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Abstract

Alzheimer’s Disease (AD) is a fatal form of dementia that affects memory, thinking and
behavior. It is a progressive neurodegenerative disease characterized by the extracellu-
lar accumulation of A plaques, intracellular tau tangles and neuroinflammation. Despite
tremendous efforts focusing on the treatment of patients, to this day, there is no cure.
Microglia, as resident immune cells, are the brain’s first line of defense against invading
pathogens and contribute to A plaque clearance but also neuroinflammation. In recent
years, they have become the focus of attention as numerous alterations in the microglia
genome were identified to confer risk for the development of late-onset AD, the most com-
mon form of AD. It has become clearer that those changes mainly relate to microglial
defects in the elimination of AP plaques and cellular debris. Thus, the in-depth characteri-
zation of microglia aimed at the identification of deregulated pathways and new therapeutic

targets has substantially gained importance.

In this study, I investigated the consistency between the transcriptomic and proteomic

PNL=G-F) and further

profile of microglia from a commonly used AD mouse model (AP
analyzed the unknown homeostatic functions of the novel high-impact risk gene BINI in
microglia. During the first part of my thesis, I validated the downregulation of homeostatic
and upregulation of inflammatory pathways in the transcriptome of aged AD microglia.
Correlation with a matching proteomic data set pointed towards an inflammatory but also
regenerative phenotype, and strengthened the previously identified deficits of the phago-
cytic machinery. This condition was supported through the distinct enrichment of synaptic
debris within the proteome of AD microglia. Interestingly, despite a significant enrichment
in AD lysosomes, I found disease-associated cells to be less efficient compared to age-
matched controls, further emphasizing the phagocytic and lysosomal dysfunction of AD
microglia. To investigate the presumed link between the prominent BIN1 downregulation in
AD microglia and its influence on phagocytosis, I performed functional and AAV-mediated
overexpression experiments in the second part of my thesis. Here, I was able to provide
meaningful evidence for the direct involvement of BIN1 in microglial phagocytic processes
in vitro. I further aimed for in vive transduction experiments as a proof of concept study

and to gain valuable insights into the network-dependent impact of BIN1 overexpression.
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Although I could successfully overexpress BIN1 in microglia, which positively correlated
with an increase of the lysosomal compartment, cell specificity of the viral construct has
to be further improved. Overall, these results signify the importance of the preservation of
key microglia functions in the context of AD and that pathogenic downregulation of BIN1
could exacerbate the observed continuous decline. Thus, making microglia phagocytosis

and BIN1 itself promising targets for further investigation in the pathogenesis of AD.
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Zusammenfassung

Morbus Alzheimer ist eine tédliche Form der Demenz, die das Gedédchtnis, Denkvermdégen
und Verhalten der betroffenen Patienten stark beeintréchtigt. Es handelt sich um eine
fortschreitende, neurodegenerative Erkrankung, die sich durch die extrazelluldre Ansamm-
lung von AB-Plaques, intrazelluldren Tau-Tangles und ausgepréigte Entziindungsreaktionen
im zentralen Nervengewebe charakterisieren lisst. Trotz der enormen Bemiihungen um die
Behandlung von Patienten, gibt es bis heute keine ursichliche Behandlungsstrategie und
nur wenige symptomatische Ansitze. Mikroglia wurden vielfach als aktive Immunant-
wort des Gehirns beschrieben, die allgemein gegen eindringende Krankheitserreger und
im Speziellen auch gegen toxische AB-Plaques vorgeht, jedoch auch zu der fortschreit-
enden, lokalen Entziindungsreaktion des umliegenden Gewebes beitrigt. In den letzten
Jahren sind Mikroglia vermehrt in den Mittelpunkt des Interesses geriickt, da gezeigt
wurde, dass zahlreiche Verdnderungen in ihrem Genom das Risiko fiir die Entwicklung
von sporadischem M. Alzheimer signifikant erhéhen. In jiingster Zeit ist deutlich gewor-
den, dass diese Verdnderungen hauptsichlich die Funktionen von Mikroglia negativ beein-
flussen, die mit der Beseitigung von AB-Plaques und Zelltriimmern zusammenhéngen. Die
gezielte Identifizierung der molekularen Zusammenhénge und damit neuer therapeutischer

Angriffspunkte hat damit substanziell an Bedeutung gewonnen.

In dieser Studie habe ich die Ubereinstimmung zwischen transkriptomischem und pro-
teomischem Profil von Mikroglia eines géingigen Alzheimer-Mausmodells (APPNL-G-)
untersucht und dariiber hinaus den Einfluss des Hochrisiko-Gens BIN1 auf die physiologi-
sche Mikrogliafunktion analysiert. Im ersten Teil meiner Dissertation konnte ich die bereits
beschriebene Runterregulierung homoostatischer, sowie die Hochregulierung entziindlicher
Signalwege im Transkriptom gealterter M. Alzheimer-Mikroglia bestétigen. Die Korre-
lation mit einem entsprechenden Proteom-Datensatz ergab, dass sowohl entziindliche als
auch regenerative Prozesse in Gang gesetzt wurden. In Ubereinstimmung mit der vorheri-
gen Analyse wurden deutliche Defizite auf Seiten der phagozytischen Aktivitét festgestellt,
was mutmahlich ursichlich war fiir die signifikanten Anderungen synaptischen Materials
im Proteom erkrankter Mikroglia. Interessanterweise ergab sich trotz gesteigerter Meng-

en synaptischen Materials im Lysosom ein Defizit in der relativen Aufnahmefihigkeit



erkrankter Mikroglia, was ebenfalls auf einen funktionellen Defekt hindeutet. Aktuelle
Studien vermuten einen Zusammenhang zwischen der Runterregulierung von BIN1 und der
beobachteten Abnahme der Aufnahmefdhigkeit von M. Alzheimer-Mikroglia, welchen ich
im zweiten Teil meiner Dissertation mittels funktioneller und viraler Uberexpressionsver-
suche untersucht habe. In witro konnte ich aussagekréftige Ergebnisse gewinnen, die auf
ein direktes Mitwirken von BIN1 an phagozytischen Prozessen hindeuten. Dariiber hinaus
fiihrte ich #n vivo Transduktionsexperimente durch, um Erkenntnisse iiber die netzwerk-
abhiingigen Auswirkungen einer BINI-Uberexpression zu erlangen. Obwohl BINI erfolg-
reich in Mikroglia iiberexprimiert werden konnte und positiv mit der Zunahme lysosomaler
Strukturen korrelierte, muss die Spezifitit des viralen Konstrukts weiter verbessert werden.
Insgesamt zeigen diese Ergebnisse jedoch, wie wichtig der Erhalt der Schliisselfunktionen
von Mikroglia im Zusammenhang mit M. Alzheimer ist und dass eine krankheitsbedingte
Runterregulierung von BINI den kontinuierlichen Abbau dieser verstdrken kénnte. Dies
macht den grundlegenden Prozess der Phagozytose und BIN1 selbst zu einem vielver-
sprechenden Ziel fiir weitere Untersuchungen in der mikrogliabedingten Pathogenese von

M. Alzheimer.
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1 Introduction

1.1 Alzheimer’s Disease

lat. dementia /de’men.ti.a/, [de:’'mentid] - "out of mind/madness/insanity"

Worldwide, over 55 million people live with dementia. This number is expected to double
by 2030 and more than triple by 2050 (WHO.int /news). Treating and caring for people with
dementia currently costs the world more than US$ 1.3 trillion per year (alzint.org), making
it a global concern with an enormous socioeconomic impact. To date, Alzheimer’s Disease
(AD) is the most prevalent cause of dementia in elderly patients, accounting for 60 - 70 % of
all cases (2021 Alzheimer’s Disease facts and figures). This progressive, neurodegenerative
disease affects language, memory, reasoning and movement, interferes with the patients’
daily life and ultimately leads to death. Moreover, disease onset is currently thought to
occur 20 years before the manifestation of noticeable symptoms [I]. Despite tremendous
efforts to understand the disease, there are currently no effective treatments to stop or delay
AD progression. As a result, the World Health Organization (WHO) has acknowledged
Alzheimer’s Disease as a public health priority [2].

1.1.1 History and Pathophysiology of Alzheimer’s Disease

In 1906, the German psychiatrist and neuropathologist Alois Alzheimer was the first to
clinically describe an until then unknown form of dementia. His 51 year old patient Au-
guste Deter suffered from spatial and temporal disorientation, massive memory deficits as
well as delusions. She was therefore hospitalized into a mental institution in Frankfurt
am Main (Germany) where she died a few years later at the age of 55. The post-mortem
neuropathological examination carried out by Alzheimer revealed a severe atrophy of the
brain, an arteriosclerotic vasculature, strongly stained neurofibrils and abundant cortical
deposits he described to be of an "unknown substance" (Fig. 1) [3] 4]. This unknown
substance was later identified as Amyloid-$ peptide (Af), the major component of amy-
loid deposits in the brain parenchyma and vasculature of AD patients [5, [6]. Although

Alzheimer’s Disease has now been extensively studied for more than 100 years and ma-



jor progress has been made, especially on the molecular level, Alois Alzheimer’s initial
characterization of the main pathological features remains the standard for post-mortem
diagnosis of the disease. Extracellular AP plaques (amyloid plaques) together with intra-
cellular neurofibrillary tangles are to date the two hallmarks required for the most accurate
neuropathological diagnosis (Fig. 1 C-E) [7].

Severe Alzheimer‘s
brain
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( l cortex
(4
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Figure 1: Alzheimer’s Disease brain pathophysiology.

(A) A representative brain slice from an advanced-stage Alzheimer’s Disease patient showing different
signs of brain atrophy, such as enlarged ventricles and substantial shrinkage of cortex and hippocampus.
Modified from https://neurosciencenews.com (B) Histological brain slice preparations of Auguste Deter
by courtesy of Prof. Dr. Dr.h.c. Hans Kretzschmar from the Institute for Neuropathology of the Ludwig-
Maximilians-University Munich. (C)-(E) Microscopic images of Auguste Deters brain slices taken and
thankfully provided by Dr. Dr. Mario Dorostkar. (C) Overview of Bielschowsky silver staining for the
illustration of AD histopathological hallmarks. Closeup images of an Af plaque (D) and neurofibrillary
tangle (E).

1.1.1.1 Abeta pathology
1.1.1.1.1 Abeta peptide processing

The amyloid precursor protein (APP) is a type I single-pass transmembrane protein which,
in humans, is expressed in three different splicing isoforms. While APPggs is primarily
expressed by neurons, APP75; and APP77¢ can be mainly found in peripheral tissues [8].
Although APP’s physiological functions have not yet been fully elucidated, it’s role in
the CNS has been attributed to neuronal and synaptotrophic properties, synaptogenesis,

axonal growth and guidance as well as learning and memory functions [8, 9l [10].

The non-pathogenic mechanism of APP processing is known as the non-amyloidogenic or
alternative pathway [1I] (Fig. 2, left side). By means of APP cleavage with a-secretase,

the otherwise pathogenic A amino acid sequence is ruptured, generating a soluble APP



fragment (APPo) and a C-terminal fragment (CTFa or C83) [12, I3]. The CTFu can
be further cleaved by the tetrameric 7-secretase complex (APH1, PEN2, nicastrin and
presenilin-PS1 or -PS2), generating a 3 kDa peptide (p3) and a membrane-anchored APP
intracellular domain (AICD) [14] [15].

Amyloid plaques are defined as extracellular aggregates of A peptide that aberrantly
accumulate in the brain parenchyma [16]. Generation of the 4 kDa Af occurs through
sequential, proteolytic cleavage of APP by (- and v-secretases (Fig. 2, right side) |14 [17].
The mechanism of APP processing leading to pathogenic A formation is known as the
amyloidogenic pathway and begins with cleavage of the extracellular region by the (-
secretase BACEL (B-site APP cleaving enzyme 1), generating a soluble APP fragment
(APPB) and a membrane-bound C-terminal fragment (CTFB or C99) (Fig. 2, right side).
Subsequently, the CTFp fragment is cleaved by the 7-secretase complex. Depending on
the exact location of the cleavage site, AB-species of different lengths are generated (37 - 43
amino acids or longer) while a short intracellular domain (AICD) remains [14] [17, 18], [19]
20]. The most abundant AB-species are AB40 (80-90 %) and AR42 (5-10 %) [2I]. Due to
their higher hydrophobicity and propensity for aggregation, AB342 species have been found
to be the major constituent of extracellular amyloid plaques [19, 21} 22], making them
the main contributor of the amyloidogenic pathway. In addition, N-terminally truncated
AB-species, such as Pyroglutamate (pE3-Af) have also been found in amyloid plaques [23].
These modified species were similarly shown to have a high tendency for aggregation in
combination with a higher neurotoxicity. Moreover, they seem to appear early in human

AD cases and at more advanced pathological stages in AD mouse models [24].
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Figure 2: APP processing and amyloid plaque formation.

Graphic scheme showing the two alternative pathways of APP processing. The non-amyloidogenic pathway
(left side) involves cleavage by an o-secretase, generating a soluble APPa and a membrane-bound CTFa
fragment. Subsequent cleavage of the CTFu is carried out by the 7-secretase complex, leading to the
formation of an AICD and a soluble peptide termed p3. During the amyloidogenic pathway (right side)
the APP protein is first cleaved by a y-secretase, generating a soluble APPJ and a membrane-bound CTFJ
fragment. A second cleavage step by the y-secretase complex results in the formation of an AICD and
the pathogenic AP peptide, which, after aggregation, leads to the formation of amyloid plaques. Figure
modified from Das et al. 2019.

1.1.1.1.2 Physiological and pathogenic roles of the Abeta peptide

Despite its negative connotation owing to its association with AD, AB peptide is also syn-
thesized in healthy individuals under physiological conditions. Throughout the lifespan
of an individual it can be readily detected in the cerebrospinal fluid (CSF) and plasma
[16] 25, 26, 27]. The physiological functions of Af are currently believed to entail protec-
tion against infection, modulation of synaptic activity, neuronal survival and mechanisms
required for memory improvement [27, 28, 29]. However, it has also been found that
those beneficial functions are strictly linked to low levels of AP, whereas high levels in-
duce deleterious effects [30), [BI]. It is commonly believed than an unfavorable imbalance
between AP production and clearance mechanisms constitutes one of the main causes of

AB accumulation and amyloid pathology [32] 33].

In disease conditions it has been shown that soluble, monomeric Af peptides self-assemble
into oligomers, which in turn are capable of aggregating into proto-fibrils and later on

mature fibrils which display a typical -sheet structure [34] 35]. Both AP40 and Ap42



are capable of forming aggregates [36], however, AB42 has shown to have a higher predis-
position for oligomerization and aggregation than AB40 [37]. Which A conformation is
primarily liable for the observed neurotoxicity has been fiercely debated for many years.
Some studies could associate fibrillary A formations with progressive neuronal toxicity
[38, B9] while others proposed soluble oligomers as the main culprits and linked them
to synaptic dysfunction and cognitive decline [40, 41], 42], [43]. Moreover, in AD patients
and mouse models, levels of Af3 oligomers have been shown to correlate much better with
AD symptoms and synapse loss than fibrillary amyloid deposits [34], [44] 45 [46]. In ad-
dition, initial AD symptoms even occur before plaques accumulate [47) 48] [49]. Perhaps
the most persistent argument against the amyloid hypothesis is that many apparently
healthy older individuals have substantial amounts of amyloid in their limbic and associ-
ation cortices upon post-mortem examination [50]. Nevertheless, insoluble plaques in AD
patients are typically surrounded by dystrophic neurites and might also act as a reservoir
for oligomeric species, creating a continuous detrimental exchange [51, 52] . Notwithstand-
ing, the observed pathogenicity associated with AB oligomers led to the formulation of
the "A{ oligomer hypothesis", which postulates Af oligomers as the main contributors of
AD pathogenesis, especially during very early stages [52, 53]. In general, increasing evi-
dence accumulates that age-related and/or genetic changes are causative for the observed
increase in Af3 generation as well as impaired degradation and clearance pathways, leading

to accumulation of AP in amyloid plaques [19] 54].

1.1.1.1.3 Abeta amyloid pathology

There are two main types of A aggregates in the brain interstitial space of AD patients,
which are morphologically distinct from each other |7, [16]. Dense core plaques incorporate
a very condensed, fibrillar amyloid core which can be easily stained with 3-sheet binding
dyes such as Thioflavine S, Congo Red and Thiazine Red. The core is usually enclosed by
a halo of less compact AP, where many oligomeric species can be found (FIG 3b and c)
[7, 17, 55l 56]. Dense-core plaques are commonly surrounded by large numbers of reactive
glial cells (microglia and astrocytes) and are typically associated with dystrophic neurites
and synapse loss [7, [I7]. On the other hand, diffuse amyloid plaques are made up solely

of uncompacted, non-fibrillar A that forms amorphous structures and binds poorly to



amyloid-specific dyes (FIG 3a). In contrast to dense plaques, they seem to trigger a much
weaker glial response |7, 16 17, [56] and have been suggested to represent an early, immature
stage of amyloid plaques that can also be found within otherwise healthy individuals during
normal aging [7, [I7]. Yet another type of extracellular plaque can be found within small
to medium cerebral blood vessel walls. This pathological feature termed Cerebral Amyloid
Angiopathy (CAA) is present in 85 - 95 % of all AD cases to varying degrees [7, [57] and was
found to be the main cause of lobar intracerebral hemorrhages [58]. Similar to dense-core
plaques, those deposits can be stained with amyloid-binding dyes (Fig. 3d). However, in
contrast to the above described dense and diffuse plaques, they are mainly composed of

ABA40 [59, 60].

Although very individual causes may lead to the development of Alzheimer’s Disease, the
gradual distribution and extension of A3 pathology throughout the brain is relatively com-
parable between patients and has therefore been classified in different amyloid stages or
phases. Initially, the Braak system defined three different stages of amyloid pathology:
during stage A the basal frontal and temporal lobes are affected, followed by the neocor-
tices and hippocampus in stage B. During the final stage C, amyloid pathology infiltrates
the cortices, subcortical nuclei and the cerebellum [6I]. A more detailed staging system
was proposed shortly afterwards by Dietmar Thal, who described five phases of amyloid
pathology: the neocortex is affected first in Thal phase 1, from where it extends into
the allocortex in phase 2, then to the diencephalon and the basal ganglia in phase 3, the

brainstem and midbrain in phase 4 and finally the cerebellum in phase 5 [62].

a) b) c) d) .?. . ™

50 um 50 um 50 ym

e ] o -

Figure 3: Main types of extracellular amyloid deposits in human Alzheimer’s Disease brains.
Visualization of different types of Af plaques from human AD patients via immunohistological staining
against N-terminal AB. Depicted are diffuse plaques (A), dense plaques (B), dense-core plaques (C) and
CAA deposits (D). Scale bars represent 50 pm. Figures A - C modified from Réhr et al. 2020; D modified
from Hondius et al. 2018.



1.1.1.2 Neurofibrillary tangles and dystrophic neurites

Microtubule-associated protein (MAP) tau, MAP1 and MAP2 are the three major micro-
tubule-associated proteins of mature neurons [63]. There, they seemingly perform redun-
dant functions, i.e. promoting the assembly and stability of microtubules. This apparent
similarity may be due to the critical requirement of microtubules to maintain the axo-
plasmic flow, which, in turn, is essential to neuronal function [63]. The biological activity
of tau is regulated by its degree of phosphorylation. For optimal activity the protein
requires 2-3 mol phosphate/mol tau [64]. In Alzheimer’s Disease, tau is abnormally hyper-
phosphorylated (p-tau), repressing its microtubule assembly and binding activity, leading
to a breakdown of microtubules (Fig. 4a) [65] [66]. p-tau accumulates intracellularly as
intraneuronal tangles of paired helical filaments (PHF), twisted ribbons and to a lesser
extent straight filaments [63] 67, [68]. Those filaments give rise to neurofibrillary tangles
(NFT) (Fig 4b), which were found to correlate directly with progressive dementia in AD
[69, [70]. Although strictly intraneuronal, extracellular NFTs can be found in the brain
parenchyma after neurons have died and are therefore known as ghost tangles (Fig. 4b)
[68], [71]. Remarkably, neurofibrillary changes appear earlier and with a higher density in
poorly myelinated areas than in myelin-rich regions [72].

In addition to their amyloid staging, H. and E. Braak defined six different stages (I - VI)
for the classification of neurofibrillary tangle pathology [61]. Specific projection cells in
the temporal lobe are the first cortical neurons to show changes (stage I). The lesions then
extend into the entorhinal region (stage II), thus far mostly in the absence of amyloid
deposits. The pathological process then extends into the hippocampus and the temporal
proneocortex (stage IIT), followed by infiltration of the adjoining neocortex (stage IV).
From here, the NFTs spread superolaterally (stage V) and finally propagate throughout

the primary areas of the neocortex (stage VI).

Hyperphosphorylated tau filaments can also be found in dystrophic neurites that occur
at amyloid plaques and in the neuropil (neuropil threads) [68]. Dystrophic neurites are
abnormal neuronal processes (mainly axons) characterized microscopically by their bul-
bous swelling, aberrant sprouting and accumulation of various cellular organelles and pro-

teins (e.g. degenerating mitochondria, APP, tau, synaptic and neurofilament proteins)



[7]. The observed accumulation of cellular components is presumably due to disrupted
transport mechanisms that were previously dependent on functional microtubules 73, [74].
Dystrophic neurites are frequently associated with dense-core senile amyloid plaques and
together they form the so-called neuritic plaques (Fig 4c) [7, [75]. Intriguingly, neuritic

plaques were shown to correlate well with cognitive decline and neuronal loss observed in

AD [7, 711,

451
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Figure 4: Neurofibrillary tangle and dystrophic neurite pathology in Alzheimer’s Disease.
(A) Neuronal tau binds to microtubules, helping them to maintain their structure. When tau is hyper-
phosphorylated and not bound to axonal microtubules, it undergoes conformational changes that lead to its
aggregation and tangle formation in the cytoplasm. In this state it no longer stabilizes neuronal structures.
Silver stainings showing neurofibrillary tangles (B) and dystrophic neurites from a neuritic plaque (C).
In (B), the arrows indicate mature tangles, the arrowheads pre-tangles and the asterisk a ghost tangle. In
(C), the arrowheads indicate neurofibrillary tangles. Scale bars represent 40 pm. Figure a) modified from
https://bio-rad-antibodies.com/blog/; b) and c¢) modified from DeTure and Dickson 2019.

1.1.1.3 Neuroinflammation

Neuroinflammation generally refers to an inflammatory response of the brains innate im-
mune system to shield against pathological insults such as infection, trauma, ischemia and
toxins [76]. Alois Alzheimer was probably the first to describe signs of neuroinflammation
in AD by reporting the presence of fibrous glia (probably astrocytes) and a separate type
of glia containing large deposits (probably microglia) in the brain of Auguste Deter [3]. In
fact, the presence of reactive microglia and astrocytes adjacent to Af plaques (Fig. 5) and
substantially increased levels of pro-inflammatory cytokines and chemokines (e.g. TL-1p,
I1-6, IL-18, TNF-o, CCL1, CCL5, CXCL1) as well as small-molecule messengers (including
prostaglandins, nitric oxide (NO)) and reactive oxygen species have consistently been ob-
served in both AD patients and mouse models |76}, [77) [75], [78] [79, [80, [81]. The most pivotal

immune cells involved in this process are microglia and astrocytes, but capillary endothe-



lial cells and infiltrating blood cells also contribute to neuroinflammation, especially when
the blood-brain-barrier (BBB) experiences substantial biochemical or mechanical damage

82, 183].

Figure 5: Activated Microglia and Astrocytes cluster around amyloid plaques.

Images were acquired in the hippocampal CA1 region of a 12 mo APPN"%F mouse. (A) Microglia (Ibal,
green) are in close contact with the outer and inner regions of diffuse amyloid plaques (NAB228, magenta).
(B) Astrocytes (GFAP, green) extend their feet towards the plaque (NAB228, magenta), surrounding it.
Scale bars represent 50 pm.

The characteristically star-shaped astrocytes (or astroglia) are key players in maintaining
brain homeostasis by providing metabolic and trophic support to neurons, regulating cere-
bral blood flow, maintaining fluid and neurotransmitter homeostasis and inducing synapse
formation (Fig. 6a) [84, 85, 86l 87, 88]. Astrocytes also form unique perivascular chan-
nels in the CNS, known as the glymphatic system, which eliminates potentially neurotoxic
waste products, including amyloid and tau species [89, [0]. In case of pathological insults,
astrocytes are known to initiate reactive gliosis (Fig. 6b) [88]. The generic term "reactive
astrocyte" has been used in the past to describe astrocytes that, upon pathogenic stimulus,
undergo morphological changes towards hypertrophic processes and upregulation of glial
fibrillary protein (GFAP). Nowadays it is accepted that there are at least two separate
"active" phenotpyes, termed Al and A2 [91]. Inflammatory insults have been proposed to
induce the A1l phenotype through the NF-xB pathway, whereas ischemia induces the A2
phenotype via the signal transducers and activators of transcription 3 (STAT3) pathway

[91]. While A2 astrocytes act mainly protective through expression of neurotrophic factors,



Al astrocytes are characterized by the expression of inflammatory mediators and seem to
loose their homeostatic functions, enabling them to induce apoptosis in neurons and oligo-
dendrocytes [92]. In an animal model of AD, those cells were found to release excessive
amounts of GABA and glutamate, leading to impaired memory function and synapse loss
[93]. Moreover, they contribute to a dysregulated microcirculation and a fractured BBB,
which actively promotes the accumulation of A and disease progression [94, 95]. Also
noteworthy is the finding that astrocytes work closely together with microglia and could

be mediators of adverse effects in AD [92].

Microglia are innate immune cells of the myeloid lineage and represent the first line of
defense in the CNS through active protection against various insults and by promoting
tissue repair [96], 97] (the microglial role in the CNS and Alzheimer’s Disease is discussed in
depth in section 1.2 of the introduction). Ramified microglia continuously survey the CNS
microenvironment with their highly motile processes, sense damage signals (such as ATP)
and mediate a response towards the injury site (Fig. 6a) [98,[99], [100]. Similar to astrocytes,
microglial morphology changes quite drastically upon encountering potential threats and
react by releasing a powerful cocktail of inflammatory factors (i.e. cytokines, chemokines
and reactive oxygen species) (Fig. 6b). On the other hand, alert microglia consume
recognized hazards such as pathogens, cell debris and abnormal proteins (including AB
species) [101] and degrade them through various endocytic pathways [102]. Moreover, it
has been shown for AD and other neuroinflammatory diseases that they deliberately recruit
other immune cells (e.g. astrocytes) through release of pro-inflammatory cytokines such
as IL-1a, TNF-a and Clq [92]. This machinery usually ceases once the immune stimulus is
eliminated. However, microglia in aged brains have functional impairments and are prone
to sustained activation, which might contribute to the pathogenesis of neurodegenerative
disorders such as AD. Furthermore, many identified risk genes associated with AD are
predominantly expressed in microglia (e.g. TREM2, BIN1, CR1, ABCA7 and CD33) [103],
suggesting that these factors are involved in pathogenicity through mechanisms involving
microglia. However, for most of those factors it is still unclear how they contribute to AD
pathology (detrimental or protective) and which functions they cover in homeostatic and

disease-associated microglia (DAM).

Assessing the definite role of neuroinflammation in AD is very complex, as both beneficial

10



and detrimental behavior has been observed for both glia populations. It is also still under
debate whether neuroinflammation could be a driving force or is a mere consequence of
disease progression [79]. On one hand, microglia and astrocytes confer protection through
the clearance of AB and cell debris [I04, 105]. On the other hand, once primed and
activated, both glia cells are known to release pro-inflammatory cytokines such as IL-1f3, IL-
6 or TNF-a that could promote and accelerate a neurotoxic phenotype [105]. Additionally,
microglial reactivity probably contributes to both A and Tau pathology and spreading
[106], 107, 108, 109 1T10]. The current knowledge implicates that microglia and astrocytes
may have a protective role during early disease stages by promoting A3 and debris clearance
which later on becomes inefficient (decreased clearance) and even detrimental in a vicious

cycle of auto-activation and neurotoxicity [105] 111].
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Figure 6: Microglia and Astrocytes during physiological and pathological conditions.

(A) During homeostatic conditions, ramified microglia constantly survey the brain parenchyma with their
highly motile processes. They sense damage signals, phagocytose cellular debris and form transient con-
tacts with synapses and axons, thereby maintaining neuronal plasticity. The fine processes of astrocytes
tightly envelop blood vessels and synapses. The physiological roles of astrocytes include the regulation of
cerebral blood flow, maintenance of synaptic homeostasis and neurotrophic support. (B) During patho-
logical conditions, activated microglia, astrocytes and macrophages migrating through the damaged blood-
brain-barrier (BBB) contribute to the development of a neuroinflammatory phenotype. They lose their
homeostatic functions, reduce the secretion of neurotrophic factors and instead increase the production of
pro-inflammatory factors. The secretion of cytokines and chemokines aids pathogen and toxin clearance
but was also shown to lead to neuronal dysfunction and tissue damage. In addition, reactive microglia can
directly eliminate synaptic structures. Figure modified from Leng and Edison 2021.
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1.1.2 The amyloid cascade hypothesis

The amyloid cascade hypothesis was originally published by Hardy and Higgins in 1992
[I112] and later updated based on the knowledge gained in 25 years since its first ap-
pearance [I113]. The hypothesis proposes that, for Alzheimer’s disease, the accumulation
and deposition of A3 peptides is the main pathogenic event that triggers a vast cascade of
pathological insults, such as the formation of NFTs, neuronal cell loss, vasculature damage,
neuroinflammation and dementia [112] 113]. The hypothesis was based on the discovery
that specific genomic mutations in APP or the Presinilin genes (PSEN1/2) lead to a shift
in AP generation, which causes early-onset AD. In line with those findings, humans with
trisomy 21 (triplication of chromosome 21, also known as Down’s syndrome) hold three
copies of the APP gene and invariably develop neuropathological AD, usually at an early
age [112, 113]. Yet another piece of evidence supporting this hypothesis is the protective
missense mutation "A673T-Icelandic" in the human APP gene, which leads to a lifelong
reduction of potentially toxic A{3 species and seems to shield against AD and age-related
cognitive decline [I14]. Moreover, several AD-related neurotoxic effects could be directly
linked to A( [112} I13]. However, the amyloid cascade hypothesis also received some crit-
icism due to the fact that amyloid plaque load (either total amyloid, dense-core plaques
or only neuritic plaques) doesn’t seem to correlate well with cognitive impairment and
neuronal cell loss [I15, 116l 117, 118] 119]. In addition, non-demented, elderly individuals
frequently show considerable amyloid burden by Positron Emission Tomography (PET)
imaging [I15]. Although this hypothesis opened up a wide field of possibilities with re-
spect to therapeutic targeting of AB production (through (- and v-secretase inhibitors)
or AP clearance (through active or passive immunization), none of the well-implemented
clinical trials succeeded in stopping AD progression [120, 121]. Of note, some trials failed
to ameliorate cognitive decline despite achieving substantial clearance of Af plaques from
the brain [122, 123] [124]. Therefore, new intervention approaches along with a much more

thorough understanding of disease etiology are urgently needed.
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1.1.3 Etiology

Both genetic and environmental factors contribute to the manifestation of AD. The greatest
risk factor is, however, age. At age 65 the probability of having AD is estimated to be
3 %, rising to over 30 % by age 85 (Alzheimer’s Association 2019 AD facts and figures).
Alzheimer’s Disease is currently classified by age of onset and whether prominent genetic

factors are involved or not, which entails two major forms of AD.

Early-onset AD (EOAD), also know as familial AD (FAD) accounts for the minority of all
AD cases (1-6 %) and manifests relatively early, usually between age 30 and 65 [1I]. FAD
cases develop largely due to autosomal dominant mutations in APP, PSENI or PSEN2.
As a result of its considerable inheritance probability, this form was also termed autosomal
dominant AD (ADAD) [125]. APP was the first gene shown to have far-reaching muta-
tions causing AD, nowadays over 50 are described in the literature. Some of the most
studied mutations include the Swedish (KM670/671NL) [126], Arctic (E693G) [127], Lon-
don (V717I) [128] and Indiana (V717F) [129] mutations, which all cluster around cleavage
sites for B- and 7-secretase [130]. Those mutations are described to result in an increased
AR generation or a shift in the AP 40/42 ratio, leading to increased aggregation capability
and amyloid accumulation [125].

More commonly for FAD cases are mutations located in PSEN1 or PSEN2, with PSEN1
mutations alone accounting for 30-50 % of all genetic AD cases [I31] [132]. Research shows
that PSENI and PSEN2 mutations alter AB generation, similar to those in APP [133], but
strangely seem to confer a loss of function, raising questions as to how this fits the amyloid
hypothesis [134] [135] (More recently discovered risk factors are discussed in the sections

below: "New risk factors and GWAS studies" and "Microglia-associated risk factors").

The second and by far most common form of AD, accounting for 94-99 % of all cases,
is the so-called sporadic (SAD) or late-onset form of AD (LOAD). It usually manifests
beyond the age of 65 and presents no distinct genetic link, although it shares the same
clinical and pathological features of EOAD. It is generally believed that LOAD is driven by
the interaction between multiple smaller genetic risk variants and environmental factors.
The highest scoring genetic risk factor identified for sporadic AD is the e4 variant of the
Apolipoprotein E (APOE) gene, while the €2 variant of the same gene conveys protection
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[136]. People carrying one €4 allele already have a three-fold increased risk of developing
AD, while carrying two alleles increases it approx. 12-fold [I36]. APOE is a high-density
lipoprotein which, although mainly synthesized in the liver, can also be found in the pe-
ripheral and central nervous system, where it is mainly produced by astrocytes and to
a lesser extent microglia [137, [138]. Additionally, neurons express APOE in response to
excitotoxic damage [139)]. Although it is not yet clear how APOE affects AD etiology, some
studies suggest that binding of APOE and AP might influence clearance and aggregation
of the latter [I40]. Recent genome-wide association studies (GWAS) and sequencing ap-
proaches have now detected several interesting risk loci that contribute to sporadic cases

of AD [141], 142], however, the search for a unifying cause still goes on.

1.1.4 New risk factors and GWAS studies

Due to the impalpable nature of LOAD, new approaches are undeniably needed to shed
more light onto the underlying processes. In-depth human GWAS, along with whole-
genome or single-cell sequencing approaches and gene-expression network analysis have
concomitantly identified more than 40 novel risk factors, which are mainly involved in lipid
metabolism, endocytosis and innate immunity [143} [144] [145], [146] 147, 148, (149, 150L 151].
Importantly, in contrast to sequencing approaches, GWAS identify genome regions (loci)
that associate with a trait rather than a specific gene. Some loci may indeed contain a
single gene, while others may associate with multiple genes [152]. The challenge is there-
fore to fine-map these loci to identify specific genes that contain causal functional variants
and to understand the pathomechanisms leading to increased or decreased risk for dis-
ease. It is also important to note that labeling of those single-nucleotide polymorphisms
(SNPs) is based on proximity to the closest gene, which may not necessarily mean that
the disease-associated SNP has any functional interaction or relevance for that gene. In
fact, the affected gene (if any) could be many kilobases away. Another layer of complexity
is added when identified risk loci reside in non-protein-coding or regulatory regions (pro-
moters, enhancers, regulatory RNAs), which make up the vast majority of human DNA
(~ 90 %) [153], 154]. Those limitations necessitate careful functional validation, i.e. com-

putational fine-mapping approaches that integrate information regarding chromatin state,
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DNA methylation, splicing and gene expression. Those should be followed by in wvitro
and in vivo studies to further validate the match and seek to determine the effects in an
appropriate model [I52]. Albeit thorough and complete functional studies are mostly still
missing, integrating information from multiple sources can provide meaningful evidence
in support of specific genes and pathways (e.g. combining GWAS hits with RNAseq and

proteomic datasets).

That being said, a considerable number of polymorphisms were found in and near genes
that are, in some cases exclusively, expressed in microglia [I03]. Among others, coding
variants were found in TREM2, BIN1, PLCG2, ABI1, ABCA7, CD33, SPI1, CR1, MS§}/A4S
and INPP5D [103], 151], 152] 155]. Although it is not yet clear how each polymorphism
contributes to AD etiology, it has been recognized that one of the crucial drivers of LOAD
could be reduced A clearance and degradation, leading to the accumulation of oligomeric
and eventually fibrillary plaques in the brain, which in turn could amplify the microglial
inflammatory phenotype [32, [I56]. Moreover, genetic and early functional studies have also
implicated microglia as a causal factor in LOAD, as opposed to being solely a biological
response [157,[158]. Interestingly, some of the identified risk variants occur in genes that are
supposedly involved in the process of microglial phagocytosis and lysosomal degradation,
such as TREM2, BIN1, CD33, CR1 and ABCA7 [150), [152] [159]. By looking at the role

of microglia in AD, we may uncover new therapeutic targets to help treat this disease.

1.2 Microglia in health and disease

Microglia are CNS-resident immune cells that, depending on the region of interest, account
for roughly 10 % of the total cell population in humans and mice [160] 161]. A series of
influential studies has revealed that they contribute to many aspects of brain development
and physiology. In particular, microglia are now known to regulate apoptosis and sur-
vival of neurons, neuronal circuit wiring, synaptogenesis, synaptic transmission, pruning
of synapses and myelination of axons [162] [163] [164) 165, 166, 167, 168, 169]. Consistent
with these functions, microglia are considered either a causal or contributing factor to
many brain afflictions, ranging from neurodevelopmental to neurodegenerative disorders

[162], 163], 164, 165, 166, 167, 168, 169]. During AD, microglia convey neuroprotective
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as well as neuroinflammatory behavior, that - when maintained - can promote neurotox-
icity [163, [I70]. Despite recent advances in the field, how microglia colonize the brain,
whether and how many distinct states of microglia exist, the association between these
proposed states and specific functions, and the nature of the lasting impact of microglial

dysregulation on the brain remain important and open questions [169].

1.2.1 Ontogeny

Phagocytic microglia were first described by the Spanish researcher Pio del Rio-Hortega
in 1919 (Rio-Hortega, El "Tercer Elemento" de los Centros Nerviosos. 1. La Microglia en
Estado Normal, 1919). Since the discovery of microglia over 100 years ago, their meso-
dermal ontogeny was highly debated up until recently, highlighting their complex nature
[165] 171, I72]. In vivo fate-mapping studies could clearly show that microglia are unique
in origin compared to all other brain cell types, which derive from the neuroectoderm
[173], 174, 175]. In contrast to other phagocytic cells (e.g. peripheral macrophages), mi-
croglia develop from early erythro-myeloid progenitors in the yolk sac, starting at embry-
onic day 7.5 (E7.5) [I76 177]. By E9.5 they begin to migrate into the developing brain,
where they rapidly proliferate and colonize the whole brain parenchyma [I71, 178]. Fol-
lowing a second wave of yolk sac hematopoiesis, the BBB closes at E13.5, hence restricting

the infiltration of other immune cells [179].

The embryonically seeded microglia develop into a population that self-renews throughout
life without significant peripheral contributions [164] [180]. Transcription factors that are
essential for the regulation of microglia development are primarily RUNX1, PU.1 and IRF8
[181]. During later stages of development CSF1R, IL-34 and TGF-$ become additionally
involved and are of equal importance [I81]. Moreover, the preservation of adult microglia
largely depends on the presence and activation of CSFIR. It is known that genetic or
chemical inhibition (e.g. through PLX5622) of this receptor leads to a dramatic drop in
microglia survival, an approach used by scientists for depletion studies [182] 183, 184]. Two
well-known ligands for CSF1R are CSF1 and I1.-34. Although they are both produced by
neurons, CSF1 is additionally released by glial cells [170], [185] [186].

Under physiological conditions, adult human and mouse microglia proliferate in a seemingly
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random way but expand clonally when faced with pathological conditions [I87]. Interest-
ingly, highly conflicting results have been obtained for the predicted turnover rates in mice,
ranging from three months [I88] to 15-28 months [I89] and even 41 months for a complete
turnover in the cortical area [187]. Similarly converse results were obtained when studying
the self-renewing capacity of human microglia. One study predicted human microglia to
self-renew an estimated 100 times during an average lifespan of 80 years (approx. every 10
months) [188], while another study showed that they renew at a much slower pace with an

average turnover rate of 4.2 years (50 months) [190].

1.2.2 The physiological role of microglia in the CNS

Microglia are key players during brain development but also throughout adulthood. They
are now characterized to execute different programs with unique molecular signatures [168]
191]. During embryonic and early postnatal development microglia show a less ramified,
ameboid morphology (similar to tissue-resident macrophages), which suggests a higher level
of activation and phagocytosis [191, 192]. Amid this crucial developmental stage, microglia
have been shown to clear excessive or apoptotic neuronal precursor cells [I88] 193] but also
to promote neuronal precursor proliferation and maturation [194], thereby fundamentally
influencing neurogenesis. Furthermore, a very thorough series of publications by Beth
Stevens and colleagues could nicely show how microglia in the developing brain are involved
in a process called synaptic pruning, a tightly regulated mechanism involved in the removal
of excess synapses for the correct establishment of neuronal networks [195] [196], 197, [198].
Besides neurons, microglia have been shown to support the development and function
of oligodendrocytes and are additionally involved in the process of postnatal myelination
[199, 200]. Studies performed in global CSF1R-deficient mice led to a depletion of microglia
and subsequently resulted in manifold brain abnormalities and premature death, further

supporting the essential involvement of microglia in the developing brain [201].

In the adult mouse brain, microglia are homogeneously distributed with an average of 6500
cells/mm? (Fig. 7a) [08], although regional differences are also observed [192]. In contrast
to developing microglia, adult cells show a ramified morphology with highly motile second-
order branches and filopodia, which allow them to survey the brain parenchyma (Fig. 7b)

[100].
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Figure 7: Microglia show a ramified morphology in the healthy adult mouse brain.

(A) Microglia labeled with Ibal (green) show a homogeneous distribution and ramified morphology. (B)
Closeup image of a single microglia. Images were acquired in the hippocampal CA1 layer of a healthy,
adult C57B1/6J mouse. Scale bars represent 50 and 5 pm, respectively.

1.2.2.1 Characterization of homeostatic microglia

Microglia, as key regulators of the CNS environment, have been deeply characterized at the
molecular level. Despite the detection of region-specific differences [169] 202], common pro-
files of homeostatic microglia are frequently observed, especially at the transcriptomic level.
These so-called homeostatic signatures contain but are not limited to P2ry12, P2ryl3,
Tmem119, Cx3crl, HexB, Salll, Siglech, Csflr, Olfml3 and Gpr34 [203 204] 205l 206, 207].
Interestingly, translational studies could identify several homeostatic signature genes in
healthy human microglia [208, 209]. In fact, Galato and colleagues could show a sub-
stantial overlap between murine and human microglia transcriptomic profiles (e.g. P2ry12
and Cz8crl), although differences were also observed, especially during age-related changes
[208]. Of note, in another study aged but otherwise healthy human microglia showed a pro-
gression towards an AD-related phenotype with the upregulation of several AD risk-genes

such as Trem?2, Sorll, CD33 and MS4A4A [209).

Sensing subtle changes in the brains microenvironment is one of the major functions of
microglia, which is why they express a specific cluster of genes to perform this task, called
the sensome. The sensome is mainly composed of receptors which allow the microglia to

detect various kinds of threats. To sense pathogen-associated molecular patterns (PAMPs)
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and damage-associated molecular patterns (DAMPs), microglia are equipped with pattern-
recognition receptors (PRRs), such as scavenger receptors (SRs) (e.g. Cd14, Cd36, Cd47),
toll-like receptors (e.g. Tlr2, Tlrd, Tlr7, Tlr13) and C-type lectin receptors (e.g. Clecba,
Clec7a, Clec4a3) [170] 210]. Additionally, the sensome contains purinergic receptors (e.g.
P2y12, P2y13) to sense extracellular ATP released by dying neurons and cytokine and
chemokine receptors (e.g. Cx3crl, Cerb, Csflr, Tgfbrl, Tgfbr2) to respond appropriately
to cues released from other cells [I70], 210]. As the brains resident immune cells, microglia
respond to threatening changes in their environment by releasing a powerful cocktail of pro-
inflammatory cytokines (e.g. IL-1B, IL-6 and TNF-a) that activates nearby glia, including
astrocytes, thereby promoting an inflammatory phenotype [168]. Nevertheless, microglia
display exceptional plasticity and are known to vary their response tailored to the type of
insult. For example, a bacterial infection results in the production and secretion of pro-
inflammatory factors, while the phagocytosis of apoptotic cells and debris is accompanied
by the increased production and release of anti-inflammatory factors [211]. Moreover, they
are also described to act as antigen-presenting cells (APCs). Similar to macrophages, B-
cells and dendritic cells, they express the major histocompatibility complex IT (MHCII)
together with costimulatory factors required for the presentation of foreign antigens to
T-cells [I70]. To prevent a state of overactivation in microglia, they are additionally
equipped with several checkpoint mechanisms which are mainly triggered through the
direct interaction with neurons [2I1]. Some receptor-ligand interactions known to induce
a non-reactive state are described for Cx3crl - Cx3cll and CD200R - CD200, with the

receptors expressed by microglia and the ligands by neurons [211], 212, 213].

Apart from the often described homeostatic markers Tmem119, P2y12 or Cx3crl, resting
but also active microglia are often immunohistochemically visualized with primary anti-
bodies against the ionized calcium-binding adapter molecule 1 (Ibal) (e.g. Fig. 5, 7).
Cytoplasmic Ibal has actin-bundling activity and is involved in membrane ruffling and
phagocytosis [214] 215], 216]. Another marker for microglia but also macrophages is the
cluster of differentiation 11b (CD11b), which is part of complement receptor 3 (CR3) and
binds to antigens to facilitate their uptake. Another important microglia marker is the
cluster of differentiation 68 (CD68), which, as lysosomal marker, is commonly taken as

surrogate for activation, although modest levels are also found in homeostatic cells [216].
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Overall, microglia are highly dynamic, powerful cells, that are equipped with a wealth
of sensing and reactive mechanisms. Their sensitivity allows them to respond swiftly to
changes in the microenvironment and helps to defend it against exo- and endogenous

threats but also to maintain brain homeostasis and a healthy neuronal architecture.

1.2.3 Microglia in Alzheimer’s Disease: a double-edged sword

The precise role of microglia in AD but also other neurodegenerative diseases is still unclear,
due to conflicting studies identifying both beneficial as well as detrimental effects mediated
by microglia. As a result, the function of microglia during extreme pathological challenges

has been aptly termed a "double-edged sword" [217].

As discussed earlier (section 1.1.1.3), prominent clusters of activated microglia can be found
in both murine and human AD tissue surrounding plaques (Fig. 5a) [218]. Earlier in vivo
two-photon studies reported that microglia react almost immediately to forming amyloid
plaques by polarizing their processes and start migrating towards the source [219] 220]. As
our brains sentinels, they aim to eliminate toxic insults. To achieve clearance, they express
distinct receptors that help to identify and bind AP [163] 22I]. To further increase AP
removal efficiency, they initiate an inflammatory response which attracts more glia cells
[222]. Intriguingly, although the reasons for this are still unknown, it has been shown that
the phagocytic capacity of microglia in AD is compromised [223, 224]. As AD progresses
and its diverse pathological aspects can not be resolved, inflammation becomes chronic.
This inevitably leads to neurotoxic side effects mediated by pro-inflammatory cytokines and
uncontrolled pruning of synapses by microglia [163} 222] 225]. Although not intended as a
feasible treatment, depletion of the microglia cell population in AD mouse models prevented
spine as wells as neuron loss and reduced inflammation, pointing to the detrimental role

of microglia during the chronic phase of this disease [226, 227].

In general, microglia seem to have a beneficial effect during the early stages of AD, which
later on may become disadvantageous due to impaired or insufficient clearance and degrada-
tion of A deposits. Thus, identifying and analyzing the molecular mechanisms underlying
microglial deterioration is fundamental for the identification of novel therapeutic targets

that could help increase amyloid clearance and reduce neuroinflammation.
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1.2.3.1 Mechanisms of abeta clearance in the CNS

There are two main mechanisms described for the clearance of A from the brain. One
involves its drainage or transport to the peripheral blood and lymphatic system, while the
other deals with its on-site degradation within the CNS [228]. The general mechanism of
AQ clearance from the brain into the peripheral blood stream centers around low-density
lipoprotein receptor related protein 1 (LRP1) and receptor for advanced glycation end
products (RAGE), which are located within the cerebral endothelium. Binding of Af to
LRP1 and RAGE promotes its transcytosis across the BBB, thereby sequestering 70-90
% of plasma AP peptides in healthy individuals [229, 230]. It has been found that the
expression of LRP1 is significantly reduced in AD patients, which probably contributes to
the accumulation of toxic amyloid species [230], 231]. Furthermore, it has been suggested

that APOE might be involved in LRP1-mediated transport of Af across the BBB [231].

Local extracellular clearance of Af takes place through various degrading proteases, such as
NEP, IDE, ECE1, ACE, MMP9 and PreP. However, the two metallo-proteases Neprilysin
(NEP) and Insulysin (IDE) are considered to be the two major AB degrading enzymes
[17, 221]. NEP is a type II integral membrane protease, facing the extracellular space with
its active domain. It is primarily expressed by neurons, microglia and astrocytes and is
believed to be the most effective amyloid-degrading protease [228]. Interestingly, decreased
levels and reduced activity of NEP in the brains of AD patients have been found to inversely
correlate with AP accumulation and clinical diagnosis [232]. On the other hand, the zinc
metallo-protease IDE is mainly found as a cytosolic protein in microglia but also at the
cell surface of neurons [228], 232]. Additionally, it was shown that microglia secrete IDE

via an exosome-associated unconventional secretory pathway [233].

Further clearance of AP is achieved through internalization and degradation by microglia
and astrocytes, although those processes have been described more thoroughly for mi-
croglia [104]. Different mechanisms have been reported for the uptake of amyloid particles,
depending on its aggregation state, e.g. pinocytosis, receptor-mediated phagocytosis and
endocytosis (Fig. 8) [102] 104) 234]. Microglia mediate the clearance of soluble AB (sAp)
through a process called fluid-phase macropinocytosis, which is distinct from other endo-

cytic pathways [235]. This process involves the formation of pinosomes and macropinocytic
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vesicles through the closure of membrane ruffles and depends on actin-mediated cytoskele-
tal rearrangements [235]. On the other side, fibrillar AB (fAB) was shown to be cleared
by microglia via receptor-mediated phago- and endocytosis [236], 237, 238]. Various kinds
of receptors can be included in this process, such as scavenger receptors (SR) (e.g. SR-A,
SR-B, CD36, CD40, CD47) together with co-receptor CD14, RAGE receptors, Fe-receptors
(FcR) (e.g. FeyRI, Fe,RIT and Fe,RIII), TREM2 and the complement system (Clq and
C3) [104, 234]. Binding of fibrillar AP to one of those receptors triggers an internal signal-
ing cascade that initiates phagocytosis of the bound material [22I]. The formation of the
phagocytic vesicle (phagosome) requires actin rearrangements, while receptor-mediated en-
docytosis requires clathrin and dynamin [I02]. Engulfed AB passes through early and late
endosomes before it reaches the lysosome for degradation. There, internalized materials

are enzymatically processed by hydrolytic enzymes such as cathepsins [102] 228].

Phagocytosis Macropinocytosis

Receptor-
mediated/

Clathrin-
dependent
endocytosis

Lysosome <—————— Early endosome

Figure 8: Entrance pathways into the microglial cell.

Larger particles can be taken up by phagocytosis, whereas fluid and soluble particle uptake occurs chiefly
by macropinocytosis. Both processes rely on actin-dependent reorganization of the cytoskeleton. Targeted
internalization occurs through receptor-mediated endocytosis, which highly depends on the coat protein
clathrin and the fission GTPase dynamin. Figure modified from Mayor and Pagano 2007.
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1.2.3.2 Deficiency of microglial clearance in Alzheimer’s Disease

Genes promoting amyloidogenesis in EOAD (APP, PSEN1, PSEN2) are known to impact
the endolysosomal functions of microglia [239]. In particular, early and late endosomes,
as the first compartments along the endocytic pathway, display several functional and
morphological abnormalities, such as impaired transport mechanisms, enlarged endosomal
structures and reduced endocytic/phagocytic function [224, 239]. Moreover, several bind-
ing, uptake and degradation mechanisms of Af and cellular debris have been reported to
fail in stressed AD microglia. A study conducted by Hickman and colleagues reported a
progressive decrease in the levels of CD36, SR-A, NEP, IDE, RAGE and MMP9 in aging
AD microglia, while pro-inflammatory cytokines simultaneously increased [218]. They fur-
ther reported that increasing TNF-o levels triggered the downregulation of Cd36 and Sra
gene expression and reduced AP uptake. This suggests that inflammation indirectly com-
promises A clearance by inducing the downregulation of essential binding receptors [218].
As outlined in later sections, meta analyses of microglia-specific LOAD risk factors have
pointed to failing phagocytic clearance of tissue debris and A3 by microglia as a candidate
key pathological mechanism [103], 150, 240]. Implemented in this process are genes like
TREM?2, BIN1, RIN3, CD2AP, CD33, SORL1 and ABCA7, among many others (Fig. 9)
[103], 150].

Deficiencies in the clearance of toxic amyloid species have also been reported in human AD
patients compared to healthy controls [32]. Moreover, an insufficient lysosomal acidifica-
tion could be linked to defective clearance of fibrillar AB by microglia [241] and autophagic
as well as lysosomal defects were observed during chronic Af exposure in mouse models
and human AD patients [242]. Since aging is still considered the greatest risk factor for the
development of AD, it is important to note that aging, "healthy" microglia progressively
lose their homeostatic signature and display a pro-inflammatory phenotype, which corre-
lates with observed deficiencies in phagocytosis and immune surveillance [243]. Moreover,
it has been shown that microglial phagocytosis of fibrillar AB is reduced during normal

aging processes [244].

Taken together, there is considerable evidence supporting a microglial deficiency in the

clearance of AP and debris as one of the underlying mechanisms for AD development, es-
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pecially LOAD. Thus, a thorough characterization of the molecular and functional changes
in AD microglia and the identification of mechanisms that lead to this decline in clearance
are necessary to identify novel therapeutic options for AD patients.
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Figure 9: Endolysosomal processing in microglia and links to candidate AD risk genes.
Microglia constantly probe membrane fragments by endocytosis (left) and larger particles (e.g. cell debris,
lipids, degenerated synapses) by phagocytosis (right). Inside the cell, the absorbed material reaches early
endosomes or phagosomes, which mature and fuse with acidic lysosomes, forming a phagolysosome. Inside
the trans-Golgi network (TGN), proteins are sorted via retrograde transport and recycling endosomes.
AD risk genes displayed here are overlaid with the cellular compartment they are known or speculated
to regulate. Green indicates AD genes whose decreased expression is associated with increased AD risk;
red indicates genes whose increased expression is associated with increased AD risk; yellow indicates an
unknown expression effect on AD risk. Figure modified from Podlesny-Drabiniok et al. 2020.

1.2.3.3 Transcriptomic characterization of microglia in Alzheimer’s Disease

As previously discussed (sections 1.1.4 and 1.2.3.2), the huge amount of data provided
by GWAS and sequencing studies linking microglia-specific genes with an increased risk
of developing AD, has put microglia in the spotlight of scientific attention. All the more
since microglial phagocytosis emerged as a disease-associated process [I50]. Since 2015,
the number of publications analyzing microglia in the context of AD has increased almost
exponentially (source: pubmed timeline). In particular, transcriptomic studies helped to

shape our current understanding of microglial changes in the context of AD.
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1.2.3.3.1 Profiling of murine microglia in Alzheimer’s Disease models

Microglia from AD mouse models were extensively studied using bulk and single-cell se-
quencing approaches. One of the most-cited publications was written by Keren-Shaul and
colleagues in 2017, where they performed single-cell RN Aseq on microglia isolated from the
5xFAD mouse model. They discovered a distinct disease-associated microglia (DAM) pop-
ulation with a specific transcriptomic signature that implied a reactive but also protective
phenotype [245]. They further discovered that the transition into the DAM state requires a
two-step activation: the initial TREM2-independent step triggers the upregulation of genes
like ApoE, Tyrobp (Trem2 adaptor), Ctsb, Ctsd and B2m while simultaneously downreg-
ulating homeostatic markers such as P2ry12, P2ryl3, Tmeml119, Ct3crl and Csflr. The
second step included the Trem2-dependent upregulation of genes involved in phagocytosis
and lipid metablism such as Trem2, Cst7, Clec7a, Lpl, Cd9 and Itgax (CD1lc). Inter-
estingly, a similar signature was found in a mouse model for amyotrophic lateral sclerosis
(ALS) analyzed in the same study [245]. In yet another influential study, Krasemann and
colleagues found a mutual transcriptomic signature in microglia isolated from AD, ALS
and multiple sclerosis (MS) mouse models that largely overlapped with the DAM signature
[246]. However, they found the microglial changes to be associated with the proximity to
neuritic plaques and the phagocytosis of dying neurons and termed this phenotype the mi-
croglial neurodegenerative phenotype (MGnD). Moreover, the MGnD phenotype seemed
to be more neurotoxic and less homeostatic compared to the DAM phenotype. Despite
those dissimilarities, Krasemann and colleagues could also show an upregulation of immune
system relevant genes with a concomitant downregulation of homeostatic markers. They
found those changes to be regulated via two separate signaling pathways that are TGFf3
and Trem2-ApoE dependent [246].

Overall, those studies and others [247, 248] could show that murine microglia, upon ex-
tensive stimulation and persistent stress, upregulate a specific set of genes which can be
associated with increased phagocytic activity, lipid metabolism and inflammation. On the
other side, microglia downregulate genes that are commonly associated with homeostatic
behavior. However, the conclusions drawn by the authors couldn’t be further apart. While

DAM microglia were attributed to convey protection, the MGnD phenotype was connected
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to increased neurotoxicity [245] 246]. More functional studies will be needed to identify
those specific molecular mechanisms that are essential for a protective performance and

those that might be dysfunctional or even detrimental.

1.2.3.3.2 Profiling of human microglia in Alzheimer’s Disease

Microglia isolated from human AD postmortem cases have also been characterized on the
transcriptomic level and present a valuable translational resource. A study conducted by
Mathys and colleagues sequenced single nuclei (snRNAseq) isolated from frozen prefrontal
cortex samples obtained from 24 AD patients and 24 age-matched controls with no or
very little amyloid pathology [249]. They found a sub-population of microglia (termed
Micl) that showed a partial overlap with the DAM signature described by Keren-Shaul
and colleagues (28 genes out of 229 upregulated in DAM), including APOE, SPP1, CD}7
and other MHC-IT genes [245, 249]. However, they also identified genes that did not show

up in the previously analyzed mouse models, such as C1QB and CD1/4.

In another snRNAseq study, Zhou and colleagues analyzed samples obtained from the dor-
solateral prefrontal cortex of 10 human AD patients carrying the TREM2 risk variants
R47H (common Trem2-variant), R62H or WT TREM2 and compared those to 11 age-
matched control samples [250]. They showed that microglia without TREM2 mutations
had few DAM genes upregulated, such as APOE, TREM2, CD68 and MHC-II-related
genes. Surprisingly, they also found some classically homeostasis-associated genes to be
significantly upregulated like P2RY12, CX3CR1 and TMEMI119. The authors suggested
that the similarly upregulated IRFS8 transcription factor could be the main driver for the
upregulation of the homeostatic signature, reminiscent of the IRF8-driven reactive pheno-
type adopted by microglia in peripheral nerve injury cases [250] 251]. Additionally, they
could also show that microglia from carriers of TREMZ2 variants had a reduced activa-
tion profile, which is in line with the previous literature indicating that Trem2 function is

indispensable for the acquisition of a reactive phenotype in AD [245] 246, 250, 252].

A different approach was published by Srinivasan and colleagues, who used frozen superior
frontal and fusiform gyrus tissue to obtain a FACS-sorted CD11b-enriched myeloid frac-
tion from 15 neuropathologically confirmed AD cases and 15 age-matched, non-demented

controls [253]. This study showed a very poor overlap with the murine DAM signature,
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with the exception of APOE. They concluded that those microglia resembled an enhanced
aging profile and termed them "human AD microglia" (HAM). Although the approach is
very intriguing, a notable caveat is the low quality of RNA after purification, which might

additionally explain the weak overlap between mouse and human AD microglia [253].

Taken together, characterization of human AD microglia has revealed a low overlap with the
acquired data from AD mouse models, with the exception of TREM2 and APOE. Although
the aforementioned studies reported limitations regarding the integrity or quality of RNA
due to the usage of frozen tissue, one should also keep in mind the differences between
murine models and human AD patients in terms of pathology. To date, available mouse
models recapitulate either amyloid or tau pathology, with the main focus being on the
plaque producing amyloid models. Those, at best, would recapitulate an early case of AD,
while the analyzed human patient samples were predominantly late-stage cases, which
additionally show prominent tau inclusions and nerve cell loss [254]. Thus, it would not be
meaningful to aim for a one to one comparison between those current studies. Nevertheless,
it highlights the necessity to generate better mouse models and to obtain further insight
into the characterization of human AD microglia, especially at earlier time points. That
way we can identify clinically relevant AD markers that could help to outline a more

accurate disease progression and might also help in developing early-stage biomarkers.

1.3 Microglia-associated risk factors

As discussed earlier (section 1.1.4), sequencing approaches and GWAS have led to the
identification of more than 40 genomic loci that were found to be associated with LOAD
[148]. Interestingly, pathway analyses could show that the variants mapping within GWAS
loci cluster around lipid processing, phagocytosis and functions of the innate immune
response, which are biological processes mainly exerted by microglia. Furthermore, several
risk variants localize within regulatory regions (enhancers or promoters) that are bound
by PU.1, a transcription factor that is crucially involved in the development and function

of myeloid cells [255].

Although GWAS enabled major achievements in recognizing the genetic risks of LOAD,
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further efforts will be needed to decipher the complex link between AD genetics and patho-
genesis. To date, several groups have combined multiple scales of functional data, including
gene expression data, epigenetic annotations, network analyses and GWAS to elucidate the
biological function of rare (found within coding regions) and common (map within non-
coding regions) AD risk variants. Together, these extensive analyses have found that many
genes harboring rare variants are highly expressed in microglia [146] 256], and that com-
mon AD rigk variants are particularly enriched in microglia-specific enhancer regions that
affect cell-type specific gene expression, strongly insinuating microglia in disease etiology
[147, 255]. By integrating chromatin interactions (promoter-capture Hi-C) and summary
data-based Mendelian randomization (SMR), Novikova and colleagues examined the rela-
tionship between the active enhancers of myeloid cells containing common AD risk variants,
target gene expression regulation and the resulting AD risk modification (Fig 10) [103].
They found that the examined variants that convey AD risk also regulate microglia-specific
gene expression. Moreover, they presented candidate causal genes as genome-wide signifi-
cant loci and identified that several of those genes (e.g. BIN1, CD33, CD2AP and RINS,
among others) localize to the endolysosomal network and may therefore regulate endocytic

and/or phagocytic processes [103].
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Figure 10: Candidate causal genes nominated through Hi-C and SMR approaches in 20 loci.
The Manhattan plot depicts common variants from the International Genomics of Alzheimer’s Project
(IGAP) GWAS with the presumed AD risk genes on each chromosome assigned to the respective locus
through Hi-C and SMR approaches. Blue indicates that a decreased gene expression is assumed to convey
an increased AD susceptibility. Red indicates that an increased gene expression is assumed to convey a
decreased AD susceptibility. Yellow indicates that the directionality of gene expression can not be robustly
inferred with increased AD susceptibility. The TREM2 locus is not shown since a well replicated loss-of-
function mutation was found. The PICALM locus is not shown since the predicted gene from this study
is not expressed in microglia. Figure modified from Novikova et al. 2021.

1.3.1 TREMZ2 and other rare Alzheimer’s Disease risk variants

Whole-exome sequencing and microarray studies have discovered rare coding variants lo-
cated within protein-coding sequences of genes such as TREM2, PLCG2, SORL1, ABI3
and ABCAY, that play important roles in microglia but also myleoid cells of the periphery
[114], 146], 257, 258]. A great advantage of those studies is the direct link between func-
tional variants and causal genes, thus providing more imminent clues on how disease risk

is modulated.

In TREM?2, the partial loss-of-function (LOF) missense mutation R47H has been found to
increase AD risk approximately 4-fold [114]. As a known AP receptor, TREM2 LOF im-
pairs Af recognition and phagocytosis, thereby enhancing Af3 load and disease susceptibil-
ity. This notion is supported by multiple studies. For example, TREM2-deficient primary

micrglia were shown to have a decreased phagocytic capacity for amyloid plaques [259].
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Moreover, TREMZ2-deficient AD mice displayed a reduced capacity to recruit microglia to-
wards amyloid plaques and had an elevated Af load compared to non- TREM2-deficient AD
mice [109] 252]. On the other hand, bacterial artificial chromosome (BAC)-mediated over-
expression of TREMZ in AD mice could reprogram microglial responsivity and ameliorated
amyloid pathology through increased phagocytic activity [260]. Comparable observations
were made by Jiang and colleagues who used a lentiviral carrier for TREM2 overexpression
in primary microglia and an AD mouse model. Here, the reduced Af deposition was ac-
companied by a diminished neuroinflammatory phenotype and synapse loss, together with
improved spatial cognitive function [261].

Taking this into account, the frequently observed microglial upregulation of TREM2 in
the context of AD seems to serve as a compensatory mechanism and subsequently protects

against AD progression by modulating microglia function.

Another candidate gene in which rare genetic variants have been detected is PLCG2, a
member of the phospholipase C, family. It colocalizes and shares a common interactome
with TREM2 and is likely a downstream signaling effector [262]. The identified P522R
polymorphism maps within the PLCG2 regulatory region and has been associated with a
decreased risk of AD development [146]. Importantly, this variant slightly increases PLCG2
enzymatic activity, thus acting as a gain-of-function (GOF) mutation [262]. Similar to
TREM?2, PLCG2 is highly abundant in microglia and its expression increases further in

microglia surrounding amyloid plaques [262].

Rare LOF variants have also been detected in ABCA7, a member of the highly conserved
superfamily of ATP-binding cassette (ABC) transporters, that could be associated with
an increased diseases susceptibility [257]. Similarly, several nonsense mutations lead to
a reduced ABCA7 expression and increased AD risk [263]. Moreover, common variants
within the ABCA7 locus were also shown to be associated with AD [145]. ABCA7 is
abundantly expressed in myeloid cells of the periphery and microglia in the CNS where it

is thought to play a role in phagocytosis [264].
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1.3.2 BIN1 as a common Alzheimer’s Disease risk variant

To date, genetic studies of sporadic AD identified more than 40 common non-coding vari-
ants to be associated with AD development [I48]. Among those, several genes were impli-
cated to have functions in the regulation, trafficking and maturation of early endosomes,
including BIN1, CD2AP, SORL1 and PICALM [265] 266], 267|. Interestingly, the BIN1
(bridging integrator 1) locus was identified to be the most significant susceptibility locus
in AD after APOE [268]. Moreover, recent integrative bioinformatic approaches revealed
that the BIN1 gene is the strongest causal candidate within the BINT locus. Furthermore,

the authors could link lower expression of BINI in microglia with increased AD risk [103].

1.3.2.1 BIN1 physiology
1.3.2.1.1 BIN1 isoforms and cellular distribution

BIN1, a member of the BIN1/Amphiphysin/RVS167 family, is widely expressed in the
cytosol of various mammalian brain cells and other tissues, such as skeletal muscles [269].
It produces multiple isoforms that differ in their subcellular localization, tissue distribution
and protein interactions, highlighting its diverse functional roles (discussed in the section
below). It is composed of 20 exons that encode distinct structural elements, including an N-
BAR domain, a phosphoinositide (PI) binding motif, a clathrin and AP2 (CLAP) binding
domain, a Myc-binding domain (MBD) and a Src homology (SH3) domain (Fig. 1la)
[270]. The N-BAR domain is encoded by exons 1-10 and is involved in the modulation of
membrane curvature [271]. The PI binding motif is encoded by exon 11 and is only present
in few BINT isoforms [270]. Those isoforms are presumably involved in lipid-mediated cell-
signaling and membrane trafficking [272]. Exons 13-16 were shown to encode the CLAP
domain, which is critically involved in endocytic processes [273]. The MBD, encoded by
exons 17 and 18, is engaged in the regulation of the transcription factor c-Myc, which
modulates histone acetylations [274]. Finally, the SH3 domain, encoded by exons 19 and
20, was shown to directly interact with proteins that have proline-rich domains, such as
dynamin and Tau [275] 276]. The majority of BIN1 trascripts encodes low molecular weight
(65-75 kDa) isoforms.

In humans, alternative splicing of BINI generates 14 RNA transcripts that are trans-

32



lated into 11 respective protein isoforms (Fig. 11b) [270]. Isoforms with a CLAP domain
(isoforms 1-7) were shown to be brain specific, while isoform 8 is found in muscle tissue
only [277]. Isoforms 9 and 10 are expressed in both brain and muscle tissue [277]. Using
antibodies targeting specific epitopes of BIN1 in human brain tissue as well as mRNA
expression data, Taga and colleagues recently identified three isoforms that are expressed
in neurons and astrocytes (isoforms 1, 2 and 3) and four isoforms expressed in microglia
(isoforms 6, 9, 10 and 12) [270]. However, high expression of BIN1 has also been reported
for mature oligodendrocytes (Fig. 11d), especially in the white matter [278]. Due to the
limited number of commercially available antibodies targeting exon-selective epitopes of
BIN1 and the more recent discovery of multiple isoforms being expressed by a single cell
type, some conclusions drawn from earlier publications ought to be revised carefully.

In the murine brain, according to the ensemble database, BINI is expressed in two vari-
ants (Fig. 11c). Transcript ENSMUST00000025239 encodes for BINT isoform 1 (Uniprot
008539-1), which shows 94.8 % homology with human BIN1 (hBIN1) isoform 1. The sec-
ond transcript, ENSMUST00000091967, encodes for BIN1 isoform 2 (Uniprot Q6P1B9)
and shows 95 % homology with hBIN1 isoform 6. Crotti and colleagues could show that
murine BIN1 (mBIN1) isoform 1 is predominantly expressed by neurons, while isoform
2 could be associated with microglia and to a lesser extent myelinating oligodendrocytes
[279]. Isoform 2 was additionally found to be specific for microglia among myeloid cells,
as it is expressed at insignificant levels by monocytes, bone-marrow derived and peritoneal
macrophages [279, 280]. Moreover, they found that microglia express by far the highest
levels of BIN1, followed by oligodendrocytes and neurons (Fig. 11e) [279).
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Figure 11: BIN1 isoforms and cellular distribution in humans and mice.

(A) General scheme of motifs and domains included in the BIN1 protein. (B) Diagrams of the 11 human
BIN1 isoforms. Exons 2-6 are left out since they’re found in all isoforms. (C) Diagrams of the two BIN1
isoforms found in mice. mBIN1 isoform 1 was found to show 94.8 % homology with hBIN1 isoform 1
and is mainly expressed in neurons. mBinl isoform 2 shows 95 % homology with hBIN1 isoform 6 and
is mainly expressed by microglia. (D) scRNAseq data showing the cellular distribution of BIN1 in the
human brain. (E) scRNAseq data showing the cellular distribution of BIN1 in the murine brain. Figure
(A)-(C) modified from Taga et al. 2020; (D)+(E) modified from brainrnaseq.org, based on Zhang et al.
2014 and Zhang et al. 2016.

1.3.2.1.2 BIN1 function

While the purpose of BIN1 in neurons has been studied quite extensively, its roles and
functions in microglia remain comparably understudied. Nevertheless, those studies rep-
resent valuable resources, as they might entail corresponding functions for BIN1 in mi-
croglia. So far, BIN1 has been implicated in various cellular mechanisms such as endo-

cytosis, actin dynamics, inflammation, membrane trafficking, DNA repair and apoptosis
[281), 282, 283, 284, 285].

Neuronal BIN1: links to axonal and synaptic vesicle trafficking

On the subcellular level, neuronal BIN1 is broadly distributed across endolysosomal struc-
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tures, including early and late endosomes, lysosomes and recycling endosomes [286]. More-
over, BIN1 can be found at axonal initial segments, nodes of Ranvier [277] and along ax-
onal tau neurofilaments [278] 287]. Indeed, neuronal BIN1 was found to be involved in
the polarized (axonal) endolysosomal transport and also amyloidogenic processing herein.
It was shown in primary hippocampal neurons that BIN1 controls the generation of A{
through regulation of the endocytic trafficking of APP and BACE1 [288]. Additionally, it
is involved in the ubiquitin-dependent and -independent mechanisms of APP- and BACE1-
trafficking to lysosomes, respectively [288], 289]. Importantly, those studies showed how a
BIN1 loss-of-function could contribute to the slow accumulation of A in neurons dur-
ing LOAD [288] 289]. Technological advances in the field of fluorescent microscopy and
the preparation of synaptosomes from whole brain tissue led to the detection of neuronal
BIN1 in synaptic terminals [290] 2911 [292]. Using structured super-resolution illumination
technology (SIM), Schiirmann and colleagues could recently show that BIN1 is enriched
in postsynaptic compartments, including spines [292]. It was shown that BIN1 colocalizes
with major components of the endocytic machinery and small GTPases that are part of
the exocytic pathway. Moreover, BIN1 knockdown disrupted postsynaptic trafficking of
vesicles and receptors and reduced spine size [292]. In another recent publication using
super-resolution and immunoelectron microscopy, De Rossi and colleagues could show that
conditional knock-out (cKO) of BINT in neurons resulted in a deficit of presynaptic vesicle
release and a slower depletion of neurotransmitter following stimulation [291]. The further
observed deficits in synaptic density, spatial learning and memory [291] provide significant

insights into AD-relevant functions of BIN1 in synapse physiology.

Microglial BIN1: links to phagocytosis and endolysosomal processing

Although sparse, there are some studies pointing to compelling functions for microglial
BIN1. RNAseq of microglia harboring a ¢cKO for BINI revealed that they had signifi-
cantly reduced mRNA levels of several chaperones known to be involved in proteostasis
and clearance (e.g. Hspa8, Hsp90aal, Hsp90abl, Dnajal and Dnajbl) [279] 293], strongly
implicating that microglial BIN1 function centers around those processes. Unfortunately,
this was not the main focus of the paper and the authors did not follow up on this. Never-
theless, based on studies analyzing BIN1 function in neurons and the high sequence sim-

ilarity between isoforms, more recent reviews have been speculating about potential roles

35



of BIN1 in microglia. Probably the most discussed theory is that BIN1 is involved in early
endosome function, trafficking and phagocytosis [149, 150} 285]. Moreover, a compelling
mechanism was proposed in which BIN1 acts as a downstream effector of TREM2. The
authors suggest that activation of the transmembrane TREM2/DAPI12 complex through
extracellular binding of PAMPs or DAMPs to TREM2 may activate a cytosolic protein
complex consisting of SHIP1, CD2AP, RIN3 and BIN1, resulting in the increased uptake
and degradation of lipids, debris and AP [294], 295, 296]. However, although tempting
and sensible assumptions were made in recent years regarding BIN1 function in microglia,
very few have been actively explored. One reason for this could be that microglia are
notoriously difficult to transfect, especially in vivo, and the generation of microglia-specific
cKO or cKI mouse models (e.g. Binl//#1::Cx3Cr1-Cre*) is very time-consuming and cost-
intensive. Another layer of complexity is added when taking into account that microglia
are highly efficient macerators of unknown or unwanted substrates and if in doubt, tend to
throw out material via exocytosis [297]. Notwithstanding, given that the microglial BIN1
locus ranks as the second most prevalent LOAD risk factor after APOE [26§], a thorough
understanding of the homeostatic processes influenced by BIN1 would help to unravel how

this intricate protein participates in the progression of AD.

1.3.2.2 Pathological implications for Binl

Conflicting results from the available literature suggest that BIN1 may have opposing
effects during different stages of AD, or that neuronal and microglial BIN1 have discrete
roles during the disease. Moreover, it is still under debate if BINI expression directly
influences the development of AD neuropathology. In the following section, the most

recent advances in the field will be discussed.

BIN1 and neuropathologial hallmarks

Several lines of evidence support the notion that BINI is involved in key pathological
characteristics of AD. Aberrant accrual of BIN1 near and in amyloid plaques has been
observed in multiple transgenic AD mouse models as well as human AD patients [29§].
Intriguingly, older individuals without dementia carrying the BINI rs744373 risk allele
showed increased tau-PET levels and impaired memory performance but no association

with amyloid-PET [299]. Other studies found an inverse correlation between smaller BIN1
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isoforms and the amount of neurofibrillary tangles [300]. Nevertheless, the directionality

and mechanisms through which BINI confers risk in LOAD remain unclear.

BIN1 expression level changes in the context of AD

Multiple studies have reported a significant decrease of brain-specific BIN1 isoforms con-
comitant with an increase in ubiquitous BIN1 isoforms [278] 298] 300, B0I]. A study from
2012 investigated the potential correlation between clinical features of AD in 73 post-
mortem AD tissue samples and their BINI expression level. Interestingly, the results
suggested that patients with higher transcript levels of BIN1 were likely to have a later age
of disease onset [I44]. Another, more recent study investigated the association between
BIN1 promoter methylation in peripheral blood samples and preclinical AD symptoms
[302]. Their main finding was that hypomethylation of the BIN1 promoter could be asso-
ciated with early pathological changes in CSF AD core biomarkers, especially AB-related
markers [302]. Mixed results regarding AD-related changes in BINI were described in
a comprehensive study performed by Zhu and colleagues. Using peripheral blood eQTL
data they identified the genome-wide significant SNP rs11682128 to be linked with BIN1
gene expression and increased AD risk [303]. Albeit their SMR results suggest that SNP
rs11682128 could upregulate BIN1 expression in blood, they found that BINT mRNA levels
were significantly downregulated in the hippocampus from AD patients [303]. Although
important, the apparent difficulties of human studies highlight the need to address those

questions in a more specialized cell type-based approach.

Neuronal and microglial BIN1

At present, identifying relevant variants of LOAD pathogenesis and determining tissue
and cell type-specific effects persist as major issues. Despite being challenging to dissect,
the affiliation between BINI and AD is evident and urges for more in-depth analysis of
separate cell populations. Loss of BIN1 expression in cultured primary neurons was shown
to elevate AP production and could be linked to reduced endolysosomal trafficking and
degradation of of BACEL [289], which is in line with other reports [28§]. In addition, the
well-described interaction between BIN1 and tau [276l, 278, 287] leads to the assumption
that changes in BIN1 protein levels might influence tau pathology. Knockdown of BIN{
in cultured neurons promoted tau propagation by modulating its endocytic flux, while

BIN1 overexpression inhibited the process [290]. Intriguing results were also obtained
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when analyzing the link between BIN1 and microglia in the context of AD. In contrast to
the previous study, P301S mice harboring a cKO for BIN! in microglia were shown to have
reduced tau protein secretion [279]. An important study was conducted by Nott et.al. who
deleted a putative microglia-specific enhancer region harboring several SNPs (e.g. known
AD risk variant rs6733839) which resulted in ablation of BIN1 expression in microglia, but
not neurons or astrocytes [147]. These findings were of particular importance, since they
showed for the first time that SNPs located within the BINI locus are indeed linked to
BIN1 expression, and identified microglia as key risk carriers. Shortly afterwards, Novikova
et.al. convincingly related lower expression of BINI in microglia with an increased risk to
develop AD [I03]. Those studies further promote microglia as important contributors to

LOAD and give meaningful insights into the risk directionality of BIN1.

The current literature suggests that neuronal and microglial BIN1 could be substantially
involved in the exacerbation of AD pathology, albeit probably through different mecha-
nisms. Several studies imply that dysregulation of neuronal BIN1 could lead to changes in
AR generation and processing and tau propagation [288| 290]. However, in vivo validation
data as well as neuron-specific analysis of BIN1 levels in the context of AD are still missing.
Although functionally not well defined, microglial BIN1 was found to harbor AD-relevant
SNPs within its enhancer region [I47] and its downregulation was recognized to have ad-
verse effects on AD development [103]. Interestingly, the hypomethylation of the BIN1
promoter identified in preclinical AD patients [302] could imply a biphasic behavior of
BIN1. The early upregulation of BINI would fit the latest observations that initially,
microglial activity is beneficial and later on becomes detrimental as the disease progresses
and cells are overwhelmed with increasing amounts of amyloid and cellular debris (section
1.2.3). As discussed earlier, microglial phagocytosis and lysosomal processing are impaired
in mouse models as well as human AD patients [32 224, 304] (section 1.2.3.2). Given
that microglial BIN1 is implicated to be involved in those processes (section 1.3.2.1.2), it
seems feasible to assume that in the context of AD, downregulation of BIN! contributes to
the phagocytic impairment of microglia. On a broader scale, the proposed multifactorial
dysregulation of microglia phagocytic function (through risk factors like BIN1, TREM2,
CD33, CD2AP and RIN3) could substantially contribute to the sustained deterioration of

microglia and their environment observed in LOAD.
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2 Aims of the study

In recent years, as the brains resident immune cells, microglia have become the focus of
attention in the field of neurodegenerative research. To date, an overabundance of genetic
risk variants and SNPs contributing to LOAD have been discovered in microglial genes
and regulatory elements. This, along with functional studies points to a deterioration of
microglia performance in the context of AD. Although many studies have characterized
microglia at the transcriptome level, a comparison with matching proteomic data is often
missing. Thus, the first aim of my PhD project focused on sequencing microglia obtained
from aged WT and APPN-G-F mice and subsequently comparing the results to a matching
proteomic data set. With this study I intended to elucidate the underlying mechanisms of

microglia dysfunction in AD through a more integrative approach.

Nevertheless, deciphering the molecular mechanisms through which common rigk factors
contribute to disease etiology remains challenging. Based on the findings from the previous
analysis, the second main goal of my thesis centered around the characterization of the
homeostatic function of common LOAD risk factor BINI. For that purpose I designed an
AAV-vector to facilitate microglia-specific overexpression of BINI. 1 further established
the culture of isolated primary mouse microglia in our laboratory and subsequently ana-
lyzed the effects of BIN1 overexpression in vitro and performed stereotactic injections in
vivo. With this I anticipated to gain a deeper understanding of the homeostatic processes
influenced by BINI. In turn, this could help unravel how this elaborate protein and risk

factor contributes to the progression of AD.
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3 Materials and Methods

3.1 Materials

3.1.1 Laboratory equipment and general consumables

Instrument Company
Analytical balance (0.0001 - 200 g) Sartorius
Balance (0.01 - 2000 g) Kern
Capillary puller (PC-10) Narishige
ChemiDoc MP Imaging System BioRad
DNA electrophoresis gel system Bio-Rad
Electrophoresis chambers PegLab
Electrophoresis power supply Hartenstein
Electrophoresis system Mini-Protean Bio-Rad
Falcons (15 and 50 ml) Falcon
GentleMACS Dissociator Miltenyi Biotec
Heating and stirring plate Hartenstein
Impulse Sealer PFS200 Hanchen
Mastercycler Pro (vapo protect) Eppendorf

MilliQ plus filtration system

Merck Millipore

Mini Rocker-Shaker

A. Hartenstein

PCR tubes Neolab

pH meter Mettler Toledo
Pipette controller Accu-Jet Pro Brandtech
Pipette set Eppendorf
Pipette tips (2, 10, 100, 200, 1000 pul) Sarstedt
Protein electrophoresis and transfer system Bio-Rad
Serological pipettes (2, 5, 10 and 25 ml) Sarstedt
Tabletop centrifuge Eppendorf
Tubes (0.5, 1.5 and 2.0 ml) Eppendorf
Ultrasonic waterbath Brandelin
Vibratome VT1200S Leica
Vortex mixer Hartenstein

Table 3.1: List of Laboratory equipment and consumables used in this study
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3.1.2 Cell culture equipment and consumables

Instrument

Company

Cell culture treated dishes (Nunc)(3.5 and 6 ml)

Thermo Scientific

Cell culture treated flask with filter cap (Nunc)

Thermo Scientific

Cell culture treated well plates (Nunc)(24 wells)

Thermo Scientific

Centrifuge (5810R)

Thermo Scientific

CO2-incubator (humidified)(Heracell 150i)

Thermo Scientific

Dissecting Forceps (tooth)

Thomas Scientific

Glass Pasteur pipettes

VWR

Laminar flow hood

Thermo Scientific

Minisart single-use filter unit (PES 0.22 pum) Sartorius

Oven (UF 30) Memmert
Porcelain cover glass staining rack Thomas Scientific
Round glass coverslips (@ 13 and 15 mm) Marienfeld
Staining trough (glass) Carl Roth
Stericup filter bottle (500 ml, 0.22 pum pore size) Corning

Syringes (20 ml) Terumo

Thermal beads water bath GFL

Table 3.2: List of cell culture equipment and consumables used in this study

3.1.3 Surgical instruments

Instrument Company
Bepanthen eye ointment Bayer
Bone wax Ethicon
Disposable scalpels VWR
Drill and Microinjection Robot Neurostar

Dumont No.2, Laminectomy Forceps

Fine Science Tools

Dumont No.5, Laminectomy Forceps

Fine Science Tools

Glass capillaries (@ 1.14 mm)

WPI

Hardened fine scissors, straight

Fine Science Tools

Heating pad

Fine Science Tools

Hot Bead Sterilizer

Fine Science Tools

Large spatula, double-ended, one round end

Heathrow scientific

Peristaltic pump (MiniPump variable flow)

Fisherbrand

Thin spatula, double-ended, one round end

Heathrow scientific

Vicryl absorbable suture

Ethicon

Table 3.3: List of surgical equipment used in this study
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3.1.4 Microscopy equipment

Instrument Company
Confocal microscope (LSM900) Zeiss
Dissection microscope (SZ61) Olympus
Epifluorescence microscope (Axiolmager A2) Zeiss

Table 3.4: List of microscopy equipment used in this study

3.1.5 RNA Sequencing equipment

Instrument Company
Bioanalyzer Agilent
MiniSeq Sequencing System [lumina
QIAcube Qiagen
Qubit Fluorometer Invitrogen

Table 3.5: List of RNAseq equipment used in this study

3.1.6 Animals
3.1.6.1 Mouse husbandry

Mice were bred and kept in the animal housing facility of the Center for Stroke and Demen-
tia Research (CSD) of the Ludwig Maximilians University Munich. Up to six individual
animals were grouped together in standard GreenLine cages (30 x 15 x 20 cm, Tecniplast)
with bedding and nesting material under pathogen-free conditions. Mice were kept under a
standard 12/12 h light /dark cycle and accommodated with food pellets (Ssniff) and water
ad libitum. All animal studies were conducted according to the German Animal Welfare
law and approved by the government of Upper Bavaria. Male and female mice were equally

used for this study.

3.1.6.2 Mouse lines

Mice from the APPN-G-F x GFP-M line used in this study were chosen based on the ab-
sence of the heterozygous GFP-M transgene. The Tg(Thyl-EGFP) transgene (MGI1:4941461)
allows for fluorescent labeling of a subset of principal neurons in the hippocampal and cor-

tical area of the brain, which, in this case, was unnecessary for the study.
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Line Genc‘atlc . Reference | Identifier :Addltlon.a l
modifications information
Line was used for
No genetic The .
C57Bl/6J modifications, wildtype | Jackson RRID:MGI: cross—breedlgg
mice Laboratory 5313568 and generation of
P4-P6 pups
APP KM670/671NL Homozygous
(Swedish), APP E693G humanized ki/ki,
APPNL-G-F | (Arctic), APP I716F Saito et al. | RRID:MGI: | heterozygous for
x GFP-M (Iberian); crossed 2014 6160916 GFP-M, with
in-house with the pure C57Bl1/6J
GFP-M mouse line background

Table 3.6: List of mouse lines used in this study

3.1.7 Reagents, solutions and consumables for different applications
3.1.7.1 Genotyping of transgenic mouse lines

3.1.7.1.1 Primers (Sigma-Aldrich)

Mouse line Primer Sequence (5’ — 37)
APPNL-G-F (App KI) forward CTCCTTGTGGCTGGCGGTCACAC
reverse CTATCGTGGACCGAGAATGGTCATG
GFPM forward AAGTTCATCTGCACCACCG
i reverse TCCTTGAAGAAGATGGTGCG

Table 3.7: Primers used for genotyping of transgenic mouse lines

3.1.7.1.2 Reagents and key consumables

Instrument Company

Agarose Sigma

DNA Ladder (1 kb Plus) Invitrogen

DNA Polymerase (GoTaq G2) Promega

Extracta DNA Prep for PCR tissue QuantaBio

GelRed nucleic acid stain Merck

GelTrack PCR Supermix (2x) QuantaBio

OneTaq HS Quick-Load (2x) New England Biolabs
TAE buffer (10x) Roth

Tris Base AppliChem

Table 3.8: Reagents used for genotyping of transgenic mouse lines
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3.1.7.2 Primary mouse microglia tn vitro applications

3.1.7.2.1 Reagents and key consumables for microglia isolation and culture

experiments

Reagent

Company

AAV/TM6-F4/80-mBIN1-2A-mCherry

Vector Biolabs

AAV /TM6-F4/80-mCherry

Vector Biolabs

Ammonium chloride

Sigma

Bovine serum albumine, protease-free (BSA)

Sigma

C-Chips (disposable hemocytometer)

NanoEntek

CD11b microbeads (mouse and human)

Miltenyi Biotec

C-tubes (for GentleMACS Dissociator)

Miltenyi Biotec

Cytochalasin D (CytoD)

Sigma

Dimethylsulfoxide (DMSO)

Roth

Dulbecco’s Modified Eagle Medium +HEPES
(DMEM/F12)(No.31330038)

Thermo Fisher

Dulbecco’s Modified Eagle Medium high glucose +pyruvate
(DMEM GlutaMax)(No.31966021)

Thermo Fisher

Fetal calf serum (FCS)

Sigma

GM-CSF, recombinant mouse (No.415-ML-010)

R&D systems

Hank’s buffered salt solution (HBSS: Calcium, Magnesium,
no phenol red)(No.14025100)

Thermo Fisher

HEPES (1M) Gibco
Horse serum (heat inactivated) Sigma
L-Cysteine hydrochloride monohydrate Sigma

LS columns

Miltenyi Biotec

MACS Smart strainers (70 pm)

Miltenyi Biotec

Neural tissue dissociation kit (P) (No.130-092-628)

Miltenyi Biotec

Papain from papaya latex (buffered aqueous

suspension)(No.P3125-250MG) Sigma
Penicillin-Streptomycin (Pen-Strep, 100x) Invitrogen
Phosphate buffered saline pH 7.4 (No.10010015) Thermo Fisher
pHrodo™™ Green E.coli BioParticles’™ (No.P35366) Invitrogen

QuadroMACS Separator

Miltenyi Biotec

Trypan Blue

Gibco

Table 3.9: Reagents and key consumables used for microglia isolations and culture
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3.1.7.2.2 Solutions for microglia isolation and culture experiments

Solution

Composition

4 % Sucrose in 4 % PFA

4 % Sucrose
in 4 % PFA; sterile filtered

10x PBS (pH 6.8)
(amount specified for 1 1)

137 mM NaCl (30 g)
2.7 mM KCI (2 g)
10 nM NapHPO, x HoO (18.055 g)

in ddHO
1x PBS (pH 7.4) 10 % 10x PBS

in ddH»50
Ammonium chloride solution 50 mM NH4Cl

in 1x PBS
Blocking solution 10 % FBS
(manual isolation with Papain) in DMEM GlutaMax
Blocking solution 2 % FCS
(primary cell culture stainings) 2 % BSA

in 1x PBS
BSA solution for coating glass Pasteur 4 % BSA
pipettes in ddH»O; sterile filtered
CytoD stock solution 10 mM CytoD

in DMSO

Digestion medium
(manual isolation with Papain)

300 pl Papain

0.01 g L-Cystein

30 41 1 M NaOH

in 9.7 ml DMEM GlutaMax

HBSS+ buffer 7 mM HEPES
in 1x HBSS
0.5 % BSA

MACS buffer 5 A EDTA

in 1x PBS; sterile filtered

microglia culture medium

10 % FCS (heat inactivated)

1 % Pen-Strep

10 ng/ml rmGM-CSF added freshly
(for adult microglia only)

in DMEM/F12 medium; sterile filtered

pHrodo?™ Green E.coli BioParticles”™
working solution

resuspend to 1 mg/ml
in 1x PBS (sterile)
dilute 1:10 in culture

rmGM-CST stock solution

10 pg/ml rmGM-CSF
in 0.1 % BSA-PBS

Table 3.10: Solutions for microglia isolations and culture experiments
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3.1.7.2.3 Reagents and key consumables for RNA sequencing

Reagent Company
Agilent RNA 6000 Nano Kit Agilent
MiniSeq mid/high output Reagent Kit (150/300 cycles) Nlumina
RNeasy Plus Micro/Mini Kit Qiagen
TruSeq RNA Single Indexes set A [lumina
TruSeq RNA Single Indexes set B Mlumina
TruSeq Stranded Total RNA Kit Ilumina
QiaShredder Qiagen
Qubit RNA HS Assay Kit Invitrogen

Table 3.11: Reagents and key consumables for RNA sequencing

3.1.7.3 Mouse procedures: in vivo treatments and histology

3.1.7.3.1 Reagents and key consumables

Reagent Company

4 % PFA Roth
AAV/TM6-F4/80-mBIN1-2A-mCherry Vector Biolabs
Cyano fast glue Hager Werken
Fluorescence mounting medium Dako
Fluorescence mounting medium with DAPI Dako
Microscope polysine slides Thermo Scientific
Normal donkey serum Sigma

Normal goat serum Sigma
Precision cover glasses, thickness No.1.5H (24 x 50 mm) Marienfeld
Sodium azide (NaNj3) Roth

Triton X-100 Sigma

Table 3.12: Reagents and key consumables used for mouse procedures

3.1.7.3.2 Primary antibodies

Company Host Source Identifier | Dilution
Amphiphysin II mouse

Santa Cruz sc-23918 1:100
(2F11) monoclonal
Amphiphysin II mouse

Santa Cruz sc-13575 1:100
(99D) monoclonal
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APP /B-amyloid mouse ) _
Cell Signaling 2450 1:500
(NAB228) monoclonal
Binl rabbit
Abcam ab185950 1:200
(EPR13463-25) monoclonal
B-Actin mouse
Abcam ab6276 1:200
(AC-15) monoclonal
B-Actin rabbit 1:1000
Cell Signaling 5125
(13-E5) monoclonal (Western blot)
rabbit
CD2AP Merck HPA003326 | 1:200
polyclonal
CD68 rat
BioRad MCA1957 1:500
(FA-11) monoclonal
EEA1 rabbit
Invitrogen MA5-14794 | 1:200
(F.43.1) monoclonal
F4/80 rat '
Cell Signaling 71299 1:100
(BMS.1) monoclonal
F4/80 rat
Abcam ab6640 1:200
(CI-A3-1) monoclonal
GAPDH rabbit ) . 1:1000
Cell Signaling 5174
(D16H11) monoclonal (Western blot)
Gephyrin mouse )
Synaptic Systems | 147 021 1:500
(mAb7a) monoclonal
goat 1:500
GFAP Abcam abb53554
monoclonal (Western blot)
Gpm6a rat . AM?26432
Origene 1:500
(321) monoclonal AF-N
rabbit
Homerl Synaptic Systems | 160 003 1:500
polyclonal
B-Actin mouse
Abcam ab6276 1:500
(AC-15) monoclonal
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rabbit
Ibal Wako 019-19741 1:500
polyclonal
rabbit 1:1000
Ibal Wako 016-20001
polyclonal (Western blot)
guinea pig )
Ibal Synaptic Systems | 234 004 1:500
polyclonal
Lampl rabbit
Abcam ab208943 1:100
(EPR21026) monoclonal
mCherry rat
Invitrogen M11217 1:500
(16D7) monoclonal
rabbit
mCherry Abcam ab167453 1:250
polyclonal
NeuN mouse 1:500
Millipore MAB377
(A60) monoclonal (Western blot)
PSD95 mouse '
Synaptic Systems | 124 011 1:500
(108E10) monoclonal
Rabb rabbit
Abcam ab218624 1:500
(EPR21801) monoclonal
Synaptogyrin-3 mouse
YRaptosy Santa Cruz sc-514081 | 1:500
(G-3) monoclonal
Synaptophysin mouse
YRAPTOPRY Synaptic Systems | 101 011 1:500
(7.2) monoclonal

Table 3.14: List of primary antibodies used for Immunofluorescence and Western Blotting

3.1.7.3.3 Secondary antibodies

Fluorescently-labeled (H+L) secondary antibodies Alexa Fluor 405, 488, 594 and 647 were

purchased from Invitrogen and used at a concentration of 1:500. Antibodies were raised

either in goat or donkey.
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3.1.7.3.4 Solutions

Solution

Composition

Anti-freeze solution
(for storage of brain slices at -20 °C)

25 % Glycerol
25 % Ethylene glycol
in 1x PBS

Blocking solution (brain slices)

10 % goat/donkey serum
3 % BSA
in 0.3 % Triton X-100 in 1x PBS

Blocking solution (cell culture)

2 % FCS
2 % BSA
in 1x PBS

Carprofen (applied s.c.)

8 % Carprofen
in NaCl
(final conc. 0.004 mg/g body weight)

DAPI staining (brain slices)

Diluted 1:1000
in 0.3 % Triton X-100 in 1x PBS

Enrofloxacin (Baytril) (applied s.c.)

20 % Enrofloxacin
in NaCl
(final conc. 0.005 mg/g body weight)

Ketamin/Xylazin anesthetic (applied i.p.)

13 % Ketamin

3.25 % Xylazin

in NaCl

(final conc. 0.13/0.01 mg/g body weight)

Permeabilization solution (brain slices)

2 % Triton X-100

storage of perfused brains)

in 1x PBS
e . 0.3 % Triton X-100
Permeabilization solution (cell culture) i 1x PBS
. . . 0.05 % NaN3
Sodium azide solution (short-term i 1x PBS

Table 3.15: Solutions utilized for mouse procedures including histology
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3.1.7.4 Biochemistry: Western Blotting

3.1.7.4.1 Reagents and key consumables

Reagent Company
Amersham ECL Prime Western Blotting Detection Kit GE Healthcare
BC assay (protein quantitation kit) Interchim

Blotting paper

A. Hartenstein

Glycerol Sigma
Immobilon PVDF membrane (0.45 pum pore size) Merck
Methanol (99.9 %) Thermo Fisher
milk powder (blotting grade) Roth
Mini-PROTEAN TGX Gels (4-20 %) BioRad
Ponceau S solution Sigma
Precision Plus Dual Color Standard (protein standard) BioRad
Precision Plus Dual Xtra Prestained (protein standard) BioRad
Protease Inhibitor Cocktail Sigma

Restore PLUS Western Blot Stripping Buffer Thermo Fisher
Sodium dodecyl sulfate (SDS) for molecular biology AppliChem
Triton X-100 Lysis Buffer (pH 7.4) Alfa Aesar
Tris for molecular biology AppliChem
Tween-20 AppliChem

Table 3.16: Reagents and key consumables used for Western blotting

3.1.7.4.2 Solutions

Antibodies used for Western blotting are listed together with histology antibodies.

above, section "Mouse procedures: primary antibodies".

See
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Solution

Composition

Blocking solution (BSA)

5 % BSA
in PBS-Tween

Blocking solution (milk)

5 % non-fat milk
in PBS-Tween

PBS-Tween (PBS-T)

0.1 % Tween-20
in 1x PBS

Running buffer (10x)

30.3 g Tris

144 g Glycine

10 g SDS

fill up to 11 with dH0

Running buffer (1x)

10 % 10x Running buffer
90 % dH50O

Transfer buffer (10x)

30.3 g Tris
144 g Glycine
fill up to 11 with dH2O

Transfer buffer (1x)

10 % 10x Transfer buffer
20 % Methanol
70 % dH>O

Table 3.17: Solutions used for Western blotting

3.1.8 Software

Name Source

Galaxy https://usegalaxy.org

GraphPad Prism 7 https://www.graphpad.com /scientific-
software/prism/

Igor Pro WaveMetrics

Image Lab Bio-Rad

ImageJ FILJI https://imagej.net /software/fiji/

LaTex https://www.latex-project.org/

StereoDrive Neurostar

STRING https://string-db.org/

TexStudio https://www.texstudio.org/

WebGestalt https://www.webgestalt.org

ZEN2012 Zeiss

Table 3.18: Software tools used in this study
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3.2 Methods

3.2.1 Genotyping of transgenic mouse lines

Genomic DNA was extracted from mouse ear or tail biopsies with the AccuStart IT Mouse
Genotyping Kit. In brief, small tissue pieces were submerged in 100 pl Extracta DNA
Prep for PCR -solution and heated to 95 °C for 30 minutes. After cooling down to room
temperature an equal volume of Stabilization Buffer was added to stop the lysis reaction.
Supernatants containing extracted DNA were subsequently stored at 4 °C until further
processing.

For the Polymerase chain reaction (PCR) a master mix was prepared to ensure equal

conditions for all samples. The final volume (20 pl/sample) was composed as follows:

Reagent amount /sample | final conc.
AccuStart IT GelTrack PCR Supermix (2x) 12.5 pl 1x

Forward primer 0.5 pl 10 uM
Reverse primer 0.5 ul 10 pM
Template DNA (added last) 1l 20 uM
ddH»0O 12.5 pl n.a.

Table 3.19: PCR master mix recipe

3.2.1.1 PCR program for APP-KI x GFP-M genotyping

To obtain the correct genotype from the APPN-G-F x GFP-M line two separate PCR
programs had to be performed. One for confirming the homozygous knock-in of the hu-
manized al mutations inside the APP gene (between exons 16 and 17) and the second one
for identifying those mice that were wt/wt for the otherwise heterozygous GFP-M locus.

The following programs were installed on our Thermocycler (Eppendorf) and subsequently

performed for APPNF-G-F and GFP-M locus.
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Step Temperature [°C] | Duration Cycles
Initial Denaturation | 94 3 min 1x
Denaturation 98 10 sec

Annealing 60 30 sec 27x
Extension 68 50 sec

Final Extension 68 2 min 1x
Holding 4 unlimited n.a.

Table 3.20: PCR program used to genotype for APPNF-G-F

Step Temperature [°C] | Duration Cycles
Initial Denaturation | 94 3 min 1x
Denaturation 94 30 sec

Annealing 60 1 min 27x
Extension 68 20 sec

Final Extension 68 2 min 1x
Holding 4 unlimited n.a.

Table 3.21: PCR program used to genotype for GFP-M

PCR products were separated using a 1.5 % agarose gel supplemented with GelRed nucleic
acid stain (1:20000) for visualization of DNA bands. Electrophoresis was carried out in
1x TAE buffer at 80 V for approximately 1 h (depending on gel and fragment size). The
following amplification products were visualized under UV light:

APPNE=G-F 1 /ki: ~ 850 bp (wt/ki: 670 + 850 bp) and GFP-M wt/tg: ~ 173 bp.

3.2.2 Microglia isolation for in wvitro applications
3.2.2.1 Microglia isolation using M ACS technology

Depending on the downstream application, living microglia were isolated with one of two
different techniques. For RNAseq and Western Blotting experiments the GentleMACS
Dissociator was used in combination with the Neural Tissue Dissociation Kit (P) (both
Miltenyi), while P4-6 microglia for cell culture experiments appeared healthier when using
a manual dissociation protocol and a self-made enzyme solution. Both techniques allowed
for successful positive selection and isolation of CD11b-labeled microglia. Brains were not

pooled for any of the downstream applications.
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3.2.2.1.1 Microglia isolation using GentleMACS and Neural Tissue Dissocia-
tion Kit (P) for RN Aseq and Western blotting

12 mo APPNV-G-F and C57B1/6J mice were euthanized without prior COs or other volatile
anesthetic treatment (e.g. Isofluran) to avoid potential adverse effects on microglia activity
|[REF] and to keep the stress level as low as possible. Instead, rapid cervical dislocation was
performed. Afterwards, steps were carried out on ice to preserve the RNA and proteins.
Cerebellum, Olfactory Bulbs and Brain Stem were removed and the remaining brain tissue
(Cerebrum) manually freed from it’s meninges and cut into smaller pieces. Enzymes "A"
and "P" from the Neural Tissue Dissociation Kit (P) were added for enzymatic digestion of
the tissue. Further homogenization was achieved using the GentleMACS Dissociator with
a pre-installed mouse neural tissue dissociation program. After filtration, the obtained
single-cell suspension was incubated with CD11b-coupled magnetic microbeads and loaded
onto LS columns of the QuadroMACS separator. This important step allowed for the
collection of a very pure CDI11b-enriched microglial fraction while the CD11b-depleted
flow-through contained mainly neurons, astrocytes and oligodendrocytes. Both fractions
were manually counted with a C-Chip. Microglial yield was highly dependent on the age
and genetic background of the mouse, ranging from 5 x 10° (younger controls) to 1.7 x
109 (older APPNE-G—F) microglia. Cells were washed with PBS to remove residual BSA,
supplemented with RNase or protease inhibitor, snap frozen in liquid nitrogen and stored

at -80 °C until further processing.

3.2.2.1.2 Microglia isolation using manual dissociation and self-made Papain

solution for cell culture

Cell culture experiments were performed with microglia obtained from C57Bl/6J postnatal
day 4-6 pups (P4-6). According to the Animal Welfare Act pups were rapidly decapitated
using scissors. To ensure a high survival rate of the cells, all further steps were continued
at room temperature. In contrast to the above procedure, the whole brain was used to
compensate for the otherwise low microglial yield from pup brains. Similarly, the brain
was manually freed from its meninges and cut into small pieces. After digesting the tissue
with a self-made Papain solution (buffered aqueous suspension derived from papaya later,

adjusted to 200 U, supplemented with L-cystein) the pieces were carefully homogenized
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using a 2 ml serological pipette and two additional BSA-coated glass Pasteur pipettes
with flame-polished decreasing diameters. Likewise to the procedure above, the single-cell
suspension was loaded onto LS columns and separated into CD11b-enriched and CD11b-
depleted fraction. Depending on the age of the pups, microglial yield varied between 8 x
10° and 1.2 x 10° cells. Subsequently, microglia were manually counted and plated for cell

culture experiments.

3.2.3 Biochemistry: Western Blotting of primary microglia

To initially assess the purity of isolated microglia, western blots were performed for the
microglia-enriched as well as the flow-through fraction of two independent isolations from

12 mo WT mice. Stainings were performed for Ibal, NeuN and GAPDH.

3.2.3.1 Protein extraction and quantification

Snap-frozen cell pellets were resuspended in 100 pl Triton-X-100 Lysis Buffer supplemented
with 1 pl protease inhibitor. Samples were incubated 30 min on ice and subsequently
centrifuged for 15 min with full speed at 4 °C. Supernatants were transferred to a new eppi.
For protein quantification, a standard BC assay was performed. First, eight standards were
prepared from 2 mg/ml BSA standard solution, ranging from 1000 ug/ml to 15.625 pg/ml
plus an additional "empty" tube with 0 pg/ml. To be able to subtract plate background,
the 96-well plate used for subsequent measurements was inserted empty into the plate
reader and measured at 562 nm wavelength. Then, Interchim BC assay reagents A and B
were mixed 50:1 (200 ul/well) and 20 pl standard and diluted samples (10x - 30x in lysis
buffer) added to the 96-well plate. After adding the Interchim mixture to all wells, the
plate was covered with tin foil and incubated for 30 min at 37 °C. Lastly, the microplate was
measured at 562 nm wavelength. Background was subtracted from standard and sample
data and a standard curve plotted containing the respective equation and R2-value. Using
the displayed equation, sample concentrations could be measured and were adjusted to 5
pg/ul with loading buffer. After additional 1:3 dilution in loading buffer, samples were

stored at - 20 °C until further processing.
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3.2.3.2 Western Blotting

For Western Blotting, 10 ug sample and 10 pl marker were loaded in precast MiniProtean
TGX gels submerged in 1x running buffer inside the BioRad MiniProtean electrophoresis
system. Stacking of proteins was carried out at 80 V and subsequent separation at 110 V.
Later on, proteins were transferred onto a methanol-activated PVDF membrane using a
sandwich system in 1x transfer buffer for 1.5 h at a constant current of 300 mA. Afterwards,
membranes were briefly washed in PBS-Tween to remove residual methanol. Blocking was
carried out for 1.5 h with either 5 % non-fat milk or 5 % BSA in PBS-Tween, depending on
the primary antibody requirements. Primary antibodies were diluted in blocking solution
according to the respective data sheet and the membranes covered with solution sealed
inside small plastic bags to reduce the amount of required antibodies. Incubation was
carried out overnight at 4 °C on a slightly rocking shaker. The following day, membranes
were washed three times in PBS-Tween for 10 min each. Secondary antibody solutions
were similarly prepared either in 5 % non-fat milk or BSA in PBS-Tween, ranging from
1:2000 - 1:3000. Incubation was carried out in small, sealed plastic bags for 1 h at room
temperature on a gentle rocking device. Afterwards, membranes were washed three times
with PBS-Tween for 10 min each. Chemiluminescence was detected with Amersham ECL
Western Blotting Detection Reagents and the ChemiDoc MP Imaging System. Further
stainings were carried out after stripping the membranes from its bound antibodies. Blots
were briefly washed twice with PBS-Tween and subsequently incubated for 10 min with
Restore PLUS Western Blot Stripping Buffer on a gentle rocking device. Then, blots were
washed twice with PBS-Tween, incubated for 1 h with the appropriate blocking solution
and subsequently primary and secondary antibodies. Stripping and re-staining of blots

could be performed up to three consecutive times.
3.2.4 Culture of primary microglia

3.2.4.1 Prior arrangements

Round coverslips (13 or 15 mm @) needed for culture experiments were mounted onto
porcelain staining racks and submerged in 65 % Nitric acid for an overnight treatment on

a shaker. The following day the acid was carefully removed and the coverslips washed six
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times at least 20 min with autoclaved ddH2O. Following, the staining racks were put (with
closed lids) into the oven for 1 h at 100 °C and an additional 6 h at 220 °C. Fully sterile

coverslips were placed with forceps into 6 cm petri dishes without overlapping each other.

Additionally, freshly-prepared culture medium was placed inside the COs incubator the
night before to allow for proper gas and pH adjustments. Already adjusted medium could
be used for two weeks while freshly prepared medium could be stored in the fridge for a

month.

3.2.4.2 Culture and handling

Cells obtained from pups were seeded either in 24-well plates at a density of 2 x 10°
cells/well onto a single coverslip or into 6 cm petri dishes at a density of at least 1 x 10°
cells with multiple glass coverslips. Plates were cultured in a humidified incubator at 37 °C
and 5 % COs. The following day medium was carefully aspirated and replaced with fresh
one to remove dead or not fully attached cells. Treatments (AAV or phagocytosis assays)

were started on day 3-4 in culture to ensure that cells had time to recover.

3.2.4.3 Phagocytosis assay with pHrodo Green E.coli particles

Microglial phagocytosis assay was performed as previously described [224], 305]. Briefly,
microglia isolated from P4-6 C57Bl/6J pups were seeded in 24-well plates at a density of
2 x 10° cells/well, creating at least four biological replicates from one animal. After 3-4
days in culture, microglia were visually inspected to confirm an appropriate level of rami-
fication and even distribution within and across wells. Cells were subsequently incubated
with 50 ul of pHrodo Green E.coli BioParticles (Invitrogen) for 1 h (or 30 min for the
shortened phagocytosis assay). As negative control and phagocytosis inhibitor CytoD (10
uM) was applied 30 min prior to the application of pH-sensitive particles. Afterwards, cells
were carefully washed 3x with pre-warmed 1x PBS to remove remaining FE.coli particles.
Fixation and fluorescent staining of cells was performed immediately afterwards. Due to
the sensitive nature of the pHrodo Green BioParticles image acquisition was carried out
within the following day, latest 48 h after application. At least two biological replicates
were used in each experiment per condition and compared to biological replicates from the

same animal (e.g. treated vs. untreated). Experiments were performed as triplicates.

58



pHrodo Green E.coli suspension was prepared according to the manufacturers instructions.
Lyophilized particles were resuspended in autoclaved 1x PBS to a final concentration of
1 mg/ml and stored at 4 °C (protected from light). To assist homogenization of the
suspension it was first vigorously vortexed and the required amount subsequently sonicated
for 5 min in a water bath. Vials containing resuspended bacterial particles could be used

within 4 months after reconstitution.

3.2.4.4 AAV-facilitated mBinl overexpression in cultured primary microglia
3.2.4.4.1 AAV vector design

For microglial overexpression of BINI a custom-made vector was produced by Vector Bi-
olabs [306]. The construct AAV/TM6-F4/80-mBinl-2A-mCherry was designed to specif-
ically overexpress mouse BINT isoform 2 (mBinl). Transgene expression was controlled
by the microglia-specific F4/80 promoter. The fluorescent reporter mCherry was added to
the construct but not linked to BIN1. The produced batch was delivered with a final titer
of 5.2 x 101! GC/ml and stored at - 80 °C after aliquoting.

For in witro control experiments the construct AAV/TM6-F4/80-mCherry was similarly
produced by Vector Biolabs. The manufactured batch was delivered with a final titer of
2.0 x 1012 GC/ml and likewise aliquoted and stored at - 80 °C.

3.2.4.4.2 microglia transduction in vitro

Microglia isolated from P4-6 C57Bl1/6J pups were seeded in 24-well plates at a density of
2 x 10° cells/well, creating at least four biological replicates from one animal. Cultures
were visually inspected under binoculars on day 3-4 after isolation to confirm an appropri-
ate level of ramification and even distribution of cells within and across wells. The Binl
overexpression construct AAV/TM6-F4/80-mBinl-2A-mCherry (5.2 x 10* GC/ml origi-
nal titer) was applied by aspirating 500 pl medium out of single wells and adding 0.2 ul
virus (equaling a MOT of 2500), leading to a final dilution of 1:5000 after reintroducing the
thoroughly-mixed virus-containing medium. Cultures were then incubated for five days at
37 °C and subsequently fixed for immunohistological examination. At least two biological
replicates were used in each experiment per condition and compared to biological repli-

cates from the same animal (e.g. treated vs. untreated). Experiments were performed as
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triplicates.

For control experiments the construct AAV/TM6-F4/80-mCherry (2.0 x 1012 GC/ml orig-
inal titer) was used. To facilitate a proper comparison between overexpression and control
construct the MOI was calculated similar for both treatments. The higher titer of the
control construct required a 1:10 dilution in 5 % Glycerol in PBS after which 0,52 ul could
be added to the cultures in a similar manner as described above. Cultures were then in-
cubated for five days at 37 °C and subsequently fixed for immunohistological examination.
At least two biological replicates were used in each experiment per condition and compared
to biological replicates from the same animal (e.g. treated vs. untreated). Experiments

were performed as triplicates.

3.2.5 RNAseq of primary microglia using the M G400 panel

Bulk RNAseq experiments were designed as targeted expression analysis of 400 microglia-
specific homeostatic and inflammation-associated genes and proteins as well as several
housekeeping genes for normalization. Conceptual design of the MG400 panel was adapted
from Butovsky et al. 2014. In this study we isolated and sequenced microglia obtained

from 12 mo APPNM-G-F and C57B1/6J mice with four animals per group.

3.2.5.1 RNA isolation and quantification

Adult microglia isolated with GentleMACS and Neural Tissue Dissociation Kit (P) were
washed once with PBS, supplemented with RNase inhibitor and stored at - 80 °C until
further processing. Depending on the amount of harvested cells, the RNeasy Plus Micro
or Mini Kit from Qiagen was used according to the manufacturers instructions together
with the QIAcube. Both methods allowed for specific enrichment of mRNA since most
RNAs <200 nucleotides (e.g. 5.8S RNA, 5S RNA and tRNA) were selectively excluded. In
brief, cells were lysed and homogenized using a highly denaturing guanidine-isothiocyanate-
containing buffer, which immediately inactivated RNases to ensure isolation of intact RNA.
Subsequently, the lysate was passed through gDNA eliminator columns to efficiently remove
genomic DNA. After several washing steps the sample was applied to an RNeasy MinElute
spin column where total RNA could bind the membrane. RNA was then eluted in 20 pul
ultrapure water and immediately afterwards quantified using the Qubit RNA HS (high
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sensitivity) Assay and Qubit Fluorometer.

The Qubit RNA HS Assay Kit was used according to the manufacturers instructions. In
brief, 2 ul sample and 10 pl of both standards were separately diluted in freshly prepared
working solution. After thoroughly vortexing samples and standards, all tubes were allowed
to incubate at least 2 min at room temperature. To calibrate the Qubit Fluorometer
standards were measured first, creating a curve. Samples usually achieved at least 50 ng

of RNA. Afterwards, samples were stored at - 20 °C until all specimen were collected.

3.2.5.2 RNA quality control

Here, we used the Agilent 2100 Bioanalyzer and the RNA 6000 Nano Kit for RIN score
analysis. Sample analysis was performed according to the manufacturers instructions. In
brief, reagents were allowed to equilibrate to room temperature before use while setting
up the Chip Priming Station. Using the plunger, gel-dye mix was carefully pipetted into
the marked wells on the chip. Afterwards, RNA marker was given into all sample wells
and also into the ladder well. Finally, ladder and 1 pl sample material were added. To
ensure even distibution of all reagents within their well, the IKA vortexer was used right
before running the chip with the Bioanalyzer. Samples were considered for sequencing if

they achieved a RIN score 2 7.

3.2.5.3 Bulk RNAseq using Illumina TruSeq Targeted RNA Expression

For targeted bulk RNAseq experiments a custom-made panel was designed based on Bu-
tovsky et al. 2014 with Illumina DesignStudio. 400 microglia-specific homeostatic and
inflammation-associated genes together with five additional housekeeping genes for nor-
malization were selected. Library preparation for TruSeq Targeted RNA Expression was
performed after all samples were acquired and tested for their suitability. No changes were
made to the protocol provided by Illumina. All required buffers, solutions and active com-
pounds were supplied in their respective kits. To ensure higher stability of samples, isolated
RNA was reverse transcribed into first strand cDNA using reverse transcriptase and ran-
dom primers. Next, the oligo pool was hybridized to generate upstream and downstream
oligos specific to the targeted regions of interest. To remove unbound oligos, samples

were washed and additional sequences ligated with DNA polymerase to facilitate amplifi-
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cation. Following, the extension-ligation products were amplified and Index Adapters (Kit
A) bound to the samples. To purify the PCR products from other reaction components,
AMPure XP beads were used. Finally, the separately prepared libraries of all samples
were combined, quantified, denatured and diluted in hybridization buffer. Sequencing was

carried out using a MiniSeq Mid output kit on the Illumina MiniSeq sequencer.

3.2.5.4 Data analysis

As a first control after sequencing, runs were analyzed for their signal density (over- or
underclustering) and Q score value for base call accuracy. For raw data analysis, the
open source web-based platform Galaxy was used. There, reads were aligned to the mouse
genome (mm10) using RNA STAR and quantified using featureCounts. Differential expres-
sion was analyzed using DESeq2 and results with an absolute fold-change 2 1.5 and FDR
< 0.05 were deemed statistically significant and biologically relevant. Further organization

and analysis of the data was performed using Igor Pro, STRING and WebGestalt.

3.2.6 Mouse procedures
3.2.6.1 AAV-facilitated microglial overexpression of mBinl in vivo
3.2.6.1.1 Stereotactic virus injection

In this study we used 3 mo WT animals from the Ibal-GFP line for in vivo transduction
with AAVp;,1. Four groups were defined containing each three animals. To gain insight
into distribution of the construct, the vector was injected either uni- or bilaterally into
the hippocampal CA1 region or bilaterally into the lateral ventricles. The fourth group

contained native mice for comparison.

Before starting with the virus injection, surgery tools were thoroughly sterilized in a hot
bead sterilizer and the heated cage intended for recovery of the animals after surgery turned
on. Mice were deeply anesthetized by i.p. injecting a mix of Ketamin/Xylazin (130/10 ug/g
body weight). The depth of anesthesia was determined by pinching the interdigital space
with forceps. Additionally, the anti-inflammatory drug Carprofen (4 pg/g body weight)
and the antibiotic drug Enrofloxacin (5 pg/g body weight) were s.c. administered right

before starting the procedure. While the mouse was falling asleep, the prepared injection
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glass capillary was fixed to the Neurostar Robot Stereotactic System, filled with mineral
oil and the virus carefully absorbed. The head of the mouse was planar fixed between
two ear bars of the stereotactic injection setup and the eyes protected from dryness by
applying Bepanthen eye ointment (Bayer). During surgery, the body temperature of the
mouse was kept at 37 °C with a heating pad. After cleaning the top of the mouse head with
70 % ethanol, the skin was longitudinally cut with a scalpel to expose the cortical skull
area. To facilitate straightforward working conditions, all following steps were carried out
through binoculars with a cold light source. Skull and edges of the skin were cleaned from
loose hair and connective tissue with 70 % ethanol drenched cotton swabs. To properly
assess the brain position, Lambda, Bregma as well as the lateral tilt were defined using
the StereoDrive software. The injection site was specified using the mouse brain atlas
implemented within StereoDrive. For hippocampal injections, the target area was allocated
to Bregma - 1.46 mm, between stratum pyramidale and stratum radiatum. When aiming
for the lateral ventricles, the injection sites were placed at Bregma - 0.46 mm in the middle
of both ventricles. A hole was drilled manually right above the previously determined
injection site and the capillary inserted with a defined speed of 10 um/sec. 1 wul virus
was released with a speed of 67 nl/min, accumulating to 15 min of injection. Afterwards,
the capillary was kept for 5 min at the injection site before retracting with 0.1 mm/sec.
The small holes in the skull were closed with bone wax and the skin sewn with absorbable
sutures. Mice were then transferred to the heated cage and examined again 1 h later. If
the animal was awake and lively, it was subsequently transferred to its separate cage with
easy access to mashed and watered food in a petri dish on the cage floor. All animals were
inspected during the three consecutive days. Mice were perfused 30 days post injection

and the brains extracted for immunohistological examination.

3.2.6.2 Transcardial perfusion

Mice were deeply anesthetized by i.p. injecting a mixed solution of Ketamin and Xylazine
in NaCl. While the mouse was falling asleep the peristaltic pump was set up with cooled
1x PBS and 4 % PFA (fixative) in separate falcons. After roughly 10 min sensory reflexes
were checked by pinching the interdigital space with forceps and the mouse was fixed

to a polystyrene surface if no further reflexes were observed. Just below the sternum a
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small piece of skin was removed to increase the accessibility of the subjacent musculature.
Carefully, without damaging internal organs, transversal and longitudinal cuts were made
into the thoraic cavity to fully expose the heart. While gently holding the heart with
blunt forceps the tip of a butterfly needle (connected to the peristaltic pump) was inserted
into the left ventricle where the tissue appeared lighter in color. To prevent the needle
from moving it was fixed with two additional needles creating a x-shape. Next, the pump
connected to the cold 1x PBS solution was turned on and immediately afterwards a small
incision was made just before the right atrium to allow the fluids to extravasate. Flow
rate was set to 5 ml/min. After 5 min the pump was briefly stopped and the cold 4 %
PFA solution was connected to the pump. Additional 5 min of PFA perfusion later the
mouse was rapidly decapitated, the brain very carefully extracted and placed inside a small
vial containing 4 % PFA in which it would stay overnight at 4 °C on a slightly rocking
shaker. The next day PFA was removed and the tissue washed 3x with 1x PBS. Brains
were considered for sectioning and consecutive stainings if their appearance was overall
whitish. If the tissues could not be processed immediately they were stored short term in

0.05 % NaN3 in 1x PBS at 4 °C.

3.2.7 Histology
3.2.7.1 Mouse brain sectioning

PBS and 4 % PFA perfused brains were embedded in melted 1.5 % agarose in 1x PBS to
ensure sufficient stability during coronal sectioning with the Leica Vibratome VT1200S.
Hardened agarose blocks containing the brain tissue were mounted on the vibratome plat-
form with Cyano fast glue and submerged in 1x PBS. The following settings were applied:
Speed: 0.8-1.0 mm/sec; amplitude: 1.60 mm; step size: 50 pum

Whole brain serial sections were collected with 1x PBS in two 24-well plates with four to
six slices in one well (depending on the respective size). For short-term storage sections
were stored at 4 °C in 0.05 % NaNj3 in 1x PBS. Long-term storage was achieved by using
anti-freeze solution. Slices were kept at 4 °C for 48 h and only afterwards transferred to

-20 °C to avoid crystal formation and other artifacts.
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3.2.7.2 Immunofluorescent stainings of mouse brain sections

Stainings were carried out using free-floating conditions in 24-well plates with single coronal
sections placed in individual wells. To facilitate a homogeneous distribution of reagents

and solutions all steps were carried out on a shaker.

50 pm thick slices were washed twice with 1x PBS to remove either NaN3 or anti-freeze
solution (depending on the previous storage condition). Afterwards, sections were perme-
abilized using 2 % Triton X-100 in 1x PBS for 4 h at room temperature or overnight at 4
°C. To reduce unspecific background, slices were blocked for 4 h at room temperature in
blocking solution. Next, primary antibody solution was prepared in blocking solution and
applied for 24-48 h at 4 °C (see section 3.1.7.3.2 for dilutions). In general, synaptic stain-
ings had to be incubated for 48 h to achieve the desired intensity and depth, while other
stainings were sufficiently prominent after 24 h. When combining antibodies that required
different incubation times, the antibody with the shorter incubation time was diluted in
20 pl blocking solution and after 24 h joined with the first primary antibody. Later, slices
were washed 3x for 10 min in 1x PBS and incubated with the corresponding secondary
antibodies for 1 h. Due to the light sensitive nature of secondary antibodies, all following
incubation and washing steps were performed with the plate being covered with tin foil.
If DAPI stainings were performed, sections had to be washed twice for 10 min in 1x PBS,
then incubated for 10 min with DAPI in 0.3 % Triton X-100 in 1x PBS and washed again
3x for 10 min with 1x PBS. Slices were mounted on glass slides with the help of a small
brush. Without touching the slices, residual PBS was carefully removed with lint-free Kim
Wipes after which slices were kept in the dark to air dry for several minutes. As soon as
most of the fluid was evaporated, slices were covered with mounting medium and a glass
coverslip for microscopic analysis. The finished slides were kept at room temperature in

the dark for 30-60 min and then stored at 4 °C until microscopic examination.

3.2.7.3 Immunofluorescent stainings of primary microglia

In general, immunofluorescent stainings of primary microglia had to be carried out very
carefully to avoid damaging the fine processes and filopodia. Additionally, all steps were

carried out at room temperature without shaker.
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Fixation was performed using pre-warmed 4 % sucrose in 4 % PFA for 15 min, followed
by three washes with 1x PBS. Cells were quenched with 50 mM ammonium chloride for
10 min and afterwards washed 3x with 1x PBS. Permeabilization was achieved using 0.3
% Triton X-100 in 1x PBS for 5 min. Subsequently, cells were washed 3x with 1x PBS
and the coverslips transferred into a dark wet chamber where all following steps were
carried out. To reduce unspecific background, blocking solution was applied for 1 h. This
was followed by another hour of incubation with primary antibody in blocking solution
(see section 3.1.7.3.2 for dilutions). Afterwards, cells were washed 3x with 1x PBS and
incubated with the required secondary antibodies in blocking solution for 1 h. Following,
cells were washed 3x with 1x PBS and the coverslips dipped twice into dH2O to remove
the salts contained in PBS. Lint-free Kim Wipes were used to remove excess water at the
edges and the coverslips placed facing downward onto a glass slide prepped with a drop of
mounting medium. Finalized slides were kept at room temperature in the dark for 30-60

min and then stored at 4 °C until microscopic examination.

3.2.8 Immunofluorescence analysis: image aquisition and quantification

Immunofluorescent pictures were acquired with the confocal microscope LSM900 (Zeiss)
with a Plan Apochromat 40x or 63x/NA 1.4 oil immersion objective and the pinhole set to
1 AU, unless specified otherwise. In order to enable a comparative analysis, laser settings
were consistent between separate batches which included all respective groups that were up
for comparison. Image format was set to 1024 x 1024 pixels. Image analysis was performed
with ImagelJ.

The more detailed specifications for each representative image are described in the figure

legends. All pictures are shown as orthogonal projections from z-stack images.

3.2.8.1 Primary microglia culture: phagocytosis assay validation

For the quantification of phagocytosis assays with and without CytoD in cultured primary
microglia five pictures (from one culture dish) were taken per experiment and condition. A
total of three independent experiments was performed using the 40x oil immersion objective
with no additional zoom. Each image contained 6-13 microglia cells.

Area and %-area covered by the autofluorescent E.coli particles were determined using
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the "Threshold" and "Analyze Particles" functions from the software ImageJ. The area
and %-area of Ibal-positive microglia (No. 234004) was used to normalize stainings. The

average of three independent experiments was calculated.

3.2.8.2 Primary microglia culture: analysis of Binl overexpression, activation

status, endolysosomal machinery and phagocytosis assays

For the quantification of Binl ([EPR13463-25] No.ab185950), CD68 ([FA-11]
No.MCA1957), Lampl ([EPR21026] No.ab208943), [(-actin ([AC-15] No.ab6276) and
phagocytosis assays in cultured primary microglia ten pictures (from two separate culture
dishes) were taken per experimental batch and condition. A total of three independent
experiments was performed using the 40x oil immersion objective with no additional zoom.
Each image contained 6-13 microglia cells.

Area and %-area covered by the respective stainings were determined using the "Thresh-
old" and "Analyze Particles" functions from the software ImagelJ. The area and %-area
of Ibal-positive microglia (No. 234004) was used to normalize stainings. The average of

three independent experiments was calculated.

3.2.8.3 Mouse brain sections: analysis of Binl downregulation in Alzheimer

Disease microglia

Images of multiple microglia were obtained in the hippocampal CAl region of 12 mo
APPNE-G-F and C57B1/6J mice. For the quantification of Binl ([2F11] No.sc-23918) in
microglia, five images were taken per condition and experiment. A total of three inde-
pendent experiments was performed using the 40x oil immersion objective with zoom 0.5.
Three mice were analyzed per condition.

The area of Ibal-positive microglia (No. 234004) was used to create a thresholded mask
within which Binl was quantified. Area and %-area were determined using the "Thresh-
old" and "Analyze Particles" functions from the software ImagelJ. The average of three

independent experiments was calculated.
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3.2.8.4 AAV in vivo: analysis of Binl overexpression and activation status in

microglia and neuronal side-effects

Images of single microglia were obtained in the hippocampal CA1 region of 4 mo WT
mice 30 days post unilateral AAV/TM6-F4/80-mBin1-2A-mCherry injection and native
4 mo WT mice. For the quantification of Binl (|2F11] No.sc-23918) and CD68 (|FA-11]
No.MCA1957) in microglia, five images were taken per condition and experiment. A total
of three independent experiments was performed using the 40x oil immersion objective
with zoom 4. Three mice were analyzed per condition.

The area of Ibal-positive microglia (No. 234004) was used to create a thresholded mask
within which other stainings were quantified. Area and %-area covered by Binl and CD68
were determined using the "Threshold" and "Analyze Particles" functions from the soft-

ware ImagelJ. The average of three independent experiments was calculated.

Due to obvious mCherry-positive signals emerging from pyramidal layer neurons in AAV-
injected animals, Binl ([2F11] No.sc-23918) was additionally quantified for those cells.
Images of multiple mCherry-positive neuronal cell bodies and 3-4 microglial cells were
acquired using the 40x oil immersion objective with zoom 2. Five pictures were taken per
condition and experiment and a total of three independent experiments performed. Three
mice were analyzed per condition.

The area of Ibal-positive microglia (No. 234004) was used to create a thresholded mask
within which the Binl signal was removed. The remaining Binl area and %-area was
determined using the "Threshold" and "Analyze Particles" functions from the software

ImageJ. The average of three independent experiments was calculated.

3.2.8.5 Mouse brain sections: analysis of synaptic proteins within Alzheimer

Disease microglia

Images of single microglia were obtained in the hippocampal CA1 region of 3, 6 and 12
mo APPNL-G-F and C57B1/6J mice. For the quantification of Homerl (No.160 003),
Synaptogyrin3 ([G3| No.sc-514081) and Synaptohphysin (No.AB9272) in microglia, three
images were taken per condition and experiment. A total of three independent experiments

was performed using the 40x oil immersion objective with zoom 3. Three mice were
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analyzed per condition.

The area of CD68 in Ibal-positive microglia (J[FA-11] No.MCA1957) was used to create a
thresholded mask within which synaptic proteins were quantified. Area and %-area were
determined using the "Threshold" and "Analyze Particles" functions from the software

ImageJ. The average of three independent experiments was calculated.

3.2.9 Statistical analysis

Statistical analysis for all described experiments (excluding RNAseq) was performed in
GraphPad Prism using the appropriate test according to the experimental design. If not
indicated otherwise Welch’s t-test was performed to correct for unequal variances in lim-
ited populations. Analyzed data from replicates (N) are expressed as the mean + standard
deviation (SD) from at least three independent experiments. P-values were deemed statis-
tically significant if p < 0.05 (* p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001,

n.s. p > 0.05).
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4 Results

4.1 Characterization of microglial dynamics during

Alzheimer’s Disease

Since it’s discovery more than 100 years ago, the intricate mechanisms underlying AD
have proven to be particularly difficult to dissect and even more challenging to treat in
patients. Nevertheless, valuable and meaningful advances were made not only but also on
the immunological side of AD. Microglia were identified to be both remedy and perpetra-
tor of this complex disease (section 1.2.3). Still, the precise mechanisms and switches that
could also be vital for successful therapeutic approaches are not yet fully disclosed. In re-
cent years, omics studies (genome, transcriptome and proteome) have become increasingly
popular as they hold a huge potential in predicting how diseases evolve, uncovering the
mechanism of action for certain drugs and discovering new subtypes of cells, among others.
Moreover, integrating data from different experimental approaches (e.g. RNAseq and pro-
teomics) can give valuable results as it holds the potential to strengthen or weaken certain
assumptions drawn from studies utilizing a single method. Therefore, the first aim of my
thesis centered around the characterization of aged AD mouse microglia by establishing
and utilizing RNAseq and subsequently comparing the results to a previously published

matching proteomic dataset [224].

4.1.1 Transcriptomic profiling of Alzheimer’s Disease mouse microglia

Although single-cell sequencing (scRNAseq) has now evolved to be faster and cheaper
since its introduction to the scientific community, it still requires a considerable amount of
sample material and is still more labor- and cost-intensive than bulk RNAseq. Moreover,
scRNAseq provides the potential to identify molecular mechanisms that are linked to a
specific cell type. To circumvent this clear disadvantage of bulk RNAseq, I isolated primary
mouse microglia and sequenced their RNA to gain insight into microglia-specific changes
in the context of AD. For my thesis I focused on a data set obtained through isolation of

microglia from 12 months old (mo) WT and APPN-%-F mice using magnetic-activated cell
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sorting (MACS) technology. Subsequently, extracted mRNA transcripts were sequenced
with the MG400 chip panel originally described by Butovsky and colleagues [307].

4.1.1.1 MG400 chip panel design

The MG400 chip panel was designed by Oleg Butovsky and colleagues and is aimed at
the targeted sequencing of 400 genes that are enriched in adult mouse microglia [307].
Gene-array analysis and mass spectrometry quantitative TMT-analysis led to the identi-
fication of 245 genes and 100 proteins that were specifically or highly expressed in adult
mouse microglia [307]. In addition, it contains 40 inflammation genes that were signif-
icantly affected in EAE, APPPS1 and SOD1 mice and five housekeeping genes for data
normalization (Gapdh, Clte, Gusb, Hprtl and Pgkl) (Fig. 12). The authors describe that
this signature can not be observed in other brain cell types, microglial cell lines or in
monocytes recruited to the CNS [307]. The sequencing of cells with this panel allows for

targeted analysis approaches aimed at the immunomodulatory function of microglia.
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Figure 12: M G400 panel used for bulk RINAseq.

The chip panel was originally designed by Butovsky and colleagues and describes a unique miroglia sig-
nature that is not found in other cells of the myeloid lineage and cell types of the CNS. Green panels
highlight genes and proteins found to be microglia-specific. Red panels highlight genes and proteins found
to be associated with inflammation in three different mouse models. Yellow panels highlight housekeep-
ing genes. Green panels with red font highlight genes and proteins that are both microglia-specific and
inflammation-associated.

4.1.1.2 MACS microglial isolation allows for transcriptomic analysis

For downstream RNAseq I isolated living microglia from cortices and hippocampus tissue
extracted from 12 mo WT and APPN'"G-F mice using magnetic-activated cell sorting
(MACS) technology, which allows for a rapid and gentle isolation of whole cells from
intact brain tissues. To ensure that microglia obtained with this method were of sufficient
quality, [ visually inspected a small aliquot from each isolation for general cell morphology,
debris and dead cells (Fig. 13 a). Isolations with insufficient quality were not regarded for
sequencing. To validate the advertised purity of microglia isolated with CD11b magnetic

microbeads, I performed western blots of the microglia-enriched and the microglia-depleted
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(flow-through) fraction. Stainings were performed for Ibal and NeulN (Fig. 13 b). Western
blot experiments revealed that the CD11b-enriched microglia fraction was of high purity
while the CD11b-depleted fraction was almost devoid of microglia, an important indicator
for a good efficiency of the procedure. The results obtained with those control experiment
suggested that microglia isolated with MACS technology were of high quality and purity
that is needed for RNAseq experiments.

b)
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(flow-through)
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Figure 13: Microglia isolated with MACS are of high quality and purity.

(A) Microglia isolated with CD11b microbeads were 1:1 diluted with trypan blue and visually inspected
under the binocular in a C-Chip chamber. Living microglia appear as bright, round spots. Small dark
spots label cellular debris. The higher magnification picture captures how shortly after isolation microglia
start to extract their processes again. (B) Western Blots of the microglia-depleted and microglia-enriched
fraction post isolation. Blots were stained for Ibal and NeuN.

4.1.1.3 RIN score analysis and post-sequencing quality controls

Measuring RNA quality through RIN score analysis is an important step to determine if the
isolated RNA is of adequate integrity for downstream sequencing approaches. For example,
cross contamination with DNA could lead to underestimating the amount of RNA used
and differential degradation could be interpreted as differential expression. Experiments
were performed for three representative isolations on a Bioanalyzer. In line with other
publications [308], samples with a RIN score 2 7 were considered to be of sufficient quality

for sequencing (Fig. 14 a).

Additionally, the post-sequencing quality measurements were analyzed carefully. Especially
important were the flow cell chart as an indicator for flow cell load and the Q-score (phred
quality score) distribution (Fig. 14 b) as an index for the overall base call accuracy and
sample quality. The graphs depicted in Fig. 14 show that RIN score analysis and the

sequencing run discussed in this thesis were of high quality, allowing further analysis.
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Figure 14: RNA and post-sequencing quality control.

(A) RNA quality control was conducted as RIN score analysis with a Bioanalyzer. RNA quality was
deemed sufficient if a RIN score 2 7 was achieved. (B) Post-sequencing quality control shows that the flow
cell was not overloaded (flow cell chart) and that base call accuracy (Q-score distribution and heatmap)
was predominantly above Q30 and Q40 (base call accuracy 99,9 % and 99,99 %, respectively).

4.1.1.4 Genes of aged APP-KI microglia are substantially different compared

to age-matched controls

To assess transcriptomic alterations in sequenced microglia, significant changes were de-
fined according to the following criteria: a log2 fold-change larger than +1 or smaller than
-1, with a significant p-value of £ 0.05 after FDR correction to avoid the detection of false

positive values.

Comparison between 12 mo WT and APPNL-G-F

microglia revealed that the transcrip-
tomic signature was significantly different between groups (Fig. 15). Out of 400 genes from
the chip panel we found 105 genes significantly upregulated and 112 to be significantly
downregulated. The 40 most affected genes are displayed in table 4.1. The highest FC was
found for insulin-like growth factor 1 (Igf1), a known modulator of neuroinflammation and
microglia phenotypes with neurotrophic properties [309]. The most remarkable downreg-
ulation (> 83 %) was detected for crystallin § B1 (Crybbl), a homeostatic microglia gene
recently described to be downregulated in microglia associated with Af plaque phagocyto-
sis [310]. Several more genes associated with a homeostatic signature were downregulated,
such as Tmeml119, Cx3crl, Siglech, Hspala and Gpr34. On the other side, genes associ-

ated with increased activity and inflammatory behavior such as Trem?2, Csf1, ApoFE, Ctsd,

Gas7 and Azl were highly upregulated.
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gene description FC Padj.

Igfl insulin-like growth factor 1 60,3348 4,31E-96
Axl AXL receptor tyrosine kinase 21,1459 1,65E-59
Csfl colony stimulating factor 1 19,2954 1,08E-19
Gas7 growth arrest specific 7 16,2560 9,88E-51
Olfr110 olfactory receptor 110 14,5480 7,39E-15
Olfr111 olfactory receptor 111 13,2689 1,62E-56
Ccl6 chemokine (C-C motif) ligand 6 11,0469 1,76E-77
Apoe apolipoprotein E 7,7118  4,45E-25
Ccl3 chemokine (C-C motif) ligand 3 4,8052  2,99E-28
Serpine2  serine (or cysteine) peptidase inhibitor, 2 42709  4,19E-T1
Ctsd cathepsin D 3,9821  3,49E-18
Tir2 toll-like receptor 2 3,9689  1,18E-36
Gnas GNAS complex locus 3,9398  3,51E-43
Kcnmal K/Ca-activated channel subfamily M, o-1 3,8876  3,13E-09
Apbb2 amyloid beta precursor protein-binding, B2 3,7105  9,77E-19
Rgsl regulator of G-protein signaling 1 3,4937  1,29E-14
Gusb glucuronidase, beta 3,4925  8,97E-14
Trem?2 triggering receptor expressed on myeloid cells 2 3,36564  1,68E-40
Cadml cell adhesion molecule 1 3,3395  1,84E-15
Ctsl cathepsin L 3,0999  3,14E-10
Ccl2 chemokine (C-C motif) ligand 2 0,3740  5,15E-07
Socs3 suppressor of cytokine signaling 3 0,3722  0,0106

Khdrbs3  KH domain, signal transduction associated 3 0,3663  6,27E-05
Tmeffl TM protein with EGF-like and 2 FST-like domains 10,3543  0,0182

Tgml transglutaminase 1, K polypeptide 0,3503  0,0349

Cip complement factor properdin 0,3143  1,57E-07
Ppplrlba protein phosphatase 1, regulatory subunit 15A 0,3078  4,15E-05
Tmem®&86a transmembrane protein 86A 0,3016  1,20E-10
Slcolad solute carrier organic anion transporter, la4 0,2928  0,0001

Camk2nl  Ca/CaM-dependent protein kinase 2 inhibitor 1 0,2924  5,22E-06
Tnfrsflla  tumor necrosis factor receptor superfamily, 11a 0,2871  2,44F-08
Aifll allograft inflammatory factor 1-like 0,2735  0,0024

Jun jun proto-oncogene 0,2715  1,34E-08
Tmem119 transmembrane protein 119 0,2420  1,00E-22
Chst7 carbohydrate sulfotransferase 7 0,2186  3,12E-31
Hspala heat shock protein 1A 0,2125  0,0018

Trim47 tripartite motif-containing 47 0,2103  7,40E-06
Clqga complement component 1q, o polypeptide 0,2076  6,34E-06
Plxnal plexin Al 0,1820  2,77E-07
Crybbl crystallin, beta Bl 0,1658  1,35E-18

Table 4.1: List of 40 genes with the highest FC (up- and downregulated) in 12 mo microglia from
APPN'"%"F mice compared to age-matched WT controls.
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Figure 15: Transcriptomic signature of aged APPNY"F microglia is substantially different
compared to age-matched WT controls.

Volcano plot depicting the transcriptomic changes observed in 12 mo microglia from APPN"%F mice
compared to age-matched WT controls. Changes are displayed on the axes with log2(fold-change) and
FDR-corrected p-values (pagj.). Significantly changed gene expression is marked in red. Detected genes
with non-significant changes are marked in black. A subset of selected genes is labeled with their name.

4.1.1.5 Transcriptomic comparison with MGnD microglia

To examine the overlap of transcriptomic profiles between aged APPNM-G-F microglia and
the published literature, I chose the often-cited MGnD microglia phenotype, which de-
scribes a microglial signature associated with high activity and neurotoxicity [246]. In
their publication, Krasemann and colleagues incorporate the transcriptomic signatures
from phenotypically advanced APPPS1, EAE and SODI1 mice through sequencing with
the MG550 chip panel and define a novel, common microglia phenotype associated with
neurodegeneration, termed MgnD. Comparison between the MG550 and the MG400 chip
panel used in this study yielded an overlap of 367 similarly analyzed genes. Accordingly, 1
re-analyzed both datasets in a manner that would give results only for genes found on both
chip panels. This resulted in 9 significantly up- and 67 downregulated genes for MGnD

microglia and 87 significantly up- and 106 downregulated genes in 12 mo APPNL-G-F
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microglia (Fig. 16). Interestingly, with exception of two genes (Ccl2 and Cfp), the re-
maining 7 upregulated genes of the MGnD phenotype overlapped completely with those
found in APPN-G-F microglia. Shared downregulated genes were also found (29 genes
from 67 significantly downregulated genes in MGnD), albeit with a lower overlap (77,78
% and 43,28 %, shared up vs. shared down, respectively). Shared upregulated genes
included ApoFE, Csfl, Gas7, Azl, Tir2, Czcli6 and Lag3. Shared downregulated genes
contained the characteristic homeostatic genes Tmem119, Binl, Crybbl, Cx3cri, Abi3,
Jun and Gpr34, among others. Moreover, I additionally identified 10 genes which were
downregulated in MGnD but upregulated in APPNY=G=F microglia (Olfml3, Tqfbl, Tqfb2,
Arhgabs, Hpgds, Lairl, Pde3b, Plzdc2, Itga6 and Raplgdsl). In general, the overlap be-
tween transcriptomic signatures appears significant with pronounced differences on the side

of downregulated genes.

APP ki up

APP ki down

Figure 16: Overlap between MGnD and 12 mo APPN*"F microglia transcriptomics.

Venn diagram depicting the overlap between up- and downregulated genes found in MGnD and aged
APPNL-GF microglia. Chip panel comparison resulted in 367 similarly analyzed genes on both panels.
Depicted are significantly up- and downregulated genes of MGnD microglia (yellow and blue ellipses,
respectively) and significantly up- and downregulated genes of APPNE=CF microglia (red and green ellipses,
respectively). 7 out of 9 upregulated MGnD genes were found in APPNSF microglia and 29 out of 67
significantly downregulated MGnD genes were shared with APPN"S"F microglia.
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4.1.1.6 Gene ontology analysis of APP-KI microglia RNA transcripts

To explore the biological processes and molecular mechanisms that are divergently regu-
lated in 12 mo APPNY-"6-F microglia, I performed gene set enrichment analysis (GSEA)
with all significantly changed genes (Fig. 17). Results from this analysis revealed that
upregulated processes and mechanisms were mainly related to immune system responses
and cellular expansion, such as cytokine stimulus responses, peptide secretion, ERK sig-
naling, cellular development and growth, but also neuron death (Fig. 17 a, b). Fitting
the mainly external orientation of those mechanisms and processes, upregulated processes
could be primarily associated with outward faced compartments of microglia, such as se-
cretory granules and the external side of the plasma membrane but also lytic vacuoles and

transport vesicles (Fig. 17 c).

Interestingly, negatively affected processes were found to encompass mechanisms such as
actin binding, microtubule-based processes, cytokine binding, protein autophosphorylation
and ubiquitin-like protein ligase binding, pointing to a decrease in motility, intracellular
transport, chemotaxis and transcription activity (Fig. 17 a, b). In line with the mainly
internal orientation of negatively affected mechanisms and processes, they were found to
be enriched in inward faced compartments of microglia, such as endosomes, the actin

cytoskeleton and the microtubule organizing center (Fig. 17 c).
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4.1.2 Overlap between APP-KI microglia transcriptomic and proteomic

signatures

To analyze the extent of overlap between microglial RNAseq and proteome for aged
APPNL=GF mjce, the acquired bulk RNAseq data was compared to a recently published
data set [224]. Since microglia were similarly isolated from 12 mo APPN-G-F mice with
the same methodology, the paper seemed particularly suitable for this comparison. Here,
significantly changed genes (p < 0.05 after FDR correction) with a log2FC 2 0.5 were
compared to matching proteins with a significance of p £ 0.05 after FDR correction (Fig.
18).

R2=10285
p=005

l0g2(FC) Proteome

T T T T T
-2 ] 2 4 6
log2(FC) RNA Expression

Figure 18: Comparison of significantly changed transcriptomic signature and proteom
changes in APPNY"¢F microglia.

Data is plotted as log2(FC) of RNA transcripts and proteome. Transcripts and proteins found to be reg-
ulated in a similar way are marked in green. Dissimilar regulation is marked in red. Correlation between
both data sets indicates a positive trend (r*> = 0.285), albeit without being significant (p > 0.05).

Out of 217 significantly changed RNA transcripts in aged APPN-G-F microglia, 130 could
be detected on the protein level. An overlap of 59,37 % was recognized for shared upreg-
ulated and 78,79 % for shared downregulated genes and proteins. However, noticeable

differences were also observed. 10.77 % of detected proteins were found to be significantly
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upregulated while the corresponding RNA transcripts were downregulated (e.g. Clqa,
Tgml1, Gpmba). In contrast, 20 % of proteins were significantly downregulated while the
corresponding RNA transcripts were upregulated (e.g. Azl, Kenmal, Timp2). Although
partially unsatisfactory, the correlation between mRNA and protein expression levels are
notoriously poor, typically around 40 % [3111 [312]. This discrepancy is usually attributed
to differential regulation of transcript and protein product [313] and opens up novel ques-
tions regarding gene expression changes in AD. Nevertheless, RNA transcripts and protein
products did show a trend towards a positive correlation (R* = 0.285, p > 0.05) with a

general overlap of 69,08 %), implicating a biological relevance for the generated data.

4.1.2.1 Gene ontology analysis of similarly changed RNA transcripts and
proteins in APP-KI microglia

After identifying 90 similarly regulated RNA transcripts and proteins, I next sought to
re-analyze the biological processes and molecular mechanisms previously analyzed for sig-

nificantly changed RNA transcripts only (Fig. 17).

GSEA for biological processes and molecular mechanisms of shared upregulated transcripts
and proteins revealed that cellular growth, inflammatory- and wound healing-related pro-
cesses were significantly enriched (Fig. 19 a, b). However, transport, cell activity and
growth were also simultaneously negatively influenced among the upregulated processes.
In contrast to the previous analysis, neuron death was no longer part of the upregulated
biological processes. Interestingly, those mechanisms point to a more regenerative pheno-
type. Processes were mainly associated with the external membrane and lytic vacuoles but

to a lesser extent to secretory vesicles compared to the previous analysis (Fig. 19 c).

Negatively affected processes were found to entail mechanisms such as cell adhesion, actin
filament organization, cellular transport, carboxylic ester hydrolase and lipase activity (Fig.
19 a, b), pointing to disturbances in motility, phagocytosis and processing. Those processes
were found to be highly enriched in endosomes and the actin cytoskeleton (Fig. 19 ¢). For
the downregulated processes, impairments in microglial phagocytosis and processing were

further strengthened.
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Figure 19: Gene ontology enrichment analysis for similarly regulated RNA transcripts and
proteins in 12 mo APPki microglia.

Bar plots depict the normalized enrichment for (A) biological processes, (B) molecular mechanisms and
(C) cellular compartments for similarly regulated RNA transcripts and proteins in 12 mo APpNL-G-F
microglia. Processes with a normalized enrichment score (NES) > 1.5 (depicted in darkened colors) were
deemed highly significant.
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4.1.2.2 AD risk factors are significantly changed on the RNA and protein
level of APP-KI microglia

I identified several known common LOAD risk factors to be significantly changed (paqj. <
0.05) on both RNA and protein level of aged APPN="6—F microglia, (table 4.2). Interest-
ingly, transcripts and corresponding proteins were similarly up- or downregulated. ApoE
and especially Trem2 were exceedingly upregulated (385 - 1500 %), while Binl, Abi3 and
Clu were found to be highly downregulated (40 - 60 %).

Fold change 12 mo APPNM-G-F yg WT

Gene/Protein  RNAseq Proteomics

Abi3 0.62 0.53
ApoE 8.25 15.03
Binl 0.57 0.59
Clu 0.39 0.72
Trem?2 3.40 3.85

Table 4.2: AD risk genes are significantly (paq;. <0.05) changed on the RNA and protein level of 12 mo
APPN=CGF mice compared to age-matched controls.

4.1.3 Synaptic proteins within AD microglia

4.1.3.1 Synaptic proteins can be found within microglia proteomic data sets

and increase as AD progresses

Despite not being inherently expressed by microglia, I identified several synaptic proteins
within APPNY"G-F microglia. In their publication, Sébastian-Monasor and colleagues

MACS-isolated primary microglia from the cerebrum of APPNE-G-F

and corresponding
WT controls and performed mass-spectrometry based proteomics [224]. To recapitulate
AD disease progression in this mouse model, microglia were isolated from 1 mo (pre-
disposition stage), 3 mo, 6 mo and 12 mo animals (early, middle and advanced stage).
Interestingly, synaptic proteins were significantly decreased in early stage AD microglia
and became enriched (pqg;.<0.05) starting from 6 mo of age [224]. To verify the neuronal
origin of the detected proteins, I examined their respective expression profiles through

accessible scRNAseq data (table 4.3) [206]. Moreover, the proteomic data set contained

synaptic proteins found on both pre- and post-synapses (table 4.3).
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Gene Protein main cell type MG
Aldh1b1 Aldehyde dehydrogenase X N, OPC, olig very low
Gpméba Neuronal membrane glycoprotein M6-a astro, N, OPC none
Homerl Homer protein homolog 1 N, astro, OPC very low
Hpca Neuron-specific Ca-binding protein hippocalcin N low
Mgst3 Microsomal glutathione S-transferase 3 N, olig, endo low
Myoba Unconventional myosin-Va N, OPC, olig very low
Ncan Neurocan core protein Astro, N, OPC  none
Nfasc Neurofascin olig, N none
Pacsini PKC and casein kinase substrate in neurons 1 N low
Rap2b Ras-related protein Rap-2b astro, N, OPC low
Scgb Neuroendocrine protein 7B2 N, OPC none
Sv2a Synaptic vesicle glycoprotein 2A N, olig very low
Sv2b Synaptic vesicle glycoprotein 2B N none
Syngap1 Ras/Rap GTPase-activating protein SynGAP N, astro, olig low
Syngr3 Synaptogyrin-3 N, OPC none
Synpr Synaptoporin N none
Syp Synaptophysin N very low
Sytl1 Synaptotagmin-1 N none
Tmem163 Transmembrane protein 163 N, OPC, olig none
Vat1 Synaptic vesicle membrane protein VAT-1 homolog N, olig, endo low
Xpod Exportin-5 astro, N, OPC low

Table 4.3: List of synaptic proteins enriched in microglia from APPN""¢"F mice.

Listed are proteins that were significantly enriched (paq;. < 0.05) in isolated microglia from 6 mo and/or 12
mo APPN"S"F mice. Proteins highlighted in blue are predominantly pre-synaptic and proteins highlighted
in yellow are predominantly post-synaptic. N = neurons, astro = astrocytes, olig = oligodendrocytes, OPC
= oligodendrocyte precursor cells.

4.1.3.2 Validation of candidate synaptic proteins in free-floating sections

To further validate the proteomic detection of distinct synaptic proteins within microglia,
I performed stainings in free-floating sections of the hippocampal CA1l region of 6 mo and
12 mo APPNL-G-F 4pd C57B1/6J mice. To this end, I imaged the CD68-positive lysosomal
compartment of single microglia (Ibal), and quantified the amount of synaptic proteins
within lysosomes (CDG68). As surrogate synaptic proteins I chose Homerl, Synaptogyrin
3 (Syngr3) and Synaptophysin (Syp) since high protein levels could already be detected
in microglia from 6 mo APPNV"C-F animals (table 4.4) [224]. Interestingly, at 3 mo of

age, a significant decrease of synaptic proteins could be detected in APPNL-G-F

microglia
compared to C57B1/6J (except for Homerl) (table 4.4). Validation of this important early

stage AD group is still ongoing.
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protein fold-change

3 mo 6 mo 12 mo

Homerl 0.92(,,), 144 3.25

Syngrd  0.36 251 2.20
Syp 0.52 1.54  2.39
Table 4.4: Protein fold-change of candidate synaptic proteins within ApPpNL-G-F microglia.

In accordance with the proteomic data, [ detected a significant enrichment of the synaptic
proteins Homerl, Synaptogyrin3 and Synaptophysin in single microglia from 6 and 12 mo
APPNE-G-F mice, compared to age-matched C57B1/6J controls (Fig. 20). Importantly, I
affirmed their localization to the CD68-positive lysosomal compartment (Fig. 20 a-c). For
Homerl, a significant (paq;. = 0.001 and 0.038) FC of 1.89 and 2.59 + SD could be detected
for 6 and 12 mo animals, respectively (Fig. 20 a). Similarly, Synaptogyrin3 was found to
be significantly changed (pqq;. = 0.016 and 0.017) with FCs of 2.65 and 3.23 + SD for 6
and 12 mo animals, respectively (Fig. 20 b). Finally, lysosomal levels of Synaptophysin
were detected to be significantly different (p,q;. = 0.032 and 0.009) with FCs of 2.11 and
2.96 + SD between 6 and 12 mo tg and WT animals, respectively (Fig. 20 c).

In line with the current literature [314], I detected a significant increase of CD68-positive
lysosomes in single APPNY-G-F mjcroglia from 6 mo animals (Pagj. = 0.005, FC 1.85 =+
SD) that further increased in 12 mo animals (pgq. = 0.001, FC 3.30 + SD) (Fig. 21 a).
When performing linear regression analysis for 6 mo and 12 mo animals, I could positively
correlate CD68 and the total synaptic area within lysosomes of microglia (6 mo: R? —
0.416, p = 0.0001; 12 mo: R? = 0.68, p = 0.0001) (Fig. 21 c,d). Interestingly, the
occupied area in lysosomes did not increase respective to its size when comparing W'T' and
tg animals of both age cohorts (Fig. 21 b). In fact, although not significant, T observed a
trend towards a decreased occupancy of lysosomes from 6 and 12 mo APPNM=G-F microglia
compared to controls (FC = 0.94 and 0.91, respectively) (Fig. 21 b). In order to investigate
the potential correlation between CD68 of single microglia and its relative occupancy, |
performed linear regression analysis. Strikingly, [ found a significant negative correlation
between both factors in 6 mo animals (R? = 0.025, p = 0.045), which became more distinct

in 12 mo animals (R? = 0.093, p = 0.0001) (Fig. 21 c,d).
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Figure 20: Synaptic proteins are significantly enriched in lysosomes of 6 and 12 mo APPNL-G-F
microglia.

Immunohistochemical analysis of single microglia from 6 and 12 mo C57B1/6J (light grey) and APPNL=C-F
(dark grey) microglia in the hippocampal CA1 region. Depicted are representative pictures and quantifi-
cation from the analysis of Homerl (A), Synaptogyrin3 (B) and Synaptophysin (C). Synaptic proteins
(green) were found to be significantly enriched in CD68-positive lysosomes (CD68, red) from 6 and 12 mo
APpNL-G-F microglia (Ibal, grey). Images were acquired with a 63x oil immersion objective (3x digital
zoom). Scale bars represent 5 um. Values were calculated as the mean (+SD) from N=3 animals and three
independent triplicats (unpaired two-tailed Student’s t-test with Welch’s correction) 87
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Figure 21: Lysosomal area increases in APPN'"¢F microglia but is less densely occupied.
Quantification of CD68-positive lysosomes and their relation to total quantified synaptic proteins and their
relative occupancy in single microglia from 6 and 12 mo C57B1/6J and APPNCF microglia. (A) CD68
is significantly increased in single microglia from 6 and 12 mo APP """ animals. (B) No significant
changes can be observed when comparing the relative occupancy (in %) of lysosomes within both age
cohorts. (C) In 6 mo animals, a positive correlation can be observed when performing linear regression
analysis for CD68 and its respective protein load. Simultaneously, CD68 and its relative protein load
(% occupancy) are negatively correlated. Similar but more pronounced effects can be observed in single
microglia from 12 mo animals (D). Values for (A) and (B) were calculated as the mean (+SD) from
N=3 animals (unpaired two-tailed Student’s t-test with Welch’s correction). Data for (C) and (D) was
collected from N=3 animals and three independent triplicats. Black dots represent single microglia from
C57Bl1/6J while blue dots represent single microglia from APPN"C7F mice. Dotted lines represent the 95
% confidence interval of the calculated best-fit line.
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4.2 Homeostatic functions of BIN1 in microglia

The second main aim of my thesis centered around the characterization of the homeostatic
functions of BINI in microglia. Recently, common BINI risk variants were identified to be
functionally linked to BIN expression in microglia [103,[147]. Moreover, the downregulation
of BIN! in microglia during AD was shown to be detrimental for disease progression [103].
Importantly, I found BINI to be downregulated in microglia isolated from APPNL-G-F
mice on both RNA and protein level (section 4.1.2.2). Although many compelling functions
have been proposed for BINI in microglia (e.g. regulation of phagocytosis, lysosomal
processing, trafficking) [I50 279], they have not been investigated yet. To address this
issue, I designed a novel AAV-construct driving BINI overexpression in microglia and

analyzed the effects in wvitro in primary mouse microglia and in vivo after stereotactic

injection into W'T mice.

4.2.1 BIN1 downregulation in the context of AD is recapitulated in

free-floating sections of APP-KI mice

To further validate the downregulation of BINI in microglia previously observed on RNA-
and protein-levels (table 4.2), I analyzed the total and microglia-specific BIN1 signal in
free-floating sections from the hippocampal CA region of 12 mo APPNM-CG-F and C57B1/6J
mice. Based on the well-described impairment of the hippocampus in AD [315], its inclusion
in both RNAseq and proteome data sets and my earlier analysis of the CA1 region (section
4.1.3.2), T chose hippocampal CA1 as region of interest. Fitting to previous observations,
I found the total as well as the microglia-specific BIN1 to be significantly downregulated
(FCiotar = 0.34 + SD, pagj. totar = 0.0015; FCpricrogiia = 0-39 + SD, Padj. microgiia = 0.0072)
(Fig. 22 a-c). In accordance with multiple studies (for review see [316]), I found Ibal as
microglia marker to be significantly upregulated in this AD mouse model (FC = 1.21 +

SD, pag;. = 0.011) (Fig. 22 d).
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Figure 22: BIN1 is downregulated in microglia from 12 mo APP "% mijce.

(A) Representative images of the hippocampal CA1l region of 12 mo APPN""¢"F and C57B1/6J mice
stained for Ibal (green) and Binl (red). Scale bars represent 20 pm. Quantitavive analysis of Ibal (B),
total (C) and microglia-specific BIN1 (D). Values represent the normalized covered area calculated as the
mean (+SD) from N=3 animals and three independent experiments (unpaired two-tailed Student’s t-test
with Welch’s correction)

4.2.2 AAV vector design targeting BIN1 overexpression

Microglia are known to be notoriously difficult to transduce due to their highly efficient
macrophage function (section 1.3.2.1.2). Nevertheless, an increasing number of new papers
with promising techniques are being published. For microglial overexpression of BINI, I de-
signed a custom-made vector based on the publication from Rosario and colleagues [306].
The construct AAV/TM6-F4/80-mBinl-2A-mCherry (AAVp;,1) (Fig. 23) was built to

specifically overexpress mouse BINI isoform 2 (mBinl), which is the main isoform ex-
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pressed by microglia [279]. Sequence accuracy of the transgene was verified using the
NCBI FASTA sequence alignment tool. The capsid optimized AAV6 serotype with its
triple mutated 5’ intron (Y731F/Y705F/T492V) was chosen due to its high tropism for
monocytes, which is achieved by increasing the transduction efficiency and simultane-
ously limiting proteasomal degradation [306]. Transgene expression was controlled by the
microglia-specific F4/80 promoter. Microglial specificity of F4/80 was confirmed with on-
line scRNAseq tools (e.g. brainrnaseq.org). In contrast to other available microglia-specific
promoters (i.e. CD68), F4/80 expression remains more stable throughout microglia acti-
vation processes. To verify transduction accuracy and efficiency in later experiments, the
fluorescent reporter mCherry was added to the construct. Transgene and reporter were
separated by a 2A self-cleaving peptide, to ensure physiological distribution of BIN1. For
control experiments, the construct AAV/TM6-F4/80-mCherry (AAV ) was built.

mut 5 ITR
¥R "oy
o
K
5 F4/80p
%
bGH pA
AAV/TM6-F4/80-mBin1-2A-mCherry
mCherry

mBIN1 iso2

Figure 23: BIN1 overexpression AAV construct.

Schematic representation of the mBIN1 overexpression construct. Displayed are the mutated 5’ intron
(Y731F/YT705F /T492V), the microglia-specific F4/80 promoter, the gene insert mBIN1;,,2, the fluorescent
reporter mCherry, the bovine growth hormone poly-A element and the closing 3’ intron region. Numbers
inside the respective construct element represent base pairs.

4.2.3 BIN1 overexpression in vitro

To ascertain viral transduction efficiency and evaluate the impact of BINI overexpression,
I transfected cultured primary microglia isolated from C57B1/6J pups using MACS tech-

nology. In contrast to in vivo experiments, this convenient model grants easier accessibility
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while simultaneously providing a more genuine microglial behavior compared to immor-
talized cell lines (e.g. BV2) [317]. After establishing a well-functioning primary microglia
isolation and culture protocol, cells were transfected for 5 days with AAV g;,1 or AAV,
and subsequently analyzed for stable expression of the construct, changes in endolysosomal

markers and their innate phagocytic capacity.

4.2.3.1 Establishing primary mouse microglia culture

Prior to my planned in vitro experiments it was necessary to set up a primary microglia
isolation and culture protocol. Although well-suited for downstream RNAseq analysis,
several adjustments had to be made to the previously established protocol for isolation of
primary microglia. Main changes included performing all steps at room temperature in
contrast to on ice, using Papain (papaya latex, buffered aqueous solution, 200 U) instead of
pre-made enzyme kits and performing manual brain tissue dissociation using fire-polished
glass pipettes instead of the GentleMACS system (for details see Materials and Methods).
Positive selection of microglia was equivalently performed using CD11b microbeads and
MACS. While the previous protocol was aimed at preserving RNA integrity and a fast
microglia isolation, the culture of primary cells required a more gentle approach. To ensure
proper surface attachment and recovery of cells, experiments were started on day 4-5 post

isolation (DPI), after verification of ramified morphology (Fig. 24).
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Figure 24: Primary microglia cell culture.

Representative images of cultured, primary microglia isolated with MACS technology. Left and middle
panel microglia were stained with Ibal (green), CD68 (red) and DAPI (blue). Directly after isolation,
cells consist mostly of nucleus and cell body (left). At 1 DPI (middle), roughly 50-60 % of all cells are
flattened and properly attached to the glass coverslip. At 4 DPI (right), microglia display a mostly ramified
morphology, indicative of a homeostatic phenotype. Scale bars represent 20 pm.
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4.2.3.2 BINI1 localizes with proteins of the endolysosomal machinery

To initially assess BIN1 distribution and localization in cultured primary microglia, cells
were stained with Binl-antibodies targeting exon 13 of the CLAP-domain or specific amino
acid sequences of the N-BAR-domain (see Fig. 11). BIN1 in microglia was found to be
expressed in a punctate staining pattern with mostly small dots, irregular larger dots
and seldom reticulate appearance around the nucleus, resembling mitochondria. Based
on the observed vesicle-like staining pattern in microglia and the experimentally verified
involvement of neuronal BIN1 in endocytic trafficking and processing [288], 289], 2911, 292],
I stained for several microglial proteins known to be involved in these processes. Here,
I compared their staining pattern with one of the two microglia-specific Binl-antibodies
mentioned above and looked for a potential overlap that could be indicative of a shared

reactive compartment or a direct interaction (Fig. 25).

Reorganization of the actin cytoskeleton is necessary for cellular uptake of fluids and par-
ticles during microglial phagocytosis (see Fig. 8), but also cell motility [318]. Interestingly,
neuronal BIN1 was shown to directly interact with 3-actin through its BAR domain and
to participate in its remodeling [291] 292]. Here, I found a noticeable overlap between the
two signals, indicative of a comparable BIN1 function in microglia (Fig. 25a). Moreover,
BIN1 was found to partially co-localize with CD2AP (Fig. 25b), a scaffolding protein that
is involved in actin remodeling and a known AD risk factor [103, B19]. I further stained
for early-endosome antigen 1 (EEA1) and Rab5, who both localize primarily to early en-
dosomes [320] B21]. Interestingly, they were previously shown to co-localize with neuronal
BIN1 and to react to changes in BIN1 levels [288]. Both stainings yielded a partial overlap
with microglial BIN1 (Fig. 25 c,d). Lastly, to assess if microglial BIN1 could also be in-
volved in lysosomal processing, I stained for CD68 and found a prominent overlap between

the two signals (Fig. 25e).
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Figure 25: Potential ligands and interaction partners of BIN1.

Representative images of cultured primary microglia stained for BIN1 (green) and potential ligands and
interaction partners (red) of BIN1 based on the current literature. Depicted are B-actin (A), CD2AP (B),
EEA1 (C), Rab5 (D) and CD68 (E). Due to conflicting host species, different Binl-antibodies had to
be used in this figure. Rows (A),(E) were stained with Binl-antibody [2F11] and rows (B)-(D) with
Binl-antibody [99D], which additionally stains BIN1 located in the nucleus of microglia cells. Scale bars
represent 10 pm.
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4.2.3.3 AAV-treatment is innoxious and leads to broad mCherry expression

To determine the infectious potential of AAVp;,1 on cultured primary microglia, I per-
formed dilutions with different multiplicity of infection (MOI). The MOI is the ratio of the
amount of viral particles to the number of targeted cells when referring to a given quantity
of cells inoculated with viral particles. Establishing an appropriate MOI can be challeng-
ing, as it highly depends on the used AAV serotype, construct size and targeted cell type.
Typical MOI ranges for AAV constructs are mostly between 2000 - 50.000, sometimes
even 500.000 (source: VectorBiolabs). The above mentioned formula can be rearranged to

describe the number of needed AAV genome copy (GC) particles from a given titer:
AAV GC particles = MOI x number of targeted cells

However, toxic side effects of higher MOIs have to be assessed carefully to avoid cell death.
Based on the current literature I applied AAV p;,1 concentrations that translated to MOls
of 1000, 3000, 10.000 and 30.000. Viral transduction was carried out for 5 consecutive
days in a humidified incubator based on the publication from Rosario and colleagues, who
designed and tested the capsid-optimized AAV/TM6-F4/80 serotype-promoter construct
[306]. T observed apparent cell death in a concentration-dependent manner for the MOIs
10.000 and 30.000. Compared to MOI 3000, MOI 1000 did not yield sufficient mCherry
signal after 5 days and was therefore discarded. To further refine the MOI, I applied
AAVpn starting from MOI 2000 to 4000 in steps of 500. The MOIs 2000-3500 gave
comparable results regarding viability and mCherry signal intensity. Finally, I settled for
an MOI of 2500 for all following experiments (biological replicats from single animals +
AAV) (Fig. 26). Previous studies aiming at viral microglia transduction often describe a
rapid proteasomal degradation of the construct once it escapes the endosomal compartment
[306], 322] [323], B24]. To gain insight into localization of the exogenous mCherry after
transduction, I performed stainings for CD68, targeting the lysosomal compartment of
microglia. After 5 days of AAVp;,1 treatment, mCherry was mainly localized to the
membrane and cytosol of microglia and only to a neglectable extent in lysosomes (Fig.

26). Thus, indicating a successful transduction after 5 days.
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Figure 26: mCherry is abundantly expressed in transfected primary microglia.
Representative images of cultured primary microglia transfected for 5 days with an MOI of 2500. Cells
were stained for Ibal (green), CD68 (cyan) and mCherry (red). After 5 days of treatment with AAV g;n1,
mCherry was mostly found at the membrane and in the cytosol but not in the lysosomal compartment of
cells. Scale bars represent 20 pm.

4.2.3.4 BIN1 overexpression enhances phagocytosis-associated markers and

leads to morphological changes

To assess BIN1 overexpression magnitude and potential downstream effects, [ quantified
BIN1 and potential downstream effectors. I found that after 5 days of AAV g, treat-
ment, BIN1 was markedly increased approx. 2.2-fold (+ SD, pggj. = 0.0341) compared to
untreated controls (i.e. biological replicates) from the same animal (Fig. 27 a,b). CD68
increased approx. 1.5-fold (£ SD, peg. = 0.0002) and B-actin 1.3-fold (£ SD, peq. =
0.0053) (Fig. 27 a,c,d). I additionally quantified lysosomal-associated membrane protein 1
(Lampl) in treated vs. untreated cells to exclude that observed changes in the lysosomal
compartment (CD68) are due to potential virus-triggered activation of microglia. I found
Lampl to be increased approx. 1.4-fold (+ SD, peg. = 0.0158) (Fig. 27 ef), which is
slightly less than the fold-change observed for CD68.

Additionally, I noticed morphological changes in microglia transfected with AAV ;1. Cells
were overall more roundish in appearance and displayed to a lesser extent the distinct
polarized shape with filopodia extending from the cell body (Fig. 27 a,f), which could be
indicative of a more active phenotype [318]. Interestingly, similar morphological changes

were not observed when performing experiments with AAV, (section 4.2.3.7).
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Figure 27: Binl overexpression leads to changes in endolysosomal-associated markers and
morphology.

Representative images of cultured primary microglia + transfected for 5 days with AAVg;,1. (A) Cells
were stained for Ibal (grey), Binl (yellow), CD68 (red) and B-actin (cyan). In the bottom panel (F),
cells were stained for Iba (grey), mCherry (red) and Lampl (cyan). (B)-(E) After 5 days of treatment
with AAVg;,1, BIN1, CD68, f-actin and Lampl are significantly upregulated. Values represent the Ibal-
normalized covered area calculated as the mean (+SD) from N=3 experiments and two biological replicates
each (unpaired two-tailed Student’s t-test with Welch’s correction). Scale bars represent 20 pm.
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4.2.3.5 Binl signal increases during phagocytosis

Given the previously observed localization of BIN1 with proteins of the endolysosomal ma-
chinery (section 4.2.3.2) and the direct influence of BINI overexpression on phagocytosis-
associated markers (section 4.2.3.4), T next analyzed whether BIN1 levels are subject to
changes during phagocytosis. Prior to those experiments, I examined whether the phago-
cytic behavior of isolated primary mouse microglia could be classified as "normal". For
this, T used the well-established paradigm of phagocytosis inhibition through Cytochalasin
D (CytoD), a potent actin-polymerization inhibitor that efficiently blocks microglia move-
ment and the formation of membrane ruffles. CytoD was applied prior to challenging the
cells with pHrodo Green E.coli Bioparticles. As expected, microglia treated with CytoD
phagocytosed significantly less E.coli particles compared to untreated controls from the
same animal (FC 0.14 + SD, poq;. = 0.0025) (Fig. 28), which is indicative of a healthy
microglia behavior. Importantly, I could observe that the pH-sensitive £.Coli Bioparticles

were indeed strictly localized to CD68-positive acidic lysosomes (Fig. 28).
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Figure 28: CytoD efficiently decreases phagocytic activity.

Representative images of cultured, primary microglia + treated with CytoD prior to performing a phago-
cytosis assay with pHrodo Green E.coli Bioparticles. Cells were stained for Ibal (green) and CD68 (red).
E.coli pHrodo Green particles were stimulated with the 488 laser. Scale bars represent 20 pm. Values
represent the Ibal-normalized covered area calculated as the mean (+SD) from N=3 experiments and two
biological replicates each (unpaired two-tailed Student’s t-test with Welch’s correction)

Subsequently, I explored the possibility of changed BIN1 levels during phagocytosis. To

this end, I performed shortened phagocytosis assays (half the time usually required) to

98



prevent oversaturation of the cells. I found that BIN1 levels were significantly increased
when microglia were challenged with E.coli particles compared to phagocytic non-active
controls from the same animal (FC 1.22 + SD, poq;. = 0.0046) (Fig. 29), which distinctly

implies that microglial BIN1 might take part in phagocytic processes.
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Figure 29: BIN1 expression increases during phagocytic activity.

Representative images of cultured, primary microglia + challenged with pHrodo Green E.coli Bioparticles.
Cells were stained for Ibal (green) and Binl (red). E.coli pHrodo Green particles were stimulated with
the 488 laser. Scale bars represent 20 pm. Values represent the Ibal-normalized covered area calculated as
the mean (+SD) from N=3 experiments and two biological replicates each (unpaired two-tailed Student’s
t-test with Welch’s correction)

4.2.3.6 BIN1 overexpression enhances microglia phagocytosis

Based on the previously observed upregulation of BINI during microglial phagocytosis, 1
next considered the probability of BIN1 upregulation leading to an enhanced phagocytic
capacity of microglial cells. For this, I transfected primary microglia with AAV g;,1 for 5

5" day, 1 performed phagocytosis assays with pHrodo Green E.coli

consecutive days. At the
Bioparticles and found that microglia transfected with AAV p;,1 phagocytosed significantly
more Bioparticles compared to untreated controls from the same animal (FC 1.46 = SD,
Pagj. = 0.0134) (Fig. 30), hinting at an improved phagocytic capability due to BIN1

overexpression.
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Figure 30: BIN1 overexpression enhances microglia phagocytosis.

Representative images of cultured primary microglia + transfected for 5 days with AAVg;,1 and after
performing a phagocytosis assay with pHrodo Green FE.coli Bioparticles. Cells were stained for Ibal
(green) and mCherry (red). E.coli pHrodo Green particles were stimulated with the 488 laser. Scale bars
represent 20 pm. Values represent the Ibal-normalized covered area calculated as the mean (+SD) from
N=3 experiments and two biological replicates each (unpaired two-tailed Student’s t-test with Welch’s
correction)

4.2.3.7 Control construct experiments

To exclude the possibility of generating unforeseen immunological side-effects in AAV-
transfected microglia, I designed a second vector construct based on the previously de-
scribed AAVgin1. The construct AAV/TM6-F4/80-mCherry (AAV ) was built to resem-
ble AAV p;,1, with the only genetic difference being that it did not overexpress mBinl

isoform 2.

4.2.3.7.1 AAV . -treatment is innoxious and leads to broad mCherry expression

To facilitate a valid comparison between both constructs described in this study, I used
the earlier established MOI of 2500 for microglia transductions with AAV.,.. That way,
I accounted for the difference in GC/ml concentration between batches. Correspondingly,
cells were transfected for 5 consecutive days in a humidified incubator. Likewise to ex-
periments performed with AAV g;,,1, transduction of cells with AAV ., led to an abundant
expression of mCherry with the signal being located mostly at the membrane and cytosol

of microglia and only to a small extent in the lysosomal compartment (Fig. 31).
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Figure 31: mcherry is abundantly expressed in AAV ., transfected microglia.

Representative images of cultured primary microglia transfected for 5 days with an MOI of 2500. Cells
were stained for Ibal (green), CD68 (cyan) and mCherry (red). After 5 days of treatment with AAV .,
mCherry is mostly found at the membrane and in the cytosol but not in the lysosomal compartment of
cells. Scale bars represent 20 pm.

4.2.3.7.2 AAV ,-treatment does not enhance phagocytosis associated markers

and does not change morphology

Similar to the experiments performed with AAV g1, [ quantified BIN1 and potentially
associated proteins of the endolysosomal machinery (CD68, B-actin and Lampl) after 5
day-treatment with AAV .. In contrast to earlier experiments performed with AAV g;,1
(section 4.2.3.4), I found that microglia transfected with AAV ., did not upregulate BIN1

or any of the analyzed potential downstream effectors (Fig. 32 a-f).

Moreover, microglia transfected with AAV., did not appear to display morphological
changes compared to untreated cells from the same animal. The overall polarized ap-
pearance of cultured primary microglia was unaltered (Fig. 32 a, f), which is likewise in

contrast to the experiments performed with AAV g;,,1 (section 4.2.3.4).
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Figure 32: AAV ., treatment does not lead to changes in endolysosomal-associated markers
and morphology.

Representative images of cultured primary microglia + transfected for 5 days with AAV.,. (A) Cells
were stained for Ibal (grey), Binl (yellow), CD68 (red) and B-actin (cyan). In the bottom panel (F),
cells were stained for Iba (grey), mCherry (red) and Lampl (cyan). (B)-(E) After 5 days of treatment
with AAV .., no changes were observed in the signal intensity of the analyzed stainings. Values represent
the Ibal-normalized covered area calculated as the mean (+SD) from N=3 experiments and two biological
replicates each (unpaired two-tailed Student’s t-test with Welch’s correction). Scale bars represent 20 pm.
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4.2.3.7.3 AAV,.-treatment does not increase microglial phagocytic potential

To assess the effect of AAV,-transduction on microglial phagocytosis, primary microglia

5" day, I performed phagocytosis assays

were transfected for 5 consecutive days. At the
with pHrodo Green E.coli Bioparticles, similar to experiments performed with AAV g1
(section 4.2.3.6). However, cells treated with AAV,. did not appear to phagocytose more

Bioparticles compared to untreated controls from the same animal (Fig. 33).
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Figure 33: AAVctr treatment does not enhance microglia phagocytosis.

Representative images of cultured primary microglia + transfected for 5 days with AAV., and after
performing a phagocytosis assay with pHrodo Green E.coli Bioparticles. Cells were stained for Ibal
(green) and mCherry (red). E.coli pHrodo Green particles were stimulated with the 488 laser. Scale bars
represent 20 pm. Values represent the Ibal-normalized covered area calculated as the mean (+SD) from
N=3 experiments and two biological replicates each (unpaired two-tailed Student’s t-test with Welch’s
correction)

4.2.4 BIN1 overexpression in vivo

Given the promising results from the in vitro experiments, I wanted to explore the pos-
sibility of targeted microglia BINI overexpression #n wvivo. For that purpose, I injected 3
mo WT animals into the hippocampal CA1 area (Bregma - 1.70 mm) or bilaterally into
the lateral ventricles (Bregma - 1.06 mm) with AAV g;,1. Based on the previous literature
[306], mice were locally transduced for 30 days with the viral construct and subsequently
perfused for further immunohistochemical analysis. Three animals were used per experi-

mental condition and compared to three untreated WT littermates.

I found that mice injected into the lateral ventricles did not present any noticeable mCherry
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signal throughout the brain and were therefore discarded from any further analysis (not
shown). However, CAl-injected mice displayed consistent phenotypes with respect to virus

distribution and localization.

4.2.4.1 in viwvo distribution and cell specificity of AAV-Binl

When analyzing CAl-injected mice, I found prominent mCherry signals throughout the
CA1 that extended into the CA2 and to a lesser extent the dorsally adjacent somatosensory
cortex. Pronounced signal intensity was observed in the oriens and pyramidal cell layer as
well es the lacunosum moleculare layer of the hippocampus (Fig. 34 a). When looking at
the cellular expression level, it was evident that the strongest mCherry signal derived from
a subset of neuronal cell bodies and axons located in the pyramidal cell layer. Importantly,
upon closer examination of single cells I could capture mCherry inside microglia (Fig. 34
b), albeit with much lower intensity compared to the mCherry signal captured in neurons

and axons.

Figure 34: In vivo distribution and expression of AAVg;,; after 30 dpi.

(A) Overview image of the cortical and hippocampal area of one hemisphere of a 4 mo WT animal
unilaterally injected with AAV g;,1. Animals were sacrificed 30 dpi. Slices were stained for F4/80 (green),
mCherry (red) and DAPI (blue). Scale bar represents 500 pm. (B) Closeup images of single microglia in
the hippocampal CA1 area of an animal that was injected unilaterally with AAV g;,1. Slices were stained
for Ibal (green), mCherry (red) and DAPI (blue). Scale bars represents 5 pm.
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4.2.4.2 Microglia-specific increase of BIN1 and lysosomal marker after

A AV-Binl inoculation

Interestingly, the majority of mCherry-positive microglia located in the CAl region exhib-
ited prominent phenotypical changes resembling those of highly activated microglia (e.g.
in neurodegenerative diseases [7]). Compared to untreated controls, microglia were overall
less arborized with shortened but thickened branches extending from the cell body (Fig.

35 a). Comparable results were also obtained in vitro (section 4.2.3.4).

Despite the weak mCherry signal observed in microglia from AAV p;,1-transfected animals,
I was interested if the observed morphological changes could be due to increases in BIN1
levels. Accordingly, T compared injected mice to untreated WT controls and found that
BIN1 was significantly upregulated in those cells (FC 2.42 + SD, poq;. = 0.0003) (Fig. 35
b), which is in line with the previous in vitro results (section 4.2.3.4). Moreover, I found
that the lysosomal marker CD68 was significantly upregulated in microglia from animals
inoculated with AAV g1 (FC 1.72 £ SD, pag. = 0.0025) (Fig. 35 b). The above described
morphological changes were additionally quantified by measuring the Ibal-positive area in
single microglia. Matching the observed changes in morphology, the Ibal-positive area was
significantly increased in single microglia from AAV-treated animals (FC 1.22 + SD, pyg;.

— 0.0047) (Fig. 35 b).

Importantly, I noticed that stainings for BIN1 and CD68 overlapped substantially in con-
trol and AAVpg;,1 treated animals (Fig. 35 a), in line with the observation from cultured
primary microglia (section 4.2.3.2). Additionally, I could recognize an increase (not quan-
tified) in the amount of small vesicle-like patterns at the distal end of microglia filopodia,
which did rarely overlap with CD68 (Fig. 35 a) and might therefore represent an increase

in endosomal structures.
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Figure 35: In vivo AAVp;, treatment leads to significant increases of BIN1 and CD68 in
microglia.

(A) Representative single microglia images acquired in the hippocampal CA1 region of a 4 mo WT animal
+ unilaterally injected with AAV g;,1. Animals were sacrificed 30 dpi. Slices were stained for Ibal (green),
Binl (yellow) and CD68 (red). Scale bars represents 50 pm. (B) Quantification for Binl, CD68 and Ibal
area [pm?] and normalized area [AU] in microglia. AAV g;,1 treatment led to significant increases in Bin1,
CD68 and Ibal. Values represent the actual and normalized area calculated as the mean (+ SD) from N=3
animals and three independent triplicats (unpaired two-tailed Student’s t-test with Welch’s correction)

Given the prominent mCherry signal in neurons and the well-described expression of a
neuron-specific BIN1 isoform (isoform 1) [270], I was interested to see whether BIN1 levels
would be changed in pyramidal neurons following AAVpg;,; inoculation. Intriguingly, I
could not observe significant changes in BIN1 signal intensity in pyramidal cell bodies

from mice injected with AAV g1 (Fig. 36).
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Figure 36: In vivo AAVp;,: treatment does not lead to significant increases of BIN1 in
pyramidal neurons.

Representative images acquired in the pyramidal cell layer of a 4 mo WT animal + unilaterally injected
with AAVpin1. Animals were sacrificed 30 dpi. Slices were stained for Ibal (green), mCherry (red) and
Binl (yellow). Scale bars represents 10 pym. Quantification for Binl area in pyramidal neurons. BIN1
localized in microglia was subtracted (see mask overlay) and the remaining signal quantified. AAVpg;n1
treatment led to no significant increase of BIN1 in pyramidal neurons. Values represent the normalized
covered area calculated as the mean (+ SD) from N=3 animals and three independent triplicats (unpaired
two-tailed Student’s t-test with Welch’s correction)

4.2.4.3 Correlation of BIN1 with CD68

In previous experiments with control and AAV pg;,i-treated animals, I could show that
BIN1 and CD68 significantly increased in microglia after AAV g;,-treatment and that both
stainings overlapped partially in treated but also untreated animals (section 4.2.4.2). To
test whether increasing BIN1 and CD68 levels would correlate with each other, I performed
a linear regression analysis. For this, I reused images acquired from single microglia in the
hippocampal CA1 region from control and AAV g;,1-treated animals. Brain slices were
concomitantly stained and analyzed for BIN1 and CD68. That way I could directly assign
a matching CD68 value to BIN1 and wice versa. I found that both values significantly and
positively correlated with each other (R?>=0.137, p=0.0003) (Fig. 37).
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Figure 37: BIN1 and CD68 level from single microglia correlate with each other.

Linear regression analysis of BIN1 and CD68 area concomitantly acquired in single microglia cells from
4 mo WT animals + unilaterally injected with AAVpg;,1. Animals were sacrificed 30 dpi. Images were
taken in the hippocampal CA1 area. Goodness of fit is described as R?=0.137 and a significant deviation
from zero with p=0.0003. Grey colored dots represent values acquired from untreated controls (N=3),
blue colored dots represent values acquired from animals inoculated with AAVg;,1 (N=3). Dotted lines
represent the 95 % confidence interval of the best-fit line.
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5 Discussion

During the course of my PhD I was given the opportunity to establish and optimize two
different MACS-based primary mouse microglia isolation protocols with the ambition to
cover two distinct objectives. Those procedures were the foundation for my analysis of
microglia dysfunctionality in an AD mouse model and the, to our knowledge, first study
assessing the homeostatic processes affected by BIN1 in microglia, a recently discovered

high-impact LOAD risk factor, which is second only to ApoE [103].

I successfully sequenced RNA isolated from an aged AD mouse model and could confirm
the previously described changes towards an inflammatory phenotype, which was partially
recapitulated upon comparison with the well-known MGnD phenotype. Correlation with a
matching proteomic data set pointed towards an inflammatory but also regenerative phe-
notype and strengthened other aspects, such as dysregulation of the phagocytic machinery.
This condition was further backed up through the identification of several distinct synaptic

proteins within the proteome of APPNL-G-F

microglia. Interestingly, despite being signif-
icantly enriched in AD mouse lysosomes, I found those compartments to be less densely
occupied by synaptic material compared to age-matched controls, further promoting the

phagocytic dysfunctionality of AD microglia.

To investigate the potential link between LOAD risk factor BIN! downregulation in AD
microglia and its presumed influence on phagocytic function, 1 overexpressed BIN! in
microglia through AAV-mediated transduction in wvitro and in vive. In primary mouse
microglia cultures, BIN1 localized with proteins of the endolysosomal system and was up-
regulated during phagocytosis. Moreover, viral upregulation of BIN1 expression increased
the microglial phagocytic capacity along with enhancing the expression of multiple proteins
associated with this process. In wvivo stereotactic injections led to the off-target detection
of mCherry in pyramidal neurons, and to a lesser extent in microglia of the region of in-
terest. Nevertheless, I found BIN1 and CD68 to be specifically upregulated in transduced
microglia and not in neurons. Taken together, those studies imply that microglial BIN1
contributes to homeostatic phagocytosis and offer a direct mechanistic link between the

previously described phagocytic impairment of AD microglia and BINI downregulation.
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5.1 Primary mouse microglia isolated with M ACS-based
technology are of high purity and viability

In the present study, I established and optimized two different MACS-based microglia iso-
lation procedures for downstream RNAseq and primary cell culture experiments, which
were likewise novel to our laboratory. Both isolation procedures generated markedly pure
microglia/macrophage-enriched fractions with a minimal amount of microglia remaining
in the depleted fraction. Thus, highlighting the efficiency of the applied procedure. Im-
portantly, I could not detect any neuronal contaminants in the microglia-enriched fraction,
which are a major source for impurities during primary cell isolation. Other studies re-
ported a significantly decreased isolation yield for different cell types which, among others,
could be linked to the use of a Percoll gradient [325, [326]. Similar steps were omitted in this
study without detriment to the purity of isolated fractions. The achieved high numbers
didn’t require pooling of samples, thus, enabling a more precise analysis during RNAseq

and allowed for the generation of multiple biological replicates during culture experiments.

The more convenient approach with the GentleMACS device and factory-made enzyme kits
(Miltenyi Biotec) allowed for a quicker, less labor-intensive isolation procedure. This, in
combination with performing all working steps on ice or cooled conditions favored the in-
dispensable preservation of RNA integrity [327]. Importantly, RNA integrity was shown to
be largely intact, therefore permitting highly sensitive sequencing of RNA samples. How-
ever, this approach proved unfit for the subsequent culture of primary cells. Most likely, the
low temperatures and too harsh dissociation conditions caused metabolic perturbations and
small membrane breaches from which the cells could not recover during culture. Therefore,
I adapted the protocol towards manual dissociation at room temperature and enzymatic
digestion with self-made papain enzyme solutions. Papain is a plant-based proteolytic en-
zyme from the cysteine proteinase family and is generally regarded as mild compared to
other frequently used proteases, such as Trypsin [328], 329]. In addition, the manual use
of multiple coated glass pipettes with decreasing diameters instead of a remote-controlled
blade rendered the procedure more flexible. Increased viability of cells was mainly assessed
through greatly lifted success rates during culture, but also through the observation that

healthy cells almost immediately after isolation started to extend their processes again.
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5.2 Characterization of microglial dynamics during

Alzheimer’s Disease

In recent years, many intriguing studies have aimed to elucidate the underlying mechanisms
of AD pathology through single-cell or bulk RNAseq [245] 246, 247, 248, (307, [330, 331,
while only few have attempted to directly compare matching transcriptome and proteome
[332]. During the first part of my thesis, I focused on the transcriptomic profiling of an
aged AD mouse model, which was re-evaluated after comparison with a recently published
matching proteomic data set [224]. Moreover, I identified and quantified several synaptic
proteins within AD microglia lysosomes and could link them with the observed phagocytic

impairment of microglia that are chronically exposed to increasing amounts of Af.

5.2.1 Transcriptomic profiling of Alzheimer’s Disease mouse microglia

Transcriptomic analysis of advanced-stage AD microglia extracted from 12 mo APPNL-G-F

mice revealed several patterns described in the previous literature [245] 246] [307]. Matching
those observations, I found a prominent decrease in genes associated with the homeostatic
signature and a marked increase of inflammation-associated transcripts. Moreover, I could

detect enrichments pointing towards a dysregulation of the endolysosomal system.

5.2.1.1 Reduction of homeostatic signature genes

In line with previous reports [245, 246] 307], I observed a partially severe downregulation
(2 80 %) of homeostatic signature genes, which is a clear indicator for the advanced loss
of microglia function due to the increasing accumulation of A. This was further backed
up through GSEA, which revealed a downregulation for processes associated with motility,

intracellular transport and transcription activity.

Microglia as the brains principal neuroimmune sentinels continuously sense changes in their
environment [98]. In fact, multiple genes belonging to the microglial "sensome" [210)] were

strongly downregulated in aged APPNL-G-F

microglia. These genes included T'mem119,
Cz8erl, Crybbl, Siglech, Hspala and Gpr834. Among those, Cz8cr! was identified as one
of the biologically most relevant downregulated transcripts. Cx3crl is a trans-membrane

receptor for its neuronally expressed chemokine ligand fractalkine (Cx3crll) and medi-
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ates both migratory and adhesive functions in microglia [333]. Interestingly, downregu-
lation of this homeostatic gene might in fact be both beneficial and detrimental during
AD. In combination with the APP/PS1 transgene, Cz3crl deficiency reduced A( plaque
load [221]. In addition, two-photon microscopic comparison of APP:PS1:taup3*Z:Thyl-
YFP:CX3CR1FP/* and APP:PS1:taup®*'’:Thyl-YFP: CX3CR19/P/9/P mice revealed
that Cz3cr! deficiency resulted in a decline of microglia-mediated neuronal cell death,
as well as mitigated microglial velocity [334]. In contrast, hAPP-J20/CX3CR1~/~ mice
expressed higher levels of I1-6 and TNF-a levels, leading to an increased neurotoxic phe-
notype and exacerbated cognitive deficits [335]. Moreover, both ligand and receptor are
reportedly downregulated in human AD [335]. In summary, negative regulation of the
Cz3crl axis probably entail the beneficial enhanced phagocytosis of debris and plaques,
but could also be associated with the detrimental secretion of pro-inflammatory cytokines

causing neurotoxicity [336].

In addition, I detected a strong downregulation of Tmem119 (FC 0.24), a homeostatic
marker which was similarly altered in other transgenic mice and human AD patients [245]
240, 307]. However, despite being highly microglia-specific, its precise functions, especially
in the context of AD, are largely understudied [337].

Trying to increase homeostatic markers to alleviate AD pathology may seem as a valid
approach and multiple attempts have been made. An interesting study published by Park
and colleagues describes the treatment of two different AD mouse models with DAPPD,
a small synthetic molecule composed of a benzene ring and two acetamide groups [338].
In their study, they characterize increased homeostatic and decreased DAM signatures,
which could be linked to increased phagocytic activity, reduced AP load and improved
cognition [338]. However, constraining microglia in a homeostatic state as has been re-
ported for Trem2~/~ mice, seems to be detrimental for AD pathology. Multiple groups
demonstrated that Trem2/~ microglia lose their capacity to respond to amyloid deposits
and injury conditions [245] 252), [339] [340], [341]. Moreover, in contrast to AD mice, some
homeostatic markers (such as P2RY12) were found to be higher expressed in human AD
patient microglia [250]. Therefore, the nature and influence of homeostatic signatures is

not yet fully understood and demands further investigation.
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5.2.1.2 Increased proliferation and inflammatory phenotype

Increased microglial proliferation and inflammatory behavior are among the main hall-
marks of various neurodegenerative diseases, including AD (section 1.1.1.3). GSEA of
12 mo APPNF-G-F microglia revealed a significant enrichment for processes associated
with cellular expansion, cytokine stimulus responses, peptide secretion and ERK signal-
ing. Similar to homeostatic signatures, delineating beneficial and detrimental factors of

this phenotype may be a highly complex venture towards understanding and treating AD.

Cellular expansion

GSEA identified several geneses that could be positively associated with cellular expansion
in APPNM-G-F microglia, e.g. Igf1, CSF1, Gnas, Pmp22 and ApoE. CSF1R signaling can
be activated by its ligand colony-stimulating factor 1 (CSF1), which was noticed to be
among those transcripts with the highest upregulation (FC 19.30). Both are essential for
microglia proliferation, differentiation and survival during physiological conditions [I83]
201]. Interestingly, CSF1 was shown to reduce microglia-mediated neuroinflammatory
effects in various brain diseases [342, [343]. AD mice treated with CSF1 showed higher
numbers of microglia and a significant plaque-load reduction due to increased microglia
phagocytosis [344]. In accordance with this study, cultured human microglia treated with
CSF1 displayed enhanced proliferation and phagocytosis of B-amyloid [345]. Moreover,
increased levels of CSFR1 and CSF1 were also found in human post-mortem AD brain
samples [346], [347| 348]. However, blocking the CSF1R pathway in APP/PS1 mice resulted
in an improved cognitive performance and prevented synaptic degeneration correlating
with arrested microglia proliferation [348]. Thus, on one hand, CSF1 upregulation is most
likely beneficial for microglia proliferation and survival, but might also compensate for the
described deficiency of phagocytic function in AD microglia. On the other side, it might

also be responsible for a worsening of the degenerative phenotype.

Pro-inflammatory phenotype

Recent advances strongly suggest that ERK signaling could be a major regulator of pro-
inflammatory immune responses in AD pathogenesis and might also be involved in the
negative regulation of microglial phagocytosis [349,350]. GSEA of our data revealed several
high-FC genes known to be involved in this signaling cascade, such as Igf1, Axzl, Ccl6, ApoE,
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Ccl3, Tlr2 and Trem?2. In vitro transcriptomic profiling and functional phagocytosis assays
could show that ERK is a critical regulator of IFN~v-mediated pro-inflammatory microglia
activation and lies upstream of several microglia-specific LOAD risk genes (Binl, Trem?2,

Cd33 and Cnn2) [349].

In line with increased ERK signaling, secretory granules (also called exosomes) were the
cellular component with the highest enrichment in 12 mo APPN-6-F mjcroglia. Several
transcripts could be positively linked through GSEA, such as Igfl, Serpine2, Ctsl, Sv2b,
Ccl3, Tlr2, Cadml and Cd3j. Exosomes (with a typical size range of 30 - 100 nm) are
a sub-type of extracellular vesicles with endocytic origin that are released into the extra-
cellular space through outward budding of the plasma membrane [351, B52]. Originally
assumed to be waste products, they are now believed to play important roles in inter-
cellular communication and the elimination of cellular residues [353]. It has been shown
that microglia participate in the extracellular clearance of AP through exosome-mediated
release of the amyloid-degrading enzyme IDE [233]. On the other side, high levels of ex-
tracellular vesicles loaded with neurotoxic AP and hyper-phosphorylated tau species were
detected in the CSF of AD patients and might substantially contribute to neuropatholog-
ical spreading of amyloid and tau pathology [107, 354]. Exosomes released from microglia
typically also contain pro-inflammatory cytokines (e.g. TNFa, IL-1b) that lead to the
activation of nearby but also distant astrocytes and microglia [355] [356] [357]. The high
plasticity of activated microglia and their increased exosomal communication with other
brain cells has made them an appealing target for the development of new CSF biomarkers

but also to therapeutically limit A and tau transmission between cells [357, [358].

5.2.1.3 Decay of cellular motility and phagocytosis

One of the most important machineries concerning physiological microglia function is the
coordination of the actin cytoskeleton that controls the key processes motility and phago-
cytosis [318]. Interestingly, I could locate the highest negative GSEA enrichments in endo-
somes and the actin cytoskeleton of 12 mo APPN-G-F microglia. GSEA further revealed
several downregulated transcripts to be linked to the actin cytoskeleton, such as Aif1l,
Myo1b, Fscnl, Ophnl and Fgd2. Transcripts negatively associated with the endosome

entailed Fgd2, Myolb and Rhob. This observation is in line with previous studies showing
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reduced motility and phagocytosis in AD microglia 32, 224] [304]. Although not directly
linked to the actin cytoskeleton through GSEA, the observed downregulation of the home-
ostatic Cz3crl (FC 0.81) likely contributes to this phenotype, as decreased motility and
phagocytic behavior were also described for AD mice deficient for Cz3cr? [334]. More-
over, 1 detected a substantial downregulation of Bin! (FC 0.57) and Abi3 (FC 0.62),
two LOAD risk factors that are currently assumed to be involved in actin cytoskeleton
regulation and endocytosis/phagocytosis as downstream effectors of Trem2 [150, [359]. In-
terestingly, a recent study published by Karahan and colleagues could nicely demonstrate
how 5xFAD/ABI3™/~ mice harbored increased AB accumulation and neuroinflammation,
which could be attributed to highly impaired microglia migration behavior [359]. Other

studies report a similar downregulation of BINI in APPNL-G-F

microglia, such as the
scRNAseq data published by Frigerio and colleagues [248], but also in other AD mouse
models [224]. Although sparse, there are some compelling studies pointing to functions for
BINT in microglia related to migration, proteostasis and clearance [149, 150} 279], 285] (see
also section 1.3). Therefore, we were intrigued to find out more about the highly under-
studied contribution of BIN1 towards the sustained deterioration of microglia during AD.
In summary, the data so far supports the finding that even though Trem?2 as AB-binding
receptor is substantially upregulated (FC 3.37), its downstream signaling might be heavily

impaired and could promote the defective clearance function of microglia.

5.2.2 Comparison with MGnD reveals similarities but also differences

I further compared my sequencing results to the available literature, i.e. the neurotoxic
MGnD phenotype published by Krasemann and colleagues [246]. In their study, models
from three different neurodegenerative diseases (ALS, MS and AD) were incorporated and
a common ApoE-Trem2 pathway was identified as major regulator for phenotypic changes
in microglia. They further postulate that the uptake of neuritic A plaques triggers this
switch in AD microglia. After adjusting the data sets towards those genes that were
similarly analyzed on both panels, T could detect a prominent overlap for upregulated (77.78
%) and a low overlap (43.28 %) for downregulated transcripts. Interestingly, transcripts
that were similarly upregulated in MGnD and APPNY=G-F microglia, centered around

functions related to cellular expansion, the detection of foreign material and the regulation
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of response to cytokine stimulus (e.g. ApoFE, Csf1, Azl and Tir2, among others). In general,
genes that are associated with an increased inflammatory behavior. Shared downregulated
genes could be linked to a decreased homeostatic signature and also decreases in motility

(e.g. Tmem119, Cz3crl, Crybb, Binl and Abi3, among others).

Interestingly, I could detect dissimilarities regarding the regulation of two prominent mi-
croglia activation and pruning markers. The potent monocyte chemoattractant Ccl2 [360]
and complement factor properdin Cfp [361] were found to be highly downregulated in
12 mo APPNM-G-F microglia (FC 0.37 and 0.31, respectively) but upregulated in MGnD
[246]. Prominent differences were also apparent on the side of upregulated transcripts from
APPNL-G-F microglia that were downregulated in MGnD. Among those transcripts were
the homeostatic and anti-inflammatory Lair! (FC 1.69) and T'gfb (FC 1.23) [362, [363] and
the microglia sensome receptor Itga6 (FC 1.53) [364]. Those dissimilarities might be due
to the extraction of microglia from the spinal cord of the ALS and MS model or the inclu-
sion of different neurodegenerative diseases. However, when comparing the transcriptomic
profile of the additionally included APP/PS1 AD model with the profile of the APPNL-G-F
microglia from this study, I could find that those discrepancies further persisted. Compar-

PNL=G-F microglia

ison of our transcripts with a study performing scRNAseq on aged AP
[248] supported the significant changes observed in our data. Therefore, the recognized
opposing regulation of several transcripts might be due to model-specific differences (APP
overexpression in APP/PS1 vs. increased total AB42, AB42/AB40 ratio and promoted ag-

PNL—G—F

gregation in AP mice). Overall, this comparison opens up the question whether

PNL=G-F mice truly fit the aggressive MGnD phenotype or if they more

microglia from AP
closely relate to the DAM phenotype postulated to restrict neurodegeneration [245]. Based
on the original publication from Takashi Saito describing the APPN:=G-F Jine [365] and a
lack of follow-up reports, those mice do not exhibit an overt synaptic or neuronal pheno-

type, in contrast to the APP/PS1 [366], [367].

5.2.3 Overlap between transcriptomic and proteomic signatures

Differential mRNA expression studies (e.g. bulk or scRNAseq) implicitly assume that
changes in transcript expression have a direct biological meaning, often thought to be

mediated by corresponding protein level changes. However, studies analyzing the correla-
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tion between mRNA and protein expression level typically detect a very moderate overlap
of 40 % [311], B12], creating concerns regarding the validity of data derived from mRNA
expression analysis only. This apparent mismatch is usually attributed to differential reg-
ulation through post-transcriptional and -translational modifications, different half-lives of
transcripts and proteins, but also experimental error and noise [313]. Interestingly, it has
been shown that mRNA and corresponding protein correlate better in systems undergo-
ing constant changes than in steady-state systems [368], supporting the assumption that
differential mRNA expression has biological meaning. Fitting those observations, I could
detect a decent overlap of almost 70 % between similarly detected mRNA and protein in
12 mo APPN-GF microglia. Interestingly, GSEA of transcripts and proteins with match-
ing directionality implied a more regenerative microglia phenotype (compared to RNAseq

only) with persisting difficulties on the side of phagocytic and lysosomal function.

5.2.3.1 Matching upregulated transcripts and proteins imply shift towards a

more regenerative phenotype

Analysis of biological and molecular mechanisms through GSEA of shared upregulated
transcripts and proteins revealed that cellular growth and inflammatory but also wound-
healing related processes were among the most substantially changed in 12 mo APPNL-G-F
microglia. Those processes were primarily influenced by ApoFE, Tir2, Serpine2, Apbb2,
Cadml1, Tgfor2, Gnas and Cd34. Moreover, neuron death was no longer listed among the
positively influenced biological processes, and cellular growth and activation were simulta-
neously negatively regulated, indicating an overall less aggressive and more neurotrophic
phenotype. Fitting those observations, secretory granules showed a lower normalized en-
richment score compared to RNAseq only (1.4 vs. 1.8), implying an active but dampened
release of pro-inflammatory cytokines compared to the previous GSEA analysis. Instead,
upregulated transcripts and proteins were significantly enriched at the external plasma
membrane (e.g. Tgfbr2, Tir2, Gusb, Cd34 and Ank2) and the lytic vacuole (e.g. ApoE,
Ctsd, Ctsl, Manba and Tlr7), suggesting an upregulation of transcripts associated with the
enhanced detection and degradation of AR [I70, 210, 369], 370]. Nevertheless, homeostatic
markers crucially involved in the detection and uptake of AP were also simultaneously

downregulated (discussed below).
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Based on the current analysis it is tempting to conclude that in fact, advanced-stage
APPNL=G-F microglia exhibit a less neurotoxic phenotype than previously assumed and
try to counteract the advancing deterioration of their environment, e.g. through release
of BDNF [371]. Several additional points would be in favor for this, given the earlier
observation that the herein analyzed APPN"G~F mjcroglia only partially overlap with the
aggressive MGnD phenotype (section 5.2.2) and that the model itself lacks a prominent
synaptic or neuronal phenotype [365]. A separate in-depth comparison with the more
protective DAM phenotype and longitudinal correlation between APPNL-G-F microglia
transcriptome and proteome would improve our understanding of this frequently used
mouse model and could clarify the intertwined regulatory mechanisms of the two-faced

microglia behavior during AD progression.

5.2.3.2 Matching downregulated transcripts and proteins strengthen

previously observed phagocytic dysfunction

In agreement with the more powerful correlation between similarly downregulated tran-

PNL=G-F picroglia (78.79 % of shared downregulated

scripts and proteins of 12 mo AP
vs. 59.37 % of shared upregulated), I could observe fewer differences between the GSEAs
of RNAseq only and matching downregulated transcripts and proteins (sections 4.1.1.6
and 4.1.2). Negatively affected processes still had a distinct enrichment for mechanisms
related to cell adhesion, actin filament organization, cellular transport, carboxylic ester

hydrolase and lipase activity, supporting the previously observed disturbances in motility,

phagocytosis and processing.

Strong similarities were noticed when comparing key homeostatic markers, such as
Tmem119, Cx3crl, Crybbl and Gpr34. The previously identified transcripts Siglech and

PNE=G-F microglia. Instead, other

Hspala were not detected in the proteome of 12 mo AP
influential homeostatic markers such as P2ryl12 were significantly downregulated [224].
Among the most influential transcripts and proteins related to decreased motility and pro-
cessing I identified Myol1b, Fgd2, Rhob, Fscnl, Binl, Ophnl and Enpp2. Actin-based
motor proteins such as Myosins (e.g. Myolb) use the energy derived from ATP hydrolysis

to relocate actin filaments and produce force [372]. Interestingly, I could detect a signifi-

cant negative enrichment score for ATPase activity, which is compatible with the reduced
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motility and phagocytosis of AD microglia. Lipase and carboxylic ester hydrolase activity
have been recognized to play important roles in the active uptake and degradation of lipid
debris and other phagocytosed materials [373, 874} [B75]. It was further reported that Trem?2
senses damage-associated lipid patterns from neuronal membranes that associate with fib-
rillar AB, thereby triggering the microglia response to amyloid deposits [252]. Moreover,
Trem?2 binds ApoE and other apolipoproteins (like ApoJ/Clu), which form AB-lipoprotein
complexes that are efficiently phagocytosed in a Trem2-dependent manner [376]. Although
Trem2 and ApoE were found to be highly upregulated in 12 mo APPNV-G-F microglia
(transcript and proteins), the concomitant downregulation of lysophosphatidic acid (LPA)-
synthesizing enzyme Autotaxin (ATX, Enpp2) [377] and other potential effector proteins
(e.g. Binl, Abi3) further strengthens the assumption that clearance is heavily impaired in

aged AD microglia (see also 5.2.1.3).

In general, comparing changes on the mRNA and protein level of 12 mo APPNL-G-F
microglia could show how including additional data might be beneficial for the ongoing
process of understanding highly complex diseases such as AD. To date, studies unifying
both methodological approaches are scarce, which might be due to their complex regulatory
nature (i.e. mechanisms such as post-transcriptional and -translational modifications and
different half-lives) but also the financial outlay. With the assistance of a recently published
matching proteomic data set T could detect a decent overall correlation of 70 % from the
analyzed transcripts included in our panel, signifying a biological relevance of the generated
data. Interestingly, our current comprehensive RNAseq/proteomics data indicates that

PNL=G-F microglia are potentially not as neurotoxic as microglia from

advanced-stage AP
other neurodegenerative AD models (e.g. APP/PS1), which is also reflected in the relative
low overlap (approx. 60 %) with MGnD microglia (section 5.2.2). Moreover, similarly
downregulated transcripts and proteins correlated better with each other than upregulated
ones, supporting our previous identification of processes associated with the continuous
decline of microglia phagocytic and degrading function. Importantly, our sequencing panel
contained several known microglia-specific LOAD risk factors (Trem2, ApoE, Binl, Abi3
and Clu) that were identified to be significantly and similarly regulated on both RNA and

protein level, promoting the potential influence of human-derived LOAD risk factors in

AD mouse models.
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5.2.4 Synaptic proteins are enriched within AD microglia lysosomes and

correlate with phagocytic dysfunction

Despite not being intrinsically expressed by microglia, I identified several synaptic proteins
within the proteomic data set published by Sébastian-Monasor et al. 2020. In line with
the current literature [378], I could identify proteins primarily located on pre- and post-
synapses. Interestingly, synaptic proteins were significantly decreased in early-stage 3
mo APPNV=G-F microglia and became enriched starting from 6 mo of age. Moreover,
Sébastian-Monasor and colleagues identified an early upregulation of proteins associated
with increased lysosomal function (e.g. CD74, CTSD, CTSH, CTSZ, HEXA, GLBI1, CD68,
NPC2 and CLN3) and fatty acid metabolism (APOE, ACACA and SOAT1), which they
term early microglia AP response proteins (MARPs) [224] 379]. For this thesis, I quantified
three surrogate synaptic proteins in 6 and 12 mo APPN-G-F and C57B1/6J single microglia
stainings and could confirm their significant lysosomal enrichment in AD mice. Matching
the Mass Spectrometry-based proteomic detection, synaptic proteins were significantly
enriched in 6 mo AD mice and further increased in late-stage AD microglia. Although
additional quantification for the early-stage age group is still missing, this finding further
promotes the conception that early-AD microglia are highly functional with respect to
their innate phagocytic and degrading function, which later on becomes dysfunctional as

accumulating A and debris contribute to the sustained neuroinflammatory phenotype.

To further analyze lysosomal function in AD microglia, I quantified the lysosomal area
within single cells and could detect a significant increase in middle- and advanced-stage
AD animals compared to age-matched controls, which is is in line with the previous liter-
ature [216] 380]. Total CD68 within single cells positively correlated with the total area
of synaptic proteins within single cell lysosomes, matching the quantified enrichment of
synaptic proteins in AD microglia lysosomes. Notwithstanding, I detected a trend towards

a lower occupancy of CD68-positive lysosomes in 6 and 12 mo APPNL-G-F

microglia, de-
spite the previous identification of increased amounts of synaptic material within the same
cells. Furthermore, I observed a significant negative correlation between total lysosomal
area in single cells and relative occupancy, which became more apparent in advanced-stage

AD microglia. Bearing in mind the substantial downregulation of genes and proteins asso-
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ciated with actin cytoskeleton regulation and phagocytosis/endocytosis in aged AD mice
(section 5.2.3.2), this data endorses a highly dysfunctional microglia phenotype. In spite
of accumulating debris and plaques in their periphery, middle- and advanced-stage AD mi-
croglia appear overwhelmed with the perpetual deterioration of their environment, which
is reflected on the transcriptomic and proteomic levels (this study, [224]) but also in their

in vitro and in vivo behavior [32), 224] 304 334].

5.3 Homeostatic functions of BIN1 in microglia

For the second main part of my thesis, [ intended to analyze the nature and influence of the
novel high-impact AD risk factor BIN1 on microglia physiology in vitro and in vivo. With
this, I anticipated to gain novel insights into the mechanisms contributing to AD physiology.
Preceding transcriptomic and proteomic analysis revealed a considerable downregulation
of BIN1 in microglia from 6 and 12 mo APPNM-G-F mjce, which could be recapitulated
in free-floating sections. Interestingly, Sébastian-Monasor and colleagues further analyzed
the proteomic profile of APP/PS1 microglia and found a similar decrease of BIN1 levels in
6 and 12 mo AD animals, arguing against a model-specific effect [224]. Increasing evidence
suggests that microglial BIN1, through direct regulation of the actin cytoskeleton, could
provide a mechanistic link between its downregulation in the context of AD and the elusive
phagocytic impairment of microglia [I50, 284] 301]. Here, I provide strong evidence for this
hypothesis that could help shape our understanding of the highly complex homeostatic-

but also inflammatory-related dysregulation observed in AD microglia.

5.3.1 In vitro primary mouse microglia culture

In primary microglia cultures, I observed BIN1 to localize with proteins of the en-
dolysosomal machinery and quantified its upregulation during phagocytosis. Interestingly,
AAV-mediated BIN1 overexpression led to the significant upregulation of several deputy
endolysosomal-associated proteins. Moreover, I could show that BIN1 overexpression in-
creased the microglial phagocytic capacity, providing distinct evidence that BIN1 con-
tributes to homeostatic phagocytosis in microglia. Importantly, those effects could not be

observed upon transduction with a control virus construct.
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5.3.1.1 AAV /TMBG6 serotype as an excellent tool for in vitro microglia

manipulation

To date, rabies, herpes simplex, lenti-, adeno- and adeno-associated viruses (AAV) have
been successfully used to visualize and genetically manipulate neural circuits and spe-
cific cell types in vitro and in vivo [297]. For basic research, lenti-viruses and AAVs
are commonly used due to their high transduction efficiency and the lack of an imme-
diate immune response, cytotoxicity and cell lysis [381, 382]. For microglia, numerous
attempts have been made with promising techniques but moderate success upon closer
examination [322] [323] 324, 383, 384, [385] [386]. To tackle this well-known obstacle, 1
employed a capsid-optimized AAV6 serotype construct first described by Rosario et al.
2016. Site-directed mutagenesis of two tyrosine residues to phenylalanine and a threonine
to valine (Y731F/Y705F /T492V) was shown to prevent proteasomal degradation and en-
hance transduction efficiency in monocyte-derived dendritic cells for the AAV serotypes 2
and 6 [387, 388, 389, 390]. The construct AAV/TM6-F4/80-mBIN1-2A-mCherry was built
to overexpress mouse microglial BIN1 isoform 2 under control of the highly microglia-
specific F4/80 promoter [206] and demonstrated excellent transduction efficiency with the
desired overexpression of BIN1 (FC 2.20) in vitro. Of importance, at 5 dpi, expression
of the fluorescent marker mCherry could be chiefly localized to the outer membrane re-
gions and cytosol and only marginally to the CD68-positive lysosomal compartment, in-
dicating a well-functioning escape mechanism from proteasomal degradation at this time
point. Equivalent observations could be made for the control construct AAV /TM6-F4/80-
mCherry without overexpressing BIN1. Out of estimated 1500 imaged cultured microglia,
six did not appear to express the fluorescent marker mCherry, resulting in an estimated
transduction efficiency of > 99 % (not shown). Moreover, no cytotoxic side effects could
be observed. To the best of our knowledge, we are the first to describe the use of a highly

efficient AAV-mediated microglia transduction vector in wvitro.

5.3.1.2 In witro, BIN1 localizes with proteins of the endolysosmal machinery

and is upregulated during phagocytosis

Several lines of evidence demonstrate the direct involvement of BIN1 in the reorganiza-

tion of the actin cytoskeleton and endocytic trafficking, thereby implicating an important
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contribution to the homeostatic processes migration and phagocytosis [288] 289] 2911 292].
However, explicit evidence for similar functions of the microglial isoforms of BIN1 are still
missing [103], [150]. In primary microglia culture stainings, I noticed that microglial BIN1
localized with B-actin and another scaffolding protein known to modulate the cytoskeleton,
CD2AP [319]. Based on the described co-localization and modulatory effect of neuronal
BIN1 on the early endosome markers EEA1 and Rabb [288], I stained for those markers
and could detect an overlap in their respective staining patterns with BIN1. Similarly good
results were obtained when co-staining for BIN1 and the lysosomal marker CD68. To give
tangible biological meaning to those observations, co-localization and quantitative binding
assays should be performed. Importantly, I could show that microglial BIN1 was upregu-
lated in primary cells during phagocytosis. Overall, those results argue for an involvement

of BIN1 in phagocytic and endolysosomal processes.

5.3.1.3 BIN1 function in cultured microglia is linked to phagocytosis

To promote a more thorough analysis of the potential involvement of microglial BIN1 in
migration- and phagocytosis-related processes, I analyzed the influence of AAV-mediated
BIN1 overexpression on a subset of phagocytosis and activation markers as well as on
the intrinsic phagocytic activity itself. At 5 dpi, I could detect not only a substantial
upregulation of BIN1 (FC 2.20), but also a significant increase of normalized B-actin, CD68
and Lampl, supporting the direct link between microglial BIN1 and the actin-cytoskeleton
[284] and pointing towards a higher activation level [318]. This was further supported by
the observation that AAV p;,1-treated cells exhibited morphological changes reminiscent
of a more active phenotype [318]. In addition, I quantified the phagocytic activity of cells
overexpressing BINI compared to untreated controls and noticed a significant increase in
the normalized amount of phagocytosed material. Importantly, all of the above described
changes could not be observed in cultures treated with AAV, , strongly arguing for the

specificity of the quantified effects following BINI overexpression.

Based on the direct link shown for neuronal BIN1 and early endosome markers EEA1 and
Rabl [288] and the above described overlapping localization within primary microglia, it
would be very interesting to see whether BINI overexpression would lead to changes in

their respective expression levels. Moreover, it would deepen the proposed link between mi-
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croglia BIN1 and the endosomal compartment [I50]. To increase viability and throughput
during primary microglia culture experiments, I chose performing all isolations on P4-P6
pups obtained from C57Bl1/6J matings. However, implementing cell culture experiments
with primary cells acquired from different adult age cohorts or separate mouse lines would
open up more possibilities with respect to analyzing distinct age or AD-related pheno-
typical effects, e.g. through rescue experiments. In summary, the data so far insinuates
that in primary mouse microglia cultures BINT1 is intrinsically involved in the homeostatic
uptake and endocytosis of foreign material. In turn, this further implies that the ascer-
tained downregulation of microglial BIN1 in the context of AD in mice but also human
patients (this study, [103] 224] B01]) could provide a rationale for the detected phagocytic

impairment of disease-associated microglia.

5.3.2 In vivo overexpression of BIN1

In vivo manipulation of specific cellular subpopulations is still an important prerequisite
to decipher functional interactions, e.g. between microglia and their neuronal environment
but also to assess the effects of a genetic manipulation in a natural setting. To test
the efficacy of our new viral construct in wvivo, I stereotactically injected WT mice with
AAVpin1- At 30 dpi, injection into the hippocampal CA1 region led to a region-confined
spread of the viral construct, which, despite being equipped with the highly microglia-
specific F4/80 promoter, could also be observed in a subset of pyramidal cell layer neurons.
Nevertheless, mCherry could be detected in microglia that further displayed morphological
changes towards a more activated phenotype. Importantly, I could quantify a microglia-
specific increase of BIN1 and CD68 in transduced microglia, which was not evident in the

subset of transduced neurons.

5.3.2.1 Viral distribution is limited to targeted injection site but not limited

to microglia

For this study, I evaluated the efficiency of two different routes of viral injection, based on
the original paper describing the herein used modified AAV construct [306]. WT animals
were either injected into the hippocampal CA1, or the lateral ventricles. Although the

authors describe a successful transduction with 80 % microglial specificity after injection
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into the ventricles, I could not observe mCherry-positive microglia adjacent or distant from
the injection site. In contrast to the original paper, I injected adult instead of neonatal
mice, whose neuroepithelium and ependyma might possess different permeability proper-
ties [391]. Other studies reported a successful neuronal AAV-mediated transduction after
neonatal intraventricular injection that persisted until adulthood [392, [393]. Given the
apparent lack of microglia transduction following intraventricular AAV injection, we did

not follow up on this approach.

In addition, I injected mice into the hippocampal CAl region. Rosario et al. describe
a 70 % specificity for this target region, which was unfortunately not further quantified
with respect to efficiency [306]. Here, analysis of three animals each revealed that uni-
and bilateral CA1 injections were equal with respect to their viral distribution pattern
and yielded a transduction specificity comparable to the original paper [306]. Positive
mCherry labeling could be observed throughout the CA1 region, extending into CA2 and
the dentate gyrus. Occasional mCherry signal was additionally noted in the adjacent dorsal
cortical area. For this thesis, I quantified the effects in unilaterally injected animals, which

I compared to age-matched naive littermates.

At 30 dpi, I noticed a strong mCherry-positive signal from a subset of CA1l pyramidal
cell layer neurons that was present within cell bodies and extending projections. Upon
closer examination of single microglia, I could identify many cells positive for mCherry,
albeit with much lower intensity compared to neurons. Given the high microglia-specificity
of the selected F4/80 promoter [206], it seems unlikely that the strong mCherry signal
in pyramidal layer neurons derives from a faulty promoter. It would be interesting to
pursue an injection approach with lower titer and subsequently evaluate the off-target
labeling of neurons. However, it was repeatedly shown in recent years that microglia
remain notoriously difficult to transfect or transduce [297]. This could be due to their highly
skilled macrophage function that allows them to detect, engulf and dismantle pathogens.
Given the distinct mCherry-positive labeling of primary cultured microglia 5 days after
transduction, it seems feasible to assume that after 30 days in vivo, microglia have degraded
the exogenous mCherry, making it increasingly difficult to detect. Thus, perfusing animals
e.g. 10 days after transduction would be beneficial with respect to uncovering the potential

degradation of mCherry in microglia. Some viruses, such as HIV-1 have been described to
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successfully circumvent monocyte defense mechanisms and are known to specifically infect
microglia and macrophages in the brain [394]. The development of viral tools capitalizing
on those mechanisms would be of immense value for the whole microglia-oriented scientific
community. Another possible explanation for the off-target labeling of pyramidal layer
neurons might lie within the increasingly well-described microglia-neuron communication
via exosomes or nanotubes [395], which seems of particular importance during disease-
related challenges [357, 396]. mCherry could have been exocytosed by microglia and taken

up by neurons, which are less well equipped to degrade foreign material.

An alternative strategy for future attempts of microglia transduction could be the use
of Cre-expressing mouse lines in combination with viral vectors. In those systems, the
transfer vector would include a microglia-specific promoter and a double-floxed inverted
orientation (DIO) sequence, which is inverted upon Cre-activation [397]. Specific targeting
of microglia would be achieved in combination with the tamoxifen-inducible Cx3cr1¢meFRT2
mouse line [398]. The flexible administration of tamoxifen rapidly induces Cre recombinase
activity in microglia and macrophages [399, 400], allowing the targeted induction of Cre
in combination with virus application. Nie ef al. were one of the first to combine the
Cx3cr19meFRT2 mouse with a DIO-expressing lentiviral approach to target microglia in
vivo [401]. In their study, they report a high microglia-specificity (90 %), suggesting that

this would be a valuable strategy for future transduction experiments in adult microglia.

5.3.2.2 BIN1 overexpression is specific for microglia and correlates with

lysosomal marker CD68

Despite the off-target detection of mCherry in neurons, quantification for BIN1 in pyrami-
dal layer neurons and single microglia revealed a microglia-specific increase for BIN1 (FC
2.42). In turn, this might support the previously discussed degradation or exocytosis of
microglial mCherry. Moreover, lysosomal CD68 was significantly upregulated (FC 1.72)
and transduced microglia exhibited changes towards a more activated phenotype, which I
could also observe in transduced cultured primary microglia (section 5.3.1.3). Although
reported to be of low immunogenicity [381],[382], I currently can not exclude the possibility
of phenotypical changes due to the presence of viral particles or inflicted tissue damage

during injections. Analogous to the observations made in cultured primary microglia, BIN1
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in naive and transfected animals was found to distinctly localize with CD68, although not
completely. In microglia from transduced animals, many small BIN1-positive vesicle-like
formations became apparent that might indicate an increase of endosomal structures, as
those were primarily located at the distal end of microglia filopodia and rarely overlapped
with CD68. Moreover, 1 detected a significant positive correlation between BIN1 and
CD68, indicating a direct link.

Although promising observations could be made during the in vivo experiments, there is
room for improvement. Of particular importance would be the enhancement of microglial
specificity with subsequent quantification for efficiency (e.g. through the combined use of
microglia-specific Cx3cr1“m*FET mice and DIO-sequence AAV). Moreover, the shortage of
control experiments (e.g. injection of AAV ., or PBS) currently prevents the designation
of explicit conclusions. Nevertheless, the microglia-specific upregulation of BIN! and the
positive correlation with CD68 is encouraging enough to improve and continue our #n vivo
approaches regarding BIN1 function in microglia. If successful, they could prove valuable
tools in future endeavors aimed at the rescue of microglia-mediated defects in AD mouse

models.

5.4 Conclusions

In this study, I successfully sequenced and correlated mRNA transcripts from an aged AD
mouse model with a matching proteomic data set. Thus, providing a more integrative
approach compared to studies depending on a single omics methodology. Interestingly,
the GSEA assigned highly inflammatory associated processes from isolated transcripts had
to be partially mitigated towards a more regenerative phenotype upon comparison with
the proteomic data set. However, the correlation also markedly underscored microglial
phagocytic dysfunctions. This phenotype was further validated through the enrichment
of synaptic proteins within lysosomes of phagocytic less functional disease-associated mi-
croglia. Moreover, several LOAD risk genes suspected to contribute to an impaired mi-

croglia phenotype were identified to be downregulated in this AD model, such as BIN].

In addition, I could provide substantial evidence for the involvement of microglial BIN1

in phagocytic processes in vitro through functional and overexpression experiments in pri-
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mary cells. Furthermore, those results insinuate a direct mechanistic link between the
described multifactorial phagocytic impairment of AD microglia and BINI downregula-
tion. Although similar to the original paper, the improved design of the herein used
AAV /TM6 serotype construct was not sufficient to result in a microglia-specific detection
of the fluorescent marker mCherry in wvivo. Nevertheless, in wvitro efficiency and efficacy
of primary microglia transduction could be convincingly shown. Thus, paving the way for
succeeding experiments aimed at the targeted manipulation of primary microglia in vitro.
Overall, this study signifies the importance of the preservation of microglia function in
the context of AD and that BINI downregulation is detrimental for disease progression.
Moreover, microglia phagocytosis and BIN1 itself represent promising targets for further

studies aimed at the comprehension of AD pathogenesis.
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