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ABSTRACT

ABSTRACT

Alzheimer’s disease (AD) is the most common cause of dementia in the elderly. Accumulation of
intercellular 8-Amyloid (AB) plaques and intracellular neurofibrillary tangles are two hallmarks of
AD that may drive neuronal death and the corresponding dramatic loss of cognitive abilities. A
complex interaction between genetic and environmental factors contributes to molecular processes
that drive AD. Microglial-mediated processes are key determinants to the accumulation of Al
deposits in AD, playing roles in amyloid degradation, and initiation and growth of plaques.
Environmental and genetic factors contribute to the risk for AD, but the underlying disease
mechanisms are poorly understood. In recent years, genome-wide association studies (GWAS)
allowed the identification of DNA variations associated with an elevated risk for AD. Thereby,
several AD susceptibility genes including CD33 and TREM2 point towards the immune system as
a player in onset, progression, and treatment of AD. To further examine this hypothesis, we
generated patient-specific induced pluripotent stem cell lines (iPSC) for the generation of microglia
in vitro enabling the functional characterization of disease-associated DNA variants in microglia
genes. Furthermore, potentially functional SNP variants in CD33, MSA4, EPHA1, CD2AP, and
TREM2 were genotyped in late-onset AD (LOAD) patients. This study generated iPSCs from
patients carrying one of these genetic predispositions. Control iPSCs were generated from healthy
donors. Based thereon, pluripotency was verified by alkaline phosphatase staining, the expression
of pluripotency markers, as well as differentiation into derivatives of the three germ layers. The
expression of pluripotency marker genes was successfully induced as shown by RNA expression
and proteome profile analyses. Additionally, cells were also screened for the most efficient
induction of neural cell fates including glia cell fates. Further, we established a completely new
four-step protocol for the generation of late-onset AD LOAD-specific microglia-like cells
(MGLCs) from hematopoietic progenitor cells, enabling the focused analysis of functional
alterations in LOAD. The protocol was characterized by morphology, FACS, IF, and RNA
expression analysis of hematopoietic lineage and crucial microglia markers. Furthermore, cytokine
release, phagocytosis, and ramification of AD-MGLCs was compared to healthy controls to
determine functional differences. Finally, proteome analysis of patient specific MGLCs was
performed to characterize the proteomic changes in LOAD in more detail and provide new
functional relevant molecular insights. The proteome results confirmed that the immune system is
altered in LOAD, which was already hypnotized in the literature by previous GWAS data.
Proteome results also suggest involvement in endocytosis, and lipid processing, which is linked to
the immune system. Moreover, subsequent analysis of the significant identified proteins in LOAD
MGLCs revealed a strong alteration in actin cytoskeleton remodeling. Thereby, the cytoskeleton
organization crucially influences most of the microglial function, as verified by subsequent
functional tests including motility, cytokine release, and cell activation. In summary, the here
established LOAD-specific iPSC lines represent a powerful tool for the analysis of molecular and
cellular disease mechanisms. Furthermore, combination of the iPSC technology, with the here
established microglia differentiation protocol provide a promising tool to characterize known

disease mechanisms more precisely.
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ZUSAMMENFASSUNG

ZUSAMMENFASSUNG

Die Alzheimer-Krankheit (AD) ist die hiufigste Ursache fir Demenz bei dlteren Menschen.
Interzellulire Plaques aus B-Amyloid (AB) und intrazellulirer Neurofibrillen sind zwei
Kennzeichen der AD, die mit Verlust von Neuronen und den entsprechend dramatischen Verlust
kognitiver Fahigkeiten einhergeht. AD hat verschiedene Ursachen, die in einem komplexen
Zusammenspiel von genetischen Faktoren und Umweltfaktoren wirken. Mikroglia sind involviert
in die Schlisselprozesse fir die Akkumulation von AB. Sie steuern Amyloid-Abbau und das
Wachstum von Plaques. Obwohl bekannt ist das Umwelteinfliisse und genetische Faktoren das
Risiko fir AD erhohen, ist wenig tiber die grundlegenden Krankheitsursachen bekannt. Jedoch
wurden in den vergangenen Jahren in genomweiten Assoziationsstudien (GWAS)
DNA-Variationen identifiziert, die mit einem erhdhten Risiko fiir die AD assoziiert sind. Darunter
sind DNA-Variationen in CD33 und TREM2, die nahe legen, dass das Immunsystem beim
Ausbruch, dem Fortschreiten und der Behandlung der AD eine wichtige Rolle spielt. Um diese
Hypothese weiter zu untersuchen, wurden in dieser Arbeit induzierte pluripotente Stammzelllinien
(iPSC) aus Patienten generiert, um die Funktion der DNA-Variationen besser zu verstehen.
Zunichst wurde die DNA von Patienten genotypisiert. Nur DNA-Variationen in CD33, MSA4,
EPHA1, CD2AP und TREM2, die nach Literaturangaben zu einer funktionellen Anderung auf der
DNA fihren, wurden untersucht. Trager von DNA-Variationen wurden fir die Herstellung von
iPSC ausgewihlt. Auch von gesunden Spendern wurden iPSC als Kontrollen hergestellt. Die
Pluripotenz generierter iPSC wurde durch Firbung der alkalischen Phosphatase und
Differenzierung in die drei Keimblitter nachgewiesen und sowohl durch Transkriptanalysen als
auch eine Proteomanalyse bestitigt. Die effiziente Induktion von neuralen Vorlidufern wurde
ebenfalls demonstriert. Weiterhin etablierte diese Arbeit ein v6llig neues Vier-Stufen-Protokoll fir
die Generierung von Mikroglia-dhnlichen Zellen (MGLCs), die tiber himatopoetische
Vorliuferzellen generiert werden. Die so erhaltenen MGLC sind fiir die spite nicht-familidre Form
der AD besonders relevant. Das Protokoll wurde intensiv tber die Morphologie, FACS,
IF-Analysen sowie die Transkriptanalysen charakterisiert und die Entwicklung himatopoetischer
Vortldufer bestitigt. Mikroglia-Marker wurden in MGLC nachgewiesen. Weiterhin wurde die
Zytokinfreisetzung, die Phagozytose und die Veristelung von AD-spezifischen MGLC untersucht,
um funktionelle Unterschiede im Vergleich zu gesunden Kontrollen zu finden. Eine
Proteomanalyse brachte neue Erkenntnisse zu relevanten molekularen Mechanismen. Die
erhaltenen Daten bestitigen, die aus den Daten der GWAS abgeleiteten Hypothese zur Beteiligung
des Immunsystem an der AD. Die gefundenen Signalwege regulieren FEndozytose,
Lipidverarbeitung sowie den Umbau des Zytoskeletts. Das Zytoskelett reguliert mal3geblich die
Funktionalitit der Mikroglia. Die Ergebnisse konnten mit funktionellen Analysen wie der Motilitit,
Zytokinfreisetzung und Zellaktivierung bestitigt werden. Zusammenfassend ldsst sich sagen, dass
die hier etablierten LOAD-spezifischen iPSC-Linien ein leistungsfihiges Werkzeug fir die Analyse
von molekularen und zelluliren Krankheitsmechanismen darstellen. Dartiber hinaus bietet die
Kombination der iPSC-Technologie mit dem hier etablierten Mikroglia-Differenzierungsprotokoll

ein vielversprechendes Werkzeug, um bekannte Krankheitsmechanismen genauer zu untersuchen.
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Introduction

1 Introduction

1.1 Alzheimer’s Disease

Alzheimer's disease (AD) is the most common cause of dementia in the elderly population with
estimated 50-75% of all dementia cases'. Changes in AD pathophysiology occur years before the
onset of the first clinical symptoms® After the age of 65, the prevalence and incidence of AD
doubles in five-year age increments’. The disease is named after the physician Alois Alzheimer,
who first described it in 1906 after he noticed characteristic changes in the brain of a deceased
patient’. Due to the increasing ageing of the population, it is predicted that by 2050 about a quarter
of the population will be over 65 years of age’, which is associated with an increasing number of
AD cases. Accumulation of extracellular beta-amyloid (AB) plaques and intracellular neurofibrillary
tangles are two hallmarks of AD that may drive neuronal death and the corresponding dramatic
loss of cognitive abilities (Fig. 1 A-B). The two hallmarks are found in both eatly-onset AD
(EOAD) and late-onset AD (LOAD) shown in figure 1 A.

A EOAD LOAD

mutation in

aging

increased AR production impaired AR clearance

W’,.J $  Amyloid plaque
W&/J A&;’ Neurlofibrillary
tangle

Dementia
plaque and tangle pathology

Figure 1: Amyloid cascade hypothesis in AD.

According to Selkoe and Hardy® modified figure the altered A metabolism is illustrated in EOAD and
LOAD. (A)Synaptic changes, inflammation, oxidative stress, and tau phosphorylation are consequences of
increased concentrations of soluble AB. In the early stage of this cascade, A@ was shown to impair synaptic
function. Further processes lead to neuronal dysfunction, cell death and dementia with plaque and tangle
pathologies. (B) Illustration of a healthy control (HD) brain compared to AD’. Brain AD shows massive
atrophy, thinning of the cortex and larger ventricles compated to the healthy brain. Extracellular amyloid
plaques and intracellular accumulation of neurofibrillary tangle are the main pathologies of AD.
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A complex interaction between genetic and environmental factors contributes to molecular
processes that drive AD®. However, the molecular and cellular pathways causative for the disease

are poorly understood, which prevents the development of efficient therapies.

1.1.1 Neuropathology of AD

Up to ten years before the first clinical symptoms appear, plaques form in the brain, which are
composed of incorrectly folded AB peptides. In addition to the accumulation of extracellular Af3,
there is an intracellular accumulation of hyperphosphotylated tau protein’. The cytoskeleton, which
consists partly of microtubules, has the function of structural integrity, and thus determines the
neuronal morphology. Microtubule-associated proteins, such as the tau protein, serve to maintain
the composition and stability of the microtubules". Hyperphosphorylation of paired helical tau
filaments leads to functional loss, which prevents it from further interacting with the
microtubules''. AB aggregates are generated by enzymatic cleavage of the amyloid precursor protein
(APP) and are further processed by either non-amyloidogenic or amyloidogenic pathways. In the
physiological non-amyloidogenic pathways, the a-secretase cleaves APP and leads to a fragment of
83 amino acids. In a second step, the generated fragment is further cleaved by the y-secretase to a
three amino acid-sized peptide, P3 (ABi7-40/42) and the AB precursor protein intracellular domain.
In case of the amyloidogenic pathway, the 3-secretase cleaves APP at the N-terminus, resulting in
the fragment C99, which is subsequently cleaved by the y-secretase'” (Fig. 2). In 1991 Braak
described a classification of AD stages. To establish the stages, the accumulation and anatomical
localization of the protein’s tau and A3 were assessed. In contrast to AB3, tau revealed a consistent
increase in accumulation and with increasing severity of AD, anatomical localization assigned to

the stages was affected.

sAPPo. sAPPB

Non-amyloidogenic APP Amyloidogenic
pathway pathway

3 ¥
A.C[X' | b

mee ‘m T
LLNLLL

Oo—=—0
O=<:0
°<:=O
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Figure 2: Enzymatic process of the amylmd-precursor protein.

The figure from Shepherd et al. shows different forms of APP cleavage!3. APP cleavage by a-secretase
followed by processing of soluble APPa (sAPPa) by y-secretase produces the peptide p3 and the amyloid
intracellular domain (AICD), which illustrates the non-amyloidogenic way. Cleavage by [3-secretase followed
of soluble APPB (sAPPB) by y-secretase demonstrates the amyloidogenic way and generated A3 peptide in
the two forms of AB40 and AB42.




Introduction

The Braak stages I and II are classified as mild, mainly restricted to the transentorhinal region of
the brain, in stages I1I and IV, the limbic regions of the hippocampus are affected. In Braak stages

V and VI, neocortex involvement occurs'.

1.1.2 EOAD

AD is the most common form of dementia that usually occurs in people over the age of 65, but
up to 5% show EOAD before the age of 65. AD occurs predominantly sporadically, but can also
be caused by autosomal dominant familial AD genetic defects in mainly the three genes APP,
presenilin 1 and 2 (PSEN1 and PSEN2)". Together, over 200 mutations have been described for
the three genes, of which PSEN1 accounts for the majority of autosomal-dominant with 173
cases'’. EOAD is most common in early-stage dementia, along with other forms such as, vascular
dementia, frontotemporal dementia, drug-related diseases and autoimmune or infectious causes' .
EOAD, in comparison to LOAD, is characterized by an increased accumulation of neuritic plaques
and neurofibrillary tangles with the consequent loss of synapses in the frontal and parietal lobes.
Furthermore, the two forms of AD differ in the localization of the atrophy occurring during the
disease. While EOAD affects the neocortical area, LOAD causes increased atrophy of the

hippocampus18.

1.1.3 LOAD

LOAD currently accounts for over 90% of described AD cases. By the age of 65 and older, more
than 13% are already affected by AD, which rises to 30-50% in people older than 80 years. LOAD

19,20

is up to 80% hereditary . LOAD occurs predominantly sporadically and is a complex
multifactorial disease. Sporadic AD is not a monogenic defect and is thought to be caused by a
number of genetic susceptibilities and environmental factors. One of the first and strongest
susceptibility marker is a DNA variation in the gene apolipoprotein E (APOE) named the APOE4
allele®. APOE4 is linked to the metabolism of AB, because it promotes AR aggregation and causes

the erroneous release of AR

1.1.3.1 Genome-Wide Association Studies in LOAD

Genome-wide association studies (GWAS) are a well-established and effective method for
identifying genetic loci associated with a disease. GWAS involve the analysis of at hundreds or
thousands of variants across the genome in large cohorts of individuals, divided into control and
patient groups, to identify variants associated with the trait in question. Thus, GWAS offer the
possibility to study diseases using genetic variants in order to achieve a better understanding of the
underlying mechanism™. Until 2009, only one gene vatiant, APOE4, had been identified as a
known risk factor™ in AD. In 2009, Lambert and co-authors published a two-step GWAS analysis
performed on AD patients and controls. In addition to the two newly discovered susceptibility
sites, clusterin (CLU) and complement C3b/C4b receptor 1 (CR1), they additionally found
evidence of an association of phosphatidylinositol binding clathrin assembly protein (PICALM)
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with AD in the first stage of the meta-analysis’. A collaborative consortium from Europe and the
US performed a GWAS on 19,000 individuals with AD and controls in 2009, identifying the loci
CLU and PICALM that are significantly associated with AD. Furthermore, the two genes bridging
integrator 1 (BIN1) and DAB adaptor protein 1 (DAB1) were observed to be associated with AD*.
In 2010, a three-step GWAS meta-analysis was conducted with 35,000 individuals (8000 AD cases)
to identify further associations with LOAD. For the loci BIN1, CLU, and PICALM significant
associations with LOAD were identified”. A combined GWAS analysis from four AD consortia -
Genetic and Environmental Risk in Alzheimer's Disease Consortium 1 (GERAD1), Translational
Genomics Research Institute (TGENT1), Alzheimer's Disease Neuroimaging Initiative (ADNI) and
European Alzheimer's Disease Initiative 1 (EADI1) identified under the participation
Prof. Rujescu’s group the susceptibility loci ATP binding cassette subfamily A member 7
(ABCAT7), encoding membrane spanning 4A (MS4A), CD2-associated protein (CD2AP), CD33
molecule (CD33, SIGLEC3), and encoding ephrin receptor Al (EPHAT1) in the year 2011 and
verified also previously described loci®. In addition to the nine genetic susceptibility factors already
described, a further GWAS analysis in 2013 observed five newly associated loci: major
histocompatibility complex, class II, DR 31 and 5 (HLA-DRB1, HLA-DRBS5), protein tyrosine
kinase 23 (PTK2B), sortilin-related receptor 1 (SORL1), solute carrier family 24 member 4- Ras
and Rab interactor 3 (SLC24A4, RIN3), and desmoglein-2 (DSG2). Within a combined analysis
another seven loci were found: CUGBP Elav-like family member 1 (CELF1), inositol
polyphosphate-5-phosphatase (INPP5D), fermitin family member 2 (FERMT2), zinc finger, CW
type with PWWP domain 1 (ZCWPW1), myocyte enhancer factor 2 (MEF2C), NME/NM23
family member 8 (NMES), and Cas scaffolding protein family member 4 (CASS4)*. Genome
sequencing techniques revealed in 2013 triggering receptor expressed on myeloid cells 2 (TREM?2)
as a susceptibility locus”. TREM2 variant was discovered with the participation of the working
group of Prof. Rujescu. Another new and rare mutation was identified in the unc-5 netrin receptor
C gene (UNC5C) one year later™. Most of the genes identified by GWAS that are associated with
AD can be classified into three superordinate signaling pathways. Susceptibility loci in CLU, CR1,
ABCA7, CD33, TREM2, MS4A, HLA-DRB1, HLA-DRB5, INPP5D, and EPHA1 show that the
immune system plays a major role in AD. Susceptibility loci in PICALM, SORLI1, BIN1, CD33,
and CD2AP cover genes that regulate cell membrane processes including endocytosis.
Susceptibility loci in APOE, SORL1, DSG2, CLU, and ABCA7 target genes involved in cell’s lipid

metabolism®>.

1.1.3.2 APOE Function in the CNS and its Role in LOAD

APOE has been associated with sporadic AD in the age of 40-90 as a major risk factor, irrespective
of gender and across all ethnicities. GWAS revealed differences between the populations. APOE4
indicated a weaker association with AD among African Americans (4/4, odds ratio (OR) 5.7) and
Hispanics (4/4, OR 2.2), while it was more strongly associated with AD among Japanese (4/4, OR
33.1) and Europeans (4/4, OR 12.5). The OR is a calculated value that expresses the relationship

between a suspected risk factor and a particular disease. It is defined by the ratio of the number of
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diseased individuals with a risk factor / without a risk factor to those who are non-affected with a
tisk factor / without a risk factor’. The APOE protein belongs to the structural proteins in the
phospholipid outer shell of lipoproteins. The transport of triglycerides and cholesterol in the blood
is mediated by lipoproteins. In the brain, APOE is functionally involved in neurite growth, the
regeneration of axons, and myelination of axons. The 34 kDa glycoprotein is synthesized and

secreted mainly by astrocytes, but also by microglia and neurons after injuries™.

receptor:
LPR1/ApoER2/
LDLR/VLDLR

Domain
Interaction

Figure 3: Apolipoprotein E isoforms

Arg-61 in the N-terminal domain of APOE4 interacts with Glu-255 in the C-terminal domain. In APOE3,
this interaction is absent, resulting in a higher affinity to AB. APOE binds to its receptors via the N-terminal
domain. The C-terminal domain harbors the binding site for AB. APOE4 leads to increased A3 deposition
supporting the accumulation of AB in plaques. Figure was adapted from Mahley R.W. et al 33. LPR1, low
density lipoprotein receptor-related protein 1; ApoER2, apolipoprotein E receptor 2; LDLR, low density
lipoprotein receptor; VLDLR, very low density lipoprotein receptor.

APOE is the only serum apolipoprotein present in the cerebrospinal fluid (CSF). Accordingly, it
plays a crucial role in the central nervous system in lipid transport. For lipid transport, APOE
proteins are loaded with essential lipids to supply neurons and glial cells by binding to endocytic
APOE receptors on their surfaces™. APOE is encoded on chromosome 19 and carries two single
nucleotide polymorphisms (SNPs) that lead to three different isoforms: APOE2 (cys112, cys158),
APOES3 (cys112, arg158) and APOE4 (arg112, arg158)”. The SNPs belonging to the three different
isoforms are rs429358 and rs7412%. In Europeans, there are different frequencies for the different
isoforms APOE2 (8.0%), APOE3 (80.0%), and APOE4 (12.0%). In AD patients, the frequency
of the APOE4 is dramatically increased up to 40.0%"". Even though the three isoforms of APOE
differ only by one or two amino acids, the related structural changes are strongly impact APOE
functions. APOE3 and APOE4 only differ in one amino acid (Fig. 3), which is very close to a

domain responsible for initialization of lipid binding®. The third isoform APOE2 accounts to a
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lower amount in AD patients suggesting that there is a protective effect for AD”. AR metabolism
is depends on the APOE protein, especially in A deposition and senile plaque formation (Fig. 3),
and cerebral amyloid angiopathy, which are considered major hallmarks of amyloid pathology in
AD brains®. In line with this is the fact that APOE4 carriers (AD patients and cognitively normal
individuals), are more prone to have a greater AB plaque load”. Specifically, APOE contributes to
A pathology by enhancing the AB load by controlling Al oligomerization, aggregation, and
receptor-mediated clearance. In case of a dysfunction of one of those processes, the A load is
increased resulting in a faster plaque formation and aggregation. In contrast to APOE3, APOE4
directly interacts with AR resulting in an increase of AB fibrillisation*. In addition, impaired AB
clearance also leads to Af accumulation in brain parenchyma, which enhances the accumulation of

AB oligomers and amyloid plaques®.

1.2 Induced Pluripotent Stem Cells (iPSC)

1.2.1 Reprogramming Stem Cells

In 2000, a Japanese research group succeeded in generating induced pluripotent stem cells (iIPSCs)
from mouse fibroblast cells using a retroviral transduction with four transcription factors:
Octamer-binding transcription factor 4 (OCT4, POU5F1), SRY-box transcription factor 2 (SOX2),
MYC proto-oncogene, bHLH transcription factor (MYC), and krueppel-like factor 4 (KIf4)*. One
year later it was shown that human fibroblasts can also be reprogrammed into iPSCs using the
factors OCT4, SOX2, Nanog homeobox (NANOG), and lin-28 homolog A (LIN28A). The
obtained iPSCs share almost all properties with human embryonic stem cells (ESCs). Pluripotency
means that they have the potential to develop into all cell types of the human body and can divide
infinitely. Since the proto-oncogene MYC appears to pose a risk of tumor formation, the factors
NANOG and LIN28A were used as a replacement for KILF4 and MYC to reprogram human
fibroblasts*. It is important to note that the use of retroviral and lentiviral systems increases the
risk of mutations, as it can lead to genomic integration of transgenes”. An excision of the
exogenous transgenes is possible by using LoxP (locus of X-over P1) elements and Cre
recombinase for transgene removal after lentiviral reprogramming®. Lentiviruses have the
capability to infect both dividing and non-dividing cells. They also extend the tropism of the virus
through alternative envelope proteins and they induce an efficient and stable expression of the
target genes, which together enables lentiviral transduction of many cells”. In fact, it has been
shown that both the transcriptomic profiles and the epigenetic signature of non-integrating iPSCs

are more similar to ESCs than cells generated by integrating methods*™*.

Accordingly,
non-integrating methods very developed using episomal plasmids, non-integrating viral vectors,
mRNAs, miRNAs, proteins, small molecules®, and transposons™. There are advantages and
disadvantages of each reprogramming method. The selection of an appropriate method depends
on many factors including the number cells available for reprogramming, the cell type or the source

tissue, the expected reprogramming efficiency, expected footprints®. The efficiency of the most
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commonly used non-integrating reprogramming methods is different with highest efficiency for
mRNA-based reprogramming (2.1%) and low efficiencies for Sendai virus-based vectors (0.077%)
and episomal plasmids (0.013%)>. In contrast, lentiviral reprogramming shows higher efficiencies
(0.27%). However, the success rate of the individual reprogramming strategies between different
laboratories, obtained as well, showed that the mRNA-based method is the most unreliable with
27%, in contrast to the Sendai virus-based method with 94%, the method with episomal plasmids
with 93% and reprogramming using lentiviruses with 100%. For the generation of patient-specific

53,54 and

iPSCs, there are two common somatic donor cell types representing fibroblasts
hematopoietic progenitor cells carrying the antigen CD34 molecule (CD34) obtained from
peripheral blood *°. Other methods for other somatic cells have been developed such as umbilical

&>, neural stem cells®, dental bulb cells”, epidermale keratinocytes®, urine cells®,

cord bloo
adipose-derived stem cells®, and umbilical cord endothelial cells”. In mice, iPSCs were also
generated from bone marrow®, stomach, and liver cells®. B-lymphoblastoid cell lines (B-L.CL) have
been used sporadically, but they are stable, easy to cultivate, and easily accessible, making them a

well suited starting material for the generation of patient-specific iPSCs®.

1.2.2 Characteristics of iPSCs

Stem cells are primitive cells that can be divided into five groups according to their differentiation

potential67

. The cells have the ability to develop into identical stem cells on the one hand or to
specify themselves into somatic cells on the other hand. Due to a high expression of the protein
telomerase, stem cells become senescent to a lower extend and are capable to undergo a certain
number of divisions depending on the potency of stem cells. Totipotent (omnipotent) cells are
zygotes, which are capable to build the whole organism. Pluripotent stem cells (iPSCs, and ESCs)
have the potential to develop into all cells of the human body, whereas the potency of multipotent
stem cells (adult stem cells) is much more restricted to cells of a certain tissue or organ®. The
differentiation potential for oligopotent stem cells is even more restricted to a few different cell
types and unipotent stem cells are restricted to one cell type®. A major advantage of iPSCs is that
they offer the possibility of autologous transplantation in regenerative medicine, while allogeneic
cell transplantation with ESCs requires the administration of immunosuppressive drugs to suppress
an immune response”. Obtaining donor material from human beings to produce iPSCs is much
less disputed in comparison to obtaining in vitro fertilized eggs for the generation of human ESCs
V70, Likewise, ESCs and iPSCs ate used for the generation of different cell types for modelling of
diseases, but iPSCs can be used to generate cells in a patient-specific manner. Patient-specific in
vitro cultures can be used for cell- and disease-specific drug screenings or to investigate genetic
variations (mutations, SNPs). Patient-specific in vitro cultures provide a tool for elucidating
underlying mechanisms of diseases that are difficult to study’’. Most established drugs on the
market have been developed by drug screening in animal models. The disadvantage of animal
models is that the pathophysiology of diseases is most often not fully understood due to species
differences. Application of the iPSC technology allows to extend drug screenings for diseases where

the underlying mechanisms are not yet understood’>”. These can now be used not only for drug
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screening, but also for modeling diseases™ ", cell replacement therapies”™ | and gene therapies”.
In addition, iPSCs are able to develop three-dimensional organoid cultures. These more complex
iPSC-based organoid cultures represent a physiological interface between human cell culture and
animal models®. Organoids have already been successfully produced for the brain. The
morphology of the brain organoids as well as biological functions such as cell-cell and cell-matrix
interactions has been demonstrated in an approximately physiological way. In addition to the
production of three-dimensional cultures of the brain, organoids of the liver and lung are most

important for translational medicine, as these organs ate crucial for late stage drug screenings™.

1.2.3 Invitro iPSCs for Modelling LOAD

Disease-specific iPSC models are used to investigate the course of diseases and the function of
substances in the human body. These disease models are also able to depict the development and
course of specific diseases and the underlying molecular processes. The use of iPSCs has enormous
advantages regarding the creation of disease models. Due to the manufacturing process of iPSCs
using somatic donor cells, the high demand for pluripotent cells for such models can be met more
easily and specifically than is possible with human ESCs. In addition, iPSCs can be used to create
patient-specific models for the mimicking disease progression. The individual effect of certain
therapies on the patient can be reproduced using tissue models if these are derived from
personalized iPSCs. Patient-specific iPSC models were already generated and have been used in
different diseases models, such as cancer, neurodegenerative diseases or heart disease™. Especially,
for neuropsychiatric diseases, iPSCs hold a great promise because the access to the affected brain
cells in human beings is limited. Patient-specific iPSC models where shown to reproduce
disease-related phenotypes in vitro”'. However, there is a problematic patient stratification in
clinical studies due to the lack of established phenotypic and genetic AD markers. Similar to AD
models using zebrafish and rodents, human iPSCs offer the possibility to study both EOAD and
LOADY. There is a broad set of different AD mutations that could be analyzed in iPSCs
representing a major advantage to study AD subtypes. Thus, iPSCs are a powerful human screening
tool. Although mouse models offered the basis for elucidating AD pathomechanisms over the last
decades, they lack mimicking certain human-specific aspects of the AD pathophysiology. Most
mouse models carry mutations known from EOAD in PSEN1, PSEN2 and APP. However,

mutations in these genes are almost indispensable for onset of LOAD™.

Human iPSCs overcome this obstacle as they can be generated from donor material of both familial
and sporadic AD patients carrying related mutations. Once generated and cultured, iPSCs can
differentiate into certain cell types and grow into a three-dimensional culture. Those cultures can
be differentiated into neural cells carrying distinct AD-associated genotypes and assayed in vitro.
Although 1PSCs are a cellular system, they mimic specific AD pathomechanisms including Af3
peptide production, amyloid plaques, tau pathology, synaptic dysfunction, immune activation,
genomic instability, and aberrant endosome trafficking®. However, an important disadvantage of
iPSCs is the partial lack of maturity because age-related epigenetic marks are erased during

reprogramming.”. This is also the case for neuronal cultures differentiated from iPSCs as the
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obtained differentiated neurons are characterized by a fetal, immature phenotype without traces of
maturity signatures of their source cells®. Nevertheless, although iPSCs lack the above mentioned
maturity signatures, certain phenotypic characteristics of LOAD can be observed”. Moreovet, the
iPSC technology offers the possibility of gene engineering of the cellular ontogeny of interest. By
gene correction of these iPSCs, mainly via clustered regularly interspaced short palindromic repeats
endonuclease cas9 (CRISPR cas9), isogenic controls can be obtained and compared to the
non-corrected ones showing disease phenotypes. While this approach is an important step to gain
insights into AD pathomechanisms, the interpretation of the obtained data must be considered
with care. Apart from the isogenic control approach in AD, iPSCs can also be generated from both
LOAD and EOAD patients and compared to those of healthy control subjects. An example of
such an approach was recently described for the manipulation of APOE®. Microglia are of great
importance in the development and progression of AD. Modelling of AD in microglia using iPSC
technology enables a better understanding of the underlying disease mechanisms related to the risk
factors identified by GWAS such as APOE, TREM2, CD33, CR1, and MS4A. Recently, it has
become possible to differentiate mature and functional microglia-like cells (MGLCs) comparable
with primary cells. Based on the model using iPSC-derived MGLCs, it should be possible in the

future to gain new insights into ADY,

1.3 Microglia

The central nervous system (CNS) is composed of nerve cells (neurons) and a special connective
tissue, the glial cells. These glial cells make up almost half the volume of the entire CNS and
account for about 90% of its cells”, with microglia accounting for about 10%”'. Microglia are
immunocompetent myeloid cells that play an important role in the maintenance of the brain.
Robertson was the first, who described these cells and named them mesoglia cells™. Initially, the

1” or as granular cells by Alois Alzheimer™, who

cells were described as rod cells by Franz Niss
noticed that they accumulate near inflammation-induced lesions in the CNS. As immune cells of
the brain, microglia exist mainly in a dormant stage and continuously monitor their cellular
environment™. As soon as an injury or infection by bacteria occurs in the CNS, microglia are
activated. When activated, microglia play a crucial role in the removal of debris through their
phagocytosis function”. Based on the major histocompatibility complex (MHC) class I, microglia
can additionally present the antigens on their surface to other immune cells, such as T cells”.
Activated microglia have neuroprotective functions in which microglia produce anti-inflammatory
factors to provide trophic support to neurons when they get damaged™. In addition, microglia have
a fundamental function in controlling neuronal proliferation, differentiation, and the formation of
synaptic connections. Thus, microglia are involved in the development of neural networks and are
able to recognize and take away malformed neurons®™. Microglia possess receptors for
neurotransmitters such as adenosine triphosphate (ATP) and glutamate, which enables the cells to
be regulated and activated. Together with the complement proteins complement component 1q

and complement component 3 on the surface of the microglia, they play a crucial role in synaptic
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development and synaptic pruning”. Microglia highly express the enzyme nicotinamide adenine
dinucleotide phosphate oxidase, which enables them to produce extracellular reactive oxygen
species. This oxygen species can induce long-term synaptic depression and may be involved in the

regulation of synaptic activity'”.

1.3.1 Microglia Origin and Development

The exact origin of the microglia has not yet been fully clarified. However, three hypotheses are
described in the different studies so far. According to the first hypothesis, microglia are formed
during embryonic development from erythromyeloid progenitor cells or primitive macrophages of
the yolk sac before peripheral hematopoiesis occurs. A second hypothesis describes how circulating
monocytes migrate into the already developed brain, where they take on an amoeba-like form of
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microglia, which then develop into branched microglia ™. Furthermore, there is a third and rarer

hypothesis, whereby microglia develop from infiltrated pericytes'”

. The development of microglia
according to the second hypothesis provide the basis for the iPSC-based differentiation model
described in this thesis and will now be described in detail. Gastrulation describes a stage of
embryogenesis in which the hypoblast layer at the end organizes itself into a trilaminar structure
corresponding to the three germ layers. The germ layer that is decisive for the nervous system is
the ectoderm, providing the basis for the development of both the skin and the neuroectoderm'”.
Microglia arise from the peripheral mesodermal tissue. In early mesodermal differentiation, stem
cells positive for KIT proto-oncogene, receptor tyrosine kinase (KIT, alias c-kit) develop into both
erythroid and myeloid precursor cells in the yolk sac. In this way they can develop into microglia

and macrophages'”

. Hemangioblast cells are formed in the posterior primitive streak during
embryogenesis and migrate into the yolk sac, forming islands of blood at embryonic day (E) 6.5-7.0.
Later in development, primitive erythroblasts and primitive macrophages are formed at a stage of
E7.0-7.5 and primitive macrophages at a stage of E8.5-9.0. At the beginning of the circulation, the
primitive macrophages leave the yolk sac and spread into the developing brain at E10.5 to form

microglia105

. Microglia development begins when precursor cells migrate into the yolk sac. For the
controlled differentiation of microglia, some key factors are required. Runt-related transcription
factor 1 (RUNXI) plays a key role in this process by binding directly to enhancer elements of
several genes that are crucial for hematopoietic development'”. Transcription factor Spi-1
proto-oncogene (SPI1, alias PU.1) is a key transcription factor in microglial development, which is
bound by the enhancer of RUNX, thereby modulating its expression throughout development
towards mature microglia'”'”. The expression of the receptor for colony stimulating factor
receptor (MCSF-R) is additionally regulated by RUNX1'". Initial RUNX1 positive cells are
observed at E6.5-7.5. RUNXI is responsible for the differentiation of stem cells into myeloid and

108

erythroid precursors of hematopoietic origin ™. Except for lesions, in which microglia proliferate

strongly and are amoeboid, RUNXI is not further expressed in adult ramified microglia. This

indicates an involvement of RUNX1 in microglial activation'”

. Another important transcription
factor is PU.1, which is continuously activated in quiescent and activated microglia and is a major

regulator of myeloid differentiation during embryonic development. PU.1 is essential for the

10
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maturation of myeloid precursors in the yolk sac and the expression of terminal myeloid markers
such as MCSF-R, integrin subunit alpha M (CD11B), integrin subunit beta 2 (CD18), and Fc
fragment of IgG receptor Ib (CD64)'"’. Via MCSF, PU.1 can be activated and thus stimulate

111

enhanced myeloid differentiation of hematopoietic stem cells”". The control of PU.1 expression

112

has an impact on function in adult microglia by regulating phagocytosis' ~. Another key regulator

of myeloid linear cells is MCSF-R. The two natural ligands MCSF and interleukin 34 (IL34) regulate

15 Tnterferon

the proliferation, differentiation, and survival of macrophages and microglia
regulatory factor 8 (IRF-8) is involved as a transcription factor in the development of the immune
system by playing a key role in differentiation into phagocytic myeloid progenitor cells. IRF-8 is
also involved in maintaining homeostasis and regulating the activation of microglia. In embryonic
development, the expression of IRF-8 is significantly higher than in adult microglia. IRF-8 also

plays a crucial role in the development of microglia'"*

. During development in yolk sac progenitors,
IRF-8 is decisive for the induction of EGF-like module-containing mucin-like hormone receptor-
like 1 (F4/80) and C-X3-C motif chemokine receptor 1 (CX3CR1)'". For the development of
myeloid progenitor cells, which do not migrate from yolk sac directly into the CNS, but
differentiate towards monocytes, the two factors cytokine thrombopoietin (TPO) and fms related
tyrosine kinase 3 (FLT3) are additionally required in later embryonic development'*. Adult
microglia are able to maintain their CNS population by self-renewal, with peripheral blood cells
contributing marginally. Monocytes are slightly separated from microglia in terms of development
and function'™>'". Under certain conditions, monocytes are able to migrate into the brain
parenchyma and differentiate into microglia, which integrate into the network of the resident
microglia population'’. Inflaimmation can be a major trigger, in which bone marrow derived
precursor cells and monocytes can migrate the blood-brain barrier to enter the CNS'.
Furthermore, it could be demonstrated in a mouse model that peripheral monocytes are recruited
into the CNS even in neurodegenerative diseases such as Parkinson's disease and AD. These
myeloid or bone marrow derived MGLCs differentiate locally and are found in case of AD near

AB plaques'”.

1.3.2 Microglia Mediated Pathology

1.3.2.1 Microglia Phenotypes in AD

Recent studies highlighted the pivotal role of neuroinflammation, especially of microglia in AD, as
there is emerging evidence of microglia surrounding AR plaques'™. Resident ramified microglia are
highly ramified. During activation by A plaques, the morphology of microglia is rapidly changing
to amoeboid and highly motile cells, which accumulate close to AB plaques'**. The resident
ramified cells change to amoeboid. Further, the number of microglia increases during AD
progression due to proliferation of brain-derived microglia and the migration of bone marrow
derived progenitor cells and circulating monocytes via the plexus choroideus'”’. Large GWAS
revealed several SNPs in genes encoding for microglia proteins involved primarily in processes as

phagocytosis and cytokine production. These microglia proteins are encoded by genes as TREM2,

1
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CD33, inositol polyphosphate-5-phosphatase D INPP5D alias SHIP1), and APOE. A special role
is attributed to the TREM2-associated protein TYRO protein tyrosine kinase-binding protein
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(TYROBP) which was found to be involved in LOAD postmortem brain tissue ~. However, it is
difficult to distinguish which microglia functions are the result of AD and which are just
age-related, although there seems to be a clear association with LOAD. Current works described
alterations in the genes TREM2 and CD33, which show that there is a clear link between microglia
and AD pathophysiology. Apart from that, it was shown that A deposits are linked with activated
microglia, as well as induce the secretion of proinflammatory cytokines, chemokines, ROS, and
acute phase proteins. Interestingly, fibrillar forms of A@ can also trigger the secretion of the same
proinflammatory cytokines, including interleukin 1 beta (IL18), interleukin 6 (IL6), tumor necrosis
factor alpha (TNFu«), transforming growth factor beta 1 (TGFB1 aka TGFB), and other
proinflaimmatory proteins, as well as the formation of ROS. Nevertheless, AR fibrils were
associated with NLR family pyrin domain containing 3 (NLRP3) inflammasome activity, which is
involved in AD pathogenesis and disease progression'”’. However, the exact pathomechanisms of

microglia in LOAD remains to be elucidated.

1.3.2.2 Mechanisms of Microglia Activation

Microglia activation takes place in several activation stages. In the early stage of activation there is
an increased proliferation. At the stage of homeostasis, the cells respond immediately to the
slightest changes in the environment, which initiates the activation. At the same time, the
phenotype changes, in which the branched, resting microglia transform into round cell morphology

and upregulate activation markers such as C3 and MHC class I and II antigens'”

. Among the
proteins of the complement system, there are expression changes in proteins involved in cell
adhesion, cytoskeletal remodeling, cell-cell interaction, membrane transport, chemokine signaling,
and intracellular degradation pathways. Furthermore, immediately after the detection of a lesion,
the nuclear factor NF-kappa-B (NFKB1 alias NF-»B) is formed, which co-regulates the migration
with the involvement of integrins such as integrin alpha-L. (ITGAL). Thus, NF-xB is of crucial
importance in the activation and motility of microglia by regulating gene expression.'*. Signaling
molecules such as IL18, IL6, TNFa, and TG are responsible for the activation of the microglia
as occurs after injury'”. However, the strongest mitogens are macrophage MCSF and
granulocyte-macrophage colony-stimulating factor (GMCSF), which is secreted by activated
astrocytes'’. Microglia may directly regulate synaptic activity, enabling them to play a role in
neuronal plasticity. The perception of released ATP/ADP and adenosine or concentration changes
of neurotransmitters, especially glutamate, activates the cells”. Glutamate acts as a second
messenger regulating mitogen-activated protein kinases (MAPKSs), phosphatidylinositol-
3-kinase/Akt (PI3K/Akt), NF-»B, phospholipase C (PLC) and calcium/calmodulin signaling
activity'”’. Brain-derived neurotrophic factor (BDNF) can be released via activation of the protein
kinase C (PKC) signaling pathway and intracellular release of calcium'®. The ATP signals are
detected by P2Y purinoceptor 12 (P2Y12), causing the microglia to move rapidly towards the
region of injury or inflammation. Binding to the P2Y'12 receptor initiates mainly the PLC and PI3K
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signaling pathways and appears to play a role in the migration'”

. Adenosine receptors counteract
this signal. Activation of microglia via ATP and glutamate also regulates the production of TNFa«,
1113, BDNF, prostaglandin E2 (PGE2), and ROS™. Conversely, TNF« is released by low
glutamate levels, which binds postsynaptically to tumor necrosis factor receptor 1 (TNFR1),
thereby increasing neuronal activity by increasing the expression of glutamate receptors''. The
activity and protein expression of glutamate receptors can likewise be influenced by IL1B'".
Morphological changes and the release of second messenger have an enormous influence on the
movement behavior of the microglia. This behavior can be regulated by cell-cell contact as well as
by released substances. The activated microglia cell moves very quickly to the dying cell due to the

released substances!'®

. Another mechanism that plays an important role in the activation of
microglia is the regulation of ion channels. Potassium and chloride channels are involved in the
alteration of cell shape and volume, which is controlled by the membrane potential. Thus, these
channels are required in the biological processes of intracellular calcium turnover, cytoskeletal
rearrangement, and the cell cycle, which in turn are crucial for morphology, proliferation, migration,
and motility. Additionally, potassium concentration regulation is involved in the maturation of

1134

IL18 in the cytosol by activating the cascade of caspase-1""*. Potassium efflux activation and P2Y12

receptor activation are closely related'”.

1.3.2.3 Immune Receptors in Health and Disease State

Microglia play a central role in the progression of AD as immune cells by phagocytizing A3 and
releasing proinflammatory cytokines. In the case of activation of microglia, as occurs by AB, a
variety of immune receptors are expressed, which are required for recognition, internalization and
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clearance ™. Microglia surrounded by A plaques reveal a change in the expression of scavenger

receptors. This group is capable of binding both pathogens and endogenous substances. Class A
scavenger receptors bind and internalize lipids™’, while class B receptors, such as platelet
glycoprotein 4 (CD30), are additionally involved in the phagocytosis of pathogens. CD36 also
appears to be closely related to toll-like receptors (TLR) by forming a heterodimeric complex with
TLR-4 and TLR-6 by binding to AB'". As an important microglial marker, CD68 in turn belongs
to the group of scavenger receptors and is classified in class D. The expression of macrosialin

(CD68) increases significantly after activation of microglia'”

. TLRs are among the most prominent
receptors that microglia need to recognize signals from the immune system. For AD, TLR4 and
TLR2 receptors have been identified as particularly important. Monocyte differentiation antigen
CD14 (CD14) provides a co-receptor for the two TLRs and is involved in the clearance of A3 and
together they increase the phagocytosis rate'™. TLR responses are regulated by binding of TREM2
to TYROPB' (see 1.3.3.2). Nucleotide-binding oligomerization domain-like receptors (NOD-like
receptors) are another pattern-recognition receptor besides TLRs involved in the immune response
and immune homeostasis. Activated NOD-like receptors are associated with TLRs and appear to
be involved in the clearance of Al and ILL16 maturation (see 1.3.2.1). Inflammasome formation,

signal transduction, transcriptional activation and autophagy are further functions of NOD-like

receptors that play a role in the progtession of AD'"'*!. Furthermore, the chemokine receptor
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CX3CR1, is of major importance in the progression of AD by paracrine signal transmission
between neurons and microglia. In contrast to the previously mentioned receptors, the clearance
of AB is increased with reduced expression of CX3CR1'*. In the brain, besides neurons and
astrocytes, microglia are the cells that express glucagon-like peptide 1 (GLP-1) and the
corresponding G protein-coupled receptor, GLP-1 receptor (GLP-1R). Both GLP-1 and GLP-1R
are downregulated when microglia are activated. Furthermore, GLP-1R is enabled to regulate
proinflammatoty cytokines with the support of exendin-4'*. GLP-1 regulation has also been
related to impaired AR clearance in AD'*. As already mentioned in the chapter 1.3.2.2, the purine
receptor P2Y12 is involved in the immune response via signals such as ATP and ion channels.
Together with Fc receptors, P2Y12 is involved in the phagocytosis complex and may play a role in
plaque clearance. Microglia express activating and inhibiting Fc receptors, providing a regulatory

function for phagocytosis and the release of cytokines'*.

1.3.3 CD33 Molecule

CD33 is a 67 kDa transmembrane protein that belongs to the siglecs. CD33 is expressed on
hematopoietic and phagocytic cells, such as macrophages, monocytes, dendritic cells and microglia
cells'*. Tt is composed of an extracellular sialic acid binding N-terminal V-set immunoglobulin
domain and a variable C2-set Ig domain. A transmembrane domain connects the extracellular part
with the cytoplasmic region, which is mostly formed by two immunoreceptor tyrosine-based
inhibition motifs (ITIMs)'*". Human CD33 binds preferentially to alpha-2,6-bound sialic acid and
is different from CD33 in mice'**'*. CD33 of the mouse has a different intracellular composition
of the motifs. Instead of one ITIM domain and one ITIM-like domain as in humans, the mouse
has one I'TIM and two Atypical ITIM domains'*. The binding of the sialic acid and CD33 is based
on a positively charged conserved arginine residue in the active site of CD33 and the sialic acid
which is attached to glycoconjugates. This binding leads to a salt bridge, which enables a stable
interaction'”’. Switching on the I'TIM domains leads to phosphorylation, which in turn leads to the
recruitment of SH2 domains containing tyrosine phosphatases 1 and 2 (PTPNG alias SHP1 and
SHP2 alias PTPN11) and SH2-domain-containing effector molecules. CD33 is an inhibitory

receptor that plays a role in the regulation of innate immunity'*’.

1.3.3.1 CD33 Molecule in LOAD

CD33 is one of the risk factors for LOAD identified by GWAS and replicated in various genetic
and ethical group analyses'”***"**"*! Tn the brain, CD33 is a myeloid immune receptor expressed
exclusively on microglia. In patients suffering from AD, an increased expression of the surface
marker has been observed, which probably inhibits phagocytosis and the associated AR clearance'™.

So far there is no evidence that CD33 behaves differently with age'”

. The process of alternative
splicing of exon 2 seems to regulate CID33 surface expression. Exon 2 encodes the Ig-V set domain,
which is responsible for the binding of sialic acid, which leads to the activation of the receptor'™.
So far, sialic acid is the only known ligand for CD33, implying its functional importance'”*. One

AD susceptibility SNP, 153865444, is located 373 base pairs upstream in the promoter region of
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CD33 and is directly involved in the splicing of exon 2. An increased expression of the full-length
CD33 isoform was associated with the C allele of SNP rs3865444. The truncated form of CD33
lacking exon 2 shows no changes'”. The SNP 152455069 also causes truncated CD33 by an amino
acid exchange Arg69Gly at the 168" base of exon 2 and is associated with AD "**'*°. The two SNP
152455069 and rs3865444 are in linkage disequilibrium™’. A further SNP associated with LOAD in
CD33 is located 1722 base pairs upstream of the coding region. This SNP, rs3826656, is associated
with increased expression of CD33". Less frequently mentioned variants, such as rs1354106',
rs1803254'",  rs201074739'", rs34813869'%, 1s35112940'”, rs73932888 and rs8112072'" are

associated with AD or mild cognitive impairment but have not been further investigated.

1.3.3.2CD33 and TREM?2

TREM2 is a transmembrane glycoprotein consisting of an extracellular V-set immunoglobulin-like
domain that binds to the adapter receptor, such as TYROBP, via a charged lysine residue in the
transmembrane domain. Intracellulatly, it has a short cytoplasmic tail'**. Microglia express TREM2
very strongly on their surface and several GWAS have identified it as a very strong AD risk factor
besides APOE4'®. The extracellular domains are responsible for ligand recognition and subsequent
binding, while the intracellular motifs of the receptors transmit the signals as an immunological
response. An activation of the signaling cascade is induced by immunoreceptor tyrosine-based
activation motif (ITAM) domains, while the ITIM domain has an inhibitory effect. ITAM-domain
activated pathways are evolutionarily highly conserved processes involved in a complicated
intracellular signaling cascade that leads to immune responses such as phagocytosis and cytokine

release'®

. The activation of intracellular ITAM domains, such as TYROBP or Fc-receptors, occurs
via charged amino acids in a transmembrane domain of immune receptors like TREM2. After
binding of a ligand to the receptor, the recruitment of the Src-kinase family (SKF) members leads
to phosphorylation of the tyrosine residues of the ITAM domain. The phosphorylated domain
serves as an adapter for the Scr homology 2 (SH2) of the spleen associated tyrosine kinase (SYK)

protein kinase, thereby initiating the activating signaling pathway'"’

. To activate the signaling
pathways, SYK recruits growth factors such as growth factor receptor binding protein 2 (GRB2).
Phosphorylation of GRB2 activates the signaling pathways PI3K and extracellular signal-regulated
kinase (ERK). These pathways regulate calcium and the activation of NF-»B leads to the release of

166

pro-inflammatory cytokines and chemokines ™. As a counter-regulation to the activating ITAM

domain, the I'TIM domain has an inhibiting function (Fig. 4).
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Figure 4: Microglial ITIM — ITAM cascade signaling.

ITAM-containing adapter receptors, such as TYROBP (alias DAP12), interact with the activating receptors,
such as TREM2 and CR3, via charged amino acids (-/+) of the transmembrane domain. By binding ligands,
SKF phosphorylate the ITAM and ITIM domain at the tyrosine residues. SyK protein kinases bind to
phosphorylated ITAMs and activate the signal cascade. Inhibitory receptors with I'TIM domain, such as
CD33 and low affinity immunoglobulin gamma Fc region receptor II-b (FcyRIIB), recruit SHP1/2, which
can suppress the signals of the activating receptors containing I'TAM domains via phosphatase activity!6S,
SHP1 activation leads to dephosphorylation of Rho-family guanine-nucleotide exchange factor Vav (Vav)
and the downstream Racl!®. Cofilin 1 (CSF1) is one of the key proteins for actin remodeling whose
phosphorylation status is regulated by rho-associated protein kinase (ROCK) and Rac family small GTPase
1 (RAC1) among others!™. Inhibition by SHP1/2 blocks SyK-signaling. Additional inhibition is caused by
monolateral SYK I'TAM ligand binding and recruitment of SHIP1 to the ITAM domain of DAP12. This
results in downstream inhibition of PI3K, PLC-y, MAPK and NF-xB and inhibition of TLR-associated
myeloid differentiation primary response protein MyD88 (MyD88), which limits the TLR-induced pro-
inflammatory cytokine response!”!. Resulting biological processes such as cytokine release and actin
cytoskeleton remodelling are inhibited by activated ITIM domains, thereby blocking JNK, p38, PLC and
PKC. Altered phagocytosis, motility and migration are consequences of the modulation of the actin
cytoskeleton. The figure is modified according to Linnartz et. al'6s,

Inhibitor receptors with I'TIM domains, such as CD33, suppress the activation signals of the
ITAMs after ligand binding. Inhibition is achieved by recruiting SHIP1, SHP1 and SHP2, which
in turn can modulate the function of different signaling pathways'™'”. After activation of the ITIM
cascade by SHP1 and 2, these phosphatases directly remove phosphate groups from substrate
proteins that ITAM-induced activation requires, resulting in inhibitory biological functions such as
cell adhesion, endocytosis, and cytokine release'”. An additional calcium-dependent inhibition of
the downstream pathways MAPK, RAS, and ERK is induced by the recruitment and activation of
SHIP1'"™* (Fig. 4). A partial dephosphorylation of the ITAM domain induces a recruitment of
SHIP1 and an associated actin depolarization. SHIP1 recruited at ITAM has an inhibitory effect
on TLR signaling (Fig. 4), especially TLR4, by dephosphorylation of the signal intermediates'”". By
binding highly sialylated proteins and lipids such as CLU, APOE, and gangliosides, which are
abundant in AD plaques, an inhibitory signaling cascade could be mediated'”. The clearance of

microglia-mediated phagocytosis could be disturbed by this inhibitory effect.
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1.4 Aims of the Study

The establishment of patient-specific iPSCs and the development of a microglia differentiation
protocol to analyze LOAD is the overall goal of this work. Combining LOAD-specific iPSC lines
and their differentiation into microglia allows the analysis patient-and diseases-specific aspects of
LOAD. For this purpose, B-LCLs of both LOAD patients and matched controls need to be
genotyped for certain LOAD-associated DNA risk variants. Further, B-ILCLs of patients carrying
risk variants and controls without risk variants need to be reprogrammed to patient-specific iPSCs
and differentiated into microglia. Therefore, a microglia differentiation protocol needs to be
established. There is a need to characterize the established protocol for the generation of MGLCs
and to perform functional analysis of obtained MGLCs from LOAD patients and matched

controls. Together, there are the following aims:

1) the generation of LOAD-specific iPSC lines

1) the establishment of a new differentiation protocol generating MGLCs from iPSCs

11)] the functional analysis of LOAD-specific MGLCs in comparison to matched controls
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2 Materials and Methods

2.1 Ethical Considerations and Patient Classification

The ethical approval for the use of the donor material was obtained from the Ethics Committee of
the Ludwig Maximilian University Munich. Dementia was diagnosed in patients according to
criteria proposed by the diagnostic and statistical manual of mental disorders (DSM-1V). According
to the Mini Mental Status Examination, family history was evaluated to exclude subjects with a
known psychiatric history. In addition, all subjects were over 60 years old. In order to assess
cognitive performance, the Wechsler Adult Intelligence Scale, Revision 1991 was applied. For

genotyping, chip technology and imputation were used.

2.2 Cell Culture

2.2.1 Culture of Human iPSCs

WAiOO1-B (also known as iPS-DF19-9-7T) and WAi004-B (also known as IPSIMR90)-4 or
WISCi004-B) were obtained from the Wisconsin International Cell Bank (WiCell Research
Institute, USA). MLUi007-], MLUi007-H, MLUi008-B, MLUi009-A, and MLUi010-B were
generated in this thesis by reprogramming of B-I.CLs. Therefore, a recently published protocol'”
was modified by the treatment with 1.0 uM BIX-01294 (histone-lysine methyltransferase) and
0.04 uM RG-108 (DNA methyltransferase inhibitor; both from Merck, Germany). Cells were
grown in at 37.0°C in a humidified environment of 5.0% O2, 5.0% CO2, and 90.0% N2 (hypoxia).
Cells were cultured in mTeSR™1 (Stemcell Technologies, Germany) supplemented with 1.0%
10000 U/10000 pg penicillin/streptomycin (Thermo Fisher Scientific, Germany) on Matrigel™
(VWR, Germany) using 0.5 mg in 6.0 ml Knockout™-DMEM (Thermo Fisher Scientific,

Germany) for coating of one 6-well plate.

2.2.2 Culture of primary cells and cell lines

2.2.2.1 Human Embryonic Kidney cells

Human embryonic kidney (HEK293T, ATCC® CRIL-11268™) cell line was obtained from the
American Type Culture Collection (ATCC, Germany). The cells were cultured in DMEM (Thermo
Fisher Scientific, Germany) supplemented with 2.0 mM L-glutamine, 1.0% 10000 U/10000 pg
penicillin/streptomycin, and 10.0% fetal bovine serum (FBS) (Biochrom, Germany) (HEK-
medium). HEK293T cells were seeded in a cell concentration between 6 and 7 x 10* cells/cm” and
passaged at 80-90% confluence by exposing cells to 0.25% trypsin / 0.53 mM
ethylenediaminetetraacetic acid (EDTA) solution (Thermo Fisher Scientific, Germany) for about

3.0 min and rinsing once in HEK cell medium. Finally, the cell suspension was centrifuged at 100 g
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for 5.0 min and the cell pellet reconstituted in HEK cell medium. Sub cultivation ratio was 1:6 to

1:10 weekly and the medium renewal was every two to three days.

2.2.2.2 Mouse Embryonic Fibroblasts (MEFs)

MEFs were isolated from CF-1 (Ctl:CF1, Chatles River, USA) mice and cultivated in DMEM
(Thermo Fisher Scientific, Germany) supplemented with 0.1 mM beta-mercaptoethanol (Merk
Millipore, Germany), 1.0% 10000 U/10000 pg penicillin/streptomycin, 1.0% non-essential amino
acids (NEAA), and 10.0% FBS (Biochrom, Germany). MEFs wete seeded in a range of 3 to 5 x 10°
cells/cm® and passaged at 80-90% confluence by exposing cells to 0.25% trypsin/0.53 mM EDTA
solution (Thermo Fisher Scientific, Germany) for about 3.0 min and rinsing in MEF medium.
Finally, the cell suspension was centrifuged at 100 g for 5.0 min and the reconstituted cells were

shuttled in a 0.1% gelatin coated 6-well.

2.2.2.3 Human Primary Microglia

Human primary microglia (Pelo Biotech, Germany) were cultured under normoxic conditions onto
0.1% gelatin-coated 6-well plates in microglial differentiation medium (MGDM, without growth
factors) containing Neurobasal™ medium supplemented with 20.0 pl/ml B27™ supplement,
10.0 ul/ml N2 supplement, 2.0 mM glutamine, 1.0% 10000 U/10000 ug penicillin/ streptomycin
(all from Thermo Fisher Scientific, Germany), 1.0 mg/ml lipoic acid, 0.2 ul/ml lactic acid (85%
sytup), 2.0 mg/ml lipidated bovine serum albumin, 1.0 mg/ml L-ascorbic acid (all from Merck,
Germany), 10.0 ng/ml biotin, 1.0 mM sodium pyrovat (both from PanReac Applichem, Germany),
and 50.0 mM NaCl (Catl Roth, Germany) as recently described'”. The cells were passaged once a
week by exposing cells to 0.25% trypsin/0.53 mM EDTA solution (Thermo Fisher Scientific,

Germany) for about 5 min and rinsing in MGDM medium.

2.2.2.4 Culture and Isolation of Primary Monocytes

Primary monocytes were isolated from healthy blood donors obtained from the transfusion
medicine department of the University Hospital in Halle according the protocol previously
described'”. The Transfusion Medicine Department has complied with the Transfusion Law
during collection, storage, and processing. The obtained cells were cultured in X-Vivo 15
Serum-free Hematopoietic Cell Medium (Lonza, Sweden) supplemented with 1.0% sodium
pytuvate, 2.0 mM glutamine, 1.0% 10000 U/10000 pg penicillin/ streptomycin (all from Thermo
Fisher Scientific, Germany). All cells were grown in at 37.0°C in a humidified environment of

20.0% O2 and 5.0% CO2 under normoxic oxygen conditions.

2.2.3 Generation and Culture of B-LCLs

Initially, 7.0 ml blood was mixed with 10.0 ml RPMI 1640 medium (Biochrom, Germany)
supplemented with 1.0 mM sodium pyrovate (Applichem, Germany) and 0.1 mg/ml Gentamycin
(Biochrom, Germany). Gently layer the blood on the top of 4.0 ml of Ficoll Paque Plus

(Sigma-Aldrich, Germany). Centrifuge the tubes for 40.0 min at 1400 rpm in room temperature in
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a swing-out bucket. Aspirate the whitely buffy coat formed in the interphase between ficoll and
medium. Peripheral blood mononuclear cells (PBMCs) from the buffy coat are washed twice with
30.0 ml RPMI 1640 medium (Biochrom, Germany) (centrifugation at 1400 rpm for 5.0 min),
supplemented with 1.0 mM sodium pyrovate (Applichem, Germany), 10.0% fetal bovine serum
(Biochrom, Germany), 1.0 pg/ml phytohemagglutinin-I. (PHA-L) (Merk-Millipore, Germany), and
0.1 mg/ml gentamycin (Biochrom, Germany) and resuspend in 5.0 ml of the previously used
medium in 25 cm2 suspension flask (T'TP, Switzerland). Afterwards, 2.0 ml of Epstein-Barr-virus

(EBV) supernatant was added to the cells. Medium was changed once every week.

2.2.4 Generation of iPSCs

Human iPSCs were derived from BLCLs of controls (MLU1009-A, and MLLUi010-B) and LOAD
patients MLUi007-J, MLUi007-H, MLUi008-B). B-LCLs were maintained in RPMI 1640 (Thermo
Fisher Scientific, Germany) supplemented with 15.0% FBS, and 2.0 mM L-glutamine and cultured
at 37.0°C and 5.0% CO2 in a humidified incubator. BLCLs were reprogrammed into virus-free
iPSC lines with the Neon Tranfection System (Thermo Fisher Scientific, Germany) using 1.5 pug of
each episomal plasmid (Addgene) expressing 7 factors: OCT4, SOX2, KLF4, MYC, LIN28, SV40
large T antigen (SV40LT), and cellular tumor antigen p53 (p53) shRNA (pEP4 E02S ET2K,
pCXLE-hOCT3/4-shp53-F, pCXLE-hUL, and pCXLE-hSK). BLCLs (0.5 x 10° cells per
nucleofection) were collected, centrifuged at 1000 rpm for 5.0 minutes, re-suspended in 100.0 ul R
Buffer of the NEON Transfection System, and nucleofected using the B3 program (2000 V, 15
ms, 2 Pulse). These nucleofected cells were plated on MEF (3 x 10° cells per well of a 6-well plate)
pre-coated by 0.1% gelatin. Fibroblasts were already inactivated with a final concentration of
10.0 pg/ml mitomycin C (Applichem, Germany). All cultures were maintained at hypoxic (5.0%
02, 5.0% CO2, 90.0% N2) conditions during the reprogramming process. Reprogramming media
contained DMEM/nuttient mixture F12 (Biochrom, Germany), 1.0% non-essential amino acids
(NEAA) (Thermo Fisher Scientific, Germany), 1.0% GlutaMax (Thermo Fisher Scientific,
Germany), 1.0% N2 (Thermo Fisher Scientific, Germany), 2.0% B27-Supplement without vitamin
A (Thermo Fisher Scientific, Germany), 1.0% 10000 U/10000 pg penicillin/streptomycin (Thermo
Fisher Scientific, Germany), 0.1 pM B-mercaptoethanol (MerkMillipore, Germany), 100.0 ng/ml
basic fibroblast growth factor (bFGF), 0.5 ng/ml human leukemia inhibitory factor (hLIF) (both
from Peprotech, Germany), 0.5 uM MEK/ERK pathway inhibitor (PD0325901), 3.0 pM WNT
pathway activator (CHIR99021) (both from Stemcell Technologies, Germany), 10.0 uM Protein
kinase inhibitor (HA-100), and 0.5 pM Activin/NODAL/TGF-8 pathway inhibitor (A-83-01)
(both from Santa Cruz, Germany). The cells were maintained in Reprogramming media for next
20 d with fresh media replenishment every other day. A successful transfection produces iPSC
colonies between the MEF feeder, which can be passaged manually, transferred onto 6-well plates
coated with Matrigel™ (VWR, Germany), and maintained in mTeSR™1 medium (Stemcell
Technologies, Germany). The iPSC clones were further expanded and scaled up for further

analysis.
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2.2.5 Spontaneous Differentiation of iPSCs

Human iPSCs were cultivated in a medium for spontaneous differentiation for ten days after
reaching a confluence of about 70-80%. The medium is composed of DMEM/nutrient mixture
F12 (Biochrom, Germany), 1.0% NEAA (Thermo Fisher Scientific, Germany), 1.0% GlutaMax
(Thermo Fisher Scientific, Germany), 1.0% 10000 U/10000 pg penicillin/streptomycin, 20.0%
embryonic stem cell qualified FBS (both from Thermo Fisher Scientific, Germany), 0.1 uM
beta-mercaptoethanol (Merk Millipore, Germany). After three days, five and ten samples were
collected for RNA isolation. The medium was changed every other day.

2.2.6 Manufacture of Microglia-Like Cells

Human iPSCs were cultured to a confluence of about 70-80% and subsequently treated with
80.0 ng/ml bone morphogenetic protein 4 (BMP4) in mTeSR™1 under hypoxic conditions to
differentiate MGLCs via hematopoietic precursor cells. At the second day of differentiation, HA-
100, an inhibitor for protein kinases (Santa Cruz, Germany), was added to the medium. After four
days of differentiation into the mesodermal germ layer, the cells were further cultured in
StemPro™-34 SFM (Thermo Fisher Scientific, Germany) supplemented 20.0 ng/ml fibroblast
growth factor 2 (FGF2), 100.0 ng/ml stem cell factor (SCF also known as KITLG) and 80.0 ng/ml
vascular endothelial growth factor A (VEGFA). On day six, the composition of the medium was
changed, and the cells were further cultured in Stem Pro™ 34 SFM supplemented with 60.0 ng/ml
SCF, 50.0 ng/ml FMS-like tyrosine kinase-3 ligand (FLT3L), 60.0 ng/ml intetleukin 3 (IL3),
50.0 ng/ml MCSF, and 5.0 ng/ml TPO. Hypoxia was discontinued at day nine and normoxia was
used for further differentiation. Two days after switching to normoxic conditions, the cells were
detached with TrypLE™ (Thermo Fisher Scientific, Germany), transferred to 0.1% gelatin-coated
6-well plates, and cultured with StemPro™-34 SFM supplemented by 50.0 ng/ml MCSF,
50.0 ng/ml FL'T3L, and 20.0 ng/ml GMCSF (all from Peprotech, Germany). Detached cells from
the supernatant were collected with consumed media, centrifuged, and seeded again with fresh
media. Between day 24-25, the detached hematopoietic precursor cells of the supernatant were
transferred to one well of a 0.1% gelatin-coated 6-well plate and cultured with MGDM containing

lTM

Neutrobasal ™ supplemented by 20.0 ul/ml B27-Supplement, 10.0 ul/ml N2 supplement, 2.0 mM
glutamine, 1.0% 10 000 U/10 000 pg penicillin/streptomycin (all from Thermo Fisher Scientific,
Germany), 1.0 mg/ml lipoic acid, 0.2 pl/ml lactic acid (85% syrup), 2.0 mg/ml lipidated bovine
serum albumin, 1.0 mg/ml L-ascorbic acid (all from Merck, Germany), 10.0 ng/ml biotin, 1.0 mM
sodium pyrovate (both from Pancreac Applichem, Germany), 10.0 ng/ml MCSF, 10.0 ng/ml 11.34
(both from Peprotech, Germany), and 50.0 mM NaCl (Carl Roth, Germany) under hypoxic
conditions. After one day of cultivation under hypoxic conditions, cells were further cultured under

normoxic conditions with fresh MGDM as recently described'’. MGLCs were obtained at day 40.
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2.3 Analysis of mRNA and Protein Expression

2.3.1 RNAIsolation and Reverse Transcription

RNA isolation and desoxyribonuclease treatment were performed according to the manufacturer's
protocol using the RNeasy™ Mini Kit (Qiagen, Germany). Reverse transcription of RNA into
complementary DNA was performed using reverse transcription reaction mix (20.0 pl) containing
0.5 ul ribonuclease inhibitor, 1.0 pl 200 U/pl Revert Aid™ M-MuL.V Reverse Transcriptase, 4.0 pl
5x buffer, 2.0 pl 10.0 mM deoxytibonucleotides (ANTPs), 1.0 ul 20.0 pmol/ul Oligo (dt)18 primer
(all from Thermo Fisher Scientifc, Germany) and 11.5 pl ribonuclease-free water including 2.0 pg
RNA. The approach was incubated at 65.0°C for 5.0 min, 42.0°C for 60.0 min and 70.0°C for 10.0

min.

2.3.2 Semi-Quantitative Polymerase Chain Reaction (PCR)

For the semi-quantitative PCR reaction mix, a master mix of 25.0 pl was prepared, consisting of
2.5 pl 10x buffer-BD, 2.0 ul 25.0 mM MgCl, 2.0 pl 2.5 mM dNTPs, 0.25 pl 5 U/pl Firepol ™ DNA
polymerase (all from Solis Biodyne, Estonia), 1.0 pl 10.0 pmol/ul forward and reverse primer
(Biomers, Germany), and RNase-free water including template DNA. The cycler program used for
PCR was composed as follows: 95.0°C for 5.0 min; 30-40 cycles of denaturation at 95.0°C for
45.0 s, annealing at 57.0°C for 1.0 min, and extension at 72.0°C for 45.0 s; final extension at 72.0°C
for 10.0 min. The amplified products were separated in 1.5-2.0 % agarose gels with 0.5 pg/ml
ethidium bromide. The separation of the agarose gels was performed at 100 V for about 30-40 min
in a buffer solution with trisbase, acetic acid, and EDTA. Visualization of the amplicons was
performed with ultraviolet light. Glycerinaldehyde 3-phosphate dehydrogenase (GAPDH) was

used as endogenous control. Primer used for analysis are listed in Supplement 3.

2.3.3 Quantitative Real Time PCR (qRT PCR)

iQ™ 5 Multicolor Real-Time PCR Detection System (Biorad, Germany) was used to perform
qRT PCR. Reaction plates and the sealing films were obtained from Biorad. The 20.0 pl master
mix used included 4.0 ul 5x Evagreen™ reagent (Jena Bioscience, Germany), 10.0 pmol of each
primer (Biomers, Germany), ribonuclease-free water, and 1.0 ul template DNA. The used program
with the conditions for the thermal cycler was composed as follows: 95.0°C for 90.0 s, followed by
40 cycles with 10.0 s denaturation at 95.0°C, 10.0 s annealing at 60.0°C, and 25.0 s extensions at
72.0°C including melting curve analysis. All qRT PCR reactions were performed in triplicates and
calculated using the comparative cycle threshold method for comparison of a target gene with 60 S
ribosomal protein 1.32 (RPL32) using the formula 2AACT. Primers are published or have been
designed for this thesis using the online tool Primer3Plus (http://www.bioinformatics.nl) and

listed in Supplement 3.
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2.3.4 Telomere Length Analysis

A monochromatic multiplex qRT PCR was used to measure the telomere / single copy gene (T / S)
ratio to analyze telomere length as previously desctibed'”. Genomic DNA was extracted using the
DNeasy™ Blood and Tissue Kit (Qiagen, Germany) according to the manufacturet's instructions.
As described above, the multiplex qRT PCR was performed with the CFX Connect™ Real-Time
Detection System (Biorad, Germany). Primers were applied with different concentration (900 nM
final concentration telomere primer: 500 nM final concentration reference primer for albumin).
20 ng genomic DNA were used as template. Mean and standard derivation (SD) for measurements
of one group were obtained from technical replicates (triplicates) and biological replicates (two
iPSC lines). GraphPad, Prism 6.01 was used for statistical analysis (Supplement 7) including
variance (one-way ANOVA) and post-hoc tests (Tukey's multiple comparisons (GraphPad
Software Incorporation, USA).

2.3.5 Immunofluorescence (IF) Analysis

Cells that were grown on 0.1 % gelatin-coated glass cover slips, washed three times with PBS, and
fixed for 15.0 min at room temperature in 4.0% paraformaldehyde (Pancreac Applichem,
Germany). Fixed cells were incubated with PBS containing 0.1% Triton™ X-100 (Merck,
Germany) and 1.0% horse serum (Thermo Fisher Scientific, Germany) for 30 min. Overnight, the
cells were incubated with primary antibodies at 4.0°C, washed in PBS, and incubated with
secondary antibodies at room temperature for 2 h (Supplement 4). After further washing steps
with PBS, 5.0 pg/ml Hoechst 33342™ (Thermo Fisher Scientific, Germany) were used for DNA
staining. Samples were mounted using the Dako™ fluorescence mounting medium (Agilent

Technologies, Germany).

2.3.6 Flow cytometry

A Navios flow cytometer (Beckman Coulter, Germany) was used for flow cytometry of cells using
the following antibodies: FITC anti human CD11b, FITC anti human CD14 (both Beckman
Coulter, Germany), PE-Cy7 anti human CD33, PE-Cy7 anti human CD11c, PE anti-human CX3C
chemokine receptor 1 (CX3CR1) (all Biolegend, Germany), and APC-Vio770 anti human
Receptor-type  tyrosine-protein  phosphatase C (CD45; Miltenyi Biotech, Germany)
(Supplement S5). To exclude dead cells, the cells were stained with propidium iodide.

2.4 Histology

2.4.1 Alkaline Phosphatase Staining

Alkaline Phosphatase staining was performed using the Alkaline Phosphatase Staining Kit (System

Biosciences, USA) according to the manufacturer’s instructions.
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2.4.2 Wright-Giemsa Staining

With the Aerospray™ pro series slide staining centrifuge (Kreienbaum Neoscience, Germany) the
cells were centrifuged on slides, fixed with ethanol, and stained with a modified May-Gruenwald

Giemsa staining solution (Merck-Millipore, Germany) including eosin and thiazine.

2.5 Microglia Physiology and Morphology

2.5.1 Electrophysiology

As recently described, perforated whole cell patch clamp technique was applied at room

temperature with 240.0 pg/ml amphotericin B in patch pipette solution'”

. Cells were grown on
0.1% gelatine-coated glass cover slips and placed in a recording chamber mounted on an Axiovert
25 microscope (Carl Zeiss, Germany). An Axopatch 1D amplifier and pCLAMP 6 software (MDS
Analytical Technologies, USA) were used to create the recordings. Corresponding membrane
potentials were measured in zero current clamp mode. Patch pipettes were drawn from borosilicate
glass capillaries and had resistances of 6-10 M€. The patch pipette solution was composed of
110.0 mM KCI, 10.0 mM NaCl, 0.5 mM CaCly, 1.0 mM MgCl,, 5.0 mM EGTA, and 10.0 mM 2-
(4-(2-Hydroxyethyl)-1-piperazinyl) ethane sulfonic acid (HEPES) with a pH of 7.2 adjusted with
KOH (all from Catl Roth, Germany). Extracellular Na* solution composed of 145.0 mM NaCl,
5.0 mM KCI, 2.0 mM CaCl, 1.0 mM MgCl,, 5.6 mM glucose, and 10.0 mM HEPES with pH 7.4
adjusted with NaOH (all from Carl Roth, Germany) permanently perfused the cells on glass cover

slips.

2.5.2 Time-Lapse Microscopy

For the measurement of motility, time-lapse microscopy was petformed as recently described™’
using a DMi8 microscope (Leica, Germany) at 37.0°C 5.0% COs.. Cells were seeded on 0.1%
gelatin-coated 6-well plates 20 h prior to initiation of exposure. A distinct MATLAB script
(Mathworks, USA) was used to evaluate the motility and the degree of ramification by measuring

the ramification index (RI) through the convex hull and the circumference of cells'®'

. Convex shape
and perimeter, two different methods to determine the ramification index RI on respectively
defined characteristics, are form factors that describe the morphological differences between the
geometric pattern of a cell and a circle. RI is calculated as the ratio between the area A of the circle
with a perimeter equal to the outline of the cell and the area U of the perimeter of the corresponding
cell (perimeter method) defined as: RI = 4*1*(A/U?). Furthermore, Rl is used to investigate the
convex shape was calculated by the ratio between the area A and the area V, the area of a polygonal
object defined by the most prominent protrusions of the cell, defined as the polygonal object: RI =
A / V. RI close to 1 would correspond to a circular cell, while values less than 1 correlate with

branching.
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2.5.3 Phagocytosis Assay

2.5.3.1 Analysis using Fluorescence-Labeled Latex Beads

1 x 10° cells were treated with 3.0 uM hydrocortisone (Rotexmedica, Germany) and 100.0 pg/ml
lipopolysaccharides from Escherichia coli O111:B4 (LPS, Merck, Germany) for 24 h. For analyzing
phagocytosis, cells were incubated for 1.0 h with Fluoresbrite™ YG Microspheres 1.00 um
(Polyscience, USA) according to manufacturer’s instructions with a bead to cell ratio of 1 : 300.
Subsequently, cells were stained with propidium iodide to exclude dead cells and analyzed using a
Navios flow cytometer (Beckman Coulter, Germany). To quantify phagocytosis, the total amount
of engulfed beads was calculated. For this purpose, four gates were set to discriminate cells with
different amounts of internalized beads. The gate number was multiplied by the detected cell

amount in each gate to obtain the total number of internalized beads.

2.5.3.2 Analysis Using Escherichia coli K-12-Strain BioPartikel

For analyzing receptor-mediated phagocytosis, 6 x 10* cells were incubated with 100.0 pg/ml
Escherichia coli K-12 strain BioParticles™ conjugated with Alexa Fluor™ 488 (Thermo Fischer
Scientific, Germany) for 1.0 h at 37.0°C and incubated on ice as a control. Then, cells wetre washed,
incubated for 2 min on ice with 1:10 trypan blue solution to quench extracellular fluorescence, and

analyzed using a Navios flow cytometer (Beckman Coulter, Germany).

2.5.3.3 CD33-Dependend Phagocytosis

Monocytes were thawed and seeded at a density of 1 x 10° cells onto a non-treated 6-well-plate
(Eppendorf, Germany) in X-VIVO15 medium (Lonza, Sweden) supplemented with 1.0% sodium
pytuvate, 2.0 mM glutamine, 1.0% 10000 U/10000 pg penicillin/ streptomycin (all from Thermo
Fisher Scientific, Germany). After 2.0 h of incubation, cells were treated for 4.0 h with 10.0 mM
sialic acid and stimulated for 12.0 h with 100.0 ug/ml LPS. N-acetylneuraminic acid (Neu5Ac alias
NANA) was used as sialic acid for the experiments. The inhibitor for protein kinases HA-100
(Santa Cruz, Germany) was added in a concentration of 10.0 pg/ml simultaneously to stimulation
with LPS whereas the monoclonal mouse IgM antibody specific for human CD33 (Abcepta, San
Diego) was added 30.0 minutes before the end of the stimulation. For analyzing phagocytosis,
Fluoresbrite™ YG Microspheres 1.00 um (Polyscience, USA) were directly added to the monocytes
at 300 beads per cell for 1.0 h. Subsequently, cells were stained with propidium iodide to exclude
dead cells and analyzed using a Navios flow cytometer (Beckman Coulter, Germany). A total of
twelve gates were set to discriminate cells with different numbers of internalized beads. In order
to obtain the total bead number, the gate number was multiplied by the detected cell number in
each gate and the individual values were added together. Statistical analysis was performed by using
unpaired t test with Welch's correction (n = 3). Statistics and visualizations were performed using
GraphPad Prism 6.01 (GraphPad Software Incorporation, USA).
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2.5.4 Multiplex Cytokine Assay

2.5.4.1 Principle of Analysis

Multiplex technology is a method that enables the simultaneous measurement of numerous
parameters from very small sample volumes. The principle is based on the use of fluorescence-
coded polystyrene microparticles coupled with antibodies against the cytokines to be measured.
Antibodies bind to the cytokines in the sample. Biotinylated detection antibodies directed against
the cytokines of interests are added to form antibody-antigen sandwiches. Phycoerythrin (PE)
conjugated streptavidin is added and binds to the biotinylated detection antibodies. The signals
obtained by PE were then measured using the Bio-Plex 200 system (BioRad, Germany). The
measurement is based on the principle of flow cytometry, in which the particles pass two laser
beams through a measuring cuvette. The detector for the red laser detects the individual colors of
the microparticles, which can thus be assigned to a defined group of cytokines. In parallel, a green
laser simultaneously detects the fluorescence of the PE-coupled streptavidin and quantifies the

bound cytokines for each microparticle.

2.5.4.2 Cytokine Determination

The Bio-Plex™ Precision Pro™ Human Cytokine Assay (BioRad, Germany) was used for the
measurement of interleukins. The magnetic bead-based assays allowed an accurate measurement
of low levels of ten human cytokines (IL1J3, IL2, IL4, IL5, 1L6, 1L.10, 112 (p70), IL13, IFNy,
TNFa). To increase the cytokine release, 10.0% FBS (Biochrom, Germany) was added to the
medium. The supernatant of primary microglia as well as the generated MGLCs were analyzed
both stimulated and unstimulated. For stimulation, the cells were treated for 24.0 h with 5.0 uM
recombinantly produced ABpE3-42 kindly provided by Dr. Holger Cynis at Fraunhofer Institute
for Cell Therapy and Immunology in Halle (Saale), Germany. AB is added to the medium
pre-diluted in 0.1 M NaOH (Catl Roth, Germany). Therefore, the non-stimulated cells are treated
the same way using 0.1 M NaOH without AB. The samples were incubated with microparticles in
a 96-well plate and subsequently washed three times to remove unbound cytokines. Afterwards,
biotinylated secondary antibodies were added followed by further washing steps with PBS. Finally,
microparticles were tagged with PE-coupled streptavidin. Standard curves for each cytokine were
generated for sample analysis. The implementation was carried out according to the manufacturet's

™

protocol. Bio-Plex' " Manager software 6.0 was used to calculate the standard curves of the

individual cytokines. These standard curves were used to calculate the amount of cytokines.

2.6 Mass Spectrometry

This work used mass spectrometry (i) for the genotyping of samples for LOAD associated SNPs,
(ii) to generate a proteome profile of iPSCs and somatic donors, (iii) to generate a proteome profile
of iPSC derived MGLCs. For genotyping, a PCR-based iPlex MS technique was used. A UPLC
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SYNAPT was used to measure the proteome profiles of the iPSCs and an Orbitrap Fusion Lumos

was used to measure the proteome profiles of iPSC derived MGLCs.

2.6.1 iPlex Assay and the MassArray System

2.6.1.1 Performing PCR Amplification

The PCR cocktail was prepared in a 1.5 ml microcentrifuge tube on ice and contained 0.8 ul
Nuclease-free water, 2.0 ul 5 ng/ul genomic DNA, 0.5 ul 10x PCR buffer, 0.4 ul 25 mM MgClL,
0.1 pl 25 mM dNTP mix, 1.0 pl 500 pM PCR primer mix (Supplement 1), and 0.2 ul 5 U/ul PCR
enzyme (all from Agena Bioscience, USA). PCR reaction were performed using the following cycle
parameters: initial denaturation at 95.0°C for 2.0 min, 45 cycles denaturation at 95.0°C for 30.0 s,
annealing at 56.0°C for 30 s, elongation at 72.0°C for 1 min and final extension at 72.0°C for
5.0 min. Agena Bioscience's online tool, the Assay Design Suite (ADS) (AgenaCx.com), was used

for primer design.

2.6.1.2 Performing Shrimp Alkaline Phosphatase Treatment

The shrimp alkaline phosphatase (SAP) cocktail was prepared a 1.5 ml microcentrifuge tube on ice
and contained 1.53 ul HPLC-grade water, 0.17 ul 10X SAP Buffer, and 0.30 ul SAP 1.7 U/ul
Enzyme (all from Agena Bioscience, USA). Apply 2.0 ul of SAP cocktail into each well and
centrifuge 5.0 s with 3200 x g. Thermocycler was performed by using the following conditions:
37.0°C for 40.0 min followed by an 85.0°C step for 5.0 min.

2.6.1.3 Performing and Desalting the iPlex Extension Reaction

The iPlex extension cocktail was prepared a 1.5 ml microcentrifuge tube on ice and contained
0.62 Wl HPLC-grade water, 0.20 ul 10X iPlex Buffer Plus, 0.20 ul 10X iPlex Termination Mix,
0.94 ul 10.0 uM Extend Primer Mix (Supplement 2), and 0.04 pl 32 U/l iPlex Pro Enzyme (all
from Agena Bioscience, USA). Dispense 2.0 ul of extension cocktail into each well and centrifuge
5.0 s with 3200 x g. Thermocycler was performed by using the following conditions: initial
denaturation at 95.0°C for 30.0 s; 40 cycles at 95.0°C for 5.0 s, 52.0°C for 5.0 s, and 80.0°C for 5.0
s; final extension at 72.0°C for 3.0 min. Desalting process of iPlex extension reaction product was

performed by following the guideline manuscript from Agena Bioscience.

2.6.1.4 MassARRAY-System

After the desalting reaction, 12.0 nl of extension products were spotted on a 96-well chips Spectro
CHIP II using the RS1000 Nanodispenser (Sequenom, USA). Then the CHIP was placed in the
Mass Analyzer 4 matrix-assisted laser desorption ionization time-of-flight (MALDI-TOF) mass
spectrometer (MS) (Sequenom, USA), where each spot with DNA is shot with a laser under
vacuum according to the MALDI-TOF method. Desorption and ionization source in the MALDI
mass spectrometry application is a laser beam. Once the sample molecules are vaporized and

ionized, they are electrostatically transferred to a TOF-MS where they are detected individually.
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Based on the initial molecular weight of the extend primer, the mass spectrometry system detects
which terminator was added and the software assigns a call for each SNP. Data processing and

analysis was performed by Mass ARRAY Typer Analyzer v3.3 (Sequenom, USA).

2.6.2 Quantitative Proteomic Analysis with SYNAPT

2.6.2.1 Protein Isolation, Digestion, and Clean Up

Cells were harvested, washed with PBS, lysed in 100.0 ul cold radioimmunoprecipitation assay
(RIPA), and sonicated thrice for 1 min with a break of 1.0 min. RIPA buffer contained 150.0 mM
NaCl, 50.0 mM triethylammoniumbicarbonate, 1.0% sodium dodecyl sulfate, 0.5% deoxycholic
acid (all from Carl Roth, Germany), protease inhibitor cocktail, and phosphatase inhibitor cocktail
(both from Merck, Germany). Obtained lysates were treated thrice by denaturation at 95.0°C for
10.0 min and freezing at -80.0°C for 10.0 min. Afterwards, lysates were sonicated again thrice for
1.0 min with a break of 1.0 min. Lysates were centrifuged at 1000 x g for 5.0 min and the
supernatants were incubated for 15.0 min at 95.0°C with 20.0 mM dithiothreitol (DTT) (Thermo
Fisher Scientific, Germany). Alkylation of lysates was achieved by treatment with 200 mM
iodoacetamide (IAA) (Merck, Germany) for 30.0 min at room temperature in the dark. To purify
proteins and to remove salts, lysates were precipitated by adding four volumes ice cold acetone,
vortexed, and incubated at 4.0°C for 18.0 h. The lysate was centrifuged at 15000 x g for 10.0 min
at 4.0°C. The supernatant was carefully collected and washed twice with ice cold acetone / water
(4:1) by centrifugation with 15000 x g for 10.0 min at 4.0°C. The precipitated proteins were
centrifuged for 15.0 min at room temperature and dissolved in 25.0 uM ammonium bicarbonate
(Merck, Germany). Protein concentration was measured using a BioDrop™ uLITE (Thermo
Fischer Scientific, Germany) and 50.0 ug of protein were subsequently digested with trypsin
(1 : 100; Promega, Germany) at 37.0°C for 18.0 h. Obtained peptides were cleaned using Pierce™
Peptide Desalting Spin Columns (Fisher Scientific, Germany) according to the manufacturer’s
instructions, dried at room temperature and dissolved in 20.0 ul 0.1% formic acid (Merck,

Germany).

2.6.2.2 Label-Free Data Analysis

Samples were analyzed by a coupled liquid chromatography / mass spectrometry system using a
nanoAcquity UPLC™ and a SYNAPT™ G2-Si HDMS™ (both Waters, Germany). We performed
three technical replicates. For separation, 400.0 ng of peptides were trapped on an Acquity UPLC
M-Class C18 Trap Columns (180.0 pm x 2.0 cm) and separated on an Acquity UPLC M-Class C18
Analytical Columns (75.0 pm x 25.0 cm; both from Waters, Germany). Ionization was performed
with a Zspray NanoLockSpray™ source (Waters, Germany) with the following parameters: emitter
tip voltage of 2.8 kV, solvent gradient according to'® over a 90.0 min gradient with a constant flow
rate of 300.0 nl/min. Data acquisition was done according to the UDMS" principle outlined in'".
Raw data files were then processed using Protein Lynx Global Server™ 3.0.1 (Waters, Germany).

Protein identification was done by searching of processed data against the complete proteome set
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of Homo sapiens from Uniprot (accessed 2018-09-01) with a fixed modification of
carbamidomethylated cysteines, variable modifications of oxidized methionines, and
phosphorylated serines, threonines and tyrosines. The results file databases were then accessed
using the ISOQuant software'”, whereby each technical replicate injection were assimilated and
each precursor was identified in each run and compared throughout all runs for accurate label-free

quantification between all samples.

2.6.3 Quantitative Proteomic Analysis by Orbitrap Fusion Lumos

2.6.3.1 Protein Extraction, Digestion, and Clean Up

Samples were processed for quantitative mass spectrometry analysis as described in'*

. According
to the cell number obtained from the pelleted cells, a volume of lysis buffer (2.0% SDS, 100.0 mM
HEPES, pHS8, 50.0 mM DTT) was added. Samples were lysed with sonication (10 cycles, 60.0 s
on / 30.0 s off, high energy, 20.0°C) in a Bioruptor Plus (Diagenode, Germany), heated at 95.0 °C
for 10.0 min, and afterwards sonicated again. Lysates were centrifuged at 20800 x g for 5.0 min at
room temperature, and the supernatant transferred to a new tube for alkylation (15.0 mM IAA,
30.0 min, room temperature, in the dark). Proteins were precipitated overnight at 20.0°C after
addition of a 4-fould volume of ice-cold acetone. The following day, the samples were centrifuged
at 20800 x g for 30.0 min at 4.0°C and the supernatant was carefully removed. Pellets were washed
twice with 1.0 ml ice-cold 80.0% (v/v) acetone in water and centrifuged at 20800 x g at 4.0°C.
Pellets were allowed to air-dry before addition of 50-100 pl of digestion buffer (1.0 M guanidine
hydrochloride, 100.0 mM HEPES, pH=8). Samples were resuspended with sonication (see above),
lysyl endopeptidase (LysC) (Wako, UK) was added at 1 : 100 (w/w) enzyme-protein value and
digestion proceeded for 4.0 h at 37.0°C with shaking (1000 rpm for 1.0 h, then 650 rpm). Samples
were then diluted 1:1 with distilled water and trypsin (Promega, Germany) added at the same
enzyme to protein ratio. Samples were further digested overnight at 37.0°C with shaking at
650 rpm. Afterwards the digests were acidified by the addition of trifluoroacetic acid (TFA) (Merk,
Germany) to a final concentration of 2.0% (v/v) and then desalted with Waters Oasis™ HLB
pElution Plate 30 um (Waters Corporation, USA) in the presence of a slow vacuum. In this process,
the columns were conditioned with 3 x 100 pl solvent B of 80.0% (v/v) acetonitrile (Merk,
Germany) solution containing 0.05% (v/v) formic acid (Merk, Germany) and equilibrated with
3 x 100 ul solvent A containing 0.05% (v/v) formic acid in distilled water. The samples were loaded,
washed three times with 100.0 ul solvent A, and then eluted into 200.0 pl tubes with 50.0 ul
solvent B. The eluates were dried down with the speed vacuum centrifuge and dissolved at a
concentration of 1.0 ug/ul in reconstitution buffer with 5.0% (v/v) acetonitrile and 0.1% (v/v)
formic acid in distilled water. Reconstituted peptides were either analyzed directly for label-free

analysis or stored at -20.0°C.
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2.6.3.2 Data Acquisition for Label-Free Analysis

Peptides were separated using the nanoAcquity UPLC system (Waters Corporation, USA) fitted
with a trapping (nanoAcquity Symmetry Cig, 5 pm, 180 um x 20 mm) and an analytical column
(nanoAcquity BEH Cis, 1.7 um, 75 pm x 250 mm). The outlet of the analytical column was coupled
directly to an Orbitrap Fusion Lumos using the Proxeon Nanospray electrospray ionization source
(both from Thermo Fisher Scientific, Germany). Solvent A was water, 0.1% (v/v) formic acid and
solvent B was acetonitrile, 0.1% (v/v) formic acid. The samples (500 ng) were loaded with a
constant flow of solvent A at 5.0 ul/min onto the trapping column. Trapping time was 6 min.
Peptides were eluted via the analytical column with a constant flow of 0.3 pl/min. During the
elution step, the percentage of solvent B increased in a linear fashion from 3.0% to 25.0% in
30.0 min, then increased to 32.0% in five more min and finally to 50.0% in a further 0.1 min. Total
runtime was 60.0 min. The peptides were introduced into the mass spectrometer via a Pico-Tip
Emitter (360 um OD x 20 um ID, 10 um tip) (New Objective, USA) and a spray voltage of 2.2 kV
was applied. The capillary temperature was set at 300.0°C was set to 30.0%. Full scan MS spectra
with mass range 375-1500 mass-to-charge (m/z) ratio were acquired in profile mode for the
Orbitrap with resolution of 120000 frequently reported in full width at half maximum (FWHM).
The filling time was set at maximum of 50 ms with limitation of 2 x 10° ions. The Top Speed
method was employed to take the maximum number of precursor ions (with an intensity threshold
of 5 x 10%) from the full scan MS for fragmentation using higher-energy collisional dissociation
(HCD) of 30.0%) and quadrupole isolation (1.4 Da window) and measurement in the ion trap, with
a cycle time of 3.0 s. The monoisotopic precursor selection (MIPS) peptide algorithm was
employed but with relaxed restrictions when too few precursors meeting the criteria were found.
The fragmentation was petformed after accumulation of 2 x 10° ions or after filling time of 300 ms
for each precursor ion (whichever occurred first). MS/MS data were acquired in centroid mode,
with the Rapid scan rate and a fixed first mass of 120 mass-to-charge ratio (m/z). Only multiply
charged (27 - 77) precursor ions were selected for MS/MS. Dynamic exclusion was employed with
maximum retention period of 60.0 s and relative mass window of 10 ppm. Isotopes were excluded.
Additionally, only one data dependent scan was performed per precursor (only the most intense
charge state selected). Ions were injected for all available parallelizable time. In order to improve
the mass accuracy, a lock mass correction using a background ion (/3 445.12003) was applied.
For data acquisition and processing of the raw data, Xcalibur 4.0 (Thermo Fisher Scientific,

Germany) was employed.

2.6.3.3 Data Processing

For data acquisition the MaxQuant software (version 1.5.3.28, MPI of biochemistry, Germany) was
used. The data were searched against a human database (Swiss-Prot entries of the Uniprot KB
database release 2016_01, 20198 entries) with a list of common contaminants appended. The data
were searched with the following modifications: Carbamidomethyl (C) (fixed) and Oxidation (M)
and Acetyl (Protein N-term) (variable). The mass error tolerance for the full scan MS spectra was

set at 20 ppm and for the MS/MS spectra at 0.5 Da. A maximum of two missed cleavages were
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allowed. For quantitative analysis, iBAQ values' from the MaxQuant output were used. Only
protein groups identified by at least two unique peptides were retained. To reduce technical
variation, data were log, transformed and median-centered. For bioinformatic analysis as well as
visualization, GraphPad Prism 6.01 (GraphPad Software Incorporation, USA) and the open-source
software Perseus (version 1.6.2.3, MPI of biochemistry, Germany) was used, which is part of
MaxQuant (Team, R Development Core, 2008). Venn-diagrams were generated with the online
tool VENNY 2.1.
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3 Results

To improve our understanding of LOAD, iPSCs from LOAD patients were generated and applied

for functional analysis. Therefore, a microglia differentiation model was established.

3.1 Genotyping of B-LCLs and search for AD-associated DNA risk
variants

Genotyping of LOAD-associated risk variants was performed in B-LCLs from 16 clinically
characterized LOAD patients and 26 healthy controls available in Dan Rujescu’s lab (Tab. 1).

Table 1: List of LOAD-related genotyped SNPs

Presented are the LOAD-associated SNPs with susceptible locus and associated risk alleles in red for LOAD
patients (LCLO07, LCLO008) and healthy controls in green (LCL009, LCLO010). Homozygous and
heterozygous risk alleles are underlined and marked in gray.

SNP A1/A2 Frequency Gene AA Change SO [BEOBIOE LCL009 LCLO010
rs7412* C/T 0.072/0.928 APOE R176C CcC cC cC cC
rs429358* T/C 0.816/0.184 APOE C130R CcC CT T T
rs1354106 T/G 0.662 /0.338 CD33 intron T T GG GG
rs138197061 InDel Del =0.067 CD33 intron Ins Ins n.d. n.d.
rs1399839 T/G 0.541/0.459 CD33 intron AA AA AG AA
rs1803254 G/C 0.924 /0.076 CD33 3'UTR GG GG CG CG
rs201074739 InDel Del =0.006 CD33 G156 Fs Ins Ins n.d. n.d.
rs2455069 A/G 0.552/0.448 CD33 R69G AA GG AA AA
rs34813869 A/G 0.664 /0.336 CD33 intron AA AA GG GG

rs35112940 G/A 0.788/0.212 (CD33 G304R GG GG GG GG
rs3826656  A/G 0.780/0.220 CD33 intron GG AA AA AA
rs3865444  T/G 0.310/0.690 CD33 5'UTR cc (] AA AA
rs73932888 T/C 0.979/0.021 (D33 inton T 1T n.d. n.d.
AA
Rk

rs8112072 A/G 0.971/0.029 CD33 intron AA n.d. n.d.
rs11767557 T/C 0.782/0.218 EPHA1 intron TT CT TT
rs11771145 G/A 0.637/0.363 EPHA1 intron AA GA GG AG
rs4938933 T/C 0.596 /0.404 MS4A4E Spl.Ac. TC CC CT TT
rs610932 G/T 0.564 /0.436 MS4A6A 3'UTR GT 1T GT GG
rs9349407 G/C 0.749/0.251 CD2AP intron GC GG GC GC
rs104894002 C/T 0.999/0.001 TREM2 Q33X GG GG GG GG
rs201258663 G/A 0.999/0.001 TREM2 T66M GG GG GG GG
rs142232675 C/T 0.997/0.003 TREM2 D87N CC CC CcC CcC
rs149622783 C/T 0.999/0.001 TREM2 R136Q CcC CC CcC CcC
rs2234256 A/G 0.944 /0.056 TREM2 L211P AA AA AA AA
rs2234258 Cc/T 0.986/0.014 TREM2 W191X CC CC CcC CcC
rs28937876 A/C n.f.p. TREM2 K186N CC CC CcC CcC
rs104894001 C/T 0.999/0.001 TREM2 W44X CC CC CcC CcC
rs121908402 A/C 0.999/0.001 TREM2 V126G AA AA AA AA
rs79011726 C/T 0.999/0.001 TREM2 E151K CC CC CcC CcC
rs200820365 T/A 0.999/0.001 TREM2 S183C TT TT TT TT

Allele frequencies were obtained from the NCBI online database. Fs = Frameshift; UTR = Untranslated
Region; UpVar = Upstream Variation; Spl.Ac. = Splice Accepter; Al = Allell /A2 = Allel2 (risk allele),
InDel = insertion and deletion, n.d. = not determined, ins = insertion, Del = deletion, n.f.p. = no frequency
provided. *Genotypes were already known.
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LOAD-specific B-LCLs (LCL007, LCL008) and healthy control B-LCLs (LCL009, LCL010) are
shown in Table 1 because they were applied for the generation of iPSCs. The selection of DNA
risk variants was based on previous studies from our lab demonstrating that the majority of
susceptibility variants are located in loci harboring genes regulating the innate immune system as
introduced earlier. The present study successfully genotyped 30 SNPs in CD33, TREM2, CD2AP,
EPHA1, MS4A4E, MS4A6A, TREM2, and APOE in B-LCLs of 16 LOAD patients and in the 26
healthy controls. The genotyping approach covered twelve LOAD-associated DNA risk variants
in CD33. As an antagonist of CD33, TREM2 was analyzed by eleven risk variants. SNPs are located

in functional DNA regions or lead to an amino acid change (Tab. 1).

This study found risk variants in the CD33 (rs138197061 [Del], rs2455069 [G], rs3826656 [G],
rs3865444 [C]), EPHAT1 (rs11771145 [A]), MS4A4E (rs4938933 [T]), MS4AG6A (rs610932 [G]), and
CD2AP (159349407 [C]) in LOAD patients (Tab. 1). LOAD patients carried rs3826656 and

rs3865444 representing risk alleles that have been most often described in the literature.

In healthy controls, genotypes for CD33, EPHA1, MS4A, and CD2AP were obtained from a SNP
chip data set, which was available in the lab. In LOAD patients, genotypes were determined by
genotyping, which was performed in the present study. In LCL009 and LCL010 a few SNPs were

not determined (n.d.) because they were not present on the analyzed SNP chip data set.

Results were plotted in a cluster plot with the corresponding mass spectra for the respective
genotypes. Cluster plot and corresponding mass spectra for genotyping of rs3826656 are shown
in Figure 5 B-D.
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Figure 5: SNP genotyping plot and mass spectra of 1s3826656 in CD33.

(A) The cluster plot displays the SNP genotypes for rs3826656 of 42 samples assayed. (B-D) Diagrams show
MALDI-TOF mass spectra obtained from genotyping of bi-allelic SNPs. Primer extension reactions of a
multiplex reaction are shown for rs3826656 [A / G] in CD33. (B; identified as a square in A) Heterozygous
13826656 [A / G]. (C; identified as a pyramid in A) Homozygous s rs3826656 [A]. (Dj; identified as an
inverted pyramid in A) Homozygous 13826656 |G]. No Call indicates the failed measurements.
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3.2 (CD33-dependent phagocytosis

To prove activation of phagocytosis via CD33, a simple cell culture model using human primary
monocytes was applied. The molecular machinery regulating phagocytosis in microglia and
monocytes are very similar. Monocytes were isolated from healthy patients and used for the analysis
of phagocytosis. Monocytes were treated with sialic acid, LPS, and CD33 antibodies. Afterwards,
phagocytosis of latex beads was measured by flow cytometry. The sialic acid treatment was suitable
to activate CD33 by binding with sialic acid, which led to the down regulation of phagocytosis
(Fig. 6). LPS stimulated phagocytosis of latex beads. CD33 antibodies blocked CD33 signaling
without modifying phagocytosis. Sialic acid treatment counteracted LPS treatment and reduced
induction of phagocytosis. Blocked CD33 signaling by an antibody against CD33 combined with
LPS treatment strongly increased phagocytosis. Treatment with the protein kinase inhibitor HA-
100 targeting several protein kinases, including protein kinase C regulating the phosphorylation of

CD33, served as a control. Inhibition of protein kinases strongly decreased phagocytosis.
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Figure 6: Flow cytometry analysis of CD33-dependent phagocytosis.

Primary Monocytes treated with sialic acids (SA), lipopolysaccharides (LPS), and CD33 antibodies (AB)
revealed a CD33-dependent phagocytosis (black bars). Untreated control is set 1 (dotted line at 1). The
white bars represent the controls used for monocyte treatment. SA decreased LPS-induced phagocytosis
whereat AB further induced LPS-mediated phagocytosis. Treatment with the protein kinase inhibitor (PKI)
HA-100 reduced phagocytosis. Error bars represent SD (*** p < 0.001; ** p < 0.01; * p = 0.05).

To prove the induction of pro-inflammatory cytokines via CID33 activation, a gene expression
analysis was performed. Again, monocytes were applied for treatment with sialic acids, LPS, and
CD33 antibodies. Combined treatment with sialic acids and LPS served as a control. Both, sialic
acids and CD33 antibodies slightly increased transcription of IL183, 116, and Phosphatase and
tensin homolog (PTEN), but differences were not significant (Fig. 7). Stimulation with LPS
significantly increased the transcription of IL18, IL6, and PTEN. In contrast to intetleukins, the
PTEN mRNA level further increased with the combined treatment with sialic acids and LPS
(Fig. 7 C).
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Figure 7: Transcript analysis of CD33-dependent phagocytosis.

(A) Interleukin 1 beta (IL163), (B) interleukin 6 (1L6) and (C) Phosphatase and tensin homologue (PTEN)
were investigated by qRT PCR in primary monocytes after treatment from with sialic acids (SA),
lipopolysaccharid (LPS), and CD33 antibodies (AB). Treatment with LPS and SA serves as a control. Results
are shown as a fold change compared to the untreated controls (dotted line at 1). One-Way ANOVA with
Bonferroni's multiple compatisons test wete used for statistics (n = 3; **** p < 0.0001; *** p < 0.001).

3.3 Generation of LOAD-specific iPSCs

In the present study, iPSCs were generated from B-LCLs obtained from two LOAD patients
(LCLO07 and LCLO08) and two healthy controls (LCL009 and LCL010) (TAB 2). B-LCLs from
healthy control patients were selected according to defined matching criteria including age, sex, and

the presence of homozygous APOE3.

B-LCLs were reprogrammed using non-viral and non-integrative vectors for the forced expression
of reprogramming factors. Characterization of iPSC clones revealed a set of four iPSC lines suitable
for microglia differentiation. LOAD-specific iPSC lines are MLUi007-H and MLLUi008-B. Healthy
control iPSC lines are MLLUi009-A and MLUi010-B.

Table 2: List for patient / donor information
Information about ethnicity, sex, and course of LOAD and corresponding data from healthy controls.

LOAD patient LOAD patient healthy control healthy control

007 008 009 010
AD symptoms yes, according to yes, according to no no
DSM-1V DSM-1V
age 79 76 64 64
sex female female female female
ethnicity caucasian caucasian caucasian caucasian
diagnosis mild-grade dementia mild-grade dementia suffer from suffer from
syndrome, AD, DD syndrome, AD, DD psychiatric or psychiatric or
fronto-temporal cerebral neurological diseases neurological diseases
dementia microangiopathy and CNS damage and CNS damage
were excluded. were excluded.
diabetes no Typ 2 diabetes no no
APOE 44 34 33 33
Number of iPSC clones |6 9 3 1
iPSC clone used for the |MLUi007-H, MLUi008-B MLUi009-A MLUi010-B
generation of microglia  [MLUi007-]

APOE44 represents the homozygous presence of the APOE4 allele; APOE33 represents the homozygous presence
of APOE3 allele, and APOE34 represents heterozygous presence of APOE3 and APOE4; DD: differential diagnosis.
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3.3.1 Verification of pluripotency by alkaline phosphatase staining

First colonies appeared approximately between day 30-60. Colonies representing independent iPSC
lines were picked and passaged. Alkaline phosphatase staining of colonies from all clones was
performed between the first and the third passage on MEFs assuring simple and rapid detection
of pluripotency (Fig. 8). Afterwards, cells were adapted to MEF-independent culture conditions.

MLUi007-H

¢ b N N L rmO | 0 )
Figure 8: Morphology and alkaline phosphatase staining of iPSCs.
Colonies show tightly packed cells with cobblestone morphology and a high nucleus-cytoplasm ratio.
MLUi007-H, MLU008-B, MLUi009-A, and MLUi010-B are shown because these cell lines were applied for
microglia differentiation. Surrounding MEFs do not appear in blue because of absent alkaline phosphatases.
Scale bar 100 um.

3.3.2 Verification of pluripotency by transcript analysis

To further characterize the pluripotency of the generated iPSC lines, the transcription of
pluripotency-related genes was investigated including CDH1, DPPA2, KFL4, LIN28A, MYC,
NANOG, OCT4, REST, and SOX2 (Fig. 9). GAPDH was used as loading control. Because
B-LCLs were used as starting material for the reprogramming, B cell marker genes including
GRP183, FCRLA, and BTLA were analyzed. Pluripotency-related genes were verified in
MLUi007-], MLUi008-B, MLUi009-A, and MLLUi010-B together with colleagues.
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Figure 9: Verification of pluripotency-related genes in generated iPSCs.

Representative gel documentation of the transcript analysis from LOAD-specific MLUiI007-H. WAi001-B
iPSCs served as a positive control for pluripotency-related genes (+). B-LCL line LLCLLO09 was used as a
positive control for the B-LCL marker genes. A non-template control serves as negative control (-).
GAPDH was used as a loading control.
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3.3.3 Proteome analysis of iPSCs and their donor cells

The present study shows a proteome analysis of successfully generated iPSCs (MLUi007, MLLU1008,
MLUi009, MLUi010) and their donor B-LCLs (LCL007, LCL008, LCL0O09, LCL010). Using a
shotgun proteomics approach, we identified 1970 proteins in total. According to a filtering process,
filter rows based on valid values obtained 1568 proteins. Hierarchical cluster analysis of the B-
LCLs and iPSCs was performed to measure the similarities and differences. For multi-sample test
comparison of proteins and determination of significant differences in protein abundances,
ANOVA with Kruskal Wallis statistics were applied with a threshold p-value of 0.05 and SO of 0.
For the visualization of the hierarchical clustering, the values were normalized by using the Z-
Score. In order to determine the degree of relationship, a hierarchical clustering of the 75 proteins
identified as significant by ANOVA was carried out (Fig. 10 A). Successfully generated iPSCs were
compared to WAi0O1-B and WAi004-B iPSCs representing gold standard cell lines for analyzing
pluripotency. The hierarchical cluster consists of two super ordinate groups. Group one consists
of four B-LCLs. Healthy controls (LCL009, LCL010) and LOAD-specific B-LCLs (LCLO07,
LCLO008) cluster together. In the second group are five iPSC lines generated in this study and two

reference iPSC lines.
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Figure 10: Shotgun proteome analysis.

(A) Hierarchical clustering of iPSC lines and their corresponding donor B-LCLs. Successfully reprogrammed
iPSC lines were quite similar to reference iPSCs and very different from donor B-LCLs. Pearson correlation
coefficients are shown in green and red. Dendrogram visualizes similarities and differences of groups. (B)
Principal component analysis (PCA) shows clustering of B-LCLs in large distance to iPSCs. (C) For the
eight significantly upregulated proteins analyzed in the iPSCs, their corresponding p-values are displayed.
Abbreviations: 000425, Insulin-like growth factor 2 mRNA-binding protein 3; Q15287, RNA-binding
protein with serine-rich domain 1; QIHCI10, Otoferlin; P52292, Importin subunit alpha-1; E9PAV3,
Nascent polypeptide-associated complex subunit alpha, muscle-specific form; P07339, Cathepsin D;
P43243, Matrin-3; QINXS5S, Cell growth-regulating nucleolar protein.

Pearson Coefficient
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Two of the LOAD iPSCs (MLUiO07-H, MLUi0O07-]) clustered together because they were
generated from one donor indicating a high similarity. Additionally, the second LOAD iPSC line
(MLUi008-B) is in this branch of the cluster. In another cluster the healthy control MLLUi010-B is
highly similar to the reference iPSC line WAi004-B and is located together with the second healthy
control MLUi009-A on the same branch. Compared to the other six iPSC lines, the second
reference stem cell line (WAi001-B) is different and forms a separate branch (Fig. 10 A). A PCA
of the data was performed to get an overview of the obtained group profiles. The results indicate
that the profiles of the B-LCLs differ significantly from those of the iPSCs (Fig. 10 B). The analysis
of the obtained 75 significantly regulated proteins revealed that eight of these proteins upregulated
in iPSCs in comparison to B-LCLs (Fig. 10 C).

3.3.4 Verification of SNP genotype pattern in iPSCs

Genotyping of iPSCs was performed according to the previous genotyping approach in B-LLCLs to
verify the same SNP genotype pattern (Tab. 1). LOAD MLUi007-] and MLU1008-B iPSCs carried
the same SNP genotype pattern as their corresponding donor B-LCLs LCL0O07 and LCLO00S.
Healthy control iPSCs carried the same SNP genotype pattern as their corresponding B-LCLs
LCL009 and LCLO10.

3.3.5 Verification of pluripotency by differentiation into derivatives of three
germ layers

A key property of pluripotent iPSCs is their ability to develop into derivatives of the three germ
layers. To demonstrate this ability, the cell line MLUi007-H was treated with fetal calf serum for
spontaneous differentiation. Markers of ectoderm (PAX6, MSI1, SHH), mesoderm (TBXT,
PRRX1, MEOX1), and endoderm (CXCR4, FOXA2, SOX17) were analyzed at day three, five, and
ten. Due to the spontaneous nature of this process, all markers instead of FOXA2 were detected
in differentiated cells from MLUiOO7-H iPSCs at least at one time point (Fig. 11). Spontaneous
differentiation of MLUIi007-J, MLUi008-B, MLUi009-A, and MLUi010-B into three germ layers

was verified together with colleagues.
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Figure 11: Transcript analysis of spontaneous differentiation.

Representative gel documentation of transcript analysis. LOAD-specific MLUi007-H was analyzed
at day three, five, and ten. Alle markers instead of FOXA2 were found in differentiated cells
verifying the potential to develop into the derivatives of the three germ layers. GAPDH served as
a loading control.




Results

3.4 Generation of human iPSC derived MGLCs via hematopoietic

progenitors

MGLCs were generated via hematopoietic progenitors from human iPSCs using a completely new
differentiation protocol. During an initial induction phase over four days, iPSCs differentiated into
early mesodermal precursor cells representing primitive streak-like cells. These adherent myeloid
lineage precursors differentiated towards monocyte lineage cells that finally detached not later than
24 days after start of differentiation and subsequently grew in suspension. Suspension cells were
collected from the supernatant and transferred to gelatin-coated cell culture dishes containing
MGDM and cultured until day 40. Terminal differentiated MGLCs were stable for about to 2
weeks. The protocol demonstrates an efficient and robust production of microglial progenitor cells.
Progenitor cells were continuously produced for up to four weeks starting from day 24 and added

to a pool of progenitors until medium was changed to terminal differentiation (Fig. 12).

iPS cells Prll'l'lltlllrf? I:Iema ngioblast- Hematopoietic I'_u'lunocy‘te Microglia-like cells
streak-like cells || like cells cells lineage cells
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Cytokines and BMP4, FGF2, KITLG, KITLG, FLT3,IL3, FLT3L, MCSF,

growth factors BMP4 N Ha-100 VEGFB MCSF, TPO GMCSF IL34, MCSF, GMCSF

Coating Matrige[™ 0.1% gelatin

Media mTeSR™1 StemPro-34™ MGDM

Oxygen level Hypoxia Normoxia Hypoxia MNormoxia

Figure 12: Differentiation of MGLCs via hematopoietic progenitors.
The scheme shows developmental stages for the differentiation of iPSCs into MGLCs. For the different
developmental stages, specific media, growth factors and cytokines, matrix, and oxygen levels were

provided.

3.4.1 Characterization of developing monocyte lineage MGLCs

To investigate the properties of the generated MGLCs, this study used morphological observation
studies, histological staining, transcript analyses, immunofluorescence analysis, flow cytometry, and

patch-clamp analysis.

3.4.1.1 Morphology and histological staining

The morphology was observed in different developmental stages during differentiation of
MLUi009-A iPSC into MGLCs. The histological characterization by Wright-Giemsa staining

showed strong macroscopic similarities between primary monocytes isolated from fresh blood and
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differentiated intermediate monocyte-like cells representing progenitors for the generation of
MGLCs (Fig. 13 B).

A) iPS cells

B) mLcs .~

¢

Figure 13: Cell morphology images during differentiation into MGLCs.
Morphology during differentiation of MLUi009-A iPSC into MGLCs are presented at different
developmental stages: (A) Undifferentiated iPSC colonies on day 0, hemangioblast-like cells on day 6, the
formation of hematopoietic progenitor cells on day 13, and mature MGLCs. (B) Monocyte-like cells (MLCs)
develop during differentiation and histological staining of MLCs and primary monocytes (PMs) revealed
comparable results. PMs and MLCs were analyzed by Wright-Giemsa staining. Scale bar 50 um.

3.4.1.2 Transcript Analysis

Transcript analysis showed that MLUi010-B -derived MGLCs express crucial myeloid markers
(AIF1, CDG8, SPI1) as well as the markers involved in phagocytosis (TREM2, CD33, TYROBP)
(Fig. 14 A). Quantitative transcript analysis by gqRT PCR revealed less expression of the genes
MER proto-oncogene, tyrosine kinase (MERTK), complement Clq A chain (C1QA), vitamin K-
dependent protein S (PROST1), and growth arrest specific 6 (GAS6) in monocytes compared to
primary microglia and differentiated MGLCs (Fig. 14 B). Gene expression was quite similar
between differentiated MGLCs and primary microglia.
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Figure 14: Evaluation of microglia marker expression.

(A) Gel documentation of transcript analysis. Crucial microglial markers (AIF1, CD68, SPI1) and myeloid
markers (TREM2, CD33, TYROBP) involved in the process of phagocytosis are present in MLUi010-B-
derived MGLCs. Primary monocytes and primary microglia served as a positive control. GAPDH served as
a loading control. The negative control (neg) is a no template control. (B) gqRT PCR of four genes (Gaso6,
PROS1, MERTK, C1QA) used to distinguish microglial cells from monocytes and macrophages. GAPDH
was used for normalization. Abbreviations: PM, primary monocytes; PMG, primary microglia; MGLC,
microglia-like cells.

3.4.1.1 Immunofluorescence analysis

In order to provide evidence for the translation and expression of functional proteins in addition
to the transcription, two different methods were used. First, immunofluorescence analysis was used
to visualize proteins on the cell surface, in the cytoplasm, and in the nucleus. Second, results were

confirmed, and proteins were quantified by flow cytometry.

For immunofluorescence analysis, MGLCs derived from MLU1009-A, and MLLUi010-B seeded on
cover slips and cells were fixed at day 40 for staining with primary antibodies against tubulin beta
3 class III (TUBB3), protein tyrosine phosphatase, receptor type C (PTPRC), ITGAM, CDG68,
CD33, TREM2, PU.1, and AIF1 as microglia markers. Primary antibodies were detected with
fluorescence-labeled secondary antibodies. Staining is shown in Figure 15. In addition to data
obtained from transcript analysis for crucial microglia markers, the protein expressions of these

markers were verified in differentiated MGLCs.
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Figure 15: Immunofluorescence analysis of MGLCs

MGLCs derived from MLU1008-B were stained with antibodies against TUBB3, PTPRC, ITGAM,
CD68, CD33, TREM2, PU.1, and AIF1. Cell nuclei were labelled with Hoechst 33342™. A Biozero
9000 fluorescence microscope (Keyence) was used for epifluorescence microscopy. Scale bar: 100
pum.

3.4.1.2 Flow cytometry

In Figure 16, the expression of surface proteins of MLUi009-A derived MGLCs at day 40 is
determined by flow cytometry. MGLCs expressed microglial surface molecules CD11b, CD11c,
CD14, CD40, CD45, and CD33. Among the different experiments, a differentiation efficiency of
about 70% was achieved shortly after transfer to the MGD medium on day 25.
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Figure 16: Flow cytometry analysis of microglial surface markers on MGLCs.

MGLCs derived from MLUi0O09-A were stained for the microglial markers CD11b, CD11c, CD33, CD45,
CD14, and CD40 (gray pattern) on day 25. The respective isotype controls are shown (black line).
Representative histograms of one representative differentiation from n = 8 experiments.

3.4.1.3 Electrophysiology and Cytokine Analysis

The membrane potential and the ability to produce interleukins were measured in MGLCs derived
from MLUi010-B iPSCs. Figure 17 A shows the mRNA expressions of the interleukins 16, 6, 8,
10 and TNF« for undifferentiated stem cells and for the differentiated MGLCs. The patch clamp
technique was used to measure the resting membrane potential in differentiated cells. MGLCs
showed a resting membrane potential of about -60 mV and depolarized in response to KCL (Fig.
17 B). The resting membrane potential is the membrane potential of excitable MGLCs.
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Figure 17: Properties of MGLCs.

(A) Transcript analysis of MLUi010-B-detived MGLCs for the expression of the interleukins 163, 6, 8, 10
and TNFa. RPL32 and beta-2-microglobulin (B2M) were used as loading controls. The negative control
(neg) is a no template control. In Figure (B) the resting membrane potential (RMP) is displayed. Original
recording of depolarization (D) by 25mM external KCl (RMP of -49,5 £ 3,7 mV, D of 24,5 = 1,4 mV).
Figure shows one representative recording from n = 6 experiments.
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3.4.1.4 Phagocytosis analysis

For the investigation of LOAD-dependent phagocytosis, MGLCs were generated from patients
and healthy controls and analyzed by flow cytometry. For the analysis of phagocytosis, two
different approaches were used. First, cells were fed with fluorescence-labeled latex beads to study
the feeding behavior of MGLCs from LOAD patients compared to healthy controls
(Supplement 6 A). Phagocytosis of untreated MGLCs and after LPS treatment of 4 h is higher in
healthy control cells than in LOAD cells. 24 h after LPS treatment, LOAD cells show increased
phagocytosis compared to the healthy controls. In a second approach, the differentiated cells were

™

ted with Escherichia coli K-12 strain BioParticles ™ to measure receptor-dependent phagocytosis on

MGLCs of healthy controls (Supplement 6 B). Internalization of Escherichia coli K-12 strain

BioParticles™

was shown to be a stable method for measuring phagocytosis. Based on a healthy
control it could be shown that the generated MGLCs are functionally able to phagocyte the
particles. Furthermore, phagocytosis could be increased by both LPS and hydrocortisone. An ice
control was carried along in order to exclude unspecific side reactions such as sticking of the

particles to the receptors.

3.4.2 Functional Analysis of Immune Plasticity in MGLCs from LOAD Patients

3.4.2.1 Time-Lapse Microscopy for Analyzing Motility

The morphology of microglia is very dynamic and depends on external stimuli, injuries, or
inflammations. By perceiving the microenvironment, microglia can change from a resting phase to
an amoeboid phase to adjust their speed. Due to their homeostasis, microglia are present in
different activation stages and consequently move at various speeds. Therefore, this study analyzed
the motility of MGLCs for over 12 h using time-lapse microscopy. The evaluation showed a
significantly increased speed of LOAD-specific MGLCs compared to the speed of healthy control
MGILCs (Fig. 18).
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Figure 18: Motility of MGLCs determined by time-lapse microscopy.
The average speed of healthy control MGLCs (HD) was 109.6 nm/min + 35.4 nm/min (n = 40). The speed
is significantly lower (p = 1.82E-006) in compatison to LOAD MGLCs (AD) (221.6 nm/min + 133.27
nm/min, n = 71). The maximum velocity values of the LOAD MGLCs revealed 766.02 nm/min.
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3.4.2.2 Measurement of Ramification and Activation

As already mentioned, in the context of motility, microglia have an increased degree of plasticity,
which undergoes several structural changes depending on their location and activation state.
Variations of the processes were analyzed using the convex hull method, while activation and the
associated enlargement of the cell bodies were determined using the perimeter method (Fig. 19).
Both, the measurement of ramification and the polarization showed a change in the direction of
activation. The analysis of polarization revealed significant results, but the differences in

ramification were not significant.
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Figure 19: Dynamic processes determined by time-lapse microscopy in MGLCs.

The convex hull method was used to measure the index of ramification. For this purpose, no significant
changes in shape were observed, indicating that the number of projections and branches in the healthy
control (HD) (mean: 0.88; SV: 0.08; n: 40) were similar to those of the LOAD MGLCs (AD) (mean: 0.91;
SV:0.08; n: 71; p= 0.11). When measuring the polarization, LOAD MGLCs (mean: 0.53, SV: 0.013, n: 71;
p= <0.05) showed a significant difference compared to the HD MGLCs (mean: 0.48, SV: 0.012, n: 40),
which was analyzed by the perimeter method.

3.4.2.3 Telomere Length Analysis

To study the effects of replicative aging and telomere shortening in the context of AD, multiplex
qRT PCR was used to determine the relative telomere lengths in reference MGLCs compared to
healthy control and LOAD MGLCs. Examination of the relative telomere length in LOAD
MGLCs showed a significant telomere shortening compared to the reference line and the healthy
control MGLCs (Fig. 20; Supplement 7). Furthermore, a significant shortening of the telomeres
was observed in healthy control MGCLs in comparison to reference MGCLs. Healthy control
MGLCs were obtained from old age donors, whereat reference MGLCs were obtained from

prenatal and postnatal donors.
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Figure 20: Telomere length analysis in MGLCs.

Relative telomere length is shown by quotient of the T/S ratio of MGLCs divided by the T/S ratio of iPSCs
representing the initial telomere length at the beginning of the differentiation. Two biological replicates
represented by iPSCs from two different donors are shown for reference MGLCs (black), LOAD MGLCs
(white), and healthy control MGLCs (grey). Error bars represent SD (** p < 0.01; ¥+ p < 0.0001).

3.4.2.4 Cytokine Analysis

Bio-Plex Precision Pro™ Human Cytokine Assay was used to detect cytokine and chemokine
concentrations in the supernatants of primary and MGLCs using multiplex technology. For the
evaluation of the assay, unstimulated and 5.0 uM AB pE3-42-stimulated primary microglia were
analyzed in duplets for their immune response. The assay was able to simultaneously detect ten
cytokines in very low concentrations and in very small sample volumes of 50.0 pl. The cytokines
1IL1B, 112, 114, IL5, IL6, 1110, 1112, 1113, INFy, and TNFa could be detected in very low
concentrations in the unstimulated human primary microglia. In the stimulated human primary
microglia, increased concentrations of all measured analytes were observed in comparison to
unstimulated human primary microglia. For the compounds IL5, IL6, IL10, and INFy, the highest
concentrations were measured by A3 pE3-42 treatment (Fig. 21 A). AB stimulated the expression
of several proinflaimmatory cytokines such as IL18, IL6, TNFo, and IFNy.

In both reference lines (WAi0O1-B s and WAi004-B s) the cytokines 1183, 116, 110, and TNFa«
were increased after stimulation with A3 pE3-42 (Fig. 21 B). Furthermore, low concentrations of
1.2, TL12 and INFy were detected in stimulated reference line WAi0O1-B. For the unstimulated
reference MGLCs from WAi0O1-B, low concentrations of IL163 were detected in addition to 1L6
and IL10.

When comparing the healthy control MGLCs against the LOAD MGLCs, IL6 was detected both
in the healthy controls and in the LOAD MGLCs from MLUi008-B in stimulated and unstimulated
cells. TNFa could solely be analyzed in the two stimulated LOAD patients in low concentrations.
For the homozygous APOE4 defined LOAD patient, an immune response could be detected in
each of the measured analytes following stimulation with A pE3-42 (Fig. 21 C, indicated by a

red star).
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Figure 21: Multiplex cytokine assay analysis of MGLCs.

By Bio-Plex™ Precision Pro™ Human Cytokine Assay ten cytokines (IL18, IL2, IT.4, IL5, 116, IL.10, 1112
(p70), IL13, IFNy, and TNF«) were measured simultaneously. (A) In human primary microglia (hpMG) it
was shown that all cytokines were detectable after stimulation (s) with 5.0 uM AB (pE3-42). Unstimulated
(us) hpMG showed lower concentration of cytokines. (B) WAi001-B and WAi004-B are the reference cell
lines. The references show unstimulated high concentrations of 1L6 and IL10. By stimulating the cells, IL1,
INFy and TNFa were further increased. (C) Both, the healthy controls (MLUi009-A, MLUi010-B) and the
two LOAD patients (MLUi007-H, MLUi008-B) exhibited a measurable concentration of 1L6 in all cases.
Cytokines beside IL6 could exclusively be detected in the stimulated MGLCs of LOAD patient MLU1007-
H (labeled with a red star). Both LOAD patients showed an increase in TNFo after A pE3-42 stimulation.

3.5 Proteome Analysis of MGLCs

Application of mass spectrometry techniques for proteome analysis and profiling of
LOAD-specific MGLCs in comparison to healthy control MGLCs was performed to get insights

into proteomic changes related to neurodegenerative mechanisms.
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3.5.1 Flow cytometry to Verify the Culture Purity

In order to determine the proteome of MGLCs as accurately as possible, the cell population was
checked for homogeneity using flow cytometry prior mass spectrometric analysis. CX3CR1 was
measured to quantify the amount of mature MGLCs. To confirm the specificity of the CX3CR1
antibody, HEK293T cells and PBMCs were used as negative and positive control. As expected,
HEK293T cells were not stained by CX3CR1 events in flow cytometry (Fig. 22 left). PBMCs were
co-stained using the CD14 antibodies to highlight the monocytic subpopulation. With respect to
the isotype controls, staining with the CX3CR1 antibody revealed specific expression of the
receptor on all the monocytes as well as on a subpopulation of CD14-negative cells that could
represent CD8-positive T cells or natural killer cells (Fig. 22 middle). Evaluation of differentiated
MGLCs by flow cytometry showed a homogenous expression of CX3CR1 in almost all MGLCs
(Fig. 22 right).
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Figure 22: Evaluation of CX3CR1 in MGLCs.

HEK293T cells (left), blood (center) and differentiated MGLCs (right) from MLUI009-A were stained with
anti-CX3CR1 antibodies (bottom) or isotype control (top). For the HEK293T cells, as negative control,
side scatter intensity (SS INT) was used for the measurement. For blood cells, the CD14 antibody was also
used to stain monocytes. MGLCs were co-stained with CD45. Shown are the dot plots from one
representative experiment out of n = 9.

3.5.2 Raw data Analysis and Hierarchical Clustering

Mass spectrometry analysis revealed the total identification of 4946 proteins and 2014 proteins
were obtained after filtering the rows based on valid values, with at least two in one group. First,
the two biological replicates were grouped and the changes in protein abundance were detected

with a linear regression method using logarithmically transformed protein expression values.
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Imputation of missing values were performed with a normal distribution (width = 0.3; shift = 1.8).
For multi-sample test comparison of proteins and determination of significant differences in
protein abundances, ANOVA with Kruskal Wallis statistics were applied with a threshold p-value
of 0.05 and SO of 0. For the visualization of the hierarchical clustering, the values were normalized
by using the Z-Score. In order to determine the degree of relationship, a hierarchical clustering of
the 489 proteins identified as significant by ANOVA was carried out. Protein expression patterns
were obtained for distinguishing MGLCs from LOAD iPSCs (red dots), healthy control iPSCs
(black dots) and reference iPSCs (green dots). The controls branch divides into young (green dots)
and old (black dots) donors and the related biological replicates clustered together (Fig. 23 A).

A PCA of the data was performed to obtain an overview of the group profiles. The results of both
components suggest that the profiles in the two reference MGLCs and healthy control MGLCs
were more similar than the profiles of the LOAD MGLCs (Fig. 23 B).
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Figure 23: Explorative analysis of proteomic data.

(A) The hierarchical clustering of protein expression data from MGLCs, based on the Pearson correlation
coefficients between them, shows a higher similarity between MGLCs from young and old donors
compared to LOAD. (B) The greatest variance attributed to principal component analysis is the difference
between MGLCs from LOAD (reference green dots) young donors (red dots; component 1; 80.6%).
Furthermore, the old group (healthy control, black dots) could be cleatly distinguished from the other two
groups in its variance. (C) The multiple scattering of averaged profiles between the three groups clearly

represents the progression from young to old to LOAD by plotting the correlation using the Pearson
coefficient.
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Component 1 separates the profiles of the two healthy controls and the two references from the
LOAD group. Component 2 mainly separated the healthy control group from the reference group,
while the LOAD group remained unchanged. Within each group, the generated MGLCs cluster
very well together (Fig. 23 B). For the determination of the similarity within and between the
groups shown by the multi-scatter diagrams with a Pearson correlation, the lowest correlation
between the references and the LOAD MGLCs were determined. The correlation coefficients (R)
between the respective groups are R = 0.93 for the reference group, R = 0.913 for the healthy
control group and R = 0.958 for the group of LOAD MGLCs. Correlation coefficients between
the groups resulted in the mean values and standard deviation: R = 0.894 + 0.03 (references versus
healthy controls), R = 0.784 + 0.006 (references versus LOAD group) and R = 0.829 + 0.03
(healthy controls versus LOAD group) (Fig. 23 C).

3.5.3 Non-Hypothesis-Driven Analysis

In order to identify a subset of proteins that would significantly differentiate the three groups in a
supervised manner, we performed a T-test using the 489 proteins from the hierarchical cluster. In
comparison to the LOAD group, 329 proteins were expressed significantly differently for the
references and 277 proteins for the healthy controls, with a false discovery rate of less than 0.05.
The volcanic plot reveals the -Logio p-value of each protein compared to the fold change of the
groups, which were compared (Fig. 24 A). Proteins with a p-value lower than 0.05 and a fold
change lower than -1 and higher than 1 were inserted into a Venn diagram. Therefore, the proteins
were fed into two Venn diagrams, grouped into up regulated proteins (Fig. 24 B) and down
regulated proteins (Fig. 24 C). A total number of 276 proteins were analyzed. A STRING network
of a gene ontology enrichment analysis of biological processes was performed with the proteins of

the two Venn diagrams marked in grey.
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Figure 24: Comparative protein content analysis of microglia-like cells.

(A) The proteomic data were plotted as volcano diagram with -logio p-values, against log fold change
(reference vs. LOAD (above) and healthy control vs. LOAD (bottom). The horizontal line represents the
T-test threshold with the assigned significance of p < 0.05. The vertical lines define the limits for regulated
proteins with a fold change lower than -1 or higher than 1. (B, C) The two-way Venn diagrams compares
the number of proteins up- and downregulated in MGLCs from young references and the old healthy
controls in comparison to LOAD. (D) A Gene Ontology Enrichment analysis of biological processes was
performed on the 276 proteins shown in B and C in grey. For the analysis, a p-value cutoff of 0.00005 was
set for the false discovery rate. The online tool ShinyGO v0.61 was used to generate the image and the
analysis. The size of the points indicates the number of proteins in the set. The strength of the lines
corresponds to the percentage of overlapping proteins.

In the enrichment analysis, strongest associations were obtained for the processes of organelle
organization (p = 5.6E-17, 106 proteins), the organization of complex subunits containing proteins
(p = 4.6E-9, 65 proteins), and for the regulation of the organization of cellular components
(p = 9.1E-9, 67 proteins). The cytoskeletal organization (p = 2.7E 5, 37 proteins, marked blue) was
additionally identified associated as a subbranch of the organelle organization integrated into the
network (Fig. 24 D). Regulation of morphogenesis and regulation of endocytosis were related as
subordinate biological processes of the associated process of regulation of cellular component
organization. Subordinate to the biological process of intermediate filament cytoskeleton
organization, the process intermediate filament polymerization or depolymerization is related to

the biological process of protein containing complex subunit organization.
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3.5.4 Altered Cytoskeleton Organization in LOAD MGLCs

In addition to the enrichment analysis of the STRING network, the proteins from the Venn
diagrams of Figure 24 (marked grey) were assigned to the associated processes. This was
accompanied by a general upregulation (black bars) of identified proteins. Mainly down-regulated
proteins (grey bars) appear to have a function in transport, protein localization and cell signaling
(Fig. 25 A). AD-associated proteins have been identified mainly in biological processes that
indicate functions in the immune system, signal transduction, developmental biology and in the
process of disease, so they have been studied in detail (Fig. 25 B). Following a more detailed
analysis, the identified proteins show a potential function in axon control, homeobox gene
activation and transcriptional regulation of granulopoiesis, which are described as subordinate
processes of developmental biology. Furthermore, the associated proteins of the three other
biological processes could be associated with subordinate processes. The biological processes
subordinate to disease indicates an influence in signal transduction disease, transporter disruption,

infectious disease, and neurodegenerative disease.
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Figure 25: Gene ontogolgy of biological processes.

(A) The number of regulated proteins was shown for the biological processes. Upregulated proteins are
displayed in black and downregulated proteins in grey. (B) A closer look was carried out for four of the
biological processes in LOAD MGLCs, the subordinate groups were examined more closely.
Abbreviations: Homdéobox, HOX; Transcriptional Regulation, TR; T-cell Receptor Dependent TCR; B-
cell Receptors, BCR; Receptor Thyrosin Kinases, RTK; G Protein-Coupled Receptors, GPCR; Estrogen
Signaling Receptor, ESR.
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Proteins associated with the immune system mainly indicate functions in antigen presentation via
the MHC system, T cell receptor dependent signaling, neutrophil degranulation and cytokine
signaling. In signal transduction, for most associated proteins, involvement in the NOTCH
pathway, the MAPK, the rho GTPase signaling pathway, and messenger signaling via enrichment
analysis was identified. In addition to the number of proteins in the respective associated biological
processes, the individual LOAD-associated proteins (black dots) and non- associated proteins (grey
dots) were shown with their respective fold changes in the process. These are shown in Figure 26
with different medians (black = AD-associated, grey = non-AD-associated significant proteins). A
general upregulation of proteins in LOAD MGLCs compared to healthy control MGLCs was
observed. The AD association and the respective AD score were determined using an online tool
(www.genecards.org) (Supplement 8). The calculated medians of AD-associated proteins were
mostly similar to the medians of non-AD-associated proteins of the respective associated biological
processes. 75 of 276 identified proteins were exclusively analyzed in the healthy controls and were
associated with LOAD. The list of the top ten proteins found exclusively in the healthy controls
and associated with AD indicates a strong association for the processes of cytoskeletal organization
(Cystatin-B, microtubule-associated protein 2, MAP2; cofilin-1, Fermitin family homologue 2),
regulation of endocytosis (peptidyl-prolyl cis-trans isomerase NIMA-interacting 1, lactadherin),
immune response (alpha-crystalline B chain, 72 kDa type IV collagenase), glucose metabolism
(triose phosphate isomerase), cholesterol transport (APOE) and the response to reactive oxygen
species (protein/nucleic acid deglycase-DJ-1). Proteins can have multiple functions and therefore
be associated with multiple biological processes. An extended string analysis of the top ten proteins

most strongly indicated changes in the actin cytoskeleton in LOAD MGLCs.
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Figure 26: Altered biological processes in LOAD-specific MGLCs.

Significant individual proteins were represented with their associated fold change (healthy control (CON)
versus LOAD) for the respective biological processes. Proteins were marked in black when previous data
already reported altered expression associated with AD (black dots). Not AD-associated proteins are also
shown (grey dots). Medians for LOAD-associated proteins were shown in black and for all proteins of the
respective biological process in grey, as a horizontal line.
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4 Discussion

AD is the most common form of dementia. The vast majority of patients do not show clinical
symptoms until the age of 65 (termed as LOAD), while about 2-10% show an early onset course
(termed as EOAD)'. Both LOAD and EOAD show the two hallmarks of increased AB-plaques
and neurofibrillary tangles. Due to an accumulation of extracellular AB-plaques and intracellular
neurofibrillary tangles, neurons die with a dramatic loss of cognitive abilities and memory. In
addition to other risk factors such as elevated cholesterol levels, environmental factors like
aluminium'”’, and blood pressure, old age is a key risk factor for AD. APOE44 was the first genetic
risk variant discovered in context of AD. In recent years, numerous GWAS have been conducted
in large cohorts and different ethnic groups leading to further susceptibility variants associated with
AD. Many of the genes carrying risk variants are expressed by microglia and have been identified

as being relevant for the immune system including endocytosis or lipid metabolism**.

4.1 Genotyping of LOAD-Associated DNA Risk Variants in B-LCLs

Since the nineties, the genetics of AD has been an active field of research. By identifying mutations
in the genes APP, PSENT1, and PSEN2, the underlying pathophysiological processes responsible
for EOAD could be elucidated. In addition to the risk variants in these three genes, APOE was
also identified as a susceptibility gene for both EOAD and LOAD in the 1990s'*. The cholesterol
transporter protein APOE is translated into different isoforms. The most relevant isoforms are
APOE2, APOE3, and APOE4, which are generated by the presence of two different SNPs
15429358 and rs7412 (TAB 1). APOE44 represents the major risk variant for AD*>. This study
used mass spectrometry to proof the APOE status of patients and controls, which was recently
determined by colleagues using TaqMan assays. The two healthy controls MLUi009-A and
MLUi010-B have a homozygous APOE3 genotype. Genotyping of the two LOAD patients
resulted in a heterozygous APOE34 genotype for MLUiIO08-B and a homozygous APOE44
genotype for MLLUi007-H (TAB 2). In previous studies it was shown that the clearance of A3 and
the formation of senile plaques are dependent on the APOE genotype®. Due to arginine to cysteine
exchange in the N-terminal domain by the two SNPs, functional changes in the respective isoforms
occur. The region where the SNPs are located is the APOE lipid binding site. In the case of
APOEA4, the ability to bind lipids is impaired due to structural changes (Fig 3). APOE3 is the most
abundant non-AD associated isoform of apolipoprotein. A reduced risk for AD is observed in
while the isoform APOE4 is found more often in AD

patients™. The risk variant APOE44 was associated as a risk gene in various ethnic groups, where

patients with the isoform APOE2”,
it was shown that there are differences in OR. Populations of African Americans and Hispanics
(OR < 10) show a weaker association with AD than Japanese and Europeans (OR > 10)™. In recent
years, numerous GWAS have verified APOE as a risk gene and identified many other susceptibility
genes'"??**!¥ Most of the genes are related to the three biological processes of immune system

and inflammation response, endocytosis/intracellular trafficking, and lipid metabolism®.
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In this thesis, genotyping of SNPs was performed on a mass array system combined with a
multiplexed primer extension iPLEX assay using MALDI-TOF mass spectrometry. Twelve SNPs
located in CD33, eleven SNPs in TREM2, one SNP in CD2AP, two SNPs in EPHAT1, one SNP
in MS4A4A, and one SNP in MS4A4E were analyzed for genotyping of 16 LOAD patients and 26
healthy controls (TAB 1). In Figure 5, the genotyping was visualized based on the SNP rs3826656
in CD33. The selection of LOAD-associated genes and SNPs was based on recent GWAS
performed with the participation of our research team headed by Prof. Dan Rujescu's*?". The
CD33 gene encodes a transmembrane receptor that provides mostly mediate inhibitory signaling
by sialic acid binding®>'*. In the human brain, CD33 is expressed on microglia cells. In previous
studies, it was observed that the surface expression of CD33 was increased in AD patients
compared to the healthy controls"™. The most often published AD-associated CD33 SNP is
rs3865444 with C as a risk allele. For genotyping of MLUi007 and MLUIO08 rs3865444 was
detected homozygous for C in both cases. In contrast, the allele A was measured homozygous in
the healthy controls (TAB 1). In total, the SNP rs3865444 was detected ten times homozygous and
three times heterozygous for the risk allele C in the 16 analyzing LOAD patients. According to
other studies, rs3865444C is associated with AD and leads to an increased expression of the
protein, which is further associated with a decreased clearance of A3. SNP rs3865444 is located
373 bp upstream of the first exon of CDD33 in the promoter region and is involved in the alternative
splicing of exon 2. Exon 2 encodes a Ig V-set domain, which necessary to recognize sialic acid'>.
However, compared to the genetic association studies with North Chinese'™ and Caucasian
cohorts®, CD33 is not detected as significant in African Ametican populations®!. Another SNP
rs3826656 with G as a risk allele is located 1722 bp upstream of the CD33 coding sequence and
associated with LOAD recently demonstrated in an East Asian population'. In the present thesis,
the SNP rs3826656 with G as a risk allele was detected homozygous in the B-LCLs and iPSCs
obtained from one LOAD patient (LCL007, MLUi007-]). B-LCLS and iPSCs from the second
LOAD patient (LCL008, MLUi008-B) and both healthy controls (LCL009, MLUi009-A; L.LCLO10,
MILUi010-B) carried homozygous rs3826656 with major non risk allele A (TAB 1). In total, the
SNP rs3826656 with G as a risk allele was detected 1 time homozygous and five times heterozygous
in 16 LOAD patients. The minor allele of 153826656 encoding G occurs less frequently in the
Caucasian population than in the Chinese population'”. The two CD33 SNPs 153826656 and
rs3865444 are complete linkage disequilibrium (LD = 1) to each other, which means that both are
inherited together. A third SNP rs2455069 is in linkage disequilibrium with rs3865444 (LD = 1).
SNP 1524550069 is located at 168 bp at a splice site in exon 2 of CD33. The minor allele G causes
an amino acid exchange Arg69Gly . Furthermore, studies revealed that rs2455069 with the risk
allele G is associated with an increased amount of CD33 on the cell surface on immune cells"’ and
with altered gene expression of hyaluronan synthase 1 (HAS-1) in the cortex of AD patients'”.
HAST activity may lead to insoluble N-acetylglucosamine (GlcNAc) oligomers, which activate
microglia and release pro-inflammatory cytokines'”. SNP 152455069 with risk allele G was detected
homozygous in only one of the two used LOAD patient MLUi008. In both healthy controls
(LCL0O09, MLU1009-A; LCLO010, MLUi010-B) the major non risk allele A of SNP rs2455069 was
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analyzed (TAB 1). In total, the SNP rs2455069 with risk allele G was detected four times
homozygous and five times heterozygous for the LOAD patients. Furthermore, on CD33 SNP
rs138197061 with the risk allele InDel causing a short intronic deletion in the DNA
(deITTTCTATAAATGCC) was detected in B-LCLs and iPSCs of one LOAD patient (TAB 1). In
total, SNP rs138197061 with the InDel allele was detected three times in 16 LOAD patients.
European populations reveal the highest allele frequency of 0.0777 next to the populations African
American and African in which a deletion with an allele frequency of 0.01 occurs (SNP database
of NCBI, 13.04.2020). In summary, the present AD-specific in vitro model includes AD-associated
SNP risk alleles in CD33, which may potent regulators of the CD33 gene expression leading to an

increased expression of CD33 on the cell to counteract A3 clearance.

CD33 expression on immune cells correlates inversely with TREM2 surface expression'™. As
shown in Figure 4, TREM2 is an activator of phagocytosis and is described via the ITAM signaling
pathway as an antagonist of I'TIM signaling of the inhibitor CD33. Furthermore, Figure 4 indicates
that the I'TIM domain of CD33 blocks the ITAM-mediated signal of TREM2, thus affecting its
function. In the brain, TREM2, like CD33, is expressed exclusively in microglia and is involved in
several important immune processes, such as reorganization of the cytoskeleton, production of
chemokines, and stimulation of phagocytosis. Furthermore, TREM2 controls the production of
proinflammatory cytokines and ROS'. Dan Rujescu’s lab first published LOAD-associated a loss-
of-function mutation in TREM2 in 2013%. In recent years, additional AD-associated SNPs and
mutations were found in TREM2'". However, genotyping performed in the present study using
B-LCLs and iPSCs from 16 LOAD patients and 26 healthy controls did not reveal any risk variant
in TREM2 (TAB 1, Supplement 9). Importantly, this negative result includes the SNP 1575932628
with the risk allele T responsible for the amino acid exchange R47H.

Nevertheless, it is important to mention that exon sequencing and GWAS analyses verified a strong
association for TREM2 with AD recently. Additionally, AD-associated SNPs and mutations in
TREM2 are associated with Nasu-Hakola disease, known as Polycystic lipomembranous
osteodysplasia with sclerosing leukoencephalopathy, frontotemporal dementia and frontotemporal
lobar dementia'”. For example, the amino acid exchange Q33X in TREM2, caused by SNP
rs104894002 with the risk allele T, leads to a TAG stop codon, which results in a loss of function
of the TREM2 protein. Q33X is associated with LOAD and sclerosing leukoencephalopathy "*'*.
Another SNP rs201258663 with the risk allele A leading to the amino acid exchange T66M
increases TREM?2 expression in the endoplasmic reticulum and shows a decreased TREM2 surface
localization. Together with another amino acid exchange V126G, T66M leads to impaired protein
packing. SNP rs121908402 with the risk allele C is causative for V126G. T66M most probably acts
on protein folding to impair the degradation of TREM2. More general, T66M leads to reduced
TREM2 RNA and protein expression, which also affects phagocytosis. Another SNP 15142232675
with the risk allele T is causative for the amino acid exchange D87N and shows an impaired ligand
binding. Another SNP rs2234256 with the risk allele T leads to the amino acid exchange L211P is
located on the intracellular domain of TREM2 suggesting that signal transmission inside the cell
may be disturbed by L211P. Further studies have identified an association of this SNP 152234256
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(with risk allele T) with AD, frontotemporal dementia and frontotemporal lobar dementia'™.
Another intronic TREM2 SNP rs2234258 with the risk allele G produced a truncated transcript
(transcript variant 2) caused by a stop mutation W191X in the African American population'”.
Another SNP rs104894001 with risk allele T is located at a splice site and leads to an amino acid
exchange W44X causative for a truncated TREM2 protein lacking the transmembrane and
cytoplasmic domains. Another SNP rs79011726 with risk allele T leads to an amino acid exchange
E151K at the stalk region of TREM2. A mutation in the intracellular domain necessary for binding
to DAP12 is caused by SNP rs28937876 with the risk allele T leading to the amino acid exchange
K186N"™*, Furthermore, there are the two variants SNPs rs200820365 with risk allele T and SNP
rs149622783with risk allele A responsible for the amino acid exchanges S183C'* and R136Q"”,
which are associated with LOAD. In summary, SNPs in TREM2 reduce protein expression,

produce truncated TREM2 isoforms, and restrict ligand binding to the adapter protein DAP12.

MS4AA4E belongs to the family of 16 MS4A genes located on chromosome 11, which are expressed
on cells of the immune system'. For genotyping of the 16 LOAD patients, the SNP 154938933
with risk allele C in the MS4A4A gene was analyzed and detected heterozygous in MLUi007,
homozygous in MLUi008. For genotyping of the two healthy controls the SNP 154938933 with the
risk allele C in the MS4A4A gene was detected heterozygous in MLUI009. In the second healthy
control (MLUi010) the risk allele T was detected homozygous (TAB 1). In total, the SNP rs4938933
with the risk allele C was detected six times homozygous and seven times heterozygous for the
LOAD patients. SNP rs4938933 with the risk allele C associated with LOAD was recently

identified in the EADI1 consortium®.

In the present study the SNP rs610932 with the risk allele T in the gene MS4AGA, another gene of
the MS4A gene family, was investigated for the patients. The risk allele T was detected
heterozygous in MLUi007 and homozygous in MLUi008. In the healthy controls, MLUi009 was
detected heterozygous with the risk allele T, while MLUi010 was analyzed homozygous with the
non-risk allele G (TAB 1). In total, the SNP rs610932 with the risk allele G was detected four times
homozygous and eight times heterozygous for the LOAD patients. The SNP rs610932 with the
risk allele T has already been found to be associated with LOAD in previous studies in Caucasian
and Chinese populations™. Furthermore, an association of the MS4A gene family could be
associated with increased soluble TREM2*"'. In summary, the underlying effect of SNPs in the
genes MS4AGA and MS4A4A is not yet known. However, due to the involvement of the related

genes in regulating the immune system, the accumulation of Af3 in the brain could be enhanced by
these SNPs™".

Two SNPs in the gene EPHAT1 have been investigated in the present study. EPHA1 belongs to the
protein tyrosine kinase family and the ephrin receptor subfamily. These cell surface receptors
regulate cell adhesion, migration, and plasticity. EPHA1 is involved in the regulation of cell motility
and morphology via cytoskeletal reorganization in a RhoA-ROCK depend manner’”. The
genotyping of the 16 LOAD patients showed three patients heterozygous for SNP rs11767557
with the risk allele C. For the SNP rs11767557 with risk allele C both LOAD patients MLU1008
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and MLUi007 as well as the healthy control MLLU1010 were analyzed homozygous for the non-risk
allele T In the second healthy control MLUi009 the SNP rs11767557 with risk allele C was analyzed
heterozygous (TAB 1). In a second SNP 1511771145 with the risk allele A on the gene EPHA1,
the LOAD patient MLLUi007 was detected homozygous for A. The second patient MLLUi008 and
one of the healthy controls (MLUi010) were analyzed heterozygous with the risk allele A for the
SNP 1511771145 (TAB 1). In 2011, a combined GWAS analysis of four AD consortia (GERADI1,
TGENT1, ADNI1, EADI1), with the participation of Dan Rujescu's lab, was able to verify the
EPHAT1 as a LOAD associated risk gene. EPHAT1 carried SNPs rs11767557 with the risk allele C
and SNP 1511771145 with the risk allele. They were found to be in linkage disequilibrium of 12 =
0.28, D' = 0.75”. In summatry, the effect of the two investigated LOAD-associated SNPs in
EPHAT1 has not yet been clarified.

The present study also includes the analysis of SNPs in the CD2AP gene encoding a scaffold
protein that binds to nephrin, actin, and other proteins involved in the remodeling of the actin
cytoskeleton. CD2AP probably regulates membrane transport and dynamic actin remodeling
required for endocytosis and cytokinesis™***. The LOAD-associated SNP 159349407 with the risk
allele C was also identified in 2011 by the above mentioned four AD consortia with the
participation of the group of Dan Rujescu’s 1ab®. In case of the SNP 159349407 with the risk allele
C the LOAD patient MLU1007 as well as the two healthy controls MLLUi009 and MLUi010 were
detected heterozygous with the risk allele. Second LOAD patient showed a homozygous genotype
for the non-risk allele G (TAB 1). In total, SNP rs9349407 with risk allele C was detected
exclusively six times heterozygous in LOAD patients. LOAD association of the SNP rs9349407
with the risk allele C was demonstrated in different ethnic groups, such as Chinese, Japanese,
African American, European-American, European, and Canadian populations and is related to an

increased AB accumulation®”.

In summary, the detected AD-associated risk alleles probably impair the actin cytoskeleton,
endocytosis, and cytokinesis, which potentially supports the accumulation of AR for the

progression of LOAD.

4.2 CD33-Dependent Phagocytosis

As resident macrophages of the CNS, microglia are an elementary component of the immune
system in the CNS. They perform a variety of tasks of the innate and adaptive immune system,
such as phagocytosis and receptor-mediated endocytosis or cytokine release. Furthermore,
microglia express MHC class I/11 proteins and are therefore involved in antigen presentation and
lymphocyte activation for the immune response of the CNS**. However, the demands of these
specialized tasks require polarization into corresponding phenotypes. Due to this plasticity,
microglia enable efficient and specific responses to the registered environmental signals with the
adapted phenotype. Microglia are activated in response to a registered signal, resulting in the
formation of the corresponding phenotype. Two main polarization states are described. In the case

of M2 polarization there is an increased phagocytosis and the release of both anti-inflammatory
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cytokines and neurotrophic factors, resulting in increased clearance, CNS remodeling and neuronal
repair. Polarization to the M1 state leads to the release of pro-inflammatory cytokines, ROS, and
chemokines, causing neuronal dysfunction and chronic neuroinflammation. In AD, microglia with
impaired phagocytosis and pro-inflaimmatory cytokine release are increasingly described in the

most recent literature?”’

. GWAS analyses showed that molecular genetics plays a crucial role in the
progression of AD, especially in genes related to the immune system. The surface receptor CD33
is one of the risk genes crucial for proper function of the immune system®. Due to the different
AD-associated CD33 SNPs regulating surface localization in the microglia, CID33-dependent
phagocytosis is impaired in AD. CD33 is activated via ligand binding to SA, which recruits SHP
proteins to the ITIM domain in CD33'”. Activation of the I'TIM domain has an inhibitory effect
on the activating ITAM domain and the TLR receptors in CD33, which are both related to be
involved in the regulation of phagocytosis, cytokinesis, and actin remodeling'**" (Fig. 4). Many
publications describe activation of microglia via stimulation with LPS, which mainly induces the
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M1 phenotype™".

For studying basic mechanisms of CD33-dependent phagocytosis, a simple cell culture model with
human primary monocytes was used in the present study. In microglia and monocytes, the CD33
expression on cell surfaces and the molecular machinery that regulates phagocytosis are very
similar. To investigate the influence of CID33 on phagocytosis, monocytes were analyzed before
and after stimulation with sialic acid, LLPS, a protein kinase inhibitor and an antibody against CD33.
Figure 6 represents the fold change of phagocytosis for the respective treatments. To simulate the
influence of sialic acid in the phagocytosis process, the internalization of beads in monocytes was
investigated. In the evaluation of the data, we detected a significantly reduced receptor-mediated
phagocytosis of sialic acid treated monocytes. This result could indicate an activation of sialic acid
ligands like CD33. To verify the reducing effect of sialylated surface proteins in monocytes on
phagocytosis, cells were additionally stimulated with LPS after sialic acid treatment. Evaluation of
the phagocytosis of sialic and LPS treated monocytes showed a significant increase in bead
internalization compared to untreated controls. Stimulation phagocytosis by LPS was already
shown in monocytes. This study showed that single treatment with LPS and combined treatment
with sialic acid and LPS lead to no significant differences with a p value of 0.0519 (Fig. 6). The
experiments in this thesis confirmed that treatment with sialic acid significantly reduces

1209

phagocytosis. This result could verify a previous study by Cabral et. al™”, who showed that

>
desialylation significantly increases phagocytosis in monocyte mature dendritic cells treated with
sialidase. In another study, it was shown in invertebrates that sialic acid has a negative effect on
phagocytosis. In a previous study, the treatment of phagocytes with N-acetyl-D-mannosamine
(ManNAc), a biological precursor of sialic acid Neu5Ac, showed that both the phagocytosis
reaction was inhibited and released superoxide anion and nitric oxide were reduced during

phagocytosis®'’.

For the analysis of the effects of the surface receptor CD33 on phagocytosis, CD33 was blocked
with an anti-CD33 antibody, and the internalization of the beads were measured. In the evaluation

of phagocytosis, no significant change was found by blocking the surface receptor. An additional

59



Discussion

stimulation of monocytes with LPS leads to a significant increase in phagocytosis when CD33
signaling is interrupted. A significant increase in phagocytosis by treatment with CD33 antibody
and LPS was observed both, in comparison to the untreated control and to LPS stimulation. The
increased phagocytosis due to blocking of the surface receptor CDD33 verifies the results of other
studies, in which an increase in phagocytosis was observed by a knockout of CID33. Based on the
results shown in this thesis and previous studies that produced a CD33 knockout, a correlation
between CD33 expression and AB-clearance could be obtained”**'"". Treatment with an inhibitor
of protein kinases regulating CD33-independent phagocytosis, served as a control for the integrity
of phagocytosis regulating intercellular machinery. A protein kinase inhibitor greatly reduced
phagocytosis (Fig. 6). Based on this result, already achieved results could be verified in which
protein kinases influence phagocytosis. Makranz and colleagues were able to show in macrophages
and microglia that the protein kinase A inhibitor H-89 acts dose dependent and can inhibit myelin
phagocytosis®”. Furthermore, it was shown for protein kinase C that decisive proteins in the
machinery of phagocytosis are phosphorylated by protein kinase C and an inhibitor against protein
kinase C inhibits phagocytosis*’. A further step of the immune system, which should always be

investigated in connection with the process of phagocytosis, is the release of cytokines.

Besides the internalization of latex beads by activating the phagocytosis machinery, intracellular
specific gene expression patterns are induced regulating the synthesis of pro-inflammatory
cytokines. In this study, the cells of the phagocytosis experiment were used to show how both pro-
inflammatory cytokines such as IL18, ILL6 and PTEN are affected by the activation and blocking
of CD33. LPS was used to show that monocytes can be stimulated. Treatments with sialic acid and
CD33 antibodies induced slightly, but not significantly, the expression of IL183a, IL6, and PTEN.
Ensuing a stimulation with LPS a significantly increased transcription was detected for IL16, ILG.
Furthermore, a highly increased transcription for PTEN was detected. The combined treatment
with LPS and sialic acid also resulted in a significant increase in mRNA levels of IL13 and IL6 at
lower levels than observed in the single treatments (Fig. 7 A, B). In contrast to interleukins, mRNA
levels of PTEN continued to increase in the combined treatment with LPS and sialic acid (Fig. 7
C). Cabral et al.™” showed similar to own results in this thesis (Fig. 6) that pro-inflammatory
cytokines IL6 and TNFu are increasingly released in desialylated monocytes. This response was
further increased using LPS from Escherichia coli as a stimulus. The increased release of pro-
inflammatory cytokines such as IL13 by desialylation was described in another study by Lajaunias

et al.”"

They demonstrated that an increased IL163 production in desialylated monocytes can be
reduced by sialic acid treatment. When treated with an antibody against CID33, an increased release
of IL1B from the monocytes was observed. Phospholipid-modifying enzymes such as PI3K
regulate Fe-receptor-mediated phagocytosis by binding to the SH2 domain of I'TAM motifs and
thereby activating them. Lipid phosphatases such as SHIP1 and PTEN counteract this activation"”.
PTEN has effects on reduced receptor-mediated phagocytosis, increased Toll-like receptor
signaling, and pro-inflaimmatory cytokine response. Stimulation by LPS increases PTEN gene
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expression, which was shown by others™°. PTEN is involved via its expression in the regulation of

the activating I'TAM domain containing proteins like TREM2. Phosphorylase is the regulatory
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antagonist of the kinase PI3K a downstream target of ITAM signaling. Upregulation of PTEN

results in inhibitory phagocytosis™’

. Activation of the ITIM domain in CD33 by sialic acid most
probably enhances the stimulation of LPS by inhibiting PI3K to enhance PTEN gene expression

(Fig 4).

4.3 Generation of AD-Specific iPSCs

The discovery of a Japanese research group to generate iPSCs from somatic cells provided the
opportunity to study human cells that are difficult to access”. Human iPSCs also provide a
powerful tool for translational medicine. Especially in clinical trials, many findings from studies in

mice did not lead to therapeutic approaches because of the large species-dependent differences®.

In the field of neuroscience, this technology offers the possibility to differentiate patient- and
disease-specific cells for a better understanding of underlying disease mechanisms. Iz vitro model
systems based on iPSCs were established in many labs including the most common
neurodegenerative diseases AD and Parkinson's disease™. In this work, patient-specific iPSCs for
LOAD and matched healthy controls were produced to investigate LOAD-associated susceptibility
variants. For the generation of LOAD-specific and control iPSCs, B-LCLs were reprogrammed
using a previously published protocol with minor modifications. In order to increase the efficiency
of reprogramming, the modified protocol included treatment with histone methyltransferase
inhibitor BIX01294 and the DNA methyltransferase inhibitor RG-108. BIX01294 has already been
used in various combined reprogramming cocktails and modifies the methylation of histone 3 at
lysine 9. Both BIX01294 alone*” and RG-108 interfere with the epigenetic modification of the
DNA and influence the reprogramming of somatic into stem cells*. For the analysis of the LOAD
two iPSC lines from LOAD patients (MLUi007-H, MLUi008-B) and iPSCs from healthy controls
(MLUi009-A, MLUi010-B) was generated, characterized, and subsequently applied for
differentiation into MGLCs. Age, sex, ethnicity, and the APOE status were considered in the
selection of the donor subjects. One of the LOAD patients also suffered from diabetes mellitus
type 2. (TAB 2). Fernanda et. al*' could already show that brains of AD patients with diabetes
show an increased release of pro-inflammatory cytokines, such as 116, compared to non-diabetics
and that the blood-brain barrier becomes more permeable through diabetes. Furthermore, insulin

signaling disorders have been shown to be associated with protein phosphatase, such as PTEN*',

In this study, modelling of LOAD with iPSCs was chosen because iPSCs enable patient-specific
studies of LOAD-associated genetics. In contrast to mouse models, human iPSC-derived MGLCs
hold the promise to capture the pathomechanisms of LOAD more completely because the analysis

of disease mechanisms is limited by these species-specific differences®.

4.3.1 Verification of Pluripotency Markers

For the characterization and evaluation of pluripotency, alkaline phosphatase staining was initially
performed in LOAD iPSCs and iPSCs from healthy controls (Fig. 8). The generated iPSC colonies
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show densely packed cells with sharp edges and a large ratio of nucleus to cytoplasm and thus
exhibit a typical morphology for stem cells®. A blue staining of the alkaline phosphatase activity
distinguishes iPSCs from the surrounding mouse embryonic fibroblasts. In addition to stem cells,
alkaline phosphatase is expressed in other cell types such as bone, liver or placenta. Therefore, this
technique serves as a first pluripotency marker , but only together with morphologic analysis®. To
further characterize the pluripotency of the generated iPSCs, a transcript analysis was performed.
As shown in Figure 9, the pluripotency-related genes CDH1, DPPA2, KFL4, LIN28A, MYC,
NANOG, OCT4, REST, and SOX2 could be detected in MLUiO07-H. A frequently published
iPSC line WAi001-B** served as a positive control and revealed signals in all analyzed
pluripotency-related genes. The expression of these genes was also detected in iPSCs generated by
other labs and published for example by Congras et al.*”. In another study, the gene expression of
REST was strongly detected in ESCs**. Besides the pluripotency-related genes, three B-LCL
marker genes GPR183, FCRLLA, and BTLLA were examined in the iPSCs to check the remained
expression of differentiation markers from the donor also termed somatic memory. According to
Figure 9, none of the three B-LCL marker genes were expressed in MLUi007-H, indicating absent
somatic memory and high quality of reprogramming. Pluripotency related genes are not expressed

in B-LCLs shown by previous analyses of the working group.

4.3.2 Proteome Analysis of iPSCs and their Corresponding donors

In a recent article by Kumar et al.*’

, transcriptomic analysis was used to study differential gene
expression between B-LCLs and their reprogrammed iPSCs. Using hierarchical clustering and
principal component analysis, the examined cells could be clustered into two superordinate groups.
Within the two subgroups, both B-LCLs and iPSCs showed high similarities. The differentiation
of the two cell types suggests a complete reprogramming of the B-LLCLs into iPSCs. In the present
study, the reprogramming was also verified by proteomic analysis. For this purpose, a proteome
analysis of donor B-LCLs (LCL007, LCL008, LCL009, LLCL010) and successfully generated iPSC
lines (MLU1i007, MLUi008, MLU1009, MLUi010) was performed. In a shotgun proteomics
approach, we identified 1568 proteins of which 75 proteins differed significantly in protein
abundance. In the hierarchical cluster, we could first divide into the two subgroups of B-LCLs, and
the iPSC lines generated from them. Moreover, in the respective two subgroups, clustering into
healthy controls and LOAD cells could be observed. Reference cell lines clustered together with
the healthy controls (Fig 10 A). Clustering into two superordinate groups verifies the results
revealed in a transcript analysis between B-LLCLs and iPSCs by Kumar et al.**". In addition to the
division into the two cell types, a further differentiation into healthy and AD cells was observed in
both the group of B-LCLs and the group of iPSCs. The obtained results verify a another
transcriptomic analysis performed by Maes et al., which used blood mononuclear cells from LOAD
patients and controls to show that both groups cluster differently in a disease-specific manner™.
Compared to the other six of seven iPSCs in the hierarchical clustering, the second reference stem

cell line (WAi0O1-B) is different and forms a separate branch (Fig 10 A), which can be explained

by different donor material. These results verify a proteome analysis by Kim et al., which shows
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remarkably high similarities between ESCs and foreskin-derived iPSCs. Several clones of the
generated iPSCs of the study from Kim et. al contained small protein groups in the heat map of
the hierarchical cluster, which remained upregulated after reprogramming™’. WAi001-B is also
reprogrammed using episomal vectors from foreskin fibroblasts and shows an upregulated protein
cluster, resulting in the formation of a separate branch in the dendrogram (Fig. 10 A). The donor
cell specific transcriptional pattern that can be maintained was also observed by another group™.
The more commonly used reference stem cell line WAi1004-B was generated from fetal fibroblasts
of the lung via a lentiviral reprogramming strategy and does not appear to have this proteomic

profile.

The comparison of four different B-LLCL cell lines with the seven iPSC lines confirmed, at the
protein level, that the reprogramming process successfully suppressed the expression of somatic
genes of the B-LCLs. A principal component analysis of significantly altered proteins from the
generated hierarchical cluster visually verifies the division into the two major groups B-LCLs and
iPSCs. WAi001-B displays, as in the heat map, small deviations from the other six iPSC lines in
component 2 (Fig 10 B). The principal component analysis of the B-LCL and iPSC proteome
performed in this study verifies the principal component analysis of the group of Kumar et al. Very
similar to the transcript analysis, the principal component analysis produced values of 84.5% for
component 1 and 3.7% for component 2. Kumar et al. produced values of 84.17 and 85.35 for the

microRNAs and mRNAs of component 1 or 3.68 and 3.75 for component 227,

In the 75 significantly identified proteins in the analysis, eight of them were found to be upregulated
in iPSCs (Fig. 10 C). This thesis revealed that seven of the eight proteins were associated with
processes for the self-renewal of stem cells. In order to detect differences in the less abundant
proteins, such as transcription factors, a labelled proteome analysis would be required. The most
highly regulated protein in the iPSC group is the cell growth-regulating nucleolar protein LYAR
(QINX58). LYAR is a nuclear oncoprotein for the regulation of cell growth. LYAR is highly
expressed in undifferentiated ESCs on the mRNA and the protein level counteracting
differentiation processes. In addition, LY AR is essential for the maintenance of self-renewal under

participation of further nucleolar proteins231

. The second highest expressed protein Matrin-3
(P43243) has been identified in neural stem cells and is linked to neurogenesis. Matrin-3 has so far
not been described in connection with iPSCs and ESCs. Downregulation of the protein induces
differentiation into neuronal cells, suggesting that it is involved in the maintenance of neural stem

#2 Purthermore, Matrin-3 is involved in the OCT4 network, which controls self-renewal of

cells
ESCs™. In a global gene expression analysis of ESC lines H9 (WA09), HSF-6 (UC06) and HSF-1
(UCO00), the gene NACA was found to be up regulated in the signature of the three ESC lines
compared to the inner cell mass. The protein alpha NAC (E9PAV3) translated by the gene NACA
was also detected up-regulated in the group of iPSCs in this work, which verifies this result**.
Another protein that was found upregulated in the iPSC group is cathepsin D (P07339) and is
described in the literature as being associated with many cancers, such as gastric cancer, melanoma,
ovarian cancer, and breast cancer. Cathepsin D was detected in the cancer stem cell

subpopulation”. Importin a1 (P52292), a protein that was detected in previous studies mainly
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expressed in undifferentiated ESCs, was found to be significantly upregulated in the group of iPSCs
in this study. Importin a1 is also known to interact with OCT4, which is additionally associated

with a nucleocytoplasmic transport of OCT4 in lung cancer™

. Another upregulated protein in
iPSCs is otoferlin (Q9IHC10), which is known in the literature as calcium sensor and plays a central
role in mammalian hearing®’. In a study by Wong et al., mRNA splicing of RNPS1 was investigated
demonstrating that RNPS1 together with other factors maintains the self-renewal of ESCs. RNPS1
(Q15287) was also detected up-regulated in the iPSCs and has been shown in the literature to be
elevated in ESCs and neural precursor cells”. Another RNA-binding protein, insulin-like growth
factor 2 mRINA-binding protein 3 (O00425), was detected in chicken stem cells in comparison to

chicken fibroblasts in a microarray analysis in addition to typical stem cell transcription factors such
as NANOG and OCT4>”.

4.3.3 Verification of pluripotency by differentiation into derivatives of three
germ layers

In order to further verify pluripotency of iPSCs, their differentiation into derivatives of the three
germ layers was demonstrated in this study. Therefore, the spontaneous differentiation of iPSCs
using medium supplemented with fetal calf serum was applied. In this study it could be elucidated
that MLLUi007-H expressed typical markers of the three germ layers in at least one of the measured
time points. A transcript analysis was performed to analyze the markers for ectoderm (PAXO,
MSI1, SHH), mesoderm (TBXT, PRRX1), and endoderm (CXCR4, FOXA2, SOX17) on day 3, 5,
and 10. In MLUi007-H, all markers except of FOXA2 were detected at least for one time point
(Fig 11). In a study by Torres et al., PAX6 and MSI1 were also used for showing ectodermal
differentiation, FOXA2 and SOX17 for endodermal differentiation, and TBXT for mesodermal
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differentiation®. The three time points were chosen according to the literature®' as shown in
Figure 11. Absent FOXA2 can be explained by the possibility that the spontaneous expression
peak may have occurred between the time points. The pluripotency analysis of all five iPSC lines
generated in this study showed both the presence of pluripotency-related transcripts and the
potential to differentiate into the three germ layers. In accordance with other studies™”, we

observed no differences between healthy and diseased iPSCs.

4.4 Generation of Human iPSC-Derived MGLCs

Microglia develop during embryonic development from erythromyeloid progenitor cells as well as
primitive macrophages of yolk sac prior to peripheral hematopoiesis occurs. Subsequently, the cells
enter the CNS and mature into resistant microglia, which are present throughout humans live. In
the context of neuroinflammation and especially in LOAD, a migration of peripheral monocytes
into the brain has been described'”'"". These peripheral monocytes are indistinguishable from
resident microglia and elevate the number of immune cells in those brains. Due to their phagocytic
properties, microglia are the main cells comprising the immune response in CNS. Thus, they are

key regulators in neurodegenerative disorders such as AD. However, isolation techniques are still
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elusive since isolation of primary microglia obtained from postmortem tissue of AD patients is
very though and shows an artificial gene expression or phenotypes. Moreover, in order to keep
them in culture, serum additives of media developed for primary cell cultures trigger their activation

and morphological transformation™.

Even though animal models are widely used for answering scientific questions, in the context of
only a small number of animal models is available including the 5xFAD mouse model**. However,
a recent transcript analysis of AD associated genes indicated strong differences between human
and mouse microglia”. A promising alternative to primary postmortem cultures and animal models
represents human iPSCs. iPSCs are obtained from genetically characterized patients with known
AD mutations enabling the generation of MGLCs carrying a number of genetic mutations that play
a role in AD pathophysiology'™. Regarding that, patient derived MGLCs were generated in this

thesis and investigated with respect to AD.

To study microglial processes in LOAD, a robust and reproducible serum-free differentiation
protocol was developed to generate MGLCs via monocytes. The factor of serum free
differentiation is essential for the functionality of the microglia. Serum can greatly influence the
morphology and the way in which cells become activated®”. Microglia and monocytes undergo
comparable differentiation in eatly development, which explains a comparable profile of surface
markers in mature cells. Both microglia and monocytes develop from hemangioblast cells that are
formed from primitive streak cells. Microglia progenitor cells migrate at stage E10.5 into the
developing brain and mature into adult microglia, while monocytes progenitor cells differentiate
into mature monocytes in the liver and later in the bone marrow and are subsequently released into

peripheral blood vessels'”.

In 2010 the first microglia differentiation protocol from mouse ESCs was published. In this article
mouse microglia were differentiated according to a five step protocol using embryoid bodies via
the neuroectodermal germ layer and required up to 60 days for mature MGLCs*. A further
protocol for the differentiation of MGLCs was published in 2016. In this differentiation approach
the cells were also first developed in embryoid bodies and subsequently differentiated via the

176, For the first time, human iPSCs and ESCs were

neuroectodermal germ layer to mature MGLCs
used for differentiation'”. In 2017, three further differentiation approaches appeared to generate
MGILCs from iPSCs*"*. The three protocols were based on a 2-dimensional differentiation
without the generation of embryoid bodies via the mesodermal germ layer. In this thesis the
MGLCs were also generated with a 2-dimensional protocol based on the development via the

mesodermal germ layer with monocytes as an intermediate stage.

For differentiation of microglia from iPSCs via monocytic progenitor cells, we modified an already

published protocol. The group of Yanagimachi et al. differentiated iPSCs into MGLCs via primitive
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streak-like cells into hematopoietic stem cells and finally into monocytes™". The protocol of

Yanagimachi and slightly modified protocols were proven in further studies™"

. For the generation
of MGLCs, human iPSCs undergo a five-step differentiation process. For this purpose, iPSCs were

first cultivated in several small colonies and grown until a confluence of about 70 to 80%. The
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differentiation of iPSCs was induced by BMP4 for the initial differentiation into primitive streak-
like cells. Subsequently, cells were developed into hemangioblast-like hematopoietic progenitor
cells by the factors VEGFB, FGF2, and KITLG in a second step. In early mesodermal
differentiation, KIT and KITLG are of crucial importance in the development of erythroid and
myeloid progenitor cells'"*'*. Myeloid progenitor cells are further differentiated into hematopoietic
cells in StemPro™-34 SFM medium with hematopoietic cytokines such as KITLG, FLT3, 113,
MCSF, and TPO. In order to further differentiate myeloid progenitor cells not migrated from yolk
sac into the CNS, the two factors TPO and FLT3 are required''. Terminal differentiation to an
intermediate stage resembling monocytes was achieved in step four via the factors FLT3, MCSF,
and GMCSF. Based on these factors the proliferation into monocyte-like cells was regulated and
the differentiation was further advanced'”>*”. The fourth step includes the generation of monocyte-
like cells detaching from the plate and growing in suspension. For the differentiation into MGLCs,
the monocyte-like cells in suspension were collected and transferred to a plate coated with 0.1%

gelatin. The collection of monocyte-like cells was repeated up to five times every fourth day.

The oxygen supply was important for proper differentiation into MGLCs. The initial treatment
under hypoxia for one day accelerated the differentiation induced by 11.34, MCSF, and GMCSF in

MGDM medium. I1.34 has a decisive influence on survival and differentiation into microglia'”.

After differentiation for about 40 days mature MGLCs were generated. For a further differentiation
of monocytes into microglia, a medium was used that is supposed to mimic the brain interstitial
fluid. This medium was established by Muffat et al., which is suitable to obtain microglia via

neuroectodermal progenitors'™

. The adaptation of conditions such as coating, oxygen level and
time of treatment were adapted by various experiments and are shown in Figure 12. At the end of
the differentiation, we obtained a good yield of MGLCs from different iPSC lines, which were both

comparable and reproducible as well as usable for phenotype detection.

4.4.1 Characterization of Developing Monocyte Lineage MGLCs

To investigate whether the iPSC derived MGLCs are similar to primary microglia, histological,
morphological and gene expression analyses were performed. The morphology of differentiating
cells undergoes many stages of hematopoietic differentiation. Figure 13 A shows the course of
differentiation, starting from iPSCs, through primitive hemangioblasts to MGLCs. Furthermore,
as shown in the differentiation progression in Figure 12, MLCs were differentiated as an
intermediate stage to MGLCs and morphologically characterized using a Wright-Giemsa staining.
In comparison to primary monocytes, monocyte like cells indicate strong macroscopic similarities
in staining (Fig 13 B). A characterization of iPSC-derived monocytes via Wright-Giemsa staining

has already been used in differentiation protocols of other groups and showed similar results®**.

To further characterize the differentiated microglia-like cells, a transcript analysis with crucial
myeloid markers (AIF1, CD68, and SP1) and markers involved in phagocytosis (TREM2, CD33,
and TYROBP) was performed. For the study of gene expression, 40 days old differentiated

MGLCs were used. As shown in Figure 14 B, all investigated markers were similarly expressed in
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MGLCs, control primary monocytes and primary microglia. Previous studies'”********> have shown
these markers expressed in both primary and iPSC derived myeloid cells, such as monocytes,
macrophages, and microglia, confirming the results. In order to characterize the subgroups of
myeloid cells, Butovsky et al. investigated specific cell type signatures using a quantitative mass
spectrometry™. In the signatures of monocytes, macrophages, and microglia, six proteins with
different expressions were identified and validated by subsequent gene expression. In this study,
four of these genes (C1QA, MERTK, PROS1, and GAS6) were analyzed by quantitative transcript
analysis to distinguish them from monocytes and to improve microglia differentiation (Fig. 14 A).
Similar to results of Butovsky et al., the MGLCs differentiated in this study showed great similarities
to primary microglia. Compared to primary microglia and MGLCs, the four genes were markedly
lower expressed in the primary monocytes. The genes discovered by Butovsky et al. were also used

in other microglia differentiation protocols to distinguish microglia from monocytes™.

Two additional methods were used to detect the translation and expression of functional proteins
in addition to transcription. On the one hand, immunofluorescence analysis was used to visualize
the detection of proteins on the cell surface, in the cytoplasm and in the cell nucleus. Second, the
results were quantified using flow cytometry. The visualization of the cellular localization of
TUBB3, PTPRC, ITGAM, CD68, CD33, AIF1, and TREM2 as well as the transcription factor
PU.1 in the cell nucleus were shown by immunohistochemical staining shown in Figure 15. Double
staining and the individual channels show that the microglial markers are similarly localized as
described in the literature™******, Especially for PU.1, the signal was detected as described very
clearly localized exclusively in the cell nucleus'™. Flow cytometry verified the genes expressed in
the transcript analysis at the protein level and was demonstrated for the surface molecules CD11b,
CD11c, CD14, CD40, CD45, and CD33 in Figure 16. By flow cytometric measurement of
membrane receptors two subpopulations of the cells were detected. It should be noted that the
expression of the surface markers is strongly dependent on the activation condition of the
microglia, which enables the formation of these populations™*****”’". This phenomenon is a good

example for the high plasticity of the cells.

In addition to the investigation of iPSC derived MGLCs for crucial microglia markers, a
physiological characterization was performed. For the purpose of excluding the influence of
LOAD and age in the analyses, the reference iPSC line WAi0O1-B was used to investigate
membrane potential and the production of cytokines. In Figure 17, a transcript analysis was
performed in the iPSCs, and iPSC derived differentiated MGLCs. This study demonstrated that
the examined cytokines 1110, IL8, IL6, IL163, and TNFa were exclusively expressed in the iPSC
derived MGLCs. Furthermore, no differences between pro- and anti-inflammatory cytokines were

observed. These results were verified in a previous study™®

using iPSC derived monocytes also
expressing these cytokines as proteins. In order to investigate the electrophysiological properties
of MGLCs, a whole cell patch clamp analysis was performed to measure the membrane potential.
The analysis of the MGLCs revealed a resting membrane potential of -49.5F 3.7 mV and a
depolarization potential of 24.5% 1.4 mV of the MGLCs after treatment with KCI. For patch clamp

analysis, six independently differentiated MGLC cultures from the iPSC line differentiated from
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WAi001-B were used. In the present study, the resting membrane potential of the MGLCs were
found to be similar to the resting membrane potential of -40.6 £ 0.6 mV from a study on primary

microglia from rats®’

. Other studies also observed depolarization values similar to the present study
using KCI in primary rat microglia. Furthermore, the small variation of the values indicated a
homogeneous MGLC population similar to primary cells. The membrane potential of microglia is
sensitive and responds immediately to small changes in membrane current. Thus, a release of ATP
in case of cell damage can activate the microglia and thus has an influence on the motility and the

. 0
release of cytokines™.

Functional characterization of MGLCs was performed based on the capacity for phagocytosis and
the process of stimulation with LPS. In LOAD, the process of phagocytosis plays a crucial role;
therefore, both differentiated MGLCs of healthy control WAi001-B and LOAD-specific MGLCs
were used for the phagocytosis assay. Figure S6 A showed a higher rate of phagocytosis in the
healthy control MGLCs compared with the LOAD MGLCs, both when untreated and as a result
of stimulation. A longer simulaiton of 24 h showed an increased phagocytosis rate in the LOAD-
MGLCs compared to the healthy controls. To verify phagocytosis and to exclude beads that
adhered to the cell surface but were not internalized, a second phagocytosis assay was performed.
To also exclude nonspecific phagocytosis, MGLCs were treated with a fluorescently labeled

Escherichia coli K-12 strain BioParticles™

in a second approach to ensure receptor-dependent
uptake. In this approach, the results of healthy controls obtained in the first approach were verified
Figure S6 B. Due to the fact that both phagocytosis assays were performed once, no clear
statistically relevant conclusion can be made about altered internalization in the case of LOAD.
However, the initially lower phagocytosis in LOAD MGLCs at 4 h stimulation suggests a limited
response in LOAD. The verification of this preliminary results would suit to other results obtained
in the present thesis. For the characterization of MGLCs the internalization of latex beads as well

™

as Escherichia coli K-12 strain BioParticles ™ showed the ability of phagocytosis. This method for

testing the ability of phagocytosis has already been used by established protocols of phagocytizing
253

cells for the characterization™ and pathogenesis of AD?,

4.4.2 Functional Analysis of Inmune Plasticity in LOAD MGLCs

Functional analysis was performed with live cell imaging. This study used 12 h time-lapse
microscopy and revealed a significantly increased speed of the LOAD MGLCs compared to the
healthy control MGLCs (Fig. 18). In the LOAD cells, velocities of individual cells of up to 766
nm/min could be recorded, while the healthy control cells moved at a maximum speed of about
240 nm/min. Due to their homeostasis, the microglia are in different stages of activation and
therefore move at different velocities. Cell activation leads to morphological changes, allowing
microglia to migrate immediately to the site of the perceived stimulus. In the primary resting
microglia, hardly any movement was observed. For activated primary microglia, velocities of up to
1.5 um/min have been described in the literature, whereby the cells were observed to have an
amoeboid morphology with fewer processes™**". In addition to the increased motility to a stimulus

and the altered morphology, a previous study could further show that surrounding cells influence
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microglia in their velocity as well**'. In co-cultures with neurons an increased motility was observed
compared to single cultures. In a study by Gyoneva et al.'”, a significantly increased velocity of the
AB surrounding microglia in 5xFAD mice was detected, which verified the significant change in
velocity of LOAD iPSC derived MGLC:s in this thesis.

Morphological changes described in previous studies could be verified in this thesis'**'. As already
mentioned for motility, microglia show an increased degree of plasticity, which can undergo several
structural changes depending on their status of activation. In order to investigate the morphology
and branching of LOAD MGLCs in comparison to healthy control MGLCs, the degree of
ramification of the cells was analyzed using the convex hull method. However, convex hulls
exclusively determine the degree of ramification. Therefore, the perimeter method was used for a
further calculation in order to further determine the degree of cell activation. In the evaluation of
the ramification index, both methods showed increased values in the group of LOAD cells
compared to healthy control cells. A tendency for decreased branching of the protrusions was
observed in the LOAD cells, but differences were not significant. For the analysis with the
perimeter method, a significant enlargement of the cell bodies for LOAD compared to healthy
controls was shown indicating an increased activation of the MGLCs in LOAD (Fig. 19). In the
literature, microglia of LOAD patients have also been described as more activated in an amoeboid

motphology with increased motility'"’

. Of crucial importance for the processes of motility and
activation is the reorganization of the actin cytoskeleton, which moreover regulates migration®”.
As introduced earlier in chapter 4.1, various genes such as EPHA1 or CD2AP associated with

LOAD have also been described as putative functional regulators of actin cytoskeleton remodeling.

In addition to morphological changes and motility, telomere shortening associated with AD has
also been described for activated microglia in previous studies. Telomeres are conserved DNA
sequences at chromosome ends that shorten with each cell division, thus providing a marker for

replicative aging®”

. To investigate the effects of replicative aging and telomere shortening on the
progression of LOAD, a multiplex quantitative PCR was used to determine the relative telomere
lengths in reference MGLCs (WAi001-B, WAi004-B) compared to healthy control MGLCs
(MLUi009-A, MLUi010-B), and MGLCs from LOAD patients (MLUi0O07-H, MLUi0O08-B).
Reference iPSCs were obtained from young donors, whereat healthy controls were obtained from
old healthy donors. The evaluation of the relative telomere lengths initially showed significantly
shortened telomeres of the old healthy control MGLCs compared to the young reference MGLCs.
Furthermore, a significant shortening of telomeres was observed in LOAD MGLCs compared to
healthy controls and the reference MGLCs (Fig. 20). Furthermore, high similarities in telomere
length were found within the biological replicates of reference and healthy controls MGLCs. In
LOAD MGLCs, a discrepancy in telomere length was observed between the two cell lines
MLUi008-B and MLUi007-H. In the case of the patient cell line MLUi008-B, the clinical history
of the cell line included AD and diabetes mellitus type 2 (TAB 2), which is additionally described

as a factor for telomere shortening™

. The results presented in this work verify the process of
telomere shortening known in ageing. Furthermore, it could be shown that telomere shortening

also occurs in AD. In previous studies, in addition to telomere shortening, increased telomerase
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activity was detected in AD patients compared to healthy controls. Telomere shortening leads to
senescence and progression of LOAD in both microglia and peripheral monocytes, which in turn

leads to the release of pro-inflammatory interleukins®>***,

To investigate the release of pro- and anti-inflammatory cytokines, a Bio-Plex Precision Pro™
cytokine assay was performed to analyze cytokine concentrations of cell supernatants. The
multiplex method is based on magnetic beads, which allows accurate measurement of low
concentrations of ten human cytokines I1L18, 112, IL4, IL5, IL6, 1110, IL12 (p70), IL13, IFNy,
and TNFa. Primary human microglia were used for validation of the multiplex technology. For the
study of cytokines, primary microglia were analyzed for their immune response in duplets, both
unstimulated and stimulated with 5.0 uM A3 pE3-42. In the unstimulated human primary microglia
low concentrations of 112, 14, IL5, 11,6, IL.10, IL.13, and INFy were detected. IL18 and I1.12 were
not detected in unstimulated human primary microglia or were below the detection threshold. As
a result of stimulation with A3 pE3-42 an increased release of all cytokines was observed. The
highest concentrations were found for IL5, IL6, IL10, and INFy. Furthermore, the interleukins
IL18 and IL12 were detected in the stimulated human primary microglia, which were not
measurable in the unstimulated human primary microglia (Fig. 21 A). In general, primary microglia
served as a control verifying that the cytokines were detectable and that A pE3-42 stimulates the
release of cytokines. The accumulation of AB and intracellular neurofibrillary tangles has been
described as the hallmarks of AD causative for loss of synaptic function, neuronal death, and
activation of microglia. Furthermore, A3 has been associated with the microglial release of pro-
inflammatory cytokines in AD. A3 accumulation is a neuropathological feature of LOAD and is
characterized by a diversity of AB peptides during aggregation. AB42 has been associated with
increased aggregation. Besides the different peptide lengths, posttranslational modifications have a
decisive influence on the etiology of AD****. In this work, AR pE3-42 was used to stimulate the
cells to mimic the physiological conditions of LOAD. This modified form of A3 was found very
frequently in AD brains and is produced enzymatically during posttranslational peptide maturation

by cyclization of N-terminal glutamate residues™”.

Multiplex technology was subsequently used to study cytokine release in untreated and stimulated
MGLCs. In the two references unstimulated WAi001-B and unstimulated WAi004-B, a signal was
detected exclusively for the unstimulated cell line WAi0O1-B for the interleukins IL6 and IL10.
Following stimulation with A pE3-42, a signal for IL18, IL6, and TNFa was analyzed for both
stimulated cell lines WAi001-B and WAi004-B. In the stimulated WAi004-B, 1L4, IL.12, and INFy
were additionally detected as a result of the stimulation. In the stimulated cell line WAi0O1-B, low
concentrations of 1.4, IL5, and ILL13 were measured due to A} treatment (Fig. 21 B). In summary,
both reference cell lines (WAi0O1-B and WAi0O4-B) showed an increased release of
pro-inflammatory cytokines due to A3 pE3-42 treatment. Moreover, anti-inflammatory cytokines
such as IL10 were also observed following stimulation. The high basal level for IL6 and IL10 of
the unstimulated WAi001-B line indicates that the cells have already been previously activated. IL6
is produced dependent on Toll-like receptor 2 signaling and could therefore be the consequence

of phagocytosis. Toll-like receptor 2 and 4 are essentially involved in phagocytosis and the anti-
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inflammatory I1.10 is mostly secreted as a result of the regulation of IL.6°”. Dying cells probably
caused by NaOH in the treatment of both unstimulated and stimulated cells (see 2.5.4.2) would
be a possible cause for the activation of phagocytosis and the resulting release of interleukins.
NaOH was used to dissolve A3 pE3-42 and for standardization of the samples it was also added

to the unstimulated MGLCs in the identical concentration.

Figure 21 C displays cytokines concentrations in the media of cell cultures for the two healthy
control MGLCs (MLUi009-A, MLUi010-B) and the two LOAD MGLCs (MLUi007-H, MLUi008-
B) before and after A3 pE3-42 treatment. For the healthy controls, low concentrations of IL6 were
detected in the unstimulated cells, which increased after A pE3-42 treatment for 24 h. Similarly,
for the LOAD cell line MLLUi008-B, an increased 1.6 concentration was detected in unstimulated
cells, which increased strongly as a result of stimulation. In MLLUi008-B a higher I1.6 concentration
was measured before and after A pE3-42 treatment compared to the healthy controls.
Additionally, a low concentration of TNFa was observed in the stimulated MLUi008-B. The
second LOAD cell line MLUi007-H did not show a signal in the unstimulated cells in any of the
investigated parameters. In the stimulated cells, a signal was detected for stimulated MLUi007-H
in each of the ten analytes investigated. IL5, 116, IL10, and INFy were most strongly released after
AB pE3-42 treatment. Compared to reference MGLCs, lower concentrations of cytokines were
released in healthy control MGLCs and LOAD MGLCs. In the human primary microglia, similar
cytokine concentrations were analyzed in comparison with the MGLCs from the iPSCs generated
in the present thesis. Differences between the reference iPSCs and iPSCs generated in the present
study most probably are due to the origin of the donor material used for reprogramming. In this
study, the most released interleukins IL6 and IL10 were also found to be elevated in LOAD. IL10
has a regulatory effect on IL6 and decreases in concentration during A3 stress. Elevated IL16 levels
in blood were also found to be strongly associated with AD in previous studies**. In this work,
IL18 was increased in references and LOAD MGLCs from MLUiO07-H as a result of A
treatment. Another analyte associated with LOAD, TNFa was detected in MGLCs from both
LOAD iPSCs, whereas no signal was detected in the healthy controls®”. In a further study, it was
shown that IL16, IL6, TNF«, and INFy is increased secreted by Al treatment as a result of

microglia activation®®,

In summary, this thesis successfully developed a protocol to generate iPSC derived MGLCs that
expressed all investigated markers recently described for the characterization of microglia. A
subsequent transcript analysis of four genes differently expressed in the myeloid cells showed
higher similarities of MGLCs to primary microglia than to primary monocytes. Furthermore,
MGLCs showed the ability to move, release cytokines and chemokines, and were able to

phagocytize both latex beads and FEscherichia coli K-12 strain BioParticles™

indicating the
functionality of MGLCs. Patient-specific generation of MGLCs enabled the identification of
differences in LOAD cells compared to healthy controls providing a robust and reproducible tool

for modeling LOAD.
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4.5 Proteome Analysis of MGLCs

To further investigate underlying mechanisms in LOAD, proteome analysis was performed to
profile LOAD MGLCs in comparison to MGLCs of the reference and healthy controls. An
investigation of significantly altered proteins will further characterize microglia in the development
of neurodegenerative diseases in order to possibly provide new functionally relevant molecular
insights. In order to ensure an accurate determination of the proteome, we performed flow
cytometry to evaluate the homogeneity of the cells in the cell population prior to mass
spectrometric analysis. For verification of the purity of the population, the surface marker CX3CR1
was used and analyzed co-stained with CD45. To confirm the specificity of the CX3CR1 antibody,
HEK293T cells and PBMCs were used as negative and positive controls. HEK293T cell line used
as negative control was not stained by CX3CR1 events in flow cytometry, both during isotype
control (Fig. 22 top left) and after measurement of CX3CR1 surface receptor (Fig. 22 bottom
left). For the PBMCs, staining was performed together with CD14 antibodies to show the
monocytic population of 13.0% (Fig. 22 top middle). As already shown in a previous study’”, the
surface receptor CD14 was detected in the analysis of PBMCs exclusively on monocytes at a
frequency of 11.0% in the total PBMC population. For staining with the anti-CX3CR1 antibody,
specific expression of the receptor was revealed on all monocytes as well as on a subpopulation of
CD14-negative cells with respect to isotype control. The subpopulation of CD14-negative
CX3CR1-positive cells comprises a population of CD8-positive T cells and natural killer cells
(Fig. 22 bottom middle). For verifying this, the expression of the fractalkine receptor on the cell
surface of CD8-positive T cells and natural killer cells was confirmed by a previous study””. For
the analysis of differentiated MGLCs, more than 90.0% positive cells revealed an almost
homogeneous expression of CX3CR1 compared to the isotype control (Fig. 22 right). In a study
on the development of microglia, the course of expression of specific markers in the maturation
of cells was described. Progenitor cells matured from yolk sac developed into CD45-positive
CX3CR1-negative immature microglia and, after migration in the brain, matured into CD45-
positive CX3CR1-positive adult microglia. In the brain, microglia are the most abundant cells
expressing CX3CR1'". In order to obtain an adult homogeneous microglia population, flow

cytometric analysis with the markers CD45 and CX3CR1 was used in previous studies®”.

To identify differences in microglial signature for LOAD, we performed quantitative mass
spectrometry analysis of the nearly homogeneous MGLC population. Based on the statistics
subsequently performed, relative protein expression of 489 proteins were identified as significantly
different via a multi-sample test. For visualization, the values were normalized with the Z-score
and presented as hierarchical clustering. The hierarchical clustering resulted in an initial
categorization of cell lines into healthy (green and black dots) and diseased (red dots) MGLCs. In
the healthy group, a further subdivision into young references and old healthy controls was
observed (Fig. 23 A). In the attached principal component analysis, the three groups could be
clearly separated, with the strongest difference shown between the healthy controls and LOAD
MGLCs. Within each group, a high similarity of the respective biological replicates was identified
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(Fig. 23 B). The results of hierarchical clustering and principal component analysis indicate the
ability of the cells to model both aging and AD. The results of principal component analysis were
then verified using a multi-scatter plot with a Pearson correlation. For this, all significantly
identified proteins were considered to define differences by the correlation coefficient R
(Fig. 23 C). Similar differences in microglia signatures have been shown in previous studies using
transcript analysis for both aging”' and AD*” in mice. Another study also identified altered gene
profiles in iPSC derived microglia from AD patients. Furthermore, this study demonstrated that
human iPSC derived MGLCs have a similar signature to human primary microglia and provide new
insights into AD*". Thus, it was verified that iPSC derived MGLCs are an important tool to better
understand the underlying mechanisms of LOAD. In this context, transcriptome and proteome

analyses were performed to detect altered signaling pathways or biological processes.

4.5.1 Non-Hypothesis-Driven Analysis

To investigate the significantly identified 489 proteins of the ANOVA between the groups, a T-test
of the reference and healthy controls compared to LOAD was performed. In the evaluation, 329
proteins were identified for the references and 277 proteins for the healthy controls compared to
LOAD. Identified proteins were plotted in a volcano plot with the respective fold change versus
p-value (Fig. 24 A). Proteins with a p-value smaller than 0.05 and a fold change smaller than -1
and larger than 1 were transferred to a Venn diagram. Therefore, the proteins were fed into two
Venn diagrams, grouped for up- (Fig. 24 B) and down (Fig. 24 C) regulated proteins. A total of
276 proteins in the healthy controls were analyzed in comparison to LOAD. Aging is one of the
major risk factors of LOAD, reflecting a large overlap of proteins between the reference (young
donors) and healthy controls (old donors) compared to LOAD. In addition, the Venn diagram
presented proteins that are exclusively altered with age compared to LOAD. In the Venn diagrams
more upregulated proteins were identified. A greater upregulation of proteins in AD was recently

273

found in a previous study in APP/PSEN1 mice*”. To classify the proteins modified in LOAD
compared to the healthy controls, a STRING network of a gene ontology enrichment analysis of
biological processes was performed (Fig. 24 D). In the analysis of the affected biological processes,
the significantly identified proteins were most strongly correlated to the processes of organelle
organization (FDR p = 5.6E-17, 106 proteins), protein-containing complex subunit organization
(FDR p = 4.6E-9, 65 proteins) and regulation of the cellular component organization (FDR p =
9.1E-9, 67 proteins). An enrichment analysis of biological processes in a previous study also
identified the three biological processes associated with neuronal AB treated cells. Hwang et al.
further identified the several proteins related to DNA packing, macromolecular complex subunit
organization and actin filament-based process in the performed proteome analysis®™*. In the
enrichment analysis network, an accumulation of proteins was identified whose functions are
associated with the cytoskeletal organization (p-value of 2.7E-5), the regulation of morphogenesis
and regulation of endocytosis. Protein related pathways identified in this work in LOAD MGLCs
compared to the healthy controls MGLCs verified the results of a previous study. In the lab of

Orre et al., a transcript analysis of isolated APP was performed in mouse microglia compared to
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aged mice, in which up-regulated proteins were particularly related to the processes of defense
response, positive regulation of immune response, cytoskeletal function, complement activation
and antigen presentation®”. In particular, the actin cytoskeleton is considered to play a crucial role
in the regulation of LOAD”**”. Finally, cellular response to stress was associated with identified

proteins of LOAD MGLCs compared to the healthy control cells.

4.5.2 Focused Analysis Revealed by Cytoskeleton Organization in LOAD

In order to gain insight into the molecular changes underlying LOAD induced microglia reactivity,
the identified proteins and their associated biological processes were presented in a diagram
(Fig. 25). Based on the number of proteins associated with the respective functional protein
cluster, the biological processes particularly affected by LOAD were investigated in advance. In
general, an upregulation was observed during the investigation. In the enrichment analysis of
biological processes, the 276 significantly identified proteins in LOAD were classified into 24
biological processes (Fig. 25 A). In six of the protein groups involved in the regulation of cell cycle,
cellular stress, chromatin organization, DNA repair, apoptosis and signal transduction, a strong up-
regulation without accompanying downregulation was identified. In a previous study, RNA
sequencing analysis of hippocampal microglia of a 5xFAD mouse revealed upregulation of the
genes encoding proteins that play a role in cell cycle, response to stress, chromatin organization
and DNA repair”. In a transcript analysis of human purified microglia, a further study showed
that the putative proteins, involved processes mentioned above, are also altered in aging””. In order
to examine the identified proteins for their association with AD, they were matched with an online
GeneCards database (Weizmann Institute of Science, http://www.genecards.org/) for AD””. For
four of the biological processes many of the AD-associated proteins were classified. AD-associated
proteins have been identified mainly in biological processes indicating functions in the immune
system, signal transduction, developmental biology and in the process of disease and are shown in
Figure 25 B with the number of proteins involved. According to a deeper analysis, the identified
proteins indicate a potential function in axon guidance, homeobox gene activation and
transcriptional regulation of granulopoiesis, which are described as subordinate processes of

developmental biology.

In a previous study, Axon Guidance and genes involved in cell adhesion were shown to be
associated with ageing””’. Significantly associated proteins may be associated for more than one
biological process. In the biological processes, associations were shown for aging, LOAD, and
activation of microglia. For axon guidance an association for aging was shown in a previous study
as well as for cell adhesion involved genes”’. For homeobox gene activation” as well as
granulopoiesis®™, microglial activation as a result of inflammation or aging processes has been
described. The biological processes associated with the process of the disease suggest an effect in
signal transduction disease, transporter disorder, infectious disease, and neurodegenerative disease.

277.281 5 0 q

Identified proteins associated with immune system functions were identified in both aging
AD?™¢ studies. For proteins that suggest functions in antigen presentation, actin cytoskeleton

remodeling, pro-inflammatory cytokine release and the process of phagocytosis, AD-dependent
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upregulation was predominantly observed”*". Several proteins have been identified to be
associated with the processes of signal transduction in an upregulated manner. The analysis mainly
identified proteins associated with signaling by receptor tyrosine kinases, TGF-B, G-protein
coupled proteins, NOTCH, WNT, Hedghog, MAPK, second messenger, rtho-GTPases and
estrogen signaling receptor -mediated signaling. As a result of microglia activation and
neuroinflaimmation, the biological processes of Actin Cytoskeleton Organization, Stress Response,
and Immune Response have been identified as altered in AD***”. The subgroups and signaling
pathways identified in Signal Transduction are involved in the regulation of biological processes.
In LOAD, altered phagocytosis and endocytosis as well as the release of pro-inflammatory
cytokines have been described as a consequence of altered signal transduction. Rho-GTPase
signaling plays a crucial role in the ramification process of microglia. Furthermore, GTPases have
been described to play a role in the regulation of pro-inflammatory cytokines, motility, actin

cytoskeletal remodeling and phagocytosis™

. The group of Grandbarbe et al. described a crucial
role of NOTCH signaling for the regulation of pro-inflaimmatory cytokines and phagocytosis using
rat microglia. Furthermore, an upregulation of NOTCH after LPS stimulation was observed®.
Furthermore, MAPK* and WNT** signaling play a crucial role in AD by being involved in
phagocytosis and release of pro-inflammatory cytokines. Because AD is closely related to aging,
some common phenotypes, and alterations of biological processes with aging microglia have been
identified in AD microglia. In recent studies, key processes such as microglia activation and
neuroinflammation have been frequently discussed in relation to aging, so that biological processes

in AD as well as aging have been described'®.

In order to further investigate altered biological processes in LOAD, exclusively identified proteins
of the healthy controls (old donors) compared to the LOAD group were used for further analysis.
The protein cutoffs of the references and healthy controls compared to LOAD (Fig. 24 B and C)
were excluded from the analysis. A subsequent enrichment analysis of biological processes should
only represent modified processes for LOAD. Figure 26 demonstrated the proteins with their fold
change to the corresponding biological process. Of the total protein count of 276, 75 proteins were
exclusively in the healthy controls and associated with AD. Top ten list of significant proteins
found exclusively in the healthy controls (old donors), have a high p-value, a high fold change and
associated with a high AD score, could be indicated to be involved in cytoskeleton organization,
regulation of endocytosis, response to reactive oxygen species, immune response, glucose
metabolism, and APOE.

In fact, the microglial cytoskeleton is composed of actin, vimentin-containing intermediate
filaments, and microtubules. While the vimentin-containing intermediate filaments and
microtubules form dense networks that radiate into the periphery, F-actin is diffusely arranged in
the cytoplasm. In the case of microglia activation, there are changes in the organization of the
components of the cytoskeleton. F-actin reorganizes to thick filamentous bundles below the cell
membrane. A reorganization of the cytoskeleton is associated with motility, phagocytosis,
morphological changes and antigen presentation®’. In this thesis, the proteins cystatin-B (CSTB),
fermitin family homolog 2 (FERMT?2), cofilin-1 (CFL1), microtubule-associated protein 2 (MAP2)

75



Discussion

were identified associated with the cytoskeletal organization, which might indicate a role in
progression of LOAD. Cystatin B was identified upregulated and is known from previous studies
to interact with several proteins involved in the Cytoskeleton Organization™. Furthermore, an
association for A} accumulation in AD has been described for this protein. In a cystatin B knock
out in a mouse model a reduced AB load could be verified by Yang et al.”. Based on previous
studies, cystatin B appears to have a function in cytoskeletal remodeling and has also been described
by associations studies as having a role in A3 accumulation in AD. Until now, an exact function of

the protein in the cytoskeleton is not known.

In GWAS, FERMT?2 has already been identified as associated with AD*’. FERMT2 was detected
together with TREM2 and APOE exclusively in microglia, but not in monocytes, where it plays a
role in actin cytoskeleton organization, WNT signaling and signal transmission via integtin
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activation™ . The Yasuda-Yamahara group was able to show that FERMT?2 has a crucial function

in the reorganization of F-actin into thick filamentous bundles. An upregulation in the MGLCs, as
shown in this work, could therefore indicate a reorganization of the actin cytoskeleton in LOAD™".
Furthermore, cofilin-1 has been identified downregulated in the LOAD MGLCs. Moreover, in
contrast to FERMT?2, cofili-1 has a regulatory effect on actin dynamics by accelerating the

22 A downregulation of cofilin-1

dissociation rate of actin subunits and cleaving actin filaments
indicates a shift in the ratio of G- to F-actin. In a further study, an association with AD was
identified for cofilin-1. The protein was found to play an important role in actin cytoskeleton
remodeling both in the ageing process and in AD*”. Cofilin-1 is regulated by Rho-GTPases and
plays a key role in the regulation of actin dynamics. In microglia, an additional role in activation
and migration for the protein has been described®’. The alteration of these two proteins is
associated with the maintenance of the F-actin network of the cytoskeleton organization, which is
related to possible functions in motility, phagocytosis and chemotaxis®”. In addition to the actin
cytoskeleton, the microtubules play a decisive role in maintaining the stability of the cell. MAP2
plays a pivotal role in this process™. In the LOAD MGLCs, this protein was upregulated which
could lead to changes in plasticity. Microtubule-associated protein 2 was identified as the fourth

protein for the cytoskeleton organization with a high AD score of 17.39 as earlier described®”.

However, the process of cytoskeletal remodeling is also of crucial importance for the regulation of
endocytosis. Furthermore, in previous studies as well as in this thesis, an upregulation of rho
GTPases could be related to the processes of cytoskeleton organization and endocytosis*®. For the
process of endocytosis, the proteins peptidyl-prolyl cis-trans isomerase NIMA-interacting 1 (PIN1)
and lactadherin were determined in association. PIN1 has been described in connection with
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protein endocytosis and vesicular trafficking™. Furthermore, PIN1 was reported to be a positive

regulator of TLR4 signaling in phagocytosis™”
is listed with an AD score of 24.63. The protein lactadherin, significantly identified in LOAD

MGLCs, is released by activated microglia, binds to neurons and causes subsequent phagocytosis

. In comparison with AD associated proteins PIN1

of these neurons™".
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Reactive oxygen species play a role in phagocytosis as well as in many processes of the immune
system. In this work, protein/nucleic acid deglycase DJ1 was identified in the list of the top ten
proteins as an associated protein for the process reaction to reactive oxygen species. Djl has been
described as a sensor for oxidative stress. Moreover, in connection with the regulation of DJ1,
altered pro-inflammatory cytokines such as IL13 and 1.6 and an influence on the expression of
TREM2 were described™. An AD score of 8.43 was identified for protein DJ1. Regarding the
immune response, the two proteins alpha-crystallin B chain and, 72 kDa type IV collagenase were
identified as associated proteins. For alpha-crystallin B chain an immunoregulatory response in
microglia activation has been described. In fact, an increased release of cytokines such as IL183,
I.12p40, 1110, 1.6, and TNFoa was described when the protein was knocked out’".
Furthermore, one study showed a strong association and involvement of crystallin B for the process
of amyloid toxicity’. In the LOAD MGLCs analyzed in this thesis, a down regulation of the
protein was observed. A second protein 72 kDa type IV collagenase (alternative name matrix
metalloproteinase 2) was downregulated regulating immune response. Previous studies have also
shown downregulated levels of metalloproteinase in AD. Furthermore, the protein has been
described to play a role in the degradation of AR, secretion of IL.13 and the phagocytosis process™”.
Moreover, the protein triose phosphate isomerase of the Glucose Metabolism was identified up-
regulated in LOAD MGLCs, as it was already shown in a proteome study in post mortem AD
brains™. In the fourth associated biological process named Cholesterol Transport, APOE was
significantly upregulated in LOAD cells. APOE in 5xFAD mouse microglia has also been shown
in previous studies to be up regulated at both RNA and protein level in the aging process and in
AD. However, a strong association of APOE with AD was only shown for the genotypes APO34
and 44°”". Proteins associated with processes in the immune system, responses to reactive oxygen
species and glucose metabolism identified in this work indicate a shift towards pro-inflammatory
cytokine release and a role in the degradation of AB. Together, a possible impairment of cytoskeletal
remodeling in LOAD suggests a possible role of the immune system in LOAD and provides
established MGLCs as a good tool to study the disease.

In addition, compared to the top ten proteins with a high AD score, the three proteins with the
highest fold change (ISYNA1, PSME1, RPL29) have a low association with AD. As already
identified for the proteins mainly related to AD, alterations in the expression patterns of those
Proteins with the highest fold change suggest impairments of cytoskeletal remodeling and the
immune system. ISYNA1, inositol-3-phosphate synthase 1 is a key enzyme in the myo-inositol
biosynthetic pathway that catalyzes the conversion of glucose-6-phosphate to 1-myo-inositol-1-
phosphate NAD-dependent. Furthermore, in a previous study an upregulation of the ISYNA1
gene in response to LPS stimulation in macrophages was demonstrated™”. In a recent analysis, an
association to ISYNA1 was detected in persons with the APOE4 allele™”. ISYNA1 serves to
maintain the inositol level and has already been shown to be altered for diseases such as bipolar
disorder and AD. Moreover, ISYNA1 has functions in the organization of the cytoskeleton,

mitochondrial function, DNA and protein regulation’"’.
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PSMET1, proteasome activator complex subunit 1, is involved in immunoproteasome assembly and

required for efficient antigen processing’

. Moreover, PSME1 is an important factor in cell
proliferation, which has already been shown in leukemia cells’*. In a recent study, the influence of
AB on retinal photoreceptor cells was investigated, revealing changes in cytoskeletal organization,
oxidative phosphorylation, and the ribosomal machinery in AD. In the case of ribosomal proteins,
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RPL29, 60S ribosomal protein 1.29, indicated the strongest effect on Af} treatment’”. However,

changes in the expression of ribosomal proteins due to oxidative damage to the RNA have been
well described in AD™.

Altogether, the present study established a suitable model for analyzing LOAD-associated DNA
variants and their impact on the development and function of microglia using a patient-specific 7z
vitro model. In Figure 27, the process for the development of the in vitro model is illustrated.
Human iPSC based in vitro models have been established by others as well, but the combined
application of LOAD-specific iPSCs carrying LOAD associated risk variants, their differentiation
into microglia, and the intensive characterization of microglia represents a unique data set that is
unique in the scientific field. Quality of LOAD-specific iPSCs was characterized with state-of-the-
art techniques according to the literature. SNP genotyping demonstrated the presence of LOAD-
specific risk variants in LOAD-specific iPSCs. Based on an accumulation of LOAD-associated
SNPs in a LOAD in vitro model it was possible to visualize AD specific phenotypes. Further, an
intrinsic LOAD-specific protein profile was shown highlighting the specificity of the model in the
context of LOAD. Phenotypes for altered phagocytosis initially observed for dysfunctional CID33
in reporter cell lines were verified in iPSC derived microglia. Microglia are key players in
maintaining and restoring main functions of the CNS as innate immune response, phagocytosis,
maintenance of biochemical homeostasis, maturation of neuronal circuits during development
and remodeling of neuronal circuits in the adult brain. In order to be able to regulate those
processes they are characterized by a high plasticity, which makes them able to monitor the brain
parenchyma and respond to any change in brain homeostasis. To perform those tasks, they are
capable of becoming activated and change their morphology and migrate due to their polarization
properties to the area of interest. Based on the protocol for the generation of MGLCs established
in this work, we were capable of simulating the high plasticity of the cells 7z vitro and to illustrate
the phenotype of LOAD.
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Figure 27: Overview of the thesis work packages.

The work packages are shown, which were passed through in this thesis. Steps 1 and 2 were already
performed in the working group before. Provided samples from patients (AD and HD) were selected from
a database and first genotyped for LOAD associated SNPs. Subsequently, the patients carrying the risk
variants were selected and reprogrammed. A differentiation protocol was established to generate specific
iPSCs MGLCs from the obtained patients. The generated LOAD MGLCs were then functionally analyzed
in comparison to healthy controls (HD).

The connection between LOAD-associated risk variants and related functional effects is reflected
in the detected associated biological processes. LOAD-MGLCs were more strongly activated, more
motile and showed altered cytokine release and phagocytosis. This contributes to the pathology
that predominates in AD patients.

Differences to the healthy cells could already be observed during the generation of the donor cells.
In the course of the reprogramming and differentiation process starting from BLCLs, via iPSCs to
generated MGLCs, proteome analyses in each of these cell types revealed a clustering into young,
old and LOAD cells. Certainly, the observed LOAD phenotypes can be explained by altered
endocytosis processes and cytoskeletal organization in which the investigated SNPs are associated
for. A closer examination of the proteome profile of LOAD MGLCs revealed a significant
impairment of the cytoskeleton remodeling of the cells. However, the effects of the cytoskeleton
in turn play a crucial role in motility, cytokine release of activation and ramification and the

endocytosis process.

This protocol produced functional cells of adequate purity and functionality, similar to the
published protocols. MGLCs were able to represent the phenotype of LOAD i# vitro. Finally, it
could be shown that LOAD iPSC derived MGLCs exhibit impaired function, which promotes
LOAD due to impaired cytoskeletal remodeling.
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In the context of the present thesis regarding AD, we have established a completely new protocol
for the generation of LOAD-specific MGLCs, which is a unique tool for further research questions.
Among others, a closer characterization of this model showed a strong alteration in the
organization of the cytoskeleton and phagocytosis. Based on this, future studies could focus more
deeply on LOAD-associated SNPs, which are known to be involved in these functions.
Furthermore, additional phagocytosis assays are necessary to further characterize the
internalization of beads or even AB. A blockade of the membrane proteins CD33 and TREM?2, as
partly applied in this thesis, could be extended to gain new insights of these proteins into microglia
behavior. In addition, further phagocytosis and motility analyses with different sialic acid
concentrations should be performed to extend the understanding of siglecs to microglia reactions.
Following this, more detailed description of microglia behavior would be achievable by using
modified salic acid. This includes metabolic oligosaccharide engineering, whereby the original N-
Acetylmannosamin is replaced by sialic acid precursors like N-Propanoylmannosamin in the
ongoing metabolism resulting in altered sialic acid products integrated in the final Sialoglycane.
Furthermore, motility and organization of the LOAD cytoskeleton should be analyzed using
microscope-base techniques. Using cytochalasine, like cytochalasin D, in combination with this
technique, enables characterization of actin polymerisation as well as cell motility processes in
LOAD compared with healthy controls. Finally, LOAD associated SNPs could be analyzed more
closely using the CRISPR-CAS method to generate specific SNP alterations within one cell line. In
this manner, LOAD MGLC as well as isogenic control cell lines could be established to examine
functional consequences of those mutations. Summarized, this thesis provides the fundamental

basis to study functional alterations and disease progress of LOAD 7 vitro.
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6 APPENDIX

Supplement 1: List of Primers for MassArray PCR

Displayed are single nucleotide polymorphism with her expected length, mass (Dalton) and the corresponding gene.

| SNP_ID  2nd-PCRP 1st-PCRP Length Da  Gene
rs201060968 ACGTTGGATGAGAAAGCGCTTGAGAAGCAG ACGTTGGATGAGAGACTGACCAGGGCTCTG 119 4320.8 ABCA7
rs121908402 ACGTTGGATGCAAAACATGAGGCCTGGAAC ACGTTGGATGAGGCTGACACCCTCAGGAAG 118 4433.9 TREM2
rs3745842 ACGTTGGATGTGGACCCCAGAGTCTCCATC ACGTTGGATGACCAGCTGCAGCCGGGCAGT 107 4528.9 ABCA7
rs113809142 ACGTTGGATGTTGCTGTGACAGGACGCCCA ACGTTGGATGCGTGTCCTGAAAAACCTCAC 120 4739.1 ABCA7
rs117187003 ACGTTGGATGCATATGCCCTCTGCTGGAAG ACGTTGGATGTGTAACTACTTGGTGCCAGC 87 4948.3 ABCA7
rs2234256 ACGTTGGATGACAGAAGCCAGGGACACATC ACGTTGGATGCAGAGTTTGGAGCTGATACC 93 5108.4 TREM?2
rs149622783 ACGTTGGATGTCCTCGAAGCTCTCAGACTC ACGTTGGATGATGGCTCTGCCTCCCATAGA 103 5139.4 TREM?2
rs199517248 ACGTTGGATGCACCGTCTCCCACCTATTCT ACGTTGGATGAAGAGAGGCCACAGCAATTC 82 5315.5 ABCA7
rs142232675 ACGTTGGATGTAATGGTGAGAGTGCCACCC ACGTTGGATGTGGTCAGCACGCACAACTTG 119 5524.6 TREM2
rs28937876 ACGTTGGATGTCCTCCTGGCCTGCATCTTT ACGTTGGATGATGTGTCCCTGGCTTCTGTC 109 5673.7 TREM?2
rs200538373 ACGTTGGATGGACACATTGGCCAGCAGGG ACGTTGGATGACAAGGACGTCAGGGCCAAC 119 5813.8 ABCA7
rs201665195 ACGTTGGATGCGCCTGAGCAACTTCAACG ACGTTGGATGTGCAGCCCCGAGTTTGCAG 94 5926.9 ABCA7
rs4147918 ACGTTGGATGAGAAGCTGCAGGAGGTGAG ACGTTGGATGTTCCGCACCATGTCAATGAG 114 6157.0 ABCA7
rs2234258 ACGTTGGATGAAAAGCCCAGGAGAAGTCCC ACGTTGGATGTCTCTTGCCAGAGCAGAACA 111 6292.1 TREM?2
rs104894001 ACGTTGGATGTGGCATGGGCCCTTCTCTC ACGTTGGATGTGTCTTGCCCCTATGACTCC 102 6368.1 TREM?2
rs3752232 ACGTTGGATGTTCATGAAGGTGAAGATCCG ACGTTGGATGAGGTGAACCGGACCTTCGAG 111 6481.2 ABCA7
rs78117248 ACGTTGGATGCTAACTTGAACACTGACCCC ACGTTGGATGGACCTAGTGTTGGAGGTCAG 103 6489.2 ABCA7
rs2242437 ACGTTGGATGTGGCTCAAGGACACACATGC ACGTTGGATGCTGGTGCCCTGGAGAAAATA 100 4496.9 ABCA7
rs201258663 ACGTTGGATGTGATGGCTGTGCTCCCATTC ACGTTGGATGAGAGAAGGGCCCATGCCAG 109 4577.0 TREM2
rs3752246 ACGTTGGATGTGCAGGGTAGGACATGCAG ACGTTGGATGAACCACCCCTTGAACCTCAC 101 4915.2 ABCA7
rs376824416 ACGTTGGATGACAGCAGCGTGAGCACTGA ACGTTGGATGAGAGCCCTGGTCAGTCTCT 89 5002.3 ABCA7
rs79011726 ACGTTGGATGTTAGGAAAGACCCATCGCTG ACGTTGGATGATGCTGGAGATCTCTGGTTC 116 5106.3 TREM?2
rs200820365 ACGTTGGATGAAAAGCCCAGGAGAAGTCCC ACGTTGGATGCAGAACAAGGAGTCCTGGTG 98 5390.5 TREM?2
rs2234253 ACGTTGGATGACTGGTAGAGACCCGCATCA ACGTTGGATGACAGCCATCACAGACGATAC 105 5530.6 TREM2
rs104894002 ACGTTGGATGGTGCTTCATGGAGTCATAGG ACGTTGGATGCCCACAACACCACAGTGTTC 97 5895.9 TREM?2
rs10948363 ACGTTGGATGAAGTTCTAACTTCTTAGGG ACGTTGGATGCCACAGGTCATTTTTCTAAAC 105 6479.2 CD2AP
rs11273989 ACGTTGGATGTTCCTCTATAGCAAGCCAAG ACGTTGGATGTGGCTGATAAAACCTTTGGC 103 7978.3 CD33
rs113464261 ACGTTGGATGAGGTTGGTTGGATTCCTCTG ACGTTGGATGTTTGCAGCTCCATCTCCCCA 118 4857.2 CD33
rs11767557 ACGTTGGATGCCATCTTTCTTGTTGCCTCC ACGTTGGATGATGATGTCTTAGGGCATCTC 103 5241.4 EPHA1l
rs11771145 ACGTTGGATGACTCGGACACCAAAGAATGC ACGTTGGATGAACACCACGGAGTGGATTTG 98 6082.0 EPHA1l
rs201074739 ACGTTGGATGTCACTAGACTTGACCCACAG ACGTTGGATGCAGAGCAGGTCAGGTTTTTG 102 6360.2 CD33
rs201473304 ACGTTGGATGGGAAATCCTCTCTTCCTCTC ACGTTGGATGTCCTTCCTACCTGAGCCATC 102 5756.8 CD33
rs35112940 ACGTTGGATGAAGACCCACAGGAGGAAAGC ACGTTGGATGAGGATGCCCCATCACTCAC 117 4410.9 CD33
rs3764650 ACGTTGGATGAGGCTCTGTTGGGAACCTTC ACGTTGGATGTGCAGCAGGTCACGTGGAGT 96 6679.4 ABCA7
rs3826656 ACGTTGGATGTCAAATGAGGATGCAGCTAC ACGTTGGATGCTTGCCACCATACCTTTGTC 118 6292.1 CD33
rs386834140 ACGTTGGATGAATGGGAGCACAGCCATCAC ACGTTGGATGTCATGGGGTTGTAGATTCCG 97 4875.2 TREM2
rs386834142 ACGTTGGATGATGCTCAAAGTGAGGGAGAG ACGTTGGATGTCTCCGGCTGCTCATCTTAC 103 5036.3 TREM?2
rs4938933 ACGTTGGATGGCAGGACTGGAAAAATCTGA  ACGTTGGATGGGCCAGTACCATTTTTGGAG 120 6238.1 MS4A
rs58413603 ACGTTGGATGTCAGGCTCAGTCTTAAATG ACGTTGGATGTCACTCCTTCCCTCAATATC 120 7601.9 CD33
rs58847341 ACGTTGGATGGCAGAAAGGAAACAACCAAC ACGTTGGATGTCACTTGTCAGATGAATAGC 107 5863.9 CD33
rs73932888 ACGTTGGATGACTAAGACTTCCCGTATGCC ACGTTGGATGAAATGTACCACTCTGATGGG 99 6927.5 CD33
rs769449 ACGTTGGATGATCCTCACCTCAACCTCCTG ACGTTGGATGTCAAATCGCTGTTCAGAGCC 115 5067.3 APOE
rs7748513 ACGTTGGATGTCCTATCTAAACTGTCAAGC ACGTTGGATGTGAACTCCCTTAGCCACCTC 108 5434.5 TREM?2
rs781150115 ACGTTGGATGTAGCATGTGGCACGTAATAG ACGTTGGATGCAACAAAGCAAGACCCTGTC 93 7079.6 CD33
rs8112072 ACGTTGGATGCTTACTTGGGACTAAGTCTG ACGTTGGATGCCAGAATAGAAGATACACAG 86 6470.2 CD33
rs9349407 ACGTTGGATGCAGTGAGTGGTGAGCAAATG ACGTTGGATGGTTAGCTTTAGTGTATGGTG 104 7210.7 CD2AP
rs9381040 ACGTTGGATGAATCTGCAGCTGACTCTGTG ACGTTGGATGGTCACAGGCGATTGACAGTT 119 4490.9 TREML2
rs1354106 ACGTTGGATGTGTCTGGGTCTAAGAAGGTC ACGTTGGATGACTTAGGGTCAAAGGTGGTC 114 5392.5 CD33
rs138197061 ACGTTGGATGTGAGGTGCAGACGTTTCTTC ACGTTGGATGACCATATGATCCAGCAACCC 102 6610.3 CD33
rs1399839 ACGTTGGATGAAAGGATCCAGCTGGTAGTG ACGTTGGATGGACTTGCATACAAGTGCACC 92 5864.8 CD33
rs148284870 ACGTTGGATGTCACTTGTCAGATGAATAGC ACGTTGGATGGCAGAAAGGAAACAACCAAC 107 6080.0 CD33
rs1803254 ACGTTGGATGTTTGCAAGCAGAGAGTCGTG ACGTTGGATGGGTTAAGGAGCTTGTGTGAC 99 5759.8 CD33
rs2234258 ACGTTGGATGCCAGAGCAGAACAAGGAGTC ACGTTGGATGGGAAAAGCCCAGGAGAAGTC 106 5251.4 TREM?2
rs2455069 ACGTTGGATGTAGCTTGTTTGTGGCCACTG ACGTTGGATGTACTACGACAAGAACTCCCC 110 4538.0 CD33
rs34813869 ACGTTGGATGAGATGGAGCTGCAAAGCCC ACGTTGGATGAGTAGTGTAGTGCAGCAAGG 115 4824.1 CD33
rs3865444 ACGTTGGATGTTTACACCAGGGCTGATCAC ACGTTGGATGAATCCTATATCCTGCTGGAC 109 6894.5 CD33
rs386834141 ACGTTGGATGTGGAGGCTCTGGCACTGGTA ACGTTGGATGACAGCCATCACAGACGATAC 118 5195.4 TREM?2
rs56662071 ACGTTGGATGTGGCTGATAAAACCTTTGGC ACGTTGGATGTTCCTCTATAGCAAGCCAAG 103 7043.6 CD33
rs610932 ACGTTGGATGCCAGAAAACAAGGCAGAATG ACGTTGGATGTGCTTCACTGTGATCCATTG 120 6398.2 MS4AGA
rs75932628 ACGTTGGATGACAAGTTGTGCGTGCTGACC ACGTTGGATGCCTATGACTCCATGAAGCAC 119 6184.0 TREM2
rs778496474 ACGTTGGATGACTTCCCCTCTTATTGTTTC ACGTTGGATGGCCCATACACAAAGAAGAAAG 120 4645.0 CD33
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Supplement 2: List of Extension Primers for MassArray PCR
Displayed are the sequence (EXT1_SEQ, EXT2_SEQ) of the extension primer with the corresponding mass (EXT1_Da, EXT2_Da) for the
analyzed SNPs. EXT_1 and EXT_2 represent the possible variations of the SNP.

SNP_ID EXT_1 EXT1_Da EXT1_SEQ EXT_2 EXT2_Da EXT2_SEQ

rs201060968 G 4568.0 GGCGGGTCAGTGCCC A 4647.9 GGCGGGTCAGTGCCT
rs121908402 C 4681.1  CCTGCCAGCACCTCCC A 4705.1 CCTGCCAGCACCTCCA
rs3745842 A 4800.2 CCTGCCAGTGTAGCCA G 4816.2 CCTGCCAGTGTAGCCG
rs113809142 G 4986.3  GGCCCCCCCAGTTCCCC T 5010.3 GGCCCCCCCAGTTCCCA
rs117187003 G 51954  GCCAGAAAGATGAGCAC A 5275.3 GCCAGAAAGATGAGCAT
rs2234256 G 5355.5  ACATCCACCCAGTGAACC A 5435.4 ACATCCACCCAGTGAACT
rs149622783 C 5386.5 AGAGATCTCCAGCATCCC T 5466.5 AGAGATCTCCAGCATCCT
rs199517248 A 5586.7  GCCACCTATTCTCCCCCAA G 5602.7 GCCACCTATTCTCCCCCAG
rs142232675 C 5771.8  GAGTGCCACCCAGGGTATC T 5851.7 GAGTGCCACCCAGGGTATT
rs28937876 C 5960.9 CCTGCATCTTTCTCATCAAG A 6000.8 CCTGCATCTTTCTCATCAAT
rs200538373 C 6061.0 CCTTGCAGGCCACAGGTGAC G 6101.0 CCTTGCAGGCCACAGGTGAG
rs201665195 G 6214.1  CCCCAACTTCAACGACTCCCG T 6254.0 CCCCAACTTCAACGACTCCCT
rs4147918 A 6428.2 TGTGAGCCGGATCTTGAAACA G 6444.2 TGTGAGCCGGATCTTGAAACG
rs2234258 T 6563.3  CATCCTGCATACTTGCCACTTA C 6579.3 CATCCTGCATACTTGCCACTTG
rs104894001 C 6615.3  GGAACAGGCCTTGCGCCTCCCC T 6695.2 GGAACAGGCCTTGCGCCTCCCT
rs3752232 G 6728.4  GGAGGACATCCCTCAGCAGGGC A 6808.3 GGAGGACATCCCTCAGCAGGGT
rs78117248 A 6760.4 GAGGTCTGAGCCCAGAGACAAA G 6776.4 GAGGTCTGAGCCCAGAGACAAG
rs2242437 G 4744.1  CACACGGTTTCACCAC C 4784.2 CACACGGTTTCACCAG
rs201258663 A 4848.2  AGCCACAAGTTGTGCA G 4864.2 AGCCACAAGTTGTGCG
rs3752246 G 5162.4  AGGGACTCACAGTGCAC T 5186.4 AGGGACTCACAGTGCAA
rs376824416 C 5249.4  GCCCTCTCATCCCTCACC A 5273.5 GCCCTCTCATCCCTCACA
rs79011726 C 5353.5 CTCCACATGGGCATCCTC T 5433.4 CTCCACATGGGCATCCTT
rs200820365 T 5661.7 CCCGTCCCACCAGGGACCA A 5717.6 CCCGTCCCACCAGGGACCT
rs2234253 C 5777.8  GGTTGTAGATTCCGCAGCC A 5801.8 GGTTGTAGATTCCGCAGCA
rs104894002 A 6167.1  GAAGAGGGGCAAGACACCTA G 6183.1 GAAGAGGGGCAAGACACCTG
rs10948363 A 6750.4  GGGAACTTCTTAGGGCAAAACA G 6766.4 GGGAACTTCTTAGGGCAAAACG
rs11273989  INS 8225.4  AAAGAATGAACTAACACAATATTTTAC DEL 8249.5 AAAGAATGAACTAACACAATATTTTAA
rs113464261 C 5104.4 CCTGTCTCTGGGACAAC A 5128.4 CCTGTCTCTGGGACAAA
rs11767557 C 5488.6 TTCGATGCTGGGCAGTAC T 5568.5 TTCGATGCTGGGCAGTAT
rs11771145 G 6329.2  CATATCAGATGATTCCGTTTC A 6409.1 CATATCAGATGATTCCGTTTT
rs201074739 DEL 6631.4 AGCACTGGCACTCTAGAACCCA INS 6647.4 AGCACTGGCACTCTAGAACCCG
rs201473304 INS 6004.0 CTAGATGTTCCACAGAACCC DEL 6028.0 CTAGATGTTCCACAGAACCA
rs35112940 A 4682.1  ACCCACCCTACCACAA G 4698.1 ACCCACCCTACCACAG
rs3764650 G 6966.6 AACATGCTGCGAACTTTGCACCG T 7006.5 AACATGCTGCGAACTTTGCACCT
rs3826656 A 6563.3  CCTGCAGCTACCTCTCTATTAA G 6579.3 CCTGCAGCTACCTCTCTATTAG
rs386834140 C 5162.4  ACAGACGATACCCTGGG DEL 5202.3 ACAGACGATACCCTGGT
rs386834142 INS 5283.5 AGGGCACGGAGGGGATC DEL 5307.5 AGGGCACGGAGGGGATA
rs4938933 T 6509.3  ATGGAAAAATCTGAGGAGTAA C 6525.3 ATGGAAAAATCTGAGGAGTAG
rs58413603  INS 7873.2  CCGGATCAGTCTTAAATGTCACCCGA  DEL 7929.0 CCGGATCAGTCTTAAATGTCACCCGT
rs58847341  INS 6135.1  ACAGAGTGAAAAGGCAACCA DEL 6190.9 ACAGAGTGAAAAGGCAACCT
rs73932888 C 7174.7  ATGACCTCTACCCTTACACATAGC T 7254.6 ATGACCTCTACCCTTACACATAGT
rs769449 A 5338.5 CCCCTGGCCCCATTCAGA G 5354.5 CCCCTGGCCCCATTCAGG
rs7748513 A 5705.8  CACTGTCAAGCTGTCTACA G 5721.8 CACTGTCAAGCTGTCTACG
rs781150115 INS 7350.9 TGGCACGTAATAGAAAATTCAATA DEL 7406.7 TGGCACGTAATAGAAAATTCAATT
rs8112072 G 6717.4  GGACTAAGTCTGAGTCAGTCAC A 6797.3 GGACTAAGTCTGAGTCAGTCAT
rs9349407 G 74579  GGAGAAAATGTGAAGGCCTAGGAC C 7497.9 GGAGAAAATGTGAAGGCCTAGGAG
rs9381040 T 4762.2  AACCTGCAGCACCACA C 4778.2 AACCTGCAGCACCACG
rs1354106 G 5679.7  CTGCTTCCAGGCCCTTTTG T 5719.6 CTGCTTCCAGGCCCTTTTT
rs138197061 DEL 6857.5  TCAATATACTGATTTCCTTTCCC INS 6937.4 TCAATATACTGATTTCCTTTCCT
rs1399839 C 6112.0 GTTAGATTGACTGGTTTGCC A 6136.0 GTTAGATTGACTGGTTTGCA
rs148284870 DEL 6327.1  TTCTCCTATTCTGTAGGTTGC INS 6367.2 TTCTCCTATTCTGTAGGTTGG
rs1803254 C 6006.9  GTGCTCTTTCATTTGCTAAC G 6047.0 GTGCTCTTTCATTTGCTAAG
rs2234258 C 5498.6  CAAGGAGTCCTGGTGGCC T 5578.5 CAAGGAGTCCTGGTGGCT
rs2455069 G 4785.1  CCACTGGAGAGTCCCC A 4865.1 CCACTGGAGAGTCCCT
rs34813869 A 5095.3  GCCTCCTGGGTTTCCAA G 5111.3 GCCTCCTGGGTTTCCAG
rs3865444 C 7181.7  TTCTCAGCCTCACCTAGATCCATG A 7221.6 TTCTCAGCCTCACCTAGATCCATT
rs386834141 C 5442.6  TCACTGGTAGAGACCCGC DEL 5466.6 TCACTGGTAGAGACCCGA
rs56662071  INS 7330.8  GGCTACCTTTTTAAAATATTGTGG DEL 7370.7 GGCTACCTTTTTAAAATATTGTGT
rs610932 G 6645.4  TTTTCCCAGAAAACTAGACAGC T 6669.4 TTTTCCCAGAAAACTAGACAGA
rs75932628 C 6431.2 GAGGGCGGCACCAGGCCTTGC A 6455.2 GAGGGCGGCACCAGGCCTTGA
rs778496474 INS 4932.2  TTGTGGTTGGCTGATG DEL 4972.1 TTGTGGTTGGCTGATT
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Supplement 3: List of primers for standard PCR and qRT PCR

Gene & alias Forward Reverse Comments
B2M TGACTTTGTCACAGCCCAAGATA AATCCAAATGCGGCATCTTC PCR3'S

CD14 GCTGGACGATGAAGATTTCC ATTGTCAGACAGGTCTAGGC PCR, QPCR316
cD33 GCTGTGGGCAGGGGCCCT TGGCTCCTTCCCGGAACCAGT PCR

cD33 ATTATGCCGCTGCTGCTACTGCT ATTTCACTGGGTCCTGACCTCTG QPCR316
CD68 TGACACCCACGGTTACAGAG CGTCTCCGGATGATGCAGAA PCR

GAS6 CAGGACCTGCCAAGACATAGAC CAGAGAATTGTCTGCCACATGCC PCR

IBA1 CTCCAGCTTGGAGGAAAAGC TCTCTTGCCCAGCATCATCC PCR

IL1R GTGGCAATGAGGATGACTTGTTC TAGTGGTGGTCGGAGATTCGTA PCR, QPCR316
IL6 AGCCACTCACCTCTTCAGAAC GCCTCTTTGCTGCTTTCACAC PCR, QPCR316
IL8 CTGATTTCTGCAGCTCTGTG GGGTGGAAAGGTTTGGAGTATG PCR, QPCR316
IL10 GTGATGCCCCAAGCTGAGA CACGGCCTTGCTCTTGTTTT PCR, QPCR316
GAPDH CAAGGTCATCCATGACAACTTTG GTCCACCACCCTGTTGCTGTAG PCR

PROS1 CAGAGGCAAACTTTTTGTCAAAAGC GGGATGTTCTTGCACACAGC PCR

RPL32 CAACATTGGTTATGGAAGCAACA TGACGTTGTGGACCAGGAACT PCR3Y

SPI1, PU.1 GCGACCATTACTGGGACTTCC GGGTATCGAGGACGTGCAT PCR318

TNFa CTGCTGCACTTTGGAGTGAT AGATGATCTGACTGCCTGGG PCR, QPCR316
TREM2 CCTGGTTTCTCCCCATTCCC AGGAGAAGCAGTGTTCAGGC PCR
TYROBP, DAP12 AGCGATTGCAGTTGCTCTAC GTGATACGCTGTTTCCGGGT PCR%2

GAS6 ACATCTTGCCGTGCGTGCCCTTCA ATTCCGCGCCAGCTCCTCAACAGA QPCR31°
Pros1 CCTAGTGCTTCCCGTCTCAG TTTCCGGGTCATTTTCAAAG QPCR32
MERTK GGGTCCAGAACCATGAGATG GCAGCCTCAATACTGAAAAGG QPCR3%
C1QA ACAGGAGGCAGAGGCATCA CACAAGTCCTCGGTCACCAT QPCR

PTEN GGACCAGAGACAAAAAGGGAGTA TCGTGTGGGTCCTGAATTGG QPCR

PAX6 ACCCATTATCCAGATGTGTTTGCCCGAG ATGGTGAAGCTGGGCATAGGCGGCAG PCR

MSI1 AGGAGTGTCTGGTGATGCG GGCGAGGCCTGTATAACTCC PCR

SHH CGAAGATGGCCACCACTCAG GCTTTCACCGAGCAGTGGAT PCR

TBXT AATTGGTCCAGCCTTGGAAT TACTGGCTGTCCACGATGTC PCR

PRRX1 GACCATGACCTCCAGCTACG GAGCAGGACGAGGTACGATG PCR

MEOX1 GCAGCGTACCCTGACTTCTC CGGTTCTGGAACCACACTTT PCR

CXCR4 GCCTGTTGGCTGCCTTACTA CAGGAAAAACGTTCCACGGG PCR

FOXA2 TGGGAGCGGTGAAGATGGAAGGGCAC TCATGCCAGCGCCCACGTACGACGAC PCR

SOX17 TAGTTGGGGTGGTCCTGCAT CGCTTTCATGGTGTGGGCTA PCR

Supplement 4: List of antibodies for immunofluorescence analysis

Name Host Target cell type Dilution Supplier, catalog number
primary antibody

CD68 mouse microglia, macrophages, monocytes 1:1000 Bio-Techne, NBP2-37265
SPI1, PU.1 rabbit microglia, macrophages, monocytes 1:500 BioCat, AP14850b-ev-AB
TUBB3 mouse neurons 1:1000 Merk, MAB1637
AIF1, Ibal goat microglia, macrophages, monocytes 1:200 Bio-Techne, NB100-1028
PTPRC, CD45 rat microglia, macrophages, monocytes 1:500 Bio-Techne, NB100-77417
ITGAM, CD11b rat microglia, macrophages, monocytes 1:500 Bio-Techne, NB600-1327
CD33 mouse microglia, macrophages, monocytes 1:500 BioCat, AM2149b-AB
TREM2 goat microglia, macrophages, monocytes 1:1000 Bio-Techne, AF1828-SP

secondary antibody
Target Host Conjugate Isotype Dilution Supplier, catalog number
goat donkey  Alexa Fluor 488 18G 1:400 ThermoFisher Scientific, A11055
goat rabbit Cy3 18G 1:400 Jackson Immuno Research, 305-165-003
mouse goat Alexa Fluor 488 1gG 1:400 ThermoFisher Scientific, A11001
mouse rabbit FITC 18G 1:400 Jackson Immuno Research, 315-095-003
rat rabbit Alexa Fluor 488 18G 1:400 ThermoFisher Scientific, A21210
rabbit goat Cy3 1gG 1:400 Jackson Immuno Research, 111-165-003
rabbit goat Alexa Fluor 488 18G 1:400 ThermoFisher Scientific, A11034
rat donkey  Cy3 1gG 1:400 Jackson Immuno Research, 712-165-153

Supplement 5: List of antibodies for flow cytometry analysis

Name Host Conjugate Isotype Supplier, catalog number
CD11b mouse FITC 1gG1 Beckman coulter, IM0530
CD11c mouse FITC 1gG1 Biolegend, 337215

CD33 mouse PECy7 1gG1 Biolegend, 366618

CD45 mouse PECy7 1gG1 Biolegend, 304006

CD14 mouse FITC 18G2 Beckman coulter, im0645
CD40 mouse PerCP-1Flour™710 1gG1 ThermoFischer, 46-0409-42

XI
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Supplement 6: Phagocytosis assay
MGLCs differentiated from two different donors (HD: healthy controls; AD: LOAD patients) were stimulated with both LPS and hydrocortisone
(HC) and incubated with fluorescent latex beads (cell bead ratio 1:100). Flow cytometry was used to count latex beads. Differentiated MGLCs were

analyzed according to LPS or HC stimulation or measured untreated (UT). The numbers 0 to 3 mark the gates with the corresponding number of

phagocytized beads. Gate 0 shows cells that do not internalize any beads per cell. In gate 1, one bead per cell was internalized. In gate 2, two beads
per cell were internalized. In gate 3, three beads per cell were internalized. (A) Displayed is a representative data set for the relative uptake of beads
into MGLCs from one out of n = 3 experiments. After a stimulation of 4 h and 24 h with 100 pg/ml LPS at 37°C, the cells were incubated with
fluorescent microspheres for phagocytosis. Unstimulated approaches were incubated in parallel. Flow cytometry was used to count fluorescent
microspheres. Shown are the percentages of cells that engulfed fluorescence-labelled beads. (B) Displayed is a representative data set for receptor
depend internalized particles into MGLCs from one out of n = 2 experiments. After a stimulation of 4 h and 24 h with 100 pg/ml LPS or 3.0 uM
HC at 37°C or on ice, the cells were incubated with Escherichia coli K-12 strain BioParticles™ conjugated with Alexa Fluotr™ 488 for phagocytosis.
Unstimulated approaches were incubated in parallel. Flow cytometry was used to count Alexa Fluor 488 conjugated E. co/i particles. Shown are the
percentages of cells that engulfed fluorescence-labelled particles. Analyzed samples are shown in black; unquenched control is shown in gray line.
The numbers 0 to 3 mark the gates with the corresponding number of phagocytized particles. Gate 0 shows cells that do not internalize any particles
per cell. In gate 1, one particle per cell was internalized. In gate 2, two particles per cell were internalized. In gate 3, three particles per cell were
internalized. Abbreviations: LPS, lipopolysaccharides; HC, hydrocortisone; UT, untreated; AD, Alzheimer's disease; HD, healthy controls.

Supplement 7: Statistical telomere analysis
1way ANOVA multiple comparison test was done with GraphPad, Prism version 7.1.

| Turkey’s multiple comparison test Mean Diff 95% Cl of diff Significant Summary p-value
WAI001-B vs. MLUiI009-A 9 3,98 to 14,02 Yes kX 0,0007
WAIi001-B vs. WAi004-B 1 -4.02 to 6.02 No ns. 0.9822
WAI001-B vs. MLUi010-B 12 6,98 to 17,02 Yes rorxk <0,0001
WAI001-B vs. MLUi008-B 94 88,98 to 99,02 Yes rorxk <0,0001
WAIi001-B vs. MLUi007-H 77 71,98 to 82,02 Yes HoHAA <0,0001
WAI004-B vs. MLUiI0O09-A 8 2,98 to 13,02 Yes *x 0,0018
WAI004-B vs. MLUi010-B 11 5,98 to 16,02 Yes rorxk <0,0001
WAIi004-B vs. MLUi008-B 93 87,98 to 98,02 Yes HoHAA <0,0001
WAIi004-B vs. MLUi007-H 76 70,98 to 81,02 Yes kAR <0,0001
MLUI009-A vs. MLUi010-B 3 -2,02 to 8,02 No ns 0,3918
MLUI009-A vs. MLUi008-B 85 79,98 to 90,02 Yes HoHAA <0,0001
MLUI009-A vs. MLUi007-H 68 62,98 to 73,02 Yes kAR <0,0001
MLUi010-B vs. MLUi008-B 82 76,98 to 87,02 Yes rorxk <0,0001
MLUi010-B vs. MLUi007-H 65 59,98 to 70,02 Yes kAR <0,0001
MLUi008-B vs. MLUi007-H -17 -22,02t0-11,98 Yes oHAk <0,0001

Supplement 8: Summary statistic
Shown ate significantly regulated proteins and the fold change of protein expression between LOAD MGLCs / healthy control MGLCs and

reference MGLCs. AD association and scores were determined online
(https://www.genecards.org/Search/Keyword?startPage=0&queryString=alzheimer&pageSize=-1).
D D
log2 p-value | fold change | ProteinID | Gene names A log2 p-value | fold change | ProteinID | Gene names A
Score Score

significantly changed proteins in LOAD which were exclusively

analysed comparatively in old CONs

significantly changed proteins in LOAD which were analysed both in
comparison to young references and old CONs

2.239
2.031
2.658
2.738
1.332
1.528
1.382

5.349
4.237
4.155
3.89

3.516
3.511
3.392

P47914 RPL29
Q06323 PSME1
Q9NPH2 ISYNA1
P11137 MAP2
P21589 NT5E
Q76M96 CCDC80
Q96K17 BTF3L4

0.13 2.341 6.486
0.49 3.639 4.987
0.63 2.218 4.887
17.39 | 1.774 4.474
0.76 1.855 4.436
- 4.216 4.262
- 1.943 4.258

P05121 SERPINE1 3.69
000622 CYR61 -
P49888 SULT1E1 -
P11166 SLC2A1 0.18
Q03135 CAV1 2.45
P07196 NEFL 16.61
P16070 CD44 1.2

XII
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2.064
1.382
3.38

1.378
3.278
1.415
1.311
1.476
1.311
3.674
2.18

1.848
2.587
2.928
1.835
2.201
1.371
1.408
211

1.512
2.734
1.733
1.399
1.555
1.841
1.561
1.767
1.683
2.127
1.435
1.712
1.333
1.604
1.661
1.462
1.441
1.606
2.993
1.709
1.409
1.615
1.625
1.617
1.936
2.305
1.825
1.356
1.321
1.714
1.745
3.81

1.651
2.005
1.524
1.862
1.752
1.512
1.987
1.399
1.522
2.421
2.422
1.469
1.326
1.716
1.515
2.234
2.283
1.676
1.54

1.664
1.482

3.29

3.243
3.217
3.127
3.12

3.095
3.052
2.999
2.906
2.696
2.674
2.617
2.586
2.516
2.487
2.457
2.444
2411
2411
2.402
2.399
2.386
2.379
2.368
2.361
2.345
2.344
2.307
2.282
2.256
2.253
2.233
2.232
2.227
2.199
2.183
2.175
2.145
2.145
2.132
2.121
2.103
2.034
2.013
2.013
1.965
1.962
1.938
1.934
1.931
1.929
1.903
1.898
1.883
1.88

1.878
1.859
1.844
1.833
1.819
1.781
1.72

1.699
1.688
1.688
1.672
1.669
1.645
1.631
1.623
1.617
1.615

014773
000592
P21291
Q02880
P00492
Q08431
094919
P41567
014737
P18615
P61619
Q13228
Q13576
Q6UB35
043765
Q9UKK9
P54821
Q6KF10
060784
Q9cCocC2
Q9UEY8
P08253
P02511
000170
P63165
Q99873
Q9P2K5
Q13330
P09619
P46926
P13497
Q92785
P17302
P05114
P40123
Q13153
P00352
Q10471
Q96KP1
Q13564
043395
P02649
Qswup2
Q9H972
Q96CT7
Q8IWS0
Q14517
043491
Q13451
Q96KG9
P05026
Q9NRR5
Q9Y241
Q41180
P30876
P49321
P52594
P09382
060885
Q96AC1
P12694
P20908
P61086
Q9Y2S7
P04080
Q9H9Q2
QINPQ8
015347
QoumY4
P09110
P61964
Q9P032

TPP1
PODXL
CSRP1
TOP2B
HPRT1
MFGE8
ENDOD1
EIF1
PDCD5
NELFE
SEC61A1
SELENBP1
IQGAP2
MTHFD1L
SGTA
NUDT5
PRRX1
GDF6
TOM1
TNKS1BP1
ADD3
MMP2
CRYAB
AIP
SUMo1
PRMT1
MYEF2
MTA1
PDGFRB
GNPDA1
BMP1
DPF2
GJAL
HMGN1
CAP2
PAK1
ALDH1A1
GALNT2
EXOC2
NAE1
PRPF3
APOE
FBLIM1
LIN28A
CCDC124
PHF6
FAT1
EPB41L2
FKBP5
SCYL1
ATP1B1
UBQLN4
HIGD1A
FILIP1L
POLR2B
NASP
AGFG1
LGALS1
BRD4
FERMT2
BCKDHA
COL5A1
UBE2K
PoldIP2
CSTB
COPS7B
RIC8A
HMGB3
SNX12
ACAA1
WDR5
NDUFAF4

1.504
1.748
2122
2.307
2.365
2.658
4.231
1.668
2.241
1.467
2.362
1.315
3.199
1.497
1.666
1.33

3.04

2.806
3.435
2.109
1.524
3.146
1.645
1.466
2.523
2.441
1.443
3.218
1.377
1.641
5.124
2.967
2.022
1.576
1.522
2.129
2.723
2.238
1.73

1.605
1.419
3.27

1.686
2.224
1.426
1.955
2.041
1.879
2.16

1.735
2.386
1.402
2.339
2.504
1.701
2.479
1.685
2.922
1.384
2.618
1.896
1.802
2.088
1.345
2.04

1.661
1.619
4.835
1.473
1.529
2.251
1.433

4.115
4.106
4.104
4.08

3.987
3.943
3.936
3.896
3.79

3.663
3.65

3.627
3.492
3.491
3.395
3.37

3.342
3.304
3.15

3.114
3.106
3.104
3.092
3.081
3.022
2.958
2.868
2.865
2.858
2.845
2.834
2.831
2.823
2.734
2.691
2.689
2.66

2.658
2.641
2.593
2.534
2.522
2.477
2.464
2.439
2.412
2.298
2.284
2.232
2.224
2.22

2.213
2.205
2.204
2.202
2.183
2.129
2.125
2.108
2.088
2.035
2.029
2.016
2.002
1.919
1.891
1.871
1.868
1.861
1.841
1.798
1.775

075368
Q14126
P35613
095084
P15924
Q08257
Q5T7N3
Q9NR99
P32455
Q9H3Q1
Q96RW7
P11169
000470
Q15059
Q72434
Q16822
Q13442
Q01581
P13796
Q9Y3E5
P27144
Q9H425
Q5KU26
Q9Y570
P14324
P49790
QouL46
Q9POI2
P78347
Q96A83
P13798
P06493
Q8WXX5
Q9Y394
Q70uQo0
Q92896
Q9BPUG
Q14683
094925
P48739
043602
P13797
Q69YQ0
Q9UKD2
P16949
Q9NZN4
000541
A1X283
Q96125
060828
P23511
P08579
Q13277
Q96CM8
Q9UM54
043768
P05783
P11171
Q9H2PO
Q13217
043837
075431
060341
Q92530
Q5TONS
P30086
Q92522
P43304
P35249
Q15631
Q15006
015294

SH3BGRL
DSG2
BSG
PRSS23
DSP
CRYZ
KANK4
MXRAS
GBP1
CDC42EP4
HMCN1
SLC2A3
MEIS1
BRD3
MAVS
PCK2
PDAP1
HMGCS1
LCP1
PTRH2
AK4
Cloldrf198
COLEC12
PPME1
FDPS
NUP153
PSME2
EMC3
GTF2I
COL26A1
APEH
CDK1
DNAJC9
DHRS7
IKBIP
GLG1
DPYSL5
SMC1A
GLS
PITPNB
DCX
PLS3
SPECC1L
MRTO4
STMN1
EHD2
PES1
SH3PXD2B
RBM17
PQBP1
NFYA
SNRPB2
STX3
ACSF2
MYO6
ENSA
KRT18
EPB41
ADNP
DNAJC3
IDH3B
MTX2
KDM1A
PSMF1
FNBP1L
PEBP1
H1FX
GPD2
RFC4
TSN
EMC2
OGT

XIII
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2.6
1.401
2.166
1.411
1.446
2.569
1.498
1.428
1.491
1.799
1.306
1.891
1.767
1.314
1.405
1.543
1.368
2.398
2.127
1.523
1.321
3.13
1.979
1.618
1.882
2.055
1.471
1.751
1.375
1.421
1.853
2.676
1.895
1.396
1.77
1.502
1.5
1.523
1.897
1.779
1.492
1.964
1.306
1.496
1.839
2.175
1.667
1.759
1.598
1.855
1.654
1.442
2.22
1.336
1.501
2.306
1.424
2121
1.497
2.048
1.803
1.878
1.384
1.436
1.373
1.512
2.082
1.83

1.61
1.598
1.597
1.592
1.591
1.587
1.544
1.542
1.541
1.528
1.527
1.51
1.422
1.405
1.396
1.387
1.378
1.377
1.374
1.369
1.359
1.358
1.35
1.346
1.34
1.339
1.321
1.318
1311
1.304
1.291
1.247
1.241
1.235
1.204
1.193
1.189
1.189
1.185
1.155
1.153
1.134
1.124
1.124
1.122
1.113
1.104
1.1
1.097
1.094
1.086
1.078
1.071
1.069
1.069
1.057
1.051
1.051
1.046
1.043
1.04
1.029
1.027
1.021
1.019
1.018
1.013
1.009

Q02952
P55081
Q9H910
Q13637
Q8NEY1
P56182
Q99497
P06744
Q9BY32
Q5T5P2
Q15397
Q9Y4G6
000469
Q9BRIJ6
Q9HB40
Q9UGV2
Q9CoB1
Q16576
P11117
P62942
Q96QDS
Q00688
Q13573
P29536
075347
Q9BV38
P62937
P09960
P68036
Q9P258
Q969G3
P61088
076024
P40925
P60174
Q13526
Q92692
P48723
Q92541
Q0zZGT2
Q15056
Q86VP6
Q13162
P07195
P22307
Q92621
P23528
015212
Q969H8
Q9Y673
P06733
Q77739
Q15155
Q14690
P31150
P00387
014656
P07305
060664
P82979
Q14011
095777
Q71U19
Q92922
Q96EI5
P23142
Q01995
Q9HDC9

AKAP12
MFAP1
HN1L
RAB32
NAV1
RRP1
PARK7
GPI
ITPA
KIAA1217
KIAA0020
TLN2
PLOD2
C7oldrf50
SCPEP1
NDRG3
FTO
RBBP7
ACP2
FKBP1A
FYTTD1
FKBP3
SNW1
LMOD1
TBCA
WDR18
PPIA
LTA4H
UBE2L3
RCC2
SMARCE1
UBE2N
WFS1
MDH1
TPI1
PIN1
PVRL2
HSPA13
RTF1
NEXN
EIF4H
CAND1
PRDX4
LDHB
SCP2
NUP205
CFS1
PFDN6
MYDGF
ALG5
ENO1
YTHDF3
NOMO1
PDCD11
GDI1
CYB5R3
TOR1A
H1FO
PLIN3
SARNP
CIRBP
LSM8
H2AFV
SMARCC1
TCEAL4
FBLN1
TAGLN
APMAP

0.63

0.49
0.99
8.43

2.054
2.294
1.752
2.338
2.11
1.441
1.876
2.23
1.706
1.925
1.461
1.923
1.816
1.396
1.452
2.326
2.401
1.642
1.662
2.309
2.07
1.614
1.927
1.517
1.445
2.154
1.769
24
2.229
1.781
1.424
1.4
1.454
2.338
1.993
1.983
1.876
1.85
1.416
1.687
1.95
1.825
1.325
1.907
1.99
2.635
1.516
2.003
2.352
1.569
2.341

1.775
1.759
1.742
1.733
1.723
1.708
1.687
1.68

1.674
1.667
1.649
1.635
1.626
1.615
1.608
1.551
1.536
1.53

1.524
1.475
1.469
1.461
1.45

1.41

1.377
1.375
1.364
1.337
1.326
1.251
1.245
1.229
1.228
1.208
1.166
1.165
1.163
1.16

1.154
1.129
1.105
1.08

1.073
1.059
1.055
1.05

1.042
1.036
1.016

6.486

Q773K3
060216
P16403
Q8IXM2
P21810
Qauli2
Q8TD19
Q13618
P02545
QSNR30
P09429
043488
P26583
P52434
Q15165
A5YKK6
Q8N5M9
Q14839
Q9UHQ9
Q13867
P16401
P32119
P35611
095347
QouJU6
P42166
Q9UHV9
Q8IWU6
Q9HD42
P04181
P51610
075506
P84157
P46087
Q16555
P52209
P58876
P09874
Q13586
Q93050
Q99496
P61106
Q13045
Q00765
Q14315
Q93077
Q9NVJ2
Q8IUD2
P62805
Q07021
P05121

POGZ
RAD21
HIST1H1C
BAP18
BGN
ATPIF1
NEK9
cuL3
LMNA
DDX21
HMGB1
AKR7A2
HMGB2
POLR2H
PON2
CNOT1
JAGN1
CHD4
CYB5R1
BLMH
HIST1H1B
PRDX2
ADD1
SMC2
DBNL
TMPO
PFDN2
SULF1
CHMP1A
OAT
HCFC1
HSBP1
MXRA7
NOP2
DPYSL2
PGD
HIST1H2BD
PARP1
STIM1
ATP6VOA1L
RNF2
RAB14
FLII
REEP5
FLNC
HIST1IH2AC
ARL8B
ERC1
HIST1H4A
C1QBP
SERPINE1

0.49
0.49

0.73
3.69
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APPENDIX

Supplement 9: TREM2 SNP list
The table shows LOAD-associated SNPs in TREM2 with susceptible locus and associated risk alleles for LOAD iPSCs (MLUi007-H, MLUi008-B;

in red), healthy control iPSCs (MLUi009-A, MLUi010-B; in green) and reference iPSCs (WAi001-B, WAi004-B; in grey).

SNP A1/A2 [Frequency A2 [Gene |AA Change [WAi001-B WAi004-B —
rs104894001 |C/A n.d TREM2 (W44X C C C C C C
rs121908402 |A/G 0.00001 TREM2 (V126G A A A A A A
rs142232675 |C/T 0.1 TREM2 [D87N C C C C C C
rs149622783 |C/T 0,01 TREMZ2 [R136Q C C C C C C
rs2234256 A/G 0.81 TREM2 [L211P A A A A A A
rs2234258 c/T 0.012 TREM2 [W191X C C C C C C
rs28937876 |C/A nd TREM2 [K186N C C C C C C
rs104894002 |G/A 0.01 TREM2 [Q33X G G G G G G
rs200820365 [T/A 0.61 TREM2 [E151K T T T T T T
rs79011726 |C/T 0.16 TREM2 [E151K C C C C C C
rs201258663 |G/A 0.01 TREM2 [T66M G G G G G G
rs75932628 [C/T 0.002 TREMZ2 [R47H n.d n.d n.d n.d C C
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