Aus der Kiinik fur Neurologie
Universitatsklinikum des Saarlandes, Homburg/Saar
Direktor: Prof. Dr. Fal3bender

Investigation of the expression of
ATP-binding cassette sub-family A member 7 in the

human brain within the context of Alzheimer's disease

Dissertation zur Erlangung des Grades eines Doktors der Medizin
der Medizinischen Fakultat
der UNIVERSITAT DES SAARLANDES
2023

vorgelegt von Patricia Kirschner
geboren am 21.06.1996 in Hamburg



Table of Content

1. LIST OF FIGURES AND TABLES.......coo s s s s s s s s sssmss s s s s e 4
R I T 10 = 4
I - 1 o L= 5
2. LIST OF ABBREVIATIONS ... ooieeeeeisisss s s se e s s s s s s s s e ssssssssssssssssssssssssssnnsssnnnnnns 6
B N = 2 I 7 O P 8
4. ZUSAMMENFASSUNG ......coooiciieeiessiss s sr s e s s s s s s ssssn s ss s s s s s s e e s e s e s e e e nnmnnnsnssssnn 9
5. INTRODUCTION ......coecciiiiisisir s s s s s s s sssnnssssssssssssssss s s s s s s s s e s s s s nnnnnnssssssssssssssnnnnnnnnns 10
5.1 Clinical characteristics of Alzheimer’s disease..........ccccccivimmmrriiinniinsee 10
5.1.1 Epidemiology and geNELICS ........c..uuiiiiiiiiiieeeee e 10
ST I D = o | o £ SRR 10
LT G T I (=Y 110 0= o | PP 13
5.2 Neuropathological diagnostics of Alzheimer’s disease............ccceeerrrrirsrirssisssssssnnnns 14
5.2.1 AMYIOIA DOIA. ....ceiieeeee e 14
5.2.2 Neurofibrillary Changes..........cooi e 18
oI B O F= 1Y o= 111 ] 1< TP 18
5.3 Cell types of the brain and their role in Alzheimer’s Disease.............cccccererirriiennnnns 22
LR Tt B V=T UT o] 1= TP 22
TR X {03 Y (Y RSP 23
5.3.3 Microglia and other phagoCytiC CelIS .........cuuiiiiiiiii e 24
5.3.4 Other types Of CEIIS......uuiiiiiie e 28
5.4 Knowledge on Alzheimer’s disease from genetic studies...........cccccevvemrnriiiiiiiiinnnns 29
5.5 ATP-binding cassette subfamily A member 7 (ABCAT7)....cccccccmrriinriiiineennssnnnssssssnnens 30
5.5.1 Genetics, structure and eXPreSSiON.........oovueiiiiiiee e 30
5.5.2 FuNnction of the Protein...........ooo e 32
5.5.3 ABCA7 in the context of Alzheimer's diSease ............ccuveieeiieiiiiiciiiiee e 33
5.6 Aim of this StUdY........coeiiiiiiiii e ———— 38
6. MATERIAL ... r s e s s e s s s s s s s s e e e e e e e e e e e nnmnnnsnsssssssssssnnnnnnnnnns 39
T. METHODS ... e e e s s s r e s s s sss s s s s s s s e e e e e e s s e s nnnnnassssssssssssssnnnnnnnnns 43



7.1 Case selection and ethical approval...........cccoeiiiiiiiii s 43

7.2 Tissue processing and SeCtionNiNg.........cccvvemrrriiiiiiiinssrrr s 43
7.3 IMMUNOhIStOChEMISEIY ..o 43

7.3.1 Principles of double Staining............eeeiiiiiiii e 43

7.3.2 Confirmation of antibody SPeCifiCity...........cccuueiiiiiiiiii e 45

7.3.3 Double staining for ABCA7 and 6E10 amyloid beta..........cccccooviiiiiiiie, 45

7.3.4 Single staining for ABCAT ...t 47

7.3.5 Double staining for ABCA7 and AT8 tau protein...........c.eeeeveeiiiiiiiieeeeee e 47

7.3.6 Double staining for ABCA7 and CDB8 .............oooviiiiiiiiiiiiieeee e 47

7.3.7 Sequential staining for ionized calcium-binding adapter molecule 1 and ABCA?7 ..... 47

7.3.8 MELhOXY-XO4 ...ttt e et e e e ettt e e e et e e e e st e e e e anneeeeeenneeeeeannnes 48
7.4 Image analysis and statistics ...........cccviiiiiim e —— 48
8. RESULTS ...t r s e s s s s s s s e e e e e e e e n e nm s s s s a s s s e e e e e e e e s nnnnnnnnnnn 50
8.1 ABCAT7 expression in microglia of the human brain............cccoeciiiiiiniiiiines 50
8.2 Establishing a double staining protocol for ABCA7 and amyloid beta.................... 53
8.3 Correlation of ABCA7-positive microglia and amyloid plaques in the cortex......... 55
8.4 ABCAT7 expression in the hippoCcampus.........cccccuicciimmmmmrrrr s 58
8.5 Confirmation of ABCA7 antibody specificity .........ccoccmmmriiiiiiiiiseeneeis 61
9. DISCUSSION ......ceeciiiiiiiiee s rr s rr s senss s s s s s s s s s s s e s e s s s s s nnsssssssssssssssssessnmnennnnnnnnnnnn 62
9.1 Methodical @SPeCtS........ccuiiiiiiiiiiiirr e 62
9.2 ABCAT7 expression by mMicroglia ........ceeevreeiieimmiiiiiisssss s s csssssssesssssssssssssssssssssssssssssssnnn s 66
9.3 ABCAY7 in correlation to amyloid beta plaques...........ccccciiiiiiisirnnr s 68
9.4 ABCAT7 in the RiPPOCaAMPUS........ceiiiiiiiiiiiiiirr s 70
L2 R0 T o o N 72
10. REFERENCES ... s s r e s s s s s s s s s e e e e e e e e m s s 74
11. ACKNOWLEDGEMENTS. .........coo it s s s e s e s s s 104
12. PUBLICATIONS.......ccoeeeeeeresss s s s e s s s rr s s s s s s s s s s s s s s s e e e e e e e e e nmmnnn s nnnnas 105
13. CURRICULUM VITAE........ i rrsssrsessssssssssss s s s s s s s s s e s s s s s snnsnnn s 106



1. List of figures and tables

1.1 Figures

Figure 1: International Working Group 2 criteria for typical Alzheimer's disease 12
Figure 2: Processing pathways of amyloid precursor protein 15
Figure 3: Neuropathological hallmarks of Alzheimer's disease 17

Figure 4: Neuropathological staging of Alzheimer's disease according to Braak & Braak 19

Figure 5: Neuropathological assessment of Alzheimer's disease according to the Consortium

to Establish a Registry for Alzheimer's Disease 20
Figure 6: The five phases of amyloid deposition according to Thal et al. 21
Figure 7: Morphology of microglia 25
Figure 8: Microglia functions in the healthy brain 27
Figure 9: Microglia functions in Alzheimer's disease 28
Figure 10: Topological structure of ATP-binding cassette subfamily A member 7 31
Figure 11: Possible pathways for the association of ABCA7 and Alzheimer's disease 36
Figure 12: Two systems for polymer-based reagents 44
Figure 13: ABCA7 is expressed in a subset of CD68-positive cells 50

Figure 14: ABCA7 and ionized calcium-binding adapter molecule 1 are co-expressed in
microglia in varying intensity 51
Figure 15: ABCA7 is expressed in microglia of all stages of activation 52
Figure 16: Comparison of amyloid beta plaque staining by immunohistochemistry with 6E10
antibody and methoxy-X04 53
Figure 17: Repeatability of ABCA7-immunohistochemistry with double staining 54
Figure 18: Number of ABCA7-positive cells correlates with amyloid beta plaque load in the
grey matter of the frontal cortex 55
Figure 19: The majority of ABCA7-positive cells show association with amyloid beta plaques
in the grey matter of the frontal cortex 56
Figure 20: Association of ABCA7-positive cells to amyloid beta plaques confirmed by

methoxy-X04 staining 57



Figure 21: Positive correlation of the number of ABCA7-positive cells in the frontal cortex and
hippocampus 59
Figure 22: No association of ABCA7-positive cells and amyloid beta plaques in the

hippocampus 59
Figure 23: Intracellular ABCAY signal in neurons 60

Figure 24: Confirmation of the specificity of the ABCA7 antibody using a blocking peptide 61

1.2 Tables

Table 1: Overview of the current knowledge on ABCA7 37
Table 2: Overview of study designs of notable publications on ABCA7 38
Table 3: Instruments 39
Table 4: Experimental materials 39
Table 5: Chemicals and reagents 40
Table 6: Primary antibodies and peptides 41
Table 7: Prefabricated kits 41
Table 8: Buffer solutions 41



2. List of abbreviations

AB Amyloid beta

ABCA7 ATP-binding cassette sub-family A member 7
AD Alzheimer's disease

AP Alkaline phosphatase

ApoA1 Apolipoprotein A1

APP Amyloid precursor protein

ATP Adenosine triphosphate

BDNF Brain-derived neurotrophic factor

CAA Cerebral amyloid angiopathy

CD Cluster of differentiation

CERAD The Consortium to Establish a Registry for Alzheimer's Disease
CNS Central nervous system

CSF Cerebrospinal fluid

CT Computed tomography

CX3CL1 C-X3-C motif chemokine ligand 1

CX3CR1 C-X3-C chemokine receptor 1

DAB 3,3'Diaminobenzidine

DMSO Dimethyl sulfoxide

DNA Deoxyribonucleic acid

ER Endoplasmic reticulum

ERK Extracellular signal-regulated kinases

FAD Familial Alzheimer’s disease

FDA Food and Drug Administration

FcR Fc receptor

GAPDH Glyceraldehyde-3-phosphate dehydrogenase
GFAP Glial fibrillary acidic protein

HE Hematoxylin and eosin

HLA-DR Human leukocyte antigen DR isotype

H20> Hydrogen peroxide

HRP Horseradish peroxidase

Iba1 lonized calcium-binding adaptor molecule 1

ICD-10 International Statistical Classification of Diseases and Related Health Problems,

10th revision
IF Interferon

IL Interleukin



IHC
IWG
LRP1
MAP
MCI
MHCII
MLKL
MRI
mRNA
NaOH
NFT
NT
NMDA
PBS
PCR
PET
pTau
RIPK
RNA
RT
SNP
TBS
TBS-T
TNF-a
TREM2
TRIS
UK
USA
%(vIv)
% (w/v)

Immunohistochemistry

International Working Group

Low density lipoprotein receptor-related protein 1
Microtubule-associated protein

Mild cognitive impairment

Major histocompatibility complex class 2

Mixed lineage kinase domain-like protein
Magnetic resonance imaging

Messenger ribonucleic acid

Sodium hydroxide

Neurofibrillary tangles

Neuropil threads

N-Methyl-d-aspartate

Phosphate-buffered saline

Polymerase chain reaction

Positron emission tomography
Hyperphosphorylated tau protein
Receptor-interacting serine/threonine-protein kinase
Ribonucleic acid

Room temperature

Single-nucleotide polymorphism

Tris-buffered saline

Tris-buffered saline with Tween

Tumor-necrosis factor alpha

Triggering receptor expressed on myeloid cells 2
Tris(hydroxymethyl)aminomethane

United Kingdom

United States of America

Volume/volume percentage solution

Weight/volume percentage solution

The dimensions of this thesis are consistent with the International System of Units (SI)



3. Abstract

Background: Alzheimer's disease is the most common cause of dementia and initially
presents with a progressive deterioration of memory and orientation. As the disease's
neuropathological hallmarks, amyloid beta plaques and deposits of hyperphosphorylated tau
protein are found in patients' brains. In connection to the plaques, neuronal dystrophy and
microglial activation occur. Multiple genome-wide association studies identified the ATP-
binding cassette subfamily A member 7 (ABCA7) as a risk gene for Alzheimer's disease and
found an association with amyloid deposition in the brain. The protein's function is unknown,
but possible roles in lipid release from the cell and phagocytosis have been described. ABCA7
expression was found in the human brain and several other tissues. Protein expression of
ABCA7 within brain cells has predominantly been found in microglia and neurons. Most
evidence on ABCA7 comes from genetic studies and experiments with mouse models or cell
culture. The aim of the here presented study is to examine ABCA7 expression in human brain

tissue and investigate its association with pathologies related to Alzheimer's disease.

Methods: This study examined the ABCA7 expression in post-mortem brain tissue from seven
cases with varying stages of Alzheimer's disease pathology. For this, | established a method
for double staining of ABCA7 and a second marker via immunohistochemistry. To characterise
the ABCA7-expressing cells, double labelling of ABCA7 with the phagocytic marker CD68 and
the microglial marker Iba1 was performed. The association of ABCA7-positive cells to amyloid
deposits in the frontal cortex and hippocampus was then analysed with a double staining using
an antibody against ABCA7 and the anti-amyloid antibody 6E10.

Results: This study found a co-expression of the microglia-specific Iba1 protein and ABCA7
in all labelled cells, while only a subset of CD68-positive cells expressed ABCA7. ABCA7
expression was found in microglia of all stages of activation. The number of ABCA7-positive
cells correlated positively with the amyloid beta plaque load in the grey matter of the frontal
cortex. In this brain region, the majority of ABCA7-positive cells were associated with amyloid
plaques. This association was particularly pronounced with dense plaques. A positive
correlation between the number of ABCA7-positive cells in the frontal cortex and the
hippocampus was found. In the hippocampus, the ABCA7-positive cells did not show

association with amyloid beta plaques.

Conclusion: In the context of prior publications, | interpret these results as suggesting that
ABCAY influences Alzheimer's disease through microglial clearance of amyloid beta in the
cortex. This hypothesis proposes that ABCA7 is upregulated in response to an increased

plague burden and holds a protective role against AD.



4. Zusammenfassung

Hintergrund: Die Alzheimer-Krankheit ist die haufigste Ursache von Demenz und beginnt oft
mit einer zunehmende Verschlechterung von Gedachtnis und Orientierung.
Neuropathologisch kénnen dabei Ablagerungen von Beta-Amyloid-Plaques, welche mit
neuronaler Degeneration und Mikrogliaaktivierung einhergehen, und hyperphosphoryliertem
Tau-Protein nachgewiesen werden. Genomweite Assoziationsstudien konnten den ABC-
Transporter ABCA7 als Alzheimer-Risikogen identifizieren. Diese Studien wiesen zudem eine
Assoziation des ABCA7-Gens mit Beta-Amyloid-Ablagerungen nach. Die Funktion von ABCA7
ist bisher noch unbekannt. Mdglicherweise spielt das Protein bei Lipidfreisetzung aus der Zelle
und Phagozytose eine Rolle. ABCA7-Expression konnte im menschlichen Gehirn,
insbesondere in Mikroglia und Neuronen, sowie in diversen weiteren Geweben nachgewiesen
werden. Bisher wurde ABCA7 hauptsachlich mit Hilfe von genetischen Studien, Mausmodellen
oder zellkulturellen Experimenten erforscht. In dieser Arbeit wird die ABCA7-Expression im

menschlichen Gehirngewebe im Zusammenhang mit der Alzheimerpathologie untersucht.

Methoden: In dieser Studie wurde die ABCA7-Expression in postmortalem Gehirngewebe von
sieben Alzheimerfallen unterschiedlicher Krankheitsstadien untersucht. Daflr entwickelte ich
eine immunhistochemische Doppelfarbemethode, mit welcher ABCA7 zusammen mit einem
weiteren Marker angefarbt werden kann. Um die ABCA7-positiven Zellen naher zu
beschreiben, wurde das Protein zunachst zusammen mit dem Phagozytenmarker CD68 und
dem Mikrogliamarker Iba1 angefarbt. Die Plaqueassoziation der ABCA7-positiven Zellen
wurde mit einer Doppelfarbung von ABCA7 und Beta-Amyloid mittels 6E10-Antikdrper im

Frontalkortex und Hippocampus untersucht.

Ergebnisse: Alle angefarbten Zellen exprimierten ABCA7 und Iba1 gemeinsam. ABCA7
wurde jedoch nur von einem Teil der CD68-positiven Zellen exprimiert. Es konnte dabei eine
ABCAT7-Expression in Mikroglia aller Zellstadien nachgewiesen werden. Die Studie konnte
eine positive Korrelation der Anzahl ABCA7-positiver Zellen und Beta-Amyloid-Plaques in der
grauen Materie des Frontalkortex nachweisen. Zudem waren die meisten ABCA7-positiven
Zellen mit Beta-Amyloid-Plaques, und dabei insbesondere mit den dichten "dense plaques”,
assoziiert. Die Anzahl ABCA7-positiver Zellen im Frontalkortex und Hippocampus korrelierte
positiv. Im Hippocampus konnte jedoch keine Assoziation der ABCA7-positiven Zellen zu

Beta-Amyloid-Plaques festgestellt werden.

Schlussfolgerung: Im Kontext friherer Verdffentlichungen gesehen, interpretiere ich die
Ergebnisse so, dass ABCA7 die Beta-Amyloid-Phagozytose durch Mikroglia fordert. Diese
Hypothese besagt, dass ABCA7 im Rahmen der Alzheimer-Erkrankung verstarkt exprimiert

wird und eine protektive Rolle gegen Alzheimer hat.



5. Introduction

5.1 Clinical characteristics of Alzheimer’s disease

5.1.1 Epidemiology and genetics

Alzheimer's disease (AD) is a neurogenerative disease characterised by a progressive
cognitive decline, which especially affects short-term memory, orientation, and word-finding.
AD was first described in a case report by Alois Alzheimer in 1907 (republished in translation
by Stelzmann et al., 1995). According to a study from 2009, an estimated 1.2 million people in
Germany have a form of dementia (Ziegler & Doblhammer, 2009). The prevalence of dementia
is strongly dependent on age. In the age category of 60 to 64 years the prevalence of dementia
is below 1 % (Alzheimer Europe, 2019; Ziegler & Doblhammer, 2009). That number rises to
12 % in people 80 to 84 years old and about 40 % in the age category of over 100 years
(Alzheimer Europe, 2019; Ziegler & Doblhammer, 2009). It is estimated that 50 to 70 % of all
dementia patients suffer from AD (Qiu et al., 2007). Women have an increased risk for AD in
comparison to men (Andersen et al., 1999). Early-onset AD, defined as AD in people aged
under 65 years old, has a reported prevalence of only 54 per 100,000 (Janssen et al., 2003).
Calculations utilizing prevalence studies and population projections predict that, due to the
continuing ageing of the population in Germany, the total number of AD patients will almost
double by 2050 (Alzheimer Europe, 2019).

Besides the sporadic form of AD, there is also a familial form of AD (FAD). FAD patients
develop symptoms at an unusually young age and typically have a clustering of AD cases in
their families. Three genes are known to cause FAD, amyloid precursor protein (APP) gene on
chromosome 21, Presenilin 1 gene on chromosome 14, and Presenilin 2 gene on chromosome
1 (Janssen et al., 2003; Raux et al.,, 2005; Ringman et al.,, 2014; L. Wu et al., 2012).
Furthermore, AD pathology is closely associated to trisomy 21, which can be partially attributed
to the overexpression of the APP gene on chromosome 21 (Lott & Head, 2019). The
prevalence of dementia in people with trisomy 21 is highly age-dependent and has been stated

as 80 % in the population aged 65 years or older (McCarron et al., 2017).

5.1.2 Diagnosis

Dementia is defined by a chronic cognitive deterioration with a duration of more than 6 months
and needs to be distinguished from other forms of cognitive impairment (Bundesinstitut fur
Arzneimittel und Medizinprodukte im Auftrag des Bundesministeriums fur Gesundheit unter
Beteiligung der Arbeitsgruppe ICD des Kuratoriums fir Fragen der Klassifikation im

Gesundheitswesen, 2021). Delirium mainly affects attention and is often reversible. Age-
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associated memory impairment describes a relative deficiency of memory that evolves in most
of the elderly but does not affect everyday functioning. The more severe mild cognitive
impairment (MCI) also does not disturb daily tasks, but these patients have an increased risk

of developing dementia within the next years (Hacke, 2019).

According to the 10th revision of the International Statistical Classification of Diseases and
Related Health Problems (ICD-10), AD is diagnosed by considering the cognitive symptoms,
their progress, and chemical and pathological markers (Bundesinstitut fir Arzneimittel und
Medizinprodukte im Auftrag des Bundesministeriums fur Gesundheit unter Beteiligung der
Arbeitsgruppe ICD des Kuratoriums flr Fragen der Klassifikation im Gesundheitswesen,
2021). In most cases, the disease presents with a gradual onset of short-term memory loss,
other signs can be difficulty in handling complex tasks and language or visuospatial
dysfunctions (Hacke, 2019). The German dementia guideline (Deutsche Gesellschaft fir
Neurologie, 2017) cites the International Working Group (IWG) 2 criteria by Dubois et al.
(2014), as presented in Figure 1, for differentiation of AD from other forms of dementia for

medical research.

In addition to dementia, the IWG-2 criteria also include MCI, which is a distinct diagnosis
according to the ICD-10 classification system (Deutsche Gesellschaft fir Neurologie, 2017).
Apart from typical AD, which is defined in Figure 1, there are four atypical forms of AD. The
posterior AD variant is dominated by early impairment of visual perception and identification of
objects by eyesight. The logopenic form of AD presents with speech impairment, while the
frontal form has a focus on early and progressive behavioural changes. Early-onset dementia
of the AD type in people diagnosed with Down syndrome also constitutes an atypical variant
of the disease (Dubois et al., 2014).

To start the diagnostic process, a thorough conversation with the patient and his or her
relatives about the patient's medical history is crucial. A neurological examination is important
to exclude other possible causes for the symptoms. Basic diagnostic blood tests are also
essential for differential diagnostics. One or multiple cognitive tests should be conducted to
further classify the patient's cognitive function. One widely used test is the mini-mental state
examination which tests the patient's orientation, memory, and skills with numbers and words.
This test is also fitting for usage in a general medicine setting and can be used to graduate
clinical dementia into the categories mild, moderate or severe (Deutsche Gesellschaft flr
Neurologie, 2017).
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Panel 1: IWG-2 criteria for typical AD (A plus B at any stage)

A Specific clinical phenotype
+ Presence of an early and significant episodic memory impairment (isolated or
associated with other cognitive or behavioural changes that are suggestive of a mild
cognitive impairment or of a dementia syndrome) that includes the following
features:
+ Gradual and progressive change in memory function reported by patient or
informant over more than 6 months
+  Objective evidence of an amnestic syndrome of the hippocampal type,* based on
significantly impaired performance on an episodic memory test with established
specificity for AD, such as cued recall with control of encoding test

B In-vivo evidence of Alzheimer’s pathology (one of the following)
+ Decreased AB, ,, together with increased T-tau or P-tau in CSF

+ Increased tracer retention on amyloid PET

+ AD autosomal dominant mutation present (in PSEN1, PSEN2, or APP)

Exclusion criteriat for typical AD

History

+ Sudden onset

« Early occurrence of the following symptoms: gait disturbances, seizures, major and
prevalent behavioural changes

Clinical features

+ Focal neurological features
+ Early extrapyramidal signs
+ Early hallucinations

+ Cognitive fluctuations

Other medical conditions severe enough to account for memory and related symptoms

+ Non-AD dementia

+ Major depression

+ Cerebrovascular disease

+ Toxic, inflammatory, and metabolic disorders, all of which may require specific
investigations

+  MRIFLAIR or T2 signal changes in the medial temporal lobe that are consistent with
infectious or vascular insults

AD=Alzheimer’s disease. *Hippocampal amnestic syndrome might be difficult to identify in the moderately severe to
severe dementia stages of the disease, in which in-vivo evidence of Alzheimer’s pathology might be sufficient in the
presence of a well characterised dementia syndrome. tAdditional investigations, such as blood tests and brain MR,
are needed to exclude other causes of cognitive disorders or dementia, or concomitant pathologies (vascular lesions).

Figure 1: International Working Group 2 criteria for typical Alzheimer's disease

The IWG-2 criteria (Dubois et al., 2014) consider clinical symptoms typical for AD, as
well as findings from cerebrospinal fluid (CSF) analyses, amyloid positron emission
tomography (PET), and genetic testing. To diagnose AD, the clinical criteria A and at
least one of the B criteria must be met. To exclude other causes of cognitive impairment
further investigations like blood tests or brain magnetic resonance imaging (MRI) are
recommended. Figure adapted from Dubois et al., 2014.
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In addition to considering the clinical symptoms, the levels of amyloid beta (AB) in the cerebral
spinal fluid (CSF) can help confirm an AD diagnosis. There are two major isoforms of the AB
peptide, which differ in length. The CSF levels of AB42, which consists of 42 amino acids, are
reduced in AD, while the concentration of the shorter AB4o does not differ significantly in
demented individuals (Lewczuk et al., 2004). According to several studies, using the ratio of
AB42 to ABso provides significantly better diagnostic accuracy than evaluating the AB.. levels
alone (Hansson et al., 2019; Lewczuk et al., 2004, 2015). Increased levels of tau protein and
phosphorylated tau (pTau) in the CSF are further laboratory indicators for AD (The British
Psychological Society, 2007). Supplementary to a conventional CT or MRI for differential
diagnostical purposes, an amyloid PET offers further insight to confirm the diagnosis. When
using tracers like florbetaben, flutemetamol, or florbetapir, a PET scan can detect AB plaques
in the brain with a sensitivity of more than 90 % (Clark et al., 2012). Early symptom onset or
the occurrence of several cases of AD within one family are possible signs of FAD. In these

cases, genetic consultation and diagnostics should be considered.

5.1.3 Treatment

Two classes of pharmaceuticals with proven effectiveness are approved for the treatment of
AD in Germany and included in the guidelines published by the Deutsche Gesellschaft fir
Neurologie (2017), to which | refer in the following. The acetylcholinesterase inhibitors
donepezil, galantamine, and rivastigmine are approved for AD cases with mild to moderate
dementia. By inhibiting the enzyme that breaks down acetylcholine, the drugs raise the
neurotransmitter's levels in the brain. Their effectiveness is dose-dependent, so the daily dose
should be increased up to the approved maximal dose if the drug is tolerated by the patient.
However, acetylcholinesterase inhibitors are not approved for patients with severe dementia
and an off-label use can be difficult to realize and should be cautiously deliberated. Memantine
is a non-competitive N-Methyl-d-aspartate (NMDA) receptor antagonist and inhibits the
stimulating effect of the neurotransmitter glutamate. It is thought to stop the neurotransmitter's
damaging effects on neurons and significantly improves cognitive function. Memantine is
approved for the treatment of moderate and severe AD dementia. The effectiveness in cases
with mild dementia is not proven, memantine should therefore not be used as a treatment in
these patients (Deutsche Gesellschaft flir Neurologie, 2017). Extracts from the leaves of the
Gingko biloba tree are also commonly used by AD patients. However, a metanalysis by the
Cochrane Collaboration concluded that there is no clear evidence for the effectiveness of

Gingko extracts in the treatment of dementia (Birks & Grimley Evans, 2009).

The previously described treatment options are only symptomatic and do not inhibit the

progress of the AD pathology. In 2021, the first therapy that affects the underlying pathology
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was approved for AD in the United States of America (USA). The monoclonal antibody
aducanumab binds aggregated forms of A and was able to reduce AB plaques in the brain.
Monthly infusions lead to a reduction of the AB plaque load as measured by florbetapir PET
(Sevigny et al., 2016). However, the new treatment agent's clinical benefit for AD patients is
still disputed. Initially, the two conducted phase Il studies could not prove an inhibition of
cognitive decline, one of them met this primary endpoint only after re-evaluation of the data
(Food and Drug Administration [FDA], 2020). Nevertheless, the FDA issued an accelerated
approval for the monoclonal antibody stating that the "reduction in plaques is reasonably likely
to result in clinical benefit" (FDA, 2021). Aducanumab has not been approved in Europe
(European Medicines Agency, 2021, 2022). With Oligomannate, another potentially disease-
modifying therapy was approved in China in 2019. The oligosaccharide derived from marine
algae, which is formally called GV-971, is thought to alter the gut microbiome and influence
inflammatory processes in the context of AD (Syed, 2020). The drug has only been approved

in China and further trials need to be awaited to evaluate the treatment's impact.

Nowadays, AD patients still have very few treatment options available, which highlights the
importance of extensive research on new approaches for disease-modifying therapies.
According to a review by Cummings et al. (2022), there were 143 drugs for AD treatment in
development in January 2022. Thirty-one of were examined in phase Ill studies and 83 % of
the drug mechanisms are considered disease-modifying (Cummings et al., 2022). A promising
candidate is the monoclonal antibody AL002, which binds the microglial receptor TREM-2.
ALOO02 altered the microglial response around AR plaques and reduced the number of neuritic
plagues in a mouse model (S. Wang et al., 2020). The antibody's effect on patients is currently
further examined in a phase Il study (National Library of Medicine, 2022). Other approaches
for new pharmaceuticals include monoclonal antibodies against AR and tau, a tau protein
aggregation inhibitor as well as agents that are targeting inflammatory processes (Cummings
et al., 2022; Hoskin et al., 2019; Reading et al., 2021; Swanson et al., 2021; Wilcock et al.,
2018). Furthermore, different treatments targeting the neuropsychiatric symptoms of AD
patients are currently in development and are showing promising results (Cummings et al.,
2022).

5.2 Neuropathological diagnostics of Alzheimer’s disease

5.2.1 Amyloid beta

Two histopathological changes are found in post-mortem brain tissue of AD cases:
extracellular AB deposits and intracellular tau protein. Amyloid plaques are made of
aggregated AP, a protein consisting of 39 to 42 amino acids that is a fragment of the 3-amyloid

precursor protein (APP). Several versions of AB with differing lengths are found in the human
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brain. The longer AB42 is more prone to aggregate into plaques and is predominantly found in
the brain parenchyma of AD patients (McGowan et al., 2005; Miller et al., 1993; Radde et al.,
2006). The shorter AB4o seems to inhibit AR aggregation, as reduced AB4o levels increase
amyloid deposition (Dermaut et al., 2001; Radde et al., 2006). Interestingly, AB4o predominantly
deposits in the blood vessels of the brain in the context of cerebral amyloid angiopathy (CAA)
(Miller et al., 1993).

As an integral membrane protein, APP is found throughout the central nervous system (CNS)
in different isoforms. The protein is processed by three different proteases of the secretase
family, which is presented in Figure 2. There are two possible pathways for this degradation of
APP. The a- and y-secretases produce fragments that are not prone to aggregation. If APP is
instead processed by the B-secretase, the AR fragment is released. Physiologically, AB is
degraded by various enzymes, but in AD, it accumulates in the brain tissue and aggregates

into plaques (Salminen et al., 2013).
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Figure 2: Processing pathways of amyloid precursor protein

In the non-amyloidogenic pathway, the a-secretase A disintegrin and metalloproteinase domain-containing protein
10 (ADAM10) releases the soluble amyloid precursor protein (APP) ectodomain a (sAPPa) and leaves the C-
terminal fragment C83 in association with the membrane. C83 is then cleaved by the y-secretase presenilin into the
APP intracellular domain (AICD) and the p3 peptide. If APP is instead processed by the 3-secretase beta-site APP
cleaving enzyme 1 (BACE1), the soluble ectodomain 3 (SAPPB) is released and the fragment C99 remains in the
membrane. C99 is then cleaved into AICD and extracellular amyloid beta (AB). If degraded by enzymes, like insulin-
degrading enzyme (IDE) or neprilysin (NEP), AB will not aggregate. In AD brains, AB pathologically accumulates,
oligomerises, and eventually aggregates into AB plaques. Figure adapted from Salminen et al., 2013.
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AB plaques can be made visible with traditional congo red staining or immunohistochemistry
(IHC) using specific antibodies (Mirra et al., 1991). The majority of AB in AD is found in the
grey matter, although some deposits can also be seen in the white matter (Duyckaerts et al.,
2009). Several types of AB plaques can be categorized according to their morphology.
However, itis unresolved if these different plaque types develop independently from each other
or sequentially (Armstrong, 1998; Dickson & Vickers, 2001; lkeda et al., 1990).

Cored plaques, as pictured in Figure 3A, consist of fibrillar AR and exhibit a dense core that is
surrounded by a round AR deposit. They are more closely correlated with the presence of
dementia (Serrano-Pozo et al., 2016). Neuritic plaques, also called senile plaques, are fibrillar
plagues that contain dystrophic neurons with pTau deposits and are thought to contribute to
the progression of AD (D. W. Dickson, 1997; T. C. Dickson & Vickers, 2001; Serrano-Pozo et
al., 2016). Boon et al. (2020) recently described a new form of plaque, which they characterised
as coarse-grained. These plaques are bigger than a classic cored plaque and exhibit several

cores and AB-devoid pores (Boon et al., 2020).

Diffuse plaques, which are depicted in Figure 3B, are generally larger and show a homogenous
AB distribution (Boon et al., 2020; Duyckaerts et al., 2009; Thal & Braak, 2005). These diffuse
deposits are also frequently found in non-demented individuals, indicating that they do not
directly contribute to AD pathology (Delaére et al., 1990; D. W. Dickson et al., 1992).

Additionally, fleecy and lake-like AR plaques have been described as either distinct plaque
forms or subtypes of diffuse plaques (Duyckaerts et al., 2009; Thal et al., 1999; Wisniewski et
al., 1998). Some publications also describe primitive plaques, in which dystrophic neurites are
clearly visible (Armstrong, 1998; Marlatt et al., 2014; Probst et al., 1987). In addition to the
classical extracellular deposits, AR can also be detected intracellularly within neurons

(D’andrea et al., 2001). These deposits will be described more closely later in the introduction.

In the form of CAA, AB is also found around leptomeningeal and neocortical vessels (Thal et
al., 2003). CAA is common in the brains of aged patients with and without dementia and is
often associated with AD pathology (Arvanitakis et al., 2011; Brenowitz et al., 2015). Several
studies found that CAA is present in 70 to 90 % of all AD cases with severe neuropathological
changes (Attems & Jellinger, 2004; Bergeron et al., 1987; Dermaut et al., 2001; Thal et al.,
2003). CAA predominantly contains the shorter peptide AB4o, which raises the question of
whether AB in CAA is of a different origin than AB found in plaques (Greenberg et al., 2020;
Kakuda et al., 2017; Miller et al., 1993). AD patients exhibit an increased extent of CAA,

indicating that CAA contributes to the development of AD through vascular dysfunction
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(Apatiga-Pérez et al., 2021; Thal et al., 2003). CAA is also found in elderly people without AD,
but there is still a need for further research on the impact of these lesions on cognitive function
(Arvanitakis et al., 2011; Thal et al., 2008). Given the overlap of vascular lesions and AD
hallmarks, the differentiation between CAA, vascular dementia and AD remains a difficulty in

the neuropathological diagnostic process (Thal et al., 2003).

=
=
U

¢ °NFT j

Figure 3: Neuropathological hallmarks of Alzheimer's disease

A Cored plaques have a dense core that is surrounded by loosely packed amyloid beta. B Diffuse
plaques present with a homogenous amyloid distribution. C Neurofibrillary changes are made of
hyperphosphorylated tau protein and are found within neurons. They can be stained with the Gallyas
silver method. Neurofibrillary tangles (NFT) are visible within the neurons' somata and neuropil
threads (NT) are found in dendrites. In neuritic plaques (NP), amyloid deposits are found around
dystrophic nerve cell processes with intracellular tau protein. Figure adapted from Dickson & Vickers,
2001 (A, B) and D R Thal & Braak, 2005 (C).
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5.2.2 Neurofibrillary changes

Changes of neurofibrils were already identified in the first reported case of AD (Alzheimer,
1907 [republished in translation by Stelzmann et al., 1995]). These neurofibrillary changes
consist of pTau and can be made visible with silver staining methods, such as Bielschofsky
or Gallyas, thioflavin S or specific antibodies against pTau (Thal, 2012). Tau is a microtubule-
associated protein of the MAP2/Tau family and is predominantly expressed in neurons (Hu et
al., 2017; Huber & Matus, 1984; Neve et al., 1986). The protein affects the polymerisation of
microtubules and is essential for axonal growth and transport (Cleveland et al., 1977; Hallinan
et al., 2019; Ishihara et al., 1999; Kanai et al., 1989; Lacovich et al., 2017; B. Zhang et al.,
2004).

Although tau protein is encoded by one single gene, due to alternative splicing, it is expressed
in six isoforms in the adult human brain (Goedert et al., 1989; Miguel et al., 2019; Neve et al.,
1986). It is subject to extensive posttranslational modifications, especially phosphorylation,
which affects the protein's role in microtubule stabilisation and possibly causes pTau
aggregation in AD and other tauopathies (Drechsel et al., 1992; Kametani et al., 2020; Lindwall
& Cole, 1984; Sato et al., 2018). In advanced AD stages, pTau was found to be three times
more phosphorylated than in non-AD brains (Képke et al., 1993).

Increased tau phosphorylation is a key mechanism in the development of neurofibrillary
changes in AD (Sato et al., 2018; Y. Wang & Mandelkow, 2016). Hyperphosphorylated tau
detaches from the microtubules and accumulates inside neurons in its unbound form (Bancher
et al., 1989; Bramblett et al., 1993). These soluble deposits are considered pre-tangle material
and are only visible with IHC methods (Bancher et al., 1989; Braak et al., 2006).

Through aggregation, the pTau material becomes insoluble and argyrophilic and can now be
made visible with a silver method. Intracellular pTau is found in form of neurofibrillary tangles
(NFT), bundles of fibrils within the neuronal soma, and neuropil threads, that are seen within
dendrites (Braak & Braak, 1991). Figure 3C provides images of these neurofibrillary changes.
Studies on AD mouse models suggest that a reduction of pTau prevents neuronal loss, which

might provide opportunities for new therapeutic approaches (DeVos et al., 2017, 2018)

5.2.3 Classifications

The National Institute on Aging recommends using three scores, which are classifying NFT,
AB plaques, and neuritic plaques, for the post-mortem neuropathological assessment of

probable AD cases (Hyman et al., 2012).
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The commonly-used Braak score considers the distribution of NFT to establish six stages
(Braak & Braak, 1991). For this classification system, tissue sections from the entorhinal,
hippocampal, and occipital area are examined. The first two Braak stages exhibit neurofibrillary
changes in a specific layer of the transentorhinal region. In stages Il and IV more layers and
areas within the limbic system are affected. The last two stages are defined by NFT within the
isocortex. Figure 4 provides more detailed information on the stages of NFT distribution
according to Braak.

transentorhinal limbic isocortical
-1l - V-V

Figure 4: Neuropathological staging of Alzheimer's disease according to Braak

To identify the disease phases according to Braak & Braak (1991), the distribution of neurofibrillary tangles (NFT)
within the brain is examined. This system defines six stages, which can be sorted into transentorhinal, limbic and
isocortical phases. In stages | and Il, mainly the transentorhinal region is affected. Stage Ill exhibits strong
involvement of the Pre-a layer in the entorhinal and transenthorinal regions. In stage IV, NFT are predominantly
found within the hippocampus and few in the isocortex. Stage V exhibits severe NFT deposits in the isocortex,
which are even stronger in stage VI. Figure adapted from Braak & Braak, 1991.

Another score based on AB deposits was developed by the Consortium to Establish a Registry
for Alzheimer's Disease (CERAD) and evaluates the frequency of neuritic plaques (Mirra et al.,
1991). To establish the CERAD score, tissue from the middle frontal gyrus, superior and middle
temporal gyri, and inferior parietal lobule are stained for AR and the region with the most visible
plaques is selected. In this section, the number of neuritic plaques is assessed semi-

quantitatively and defined as sparse, moderate or frequent (Mirra et al., 1991). A drawing
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provided by the authors, which is included in Figure 5, is helpful to determine the plaque
quantity. The original publication suggests using silver stain or thioflavin S for staining the
plaques, but nowadays, IHC is the standard method for this (King et al., 2020; Mirra et al.,
1991). Using a chart, which is provided in Figure 5, the frequency of plaques is then combined
with the age of the patient, to create an age-related score that predicts the probability of a

correct AD diagnosis.

A SILVER STAIN THIOFLAVINE S STAIN B

Age of pt
at death Frequency of plaquest
(yrs) None Sparse Moderate Frequent

<50 0 C C C
50-75 0 B C C
>T75 0 A B C

Sparse plaques. Sparse plaques.

* An age-related plaque score is determined using patient's age along with
plaque frequency in the most heavily affected neocortical section.

1 Based on section of frontal, temporal, or parietal cortex with maximum
involvement,

For purpose of this protocol, the letter circled corresponds to the following
assessment:

Moderste plaques

0 = NO histologic evidence of Alzheimer’s disease.

A = Histologic findings are UNCERTAIN evidence of Alzheimer’s
disease.

B = Histologic findings SUGGEST the diagnosis of Alzheimer’s

C

disease.
= Histologic findings INDICATE the diagnosis of Alzheimer’s
disease.

Frequent ptaques. Freguent plaques

Figure 5: Neuropathological assessment of Alzheimer's disease according to the Consortium to
Establish a Registry for Alzheimer's Disease

A The Consortium to Establish a Registry for Alzheimer's Disease (CERAD) score, which was first published
by Mirra et al. in 1991, examines the frequency of neuritic plaques in the brain area that presents with the most
plaques. The number of plaques is assessed semi-quantitively as sparse, moderate, or frequent. B The plaque
frequency is matched with the patient's age to determine the probability of a correct diagnosis of Alzheimer's
disease. Figures adapted from Mirra et al., 1991.

The widely recognized five phases of AB deposition developed by Thal et al. (2002) are based
on the sequence in which different brain regions exhibit AB-deposition in progressing AD. This
deposition starts in the neocortex and then spreads to the allocortex, brainstem, and
diencephalon. The cerebellum is eventually affected in the final phase (Thal et al., 2002).

Figure 6 visualizes these stages of AB deposition.
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Figure 6: The five phases of amyloid deposition according to Thal et al.

Thal et al. (2002) consider the progression of amyloid deposits. In phase 1, amyloid beta is
only found in the neocortex. In phase 2, the deposits are already extended into the allocortex
and phases 3 and 4 are defined by the involvement of diencephalic nuclei, basal forebrain,

striatum, and parts of the brainstem. Additional involvement of the cerebellum defines the last
phase of amyloid deposition. Figure adapted from Thal et al., 2002.

According to the Consensus Recommendations for the Postmortem Diagnosis of Alzheimer’s
Disease from 1997 (The National Institute On Aging And Reagan Institute Working Group On
Diagnostic Criteria For The Neuropathological Assessment Of Alzheimer's Disease, 1997), an
AD diagnosis is highly likely if a post-mortem brain shows frequent neuritic plaques according
to CERAD and NFT in the neocortex, which corresponds with a Braak-stage V or VI. On the
contrary, infrequent neuritic plaques and a Braak-stage of | or Il constitute a low likelihood of
AD. An updated recommendation from 2012 proposes using the ABC score, that incorporates

all three previously described scores (Hyman et al., 2012).
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5.3 Cell types of the brain and their role in Alzheimer’s Disease

5.3.1 Neurons

Loss of neurons occurs early in the progression of AD, even before clear dementia symptoms
are detectable, and correlates with cognitive decline (Giannakopoulos et al., 2003; Gomez-Isla
et al.,, 1996; Raji et al., 2009). This cell loss has been attributed to impaired postnatal
neurogenesis and neuronal maturation, as well as increased neuronal death (Haughey et al.,
2002; B. Li et al., 2008; Smale et al., 1995). It has long been thought that the adult human
brain can not generate new neurons, but newer studies suggest that neurogenesis still occurs
in the adult human brain (Boldrini et al., 2018; Eriksson et al., 1998; Ernst et al., 2014; Moreno-
Jiménez et al., 2019). Several publications demonstrated that this process is impaired in brains
with AD pathology (Haughey et al., 2002; Marx et al., 2006; Moreno-Jiménez et al., 2019; J.
M. Wang et al., 2010). Furthermore, analyses of the expression of microtubule-associated
protein (MAP) 2, which is important during neuronal development, suggested that recently

generated neurons do not properly mature into functioning cells in AD brains (B. Li et al., 2008).

AB plaques are one of the most prominent pathological changes in AD, therefore early
research focused on the role of extracellular AB. Due to technical difficulties, the existence of
intracellular neuronal AB has long been challenged but was confirmed by using more specific
AB antibodies (D’andrea et al., 2001; Wegiel et al., 2004). Intracellular accumulation results
from neuronal production as well as internalisation of extracellular AR (Bahr et al., 1998; Bi et
al., 2002; Greenfield et al., 1999). Using the Ntera2/D1 neuron-like cell line, a study in 1993
first demonstrated that neurons are capable of producing AB in cell culture (Wertkin et al.,
1993). Further in vitro studies identified the secretory pathway of neurons via endoplasmic
reticulum (ER) and Golgi network as an intracellular production and processing site of A
(Cook et al., 1997; Hartmann et al., 1997; Tan & Gleeson, 2019). Intriguingly, Clifford et al.
(2007) demonstrated, by injecting mice with fluorescent AB, that neurons are also able to bind

and take up extracellular AB.

AB treatment of neurons in cell culture resulted in AB internalisation and rapid cell death, which
indicates that intracellular AB accumulation causes neuronal death in AD brains (Ditaranto et
al., 2001; Yu et al., 2010; Y. Zhang et al., 2002). Remnants of neurons can be found at the
core of AB plaques, possibly suggesting that the lysis of AB burdened neurons contributes to
extracellular AR accumulation (D’andrea et al., 2001). Changes in calcium homeostasis have
been connected to neurodegeneration in AD and it was shown that Apolipoprotein E (APOE)
€4 accelerates these calcium-dependent neurotoxic processes in vitro (Veinbergs et al., 2002;
Wadhwani et al., 2019; X. Wang & Zheng, 2019). The exact mechanisms behind AB induced
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neuronal death in AD are not known, but several pathways including caspase-dependent cell
death and processes around the apoptosis-inducing factor have been proposed by
publications (Allen et al.,, 2001; J.-H. Lee et al., 2012). However, the observation of
intraneuronal AB in healthy individuals from late childhood on leaves many questions regarding

the implications of intracellular A for healthy and AD brains (Wegiel et al., 2007).

5.3.2 Astrocytes

The star-shaped astrocytes are found in the grey and white matter throughout the whole brain
(Sofroniew & Vinters, 2010). With their foot processes, this glia cell type is in close contact with
neurons and blood capillaries in the brain (ladecola & Nedergaard, 2007). They serve a variety
of functions to uphold the homeostasis of the brain. The glia cells regulate neuronal signal
transmission, have complex metabolic functions and contribute to synaptic development and
maintenance (Sofroniew & Vinters, 2010). Astrocyte foot processes build and control the
border between the extracellular brain parenchyma and the perivascular space, which makes
them an integral part of the blood-brain barrier (Bechmann et al., 2007; Y. Hayashi et al., 1997).
They react to CNS damage with cell proliferation, cellular hypertrophy, and scar formation
around severely damaged areas. This reaction is called astrogliosis and is accompanied by
increased expression of the astrocytic specific cytoskeletal marker glial fibrillary acidic protein
(GFAP) (Sofroniew, 2014).

In cell culture, astrogliosis was triggered by AB plaques (DeWitt et al., 1998). Furthermore,
several studies have shown increased astrogliosis, quantified with the marker GFAP, in post-
mortem AD cases, which might be a consequence of local neuronal damage (Beach &
McGeer, 1988; Kashon et al., 2004). Simpson et al. (2010) observed that an increased Braak
stage correlates with increased GFAP expression by astrocytes in brains of elderly people. In
that study, astrogliosis was increasingly seen in cases with a high neuritic plaque burden, but
not associated with diffuse plaques. In a triple transgenic AD mouse model, general
cytoskeletal atrophy and reduction of cell body volume were observed in correlation to AD
pathology progression. In later disease stages, astrocytes associated with AB plaques showed
an increase in volume and size of the cell body, while distant cells were atrophic (Olabarria et
al., 2010). Similar studies could confirm the astroglial atrophy in AD mice but could find no
hypertrophic cells with correlation to AB plagues, which might be because different brain areas
were evaluated (Kulijewicz-Nawrot et al., 2012; C.-Y. Yeh et al., 2011).

Wyss-Coray et al. (2003) discovered that astrocytes are capable of binding and degrading A
in a mouse model. Furthermore, an IHC study on human tissue of the entorhinal cortex found

AB deposits within activated astrocytes around plaques (Nagele et al., 2003). The extent of
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this intracellular AR accumulation was positively correlated to the amount of local AD
pathology. Double labelling with a neuron-specific marker indicated that the internalized AB
was taken up together with neuronal debris. The study also suggested that the lysis of these
AB positive astrocytic cells contributes to the plaque burden in form of astrocyte-derived AR
plagques (Nagele et al., 2003). Additionally, astrocytes can produce A in cell culture and thus

are possibly contributing to AB accumulation in AD (Busciglio et al., 1993; J. Zhao et al., 2011).

Taking the findings of the mentioned studies together, it becomes clear that astrocytes play a
complex role in the pathology of AD by internalizing AB and developing reactive astrogliosis
around plaques, while they are showing signs of atrophy further away from the plaques
(Olabarria et al., 2010; Wyss-Coray et al., 2003). It has been argued that astrocyte atrophy
disrupts the neuronal function and extracellular homeostasis of the brain, while astrogliosis
contributes to neuronal death and chronic inflammation in the context of AD (Rodriguez et al.,
2009).

5.3.3 Microglia and other phagocytic cells

Microglia are the resident mononuclear phagocytic cells of the CNS and constitute 5 to 12 %
of glial cells in the CNS parenchyma (Lawson et al., 1990). It has been established that
microglia are of myeloid origin, but the details of their development have long been unclear
(Beers et al., 2006; McKercher et al., 1996). Ginhoux et al. (2010) proved that progenitor cells
from the embryonic yolk sack migrate to the brain from early embryonic development stages
until shortly after birth. Hence, a clear distinction of microglia from the peripheral macrophages,
that continuously develop from bone marrow-derived monocyte precursor cells, is important. It
has been established that the microglia population maintains itself by self-renewal of

proliferating resident cells (Ginhoux et al., 2010; Gomez-Nicola & Perry, 2015).

However, it is still not clear to what extent bone marrow-derived monocytes or macrophages
have the capacity to infiltrate the CNS and assume microglia morphology and phagocytic
functions within the brain parenchyma (Ling et al., 1980). In a mouse model, bone marrow-
derived phagocytic cells were attracted by AB plaques and were able to eliminate these
deposits (Simard et al., 2006). However, a review by Heneka et al. (2015) argues that the
whole-body irradiation of the mice used in this experiment impairs the blood-brain barrier and
does not represent physiological processes. Other animal studies suggested that perivascular
macrophages, resident brain macrophages that are closely associated with blood vessels,
rather than peripheral phagocytes, can eliminate Ap from the brain (Hawkes & McLaurin, 2009;

Mildner et al., 2011). In summary, the role of peripheral phagocytic cells for the healthy and
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diseased brain is not yet determined, but it seems that they do not contribute substantially to
the AB uptake in the brain.

Physiologically, microglia are organised in a regular array and are present in the grey and white
matter (Lawson et al.,, 1990). Depending on their state of activation, microglia can exhibit
different morphologies, which are illustrated in Figure 7. In healthy brain tissue, microglia are
found in a resting state with a ramified morphology. After injury or inflammation, microglia
exhibit signs of activation. Initially, hypertrophy of processes can be observed, which has also
been described as a bushy morphology (Paasila et al., 2019). Later stages of activation show
a retraction of processes until an amoeboid shape is reached (Paasila et al., 2019; Torres-
Platas et al., 2014).

A B C D E F

Figure 7: Morphology of microglia

A Resting microglia exhibit a ramified morphology with thin processes. B After activation through injury or stress
the primed microglia show hypertrophy and develop larger cell bodies and thicker processes, but show fewer
secondary processes. C, D In later activation stages, processes are increasingly retracted. E Reactive microglia

have enlarged cell bodies with few processes. F Amoeboid-shaped microglia have very few or no processes and
are thought of as the phagocytic form of microglia. Figure adapted from Kreutzberg, 1996.

In vivo imaging proved that the resting microglia are constantly scanning the immediate
environment with their processes while keeping the soma in position (Nimmerjahn et al., 2005;
Wake et al., 2009). A recent study demonstrated that microglial processes predominantly
interact with neuronal cell bodies, indicating that the glial cells monitor neuronal status with
these interactions (Cserép et al., 2020). These interactions between microglia and neurons

are mediated through a variety of neurotransmitters and cytokines. For instance, Brain-derived
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neurotrophic factor (BDNF) from microglia can regulate synaptic plasticity in mice and
microglia-derived IGF-1 maintains neuronal survival (Parkhurst et al., 2013; Ueno et al., 2013).
Furthermore, metabotropic glutamate receptors on microglia are able to activate neurotoxic
functions in microglia (Taylor et al., 2002). Intriguingly, Hefendehl et al. (2014) found that the
distribution of neocortical microglia becomes less homogeneous in aged mice. The microglial
processes are shortened and their movement is slowed down, while the microglial cell bodies
increase in volume and start moving, which indicates a microglial dysfunction associated with
ageing (Hefendehl et al., 2014).

Synaptic pruning, a process in which functioning synapses are eliminated after birth, is
essential for healthy, well-adapted brain development. Interestingly, microglia have been
shown to play an active role in this process, which continues at least until adolescence (Sakai,
2020). Using mouse models, it was shown that the complement system can mediate

engulfment of presynaptic inputs by microglia (Schafer et al., 2012; Stevens et al., 2007).

Mediated through direct cell contact, microglia can phagocyte apoptotic cells in the brain,
without activating a proinflammatory reaction (Magnus et al., 2001). Experiments using cell
cultures of neonatal rat brain demonstrated that this phagocytosis of apoptotic cells is initiated
without delay by the microglia and completed within two hours of the first cell contact (Parnaik
et al., 2000). Chan et al. (2001) confirmed that microglia have a high capacity for the clearance
of apoptotic cells. Furthermore, microglia are able to phagocyte axonal debris, which enhances
neuronal regeneration (Hosmane et al., 2012; Nielsen et al., 2009). Figure 8 provides an

illustrated summary of the different functions that microglia serve in the healthy brain.

Genetic analyses show that microglia are involved in the development of AD (Kunkle et al.,
2019; Nott et al., 2019). As the synergy of the different functions of microglia in healthy brains,
is still not completely understood, their implications for AD remain ambiguous. Today's
knowledge suggests neuroprotective as well as detrimental roles for microglia in AD and has
been reviewed in detail by Hansen et al. (2018). In vitro experiments demonstrated that
microglia can phagocyte AB and several receptors, such as scavenger receptors or CD14,
have been associated with this process (Y. Liu et al., 2005; Paresce et al., 1996). However, it
has been difficult to confirm AB clearance by microglia in vivo (Sierra et al., 2013). Although
Meyer-Luehmann et al. (2008) observed in transgenic mice that microglia are recruited to a
newly formed AB plague within two days, they could not find evidence for phagocytosis of the

plaque material.
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Figure 8: Microglia functions in the healthy brain

Proliferation of new microglia is independent of bone marrow-derived progenitors, as the population regenerates
through self-renewal. Systemic sensing microglia are in close contact with the blood-brain barrier to detect pro-
inflammatory mediators and other substances in the blood. Microglia are constantly monitoring the homeostasis of
their microenvironment as surveillant microglia. They are also important for the correct function of neurons, as
they prune synapses during brain development and uphold neuromodulatory functions for the neurons. As the
resident phagocytic cells of the brain, microglia remove damaged or apoptotic cells, axonal debris, and pathogens
within the brain. As previously described, astrocytes also hold important functions for brain homeostasis and are
pictured here in close contact with blood vessels and synapses. Figure adapted from Gomez-Nicola & Perry, 2015.

In further experiments, AB has also been found to activate the clustering of microglia around
plaques (Huang et al., 2009). Some authors proposed that microglia are connected to the
deposit of AB rather than its clearance, but Scott et al. (1993) did not detect B-APP messenger
ribonucleic acid (MRNA) in microglia that were clustered around plaques, which suggests that

microglia are not producing AR (Frackowiak et al., 1992; Scott et al., 1993; Wegiel et al., 2004).

However, microglial activation has also been shown to increase inflammation and have
detrimental effects on neurons. An animal study demonstrated that TNFa induces microglia to
chronically produce inflammatory factors, which resulted in neuronal loss (Qin et al., 2007). In
cell culture, AR stimulates microglia to activate various proinflammatory processes and
produce neurotoxic substances (Combs et al., 1999; Halle et al., 2008; Y. Liu et al., 2020;
Urrutia etal., 2017; Z.-F. Wang et al., 2020; Zu et al., 2020). It has been proposed that microglia
activation in early AD stages promotes neuroprotective effects and removal of AB plaques,
while the cells' proinflammatory activities in late AD mainly have detrimental effects (Fan et al.,
2017; Prokop et al., 2013). Figure 9 provides an overview of this theory on the possible

beneficial and harmful functions of microglia for the progression of AD.
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The various functions of microglia can have both beneficial and detrimental effects on the pathology of Alzheimer's
disease. Resting microglia are responsible for surveillance, pruning, and cytokine production while contributing to
a healthy brain environment. They can be activated by neuronal damage, factors like adenosine triphosphate (ATP)
and cytokines, or extracellular amyloid beta (AB), resulting in accumulation around the trigger through chemotaxis.
Activation results in a transformation into amoeboid microglia that can phagocyte AR and damaged cells. After
removal or resolution of the triggering stimulus, the activated microglia are able to return to their resting state.
Chronic exposure or genetic mutations can result in a dysfunctional cell status, in which the microglia exhibit
reduced phagocytic capacities, disabled motility, and altered cytokine production. In reaction to prolonged persisting
stress, irreversible cell dysfunction is possible, a status described as senescence. Figure adapted from Prokop et
al., 2013.

Figure 9: Microglia functions in Alzheimer's disease

5.3.4 Other types of cells

Two further glial cell types are present in the CNS, namely ependymal cells and
oligodendrocytes. Ependymal cells are lining the ventricular system of the CNS and are
producing CSF. So far, no relevant connection of this glia cell type to AD has been described.
Regarding the impact of oligodendrocytes, the cells that form the myelin of the CNS, on AD, a
theory has been established in which AB induces oligodendrocyte dysfunction and myelin
breakdown, which was reviewed in depth by Zhan et al. in 2018. As this issue is not relevant

in the context of this thesis, | will not further describe it.

In summary, neurons, microglia, and astrocytes seem to be the central cellular factors in the
context of AD pathology. Regarding neurons, early cell loss and the detection of intracellular
AB are noteworthy (D’andrea et al., 2001; Giannakopoulos et al., 2003). Questions remain
whether internal AR deposits are primarily signs of AR production by neurons, or are also

contributing to the observed neuronal loss (D’andrea et al., 2001; Yu et al., 2010; Y. Zhang et
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al., 2002). Astrogliosis in reaction to extracellular AR has been observed in cell culture as well
as human tissue (DeWitt et al., 1998; Kashon et al., 2004). A potential function of astroglia in
the removal of extracellular AR has been proposed, but these are opposed by indications that
astrocytes may contribute to the local plaque load (Nagele et al., 2004; Wyss-Coray et al.,
2003). Microglia seem to serve a protective role against AD by phagocyting AB and damaged
neurons but can also have adverse effects on the disease progressing by increasing

inflammation and neurotoxicity (Prokop et al., 2013).

5.4 Knowledge on Alzheimer’s disease from genetic studies

The pathological hallmarks of AD have long been known and intensely studied, but the exact
aetiology of the disease is still not known. However, the heritability of all AD forms taken
together was estimated to be approximately 60 to 80 % (Gatz et al., 2006). The most common
form of genetic variation in the human genome is single nucleotide polymorphism (SNP), which
can be associated with an increased risk for a specific disease (Collins et al., 1997). Genome-
wide association studies (GWAS) compare the genetic information of AD patients with age-
matched cognitive healthy controls and have identified more than 40 gene loci with association
to AD (Novikova et al., 2021). Identifying risk genes for AD can help to find new evidence on

the underlying pathomechanisms of the disease.

Apolipoprotein E (APOE) €4 is considered the strongest genetic risk factor for AD. APOE is an
important protein for cholesterol and lipid metabolisms and shows a genetic polymorphism.
With APOEe2, APOEe3, and APOEe4, three major alleles are present in the human population
(Corbo & Scacchi, 1999). The allele APOEe4 has a frequency of 13.7 % and is strongly
associated with an increased risk for AD (Corder et al., 1993; Farrer et al., 1997; Gharbi-Meliani
et al., 2021). Of all known AD risk genes, APOE¢4 had the strongest association with amyloid

deposition measured by florbetapir PET scan (Apostolova et al., 2018).

Several studies found that the gene for the receptor adenosine triphosphate—binding cassette
subfamily A member 7 (ABCA7) has a high association with AD risk (Bellenguez et al., 2017;
Hollingworth et al., 2011; Kunkle et al., 2019; Lambert et al.,, 2013; Reitz et al., 2013;
Schwartzentruber et al., 2021). Furthermore, GWAS showed that ABCA7 has a strong
association with AB plaque burden (Apostolova et al., 2018; Hughes et al., 2014; Shulman et
al., 2013; Q.-F. Zhao et al., 2016). Further evidence from genetic studies regarding ABCA7 will

be described more in-depth below.

In multiple GWAS, TREM2 has shown a strong association to AD risk and brain amyloidosis

(Apostolova et al., 2018; Bellenguez et al., 2017; Guerreiro et al., 2012). The protein binds to
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lipoproteins such as APOE and plays an important role in phagocytotic processes of the brain
(Kleinberger et al., 2014; Takahashi et al., 2005; F. L. Yeh et al., 2016). The majority of
publications suggest that TREM2 is expressed by microglia, but these studies mainly used cell
culture or mouse brain tissue for the experiments (Fassler et al., 2021; Joshi et al., 2021;
Kleinberger et al., 2014; Schmid et al., 2002; Sessa et al., 2004; F. L. Yeh et al., 2016).
However, several studies utilizing IHC did not find any TREM2 expression in microglia in the
human brain (Fahrenhold et al., 2018; J. I. Satoh et al., 2013; J. ichi Satoh et al., 2011).
Fahrenhold et al. (2018) proposed TREMZ2 as a marker of monocyte recruitment from the
bloodstream instead. In contrast to these studies, TREM2 protein expression could be
detected in human brains via IHC when using a different antibody (Lue et al., 2015). These
discrepancies might result from post-translational modifications that affect the antigen-binding
site of the two different antibodies, as Hashioka et al. (2020) suggest in a review. The TREM2
expression in monocytes highlights the possible role of peripheral immune processes in the
development of AD (Fahrenhold et al.,, 2018; Hashioka et al., 2020). Even though the
implications of this discrepancy are not yet clear, they illustrate the importance of IHC
experiments on human tissue to further understand the function of AD risk genes in the human

brain.

GWAS were able to identify a multitude of other genes with clear association to brain
amyloidosis, including Desmoglein 2 (DSG2), Sortilin Related Receptor 1 (SORL1), clusterin
(CLU), complement C3b/C4b receptor 1 (CR1), and phosphatidylinositol binding clathrin
assembly protein (PICALM) (Apostolova et al., 2018; Chibnik et al., 2011; Shulman et al.,
2013). Evidence from such genetic studies can be used to find new focuses for experimental

studies on the pathomechanisms behind AD.

5.5 ATP-binding cassette subfamily A member 7 (ABCA7)

5.5.1 Genetics, structure and expression

GWAS identified ABCA7 as one of the top genetic risk loci for AD (Apostolova et al., 2018).
The ABCA7Y gene is located on chromosome 19p13.3 and consists of 47 exons (Broccardo et
al., 2001; Kaminski et al., 2000). ABCA7 was first described by Kaminski et al. in 2000. The
protein belongs to the full-size ATP-binding cassette transporters, a family of active
transmembrane transporters for a variety of molecules (Kaminski et al., 2000). The structure
of ABCA7, which is shown in Figure 10, is typical for ATP-binding cassette transporters and
has the closest homology with ABCA1 (Kaminski et al., 2000). The protein is made of 2146

amino acids and has a molecular weight of about 220 kDa (Kaminski et al., 2000).
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Figure 10: Topological structure of ATP-binding cassette subfamily A member 7

ATP-binding Cassette Subfamily A Member 7 (ABCA7) has two transmembrane domains, which determine the
specificity of the transported molecule. Two large loops act as extracellular substrate-binding domains. The protein
possesses two nucleotide-binding domains, each consisting of a Walker A, Walker B and signature motif. The
transmembrane lipid transport is dependent on the binding of adenosine triphosphate (ATP) to the nucleotide-
binding domains. (Dean & Allikmets, 1995; Kaminski et al., 2000) Figure adapted from Aikawa et al., 2018.

Due to alternative splicing, two isoforms of ABCA7 are found in humans. Type | ABCA7, which
is produced from full-length cDNA, is found in the plasma membrane, and is predominantly
expressed in the human brain and bone marrow (Y. Ikeda et al., 2003). The splicing variant
type Il is localized in the ER and seems to be more abundant in lymph nodes, spleen, thymus,
and trachea (Y. lkeda et al., 2003). Kaminski et al. (2000) found high expression of ABCA7
mRNA in human myelo-lymphatic tissue, such as thymus, spleen, lymph nodes, and bone
marrow. In this first study on ABCA7, Kaminski et al. (2000) did not detect ABCA7 in brain
tissue, but a study using real-time polymerase chain reaction (PCR) for mRNA quantification
on human brain cells could detect high ABCA7 gene expression in microglia (Kim et al., 2006).
Additionally, that study found ABCA7 expression in lower levels in oligodendrocytes,
astrocytes and neurons (Kim et al., 2006). In mice, ABCA7 gene expression was detected in
various tissues from adult animals and embryos and had the highest levels in spleen and

hematopoietic tissue (Broccardo et al., 2001).
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The localisation of ABCAY protein expression seems to vary in different species. Sasaki et al.
studied ABCA7 protein expression in rats and found the highest expression of the protein in
platelets (Sasaki et al., 2003). Interestingly, lkeda et al. (2003) did not detect ABCA7 protein
in human peripheral blood cells. In mice, ABCA7 protein was widely expressed in various
tissues, with the highest protein levels in the brain, lung, spleen, and adrenal gland (N. Wang
et al., 2003). In wild-type mice, ABCA7 protein expression was detected in primary neurons

and glial cells in comparable levels (K. Satoh et al., 2015).

5.5.2 Function of the protein

Similar to the closely related ABCA1, ABCA7 seems to play an important role in lipid
metabolism. When analysing plasma lipid profiles of AD and control patients, the ABCA7 gene
showed a differential association with the majority of diglycerides, which indicates a link
between ABCA7 and lipid metabolism in the context of AD (Y. Liu et al., 2021). Several
publications describe that ABCA7, as well as ABCA1, are responsible for the transport of
phospholipids, and probably also cholesterol, out of the cell (Abe-Dohmae et al., 2006; M.
Hayashi et al., 2005; Y. lkeda et al., 2003; Picataggi et al., 2022; Quazi & Molday, 2013; N.
Wang et al., 2003). It was shown in several studies using HEK293 cells that ApoA1 stimulates
a dose-dependent lipid release from the cell (Abe-Dohmae et al., 2006; M. Hayashi et al., 2005;
C. Wu et al., 2013). Ikeda et al. (2003) found that only type | ABCA7, which is localized in the
plasma membrane, promotes ApoA1 mediated lipid release, but not type Il from the ER. Using
HEK293 cell clones, Wu et al. (2013) showed that ABCA7 expression is downregulated by 25-
hydroxycholesterol, while an opposite regulating effect was shown for ABCA1. Contrarily to
these findings, Kim et al. (2005) reported that cholesterol and phospholipid efflux did not
change in ABCA7-deficient mice and therefore suggested that the previously described
activities are not central to the proteins' physiological function. Interestingly, a recent study
examined lipid subclasses in ABCA7 knockout mice and found gender-specific differences
which were altered in comparison to wild type mice (Fu et al., 2022). The authors argue that
these sex-specific differences in ABCA7 function might contribute to the previously described
gender-differences in AD incidence. In conclusion, it appears that ABCA7 influences lipid
homeostasis by mediating lipid release from the cell, but its exact impact on cellular functions

remains uncertain.

In human brain cells, ABCA7 is predominantly expressed in microglia (Kim et al., 2006).
Therefore, it is not surprising that the protein seems to have a function for phagocytic
mechanisms. Downregulation of ABCA7 in cell culture and mouse models resulted in a
significantly decreased phagocytic function (lwamoto et al., 2006; Jehle et al., 2006; Tanaka
et al., 2010).
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ABCAY has a high sequence similarity to the Caenorhabditis elegans gene CED-7, which is
known to mediate phagocytosis of apoptotic cells in the nematode species (Jehle et al., 2006).
Therefore, Jehle et al. (2006) investigated the role of ABCA7Y in the phagocytosis of apoptotic
cells. The signalling mechanisms behind the phagocytosis of apoptotic cells are only partially
understood. Phagocytosis can be initiated by Fc receptors that recognize the Fc fragment of
IgG antibodies (Aderem & Underhill, 1999). Activation of the serine/threonine kinase
extracellular signal-regulated kinases (ERK) was as well described in several phagocytic cells
(Garcia-Garcia et al., 2002; Hazan-Halevy et al., 2000; Karimi & Lennartz, 1998; Raeder et al.,
1999). It was shown by Jehle et al. (2006) that ABCAY7 is integral for phagocytosis of apoptotic
cells via ERK phosphorylation, but does not seem to be involved in FcR-mediated processes
of phagocytosis. Another study found that the levels of ERK were significantly elevated in
ABCA7-deficient mice, which further validates that ABCA7 regulates ERK pathways in the
brain (Sakae et al., 2016). It was further hypothesised that ABCA7 might be implicated in
phospholipid translocation to the outer leaflet of the plasma membrane, possibly an important
step in the phagocytic process (Jehle et al., 2006). The receptor LRP1 mediates, among
others, endocytosis and has been hypothesised to modulate APP processing (S. L. Chan et
al., 2008; De Strooper & Annaert, 2000; Knauer et al., 1996). Jehle et al. (2006) found that
during phagocytosis, ABCA7 and LRP1 are trafficked together to the phagocytic cup where

they then colocalise.

5.5.3 ABCAY7 in the context of Alzheimer's disease

The first evidence for the association of ABCA7 and AD was published by Hollingworth et al.
(2011), who identified the common SNP variant rs3764650 as a susceptibility locus for AD.
Since then, several studies proved that ABCA7 expression is increased in cases with cognitive
decline and AD (Humphries et al., 2015; Karch et al., 2012; Vasquez et al., 2013). Karch et al.
(2012) identified an association of the minor allele of rs3764650 with later age at onset and
shorter duration of AD. Vasquez et al. (2013) observed that this minor allele was associated
with an increased ABCA7 expression and suggested that an upregulated ABCA7 expression
through SNP variants reduces the AD risk. However, the same study detected an increased
ABCAY expression in individuals with AD which might be due to an inadequate upregulation in
AD brains (Vasquez et al., 2013). Additionally, the low-frequency ABCA7 variant rs72973581
was found to provide statistically significant protection against AD (Cuyvers et al., 2015; Sassi
et al., 2016).

Consistent with this, several studies observed that loss-of-function mutations in the ABCA7
gene increase the AD risk (Campbell et al., 2022; Cuyvers et al., 2015; Steinberg et al., 2015;

Vardarajan et al., 2015). For example, a study in Belgian AD and control cohorts showed that
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premature termination codon mutations in the ABCA7 gene, which lead to a loss of function,

were more frequent in AD patients (Bossaerts et al., 2021).

By whole genome sequencing, May et al. (2018) identified two rare ABCA?7 variants in families
with a pattern of autosomal dominant AD disease and concluded that these might contribute

to the development of FAD in these families.

Several GWAS found an association of ABCA7 variants with AB deposition in the brain
(Apostolova et al., 2018; Hughes et al., 2014; Shulman et al., 2013; Q.-F. Zhao et al., 2016).
Furthermore, Apostolova et al. (2018) included the ABCA?7 variants rs3764650 and rs3752246
in the top 20 AD risk variants and reported that, behind APOE ¢4, ABCA7 had the second-

highest association to brain amyloidosis.

Taking the results of the various GWAS together, it is clear that ABCA7 plays an important role
in the development of AD. Today, it is seen as one of the most important genes associated
with AD risk, even though the exact mechanisms behind this connection still need to be further
explored with experimental work (Apostolova et al., 2018; Berg et al., 2019; De Roeck et al.,
2019).

Kim et al. (2013) crossed ABCA7-deficient mice with J20 mice, a common AD mouse model
with overexpressed APP, and found that the ABCA?7 loss led to a stark increase of insoluble
AB and thioflavin S-positive plaques. Increased levels of soluble AR in ABCA7-deficient mice
were also observed in other studies, but soluble AB in the interstitial fluid did not seem to be
affected (Sakae et al.,, 2016; K. Satoh et al., 2015). Microglia and bone marrow-derived
macrophages from ABCA7-deficient mice were found to have a reduced capacity for
phagocytosis of oligomeric AR (Fu et al., 2016; Kim et al., 2013). Interestingly, the total number
of Iba1 positive microglia and the number of microglia around AB plaques were not reduced in
ABCA7-deficient mice (Kim et al., 2013; Sakae et al., 2016). The mentioned studies provide
evidence that ABCAY function is closely connected to AR deposition and microglia function,

but the mechanisms behind this association still need to be further explored.

Chan et al. (2008) proved that ABCA7 regulates APP processing and inhibits AR production.
Their experiments showed that transfecting ABCA7 cDNA into Chinese hamster ovary cells
that constantly express human APP reduces the levels of secreted sAPPa, sAPPB, and A
significantly. The authors stated that the observed decrease of A was not connected with an
increase in sAPPa secretion and was therefore not caused by increased activity of the a-
secretase pathway. Further experiments using fluorogenic substrates on the same cell line

proved that ABCAY has no impact on the activity of a-, -, or y-secretases in cell culture (S. L.
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Chan et al.,, 2008). Additionally, K. Satoh et al. (2015) reported that ABCA7-deficiency
increased levels of AB and APPf in mice, indicating that ABCA7 loss directly impacts APP
processing. Post-mortem neuropathological examination of patients with loss-of-function and
missense mutations showed typical AD and CAA pathology (Bossaerts et al., 2022; Campbell
et al., 2022).

Several studies have shown that ABCA7 deficiency alters cognitive function in mice. Logge et
al. (2012) found that even though short-term spatial memory was unchanged in five months
old ABCA7-deficient mice, the male mice in this experiment showed significantly impaired
novel object recognition memory. Intriguingly, another study found that ABCA7-deficient 20
months old mice showed spatial memory deficits in comparison with wild-type mice of the same
age (Sakae et al., 2016). These contradictory results suggest an age-dependent cognitive
decline associated with ABCA7 deficiency (Sakae et al., 2016). When male 17-month-old
amyloidogenic J20 mice were compared to age-matched combined J20 and ABCA7-deficient
mice, both groups showed memory deficits in comparison to wild-type mice but did not show
any significant differences between each other (Kim et al.,, 2013). Using 5-Bromo-2-
deoxyuridine staining to assess cell proliferation in mouse brains, Li et al. (2015) found that
ABCAY7 does not affect cell proliferation or neurogenesis in adult mice. Further experiments
are needed to explain the effects of ABCA7 on cognitive function, with and without

corresponding A pathology.

A recent publication by Lyssenko & Praticd (2021) proposes a new hypothesis in which
neurons produce a neurodegenerative lipid that is removed from the cell by ABCA7. Using
western blot analyses of human brains, the authors discovered that individuals with low ABCA7
protein levels developed AD earlier in life and individuals with high ABCA7 levels developed
AD very late. The study found that ABCA7 protein levels decline in normal ageing and
proposes a dose-dependent protective role for ABCA7 in AD (Lyssenko & Pratico, 2021).

In conclusion, it can be said that ABCA7 possibly affects the development of AD by affecting
lipid homeostasis, modulating AR production and altering the phagocytic function of microglia
and macrophages, which is summarized in Figure 11 (Kim et al., 2013; Lyssenko & Pratico,
2021; Sakae et al., 2016; K. Satoh et al., 2015).
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Figure 11: Possible pathways for the association of ABCA7 and Alzheimer's disease

Genome-wide association studies and animal experiments linked reduced expression of ABCA7 with increased
amyloid beta (AB) accumulation. This figure visualises possible mechanisms behind the protein's impact on AR
deposits and Alzheimer's disease. A possible explanation is altered lipid homeostasis in the brain, but direct
mechanisms of influence on neurons and microglia are still unknown. ABCA7 could influence the disease

progression through amyloid precursor protein (APP) processing and phagocytosis of AB and apoptotic
neurons. Figure adapted from Aikawa et al., 2018.

Being one of the most important risk genes for AD, strong evidence from genetic studies shows
the significance of understanding the functions of ABCA7 and its relation to this
neurodegenerative disease. Table 1 lists the major discoveries about ABCA7 since its first
description in 2000. Similar to other ATP-binding cassette transporters, ABCA7 seems to be
involved in lipid metabolism. Genetic studies, as well as experiments with mouse models, show
a clear association of ABCA7 expression and AB deposits. Different mechanisms involving
phagocytosis and APP processing have been proposed as an explanation, but there is still

little known about the function of the protein.

Table 2 provides a visualisation of the experimental materials and the level of expression that
were examined by the most significant studies on ABCAY7. It is notable that the current
knowledge on the topic primarily comes from either genetic analyses or experiments using
mouse models or cell culture. However, mouse models and in vitro work can not accurately
represent AD pathology or the exact physiological processes in the human brain. Further
research examining the protein expression of ABCA7 in human tissue needs to be conducted
to gain more insight into the association of ABCA7 and AD pathology, which was established

by genome-wide association studies.
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Table 1: Overview of the current knowledge on ABCA7

Structure & Expression

Kaminski et al. (2000)

The first description of the novel full-size ATP-binding cassette transporter ABCA7.

lkeda et al. (2003)

Alternative splicing produces two types of ABCA7 mRNA:
Type | is expressed in the plasma membrane.
Type Il is localised in the ER.

Kim et al. (2006)

In human cell culture, ABCA7 mRNA is most expressed in microglia.

Vasquez et al. (2013)

ABCAY gene expression is increased in AD brains.

Lyssenko & Pratico (2021)

Comparable ABCA?7 protein levels were found in the human hippocampus and parietal cortex.
ABCAY protein levels in the human brain decrease in normal ageing.
Patients with high ABCA7 levels developed AD later than those with low ABCA7 levels.

Genetic variants with AD association*

Hollingworth et al. (2011)

Novel SNP variant rs3764650 is associated with AD.

Karch et al. (2012)

ABCAY gene expression is increased in dementia cases.
The minor allele of rs3764650 is associated with age at onset and disease duration.

Vasquez (2013)

The rs3764650 allele is associated with increased ABCA7 gene expression and decreases the
AD risk.

Shulman et al. (2013)
Hughes et al. (2014)
Zhao et al. (2016)
Apostolova et al. (2018)

Association of multiple ABCA7 gene variants with brain amyloidosis.

Cuyvers et al. (2015)
Steinberg et al. (2015)
Vardarajan et al. (2015)
Campbell et al. (2022)

Loss-of -function mutation of the ABCA7 gene increases AD risk in Caucasian populations.

Cuyvers et al. (2015)
Sassi et al. (2016)

ABCA7 gene variant rs72973581 is protective against AD.

Lipid Metabolism

Wang et al. (2003)
Hayashi et al. (2005)
Quazi & Molday (2013)

ABCAY7 is involved in the transport of phospholipids and cholesterol out of the cell.

Kim et al. (2005)

Cholesterol and phospholipid efflux is not changed in ABCA7-deficient mice.

Wau et al. (2013)

ABCA7 expression is downregulated by 25-hydroxycholesterol.

APP Processing, Phagocytosis & A Homeostasis

Jehle et al. (2006)

ABCA7 has a high sequence similarity to CED-7.
ABCAT7 colocalises with LRP1.
ABCAY7 is involved in the phagocytosis of apoptotic cells via ERK phosphorylation.

Chan et al. (2008)

ABCAY regulates APP processing and inhibits AR production in Chinese hamster ovary cells.

Kim et al. (2013)
K. Satoh et al. (2015)
Sakae et al. (2016)

ABCAT7-deficiency leads to an increase in insoluble AB and plaques in mice.
Soluble AB levels are not affected.

Kim et al. (2013)
Sakae et al. (2016)

The numbers of microglia around plaques and total microglia are not reduced in ABCA7-deficient
mice.

Kim et al. (2013)
Fu et al. (2016)

ABCA7-deficiency decreases the phagocytosis capacity of microglia and macrophages from
mice.

K. Satoh et al. (2015)

ABCAT7-deficiency increases AR and APPS levels in mice.

Effects on Neurobehavior in Mice

Logge et al. (2012)

Male adult ABCA7-deficient mice show impaired novel object recognition memory.
Five months old ABCA7-deficient mice show no change in short-term spatial memory.

Li et al. (2015)

ABCAY does not affect cell proliferation or neurogenesis in adult mice.

Sakae et al. (2016)

ABCA7-deficient 20 months old mice show spatial memory deficits.

* Multiple sources are stated if different publications had similar findings. Publications with more
than one finding can be listed several times.

37



Table 2: Overview of study designs of notable publications on ABCA7

DNA RNA

PROTEIN

HUMAN TISSUE

MOUSE MODELS

CELL CULTURE

Hollingworth et al. (2011)
Karch et al. (2012)
Shulman et al. (2013)
Vasquez et al. (2013)
Hughes et al. (2014)
Steinberg et al. (2015)
Vardarajan et al. (2015)
Sassi et al. (2016)

Zhao et al. (2016)
Apostolova et al. (2018)
May et al. (2018)
Bossaerts et al. (2022)
Campbell et al. (2022)

Cuyvers et al. (2015)

Studies on

ABCA7 knockout mice:
Logge et al. (2012)
Kim et al. (2013)

K. Satoh et al. (2015)
Sakae et al. (2016)

Kaminski et al. (2000)
lkeda et al. (2003)
Kim et al. (2006)

Wau et al. (2013)

Lyssenko & Pratico (2021)

Kim et al. (2005)
Jehle et al. (2006)

lkeda et al. (2003)
Wang et al. (2003)
Hayashi et al. (2005)
Jehle et al. (2006)

Chan et al. (2008)
Quazi & Molday (2013)
Wu et al. (2013)
Bossaerts et al. (2022)

5.6 Aim of this study

The aim of this study is to investigate the protein expression of ABCA7 in brain samples of
human AD cases. The neurodegenerative disease AD is the most common form of dementia
and affects the lives of more than 1 million patients in Germany. The two main histopathological
hallmarks, AB deposits and aggregates of tau protein, have been studied intensively, but the
underlying pathological processes causing the disease are still not known today. GWAS have
identified several genes with a high impact on AD risk and ABCA7 has been identified as one
of the top AD risk gene loci. The majority of previous studies on ABCA7 have investigated
genetic variants or examined the protein expression in cell culture or animal models. This study
will be one of the first investigations of ABCA7 protein expression in the human brain and thus
help to understand the role of ABCA7 in the context of AD. The objectives of this study are:
¢ to establish an IHC double staining protocol to visualize ABCA7 expression and its
relation to other protein markers in human brain samples.
o to use this double staining method to classify the types of cells that are expressing
ABCAY7 in brains of human AD cases.
o to analyse the relation of ABCA7-positive cells to AB plaques to bring new insight into

the protein's affiliation to AD pathology.
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6. Material

Table 3: Instruments

Product

Supplier

Blue Cooler cooling plate

Heating chamber

Laboratory glassware

Magnet stirrer

Microtome HistoCore Multicut
Microscope Zeiss Imager.Z2
Pipettes P2, P20, P100, P200, P1000
pH meter

Scale CP 4202 S

Steam cooker HD 9140

Slide scanner Zeiss Axioscan.Z1
Tissue-Tek® embedding console
system

Tissue processor HistoCore Pearl
Vortex shaker Reax top

Water bath GFL 1052

RWW Medizintechnik, Hallerndorf, Germany
Heraeus Instruments, Hanau, Germany
Schott, Mainz, Germany

Heidolph Instruments, Schwabach, Germany
Leica Biosystems, Wetzlar, Germany

Carl Zeiss, Gottingen, Germany

Brand, Wertheim, Germany

Knick, Berlin, Germany

Sartorius, Goéttingen, Germany

Philips, Amsterdam, Netherlands

Carl Zeiss, Gottingen, Germany

Sakura, Tokyo, Japan

Leica Biosystems, Wetzlar, Germany
Heidolph Instruments, Schwabach, Germany

GFL, Burgwedel, Germany

Table 4: Experimental materials

Product

Supplier

Coverslips (24x40 mm)

Folded filters (150 mm)

Pipette tips (2 ul, 20 pl, 200 pl, 1000 pl)
Light duty tissue wipers

Microscope glass slides (76 x 26 mm)
Reagent tube (0.5 ml, 1.5 ml, 2 ml)
Reagent tube (50 ml)

Shandon plastic Coverplate™

R. Langenbrinck, Emmerdingen, Germany
Sartorius, Goéttingen, Germany

Sarstedt, Nimbrecht, Germany

VWR International, Radnor, USA

R. Langenbrinck, Emmerdingen, Germany
Eppendorf, Hamburg, Germany

Sarstedt, Nimbrecht, Germany

Thermo Fisher Scientific, Waltham, USA
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Table 5: Chemicals and reagents

Product

Supplier

Antibody diluent

Aquatex® aqueous mounting agent
Casein pure

Citric acid

3,3'Diaminobenzidine (DAB)
DMSO

Entellan® Neu

Ethylenediamine tetraacetic acid
Ethanol 99 %

Formalin

Formic acid

HistoChoice® clearing agent
Hydrogen chloride
Hydrogen peroxide (30 %)
Isopropanol

Levamisole

Methoxy-X04

Meyer's hemalum solution
Naphthol AS-Bl-phosphate
NaCl 0.9 %

New fuchsin
N,N-Dimethylformamide
Paraffin wax

Sodium hydroxide

Sodium nitrite
Tris(hydroxymethyl)aminomethane
(TRIS)

Triton X-100

Tween 20

VectaMount® permanent mounting
medium

Xylene

Dako Agilent, Santa Clara, USA

Merck Millipore, Darmstadt, Germany
Serva, Heidelberg, Germany

Serva, Heidelberg, Germany

Dako Agilent, Santa Clara, USA

Serva, Heidelberg, Germany

Merck Millipore, Darmstadt, Germany
Serva, Heidelberg, Germany

SAV Liquid Production, Flintsbach am Inn,
Germany

Carl Roth, Karlsruhe, Germany

Otto Fishar, Saarbriicken, Germany
Sigma-Aldrich, St. Louis, USA

Thermo Fisher Scientific, Waltham, USA
Otto Fishar, Saarbriicken, Germany
Carl Roth, Karlsruhe, Germany
Sigma-Aldrich, St. Louis, USA
Bio-Techne, Minneapolis, USA

Merck Millipore, Darmstadt, Germany
Serva, Heidelberg, Germany

Braun, Melsungen, Germany

Thermo Fisher Scientific, Waltham, USA
Merck Millipore, Darmstadt, Germany
Sigma-Aldrich, St. Louis, USA

Carl Roth, Karlsruhe, Germany

Carl Roth, Karlsruhe, Germany

Carl Roth, Karlsruhe, Germany
Sigma-Aldrich, St. Louis, USA
Thermo Fisher Scientific, Waltham, USA

Vector Laboratories, Burlingame, USA

Otto Fishar, Saarbriicken, Germany
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Table 6: Primary antibodies and peptides

Name, catalogue number Host, class Dilution  Supplier

6E10 AB (Z2932002-Y) Mouse, monoclonal  1:1000 Zytomed Systems,
Bargteheide, Germany

ABCA7 (25339-1-AP) Rabbit, polyclonal 1:250 Proteintech,
Rosemont, USA

ABCAY7 peptide immunogen of Proteintech,

ABCAY antibody Rosemont, USA

AT8 pTau (MN1020) Mouse, monoclonal  1:1000 Thermo Fisher Scientific,
Waltham, USA

CD68 (M0876) Mouse, monoclonal  1:100 Dako Agilent, Santa Clara,
USA

Iba1 (5076) Goat, polyclonal 1:500 Abcam, Cambridge, UK

Table 7: Prefabricated kits
Name of Kit Supplier

EnVision® detection system

Dako Agilent, Santa Clara, USA

peroxidase/DAB, rabbit/mouse

IMmPRESS®-AP horse anti-mouse 1gG

polymer kit

IMmPRESS®-AP horse anti-goat IgG polymer

kit

Vector® Blue substrate kit, AP

Table 8: Buffer solutions

Buffer

Blocking buffer (0,2 % Casein)

Citrate buffer pH 6.0 (10x, 10 mM)

Phosphate-buffered saline (PBS)

pH 7.4 (10x)

Material

Casein

Tween 20 (0.1 %)
Triton X-100 (0.01 %)
PBS

Citric acid

H20 (reagent quality)
NacCl

KCI

Vector Laboratories, Burlingame, USA

Vector Laboratories, Burlingame, USA

Vector Laboratories, Burlingame, USA

100 mg
1ml
10 pl
100 ml
2014 g
11
400 g
1049
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1x PBS

TRIS-buffered saline (10x TBS)

pH 7.4

1x TBS

TRIS/EDTA buffer pH 9.0

TRIS/HCI buffer pH 8.5

Naz;HPO,
NaH.PO4
H20 (reagent quality)

10x PBS

H20 (reagent quality)
NaCl

TRIS

H20 (reagent quality)

10x TBS

H20 (reagent quality)
TRIS-Base

EDTA

H20 (reagent quality)
Tween 20
TRIS-Base

H20 (reagent quality)
HCI

719
69 g
51

100 ml
900 ml
4259
302.5¢
51

100 ml

900 ml

0.65¢

0.18¢

500 ml

0.25 ml

99

500 ml

titration for pH 8.5
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7. Methods

7.1 Case selection and ethical approval

A total of seven cases were selected from the tissue bank of the Institute of Neuropathology
of the Saarland University. The tissue bank has obtained the donors' consent to use the tissue
for scientific purposes. The cases were selected to represent varying intensities of AD
pathology, which were evaluated using the CERAD classification according to Mirra et al.
(1991). Ethical approval for the project was granted by the ethical commission of the

Arztekammer Saarland (file number 320/20).

7.2 Tissue processing and sectioning

After post-mortem macroscopic evaluation by an experienced clinical neuropathologist, the
human brain was dissected and cut into blocks. Afterwards, the tissue was subjected to the
standardised tissue treatment according to the protocol of the neuropathological department.
Accordingly, the tissue was fixated for 24 hours in 10 % neutral buffered formalin. It was then
dehydrated and paraffin impregnated overnight using the tissue processor HistoCore Pearl.
This automated processing system dehydrated the brain tissue in increasing concentrations
(50 %, 70 %, three times 90 %, three times 100 %) of isopropanol and then used xylene as an
intermediate medium. Afterwards, the tissue was automatically immersed three times for one
hour in 65 °C paraffin. The Tissue-Tek® Embedding Console System was used to manually
embed the brain tissue in paraffin blocks. For this, the tissue was placed onto a plastic cassette
and then cast with melted paraffin using steel base moulds. After the paraffin block had
hardened, it was released from the mould. The tissue was sectioned with a microtome with a
thickness of 1 ym. To facilitate clean cutting, the paraffin block was placed on a cooler
beforehand. The thin tissue was then cautiously transferred into a warm water bath using a
brush. This step extended the tissue and eliminated folds. From the water bath, the tissue was
placed on silanated glass slides, a standard procedure previously described (Tourtellotte et

al., 1987). The sections were afterwards dried at 37 °C overnight and stored at RT.

7.3 Immunohistochemistry

7.3.1 Principles of double staining

The goal of this investigation was, to study the expression of ABCA7 in relation to other
structures found in the pathology of AD. Establishing a double staining protocol, allowed the
staining of two different antigens within one section. Using primary antibodies from different
species, in this case rabbit and mouse, made it possible to stain the antigens with two distinct

colours. Two prefabricated kits were used as secondary antibodies. The EnVision® detection
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system by Dako recognized primary antibodies raised in mice and rabbits and developed
brown staining using HRP and DAB. By using polymeric conjugates of secondary antibodies
and peroxidase enzymes, it ensured a high specificity of the staining (Sabattini et al., 1998).
The InmPRESS®-AP horse anti-mouse IgG polymer kit from Vector Laboratories used alkaline
phosphatase enzyme micropolymers attached to anti-mouse IgG secondary antibodies. When

using new fuchsin as a chromogen, the enzyme produced a red-violet colour.

In the first part of the double staining, a primary antibody derived from rabbit was used in
combination with the EnVision® system and DAB. The second primary antibody was incubated
on the sections after the development of the permanent DAB staining. It had mouse as a host
and was combined with the ImnmPRESS® kit and new fuchsin as a chromogen. In this order,
the EnVision® system only recognized the rabbit primary antibodies and the ImnmPRESS® kit

stained the primary mouse antibody with new fuchsin.
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Figure 12: Two systems for polymer-based reagents

In the depicted EnVision® system the polymer is conjugated with secondary antibodies and labelled with
horseradish peroxidase. The IMmPRESS® system uses a secondary antibody that is conjugated with an alkaline
phosphatase enzyme polymer. It contains a similar polymer structure to the EnVision® system, but is not
separately illustrated here. Figure adapted from Sabbattini et al. (1998).
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7.3.2 Confirmation of antibody specificity

The specificity of each staining in the double staining was ensured by using control sections,
on which one of the primary antibodies was omitted. To further test the specificity of the
antibody against ABCA?7, a blocking peptide was used. This synthesized peptide, which is the
immunogen of the ABCA7 antibody, was ordered from the manufacturer of the primary
antibody. The peptide's molecular weight was calculated according to its amino acid sequence.
In three separate vials, the blocking peptide was added to the antibody at a ratio of 1:1, 1:5
and 1:25 by molecular weight of antibody to blocking peptide and diluted in antibody diluent.
The blocking peptide was incubated with the antibody for 2 hours at RT. An equivalent amount
of antibody diluent was added to the anti-ABCA7 antibody in a second vial and incubated
parallelly. The staining protocol for ABCA7 IHC, as described below, was performed on
sections from the same paraffin block. As a primary antibody, either the mixture of blocking
peptide and antibody in varying concentrations or antibody diluted without the peptide was

used. Staining that was not visible when using the blocking peptide was considered specific.

7.3.3 Double staining for ABCA7 and 6E10 amyloid beta

The tissue was deparaffinized with a decreasing alcohol gradient. This was started with an
immersion of the sections twice for five minutes in xylene, then two times for five minutes in
100 % ethanol and one minute each in 96 % ethanol and 70 % ethanol. Which was followed
by a washing step in running reagent-grade water. After this, the tissues' endogenous
peroxidase was quenched with an immersion in 0.9 % H>O- in reagent-grade water for ten
minutes at RT and then washed three times with reagent-grade water. Antigen unmasking was
performed with a TRIS/EDTA buffer with pH 9 using a pre-heated steam cooker for 15 minutes.
The sections were then left in the pH 9 buffer to cool down for additional 30 minutes and
washed with reagent quality water. As the use of the 6E10 clone as a primary antibody against
AB requires further antigen unmasking, the sections were additionally treated with formic acid
for 30 minutes at RT.

After another washing step with reagent-grade water, a blocking buffer containing 0.2 % casein
was pipetted on the sections and left there for 15 minutes at RT. The slides were then brought

onto plastic coverplates, mounted into a fitting deck, and washed once with TBS.

The anti-ABCA7 primary antibody was diluted with a concentration of 1:250 into a ready-to-
use antibody diluent. Then, 100 ul of this freshly prepared solution were pipetted into each
coverplate and left to incubate for 45 minutes at RT. The slides were then washed three times

with TBS. While still mounted onto the coverplates, the sections were each incubated with 100
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ul of the EnVision® solution for 30 minutes at RT and then washed three times with TBS. During
this washing process, the DAB-substrate was freshly prepared with 25 ul DAB chromogen and
1 ml DAB-substrate solution, both from the Dako product range, providing an ideal outcome
working together with the EnVision® secondary antibody system. The incubation time was set
by evaluating the intensity of the staining by eye and under the microscope. While experience
showed that an incubation time of 8 to 20 minutes is appropriate for most antibodies, the best
results were seen with an incubation in DAB for 10 minutes at RT. After achieving the desired

intensity of DAB-staining, the sections were washed with reagent-grade water.

After obtaining a permanent brown DAB staining of ABCA7-positive structures, the second part
of the double staining protocol aimed to stain AR plaques with a distinguishable magenta
colour. For this, the AP InmPRESS® polymer detection kit was used in combination with new
fuchsin as a chromogen. The InmPRESS® system uses a secondary antibody made in horse.
Therefore, an additional blocking step with 2.5 % horse serum, which was included in the
IMmPRESS® polymer detection kit, was performed. After incubating the sections with 2.5 %
horse serum for 20 minutes at RT, the slides were again mounted onto coverplates and
washed once with washing buffer. The monoclonal primary antibody 6E10 against AR was
diluted with a concentration of 1:1000 into antibody diluent and then pipetted into the
coverplates. As in the first part of the double staining, 100 ul were used per section and the
incubation time was 45 minutes at RT. Thereafter, the sections were washed three times and

then incubated at RT for 30 minutes with the InmPRESS®-AP polymer reagent.

While incubating the sections with the polymer reagent, three solutions needed for the new
fuchsin chromogen were freshly prepared. TBS buffer was titrated with 1N sodium hydroxide
to reach a pH of 8.8. To 50 ml of this TBS buffer with a pH of 8.8, 20 mg levamisole was added.
In a different reagent tube, 14 mg naphthol AS-Bl-phosphate was dissolved in 300 ul N,N-
dimethylformamide. For the third solution, 10 mg sodium nitrite was dissolved into 250 ul
reagent-grade water. Then, 100 ul new fuchsin solution, made from 5 g new fuchsin, 30 ml
hydrogen chloride, and 100 ml reagent quality water, was added. The mixture of naphthol AS-
Bl-phosphate and N,N-dimethylformamide was then given into the TBS buffer with levamisole
while stirring with a magnet stirrer. The pH of the new solution was raised to 8.9 with 1N sodium
hydroxide and the already prepared new fuchsin and sodium nitrite solution was added to this.
The prepared chromogen solution was filtered into a glass cuvette. While regularly checking
the intensity of the staining by eye, the sections were immersed for 12 minutes in this

chromogen solution and then gently rinsed with reagent-grade water.
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Counterstaining was performed using hematoxylin and eosin (HE) with a staining time of five
seconds and a five minutes development under warm running tap water. After washing once
with reagent-grade water, the sections were dried with tissue paper and mounted with the
aqueous mounting medium Aquatex®. To ensure timely drying of the mounting medium, the
slides were kept for 30 minutes at 80 °C in a heating chamber. After this, the slides were stored

in the dark at RT until they were assessed.

7.3.4 Single staining for ABCA7

For ABCA7 single staining, the previously described double staining protocol was followed until
incubation with DAB, but with omittance of the incubation with formic acid. Counterstaining
with HE was then directly performed. The sections were dehydrated with an ascending ethanol

series, followed by immersion in xylene and mounted with Entellan® Neu.

7.3.5 Double staining for ABCA7 and AT8 tau protein

Double staining using primary antibodies against ABCA7 and pTau was performed by following
the previously described protocol, but the treatment with formic acid was omitted. The anti-
ABCAY7 antibody was diluted with a concentration of 1:250 and the monoclonal antibody AT8
against pTau with a concentration of 1:1000. The time of development was 12 minutes in DAB
and 14 minutes in new fuchsin. Counterstaining with HE was performed and the sections were

mounted with Aquatex®.

7.3.6 Double staining for ABCA7 and CD68

When staining for ABCA7 and CDG68, the previously described double staining protocol was
used. The pre-treatment was performed with hydrogen peroxide, TRIS/EDTA buffer pH 9, and
casein. The anti-ABCA7 antibody was used with a concentration of 1:250 and the anti-CD68
with a concentration of 1:100. DAB was developed for 10 minutes and new fuchsin for 12
minutes. HE counterstaining was performed as previously described and the sections were

mounted with Aquatex®.

7.3.7 Sequential staining for ionized calcium-binding adapter molecule 1 and ABCA7

To achieve staining with antibodies against Iba1 and ABCA7 within the same structures in one
section, a sequential double staining method was used. Antigen retrieval was performed for
30 minutes in citrate buffer pH 6 using a steamer. Afterwards, the sections were left in the
buffer for further 30 minutes to cool down to RT. Non-specific binding was blocked by

incubation with 2.5 % normal horse serum for 20 minutes. The sections were then incubated
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with the anti-lba1 antibody for one hour and diligently washed with TBS afterwards. The
IMmPRESS®-AP horse anti-goat 1gG polymer kit was used as a secondary antibody and
incubated on the sections for 30 minutes. The substrate working solution from the Vector®
Blue substrate kit for AP was freshly prepared in 100 mM TRIS-HCI solution according to the
manufacturer's instructions. The sections were incubated in this substrate solution for 20
minutes and then washed in TBS and dehydrated using the xylene-free clearing agent
HistoChoice®. The sections were finally mounted with VectaMount and stored at 4 °C. The
staining was digitally scanned. To retrieve the Vector® Blue staining, the coverslip was first
removed after a short incubation in xylene and the sections were then further immersed for
two hours in xylene. As Vector® Blue is soluble in xylene this step completely cleared the
previous staining and allowed a re-staining of the same section with the antibody against
ABCAY7. The staining for ABCA7 was performed according to the previously described
protocol. The ABCA7 staining on the section was scanned again, which allowed me to

simultaneously view and compare the stainings for Iba1 and ABCA7 on a computer.

7.3.8 Methoxy-X04

As an alternative to specific antibodies targeted at A, the congo red derivative methoxy-X04
was also used to stain amyloid deposits. The chromogen is visible by fluorescence microscopy.
This method of staining was added to a section after it had already been stained by IHC to
offer further insight regarding the association of stained structures to AR deposits. After a
standard dewaxing process, the sections were washed with PBS. In a reagent tube, 500 pl
DMSO and 500 ul 0.9 % NaCl were mixed and 1 ul NaOH 1M was then added. Right before
usage, 1 pyl methoxy-X04 were added into the tube and mixed well with a vortex shaker. This
solution was incubated on the sections for 15 minutes and then washed off with PBS. After a
standard dehydration process followed by immersion in xylene, the slides were mounted with
xylene-based Entellan® Neu. The slides were stored at 4 °C to avoid fainting of the fluorescent

signal.

7.4 Image analysis and statistics

A first evaluation of the staining was done using a Zeiss Imager.Z2 microscope. The slides
were then digitalized with a Zeiss Axioscan.Z1 slide scanner. For viewing and analysing the
digitalized staining, the open-source software QuPath version 0.2.3 was used. The digital files
were opened in a .czi format and viewed with the highest given quality. Brightness and contrast
were adjusted to gain the best contrast between the DAB and new fuchsin staining. Stained

microglia were identified and classified as associated with either a dense or diffuse AB plaque
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or as microglia with no plaque association. The software's manual counting tool was used for

quantification.

While the standard immunohistochemistry was viewed and scanned by brightfield microscopy,
methoxy-X04 was only visible using fluorescence filters. The methoxy-X04 staining had the
best visibility with the 430 nm filter. The two separate scans from the sequential double staining
with methoxy-X04 and IHC were exported from the viewing software in the file format BigTIFF.
Afterwards, the two files were digitally overlayed with the open-source graphic software GIMP

2.10.0, which enabled an uncomplicated analysis of the two files together.

Data analyses and graph creation were performed using GraphPad Prism 6. To determine the

correlation of two variables, the Pearson correlation was used.
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8. Results

8.1 ABCAY7 expression in microglia of the human brain

Using IHC, ABCAY expressing cells were detected in the frontal cortex of human brains with
AD pathology. These cells had a ramified shape, which resembled the morphology of microglia.
A double staining protocol for IHC staining of ABCA7 and CD68 was established and carried
out on sections from the white and grey matter of an advanced AD case. The findings from this
double staining are presented in Figure 13. In the grey matter, 77.1 % of all the cells expressing
ABCA7 or CD68 were positive for both markers. In the same tissue area, 22.9 % of cells
showed immunoreactivity for CD68 but not for ABCAY. In the white matter, 23.8 % of stained
cells exhibited expression of both markers, while 76.2 % expressed CD68 alone. No cells with

an expression of ABCA7 without CD68 were observed in either white or grey matter.
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Figure 13: ABCAT7 is expressed in a subset of CD68-positive cells

Immunohistochemistry with double labelling of ABCA7 (brown) and CD68 (red) was performed in the grey matter
of the frontal cortex of an AD case classified as CERAD C. Hematoxylin and eosin counterstaining (blue). A The
arrow marks a cell that is co-expressing ABCA7 and CD68. B The cell marked with an arrow is expressing CD68,
but not ABCA7. C In the grey matter, the majority of labelled cells co-express ABCA7 and CD68, while some cells
only express CD68. D In the white matter of the same case, the majority of labelled cells express only CD68, while
some cells showed expression of both markers. No cells were found that express ABCA7 without CD68-expression.
Scale bar=50 pm.
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Sequential double staining for Iba1l and ABCA7, which is pictured in Figure 14, proved
immunoreactivity for both markers in the same cells. All of the labelled cells were positive for
Iba1 and ABCAY7 but expressed the markers in varied intensity. The labelled cells had the

morphology of microglial cells.
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Figure 14: ABCA7 and ionized calcium-binding adapter molecule 1 are co-expressed in microglia in varying
intensity

Immunohistochemistry with labelling of ABCA7 (brown) and the microglial marker Iba1 (blue) was sequentially
performed in the grey matter of the frontal cortex of a CERAD C AD case. A, B Iba1 and ABCA7 are expressed in
the same cells (arrow). Most of the labelled cells express Iba1 and ABCA7 in a comparable intensity. C, D A subtype
of the labelled cells expresses ABCA7 in higher intensity than Iba1 (arrow). E, F Another subtype of cells expresses
Iba1 in a higher intensity than ABCA7 (arrow). G All of the labelled cells express Iba1l and ABCA7. No cells
expressing ABCA7 or Iba1 alone were found. Scale bar=50 um.

The ABCAT7-positive microglia were further categorised according to their morphology. In the
examined brain sections, microglia of all stages of activation showed ABCA7 immunoreactivity.
With the IHC labelling of ABCA7, resting microglia, microglia in early and late activation, and
amoeboid forms could be differentiated. Figure 15 illustrates the distinct microglial stages that

were detected in this staining.
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Figure 15: ABCAT7 is expressed in microglia of all stages of activation

The expression of ABCA7 (brown) was studied by immunohistochemistry in the frontal cortex of several cases with
varying CERAD classification. Hematoxylin and eosin counterstaining (blue). The provided images are taken from
a CERAD C AD case. ABCA7 expression was found in cells of distinct morphology, which can be classified as
varying stages of microglial activation. A Cells with ramified thin processes (arrow) were classified as resting
microglia. B Hypertrophied cells with thick processes (arrow) were classified as microglia in the early stages of
activation. C A subtype of cells showed a retraction of processes (arrow) and was classified as reactive microglia
of later activational stages. D Cells with few or no processes (arrow) were classified as an amoeboid form of
microglia. Scale bar=50 um.

To summarize, ABCA7 was expressed in cells within the frontal cortex. ABCA7-positive cells
were morphologically analogous to microglia of distinct activation stages. Partial co-expression
of ABCA7 and CD68 in ramified cells of the human cortex was found. Double labelling of
ABCAY and Iba1 demonstrated a complete overlap of the two markers in cells with a microglial
morphology.
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8.2 Establishing a double staining protocol for ABCA7 and amyloid beta

Using a sequential staining protocol, two methods for the detection of AR plaques were
compared on one tissue section of an advanced AD case. DAB immunostaining with the
monoclonal 6E10 antibody against AB and the fluorescent marker methoxy-X04 were
evaluated for their ability to reliably label AB plaques on human tissue sections. For this study,
a simplified nomenclature for AR plaque types was used. Depending on their perimeter and
shape, plaques were categorized as either dense or diffuse. Both methods clearly visualized
AB expression and made a classification of plaques into dense or diffuse possible. Figure 16
depicts the findings from this experiment. In the sequential staining, both methods reliably
labelled the AB plaques at the same location, but the diameter of the visualized dense plaques
appeared smaller in the methoxy-X04 staining. The contrast between stained diffuse plaques
and areas of the tissue without A3 staining was lower in the methoxy-X04 staining than in 6E10
AB IHC. Immunolabelling for AR detected 1304 plaques per 30 mm?. Of these, 73.1 % of
plaques were categorized as dense and 26.9 % as diffuse plaques. In the same area, 999 A
plaques were detected by fluorescent labelling with methoxy-X04. Dense plaques made up
75.0 % of the total plaques labelled by methoxy-X04, while 25.0 % were categorized as diffuse.
The 6E10 AB IHC was utilized for further experiments in this study.
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Figure 16: Comparison of amyloid beta plaque staining by immunohistochemistry with 6E10 antibody and
methoxy-X04

An AD case classified as CERAD C was stained for amyloid beta with IHC using a 6E10 antibody (brown in A, C)
and fluorescence labelling with methoxy-X04 (fluorescent blue in B, C). Hematoxylin and eosin counterstaining
(blue) in A, B. To compare both methods, sequential staining on the same section was performed. A, B The dense
plaque (arrow) is detected with both methods. C, D The diffuse plaque (arrow) is detected with both methods. E
The plaques were quantified using both methods independently. More plaques were labelled with 6E10-IHC than
with methoxy-X04. Both staining methods showed a comparable proportion of dense and diffuse plaques. Scale
bar=50 ym.

53



For this project, | established a method for double immunolabelling of ABCA7 and AB in human
tissue. Frontal cortex tissue sections from seven AD cases were used to compare this double
labelling method with a standard IHC staining for ABCA7 alone. Both staining procedures
produced clear immunoreactivity for ABCA?7 in ramified cells with microglial morphology, as
seen in Figure 17. The number of ABCA7-positive cells had a high variability between different
cases, which ranged from 47 to 1543 cells per 50 mm?. With a Pearson's correlation coefficient
of 0.953, a strong correlation was found between the number of cells detected with the single

and double staining method on sections from the same case.
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Figure 17: Repeatability of ABCA7-immunohistochemistry with double staining

Comparison of standard ABCA7 staining (A) and double staining (B) for ABCA7 (brown) and amyloid beta by 6E10
antibody (red). Hematoxylin and eosin counterstaining (blue). Both staining methods were performed on sections
from the frontal cortex of seven cases with varying CERAD classification. A, B The provided images are taken from
a CERAD C Alzheimer's disease case. The distribution of ABCA7 labelling is similar in the single and double
staining, with clear expression in the processes of the ABCA7-positive cells (arrows). The double staining method
provides clear labelling of ABCA7 (brown) and 6E10 (red) C ABCA7-positive cells were quantified in the same
region in all sections. D Pearson's correlation between the number of ABCA7-positive cells labelled in the single
and double staining. The number of ABCA7 labelled cells did not differ significantly in the single and double staining.
Scale bar=50 pm.

The previously presented staining experiments present a new method for labelling ABCA7 and
AB in human brain tissue. The protocol makes it possible to assess the two markers and their
spatial and quantitative relation on a single tissue section. This method was used for further

IHC experiments in this study.
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8.3 Correlation of ABCA7-positive microglia and amyloid plaques in the
cortex

The previously established IHC double staining protocol was carried out on seven cases with
AD typical pathology of differing CERAD stages. In each case, a tissue section from the frontal
cortex was stained and the superior frontal sulcus was analysed. Figure 18 provides detailed
results from this experiment. Immunolabelling of AR with a 6E10 antibody and ABCA7 proved
a strong correlation between the number of ABCA7-positive cells and total AR plaques
detected by the 6E10 antibody in the grey matter. For this correlation, the Pearson's coefficient
was 0.89. When dense and diffuse AR plaques were separately analysed, the strongest
correlation was found between ABCA7-positive cells and dense plaques. The Pearson's
correlation coefficient was 0.93 between the number of ABCA7-positive cells and dense
plagues. The Pearson's correlation coefficient for ABCA7-positive cells and diffuse plaques

was 0.74.
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Figure 18: Number of ABCA7-positive cells correlates with amyloid beta plaque load in the grey matter of
the frontal cortex

Immunohistochemistry with double labelling of amyloid beta (red) by 6E10 antibody and ABCA7 (brown) was
performed in the grey matter of the frontal cortex of 7 cases of varying CERAD classification. Hematoxylin and eosin
counterstaining (blue). A In each case, an area of 50 mm? in the superior frontal sulcus (outlined in yellow) was
studied. In this area, the number of ABCA7-positive cells, dense plaques and diffuse plagues was quantified. C
Pearson's correlation between the number of ABCA7-positive cells and total plaques stained by 6E10. B Pearson's
correlation between the number of ABCA7-positive cells and dense plaques stained by 6E10. D Pearson's
correlation between the number of ABCA7-positive cells and diffuse plaques stained by 6E10. Scale bar=5 mm.

55



All cells with ABCA7 immunoreactivity were evaluated for their association to 6E10 labelled A
plagues, as seen in Figure 19. Cells with plaque association had visible contact with their cell
body or processes to a stained plaque. The evaluated seven cases had a mean percentage of
75.08 % of ABCA7-expressing cells that showed association with AR plaques. The average
ratio of ABCA7-positive cells that were associated with a dense plaque was 34.38 %. An
average of 40.70 % showed an association with diffuse plaques. An average of 24.78 % of the
evaluated cells had no association with any plaque. Figure 19 D gives an overview of the
plaque association detected in all evaluated cases. Case 7, which was classified as CERAD
C, had the most ABCAT7-positive cells of all evaluated cases. In this case, 54.50 % of the cells
were associated with a dense plaque, while 26.83 % of cells were associated with diffuse
plagques. In this AD case, 18.66 % of ABCA7-expressing cells were not associated with any A
plaque. With a total of 47 ABCA7-positive cells per 50mm?, Case 3 had the lowest number of
ABCA7-positive cells of all evaluated cases. In this case, 40.42 % of cells showed no plaque
association, while 25.53 % were associated with dense AR plaques and 34.04 % to diffuse
plaques. In case 2, which was diagnosed with CAA, 73.83 % of ABCAT7-positive cells showed

an association with diffuse plaques, while 8.72 % were associated with dense plaques.
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Figure 19: The majority of ABCA7-positive cells show association with amyloid beta plaques in the grey
matter of the frontal cortex

Double labelling of ABCA7 (brown) and 6E10 (red) was performed in the frontal cortex of cases of varying CERAD
classification. Hematoxylin and eosin counterstaining (blue). The provided images were taken from a CERAD C
case. A The arrow marks an ABCA7-positive cell that shows association with a dense plaque. B The arrow marks
an ABCAT7-positive cell that shows association with a diffuse plaque. C The arrow marks an ABCA7-positive cell
that is not associated with any amyloid beta plaque. D Association of ABCA7-positive cells to dense and diffuse
plaques was quantified in all examined cases. Scale bar=50 ym. 56



The IHC double staining method that was utilized to assess the relation of ABCA7-positive
cells and AB plaques was further validated using a second staining method, as presented in
Figure 20. Sequential staining with ABCA7 immunolabelling and methoxy-X04 staining of A
was also able to visualize the colocalisation of ABCA7-positive cells and plaques. Both
methods were applied on sections from the same tissue block and ABCA7-positive cells were
categorized according to their plaque association. In the double staining that visualised AB
with the fluorescent methoxy-X04, 60.00 % of ABCA7-positive cells were visibly associated
with dense plaques and 29.34 % with diffuse plaques. In this staining, 10.65 % of ABCA7-
positive cells showed no association with AB plaques that were labelled with methoxy-x04.
With the IHC double labelling technique that used a 6E10 antibody against AB, 54.45 % of
ABCA7-positive cells were identified as associated with dense plaques. In the same section,
26.91 % of cells were associated with a diffuse plaque, while 18.63 % of cells had no plaque

association at all.
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Figure 20: Association of ABCA7-positive cells to amyloid beta plaques confirmed by methoxy-X04 staining

Double labelling of ABCA7 and amyloid beta was performed with two different methods on sections of the same
CERAD C case. A, B The section was stained with ABCA7 (brown) by immunohistochemistry (A) and with the
fluorescent marker methoxy-X04 (blue in B). Images of the same area viewed with brightfield and fluorescence
microscopy are provided. The arrows mark the same region in both images. C Immunohistochemistry double
labelling of ABCA?7 (brown) and amyloid beta by 6E10 antibody (red), were performed on a different section of the
same case. The arrow marks an ABCA7-positive cell that is associated with an amyloid plaque. Hematoxylin and
eosin counterstaining (blue). D ABCAT7-positive cells and their association to dense and diffuse amyloid beta
plaques were quantified in the same area in both double staining procedures. Scale bar=50 pm.
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Additionally, double staining of ABCA7 and pTau, labelled by AT8 antibody, was performed in
sections from the frontal cortex. The staining revealed pTau pathology in form of NFT and
neuropil threads in all AD cases. However, no spatial association of ABCA7-positive cells to

these pTau deposits could be detected.

In summary, a correlation between the number of ABCA7-positive cells and AB plaque load
was found in cases with AD-typical pathologies. Using the previously established double
staining method, a spatial association of ABCA7-positive microglia with AR plaques in the
frontal cortex was demonstrated. This association was subsequently confirmed with a second

staining method.

8.4 ABCA7 expression in the hippocampus

Following the studies on tissue from the frontal cortex, ABCA7-positive cells were also
quantified in the hippocampal region. The findings from this experiment are presented in Figure
21. In the six analysed cases, the number of ABCA7-positive cells varied between 25 and 236
cells per 7 mm? in the hippocampus. A positive correlation between the number of ABCA7-
positive cells in the frontal cortex and hippocampus was found. The Pearson's correlation
coefficient between those two parameters in the examined six cases was 0.841. In the
hippocampal area, the morphology of the ABCA7-expressing cells was typical for microglia.
The cells predominantly presented with a ramified morphology, which was similar to the

immunolabelled cells of the frontal cortex.

Double immunolabelling for ABCA7 and 6E10 was performed on tissue from the hippocampus
of six cases with varying CERAD classification, as seen in Figure 22. For this experiment, the
CA1 region of the hippocampus was analysed. It did not show an association of ABCA7-
positive cells with AR plaques in the human hippocampus. The majority of labelled cells did not
have close contact with a plaque via their cell processes. In the six examined cases, the mean
share of ABCA7-positive cells with plaque association was 15.46 %. The AB plaques that were
labelled with the 6E10 antibody in the hippocampus did not present with the classical
morphology of the cortical plaques. The labelled AB plaques were of varying size and shape
and no cored plaques were observed. A categorization into dense and diffuse plaques was

therefore not possible.
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Figure 21: Positive correlation of the number of ABCA7-positive cells in the frontal cortex and hippocampus
By immunohistochemistry, ABCA7 was stained in the frontal cortex (A) and hippocampus (B) of AD cases of varying
CERAD classification. Hematoxylin and eosin counterstaining (blue). The provided images are taken from an
Alzheimer's disease case classified as CERAD C. C Pearson's correlation between the number of ABCA7-positive
cells in the frontal cortex and hippocampus. Scale bar=50 ym.
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Figure 22: No association of ABCA7-positive cells and amyloid beta plaques in the hippocampus

Double labelling of ABCA7 and 6E10 was performed in the hippocampus of different cases with varying CERAD
classification. Hematoxylin and eosin counterstaining (blue). A Overview of the CA1 area in the hippocampus of a
case classified as CERAD C. B Detail image of the same region (as outlined in A). ABCA7-positive cells with (arrow
with dashed line) and without (arrow with continuous line) association to plaques can be detected. C Quantification
of ABCA7-positive cells and their association to plaques. Scale bar=50 pm.
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In addition to the widely distributed ABCA7 expression in microglia, | observed intracellular
staining for ABCA7 in neurons in the hippocampus of two cases with AD pathology classified
as CERAD C. This intraneuronal staining occurred only in a few cells in the hippocampus of
these two cases and was not detected in tissue from the frontal cortex. Exemplary pictures
from one of these cases are provided in Figure 23. The ABCA7 signal was visible in form of
several distinct round spots with DAB staining within the soma of cells with the typical
morphology of neurons. The described ABCA7 signal in neurons did not show a spatial

association to AB deposits.

Figure 23: Intracellular ABCA7 signal in neurons

Immunohistochemistry with double labelling of ABCA7 (brown) and 6E10 (red) was performed in the hippocampus
of an AD case classified as CERAD C. Hematoxylin and eosin counterstaining (blue). A Intracellular staining of
ABCAY7 in a neuron (cell surrounded by black box). The cell is surrounded by ABCA7-positive ramified microglia,
no amyloid beta plaques are visible in this area. B Detailed image of the ABCA7-positive neuron (arrow). C
Hippocampal area with frequent ABCA7-positive microglia and amyloid beta plaques. Neuron with intracellular
ABCAY staining (surrounded by black box). D Detailed image of neuron with intracellular ABCA7 staining (arrow).
Scale bar=50 pm.

In conclusion, a correlation between the quantity of ABCA7-positive cells in the frontal cortex
and hippocampus was demonstrated by this study. However, double labelling of ABCA7 and
AB by IHC did not demonstrate an association of ABCA7 expressing cells to plaques in the

hippocampus.
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8.5 Confirmation of ABCA7 antibody specificity

The specificity of the ABCA7 antibody was confirmed with a specific blocking peptide from the
same manufacturer. When the antibody was incubated with the blocking peptide before
antibody treatment of the tissue, no staining was visible after the established IHC protocol.
This experiment, which is presented in Figure 24, was carried out with varying concentrations
of the blocking peptide. With a concentration of 1:5 of antibody to blocking peptide, no DAB
staining of ABCA7 was visible. There was no difference in the staining when using
concentrations of 1:5 or 1:25 of antibody to blocking peptide on sections from the same case.
A control section without treatment of blocking peptide proved a high number of ABCA7
expressing cells in the used tissue. This control section without blocking peptide treatment had
a higher background staining than the sections that were treated with the blocking peptide.

These results confirmed the specific binding of the antibody against ABCA7 that was used in

this study.
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Figure 24: Confirmation of the specificity of the ABCA7 antibody using a blocking peptide

Immunohistochemistry was performed on three sections in the same area of the frontal cortex of a CERAD C case.
A, B ABCA7-positive cells (brown) are clearly visible when staining with the ABCA7 antibody without a blocking
peptide. C, D The ABCA7 antibody was incubated with its immunogen blocking peptide at a ratio of 1:5 before
treating the section with it. ABCA7 staining is absent, confirming the antibody's specificity. E, F The ABCA7 staining
is also absent when incubating the ABCA7 antibody with the blocking peptide at a ratio of 1:25. Hematoxylin and
eosin counterstaining (blue). Scale bar=50 um.

61



9. Discussion

9.1 Methodical aspects

The aim of this study was to investigate the protein expression of ABCA7 in the context of AD
in the human brain. The histological analyses were performed on post-mortem brain tissue
from seven patients. Tissue sections were taken from the frontal cortex and CA1 area of the
hippocampus. The frontal cortex is affected early by neuropathological changes and is
routinely examined for the histopathological classification of AD (Braak & Braak, 1991; Mirra
et al., 1991; Montine et al., 2012; Thal et al., 2002). The hippocampal CA1 region was chosen
because extensive and early AR deposition has been described in this region (Furcila et al.,
2018; Thal et al., 2002).

As described in the introduction, genetic studies have identified ABCA7 as a major AD risk
gene (Apostolova et al., 2018; Karch et al., 2012; Shulman et al., 2013). So far, the function of
ABCA7 has predominantly been investigated using mouse models or cell culture. However,
studies on human brain tissue are essential for understanding the actual mechanisms behind
AD pathology in the human brain. In a recent review, Sierksma et al. (2020) question to what
extent observations from mouse models can be translated into the pathological processes
within the human brain. With this study, | aim to close this knowledge gap by investigating the
distribution of ABCA7 within the human brain and describing its expression in correlation to AD
pathology. This step is essential for translating knowledge from genetic studies into real insight

into human AD pathology.

The main limitation of this study is the small size of the study cohort. | included and evaluated
cases with varying intensity of AD pathology. The cohort included cases with sparse, moderate
and frequent plaques according to the CERAD classification (Mirra et al., 1991). Studies on
human AD brains are frequently published with similar case numbers (Lopes et al., 2008;
Parachikova et al., 2007; Yang et al., 2022). For example, a recent study examined tissue from
the hippocampus and cortex of 9 AD cases and 8 controls without clinical dementia to
investigate vascular changes in AD brains (Yang et al., 2022). Because the present study was
developed to investigate ABCA7 in the context of AD pathology, | did not include a control
group without any AD pathology. | did not provide the age and gender of the cases in this work,
because due to the small sample size of this study no further statistical analyses using this

information are possible.

At the beginning of this study, | established a reliable protocol for ABCA7 immunolabelling on

paraffin-embedded human brain tissue. For this, | used a polyclonal anti-ABCA7 antibody
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raised in rabbit, which was manufactured by Proteintech. In one prior publication, this antibody
has been successfully used for IHC on human ovarian and ovarian cancer tissue (X. Liu et al.,
2018). As no previous publication described the application of this anti-ABCA7 antibody for
IHC on human brain tissue, | tested the antibody thoroughly with different conditions. The
clearest DAB staining without excessive background staining was achieved with an antibody
concentration of 1:250. The best results were attained with a pre-treatment with TRIS/EDTA
buffer at pH 9 in a steam cooker. As a secondary antibody, the Envision® kit, consisting of an
HRP-conjugated polymer, was used in combination with a matching DAB reagent. The usage
of a standardized kit ensured a consistent staining quality with low background signal. The
Envision® kit had successfully been used on sections from the human brain and other tissue

in prior publications (Carmona-Fonseca & Cardona-Arias, 2022; Réhr et al., 2020).

One previous study used two monoclonal anti-ABCA7 antibodies for IHC in human brain
sections from AD patients and persons without AD (Tomioka et al., 2017). For this study, |
chose a polyclonal antibody, because they can bind to multiple epitopes, are more stable to

pH changes, and are therefore preferred for usage with fixed tissue (Lipman et al., 2005).

The specificity of this antibody against ABCA7 was tested by preincubation of the antibody
with a specific blocking peptide. | adapted this method from a publication by Koper et al. (2020).
A concentration ratio of at least 1:2 of antibody to blocking peptide was recommended in that
publication and by Daneshtalab et al. (2010). In the presented study, the blocking peptide was
used with a concentration of 1:5 and 1:25 and inhibited all signal, while no unspecific binding
of the antibody could be detected. A publication on the specificity of antibodies against
cannabinoid receptor type 2, explains that a blocking peptide experiment can not definitely
prove antibody specificity, as it does not rule out binding to inappropriate antigen sites (Cécyre
et al., 2014). However, the low amount of unspecific background staining together with the

successful blocking peptide test indicate a high specificity of the used antibody against ABCA?7.

Unfortunately, a validation of the findings of this study by using a second anti-ABCA?7 antibody
from a different manufacturer was not possible. When using the established IHC protocol with
an anti-ABCA7 antibody manufactured by Abcam (ab247027 rabbit polyclonal), no staining of
ABCAY was feasible. Several trials with changes to the protocol did not lead to a reliable signal.
The manufacturer describes a species reactivity with human tissue and specifically markets
the antibody for usage with standard IHC protocols (Abcam, 2019). While the recommended
primary antibody concentration is 1/200 to 1/500, no signal could be attained with antibody
concentrations ranging from 1/200 to 1/800. The manufacturer recommends heat mediated

antigen retrieval with citrate buffer pH 6. However, no positive results could be reached with
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antigen retrieval with citrate buffer pH 6 or TRIS-EDTA buffer pH 9 by either steamer or
microwave. There are currently no publications available that utilise this antibody for IHC.
Possible explanations for the staining problems with the additional antibody could be quality
issues with the antibody in general or the specific production lot we were sent. Another possible
rationale is an interference of the tissue fixation with antibody binding. | abandoned the
repetitional experiment with the additional ABCA7 antibody after several unsuccessful trials

with various staining conditions.

The tested conditions for ABCA7 IHC with the well working ABCA7 antibody were then applied
to establish a method for double labelling of ABCA7 together with other markers. Fluorescence
double staining techniques are routinely used in many laboratories to study various cell
markers in the context of AD in human brains (Griciuc et al., 2013; Hendrickx et al., 2017; Jung
et al., 2015; Serrano-Pozo et al., 2013). However, fewer publications have utilized double
staining protocols for non-fluorescence IHC. Satoh et al. (2016) studied TMEM119 and its co-
expression with other microglial markers in human brains and used non-fluorescence double
labelling. In this study, an HRP-conjugated secondary antibody with DAB and an AP-
conjugated antibody with Warp Red chromogen were used for the visualization of different
markers. This method, which uses HRP- and AP-conjugated secondary antibodies, is similar
to the double staining technique used in the present study. Another publication studied TREM-
2 co-expression with major histocompatibility complex class 2 (MHCII), GFAP, pTau, and AR,
detected by a 6E10 antibody (Lue et al., 2015). In that study, standard DAB and the dark-blue
nickel enhanced DAB were used for a clear distinction of the two protein markers in the double

staining.

The double staining protocol that was established for this study labelled ABCA7 with brown
DAB, while other markers were visualized with chromogens that could be easily differentiated
by colour. Trials to use the ABCA7 antibody with fluorescence did not lead to satisfying results
because of the strong autofluorescence of human brain tissue. Furthermore, the non-
fluorescent IHC method that was used in this study provided a better understanding of the
tissue structure of the brain. Due to the high stability of most IHC chromogens, stained sections
can be indefinitely stored at room temperature and repeatedly viewed under the microscope

without fading.

In a double staining with ABCA7, an anti-CD68 antibody was applied at a concentration of
1:100 and later visualized using an AP enzyme and the red new fuchsin chromogen. Previous
studies on post-mortem AD brains have used CD68 as a phagocytic marker (Hendrickx et al.,
2017; Toomey et al., 2020).
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Double staining of ABCA7 and Iba1 was attained with a sequential staining protocol. Iba1 was
visualized with a prefabricated kit utilizing AP and later dyed with Vector® Blue. Iba1 is used in
many studies as a microglial marker in IHC on human tissue (Fahrenhold et al., 2018; Sakae
et al., 2016; Satoh et al., 2016; Serrano-Pozo et al., 2016; Streit et al., 2018; Toomey et al.,
2020).

AB plagues were marked with a 6E10 antibody in a double labelling with ABCA7. This antibody
is commonly used in routine neuropathological investigations as well as for various scientific
studies (Dinkel et al., 2020; Jin et al., 2017; Kageyama et al., 2021; Metaxas et al., 2019). For
the present study, AB was visualized via an AP-conjugated polymer with the red chromogen
new fuchsin. The stained plaques were later categorized as diffuse or dense according to their
morphology. In this process, several publications with detailed descriptions and depictions of
the different plaque types were instrumental (Boon et al., 2020; Réhr et al., 2020; Thal et al.,
2006). The category of dense plaques included compact plaques as well as classic cored
plagues. Both of these plaque types are fibrillar plaques that contain -pleated amyloid sheets
and are associated with clinical AD (Boon et al., 2020; Delaere et al., 1991; Thal et al., 2006).
Diffuse plaques on the other hand contain comparatively low levels of B-pleated amyloid and

were identified by their less compact structure and irregular shape (Rohr et al., 2020).

In this study, methoxy-X04 was used as an alternative method to label AB. Methoxy-X04 is a
lipophilic derivative of Congo red that binds to fibrillar AB and is visible by fluorescence (Klunk
et al., 2002). The fluorescent marker was first used by Klunk et al. (2002) to stain AB in post-
mortem human brain tissue. Subsequently, it has been used in various publications for in vivo
experiments on anaesthetized mice (Jung et al., 2015; Klunk et al., 2002; Meyer-Luehmann et
al., 2008). In one study, methoxy-X04 was utilized for double and triple labelling of post-mortem
brain tissue from AD patients by fluorescence alone (Furcila et al., 2018). For the present
study, | developed a method to use fluorescence labelling by methoxy-X04 together with
standard non-fluorescence IHC in human brain tissue. | compared the methoxy-X04 method
to AB IHC by 6E10 antibody in single and double stains. Double labelling of AR with methoxy-
X04 together with ABCA7 by IHC required two separate scanning steps using the Axioscan.
Subsequently, the digitalized images needed to be viewed separately or required a digital
overlay of the two files, while the results from the double labelling technique with IHC were
visible in one virtual slide. Furthermore, protection against photobleaching of the fluorescent
signal was needed before and during the scanning process. Therefore, | used the IHC double
labelling method for the majority of my experiments. Methoxy-X04 staining was primarily used

for confirmation of the results from the IHC experiments with a second method.
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The stained tissue sections were digitalized using the slide scanner Axioscan. The digital
image acquisition of the whole slide made an uncomplicated quantification of cells possible.
The virtual slides have a high image resolution and can be indefinitely stored on a computer
for later analyses. Therefore, the image acquisition with a slide scanner has clear advantages

over standard microscopy and was chosen for this study.

9.2 ABCAT7 expression by microglia

Double labelling of ABCA7 with Iba1l and CD68 was carried out to characterise the ABCA7
expressing cells, for further details see Figures 11 and 12. These experiments showed that
77.1 % of CD68-positive cells also expressed ABCA7 and proved a co-expression of ABCA7
and Iba1 in all labelled cells. The morphology of ABCA7-positive cells resembled the classical
ramified cell structure of microglial cells. These results strongly indicate that ABCA7 is

expressed by microglia.

Most publications agree that Iba1 is expressed in microglia of all stages, while CD68 mainly
stains activated phagocytic cells (Hopperton et al., 2018; Streit et al., 2009; Toomey et al.,
2020). It has been suggested by Hendrickx et al. (2017) that Iba1 is rather a marker of early
microglial activation and its expression by microglia is variable in different types of brain
pathology and brain regions. However, the study by Hendrickx et al. found that Iba1l is
frequently expressed in ramified microglia in the grey matter. The present study found a
complete overlap of expression of ABCA7 and Iba1 in that subtype of cells, which further

confirms that ABCAY7 is expressed by microglia in the grey matter of brains with AD pathology.

In the present study, ABCA7 expression was observed only in a part of the CD68-positive cells.
This confirms an ABCA?7 expression in the brain that is predominantly restricted to microglia,
as CDG68 is a phagocytic marker that is expressed in microglia, monocytes and macrophages
(Boche et al., 2013; Hopperton et al., 2018; Toomey et al., 2020).

With these results, it can not definitely be proved that ABCA7 is expressed by all microglia, as
there is still some uncertainty in the current literature if Iba1 is indeed expressed by all
microglial stages (Boche et al., 2013; Hendrickx et al., 2017). There is a possibility that ABCA7
and Iba1 are co-expressed in the same subtype of cells, while a certain subtype of microglia
might express none of the two markers. As presented in Figure 15, this study found ABCA7
expression in cells with variable morphology that resembled the cell structure of microglia of
all stages of activation. A sole ABCAY protein expression in only one microglial activation stage

can therefore be ruled out.
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Additionally, some intracellular ABCA?7 staining in neurons was found in the hippocampus of
two AD cases. The intraneuronal ABCA7 signal, which is pictured in Figure 23, was observed
in form of several distinctly stained vacuoles within cells with the typical morphology of
neurons. The intraneuronal staining had morphological similarities to cell processes that
involve the formation of intracellular vacuoles. Macro-autophagy is a pathway for the
elimination of damaged cell organelles that involves the formation of vacuolar
autophagosomes (Feng et al., 2014). In AD brains, pathological membrane-bound vacuoles
within neurons are frequently observed as a result of macro-autophagy (Koper et al., 2020).
These neuropathological changes are called granulovacuolar degeneration and appear within
the hippocampus in early AD stages (Hondius et al., 2021). As the described intraneuronal
ABCAY staining has been observed in the hippocampus, it could very well originate from

granulovacuolar degeneration.

Furthermore, a special form of programmed cell death called necroptosis has been connected
to neuronal loss in AD (Caccamo et al., 2017; Dhuriya & Sharma, 2018; Koper et al., 2020). A
study by Caccamo et al. (2017) found that the levels of necroptotic markers positively
correlated with the Braak stage in human AD brains. Interestingly, the study found that a
decreased activation of necroptosis reduced cell loss in an AD mouse model. The observed
intraneuronal ABCA?7 staining in the present study was morphologically similar to previously
published IHC images of necroptosis (Koper et al., 2020). Necroptotic markers have been
found in granulovacuolar degenerative lesions and might play a role in neuronal death in AD
brains (Koper et al., 2020). However, further experiments are needed to understand the origin

of the described intraneuronal ABCA7 signal.

This study located ABCA7 protein expression in the human brain mainly in microglial cells and
found a neuronal expression only in a few cells in two hippocampal sections. This is consistent
with the results of real-time PCR assays that found high ABCA7 gene expression in human
microglia and only low levels in neurons (Kim et al., 2006). However, ABCA7 staining in
microglia and neurons has been described in a study using monoclonal antibodies against
ABCAY for IHC in the frontal cortex of human brains with and without AD (Tomioka et al.,
2017). The IHC images provided in that publication show intraneuronal ABCA7 signal that is
faint in comparison to the ABCA7 staining that | observed in microglia with a polyclonal
antibody. It looks similar to unspecific background staining that was also present in early stages
of my study, when the IHC protocol was not fully established. It is therefore possible that the
intraneuronal ABCA7 signal observed by Tomioka et al. is due to unspecific antibody binding.
Interestingly, Lipman et al. (2005) state in a publication that compares polyclonal and

monoclonal antibodies that polyclonal antibodies often present with a better specificity.
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Two previous studies on mouse models indicate that ABCA?7 influences APP processing within
neurons, which does not correspond with my finding of a strong ABCA7 expression that is
restricted to microglia (Sakae et al., 2016; K. Satoh et al., 2015). Contrarily to my results, K.
Satoh et al. (2015) found identical ABCA7 protein levels in neurons and glial cells of mouse
brains using western blots. They propose that ABCA7 depletion results in increased production
of AB and APP proteolysis (K. Satoh et al., 2015). The authors of a second study on ABCA7
deficient mice argue that ABCA7 deficiency increases AP production by influencing APP
processing and activates the ERK pathway in neurons (Sakae et al., 2016). My results do not
support this hypothesis that ABCA7 influences AB production in neurons, as | did not find
widespread ABCA7 signal in neurons. These discrepancies could be explained by interspecies

differences between human and mouse brains.

In summary, this study found ABCA7 expression by microglia of all activation stages. The
relevance of the ABCA7 IHC signal in a few neurons in the hippocampus of individual cases

needs to be examined in further experiments.

9.3 ABCAT7 in correlation to amyloid beta plaques

In this study, double labelling of ABCA7 and AB by IHC revealed a correlation between the
number of ABCA7-positive cells and AB plaques in the grey matter of brains with AD pathology.
This validates the findings of Vasquez et al. (2013) who found an increased ABCA7 gene
expression in AD cases and hypothesised that ABCA7 expression increases in response to
AD pathology. Contrarily to this, Tomioka et al. (2017) detected more ABCA7-positive cells by
IHC in brains without AD than in AD brains. They did, however, not find a statistical difference

of ABCA7 protein levels by western blot between those two groups (Tomioka et al., 2017).

In a recent study, Lyssenko and Praticd (2021) found that lower ABCA7 protein levels in the
brain are associated with early AD development, while patients with high ABCA7 levels
developed AD later in life. In that publication, the authors develop a hypothesis in which ABCA7
has a temporary and dose-dependent protective function against AD. The previously
mentioned study examined the connection between ABCA7 protein levels and the AD Braak
stage in the human brain. Cases with no AD pathology or Braak stage | had significantly higher
ABCAY levels than cases with Braak stage Il or higher. However, that study could not find
significant differences in ABCA7 levels between unaffected controls and AD cases with Braak
stages | to V (Lyssenko & Pratico, 2021). The Braak classification assesses the AD stage
according to the distribution of NFT in different brain regions to define the AD stage (Braak &

Braak, 1991). In the present study, the AD cases were instead assessed according to their A
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plaque load, which is considered in the CERAD classification that was first published by Mirra
etal. in 1991.

The positive correlation between the number of ABCA7-positive cells and AB plaques which |
detected in this study seemingly contradict the previously described findings of Lyssenko and
Pratico (2021) and Tomioka et al. (2017). However, these discrepancies could be explained
by a hypothesis that was first proposed by Vasquez et al. in 2013. In that publication, the
authors suggest that continuingly increased ABCAY levels, for example, due to an SNP, offer
protection from AD, while upregulation of ABCA7 expression in response to AD pathology can
ultimately not sufficiently inhibit the progression of the disease (Vasquez et al., 2013). This
hypothesis would explain the dose-dependent protection from AD that Lyssenko and Pratico
(2021) found as well as the elevated number of ABCA7-positive cells in cases with a high
plaque load | observed in the present study. It is further supported by evidence from genetic
studies in which loss-of-function mutations in the ABCA7 gene have been associated with
increased AD risk (Campbell et al., 2022; Steinberg et al., 2015).

My double staining experiments further showed that the majority of ABCA7-positive microglia
in the cortex of AD brains are in close contact with AB plaques via their processes. These
results were verified with a second double labelling method utilizing the ABCA7 antibody and
fluorescent staining with methoxy-X04. This intimate contact of microglia with AB fibrils has
previously been described (Itagaki et al., 1989; Prokop et al., 2013). A study that examined
ABCAY7 knockout mice could find a colocalisation of Iba1 and AB plaques in ABCA7-deficient
and wild type mice (Kim et al., 2013). This result shows that the plaque association of microglia

that was observed in the present study is not solely dependent on ABCA7 function.

The described correlation and colocalisation of microglia with AR deposits were more
prominent in connection to dense plaques than to diffuse plaques. A study with ABCA7
knockout mice found that the total area of dense plaques was higher in mice without ABCA7
than in wild-type mice, but no differences in diffuse plaques were detected (K. Satoh et al.,
2015). These results confirm the link between ABCA7 expression and the occurrence of dense

plaques that was found in the present study.

This study identified ABCA7 expression in microglia with close association to AR plaques,
which supports two previous publications that suggest that ABCA7 influences AD pathology
through microglial AR clearance (Aikawa et al., 2019; Kim et al., 2013). Kim et al. (2013) found

increased AB plague numbers and insoluble AB levels in the brains of ABCA7 knockout mice.
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In another study, it was shown that ABCA7 haplodeficiency increases the AR accumulation

within microglia in mice (Aikawa et al., 2019).

The AD risk genes ApoE, TREM2 and CD33 have already been connected to microglial
clearance of AB, which confirms the important role of microglia in the occurrence of AD
pathology (Griciuc et al., 2013; C. Y. D. Lee et al., 2012; Lue et al., 2015).

My findings, evaluated within the context of the previously discussed publications, support the
following hypothesis that is adapted from Vasquez et al. (2013): ABCA7 expression in microglia
contributes to microglial clearance of Ap and therefore protects unaffected brains against AD.
This is supported by my findings of a close colocalisation of ABCA7-positive microglia and A
plaques and results from genetic studies in which loss-of -function mutations of ABCA7 were
associated with increased AD risk (Campbell et al., 2022; Steinberg et al., 2015). Following
the onset of AD, ABCATY expression is upregulated (Vasquez et al., 2013). In these pathological
circumstances, however, the increased ABCA7 expression can not sufficiently counteract the
ongoing AD pathology. This leads to increased numbers of ABCA7-positive cells and a high

plaque burden, which | observed in brains with advanced AD pathology.

9.4 ABCAY7 in the hippocampus

This study found a correlation between the number of ABCA7-positive cells in the frontal cortex
and hippocampus. The total number of ABCA7-positive cells per area was higher in the cortex
than in the hippocampus. A previous analysis of ABCA7 levels in non-demented and AD
patients by western blot did not find a significant difference in ABCA7Y protein levels between
the hippocampus and parietal cortex in any of the analysed groups (Lyssenko & Pratico, 2021).
It is important to note that the ABCA7 protein levels in the previously mentioned study were
detected by considering the ratio of ABCA7 to glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) in the tissue. This constitutes a semi-quantitative method to detect protein
expression levels that can be distorted by changes in GAPDH levels within the tissue.
Interestingly, GAPDH has been shown to be influenced by AD pathology (Sultana & Butterfield,
2009). In the present study, | did not evaluate protein levels, but quantified the number of
ABCA7-positive cells. One further needs to consider that the western blot analyses published
by Lyssenko and Practico (2021) were carried out on lysates from frozen tissue, while the IHC
of this study was performed on paraffin-embedded tissue sections. Hence, the two studies

used very different methods to evaluate ABCA7 protein expression in the human brain.

In the present study, | did not detect a correlation between ABCA7-positive cells and the A

plaque load in the CA1 area of the hippocampus. Furthermore, ABCA7 expressing microglia
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did not colocalise with AB plaques in this area of the brain. Marlatt et al. (2014) studied Iba1-
expression in the hippocampus using triple IHC staining with AB and the proliferation marker
proliferating cell nuclear antigen. Even though the authors observed Iba1-positive microglia in
close association with A in AD brains, Iba1 expression was not especially associated with
areas with a high burden of Ap deposition. That study did not find a statistical increase of Iba1-
positive cells in AD cases in comparison to demented patients with low Braak scores and non-
demented controls (Marlatt et al., 2014). This shows that even though microglia that express
Iba1 have been observed in close proximity to AB plaques in a prior study, their numbers do
not show a clear statistical correlation to the plaque load in the hippocampus. According to
Thal et al. (2002), AB deposition occurs later in the hippocampus than in the neocortex. It is
possible that the plaques that | observed in the hippocampal area are early plaques that have
not yet attracted microglia, while microglia in the frontal cortex have already been activated by

the plaques.

Interestingly, the plaques | observed in the hippocampal area were morphologically distinct
from the plaques of the frontal cortex. In the hippocampus, no division into dense and diffuse
plagues was possible. In the previously described IHC study, Marlatt et al. (2014) were able to
differentiate between primitive, diffuse and dense cored plaques in the hippocampus. The AB
plaques that | observed in the present study are morphologically similar to plaques labelled as
primitive by Marlatt et al. (2014). It is possible that the hippocampal plaques that | observed in
this study are newer than the dense plaques found in the frontal cortex and therefore present

with a distinct morphology.

Furcila et al. (2018) analysed plaque morphology in the CA1 hippocampal region of AD patients
and found that only 13 % were cored plaques, while 87 % of plaques were labelled as non-
cored plaques. This supports my observation that few plaques in that region present with the
classical morphology described as dense plaques in this study. However, the varying
nomenclature for the different types of AR plaques makes it difficult to compare studies on

plague morphology.

In summary, the clear association of ABCA7-positive microglia with AB plaques that was
observed in the frontal cortex could not be replicated in the hippocampus of the same AD
cases. Even though there was a positive correlation between the plaque load in the frontal
cortex and hippocampus in each case, the hippocampal AB deposits were morphologically
different from the plaques of the frontal cortex. These differences between the frontal cortex

and hippocampus could be due to the sequence of AB deposition in different brain areas.
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9.5 Outlook

In this study, | established reliable IHC protocols for single and double labelling of ABCA7 in
human brain sections. This technique can be adapted in many ways to further examine the

expression of ABCA7 in AD brains.

Expression of Iba1 and ABCA7 was observed in varying intensities in microglia. Further double
staining experiments using different microglial activation markers would be helpful to
understand which subtypes of microglia express ABCA7 in the highest levels. In a review on
the use of microglial markers in IHC, Hopperton et al. (2018) suggested the MHCII cell surface
receptor Human Leukocyte Antigen DR isotype (HLA-DR) and TREM2 as suitable markers for
microglial activation. Furthermore, it would be interesting to examine the microglial co-
expression of CD33 and ABCA7 in AD brains. CD33 is a genetic risk factor for AD that is

expressed by microglia and inhibits AR clearance in microglial cell culture (Griciuc et al., 2013).

New insight about cell morphology and spatial distribution of the labelled cells could be gained
when combining stereological analyses with IHC for ABCA7. Stereology provides information
on the three-dimensional structure of cells while using the two-dimensional images that are
available from brightfield microscopy of tissue sections. With this method, more accurate cell
quantification and classification into microglial stages are possible. By utilising specific
software, cell volume and length of the stained microglia can be quantified. For example, this
method has been used to compare microglial changes in human brains in normal ageing and
neurodegenerative diseases (Shahidehpour et al., 2021). The IHC protocol that was
established in the present study would probably need to be modified to enable better
penetration of the antibody through the thicker tissue sections that are required for this method
(Hou et al., 2012).

This study quantified ABCA7 expression by counting positive cells in digitalized scans of the
IHC staining. When measuring the intensity of protein expression in the brain tissue, protein
levels of ABCA7 and other microglial markers can be compared. One technical solution for this
is to digitally measure the DAB stained pixels with suitable software. Another possible method
is the paraffin-embedded tissue (PET) blot, which enables quantification of the protein while
also providing information on tissue distribution. Schulz-Schaeffer et al. first presented this
method in 2000 and detailed technical information for implementation has been published by
Moh et al. (2005). This method has, for example, been successfully used to examine the local
distribution, expression patterns and expression density of prion proteins in formalin-fixed

paraffin-embedded brain sections (Jirgens-Wemheuer et al., 2021).
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In this study, | observed an intraneuronal ABCA7 signal in the hippocampus of several AD
cases. As described above, the signal had morphological similarities to cellular processes like
granulovacuolar degeneration or necroptosis. Further IHC analyses using specific antibodies
for the detection of these cellular processes could define the origin of the observed
intraneuronal ABCAY7 signal. Possible IHC markers for further examination of these processes
in connection with ABCA7 expression are casein kinase 106, which is expressed in
granulovacuolar degeneration, and necroptosis markers receptor-interacting serine/threonine-
protein kinase (RIPK) 1, RIPK3 and Mixed lineage kinase domain-like protein (MLKL)
(Caccamo et al., 2017; Hondius et al., 2021; Koper et al., 2020).

By expanding the cohort of this study with more cases of each CERAD stage, the results could
be analysed with additional statistical tests. This could, for example, deepen our understanding
of the differences in ABCA7 expression between the AD stages. The present study did not
include any cases with known ABCAY risk variants. Examining the brains of carriers of such
genetic variants can bring further insight into the protein's function. Changes in ABCA7
expression and their association to AR deposits can be evaluated with the double staining

procedure that was used in this study.

This study and previous publications on ABCA7 are aimed to explore the function of the protein
and its role in AD. Once we have gained more knowledge on ABCA?7, the present basic
research needs to evolve into clinical application. Current research on TREM2 proves that it is
possible to translate the information on AD risk genes that has been gained from GWAS into
studies with a clinical focus. In 2020, an experimental study on mice proved that the anti-human
TREM2 antibody AL002 lowers the production of filamentous plaques, reduces neuronal
dystrophy and increases microglial phagocytosis (S. Wang et al., 2020). At the moment, an
ongoing phase |l trial is evaluating the efficacy and safety of the ALO02 antibody in patients
with early AD (National Library of Medicine, 2022). As of February 2023, no results from this
study have been published. As our understanding of ABCA7 grows with the ongoing basic
research, the AD research community should look into its possibilities as an AD drug target

eventually.

73



10. References

1.

10.

11.

Abcam (2019) Anti-ABCA7 antibody (ab247027). https://www.abcam.com/abca7-
antibody-ab247027.html last accessed on February 22nd 2023.

Abe-Dohmae, S., Kato, K. H., Kumon, Y., Hu, W., Ishigami, H., Iwamoto, N., Okazaki, M.,
Wu, C.-A., Tsujita, M., Ueda, K. (2006) Serum amyloid A generates high density
lipoprotein with cellular lipid in an ABCA1-or ABCA7-dependent manner. Journal of Lipid
Research 47:1542—-1550.

Aderem, A., Underhill, D. M. (1999) MECHANISMS OF PHAGOCYTOSIS IN
MACROPHAGES. Annual Review of Immunology 17:593-623.

Aikawa, T., Holm, M. L., Kanekiyo, T. (2018) ABCA7 and pathogenic pathways of

Alzheimer’s disease. Brain Sciences 8:1-13.

Aikawa, T., Ren, Y., Yamazaki, Y., Tachibana, M., Johnson, M. R., Anderson, C. T.,
Martens, Y. A., Holm, M. L., Asmann, Y. W., Saito, T., Saido, T. C., Fitzgerald, M. L., Bu,
G., Kanekiyo, T. (2019) ABCA7 haplodeficiency disturbs microglial immune responses in
the mouse brain. Proceedings of the National Academy of Sciences of the United States
of America 116:23790-23796.

Allen, J. W., Eldadah, B. A., Huang, X., Knoblach, S. M., Faden, A. |. (2001) Multiple
caspases are involved in B-amyloid-induced neuronal apoptosis. Journal of Neuroscience
Research 65:45-53.

Alzheimer, A. (1907) Ueber eine eigenartige Erkrankung der Hirnrinde. Allgemeine
Zeitschrift Fir Psychiatrie Und Psychisch-Gerichtliche Medizin 64:146—148.

Alzheimer, A., Stelzmann, R. A., Schnitzlein, H. N., Murtagh, F. R. (1995) An English
translation of Alzheimer’s 1907 paper," Uber eine eigenartige Erkankung der Hirnrinde".
Clinical Anatomy (New York, NY) 8:429-431.

Alzheimer Europe (2019) Dementia in Europe Yearbook 2019. www.alzheimer-
europe.org/sites/default/files/alzheimer_europe_dementia_in_europe_yearbook 2019.p

df last accessed on February 22nd 2023.

Andersen, K., Launer, L. J., Dewey, M. E., Letenneur, L., Ott, A., Copeland, J. R. M.,
Dartigues, J.-F., Kragh—Sorensen, P., Baldereschi, M., Brayne, C. (1999) Gender
differences in the incidence of AD and vascular dementia: The EURODEM Studies.
Neurology 53:1992.

Apatiga-Pérez, R., Soto-Rojas, L. O., Campa-Cdrdoba, B. B., Luna-Viramontes, N. I,

Cuevas, E., Villanueva-Fierro, |., Ontiveros-Torres, M. A., Bravo-Munoz, M., Flores-

74



12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

Rodriguez, P., Garcés-Ramirez, L., de la Cruz, F., Montiel-Sosa, J. F., Pacheco-Herrero,
M., Luna-Mufoz, J. (2021) Neurovascular dysfunction and vascular amyloid accumulation

as early events in Alzheimer’s disease. Metabolic Brain Disease 37:39-50.

Apostolova, L. G., Risacher, S. L., Duran, T., Stage, E. C., Goukasian, N., West, J. D.,
Do, T. M., Grotts, J., Wilhalme, H., Nho, K., Phillips, M., Elashoff, D., Saykin, A. J. (2018)
Associations of the top 20 Alzheimer disease risk variants with brain amyloidosis. JAMA
Neurology 75:328-341.

Armstrong, R. A. (1998) B-Amyloid Plaques: Stages in Life History or Independent Origin?

Dementia and Geriatric Cognitive Disorders 9:227-238.

Arvanitakis, Z., Leurgans, S. E., Wang, Z., Wilson, R. S., Bennett, D. A., Schneider, J. A.
(2011) Cerebral amyloid angiopathy pathology and cognitive domains in older persons.
Annals of Neurology 69:320-327.

Attems, J., Jellinger, K. A. (2004) Only cerebral capillary amyloid angiopathy correlates
with Alzheimer pathology—a pilot study. Acta Neuropathologica 107:83-90.

Bahr, B. A., Hoffman, K. B., Yang, A. J., Hess, U. S., Glabe, C. G., Lynch, G. (1998)
Amyloid B protein is internalized selectively by hippocampal field CA1 and causes neurons
to accumulate amyloidogenic carboxyterminal fragments of the amyloid precursor protein.

Journal of Comparative Neurology 397:139-147.

Bancher, C., Brunner, C., Lassmann, H., Budka, H., Jellinger, K., Wiche, G., Seitelberger,
F., Grundke-Igbal, I., Igbal, K., Wisniewski, H. M. (1989) Accumulation of abnormally
phosphorylated 1 precedes the formation of neurofibrillary tangles in Alzheimer’s disease.
Brain Research 477:90-99.

Beach, T. G., McGeer, E. G. (1988) Lamina-specific arrangement of astrocytic gliosis and

senile plaques in Alzheimer’s disease visual cortex. Brain Research 463:357-361.

Bechmann, I., Galea, I., Perry, V. H. (2007) What is the blood-brain barrier (not)? Trends
in Immunology 28:5-11.

Beers, D. R., Henkel, J. S., Xiao, Q., Zhao, W., Wang, J., Yen, A. A., Siklos, L., McKercher,
S. R., Appel, S. H. (2006) Wild-type microglia extend survival in PU. 1 knockout mice with
familial amyotrophic lateral sclerosis. Proceedings of the National Academy of Sciences
103:16021-16026.

Bellenguez, C., Charbonnier, C., Grenier-boley, B., Quenez, O., Le, K., Nicolas, G.,
Chauhan, G., Wallon, D., Rousseau, S., Claire, A., Boland, A., Bourque, G., Markus, H.,
Olaso, R., Meyer, V., Rollin-sillaire, A., Pasquier, F., Letenneur, L., Redon, R., ... Deleuze,
J. (2017) Contribution to Alzheimer ’ s disease risk of rare variants in TREM2 , SORL1 ,

75



22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

and ABCA7 in 1779 cases and 1273 controls. Neurobiology of Aging 59:220.e1-220.e9.

Berg, C. N., Sinha, N., Gluck, M. A. (2019) The Effects of APOE and ABCA7 on Cognitive
Function and Alzheimer’s Disease Risk in African Americans: A Focused Mini Review.

Frontiers in Human Neuroscience 13:1-7.

Bergeron, C., Ranalli, P. J., Miceli, P. N. (1987) Amyloid angiopathy in Alzheimer's

disease. Canadian Journal of Neurological Sciences 14:564—569.

Bi, X., Gall, C. M., Zhou, J., Lynch, G. (2002) Uptake and pathogenic effects of amyloid
beta peptide 1-42 are enhanced by integrin antagonists and blocked by NMDA receptor

antagonists. Neuroscience 112:827-840.

Birks, J., Grimley Evans, J. (2009) Gingko biloba for cognitive impairment and dementia.

Cochrane Database of Systematic Reviews.

Boche, D., Perry, V. H., Nicoll, J. A. R. (2013) Review: Activation patterns of microglia and
their identification in the human brain. Neuropathology and Applied Neurobiology 39:3—
18.

Boldrini, M., Fulmore, C. A., Tartt, A. N., Simeon, L. R., Pavlova, |., Poposka, V., Rosoklija,
G. B., Stankov, A., Arango, V., Dwork, A. J. (2018) Human hippocampal neurogenesis
persists throughout aging. Cell Stem Cell 22:589-599.

Boon, B. D. C., Bulk, M., Jonker, A. J., Morrema, T. H. J., Berg, E. Van Den (2020) The
coarse - grained plaque : a divergent AB plaque - type in early - onset Alzheimer ’ s

disease. Acta Neuropathologica 140:811-830.

Bossaerts, L., Hendrickx Van de Craen, E., Cacace, R., Asselbergh, B., Van
Broeckhoven, C. (2022) Rare missense mutations in ABCA7 might increase Alzheimer’s
disease risk by plasma membrane exclusion. Acta Neuropathologica Communications
10:43.

Bossaerts, L., Hens, E., Hanseeuw, B., Vandenberghe, R., Cras, P., De Deyn, P. P,
Engelborghs, S., Van Broeckhoven, C., Consortium, B. (2021) Premature termination
codon mutations in ABCA7 contribute to Alzheimer’'s disease risk in Belgian patients.
Neurobiology of Aging 106:307.e1-307.e7.

Braak, H., Alafuzoff, I., Arzberger, T., Kretzschmar, H., Tredici, K. (2006) Staging of
Alzheimer disease-associated neurofibrillary pathology using paraffin sections and

immunocytochemistry. Acta Neuropathologica 112:389-404.

Braak, H., Braak, E. (1991) Neuropathological stageing of Alzheimer-related changes.
Acta Neuropathologica 82:239-259.

Bramblett, G. T., Goedert, M., Jakes, R., Merrick, S. E., Trojanowski, J. Q., Lee, V. M. Y.

76



34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

(1993) Abnormal tau phosphorylation at Ser396 in Alzheimer’s disease recapitulates

development and contributes to reduced microtubule binding. Neuron 10:1089-1099.

Brenowitz, W. D., Nelson, P. T., Besser, L. M., Heller, K. B., Kukull, W. A. (2015) Cerebral
amyloid angiopathy and its co-occurrence with Alzheimer's disease and other

cerebrovascular neuropathologic changes. Neurobiology of Aging 36:2702—-2708.

Broccardo, C., Osorio, J., Luciani, M. F., Schriml, L. M., Prades, C., Shulenin, S., Arnould,
I., Naudin, L., Lafargue, C., Rosier, M., Jordan, B., Mattei, M. G., Dean, M., Denéfle, P.,
Chimini, G. (2001) Comparative analysis of the promoter structure and genomic
organization of the human and mouse ABCA7 gene encoding a novel ABCA transporter.
Cytogenetics and Cell Genetics 92:264-270.

Bundesinstitut fur Arzneimittel und Medizinprodukte im Auftrag des Bundesministeriums
fur Gesundheit unter Beteiligung der Arbeitsgruppe ICD des Kuratoriums fir Fragen der
Klassifikation im Gesundheitswesen (2021) /CD-10-GM Version 2022, Systematisches
Verzeichnis, Internationale statistische Klassifikation der Krankheiten und verwandter

Gesundheitsprobleme, 10. Revision, Stand: 17. September 2021.

Busciglio, J., Gabuzda, D. H., Matsudaira, P., Yankner, B. A. (1993) Generation of beta-
amyloid in the secretory pathway in neuronal and nonneuronal cells. Proceedings of the
National Academy of Sciences 90:2092—2096.

Caccamo, A., Branca, C., Piras, I. S., Ferreira, E., Huentelman, M. J., Liang, W. S.,
Readhead, B., Dudley, J. T., Spangenberg, E. E., Green, K. N. (2017) Necroptosis

activation in Alzheimer’s disease. Nature Neuroscience 20:1236—1246.

Campbell, A. S., Ho, C. C. G., Atik, M., Allen, M., Lincoln, S., Malphrus, K., Nguyen, T.,
Oatman, S. R., Corda, M., Conway, O. (2022) Clinical Deep Phenotyping of ABCA7

Mutation Carriers. Neurology Genetics 8:655.

Carmona-Fonseca, J., Cardona-Arias, J. A. (2022) Placental malaria caused by
Plasmodium vivax or P. falciparum in Colombia: Histopathology and mediators in
placental processes. PloS One 17:0263092.

Cécyre, B., Thomas, S., Ptito, M., Casanova, C., Bouchard, J.-F. (2014) Evaluation of the
specificity of antibodies raised against cannabinoid receptor type 2 in the mouse retina.

Naunyn-Schmiedeberg’s Archives of Pharmacology 387:175-184.

Chan, A., Magnus, T., Gold, R. (2001) Phagocytosis of apoptotic inflammatory cells by
microglia and modulation by different cytokines: Mechanism for removal of apoptotic cells

in the inflamed nervous system. Glia 33:87—-95.

Chan, S. L., Kim, W. S., Kwok, J. B., Hill, A. F., Cappai, R., Rye, K., Garner, B. (2008)

77



44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

ATP-binding cassette transporter A7 regulates processing of amyloid precursor protein in

vitro. Journal of Neurochemistry 106:793-804.

Chibnik, L. B., Shulman, J. M., Leurgans, S. E., Schneider, J. A., Wilson, R. S., Tran, D.,
Aubin, C., Buchman, A. S., Heward, C. B., Myers, A. J. (2011) CR1 is associated with
amyloid plaque burden and age-related cognitive decline. Annals of Neurology 69:560—
569.

Clark, C. M., Pontecorvo, M. J., Beach, T. G., Bedell, B. J. (2012) Cerebral PET with
florbetapir compared with neuropathology at autopsy for detection of neuritic amyloid-

plaques: a prospective cohort study. The Lancet Neurology 11:669-678.

Cleveland, D. W., Hwo, S.-Y., Kirschner, M. W. (1977) Physical and chemical properties
of purified tau factor and the role of tau in microtubule assembly. Journal of Molecular
Biology 116:227-247.

Clifford, P. M., Zarrabi, S., Siu, G., Kinsler, K. J., Kosciuk, M. C., Venkataraman, V.,
D’Andrea, M. R., Dinsmore, S., Nagele, R. G. (2007) AB peptides can enter the brain
through a defective blood—brain barrier and bind selectively to neurons. Brain Research
1142:223-236.

Collins, F. S., Guyer, M. S., Chakravarti, A. (1997) Variations on a theme: cataloging
human DNA sequence variation. Science 278:1580-1581.

Combs, C. K., Johnson, D. E., Cannady, S. B., Lehman, T. M., Landreth, G. E. (1999)
Identification of microglial signal transduction pathways mediating a neurotoxic response
to amyloidogenic fragments of B-amyloid and prion proteins. Journal of Neuroscience
19:928-939.

Cook, D. G., Forman, M. S., Sung, J. C., Leight, S., Kolson, D. L., lwatsubo, T., Lee, V.
M.-Y., Doms, R. W. (1997) Alzheimer's AB (1-42) is generated in the endoplasmic

reticulum/intermediate compartment of NT2N cells. Nature Medicine 3:1021-1023.

Corbo, R. M., Scacchi, R. (1999) Apolipoprotein E (APOE) allele distribution in the world.
Is APOE* 4 a ‘thrifty’allele? Annals of Human Genetics 63:301-310.

Corder, E. H., Saunders, A. M., Strittmatter, W. J., Schmechel, D. E., Gaskell, P. C., Small,
Gw., Roses, A. D., Haines, J. L., Pericak-Vance, M. A. (1993) Gene dose of apolipoprotein
E type 4 allele and the risk of Alzheimer’s disease in late onset families. Science 261:921—
923.

Cserép, C., Pésfai, B., Lénart, N., Fekete, R., Laszlo, Z. |., Lele, Z., Orsolits, B., Molnar,
G., Heindl, S., Schwarcz, A. D. (2020) Microglia monitor and protect neuronal function

through specialized somatic purinergic junctions. Science 367:528-537.

78



54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

Cummings, J., Lee, G., Nahed, P., Kambar, M. E. Z. N., Zhong, K., Fonseca, J., Taghva,
K. (2022) Alzheimer’s disease drug development pipeline: 2022. Alzheimer’s & Dementia:

Translational Research & Clinical Interventions 8:12295.

Cuyvers, E., De Roeck, A., Van den Bossche, T., Van Cauwenberghe, C., Bettens, K.,
Vermeulen, S., Mattheijssens, M., Peeters, K., Engelborghs, S., Vandenbulcke, M. (2015)
Mutations in ABCA7 in a Belgian cohort of Alzheimer’'s disease patients: a targeted

resequencing study. The Lancet Neurology 14:814-822.

D’andrea, M. R., Nagele, R. G., Wang, H., Peterson, P. A,, Lee, D. H. S. (2001) Evidence
that neurones accumulating amyloid can undergo lysis to form amyloid plaques in

Alzheimer’s disease. Histopathology 38:120-134.

Daneshtalab, N., Doré, J. J. E., Smeda, J. S. (2010) Troubleshooting tissue specificity and
antibody selection: Procedures in immunohistochemical studies. Journal of

Pharmacological and Toxicological Methods 61:127—135.

De Roeck, A., Van Broeckhoven, C., Sleegers, K. (2019) The role of ABCA?7 in
Alzheimer’s disease: evidence from genomics, transcriptomics and methylomics. Acta
Neuropathologica 138:201-220.

De Strooper, B., Annaert, W. (2000) Proteolytic processing and cell biological functions of

the amyloid precursor protein. Journal of Cell Science 113:1857-1870.

Dean, M., Allikmets, R. (1995) Evolution of ATP-binding cassette transporter genes.
Current Opinion in Genetics & Development 5:779-785.

Delaere, P., Duyckaerts, C., He, Y., Piette, F., Hauw, J. J. (1991) Subtypes and differential
laminar distributions of BA4 deposits in Alzheimer's disease: relationship with the

intellectual status of 26 cases. Acta Neuropathologica 81:328-335.

Delaére, P., Duyckaerts, C., Masters, C., Beyreuther, K., Piette, F., Hauw, J.-J. (1990)
Large amounts of neocortical A4 deposits without neuritic plaques nor tangles in a

psychometrically assessed, non-demented person. Neuroscience Letters 116:87-93.

Dermaut, B., Kumar-Singh, S., De Jonghe, C., Cruts, M., Léfgren, A., Libke, U., Cras, P.,
Dom, R., De Deyn, P. P., Martin, J. J. (2001) Cerebral amyloid angiopathy is a pathogenic

lesion in Alzheimer’s disease due to a novel presenilin 1 mutation. Brain 124:2383-2392.

Deutsche Gesellschaft fir Neurologie (2017) S3-Leitlinie Demenzen. S3-Leitlinie
Demenzen. https://register.awmf.org/assets/guidelines/038-0131_S3-Demenzen-2016-
07.pdf last accessed on February 22nd 2023.

DeVos, S. L., Corjuc, B. T., Commins, C., Dujardin, S., Bannon, R. N., Corjuc, D., Moore,
B. D., Bennett, R. E., Jorfi, M., Gonzales, J. A., Dooley, P. M., Roe, A. D., Pitstick, R.,

79



66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

Irimia, D., Frosch, M. P., Carlson, G. A., Hyman, B. T. (2018) Tau reduction in the
presence of amyloid-B prevents tau pathology and neuronal death in vivo. Brain
141:2194-2212.

DeVos, S. L., Miller, R. L., Schoch, K. M., Holmes, B. B., Kebodeaux, C. S., Wegener, A.
J., Chen, G., Shen, T., Tran, H., Nichols, B. (2017) Tau reduction prevents neuronal loss
and reverses pathological tau deposition and seeding in mice with tauopathy. Science

Translational Medicine 9:481.

DeWitt, D. A., Perry, G., Cohen, M., Doller, C., Silver, J. (1998) Astrocytes regulate
microglial phagocytosis of senile plaque cores of Alzheimer's disease. Experimental
Neurology 149:329-340.

Dhuriya, Y. K., Sharma, D. (2018) Necroptosis: a regulated inflammatory mode of cell

death. Journal of Neuroinflammation 15:1-9.

Dickson, D. W. (1997) The Pathogenesis of Senile Plaques. Journal of Neuropathology &
Experimental Neurology 56:321-339.

Dickson, D. W., Crystal, H. A., Mattiace, L. A., Masur, D. M., Blau, A. D., Davies, P., Yen,
S.-H., Aronson, M. K. (1992) Identification of normal and pathological aging in
prospectively studied nondemented elderly humans. Neurobiology of Aging 13:179-189.

Dickson, T. C., Vickers, J. C. (2001) The Morphological Phenotype Of Beta -Amyloid
Plaques And Associated Neuritic Changes In Alzheimer ’ s Disease 105:99-107.

Dinkel, F., Trujillo-Rodriguez, D., Villegas, A., Streffer, J., Mercken, M., Lopera, F.,
Glatzel, M., Sepulveda-Falla, D. (2020) Decreased Deposition of Beta-Amyloid 1-38 and
Increased Deposition of Beta-Amyloid 1-42 in Brain Tissue of Presenilin-1 E280A Familial

Alzheimer’s Disease Patients. Frontiers in Aging Neuroscience 12:220.

Ditaranto, K., Tekirian, T. L., Yang, A. J. (2001) Lysosomal membrane damage in soluble

AB-mediated cell death in Alzheimer’s disease. Neurobiology of Disease 8:19-31.

Drechsel, D. N., Hyman, A. A., Cobb, M. H., Kirschner, M. W. (1992) Modulation of the
dynamic instability of tubulin assembly by the microtubule-associated protein tau.
Molecular Biology of the Cell 3:1141-1154.

Dubois, B., Feldman, H. H., Jacova, C., Hampel, H., Molinuevo, J. L., Blennow, K,
Dekosky, S. T., Gauthier, S., Selkoe, D., Bateman, R., Cappa, S., Crutch, S,
Engelborghs, S., Frisoni, G. B., Fox, N. C., Galasko, D., Habert, M. O., Jicha, G. A,,
Nordberg, A., ... Cummings, J. L. (2014) Advancing research diagnostic criteria for
Alzheimer’s disease: The IWG-2 criteria. The Lancet Neurology 13:614—629.

Duyckaerts, C., Delatour, B., Potier, M. C. (2009) Classification and basic pathology of

80



77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

Alzheimer disease. Acta Neuropathologica 118:5-36.

Eriksson, P. S., Perfilieva, E., Bjork-Eriksson, T., Alborn, A.-M., Nordborg, C., Peterson,
D. A, Gage, F. H. (1998) Neurogenesis in the adult human hippocampus. Nature
Medicine 4:1313-1317.

Ernst, A., Alkass, K., Bernard, S., Salehpour, M., Perl, S., Tisdale, J., Possnert, G., Druid,
H., Frisén, J. (2014) Neurogenesis in the striatum of the adult human brain. Cell
156:1072—-1083.

European Medicines Agency (2021) Refusal of the marketing authorisation for Aduhelm
(aducanumab). www.ema.europa.eu/en/documents/medicine-qa/questions-answers-
refusal-marketing-authorisation-aduhelm-aducanumab_en.pdf last accessed on February
22nd 2023.

European Medicines Agency (2022) Aduhelm: Withdrawal of the marketing authorisation
application. www.ema.europa.eu/en/medicines/human/withdrawn-applications/

aduhelm#key-facts-section last accessed on February 22nd 2023.

Fahrenhold, M., Rakic, S., Classey, J., Brayne, C., Ince, P. G., Nicoll, J. A. R., Boche, D.
(2018) TREM2 expression in the human brain: a marker of monocyte recruitment? Brain
Pathology 28:595-602.

Fan, Z., Brooks, D. J., Okello, A., Edison, P. (2017) An early and late peak in microglial

activation in Alzheimer’s disease trajectory. Brain 140:792—-803.

Farrer, L. A., Cupples, L. A., Haines, J. L., Hyman, B., Kukull, W. A., Mayeux, R., Myers,
R. H., Pericak-Vance, M. A., Risch, N., Van Duijn, C. M. (1997) Effects of age, sex, and
ethnicity on the association between apolipoprotein E genotype and Alzheimer disease:
a meta-analysis. Jama 278:1349-1356.

Fassler, M., Rappaport, M. S., Cufo, C. B., George, J. (2021) Engagement of TREM2 by
a novel monoclonal antibody induces activation of microglia and improves cognitive

function in Alzheimer’s disease models. Journal of Neuroinflammation 18:1-18.

Feng, Y., He, D., Yao, Z., Klionsky, D. J. (2014) The machinery of macroautophagy. Cell
Research 24:24-41.

Food and Drug Administration (2020) Peripheral and Central Nervous System (PCNS)
Drugs Advisory Committee Meeting, November 6th.
www.fda.gov/media/143502/download last accessed on February 22nd 2023.

Food and Drug Administration (2021) FDA’s Decision to Approve New Treatment for
Alzheimer’s  Disease. www.fda.gov/drugs/news-events-human-drugs/fdas-decision-

approve-new-treatment-alzheimers-disease last accessed on January 14th 2023.

81



88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

Frackowiak, J., Wisniewski, H. M., Wegiel, J., Merz, G. S., Igbal, K., Wang, K. C. (1992)
Ultrastructure of the microglia that phagocytose amyloid and the microglia that produce
B-amyloid fibrils. Acta Neuropathologica 84:225-233.

Fu, Y., He, Y., Phan, K., Pickford, R., Kim, Y.-B., Dzamko, N., Halliday, G. M., Kim, W. S.
(2022) Sex-specific lipid dysregulation in the Abca7 knockout mouse brain. Brain

Communications 4:120.

Fu, Y., Hsiao, J.-H. T., Paxinos, G., Halliday, G. M., Kim, W. S. (2016) ABCA7 Mediates
Phagocytic Clearance of Amyloid-§ in the Brain. Journal of Alzheimer’s Disease 54:569—
584.

Furcila, D., DeFelipe, J., Alonso-Nanclares, L. (2018) A Study of Amyloid- and
Phosphotau in Plaques and Neurons in the Hippocampus of Alzheimer's Disease
Patients. Journal of Alzheimer’s Disease 64:417—435.

Garcia-Garcia, E., Rosales, R., Rosales, C. (2002) Phosphatidylinositol 3-kinase and
extracellular signal-regulated kinase are recruited for Fc receptor-mediated phagocytosis
during monocyte-to-macrophage differentiation. Journal of Leukocyte Biology 72:107—
114.

Gatz, M., Reynolds, C. A., Fratiglioni, L., Johansson, B., Mortimer, J. A., Berg, S., Fiske,
A., Pedersen, N. L. (2006) Role of genes and environments for explaining Alzheimer

disease. Archives of General Psychiatry 63:168—-174.

Gharbi-Meliani, A., Dugravot, A., Sabia, S., Regy, M., Fayosse, A., Schnitzler, A.,
Kivimaki, M., Singh-Manoux, A., Dumurgier, J. (2021) The association of APOE ¢4 with
cognitive function over the adult life course and incidence of dementia: 20 years follow-up
of the Whitehall Il study. Alzheimer’'s Research & Therapy 13:5.

Giannakopoulos, P., Herrmann, F. R., Bussiére, T., Bouras, C., Kévari, E., Perl, D. P.,
Morrison, J. H., Gold, G., Hof, P. R. (2003) Tangle and neuron numbers, but not amyloid

load, predict cognitive status in Alzheimer’s disease. Neurology 60:1495-1500.

Ginhoux, F., Greter, M., Leboeuf, M., Nandi, S., See, P., Gokhan, S., Mehler, M. F.,
Conway, S. J., Ng, L. G., Stanley, E. R. (2010) Fate mapping analysis reveals that adult

microglia derive from primitive macrophages. Science 330:841-845.

Goedert, M., Spillantini, M. G., Jakes, R., Rutherford, D., Crowther, R. A. (1989) Multiple
isoforms of human microtubule-associated protein tau: sequences and localization in

neurofibrillary tangles of Alzheimer’s disease. Neuron 3:519-526.

Gbémez-Isla, T., Price, J. L., McKeel Jr, D. W., Morris, J. C., Growdon, J. H., Hyman, B. T.

(1996) Profound loss of layer Il entorhinal cortex neurons occurs in very mild Alzheimer’s

82



99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

disease. Journal of Neuroscience 16:4491-4500.

Gomez-Nicola, D., Perry, V. H. (2015) Microglial dynamics and role in the healthy and

diseased brain: A paradigm of functional plasticity. Neuroscientist 21:169-184.

Greenberg, S. M., Bacskai, B. J., Hernandez-Guillamon, M., Pruzin, J., Sperling, R., van
Veluw, S. J. (2020) Cerebral amyloid angiopathy and Alzheimer disease—one peptide,
two pathways. Nature Reviews Neurology 16:30—42.

Greenfield, J. P., Tsai, J., Gouras, G. K., Hai, B., Thinakaran, G., Checler, F., Sisodia, S.
S., Greengard, P., Xu, H. (1999) Endoplasmic reticulum and trans-Golgi network generate
distinct populations of Alzheimer B-amyloid peptides. Proceedings of the National
Academy of Sciences 96:742—747.

Griciuc, A., Serrano-Pozo, A., Parrado, A. R., Lesinski, A. N., Asselin, C. N., Mullin, K.,
Hooli, B., Choi, S. H., Hyman, B. T., Tanzi, R. E. (2013) Alzheimer’s disease risk gene
¢d33 inhibits microglial uptake of amyloid beta. Neuron 78:631-643.

Guerreiro, R., Wojtas, A., Bras, J., Carrasquillo, M., Rogaeva, E., Majounie, E., Cruchaga,
C., Sassi, C., Kauwe, J. S. K,, Younkin, S., Hazrati, L., Collinge, J., Pocock, J., Lashley,
T., Williams, J., Lambert, J.-C., Amouyel, P., Goate, A., Rademakers, R., ... Hardy, J.
(2012) TREMZ2 Variants in Alzheimer's Disease. New England Journal of Medicine
368:117-127.

Hacke, W. (2019) Neurologie (W. Hacke (ed.); 14th ed.) Springer Berlin Heidelberg.

Halle, A., Hornung, V., Petzold, G. C., Stewart, C. R., Monks, B. G., Reinheckel, T.,
Fitzgerald, K. A., Latz, E., Moore, K. J., Golenbock, D. T. (2008) The NALP3
inflammasome is involved in the innate immune response to amyloid-B. Nature

Immunology 9:857.

Hallinan, G. |., Vargas-Caballero, M., West, J., Deinhardt, K. (2019) Tau Misfolding
Efficiently Propagates between Individual Intact Hippocampal Neurons. The Journal of
Neuroscience 39:9623-9632.

Hansen, D. V, Hanson, J. E., Sheng, M. (2018) Microglia in Alzheimer’ s disease. Journal
of Cell Biology 217:459-472.

Hansson, O., Lehmann, S., Otto, M., Zetterberg, H., Lewczuk, P. (2019) Advantages and
disadvantages of the use of the CSF Amyloid B (AB) 42/40 ratio in the diagnosis of

Alzheimer’s Disease. Alzheimer’'s Research & Therapy 11:34.

Hartmann, T., Bieger, S. C., Brlhl, B., Tienari, P. J., Ida, N., Allsop, D., Roberts, G. W.,
Masters, C. L., Dotti, C. G., Unsicker, K., Beyreuther, K. (1997) Distinct sites of

intracellular production for Alzheimer's disease AP40/42 amyloid peptides. Nature

83



110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

Medicine 3:1016—-1020.

Hashioka, S., Inoue, K., Takeshita, H., Inagaki, M. (2020) Do Alzheimer’s Disease Risk

Gene Products Actually Act in Microglia? Frontiers in Aging Neuroscience 12:589196.

Haughey, N. J., Nath, A., Chan, S. L., Borchard, A. C., Rao, M. S., Mattson, M. P. (2002)
Disruption of neurogenesis by amyloid B-peptide, and perturbed neural progenitor cell
homeostasis, in models of Alzheimer’'s disease. Journal of Neurochemistry 83:1509—
1524.

Hawkes, C. A., McLaurin, J. (2009) Selective targeting of perivascular macrophages for
clearance of B-amyloid in cerebral amyloid angiopathy. Proceedings of the National
Academy of Sciences 106:1261-1266.

Hayashi, M., Abe-Dohmae, S., Okazaki, M., Ueda, K., Yokoyama, S. (2005)
Heterogeneity of high density lipoprotein generated by ABCA1 and ABCAY. Journal of
Lipid Research 46:1703-1711.

Hayashi, Y., Nomura, M., Yamagishi, S., Harada, S., Yamashita, J., Yamamoto, H. (1997)
Induction of various blood-brain barrier properties in non-neural endothelial cells by close

apposition to co-cultured astrocytes. Glia 19:13-26.

Hazan-Halevy, |., Seger, R., Levy, R. (2000) The Requirement of Both Extracellular
Regulated Kinase and p38 Mitogen-activated Protein Kinase for Stimulation of Cytosolic
Phospholipase A2 Activity by Either FcyRIIA or FcyRIIIB in Human Neutrophils A
POSSIBLE ROLE FOR Pyk2 BUT NOT FOR THE Grb2-Sos-Shc. Journal of Biological
Chemistry 275:12416-12423.

Hefendehl, J. K., Neher, J. J., Slhs, R. B., Kohsaka, S., Skodras, A., Jucker, M. (2014)
Homeostatic and injury-induced microglia behavior in the aging brain. Aging Cell 13:60—
69.

Hendrickx, D. A. E., van Eden, C. G., Schuurman, K. G., Hamann, J., Huitinga, I. (2017)
Staining of HLA-DR, Iba1 and CD68 in human microglia reveals partially overlapping
expression depending on cellular morphology and pathology. Journal of

Neuroimmunology 309:12-22.

Heneka, M. T., Carson, M. J., Khoury, J. El, Landreth, G. E., Brosseron, F., Feinstein, D.
L., Jacobs, A. H., Wyss-Coray, T., Vitorica, J., Ransohoff, R. M., Herrup, K., Frautschy,
S. A, Finsen, B., Brown, G. C., Verkhratsky, A., Yamanaka, K., Koistinaho, J., Latz, E.,
Halle, A., ... Kummer, M. P. (2015) Neuroinflammation in Alzheimer’s disease. The Lancet
Neurology 14:388—405.

Hollingworth, P., Harold, D., Sims, R., Gerrish, A., Lambert, C., Carrasquillo, M. M.,

84



120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

Abraham, R., Marian, L., Pahwa, J. S., Moskvina, V., Dowzell, K., Stretton, A., Thomas,
C., Richards, A., Ivanov, D., Chapman, J., Lovestone, S., Powell, J., Proitsi, P., ... Brice,
A. (2011) Common variants in ABCA7, MS4A6A/MS4A4E, EPHA1, CD33 and CD2AP

are associated with Alzheimer’s disease. Nature Genetics 43:429-435.

Hondius, D. C., Koopmans, F., Leistner, C., Pita-lllobre, D., Peferoen-Baert, R. M.,
Marbus, F., Paliukhovich, 1., Li, K. W., Rozemuller, A. J. M., Hoozemans, J. J. M. (2021)
The proteome of granulovacuolar degeneration and neurofibrillary tangles in Alzheimer’s

disease. Acta Neuropathologica 141:341-358.

Hopperton, K. E., Mohammad, D., Trépanier, M. O., Giuliano, V., Bazinet, R. P. (2018)
Markers of microglia in post-mortem brain samples from patients with Alzheimer’'s

disease: A systematic review. Molecular Psychiatry 23:177—198.

Hoskin, J. L., Sabbagh, M. N., Al-Hasan, Y., Decourt, B. (2019) Tau immunotherapies for
Alzheimer’s disease. Expert Opinion on Investigational Drugs 28:545-554.

Hosmane, S., Tegenge, M. A., Rajbhandari, L., Uapinyoying, P., Kumar, N. G., Thakor,
N., Venkatesan, A. (2012) Toll/Interleukin-1 Receptor Domain-Containing Adapter
Inducing Interferon-B Mediates Microglial Phagocytosis of Degenerating Axons. The
Journal of Neuroscience 32:7745-7757.

Hou, J., Riise, J., Pakkenberg, B. (2012) Application of immunohistochemistry in
stereology for quantitative assessment of neural cell populations illustrated in the
Géttingen minipig. 7:43556

Hu, W., Wu, F., Zhang, Y., Gong, C.-X,, Igbal, K., Liu, F. (2017) Expression of Tau

Pathology-Related Proteins in Different Brain Regions: A Molecular Basis of Tau

Pathogenesis. Frontiers in Aging Neuroscience 9:311.

Huang, W.-C., Yen, F.-C., Shiao, Y.-J., Shie, F.-S., Chan, J.-L., Yang, C.-N., Sung, Y.-J.,
Huang, F.-L., Tsay, H.-J. (2009) Enlargement of AB aggregates through chemokine-

dependent microglial clustering. Neuroscience Research 63:280-287.

Huber, G., Matus, A. (1984) Differences in the cellular distributions of two microtubule-

associated proteins, MAP1 and MAP2, in rat brain. Journal of Neuroscience 4:151-160.

Hughes, T. M., Lopez, O. L., Evans, R. W., Kamboh, M. I., Williamson, J. D., Klunk, W.
E., Mathis, C. A., Price, J. C., Cohen, A. D., Snitz, B. E. (2014) Markers of cholesterol
transport are associated with amyloid deposition in the brain. Neurobiology of Aging
35:802-807.

Humphries, C., Kohli, M. A., Whitehead, P., Mash, D. C., Pericak-Vance, M. A., Gilbert, J.
(2015) Alzheimer disease (AD) specific transcription, DNA methylation and splicing in

85



130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

twenty AD associated loci. Molecular and Cellular Neuroscience 67:37—45.

Hyman, B. T., Creighton, P. H., Beach, T. G., Thies, B., Trojanowski, J. Q., Vinters, H. V,
Montine, T. J. (2012) National Institute on Aging—Alzheimer’s Association guidelines for

the neuropathologic assessment of Alzheimer’s disease. Alzheimers Dement. 8:1-13.

ladecola, C., Nedergaard, M. (2007) Glial regulation of the cerebral microvasculature.
Nature Neuroscience 10:1369—-1376.

Ikeda, S.-l., Yanagisawa, N., Allsop, D., Glenner, G. G. (1990) Early senile plaques in
Alzheimer’s disease demonstrated by histochemistry, immunocytochemistry, and electron

microscopy. Human Pathology 21:1221-1226.

Ikeda, Y., Abe-Dohmae, S., Munehira, Y., Aoki, R., Kawamoto, S., Furuya, A., Shitara, K.,
Amachi, T., Kioka, N., Matsuo, M., Yokoyama, S., Ueda, K. (2003) Posttranscriptional
regulation of human ABCA7 and its function for the apoA-I-dependent lipid release.

Biochemical and Biophysical Research Communications 311:313-318.

Ishihara, T., Hong, M., Zhang, B., Nakagawa, Y., Lee, M. K., Trojanowski, J. Q., Lee, V.
M.-Y. (1999) Age-Dependent Emergence and Progression of a Tauopathy in Transgenic

Mice Overexpressing the Shortest Human Tau Isoform. Neuron 24:751-762.

Itagaki, S., McGeer, P. L., Akiyama, H., Zhu, S., Selkoe, D. (1989) Relationship of
microglia and astrocytes to amyloid deposits of Alzheimer disease. Journal of

Neuroimmunology 24:173-182.

Iwamoto, N., Abe-Dohmae, S., Sato, R., Yokoyama, S. (2006) ABCA7 expression is
regulated by cellular cholesterol through the SREBP2 pathway and associated with
phagocytosis. Journal of Lipid Research 47:1915-1927.

Janssen, J. C., Beck, J. A., Campbell, T. A., Dickinson, A., Fox, N. C., Harvey, R. J.,
Houlden, H., Rossor, M. N., Collinge, J. (2003) Early onset familial Alzheimer’s disease -

Mutation frequency in 31 families. Neurology 60:235-239.

Jehle, A. W., Gardai, S. J., Li, S., Linsel-Nitschke, P., Morimoto, K., Janssen, W. J.,
Vandivier, R. W., Wang, N., Greenberg, S., Dale, B. M. (2006) ATP-binding cassette
transporter A7 enhances phagocytosis of apoptotic cells and associated ERK signaling in

macrophages. The Journal of Cell Biology 174:547-556.

Jin, W.-S., Shen, L.-L., Bu, X.-L., Zhang, W.-W., Chen, S.-H., Huang, Z.-L., Xiong, J.-X.,
Gao, C.-Y., Dong, Z., He, Y.-N., Hu, Z.-A., Zhou, H.-D., Song, W., Zhou, X.-F., Wang, Y .-
Z., Wang, Y.-J. (2017) Peritoneal dialysis reduces amyloid-beta plasma levels in humans
and attenuates Alzheimer-associated phenotypes in an APP/PS1 mouse model. Acta
Neuropathologica 134:207-220.

86



140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

Joshi, P., Riffel, F., Satoh, K., Enomoto, M., Qamar, S., Scheiblich, H., Villacampa, N.,
Kumar, S., Theil, S., Parhizkar, S. (2021) Differential interaction with TREM2 modulates
microglial uptake of modified AB species. Glia 69:2917-2932.

Jung, C. K. E., Keppler, K., Steinbach, S., Blazquez-Llorca, L., Herms, J. (2015) Fibrillar

amyloid plaque formation precedes microglial activation. PLoS ONE 10:1-10.

Jurgens-Wemheuer, W., Wrede, A., Schulz-Schaeffer, W. (2021) Defining the prion type

of fatal Familial Insomnia. Pathogens 10:1-9.

Kageyama, Y., Irie, Y., Matsushima, Y., Segawa, T., Bellier, J.-P., Hidaka, K., Sugiyama,
H., Kaneda, D., Hashizume, Y., Akatsu, H., Miki, K., Kita, A., Walker, D. G., Irie, K.,
Tooyama, I. (2021) Characterization of a Conformation-Restricted Amyloid 3 Peptide and
Immunoreactivity of Its Antibody in Human AD brain. ACS Chemical Neuroscience
12:3418-3432.

Kakuda, N., Miyasaka, T., lwasaki, N., Nirasawa, T., Wada-Kakuda, S., Takahashi-
Fujigasaki, J., Murayama, S., lhara, Y., lkegawa, M. (2017) Distinct deposition of amyloid-
B species in brains with Alzheimer’s disease pathology visualized with MALDI imaging

mass spectrometry. Acta Neuropathologica Communications 5:1-8.

Kametani, F., Yoshida, M., Matsubara, T., Murayama, S., Saito, Y., Kawakami, |., Onaya,
M., Tanaka, H., Kakita, A., Robinson, A. C. (2020) Comparison of common and disease-
specific post-translational modifications of pathological tau associated with a wide range

of tauopathies. Frontiers in Neuroscience 14:581936.

Kaminski, W. E., Orsé, E., Diederich, W., Klucken, J., Drobnik, W., Schmitz, G. (2000)
Identification of a novel human sterol-sensitive ATP-binding cassette transporter
(ABCAT). Biochemical and Biophysical Research Communications 273:532-538.

Kanai, Y., Takemura, R., Oshima, T., Mori, H., Ihara, Y., Yanagisawa, M., Masaki, T.,
Hirokawa, N. (1989) Expression of multiple tau isoforms and microtubule bundle formation
in fibroblasts transfected with a single tau cDNA. Journal of Cell Biology 109:1173—1184.

Karch, C. M., Jeng, A. T., Nowotny, P., Cady, J., Cruchaga, C., Goate, A. M. (2012)
Expression of novel Alzheimer’s disease risk genes in control and Alzheimer’s disease
brains. PloS One 7:50976.

Karimi, K., Lennartz, M. R. (1998) Mitogen-activated protein kinase is activated during
IgG-mediated phagocytosis, but is not required for target ingestion. Inflammation 22:67—
82.

Kashon, M. L., Ross, G. W., O’Callaghan, J. P., Miller, D. B., Petrovitch, H., Burchfiel, C.
M., Sharp, D. S., Markesbery, W. R., Davis, D. G., Hardman, J. (2004) Associations of

87



151.

152.

153.

154.

155.

156.

157.

158.

159.

cortical astrogliosis with cognitive performance and dementia status. Journal of
Alzheimer’s Disease 6:595-604.

Kim, W. S., Fitzgerald, M. L., Kang, K., Okuhira, K. I., Bell, S. A., Manning, J. J., Koehn,
S. L., Lu, N., Moore, K. J., Freeman, M. W. (2005) Abca7 null mice retain normal
macrophage phosphatidylcholine and cholesterol efflux activity despite alterations in
adipose mass and serum cholesterol levels. Journal of Biological Chemistry 280:3989—
3995.

Kim, W. S., Guillemin, G. J., Glaros, E. N., Lim, C. K., Garner, B. (2006) Quantitation of
ATP-binding cassette subfamily-A transporter gene expression in primary human brain
cells. NeuroReport 17:891-896.

Kim, W. S., Li, H., Ruberu, K., Chan, S., Elliott, D. A., Low, J. K., Cheng, D., Karl, T.,
Garner, B. (2013) Deletion of Abca7 increases cerebral amyloid- accumulation in the J20

mouse model of Alzheimer’s disease. Journal of Neuroscience 33:4387—-4394.

King, A., Bodi, |., Troakes, C. (2020) The neuropathological diagnosis of Alzheimer’s
disease—the challenges of pathological mimics and concomitant pathology. Brain
Sciences 10:479.

Kleinberger, G., Yamanishi, Y., Suarez-Calvet, M., Czirr, E., Lohmann, E., Cuyvers, E.,
Struyfs, H., Pettkus, N., Wenninger-Weinzierl, A., Mazaheri, F., Tahirovic, S., Lleo, A.,
Alcolea, D., Fortea, J., Willem, M., Lammich, S., Molinuevo, J. L., Sanchez-Valle, R.,
Antonell, A., ... Haass, C. (2014) TREM2 mutations implicated in neurodegeneration
impair cell surface transport and phagocytosis. Science Translational Medicine 6:243—
286.

Klunk, W. E., Bacskai, B. J., Mathis, C. A., Kajdasz, S. T., McLellan, M. E., Frosch, M. P.,
Debnath, M. L., Holt, D. P., Wang, Y., Hyman, B. T. (2002) Imaging AB plaques in living
transgenic mice with multiphoton microscopy and methoxy-X04, a systemically
administered Congo red derivative. Journal of Neuropathology and Experimental
Neurology 61:797—-805.

Knauer, M. F., Orlando, R. A., Glabe, C. G. (1996) Cell surface APP751 forms complexes
with protease nexin 2 ligands and is internalized via the low density lipoprotein receptor-
related protein (LRP). Brain Research 740:6-14.

Koper, M. J., Van Schoor, E., Ospitalieri, S., Vandenberghe, R., Vandenbulcke, M., von
Arnim, C. A. F., Tousseyn, T., Balusu, S., De Strooper, B., Thal, D. R. (2020) Necrosome
complex detected in granulovacuolar degeneration is associated with neuronal loss in

Alzheimer’s disease. Acta Neuropathologica 139:463—-484.
Kopke, E., Tung, Y.-C., Shaikh, S., Alonso, A. del C., Igbal, K., Grundke-Igbal, I. (1993)
88



160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

Microtubule-associated protein tau. Abnormal phosphorylation of a non-paired helical

filament pool in Alzheimer disease. Journal of Biological Chemistry 268:24374—24384.

Kreutzberg, G. W. (1996) Microglia: A sensor for pathological events in the CNS. Trends

in Neurosciences 19:312-318.

Kulijewicz-Nawrot, M., Verkhratsky, A., Chvatal, A., Sykova, E., Rodriguez, J. J. (2012)
Astrocytic cytoskeletal atrophy in the medial prefrontal cortex of a triple transgenic mouse

model of Alzheimer’s disease. Journal of Anatomy 221:252-262.

Kunkle, B. W., Grenier-Boley, B., Sims, R., Bis, J. C., Damotte, V., Naj, A. C., Boland, A,
Vronskaya, M., van der Lee, S. J., Amlie-Wolf, A., Bellenguez, C., Frizatti, A., Chouraki,
V., Martin, E. R., Sleegers, K., Badarinarayan, N., Jakobsdottir, J., Hamilton-Nelson, K.
L., Moreno-Grau, S., ... Pericak-Vance, M. A. (2019) Genetic meta-analysis of diagnosed
Alzheimer’s disease identifies new risk loci and implicates AB, tau, immunity and lipid

processing. Nature Genetics 51:414—430.

Lacovich, V., Espindola, S. L., Alloatti, M., Pozo Devoto, V., Cromberg, L. E., Carna, M.
E., Forte, G., Gallo, J.-M., Bruno, L., Stokin, G. B., Avale, M. E., Falzone, T. L. (2017) Tau
Isoforms Imbalance Impairs the Axonal Transport of the Amyloid Precursor Protein in

Human Neurons. The Journal of Neuroscience 37:58—69.

Lambert, J.-C., Ibrahim-Verbaas, C. A., Harold, D., Naj, A. C., Sims, R., Bellenguez, C.,
Jun, G., DeStefano, A. L., Bis, J. C., Beecham, G. W. (2013) Meta-analysis of 74,046
individuals identifies 11 new susceptibility loci for Alzheimer’s disease. Nature Genetics
45:1452-1458.

Lawson, L. J., Perry, V. H., Dri, P., Gordon, S. (1990) Heterogeneity in the distribution and

morphology of microglia in the normal adult mouse brain. Neuroscience 39:151-170.

Lee, C.Y.D., Tse, W., Smith, J. D., Landreth, G. E. (2012) Apolipoprotein E promotes [3-
amyloid trafficking and degradation by modulating microglial cholesterol levels. Journal of
Biological Chemistry 287:2032—-2044.

Lee, J.-H., Cheon, Y.-H., Woo, R.-S., Song, D.-Y., Moon, C., Baik, T.-K. (2012) Evidence
of early involvement of apoptosis inducing factor-induced neuronal death in Alzheimer
brain. Anatomy & Cell Biology 45:26-37.

Lewczuk, P., Esselmann, H., Otto, M., Maler, J. M., Henkel, A. W., Henkel, M. K.,
Eikenberg, O., Antz, C., Krause, W.-R., Reulbach, U., Kornhuber, J., Wiltfang, J. (2004)
Neurochemical diagnosis of Alzheimer's dementia by CSF AB42, ApB42/AB40 ratio and
total tau. Neurobiology of Aging 25:273—-281.

Lewczuk, P., Lelental, N., Spitzer, P., Maler, J. M., Kornhuber, J. (2015) Amyloid- 42/40

89



170.

171.

172.

173.

174.

175.

176.

177.

178.

179.

180.

181.

cerebrospinal fluid concentration ratio in the diagnostics of Alzheimer’s disease: validation

of two novel assays. Journal of Alzheimer’s Disease 43:183—191.

Li, B., Yamamori, H., Tatebayashi, Y., Shafit-Zagardo, B., Tanimukai, H., Chen, S., Igbal,
K., Grundke-Igbal, I. (2008) Failure of neuronal maturation in Alzheimer disease dentate

gyrus. Journal of Neuropathology & Experimental Neurology 67:78—84.

Li, H., Karl, T., Garner, B. (2015) Understanding the function of ABCA7 in Alzheimer’'s
disease. Biochem Soc Trans 43:920-923.

Lindwall, G., Cole, R. D. (1984) Phosphorylation affects the ability of tau protein to
promote microtubule assembly. The Journal of Biological Chemistry 259:5301-5305.

Ling, E. A., Penney, D., Leblond, C. P. (1980) Use of carbon labeling to demonstrate the
role of blood monocytes as precursors of the ‘ameboid cells’ present in the corpus

callosum of postnatal rats. Journal of Comparative Neurology 193:631-657.

Lipman, N. S., Jackson, L. R., Trudel, L. J., Weis-Garcia, F. (2005) Monoclonal Versus
Polyclonal Antibodies: Distinguishing Characteristics, Applications, and Information
Resources. ILAR Journal 46:258—-268.

Liu, X,, Li, Q., Zhou, J., Zhang, S. (2018) ATP-binding cassette transporter A7 accelerates
epithelial-to-mesenchymal transition in ovarian cancer cells by upregulating the

transforming growth factor-f8 signaling pathway. Oncology Letters 16:5868—-5874.

Liu, Y., Dai, Y., Li, Q., Chen, C., Chen, H., Song, Y., Hua, F., Zhang, Z. (2020) Beta-
amyloid activates NLRP3 inflammasome via TLR4 in mouse microglia. Neuroscience
Letters 736:135279.

Liu, Y., Thalamuthu, A., Mather, K. A., Crawford, J., Ulanova, M., Wong, M. W. K,
Pickford, R., Sachdev, P. S., Braidy, N. (2021) Plasma lipidome is dysregulated in
Alzheimer’s disease and is associated with disease risk genes. Translational Psychiatry
11:1-18.

Liu, Y., Walter, S., Stagi, M., Cherny, D., Letiembre, M., Schulz-Schaeffer, W., Heine, H.,
Penke, B., Neumann, H., Fassbender, K. (2005) LPS receptor (CD14): a receptor for
phagocytosis of Alzheimer's amyloid peptide. Brain 128:1778-1789.

Logge, W., Cheng, D., Chesworth, R., Bhatia, S., Garner, B., Kim, W. S., Karl, T. (2012)
Role of Abca7 in mouse behaviours relevant to neurodegenerative diseases. PLoS One
7:45959.

Lopes, K. O., Sparks, D. L., Streit, W. J. (2008) Microglial dystrophy in the aged and

Alzheimer’s disease brain is associated with ferritin immunoreactivity. Glia 56:1048—1060.

Lott, I. T., Head, E. (2019) Dementia in Down syndrome: unique insights for Alzheimer

90



182.

183.

184.

185.

186.

187.

188.

189.

190.

191.

disease research. Nature Reviews Neurology 15:135-147.

Lue, L. F., Schmitz, C. T., Serrano, G., Sue, L. |., Beach, T. G., Walker, D. G. (2015)
TREM2 Protein Expression Changes Correlate with Alzheimer's Disease
Neurodegenerative Pathologies in Post-Mortem Temporal Cortices. Brain Pathology
25:469-480.

Lyssenko, N. N., Pratico, D. (2021) ABCA7 and the altered lipidostasis hypothesis of

Alzheimer’s disease. Alzheimer’s and Dementia 2:164—-174.

Magnus, T., Chan, A., Grauer, O., Toyka, K. V, Gold, R. (2001) Microglial Phagocytosis
of Apoptotic Inflammatory T Cells Leads to Down-Regulation of Microglial Immune
Activation. The Journal of Immunology 167:5004—-5010.

Marlatt, M. W., Bauer, J., Aronica, E., Van Haastert, E. S., Hoozemans, J. J. M., Joels,
M., Lucassen, P. J. (2014) Proliferation in the alzheimer hippocampus is due to microglia,

not astroglia, and occurs at sites of amyloid deposition. Neural Plasticity 2014:693851.

Marx, C. E., Trost, W. T., Shampine, L. J., Stevens, R. D., Hulette, C. M., Steffens, D. C.,
Ervin, J. F., Butterfield, M. 1., Blazer, D. G., Massing, M. W. (2006) The neurosteroid
allopregnanolone is reduced in prefrontal cortex in Alzheimer's disease. Biological
Psychiatry 60:1287—1294.

May, P., Pichler, S., Hartl, D., Bobbili, D. R., Mayhaus, M., Spaniol, C., Kurz, A., Balling,
R., Schneider, J. G., Riemenschneider, M. (2018) Rare ABCA7 variants in 2 German

families with Alzheimer disease. Neurology Genetics 4:224.

McCarron, M., McCallion, P., Reilly, E., Dunne, P., Carroll, R., Mulryan, N. (2017) A
prospective 20-year longitudinal follow-up of dementia in persons with Down syndrome.
Journal of Intellectual Disability Research 61:843—852.

McGowan, E., Pickford, F., Kim, J., Onstead, L., Eriksen, J., Yu, C., Skipper, L., Murphy,
M. P., Beard, J., Das, P. (2005) ApB42 is essential for parenchymal and vascular amyloid

deposition in mice. Neuron 47:191-199.

McKercher, S. R., Torbett, B. E., Anderson, K. L., Henkel, G. W., Vestal, D. J., Baribault,
H., Klemsz, M., Feeney, A. J., Wu, G. E., Paige, C. J. (1996) Targeted disruption of the
PU. 1 gene results in multiple hematopoietic abnormalities. The EMBO Journal 15:5647—
5658.

Metaxas, A., Thygesen, C., Briting, S. R. R,, Landau, A. M., Darvesh, S., Finsen, B. (2019)
Increased Inflammation and Unchanged Density of Synaptic Vesicle Glycoprotein 2A
(SV2A) in the Postmortem Frontal Cortex of Alzheimer’s Disease Patients. Frontiers in

Cellular Neuroscience 13:538.

91



192.

193.

194.

195.

196.

197.

198.

199.

200.

201.

Meyer-Luehmann, M., Spires-Jones, T. L., Prada, C., Garcia-Alloza, M., de Calignon, A.,
Rozkalne, A., Koenigsknecht-Talboo, J., Holtzman, D. M., Bacskai, B. J., Hyman, B. T.
(2008) Rapid appearance and local toxicity of amyloid-f plaques in a mouse model of
Alzheimer’s disease. Nature 451:720-724.

Miguel, L., Rovelet-Lecrux, A., Feyeux, M., Frebourg, T., Nassoy, P., Campion, D.,
Lecourtois, M. (2019) Detection of all adult Tau isoforms in a 3D culture model of iPSC-
derived neurons. Stem Cell Research 40:101541.

Mildner, A., Schlevogt, B., Kierdorf, K., Bottcher, C., Erny, D., Kummer, M. P., Quinn, M.,
Brick, W., Bechmann, |., Heneka, M. T. (2011) Distinct and non-redundant roles of
microglia and myeloid subsets in mouse models of Alzheimer’'s disease. Journal of
Neuroscience 31:11159-11171.

Miller, D. L., Papayannopoulos, I. A., Styles, J., Bobin, S. A,, Lin, Y. Y., Biemann, K., Igbal,
K. (1993) Peptide compositions of the cerebrovascular and senile plaque core amyloid

deposits of Alzheimer' s disease. Archives of Biochemistry and Biophysics 301:41-52.

Mirra, S. S., Heyman, A., Mckeel, D., Sumi, S. M., Crain, B. J., Brownlee, L. M., Vogel, F.
S., Hughes, J. P., Belle, G. V, Berg, L. (1991) The Consortium to Establish a Registry for
Alzheimer's Disease (CERAD): Part Il. Standardization of the neuropathologic

assessment of Alzheimer’s disease. Neurology 41:479.

Moh, C. F. ., Siedlak, S. L. ;, Tabaton, M. ;, Perry, G., Castellani, R. J., Smith, M. A. (2005)
Paraffin-Embedded Tissue (PET) Blot Method: Application to Alzheimer Disease. Bone
23:1-7.

Montine, T. J., Phelps, C. H., Beach, T. G., Bigio, E. H., Cairns, N. J., Dickson, D. W.,
Duyckaerts, C., Frosch, M. P., Masliah, E., Mirra, S. S. (2012) National Institute on Aging—
Alzheimer’s Association guidelines for the neuropathologic assessment of Alzheimer’s

disease: a practical approach. Acta Neuropathologica 123:1-11.

Moreno-Jiménez, E. P., Flor-Garcia, M., Terreros-Roncal, J., Rabano, A., Cafini, F.,
Pallas-Bazarra, N., Avila, J., Llorens-Martin, M. (2019) Adult hippocampal neurogenesis
is abundant in neurologically healthy subjects and drops sharply in patients with
Alzheimer’s disease. Nature Medicine 25:554—560.

Nagele, R. G., D’Andrea, M. R., Lee, H., Venkataraman, V., Wang, H.-Y. (2003)
Astrocytes accumulate AB42 and give rise to astrocytic amyloid plaques in Alzheimer
disease brains. Brain Research 971:197-209.

Nagele, R. G., Wegiel, J., Venkataraman, V., Imaki, H., Wang, K.-C., Wegiel, J. (2004)
Contribution of glial cells to the development of amyloid plaques in Alzheimer’s disease.
Neurobiology of Aging 25:663—674.

92



202.

203.

204.

205.

206.

207.

208.

209.

210.

211.

National Library of Medicine (2022) A Phase 2 Study to Evaluate Efficacy and Safety of
AL002 in Participants With Early Alzheimer’s Disease (INVOKE-2) Clinicaltrials.Gov.
https://clinicaltrials.gov/ct2/show/NCT04592874

Neve, R. L., Harris, P., Kosik, K. S., Kurnit, D. M., Donlon, T. A. (1986) Identification of
cDNA clones for the human microtubule-associated protein tau and chromosomal
localization of the genes for tau and microtubule-associated protein 2. Molecular Brain
Research 1:271-280.

Nielsen, H. H., Ladeby, R., Fenger, C., Toft-Hansen, H., Babcock, A. A., Owens, T.,
Finsen, B. (2009) Enhanced Microglial Clearance of Myelin Debris in T Cell-Infiltrated
Central Nervous System. Journal of Neuropathology & Experimental Neurology 68:845—
856.

Nimmerjahn, A., Kirchhoff, F., Helmchen, F. (2005) Resting microglial cells are highly

dynamic surveillants of brain parenchyma in vivo. Science 308:1314-1318.

Nott, A., Holtman, I. R., Coufal, N. G., Schlachetzki, J. C. M., Yu, M., Hu, R., Han, C. Z.,
Pena, M., Xiao, J., Wu, Y., Keulen, Z., Pasillas, M. P., O'Connor, C., Nickl, C. K., Schafer,
S. T., Shen, Z., Rissman, R. A., Brewer, J. B., Gosselin, D., ... Glass, C. K. (2019) Brain
cell type—specific enhancer—promoter interactome maps and disease risk association.
Science 366:1134-11309.

Novikova, G., Andrews, S. J., Renton, A. E., Marcora, E. (2021) Beyond association:
successes and challenges in linking non-coding genetic variation to functional
consequences that modulate Alzheimer’s disease risk. Molecular Neurodegeneration
16:1-13.

Olabarria, M., Noristani, H. N., Verkhratsky, A., Rodriguez, J. J. (2010) Concomitant
astroglial atrophy and astrogliosis in a triple transgenic animal model of Alzheimer’s
disease. Glia 58:831-838.

Paasila, P. J., Davies, D. S., Kril, J. J., Goldsbury, C., Sutherland, G. T. (2019) The
relationship between the morphological subtypes of microglia and Alzheimer’s disease

neuropathology. Brain Pathology 29:726—-740.

Parachikova, A., Agadjanyan, M. G., Cribbs, D. H., Blurton-Jones, M., Perreau, V.,
Rogers, J., Beach, T. G., Cotman, C. W. (2007) Inflammatory changes parallel the early
stages of Alzheimer disease. Neurobiology of Aging 28:1821-1833.

Paresce, D. M., Ghosh, R. N., Maxfield, F. R. (1996) Microglial Cells Internalize
Aggregates of the Alzheimer’'s Disease Amyloid B-Protein Via a Scavenger Receptor.
Neuron 17:553-565.

93



212.

213.

214.

215.

216.

217.

218.

219.

220.

221.

222.

223.

224.

Parkhurst, C. N., Yang, G., Ninan, |., Savas, J. N., Yates, J. R., Lafaille, J. J., Hempstead,
B. L., Littman, D. R., Gan, W.-B. (2013) Microglia Promote Learning-Dependent Synapse
Formation through Brain-Derived Neurotrophic Factor. Cell 155:1596—1609.

Parnaik, R., Raff, M. C., Scholes, J. (2000) Differences between the clearance of apoptotic

cells by professional and non-professional phagocytes. Current Biology 10:857—-860.

Picataggi, A., Rodrigues, A., Cromley, D. A., Wang, H., Wiener, J. P., Garliyev, V.,
Billheimer, J. T., Grabiner, B. C., Hurt, J. A., Chen, A. C., Han, X., Rader, D. J., Pratico,
D., Lyssenko, N. N. (2022) Specificity of ABCA7-mediated cell lipid efflux. Biochimica et
Biophysica Acta (BBA) - Molecular and Cell Biology of Lipids 1867:159157.

Probst, A., Brunnschweiler, H., Lautenschlager, C., Ulrich, J. (1987) A special type of
senile plaque, possibly an initial stage. Acta Neuropathologica 74:133-141.

Prokop, S., Miller, K. R., Heppner, F. L. (2013) Microglia actions in Alzheimer’s disease.
Acta Neuropathologica 126:461-477.

Qin, L., Wu, X., Block, M. L., Liu, Y., Breese, G. R., Hong, J., Knapp, D. J., Crews, F. T.
(2007) Systemic LPS causes chronic neuroinfammation and progressive
neurodegeneration. Glia 55:453-462.

Qiu, C., De Ronchi, D., Fratiglioni, L. (2007) The epidemiology of the dementias: an
update. Current Opinion in Psychiatry 20:380-3853.

Quazi, F., Molday, R. S. (2013) Differential phospholipid substrates and directional
transport by ATP-binding cassette proteins ABCA1, ABCA7, and ABCA4 and disease-
causing mutants. Journal of Biological Chemistry 288:34414—34426.

Radde, R., Bolmont, T., Kaeser, S. A., Coomaraswamy, J., Lindau, D., Stoltze, L.,
Calhoun, M. E., Jaggi, F., Wolburg, H., Gengler, S., Haass, C., Ghetti, B., Czech, C.,
Holscher, C., Mathews, P. M., Jucker, M. (2006) AB42-driven cerebral amyloidosis in
transgenic mice reveals early and robust pathology. EMBO Reports 7:940-946.

Raeder, E. M. B., Mansfield, P. J., Hinkovska-Galcheva, V., Shayman, J. A., Boxer, L. A.
(1999) Syk activation initiates downstream signaling events during human

polymorphonuclear leukocyte phagocytosis. The Journal of Imnmunology 163:6785-6793.

Raiji, C. A., Lopez, O. L., Kuller, L. H., Carmichael, O. T., Becker, J. T. (2009) Age,
Alzheimer disease, and brain structure. Neurology 73:1899-1905.

Raux, G., Guyant-Marechal, L., Martin, C., Bou, J., Penet, C., Brice, A., Hannequin, D.,
Frebourg, T., Campion, D. (2005) Molecular diagnosis of autosomal dominant early onset

Alzheimer’s disease: an update. Journal of Medical Genetics 42:793—-795.
Reading, C. L., Ahlem, C. N., Murphy, M. F. (2021) NM101 Phase Il study of NE3107 in

94



225.

226.

227.

228.

229.

230.

231.

232.

233.

Alzheimer’s disease: rationale, design and therapeutic modulation of neuroinflammation

and insulin resistance. Neurodegenerative Disease Management 11:289-298.

Reitz, C., Jun, G., Naj, A., Rajbhandary, R., Vardarajan, B. N., Wang, L.-S., Valladares,
0., Lin, C.-F., Larson, E. B., Graff-Radford, N. R. (2013) Variants in the ATP-binding
cassette transporter (ABCA?7), apolipoprotein E €4, and the risk of late-onset Alzheimer
disease in African Americans. Jama 309:1483—-1492.

Ringman, J. M., Goate, A., Masters, C. L., Cairns, N. J., Danek, A., Graff-Radford, N.,
Ghetti, B., Morris, J. C., Network, D. I. A. (2014) Genetic heterogeneity in Alzheimer
disease and implications for treatment strategies. Current Neurology and Neuroscience
Reports 14:499.

Rodriguez, J. J., Olabarria, M., Chvatal, A., Verkhratsky, A. (2009) Astroglia in dementia
and Alzheimer’s disease. Cell Death and Differentiation 16:378-385.

Ro6hr, D., Boon, B. D. C., Schuler, M., Kremer, K., Hoozemans, J. J. M., Bouwman, F. H.,
El-Mashtoly, S. F., Nabers, A., GroRerueschkamp, F., Rozemuller, A. J. M., Gerwert, K.
(2020) Label-free vibrational imaging of different AB plaque types in Alzheimer’s disease
reveals sequential events in plaque development. Acta Neuropathologica

Communications 8:1-13.

Sabattini, E., Bisgaard, K., Ascani, S., Poggi, S., Piccioli, M., Ceccarelli, C., Pieri, F. (1998)
The EnVision TM + system: a new immunohistochemical method for diagnostics and
research. Critical comparison with the APAAP, techniques. Journal of Clinical Pathology
51:506-511.

Sakae, N., Liu, C. C., Shinohara, M., Frisch-Daiello, J., Ma, L., Yamazaki, Y., Tachibana,
M., Younkin, L., Kurti, A., Carrasquillo, M. M., Zou, F., Sevlever, D., Bisceglio, G., Gan,
M., Fol, R., Knight, P., Wang, M., Han, X., Fryer, J. D., ... Kanekiyo, T. (2016) ABCA7
deficiency accelerates amyloid- generation and Alzheimer’s neuronal pathology. Journal
of Neuroscience 36:3848-3859.

Sakai, J. (2020) Core Concept: How synaptic pruning shapes neural wiring during
development and, possibly, in disease. Proceedings of the National Academy of Sciences
117:16096-16099.

Salminen, A., Kaarniranta, K., Kauppinen, A., Ojala, J., Haapasalo, A., Soininen, H.,
Hiltunen, M. (2013) Impaired autophagy and APP processing in Alzheimer’s disease: The

potential role of Beclin 1 interactome. Progress in Neurobiology 106—107:33-54.

Sasaki, M., Shoji, A., Kubo, Y., Nada, S., Yamaguchi, A. (2003) Cloning of rat ABCA7 and
its preferential expression in platelets. Biochemical and Biophysical Research
Communications 304:777-782.

95



234.

235.

236.

237.

238.

239.

240.

241.

242.

Sassi, C., Nalls, M. A., Ridge, P. G., Gibbs, J. R., Ding, J., Lupton, M. K., Troakes, C.,
Lunnon, K., Al-sarraj, S., Brown, K. S., Medway, C., Clement, N., Lord, J., Turton, J., Bras,
J., Aimeida, M. R., Consortium, A., Holstege, H., Louwersheimer, E., ... Hardy, J. (2016)
Neurobiology of aging ABCA7 p.G215S as potential protective factor for Alzheimer’s
disease. Neurobiology of Aging 46:235.e1-235.e9.

Sato, C., Barthélemy, N. R., Mawuenyega, K. G., Patterson, B. W., Gordon, B. A., Jockel-
Balsarotti, J., Sullivan, M., Crisp, M. J., Kasten, T., Kirmess, K. M., Kanaan, N. M.,
Yarasheski, K. E., Baker-Nigh, A., Benzinger, T. L. S., Miller, T. M., Karch, C. M.,
Bateman, R. J. (2018) Tau Kinetics in Neurons and the Human Central Nervous System.
Neuron 97:1284—-1298.

Satoh, J. |, Kawana, N., Yamamoto, Y., Ishida, T., Saito, Y., Arima, K. (2013) A survey of
TREMZ2 antibodies reveals neuronal but not microglial staining in formalin-fixed paraffin-
embedded postmortem Alzheimer’s brain tissues. Alzheimer's Research and Therapy
5:4-6.

Satoh, J. ichi, Kino, Y., Asahina, N., Takitani, M., Miyoshi, J., Ishida, T., Saito, Y. (2016)
TMEM119 marks a subset of microglia in the human brain. Neuropathology 36:39-49.

Satoh, J. ichi, Tabunoki, H., Ishida, T., Yagishita, S., Jinnai, K., Futamura, N., Kobayashi,
M., Toyoshima, |, Yoshioka, T., Enomoto, K. (2011) Immunohistochemical
characterization of microglia in Nasu-Hakola disease brains. Neuropathology 31:363—
375.

Satoh, K., Abe-Dohmae, S., Yokoyama, S., St. George-Hyslop, P., Fraser, P. E. (2015)
ATP-binding cassette transporter A7 (ABCA7) loss of function alters Alzheimer amyloid
processing. Journal of Biological Chemistry 290:24152—24165.

Schafer, D. P., Lehrman, E. K., Kautzman, A. G., Koyama, R., Mardinly, A. R., Yamasaki,
R., Ransohoff, R. M., Greenberg, M. E., Barres, B. A., Stevens, B. (2012) Microglia sculpt
postnatal neural circuits in an activity and complement-dependent manner. Neuron
74:691-705.

Schmid, C. D., Sautkulis, L. N., Danielson, P. E., Cooper, J., Hasel, K. W., Hilbush, B. S.,
Sutcliffe, J. G., Carson, M. J. (2002) Heterogeneous expression of the triggering receptor
expressed on myeloid cells-2 on adult murine microglia. Journal of Neurochemistry
83:1309-1320.

Schulz-Schaeffer, W. J., Tschoke, S., Kranefuss, N., Drose, W., Hause-Reitner, D., Giese,
A., Groschup, M. H., Kretzschmar, H. A. (2000) The paraffin-embedded tissue blot detects
PrP(Sc) early in the incubation time in prion diseases. American Journal of Pathology
156:51-56.

96



243.

244,

245.

246.

247.

248.

249.

250.

251.

252.

Schwartzentruber, J., Cooper, S., Liu, J. Z., Barrio-hernandez, |., Bello, E., Kumasaka, N.,
Young, A. M. H., Franklin, R. J. M., Johnson, T., Estrada, K., Gaffney, D. J., Beltrao, P.,
Bassett, A. (2021) Genome-wide meta-analysis, fine-mapping and integrative

prioritization implicate new Alzheimer’s disease risk genes. Nature Genetics 53:392—402.

Scott, S. A, Johnson, S. A,, Zarow, C., Perimutter, L. S. (1993) Inability to Detect B-
Amyloid Protein Precursor mRNA in Alzheimer Plaque-Associated Microglia.

Experimental Neurology 121:113-118.

Serrano-Pozo, A., Betensky, R. A., Frosch, M. P., Hyman, B. T. (2016) Plaque-associated
local toxicity increases over the clinical course of Alzheimer disease. American Journal of
Pathology 186:375-384.

Serrano-Pozo, A., Gébmez-Isla, T., Growdon, J. H., Frosch, M. P., Hyman, B. T. (2013) A
phenotypic change but not proliferation underlies glial responses in Alzheimer disease.
American Journal of Pathology 182:2332-2344.

Sessa, G., Podini, P., Mariani, M., Meroni, A., Spreafico, R., Sinigaglia, F., Colonna, M.,
Panina, P., Meldolesi, J. (2004) Distribution and signaling of TREM2/DAP12, the receptor
system mutated in human polycystic lipomembraneous osteodysplasia with sclerosing

leukoencephalopathy dementia. European Journal of Neuroscience 20:2617—-2628.

Sevigny, J., Chiao, P., Bussiére, T., Weinreb, P. H., Williams, L., Maier, M., Dunstan, R.,
Salloway, S., Chen, T., Ling, Y. (2016) The antibody aducanumab reduces AR plaques in
Alzheimer’s disease. Nature 537:50-56.

Shahidehpour, R. K., Higdon, R. E., Crawford, N. G., Neltner, J. H., Ighodaro, E. T., Patel,
E., Price, D., Nelson, P. T., Bachstetter, A. D. (2021) Dystrophic microglia are associated
with neurodegenerative disease and not healthy aging in the human brain. Neurobiology
of Aging 99:19-27.

Shulman, J. M., Chen, K., Keenan, B. T., Chibnik, L. B., Fleisher, A., Thiyyagura, P.,
Roontiva, A., McCabe, C., Patsopoulos, N. A., Corneveaux, J. J., Yu, L., Huentelman, M.
J., Evans, D. A., Schneider, J. A., Reiman, E. M., De Jager, P. L., Bennett, D. A. (2013)
Genetic susceptibility for Alzheimer disease neuritic plaque pathology. JAMA Neurology
70:1150-1157.

Sierksma, A., Escott-price, V., Strooper, B. De (2020) Translating genetic risk of

Alzheimer’ s disease into mechanistic insight and drug targets. Science 370:61-66.

Sierra, A., Abiega, O., Shahraz, A., Neumann, H. (2013) Janus-faced microglia: beneficial
and detrimental consequences of microglial phagocytosis. Frontiers in Cellular

Neuroscience 7:6.

97



253.

254.

255.

256.

257.

258.

259.

260.

261.

262.

263.

264.

Simard, A. R., Soulet, D., Gowing, G., Julien, J.-P., Rivest, S. (2006) Bone marrow-derived
microglia play a critical role in restricting senile plaque formation in Alzheimer’s disease.
Neuron 49:489-502.

Simpson, J. E., Ince, P. G, Lace, G., Forster, G., Shaw, P. J., Matthews, F., Savva, G.,
Brayne, C., Wharton, S. B. (2010) Astrocyte phenotype in relation to Alzheimer-type
pathology in the ageing brain. Neurobiology of Aging 31:578-590.

Smale, G., Nichols, N. R., Brady, D. R, Finch, C. E., Horton Jr, W. E. (1995) Evidence for
apoptotic cell death in Alzheimer’s disease. Experimental Neurology 133:225-230.

Sofroniew, M. V., Vinters, H. V. (2010) Astrocytes: Biology and pathology. Acta
Neuropathologica 119:7-35.

Sofroniew, M. V (2014) Astrogliosis. Cold Spring Harbor Perspectives in Biology 7:20420.

Steinberg, S., Stefansson, H., Jonsson, T., Johannsdottir, H., Ingason, A., Helgason, H.,
Sulem, P., Magnusson, O. T., Gudjonsson, S. A., Unnsteinsdottir, U. (2015) Loss-of-
function variants in ABCAY confer risk of Alzheimer’s disease. Nature Genetics 47:445—
447 .

Stelzmann, R. A., Norman Schnitzlein, H., Reed Murtagh, F. (1995) An english translation
of alzheimer's 1907 paper,“lUber eine eigenartige erkankung der hirnrinde.” Clinical
Anatomy: The Official Journal of the American Association of Clinical Anatomists and the

British Association of Clinical Anatomists 8:429-431.

Stevens, B., Allen, N. J., Vazquez, L. E., Howell, G. R., Christopherson, K. S., Nouri, N.,
Micheva, K. D., Mehalow, A. K., Huberman, A. D., Stafford, B., Sher, A., Litke, A. M.,
Lambris, J. D., Smith, S. J., John, S. W. M., Barres, B. A. (2007) The Classical
Complement Cascade Mediates CNS Synapse Elimination. Cell 1371:1164—-1178.

Streit, W. J., Braak, H., Del Tredici, K., Leyh, J., Lier, J., Khoshbouei, H., Eisenléffel, C.,
Muller, W., Bechmann, |. (2018) Microglial activation occurs late during preclinical
Alzheimer’s disease. Glia 66:2550—-2562.

Streit, W. J., Braak, H., Xue, Q. S., Bechmann, |. (2009) Dystrophic (senescent) rather
than activated microglial cells are associated with tau pathology and likely precede

neurodegeneration in Alzheimer’s disease. Acta Neuropathologica 118:475-485.

Sultana, R., Butterfield, D. A. (2009) Oxidatively modified, mitochondria-relevant brain
proteins in subjects with Alzheimer disease and mild cognitive impairment. Journal of

Bioenergetics and Biomembranes 41:441-446.

Swanson, C. J., Zhang, Y., Dhadda, S., Wang, J., Kaplow, J., Lai, R. Y. K., Lannfelt, L.,
Bradley, H., Rabe, M., Koyama, A., Reyderman, L., Berry, D. A., Berry, S., Gordon, R.,

98



265.

266.

267.

268.

269.

270.

271.

272.

273.

274.

275.

Kramer, L. D., Cummings, J. L. (2021) A randomized, double-blind, phase 2b proof-of-
concept clinical trial in early Alzheimer’s disease with lecanemab, an anti-AB protofibril

antibody. Alzheimer’s Research & Therapy 13:80.
Syed, Y. Y. (2020) Sodium oligomannate: first approval. Drugs 80:441-444.

Takahashi, K., Rochford, C. D. P., Neumann, H. (2005) Clearance of apoptotic neurons
without inflammation by microglial triggering receptor expressed on myeloid cells-2 .
Journal of Experimental Medicine 201:647-657.

Tan, J. Z. A., Gleeson, P. A. (2019) The trans-Golgi network is a major site for a-secretase
processing of amyloid precursor protein in primary neurons. Journal of Biological
Chemistry 294:1618—-1631.

Tanaka, N., Abe-Dohmae, S., Iwamoto, N., Fitzgerald, M. L., Yokoyama, S. (2010) Helical
apolipoproteins of high-density lipoprotein enhance phagocytosis by stabilizing ATP-
binding cassette transporter A7. Journal of Lipid Research 51:2591-2599.

Taylor, D. L., Diemel, L. T., Cuzner, M. L., Pocock, J. M. (2002) Activation of group Il
metabotropic glutamate receptors underlies microglial reactivity and neurotoxicity
following stimulation with chromogranin A, a peptide up-regulated in Alzheimer’s disease.
Journal of Neurochemistry 82:1179-1191.

Thal, D. R. (2012) Morbus Alzheimer und Altersveranderungen des Gehirns. In W. Paulus
& J. M. Schroder (Eds.), Pathologie: Neuropathologie (3., pp. 194-207) Springer Berlin
Heidelberg.

Thal, D. R., Braak, H. (2005) Postmortale Diagnosestellung bei Morbus Alzheimer.
Pathologe 26:201-213.

Thal, D. R., Capetillo-Zarate, E., Del Tredici, K., Braak, H. (2006) The development of
amyloid beta protein deposits in the aged brain. Science of Aging Knowledge Environment
2006:1.

Thal, D. R., Ghebremedhin, E., Orantes, M., Wiestler, O. D. (2003) Vascular Pathology in
Alzheimer  Disease: Correlation of Cerebral Amyloid Angiopathy and
Arteriosclerosis/Lipohyalinosis with Cognitive Decline. Journal of Neuropathology &

Experimental Neurology 62:1287—-1301.

Thal, D. R, Griffin, W. S. T., de Vos, R. A. |., Ghebremedhin, E. (2008) Cerebral amyloid
angiopathy and its relationship to Alzheimer’s disease. Acta Neuropathologica 115:599—
609.

Thal, D. R., Rub, U., Orantes, M., Braak, H. (2002) Phases of AB-deposition in the human
brain and its relevance for the development of AD. Neurology 58:1791-1800.

99



276.

277.

278.

279.

280.

281.

282.

283.

284.

285.

286.

Thal, D. R., Sassin, I., Schultz, C., Haass, C., Braak, E., Braak, H. (1999) Fleecy Amyloid
Deposits in the Internal Layers of the Human Entorhinal Cortex are Comprised of N-
terminal Truncated Fragments of AB. Journal of Neuropathology & Experimental
Neurology 58:210-216.

The British Psychological Society (2007) NICE-SCIE Guideline Dementia The British
Psychological Society. www.scie.org.uk/publications/misc/dementia/dementia-

fullguideline.pdf last accessed on March 18th 2023.

The National Institute On Aging And Reagan Institute Working Group On Diagnostic
Criteria For The Neuropathological Assessment Of Alzheimer's Disease (1997)
Consensus recommendations for the postmortem diagnosis of Alzheimer’'s disease.

Neurobiology of Aging 18:4-5.

Tomioka, M., Toda, Y., Mafiucat, N. B., Akatsu, H., Fukumoto, M., Kono, N., Arai, H.,
Kioka, N., Ueda, K. (2017) Lysophosphatidylcholine export by human ABCA7. Biochimica
et Biophysica Acta - Molecular and Cell Biology of Lipids 1862:658—665.

Toomey, C. E., Heywood, W., Benson, B. C., Packham, G., Mills, K., Lashley, T. (2020)
Investigation of pathology, expression and proteomic profiles in human TREM2 variant

postmortem brains with and without Alzheimer’s disease. Brain Pathology 30:794—810.

Torres-Platas, S. G., Comeau, S., Rachalski, A., Dal Bo, G., Cruceanu, C., Turecki, G.,
Giros, B., Mechawar, N. (2014) Morphometric characterization of microglial phenotypes

in human cerebral cortex. Journal of Neuroinflammation 11:12.

Tourtellotte, W. W., Verity, A. N., Schmid, P., Martinez, S., Shapshak, P. (1987) Covalent
binding of formalin fixed paraffin embedded brain tissue sections to glass slides suitable

for in situ hybridization. Journal of Virological Methods 15:87-99.

Ueno, M., Fujita, Y., Tanaka, T., Nakamura, Y., Kikuta, J., Ishii, M., Yamashita, T. (2013)
Layer V cortical neurons require microglial support for survival during postnatal

development. Nature Neuroscience 16:543-551.

Urrutia, P. J., Hirsch, E. C., Gonzalez-Billault, C., Nufez, M. T. (2017) Hepcidin attenuates
amyloid beta-induced inflammatory and pro-oxidant responses in astrocytes and

microglia. Journal of Neurochemistry 142:140-152.

Vardarajan, B. N., Ghani, M., Kahn, A., Sheikh, S., Sato, C., Barral, S., Lee, J. H., Cheng,
R., Reitz, C., Lantigua, R. (2015) Rare coding mutations identified by sequencing of A

Izheimer disease genome-wide association studies loci. Annals of Neurology 78:487—498.

Vasquez, J. B., Fardo, D. W., Estus, S. (2013) ABCA7 expression is associated with

Alzheimer’s disease polymorphism and disease status. Bone 23:1-7.

100



287.

288.

289.

290.

201.

292.

293.

294,

205.

296.

207.

Veinbergs, ., Everson, A., Sagara, Y., Masliah, E. (2002) Neurotoxic effects of
apolipoprotein E4 are mediated via dysregulation of calcium homeostasis. Journal of

Neuroscience Research 67:379-387.

Wadhwani, A. R., Affaneh, A., Van Gulden, S., Kessler, J. A. (2019) Neuronal
apolipoprotein E4 increases cell death and phosphorylated tau release in alzheimer

disease. Annals of Neurology 85:726—739.

Wake, H., Moorhouse, A. J., Jinno, S., Kohsaka, S., Nabekura, J. (2009) Resting microglia
directly monitor the functional state of synapses in vivo and determine the fate of ischemic

terminals. Journal of Neuroscience 29:3974-3980.

Wang, J. M., Singh, C., Liu, L., Irwin, R. W., Chen, S., Chung, E. J., Thompson, R. F.,
Brinton, R. D. (2010) Allopregnanolone reverses neurogenic and cognitive deficits in
mouse model of Alzheimer’s disease. Proceedings of the National Academy of Sciences
107:6498—-6503.

Wang, N., Lan, D., Gerbod-Giannone, M., Linsel-Nitschke, P., Jehle, A. W., Chen, W.,
Martinez, L. O., Tall, A. R. (2003) ATP-binding Cassette Transporter A7 (ABCA7) Binds
Apolipoprotein A-l and Mediates Cellular Phospholipid but Not Cholesterol Efflux. Journal
of Biological Chemistry 278:42906-42912.

Wang, S., Mustafa, M., Yuede, C. M., Salazar, S. V., Kong, P., Long, H., Ward, M.,
Siddiqui, O., Paul, R., Gilfillan, S. (2020) Anti-human TREM2 induces microglia
proliferation and reduces pathology in an Alzheimer's disease model. Journal of
Experimental Medicine 217:20200785.

Wang, X., Zheng, W. (2019) Ca2+ homeostasis dysregulation in Alzheimer’s disease: a

focus on plasma membrane and cell organelles. The FASEB Journal 33:6697—6712.

Wang, Y., Mandelkow, E. (2016) Tau in physiology and pathology. Nature Reviews

Neuroscience 17:22-35.

Wang, Z.-F., Li, J., Ma, C., Huang, C., Li, Z.-Q. (2020) Telmisartan ameliorates AR
oligomer-induced inflammation via PPARY/PTEN pathway in BV2 microglial cells.

Biochemical Pharmacology 171:113674.

Wegiel, J., Imaki, H., Wang, K.-C., Wegiel, J., Rubenstein, R. (2004) Cells of
monocyte/microglial lineage are involved in both microvessel amyloidosis and fibrillar

plaque formation in APPsw tg mice. Brain Research 1022:19-29.

Wegiel, J., Kuchna, I., Nowicki, K., Frackowiak, J., Mazur-Kolecka, B., Imaki, H., Wegiel,
J., Mehta, P. D., Silverman, W. P., Reisberg, B. (2007) Intraneuronal A immunoreactivity

is not a predictor of brain amyloidosis-B or neurofibrillary degeneration. Acta

101



208.

299.

300.

301.

302.

303.

304.

305.

306.

307.

Neuropathologica 113:389-402.

Wertkin, A. M., Turner, R. S., Pleasure, S. J., Golde, T. E., Younkin, S. G., Trojanowski,
J. Q., Lee, V. M. (1993) Human neurons derived from a teratocarcinoma cell line express
solely the 695-amino acid amyloid precursor protein and produce intracellular beta-

amyloid or A4 peptides. Proceedings of the National Academy of Sciences 90:9513-9517.

Wilcock, G. K., Gauthier, S., Frisoni, G. B., Jia, J., Hardlund, J. H., Moebius, H. J.,
Bentham, P., Kook, K. A., Schelter, B. O., Wischik, D. J. (2018) Potential of low dose
leuco-methylthioninium  bis  (hydromethanesulphonate)(LMTM) monotherapy for
treatment of mild Alzheimer’s disease: Cohort analysis as modified primary outcome in a

phase Il clinical trial. Journal of Alzheimer’s Disease 61:435-457.

Wisniewski, H. M., Sadowski, M., Jakubowska-Sadowska, K., Tarnawski, M., Wegiel, J.
(1998) Diffuse, Lake-like Amyloid-B Deposits in the Parvopyramidal Layer of the
Presubiculum in Alzheimer Disease. Journal of Neuropathology & Experimental
Neurology 57:674—683.

Wu, C., Wang, N., Zhao, D. (2013) An evaluation of the mechanism of ABCA7 on cellular
lipid release in ABCA7-HEC293 cell. Chinese Medical Journal 126:306—310.

Wu, L., Rosa-Neto, P., Hsiung, G.-Y. R., Sadovnick, A. D., Masellis, M., Black, S. E., Jia,
J., Gauthier, S. (2012) Early-Onset Familial Alzheimer’s Disease (EOFAD). Canadian
Journal of Neurological Sciences / Journal Canadien Des Sciences Neurologiques
39:436—-445.

Wyss-Coray, T., Loike, J. D., Brionne, T. C., Lu, E., Anankov, R., Yan, F., Silverstein, S.
C., Husemann, J. (2003) Adult mouse astrocytes degrade amyloid-p in vitro and in situ.
Nature Medicine 9:453-457.

Yang, A. C., Vest, R. T., Kern, F., Lee, D. P., Agam, M., Maat, C. A,, Losada, P. M., Chen,
M. B., Schaum, N., Khoury, N. (2022) A human brain vascular atlas reveals diverse
mediators of Alzheimer’s risk. Nature 306:885—-892.

Yeh, C.-Y., Vadhwana, B., Verkhratsky, A., Rodriguez, J. J. (2011) Early astrocytic
atrophy in the entorhinal cortex of a triple transgenic animal model of Alzheimer’s disease.
ASN Neuro 3:271-279.

Yeh, F. L., Wang, Y., Tom, I., Gonzalez, L. C., Sheng, M. (2016) TREM2 Binds to
Apolipoproteins, Including APOE and CLU/APOQOJ, and Thereby Facilitates Uptake of
Amyloid-Beta by Microglia. Neuron 91:328-340.

Yu, C., Nwabuisi-Heath, E., Laxton, K., LaDu, M. J. (2010) Endocytic pathways mediating

oligomeric AB42 neurotoxicity. Molecular Neurodegeneration 5:19.

102



308.

309.

310.

311.

312.

313.

314.

Zhan, X., Stamova, B., Sharp, F. R. (2018) Lipopolysaccharide associates with amyloid
plaques, neurons and oligodendrocytes in Alzheimer’s disease brain: a review. Frontiers

in Aging Neuroscience 10:42.

Zhang, B., Higuchi, M., Yoshiyama, Y., Ishihara, T., Forman, M. S., Martinez, D., Joyce,
S., Trojanowski, J. Q., Lee, V. M.-Y. (2004) Retarded Axonal Transport of R406W Mutant
Tau in Transgenic Mice with a Neurodegenerative Tauopathy. The Journal of
Neuroscience 24.4657—-4667.

Zhang, Y., MclLaughlin, R., Goodyer, C., LeBlanc, A. (2002) Selective cytotoxicity of
intracellular amyloid B peptide1-42 through p53 and Bax in cultured primary human
neurons. The Journal of Cell Biology 156:519-529.

Zhao, J., O’Connor, T., Vassar, R. (2011) The contribution of activated astrocytes to AR
production: implications for Alzheimer's disease pathogenesis. Journal of

Neuroinflammation 8:150.

Zhao, Q.-F., Wan, Y., Wang, H.-F., Sun, F.-R., Hao, X.-K., Tan, M.-S., Tan, C.-C., Zhang,
D.-Q., Tan, L., Yu, J.-T. (2016) ABCA7 Genotypes Confer Alzheimer’s Disease Risk by
Modulating Amyloid- Pathology. Journal of Alzheimer’s Disease 52:693—703.

Ziegler, U., Doblhammer, G. (2009) Pravalenz und Inzidenz von Demenz in Deutschland
- Eine Studie auf Basis von Daten der gesetzlichen Krankenversicherungen von 2002.
Gesundheitswesen 71:281-290.

Zu, H., Liu, X., Yao, K. (2020) DHCR24 overexpression modulates microglia polarization
and inflammatory response via Akt/GSK3p signaling in AB25-35 treated BV-2 cells. Life
Sciences 260:118470.

103



11. Acknowledgements

First of all, | would like to express my sincere gratitude to Prof. Dr. med. Klaus FalRbender, who
entrusted me with the topic of this work, provided space and materials in his lab and was very

supportive of this project.

| also want to thank Prof. Dr. med. Walter J. Schulz-Schaeffer, who supplied brain tissue from
the neuropathological tissue bank and provided much appreciated expertise in the field of

neuropathology. He also welcomed me as a guest into his lab and provided materials for IHC.

| am especially grateful to my supervisor Dr. Yann Decker who developed the idea for this

project and supported me throughout the whole endeavor.
| am also very thankful for the help of Andrea Schottek and the coworkers at AG Fal3bender,
as well as Tatjana Pfander and the whole team of the neuropathological lab. They all helped

me tremendously with their immense experience.

Special thanks go to Dr. Anja Scheller of AG Kirchhoff who helped by scanning slides with the

Axioscan and supported me in the selection of antibodies.

| am very grateful for the support of my family and friends during my work on this dissertation

and my medical studies in general.

104



12. Publications

No publications.

105



13. Curriculum vitae

Aus datenschutzrechtlichen Griinden wird der Lebenslauf in der elektronischen Fassung der

Dissertation nicht veroffentlicht.

106



107



Tag der Promotion:
Dekan:

Berichterstatter:

08.01.2024

Univ.-Prof. Dr. med. M. D. Menger
Prof. Dr. Klaus FaRbender

Prof. Dr. Frank Kirchhoff

108




