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Abstract

Alzheimer’s disease (AD) is the most prevalent form of dementia and accounts for approximately
60-70% of all dementia cases [1]. The pathological hallmarks of AD include the accumulation
of amyloid-/ plaques and tau tangles |1]. In addition to these hallmark features, neuroinflam-
mation plays a crucial role in the progression of the disease [2]. Microglial cells, the brain’s
resident immune cells, are key players in neuroinflammatory processes [2]. In response to ex-
ternal and internal stimuli, they transform into different states, each characterized by distinct
phenotypic changes [2]. Given their central role in mediating neuroinflammation and their
sensitivity to disease-related biomarkers, it is expected that AD significantly influences the
microglial phenotype.

In this study, we developed and evaluated a novel human cell model to investigate changes in
microglial phagocytic activity, gene expression, and morphology when cultured in cerebrospinal
fluid (CSF) derived from AD patients. Human-induced pluripotent stem cell-derived microglia
and cortical neurons were seeded into monocultures and cocultures, followed by incubation in
CSF from AD and non-AD (CTRL) patients. The cell model was then analyzed using various
functional assays, qPCR, and a morphology analysis pipeline for ImageJ and RStudio.

The results showed that CSF exposure had no adverse effects on microglial viability or pro-
liferation, supporting the model’s robustness. While qPCR and phagocytosis assays indicated
increased activation in AD-CSF-treated microglia compared to CTRL-CSF, no morphological
differences were observed between these groups. Instead, pronounced differences in morphol-
ogy were detected between the CSF-treated and coculture media (CoM) treated conditions,
highlighting the influence of CSF-derived substances on microglial morphology. These results
demonstrate that the cell model can be used to study microglial phenotypic changes when
cultured in AD-CSF and CTRL-CSF. However, additional analyses are needed to detect mor-
phological differences between microglia exposed to AD- and CTRL-CSF.

i



Acknowledgements

We would like to express our gratitude and appreciation to our supervisor, Christina Heiss,
for her guidance, support, and encouragement throughout the development of this thesis. Her
expertise and feedback greatly enhanced the quality of this work. Special thanks also go out
to the entire research group at Sahlgrenska for sharing their knowledge and assistance with
protocols, support, and guidance during the experiments.

We also wish to thank our examiner, Pernilla Wittung Stafshede, for her constructive input
and inspiring discussions.

We gratefully acknowledge the support provided by Chalmers University of Technology and the
Department of Life Sciences.

Finally, we would like to thank our families and friends for their patience, encouragement, and
continuous support throughout this journey.

Kajsa Hallin & Linnéa Svéard, Gothenburg, June 2025

il



List of acronymes

Ap
ACTB
AD
APOE
APP
C1QA
CD68
CNS
CoM
CTRL
CSF
DAM
DAPI
DMEM
EB
EBM
EDTA
hiPSC
Ibal
Ki67
LDH
M1

M2
MAPT
MiM
mPTP
mTesR+
NDD
NIM
NMM
NPC
NULISA
PBS
PLO
PMP
PNS
ROS
TNF
TMEM119
TUJ1

QQ

Amyloid-beta

Actine beta

Alzheimer’s disease

Apolipoprotein E

Amyloid precursor protein
Complement Clq A Chain

Cluster of Differentiation 68

Central nervous system

Coculture media

Human control CSF (non AD-CSF)
Cerebrospinal fluid
Disease-associated microglia

4’ 6-diamidino-2-phenylindole
Dulbecco’s Modified Eagle Medium
Embryonic body

Embryonic body media
Ethylenediaminetetraacetic acid
Human induced pluripotent stem cell
Ionized calcium-binding adaptor molecule 1
Kiel 67

Lactate dehydrogenase
pro-inflammatory state
anti-inflammatory state
Microtubule-Associated Protein Tau
Microglial maintenance media
Mitochondrial permeability transition pore
Maintenance Trophoblast stem cell Renewal +
Neurodegenerative disease

Neural induction media

Neural maintenance media

Neural progenitor cell

Nucleic acid-Linked Immuno-Sandwich Assay
Phosphate-Buffered Saline
Poly-L-Ornithine

Primitive macrophage precursor
Peripheral nervous system

Reactive oxygen species

Tumor necrosis factor
Transmembrane protein 119
Neuron-specific class III beta-tubulin
Quantile-Quantile

v



Contents

[ Background|
[LI _Alzheimer’s diseasd . . . . . . . . . . . . L
(1.1.1  Synaptic dystunction and neural cell death{ . . . . . . . . ... ... ...
(1.1.2  Amyloid-OGnd tau tangles|. . . . . . . ... ... . ... ... ...
(1.2 Microghal cells| . . . . . . . . . .
(1.2.1 Microglial morphologies| . . . . . .. ... .. ... ... ... ... ...
[L3 Cortical meuronsl. . . . . . . . . . .
(1.4  Cerebrospinal fluid| . . . . . . ... .. ...

2 Aim and objectives|

B_Methodsl
[3.1 Seeding and preparation of cell cultures . . . . . . . . ... ...
[3.1.1  Microghal cell differentiation|. . . . . . ... ... ... .. ... ... ..
[3.1.2  Cortical neuron differentiationl . . . . . . . . . ... ...
[3.1.3  Cell culturing| . . . . . . ... ...
B.1.4 Cocultures . . . . . . . . . . e
[3.2 CSE pools| . . . . . . .
[3.2.1 NUcleic acid Linked Immuno-Sandwich Assay| . . . ... ... ... ...
. xperimental validation of the cell modell . . . . . . . . .. ..o 000
3.3 E i | validati f the cell modell
[3.3.1 Cell viability assay| . . . . . . ... .. ... ... .
[3.3.2  Cytotoxicity assay|l . . . . . . . . . . .
[3.3.3  Cell division analysis| . . . . . . . .. ... ... L.
B4 gPCR] . . . .
. AEOCYLOSIS ASSAY| .« « v v v o e e e e e e e e e
[3.5 Ph i |
[3.5.1  Optimization of pHrodo-E.Coli and pHrodo- AGoncentrations| . . . . . .
[3.5.2  Optimization of incubation time|. . . . . . . . . .. ... ... ... ...
[3.5.3 Phagocytic activity assessment| . . . . . . ... ... ..o
[3.6  Methodology for analysis of microglial morphology|. . . . . . .. .. .. ... ..
[3.6.1  Immunocytochemistry assay| . . . . . . ... ... ...
[3.6.2  Confocal Microscopy| . . . . . . . . . . . ..
[3.6.3  Morphology analysis| . . . . . ... ... ... oo
[3.6.4 Imaged|. . . . . . .
I;i:ﬁx!li I;:;lll!li!zl ------------------------------------
4_Results|
4.1 Validation of the cell modell . . . . . . . . . . . . .. .
[4.2  Analysis of the CSF pools . . . . . . . . . ... ... ...
M3 gPCR] . . .
4.4 Phagocytosis assay| . . . . . . . . ...
[4.5 Morphology analysis| . . . . . ... ... o
[4.5.1 Statistical analysis of morphology results| . . . . . . ... ... ... ...
E D o0l
I:ill !“!li!ii!li!lll !zl lll§: !:s:ll lll!z!is:ll .............................
[5.2  Analysis of the CSF pools| . . . . . . . ... ... oo
qPCR] . . o e e
[>.4  Phagocytosis assay| . . . . . . . . .
[5.5 Morphology analysis| . . . . . ... .. ...




A1 Methods|

Phagocytosis assay]

[A2Results]

Morphology analysis|

vi

33

34

35

IT

IV



1 BACKGROUND

1 Background

Neurodegenerative diseases (NDDs) are disorders that affect neurons in both the central nervous
system (CNS) and the peripheral nervous system (PNS), leading to their gradual degeneration
and loss of function [3]. As neurons are highly specialized cells that do not easily regenerate,
their breakdown disrupts essential communication pathways in the nervous system, resulting
in memory loss and impaired sensory and motor function [3].

One of the key hallmarks of NDDs is protein aggregation [3]. Proteins play a fundamental role
in maintaining the physiological function of cells, and their function depends on their structural
state [4]. Proteins can exist in different conformations and sizes, and under pathological con-
ditions, they may adopt abnormal solid states that affect their function [4]. In NDDs, amyloid
proteins are commonly involved [5]. These are aggregated protein species characterized by a
distinctive -sheet-rich fibrillar structure [6]. Although the precise mechanisms underlying dis-
ease progression remain unclear, growing evidence suggests that toxicity arises, either directly
or indirectly, from the formation of these amyloid aggregates [5].

Amyloid formation is influenced by several factors, including the thermodynamic stability of
different protein states, the energy barriers between these states, the total protein concentra-
tion, and cellular processes such as protein synthesis, degradation, chaperone activity, post-
translational modifications, and chemical transformations [4]. The specific type of amyloid
aggregates formed depends on the particular NDD [3]. In Alzheimer’s disease (AD), the most
prominent aggregates are amyloid-3 plaques (AS plaques) and tau tangles, which are described
in more detail below.

1.1 Alzheimer’s disease

AD is a neurodegenerative disorder and the most common form of dementia, accounting for
approximately 60-70% of all dementia cases [1]. While memory loss is a hallmark symptom,
individuals with AD also commonly experience impairments in other cognitive domains, such
as difficulties finding words, trouble interpreting visual information, and reduced reasoning and
judgment abilities [7]. As mentioned in section [, NDDs lead to the gradual degradation of
neurons and ultimately cell death. However, in AD, synaptic dysfunction can be seen even
before noticeable neuronal loss occurs [3].

1.1.1 Synaptic dysfunction and neural cell death

Several mechanisms contribute to synaptic dysfunction and eventually cell death in AD, includ-
ing excitotoxicity, energy depletion, and lysosomal dysfunction [3]. Excitotoxicity happens when
neurons become overactive and absorb excessive amounts of calcium. This calcium overload
damages the mitochondria, causing the opening of the mitochondrial permeability transition
pore (mPTP), which then activates different types of enzymes. These enzymes can trigger
either apoptosis or necrosis. Energy depletion occurs when neurons are deprived of oxygen
and glucose, leading to a rapid reduction in adenosine triphosphate (ATP) production. As a
result, the plasma membrane loses its ability to maintain the ion balance, which causes exces-
sive release of glutamate, a neurotransmitter that becomes toxic at high levels [3]. Lysosomal
damage leads to the rupture of lysosomes, releasing different types of enzymes into the cell.
These enzymes degrade essential cellular components and contribute to the accumulation of
toxic protein aggregates, including Af plaques and tau tangles [3].
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Mitochondrial damage can lead to an accumulation of reactive oxygen species (ROS), as im-
paired cells are less capable of managing and neutralizing ROS compared to healthy ones [8].
Excessive ROS levels can damage DNA, lipids, and proteins, making neurons more vulnerable
to further injury. This oxidative stress also contributes to the misfolding and aggregation of A3
plaques and tau tangles [8]. In addition, metal ion imbalance in the brain has also been linked
to increased ROS production. Metals such as iron, zinc, copper, and manganese play essential
roles in growth, metabolism, and brain development [9]. However, when the concentrations
of these elements become dysregulated, they can promote protein misfolding and aggregation,
trigger oxidative stress, and contribute to neuroinflammation and neuronal loss [9].

1.1.2 Amyloid-8nd tau tangles

As previously mentioned, AD is characterized by the accumulation of A plaques and abnormal
tau tangles [1]. AS plaques are a result of an imbalance between the production and clearance
of AS peptides [10]. The amyloid precursor protein (APP) is a membrane-bound glycopro-
tein involved in several biological processes, including neural development and signaling [11].
There are two different processing pathways of APP called amyloidogenic processing and non-
amyloidogenic processing [12]. In the amyloidogenic pathway, APP is cleaved by [(-secretase
and y-secretase to produce A monomers [12]. The aggregation of AS in the brain promotes the
formation of amyloid plaques, a hallmark of AD. In contrast, the non-amyloidogenic pathway
involves cleavage by a- and 7-secretase, which does not generate AS [12]. When the amyloido-
genic pathway is active and A monomer concentrations become too high, these monomers
begin to aggregate into AS oligomers, which can further assemble into fibrils and eventually
form insoluble AS plaques (see image A in Figure (1)) [10]. Among these different forms of A5,
ApS oligomers are thought to have the strongest toxicity to neurons [1]. The cleavage of APP
produces several different isoforms of A3, including AB38, AB40, and AB42. Among these,
A 542 has the highest tendency to aggregate, and it is the predominant isoform found in AS
plaques [13].

Furthermore, tau tangles are formed by the aggregation of the tau protein, and their formation
is accelerated by the accumulation of AS fibrils [14]. Under normal physiological conditions, tau
stabilizes microtubules and helps to maintain DNA structure. However, in AD, tau undergoes
hyperphosphorylation, which decreases its affinity for microtubules and causes it to detach (see
image B in Figure (1)) [1]. The tau protein is encoded by the Microtubule-Associated Protein
Tau (MAPT) gene and exists in different types of isoforms. However, when the tau protein
becomes hyperphosphorylated, it forms phosphorylated variants such as phosphorylated at
threonine 181 (pTaul81), phosphorylated at threonine 217 (pTau217), and phosphorylated at
threonine 231 (pTau231). These forms are strongly associated with AD and can be detected
in the blood and cerebrospinal fluid (CSF) of individuals with AD [15]. The accumulation of
these proteins can lead to synaptic dysfunction, loss of neuronal function, and the aggregation
of tau into tangles [1].
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Figure 1: A) AS plaque formation steps. APP is cleaved to produce A3 monomers. When the concentration
of these monomers becomes too high, they begin to aggregate into AS oligomers, which can further form
fibrils and eventually insoluble AS plaques (Illustration created using Biorender). B) Tau tangle formation
steps. Tau undergoes hyperphosphorylation which decreases its affinity for microtubules and causes it to detach
(Tllustration created using BioRender).

1.2 Microglial cells

Although AS plaques and tau tangles are two pathological hallmarks of AD, these alone cannot
explain the disease’s pathogenesis [1]. Elevated levels of inflammatory markers in AD patients
suggest that neuroinflammation plays a significant role in AD pathogenesis . Microglial cells,
the primary immune cells of the brain, play a central role in mediating this neuroinflammatory
response . Functionally similar to macrophages, microglia eliminate harmful substances
and contribute to the maintenance of brain homeostasis . They support neuronal survival
and differentiation through selective remodeling, a process by which they engulf damaged or
unnecessary synapses, myelin, and extracellular matrix components. . When microglial
function is disrupted or chronically activated, this delicate balance may be disturbed, leading
to damage to the CNS [17].

Microglial cells have a complex series of surface receptors that allow them to adopt different
types of states in response to various internal or external stimuli . They have long been
categorized into two opposing phenotypic states: classical pro-inflammatory state (M1) and
alternative anti-inflammatory state (M2) [2]. However, recent studies have demonstrated that
microglial cells do not strictly polarize into either the M1 or M2 phenotype but instead often co-
express markers of both states simultaneously . Furthermore, in reality, microglial cells can
exhibit various intermediate states between these two phenotypes . Depending on specific
signals or challenges in the CNS, the microglial cells will change their signature through the
stages of life, from development to aging [2].
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The homeostatic state refers to a non-active or a surveillant microglia state. However, even in
the homeostatic state, the microglial cells display diverse morphological and functional states
depending on signals from the CNS environment [2]. Recent scientific advances have identified
a novel subpopulation of microglia linked to neurodegenerative diseases, known as disease-
associated microglia (DAM) [18]. During the progression of AD, the homeostatic microglial
signature is down-regulated, causing microglial cells to transition to the DAM state [18]. Stud-
ies have shown that only a subset of microglial cells transition into this state, and this transition
is correlated with the amount of AJ plaques present |[16]. The DAM state is observed only in
microglial cells located near A plaques, suggesting that the microenvironment surrounding
the plaques plays a key role in driving this phenotypic shift [16]. Some of the features of
the DAM state are microglia involvement in cytokine and chemokine production, activation of
phagocytosis, and generation of ROS [3]. In response to danger signals, microglia secrete ROS,
which contributes to oxidative damage and disrupts homeostasis in the brain [3]. Additionally,
microglia secrete both pro-inflammatory and anti-inflammatory cytokines, which either pro-
mote or suppress inflammation [16]. Under normal conditions, the inflammatory response of
microglial cells is typically resolved after they have carried out their function [3]. However, if
the inflammatory response persists, it can lead to chronic inflammation, which may, in turn,
contribute to the progression of AD [3].

During the transition from a homeostatic to a reactive state, microglial proliferation increases
[19]. Under normal physiological conditions, microglia divide at a relatively slow rate, with a
median turnover of approximately 28 % per year, and some cells have been shown to persist for
over two decades [20]. However, during disease progression, microglial cells become activated
and start to proliferate more rapidly, producing daughter cells in response to pathological
stimuli [19].

During disease progression, Transmembrane protein 119 (Tmem119), a microglia-specific gene
often associated with AD in humans, is upregulated in activated microglia during AD [21].
Additionally, inflammatory genes such as Apolipoprotein E (APOE) and Complement Clq
A Chain (C1QA) are upregulated during microglial activation [16]. Both genes are strongly
associated with neuroinflammation and have been linked to a variety of neurodegenerative
diseases [22, 23|. Lastly, Cluster of Differentiation 68 (CD68), a marker of macrophages and
phagocytic activity, is also upregulated in activated microglia and serves as an indicator of their
increased ability to engulf debris and pathological proteins [24].

1.2.1 Microglial morphologies

The function of various microglial states and their impact on AD are still unclear [24]. However,
scientific advancements have demonstrated that differences in morphology, gene expression, and
metabolic activity can distinguish these states [24]. Based on the compactness or branching of
their morphology, microglial cells can be associated with different functional states [25]. For
this study, the four morphologies described below are the primary focus. However, in reality, a
range of intermediate microglial morphologies exists [24].

In the homeostatic state, microglia typically exhibit a branched and complex morphology,
commonly referred to as the ramified form (see Figure [24]. During the progression of
AD, the microglial cells become swollen, with larger cell bodies and fewer branches [25]. This
results in an ameboid morphology frequently associated with increased phagocytic activity.
Ameboid microglia are commonly observed in conditions of severe or chronic inflammation,
where retraction of branches enhances both their phagocytic capacity and motility toward sites
of damage [24].
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In addition to these forms, other morphologies are also linked to reactive microglial states.
The hypertrophic morphology, which is considered intermediate between ramified and ameboid
forms, is characterized by a large cell body and short, thick branches (see Figure [24]. Another
form, rodlike microglia, has not yet been associated with a specific function [24]. However, an
increase of rodlike microglia in the brain has been observed with aging [2]

y. Y %

Ramified microglia Hypertrophic microglia Ameboid microglia Rodlike microglia

Figure 2: Micoglia morphologies associated with microglia states (Illustration created using BioRender).

1.3 Cortical neurons

The brain’s structure, known as the neocortex, is believed to be the reason behind our unique
cognitive abilities [26]. It contains various classes of cortical neurons, categorized depending
on criteria like morphology, gene expression profile, long-range connectivity, and developmental
history [26]. These neurons fall into two major groups: pyramidal neurons, which are highly
polarized and responsible for long-range cortical communication; and interneurons, which are
typically multipolar, inhibitory, and play key roles in regulating local circuit activity [27, 28].
Interneurons exist to carry sensory information as well as regulate motor activity [27], 28].
Pyramidal neurons can be further divided into subtypes depending on morphology and laminar
connectivity [27]. Regardless of their subcategory, all pyramidal neurons share two main func-
tions: transmitting excitatory signals and intracortical communication through their branches
[27].

In AD, changes in the neocortex have been observed, like altered neuronal complexity and
synaptic loss [29]. Tt has been shown that patients with AD have an increased complexity in
the frontal and temporal cortex, while the complexity is decreased in the insula cortex [29).
These structural alterations may be linked to chronic neuroinflammation, which arises from
prolonged activation of the brain’s immune response [30].

1.4 Cerebrospinal fluid

CSF is a clear fluid that circulates within the brain and spinal cord, where it serves as both a
protective cushion and a medium for clearing metabolic waste from the CNS [31]. During the
progression of NDDs, the composition of substances in the CSF changes, reflecting underlying
pathological processes in the brain [32]. In AD, two core biomarkers are commonly assessed
in CSF, Ap42 and tau tangles. Several diagnostic methods exist to detect AD, including
direct sampling of CSF using a spinal tap to measure these biomarkers [33]. In both clinical
diagnostics and translational research, CSF biomarkers such as Af42 and tau tangles have
become important for identifying and characterizing AD pathology [34].
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2 Aim and objectives

The project aims to identify AD-specific microglial phenotypes by analyzing their altered gene
expression, phagocytic activity, and morphology. The following objectives will help to achieve
this aim.

1. Set up monocultures of microglia and culture them in patient-derived CSF, and validate
the cell cultures using a cell viability assay, cytotoxicity assay, and Kiel 67 (Ki67) staining.

2. Analyze the differences in protein abundance in patient-derived AD- and CTRL-CSF
using NUcleic acid-Linked Immuno-Sandwich Assay (NULISA).

3. Determine the gene expression for APOFE, C1QA, TMEMI119 and CD68 in microglia
cultured in patient-derived AD- and CTRL-CSF.

4. Determine the difference in phagocytic ability of microglial cells cultured in patient-
derived AD- and CTRL-CSF.

5. Determine the morphology of microglial cells cultured together with cortical neurons in
patient-derived AD- and CTRL-CSF using the image analysis tool ImageJ and analyze
the obtained data with RStudio.
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3 Methods

This analysis is performed on microglial cells derived from human induced pluripotent stem
cells (hiPSCs) cultured in CSF from AD patients and non-AD (CTRL) patients. Below, the
seeding and preparation of cell cultures are described as well as the methods for analyzing the
resulting changes in phenotype.

3.1 Seeding and preparation of cell cultures

In this study, both monocultures of microglial cells and cocultures of microglial cells and cortical
neurons were used. Cocultures were employed exclusively for the morphology analysis, as the
presence of cortical neurons helps to spatially separate the microglial cells, making it easier to
study their morphology. For all the other experiments, including functional assays and qPCR,
monocultures of microglial cells were used. The microglial cells and cortical neurons used
throughout the study were derived from the hiPSC lines WTSLi015-A (obtained from EBiSC
through Sigma-Aldrich) and CTRL1 (obtained from the Selina Wray lab). The WTSLi015A
hiPSCs were used for the experiments unless stated otherwise. Both hiPSCs have received
ethical approval before use by the companies. The procedures for cell differentiation and culture
preparation are described in the following sections.

Figure 3: A) hiPSCs cultures in mTesR+ (passage number 45). B) EB formation in AggreWells cultured in
embryoid body medium (EBM). C) Differentiated cortical neurons on day 46, cultured in neural maintenance
media (NMM). D) Differentiated microglial cells cultured in microglia media (MiM). E) Coculture containing
differentiated cortical neurons (day 52) and microglial cells cultured in coculture media (CoM).



3 METHODS

3.1.1 Microglial cell differentiation

First, the hiPSCs were thawed and cultured in mTeSR1 according to an established protocol by
Shi et al. [35]. During the initial phase of differentiation, the cell media was changed daily and
the cells were passaged upon reaching 80% confluency (see plot A in Figure . After about
two weeks in culture, the hiPSCs were detached from the wells using TrypLE Express, and
the single cells were then seeded into AggreWells to form embryonic bodies (EBs) (see Figure
B). The formation process took five days, during which embryroid body media (EBM) was
added to the culture to promote the development of EBs. The EBs were then harvested and
transferred to well plates to develop primitive macrophage precursors (PMPs) (see Figure [4)).
In this step, hematopoietic media (HM) was added to the culture. After about four weeks, the
PMPs were ready to be harvested to produce microglia cells. Firstly, the PMPs were collected
and counted from two wells. For the described experiments, 50,000 microglial cells/cm? were
seeded into each well. The cells were then incubated for at least 45 minutes before the culture
media was replaced with fresh microglia media (MiM) (see Figure [3). The culture media was
then changed every other day.

Induced pluripotent stemcells Embryonicbodies Primitive macrophage precursors Microglial cells
(iPSCs) (EBs) (PMPs)

Figure 4: The differentiation of microglial cells involves several key steps. First, hiPSCs are cultured and
then transferred to AggreWell plates to form EBs. These EBs are subsequently transferred to standard culture
plates, where they give rise to PMPs. Finally, the PMPs are transferred to new plates to differentiate into
mature microglial cells (Illustration created using BioRender).

3.1.2 Cortical neuron differentiation

The differentiation from hiPSCs to neural progenitor cells (NPCs) was performed using a proto-
col established by Shi et al [35]. First, the hiPSCs were thawed and cultured in mTeSR1. Cells
from two wells, each at 70-80 % confluency, were collected using EDTA and then transferred to
a Matrigel-coated 6-well plate in mTeSR medium supplemented with ROCK inhibitor. On day
0, neural induction media (NIM) supplemented with Dorsomorphin and SB431542 was added to
initiate differentiation. The cells were then cultured and passaged according to the established
protocol. After approximately 7 days, the medium was switched to neural maintenance media
(NMM) supplemented with FGF2. Around day 13, neural rosettes began to form (see Figure
5). Between days 20 and 30, these neural rosettes started producing NPCs, which were then
frozen for future use.

The steps described above were performed by other researchers in our group. Our contribution
began with thawing the NPCs between days 28 and 32. The cells were then cultured for an
additional 2-3 weeks to generate cortical neurons, with the culture medium being changed
every other day, and passages being done when cells reached confluency (see Figure [3)).
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Induced pluripotent stemcells Newral rosetbes Neural progenitors Cortical neurons
(iPSCs)

Figure 5: The differentiation of cortical neurons from hiPSCs involves several stages. Initially, hiPSCs form
neural rosettes, which subsequently give rise to neural progenitor cells. These progenitors then produce cortical
neurons (Illustration created using BioRender).

3.1.3 Cell culturing

To coat the wells before adding passaged cortical neurons, 1 mL of sterile Phosphate-Buffered
Saline (PBS) (+/+) was mixed with 50 uL of Biolamina and added to a 6-well plate. The
plate was then incubated at 37°C for two hours or stored in the fridge overnight. For seeding
cortical neurons, a glass coverslip was first put into each well, followed by adding the coating
consisting of 500 uL of PBS (4/+) and 5 uL of Poly-L-Ornithine (PLO). This was followed
by overnight incubation in the fridge. The following day, the plate was coated once more with
1 mL of PBS (+/+) and 50 pL of Biolamina followed by incubation at 37°C for two hours.
When coating the wells before adding passaged hiPSCs, 15 pL of Matrigel was mixed with 1
mL of Dulbecco’s Modified Eagle Medium (DMEM). The plate was then incubated at room
temperature for at least one hour.

For passaging of the hiPSCs, a protocol from the European Bank for hiPSCs was used [35].
Firstly, the media was removed from the wells containing hiPSCs and washed once with 2 ml
PBS (-/-). 1 ml of 0.5 mM EDTA was added and the plate was incubated for 3-5 minutes at
37°C. When the cells started to detach from the bottom of the wells, the EDTA was carefully
removed, and 1 ml of room-tempered mTeSR+ media was added. The cells were then collected
and gathered into a tube. The Matrigel was removed from the coated plate, and the appropriate
amount of media was added to ensure a final volume of 2 ml per well after cell addition. The
cells were then added to the wells.

For passage of cortical neurons, the following method was used. Initially, the cells were washed
with 1 mL of PBS (4/+) before adding 500 pL of Accutase. The plate was then incubated
at 37°C for five minutes. After incubation, the cells were transferred to a tube containing 10
mL of working solution (5 mL DMEM and 5 mL Neurobasal). The tube was then centrifuged
at 400xg for 5 minutes, and the supernatant was discarded. The cell pellet was resuspended
in 10 mL of working solution and centrifuged again at 400xg for 5 minutes. After the second
centrifugation, the supernatant was removed, and either 2 mL or 4 mL of NMM was added to
the cell pellet, depending on whether a 1:1 or 1:2 passage was performed. The cells were then
transferred to a coated 6-well plate (see coating protocol above) and placed in the incubator.
The NMM was changed the day after passaging and subsequently every other day.

To fixate the cells, they were washed for one minute with phosphate-buffered saline (PBS).
Histofix was then added to each well, followed by incubation at room temperature for ten
minutes. The histofix was removed, and PBS was then added to the wells. The fixed cells were
then stored in the fridge until further use.
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3.1.4 Cocultures

The cortical neurons were differentiated as described in section3.1.21 NPCs were seeded into 24-
well plates using NMM as the culture medium. Once the cortical neurons covered approximately
70 % of the well surface, PMPs were added to the cultures. This was done by collecting PMPs
from two separate wells in the PMP plate. The collected PMPs were centrifuged at 400xg for
three minutes, after which the supernatant was discarded and the cell pellet was resuspended
in coculture media (CoM). The PMPs were then added to the wells containing cortical neurons.
The CoM was changed the following day and subsequently every other day. After approximately
5-7 days in culture, the cocultures were ready for use in experiments (see Figure . When
adding CSF to the cocultures, approximately 200 uL. was added to the 48-well plates and 300
puL to the 24-well plates.

3.2 CSF pools

The CSF used in this study was collected from a patient cohort at Molndal Hospital, with
appropriate ethical approval. The samples were obtained from a previously conducted collec-
tion, and we were provided with leftover CSF that was not intended for any other use. From
an ethical standpoint, this means that we utilized material that would otherwise have been
discarded. The cohort included both CSF from patients diagnosed with AD and non-AD pa-
tients (CTRL). Before our thesis work began, five pools for each group were prepared (AD and
CTRL), with each pool containing equal volumes of CSF from five different individuals. The
grouping of samples into the AD and CTRL-pools was based on tau concentration, where CSF
with similar tau concentrations was grouped together. All CSF samples were stored at —80°C
before use in experiments. In all experiments where CSF was used, it was supplemented with
1 puL/mL of the factors IL-34 and GM-CSF. To validate the grouping and confirm differences
in protein abundance between the AD and CTRL-group, the pooled CSF was analyzed using
NULISA. The details of this procedure are described below.

3.2.1 NUcleic acid Linked Immuno-Sandwich Assay

NULISA is a technique that offers a multiplexed quantification of both low- and high-abundance
proteins in a solution by reducing the signals from abundant targets with unconjugated antibod-
ies and with next-generation sequencing [36]. In this study, the ten CSF-pools (five CTRL-pools
and five AD-pools) were sent to the hospital in Mélndal for NULISA analysis. The resulting
protein expression data were returned and further analyzed using RStudio [37]. To assess the
distribution of each protein, Quantile-Quantile (QQ) plots were generated to evaluate normal-
ity. The difference in abundance of different proteins in the AD- and CTRL-pools was assessed
using a volcano plot based on p-values. The proteins identified as significant were further cor-
rected for multiple comparisons using false discovery rate (FDR) adjustment. Furthermore, a
heatmap was generated to visualize the top 20 proteins with the highest difference in abundance
between the AD and CTRL-pools. Additionally, a principal component analysis (PCA) plot
was generated to illustrate the differences between the CTRL- and AD-pools based on overall
protein expression profiles.

10



3 METHODS

3.3 Experimental validation of the cell model

To evaluate the cell model, a series of functional assays and a Ki67 staining were performed.
These experiments evaluated cell viability, cytotoxicity, and proliferation within the model.
The methods are described below.

3.3.1 Cell viability assay

First, a cell viability assay was conducted on the microglial cells to assess how being cultured
in CSF affected their viability. The cells were added to a 96-well plate, and after four days in
culture, the experiment began. Two tubes were prepared, one containing CTRL-CSF and one
containing AD-CSF. Later, 70 L of MiM or CSF were added to each well (see plate layout in
Figure in the appendix). The cells were then incubated at 37°C for 24 hours. For the assay,
a CyQUANT™ XTT Cell Viability Assay kit from ThermoFisher SCIENTIFIC was used [3§].
In the assay, metabolic activity was assessed by measuring the conversion of a chemical into a
colored compound. Higher absorbance (more intense color) indicated more actively respiring
cells and therefore higher viability. Firstly, the XT'T reagent was thawed in a 37°C water bath,
and the electron coupling reagent was thawed at room temperature. Both reagents were then
mixed in a vortex until fully homogeneous. The XT'T reagent and the electron coupling reagent
were then added to a tube in a ratio of 6:1. The solution was then mixed and added to the plate
with microglial cells (70 pL/well). The plates were then incubated in an incubator (37°C) for 1
hour and 45 minutes, after which the absorbance was read in a plate reader at wavelengths 450

nm and 660 nm. The experiment was conducted having five replicates for each group (MiM,
CTRL-CSF, and AD-CSF).

3.3.2 Cytotoxicity assay

Complementary to the cell viability assay, a cytotoxicity assay was conducted to evaluate the
quality of the cell model. For this analysis, a CyQUANT™ LDH Cytotoxicity Assay kit from
ThermoFisher SCIENTIFIC was used [39]. Cell death was assessed by measuring the concentra-
tion of lactate dehydrogenase (LDH), an enzyme that leaks out of dying or damaged cells, where
a high absorbance indicated a greater number of dead or damaged cells. Microglial cells were
seeded out in a 96-well plate, and after four days in culture, the experiment began. Two tubes
were prepared, one containing CTRL-CSF and one containing AD-CSF. Additionally, a tube
containing phenolred-free MiM was prepared by mixing 5 mL phenolred-free DMEM, 10 puL
sodium pyruvate, 10 L PEST, 1.1 uL mercaptoethanol, 1 pL IL34, and 1 uL. GM-CSF.

Later, 70 puL of MiM (phenol red-free) and the two tubes with CSF were added to the wells
according to Figure [A2] The plate was then incubated for 24 hours. On the day of the
experiment, 10 uL of sterile, ultrapure water was added to the spontaneous LDH activity wells
(see Figure and 10 puL of 10X Lysis Buffer was added to the maximum LDH activity
wells. The plate was then incubated for 45 minutes at 37°C. 50 pL of each sample medium was
then transferred to a new black 96-well flat-bottom plate. 50 pL of 1X LDH Positive Control
was added into three wells in the new plate (wells containing no cells). 50 pL of Reaction
Mixture was added to each sample well and mixed well. The plate was then incubated at room
temperature for 30 minutes in the dark. 50 pL of Stop solution was then added to all wells,
and the absorbance was measured at 490 nm and 680 nm. The cytotoxicity was then calculated
using Equation (I} The experiment was conducted having five replicates for each group (MiM,
CTRL-CSF, and AD-CSF).

LDHexperimental - LDHspontaneous
LDH maximum ~ LDH, spontaneous

Cytotoxicity (%) = - 100 (1)
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3.3.3 Cell division analysis

Another way to evaluate the quality of the cell model was to measure cell division in the
microglial cell cultures. This was done using the primary antibody Ki67. Microglial cells were
seeded in six wells in a 48-well plate. Four days after seeding, two tubes were prepared, one
containing CTRL-CSF and one containing AD-CSF. MiM, CTRL-CSF, and AD-CSF were then
added to the wells (duplicates for each group). After 24 hours, the cells were fixed and stained
using Ki-67 as the primary antibody (diluted 1:400 in TBS) for the staining of dividing cells
and Iba-1 (diluted 1:500 in TBS) for the staining of microglial cells. Anti-mouse was used as
the secondary antibody and 4’,6-diamidino-2-phenylindole (DAPI) for cell nuclei staining (see
section for further description). Pictures were then taken of the microglial cells using a
confocal microscope. The percentage of nuclei divisions per well could then be calculated using
a pipeline in ImageJ [37].

3.4 qPCR

After analyzing the cell model and the CSF, the experiments on the cell model were initiated.
First, a qPCR was performed to measure the gene expression of TMEM119, APOE, C1QA, and
CD68. Below is a description of a qPCR procedure on cDNA samples from microglia cultured
in CSF for 24 hours.

After the 24-hour incubation, the cells were lysed and RNA was extracted using the RNeasy
Mini Kit following the manufacturer’s instruction. These steps had been done by our supervisor
beforehand and will therefore not be described in further detail here. The extracted RNA was
then converted into cDNA. First, the RNA samples were diluted with RNase-free water to a
total volume of 9 L. Then, 1 puL of enzyme and 10 puL of Mix from a High-Capacity RNA-to-
cDNA Kit from Thermo Fisher Scientific were added to each tube, resulting in a final volume
of 20 pL. Lastly, the samples were put in a thermal cycler for 1 hour and 20 minutes.

After converting the RNA to ¢cDNA, the qPCR could begin. First, tubes were prepared con-
taining 10 puL of TagMan Fast Advanced Master Mix from Thermo Fisher Scientific, 5 uL
of Milli-QQ water, and 1 pL of the gene-specific assay (C1QA (Hs00381122.m1), TMEM119
(Hs01938722_ul), APOE (Hs00171168_m1) or CD68 (Hs04185218_g1)) per reaction. These
solutions were then added to a MicroAmp Fast 96-well Reaction plate from Thermo Fisher Sci-
entific. The cDNA samples were diluted with 180 pL of Milli-Q water, and 4 pL of each diluted
sample was added to the appropriate wells. The plate was then sealed with plastic, centrifuged
in an Axygen Mini Plate Spinner centrifuge, and placed in a PCR system (Quant Studio 3 from
Thermo Fisher Scientific) to measure gene expression. The fold-change for each gene in each
sample was then calculated using values of Actin beta (ACTB) as a blank reference. ACTB
(Hs01060665-g1) is a gene that codes for one of six different actin proteins [40]. These proteins
are highly conserved proteins that are involved in cell motility, structure, integrity, and inter-
cellular signaling. Since ACTB is constitutively expressed in all cDNA samples, it was used as
a reference gene. Its expression was subtracted during the calculations, allowing for analysis of
only the gene expression of the target genes.
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3.5 Phagocytosis assay

Another experiment conducted on the cell model was a phagocytosis assay. As previously writ-
ten, healthy microglial cells function as macrophages, eliminating substances that could harm
the CNS. However, when triggered by certain factors that impair their function, their ability to
clear harmful substances may be reduced. This can be studied using a phagocytosis assay. The
phagocytosis assay in this study uses E.Coli or AS labelled with a pH-dependent fluorescent
dye to assess the ability of microglial cells to consume certain reagents while exposed to CSF
from both healthy individuals and AD patients, alongside MiM serving as a standard control.
pHrodo-E.Coli and pHrodo-AS are non-fluorescent at neutral pH but become fluorescent in
acidic environments, such as phagosomes inside the microglial cell. In that way, the uptake of
bacteria by microglial cells can be measured, as consumed bacteria emit fluorescent light inside
the microglial cells.

3.5.1 Optimization of pHrodo-E.Coli and pHrodo-ABoncentrations

The first step in the phagocytosis analysis was to test various concentrations of pHrodo-E.Coli
and pHrodo-Ap to identify the concentration that produces the highest fluorescent signal while
using the lowest amount of the reagent. Microglial cells were added to a 96-well plate, and
after four days in culture, the experiment began. On the day of the experiment, four tubes
containing 200 pL of MiM were prepared. 0, 1, 2.5, and 5 puL of pHrodo-E.Coli were then
added to the tubes, respectively. 95 uL of the tubes were then added to the wells in duplicates
(see Figure in the appendix for plate layout). The cells were then incubated at 37°C for
one hour, followed by fixation (see section . The fluorescence intensity was then measured
using a plate reader with an excitation wavelength of 535 nm and an emission wavelength of
595 nm.

For the pHrodo-Af experiment, microglial cells were added to a 96-well plate, and after four
days in culture, the experiment began. Six tubes containing 200 pL of MiM were prepared. 0,
0.25, 0.5, 1, 2.5, and 5 uL of pHrodo-Aj were then added to the tubes, respectively. 50 uL of
the tubes were then added to the wells in duplicates (see Figure in the appendix for plate
layout). The cells were then incubated at 37°C for 1.5 hours, followed by fixation (see section
. The fluorescence intensity was then measured using a plate reader at the excitation
wavelength of 535 nm and the emission wavelength of 595 nm.

3.5.2 Optimization of incubation time

Once the optimal concentrations of each reagent were determined, an experiment was conducted
with pHrodo-E.Coli to investigate the effect of CSF on microglial phagocytic ability. To also
consider the later effects of CSF, a 48-hour timepoint was included in the analysis. Similar to
the first assay, microglial cells were added to a 96-well plate, and after four days in culture,
the experiment began. 75 puL of MiM, AD-CSF, and CTRL-CSF were added to the cells 48
hours and 24 hours before the experiment (see plate layout in Figure |[A4|in the appendix). The
CSF solutions were stored in the fridge (4°C) overnight. On the day of the experiment, 2.5 uL
of pHrodo-E.Coli was added to each well, followed by an incubation at 37°C for 1 hour. The
cells were then fixed, and the fluorescence intensity was read in a plate reader at the excitation
wavelength of 535 nm and the emission wavelength of 595 nm.
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3.5.3 Phagocytic activity assessment

Once the optimal incubation time was determined, experiments analyzing the impact of CSF
on the microglial phagocytic ability began. For the pHrodo-E.Coli experiment, microglial cells
were added to a 96-well plate, and after four days in culture, the experiment began. 70 pL of
MiM, CTRL-CSF, and AD-CSF were added to the cells, followed by an incubation for 24 hours
(see plate layout in Figure in appendix). After 24 hours, 2.5 uL pHrodo-E.Coli was added
to all test wells except the blank ones. The plate was incubated at 37°C for 1 hour. After
incubation, the cells were fixed, and the fluorescence was measured in a plate reader with an
excitation wavelength of 535 nm and an emission wavelength of 595 nm. The pHrodo-E.Coli
experiment was repeated two times with a total of six replicates for each group.

For the pHrodo-Ap experiment, microglial cells were added to a 96-well plate, and after four
days in culture, the experiment began. 70 pL of MiM, CTRL-CSF, and AD-CSF were added to
the cells, followed by an incubation for 24 hours (see plate layout in Figure in appendix). The
pHrodo-Ap solution was prepared by other members of the research group, following a protocol
provided by FUJIFILM Cellular Dynamics [41]. The resulting solution was a heterogeneous
mixture containing Af42 in various forms, including monomers, oligomers, and fibrils. After
24 hours, 0.55 L of the pHrodo-Ap solution was added to all test wells except the blank ones.
The plate was incubated at 37°C for 1.5 hours. After incubation, the fluorescence was measured
in a plate reader with an excitation wavelength of 535 nm and an emission wavelength of 595
nm. The pHrodo-AfS experiment was repeated two times with a total of six replicates for each

group.

An additional experiment was conducted for pHrodo-AfS to investigate whether the uptake
of pHrodo-Af was influenced by the presence of CSF or if the microglial cells were occupied
absorbing other substances from the CSF (thereby decreasing their uptake of pHrodo-Ap5).
Microglial cells cultured in a 96-well plate were cultured in 70 pL of MiM and CSF for 24 hours
before the analysis (see Figure . The CSF and MiM were then removed and replaced with
70 L of MiM before adding 0.55 uL of pHrodo-AfB. The microglial cells were then incubated
for 1.5 hours in an incubator (37°C) and then measured in a plate reader with an excitation
wavelength of 535 nm and an emission wavelength of 595 nm. This experiment was repeated
two times with a total of six replicates.

3.6 Methodology for analysis of microglial morphology

As previously stated, when microglial cells get triggered by external or internal stimuli, they
adopt different types of states. These states can be characterized by differences in microglial
morphology, which can be studied using confocal microscopy. For the morphology analysis,
cocultures using cell line WTSLi015-A were prepared according to section [3.1.4] Additionally,
one experiment was conducted creating cocultures with cells from the cell line (CTRL1). The
cocultures were prepared similarly to those for the WTSLi015-A cell line. The cocultures were
incubated in CoM, CTRL-CSF, and AD-CSF for 24 hours, fixated as described above, and
stained to visualize microglia and neurons. The staining procedure is described below.
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3.6.1 Immunocytochemistry assay

All antibodies mentioned in the conducted experiments were bought from BD Biosciences.
Firstly, the cell cultures were washed three times for five minutes with Tris-buffered saline
(TBS). Then the cells were permeabilized using permeabilization buffer (TBS + 0.3% Triton
X-100) for 15 minutes at room temperature. After incubation, the cells were blocked using
a blocking buffer (TBS + 0.3% Triton X-100 + 5% donkey serum) for one hour at room
temperature. Later, the cells were incubated with primary antibody solution (primary antibody
diluted with blocking buffer, 1:500) in the fridge overnight. For this, the primary antibodies
ionized calcium-binding adaptor molecule 1 (Ibal) and anti-S-tubulin III (TUJ1) were used for
staining the microglial cells and cortical neurons, respectively. After incubation, the cells were
washed three times for five minutes with TBS.

The cells were then incubated with the secondary antibody solution (secondary antibody diluted
with blocking buffer, 1:500) for one to two hours at room temperature in the dark. For the
secondary antibodies, anti-rabbit was used for staining of the microglial cells, and anti-mouse
was used for staining of the cortical neurons. The cells were then washed three times for five
minutes with TBS. During the second wash step, DAPI diluted in TBS (1:1000) was used
for staining cell nuclei. The cells were then washed with MilliQ) water. Once the assay was
finished, the coverslips were removed from the wells and placed on glass slides using ProLong
Gold antifade mounting media.

3.6.2 Confocal Microscopy

Confocal microscopy enables high-resolution imaging by using a laser that is reflected by a
dichromatic mirror and focused on the sample via the objective lens (see image A in Figure
@ [42]. The laser beam scans the sample point by point to generate an image. The emitted
fluorescence from the sample travels back through the same optical path and is detected after
passing through a pinhole, which blocks out-of-focus light. This selective detection enhances
optical sectioning and allows for 3D reconstruction of the sample from sequential image slices,
known as a z-stack. The pinhole size can be adjusted to control the optical section thickness
and signal intensity.
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3.6.3 Morphology analysis

After staining, the cells were imaged using the confocal microscope, followed by an analysis in
ImageJ and RStudio. The methodology is described below.
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Figure 6: A) A simplified illustration of a confocal microscope. B) An example of a heatmap generated from
the RStudio pipeline for microglia morphology analysis, visualizing all the morphology parameters for each
cluster. C) The methodology of the ImageJ pipeline. Firstly, each microglial cell in the images was isolated
and analyzed as a single-cell image. For each cell, a corresponding skeleton image was generated to measure
morphological parameters such as branch length and junctions. All data were then saved in an Excel file.

3.6.4 Imageld

Z-stack images of both cocultures and monocultures (containing only microglial cells) were cap-
tured using confocal microscopy and saved as 16-bit TIFF files. Additional information on the
confocal microscope settings is provided in Appendix[A1] The three fluorescence channels were
merged, and a maximum intensity projection was applied to generate 2D pictures for further
analysis. All image processing was performed using ImageJ (ImagelJ version 2.16.0/1.54p with
Java 1.8.0_322). To analyze microglial morphology, a published pipeline by Kim et al. [43] was
followed using ImageJ and Rstudio.
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First, the channels representing neurons and cell nuclei were removed, leaving single-channel
images containing only microglial cells. Size filtering was performed using the BioVoxxel plugin
to exclude noise outside the threshold range defined by the pipeline. This was followed by the
MicrogliaMorphology Program plugin, which isolated individual microglial cells and generated
skeletonized images to measure parameters such as branch length, number of junctions, and size
(see image C' in Figure [6)). Additional complexity analysis was performed using the FracLac
plugin. All extracted morphological data were exported as Excel files, along with skeleton
images and other output files. These files were then used as input for further analysis in
RStudio. The full ImageJ and RStudio pipeline, including all custom scripts, is accessible via
a GitHub repository [37].

3.6.5 RStudio

The morphology analysis continued in RStudio (RStudio version: 2024.12.1 + 563), using the
plugin MicrogliaMorphologyR from the pipeline mentioned in the section above. Morphological
data obtained from the ImageJ analysis were first imported and merged into a single large
matrix containing parameter values for each microglial cell across all images and experimental
groups. This matrix was used to generate a heatmap showing feature correlations, with thresh-
olds set at Pearson’s r > 0.8 and p < 0.05. The pipeline also produced boxplots and density
plots illustrating the distribution of morphological parameters across all conditions.

Next, the data was normalized. Three normalization strategies were tested: log transforma-
tion, min-max scaling, and z-scoring. For the principal component analysis (PCA), the log-
transformed dataset was selected as the most appropriate. PCA was then performed to assess
correlations between morphological features across different sample groups. To identify distinct
microglial morphology states, k-means clustering was applied to the PCA-transformed data.
The optimal number of clusters was determined using the within-cluster sum of squares (WSS)
method and silhouette analysis. Cluster data containing all morphological parameters were vi-
sualized in a heatmap (see image B in Figure @ Based on the cluster-specific parameter values,
each cluster was interpreted as representing a specific microglial morphology. The pipeline also
generated boxplots displaying the proportion of each morphology across the different sample
groups.

Finally, statistical analysis were performed to evaluate differences in cluster proportions and
individual morphological parameters. Posthoc comparisons were carried out using Bonferroni
correction, and model assumptions were tested using QQ plots and the Shapiro-Wilk test.
Statistically significant features (p < 0.05) were visualized using bar plots displaying — log,,(p)
values.
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4 Results

Below, the results from the functional assays, qPCR, and morphology analysis are presented.
First, the findings from the cell model validation are shown, followed by the results from the
analysis of the CSF pools. Next, the qPCR data are presented, followed by the phagocytosis
results. Finally, the outcomes of the morphology analysis are presented. All diagrams were
created using GraphPad (Prism 10), where statistical tests such as the Kruskal-Wallis test and
two-way ANOVA were performed on the datasets to identify significant changes. Additionally,
outliers were removed using a ROUT (1% and 5%) test in GraphPad. Statistical analysis was
also preformed on the morphology analysis results using Rstudio. This can be found in section

451

4.1 Validation of the cell model

A cell viability assay, cytotoxicity assay, and a staining for cell division were conducted to
validate the cell model. The results from these experiments can be found in Figure [7] below.
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Figure 7: A) Measured relative viability of the microglial cells when cultured in MiM, CTRL-CSF, and AD-
CSF for 24 hours. MiM as a reference. B) Calculated cytotoxicity (%) of the microglial cells when cultured in
MiM, CTRL-CSF, and AD-CSF for 24 hours. MiM as a reference. C) The average percentage of cell division per
sample in microglial cell cultures after 24 hours of incubation under MiM, CTRL-CSF, and AD-CSF conditions.
Each point represents the average percentage of dividing cells in each well after 24 hours of culture in MiM,
CTRL-CSF, and AD-CSF conditions. MiM as a reference. D) A single-channel confocal image of Ibal-stained
microglial cells cultured in MiM for 24 hours. E) A single-channel confocal image of DAPI-stained cell nuclei
of microglial cells cultured in MiM for 24 hours. F') A single-channel confocal image of Ki67-stained microglial
cell nuclei undergoing cell division after 24 hours in culture in MiM.
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Plot A in Figure [7]shows a slight non-significant increase in cell viability in the CTRL-CSF and
AD-CSF groups compared to the MiM-group. Plot B shows an increase in cytotoxicity in the
CTRL-CSF and AD-CSF groups compared to the MiM group, where the AD-CSF group has
the highest cytotoxicity. Plot C' shows an increase in cell division in the MiM group compared
with the CTRL- and AD-groups, where AD has the lowest cell division percentage. Image F' in
Figure [7] shows cell nuclei undergoing division in a monoculture with microglial cells cultured
in MiM.

4.2 Analysis of the CSF pools

To investigate differences in protein expression between AD- and CTRL-pools, differential ex-
pression analysis was conducted using data generated from a NULISA analysis. Proteins with
more than 50% zero values were excluded to ensure data quality.
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Figure 8: A) PCA plot showing the distribution of CSF pools from AD- and CTRL-groups based on global
protein expression. Samples from the AD- and CTRL-groups show partial separation along PC1 (46.8% variance
explained) and PC2 (14.2% variance explained). B) Heatmap of the top 20 proteins showing the greatest
difference in relative abundance between the AD- and CTRL-CSF groups using FDR-adjusted p-values. Rows
represent proteins, and columns represent CSF pools. The colors represent the relative abundance.

A principal component analysis (PCA) was performed to assess the overall separation of the
ten pooled samples (five AD and five CTRL) based on protein expression profiles. As shown in
Figure [§ plot A, the PCA revealed a partial separation between the AD and CTRL samples
along the first principal component (PC1), which accounted for 46.8% of the total variance.
This showcased the variation within the groups, particularly between CTRL-CSF pools 1 and
2, and AD-CSF pools 1 and 3. The PC2, which accounted for 14.2% of the total variance,
instead highlighted the differences between the pools. To identify specific proteins that were
significantly altered between groups, a linear model was fitted for each protein, followed by
p-value adjustment using the Benjamini-Hochberg FDR method. The top 20 proteins with
the highest difference in protein abundance between CTRL-CSF and AD-CSF, according to
the p-values, were visualized in a heatmap (Figure , plot B), which displays clear differences
between AD and CTRL pools.
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Figure 9: A) The relative abundance of MAPT, pTaul81, pTau217, and pTau231 in the AD- and CTRL-CSF
groups. B) The relative abundance of A338, A340 and A342 in the AD- and CTRL-CSF groups.

Tau-related proteins (MAPT, pTaul81, pTau217, and pTau231) were examined in greater detail
(see plot A in Figure E[) Among these, pTau217 and pTau231 show a significant increase
in AD-CSF compared to CTRL-CSF, while a clear but non-significant increase for pTaul81
can be observed. Similarly, MAPT is elevated in AD-CSF, but this difference does not reach
significance. Amyloid-beta isoforms were also analyzed (see plot B in Figure@[). Notably, Af42
levels were significantly higher in CTRL-CSF compared to AD-CSF. Ap42 was also among the
top 20 differentially expressed proteins in the global analysis (see plot B in Figure . The
ApB38 and AB40 shows a higher abundance in both the AD-CSF and CTRL-CSF compared to
ApB42. However, they do not show any significant difference in abundance between the AD-
and CTRL-CSF.
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4.3 qPCR

To investigate the gene expression of APOE, TMEM119, C1QA, and CD68 in microglial cell
cultures cultured in MiM, CTRL-CSF, and AD-CSF, a qPCR was conducted. The results from
this can be seen in Figure [10| below.
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Figure 10: A) Relative APOE expression in the microglial cells when cultured in MiM, CTRL-CSF, and
AD-CSF for 24 hours. B) Relative TMEM119 expression in the microglial cells when cultured in MiM, CTRL-
CSF, and AD-CSF for 24 hours. C') Relative C1QA expression in the microglial cells when cultured in MiM,
CTRL-CSF, and AD-CSF for 24 hours. D) Relative CD68 expression in the microglial cells when cultured in
MiM, CTRL-CSF, and AD-CSF for 24 hours.

Plot A in Figure [10]shows a significant increase in APOE gene expression in the AD-CSF group
compared to the MiM and CTRL-CSF groups. Plot B does not show a significant change in
TMEM119 gene expression in the CSF groups compared to MiM, although a slight increase is
observed. Plot C' shows no significant change in C1QA gene expression. However, it shows a
slight increase in the AD-group. Plot D indicates a slight increase in gene expression in the
AD-CSF group compared to the MiM and CTRL-CSF groups.
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4.4 Phagocytosis assay

The observed increase in the phagocytosis-associated gene C'D68 in the qPCR results prompted
further investigation into the phagocytic capacity of the microglial cells. The results from all
phagocytosis assays can be seen in Figure 11| below.
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Figure 11: A) Microglia relative uptake of pHrodo-E.Coli in pL in relation to its volume. 1 pL as a reference.
B) Microglia relative uptake of pHrodo-AfS in pL in relation to its volume. 1 pL as a reference. C') Uptake of
pHrodo-E.Coli for microglial cells cultured in CSF for 48 hours and 24 hours in CSF. MiM as a reference. D)
Uptake of pHrodo-E.Coli for microglial cells cultured in MiM, CTRL-CSF, and AD-CSF for 24 hours. MiM
as a reference. E) Uptake of pHrodo-AfS for microglial cells cultured in MiM, CTRL-CSF, and AD-CSF for
24 hours. MiM as a reference. F') Uptake of pHrodo-Ap for microglial cells cultured for 24 hours in MiM,
CTRL-CSF, and AD-CSF, followed by the removal of these media and replacement with MiM before adding
pHrodo-AB. MiM as a reference.

The results from plots A and B in Figure [11] showed that a volume of 2.5uL and a volume of
0.55u L for pHrodo-E. coli and pHrodo-AgS, respectively, showed the highest uptake for their
volume. Therefore, these volumes were used consistently in further experimentation. To also
consider the later effects of CSF, a 48h timepoint was included in the analysis. The results
from this experiment are shown in plot C' and show a significant decrease in uptake of pHrodo-
E.Coli in the AD-CSF group when cultured in CSF for 24 hours. Therefore, for the following
experiments, a 24-hour incubation was used. Plots D and F in Figure[11{show the effect on the
phagocytic ability of the microglial cells in MiM, CTRL-CSF, and AD-CSF for 24 hours before
adding pHrodo-Ap and pHrodo-E.Coli. Plot D shows a significant decrease in phagocytic
ability between the MiM and AD-group, and between the CTRL and AD-group. Plot E does
not show a significant decrease between any of the three groups. However, the phagocytic
ability is slightly lower in the CTRL-group compared to the MiM and AD-groups. Plot F' in
Figure shows an increase in phagocytic ability for the AD-group compared to the CTRL
and MiM groups after CSF priming, where the CSF and MiM were replaced with fresh MiM
after 24 hours.
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4.5 Morphology analysis

In total, four coculture experiments were performed, analyzing 2,614 microglial cells in the AD
group, 2,640 cells in the CTRL group, and 3,008 cells in the CoM group. Representative images
from one of these experiments are shown in plots A — C' in Figure On average, 64 microglial
cells were analyzed per image. Plots D and FE in Figure [12| present the combined results from
these four experiments. One additional morphology analysis was performed on a coculture
using cells from a second cell line (CTRL1), while another analysis was conducted using a
monoculture containing only microglial cells from the cell line WTSLi015-A. The results from
these experiments are presented in plots A—F in Figure and in the appendix. A compar-
ison between the monoculture experiment and coculture experiment (cell line WTSLi015-A)
can be seen in Figure [13|
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Figure 12: A — C) Three-channeled images of a coculture containing cortical neurons and microglial cells
cultured in CoM, CTRL-CSF, and AD-CSF, respectively, for 24 hours. Ibal was used to stain microglial cells,
TUJ1 to stain cortical neurons, and DAPI to stain cell nuclei. D-E) The distribution of different microglial
morphologies within and between the sample groups, where asterisks indicate statistically significant differences
(p <0.05 =%* p <0.01l =% p < 0.001 =***). The statistical significance was calculated using linear mixed
models with fixed effects.
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Images A, B, and C' in Figure [12| show representative confocal images from one of the morphol-
ogy experiments, where cocultures containing microglial cells and cortical neurons cultured in
CSF for 24 hours. The images show a clear difference in microglial morphology between the
cocultures cultured in CoM (image A) compared to those cultured in CSF (image B and C).
The CoM group displays microglial cells with a more rounded (ameboid) morphology, whereas
the CSF groups exhibit microglial cells with a more hypertrophic or ramified morphology.

Plots D and E in Figure [12| summarize the morphological distribution of microglia across the
three conditions (CoM, CTRL-CSF, and AD-CSF). Plot D shows the proportions of each mor-
phology type (ameboid, hypertrophic, ramified, and rodlike) within each group. Furthermore,
plot E compares the distribution of each morphology between the treatment groups. Plot E
shows significant differences between CoM and the CSF-treated conditions for multiple mor-
phologies, while no significant differences were detected between the AD- and CTRL-groups.
Plot D shows that the AD- and CTRL-CSF groups have a similar distribution of the four
morphologies, where the highest percentage of microglial cells exhibited a ramified morphology,
followed by hypertrophic, amoeboid, and, lastly, rodlike morphology. The CoM-group shows a
higher percentage of microglial cells with an ameboid morphology compared to the CTRL- and
AD-group. Furthermore, no significant differences were observed between the three conditions
for the rodlike morphology (see plot E).
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Figure 13: The percentage of microglial cells exhibiting different morphologies in both a coculture with cortical
neurons and a monoculture of microglial cells, after being cultured for 24 hours under three different condi-
tions: MiM/CoM, CTRL-CSF, and AD-CSF. All cells were derived from cell line WTSLi015-A. A) Amoeboid
morphology. B) Ramified morphology. C') Hypertrophic morphology. D) Rodlike morphology.

Figure illustrates the distribution of the different microglia morphologies between the co-
cultures containing cortical neurons and microglia, and the monocultures containing only mi-
croglia. Additional plots showing the morphology distribution of the monocultures can be
found in the appendix in Figure In Figure[13] it is possible to see that while the cocultures
and monocultures show quite similar results, there are some notable differences between them.
The monoculture showed approximately double the proportion of rodlike cells compared to the
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coculture under the same conditions (see plot D). Additionally, plot A shows that about 10 %
more amoeboid cells were detected in the coculture than in the monoculture when cultured in
CoM/MiM. In plot C' the AD-CSF monoculture showed roughly half the proportion of hyper-
trophic cells compared to the coculture. While in plot B, there were no pronounced differences
in microglial morphology between the coculture and the monoculture.

4.5.1 Statistical analysis of morphology results

Statistical comparisons between the three conditions (CoM, AD-, and CTRL-CSF) were per-
formed using linear mixed models with fixed effects for condition and morphology. The mixed
model was chosen to account for repeated images within samples, where image ID was included
as a random effect. Posthoc comparisons were corrected for multiple testing using a Bonferroni
adjustment. To assess whether the mixed model was an appropriate fit for the data, residual
diagnostics were performed using the DHARMa package in RStudio, which simulates standard-
ized residuals from the fitted model to test for deviations from expected behavior. The QQ-plot
and the residuals vs. predicted values plot are shown in Figure [14]
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Figure 14: A) QQ-plot of scaled DHARMa residuals from the mixed model assessing microglial morphologies
for coculture WTSLi015-A. The Kolmogorov—-Smirnov test for uniformity, dispersion test, and outlier test were
all non-significant, suggesting no major violations of model assumptions. B) Residuals versus predicted values
for coculture WT'SLi015-A, showing a minor deviation at the 0.75 quantile (red line), though the overall quantile
test was non-significant, supporting model validity.

The QQ-plot (Figure|14| plot A) compares the distribution of the simulated residuals to a theo-
retical uniform distribution [44]. If the model fits the data well, the points should fall along the
diagonal line. Deviations from this line may suggest issues, such as non-uniformity, skewness,
or model misspecification. DHARMa also includes statistical tests which are summarized in
the plot, where the Kolmogorov-Smirnov test for uniformity (non-significant even though it
was close to being significant with p = 0.05118) checks whether the residuals follow a uniform
distribution, the dispersion test (p = 0.12) detects whether the variance in residuals is too high
or too low, and an outlier test (p = 1) checks whether any extreme values behave unusually. In
this case, all three tests were non-significant, which suggests that the model residuals behave as
expected, although the Kolmogorov—Smirnov test was close to the significance threshold. This
supports that the residuals follow an approximately uniform distribution and that the model
fits the data.
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Plot B in the same figure displays residuals on the y-axis and the predicted values from the
model on the x-axis. Ideally, the residuals should appear randomly scattered without any
patterns, indicating equal variance and no systematic bias |[44]. The lines in the plot show
quantile bands, which help visualize whether residuals fall within expected ranges. If residuals
cluster outside these bands or show a curve, this may suggest model issues. A slight deviation is
seen around the upper quantile (0.75), but the combined quantile test was non-significant.
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5 Discussion

Below are the results from the evaluation of the cell model, the analysis of the CSF pools, the
qPCR, phagocytosis assay, and morphology analysis discussed.

5.1 Validation of the cell model

The results from the cell viability assay showed no significant change in viability between
MiM, CTRL-, and AD-CSF. This specific assay is based on the metabolic activity of the cells.
The results showed a slightly increased metabolic activity in microglial cells cultured in CSF
compared to those cultured in MiM (see Figure . This may suggest that the cells are more
stimulated in the CSF environment, leading to an increased metabolism and therefore showing
a higher absorbance, which is related to viability in this assay.

The cytotoxicity assay did not show any significant differences between the three groups, al-
though higher levels of cell damage were observed in microglial cells exposed to CTRL-CSF and
AD-CSF. However, near the end of the project, it was discovered that CSF itself may contain
LDH [45]. Since the assay measures total LDH concentration, the results reflect both LDH
present in the CSF and LDH released from the damaged or dying cells in the cell culture. As a
result, no definitive conclusions can be drawn from these findings, and further experiments are
needed to accurately assess cytotoxicity in microglial cells cultured in CSF. Finally, the Ki67
staining showed no significant changes in the proliferation for the microglial cells cultured under
the three conditions: MiM, CTRL-CSF, and AD-CSF (see plot C' in Figure [7)). As microglial
cells in the human brain rarely divide [20], this low proliferation rate supports the relevance of
the model, indicating that it more closely reflects the behavior of microglia in vivo.

To summarize the results from all functional assays conducted to validate the cell model, there
were no significant decreases in cell viability or cell division. Based on these findings, the model
was deemed suitable for further studies of microglial cells.

5.2 Analysis of the CSF pools

The PCA of the NULISA data (see Figure |8) showed a separation between the CTRL-CSF
and AD-group. Plot A in Figure [9 highlights clear differences in the relative abundance of
AD-related proteins. Specifically, tau proteins showed to be elevated in AD CSF compared
to CTRL-CSF. This was expected as one of the hallmarks of AD is the accumulation of tau
tangles, which contributes to the increased tau levels in AD-CSF (see section [1.1)).

The differences in relative abundance of A5 between the two groups were less noticeable (see
plot B in Figure @ However, there is a difference in relative abundance between the CTRL-
CSF and AD-CSF for AB42, where CTRL-CSF has a higher abundance of A542. As previously
written in section [I} A/542 is one of the A isoforms with the highest tendency to aggregate.
In AD, ApB42 tends to form aggregates and accumulate in the brain, leading to a reduced
relative abundance of soluble A542 in the CSF |46]. In contrast, in CTRL-CSF, A342 is not
aggregated to the same extent, resulting in higher detectable levels. Therefore, it is expected
that the concentration of A542 would be higher in CTRL-CSF compared to AD-CSF. A338
and AB40 show higher relative abundance compared to A342, likely for the same reason as
mentioned above, A$42 has a higher tendency to aggregate than the other two isoforms. As a
result, there is a higher abundance of soluble A338 and Af40 in the CSF, and the difference
in their relative abundance between CSF-groups is not as pronounced as it is for A542.
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Even though the CSF-groups are noticeably separated, as shown in plot A in Figure[8] the PCA
plot also displays variability within each group, with apparent differences between individual
CSF pools. An explanation for this could be that the levels of different types of biomarkers
in AD-CSF may vary from person to person, depending on other health conditions the patient
may have [47]. For example, conditions such as chronic kidney disease, body mass index (BMI),
and diabetes have been shown to affect the levels of specific biomarkers in the CSF [47]. Since
each pool consists of CSF samples from five different patients, a variation is expected and likely
reflects the natural variability between individual patient samples [34].

However, the separation within each group is less desirable, as it may lead to inconsistent
effects on the microglial cells and complicate the interpretation of the results. Given the clear
separation between the CTRL- and AD-groups (see plot A in Figure , the CSF can be used
for further experimentation since differences in microglial cell responses between the two groups
should be detectable.

To summarize the results regarding the CSF pools, different pools were used throughout the
experiments, which strengthens the reliability of the results and make the findings more ro-
bust. However, the variation between the CSF pools should still be taken into account when
interpreting the findings, as different CSF pools may affect the microglial cells in different
ways.

5.3 qPCR

The results from the qPCR showed a significant increase in the relative expression of APOF in
the AD-CSF compared to MiM (see plot A in Figure . C1QA expression was significantly
lower in the CTRL-CSF and AD-group compared to MiM (see plot C' in the same figure). How-
ever, there was a slight increase in expression for the AD-group compared to the CTRL-group.
Since both C1QA and APOEFE are genes known to be upregulated during neuroinflammation
(see section , an increase in their expression in the AD-CSF compared to CTRL-CSF is
expected and reflected in the results.

The TMEM119 gene did not show any significant differences in gene expression between the
three groups, though it showed a slightly higher expression in the AD-group compared to MiM
and CTRL-CSF (see plot B in Figure [10). The TMEM119 gene is a microglia-specific marker
that has been seen to be upregulated during microglia activation [21]. Based on this, it was
expected that TMEM119 expression would be lower in the CTRL-group compared to the AD-

group.

The expression of CD68 does not show any significant change in gene expression between the
three groups (see plot D in Figure . However, the gene expression is slightly higher in the
AD-group compared to the CTRL-group. CDG68 is a phagocytic marker gene that becomes
upregulated when microglial cells are exposed to different types of stimuli (see section [1.2).
Therefore, an increased expression of CD68 in the AD-group compared to the CTRL-group
is expected. To summarize the results for the qPCR, all genes tested were shown to have an
increase in expression for the AD-group compared to the CTRL-group.
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5.4 Phagocytosis assay

For the phagocytosis assay, as well as all other experiments conducted in this study, the cell
cultures were incubated in CSF for 24 hours. This decision was based on the results shown in
plot C of Figure where a clear effect was observed after 24 hours. Additionally, previous
studies have reported similar incubation times, including the exposure of microglial cells to
brain-derived factors for 24 hours and organoids to CSF for the same duration, which further
supports our choice [48, |49].

The slight increase in CD68 gene expression in the AD-group indicates an increased phagocytic
activity in microglial cells under that condition. This is supported by the results from the AS
phagocytosis assay (see plots E and F' in Figure . While neither plot shows a significant
increase in Af uptake, both display a slightly higher uptake in the AD-group. This suggests
that microglial cells cultured in AD-CSF may be in a more activated state, which could explain
the increased phagocytic activity.

Furthermore, the higher A uptake observed in plot F' (CSF priming) compared to plot E
indicates that removing the CSF before adding pHrodo-AfS increases uptake. One possible
explanation for this could be that when CSF is left on the cells during the assay (as in plot
E), the microglia may be occupied with absorbing various substances already present in the
CSF, which could compete with the pHrodo-Ap for uptake. In contrast, in the CSF priming
condition (plot F'), where the CSF is replaced with MiM before adding pHrodo-AfS, there
is less competition, allowing more efficient uptake. This may also explain the phagocytosis
results for pHrodo-E.Coli (see plot D in Figure . The plot shows a significant decrease in
phagocytic uptake of pHrodo-E.Coli in the AD-group compared to both the CTRL-group and
the MiM-group. This reduced uptake could be due to the same reason mentioned previously,
that the microglial cells are occupied with absorbing other substances present in the CSF.
Due to the limited availability of CSF, an additional experiment investigating CSF priming for
pHrodo-E.Coli could not be conducted.

5.5 Morphology analysis

The most pronounced morphological differences were observed between the CSF-treated and
CoM-treated groups, with significant differences found between the CoM condition and both
CSF groups across all morphological categories, except for the rodlike morphology (see plot E
in Figure . The most unexpected result in the morphology analysis was that cocultures in-
cubated in CoM displayed a significantly higher proportion of microglial cells with an amoeboid
morphology compared to the CSF-treated groups. As previously mentioned, an amoeboid mor-
phology is associated with increased phagocytic activity in microglial cells [24]. It is therefore
surprising that CoM, the coculture medium used to grow cocultures, induces highly activated
microglia. One possible explanation for this could be that neurons in the CoM condition are
negatively affected, either due to the composition of the medium or stress caused by cocul-
turing with microglial cells, which may lead to neuronal damage or death. This could trigger
microglial activation and increase phagocytic behavior to clear dying neurons. Such a response
is consistent with the role of microglia in the brain, where they are known to engulf damaged
or dead neurons [16].
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In contrast, microglia in the CSF-treated groups exhibited a higher proportion of ramified and
hypertrophic morphologies and relatively few amoeboid cells. This might indicate that the
CSF provides a more supportive environment for neurons, potentially due to the presence of
neurotrophic factors or other nutrients that enhance neuronal survival. A previous study has
demonstrated that culturing neurons in human CSF increased synapse formation and promoted
the development of neural circuits [50]. This could explain the more ramified and hypertrophic
microglia morphologies observed in the CSF-treated groups (see plot D in Figure as fewer
dead or damaged neurons would be triggering microglial phagocytosis. Furthermore, the mi-
croglial cells showed a relatively high percentage of hypertrophic morphology in both AD- and
CTRL-CSF conditions (see plot D in Figure . Hypertrophic morphology is often associated
with a reactive but less phagocytic state than the ameboid state (see section . This
suggests that microglial cells might sense changes in their environment but respond in a way
that does not necessarily result in increased phagocytic activity or adoption of an amoeboid
form.

No significant morphological differences were observed between the two CSF groups. This was
unexpected, given that the NULISA results (see PCA plot A in Figure [§]) showed a clear sepa-
ration between AD-CSF and CTRL-CSF. As previously mentioned, microglial cells transition
into a DAM state during disease progression (see section . Therefore, one would expect
to observe differences in microglial morphology between the CTRL- and AD-group. One pos-
sible explanation is that the concentration of soluble Af42 is lower in AD-CSF compared to
CTRL-CSF, which could lead to a similar level of microglial activation in both conditions. In
CTRL-CSF, soluble Af542 may contribute to microglial activation, while in AD-CSF, other
components such as proinflammatory cytokines and tau proteins might play a more promi-
nent role in activating the microglial cells. Alternatively, microglial cells might respond more
strongly to A plaques than to soluble Ag42. As a result, the microglia in the AD-CSF cultures
may not be as activated as they would be in the brain of an AD patient, where the concentra-
tion of AS plaques is significantly higher. Another possible explanation for the results could
be the duration of CSF incubation. Studies have shown that microglial cells rapidly transition
between different morphological states in response to external stimuli [51]. For instance, one
study demonstrated that microglia can rapidly change state and migrate at speeds of up to
1.25 pm/min toward a site of CNS injury [52]. This suggests that a 24-hour incubation period
may be too long for accurate morphology analysis. Microglial cells may initially alter their
morphology upon CSF stimulation but then revert to a ramified state once the stimulus has
been processed. The cells might return to a more ramified state before the 24 hours are over,
which could make it hard to detect differences in morphology.

The morphology analysis was also performed on a monoculture containing only microglial cells
(see Figure in the appendix). Comparative plots illustrating the distribution of the four
microglial morphologies between monoculture and coculture conditions are shown in Figure [13|
Notably, plot C reveals a difference in the percentage of microglial cells exhibiting a hyper-
trophic morphology, with the coculture condition displaying a higher proportion of these cells
across both groups. In contrast, the monoculture condition shows a consistently higher percent-
age of rodlike microglial cells under all three conditions compared to the cocultures (see plot D
in Figure . These results further demonstrate that the presence of neurons significantly in-
fluences microglial morphology. This observation is supported by a visual comparison between
confocal images of the monocultures (Figure images A-C') and those of the cocultures
(Figure , images A-C'), where distinct morphological differences can be observed.
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Additionally, the morphology results from a second coculture experiment using a different cell
line (CTRL1) can be found in Figure|A7/in the appendix. These results aligned well with those
from the main experiment using cell line WTSLi015-A, further supporting the robustness of
our cell model.

In summary, the morphology analysis demonstrates that culturing microglial cells in CSF in-
fluences their morphology. Specifically, microglia cultured in CSF exhibited more hypertrophic
and ramified morphologies, suggesting that while they sense changes in their environment, these
do not necessarily trigger a shift toward a highly phagocytic or amoeboid state. The results
also highlight the significant impact of neurons on microglial morphology. Lastly, the results
showed no morphological differences between the CTRL- and AD-group.

5.6 Comparative analysis

In this study, functional assays and qPCR were performed on monocultures of microglial cells,
while the morphology analysis was conducted on cocultures consisting of cortical neurons and
microglial cells. The results from the morphology analysis, particularly the comparison between
monocultures and cocultures, showed that the presence of neurons clearly influences microglial
morphology. This suggests that neurons likely impact other aspects of microglial behavior
as well, such as viability, phagocytic activity, and gene expression. Consequently, it becomes
challenging to directly compare the results from the functional assays and qPCR with those
from the morphology analysis, as different culture systems were used.

However, one consistent observation across the phagocytosis assay, qPCR, and morphology
analysis is that microglial cells are affected by being cultured in CSF compared to standard cell
culture media. The phagocytosis assay demonstrated increased microglial phagocytic activity
in the AD-group compared to the CTRL-group. Additionally, PCR analysis revealed higher
expression of the phagocytic gene CD68 in microglia cultured in AD-CSF compared to those in
CTRL-CSF. However, the morphology analysis did not show a great difference in the percentage
of ameboid microglial cells in the AD-CSF compared to the CTRL-CSF.

The qPCR analysis revealed higher expression levels of the inflammatory genes APOE and
C1QA in microglial cells cultured in AD-CSF compared to those cultured in CTRL-CSF. In
the morphology analysis, a high proportion of hypertrophic microglial cells were observed in
both CSF groups. Since the hypertrophic morphology is associated with microglial activation
(see section , the findings from the qPCR and the morphology analysis suggest that the
microglia become activated under these conditions. Additionally, the NULISA analysis showed
a clear increase in APOF protein abundance in the AD-CSF compared to CTRL-CSF, further
supporting the upregulation of the APOFE gene in microglia cultured in AD-CSF.

In summary, these results indicate that microglial cells cultured in AD-CSF become more
activated compared to CTRL-CSF. This activation is not reflected in the morphology analysis,
where the highest proportion of microglial cells in both the AD- and CTRL-group displayed a
ramified (homeostatic) morphology. However, both CSF-treated groups also showed a relatively
high percentage of hypertrophic microglia (associated with activation), suggesting that the cells
are indeed responding to stimuli in the CSF environment, however, they do not necessarily shift
towards a phagocytic or amoeboid state.
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5.7 Limitations

One limitation of this study is related to the preparation of the CSF-pools. Each pool consisted
of only five individual patient samples, which may not fully represent the broader variability
within the AD and control populations. Although the use of different pools across experiments
provided a broader perspective on how varying CSF compositions affect microglial responses,
it also introduces variability. This is because individual CSF samples can influence microglial
cells differently. That can impact the results and be problematic when comparing the different
experiments. Ideally, all CSF samples should have been pooled into one big pool, that then
would have been used throughout the whole project. However, realistically, this is not possible,
as new experiments are added along the way, increasing the demand of CSF that was not
predictable at start of the project.

A second limitation relates to the control group. The CTRL-CSF samples were collected from
elderly individuals, which could affect the outcome due to age-related changes in the compo-
sition of CSF. Aging can alter the levels of proteins, including A and inflammatory markers,
which could influence the comparison between AD-CSF and CTRL-CSF [53]. The CTRL-CSF
could therefore contain higher levels of certain proteins, making the difference between AD-CSF
and CTRL-CSF appear smaller. Additionally, CSF from younger individuals may have a dif-
ferent molecular composition, which could potentially reveal a clearer morphological difference
between the AD and CTRL-group.
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6 FUTURE DIRECTIONS

6 Future directions

Future experiments could investigate pHrodo-E.Coli uptake is more thoroughly conducted by
conducting a CSF priming experiment. This would show whether the uptake patterns resemble
those observed with pHrodo-Af, thereby providing further support for the hypothesis of com-
petitive uptake. Additionally, examining the uptake of other disease-relevant substrates, such
as tau tangles, could offer a more nuanced understanding of microglial phagocytic activity in
the context of AD pathology. Furthermore, the cytotoxicity assay also needs to be repeated,
as the initial results were inconclusive. A potential approach to improve this would be to per-
form a CSF priming experiment in which the CSF is removed and replaced with MiM prior to
measuring LDH concentration. This would eliminate interference from LDH already present in
the CSF, allowing for a more accurate assessment of cytotoxicity for the cell model.

In future research, it would be valuable to conduct similar morphological experiments at shorter
exposure durations, such as 12 hours or less, as microglial activation might occur earlier than
the 24-hour period used in this study. This could potentially reveal more distinct differences
between the AD- and CTRL-CSF groups.

Another potential future approach would be to use CSF pools composed of a larger number
of patient samples. This would help reduce the impact of individual variability, such as differ-
ences in overall health status, and thereby enhance the reliability of the results. However, such
an expansion is currently constrained by the limited availability of patient-derived CSF. Fur-
thermore, it would be interesting to do some live cell imaging to track microglial morphology
transition over time in different conditions. That could capture more subtle states of activation.
Additionally, one could combine the morphological analysis with single-cell RNA sequencing
to link morphology to gene expression to give more information about microglial activation
states.
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7 CONCLUSIONS

7 Conclusions

The results from the cell viability assay, cytotoxicity assay, and Ki67 staining confirmed that
the cell model was suitable for further experimentation, as CSF exposure had minimal effects
on microglial proliferation and overall cell viability. The results from the NULISA experiment
revealed differences in the relative abundance of the studied proteins between AD- and CTRL-
CSF. However, noticeable variability was also observed between the individual pools within each
group, which may have contributed to differences in experimental results as different CSF-pools
may affect the microglial cells differently.

The qPCR results showed no significant differences between the CSF-groups, however, a trend
toward higher gene expression in the AD-CSF group was observed for all the studied genes.
This trend suggests that microglia exposed to AD-CSF may exist in a more activated state,
even if the differences between CTRL-CSF and AD-CSF are relatively small. The phagocytosis
assays provided further support for this interpretation. Microglial cells cultured in AD-CSF
showed slightly increased uptake of pHrodo-AS for the CSF priming experiment. In contrast,
the non-priming experiment for pHrodo-E.Coli indicates lower phagocytic activity in the AD-
CSF compared to the other groups. These findings suggest that phagocytic activity may be
modulated by the presence of competing substrates in the CSF, although further experiments,
like CSF-priming with pHrodo-E.Coli, are needed to confirm this trend.

The morphology analysis showed significant differences between CSF- and CoM-treated groups
but no clear differences between AD- and CTRL-CSF. Microglia cultured in CoM displayed a
significantly higher percentage of amoeboid cells and fewer ramified cells, indicating a more ac-
tivated, phagocytic state. This may be due to neuronal stress or damage in the CoM condition,
which would trigger microglial activation. In contrast, neurons may thrive better in CSF, lead-
ing to a more homeostatic microglial phenotype. A comparison with monocultures supported
the conclusion that the presence of neurons strongly influences microglial morphology.

In summary, the collective findings suggest that microglia exposed to AD-CSF exhibit signs of
increased activation at the transcriptional and functional levels, although this is not strongly
reflected in their morphology after 24 hours. Further experiments are required to improve the
understanding of microglial morphology.
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A1l  METHODS

Al Methods

Cell media

Table [AT] presents the content of the cell media used in the study.

Table Al: Content of the cell media used in the study.

mTESR- Advanced DMEM /F12 supplemented with 10x/mL GlutaMAX,

10p/mL PEST, and 1.5u/mLB-mercaploethanol

EBM mTeSR1 media supplemented with 10 uM ROCK inhibitor,
50 ng/mL BMP-4, 20 ng/mL, SCF and 50 ng/mL VEGF-121

HM mTeSR1 media supplemented with 100 ng/mL M-CSF and 25 ng/mL IL-3

MiM mTeSR1 media supplemented with 100 ng/mL IL-34 and 10 ng/mL GM-CSF
DMEM, N2 (1:100), Insulin (5x¢/mL), Glutamax (1:100),

NMM NEAA (100 pM), 2-mercaptoethanol (100 pd),
pencillin (50 U/mL), streptomycin (50 mg/mL), B72 (with vitamin A)(1:50)
and neurobasal media WO phenol red

CoM NMM supplemented with 1pL 1L34/ml NMM and 1uL GM-CSF/ml NMM

Validation of cell model

Figure shows the plate layout of one of the cell viability assays conducted.
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Figure Al: Plate layout for the first microglial cell viability assay with duplicates of each group.

Figure [A2] shows the plate layout of the cytotoxicity assays conducted.
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Figure A2: Plate layout for the first microglial cytotoxicity assay with a triplicate of each group.
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Phagocytosis assay

Figure shows the plate layout of the concentration optimization experiment conducted for
the phagocytosis assays.
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Figure A3: Plate layout for concentration optimization for pHrodo-E.Coli (left) and pHrodo-Af (right)
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Figure shows the plate layout of the time optimization experiment conducted for the phago-
cytosis assays.
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Figure A4: Plate layout of time optimization phagocytosis assay using pHrodo-E.Coli

Figure shows the plate layout of the phagocytosis assays conducted using pHrodo-E.Coli
and pHrodo-AfS.
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Figure A5: Plate layout of the microglial phagocytosis assay using pHrodo-E.Coli and pHrodo-A.3

Figure [AG shows the plate layout of the CSF priming phagocytosis assay conducted using
pHrodo-E.Coli and pHrodo-ApS.
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Figure A6: Plate layout of the microglial phagocytosis assay using pHrodo-Aj3 with CSF priming
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Morphology analysis

For the confocal microscope, the following settings were used to capture the three-channel
images (see Table[A2)). In addition, the pinhole was set to 1.0 and the averaging (AV) to 1.2.
For the z-stack images, five steps were acquired with 0.875 pum spacing between each step,
covering a total range of 3.5 um.

Table A2: Settings for the three channels used during image acquisition with the confocal
microscope.

HV | Offset | Wavelength
DAPI 60 0 1.54
Alexa 488 | 20 0 1.08
Alexa 568 | 40 0 1.54

I1I
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A2 Results

Below are some additional results from the morphology analysis.

Morphology analysis

Figure shows the results from the morphology analysis conducted on the second coculture
using the CTRL1 cell line.
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Figure A7: A) Image of a coculture (CTRL1) cultured in CoM for 24 hours, taken in a confocal microscope.
B) Image of a coculture (CTRLI) cultured in CTRL-CSF for 24 hours, taken in a confocal microscope. C)
Image of a coculture (CTRL1) cultured in AD-CSF for 24 hours, taken in a confocal microscope. D) A boxplot
over each group’s percentages of microglia cells with amoeboid, hypertrophic, ramified, and rodlike morphology.
Asterisks indicate statistically significant differences between groups (p j 0.05 = *, p | 0.01 = ** p | 0.001 =
*#*¥). E) A boxplot over each group’s percentages of microglia cells with amoeboid, hypertrophic, ramified, and
rodlike morphology. Asterisks indicate statistically significant differences between groups (p j 0.05 = *, p | 0.01
= ** pj0.001 = **¥¥),
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Images A, B, and C' in Figure show representative images of the cocultures taken with the
confocal microscope. Plots D and E show a higher percentage of ramified and hypertrophic
microglia in the CSF-groups compared to the CoM-group. The percentage of ameboid mi-
croglia is significantly higher in the CoM-group than in the AD-group. Additionally, there is a
significant increase in hypertrophic microglia in the CTRL-group compared to CoM, as well as
a significant increase in ramified microglia in the AD-group compared to CoM.
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Figure A8: A) Image of a monoculture (WTSLi015-A) cultured in CoM for 24 hours, taken in a confocal
microscope. B) Image of a monoculture (WTSLi015-A) cultured in CTRL-CSF for 24 hours, taken in a confocal
microscope. C') Image of a monoculture (WTSLi015-A) cultured in AD-CSF for 24 hours, taken in a confocal
microscope. D) A boxplot over each group’s percentages of microglia cells with amoeboid, hypertrophic,
ramified, and rodlike morphology. Asterisks indicate statistically significant differences between groups (p i
0.05=* p 0.0l =** pi0.001 =***). E) A boxplot over each group’s percentages of microglia cells with
amoeboid, hypertrophic, ramified, and rodlike morphology. Asterisks indicate statistically significant differences
between groups (p j 0.05 = *, p | 0.01 = ** p | 0.001 = ***).

Figure presents the results of the morphology analysis conducted on the monoculture using
the WTSLi015-A cell line. The MiM-group exhibits a higher percentage of ameboid microglia
compared to both the AD- and CTRL-groups, with a significant increase observed between the
MiM- and CTRL-groups. Both the AD- and CTRL-groups display a higher percentage of ram-
ified microglia, with the AD-group showing the highest proportion. The percentage of hyper-
trophic microglia is greater in the CTRL-group compared to the AD-group.
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