles by THP-1 macrophages
and mouse primary microglia, indicating that the uptake mechanism was not specific for
AR. The uptake of both AR and E. coli particles was markedly reduced in the presence of
the actin polymerization inhibitor cytochalasin D, which strongly supported a role for actin
polymerization in the uptake mechanism. Cytochalasin D is a metabolite known to block
both the polymerization and depolymerization of actin subunits, resulting in inhibition of
actin-dependent endocytic pathways (Flanagan & Lin 1980, Cooper 1987, Lamaze et al.
1997). The increased uptake of both AR and E. coli particles suggested the induction of a
non-specific and receptor-independent internalization process, likely a macropinocytic
uptake mechanism rather than receptor-mediated phagocytosis. In a study by

Bosedasgupta et al., macropinocytosis was shown to be responsible for the uptake of
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microbial material and particles by macrophages (Bosedasgupta & Pieters 2014).
However, further efforts are needed to better characterize the AR uptake mechanism that
is stimulated by GSK3 inhibitors. In this respect, amiloride, an inhibitor of Na*/H*-
exchangers, was shown to effectively block membrane ruffling and macropinocytosis and
might therefore be useful to distinguish between the different uptake mechanisms (Meier
et al. 2002, Koivusalo et al. 2010).

A number of studies had indicated that secreted factors might be able to stimulate the
uptake activity of macrophages and microglia cells. For instance, neuropeptides, which
can be secreted by neurons, were shown to increase AP uptake by microglia in a
concentration-dependent manner (Fleisher-Berkovich et al. 2010). In a more recent study
by Daria et al., the dysfunction of old microglia was reported to be restored by factors
secreted by young microglia (Daria et al. 2016). To test whether the stimulation of AR
uptake activity by GSK3 inhibitors was potentially mediated by a secreted protein,
experiments with conditioned media collected from GSK3 inhibitor-treated cells were
performed. Treatment of THP-1 cells with these conditioned media did not stimulate the
uptake of AR indicating that the effect of GSK3 inhibitors was likely not mediated by a
secreted protein. However, these experiments might not be fully conclusive for two
reasons. First, the concentration of the secreted proteins could have been too low as the
conditioned media had to be diluted with fresh medium to avoid cytotoxic effects.
Second, it cannot be excluded that potentially relevant small proteins were eliminated by
filtration through a 4 kDa molecular weight cut-off filter, which was used to remove the
GSKa3 inhibitor CHIR99021 from the conditioned media.

Importantly, the stimulatory effect of GSK3 inhibitors on A} uptake activity was abolished
by coincubation with Actinomycin D, a widely used transcriptional inhibitor (Trang et al.
2009, Koscso et al. 2012, Yamanaka et al. 2012). This suggested that the stimulatory
effect was dependent on de novo mRNA and protein synthesis. Therefore, to gain further
insight into the molecular pathways by which GSK3 inhibition might stimulate AR uptake
activity, a DNA microarray-based gene expression analysis of GSK3 inhibitor-treated
THP-1 macrophages was performed. Microarray technology had been widely used in
previous reports to study the response of macrophages to different stimuli (McGuire &
Glass 2005, Martinez et al. 2006, Xue et al. 2014, Yoshida et al. 2016). The microarray
data identified a set of 2101 overlapping genes that were similarly regulated by three
different GSK3 inhibitors with almost 100 % concordance regarding the up- or

downregulation of gene expression. Quantitative PCR analysis verified the results of the
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microarray analysis for all examined genes, indicating that the microarray provided a
robust and reproducible comparison of transcript levels. Gene Ontology (GO)
classification and Ingenuity Pathway Analysis (IPA) were performed for the set of
overlapping genes and revealed that pathways related to the immune response and
cytokine signaling were particularly enriched. Moreover, several of the identified,
differentially expressed genes were closely associated with microglia/macrophage
activation, endocytosis and AD, and therefore represented potentially interesting
candidate proteins. Out of these, the chemokines CCL2, CCL3 and CCL7, the cell
surface receptors TREM1, CD163, LDLR, STAB1 and CD44, the matrix proteins THBS1
and MMP10, the cytosolic receptor NLRP3 and the small GTPase CDC42 were chosen
to further investigate their potential role in the stimulation of AR uptake activity.

Using CRISPR/Cas9 gene editing, THP-1 macrophages with a partial knock-out for all of
the selected microarray candidate genes were obtained, on average showing 60-90 %
reduction of target gene expression. The efficacy to generate homozygous knock-outs
can vary due to differences in sgRNA production, complex formation with Cas9, and
cleavage efficiency (Wang et al. 2014). Cas9-induced double strand DNA breaks can be
repaired via endogenous DNA repair mechanisms, resulting in a mixture of wild type
alleles and hetero- and homozygously mutated target genes. Consequently, single cell
cloning is required to obtain a uniformly modified cell population. In our study, the
isolation of true single cell clones was complicated due to the fact that THP-1 cells are
growing in suspension. Thus, in many cases, the obtained cell populations were likey
derived from more than one cell leading to a mixture of different genotypes. Clearly, it
cannot be excluded that for some genes a complete knock-out would have been required
to uncover a phenotype. Nevertheless, even a partial knock-out of a gene
mechanistically involved in the upregulation of AR uptake activity would have been
expected to at least reduce the stimulatory effect of GSK3 inhibitors. The cytokine CCL2
was the most highly induced gene in response to all three GSKS3 inhibitors. CCL2
mediates its effects through the receptor CC chemokine receptor 2 (CCR2), and it is one
of the central chemokines that promote the migration of microglia and macrophages to
sites of inflammation. In numerous studies, CCL2 has been associated with both
inflammatory and anti-inflammatory activities, indicating a complex role of CCL2 in the
regulation of cytokine-specific immune responses (Deshmane et al. 2009). The CCL2-
CCR2 axis has been implicated in the downregulation of pro-inflammatory cytokine
production in macrophages (Sierra-Filardi et al. 2014). In contrast, in a recent study by
Carson et al., CCL2 was implicated in the classical activation of macrophages by

stimulating pro-inflammatory gene expression (Carson et al. 2017). In AD patients, CCL2
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levels have been found to be elevated in the serum and cerebrospinal fluid (CSF)
(Galimberti et al. 2006b, Galimberti et al. 2006a). At early stages of the disease, higher
CSF CCL2 levels were associated with faster cognitive decline (Westin et al. 2012).
Likewise, CCL2 overexpression in mouse models of AD increased AR deposition and
accelerated deficits in spatial and working memory (Kiyota et al. 2009, Yamamoto et al.
2005). Interestingly, the authors reported that the uptake of AR by microglia cells was
significantly enhanced by CCL2 (Kiyota et al. 2009). In agreement, significant
impairments in the clearance of both monomeric and oligomeric AR by CCL2-deficient
microglia cells were demonstrated, resulting in increased AR deposition in the brain
(Kiyota et al. 2013). Taken together, similar outcomes were demonstrated in CCL2-
overexpressing and deficient AD mice. However, in our study, neither a partial knock-out
of CCL2 nor the treatment of THP-1 cells with recombinant CCL2 had any impact on the
AR uptake activity, indicating that this chemokine is not responsible for the stimulatory
effect of GSKS inhibitors.

Out of the 11 remaining candidate genes for which THP-1 cell lines with substantially
reduced expression were generated, two appeared to have an impact in the FAM-AR
uptake assay. In intial experiments, partial knock-out cell lines for the TREM1 receptor
and the small GTPase CDC42 displayed a smaller effect size after treatment with the
GSK3 inhibitor CHIR99021 as compared to wild type cells, suggesting that these two
candidates might be involved in the stimulation of AR uptake activity by GSKS3 inhibitors.
In particular, TREM1 represented an interesting candidate gene potentially involved in
the regulation of AR uptake activity. In the microarray analysis, TREM1 expression was
induced up to 15 fold by the GSK3 inhibitor CHIR99021. In 2015, Replogle et al. had
provided evidence for a genetic link between a common, intronic sequence variant of
TREM1 and increased amyloid plaque burden in the brains of AD patients (Replogle et
al. 2015). This TREM1 variant was further associated with decreased expression of
TREM1 on the surface of myeloid cells. In addition, in a recent study by Jiang et al., the
same TREM?1 variant reduced the ability of human monocytes for AR phagocytosis
(Jiang et al. 2016). These authors observed a 50 % reduction of internalized A4, in
primary mouse microglia after TREM1 knock-down, while overexpression of TREM1
increased the internalization of AR42 1.7 fold. In vivo experiments revealed significantly
increased levels of insoluble and soluble AR4, in the cerebral cortex of an AD mouse
model after TREM1 knock-down. In contrast, TREM1 overexpression significantly
reduced the total amyloid burden in the brains of these mice by around 60 % (Jiang et al.
2016). TREM1 shares relatively low sequence homology with its family member TREM2
(Radaev et al. 2003). While the genetic and functional findings for TREM1 are clearly not
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as strong and convincing as the studies implicating TREMZ2 in the pathogenesis of AD
(Kleinberger et al. 2014, Ulrich et al. 2014, Jay et al. 2015, Wang et al. 2015, Xiang et al.
2016), they nevertheless indicate that high surface expression of TREM1 might promote
AR uptake by macrophages and microglia cells. In addition, other research groups have
also reported that silencing of TREM1 expression impaired the phagocytic capacity of
macrophages (Hommes et al. 2014, Li et al. 2016). However, in our studies, the initially
observed TREM1 phenotype could not be confirmed in two additional knock-out cell lines
with sgRNAs targeting different regions of the TREM1 gene, which indicated a false
positive result. Although Cas9-induced gene mutations occur at target sites localized
adjacent to a PAM sequence, the relatively short 20-bp sgRNA can lead to off-target
mutations by targeting sites in different genes that share a similar sequence (Kuscu et al.
2014). In addition, the stress of cell cloning and antibiotic treatment can promote the
selection of unwanted phenotypes. Consequently, to reduce the risk of non-specific
phenotypes either due to off-target mutations or to clonal effects, at least two sgRNAs

should be investigated for each target gene.

In contrast to TREM1, two cell clones expressing a second sgRNA against CDC42 also
reduced the stimulatory effect of the GSK inhibitor CHIR99021, confirming the phenotype
seen with the first sgRNA. These results suggested that CDC42 might indeed be
involved in the stimulation of AR uptake activity by GSK3 inhibitors. In the microarray
analysis, CDC42 expression was up to 2 fold upregulated (CHIR99021, Bio-Acetoxime).
CDC42 (cell division cycle 42) encodes a small GTPase protein that belongs to the Rho
(Ras homologue) GTPase family and plays an important role in the rearrangement of the
actin cytoskeleton (Tapon & Hall 1997). Rho GTPases share a highly conserved GTPase
domain and act as molecular switches that cycle between an active GTP-bound and an
inactive GDP-bound state. Among the 25 known human Rho GTPase proteins, the roles
of RhoA, Rac1 (Ras-related C3 botulinum toxin substrate 1) and CDC42 in controlling
actin organization are best understood (Caron & Hall 1998, Wennerberg & Der 2004,
Mao & Finnemann 2015). Rho GTPase activity in cells is tightly controlled by three types
of regulators. The formation of the GTP-bound, active state is catalysed by upstream
guanine nucleotide exchange factors (GEFs), while GTP hydrolysis is induced by
GTPase activating proteins (GAPs). The third type of regulators, the guanine nucleotide
dissociation inhibitors (GDls), stabilize the GDP-bound form and prevent activation
(Cherfils & Zeghouf 2013). Activated CDC42 regulates downstream functions by
interacting with different cytosolic effector proteins. Besides cytoskeleton organization,

CDC42 activity has been implicated in numerous other cell functions including
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transcription, cell cycle progression and vesicle trafficking (Melendez et al. 2011).
Activation of CDC42 was shown to induce the formation of short actin filaments and is
required for the formation of highly dynamic cell surface protrusions called filopodia
(Nobes & Hall 1995). Activated CDC42 binds actin regulatory proteins and induces the
Arp2/3-mediated polymerisation of new actin filaments (Pollard 2007). Due to its role in
actin remodeling, CDC42 has been implicated in the regulation of phagocytosis and
macropinocytosis, two actin-dependent processes (Kerr & Teasdale 2009, Mao &
Finnemann 2015). Using fluorescence resonance energy transfer (FRET) imaging, active
CDC42 was found to colocalize with flamentous actin (F-actin) during the formation of
the phagocytic cup, which engulfs target particles (Hoppe & Swanson 2004). In line with
this observation, inhibition of CDC42 as well as expression of a dominant-negative
mutant form of CDC42 decreased the phagocytosis of apoptotic cells by macrophages
(Leverrier & Ridley 2001, Nakaya et al. 2006). CDC42 was also shown to drive the actin
remodeling required for macropinocytosis (Koivusalo et al. 2010). In mature dendritic
cells, which downregulate macropinocytosis after differentiation, the levels of GTP-bound
CDC42 were markedly reduced in comparison to immature cells (Garrett et al. 2000).
Intriguingly, the authors observed reactivation of macropinocytosis in mature dendritic
cells following injection of constitutively active CDC42. Taken together, these results
strongly support a central role of CDC42 in the regulation of both phago- and
macropinocytosis.

To further confirm a role for CDC42 in the upregulation of AR uptake activity by GSK3
inhibitors, CDC42 activity could also be experimentally manipulated by overexpression of
either constitutively active or dominant negative mutants of CDC42 in THP-1 cells. It
might also be of interest to investigate the role of CDC42 downstream effector proteins,
which could result in the identification of additional protein targets that are
mechanistically involved in the regulation of AR uptake activity. While CDC42 mRNA
expression was upregulated in THP-1 cells following GSK3 inhibitor treatment, gPCR
measurements did not confirm upregulation of CDC42 expression in primary microglia
after CHIR99021 treatment. The discrepancy of these results might arise from potential
differences in the response to GSK3 inhibitors between human macrophages and mouse
microglia cells. The two cell types might share GSK3 as the main upstream regulator but
might differ in the expression and activation of downstream effectors. In this regard, the
other closely related Rho GTPases might be of particular relevance. For example, it has
recently been reported that RhoA is involved in the regulation of phagocytosis by the
murine microglial cell line BV-2 (Scheiblich & Bicker 2017). In addition, CDC42 regulatory
proteins like GEFs, GAPs and GDIs might be differentially expressed in primary microglia

114



Discussion

cells after GSK3 inhibitor treatment, leading to the same outcome (increased CDC42
activity and AR uptake activity) through a slightly different molecular mechanism. In this
respect, it would be informative to determine whether the amount of the active GTP-
bound form of CDC42 is increased in primary microglia cells after GSK3 inhibition

despite the unchanged mRNA expression of CDC42.

Aside from further mechanistic studies, it would seem important to confirm that GSK3
inhibitors are indeed able to modulate the uptake and clearance of AR and the behaviour
of microglia cells in vivo. Improved GSK3 inhibitors, which are available today, should
allow to perform more definitive pharmacological treatment experiments in AD animal
models. For example, CHIR99021 has been shown to modulate behavioural phenotypes
in mice following intraperitoneal administration (Pan et al. 2011). In addition, intravenous
injection of CHIR98014, another aminopyrimidine derivative from the CHIR series of
GSKa3 inhibitors, resulted in a dose-dependent reduction of tau phosphorylation in the
cortex and hippocampus of a postnatal rat model (Selenica et al. 2007). These data
indicated effective crossing of the blood-brain barrier by these compounds. The effects of
GSKa3 inhibition could also be further characterized ex vivo by culturing brain slices of
amyloid plaque-bearing mice with primary microglia cells in the presence of GSK3
inhibitors (Daria et al. 2016). In such experiments it might also be of interest to cultivate
microglia cells from aged animals to examine whether GSK3 inhibitors could improve or
reverse the dysfunction of old microglia cells in the uptake and clearance of AR deposits
(Krabbe et al. 2013, Hellwig et al. 2015, Daria et al. 2016). Furthermore, the
characterization of microglia cells from GSK3R knock-out mice might represent another

interesting approach.

In summary, the experiments performed in this thesis demonstrated that structurally
divergent GSK3 inhibitors stimulated the uptake of AR peptides by human THP-1
macrophages and primary murine microglia cells in a dose-dependent manner, without
effects on the cellular degradation rate of AR. In primary microglia, this was accompanied
by a ramified morphology and upregulation of the CD36 and IL-4R cell surface receptors,
indicating the transition to an anti-inflammatory activation state. GSKS3 inhibitors similarly
enhanced the uptake of E. Coli particles suggesting a receptor-independent,
macropinocytic uptake mechanism. Importantly, both siRNA knockdown and
CRISPR/Cas9 knockout experiments in THP-1 cells confirmed that the stimulatory effect
of GSK3 inhibitors was mediated by their primary target GSK3, with a critical role for the
GSK3R isoform. Further studies showed that the stimulation of AR uptake by GSK3
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inhibitors required de novo transcription. A microarray-based gene expression analysis of
THP-1 cells identified a subset of genes similarly altered by three different GSK3
inhibitors, including genes encoding cytokines and surface receptors implicated in the
regulation of microglia activation and endocytosis. Subsequently, extensive
CRISPR/Cas9 candidate gene analysis revealed a role for CDC42 in the stimulation of
AR uptake by GSK3 inhibitors. In agreement with GSK3 being a central regulator of
inflammatory pathways (Beurel & Jope 2008, Yuskaitis & Jope 2009, Wang et al. 2010),
our findings that GSK3 inhibitors stimulate the uptake of AR peptides by microglia cells
provide a novel molecular explanation for their beneficial effects in AD animal models.
They further indicate that pharmacological targeting of GSK3 or its downstream effector
pathways could provide a way to overcome impaired AR clearance and limit its

accumulation in AD.
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