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1 Abstract	

 

Figure 1 Graphical Abstract 
Murine organotypic hippocampal slice cultures and human induced-pluripotent stem cell derived microglia (iMic) were 
combined to generate chimeric brain slice cultures (cBSC) – a novel model to study human microglia in a complex tissue 
environment ex vivo. The maturation and functionality of iMics in cBSCs was assessed using imaging techniques, 
analysis of cytokine release upon inflammatory stimulation, transcriptome and electrophysiological analyses. To 
understand the mechanisms of iMic integration and survival, colony stimulating factor 1 receptor (CSF1R) activation 
upon binding of human and murine ligands was investigated. The model depends on CSF1R signaling as CSF1R-
deficient iMics did not sustain in cBSCs. Using in silico modeling, binding kinetic analyses and cytokine stimulation 
assays, murine interleukin-34 has been found to be the ligand responsible for iMic survival in cBSCs. The model was 
then adopted to study microglial contribution to aspects of neurodegenerative diseases by inducing protein aggregates 
associated with Parkinson’s disease (alpha-synuclein, aSyn). iMics in aSyn-seeded cBSCs were analyzed for intra-
microglial inclusions and transcriptomic changes. This figure was created in Biorender.com 

Microglia are the resident immune cells in the central nervous system (CNS) and as such of high 

importance for brain homeostasis. Microglial contribution to neurodegenerative diseases has 

only been fully recognized in the last decade, and our understanding of their role in disease 

pathogenesis remains incomplete. Recent studies revealed significant di^erences between 

murine and human microglia in terms of their gene expression profiles, morphology and 

responses to pathology.  Furthermore, it has become evident that the brain environment is crucial 

for understanding microglial homeostasis. 

In this thesis, I describe the establishment of a novel model system to study human induced 

pluripotent stem cell-derived microglia cells (iMic) in ex vivo brain tissue. To generate chimeric 
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brain slice cultures (cBSC), microglia in murine organotypic hippocampal slice cultures were 

depleted and replaced by human iMic precursor cells. iMics in cBSCs di^erentiated and matured 

to closely resemble human ex vivo microglia in their morphology, network parameters and 

transcriptome. Furthermore, iMics responded to focal laser lesions and global immunogenic 

stimulation with shielding of the lesion site and release of cytokines, respectively, and supported 

neuronal activity for several months. Interestingly, cBSCs sustained human microglia without the 

supplementation of human colony stimulating factor 1 (CSF1) and interleukin-34 (IL34), 

contrasting in vivo xenotransplantation models. Using in vitro, cell-free and in silico approaches, 

I could demonstrate a cross-species interaction between human CSF1-receptor and its cognate 

murine ligands CSF1 and IL34. The transplantation of CSF1R loss-of-function iMics verified that 

CSF1R signaling was required for survival and di^erentiation, whereas in silico modeling of 

receptor:ligand interactions and the analysis of binding kinetics pointed to murine IL34 as the 

primary interaction partner. The latter was confirmed by blocking murine IL34 in cBSCs and by 

cytokine stimulation assays. Finally, cBSCs were adopted to model disease conditions. The 

induction of a-synuclein (aSyn) pathology in cBSCs resulted in wide-spread neuronal aSyn 

lesions and intra-microglial inclusions of aggregated proteins, as observed in murine microglia. 

Additionally, aSyn-treated iMics presented transcriptional phenotypes described in human 

Alzheimer’s and Parkinson’s disease patients, such as the upregulation of disease-associated 

microglia genes including APOE and TREM2. These observations emphasize the opportunities 

cBSCs o^er for studying microglia in disease conditions.  

In conclusion, cBSCs are a promising new tool to study human iPSC-derived microglia in a 

biologically relevant environment under both homeostatic and disease conditions. This model 

can be easily adapted for screening of potential therapeutics or for delineating the cell type-

specific e^ect of disease-associated mutations by utilizing brain slice cultures from genetically 

engineered mouse models and by using mutant iPSC lines. 
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2 Introduction	
2.1	Microglia	

Microglia are the resident immune cells in the central nervous system (CNS) and play a crucial 

role throughout life to sustain a healthy brain environment (Paolicelli et al. 2022). Although Pio del 

Río-Hortega described microglia for the first time in 1919 (Del Río-Hortega 1932; Sierra et al. 2016; 

Sierra, Paolicelli, and Kettenmann 2019), and they make up 5-20 % of the glial population (Lawson 

et al. 1990; Hugh Perry 1998), neuroscientific research has mostly ignored and overlooked these 

cells until the early 2000s. Since then, microglia research has gained popularity and has grown 

exponentially (Sierra, Paolicelli, and Kettenmann 2019; Paolicelli et al. 2022). 

2.1.1	Microglial	origin	and	development	

The origin of microglial cells has been debated for a long time (Ginhoux et al. 2013) as they share 

many characteristics with monocyte-derived macrophages (V. H. Perry, Hume, and Gordon 1985; 

Akiyama and McGeer 1990) like the expression of specific markers (F4/80, cluster of 

di^erentiation (CD) 11b, Fc receptor) and their phagocytic capacity (V. H. Perry, Hume, and 

Gordon 1985; C. S. Morris and Esiri 1991; Alliot et al. 1991). On the other hand, microglia are 

unique due to the expression of distinct marker proteins including transmembrane protein 119 

(TMEM119), Runt-related transcription factor 1 (RUNX1) or CD39 not found in peripheral 

macrophage populations (Ginhoux et al. 2010; Schulz et al. 2012; Butovsky et al. 2012; M. L. 

Bennett et al. 2016). 

By now, consensus has been reached that microglia are yolk sac (YS)-derived tissue resident 

macrophages that are self-sustained throughout life (Ginhoux et al. 2013). The YS is an extra-

embryonic mesodermal tissue, highly conserved across evolution (Palis et al. 1999; Bessis et al. 

2007; Chan, Kohsaka, and Rezaie 2007; Verney et al. 2010; Swinnen et al. 2013), that gives rise to 

primitive hematopoietic progenitor cells of the erythro-myeloid lineages in early embryonic 

development (M. A. S. Moore and Metcalf 1970; Palis et al. 1999; Bertrand et al. 2005). Shortly 

after gastrulation, at embryonic day (E) 7.0 in mice, primitive hematopoiesis is initiated in the YS 

blood islands and in a unique process without monocyte intermediates (K. Takahashi, Yamamura, 

and Naito 1989; Lichanska and Hume 2000). Once the circulatory system has fully developed 

around E8.5, these primitive macrophage progenitor cells migrate into the embryo proper 

(McGrath et al. 2003) and colonize the neuroepithelium around E9.5 (K. Ashwell 1990; K. W. 

Ashwell and Waite 1991; Alliot et al. 1991; Chan, Kohsaka, and Rezaie 2007; Ginhoux et al. 2010; 
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Mizutani et al. 2012). By E16, macrophage-like cells localize in “hot spots” within the brain 

parenchyma (V. H. Perry, Hume, and Gordon 1985) until a homogenous distribution is achieved 

around post-natal day (p)14 (Alliot et al. 1991; Sierra, Paolicelli, and Kettenmann 2019; Paolicelli 

et al. 2022).  

 

Figure 2 Microglia origin and homeostasis 
Primitive macrophages are released from blood islands in the yolk sac at the onset of circulation and colonize the brain 
rudiment from E9.5. These cells will give rise to microglia. The blood brain barrier forms at E13.5 and prevents definitive 
hematopoietic progenitor cells released from the fetal liver to contribute to the microglial population. Embryonic 
microglia proliferate and colonize the entire CNS until adulthood. This population is self-sustained via local proliferation 
during development and upon injury and inflammation in the adult brain. Under exceptional conditions after 
inflammation or bone marrow transplantation, peripheral monocyte-derived macrophages can invade the brain. 
However, the persistence of these cells and their contribution to microglial networks is not yet resolved. Figure taken 
from Ginhoux et al. 2013, published in Frontiers in Cellular Neurology under a Creative Commons CC-BY license (CC-
BY 4.0). 

Contrastingly, the intra-embryonic mesoderm has undergone determination toward the 

hematopoietic lineage on E8.5 to generate a second wave of hematopoietic progenitors in the 

aorta, gonads and mesonephros (AGM) region (Godin et al. 1993; Medvinsky et al. 1993), which 

will give rise to definitive hematopoietic cells (Orkin and Zon 2008). Subsequently, around E10.5 

primitive YS- and definitive AMG-macrophages migrate to the fetal liver, which becomes the 

central site for monocyte production from E11.5 onwards (Naito, Takahashi, and Nishikawa 1990; 

Kumaravelu et al. 2002). Fetal liver-derived macrophages replace the so-called “embryonic 

macrophages” in most tissues including skin, liver and spleen (Hoe^el et al. 2012; Guilliams et al. 

2013; Hoe^el et al. 2015). The formation of the blood-brain-barrier (BBB) coincides with the 

release of fetal liver-derived macrophages to the circulatory system around E13.5 (Daneman et 
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al. 2010). Thus, microglia are exempt from this replacement. While definitive hematopoiesis 

depends on the transcription factor Myb, primitive YS-macrophages are Myb-independent 

(Schulz et al. 2012) emphasizing the distinct ontogeny of the di^erent lineages. 

Due to the limited accessibility of human fetal/embryonic tissue, most studies about microglial 

origin and development have been performed in rodents. Still, it is known that the ontogeny and 

di^erentiation in humans follow the same trajectory, albeit at a slower pace. The first microglia-

like cells can be found in the brain rudiment at 3 weeks of estimated gestational age (Hutchins et 

al. 1990), with continued maturation throughout gestation until well-di^erentiated microglia are 

detected at 35 weeks of gestation (Esiri, al Izzi, and Reading 1991). 

Although the embryonic origin of microglia has been well established by now, the contribution of 

blood-derived monocytes to the microglial population later in life is still under debate. For 

example, in mice lacking endogenous microglia due to the knockout of the myeloid transcription 

factor PU.1, monocytes establish the entire microglia compartment upon bone marrow (BM) 

transplantation (Beers et al. 2006). Similarly, irradiation of mice and early post-natal BM 

transplantations allow monocytes to penetrate the brain (Ling 1976; 1979; Ling, Penney, and 

Leblond 1980; Imamoto and Leblond 1978; Leong and Ling 1992), albeit at low numbers and the 

long-term persistence of infiltrated monocytes is barely known (Ling, Penney, and Leblond 1980; 

Priller et al. 2001; Ginhoux et al. 2013). Contrastingly, monocyte contribution to reactive 

microgliosis, the increase of microglial numbers upon inflammation, is still under investigation. 

Shielding the brain from irradiation and thus decreasing the opening of the BBB, prevents the 

infiltration of monocyte-derived macrophages and underlines that a conditioning of the CNS is 

required for monocyte contribution (Ajami et al. 2007; Mildner et al. 2007). On the other hand, the 

long-standing assumption of the brain being an ‘immune-privileged’ site without peripheral 

immunity contributions is being called into question (Louveau, Harris, and Kipnis 2015; Castellani 

et al. 2023) and monocyte-derived macrophage contribution to perivascular and meningeal 

macrophage populations after irradiation, injury or during disease is by now well-established 

(Unger et al. 1993; Lassmann et al. 1993; Vallières and Sawchenko 2003; D. Han, Liu, and Gao 

2020; Yan et al. 2022). So, even though monocytes have been shown to invade and locally 

proliferate in brain tissue under extraordinary circumstances and upon conditioning of the CNS 

(Hickey and Kimura 1988; Capotondo et al. 2012), the microglial population is generally self-

sustained and independent of peripheral progenitors during steady state and inflammation 

(Lawson, Perry, and Gordon 1992; Davalos et al. 2005; Nimmerjahn, Kirchho^, and Helmchen 

2005; Ginhoux et al. 2010; Kierdorf et al. 2013; Füger et al. 2017). 
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2.1.2	Microglial	functions	in	health	–	from	development	to	aging	

From earliest development onwards, microglia play a crucial role in the establishment of neuronal 

circuits and sustenance of a healthy CNS environment. During pre-natal development, microglia 

act as guideposts for axons and neurons to integrate into establishing neuronal circuits 

(Squarzoni, Thion, and Garel 2015) and actively shape those circuits by phagocytosing axons and 

excess synaptic connections (Paolicelli et al. 2011; D. P. Schafer and Stevens 2013; Vainchtein et 

al. 2014). While microglial processes are in constant contact with neuronal synapses at the pre- 

(D. P. Schafer and Stevens 2010; D. P. Schafer et al. 2012; D. P. Schafer and Stevens 2013) and 

post-synaptic site for pruning (Wake et al. 2009; Tremblay, Lowery, and Majewska 2010), the cells 

are also able to phagocytose entire neuronal progenitor cells during phases of enhanced 

neurogenesis and actively induce neuronal apoptosis (Brown and Neher 2014; Brown and Vilalta 

2015; Luo, Koyama, and Ikegaya 2016). 

Post-natal microglia actively shape neuronal circuits in an activity-dependent manner. They sense 

synaptic activity based on spine size (Alvarez and Sabatini 2007; Tremblay, Lowery, and Majewska 

2010), but also express various neurotransmitter receptors, including di^erent classes of 

glutamate and γ-aminobutyric acid (GABA) receptors which allow for specific modifications of 

neuronal activity and synapse strength by microglial release of cytokines and growth factors (D. 

L. Taylor et al. 2005; Pocock and Kettenmann 2007; M. Lee, Schwab, and McGeer 2011; J. Zhang 

et al. 2014). For instance, active synapses are strengthened by microglial release of trophic 

factors like brain-/ glia-derived neurotrophic factors (BDNF, GDNF, respectively) (Elkabes, 

DiCicco-Bloom, and Black 1996; Parkhurst et al. 2013; Kettenmann, Kirchho^, and Verkhratsky 

2013), whereas inactive and surplus synapses are eliminated in coordination with astrocytes via 

the activation of the complement system (Stevens et al. 2007; D. P. Schafer et al. 2012). 

Furthermore, the release of IL1β disrupts the formation of dendritic spines by suppressing the 

release of BDNF (Tong et al. 2012; Lynch 2015). As in the developing brain, microglia phagocytose 

apoptotic cells without the induction of inflammation (Sierra et al. 2010; Fourgeaud et al. 2016). 

Conversely, the release of cytokines including IL1β, IL6 and tumor necrosis factor alpha (TNFa) 

from microglia can also induce adult neurogenesis in the hippocampus, underlining the tight 

regulation of neuronal circuits by microglia (Bachstetter et al. 2011; Shigemoto-Mogami et al. 

2014).  

In the healthy brain, microglia are constantly surveilling their surrounding for changes in the 

environment caused by neuronal or astrocytic activity (Davalos et al. 2005; Nimmerjahn, 
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Kirchho^, and Helmchen 2005), or induced by disease-causing agents like pathogens or protein 

aggregations which they sense with a variety of surface receptors known as ‘sensome’ (S. E. 

Hickman et al. 2013; Heneka et al. 2015). To achieve this, microglial constantly extend and retract 

their processes within their non-overlapping territories (Nimmerjahn, Kirchho^, and Helmchen 

2005; Davalos et al. 2005). Surveillance is influenced by neuronal activity and process motility 

increases upon decreased neuronal input and vice-versa (i.e. during sleep or under anesthesia) 

(Y. U. Liu et al. 2019; Cserép et al. 2020; Haruwaka et al. 2024). Furthermore, microglial activity 

and the release of cytokines regulate the permeability of the BBB. While the release of IL1β and 

IL6 opens the BBB and makes it more leaky, vascular endothelial growth factor (VEGF) or 

transforming growth factor beta 1 (TGFβ1) decrease BBB permeability (Ronaldson and Davis 

2020; Mayer and Fischer 2024) and promote angiogenesis required for tissue repair processes 

(Fantin et al. 2010; Arnold and Betsholtz 2013, 2). 

 

Figure 3 Microglial core functions 
Microglial core properties of surveillance, phagocytosis and release of soluble factors (inner circle) are needed for 
microglial contribution to key biological functions (outer circle) during development, homeostasis and disease. Image 
taken from Paolicelli et al. 2022, published in Neuron with permission by Elsevier under the License Number 
6005260996224. 

Upon immunological stimulation, microglia respond by clearing the detected harmful material via 

phagocytosis and with the release of cytokines to mediate inflammatory reactions in the 

surrounding tissue (Colonna and Butovsky 2017; Liddelow et al. 2017). Additionally, microglia 

present antigens to peripheral immune cells like T-cells invading the brain during inflammation 

and respond to peripheral inflammatory processes (Hayes, Woodroofe, and Cuzner 1987; Sala 
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Frigerio et al. 2019; Olah et al. 2020; Goddery et al. 2021; X. Chen et al. 2023). Even though 

microglia are historically considered to be innate immune cells, recent publications have shown 

that microglia form an immune memory in response to peripheral immune stimulation (Wendeln 

et al. 2018), which is a hallmark of the adaptive immune system and highlights the complexity of 

these cells and their functions. 

With age, microglial morphology changes towards a dystrophic phenotype characterized by an 

increased soma size and less ramified processes with more swellings (Streit et al. 2004; Streit 

2006; Flanary et al. 2007; Sierra et al. 2007; Damani et al. 2011). Furthermore, microglial 

surveillance in an aged brain decreases and laser lesion responses are delayed (Damani et al. 

2011; Hefendehl et al. 2014). Depending on their immediate environment, dysfunctional 

microglia with decreased phagocytic activity and lysosomal impairment are observed (Safaiyan 

et al. 2021) as well as hypersensitive microglia that mediate chronic inflammation-mediating 

responses (Naj et al. 2014; Butovsky et al. 2015; Holtman et al. 2015; C. S. Moore et al. 2015). 

Their impaired homeostatic functionality finally leads to a loss of homogenous network 

parameters, resulting in microglia clustering in specific brain areas while others become 

unoccupied (Hefendehl et al. 2014). Thus, in older age microglia can switch from being beneficial 

for brain homeostasis to being deleterious by exacerbating inflammatory and disease processes.  

2.1.3	Microglial	transcriptional	phenotypes		

Phenotypic distinction of microglia subtypes has mostly relied on morphological descriptions and 

only three states were considered to exist: homeostatic ‘resting’ microglia, activated ‘pro-

inflammatory M1’ and ‘anti-inflammatory M2’ microglia (Ransoho^ 2016; Paolicelli et al. 2022). 

However, morphology and function do not always go hand in hand and the three categories were 

unable to explain microglial heterogeneity. With the advent of single-cell RNA sequencing 

(scRNAseq), the plethora of microglial functions became apparent in highly distinct 

transcriptomic states that di^er in development, health, age and disease (Galatro et al. 2017; 

Olah et al. 2018; Hammond et al. 2019; X. Li et al. 2023; Sun et al. 2023; Guvenek et al. 2024). The 

expression of key genes in each subcluster provide information about the cells’ functions. Against 

previous assumption, the relative frequency of these subclusters is not fixed but rather changes 

consistently in response to developmental stages and environmental factors (Tay et al. 2017; 

Hammond et al. 2019). Furthermore, microglia readily transition between these states: microglia 

isolated from the brain rapidly lose their homeostatic profile and transition into an ‘activated’ state 

characterized by the downregulation of homeostatic markers including purinergic receptor 
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P2RY12 and the concurrent upregulation of TNFa. Re-transplantation of these isolated cells into 

the brain environment, however, results in the adaptation of the previous homeostatic state 

(Gosselin et al. 2017; F. C. Bennett et al. 2018). 

During aging, key homeostatic markers like P2RY12 become downregulated and microglia 

express more ‘activation’-associated genes, leading to more responsive substates (Galatro et al. 

2017; Olah et al. 2018; X. Li et al. 2023). The downregulation of genes associated with microglial 

homeostatic functions like axon guidance, cell adhesion and surface receptors reflect the 

decreased functionality observed in aged microglia (Galatro et al. 2017) and might be mediated 

by reduced TGFβ expression (Olah et al. 2018). On the other hand, genes involved in pathogen-

response are upregulated in aging. This includes antigen presentation (major histocompatibility 

complex class II (MHC-II)), innate immune functions (interferon responses), phagocytosis and 

reactive oxygen species (ROS) production (Olah et al. 2018; 2020; X. Li et al. 2023). Furthermore, 

protein-degradation, iron and lipid metabolism are altered, resulting in microglia that accumulate 

lipids and have decreased phagocytic ability (Marschallinger et al. 2020). In the aging mouse 

brain, two major microglial subclasses emerge: The first, named ‘interferon-response microglia’ 

(IRM), is characterized by the upregulation of genes involved in innate immune responses and 

interferon type I response pathways (interferon-induced proteins IFIT2, IFIT3, IFITM3; IRF7 and 

OASL2) which are usually associated with viral infection responses (Fensterl and Sen 2014; Olah 

et al. 2018; Sala Frigerio et al. 2019). These IRMs have also been detected in aged human brains. 

The second, called ‘activated response microglia’ (ARM), presents with upregulation of genes 

involved in inflammatory processes (CST7, CLEC7A, ITGAX), antigen presentation via MHC-II 

(CD74, CTSB, CTSD) and tissue regeneration (SPP1). Interestingly, many of these di^erentially 

expressed genes are known risk factors for neurodegenerative diseases like Alzheimer’s disease 

and are usually highly expressed during disease, indicating a correlation between subcluster 

regulation and disease development (Olah et al. 2018; Sala Frigerio et al. 2019). Future studies 

will be needed to further dissect the connections between transcriptome, proteome, microglial 

function and disease development. 

2.2	Colony	Stimulating	Factor	1	Receptor	

As immune cells, microglia express a plethora of surface receptors to detect and respond to 

changes in their environment. Furthermore, receptor proteins are required to sense cytokines and 

growth factors that induce signaling cascades in microglia. These cascades ultimately lead to the 

expression of genes required for microglial di^erentiation, maturation and survival. One of those 
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receptors essential for macrophage and microglia development and survival is colony stimulating 

factor 1 receptor (CSF1R), which is highly conserved throughout evolution in fish, birds and 

mammals (Gow et al. 2012; David A. Hume et al. 2020; Hason et al. 2022). 

2.2.1	CSF1R	and	its	ligands	

CSF1R is a tyrosine kinase transmembrane receptor of the CSF1/PDGF receptor family expressed 

by cells of the hematopoietic system and required for microglia cell survival and maturation 

(Stanley and Chitu 2014). In humans, the CSF1R gene is located on chromosome 5 and its 

expression is regulated by several transcription factors including PU.1 (Rocio Rojo et al. 2017). 

Human CSF1R has 972 amino acids and a predicted molecular weight of 107.984 kilodaltons 

(https://www.uniprot.org/uniprotkb/P07333/entry). The protein consists of a single-pass 

transmembrane helix, one intra- and one extracellular domain. The extracellular domain has three 

N-terminal immunoglobulin (Ig) domains (D1-D3), which bind the ligand, two Ig domains to 

stabilize ligand binding (D4-D5) and a linker region. The intracellular domain consists of a 

juxtamembrane domain, and a tyrosine kinase domain interrupted by a kinase insert domain 

(Coussens et al. 1986; Rothwell and Rohrschneider 1987; Yeung et al. 1987; Hampe et al. 1989; 

Mun, Park, and Park-Min 2020). Without ligand binding, the juxtamembrane domain prevents 

signaling of the cytosolic domain by entering an autoinhibitory position (H. Liu et al. 2012). Ligand 

binding to the extracellular D1-D3 domains induces noncovalent dimerization of two CSF1R 

molecules and autophosphorylation of several tyrosine residues in the intracellular domains (H. 

Liu et al. 2012; Mun, Park, and Park-Min 2020). Phosphorylated CSF1R activates various 

downstream signaling pathways including PI3K/AKT and MAPK/ERK which convey the signal to the 

nucleus and activate genes required for microglial survival, proliferation and maturation (Xiong et 

al. 2011; Yu et al. 2012). Phosphorylation also induces the covalent binding of the two CSF1R 

molecules via disulfide bonds which eventually leads to receptor endocytosis, tra^icking of 

receptor:ligand complexes to lysosomes and thus the termination of signaling (P. S. Lee et al. 

1999; Mun, Park, and Park-Min 2020).  

CSF1R has two known ligands: colony stimulating factor 1 (CSF1) and interleukin-34 (H. Lin et al. 

2008; Elmore et al. 2014; Chitu et al. 2016; Paolicelli et al. 2022). While the primary amino acid 

sequences of the two ligands show little homology, the tertiary structures are overlapping (Felix 

et al. 2013; 2015). Although both ligands bind the receptor in the same binding pocket, the current 

understanding is that each ligand has a distinct binding region and thus exerts di^erential e^ects 

(Chihara et al. 2010; Garceau et al. 2010). CSF1 is critical for microglial development, whereas 

https://www.uniprot.org/uniprotkb/P07333/entry
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IL34 seems to be essential for the maintenance of microglia postnatally but dispensable for 

microglial development. Interestingly, the expression of CSF1 and IL34 additionally has specific 

regional patterns: While CSF1 is predominantly found in astrocytes, oligodendrocytes and 

microglia in the cerebellum and white matter, IL34 is expressed by neurons in the grey matter 

(Easley-Neal et al. 2019; Badimon et al. 2020; Devlin et al. 2024). These di^erential expression 

patterns may influence microglial heterogeneity across brain regions and a^ect their 

functionality.  

Human and murine CSF1 share about 80 % homology in the N-terminal region, which is required 

for conveying the biological activity (Stanley et al. 1997). Even though homology is high, so far it 

has been shown that human CSF1 can activate murine receptors (Guilbert and Stanley 1986; 

Stanley et al. 1997; D. A. Hume et al. 1988) whereas no activation of human CSF1R has been 

reported upon murine ligand binding (Sie^ 1987; Roussel et al. 1988; Rathinam et al. 2011). 

Murine and human IL34 share 71 % sequence identity (H. Lin et al. 2008; Otsuka, Wada, and Seino 

2021). While human IL34 has been reported to not activate murine CSF1R, mIL34 can activate 

human CSF1R signaling (Chihara et al. 2010; Gow et al. 2013). However, it has not been 

investigated yet whether cross-species activation of human CSF1R by murine IL34 can sustain 

human microglia in situ. 

2.2.2	Microglia	depend	on	CSF1R	signaling	

Early microglia development is CSF1R-dependent (Ginhoux et al. 2010) and mutations in the gene 

cause Hereditary Di^use Leukoencephalopathy with Spheroids (HDLS, also known as Adult-

onset Leukodystrophy with Neuroaxonal Spheroids and Pigmented Glia (ALSP)) (Marotti et al. 

2004; Rademakers et al. 2011). HDLS is a very rare autosomal-dominant disease characterized 

by reduced microglia numbers (Tada et al. 2016), wide-spread white matter degeneration, axon 

and myelin loss, the formation of neuroaxonal spheroids and lipid-laden, pigmented 

macrophages/microglia. Patients present in their 40s to 50s with frontotemporal lobar 

degeneration (FTLD)-like symptoms including psychological changes and motor impairments 

(Axelsson et al. 1984; Marotti et al. 2004; Rademakers et al. 2011). 

By now, more than 70 mutations in CSF1R have been identified to be causative for HDLS (Konno 

et al. 2018). The mutations impair tyrosine kinase function by point mutations within the tyrosine 

kinase domain-encoding exons (Rademakers et al. 2011; Konno et al. 2018) or by splice-site 

mutations in the surrounding introns (Oosterhof et al. 2019). Mutant CSF1R is unable to 

autophosphorylate upon ligand binding (Rademakers et al. 2011), while influences on surface 
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expression and dominant-negative e^ects exerted by mutant receptors are under debate (Konno 

et al. 2018). Homozygous carriers of CSF1R mutations are rare and present without detectable 

microglia and severe brain abnormalities (Oosterhof et al. 2019; L. Guo et al. 2019). This 

underlines the assumption that CSF1R signaling and microglia are required for proper brain 

development and that phenotype severity depends on the level of functional CSF1R (Konno et al. 

2018).  

2.2.3	Targeted	microglia	depletion	

Due to microglial dependency on CSF1R, several approaches have been developed to selectively 

target and deplete microglia for experimental and potential therapeutic purposes by inhibiting the 

receptor (J. Han et al. 2022). Targeted microglia depletion o^ers the opportunity to selectively 

eliminate microglia from a living organism to study their role in health and disease by observing 

the consequences of microglia depletion on neuronal function, brain homeostasis, repair and/or 

behavior (Green, Crapser, and Hohsfield 2020). On the other hand, targeted depletion could 

facilitate the exchange of microglia harboring disease-associated mutations to healthy microglia 

to halt or prevent disease progression. This, however, will require a lot of future research on both 

depletion as well as transplantation conditions. A prime example would be the correction of 

mutations in triggering receptor expressed on myeloid cells-2 (TREM2) or its adapter protein TYRO 

protein tyrosine kinase-binding protein (TYROBP), that have been associated with Nasu-Hakola 

disease. Nasu-Hakola is a very rare autosomal-recessive disease characterized by psychotic 

symptoms, early-onset neurodegeneration, encephalopathy and bone cysts that results in 

premature death at the age of 40-50 (Paloneva et al. 2002). A replacement of dysfunctional 

microglia is potentially able to rescue the neurological symptoms of the disease, as it is 

considered a primary microgliopathy (Bianchin and Snow 2022). 

Small molecule inhibitors of CSF1R that are able to pass the BBB including PLX3397, PLX5622, 

GW2580 and BLZ946 are highly e^ective in mice, resulting in near complete loss of microglia (80-

99 % reduction) within a matter of days (Conway et al. 2005; Coniglio et al. 2012; Krauser et al. 

2015; J. Han, Harris, and Zhang 2017; J. Han et al. 2022; Green, Crapser, and Hohsfield 2020). 

These CSF1R-inhibitors stabilize CSF1R molecules in their auto-inhibited confirmation, thus 

preventing the binding of substrates and adenosine triphosphate (ATP) to the kinase domain and 

subsequent microglial demise (Benner et al. 2020). While depletion is rapid and extensive, 

withdrawal of inhibitors leads to microglial proliferation and repopulation of the brain tissue from 

the cells that withstood depletion. Within a few weeks, microglial repopulation exceeds the basal 
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microglia density but subsequently stabilizes itself to previous levels (Elmore et al. 2014; Huang 

et al. 2018). At present, little is known about the processes and microglial cells involved in 

repopulation, but Zhan et al. have identified a small progenitor-like microglial subpopulation 

highly expressing galectin-3 (encoded by MAC2) that appears to be resistant to CSF1R inhibition 

(L. Zhan et al. 2020; Huang et al. 2018). Since depletion using small molecule CSF1R inhibitors 

and subsequent repopulation is also observed in slice culture models (Coleman Jr, Zou, and 

Crews 2020; Barth 2023), peripheral monocyte/macrophage contribution to repopulation plays 

only a minor role. Although microglia are the only cells in the CNS expressing CSF1R, small 

molecule-mediated depletion can have direct and/or indirect e^ects on other neural cell types 

including oligodendrocytes and astrocytes, which have to compensate for microglial 

phagocytosis and might be a^ected by microglial debris (Hagemeyer et al. 2017; Coleman Jr, Zou, 

and Crews 2020). 

Alternatively, clodronate liposomes are commonly applied to deplete microglia independently of 

CSF1R. The liposomes are selectively taken up by phagocytic cells and processed within the 

lysosomes. There, the toxin is released to induce apoptosis (Van Rooijen and Sanders 1994; X. 

Han et al. 2019; Green, Crapser, and Hohsfield 2020). This more unspecific approach, however, 

can also a^ect astrocytes and induces increased pro-inflammatory cytokine levels as they 

possess phagocytic function, albeit to a lower extent than microglia (X. Han et al. 2019; Konishi, 

Koizumi, and Kiyama 2022). 

Pharmacological depletion of microglia using small molecules or clodronate liposomes does not 

discriminate between di^erent animal species, which makes them universal tools to be applied 

in rodent and human models (Chadarevian et al. 2022). However, this low specificity renders the 

generation of chimeric models di^icult, as grafted microglia respond to the inhibitor in a similar 

way as host cells and consequently do not engraft the tissue. Thus, other approaches are needed 

to deplete microglia for this kind of research: 

Constitutive CSF1R knock-out (KO) animal models (Chitu et al. 2015) lack microglia but present 

with postnatal brain development impairment and decreased survival because peripheral 

monocytes and osteoclasts are also ablated (Erblich et al. 2011). On the other hand, mice with 

constitutive mutations in the fms intronic regulatory element (FIRE), a highly conserved super-

enhancer of CSF1R, lack tissue-resident macrophages (including microglia) from early embryonic 

development while monocytes are not a^ected (Rocío Rojo et al. 2019). These CSF1RDFIRE/DFIRE 

mice are healthy, without the neurological and developmental abnormalities or decreased fertility 

and survival observed in CSF1R KO animals (Rocío Rojo et al. 2019) and are commonly utilized 
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(Baligács et al. 2024; Munro et al. 2024; Chadarevian et al. 2024). Alternatively, conditional KO 

and drug-based approaches have been established to selectively deplete microglia in adult mice 

upon the administration of the ligand for the genetically introduced death receptor (Frank L. 

Heppner et al. 2005; Varvel et al. 2012; Bruttger et al. 2015) or activator of recombinases (see 

2.3.7 below). 

Antibodies directed against CSF1R o^er a more precise inhibition of the receptor and its 

downstream signaling that can be species-specific and thus support xenotransplantation of 

microglia. Antibodies are not commonly used to deplete microglia, as they are unable to 

penetrate the BBB in vivo but could be of great value in in vitro studies (David A. Hume and 

MacDonald 2012). 

Lastly, the Bennett lab has genetically engineered human induced pluripotent stem cells (iPSC, 

see 2.3.5  below) to express mutant CSF1R that renders iPSC-microglia insensitive to PLX3397 

which allows combining small molecule microglia depletion with engraftment (Chadarevian et al. 

2022) and highlights the plethora of possibilities the receptor o^ers for experimental 

manipulation and how microglia replacement therapies could be established in humans. 

2.3	Model	systems	to	study	microglia	

The inaccessibility of human brain tissue results in the inability to study human microglia in vivo. 

Consequently, several methods and model systems have been developed to study human 

microglia biology. While none is the perfect surrogate, each model comes with its own advantages 

and disadvantages. Depending on the scientific question at hand, di^erent model systems might 

be chosen after carefully considering the complexity and reproducibility each system o^ers.  

2.3.1	Primary	cell	culture	

Primary microglia are derived from fetal, perioperative or post-mortem human brains, sacrificed 

rodents or non-human primates. Upon homogenization of the brain tissue, microglia are usually 

isolated via density-gradient centrifugation and cultivated in vitro (Bohlen et al. 2017; Galatro et 

al. 2017; Grabert and McColl 2018; Agalave et al. 2020). While primary microglia remain ramified 

and motile in culture, retain their phagocytic capacity and respond to inflammatory stimuli 

(Takata et al. 2010; Grabert and McColl 2018; Agalave et al. 2020), they change their gene 

expression profiles within hours resulting in the decreased expression of homeostatic genes like 

P2RY12 or TMEM119 and upregulated immune activation genes (Gosselin et al. 2017; Bohlen et 

al. 2017; F. C. Bennett et al. 2018; Popova et al. 2021; Cadiz et al. 2022). However, many key 
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functions of microglia including the characterization of soluble factors released from microglia 

after immunogenic stimulation, known as their secretome, have been established using primary 

microglia cultures (J. Shi et al. 2010; He et al. 2021). The largest drawback is the limited cell yield, 

which cannot be increased over cultivation period as isolated microglia do not proliferate and 

variable culture quality that can lead to inconsistent findings and conclusions (Horvath et al. 

2008). 

2.3.2	Immortalized	cell	lines	

To increase cell numbers and decrease variability, primary microglia can be immortalized by the 

transduction of oncogenes or SV40 large T antigen (Janabi et al. 1995; Nagai et al. 2001). 

Immortalized cell lines like human HMC3 (Janabi et al. 1995) or HM06 (Nagai et al. 2001) or murine 

BV2 (Blasi et al. 1990) come with the advantages of easy maintenance and high availability due to 

cell proliferation. They are capable of basic microglial functions like secretion of IL8 and TNFa 

upon lipopolysaccharide (LPS) stimulation (Nagai et al. 2001; Ahn et al. 2008; Dello Russo et al. 

2018; Timmerman, Burm, and Bajramovic 2018). However, their validity is highly debated as the 

cells present a decreased expression of microglia-specific genes, the absence of important 

immune-response genes like MHC-II (Melief et al. 2016) and the inability to release key 

inflammation-mediating cytokines like IL1β and IL6 (Nagai et al. 2001; Ahn et al. 2008; 

Timmerman, Burm, and Bajramovic 2018). Furthermore, the process of immortalizing might alter 

microglial cell biology. Immortalized microglia do not depend on trophic support of a complex 

environment anymore (Horvath et al. 2008; Henn et al. 2009; Stansley, Post, and Hensley 2012). 

However, the environment is known to have substantial e^ects on microglial phenotypes (F. C. 

Bennett et al. 2018; Gosselin et al. 2017) and the loss of depending on environmental cues 

indicates altered cellular processes. Immortalized lines in general are only capable of 

reproducing the most basic cellular functions and thus are not suitable to model complex 

microglial interactions in the brain. 

2.3.3	Peripheral	monocyte-induced	microglia	

Several attempts to reprogram peripheral monocytes into microglia have been undertaken, to 

overcome complications induced by immortalization of primary microglia (Ohgidani, Kato, and 

Kanba 2015; C. M. Sellgren et al. 2017; Carl M. Sellgren et al. 2019; Scheiblich et al. 2021). To this 

end, patient-derived peripheral blood mononuclear cells or monocytes are supplemented with 

microglia-inducing factors including IL34 and CSF1 for transformation. These monocyte-derived 

microglia-like cells become ramified and are capable of synapse engulfment and cytokine release 
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(Ohgidani, Kato, and Kanba 2015; C. M. Sellgren et al. 2017; Carl M. Sellgren et al. 2019; 

Scheiblich et al. 2021). While the expression of microglia markers has been described, the 

expression of fractalkine receptor (CX3CR1) and PU.1 is not specific for microglia and could be 

remnants from their monocyte origin whereas the described expression of key microglial markers 

TMEM119 and P2RY12 (C. M. Sellgren et al. 2017; Carl M. Sellgren et al. 2019) appears to be highly 

variable and generally low. In the same line, the transcriptomes of monocyte-derived microglia-

like cells show highly variable overlap with ex vivo human microglia (between 27 % and 75 %) due 

to inconsistent protocols (Mu^at et al. 2016; Ryan et al. 2017; Rai et al. 2020), ontogenic 

di^erences between monocytes and microglia as well as lacking environmental clues (van 

Wilgenburg et al. 2013; Takata et al. 2017; C. Z. W. Lee, Kozaki, and Ginhoux 2018; Sargeant and 

Fourrier 2023). Therefore, results from monocyte-derived microglia must be carefully considered 

with regards to protocol validations and their translatability.  

2.3.4	Primary	tissue	culture	

To increase biological relevance, organotypic brain slice cultures (BSC) o^er the opportunity to 

study primary microglia in situ. The brain tissue is sliced into thin sections (250-350 µm) and 

cultivated on semi-permeable membranes at the air-liquid interface for several weeks (Stoppini, 

Buchs, and Muller 1991; Novotny et al. 2016; Barth et al. 2021). BSCs are usually generated from 

newborn rodents (Stoppini, Buchs, and Muller 1991; Humpel 2015) but can also be prepared from 

perioperative adult human brain tissue or fetal tissue obtained during elective abortion (Schwarz 

et al. 2017; 2019; Wickham et al. 2020; McLeod et al. 2023; Marshall et al. 2024; L. W. Taylor et al. 

2024). The major advantage of BSCs over other in vitro models is the conservation of tissue 

cytoarchitecture and sustained cell-cell contacts between microglia and all other neural cell 

types (Gähwiler et al. 1997; Berki et al. 2024). However, most BSCs are prepared from neonate 

rodents and thus allow studying microglia during development while BSCs prepared later in life 

do not sustain for prolonged cultivation time (Humpel 2015) and therefore render in vitro studies 

of aged microglia di^icult. The major disadvantage of BSCs comes from preparation as the 

sectioning causes axonal damage and consequently microglial activation and tissue 

inflammation in form of astro- and microgliosis referred to as “glial scar” (Grabiec et al. 2017). 

Upon migration towards the lesion sites at BSC surfaces, microglia gradually re-adapt a more 

homeostatic phenotype within the first two weeks in culture (Hailer, Jarhult, and Nitsch 1996; F. 

L. Heppner et al. 1998) with a ramified morphology reminiscent of in vivo microglia (Czapiga and 

Colton 1999; Hailer, Jarhult, and Nitsch 1996) and transcriptomes more closely resembling in vivo 
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rather than primary in vitro microglia (Delbridge et al. 2020). Brain slice cultures have successfully 

been used to investigate microglial function upon ischemia (Steiner and Humpel 2022) and in the 

context of neurodegeneration (Novotny et al. 2016; Tanriöver et al. 2020; Barth et al. 2021). For 

example, using microglia specific knockouts of neurodegenerative disease-associated genes like 

TREM2 allows to understand the protein’s role in microglia function with results obtained in BSCs 

closely resembling in vivo observations (Mazaheri et al. 2017). On the other hand, the induction 

of alpha-synuclein protein aggregates in BSCs has been shown to cause microglial inclusions of 

misfolded aSyn (Tanriöver et al. 2020; Barth et al. 2021). This allows studying cellular and 

molecular responses to neurodegenerative stimuli and highlights that microglial function can be 

investigated from several angels in BSCs. In addition to the sustained in vivo-like environment for 

extended culture periods (Czapiga and Colton 1999), BSCs are highly accessible for 

manipulations like microglia depletion or administration of pharmacological compounds and for 

direct observation using live-cell microscopy or electrophysiological approaches (Croft et al. 

2019; Schwarz et al. 2019; Coleman Jr, Zou, and Crews 2020; Barth et al. 2021; Berki et al. 2024). 

Thus, BSCs are a versatile model to study more complex microglial functions and in comparison 

to in vivo studies reduce the number of experimental animals needed as multiple slices are 

obtained from each animal, allowing the assessment of several experimental conditions (Croft et 

al. 2019; Barth et al. 2021). 

2.3.5	Induced	pluripotent	stem	cell-derived	microglia	

In vitro studies of microglia have advanced in the past 10-15 years due to the advent of induced 

pluripotent stem cell research. Developed by Kazutoshi Takahashi and Shin’ya Yamanaka in 2006, 

iPSCs have quickly progressed to become a key tool in cellular and molecular biology and were 

awarded with a Nobel Prize for Medicine and Physiology in 2012. Terminally di^erentiated somatic 

cells like adult human fibroblasts or monocytes are transformed into a pluripotent state by the 

introduction of four transcription factors: OCT3/4, SOX2, C-MYC and KLF4 (Kazutoshi Takahashi 

and Yamanaka 2006; Kazutoshi Takahashi et al. 2007). The overexpression of these four 

transcription factors reverts di^erentiation and iPSCs closely resemble embryonic stem cells 

(ESC) in their gene expression profile, their ability to proliferate indefinitely and the potential to 

di^erentiate into any cell type of the three germ layers (Freude et al. 2014). To date, iPSCs enable 

studying human cells in health and disease and opened the door to examine the e^ects of 

disease-associated mutations in unprecedented detail by generating patient-derived cell lines or 

genome-editing (Dolmetsch and Geschwind 2011; Freude et al. 2014; Y. Shi et al. 2017). 
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By now, several protocols have been established to di^erentiate microglia from iPSCs taking their 

yolk sac-derived ontogeny into account (Mu^at et al. 2016; Takata et al. 2017; Haenseler et al. 

2017; Abud et al. 2017; Pandya et al. 2017; C. Z. W. Lee, Kozaki, and Ginhoux 2018; McQuade et 

al. 2018). The protocols share the induction of mesodermal fate and subsequent hemogenic 

endothelial/myeloid di^erentiation via varying compositions and concentrations of growth 

factors including bone morphogenetic protein 4 (BMP4), stem cell factor (SCF), VEGF and IL3. The 

obtained embryonic macrophage precursor cells are then expanded and sustained via CSF1 and 

IL3 and finally matured to microglia using CSF1 and IL34 (Speicher et al. 2019; Warden et al. 2023). 

The protocols di^er in their media compositions and duration, varying between three and ten 

weeks (C. Z. W. Lee, Kozaki, and Ginhoux 2018; Speicher et al. 2019). In principle, two major types 

of protocols exist: 1) Embryoid body (EB)-based approaches simulate cell-cell signaling crucial 

for meso-endodermal induction whereas 2) monolayer-based approaches have a more stringent 

external control of cell fate by cytokine supplementation and the induction of hypoxic conditions 

(C. Z. W. Lee, Kozaki, and Ginhoux 2018). Recently, Dräger at al. published a new approach that 

generates high numbers of iPSC-derived microglia upon the overexpression of six transcription 

factors within 8 days (Dräger et al. 2022). 

 

Figure 4 iPSC-based model systems to study microglia  
Model systems for the study of microglia range from easy 2D cell culture models to complex 3D in vitro models and 
xenotransplantation of iPSC-derived microglia for in vivo investigation of human microglia. Increasing complexity of the 
model increases the physiological relevance of the experiments but at the same the experimental control is reduced. 
From Hedegaard et al. 2020, published in Frontiers in Immunology under a Creative Commons CC-BY license (CC-BY 
4.0). 

iPSC-derived microglia-like cells (iMicros) in monoculture express microglial markers like 

P2RY12, TMEM119 and IBA1 (Mu^at et al. 2016; Douvaras et al. 2017) which distinguishes them 

from other tissue-resident macrophages or peripheral monocytes (M. L. Bennett et al. 2016). 
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However, the lack of the CNS environment results in an immature transcriptional phenotype, 

including the lack of the key microglial transcription factor Sal-like 1 (SALL1) (Gosselin et al. 2017; 

Park et al. 2023) as well as the upregulation of immune-response and disease-associated genes 

in comparison to adult human microglia (Gosselin et al. 2017; F. C. Bennett et al. 2018; 

Timmerman, Burm, and Bajramovic 2018; Dubbelaar et al. 2018; Dolan et al. 2023; Sun et al. 

2023). Still, monocultured iMicros o^er the opportunity to study basic microglial functions and 

the e^ect of disease-associated mutations as the cells are ramified, phagocytically active and 

respond to immune stimulation with the release of adequate cytokines (Mu^at et al. 2016; Abud 

et al. 2017; Haenseler et al. 2017; McQuade et al. 2018). Combining iMicros with other iPSC-

derived neural cell types like neurons and/or astrocytes in co-culture models results in more 

mature microglial phenotypes characterized by increased ramification, less pro-inflammatory 

and more homeostatic gene expression profiles including the expression of SALL1 (Abud et al. 

2017; Haenseler et al. 2017; Vahsen et al. 2022; Park et al. 2023), underlining the importance of 

the environment on microglial identity.  

Even though iMicros more closely reflect the transcriptomic signature of acutely isolated 

microglia compared to cultivated primary or immortalized microglia (Gosselin et al. 2017; Abud 

et al. 2017; F. C. Bennett et al. 2018; Speicher et al. 2019; Dolan et al. 2023; Stöberl et al. 2023), 

findings obtained from iMicro studies should always be validated with more complex models due 

to their reflection of early developmental stages (Takata et al. 2017) and lack of adult homeostatic 

signatures when cultivated in monoculture. 

2.3.6	Cerebral	organoids	

While the 2D models described above have the advantage of dissecting basic cell-autonomous 

e^ects, 3D models more realistically reflect cell-cell interactions occurring in the brain needed to 

answer complex biological questions (W. Zhang et al. 2023). Cerebral organoids, first described 

in 2013 by Lancaster et al., are iPSC-derived, self-organizing structures that contain various brain 

cell types including neurons and radial glia, as well as astrocytes and oligodendrocyte precursor 

cells (Lancaster et al. 2013; Lancaster and Knoblich 2014; Quadrato et al. 2017; Velasco et al. 

2019; Tanaka et al. 2020). Cerebral organoids are unable to model the entire brain at once, but by 

now several protocols have been published to di^erentiate specific brain regions including cortex, 

hippocampus and midbrain (Paşca et al. 2015; Sakaguchi et al. 2015; Jo et al. 2016). Generation 

of cerebral organoids can be achieved in a patterned way by dual SMAD inhibition or in an 

unpatterned approach without dual SMAD inhibition (Lancaster et al. 2013; Paşca et al. 2015; 
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Quadrato et al. 2017). Since dual SMAD inhibition blocks mesodermal lineage di^erentiation 

(Chambers et al. 2009), microglia are not naturally arising in patterned organoids, whereas 

spontaneous iPSC di^erentiation towards mesodermal fate is possible in unpatterned ones 

(Ormel et al. 2018; Qian, Song, and Ming 2019; W. Zhang et al. 2023). Due to the low degree of 

spontaneous microglial induction, which varies between iPSC lines and protocols, organoids are 

nevertheless considered to be devoid of microglia and microglia have to be introduced to 

organoids experimentally (Quadrato et al. 2017; Melief et al. 2016; Bodnar et al. 2021; Pérez et al. 

2021; W. Zhang et al. 2023). To this end, organoids and microglia are di^erentiated separately and 

microglial precursor cells are grafted into the organoids where they mature into microglia-like 

cells (Abud et al. 2017; Song et al. 2019; Jin et al. 2022; Park et al. 2023). Engraftment rates and 

microglial densities vary between protocols and no consensus on methodology has been reached 

yet (Abud et al. 2017; Jin et al. 2022; Park et al. 2023; W. Zhang et al. 2023; Warden et al. 2023; 

Sabogal-Guaqueta et al. 2024). 

Microglia in cerebral organoids migrate towards lesion sites (Abud et al. 2017), release cytokines 

and ROS in response to immune stimuli like LPS and phagocytose a range of pathogens, cellular 

debris and neurodegeneration-associated stimuli like amyloid-beta peptides (Abud et al. 2017; 

Mu^at et al. 2018; Ormel et al. 2018; Eme-Scolan and Dando 2020; Cakir et al. 2022). 

Furthermore, microglia interact with synapses and seem to enhance neuronal maturation 

(Fagerlund et al. 2021; Sabate-Soler et al. 2022; Park et al. 2023), whereas extended organoid 

maturation can induce cellular senescence (Shaker et al. 2021). Still, microglia in organoids more 

closely resemble human fetal rather than adult microglia (Hasselmann and Blurton-Jones 2020) 

and retain artifacts of their in vitro environment as observed for primary microglia cultures (Ormel 

et al. 2018; Popova et al. 2021). 

2.3.7	In	 vivo	mouse	models	 and	 biological	 differences	 between	 human	

and	mouse	

Although in vitro models have advanced in their complexity, they are still unable to fully 

recapitulate microglial in vivo phenotypes. To study microglia in vivo, model organisms including 

rodents, non-human primates and zebrafish are commonly utilized (Sharma, Bisht, and Eyo 

2021). I will only discuss the use of mice, to not exceed the scope of this thesis.  

One of the most widely utilized tools for visualizing and manipulating microglia are genetically 

modified mice. These models exploit the Cre/loxP recombination system (Sauer 1998; Sauer and 

Henderson 1989) under the control of microglial promoters for the targeted expression or deletion 
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of genes of interest (McLellan, Rosenthal, and Pinto 2017; Stifter and Greter 2020). While the 

CX3CR1CreER line is the most widely used, several other promoters are utilized by now including 

TMEM119, P2RY12 and HEXB (Eme-Scolan and Dando 2020; Faust et al. 2023). Each model 

comes with its own advantages, including high recombination, and drawbacks, like 

recombination in other myeloid cells, that must be considered when planning an experiment 

(Eme-Scolan and Dando 2020). Similarly, reporter mice expressing fluorescent proteins under 

microglia-specific promoters, like CX3CR1EGFP or IBA1EGFP mice have been developed (Jung et al. 

2000; Hirasawa et al. 2005) and refined for higher cell type-specificity utilizing TMEM119, SALL1 

and HEXB promoters (Eme-Scolan and Dando 2020; Masuda et al. 2020). Alternatively, microglia 

can be targeted using viral approaches, which generally cause microglial cell activation and thus 

render studying microglia in homeostasis di^icult. Optimization of the adeno-associated virus 

(AAV) 9 capsid has achieved maximized microglial transduction without immune activation (R. Lin 

et al. 2022) and might become an important tool in the future. The tools described above can be 

used for fate mapping studies (Ginhoux et al. 2010; Tay et al. 2017; Barry-Carroll et al. 2023; 

Schulz et al. 2012) and are commonly used for 2-Photon in vivo live cell imaging to assess 

microglial motility, network dynamics, injury responses and Calcium imaging (Davalos et al. 2005; 

Nimmerjahn, Kirchho^, and Helmchen 2005; Hefendehl et al. 2014; Füger et al. 2017; Cserép et 

al. 2020; Eme-Scolan and Dando 2020). These seminal studies, together with tools for microglia 

depletion (see 2.2.3 above) have drastically advanced our knowledge about microglia biology and 

their role in neurodevelopment and disease. But recent studies have highlighted that mice are not 

the perfect model for human microglia, which must be considered when findings from mouse 

studies should be translated to humans: 

As described before, microglia development is highly conserved between human and mice, and 

microglia of both species share a high overlap in ‘core signature’ gene expression (Galatro et al. 

2017). However, many human genes enriched in microglia share little homology with their murine 

orthologs, if an ortholog exists at all (Mancuso et al. 2019; Hasselmann and Blurton-Jones 2020). 

For example, of 44 Alzheimer’s disease risk genes found in human microglia only 29 have a murine 

ortholog with sequence similarity larger than 60 %, while nine, including CD33, have no ortholog 

(Mancuso et al. 2019). Additionally, the cell type-specific expression of neurodegeneration-

associated risk genes is not conserved between rodents and humans (Y. Zhang et al. 2014; 2016; 

de Soysa et al. 2022). Together, these genetic di^erences render disease modelling and 

dissection of microglial contribution to neurodegeneration di^icult.  
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Furthermore, human and murine microglia have been found to age di^erently, and discrete 

functional states have been described (Keren-Shaul et al. 2017; Hammond et al. 2019; Q. Li et al. 

2019; Masuda et al. 2019; Geirsdottir et al. 2020). While some studies found that functional states 

are mostly overlapping (Mukherjee et al. 2020), others found that significant disparities in gene 

expression modules exist during aging (Srinivasan et al. 2020) and only few di^erentially 

expressed genes (DEG) are shared (Galatro et al. 2017). For example, adult human microglia 

present with a higher expression of genes involved in immune functions including sialic acid-

binding immunoglobulin-type lectin (SIGLEC) and MHC genes (Galatro et al. 2017). This ‘pre-

activated’ state is not seen in mice (Zrzavy et al. 2017), which might be explained by the limited 

exposure of lab mice to immune stimuli (Smith and Dragunow 2014; Geirsdottir et al. 2020). On 

the other hand, some microglial states, including white matter-associated microglia, have so far 

only been described in mice (Safaiyan et al. 2021). Distinct functional states might be biologically 

relevant but could also be the result of di^erences in processing and analysis for human and 

murine samples (Y. Chen and Colonna 2021; de Soysa et al. 2022; Marsh et al. 2022) and require 

further investigation.  

2.3.8	Xenotransplantation	models	

To overcome the limitations of iPSC-derived microglia and mouse models, xenotransplantation 

models combining both approaches have been established in the past years. Pluripotent stem 

cell-derived microglia precursor cells are transplanted into the brains of immunodeficient mice 

and subsequently engraft the brain parenchyma forming a human microglia network within the 

mouse brain (Abud et al. 2017; Mancuso et al. 2019; Hasselmann et al. 2019; Svoboda et al. 2019; 

McQuade et al. 2020; Xu et al. 2020; Fattorelli et al. 2021; Claes et al. 2021). These 

xenotransplanted human microglia express key homeostatic markers like P2RY12 and TMEM119, 

are highly ramified and their transcriptome closely resembles that of adult human microglia ex 

vivo while the in vitro phenotype observed in monoculture or organoids is overcome (Hasselmann 

et al. 2019; Mancuso et al. 2019; Xu et al. 2020). Furthermore, the cells retain their microglia-

specific functions and have been shown to migrate towards lesion sites, phagocytose neuronal 

debris (Hasselmann et al. 2019), synaptic structures and myelin (Xu et al. 2020). Similarly, 

peripheral immune stimulation with LPS results in morphological changes and an upregulation of 

phagocytosis and activation marker CD68, as observed for murine microglia (Svoboda et al. 

2019). 
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These models o^er great opportunities to cross-validate findings from mouse models while 

allowing the study of human microglia-specific functions and e^ects in health and disease. For 

instance, transplanting precursors into animal models of Alzheimer’s disease (AD) has shown 

that human microglia cluster around amyloid-beta (Aβ) plaques, phagocytose Aβ, show a 

downregulation of homeostatic genes and an upregulation of disease-associated microglia (DAM) 

genes, similar to those observed in mice (Abud et al. 2017; Keren-Shaul et al. 2017; Hasselmann 

et al. 2019; Claes et al. 2021; Baligács et al. 2024). More in depth analysis, however, revealed that 

human and mouse microglia share only about one third of DAM genes and that human cells have 

several hundred more di^erentially expressed genes (Keren-Shaul et al. 2017; Hasselmann et al. 

2019), underlining how important the study of human cells is. On the other hand, 

xenotransplanted microglia bearing disease-associated mutations can be studied in a 

physiological environment to delineate cell type-specific disease risk (McQuade et al. 2020; 

Claes et al. 2021; Baligács et al. 2024). 

The major disadvantage of these models is the need for immunodeficient mice that additionally 

express human CSF1R ligands CSF1 or IL34 to enable and sustain human microglia engraftment 

(Abud et al. 2017; Hasselmann et al. 2019; Mancuso et al. 2019; Mathews et al. 2019; 

Hasselmann and Blurton-Jones 2020; Fattorelli et al. 2021). The e^ect of a missing peripheral 

immune system on microglia function, however, has not been studied and more research is 

needed. Nevertheless, xenotransplantation models are a very good model to study complex 

biological questions and are constantly adapted and advanced to obtain even more in vivo-like 

human microglia in a more human environment, i.e. by transplanting human cerebral organoids 

with microglia into mice (S. T. Schafer et al. 2023). 

2.4	Neurodegenerative	diseases	

Neurodegenerative diseases are diseases of the central nervous system characterized by the 

progressive and irreversible loss of neurons that lead to severe disability and premature death 

(Wilson et al. 2023; Heneka et al. 2024). While each neurodegenerative disease has its own, 

distinct pathological cascade and manifestation, these disorders often share atypical protein 

aggregations, induced cell death and neuroinflammation as key hallmarks and aging as the major 

risk factor (Wilson et al. 2023). Neurodegenerative diseases include Alzheimer’s disease (with 

accumulations of amyloid-beta and tau), Parkinson’s disease (alpha-synuclein), Huntington’s 

disease (huntingtin), Amyotrophic lateral sclerosis (ALS; SOD1, TDP-43, FUS, C9ORF72 and tau), 

frontotemporal lobar degeneration (TDP-43, FUS, C9ORF72) and Creutzfeldt-Jacob disease (CJD; 
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Prion protein) (Jucker and Walker 2013; Prusiner 2013; Jucker and Walker 2018; Wilson et al. 

2023). Despite more than a century of research on neurodegenerative diseases, disease 

processes remain poorly understood and therapeutic interventions are currently limited to 

symptomatic treatment while causative treatment approaches remain scarce (Wilson et al. 

2023). Due to increased life expectancy and aging populations, neurodegenerative diseases are 

a major challenge for health care systems world-wide with cases expected to double within the 

next 25 years (Prusiner 2013; Alzheimer’s Association 2024; Alzheimer’s Disease International 

2024). Currently AD and other dementias account for 360 billion dollars of socio-economic 

burden in the United States alone, with costs expected to triple until 2050 (Alzheimer’s 

Association 2024; Alzheimer’s Disease International 2024), underlining the need to further the 

understanding of disease processes and development of disease-halting treatments. 

2.4.1	Alzheimer's	disease	

Alzheimer’s disease is the most common and best studied neurodegenerative disease. AD a^ects 

approximately 55 million people worldwide, accounting for 60-70 % of all dementia cases 

(Alzheimer’s Association 2024; Alzheimer’s Disease International 2024). Patients experience 

memory deficits, problems with language, disorientation, mood swings and changes in behavior 

before bodily functions are lost, ultimately leading to death (Alzheimer’s Association 2024). 

Molecularly, the disease is characterized by the extracellular aggregation of amyloid-beta peptide 

into plaques, intracellular aggregation of hyperphosphorylated tau into neurofibrillary tangles, 

chronic neuroinflammation and progressive neuron loss (O’Brien and Wong 2011). Aβ is the 

cleavage product of two subsequent cleavage events of the amyloid precursor protein (APP) by β- 

and ɣ-secretases (Haass and Selkoe 1993; Hampel et al. 2021). Released Aβ molecules can 

aggregate to form soluble oligomers which can grow to form insoluble fibrils that deposit in the 

extracellular space forming plaques (Glenner and Wong 1984; O’Brien and Wong 2011; Jucker and 

Walker 2013). This aggregation occurs in a templated manner, where certain misfolded oligomers 

serve as “seeds” that will corrupt the folding of subsequent monomers leading to a chain reaction 

of protein misfolding as observed for prions (Prusiner 1991; Jucker and Walker 2013). Aggregated 

Aβ is neurotoxic (O’Brien and Wong 2011) and according to the ‘Amyloid cascade hypothesis’ 

induces the misfolding of the second proteopathic protein in AD, namely tau (D. J. Selkoe 1991; 

Hardy and Higgins 1992; Dennis J. Selkoe and Hardy 2016). Tau is a protein that stabilizes 

microtubules in axons and aggregates due to pathological hyperphosphorylation, leading to 

neurofibrillary tangles and neuronal demise (O’Brien and Wong 2011). The mechanisms by which 
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Aβ induces tau aggregation and how aggregated tau spreads within the brain are still under debate 

(Dennis J. Selkoe and Hardy 2016). 

AD is commonly considered a disease of the old, with more than 95 % of cases being diagnosed 

in people over the age of 65 (Alzheimer’s Association 2024). However, very few people (1-2 % of 

AD patients) with inheritable, autosomal-dominant AD are known who develop symptoms as early 

as in their thirties (Long and Holtzman 2019). These patients carry mutations in the APP gene or in 

one of the two presenilin genes (PSEN1 and PSEN2) comprising the ɣ-secretase and enable the 

investigation of disease progression and the development of treatments (Bekris et al. 2010; J. C. 

Morris et al. 2012). On the other hand, late-onset AD has many genetic and environmental risk 

factors, and the exact cause remains to be elucidated (Karch and Goate 2015; Andrews et al. 

2023). First described by Alois Alzheimer in 1906, AD was considered a neuron-autonomous 

disease for about 100 years even though the very first descriptions of the disease highlighted 

morphological changes in (micro-) glial cells (Alois Alzheimer 1907; A. Alzheimer et al. 1995). By 

now, glial and neuroinflammatory contribution to disease progression are well-established due to 

large genome-wide association studies (GWAS) that linked most AD risks to microglia, astrocytes 

and neuroinflammation (Karch and Goate 2015; Bellenguez et al. 2022; Andrews et al. 2023; Reitz 

et al. 2023)(see 2.4.3  below). 

2.4.2	Parkinson's	disease	

Parkinson’s Disease (PD) is a neurodegenerative disease primarily a^ecting the dopamine-

producing neurons in the substantia nigra pars compacta which results in motor symptoms 

including tremors, bradykinesia, rigidity and di^iculties in balance (Kalia and Lang 2015; Poewe et 

al. 2017). In PD, alpha-synuclein, a protein involved in vesicle tra^icking and intracellular 

transport, becomes phosphorylated and forms intracellular aggregates coined Lewy bodies 

(Spillantini et al. 1997). As for Aβ and tau, misfolding follows a prion-like amplification and 

stereotypic spreading of aggregates across the brain (Braak et al. 2003; Jucker and Walker 2013). 

Similarly, the underlying cause for PD is unknown, but many risk factors have been identified (H. 

R. Morris et al. 2024). Age is the leading risk factor for sporadic PD, as prevalence increases from 

ca. 1 % in people over 65 to approximately 4.3 % in those above 85 years of age (Coleman and 

Martin 2022). Environmental risk factors include exposure to pesticides and heavy metals (De 

Miranda et al. 2022; H. R. Morris et al. 2024, 202). Genetically, mutations in the SNCA gene 

encoding aSyn, in LRRK2, PINK1, PRKN, DJ1 and GBA1 are known to be disease-causing but are 

found in only 5-10 % of patients (Polymeropoulos et al. 1997; Singleton and Gasser 2020; Salles, 



Introduction   

 26 

Tirapegui, and Chaná-Cuevas 2024; H. R. Morris et al. 2024). In sporadic patients, more than 90 

gene variants have been identified in GWAS analyses that indicate immune functions, lipid 

metabolism, lysosomal and autophagosomal pathways and vesicle transport as key drivers of 

disease (Bandres-Ciga et al. 2020; Kim et al. 2024).  

2.4.3	Microglial	functions	in	disease	

As mentioned above, microglial function declines with age whereas neurodegenerative diseases 

manifest in older age, which raises the question about microglial contribution to 

neurodegeneration. GWAS of Alzheimer’s disease patients have by now identified more than 80 

genetic loci that modulate disease risk (de Rojas et al. 2021; Holstege et al. 2022), with almost 

25 % being highly or exclusively expressed by microglia. At the same time, microglial contribution 

is well documented in all stages of disease progression (McQuade and Blurton-Jones 2019). 

Concomitantly, transcriptomic analyses of microglia in human AD brains and murine models of 

the disease have revealed an upregulation of GWAS hits in disease condition (Keren-Shaul et al. 

2017; Krasemann et al. 2017; Olah et al. 2020; Sala Frigerio et al. 2019). 

In early stages of the disease, microglia are recruited to Aβ plaques to phagocytose and clear the 

aggregates (S. E. Hickman, Allison, and El Khoury 2008; S. Hickman et al. 2018; Streit et al. 2014). 

With age, however, microglial phagocytosis of Aβ decreases and plaques grow larger (S. E. 

Hickman et al. 2013; Streit et al. 2014). Nevertheless, microglia in AD brains interact with plaques 

and are found to compact them by the secretion of apolipoprotein E (APOE) (Namba et al. 1991; 

Burns et al. 2003; Kaji et al. 2024). The formation of a tight barrier around plaques by microglia is 

considered to protect the surrounding neurons from neurotoxic e^ects exerted by Aβ (Yuan et al. 

2016; Parhizkar et al. 2019). Plaque-associated microglia have a unique transcriptomic signature, 

coined disease associated microglia (DAM), that is defined by the upregulation of two major 

sporadic AD risk genes, APOE and TREM2 (Karch and Goate 2015; Krasemann et al. 2017; Keren-

Shaul et al. 2017). These DAM show an upregulation of genes involved in phagocytosis, lipid 

metabolism, inflammation and proliferation and a downregulation of homeostatic markers like 

P2RY12 not observed in microglia further away from plaques and in line with previously described 

functional changes (Kamphuis et al. 2016; Krasemann et al. 2017; Keren-Shaul et al. 2017; Sala 

Frigerio et al. 2019). DAM-like transcriptomes have by now been described for mouse models of 

several other neurodegenerative diseases including PD, ALS and FTLD (Holtman et al. 2015; 

Srinivasan et al. 2016; Mathys et al. 2017), whereas human transcriptome analyses have revealed 

not one distinct ‘DAM’ cluster but rather gene expression changes across several di^erent clusters 
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(Srinivasan et al. 2020; Sun et al. 2023). This highlights the di^erences between human and 

murine microglia in AD, underlining the caution needed when interpreting results from animal 

models (Sun et al. 2023).  

Although shielding the neurons from Aβ seems beneficial, plaque-associated microglia also 

convey deleterious e^ects due to the prolonged stimulation by Aβ. Chronically activated 

microglia induce inflammation by the release TNFa and IL1β leading to microglia-induced 

neurotoxicity (Streit et al. 2004; Streit 2006; V. Hugh Perry, Cunningham, and Holmes 2007; L. E. 

Rojo et al. 2008; S. E. Hickman, Allison, and El Khoury 2008) and increased aggregation of Aβ 

(Heneka et al. 2015). Furthermore, microglia have been shown to become overwhelmed with the 

breakdown of Aβ due to lysosomal dysfunction. Instead, they start to accumulate intracellular Aβ 

aggregates which is exocytosed and thus might facilitate seeding of new plaques and spreading 

of the disease within the brain (Joshi et al. 2014; Venegas et al. 2017). On the other hand, models 

of microglia depletion have shown that the number of plaques remained unchanged while the 

neuronal loss and intra-neuronal accumulation of Aβ were decreased in the absence of microglia 

(E. E. Spangenberg et al. 2016; Sosna et al. 2018), highlighting the ambiguous role microglia play 

in the development and progression of AD.  

Intriguingly, microglia have been shown to drive tau pathology via NLRP3 inflammasome 

activation (Ising et al. 2019). The loss of the NLRP3 inflammasome results in decreased tau 

hyperphosphorylation and subsequently reduced tau accumulation downstream of Aβ 

deposition in mouse models (Ising et al. 2019), supporting microglia as a mediator of Aβ toxicity 

in the amyloid cascade hypothesis of AD. In the white matter of murine AD models, microglia filled 

with lipid droplets become dysfunctional, resulting in reduced phagocytic ability and increased 

production of ROS and pro-inflammatory cytokines (Marschallinger et al. 2020; Hou et al. 2022). 

Conversely, AD pathology also induces the upregulation of MHC-II-mediated antigen presentation 

by microglia and the recruitment of T-cells into the brain (Sala Frigerio et al. 2019; Olah et al. 2020; 

X. Chen et al. 2023) which is mostly considered beneficial.  

In PD, microglial involvement is underlined by the high expression of risk genes leucine-rich repeat 

kinase 2 (LRRK2) and β-glucocerebrosidase (GBA1) in those cells (J.-Q. Li, Tan, and Yu 2014; 

Brunialti et al. 2021; L. Feng et al. 2023), but the role of microglia has not been studied as 

extensively yet. Microglia have been shown to phagocytose extracellular aSyn in monomeric, 

oligomeric and fibrillar form and neuronal debris in models of synucleinopathies including PD, 

most likely mediated by Toll-like receptors (Fellner et al. 2013). Recognition of monomeric aSyn 

reportedly induces the release of anti-inflammatory cytokines whereas oligomeric and fibrillar 
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aSyn species elicit the detrimental release of IL1β, TNFa and ROS (Fellner et al. 2013; Joers et al. 

2017; Hughes et al. 2019; Y. Feng et al. 2019; N. Li et al. 2020). Chronic microglial stimulation by 

aSyn leads to sustained microgliosis (Joers et al. 2017), and a vicious cycle of inflammatory 

cytokine release and enhanced aSyn aggregation ensues (Gordon et al. 2018). Upon 

phagocytosis, aSyn is subjected to autophagolysosomal degradation, a pathway enriched with 

PD risk genes including LRRK2 and GBA1 (L. Feng et al. 2023; J.-Q. Li, Tan, and Yu 2014). Microglia-

specific knockout of autophagy results in an increased loss of dopaminergic neurons in a mouse 

model of PD (Choi et al. 2020), underlining the beneficial role of microglia in PD. Furthermore, my 

laboratory was able to show, that microglia in mouse models of PD contain aSyn inclusions that 

stain positive for amyloid-binding luminescent conjugated oligothiophene (LCO) dyes (Tanriöver 

et al. 2020). Although the origin of these inclusions remains unknown, intra-microglial 

amplification of phagocytosed material is a likely explanation that remains to be validated in 

models without aSyn overexpression. Moreover, the release of aSyn-containing exosomes from 

microglia is implicated in the spreading of aSyn to seed new lesions and as a possible mechanism 

of aSyn neuron-to-neuron spreading (Danzer et al. 2012; Grozdanov and Danzer 2018; Xia et al. 

2019; M. Guo et al. 2020). Another proposed mechanism of cell-to-cell transfer has been 

described by Scheiblich et al., who observed the transfer of aSyn from microglial cells with a high 

burden to those with a lower burden via tunneling nanotubes for joint degradation (Scheiblich et 

al. 2021), but the translational relevance for disease progression remains to be elucidated. 

While this thesis focusses on microglial contribution in AD and PD, several studies have 

investigated them in other neurodegenerative diseases including ALS and multiple sclerosis (MS) 

and found a common downregulation of homeostatic markers and increased expression of APOE 

in a phenotype named ‘microglial neurodegenerative phenotype’ (MGnD) (Krasemann et al. 2017). 

Furthermore, microglia are highly implicated in neurodevelopmental and psychiatric disorders 

including autism spectrum disorder and schizophrenia due to dysregulated synaptic pruning and 

neuronal circuit modulation (Y. Zhan et al. 2014; Petrelli, Pucci, and Bezzi 2016; Filipello et al. 

2018) as well as in stroke (Patel et al. 2013; Brown and Neher 2014). In all diseases, microglia 

exert both beneficial and detrimental e^ects which have to be delineated further to eventually 

utilize microglia as a therapeutic target.   
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2.5	Aim	of	the	study	

Microglia are the yolk sac-derived resident immune cells of the CNS. Under homeostatic 

conditions microglia are long-lived and self-sustained. Due to limited access to live human brain 

tissue, most of the current knowledge has been derived from murine models. At the same time, 

microglia have emerged as key players in neurodegenerative diseases as they highly express many 

risk genes and directly interact with pathological protein aggregates. Many of these human risk 

genes, however, have limited amino acid homology or orthologs in mice, which complicates the 

study of microglial contributions to pathological processes.   

To overcome the confounding e^ects of current model systems, the main goal of this study was 

to establish a novel in vitro model system to study human microglia in a complex, yet easily 

manipulatable environment. For this purpose, I generated a chimeric organotypic brain slice 

culture model (cBSC), by transplanting human iPSC-derived microglia into microglia-depleted 

murine brain slice cultures. I characterized the model and analyzed the human microglia 

phenotype from single cell level to network organization and basic functionality. Furthermore, I 

investigated the molecular basis for human cell di^erentiation in murine tissue exemplified by 

human CSF1R interaction with murine ligands. Lastly, I established cBSCs as a novel tool for 

studying human microglia in the context of neurodegenerative disease pathology. As proof-of-

principle, I investigated human microglia responses in cBSCs to seeded aSyn and showcase how 

the chimeric model can be adapted to study the cell type-specific e^ects of disease-associated 

variants. 
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3 Material	and	Methods	
3.1	Material	

3.1.1	Cell	and	tissue	culture	media	

Table 1 EB Induction Medium 

Table 2 EB DiOerentiation Medium 

Table 3 Supplemented Stempro34 Medium 

Component Manufacturer and 
Article No. 

Final Concentration 

mTeSR Plus Stemcell Technologies 

100-0276 

1x 

hBMP4 Miltenyi Biotec 

130-111-167 

50 ng/ml 

hVEGF Miltenyi Biotec 

130-109-396 

50 ng/ml 

hSCF R&D Systems 

255-SC-050 

20 ng/ml 

+Y-27632 on Day1  Stemcell Technologies 

72304 

10 µM 

Component Manufacturer and 
Article No. 

Final Concentration 

X-Vivo15 Lonza 

BE02-053Q 

1x 

hCSF1 Miltenyi Biotec 

130-096-493 

100 ng/ml 

hIL3 Miltenyi Biotec 

130-095-069 

25 ng/ml 

Penicillin/Streptomycin Gibco 

15140122 

100 U/ml/ 100 µg/ml 

Glutamax Gibco 

35050-038 

2 mM 

Beta-mercaptoethanol Gibco 

31350010 

0.055 mM 

Component Manufacturer and 
Article No. 

Final Concentration 

Stempro 34 SFM Gibco 

10639011 

1x 

Penicillin/Streptomycin Gibco 100 U/ml/ 100 µg/ml 
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Table 4 SF DiO Medium 

Table 5 iMic Monoculture Medium 

15140122 

Glutamax Gibco 

35050-038 

2 mM 

Ascorbic acid Sigma-Aldrich 

A4403-100mg 

0.5 mM 

Transferrin from human serum Roche 

10652202001 

150 µg/ml 

Monothioglycerol  Sigma-Aldrich 

M6145 

0.45 mM  

Component Manufacturer and 
Article No. 

Final Concentration 

Iscove's Modified Dulbecco's Medium 

(IMDM) plus Glutamax 
Gibco 
31980030 

0.75x 

F12 Medium Gibco 
11765054 

0.25x 

N2 Supplement Gibco 
17502048 

0.5x 

B27 Supplement with vitamin A Gibco 

17504001 
1x 

Bovine Serum Albumin Fraction V Gibco 

15260037 

0.5 mg/ml 

Penicillin/Streptomycin Gibco 

15140122 
100 U/ml/ 100 µg/ml 

Component Manufacturer and 
Article No. 

Final Concentration 

Advanced Dulbecco’s Modified 

Essential Medium (DMEM)-F12 

Gibco 

12634010 

0.5x 

Advanced Neurobasal Medium Gibco 

10888-022 

0.5x 

beta-mercaptoethanol Gibco 

31350010 

50 µM 

Gluatamax Gibco 

35050-038 

2 mM 

B27 Supplement with vitamin A Gibco 

17504001 

1x 

hCSF1 Miltenyi Biotec 

130-096-493 

20 ng/ml 

hIL34 Peprotec 

200-34 

100 ng/ml 
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Table 6 BSC Preparation Medium 

Table 7 BSC Culture Medium 
Component Manufacturer and 

Article No. 
Final Concentration 

Minimum Essential Media (MEM)  Gibco 

32360034 

1x 

Horse serum (Heat-Inactivated) Gibco 

26050088 

20 % 

Glutamax Gibco 

35050-038 

1 mM 

Ascorbic acid Sigma-Aldrich 

A4403-100mg 

0.00125 % 

Insulin Gibco 

12585014 

0.001 mg/ml 

Calcium chloride (CaCl2) Sigma-Aldirch 

21115-100ml 

1 mM 

Magnesium sulfate (MgSO4) Sigma-Aldrich 

83266-100ml-F 

2 mM 

D-Glucose (water-free) Roth 

X997.1 

13 mM 

Penicillin/Streptomycin Gibco 

15140122 

100 U/ml/100 µg/ml 

pH = 7.28  

sterile filtered 

3.1.2	Buffers	

Table 8 RIPA BuOer 

Component Manufacturer and 
Article No. 

Final Concentration 

Minimum Essential Medium (MEM, 

without Phenolred), 2x 

Gibco 

21935028 

1x 

UltraPure Distilled Water Invitrogen 

10977035 

- 

Component Manufacturer and 
Article No. 

Concentration 

Triton X-100 Sigma-Aldrich 

T9284 

1 % 

Sodium deoxycholate Sigma-Aldrich 

30970 

0.5 % 

Sodium dodecyl sulfate (SDS) Sigma-Aldrich 

71725-100g 

0.1 % 

Tris-HCl Thermo Fisher Scientific 25 mM 
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Table 9 10x Hank’s BuOered Salt Solution (HBSS) 

Table 10 Homogenization BuOer 

Table 11 Western Blot Transfer BuOer 

15568025 

Sodium chloride NaCl Sigma-Aldrich 

S7653 

100 mM 

Component Manufacturer and 
Article No. 

Concentration 

Sodium chloride (NaCl) Sigma-Aldrich 

S7653 

1.38 M 

Potassium chloride (KCl) Applichem 

A1164,0500 

53.3 mM 

Potassium dihydrogen phosphate 

(KH2PO4) 

VWR International 

1.04873.1000 

4.4 mM 

Disodium hydrogen phosphate 

(Na2HPO4) 

VWR International 

1.06580.1000 

3 mM 

Sodium hydrogencarbonate (NaHCO3) Sigma-Aldrich 

S6297-250G 

40 mM 

D-Glucose Roth 

X997.1 

56 mM 

HEPES Roth 

9105.2 

25 mM 

ddH2O  Fill up to 1 L 

Component Manufacturer and 
Article No. 

Amount 

1x HBSS Self-made from 10x stock 10 ml 

45 % D-Glucose 

Self-made stock in ddH20 

Roth 

X997.1 

120 µl 

DNAse I Sigma-Aldrich 

D5025 

1 mg 

Component Manufacturer 
Article No. 

Final Concentration 

Glycine Bio-Rad Laboratories 

161-0718 

192 mM 

Tris-HCl Applichem 

A1086,1000 

25 mM 

Methanol Sigma-Aldrich 

494437 

20 % 
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Table 12 Tris-BuOered Saline Solution with Tween-20 (TBS-T) 

Table 13 Extracellular Recording Solution 

3.1.3	Cytokines	and	antibodies	

Table 14 Cytokines in iPSC culture 

Component 
 

Manufacturer 
Article No. 

Final Concentration 

Sodium chloride (NaCl) Sigma-Aldrich 

S7653 

150 mM 

Tris-HCl Applichem 

A1086,1000 

15.22 mM 

Trizma Base Sigma-Aldrich 

RDD008 

4.62 mM 

Tween-20 Roth 

9127.1 

0.1 % 

Component 
 

Manufacturer 
Article No. 

Final Concentration 

Sodium chloride (NaCl) Sigma-Aldrich 

S7653 

124 mM 

Sodium hydrogencarbonate 

(NaHCO3) 

Sigma-Aldrich 

S6297-250G 

26 mM 

Potassium chloride (KCl) Applichem 

A1164,0500 

3.5 mM 

Magnesium chloride MgCl2 Sigma-Aldrich 

208337 

1 mM 

Calcium chloride (CaCl2) Sigma-Aldirch 

21115-100ml 

2 mM 

Disodium hydrogen phosphate 

(Na2HPO4) 

VWR International 

1.06580.1000 

1.2 mM 

D-Glucose Roth 

X997.1 

20 mM  

pH 7.4, osmolarity 305 mOsm/kg, equilibrated with 95 % O2/5 % CO2 

Cytokine Manufacturer Article No. 
Human BMP4 Miltenyi Biotec 130-111-167 

Human SCF R&D Systems 255-SC-050 

Human VEGF Miltenyi Biotec 130-109-396 

Human IL3 Miltenyi Biotec 130-095-069 

Human IL34 PeproTech 200-34 

Human CSF1 Miltenyi Biotec 130-096-493 

Human IL6 Miltenyi Biotec 130-095-0352 
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Table 15 Receptors for SPR 

Table 16 Antibodies for Western Blot 

Table 17 Primary antibodies for immunofluorescence 

Human DKK1 Miltenyi Biotec 130-103-444 

CHIR99021 Miltenyi Biotec 130-103-926 

Human bFGF Miltenyi Biotec 130-093-564 

Mouse CSF1 Miltenyi Biotec 130-101-706 

Mouse IL34 Biolegend 577604 

Component Manufacturer Article Number 
Mouse CSF1R Fc Chimera Protein R&D Systems 3818-MR-050 

Human CSF1R Fc Chimera Protein R&D Systems 329-MR-100/CF 

Human PDGDRb Fc Chimera Protein R&D Systems 385-PR-100/CF 

Antigen (+ Tag) Host 
Species 

Dilution, 
Incubation 

Manufacturer 
Article No. 

Use 

CSF1R Rabbit 1:1000 

4 °C, o/n 

Cell Signaling Technology 

3152S 

Primary AB 

Phospho-CSF1R 

(Tyr723) 

Rabbit 1:1000 

4 °C, o/n 

Cell Signaling Technology 

3155S 

Primary AB 

ERK1/2 Rabbit 1:1000 

4 °C, o/n 

Cell Signaling Technology 

9102S 

Primary AB 

Phospho-ERK1/2 

(Thr202/Tyr204) 

Rabbit 1:1000 

4 °C, o/n 

Cell Signaling Technology 

9101S 

Primary AB 

GAPDH (6C5) Mouse 1:100,000 

rt, 1 h 

HyTest Ltd 

5G4-6C5 

Primary AB 

β-III-tubulin Rabbit 1:2000 

rt, 1 h 

Sigma-Aldrich 

T2200-200µl 

Primary AB 

Rabbit-HRP Goat 1:20,000 

rt, 1h 

Jackson ImmunoResearch 

111-035-003 

Secondary 

AB 

Mouse-HRP Goat 1:20,000 

rt 1h 

Jackson ImmunoResearch 

115-035-068 

Secondary 

AB 

Antigen Host Species Dilution Manufacturer 
Article No. 

Antigen Retrieval 
Incubation Time 

Ab (CN6) Rabbit 

Polyclonal 

1:1000 ImmunoK 

A006915-RB5935 

4 °C, o/n 

Iba1 Goat  

polyclonal 

1:250 Novus Biologicals 

NB100-1028 

4 °C, o/n 

Iba1 Rabbit  

polyclonal 

1:250 Thermo Fisher 

Scientific 

PA521274 

4 °C, o/n 



Material and Methods   

 36 

Table 18 Secondary antibodies for immunofluorescence 

Table 19 Amyloid-binding dyes 

KU80 

(STEM101) 

Mouse 

monoclonal 

1:250 Takara Bio 

Y40400 

4 °C, o/n 

PU.1 Rabbit 

monoclonal 

1:250 Thermo Fisher 

Scientific 

MA5-15064 

4 °C, o/n 

pS129 Rabbit 

monoclonal 

1:1000 AbCam 

ab51253 

4 °C, o/n 

tdTomato Roat  

polyclonal 

1:250 SICGEN 

AB8181-200 

4 °C, o/n 

Human 

TMEM119 

Rabbit  

polyclonal 

1:100 AbCam 

ab185333 

Antigen retrieval: 

Citrate Bu^er + 0.05 % 

Tween, 10 min, 97 °C 

4 °C, 3 days 

Human 

TREM2 

Goat 

monoclonal 

1:50 R & D Systems 

AF1828-SP 

4 °C, o/n 

Antigen + Tag Host 
Species 

Dilution Manufacturer 
Article No. 

Incubation 
Time 

Goat-Alexa 488 Donkey 1:250 Jackson ImmunoResearch 

705-545-147 

rt, 2 h 

Goat-Alexa 568 Donkey 1:250 Invitrogen 

A-11057 

rt, 2 h 

Goat-Alexa 647 Donkey 1:250 Jackson ImmunoResearch 

705-605-147 

rt, 2 h 

Mouse-Alexa 488 Donkey 1:250 Jackson ImmunoResearch 

715-545-150 

rt, 2 h 

Mouse-Alexa 647 Donkey 1:250 Jackson ImmunoResearch 

715-605-151 

rt, 2 h 

Rabbit-Alexa 488 Donkey 1:250 Jackson ImmunoResearch 

711-545-152 

rt, 2 h 

Rabbit-Alexa 568 Donkey 1:250 Invitrogen 

A10042 

rt, 2 h 

Rabbit-Alexa 647 Donkey 1:100 Jackson ImmunoResearch 

711-605-152 

rt, 2 h 

Component Manufacturer Concentration 
used 

Incubation Time 

Methoxy-X04 Biomol 

Cay20476-10 

0.04 mg/ml rt, 30 min 

pFTAA Peter R. Nilsson 

Linköping, Sweden 

3 µM rt, 30 min 
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Table 20 Other antibodies 

3.1.4	Other	chemicals,	kits	and	consumables	

Table 21 Kits 

Table 22 Other chemicals and reagents 

Antigen Host 
Species 

Concentration Manufacturer 
Article No. 

Use 

Mouse CSF1R Rat 

monoclonal 

5 µg/ml BioLegend 

135539 

Depletion of mouse 

microglia in BSC 

Mouse IL34 Rat 

monoclonal 

1 µg/slice Bio-Techne 

MAB5195 

Block of mIL34 

signaling in BSC 

Kit Manufacturer Article Number 
Chromium Next GEM Chip G Single 

Cell Kit 

10X Genomics 1000120 

Chromium Next GEM Single Cell 3' Kit 

v3.1 

10X Genomics 1000268 

DNeasy Blood & Tissue Isolation Kit Qiagen 69504 

Dual Index Plate TT Set A 10X Genomics 1000215 

High Sensitivity D5000 Bu^er and 

Ladder 

Agilent Technologies 5067-5592 

High Sensitivity D5000 ScreenTape 

Device 

Agilent Technologies 5067-5593 

Mouse Cell Depletion Kit Miltenyi 130-104-694 

QIAquick PCR Purification Kit Qiagen 28104 

QIAxcel DNA screening kit Qiagen 929004 

REDextract-N-Amp™ Tissue PCR Kit Sigma-Aldrich XNAT-1000RXN 

SPRIselect Reagent Kit Beckmann Coulter B23317 

V-PLEX Human Proinflammatory Panel 

II (4-Plex, IL-1b, IL-6, IL-8, TNF-a) kit 

Meso Scale Discovery K15053D-2 

Chemical Manufacturer Article Number 
4′,6-diamidino-2-phenylindole (DAPI) Sigma-Aldrich D9542-1mg 

AAVS1-Pur-CAG-EGFP Plasmid Addgene #80945 

Amyloid-beta 1-40 Bachem Holding 4014442 

Beta-mercaptoethanol (Western Blot) Applichem A1108.0025 

Boric Acid Sigma-Aldrich B6768-500G 

Bovine Serum Albumin (Cell Culture) Gibco 15260037 

Bovine Serum Albumin (Western Blot) Biomol 1400.100 

Cremophore EL Sigma-Aldrich C51335-500G 

Dako Fluorescence Mounting Medium Agilent Technologies S302380-2 
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Table 23 Plasticware and consumables 
Article Manufacturer Article Number 

12-well plate, Costar TC-treated Corning CLS3513-50EA 

256-MEA chip Multi-Channel Systems 256MEA100/30iR-ITO-

pr 

6-well plate, Costar TC-treated Corning CLS3516-50EA 

8-Tube Strip, PCR Consumables Brand BR781320 

AggreWell800, 24-well StemCell Technologies 34811 

Amersham Protan Nitrocellulose 

Membranes, 0.2 µm 

VWR International 10600001 

Amersham™ Hyperfilm™ films VWR International 28-9068-36 

Neubauer Zählkammer Improved Sigma-Aldrich BR717820-1E 

Cell Lifter VWR International 734-2979 

Ethylenediaminetetraacetic acid 

(EDTA) 

Sigma-Aldrich E7889 

Geltrex Gibco A1413302 

Halt™ Protease and Phosphatase 

Inhibitor Cocktail 

Thermo Fisher Scientific 78443 

HEPES (for SPR) Thermo Fisher Scientific 15630-080 

Lipopolysaccharide (LPS) Sigma-Aldrich L6511-100mg 

Normal Donkey Serum Biozol Diagnostika LIN-END9000 

NuPage™ LDS Sample Bu^er Thermo Fisher Scientific NP0007 

NuPage™ MOPS SDS Running Bu^er Thermo Fisher Scientific NP0001 

Pierce™ BCA Protein Assay Thermo Fisher Scientific 23227 

Poly-D-Lysine Thermo Fisher Scientific A3890401 

Pre-formed fibrils of alpha-synuclein Ronald Melki 

Institut François Jacob, 

Fontenay-aux-Roses, 

France 

n/a 

Puromycin Sigma-Aldrich P8833-10mg 

ReLeSR StemCell Technologies 100-0483 

Skim Milk Powder Merck 70166-500G 

Sodium Azide Sigma-Aldrich S2002-5G 

Stempro™ Accutase Gibco A1110501 

SuperSignal™ West Dura Extended 

Duration Substrate 

Thermo Fisher Scientific 34076 

SuperSignal™ West Substrate Pico 

Plus Chemiluminescent Substrate 

Thermo Fisher Scientific 34080 

Tween-20 Sigma-Aldrich P2287 
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Cell Strainer, 40 µm EASYSTRAINER Greiner Bio-One 542040 

Conical tubes, 15 and 50 ml Greiner Bio-One 188261-N and 210261 

Coverslips 24 x 50 mm Menzel MZ-0029 

Coverslips, 19 mm VWR International 631-0155 

DNA Lobind tubes, safelock 

0.5, 1.5, 2 ml 

Eppendorf 00301080-35/-51/78 

Dounce Homogenizer, 5 ml Thermo Fisher Scientific 10127661 

Filcon Cell Strainer BD Biosciences 340607 

harp slice grid Multi-Channel Systems ALA HSG-MEA-5B 

Micro reaction tubes, safe-lock, 0.5, 

1.5, 2 ml 

Eppendorf 00301233-01/-28/-44 

Micropipettes, Research Plus 

2 – 1000 µl 

Eppendorf 3123000942 

Millicell® Standing Cell Culture Inserts Millipore  PICM0RG50 

Nunc Petri dish, 35 mm Thermo Fisher Scientific 153066 

NuPAGE Bis-Tris 4-12% Gels, 20 well Thermo Fisher Scientific WG1402BOX 

Potter-Elvehjem Tissue Grinders, 5 ml Thermo Fisher Scientific 10127661 

Sensor Chip Protein A Cytiva 29127557 

TOMO Adhesive Slides VWR International 631-1109E 

Wheaton Dounce Homogenizer, 7 ml Thermo Fisher Scientific 06-435A 

3.1.5	Devices	
Table 24 Devices 

Device Manufacturer Article Number 
Amaxa Nucleofactor II Device Lonza  

Biacore™ X100 system Cytiva BR110073 

Cell Culture Microscope Leica  

CellXpert® C170i Incubator Eppendorf 6731000051 
Chromium Controller  10X Genomics 120270 

Eppendorf Centrifuge 5810R Eppendorf 5811000015 

Eppendorf Microcentrifuge 5424R Eppendorf 5404900023 

Heracell™ VIOS 160i CO2 Incubator Thermo Fisher Scientific 15363212 

Heraeus Megafuge 1.0R Kendro 75003060 

HM 650 V Vibrating-Blade Microtome Thermo Fisher Scientific 12082999 

KONICA SRX-101A developer Konica Minolta  

LS MACS Separation Columns Miltenyi 130-042-401 

LSM 880 NLO microscope Carl Zeiss  

McIllwain Tissue Chopper Stoelting Europe 51350V 



Material and Methods   

 40 

3.1.6	Software	

Table 25 Software 
Software Manufacturer 

A^inity Designer v. 1.10.8 Serif Europe, West Bridgford, United Kingdom 

Biacore Analysis Software Cytiva, Marlborough, Massachusetts, USA 

FIJI 2.1.0/1.53c Schindelin et al. 2012  

GraphPad Prism 10  GraphPad Software Inc., San Diego, California, USA 

Huygens Essential 20.04 Scientific Volume Imaging B.V., Hilversum, The 

Netherlands 

Imaris 9.7.2 Bitplane, Belfast, United Kingdom 

MARS Data Analysis-Software BMG Labtech, Ortenberg, Germany 

MSD discovery workbench software 3.0 Meso Scale Discovery, Rockville, Maryland, USA 

Multi Channel Experimenter Multi Channel Systems MCS GmbH, Reutlingen, 

Germany 

Python https://www.python.org/ 

QIAxcel ScreenGel 1.5.0 Qiagen, Hilden, Germany 

Snapgene https://www.snapgene.com  

Time Series Analyzer v3 for FIJI https://imagej.nih.gov/ij/plugins/timeseries.html  

Zen Black Zeiss, Oberkochen, Germany 

MEA Headstage Multi Channel Systems MEA2100-256-

headstage 

MEA Interface Board Multi Channel Systems MCS-IFB 3.0 Multiboot 

MEA Internal Heating Element and 

Temperature Controller 

Multi Channel Systems TC02 

MEA Perfusion cannula with a heating 

element 

Multi Channel Systems PH01 

MEA Peristaltic Perfusion System Multi Channel Systems PPS2 

MEA Workstation Sensapex uM Sensapex, Oulu, Finland  

Mesoscale Sector Imager 6000 Meso Scale Discovery  

Microcentrifuge 5424R Eppendorf  

MS MACS Separation Columns Miltenyi 130-042-201 

Nanodrop2000 Thermo Fisher Scientific ND-2000 

OctoMACS Miltenyi 130-042-108 

ProFlex™ PCR System Thermo Fisher Scientific 4484073 

QIAxcel Advanced Qiagen  

Stereomicroscope Stemi 508 Zeiss 435064-9020 

Trans-Blot Turbo Blot System Bio-Rad Laboratories 170-4150 

W Plan-Apochromat x20/1.0 objective Carl Zeiss 421452-9700-000 
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3.2	Methods	

3.2.1	Cell	and	tissue	culture	

3.2.1.1	Induced	pluripotent	stem	cell	culture	
Human induced pluripotent stem cells (iPSC, for details about lines see Table 26) were 

maintained in mTeSR Plus medium (mTeSR+, Stemcell Technologies) on Geltrex-coated (Thermo 

Fisher Scientific) 6-well plates (Corning) until reaching ∼ 80 % confluency. iPSCs were routinely 

split using ReLeSR (Stemcell Technologies). After a wash with PBS (Gibco), iPSCs were incubated 

with ReLSR for 5-6 minutes (min) at 37 °C and collected using Wash Bu^er (Advanced DMEM-F12 

+ 0.1 % BSA Fraction V, both Gibco). Cells were maintained in small clumps during rinsing and 

resuspension. Detached iPSCs were collected in a conical tube (Greiner) and centrifuged at 300 g 

for 5 min (Heraeus Multifuge 3-SR) at room temperature (rt) prior to seeding them on a freshly 

coated plate, splitting ratios varied between 1:6 to 1:15. For the first 24 hours after splitting, 10 µM 

Rock-Inhibitor Y27632 (Stemcell Technologies) was added to the medium to enhance cell 

survival. iPSCs were cultured at 37 °C, 5 % CO2 and 100 % humidity with media changes 24 h after 

splitting and subsequently every other day.  

Table 26 iPSC lines 

iPSC Line 

Other 
Name / 

Identificati
on Number 

Genotype Donor Source 

BIONi010-C K3P53 Control WT 

Male, African-

American 

(Black), 15-19 

years old 

European Bank for 

induced pluripotent 

Stem Cells (EBiSC) 

KOLF2.1J  JIPSC1000 Control WT 

Male, Caucasian 

(White), 55-59 

years old 

Jackson 

Laboratories, (Jax) 

KOLF2.1J_ 

CSF1R het 
JIPSC1046 CFS1R+/E633K 

Derived from 

KOLF2.1J 

Jax 

KOLF2.1J_ 

CSF1R hom 
JIPSC1044 CFS1RE633K/E633K 

Derived from 

KOLF2.1J 

Jax 

KOLF2.1J_ 

CSF1R KO 
330_CSF1R

_KO 
CSF1R-/- 

Derived from 

KOLF2.1J 

Jax 

INDB-5-1 K5 Control WT 

Male, Caucasian 

(White),  

24 years old 

Institute of Anatomy, 

University of 

Tübingen, Liebau Lab 



Material and Methods   

 42 

3.2.1.2	Transfection	of	iPSCs	
To generate iPSCs that uniformly express green fluorescent protein (GFP), cells were transfected 

using in Human Stem Cell Nucleofector© Kit 2 (Lonza) following manufacturer’s instructions. In 

brief, iPSCs were cultured as described above. Upon reaching 80 % confluency, cells were given 

new medium containing 10 µM Y27632 one hour before they were detached to single cells using 

Accutase (Gibco, 6-minute incubation). 1 million cells were resuspended in Nucleofector© 

Solution 2 (Lonza), mixed with 2 µg plasmid DNA (AAVS1-Pur-CAG-EGFP, Addgene), 

electroporated using Nucleofector© program B-016 and immediately plated into pre-warmed 

mTeSR+ supplemented with 10 µM Y27632 onto Geltrex-coated plates. After 24 hours, fresh 

medium was added to the cells, the first full medium change was performed 48 hours post-

transfection. Three to four days post-transfection, puromycin selection (0.5 µg/ml, Sigma-Aldrich) 

was started and the supplemented medium was refreshed every day for 5 days. After 

fluorescence was confirmed at an epifluorescence microscope (Leica), iPSCs were expanded 

without further selection. 

3.2.1.3	Embryoid	body-based	differentiation	of	iMics	
Unless otherwise noted, iPSCs were di^erentiated to microglial cells (iMic) following the 

embryoid body (EB)-based protocol established by (Haenseler et al. 2017) with slight 

modifications. For this, iPSCs were washed with PBS and treated with Accutase for 6-7 min to 

detach them as single cells. Cells were collected in Wash Bu^er before they were centrifuged at 

300 g at rt for 5 min (Heraeus Multifuge 3-SR). The supernatant was aspirated, the cells were 

resuspended in Wash Bu^er and the cell number was determined using a hemocytometer 

(Neubauer Zählkammer Improved, Brand). The appropriate volume containing 2.5 million cells 

was centrifuged again, before iPSCs were resuspended in 2 ml EB Induction Medium (mTeSR+ + 

20 ng/ml SCF (R & D Systems) + 50 ng/ml BMP4 (Miltenyi Biotec) + 50 ng/ml VEGF (Miltenyi Biotec), 

supplemented with 10 μM Y27632 for the first 24 hours) and seeded into one 24-well in an 

AggreWell800 plate (pre-treated with anti-adherence rinsing solution, both Stemcell 

Technologies). The cells were centrifuged at 800 g for 3 min without break to achieve a 

homogenous distribution within the microwells that allows the formation of similarly sized EBs. 

The cells were cultivated in the microwell plate at 37 °C and 5 % CO2 for 5 days with daily 75 % 

medium changes. 

After 5 days, EBs were carefully dislodged from the AggreWell and transferred to 2 6-well plates 

with an equal number of EBs per well in 2 ml EB Di^erentiation Medium (X-Vivo 15 (Lonza), 2 mM 

Glutamax (Gibco), 0.55 mM β-mercaptoethanol (Gibco), 100 U/ml/ 100 μg/ml 
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Penicillin/Streptomycin (ThermoFisher Scientific), 25 ng/ml IL-3 (Miltenyi Biotec), 100 ng/ml CSF1 

(Miltenyi Biotec) per well. The EBs were kept in EB Di^erentiation Media at 37 °C and 5 % CO2 with 

media changes every 7 days. 

3.2.1.4	Monolayer-based	differentiation	of	iMics	
Additionally, iPSCs were di^erentiated to iMics following the monolayer-based protocol by (Takata 

et al. 2017). For this, iPSCs were cultivated as usual and plated at roughly 10,000 cells/cm2 (in 

clumps) onto Geltrex-coated plates in mTeSR+ supplemented with 10 µM Y27632. After 24 hours 

denoted as Day 0, the medium was changed to Stempro34 SFM (Gibco) supplemented with 2 mM 

Glutamax (Gibco), 0.5 mM Ascorbic Acid (Sigma-Aldrich), 150 µg/ml Transferrin (Roche), 0.45 mM 

Monothioglycerol (Sigma-Aldrich), 100 U/ml/ 100 μg/ml Penicillin/Streptomycin (Gibco) for the 

remainder of cultivation period, with medium changes every 2 days. On Day 0, the Supplemented 

Stempro34 medium was supplemented with 5 ng/ml BMP4 (Miltenyi), 50 ng/ml VEGF and 2 µM 

CHIR99021 (Miltenyi) and cells were transferred to hypoxia conditions for the next 8 days (37 °C, 

5 % CO2, 5 % O2, Eppendorf CellXpert® C170i). On Day 2, the medium was supplemented with 

5 ng/ml BMP4, 50 ng/ml VEGF and 20 ng/ml bFGF (Miltenyi). On Day 4, the medium contained 

15 ng/ml VEGF, 55 ng/ml bFGF. From Day 6 onwards, free-floating precursor cells started to 

emerge. During all subsequent media changes, the supernatant medium was collected, 

centrifuged (300 g, 5 min, rt) and the cells were resuspended in the respective medium of the day 

and returned to the culture wells. On Day 8 the cells were transferred to normoxic incubator 

conditions (37 °C, 5 % CO2, atmospheric O2). Media composition for Day 6-10: Supplemented 

Stempro-34 + 10 ng/ml VEGF, 10 ng/ml IL6 (Miltenyi), 20 ng/ml IL3, 30 ng/ml DKK1 (Miltenyi), 

50 ng/ml SCF. For Day 12 and 14, the medium was supplemented with 10 ng/ml bFGF, 10 ng/ml 

IL6, 20 ng/ml IL3 and 50 ng/ml SCF. For the final di^erentiation, SF Medium (0.75x IMDM-

Glutamax (Gibco), 0.25x F12 (Gibco), 0.5x N2 Supplement (Gibco), 1x B27 Supplement with 

Vitamin A (Gibco), 0.5 mg/ml BSA (Gibco), 100 U/ml/ 100 μg/ml Penicillin/Streptomycin (Gibco)) 

was supplemented with 50 ng/ml CSF1 (Miltenyi) on Days 16-22, before pre-iMics were harvested 

once on Day 25 and grafted to HSCs as described below. 

3.2.1.5	iMic	precursor	harvesting	and	engrafting	
After 2-3 weeks of EB cultivation, non-adherent microglial precursor cells (pre-iMic) started to be 

released into the culture medium. Pre-iMics were harvested from EB cultures once per week 

during media changes. For this, the supernatant medium was strained through a 40 µm filter 

(Greiner) and collected in 50 ml conical tubes (Greiner). The EBs and cells remaining in the well 

were provided with 2 ml fresh EB Di^erentiation Medium. The collected medium containing non-
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adhesive cells was centrifuged at 300 g for 5 min, the supernatant was aspirated, the cells were 

resuspended in Wash Bu^er and counted using a hemocytometer. Subsequently, the appropriate 

volume was taken from the suspension and centrifuged again. Pre-iMics were resuspended at 

10,000 cells/µl in EB Di^erentiation Medium (unless otherwise noted) and 1 µl of the cell 

suspension was added onto each BSC for engraftment.  

3.2.1.6	iMic	monoculture	
For experiments utilizing iMic monocultures (mono iMic), pre-iMics were harvested as described 

above. The appropriate number of pre-iMics was resuspended in iMic Monoculture Medium (50 % 

Advanced Neurobasal Medium (Gibco), 50 % Advanced DMEM-F12 (Gibco), 1 x B27 Supplement 

with Vitamin A (Gibco), 2 mM Glutamax (Gibco), 0.1 mM β-mercaptoethanol (Gibco), 100 ng/ml 

IL-34 (Miltenyi Biotec), 20 ng/ml M-CSF (Miltenyi Biotec)) and seeded at a density of 15,000-

20,000 cells/cm2 into multiplate wells. Pre-iMics di^erentiated to mono iMics over the course of 

at least two weeks prior to any experiments. Mono iMics were cultivated at 37 °C and 5 % CO2 with 

3 media changes per week.  

For experiments with subsequent immunofluorescence staining, mono iMics were cultivated on 

Poly-D-Lysine-coated ((Gibco) 50 µg/ml in Borate Bu^er (100 mM, pH 7.4)) glass coverslips (VWR) 

in 12-well plates. At the end of the cultivation period, cells were briefly washed with PBS and fixed 

with 4 % paraformaldehyde (PFA) in PBS for 10 minutes at room temperature. After three washes 

with PBS (10 min each), fixed cells were stored at 4 °C until immunofluorescence staining was 

performed.  

3.2.1.7	Cytokine	stimulation	assay	
KOLF2.1J iMics were harvested and plated as monocultures in 6-well plates as described above 

and di^erentiated in iMic Monoculture Medium for 14 days with 3 medium changes per week. The 

last medium change was carried out 48 hours before the cytokine stimulation. On the day of 

stimulation, the culture medium was replenished with 100 ng/ml hCSF1, hIL34, both human 

cytokines, mCSF1 or mIL34, respectively, for 5 min at 37 °C. Subsequently, the cells were washed 

once with cold PBS and lysed with RIPA Bu^er (1 % Triton X-100, 0.5 % sodium deoxycholate, 

0.1 % sodium dodecyl sulfate, 25 mM Tris-HCl, 100 mM NaCl) on ice for 5 min. The cells were 

scraped o^ the well, the cell lysates were collected and vortexed twice for 30 seconds followed 

by centrifugation at 10,000 g (microcentrifuge 5424R, Eppendorf SE) at 4 °C for 10 min. The 

supernatant was transferred to a new tube and either used for downstream analysis or frozen at 

- 80 °C until further processing. 
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3.2.2	Organotypic	slice	cultures	

3.2.2.1	Mice	and	genotyping	
For the preparation of organotypic hippocampal brain slice cultures (BSC), C57BL/6J (Jackson) 

and heterozygous B6.Cg-Tg(Aif1-EGFP)1Kohs/J- (short: Iba1-EGFP) (Hirasawa et al. 2005) were 

used. All animal experiments were performed in accordance with German Animal Protection 

Laws and were registered as N04/19M and N03/24M with the Regierungspräsidium Tübingen. To 

determine the genotype of Iba1-EGFP mice, prepared HSC were observed under an 

epifluorescence microscope (Leica) immediately after preparation and checked for fluorescence 

in the green channel. Adult animals used for breeding Iba1-EGFP mice were marked with ear tags 

and the tissue obtained during that process was used for subsequent genotyping. The tissue was 

lysed, and the DNA was extracted using the REDextract-N-Amp™ Tissue PCR Kit (Sigma-Aldirch) 

according to the manufacturer’s instructions. Presence of the transgene was determined via 

polymerase chain reaction (PCR) and analysis using a QIAxcel Advanced with a QIAxcel DNA 

screening kit and the QIAxcel ScreenGel 1.5.0 software (all Qiagen). 

3.2.2.2	Generation	of	hippocampal	brain	slice	cultures	
Murine organotypic hippocampal brain slice cultures (BSC) were prepared following the protocol 

initially described by (Stoppini, Buchs, and Muller 1991). In brief, p4 to p6 mouse pups (C57BL/6J 

or Iba1-EGFP) were decapitated using scissors before the brain was exposed and removed by 

incisions of skin and skull. The brain was transferred to a 35-mm Petri Dish (ThermoFisher 

Scientific) containing cold Preparation Medium (minimum essential medium (MEM; no phenol 

red; Gibco) supplemented with 2 mM Glutamax (Gibco) at pH 7.35) for further dissection. The 

hippocampi were isolated under a preparation microscope (Zeiss) and cut into 350 µm thick 

sections using a tissue chopper (McIlwain). All slices from both hippocampi were transferred into 

a new Petri dish with fresh preparation medium. Intact BSCs were subsequently randomly 

distributed onto sterile Millicell Cell Culture Inserts (Merck) (3-4 slices/insert) in 6-well plates with 

1.2 ml pre-warmed culture medium (SCM; MEM (Gibco) + 20 % Horse Serum (Gibco), 1 mM 

Glutamax (Gibco), 0.00125 % Ascorbic Acid (Sigma-Aldrich), 0.001 mg/ml Insulin (Gibco), 1 mM 

CaCl2 (Sigma-Aldrich), 2 mM MgSO4 (Sigma-Aldrich), 13 mM D-Glucose (Roth), 

100 U/ml/100 μg/ml Penicillin/Streptomycin; pH 7.28). The cultures were kept at 37 °C and 5 % 

CO2 and the medium was replaced three times per week.  
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3.2.2.3	Murine	microglia	depletion	and	iMic	engraftment	
To allow engraftment of iMics into BSCs, endogenous mouse microglia were depleted using a 

mouse-specific anti-CSF1R (CD115) antibody (Biolegend, 5 µg/ml). Unless otherwise noted, the 

depletion antibody was chronically supplemented to the culture medium from the day of 

preparation until the end of the experiment. iMic precursors were harvested as described above 

(see 3.2.1.5 ). Unless otherwise noted, they drop-grafted onto BSCs by adding 1 µl of cell 

suspension onto each BSC 2-4 days post-slice culture preparation. Subsequently, iMics were 

allowed to integrate for at least 14 days before any treatments were started.  

3.2.2.4	LPS	stimulation	of	BSCs	
Brain slice cultures were stimulated with lipopolysaccharide (LPS) to elicit pro-inflammatory 

microglial responses. cBSCs were generated as described above, before LPS was supplemented 

to the medium for 24 hours (‘acute’) or 7 days (‘chronic’). ‘Chronic’ treatment was started on 

14 DIV by adding 25 ng/ml LPS to the medium and replenishing it with every medium change 

whereas ‘acute’ treatment (200 ng/ml LPS) was started on 20 DIV. For both conditions, culture 

medium was collected on 21 DIV and analyzed for pro-inflammatory cytokine release via MSD 

(see 3.2.3.2 ). Untreated cBSCs and BSCs without human microglia served as controls.  

3.2.2.5		Induction	of	alpha-synuclein	pathology	in	BSCs	
Alpha-synuclein lesions in cBSCs were induced as previously described (Barth et al. 2021). In 

brief, cBSCs were prepared as described above. At 28 DIV 0.5 µg/µl pre-formed fibrils (p^, kindly 

gifted by Ronald Melki, Institut François Jacob) of synthetic alpha-synuclein (aSyn) were added 

on top of each cBSC once. Pathology subsequently developed over 5 weeks.  

3.2.2.6	Induction	of	amyloid-beta	pathology	in	BSCs	
Following the protocol established by Novotny et al., amyloid-beta (Ab) deposits were seeded in 

cBSCs by once adding 1 µl of brain homogenate (3000 g supernatant of 10 % homogenate, kindly 

provided by Natalie Beschorner, Tübingen) of plaque-bearing APP23 mice (Sturchler-Pierrat et al. 

1997) onto each slice and supplementing the SCM with 1.5 µM synthetic Ab1-40 (American 

Peptide/Bachem Holding) at each subsequent medium change for up to 6 weeks (Novotny et al. 

2016). 

3.2.2.7	Fixation	of	BSCs	
Slice cultures were fixed for 2 hours at room temperature by adding 1.2 ml 4 % PFA in PBS below 

and above the inserts after the culture medium had been aspirated and inserts had been washed 
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with PBS once. Upon fixation, the PFA was removed and fixed slices were washed 3 three times 

with PBS for 15 min. Slices were stored in PBS at 4 °C for up to 4 weeks. 

3.2.2.8	Human	brain	tissue	and	slice	cultures	
Healthy human brain tissue was obtained from the access tissue of resective brain tumor 

surgeries in cooperation with the University Hospital Aachen (RWTH Aachen). The tissue was 

sliced at 250 µm per slice using a vibratome (Thermo Fisher Scientific) and fixed in 4 % PFA 

immediately after slicing, as described in (Schwarz et al. 2017; 2019). Tissue from two tumor 

patients (both male, 50 and 66 years-old, respectively) was used to assess microglial network 

parameters in homeostasis ex vivo. To investigate iMic maturation in human tissue, human 

organotypic brain slice cultures were generated as described by (Schwarz et al. 2017; 2019). 

Human brain slice cultures were prepared from a 57-year old, male tumor-patient and a cultivated 

at the air-liquid interphase at 37 °C, 5 % CO2 with human cerebrospinal fluid as medium for up to 

7 days with 3 medium changes per week. Pre-iMics were grafted as described above. All Patients 

gave their informed written consent for tissue donation for scientific use prior to surgery. All 

procedures were approved by the institutional ethics board before the study onset (E064/20). 

3.2.2.9	Ethics	and	approval	of	animal	and	human	tissue	work	
All mouse experiments were registered with the Regierungspräsidium Tübingen as N04/19M and 

N03/24M and were performed in accordance with German Animal Protection Laws. All 

procedures including primary human brain tissue were approved by the institutional ethics board 

before the study onset (E064/20) and patients gave their informed written consent for tissue 

donation for scientific use prior to surgery. Data about patients was processed in accordance with 

the EU General Data Protection Regulation and sample labeling does not enable the identification 

of patients. 

3.2.3	Biochemistry	and	molecular	biology	

3.2.3.1	DNA	isolation	and	Sanger	sequencing	
To confirm the genotype of iPSCs and iMics, cells were collected as described above, washed 1x 

with PBS (centrifugation at 300 g for 5 min), pelleted in 1.5 ml micro-reaction tubes and pellets 

were frozen to -80 °C until further processing. DNA was isolated from cells using the DNeasy 

Blood & Tissue Mini Kit (Qiagen) according to manufacturer’s instructions. Isolated DNA was 

stored at -20 °C until further processing or used immediately for PCR amplification. PCR was 

performed using REDextract-N-Amp™ Tissue PCR Kit as described above.  
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PCR products were purified using the QIAquick PCR Purification Kit (Qiagen) according to the 

manufacturer’s instruction and eluted in 30 µl water. Upon determining the DNA concentration, 

samples were sent to LGC Genomics for Sanger sequencing utilizing the same primers as for 

amplification. Resulting chromatograms and sequences were analyzed using SnapGene 

(snapgene.com). 

3.2.3.2	Mesoscale	measurements	
Levels of secreted cytokines from iMics in cBSCs was analyzed in the supernatant medium at 

timepoints described in the respective sections. The medium was frozen to -80 °C until all 

samples had been collected. Cytokine levels were measured in undiluted samples using a V-PLEX 

Human Proinflammatory Panel II kit (4-Plex, IL-1b, IL-6, IL-8, TNF-a) (Meso Scale Discovery, MSD) 

according to manufacturer’s instructions with a Mesoscale Sector Imager 6000. An internal 

reference sample was run for every measurement and the data was analyzed using the MSD 

discovery workbench software 3.0. 

3.2.3.3	Surface	Plasmon	Resonance	
Binding kinetics of CSF1-receptor and its cognate human and murine ligands were assessed using 

the Biacore™ X100 system (Cytiva) for surface plasmon resonance (SPR). Both, human CSF1R 

(hCSF1R, R&D Systems) and mouse CSF1R (mCSF1R, AcroBiosystems) were bound to Protein A-

coated Sensor Chips (Cytiva) via a human Fc-tag. The receptors were diluted to 2.5 µg/ml in 

Running Bu^er (10 mM HEPES, 150 mM NaCl, 3 mM EDTA, 0.5 % Tween-20, pH 7.4, 

supplemented with 0.1 % BSA) and washed over the chip with a flow rate of 5 µl/min. Human 

PDGFRb (R&D Systems) was used as negative control. Subsequently, increasing concentrations 

of human or mouse CSF1 (both Miltenyi) and human (Miltenyi) or mouse (BioLegend) IL34, 

respectively, were washed over the bound receptors at 25 °C to analyze binding kinetics. 

Association and dissociation times di^ered for di^erent receptor-cytokine combinations and are 

listed in  

Table 27. After each cycle, the receptor was dissociated from the chip surface using 10 mM 

Glycine, pH 1.5 for 30 sec using a flow rate of 30 µl/min. 

Kinetics data was analyzed using the Biacore Analysis Software (Cytiva). Utilizing the Monovalent 

Binding Model for Kinetic Curve Fitting, binding curves were fitted to obtain association (ka), 

dissociation (kd) and equilibrium (KD) constants. The combination of hCSF1R and mCSF1 showed 

kinetic parameters outside the analysis program’s scope, hence an equilibrium-based fitting was 

performed. 
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Table 27 SPR analyte details 

3.2.3.4	Determination	of	protein	concentration	
The protein concentration in cell lysates was determined with the Pierce™ BCA Protein Assay Kit 

(Thermo Fisher Scientific) according to the manufacturer’s instruction. In brief, samples were 

diluted 1:10 in double-distilled water and incubated with the working reagent at 37 °C for 30 min. 

Absorption was assessed with FLUOstar Omega (BMG Labtech) at 562 nm. A standard curve with 

bovine serum albumin (BSA) concentrations ranging from 25-2000 µg/ml was generated using the 

MARS Data Analysis Software (BMG Labtech) and protein concentrations in samples was 

calculated. 

3.2.3.5	Gel	electrophoresis	and	Western	Blot		
For gel electrophoretic separation of proteins, cell lysates containing 10 µg total protein were 

mixed with 1x NuPAGE™ LDS sample bu^er (Thermo Fisher Scientific) containing 5 % b-

mercaptoethanol and denatured at 70 °C for 10 min. Gel electrophoresis was performed on 

NuPAGE™ Bis-Tris 4-12 % gels (Thermo Fisher Scientific) using 1x NuPAGE™ MOPS SDS running 

bu^er (Thermo Fisher Scientific) at 200 V and 20 mA per gel. Subsequently, separated proteins 

were transferred to Amersham™ Protan® 0.2 µm nitrocellulose membranes (Cytiva, pre-activated 

in transfer bu^er (192 mM glycine, 25 mM Tris, 20 % methanol) for 5 min) using the Trans-Blot® 

Ligand analyte 
combination 

Association 
time 

Dissociation 
time 

Flow rate Concentration 
cytokine 

hCSF1R + hCSF1 180 s  3600 s 30 µl/min 8 nM -0.48 pM 

hCSF1R + mCSF1 180 s 3600 s 30 µl/min 250 nM - 0.12 nM 

hCSF1R + hIL34 180 s 4200 s 30 µl/min 40 nM - 0.04 nM 

hCSF1R + mIL34 180 s 4200 s 30 µl/min 40 nM - 0.04 nM 

mCSF1R + mCSF1 300 s 3600 s 10 µl/min 20 nM - 0.01 nM 

mCSF1R + hCSF1 180 s 3600 s 10 µl/min 40 nM - 0.02 nM 

mCSF1R + mIL34 180 s 3600 s 30 µl/min 10 nM - 0.01 nM 

mCSF1R + hIL34 120 s 4200 s 20 µl/min 80 nM - 0.04 nM 

hPDGFRβ + hCSF1 180 s 3600 s 30 µl/min 8 nM - 0.48 pM 

hPDGFRβ + hIL34 180 s 1800 s 30 µl/min 250 nM - 0.12 nM 

hPDGFRβ + mCSF1 180 s 4200 s 30 µl/min 80 nM - 0.04 nM 

hPDGFRβ + mIL34 180 s 4200 s 30 µl/min 80 nM - 0.04 nM 
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Turbo™ Transfer System (Bio-Rad Laboratories) at 200 mA and 25 V for 60 min. Uniform transfer of 

proteins was confirmed by Ponceau S staining (0.2 % Ponceau S, 10 % acetic acid) at rt for 5 min.  

All following washing steps were repeated 3 times with TBS-T (150 mM NaCl, 15.22 mM Tris HCl, 

4.62 mM Trizma Base, 0.1 % Tween-20) at rt for 10 min. Membranes were blocked in 5 % skim milk 

(Merck) or 5 % BSA (Biomol) in TBS-T at rt for 1 hour before washing and subsequent primary 

antibody incubation (anti-CSF1R, anti-phospho CSF1R, anti-ERK1/2, anti-phospho ERK1/2; for 

details see Table 16; diluted in 5% BSA in TBS-T with 0.2% sodium azide) at 4 °C over night. After 

washing, membranes were incubated with secondary antibodies (goat-anti-rabbit-HRP and 

donkey-anti-mouse-HRP; for details see Table 16; diluted in 5 % BSA in TBS-T with 0.2 % sodium 

azide) at rt for 1 h and incubated with SuperSignal™ West Pico PLUS or Dura Chemiluminescent 

Substrate (Thermo Fisher Scientific) for 5 min after another wash. Western Blot development onto 

Amersham™ Hyperfilm™ films (Cytiva) was performed with a KONICA SRX-101A developer (Konica 

Minolta, Marunouchi, Japan). House-keeping genes (anti-GAPDH, anti-β-III-tubulin; diluted in 

TBS-T with 0.2% sodium azide) were assessed as described above to control for cellular protein 

levels. Quantitative analysis of Western Blots was performed with FIJI. To obtain the change of 

protein levels upon stimulation, total signal of bands of interest was normalized to the respective 

house-keeping gene and subsequently to the mean value of technical repeats of the respective 

control. 

3.2.4	Single-cell	RNA-sequencing	

3.2.4.1	Re-isolation	of	iMics	from	cBSCs	
For single-cell RNA-sequencing (scRNAseq), iMics were re-isolated from cBSCs after 4, 8, 12 

weeks. cBSCs were carefully removed from the insert using the small end of a cell lifter (VWR) and 

transferred to 7-ml Dounce Homogenizers (Wheaton, tight-fit piston) in 2 ml cold Dissection 

Medium (1x HBSS (140 mM NaCl, 5 mM KCl, 0.2 mM KH2PO4, 3 mM D-Glucose, 25 mM HEPES), 

0.5 % Glucose, 0.1 mg/ml DNAse I (Sigma). After 5 slow homogenization strokes, the cell 

suspension was transferred to 5-ml Potter-Elvehjem Tissue Grinders (Thermo Fisher) and 

homogenized 3 more times. Subsequently, the cell suspension was filtered through a 70-µm cell 

strainer (Filcon Filter, BD Bioscience) into a 15-ml conical tube and centrifuged at 400 g for 15 min 

without break (Eppendorf 5810R). The supernatant was discarded, and cells were resuspended 

in 80 µl cold MACS Bu^er (PBS + 0.5 % BSA Fraction V). Human cells were separated from mouse 

cells using the Mouse Cell Depletion Kit (Miltenyi) with MS columns (Miltenyi) according to 

manufacturer’s instructions. In brief, 20 µl of kit solution was added to the cells and they were 
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incubated on a rotor at 4 °C for 15 min. The volume was adjusted to 500 µl and the cell suspension 

was applied to the prepared columns. The columns were subsequently washed twice with 500 µl 

MACS Bu^er and the flow-through containing unbound, human cells was collected and pooled. 

Afterwards, cells were centrifuged for 10 min (400 g, 4 °C, no break). The pellet was resuspended 

in 100 µl PBS + 0.04 % BSA and the cell number was determined. The cell concentration was 

adjusted to 1,000 cells/µl prior downstream processing for scRNAseq.  

For each biological replicate, slices from 3-4 plates of cBSCs were pooled, while 3 biological 

replicates were processed for each timepoint and pooled for downstream analysis. Di^erent 

replicates were defined by di^erent, independent di^erentiations of iMics.  

3.2.4.2	Collection	of	pre-iMics	for	scRNAseq	
Pre-iMics harvested on the day of cBSC engraftment were immediately processed for scRNAseq 

to investigate maturation changes over time. Pre-iMics were harvested as described above and 

the cell number was determined. Subsequently, an appropriate volume was transferred to a 

microcentrifugation tube, cells were collected by centrifugation (5 min, 300 g, rt) and 

resuspended at 1,000 cells/µl in PBS + 0.04 % BSA. Cell suspension was kept at 4 °C until loading 

the scRNAseq chip (see 3.2.4.4 ). 

3.2.4.3	Collection	of	monoculture	iMics	for	scRNAseq	
As comparison, iMics were cultured in monoculture for 21 DIV as described above (see 3.2.1.6 ). 

Cells had been plated at 15,000 cells/cm2 on 50-mm-dishes with three full medium changes per 

week. On the day of sample preparation, the medium was aspirated, cells were briefly washed 

with PBS and detached as single cells using Accutase (Gibco). After a 6-minute incubation at 

37 °C, cells were washed o^ the plate using Wash Bu^er and collected in conical tubes. Cells 

were centrifuged at 300 g for 5 min, and the pellet was resuspended in PBS + 0.04 % BSA. The cell 

number was determined using a hemocytometer and cells were centrifuged again. The cell 

density was adjusted to 1,000 cells/µl in PBS + 0.04 % BSA and cells were stored at 4 °C until 

sample processing was performed as described below. 

3.2.4.4	scRNAseq	sample	processing	
Obtained pre-iMics, mono iMics or recovered cBSC-iMics were immediately processed for 

scRNAseq using Chromium Next GEM Single Cell 3’ Kit v3.1 (10X Genomics) according to 

manufacturer’s instructions (User Guide Rev C, August 2021). All samples were loaded at 

1,000 cells/µl onto Chromium Next GEM Chip (Chip G, 10X Genomics) for GEM generation using 

Chromium Controller (10X Genomics). cDNA amplification, fragmentation, A-tailing, and indexing 



Material and Methods   

 52 

were performed according to the protocol using SPRIselect (Beckman Coulter) as cleanup 

reagent. Quality control and determination of cDNA concentrations were performed using 

TapeStation4200 and D5000 High Sensitivity ScreenTapes (both Agilent), as recommended. For 

each sample, one separate library was generated using the 3’ Gene Expression Dual Index Library 

Construction kit with Dual Index Plate TT Set A (both 10X Genomics). Libraries were stored at 

- 20 °C until samples were prepared for sequencing.  

3.2.4.5	scRNAseq	sample	sequencing	
Final sample preparation and sequencing were performed at the NGS Competence Center 

Tübingen (NCCT). scRNAseq was performed with the Illumina NovaSeq 6000 system and the 

NovaSeq 6000 SP Reagent Kit v1.5 (Illumina) using a NovaSeq 6000 S2 flow cell (Illumina) with a 

sequencing mode of:  Read 1: 28 + Index i7: 10 + Index i5: 10 + Read 2: 90. 

3.2.4.6	scRNAseq	analysis	
Processing and analysis of scRNAseq data was performed at the Zentrum für Quantitative 

Biologie (QBiC) Tübingen by Dr. Jun-Hoe Lee using the CellRanger analysis pipeline (v7.10). 

Quality control was performed to exclude empty droplets, doublets and dying cells. For this, cells 

with >10 % mitochondrial counts were excluded from downstream analysis as well as cells that 

had more than 4,500 or less than 200 unique feature counts. Reads were aligned to the reference 

and a gene expression matrix (containing UMI counts per gene per cell) was generated. 

Dimensionality reduction analysis was performed using the R package Seurat (v5.0.1). For cell 

clustering, the k-nearest neighbors of each cell were determined based on Euclidean distance in 

PCA space. The edge weights between any two cells were refined based on shared overlap in their 

local neighborhoods (PCs:30, resolution: 0.8). Cell clusters were plotted using the uniform 

manifold approximation and projection (UMAP) technique.  

Finally, gene-expression levels for a selected set of genes were compared for pre-iMics, 

monocultures iMics at 21 DIV, and grafted iMics at 28, 56 and 84 DIV. A similar set of genes was 

compared for grafted iMics at 28 and 56 DIV from cBSCs with and without induced 

synucleinopathy. Graphs were produced in RStudio with R version 4.3.2 (2022-10-31) mainly using 

the R package ggplot2 v3.5.0. Final reports were produced using the R package rmarkdown v2.25, 

with knitr v1.45. 
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3.2.5	Immunohistochemistry	and	imaging	

3.2.5.1	ImmunoVluorescence	staining	of	brain	slice	cultures	
Fixed but unsectioned brain slice cultures were used for immunofluorescent staining. BSCs 

remained attached to the membrane to maintain the top-bottom orientation for later imaging and 

analysis and were thus carefully excised from the insert using a scalpel and transferred to a 48-

well plate (Corning; one well per condition). Antigen retrieval was only performed for hTMEM119 

staining. Slices were washed for 10 min in PBS on a shaker prior to 2 h of blocking unspecific 

bindings (5 % Normal Donkey Serum (NDS; Biozol Diagnostica), 0.3 % Triton X-100 (Sigma-Aldrich) 

in PBS) at rt. Primary antibody incubation was performed in 2 % NDS and 0.3 % Triton X-100 in PBS 

at 4 °C (for dilution and incubation duration see Table 17). Subsequently, slices were washed 

three times with PBS at rt for 15 min before they were incubated with secondary antibodies (in 1 % 

NDS, 0.3 % Triton X-100 in PBS, for details see Table 18) at rt for 2  . After another 3 washes in PBS 

slices were either stained with amyloid-binding dyes (see below) or carefully mounted onto 

adhesive glass slides (TOMO) by carefully detaching them from the membrane with a brush. To 

attach slices to slides, they were dried at 37 °C for 15 min and then coverslipped with Dako 

Fluorescent Mounting Medium (Dako). Slides were dried at room temperature in the dark over 

night and subsequently stored at 4 °C. 

3.2.5.2	ImmunoVluorescence	staining	of	mono	iMics	
Coverslips with mono iMics were permeabilized with 0.3 % Triton-X 100 in PBS at room 

temperature for 10 minutes. Subsequently, cells were washed 3x 5 min with PBS and blocked 

1 hour at rt with 0.1 % Tween-20 (Sigma-Aldrich) + 10 % NDS to prevent unspecific antibody 

binding. Primary antibody incubation was performed overnight at 4 °C in 10 % NDS in 0.1 % PBS-

Tween-20 (for antibodies used, see Table 17). Cells were again washed 3x 5 min with PBS-Tween-

20 before the fluorescently labeled secondary antibodies (see Table 18) were incubated for 1 hour 

at rt. After 2 washes with PBS, counterstaining using DAPI (1:1,000 in PBS; Sigma-Aldrich) was 

performed for 5 min at rt. Finally, slices were washed two more times with PBS and mounted onto 

TOMO IHC adhesive glass slides using Dako Fluorescent Mounting Medium. Slides were dried at 

room temperature in the dark over night and subsequently stored at 4 °C. 

3.2.5.3	LCO	staining	
To stain amyloid aggregates in tissue and cells, BSCs were stained with Luminescent Conjugated 

Oligothiophenes (LCO) which specifically bind to distinct amyloid structures. This staining was 

performed subsequently to the incubation with fluorescently labelled secondary antibodies (see 
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above). The LCO dye pentamerformyl thiophene acetic acid (pFTAA; 3 μM) was incubated with 

BSCs for 30 min at rt before slices were washed three times with PBS and mounted as described 

above. 

3.2.5.4	Methoxy-XO4	staining	
Alternatively, aggregated amyloid-beta in BSCs was visualized using Methoxy-X04 (Biomol). As for 

LCOs, the immunofluorescent protocol was performed as usual before 0.04 mg/ml Methoxy-X04 

in PBS was added to slice cultures for 30 min at room temperature.  

3.2.5.5	Confocal	imaging	
Confocal images were obtained using an upright Zeiss LSM 880 NLO microscope with ZEN Black 

Software (Zeiss). All images were acquired using a water-immersion x20 objective (W Plan-

Apochromat x20/1.0; Carl Zeiss). To depict microglial morphology, z-stack images were acquired, 

and maximum intensity projections were generated.  

3.2.5.6	2-Photon	live	cell	imaging	
Timelapse movies of live cell movement of GFP-positive microglia (BSCs of Iba1-EGFP mice or 

cBSCs with CAG-GFP transgenic iMics) were acquired using an upright Zeiss LSM 880 NLO 

microscope with an IR-optimized water-immersion x20 objective (W Plan-Apochromat x20/1.0, 

Carl Zeiss). During acquisition the slice cultures were placed in a custom-made slice culture 

holder, which securely keeps the inserts at the same position. BSCs were sub-merged in pre-

warmed SCM, that was constantly supplemented with carbogen (5 % CO2: 95 % O2). The medium 

was steadily pumped to the imaging chamber via the customized slice culture holder and stage-

top incubator to guarantee stable imaging conditions.  

Two-photon excitation was obtained with a MaiTai eHP (Spectra Physics) laser, tuned at 920 nm 

for excitation of GFP. The emitted light was collected using Non-Descanned GaAsP detectors with 

a 520/50 emission filter. Images were acquired every two min at a resolution of 0.208 x 0.208 x 

0.830 μm per voxel. To induce focal laser lesions, the MaiTai eHP laser was tuned to 810 nm, set 

to ‘point scan’ mode on lowest scanning speed with maximum power for 8 seconds.  

3.2.6	Image	processing	

All movies acquired with 2-Photon live-cell imaging were deconvolved using Huygens Essential 

(Scientific Volume Imaging B.V., Hilversum) prior further processing and analysis. 

All images for figures were generated using “Maximum Intensity Projections” of z-stacks in FIJI. 
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3.2.6.1	Analysis	of	microglia	morphology	
Confocal images were imported into the Imaris Software version 9.7.2 (Bitplane) to analyze 

microglial morphology parameters. First, nuclear signals obtained from KU80 (human nuclei) and 

PU.1 (microglia nuclei) were semi-automatically reconstructed using the ‘Spots’ function. The 

‘Surfaces’ tool was utilized to reconstruct the entire slice culture volume by applying a very low 

absolute intensity threshold (between 1 and 5 for 8-bit images). The number of nuclei per channel 

was subsequently normalized to the total culture volume to quantify graft numbers and 

e^iciencies. Additionally, nuclear signals were used for nearest-neighbor distance analyses using 

the implemented statistics for ‘Distance to Nearest Neighbor’ in Imaris. 

To reconstruct microglial morphology, the signal of Iba1 staining was used. Based on the absolute 

intensity of the Iba1 signal, cells were semi-automatically reconstructed with the ‘Surfaces’ tool. 

Microglia that touched the borders of images were excluded from the analyses. The obtained 3D-

reconstruction of cells was used to create a new channel in the image which removed all signal 

outside of the reconstructed microglia to improve downstream analysis using the ‘Filaments’ tool. 

In the ‘Statistics’ tab of the ‘Filaments’ tool, ‘Filament Length (sum)’ (Length of all microglial 

processes per cell) and ‘Filament No. Dendrite Branch Pts’ (Number of microglial branchpoints 

per cell) were analyzed as measures for ramification and cellular complexity. 

Finally, the volume occupied by each microglia (the volume of the convex hull) was calculated 

using MATLAB 2021b and the MATLAB plug-in ‘Convex hull’ for Imaris, available on the Imaris 

customer portal.  

3.2.6.2	Analysis	of	microglia	dynamics	
Microglia dynamics obtained from 2-Photon live-cell imaging were analyzed using Imaris. Using 

the ‘Surfaces’ and ‘Filaments’ tools, the microglial morphology was reconstructed as descried 

above (see 3.2.6.1 ) for each timepoint of the timelapse movie and process movement was 

tracked by the ‘Filaments’ tool up to a distance of 10 µm between two subsequent frames.  

In order to quantify microglial responses to a focal laser lesion, the injury site was reconstructed 

at the first frame after lesion-induction using the ‘Spots’ function when no microglial processes 

were present at the site yet. The obtained reconstruction was duplicated onto all subsequent 

timepoints and pixel values for this area were set to zero in all frames. Next, a vantage plot was 

generated in Imaris (Spatial View) to calculate the average pixel intensity in dependence of the 

distance to the lesion site at each timepoint. Lastly, the intensity values for each movie were 
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normalized to the highest value of the respective movie and averaged over all movies per group 

using MATLAB (see 11 Scripts and Macros). 

3.2.6.3	Microglial	inclusions	
LCO-positive inclusions within iMics were analyzed using Imaris. 3D-reconstruction of iMics in 

tilescans of entire cBSCs were performed as described above (see 3.2.6.1 ). Afterwards, all voxels 

of the LCO (pFTAA) channel outside of the reconstructed microglial surfaces were set to ‘zero’ to 

exclude them from analysis. LCO-positive signal within iMics in this created channel were 

subsequently reconstructed with the ‘Spots’ tool in order to quantify the number of “LCO-positive 

inclusion”-positive microglia. This number was divided by the total number of iMics to obtain the 

relative amount of iMics with LCO-positive inclusions. Furthermore, the relative volume of LCO-

positive inclusions within iMics was determined by reconstructing the LCO-positive signal using 

the ‘Surfaces’ function in an intensity-based manner as described above for microglia and 

normalizing it to the total cBSC volume.   

3.2.7	Electrophysiology	

3.2.7.1	Multi-electrode	array	measurements	
To assess neuronal network activity in BSCs and cBSCs, slices were recorded after 6 and 

12 weeks in vitro using multi-electrode arrays (MEA). For each timepoint, 3 slices of each 

condition were recorded. All recordings were performed using a standard extracellular solution 

(124 mM NaCl, 26 mM NaHCO3, 3.5 mM KCl, 1 mM MgCl2, 2 mM CaCl2, 1.2 mM NaH2PO4, 20 mM 

Glucose (pH 7.4, osmolarity: 305 mOsm/kg, equilibrated with 95 % O2/5 % CO2). 

The slice cultures were carefully removed from the insert using a fine brush and transferred to the 

submerged recording chamber of a 256MEA chip (Multi Channel Systems) attached to a 

MEA2100-256 headstage (Multi Channel Systems) and fixed with a harp slice grid (Multi Channel 

Systems). Due to the small size of BSCs, only a fraction of the electrodes was covered by the 

tissue, which was documented by microscopy images together with the exact position (using an 

Olympus UPlanFLN 4x objective).  

To reduce confounding e^ects of handling the BSC and mounting of the chip, recordings were 

initiated after 5 min using the ‘Multi Channel Experimenter’ software. The recording chamber was 

perfused with extracellular recording solution at a rate of 6.5 ml/min using a Peristaltic Perfusion 

System (Multi Channel Systems) and the temperature was set to 34 °C. Baseline activity was 

recorded for 10 min at a sampling rate of 25 Hz. Subsequently, slices were perfused with a 
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modified recording solution containing 8 mM KCl (“high potassium”) to provoke accelerated 

activity. Upon 5 min of incubation in the “high potassium” solution, neuronal activity was again 

recorded for 10 min.  

3.2.7.2	MEA	analysis	
The average spike count per slice was analyzed using a custom-made Python script based on 

SpyKING CIRCUS (https://github.com/spyking-circus/spyking-circus; Yger et al. 2018). Channels 

not covered by tissue were registered as ‘dead channels’ and were not analyzed. For each 

recording, default steps filtering, whitening, clustering, fitting, and merging were performed. To 

analyze spike counts, a 300 Hz butterworth filter and the recommended threshold for spike 

detection were used.  

3.2.8	Structure	prediction	by	ColabFold		

The tertiary structures of hCSF1RD1-D3 with hCSF1, hIL34, mCSF1 and mIL34 were predicted using 

ColabFold: Alphafold2 using Mmseqs2 (Mirdita et al. 2022). The receptor and ligand sequences 

were added twice, separated by colon symbol to ensure the prediction of quadromers. All models 

were run for 5 recycles with version v3. The structures with highest pLDDT values were selected 

for further analysis. Representations of all structural models were prepared with ChimeraX 

(Pettersen et al. 2021). The PAW Viewer (Elfmann and Stülke 2023) was used to visualize 

Predicted Aligned Error plots. Interaction interfaces for each complex were computed using the 

PDB Proteins, Interfaces, Structures, and Assemblies (PISA) interface (Krissinel and Henrick 

2007) 

3.2.9	Data	analysis	

All statistical analysis including the creation of figures were performed in GraphPad Prism 9 

(GraphPad Software, San Diego, California). Unless otherwise noted, individual datapoints 

represent biological replicates with one to three technical replicates each. Error bars represent 

the standard error of the mean (SEM). P-values smaller than 0.05 were considered statistically 

significant. All graphical schematics were created in Biorender.com, graphs were generated with 

GraphPad Prism (version 10.1.1) and figures were designed with A^inity Designer (version 1.10.8).
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4 Results	
4.1	Establishment	and	characterization	of	chimeric	brain	slice	

cultures	

4.1.1	Generation	of	iPSC-derived	microglia	

Studying human microglia has advanced in the past 15 years due to the generation of several 

protocols deriving microglia-like cells from induced pluripotent stem cells (Speicher et al. 2019). 

These protocols take into account the distinct microglial ontogeny but vary in their timing and 

methodology applied. I di^erentiated iPSCs to microglia-like cells using two previously published 

protocols to compare their feasibility. Following the protocol established by Haenseler et al. 2017, 

iPSCs were pushed towards mesodermal lineage di^erentiation during embryoid body (EB) 

formation followed by induction of primitive hematopoiesis in medium containing IL3 and CSF1. 

During that time, EBs formed cysts (Figure 5 A: EB body: blue asterisk, cyst: green arrow head) 

from which microglial precursor cells (pre-iMic, pink asterisk) were released into the medium after 

two to three weeks. EBs attached to the cell culture well via endothelium-like cells (pink 

arrowhead). Pre-iMics were collected and di^erentiated towards iMics in 2D cultures with 

medium containing CSF1 and IL34 (Figure 5 A+C). On the other hand, using the protocol 

established by Takata et al. 2017, microglia-like cells were derived using a monolayer-based 

approach. iPSCs were subjected to hypoxic (5 % O2) conditions for the first 8 days with a more 

vigorous external control of growth factors to induce mesodermal fate (Figure 5 B). This was 

followed by the induction of the primitive hematopoietic lineage by the additional 

supplementation of IL6, IL3, dickkopf-1 (DKK1) and SCF. From Day 16 onwards, precursor cultures 

were subjected to CSF1 to induce final precursor maturation, before pre-iMics were collected and 

plated in 2D as EB-based iMics. 

iMics derived from those two protocols were indiscernible by eye and behaved very similarly in 

their subsequent maturation and di^erentiation. Adhesion and extension of first processes was 

observed after 24 hours. iMics first presented as spindle-shaped cells that became more complex 

over cultivation time (Figure 5 A). At 14 days in culture, iMics from both protocols were ramified 

and expressed key microglial markers IBA1, TMEM119 and TREM2 (Figure 5 C). Independent of 

the protocol, however, iMics cultured in 2D monocultures never reach the maturity observed in ex 

vivo adult human microglia (Park et al. 2023). Thus, to study human iPSC-derived microglia in a 
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more relevant setting, I aimed to establish a novel in vitro model system that combines the high 

accessibility of 2D culture systems with the tissue complexity found in vivo.  
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Figure 5 Generation of iPSC-derived microglia 
A) Timeline and representative images of cell states during di_erentiation of human induced pluripotent stem cells 
(iPSC) towards iPSC-derived microglia (iMics) following the embryoid body (EB)-based protocol by Haenseler et al. 
2017. After 5 days in AggreWell200 plates, uniform EBs were plated to di_erentiate for at least 21 days in medium 
containing 100 ng/ml CSF1 and 100 ng/ml IL3. During di_erentiation, EBs grew and formed cystic structures (EB body: 
blue asterisk, cyst: green arrow head) and attached to the cell culture well via endothelium-like cells (pink arrow head). 
iMic precursor cells (pre-iMics, pink asterisk) were released from EBs and could be collected from the medium. Scale 
bars: 100 µm. B) Timeline to di_erentiate iPSCs to iMics using the monolayer-based protocol by Takata et al. 2017. 
Monolayer di_erentiation was subjected to hypoxic conditions (5 % O2) for the first eight days of di_erentiation and 
relied on external supplementation of more mesoderm-inducing cytokines. While the individual stages of the protocols 
vary in length, the overall length for both protocols was the same. Independent of the protocol, final iMic di_erentiation 
lasts 14 days in medium containing 20 ng/ml CSF1 and 100 ng/ml IL34. C) Representative images of pre-iMics obtained 
from both protocols (left) and immunofluorescent images for key microglial markers TMEM119 (green), Iba1 (magenta) 
and TREM2 (yellow) after 14 days in culture show no obvious di_erence between protocols. Scale bars: brightfield 
images: 100 µm; immunofluorescent images: 20 µm. 

4.1.2	Murine	microglia	depletion	 in	brain	slice	cultures	using	a	mouse-

speciXic	anti-CSF1R	antibody	

Previous studies engrafting human iPSC-derived microglia into the brains of mice have shown that 

engraftment is more e^icient if murine microglia are absent from the brain, indicating that a niche 

has to be generated (Hasselmann et al. 2019; Mancuso et al. 2019). I aimed to investigate whether 

these xenotransplantation models could be adopted in vitro, by utilizing organotypic hippocampal 

brain slice cultures (BSC) and engrafting them with human iPSC-derived microglial precursor 

cells. Before I could establish grafting paradigms, I evaluated microglia depletion approaches. 

Mouse models with genetic ablation of microglia could present with decreased fertility and 

neurodevelopmental defects (Erblich et al. 2011; Rocío Rojo et al. 2019) and were not considered 

due to legal restrictions. Small molecule inhibitors of CSF1R like PLX are not species-specific, 

which negatively a^ects engraftment rates of iMics (Chadarevian et al. 2022; Ogaki, Ikegaya, and 

Koyama 2022). To overcome the negative e^ect of depletion on potential grafting e^iciency, I 

established a depletion protocol for murine microglia using a mouse-specific anti-CSF1R 

antibody (CD115, Biolegend). By applying the antibody directly to the slice culture medium, the 

limitation of BBB penetration by antibodies in vivo is overcome.  

BSCs were generated from four- to six-day-old C57BL6/J (B6) mice and cultivated with slice 

culture medium (SCM) for 10 days until culture conditions stabilized. Medium was then 

supplemented with the mouse-specific a-CSF1R-antibody (5 µg/ml) for 7 days before cultures 

were either fixed or switched back to regular SCM. For the time of depletion, the depletion 

antibody was re-administered with every medium change (Figure 6 A). During depletion, 

microglial numbers rapidly decreased by 85.6 ± 3.01 % within one week (Figure 6 B+C; 
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p = 0.0077). However, withdrawal of the antibody resulted in a repopulation to 67.85 ± 15.48 % of 

control levels after seven days (Figure 6 B+D; p = 0.025). This indicates that depletion is highly 

e^icient, but that some cells withstood the treatment for at least seven days. These non-depleted 

microglia also retained the ability to divide and replenish the microglial niche once the inhibition 

of CSF1R was ceased. The findings are in line with previously published data for microglia 

depletion using small molecules in vitro and in vivo (J. Han, Harris, and Zhang 2017; Coleman Jr, 

Zou, and Crews 2020; L. Zhan et al. 2020; Barth 2023) and demonstrated that microglia depletion, 

in principle, can be achieved using the mouse-specific a-CSF1R-antibody. 

 

 



Results   

 62 

Figure 6 Depletion of murine microglia in brain slice cultures using a mouse-specific anti-CSF1R antibody  
A) Experimental timeline: All mouse BSCs were cultured for 10 days in vitro (DIV) in regular slice culture medium (SCM) 
before treatment onset. The ‘control’ group was cultured in SCM for the entire experiment. For treatment, the 
‘repopulation’ and ‘depletion’ groups were switched to culture medium supplemented with 5 µg/ml anti-CSF1R 
depletion antibody for 7 and 14 days, respectively. The ‘repopulation’ group was cultured with regular SCM after 7 days 
of depletion. Generated with Biorender.com. B) Representative images of entire BSCs for the three experimental groups. 
Microglia were stained against Iba1 (magenta; microglial cytoplasm) and PU.1 (green; microglial nuclei). Scale bars: 
200 µm. C) Microglia depletion e_iciency measured as microglial density (number of PU.1+ cells per volume) compared 
to control. Treatment with anti-CSF1R antibody decreased microglial cell numbers to 8 % of control cultures after 2 
weeks. N (groups) = 6; number of independent experiments per group = 3; Kruskal-Wallis test with Dunn’s multiple 
comparison test p = 0.0077. D) Microglia density in the three experimental groups in A) measured as microglia (PU.1+) 
per volume. After withdrawal of the anti-CSF1R antibody, microglia repopulated the BSC, to 68 % of the original density 
within one week. n (groups) = 3; number of independent experiments per group = 3; Kruskal-Wallis test with Dunn’s 
multiple comparison test p = 0.025. All plots show mean ± SEM.  

4.1.3	Optimization	of	iMic	grafting	conditions		

Next, I generated chimeric brain slice cultures (cBSC) by grafting BINOi010C pre-iMics to BSCs. I 

wondered if iMics required a microglia-free niche or could co-exist with murine microglia in BSC. 

To this end, pre-iMics were introduced to BSCs with intact microglial networks or those depleted 

of endogenous microglia for one or two weeks, respectively (Figure 7 A). In contrast to the 

previous experiments, the depletion antibody was supplemented from the day of BSC 

preparation, as depletion e^iciency reportedly decreases upon microglial reactivity (Le, 

O’Banion, and Majewska 2024). Pre-iMics were added on the day depletion was initiated and fixed 

after 14 days in vitro (DIV). Human cells in cBSCs were identified by staining for the human-

specific nuclear marker KU80 (STEM101, Takata Bio) in all experiments to distinguish them from 

murine cells. KU80+ cells that additionally expressed the microglial transcription factor PU.1 were 

defined as iMics, whereas PU.1+ but KU80- cells were defined as endogenous murine microglia. 

Only a continuous depletion with a-ms-CSF1R-antibody for 2 weeks resulted in high counts of 

human-derived cells and grafting e^iciencies (percentage of iMics per total microglia). Non-

depleted BSCs were barely engrafted. When murine microglia were suppressed throughout the 

experiment, human-derived cells (KU80+ and PU.1+) accounted for 92.9 ± 0.53 % of all microglia 

(total PU.1+). In contrast, only 7.64 ± 2.61 % of all microglia were of human origin in non-depleted 

cBSCs which was only slightly increased to 21.8 ± 4.13 % in 1-week depleted slices (Figure 7 B-

D; Panel C: p = 0.0107, Panel D: p = 0.0036). This shows, that iMics depend on a microglia-free 

niche to engraft BSCs and that this niche needs to be sustained throughout the experiment by a 

continuous suppression of murine microglia. Additionally, a-ms-CSF1R-antibody treatment does 

not a^ect human cells, as they would not engraft otherwise.  
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Figure 7 Optimization of iMic grafting conditions to generate chimeric brain slice cultures 
A) Schematic of experimental timeline. iMics were grafted on the day of preparation for all conditions. ‘No Depletion’ 
BSCs (nod) were cultivated in regular SCM for the entire experiment. The ‘1 w Depletion’ (1wd) and ‘2 w Depletion’ (2wd) 
groups were cultivated in depletion medium (SCM + 5 µg/ml anti-CSF1R antibody) from the day of preparation. After 1 
week, the ‘1wd’ group was switched back to regular SCM whereas the ‘2wd’ group remained in depletion medium. 
Created in Biorender.com. B) Representative images of the three culture conditions. Human-derived cells stained 
positive for KU80 (white, human-specific nuclear marker) and were evenly distributed in 2wd but not ‘nod’ and ‘1wd’ 
conditions. Scale bars: 200 µm. C) iMic density in cBSCs measured as iMics (KU80+) per volume. Continuous depletion 
of murine microglia resulted in higher numbers of iMics integrating into cBSCs. n (groups)=3; number of independent 
experiments per group = 3; Kruskal-Wallis test with Dunn’s multiple comparison test p = 0.0107. D) Grafting e_iciency 
of iMics in cBSCs calculated by dividing number of iMics (KU80+ cells, human) by the total number of microglial cells 
(PU.1+ cells, human and murine). Only continuous depletion over 2 weeks resulted in a high grafting e_iciency. n 
(groups) = 3; number of independent experiments per group = 3; Kruskal-Wallis test with Dunn’s multiple comparison 
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test p = 0.0036. E) iMic density at 28 DIV depending on the number of pre-iMics initially grafted. Only grafts of initially 
50k cells resulted in significantly higher densities. n (groups) = 4, number of independent experiments per group = 3, 
Kruskal-Wallis test with Dunn’s multiple comparison test p = 0.0006 F) Survival of grafted iMics calculated by dividing 
the number of iMics at 28 DIV by the size of the graft. n (groups) = 4, number of independent experiments per group = 3, 
Kruskal-Wallis test with Dunn’s multiple comparison test p < 0.0001. G) Representative images of iMics integrated at 
28 DIV for the di_erent graft sizes in F) and G). Grafting of 1k cells led to a lower number of KU80+ cells (white), while 
50k grafts showed clustering of iMics at cBSC edges. Scale bars: 200 µm. All plots show mean ± SEM. iPSC: induced 
pluripotent stem cell; iMic: iPSC-derived microglia; DIV: days in vitro; BSC: brain slice culture; cBSC: chimeric brain 
slice culture; SCM: slice culture medium. 

After determining the conditions needed to ensure high grafting e^iciencies, I wondered whether 

the number of pre-iMics added to each culture a^ected the final number of human microglia in 

cBSCs. I, thus, titrated the number of pre-iMics added to each culture by grafting 1,000; 5,000; 

10,000 and 50,000 pre-iMics in 1 µl to each BSC, respectively. After 4 weeks, the number of iMics 

in cBSCs was determined (Figure 7 E-G). While 22.64 ± 4.65 % of all pre-iMics initially grafted 

survived in the 1k graft condition, only 9.96 ± 0.64 %, 6.91 ± 0.77% or 2.23 ± 0.29 % were present 

for 5k, 10k, and 50k grafts, respectively (Figure 7 F+G). When looking at total numbers, the final 

density was only significantly di^erent between 1k and 50k grafts (4117.5 ± 654.88 vs. 

23490.18 ± 1555.50 iMics/mm3), whereas no significant di^erence was observed for 5k 

(10563.45 ± 1087.05 iMic/mm3) or 10k (12842.4 ± 1283.13 iMics/mm3). Consequently, iMic 

density in cBSCs does not correlate with graft size in a linear manner but appears to be controlled 

by the tissue environment within a certain range to prevent overpopulation. However, when 50k 

were grafted, iMics appeared to be less mature as indicated by many observed human nuclei 

(KU80+) that were PU.1low and IBA1low.  

 

Figure 8 Generation of chimeric brain slice cultures 
Experimental set-up established after consideration of previous experiments. Hippocampal brain slice cultures were 
prepared from 4–6-day-old B57BL6/J mice according to Stoppini et al. 1991. Endogenous murine microglia were 
depleted by the continuous administration of an anti-mouse-CSF1R antibody supplemented to the medium from the 
day of preparation. 10,000 pre-iMics derived from iPSCs according to Haenseler et al. 2017 were drop-grafted in 1 µl 
medium on top of each BSC on day 4 post-preparation, this is denoted as 0 DIV. After at least 14 days of di_erentiation, 
cBSCs were used for experiments. iPSC: induced pluripotent stem cell, DIV: day in vitro; BSC: brain slice culture, cBSC: 
chimeric brain slice culture; SCM: Slice culture medium. CSF1R: colony stimulating factor 1 receptor. 
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All these observations led to the establishment of a protocol for the generation of chimeric brain 

slice cultures. This was subsequently used throughout the study: On the day of BSC preparation, 

endogenous microglia depletion was initiated by the addition of a-ms-CSF1R-antibody to the 

culture medium. On Day 2-4 post-preparation 10,000 pre-iMics that had been di^erentiated in 

parallel following the EB-based protocol were drop-grafted in 1 µl of EB Di^erentiation Medium on 

top of each microglia-depleted BSC. This day is denoted as “0 days in vitro”. Unless otherwise 

noted, iMics then di^erentiated in cBSCs for at least 14 DIV before downstream experiments were 

performed (Figure 8). 

4.1.4	iMic	 engraftment	 in	 cBSCs	 is	 independent	 of	 iPSC	 line	 and	

differentiation	protocol	

 

Figure 9 iMic engraftment in cBSCs is independent of iPSC line and diPerentiation protocol 
A) Microglia density in cBSCs measured as iMics (identified by KU80) per volume. BIONi010C pre-iMics derived using 
the monolayer-based approach (Takata et al. 2017) and from another iPSC-line (INDB-5-1) integrated in similar numbers 
like EB-based BIONi010C iMics (dotted line) after 2 weeks. n (groups) = 2, number of independent experiments per 
group = 3; two-tailed Mann Whitney test p = 0.1000. B) Grafting e_iciency of iMics in cBSCs calculated by dividing the 
number of iMics (KU80+) by the total number of microglia (PU.1+, human and mouse). No di_erence in grafting e_iciency 
was observed between lines and protocols, as iMics made up 94-97 % of all microglia in cBSCs. n (groups) = 2, number 
of independent experiments per group = 3; two-tailed Mann Whitney test p = 0.2000. Plots show mean ± SEM. C) 
Representative images of iMics in cBSCs at 14 DIV derived using the monolayer-based protocol and INDB-5-1 as second 
iPSC line. iMics (identified by KU80, green) were highly ramified (Iba1, magenta) independent of line and protocol. 
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After establishing the protocol, I validated it by utilizing two additional iPSC lines (KOLF2.1J and 

INDB-5-1) and the monolayer-based iMic di^erentiation protocol established by (Takata et al. 

2017). As for BIONi010C iMics derived by the EB-protocol, monolayer-derived BIONi010C 

precursors and EB-based INDB-5-1 precursors integrated well. At 14 DIV, iMic density was 

9489.96 ± 440.56 iMics/mm3 for monolayer-BIONI010C and 7433.03 ± 219.06 iMics/mm3 for 

INDB-5-1-EB (Figure 9 A; BIONi010C-EB represented as dotted line) with a respective grafting 

e^iciency of 96.82 ± 0.91 % and 93.62 ± 1.49 % (Figure 9 B). iMics grafted into cBSCs showed high 

grafting e^iciencies and highly ramified morphologies (Figure 9 C) independently of their genetic 

background and derivation protocol, demonstrating the ease by which cBSCs can be adopted by 

other researchers. Unless otherwise noted, BIONi010C iMics derived from the EB-based protocol 

were used for all further experiments. 

4.1.5	iMics	integrate	into	cBSCs	and	adapt	human	ex	vivo	microglia-like	

phenotypes		

To further validate cBSCs as a model to study human microglia in a complex environment in vitro, 

I analyzed iMics in cBSCs in regards of their morphological and network parameters. First, I 

confirmed that iMics express key microglial markers Iba1, PU.1 and TMEM119 by 

immunofluorescent staining. PU.1 and Iba1 were present from 7 DIV onwards and TMEM119 was 

highly expressed at 28 DIV (Figure 10 A+H). Next, iMic maturation was assessed by 

immunofluorescent staining over the course of six weeks post-grafting. Expression of Iba1 

steadily increased from 7 DIV to 42 DIV while iMics (identified by human-specific nuclear marker 

KU80) continued to be evenly distributed throughout cBSCs without a preference for specific 

areas or the absence of human-derived cells in others (Figure 10 A). Morphologically, iMics 

developed from spindle-shaped, elongated cells at 7 DIV to highly ramified, complex cells with 

defined, non-overlapping territories at 42 DIV (Figure 10 A, upper panel). Quantification of the 

number of iMics in chimeric slice cultures revealed a decrease from around 27,000 ± 

4100 iMics/mm3 at 7 DIV to around 8,800 ± 266 iMics/mm3 at 28 DIV with a stabilization of total 

iMic numbers thereafter (Figure 10 B, n (groups) = 6; p = 0.9547). This stabilization of iMics per 

culture is close to the reported number of murine microglia in the hippocampus 

(5990 microglia/mm3; dotted line) (Keller, Erö, and Markram 2018). iMic also accounted for 96-

97 % of all microglia in cBSCs from 21 DIV onwards (Figure 10 C, n (groups) = 6; p = 0.1417), 

underlining that cBSCs can be utilized to study human microglia in vitro for at least six weeks.  
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Figure 10 iMics present stable integration into cBSCs and adapt human ex vivo microglia-like morphologies 
A) Representative images of cBSCs at di_erent timepoints of di_erentiation. iMics were identified as human by KU80 
(green) and stained positive for Iba1 (microglia marker, magenta). Uniform distribution (overview images, bottom row) 
remained stable, while increased ramification was observed over extended cultivation period (close-up images, top 
row). Scale bars: 20 µm (close-ups) and 200 µm (overview images). B) iMic density in cBSCs measured as KU80+ cells 
per volume. Microglial numbers decreased drastically within the first 2 weeks post-grafting but stabilized from 21 DIV 
onwards. The dotted line represents endogenous microglial density in the murine hippocampus (5990 cells/mm3) 
(Keller, Erö, and Markram 2018). n (groups) = 6; number of independent experiments per group = 3; Kruskal-Wallis test 
p = 0.9547. C) Grafting e_iciency calculated by dividing the number of iMics (KU80+, human nuclei) by the total number 
of microglia (PU.1+, human and mouse). After 21 DIV the grafting e_iciency stabilized above 96 %. n (groups) = 6; 
number of independent experiments per group = 3; Kruskal-Wallis test p = 0.1417. D-G) Network and morphological 
parameters of iMics in cBSCs. Nearest-neighbor-distance [µm] (D), total process length [µm] (E), number of 
branchpoints (F) and surveilled volume (volume of convex hull, [µm3]) (G) of iMics were compared to endogenous 
mouse microglia and ex vivo human microglia. The mean of all microglia from cBSCs obtained from one animal (3 
cBSCs) are indicated as black dots, the individual values are indicated as grey dots. n (groups) = 5; number of 
independent experiments per group = 2-3; Kruskal-Wallis test with Dunn’s multiple comparison test: D: p = 0.0006: E: 
p = 0.3844, F: p = 0.8680, G: p = 0.4667. H) Representative immunofluorescent images of microglial markers. KU80+ 
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iMics (cyan) expressed key microglial markers Iba1 (cytoplasm, magenta) and PU.1 (nucleus, yellow) (left panel) from 7 
DIV onwards, shown are cells at 42 DIV. The right panel shows the expression of human TMEM119 (green) in Iba1+ 
(magenta) cells at 28 DIV, a marker for homeostatic microglia. Scalebars: 20 µm. All plots show mean ± SEM. DIV: days 
in vitro. 

Microglial morphology and network parameter were assessed at 21 DIV and 42 DIV. iMics in 

cBSCs were compared to their respective murine counterparts and to ex vivo human microglia in 

tissue obtained during resective brain surgery. The tissue from the five sources was 

immunohistochemically stained for PU.1 and Iba1 and microglial cells were reconstructed using 

the ‘Spots’ and ‘Filaments’ tools in Imaris. Based on the coordinates of each cell’s nucleus 

(determined by PU.1) a nearest-neighbor-distance (NND) approach was used to determine the 

distribution of iMics throughout cBSCs. The mean NND for iMics at 42 DIV (31.96 ± 0.43 µm) was 

almost indiscernible from that of human microglia ex vivo (32.42 ± 0.12 µm) (Figure 10 D; 

p = 0.0006, Kruska-Wallis Analysis with Dunn’s multiple comparison test) whereas mouse 

microglia in BSCs had a comparably shorter NND at 42 DIV (Figure 10 D; 27.84 ± 0.82 µm), 

indicative for a higher density of murine microglia in BSC. 

Microglial processes were reconstructed using the ‘Filaments’ tool based on the Iba1 staining to 

assess total process length and number of branchpoints per cell. From 21 DIV to 42 DIV total 

process length increased slightly but not significantly from 150.50 ± 15.02 µm to 

158.90 ± 2.50 µm for iMics and was comparable to human microglia ex vivo (132.94 ±19.70 µm; 

Figure 10 E; p = 0.3844). Similarly, the number of branchpoints increased only slightly from 

5.68 ± 0.68 to 6.07 ± 0.10 branchpoints/cell and was not significantly di^erent from human ex vivo 

(4.74 ± 1.04 per cell; Figure 10 F; p = 0.8680).  

Lastly, the volume surveilled by microglia in each group was compared by reconstructing the cells 

based on the Iba1 staining and calculating the volume of the convex hull. iMics in cBSCs surveilled 

slightly lower volumes than human microglia ex vivo. On average, each iMic surveilled 

4463.59 ± 870.48 µm3 at 21 DIV and 5893.06 ± 317.71 µm3 at 42 DIV, whereas human microglia ex 

vivo surveilled 6938.26 ± 1450.21 µm3 per cell, however, no significant di^erences were found 

(Figure 10 G, p = 0.4667). Overall, these data suggest that iMics in cBSCs mature to reach the 

morphological complexity and a tissue distribution very similar to homeostatic human microglia 

ex vivo that allows studying mature human microglia networks ex vivo.  
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4.2	Functional	characterization	of	iMics	in	cBSCs	

4.2.1	iMic	processes	are	highly	motile	during	homeostasis	and	respond	to	

focal	tissue	lesions	

After confirming iMic identity as microglial, I assessed their functionality using 2-Photon live cell 

imaging. For live cell imaging approaches, BIONi010C-iPSCs were transfected with AAVS1-Pur-

CAG-EGFP (Addgene) to constitutively express EGFP and subsequently di^erentiated to iMics. 

EGFP+ iMics were observed during homeostatic process movement at 21 DIV and compared with 

their murine equivalents in Iba1-EGFP BSCs (Hirasawa et al. 2005). Z-stack images of one position 

were acquired every two minutes for 20 minutes and homeostatic process motility over time was 

tracked using the Imaris ‘Filaments’ tool (Figure 11 A). No significant di^erences were revealed 

between iMic (0.02902 μm/s) and murine microglia (0.02925 μm/s) terminal point movement 

velocities (Figure 11 B, p = 0.8203).  

One microglial key function is to rapidly respond to tissue injuries in their vicinity. A common assay 

to test this function is by inducing a focal laser lesion injury in the tissue and measuring how 

quickly microglia shield the injury site (Davalos et al. 2005). For this purpose, a laser beam 

(l = 810 nm, t = 8 sec) was directed to a position between microglial cells and z-stacks were 

acquired every two minutes for 30 minutes to observe the ensuing microglial reaction. Within 

minutes, both iMics and endogenous murine microglia responded to the lesion by extending their 

processes towards the injury site while the cell soma remained stationary (Figure 11 C). To 

quantify the microglial reaction to laser lesion injuries, the normalized fluorescent intensity of the 

iMic/microglia channel was plotted against the distance to the lesion site. Prior to the lesion, the 

normalized fluorescent intensity was distributed randomly across the field of view for both iMics 

and mouse microglia. Upon lesion induction, the fluorescent intensity quickly increased in 

proximity to the lesion site (< 10 µm), while more distant parts (> 50 µm) remained una^ected, 

confirming that cells moved proximal processes towards the injury site. Both reaction time and 

the type of movement did not di^er between iMics in cBSCs and endogenous mouse microglia in 

BSCs, indicating functionality of iMics in cBSCs (Figure 11 D). 
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Figure 11 iMic processes are highly motile during homeostasis and respond to focal tissue lesions 
A) Representative images of homeostatic movement of iMics in cBSCs (upper panel, BIONi010C-CAG-GFP) and 
endogenous mouse microglia (lower panel, Iba1-GFP mice) at 21 DIV. Z-stack images of GFP+ microglia were acquired 
every 2 minutes for 20 minutes using 2-Photon microscopy. Images for 0 min (cyan), 2 min (magenta) and 4 min (yellow) 
are depicted and merged to a white overlay. Colorful processes represent movement at a given timepoint. Scale bars: 
20 µm. B) Quantification of process movement velocity in violin plots. Processes were semi-automatically tracked with 
Imaris in 30 min movies with 2 min intervals and the point speed of process endpoints was calculated. n (mouse) = 769 
(tracked processes); n (iMics) = 390 (tracked processes); Mann-Whitney-Test: p = 0.8203. C) Representative images of 
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microglial responses to focal laser lesions (top panel: iMics in cBSCs, lower panel: murine microglia in BSCs). Images 
are shown for pre-injury (white, not included in merge), 0 min (right after lesion induction, cyan), 14 min (magenta) and 
30 min (yellow) post-lesion induction. The lesion site is marked with a circle in all images. The colorful processes in the 
merge images depict process extension towards the injury site and the formation of a barrier. Scale bars: 20 µm. D) 
Quantification of normalized fluorescent intensity against distance to lesion site for 4 timepoints (pre, 1 min, 14 min 
and 30 min) represented in di_erent colors. Left: human iMics, right: murine microglia. A sharp increase of intensity in 
proximity to lesion site (0-10 µm) was observed over time for both groups. n = 9 movies from independent cultures for 
each group; plotted are means ± SEM. 

4.2.2	iMics	respond	to	global	pro-inXlammatory	stimulation	

Another microglial key function is to respond to inflammatory stimuli with the release of 

cytokines. To test whether iMics in cBSCs possess the ability to secrete cytokines upon global 

immunogenic stimulation, cBSCs were subjected to lipopolysaccharide treatment to mimic a 

bacterial infection. A low-dose LPS stimulus (25 ng/ml) administered chronically for seven days 

was compared with an acute high-dose (200 ng/ml) treatment for 24 hours (Figure 12 A). 

Subsequently, the concentration of human pro-inflammatory cytokines in the medium was 

measured using a human-specific cytokine panel on the Mesoscale Discovery (MSD) platform.  

 

Figure 12 iMics in cBSCs respond to global pro-inflammatory stimulation 
A) Schematic representing the experimental set-up. 14 days post-grafting a chronic low-dose (25 ng/ml) LPS stimulus 
was given with each medium change for 7 days, while acute high-dose (200 ng/ml) stimulation for 24 hours was started 
on 20 DIV. Medium from both conditions was collected on 21 DIV and analyzed for released pro-inflammatory cytokines 
using a human-specific mesoscale cytokine measurement. DIV: days in vitro, LPS: lipopolysaccharide. Created in 
Biorender.com. B) Secretion of the four inflammatory cytokines IL1β, IL6, IL8 and TNFa was increased upon both acute 
and chronic LPS stimulation but not in untreated cBSCs or in BSCs without human microglia (BSC acute and chronic). 
Data represented as mean values ± SEM (Kruskal Wallis test with Dunn’s correction, ∗	p ≤ 0.05) with n (groups) = 5; 
number of independent experiments per group = 3. 

While human cytokine levels were under the detection level (or found only in minute quantities) 

in untreated cBSCs or in LPS-treated BSCs without human iMics, both the acute and the chronic 

LPS stimulation evoked a distinct release of pro-inflammatory cytokines in cBSCs – an increase 

in IL1b, TNFa, IL6 and IL8 was measured. Interestingly, the acute stimulation elicited higher 

cytokine releases than the chronic stimulation for IL1b (acute: 1.43 pg/ml, chronic: 0.03 pg/ml), 
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TNFa (25.18 pg/ml vs. 1.24 pg/ml) and IL6 (27.50 pg/ml vs. 2.23 pg/ml) while IL8 levels were 

comparable between treatments (675 pg/ml vs. 529.75 pg/ml) (Figure 12 B). Nevertheless, both 

paradigms confirmed the functional response of iMics in cBSCs to global pro-inflammatory 

stimulation. 

4.2.3	iMics	 support	 neuronal	 network	 activity	 in	 cBSCs	 for	 extended	

culture	periods	

Finally, I aimed to investigate whether iMics were able to support neuronal network activity in 

cBSCs for extended cultivation periods. Previous reports have demonstrated that microglia are 

required for neuronal network activity in mice both in early development and later in life (Szalay et 

al. 2016). To this regard, cBSCs with iMics and BSCs containing endogenous mouse microglia 

were cultivated as usual and the neuronal network activity was analyzed using multi-electrode 

array (MEA) recordings after 6 and 12 weeks, respectively. After transfer to the recording chamber, 

slices were allowed to adjust in the extracellular recording solution for 5 min before spontaneous 

baseline activity was recorded for 10 min, followed by a 10-min recording in a high potassium 

(8 mM KCl) solution to provoke increased activity.  

 

Figure 13 iMics support neuronal network activity for extended culture periods 
A+B) Representative multielectrode array (MEA) spike trains for BSCs with endogenous microglia (A) and cBSCs grafted 
with iMics (B) after 6 weeks in culture at baseline levels and upon wash-in of 8 mM potassium-chloride (high KCl, 
bottom). Each vertical line represents one electrode on the MEA, synchronous activity (blue dot) on several electrodes 
was considered a spike. C) Quantification of average number of spikes per culture at 6 and 12 weeks at baseline and 
high potassium conditions. Depicted are means ± SEM. n = 3 independent cultures per group, two-way ANOVA with 
Tukey correction for multiple comparisons (∗	p ≤ 0.05, ∗∗	p ≤ 0.01, ∗∗∗	p ≤ 0.001). 
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Surprisingly, overall network activity (measured in average spike number per slice) was increased 

for both BSCs and cBSCs at 12 weeks compared to 6 weeks even under baseline conditions. 

Independent of timepoint and microglia species within slice cultures, however, high potassium 

elicited increased spike counts in all slices ( 

Figure 13 A-C). This not only indicates that iMics support neuronal network connectivity in cBSCs 

but also underlines that slice cultures are still viable, and neurons remained active after 12 weeks 

in culture. 

4.3	Transcriptional	 proGile	 of	 iMics	 in	 cBSCs	 recapitulates	ex	

vivo	human	microglia	phenotypes	

4.3.1	Maturation-dependent	clustering	of	iMic	transcriptomes	

While morphological, network and functional properties give information about microglial 

identity, they do not convey detailed information about microglial maturation and the diversity of 

cells within cBSCs. Thus, I applied single-cell RNA sequencing (scRNAseq) on iMics re-isolated 

from cBSCs after 4, 8 and 12 weeks in vitro to investigate maturation dynamics and transcriptional 

profiles of iMics with single-cell resolution. iMics from cBSCs were compared to precursor cells 

(at the day of engraftment) and iMics cultured in monoculture for 3 weeks. cBSCs from 3 animals 

were pooled and mechanically homogenized using Dounce homogenizers (Wheaton). Human 

cells were extracted by negative selection using the Mouse Cell Depletion kit (Miltenyi Biotec) for 

magnetic advanced cell sorting (MACS). Murine cells were detected by magnetic bead-

conjugated antibodies whereas human cells remained untagged and passed through the 

magnetic column during separation. The recovered human cells were subsequently subjected to 

Chromium Next GEM Single Cell 3’ GEM (10x Genomics) single-cell RNA processing (Figure 14 A). 

Monocultured iMics (mono iMics) were detached from the culture vessel using Accutase (Gibco) 

treatment for 6 minutes whereas precursor cells were collected from the culture medium of EB 

cultures. Neither precursors nor monocultured iMics were subjected to homogenization or MACS. 

In total, this yielded 45,011 cells from three independent iMic di^erentiations after sequencing 

and quality control.  

Next, principal component analysis (PCA) of normalized read counts was performed followed by 

dimensionality reduction using uniform manifold approximation and projection for dimension 

reduction (UMAP). I found that the cells grouped into three major clusters, which subclustered 

into 26 distinct populations (Figure 14 B). Using the expression of marker genes, cluster ‘8’ was 
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identified as neurons (GRIA2, DLG2), clusters ‘13’ and ‘19’ were identified as neural precursor 

cells (SOX2, CRYAB, SNAP25, SYN2) and clusters ‘10’, ‘16’ and ‘25’ as oligodendrocytes (PLP1, 

MBP, DLG2). These clusters were excluded from further analysis. After contaminating murine cells 

had been excluded, the three microglial clusters clearly separated according to developmental 

stage: precursors and monocultured iMics separated from the iMics recovered from cBSCs after 

4, 8 and 12 weeks, which clustered together (Figure 14 C). Subclustering revealed 20 molecularly 

distinct subpopulations which were analyzed in depth (Figure 14 D). 

 

Figure 14 Maturation-dependent clustering of iMic transcriptomes 
A) Experimental set-up. At 4-, 8- and 12-weeks post-grafting, respectively, iMics were re-isolated from cBSCs by 
mechanical tissue homogenization and magnetic cell sorting depleting the cell suspension of murine cells. Recovered 
iMics were processed for 10x Genomics single-cell RNA-sequencing. Transcriptomes of cBSC-iMics were compared to 
precursors processed on the day of grafting and iMics di_erentiated in monoculture for 3 weeks. w: weeks, MACS: 
magnetic advanced cell sorting. Created in Biorender.com. B-D) Scatterplots after principal component analysis and 
uniform manifold approximation and projection (UMAP) of microglial transcriptomes colored by cluster. B) 26 clusters 
were identified upon first analysis. Clusters ‘8’, ‘10’, ‘13’, ’16, ‘19’, ‘25’ were identified as murine neuronal cells or 
oligodendrocytes. These clusters were excluded from further analysis. C) iMics included into further analysis grouped 
into 3 distinct clusters depending on maturation state. D) 20 molecularly distinct subpopulations were identified within 
the three major clusters. n = 40,578 cells with n = 3 independent iMic di_erentiations per timepoint. 
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4.3.2	iMics	in	cBSCs	recapitulate	diverse	human	transcriptional	states	

Almost all 40,578 investigated cells expressed the human-specific gene XRCC5 (KU80) as well as 

the canonical microglial markers SPI1 (PU.1), AIF1 (IBA1), ITGAM (CD11b) (Figure 15 A+B), albeit 

with di^erent expression levels and patterns. Precursor cells had higher expression levels of 

ITGAM (clusters ‘2’, ‘6’, ‘8’, ‘12’) compared to monoculture iMics (especially low expression in 

clusters ‘0’ and ‘1’), but lower expression of AIF1 (Figure 15 A+B). High levels of cell cycle 

progression genes CENPF, MKI67, and TOP2A were observed in clusters ‘2’, ‘7’, ‘12’, ‘17’ 

(precursor), cluster ‘11’ (mono iMics), cluster ‘19’ (cBSC-iMics). Both the number of cells in the 

clusters and the proportion of those expressing proliferation markers declined with time in culture 

(average percentage of proliferation markers per timepoint: ‘precursor’: 9.81 %; ‘mono iMics’: 

4.49 %; ‘4w’: 2.92 %; ‘8w’: 0.43 %; ‘12w’: 0.15 %) (Figure 15 A+B). This implies that the 

proliferative capacity declines with time in culture reflecting previous reports that microglia 

remain proliferative capacity to some extent throughout life (Nimmerjahn, Kirchho^, and 

Helmchen 2005; Füger et al. 2017; Askew et al. 2017). 

Cells in precursor clusters ‘2’, ‘6’, ‘7’, ‘12’, ‘17’ presented high expression of early (yolk sac) 

microglial genes mannose receptor 1 (MRC1), disabled homolog 2 (DAB2), and lymphatic vessel 

endothelial hyaluronic acid receptor 1 (LYVE1) as well as lysosome-related genes cathepsin D 

(CTSD), legumain (LGMN), and lipase A (LIPA) (Figure 15 A+B), reflecting enhanced lysosomal 

activity previously observed in embryonic microglia (Masuda et al. 2019; Y. Li et al. 2022). 

Contrastingly, microglial maturation- and homeostasis-related genes (CX3CR1, P2RY12, SORL1, 

C3) were highly expressed by iMics recovered from CBSCs (clusters ‘4’ and ‘19’) and to a lower 

extent in mono iMics (clusters ‘0’, ‘1’, ‘3’, ‘5’, ‘16’) (Figure 15 A+B). In general, mono iMics often 

presented with intermediate expression levels between precursors and cBSC-iMics, indicating a 

less mature phenotype (Figure 15 A+B). For example, cBSC-iMics were enriched for di^erentially 

expressed genes (DEG) associated with mature microglia immunological function (Ximerakis et 

al. 2019; Sun et al. 2023) which was not found in mono iMics. This includes antigen presentation 

(HLA-DRA, CD74, B2M) in cluster ‘4’ and ribosome biogenesis (RPS27, RPL41) in clusters ‘4’ and 

‘19’ (Figure 15 C), highlighting functional and homeostatic microglia that reflect healthy aging. On 

the other hand, mono iMics enriched for DEGs associated with senescence (p16 (CDKN2A)) and 

changes in iron homeostasis marked by the upregulation ferritin-light chain (FTL) (clusters ‘0’, ‘1’, 

‘3’, ‘5’, ‘16’) (Figure 15 C). Furthermore, mono iMics expressed many disease-associated microglia 

genes (PICALM, GPNMB, CCL2, LPL) that were not observed in cBSC-iMics (Figure 15 A-C). While 

this can be interpreted as mature (Dolan et al. 2023), the concurrent lack of homeostatic and 
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functional markers indicates that mono iMics have an altered transcriptome compared to cBSC 

iMics that should be kept in mind when studying microglia in 2D. 

In summary, the data indicates that iMics in cBSCs adopt a molecular profile that closely 

resembles homeostatic human microglia ex vivo whereas mono iMics show signs of stress and 

DAM phenotypes. Together with the morphological and functional analyses this implies that 

cBSCs allow studying mature human microglia in homeostasis to answer biologically relevant 

questions. 

 

Figure 15 iMics in cBSCs recapitulate mature ex vivo human transcriptional phenotype 
A) Bubbleplot of RNA expression levels and proportion of cells expressing the gene for key microglial genes across 
di_erent maturation stages. The size of each circle depicts the percentage of cells per cluster in which the given 
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transcript was detected, while the color coding represents the normalized z-scores. B) Scatterplots after principal 
component analysis and UMAP overlayed with the z-scores of marker gene expression of genes depicted in (A). Genes 
are sorted to confirm microglial identity, cell cycle progression, microglial development and maturation stages. 
n = 40,578 cells with n = 3 independent iMic di_erentiations per timepoint. C) Bubbleplot comparing the expression of 
genes associated with microglial aging and maturation by Dolan et al. 2023 between monoculture iMics and cBSC-
iMics. Mono iMics presented a more primed and activated phenotype, whereas cBSC iMics expressed maturation-
associated and homeostatic markers. The size of each circle depicts the percentage of cells per cluster in which the 
given transcript was detected, while the color coding represents the normalized z-scores. 

4.4	Cross-species	 CSF1R	 receptor:ligand	 interactions	 enable	

cBSCs	

4.4.1	Human	CSF1R	signaling	is	required	for	iMic	differentiation	in	2D	

After confirming microglial identity and functionality of iMics in cBSCs, I was interested in how 

integration and di^erentiation is mediated in slice cultures. Xenotransplantation models rely on 

the transgenic expression of human CSF1 for adequate engraftment of iPSC-microglia in murine 

brains (Rathinam et al. 2011; Hasselmann and Blurton-Jones 2020; Fattorelli et al. 2021) and it 

has been a long-standing presumption, that murine ligands are unable to bind and activate 

human CSF1-receptors (Sie^ 1987) which are essential for microglial di^erentiation, maturation 

and survival. The cBSC model, however, is generated using wildtype (WT) B6 animals and no 

human cytokines are supplemented to the medium, implying that iMic di^erentiation is driven by 

murine cytokines.  

To confirm, that the growth factors required for iMic integration in cBSCs are tissue-derived and 

that the di^erentiation is CSF1R-dependent, pre-iMics were cultivated as monocultures in 2D in 

Slice Culture Medium, iMic Medium with and without CSF1R ligands hCSF1 and hIL34, 

respectively. While iMics cultivated in complete iMic Medium (with hCSF1 and hIL34) attached to 

the tissue culture plate within 24 hours and extended processes immediately, di^erentiation was 

delayed for those cultivated without the cytokines (Figure 16 A, bottom row). Cells deprived of 

CSF1R-ligands remained more amoeboid, with less and shorter processes and showed 

comparably lower densities than cells in complete medium (Figure 16 A, middle row). On the 

other hand, iMics cultured in SCM did not attach to the culture plate at all and did not show any 

sign of di^erentiation (Figure 16 A, top row), indicating that the SCM per se does not induce 

microglial di^erentiation and rather inhibits iMic maturation. 

Next, CSF1R-dependency was investigated by utilizing iPSCs with isogenic CSF1R variants. 

KOLF2.1J iPSCs (The Jackson Laboratories) carrying either one or two of the disease-associated 

E633K (Rademakers et al. 2011), two knockout or two wildtype CSF1R alleles (Table 26, 
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Supplementary Figure 1) were di^erentiated towards iMics using the EB-based protocol. While 

EB induction was successful for all genotypes, pre-iMics of the homozygous E633K 

(CSF1RE633K/E633K) and KO (CSF1R-/-) genotypes were produced in lower quantities (Figure 16 B, 

upper panel; small dark dots around EB are pre-iMics). The pre-iMics were smaller than those of 

WT (CSF1R+/+) EBs while no di^erence in pre-iMic quantity and size was observed for heterozygous 

E633K (CSF1R+/E633K) cells (Figure 16 B, middle panel). When pre-iMics were collected and plated 

as monocultures in complete iMic medium, di^erentiation of iMics in 2D monoculture resulted in 

a high density of ramified cells for CSF1R+/+ after 7 DIV. Cell density was decreased for 

CSF1R+/E633K, while the cellular complexity was comparable. Contrastingly, no attachment and 

di^erentiation were observed for CSF1RE633K/E633K and CSF1R-/- cells (Figure 16 B, lower panel). 

Taken together, these findings implicate that CSF1R signaling is required for iMic maturation and 

that the lack of functional CSF1R signaling a^ects both the generation of proper precursor cells 

and the subsequent di^erentiation to microglia-like cells. 

 

Figure 16 Human CSF1R signaling is required for iMic diPerentiation in 2D 
A) iMic precursor cells were plated as monocultures in slice culture medium, cytokine-free iMic medium or complete 
iMic medium, respectively, for 7 days. iMics in SCM (top row) did not di_erentiate at all, while iMic medium without 
supplementation of hCSF1 (20 ng/ml) and hIL34 (100 ng/ml) di_erentiated, albeit to a lesser degree (middle row) than 
those in complete iMic medium (bottom row). Scale bars: 20 µm. B) KOLF2.1J iPSCs isogenic for genetic variants in 
CSF1R (WT, heterozygous E633K mutation, homozygous E633K mutation, KO) were di_erentiated to iMics following the 
EB-based protocol. Without functional CSF1R (E633K hom and KO) pre-iMic production and final iMic di_erentiation 
was impaired (3rd and 4th column, middle and bottom rows) to a degree that no iMics di_erentiated. Di_erentiation of 
E633K het pre-iMics was not impaired, but final iMic density was lower compared to WT (2nd column). Scale bars: 20 µm. 

4.4.2	iMic	 integration,	 differentiation	 and	 survival	 in	 cBSCs	 is	 CSF1R-

dependent	

After confirming the necessity of CSF1R signaling for iMic maturation in 2D, I investigated how 

impaired receptor function a^ects iMic integration into cBSCs and if iMic di^erentiation in the 

tissue is CSF1R-dependent. To this regard, pre-iMics harboring the four di^erent CSF1R 
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genotypes described above were grafted to microglia-depleted BSCs as usual and iMic numbers 

and distribution were assessed after 7, 14 and 28 DIV.  
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Figure 17 iMic integration, diPerentiation and survival in cBSCs is CSF1R-dependent 
A) Representative immunofluorescent images for CSF1R-variant iMics grafted to cBSCs at 7, 14 and 28 DIV depicting 
the integration and survival of grafts. iMics were stained against KU80 (human nuclear marker, cyan), Iba1 (microglia 
surface, magenta) and PU.1 (microglia nucleus, yellow). WT (1st column) integration and distribution was stable 
(overview images) while iMics matured morphologically into highly ramified cells (close-up). CSF1R+/E633K iMics (2nd 
column) initially engrafted cBSCs at similar levels as CSF1R+/+ cells at 7 DIV but presented decreased survival from 
14 DIV onwards. iMics without functional CSF1R barely engrafted BSCs and surviving cells did not express Iba1 or PU.1 
(CSF1RE633K/E633K and CSF1R-/-: 3rd and 4th column, respectively). Scale bars: 50 µm (close-up), 200 µm (overview). B) 
Quantification of iMic density in cBSCs as measured by iMics (KU80+ cells) per volume for CSF1R-variant iMics. n 
(groups) = 4, number of independent experiments per group = 3; Kruskal-Wallis Test with Dunn’s multiple comparisons 
p = 0.0382. Values depicted are means of each independent experiment. 

While KOLF2.1J-CSF1R+/+ iMics integrated and sustained as observed for BIONi010C in all 

experiments before (8485.36 iMics/mm3 at 28 DIV), mutant variants showed impaired integration 

and maturation (Figure 17 A+B). CSF1R+/E633K engrafted with a similar density and iMic morphology 

at 7 DIV (WT: 64413.90 iMics/mm3, Het: 42348.80 iMics/mm3). CSF1R+/E633K, however, did not 

sustain for longer as seen by the decreased iMic density at 14 DIV and the almost absence within 

the tissue sections at 28 DIV (WT: 8455.36 iMics/mm3, Het: 3573.91 iMics/mm3, Figure 17 B, 

p = 0.0382). iMics without functional CSF1R (CSF1RE633K/E633K and CSF1R-/-) did not di^erentiate at 

all. While some human-derived nuclei (identified by KU80) were observed for both lines at all 

timepoints, these cells did not express microglial markers PU.1 nor Iba1 (Figure 17 A, 3rd and 4th 

column) and were predominantly found at the edges of BSCs or on top but not within the tissue.  

These findings imply that iMic di^erentiation in cBSCs is dependent on CSF1R signaling and that 

no other pathways compensate for the absence of a functional receptor. Since no human 

cytokines were supplemented to cBSCs, this suggests that murine ligands are capable of binding 

and activating the human receptor and downstream signaling cascade. 

4.4.3	Cross-species	 receptor:ligand	 interaction	 modelling	 predicts	

binding	of	mIL34	to	hCSF1R	

Experimental evidence showed a microglial dependency on CSF1R signaling in vitro. Next, 

potential cross-species receptor:ligand interactions were analyzed in silico. ColabFold (Mirdita et 

al. 2022) was deployed to predict the ternary complex of one hCSF1 or mCSF1 dimer with two 

extracellular hCSF1RD1-D3 domains and hIL34 or mIL34 with two hCSF1RD1-D3, respectively 

(Supplementary Figure 2). Inspection of binding interfaces between hCSF1 or mCSF1 with 

hCSF1RD1-D3 revealed that the key residues within hCSF1R establishing salt bridges or hydrogen 

bonds with the respective ligand were R142, R144, R146 (Figure 18 C, site 1) and R150 and H151 

(Figure 18 C, site 2), which is in accordance with previously published crystal structures (Ma et 
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al. 2012; Felix et al. 2015). Key residues for hCSF1R:hIL34 interaction were R142, R144, R146 

(Figure 18 D, site 1) and N254 (Figure 18 D, site 2). Overall, fewer hydrogen bonds and salt bridges 

were observed in the mCSF1:hCSF1R ternary complexes than in hCSF1:hCSF1R 

(mCSF1:hCSF1R: 13 hydrogen bonds, 19 salt bridges; hCSF1:hCSF1R: 15 hydrogen bonds; 25 salt 

bridges), while total numbers of salt bridges and hydrogen bonds were similar between 

mIL34:hCSF1R and hIL34:hCSF1R (mIL34:hCSF1R: 17 hydrogen bonds; 12 salt bridges; 

hIL34:hCSF1R: 15 hydrogen bonds, 13 salt bridges) (Supplementary Figure 2).  

 

Figure 18 Cross-species receptor:ligand interaction modelling by ColabFold predicts binding of murine ligands 
to human CSF1R 
A+B) ColabFold predicted models of the ternary complex of two hCSF1RD1-D3 with its cognate dimerized ligands hCSF1 
(A) and hIL34 (B) and superimposed structure of mCSF1 onto hCSF1 and mIL34 onto hIL34, respectively. Color key 
indicating the distance of the root-mean-square deviation (RMSD) between the Ca atomic coordinates of 
superimposed murine and human ligands when in the ternary complex. The darker the color, the larger the RMSD value. 
There was more deviation between hCSF1 and mCSF1 than between hIL34 and mIl34. C+D) Detailed view of the ligands 
with key residues that establish salt bridges and hydrogen bonds with hCSF1R. The receptor is depicted in blue, CSF1 
in green colors (C) and IL34 in yellow/orange (D). Note that less interactions between mCSF1 and hCSF1R are formed 
at ‘Site 1’ than between hCSF1 and hCSF1R. 

Next, the root-mean-square deviation (RMSD) between the Ca atomic coordinates of ternary 

hCSF1:hCSF1R and mCSF1:hCSF1R complexes was assessed to compare the binding interface 
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of the respective ligands with hCSF1R in the complexes (Figure 18 A). Two of the four key residues 

of hCSF1/mCSF1:hCSF1R complexes had Ca RMSD values that deviated by more than 1 Å. This 

is due to an exchange of amino acids at positions 62 and 63. While hCSF1 has an aspartic acid at 

position 62 (D62) and a glutamic acid at position 63 (E63), it is the other way around for mCSF1 

(E62, D63). For the hIL34/mIL34:hCSF1R complexes neither interacting residues’ Ca were 1 Å or 

more apart (Figure 18 B). The observed discrepancy of interacting residues’ Ca between mCSF1 

and hCSF1 indicates subtle structural di^erences that could lead to di^erential receptor:ligand 

kinetics and downstream signaling, whereas very similar binding kinetics could be expected for 

mIL34 and hIL34 based on the applied ColabFold models. 

4.4.4	Murine	ligands	bind	and	activate	human	CSF1R	signaling	cascade	

To confirm the predictions of the modeled receptor:ligand interactions, surface plasmon 

resonance (SPR) was utilized to examine binding kinetics and a^inities of human and murine 

ligands to hCSF1R. Recombinant hCSF1R-Fc chimera proteins (Miltenyi) were coupled to SPR 

sensors via anti-Fc antibody binding. The analytes (human and murine growth factors) were 

washed over the bound receptors and dose-dependent titrations were performed to assess 

binding kinetics (Figure 19 A). hCSF1, hIL34 and mIL34 tightly bound to the receptors at very low 

concentrations (< 1 nM), resulting in high a^inities (KD hCSF1:hCSF1R: 0.25 pM, KD hIL34:hCSF1R 

0.82 pM; KD mIL34:hCSF1R: 0.49 pM; Figure 19 B-E). In contrast, mCSF1 presented fast-on and 

fast-o^ kinetics which prevented fitting an appropriate binding model. Instead, equilibrium 

a^inity measurements were assessed and demonstrated much lower a^inities of mCSF1 for 

hCSF1R (KD mCSF1:hCSF1R: 20 mM; Figure 19 B+F). To ascertain specificity of these findings, 

analytes’ binding kinetics and a^inities for human platelet-derived growth factor receptor beta 

(hPDGFRβ), another member of the receptor tyrosine kinase typ III subfamily, were examined. No 

biding between any of the ligands and hPDGFRb was detected (Supplementary Figure 3). These 

findings are in line with the predicted models that suggested di^erential receptor:ligand kinetics 

for mCSF1 binding but similar ones for mIL34 and hIL34.  
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Figure 19 Murine CSF1R-ligands bind and activate human CSF1R signaling cascade 
A) Schematic depiction of methods used to investigate cross-species receptor:ligand interaction. Created in 
Biorender.com. B) Table summarizing binding a_inities and kinetics analyzed in surface plasmon resonance (SPR). C-
F) Sensogram plots generated by SPR demonstrating the association and dissociation characteristics between the 
immobilized ligand (hCSF1R) and the analytes (hCSF1, hIL34, mCSF1, mIL34). hCSF1, hIL34 and mIL34 bound the 
immobilized receptor with high a_inity at concentrations < 1 nM, whereas mCSF1 showed fast-on and fast-o_ kinetics 
with much lower a_inity for hCSF1R (20 mM). n = 3 independent replicates for each ligand. G) Representative images of 
immunoblots for CSF1R, phospho-CSF1R, ERK1/2 and phospho-ERK1/2 in iMic cell lysates upon cell stimulation with 
respective growth factors for 5 min. H+I) Quantification of immunoblot analysis measured as fold change of phospho-
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CSF1R vs. total CSF1R and phospho-ERK1/2 vs. total ERK1/2 upon ligand binding, normalized to GAPDH/b3-tubulin 
and to untreated control. Combination of hCSF1 and hIL34 as well as hCSF1 or mIL34 stimulation elicited strong 
activation of CSF1R and ERK1/2 whereas hIL34 and mCSF1 alone did not induce CSF1R nor downstream ERK1/2 
activation. Values depicted are mean ± SEM, n = 3 independent stimulations per group and n = 3 technical replicates 
per sample, one-way ANOVA with Tukey correction for multiple comparisons (∗	p ≤ 0.05, ∗∗	p ≤ 0.01, ∗∗∗	p ≤ 0.001, 
∗∗∗	p ≤ 0.0001). 

SPR measurements allow to determine binding kinetics. They, however, do not provide any 

information whether receptor:ligand binding induces receptor activation and downstream 

signaling. Downstream signaling, namely phosphorylation of CSF1R and extracellular signal-

regulated kinases 1and 2 (ERK1/2), upon the addition of human and murine cytokines was 

examined in vitro utilizing monocultured iPSC-derived microglia. iMics were di^erentiated for 14 

days and the growth factors in the cell culture medium were not replenished for 48 hours prior to 

the experiments to increase the availability of hCSF1R on the cell surface. Treating these “growth 

factor-starved” microglia with hCSF1 (100 ng/ml) or both human ligands for 5 minutes (100 ng/ml 

hCSF1 and 100 ng/ml hIL34) resulted in increased phosphorylation of CSF1R (hCSF1: 55.7 ±  3.44; 

both: 48.67 ±  6.27; mean ± SEM) and its downstream signaling targets ERK1 and ERK2 (hCSF1: 

8.61 ± 0.5; both: 7.29 ± 2.1) (Figure 19 G-I). Remarkably, while stimulation with hIL34 alone did 

not induce strong activation signals (pCSF1R: 4.35 ± 2.29; pERK1/2: 2.82 ± 0.24), activating 

hCSF1R and ERK1/2 phosphorylation was observed upon treatment with mIL34 (100 ng/ml). 

Treatment with for mCSF1 (100 ng/ml) only resulted in low activating phosphorylation (pCSF1R: 

0.78 ± 0.11; pERK1/2: 1.83 ± 0.57) (Figure 19 G-I), confirming the modeling and SPR data. 

Therefore, iMic di^erentiation in cBSCs was confirmed to be CSF1R-dependent and appears to 

be driven by binding of mIL34 to human CSF1R. 

4.4.5	iMic	differentiation	in	cBSCs	is	driven	by	mIL34	

Considering these data and the reported tissue distribution of CSF1 and IL34 (Easley-Neal et al. 

2019), iMic di^erentiation and survival in cBSCs is most likely driven by mIL34. To verify this, 

mIL34 was depleted in cBSCs by the addition of an a-mIL34 antibody (Biotechne) in addition to 

murine CSF1R-inihibtion. The idea is that the antibody scavenges mIL34 released by neurons, 

thus reducing the availability of the cytokine and consequently preventing hCSF1R activation and 

subsequent iMic integration, di^erentiation and survival. When mIL34 was blocked throughout 

the experiment, iMic integration was reduced to 8629.43 ± 308.43 iMics/mm3 after 7 DIV 

compared to ca. 27,000 cells under control conditions (see Figure 10 B) with iMics predominantly 

located at the outer edges of cBSCs but not within the tissue in the center (Figure 20). Extended 

cultivation resulted in a further decrease of iMic survival in cBSCs after 14 
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(1589.01 ± 100.55 iMics/mm3) and 35 DIV (524.3 ± 71.41 iMics/mm3), respectively, with 

observable demise of iMics at the edges of cBSCs between 7 and 14 DIV (Figure 20 A+B). The 

iMics that engrafted and sustained for 7 or more days expressed very low levels of Iba1, were very 

small and showed no maturation as indicated by the presence of KU80+ nuclei without 

surrounding Iba1 and short processes without arborization in Iba1-expressing cells. These 

observations were reminiscent of those for CSF1R-deficient iMics (Figure 17), underlining the 

necessity of functional hCSF1R signaling for iMic survival and maturation in cBSCs. 

 

Figure 20 mIL34 is required for iMic diPerentiation in cBSCs 
A) Representative images of cBSCs continuously treated with anti-mouse-IL34 antibody over the entire di_erentiation 
period. iMics (KU80+, cyan) were located at the edge of slices at 7 DIV and demised over extended culture periods. iMics 
stained positive for microglial nuclear marker PU.1 (yellow) but showed little labelling by Iba1 (magenta) and did not 
adopt complex morphologies. Scale bars: 50 µm (close up), 200 µm (overview). DIV: days in vitro. B) Quantification of 
microglial numbers (PU.1+ per volume) in conditions of (A). The presence of the anti-mIL34 antibody results in loss of 
iMics in cultures after 7 DIV. n (groups) = 3; number of independent experiments per group = 3; Kurskal-Wallis test with 
Dunn’s multiple comparisons p = 0.0036. All values depicted are mean ± SEM. 
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Together with the data obtained from the in silico modeling and biochemical analyses, these 

results allow the conclusion that iMics survival and di^erentiation in cBSCs is primarily driven by 

mIL34 rather than mCSF1 and obligatorily depends on hCSF1R activation, as no iMic survival was 

observed in CSF1R-deficient iMics or upon blocking mIL34. Thus, cross-species interaction 

between the human receptor and its cognate murine ligands was demonstrated for the first time 

and shown to be biologically relevant for xenotransplantation approaches in vitro. It furthermore 

explains, why the supplementation of human cytokines to the model is not required for iMic 

survival and maturation. The findings validated that cBSC-iMics are biologically similar to 

microglia in their dependency on hCSF1R signaling. 

4.5	Modeling	neurodegenerative	disease	in	cBSCs	

After developing cBSCs as a model to study human iPSC-derived microglia homeostasis in a 

complex tissue environment, I aimed to investigate whether the system could be utilized to study 

microglial function in a neurodegenerative disease context. I adapted a model that had previously 

been established in the lab using BSCs (Barth et al. 2021) to cBSCs allowing me to study human 

microglial responses to proteinopathies. 

4.5.1	iMics	 in	 cBSCs	 respond	 to	 tissue	 aging	 and	 alpha-synuclein	

pathology		

To examine microglial responses to alpha-synuclein (aSyn), cBSCs were treated with pre-formed 

fibrils (p^) of synthetic aSyn to “seed” aSyn lesions as previously described by Barth et al. 2021 

(Figure 21 A). Five weeks post-seeding, cBSCs had developed abundant neuritic aSyn lesions 

(Figure 21 B). Consistent with previous reports (Tanriöver et al. 2020; Barth et al. 2021), numerous 

intramicroglial inclusions that stained positive with the amyloid binding dye pentamer formyl 

thiopene acetic acid (pFTAA) were observed as well (Figure 21C). pFTAA does not selectively stain 

aSyn lesions, but the aggregation of aSyn is the most likely explanation for pFTAA-positivity within 

p^-seeded cBSCs compared to other amyloids like Aβ or tau.  

Next, I was interested if microglia would show transcriptomic responses to the induced aSyn 

pathology. For this, I re-isolated iMics from p^-seeded cBSCs and compared them with age-

matched untreated controls (11w control vs. 5w aSyn-treatment after 6 weeks of homeostatic 

maturation). After quality control, 9,400 Mics (4,938 control and 4462 aSyn, n = 2 independent 

di^erentiations of iMics) were retained for analysis. 11 unique clusters were revealed upon PCA, 
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UMAP and clustering analysis (Figure 21 D). While all clusters were present in both control and 

aSyn-treated cultures, their frequencies varied (Figure 21 F+G).  

 

Figure 21 iMics in cBSCs respond to tissue aging and aSyn pathology 
A) Scheme of experimental procedure: At 6 weeks post-grafting, cBSCs were treated with 0.5 µg/µl pre-formed fibrils 
(p_) of alpha-synuclein (aSyn) to induce the formation of aSyn lesions within cBSCs. After incubation for 5 weeks, aSyn-
seeded and untreated control slices were subjected to single-cell RNA sequencing or analyzed using 
immunohistochemistry. Created in Biorender.com B) Representative images of aSyn-pathology throughout BSCs 
(neuritic lesions, stained positive for pS129, green). Scale bar: 200 µm. C) Some inclusions localized inside of microglia 
(Iba1, magenta) and stained positive for the amyloid-binding dye pFTAA (green). Scale bar: 10 µm. D) Scatterplot after 
principal component analysis and UMAP of microglia from aSyn p_-treated and control cBSCs at 11 weeks post-
grafting, color-coded by cluster. In total 11 molecularly distinct subpopulations were identified. E) RNA expression 
levels of molecular markers enriched in di_erent subsets of the scRNAseq dataset. The size of each circle depicts the 
percentage of cells per cluster in which the given transcript was detected, while the color coding represents the 
normalized z-scores. DAM genes were upregulated in cluster ‘4’ whereas interferon-responsive genes were only found 
in cluster ‘10’. F) Scatterplot after principal component analysis and UMAP for control (left) or aSyn-seeded cBSCs 
(right) colored by cluster. All populations were present in both conditions. G) Analysis of proportional contribution of 
each cluster to total number of microglia. While most clusters remained stable in their proportion, cluster ‘10’ was 
enriched in control slices, whereas cluster ‘4’ was proportionally larger in aSyn-treated slices. n = 9,400 cells with n = 2 
independent iMic di_erentiations per timepoint. 
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As seen in the previous scRNAseq timeline (Figure 15), homeostatic markers P2RY12, CX3CR1, 

CSF1R and HEXB were expressed after 11 weeks. Genes involved in complement activation 

(C1QA, C1QB), antigen presentation (HLA-DRA, CD74), phagocytosis (SPP1, CTSD) and interferon 

response (IFITM1, IFIT1, IFIT2, IFI6) were expressed at higher levels, indicating a more age-related 

activation of microglia independent of aSyn pathology. In this dataset the expression of these 

aging-associated markers was higher than in the timeline experiment (see 4.3 ). Interferon 

signaling-related genes (IFITM1, IFIT1) were upregulated in cells in ‘cluster 10’ (Figure 21 E), as 

observed in changing microglial interferon response signatures with aging (Sala Frigerio et al. 

2019). Interestingly, the proportion of cells from aSyn-treated cBSCs in this cluster was reduced 

(ca. 25 % aSyn, 75 % control) (Figure 21 G), indicating a more pronounced interferon response 

with age rather than pathology. ‘Cluster 7’ microglia presented an upregulation of genes related to 

immunomodulation (S100A8, S100A9) and glycolysis (ALDOA, LDHA, PGK1) (Figure 21 E), 

suggesting an altered metabolic profile with age rather than pathology. On the other hand, iMics 

from aSyn-seeded cBSCs presented stronger upregulations of classical DAM-related signature 

genes like APOE, TREM2, SPP1 (‘cluster 4’) and elevated levels of chemokine genes (CCL2, CCL3, 

CCL4) in ‘cluster 11’ (Figure 21 E). While DAM clusters have only been described for mice so far 

(Krasemann et al. 2017; Keren-Shaul et al. 2017; Srinivasan et al. 2020; Sun et al. 2023), the pre-

activated ‘chemokine-enriched’ subset has previously only been observed in humans (Olah et al. 

2018; Sala Frigerio et al. 2019).  

Taken together, these data demonstrate that iMics in cBSCs not only transition to transcriptional 

profiles that have been reported to develop during aging (‘IRM’) but also respond to 

neuropathological changes induced by aSyn seeding (‘DAM’ and ‘chemokine-enriched’). Given 

the time frame of this thesis, I was not able to discern whether these distinct transcriptional states 

correlate with functionally di^erent subsets of microglia, cBSCs provide the required 

experimental accessibility to investigate microglial roles in aging and disease and dissect their 

various contributions to either. 

All in all, I have presented the establishment of a novel in vitro model to study human iPSC-derived 

microglia in a complex tissue environment. The model recapitulates microglial maturation at 

morphological, functional and transcriptional levels to closely resemble adult human microglia. 

Furthermore, I was able to demonstrate cross-species activation of human CSF1R by its cognate 

murine ligand IL34 which I assume is the sole driver of iMic survival and di^erentiation in chimeric 

brain slice cultures. Lastly, I showed that cBSCs can be utilized to study iMics in 
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neurodegenerative disease conditions. In a proof-of-principle experiment, iMics in cBSCs with 

seeded synucleinopathy responded with microgliosis and the upregulation of DAM genes, 

highlighting that chimeric brain slice cultures o^er a platform to study human microglia dynamics 

in health and disease conditions. 
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5 Discussion	
5.1	Establishment	of	chimeric	brain	slice	cultures	

Microglia play an important role in the brain throughout life and previous studies have shown that 

significant di^erences between human and murine microglia exist (Mancuso et al. 2019; 

Hasselmann and Blurton-Jones 2020; Masuda et al. 2019; Geirsdottir et al. 2020). It is thus 

paramount to understand human microglia biology in a complex environment under homeostatic 

conditions, in order to investigate their role in neurodegenerative disease in subsequent studies. 

While murine microglia can be easily studied in vivo (Davalos et al. 2005; Nimmerjahn, Kirchho^, 

and Helmchen 2005; Hefendehl et al. 2014; Füger et al. 2017), primary human microglia so far 

have only been studied in vitro which is known to alter their transcriptome and function 

significantly (Gosselin et al. 2017; F. C. Bennett et al. 2018). The advent of iPSC-derived microglia 

protocols and xenotransplantation models have significantly increased our knowledge about 

these intricate cells, by studying human microglia in vivo for the first time (Abud et al. 2017; 

Hasselmann et al. 2019; Mancuso et al. 2019; McQuade et al. 2020; Baligács et al. 2024). 

Xenotransplantation studies require the use of immunodeficient mice which complicates their 

use due to strict regulatory requirements (in Germany), a limited lifetime and more complicated 

housing conditions. My laboratory and I thus identified the need for an in vitro model system, that 

mimics the phenotypes of human in vivo microglia as closely as possible without the limitations 

imposed by immunodeficient mice. Similarly, Ogaki et al. generated chimeric hippocampal slice 

cultures by transplanting iPSC-derived microglia into BSCs but only showed data for 14 DIV 

(Ogaki, Ikegaya, and Koyama 2022), which is insu^icient to study mature human microglia and 

function in homeostasis and disease.  

As Ogaki et al., I utilized murine organotypic hippocampal slice cultures, which I depleted of their 

endogenous murine microglia to enable engraftment of iPSC-derived microglial precursor cells to 

generate chimeric brain slice cultures which I studied for up to three months. Below, I will discuss 

how I generated and characterized a novel model system to study human microglia in the most 

complex in vitro environment for extended culture periods and how to utilize the model to answer 

biological questions.  

5.1.1	Generation	of	iPSC-derived	microglia	

In order to generate chimeric BSCs, iPSCs had to be di^erentiated to microglial precursor cells 

that could be transplanted into BSCs. Since iPSCs have been developed, several laboratories 
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have established protocols to di^erentiate the cells into microglia, taking their distinct ontogeny 

into account (Mu^at et al. 2016; Abud et al. 2017; Haenseler et al. 2017; Takata et al. 2017). In this 

study, I utilized two di^erent protocols that di^er significantly in their approach. The protocol by 

(Haenseler et al. 2017) is based on the formation of embryoid bodies and the supplementation of 

mesoderm-inducing cytokines BMP4, VEGF and SCF followed by primitive hematopoietic fate 

induction using IL3 and CSF1. It relies on cell-cell interactions and paracrine release of growth 

factors within the embryoid bodies for di^erentiation. Most importantly, NOTCH signaling 

between adjacent cells prevents the di^erentiation towards definitive hematopoiesis and 

increases the proliferation of progenitor cells (Simon and Keith 2008; Gustafsson et al. 2005). On 

the other hand, Takata et al. provided a protocol that has more room for external control and 

manipulation, as cytokine concentrations and combinations are vigorously controlled in this 

monolayer-based approach. The monolayer approach needs to be subjected to hypoxic incubator 

conditions for the first 8 days of di^erentiation to mimic the environment of the yolk sac, that is 

known to be hypoxic, whereas reduced hypoxic tensions are expected to be generated within EBs 

due to their size. Consequently, both protocols closely simulate the microglial origin and activate 

important signaling cascades including NOTCH, which has been shown to work in tandem with 

hypoxia (Gustafsson et al. 2005), albeit by di^erent methodology.  

Independent of the approach, microglial precursor cells could be used after about three weeks of 

di^erentiation and matured into microglia-like cells in 2D within another two weeks (Figure 5). 

Precursor cells from both protocols were indiscernible by eye and resulted in similar morphology 

and engraftment rates and the expression of key microglial markers IBA1 and PU.1 when 

transplanted into BSCs (Figure 9) further underlining that both di^erentiations yield microglial 

(precursor) cells expressing adequate markers. Thus, the protocol used to di^erentiate microglia 

precursor cells from iPSCs does not a^ect the generation of cBSCs and makes this model easily 

adaptable to other laboratories as they can use the protocol they already have established. 

However, due to the higher and prolonged yield of pre-iMics, the lower costs and decreased work 

e^ort, the EB-based protocol was routinely used for all subsequent experiments 

5.1.2	Generation	and	optimization	of	chimeric	brain	slice	cultures		

Next, a depletion paradigm was established to selectively remove murine microglia from BSCs to 

enable iPSC-microglia engraftment. Similar to some protocols established for 

xenotransplantation approaches (Mancuso et al. 2019; Fattorelli et al. 2021), the creation of a 

niche is required for high engraftment rates. Without previous depletion of endogenous microglia 
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grafting e^iciencies were below 10 % but could be increased to 93 % in cBSCs subjected to 

continuous depletion (Figure 7). Although grafting e^iciencies were above 90 %, ceasing the 

depletion of endogenous microglia after one week (or at any later timepoint during an experiment) 

resulted in the re-emergence of murine microglia and the loss of human microglia in the cultures 

(data not shown). While repopulation of microglia-depleted cultures is well-documented 

(Coleman Jr, Zou, and Crews 2020; Barth 2023), it is unknown why murine microglia are able to 

replace the human microglia after extended periods of depletion and stable human microglia 

integration (Figure 10). Since nobody has performed these experiments in vitro before, and 

xenotransplantation models usually do not use continuous depletion (Mancuso et al. 2019; 

Fattorelli et al. 2021), I can only speculate that murine microglia have a survival benefit in murine 

tissue compared to human cells due to stronger stimulation of surface receptors by endogenous 

growth factors compared to cross-species activation. This will be discussed in more detail below 

(see 5.5 ). 

Microglia depletion in vitro and in vivo is most commonly achieved by the administration of small 

molecule inhibitors of CSF1R including PLX3397 or PLX5622 (J. Han et al. 2022). Ogaki et al. used 

PLX3397 and Clodronate liposomes in their study to deplete murine microglia for the generation 

of chimeric BSCs. They showed that PLX3397 prevented human microglia engraftment 

completely while Clodronate-mediated depletion resulted in an 80 %-exchange of murine to 

human microglia (Ogaki, Ikegaya, and Koyama 2022). Their findings highlight the necessity for 

mouse-specific microglia depletion that does not a^ect human cells and therefore could mediate 

a near-complete exchange of microglia in cBSCs. To circumvent the unwanted e^ect on iMics, I 

used a species-specific antibody directed against murine CSF1R to continuously suppress 

murine microglia without a^ecting the grafted human cells. The anti-m-CSF1R antibody is highly 

specific for CSF1R and thus decreases the o^-target e^ects on other surface receptors observed 

upon PLX3397 treatment (Hagemeyer et al. 2017). Consequently, other neural cell types are not 

directly a^ected by the depletion. Furthermore, working in vitro overcomes one of the major 

drawbacks faced when working with brain-targeting antibodies in vivo: the lacking penetration of 

the BBB by antibodies (David A. Hume and MacDonald 2012). Like small molecules, the CSF1R-

antibody can be easily supplemented to the culture medium of BSCs and directly reaches the 

brain tissue, enabling fast and targeted microglia depletion by preventing CSF1R ligands from 

binding to the receptor. Using the anti-CSF1R antibody resulted in depletion rates of 85 % within 

one week, and more than 90 % after two weeks (Figure 6) which is comparable to e^iciencies 

described for PLX3397 (Elmore et al. 2014; Green, Crapser, and Hohsfield 2020). Due to blocking 
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the same receptor and similar timing of depletion observed for antibody and small molecule 

treatments, one can assume that antibody treatment results in the induction of apoptosis of 

microglial cells due to cytokine deprivation (Elmore et al. 2014) rather than reduced proliferation 

which would have a significantly longer turnover time (Askew et al. 2017; Füger et al. 2017). Within 

one week, the withdrawal of the antibody from the culture medium results in a repopulation of the 

cultures from a small population of cells resistant to CSF1R inhibition (Huang et al. 2018; L. Zhan 

et al. 2020) as previously described for PLX3397 and PLX5622 (Elmore et al. 2014). These CSF1R-

independent microglia, which highly express MAC2, are intriguing but investigating them in more 

detail was outside the scope of this thesis. Furthermore, the previously described ‘overshoot’ 

phenomenon during repopulation (Barth 2023) was not observed due to the limited number of 

timepoints observed in this study (Figure 6). 

The number of microglial precursor cells grafted to each BSC was determined by titrating the graft 

size and evaluating graft survival, basic morphology, expression of Iba1 and network density and 

distribution to resemble endogenous parameters as closely as possible (Figure 7). Grafting 

excess numbers resulted in overpopulated niches, indicated by decreased morphological 

di^erentiation and a decreased expression of microglial markers PU.1 and Iba1. Conversely, 

grafting insu^icient numbers resulted in higher variability between experiments and thus 

unreliable microglial densities, which would impair reproducibility. Even though graft sizes varied 

between 1k and 50k, the observed integration density did not vary 50-fold, but only 5-fold between 

the smallest and largest graft (ca. 4,000 and 23,000 iMics/mm3, respectively), while the 

intermediate graft sizes of 5k and 10k resulted in a 1.2-fold increase density for doubled graft size 

(10,500 vs. 13,000 iMics/mm3). These findings indicate that the tissue regulates the number of 

microglia to prevent severe overpopulation, even though the mechanism remains unknown 

(Nikodemova et al. 2015; Askew and Gomez-Nicola 2018). Consequently, the graft size was 

determined to be 10,000 cells per slice, which results in highly reproducible densities and highly 

mature morphologies while allowing the generation of several experiments in parallel because 

pre-iMic yields are not exhausted. 

To demonstrate that the model overcomes major challenges faced by iPSC work, namely 

decreased reproducibility and increased variability between lines for more complex 3D models 

(Volpato and Webber 2020; Hedegaard et al. 2020), pre-iMics of three di^erent lines and the two 

di^erentiation protocols were grafted to cBSCs (Figure 9 and Figure 17). Independent of cell line 

and protocol, highly reproducible results were obtained, underlining the easy adaptation of the 

model by other labs.  
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5.2	Morphological	characterization	of	iMics	in	cBSCs	

The inaccessibility of human microglia for direct observation or manipulation in vivo requires the 

use of model systems that reflect key properties and features as closely as possible. For microglia 

model systems, a model’s quality is evaluated on the cellular morphology and network 

organization of microglia, their functionality during homeostatic and disease-associated 

conditions as well as their transcriptional phenotypes. The comparison of morphological 

parameters between studies, however, is complicated by several factors and underline the 

importance of using appropriate controls within each experiment. 1) Microglia morphology is 

drastically influenced by activation status which is often determined by morphological readouts 

(Paolicelli et al. 2022). 2) Microglia present considerably di^erent morphologies between species 

as well as between di^erent brain regions within one species (Geirsdottir et al. 2020). 3) Sample 

preparation, analysis pipelines and software a^ect readouts independent of the tissue sources, 

while 4) post-mortal delay (PMD) is especially relevant for human tissue samples. Heng et al. 

showed that PMD induces transcriptional changes in both human and mouse samples suggesting 

that microglial morphology can also be altered upon increased PMD. Conversely, microglial yield 

decreases with increased PMD (Heng et al. 2021), indicating microglial cell death and/or changed 

expression of surface markers used for isolation. Human ex vivo experiments in this study were 

not a^ected by PMD, as the tissue was obtained during brain surgery and could be fixed 

immediately upon excision, resulting in the most in vivo-like reference possible. The limited 

availability of human brain tissue, however, only allowed for the inclusion of tissue from the 

prefrontal cortex which was compared to human and murine microglia in the hippocampus of 

(c)BSCs. Nevertheless, morphological analysis revealed no significant di^erence between human 

ex vivo microglia, murine microglia in BSCs and human iMics in cBSCs, demonstrating that iMics 

successfully di^erentiate and mature in cBSCs (Figure 10). Furthermore, increased expression of 

microglial marker IBA1 and increased ramification was observed over extended cultivation time, 

underlining morphological maturation (Figure 10). Interestingly, it was not possible to determine 

if iMics more closely resemble human microglia ex vivo or murine microglia in BSCs based on the 

analyses performed. While both the local brain environment and the species background have 

been implicated in determining microglial morphology (F. C. Bennett et al. 2018), the ultimate 

determinant remains unknown. Microglia in chimeric models might share characteristics with 

both species but this has to be analyzed in more detail in subsequent studies. iMics in cBSCs are 

less ramified than human or murine hippocampal microglia (Geirsdottir et al. 2020), indicative of 

a possible in vitro phenotype previously described (Ormel et al. 2018; Popova et al. 2021). 
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Compared to other 2D and 3D models, this activated/ decreased homeostatic phenotype is less 

pronounced in cBSC-iMics. While the study by Geirsdottir et al. was the most extensive on species 

di^erences, the values of their human cortical microglia deviated from the human ex vivo samples 

used in this thesis. This underlines that comparisons between studies are di^icult and that 

observed di^erences might arise due to methodological di^erences. Thus, to determine if cBSC-

iMics present an activated phenotype or are not fully mature, further investigations are required.  

Microglial network organization was characterized by analyzing the microglial numbers 

per volume and the nearest-neighbor-distance. As for the morphological analyses, no di^erences 

between iMics and the other experimental groups were observed (Figure 10), indicating that 

engrafted iMics establish a homeostatic human microglial network within the mouse brain tissue 

in vitro. Nevertheless, observed NND values of 30-35 µm deviate from values reported in 

literature, that usually range between 40 and 50 µm (Hefendehl et al. 2014; Mancuso et al. 2019; 

Barry-Carroll et al. 2023). One factor might be the age di^erence between 1.5 month-old BSCs 

compared to three-week (Barry-Carroll et al. 2023) or three-month-old mice (Hefendehl et al. 

2014). As a decrease of NND between embryonic stages and p21 as well as with age have been 

described, respectively (Nikodemova et al. 2015; Askew and Gomez-Nicola 2018). For murine 

microglia in BSCs, the generation of a glial scar might cause smaller NND values. However, the 

glial scar has been described to subside after two to three weeks in culture (Hailer, Jarhult, and 

Nitsch 1996; F. L. Heppner et al. 1998) and thus seems an unlikely explanation for sustained low 

NND values after 6 weeks. Furthermore, morphological analysis did not reveal an overly activated 

phenotype of murine microglia (Figure 10). A more logical explanation for the deviating values 

therefore might be found in methodology, as also human ex vivo samples showed the deviation 

from published values (Geirsdottir et al. 2020). While tissue sections from other studies were 25 

to 80 µm thick, neither (c)BSCs nor human tissue slices were sectioned prior to staining and 

mounting, resulting in the analysis of 250-300 µm thick tissue sections. Compression of the tissue 

imposed by the coverslip most likely is higher for thicker tissue sections and thus results in an 

artificial reduction of NND in the sections analyzed in this thesis. Conversely, microglial density 

in (c)BSCs was increased compared to published results, which can be explained by increased 

compression as well as a possible primed microglial phenotype. Nevertheless, iMic density in 

cBSCs (7600 iMics/mm3, Figure 10) is comparable to previously published values 

(5990 microglia/mm3) (Keller, Erö, and Markram 2018) indicating that the tissue controls 

microglial numbers and results in a stabilization of iMic numbers after three weeks, as observed 

in vivo (Nikodemova et al. 2015; Askew and Gomez-Nicola 2018). 
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Overall, these data suggest that iMics in cBSC morphologically mature to reach the complexity 

and tissue distribution observed in human microglia ex vivo. This reminiscence of microglial 

networks validates the opportunities chimeric slice cultures o^er to study human microglia 

biology in vitro. 

5.3	Functional	characterization	of	iMics	in	cBSCs	

While morphological and network parameters indicate iMic maturation in vitro, they do not 

provide any information about functionality which is a prerequisite for the investigation of 

microglia biology. To assess functional characteristics of iMics three basic functions were 

investigated: process motility and lesion response, cytokine responses upon inflammatory 

stimulation and support of neuronal network activity.  

2-Photon live cell imaging was performed to investigate microglial process movement during 

homeostatic conditions and upon focal laser lesion induction. These methods and readouts are 

commonly utilized to assess microglial function (Davalos et al. 2005; Nimmerjahn, Kirchho^, and 

Helmchen 2005) but due to di^erences in analysis software and pipeline direct comparison to 

other studies is di^icult. Endogenous murine microglia in Iba1-EGFP BSCs therefore were the 

comparison of choice and revealed no di^erences in human and murine microglia process 

motility (Figure 11). GFP+ iMics have a stationary soma while actively monitoring their territory 

during homeostasis and within minutes move their processes towards the injury site upon focal 

laser lesion, as has been described in vivo (Davalos et al. 2005; Nimmerjahn, Kirchho^, and 

Helmchen 2005; Hefendehl et al. 2014; Hasselmann et al. 2019). Comparison to human microglia 

in primary tissue is di^icult, due to the limited availability of living tissue and problems in labeling 

primary microglia without causing inflammatory activation. Furthermore, the sectioning of tissue 

itself induces a pro-inflammatory environment and in vitro culture of primary tissue has activating 

e^ects on the cells and thus might a^ect their motility and lesion response. iMic responses, 

therefore, could only be compared to murine microglia while dynamics in humans could be 

di^erent.  

Next, cBSCs were subjected to chronic and acute stimulation with LPS to mimic a strong 

inflammatory activation and elicit microglial cytokine release (Figure 12). Although LPS is not a 

physiological stimulus of microglia as it is unable to cross the intact BBB, it is broadly applied for 

proof-of-principle experiments due to the strong e^ects elicited (Stöberl et al. 2023). iMics 

secreted IL1β, IL6, IL8 and TNFa as has been observed for primary microglia whereas 

immortalized microglia cell lines usually present impaired cytokine responses and release only 
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one or two cytokines (Nagai et al. 2001; Ahn et al. 2008; Timmerman, Burm, and Bajramovic 2018). 

Acute, 24 h stimulation with a high LPS dose elicited higher concentrations of all assessed 

cytokines compared to the low dose chronic treatment for seven days. Possibly, a lower dose for 

the acute treatment would have resulted in lower cytokine concentrations after 24 hours. On the 

other hand, the extended incubation in the chronic treatment might have induced tolerance 

mechanisms as described in vivo (Wendeln et al. 2018). Adjusting the applied concentrations, 

incubation periods and the panel of cytokines examined might lead to di^erential observations 

between groups but was outside the scope of this thesis, as the LPS response was only used as 

proof-of-principle for cytokine release.  

Microglia play a key role in modulating neuronal circuits by synaptic pruning and it has been 

shown that the loss of microglia alters neuronal activity on post-synaptic and network levels 

(Paolicelli et al. 2011; Du et al. 2022). As endogenous microglia are depleted in cBSCs, I wondered 

whether iMics were able to take over their function and support neuronal activity over extended 

culture periods. Multi-electrode array analysis revealed no di^erence in spike counts between 

cBSCs with iMics and BSCs with endogenous microglia after six and twelve weeks in culture, 

respectively (Figure 13). Interestingly, baseline activity after twelve weeks was higher compared 

to six weeks for both iMics and endogenous microglia. While this increased activity might be due 

to technical reasons during data acquisition, it could also reflect a more mature neuronal network 

(Suresh et al. 2016). Regardless of the reason for the increased activity, this data shows that 

(c)BSCs are still viable after 12 weeks in culture and that the exchange of microglia from murine 

to human does not negatively a^ect neuronal function. Thus, cBSCs are a valid tool to study 

human microglia in intact, homeostatic neuronal networks for extended periods of time. 

Taken together, iMics in cBSCs are able to fulfil three major microglial functions. However, 

microglia biology is complex, and the cells possess several other key functions not investigated 

in this thesis. These include phagocytosis of synapses and neuronal debris, antigen presentation 

and activation of the complement system. Additional investigation of these parameters would 

have exceeded the scope of this project. It would be interesting to examine those in later studies, 

as has been done for xenotransplantation mice, where initial reports did not investigate these 

features either but have been extended since (Mancuso et al. 2019; Hasselmann et al. 2019). 
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5.4	Transcriptional	 proGile	 of	 iMics	 in	 cBSCs	 recapitulates	ex	

vivo	human	microglia	phenotypes	

Microglia are highly complex cells which are strongly influenced by both their ontogeny and 

environment (Ginhoux et al. 2010; F. C. Bennett et al. 2018; Gosselin et al. 2017; Paolicelli et al. 

2022). This intricate interplay results in a heterogenous cell population in homeostatic conditions 

that cannot be reflected by morphological analyses alone (Ransoho^ 2016; Paolicelli et al. 2022). 

Single-cell RNA sequencing allows investigating changes in cellular gene expression upon 

experimental manipulation or to understand the maturation of a cell population in unprecedented 

detail. By now scRNAseq has become an essential tool to validate new model systems and 

defined many microglial transcriptional states.  

In this study I utilized scRNAseq to investigate iMic maturation in monoculture and cBSCs and 

how well they reflect mature human microglia. For this, pre-iMics, mono iMics cultivated for 

21 DIV and iMics re-isolated from cBSCs after 4, 8 and 12 weeks were subjected to RNA 

sequencing (Figure 14). After quality control and exclusion of contaminating neural cells, iMics 

clearly clustered according to developmental stage and culture condition. Independent of the 

time post-engraftment cBSC-iMics clustered away from precursors and mono iMics. Interestingly, 

while cBSC-iMics constituted only two clusters, a progression in transcriptional changes can be 

assumed as 8w cells cluster between 4w and 12w conditions. Cells from the 4w condition can be 

found in one cluster with mono iMics, whereas 12w cells clustered the furthest away from mono 

iMics (Figure 14). This would need to be analyzed in more detail using a refined clustering 

approach with higher resolution and or in a pseudotime analysis but was outside the temporal 

scope of this thesis.  

cBSC-iMics constituted only two clusters, independent of isolation timepoint, whereas mono 

iMics and precursors could be subdivided into several sub-populations each (Figure 14). This 

does not necessarily reflect a higher homogeneity within the cBSC iMic populations but rather the 

limited number of cBSC-iMics in comparison to pre- and mono iMics which makes it more di^icult 

to pick up subtle changes in that population. It would, thus, be interesting to analyze a larger cBSC 

iMic population to gain more information about a possible heterogeneity within slice cultures and 

whether this could be reflective of functional phenotypes. The microglial transcriptome di^ers 

between brain regions (Grabert et al. 2016; Lopes et al. 2022). By generating cBSCs from di^erent 

brain regions like the cortex, striatum or cerebellum, one could analyze whether the regional 

heterogeneity could be recapitulated ex vivo. These di^erent cBSCs might then be used to 
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decipher the e^ects of the microenvironment on microglial phenotypes and function and study 

microglial heterogeneity in vitro. Furthermore, disease region-specific cBSCs could be generated 

to allow more detailed studies. 

Dolan et al. analyzed monocultured iPSC-microglia and the e^ect of brain substrates (neuronal 

debris, Aβ, synaptosomes) on their transcriptomes. They concluded that their iPSC-microglia 

reflect diverse transcriptional states observed in human brain microglia and can be considered 

mature and homeostatic (Dolan et al. 2023). Comparing this data with the dataset at hand, the 

transcriptomes observed in the Dolan microglia and my mono iMics share a high overlap in the 

top expressed genes (Figure 15). However, the lacking expression of key homeostatic markers like 

P2RY12, CX3CR1, the concurrent upregulation of senescence markers (CDKN2A), and of many 

DAM genes including LPL, PICALM, GPNMB indicate a primed/activated state in mono iMics. This 

activation was not observed in cBSC-iMics which had higher expression of functional markers 

including HLA-DRA, CD74 and SPP1. Thus, cBSC-iMics seem to be more homeostatic than mono 

iMics which might be due to the influence of the tissue environment. As previously shown, co-

culturing iPSC-microglia with other neural cell types enhances microglial maturation (Park et al. 

2023) and the lack of input in monoculture might be a cause of cellular stress that results in the 

senescence observed in both datasets (Dolan et al. 2023).  

Interestingly, the expression of key microglial markers SALL1 and TMEM119 was not detected in 

this study, whereas others have reported that more complex environments are able to induce the 

expression of those markers (Park et al. 2023). This might be caused by the relatively low 

sequencing depth of scRNAseq compared to bulk RNAseq approaches. It furthermore highlights 

that gene expression and protein expression are not linearly correlated, as I was able to stain for 

hTMEM119 protein in 4 week-old cBSCs (Figure 10). Additionally, the number of iMics re-isolated 

from cBSCs is a challenge due to the small size of the tissue and might not allow to dissect the 

entire heterogeneity of cBSC-iMic population as not all iMics are captured. Finally, the above-

mentioned regional heterogeneity of microglia cannot be captured by using only hippocampal 

cBSCs which might explain why specific phenotypes were not detected in this data set.  

Previous studies have shown, that the way microglia are handled prior to scRNAseq a^ects 

microglial transcriptomes and can induce an artificial activation phenotype (Marsh et al. 2022). 

However, no obvious confounding e^ect was observed in my data set which can be explained by 

a shortened processing time, less wash steps, no FACS and no labelling of human cells with 

antibodies/ antibody-coupled magnetic beads. All of these are known factors to cause microglial 

activation. As cBSCs did not present an overly activated phenotype, the applied approach seems 
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very well suited to analyze homeostatic microglia. The observed activated phenotype in mono 

iMics cannot be explained by too vigorous handling either. These cells were subjected to 

scRNAseq processing immediately after dissociation from the culture well without previous 

MACS or any other stressing procedures. Therefore, the observed activated phenotype is most 

likely a biological e^ect of the culture environment and underlines that cBSCs provide a more 

homeostatic environment for iMics to di^erentiate in. 

In summary, cBSC-iMics adopt a homeostatic phenotype that highly reflects adult human 

microglia although the mapping to existing adult human data sets like the Olah et al. microglia 

atlas (Olah et al. 2020) was outside the scope of this thesis. 

5.5	Cross-species	CSF1R	receptor:ligand	interactions	

The generation of cBSCs was adapted from published protocols for xenotransplantation and 

microglia replenishment studies in BSCs using similar methods for the generation of iPSC-

microglia and engraftment (Masuch et al. 2016; Mancuso et al. 2019; Fattorelli et al. 2021; 

Hasselmann et al. 2019). However, cSBCs can be generated from WT Black-6 mice, whereas 

xenotransplantation requires animals to be immunodeficient (Rathinam et al. 2011; Hasselmann 

et al. 2019; Svoboda et al. 2019). Depending on the method and mouse model used, 

xenotransplantation experiments reach exchange rates from murine to human microglia of 20-

80 % (Fattorelli et al. 2021; Hasselmann et al. 2019; Svoboda et al. 2019), whereas grafting 

e^iciencies of 97 % were achieved in cBSCs and sustained for several weeks (Figure 10). There 

are two major di^erence between in vivo and in vitro xenotransplantation: 1) Murine microglia are 

constantly suppressed by anti-ms-CSF1R antibody in cBSCs whereas xenotransplantation 

models rely on depletion before engraftment using small molecules (Mancuso et al. 2019; 

Hasselmann et al. 2019). 2) According to a longstanding dogma in immunology human CSF1-

receptors cannot be activated by their cognate murine ligands (Sie^ 1987; Rathinam et al. 2011). 

Consequently, xenotransplantation models rely on the expression of human knock-in alleles of 

CSF1R ligands, hCSF1 in most cases, to allow iPSC-microglia integration, survival and maturation 

(Mancuso et al. 2019; Hasselmann et al. 2019; Svoboda et al. 2019; Fattorelli et al. 2021; Baligács 

et al. 2024; Serneels et al. 2025). cBSCs, however, were generated without the supplementation 

of human cytokines and showed reliable and consistent integration and di^erentiation of iMics 

for extended culture periods. Thus, the binding of murine ligands to human receptors and their 

e^ects on downstream signaling were investigated using in vitro, cell-free and in silico 
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approaches to understand how iMics in cBSCs maintain without the supplementation of human 

growth factors. 

5.5.1	CSF1R	dependency	of	iMics	in	2D	and	3D	

First, to understand how iMics in cBSCs are able to survive and mature without supplementation 

of human CSF1R ligands, I investigated whether they depend on CSF1R signaling in 2D and 3D or 

if alternative pathways could compensate for CSF1R signaling. As expected, only iMics cultivated 

in hCSF1+hIL34 iMic medium di^erentiated into microglia-like cells, whereas slice culture 

medium did not even induce cell attachment in 2D (Figure 16), underlining the importance of 

CSF1R signaling for microglia di^erentiation. SCM is defined to sustain BSCs for as long as 

possible and thus contains horse serum. Exposure to serum, however, has been reported to 

induce microglial activation phenotypes (Hedegaard et al. 2020) and is highly artificial as 

homeostatic microglia in vivo are never exposed to it. iMic medium is therefore serum-free to 

reduce variability and promote a more in vivo-like homeostatic condition. Thus, exposure to 

serum in SCM is the most likely reason why pre-iMics do not attach to the cell culture vessel while 

cells in iMic medium without cytokines can survive and di^erentiate to some extent. It 

furthermore underlines, that di^erentiation of iMics in cBSCs does not occur because of SCM but 

rather despite of it and that the tissue environment plays an important role in driving 

di^erentiation. iMics also di^erentiated in BSCs cultivated in medium without serum (data not 

shown). However, BSCs did not sustain long enough in no-serum conditions to allow long-term 

studies. 

Next, iPSCs harboring non-functional CSF1R alleles (loss of function mutation E633K or KO) were 

di^erentiated towards iMics and investigated in 2D and 3D for their capacity to fully mature. Early 

steps of di^erentiation occurred independent of CSF1R genotype, but homozygous loss of 

function resulted in morphologically aberrant pre-iMics, that were released in decreased 

numbers from CSF1RE633K/E633K and CSF1R-/- EBs and did not attach to the culture vessel to 

di^erentiate (Figure 16). These data are in line with previous reports that defined microglial fate 

induction to be CSF1R-dependent (Ginhoux et al. 2010; Erblich et al. 2011; Rocío Rojo et al. 2019) 

and underline, that CSF1R signaling is the sole driver of iMic di^erentiation in 2D. When the 

CSF1R-variant pre-iMics were engrafted to cBSCs, heterozygous CSF1R+/E633K cells initially 

integrated to a similar extent and with similar distribution and morphology as CSF1R+/+ iMics but 

were lost during the subsequent three weeks of di^erentiation. Very few cells without functional 

CSF1R (CSF1RE633K/E633K and CSF1R-/-) survived for more than seven days in the murine tissue and 
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those that did, showed no expression of microglial markers PU.1 or Iba1 (Figure 17) emphasizing 

the observation from 2D that pre-iMics without CSF1R are unable to give rise to iMics proper. 

Studies from human patients indicate a gene dosage e^ect of CSF1R on microglial survival. 

Heterozygous carriers of CSF1RE633K are viable but present with reduced numbers of microglia and 

early-onset neurodegeneration defined as HDLS (Rademakers et al. 2011; Konno et al. 2018) 

whereas homozygous CSF1RE633K carriers are very rare, present without microglia and with severe 

developmental brain abnormalities indicating an increased fetal lethality (L. Guo et al. 2019; 

Oosterhof et al. 2019). This gene dosage e^ect was reproduced in cBSCs using CSF1R-variant 

iMics by a gene dosage-dependent survival (WT> +/E633K > E633K/E633K = KO) and proves that 

CSF1R signaling in (pre-) iMics is required for engraftment and maturation of the cells. 

Additionally, these findings support the assumption that iMic maturation in cBSCs is purely driven 

by CSF1R without compensatory pathways being able to circumvent the loss of this pathway. This 

also allows the conclusion that the supplementation of human CSF1R ligands is dispensable for 

the generation of cBSCs. Murine ligands can activate the human CSF1-receptors su^iciently, as 

WT CSF1R iMics di^erentiate and sustain solely upon interaction with the murine tissue but loss-

of-function mutants do not. However, to determine which ligand binds and activates the receptor 

more in-depth analyses of the human receptor and its cognate human and murine ligands were 

deployed. 

5.5.2	Cross-species	 receptor:ligand	 interactions	 elicit	 human	 CSF1R	

activation	

CSF1R and its ligands are highly conserved across evolution, and even though human and murine 

receptors and ligands share between 70 and 95 % sequence homology (Stanley et al. 1997; H. Lin 

et al. 2008; Otsuka, Wada, and Seino 2021), cross-species binding and receptor activation is 

highly debated. In this study in silico modelling of receptor and ligand interactions, however, 

revealed high overlap of predicted ternary complexes between human receptors and its cognate 

murine ligands (Figure 18). The data obtained for human-human receptor:ligand interactions are 

in line with published crystal structures (Ma et al. 2012; Felix et al. 2015), highlighting the reliability 

of the modelling approach. These analyses furthermore revealed subtle structural di^erences in 

the predicted interaction between human CSF1R and murine CSF1 compared to hCSF that could 

result in di^erential ligand-receptor kinetics. The kinetics would most likely be weaker due to a 

reduced number of hydrogen bonds and salt bridges at positions critical for receptor:ligand 

interaction (Supplementary Figure 2). On the other hand, no discrepancies between human and 
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murine IL34 complexes with hCSF1R were observed, allowing to expect very similar binding 

kinetics between both. Modelling was performed utilizing only the D1-D3 domains of hCSF1R as 

these are the critical domains for ligand binding. However, the D4 and D5 domains stabilize the 

interactions between receptors and ligands (H. Liu et al. 2012; Mun, Park, and Park-Min 2020). 

Di^erential binding of the ligands to the receptors might infer di^erential e^ects on the 

stabilization and conformation of the ternary complex that could not be predicted in this 

approach. Regardless of this limitation, this approach was chosen to increase the confidence of 

the prediction and because crystallization experiments, which served as reference, also focused 

on investigating D1-3-ligand interactions (Felix et al. 2015).  

The ColabFold predictions further increased my confidence that iMic di^erentiation in cBSCs is 

facilitated by cross-species interaction of CSF1R with its cognate murine ligands and indicated, 

that mIL34 might be the driving factor. Receptor:ligand interactions were assessed in a cell-free 

assay (surface plasmon resonance) that allows to examine binding kinetics between two potential 

interaction partners. The findings support the in silico prediction that mIL34 might act as the 

primary activator of hCSF1R in cBSCs: Murine IL34 bound the immobilized human receptor with 

high a^inities at very low concentrations (< 1 nM), comparable to its binding to the murine 

receptor (40 pM) and to hIL34 binding hCSF1R (80 pM). On the other hand, mCSF1 showed fast-

on and fast-o^ kinetics with much lower a^inities for hCSF1R (20 mM) compared to its a^inities 

to the murine receptor (12 pM) and that of hCSF1 to hCSF1R (25 pM) (Figure 19). To control for 

unspecific binding of ligands to receptors, the closely related hPDGFRβ was immobilized and no 

binding of either cytokine was observed (Supplementary Figure 3), which highlights the 

specificity and high sensitivity of the assay and that binding of murine ligands to human CSF1R 

does occur at biologically relevant concentrations. 

Next, this presumed biological relevance was determined by a cytokine stimulation assay of 

starved 2D iMic monocultures. iMics had been matured for 14 days in 2D culture with complete 

iMic medium and starved for 48h prior to the assay by not changing the medium to increase 

receptor availability on the cell surface. Upon the addition of human or murine cytokines to the 

medium for five minutes, the cells were lysed and the phosphorylation of CSF1R and its 

downstream signaling e^ector hERK1/2 were assessed using Western Blot to determine which 

cytokine induces CSF1R pathway activation. The addition of hCSF1 alone or in combination with 

hIL34 induced the strongest phosphorylation of hCSF1R (up to 55-fold) and hERK1/2 (up to 9-fold), 

whereas hIL34 had little to no e^ect on phosphorylation levels (Figure 19). Interestingly, the e^ect 

of hCSF1 alone was stronger than the combination of both cytokines, even though not 
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significantly increased. Competition for the receptor can be an explanation as both cytokines 

were used at the same concentration and could have resulted in the saturation of the receptors 

or the formation of ligand-heterodimers that might not elicit activating phosphorylation. 

Furthermore, CSF1 and IL34 have slightly di^erent binding sites within the same active center of 

the receptor (Garceau et al. 2010; Chihara et al. 2010) which might induce the phosphorylation of 

di^erent tyrosine residues on the intracellular site of the receptors and consequently the 

activation of di^erent downstream mediators. In this assay, however, only one phosphorylation 

site of hCSF1R and two residues in hERK1/2 were investigated. Thus, even though hIL34 did not 

result in strong phosphorylation of CSF1R and ERK1/2 at the investigated phosphorylation sites, 

this does not imply that the cytokine does not bind to or activate the receptor. It would require 

further, more detailed investigation using di^erent cytokine concentrations, incubation periods, 

and detection antibodies for both phosphorylated CSF1R and ERK1/2 as well as other 

downstream signaling partners like PI3K or AKT to understand the complex signaling of CSF1R. 

Conversely, the addition of murine CSF1 did not induce the phosphorylation of hCSF1R nor 

hERK1/2 while mIL34 did induce a ca. 10-fold increase in hCSF1R phosphorylation and a 

phosphorylation of hERK1/2 similar to that of hCSF1 (Figure 19). These experimental data are in 

line with the predictions made by ColabFold and the SPR data, that indicated a weaker, yet 

existent, binding of mCSF1 to hCSF1R compared to mIL34. Together these findings support the 

assumption, that murine IL34 is indeed capable of binding human CSF1R and that this binding 

su^ices to activate downstream signaling to support iMic integration, survival and maturation in 

cBSCs. 

Finally, I aimed to prove experimentally that iMic di^erentiation in cBSCs is predominantly driven 

by mIL34 rather than mCSF1. In addition to blocking murine CSF1R using the anit-mouse-CSF1R 

antibody, I applied an antibody directed against murine IL34 directly onto the slice cultures with 

every medium change to scavenge the released cytokine in the tissue and prevent it from binding 

and activating the receptors on the engrafted human cells. As expected from the data obtained 

before, blocking mIL34 resulted in impaired iMic engraftment, survival and di^erentiation in 

cBSCs (Figure 20). Contrasting the uniform distribution throughout slices observed in all previous 

experiments, mIL34-blocking resulted in iMics to predominantly cluster around the edges of 

cBSCs after one week without migrating into the tissue and the loss of most of these cells over the 

subsequent cultivation period up to five weeks. This distribution pattern can be explained by the 

decreased thickness of BSCs at the edges that might enable easier adherence. Furthermore, the 

thinner tissue might have locally increased concentrations of mCSF1 released by neurons and 



  Discussion 

 105 

astrocytes and thus o^ers an initial induction of di^erentiation in iMics. This, however, is not 

su^icient for long-term di^erentiation and survival due to the decreased binding a^inities and 

signal transduction explained above. Incomplete di^erentiation is furthermore underlined by the 

lack of Iba1 expression in human cells within mIL34-blocked cBSCs, which is reminiscent of the 

results obtained for CSF1R-deficient iMics (Figure 17) and highlights the importance of CSF1R 

activation by mIL34 for iMic di^erentiation in cBSCs.  

Together, these results demonstrate for the first time that cross-species interaction between 

human CSF1R and its cognate murine ligands mCSF1 and mIL34 exists and that mIL34 is the 

primary interaction partner driving iMic di^erentiation. These findings are in line with data that 

described IL34 signaling to be dispensable for microglial fate induction but essential for their 

maintenance and di^erentiation later in life (Kana et al. 2019; Easley-Neal et al. 2019; Obst et al. 

2020; Devlin et al. 2024). It, furthermore, opens the question, why xenotransplantation models 

rely on the expression of knock-in alleles of human CSF1 rather than human IL34. In those 

models, iPSC-microglia are transplanted at a similar developmental stage as pre-iMics in the 

approach described here, leading to the assumption that their fate is already determined and that 

the expression of hCSF1 might not be the right choice. It would be interesting to see, if the 

microglial phenotype changed upon the substitution of hCSF1 to hIL34 in xenotransplantation 

mice and whether microglial engraftment could be achieved in immunodeficient (and microglia-

depleted), but non-humanized mice, similarly to the approach used in this study. The various 

approaches taken to confirm hCSF1R-mIL34 interaction furthermore demonstrate how important 

thorough investigation of possible mechanisms is for understanding how a model system works 

to further improve it in the future.  

5.6	Modelling	neurodegenerative	disease	in	cBSCs	

cBSCs o^er the opportunity to study human microglia in complex tissue environment under 

homeostatic conditions. While this will be of high value to investigate human microglial function, 

a major interest of the lab and the research community is to understand microglial contribution 

to disease pathology. Brain slice culture models for neurodegenerative diseases including 

tauopathies, prion disease, AD and synucleinopathies exist (Falsig and Aguzzi 2008; Humpel 

2015; Croft et al. 2019) and should be easily adaptable for cBSC studies by replacing murine 

microglia with human iMics as described in this thesis. Importantly, the replacement should be 

initiated before pathology onset/induction as Spangenberg et al. could show that plaque-

associated microglia were less dependent on CSF1R and thus were not depleted with PLX5622 
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(E. Spangenberg et al. 2019). My laboratory has previously described the generation of BSC 

models with AD-like amyloid plaque formation and seeded aSyn aggregation which allow the 

investigation of microglia in disease context without the use of transgenic animal models 

(Novotny et al. 2016; Barth et al. 2021). 

As a proof-of-principle experiment, I combined the previously established model for seeded aSyn 

pathology with the cBSC approach. Although PD most prominently a^ects the midbrain, the 

hippocampus has previously been shown to allow for modeling aSyn lesions and microglial 

responses (Tanriöver et al. 2020; Barth et al. 2021). Additionally, the hippocampus has two 

benefits compared to the midbrain when it comes to slice culture preparation: 1) The 

hippocampus forms axonal connections with only the entorhinal cortex, which minimizes axonal 

damage during BSC preparation and synaptic rearrangement (Gähwiler et al. 1997). 2) The intra-

hippocampal axonal connections facilitate inter-neuronal spreading of protein aggregates along 

these axonal connection (Barth et al. 2021). A disadvantage is that the specific susceptibility of 

dopaminergic neurons in the substantia nigra cannot be studied using hippocampal slice 

cultures. As I was primarily interested in microglial responses to neuritic aSyn pathology, this was 

a limitation that I accepted although region-specific e^ects cannot be excluded.  

5.6.1	iMics	 in	 cBSCs	 respond	 to	 tissue	 aging	 and	 alpha-synuclein	

pathology	

To investigate iMic responses to aSyn pathology, iMics were allowed to di^erentiate under 

homeostatic conditions for 6 weeks, before aSyn p^ was added to induce the formation of aSyn 

lesions. The lab has previously demonstrated, the formation of intra-microglial inclusions in p^-

seeded BSCs (Tanriöver et al. 2020; Barth et al. 2021). As they had been described for both murine 

and human microglia, I was interested if iMics exposed to aSyn would show intra-microglial 

inclusions of aSyn at 5 weeks post-seeding. Indeed, cBSCs treated with aSyn p^ had extensive 

neuritic lesions as previously described, and several iMics with the characteristic lesions were 

found (Figure 21) upon staining for amyloidogenic protein aggregations with the amyloid-binding 

dye pFTAA. pFTAA interacts with the beta-sheet structure of amyloid aggregates like Aβ, aSyn or 

tau (Klingstedt et al. 2013). While a staining using this LCO is not a definitive proof for aSyn 

aggregation in p^-treated cBSCs, it is the most logical protein to accumulate in this seeding 

approach, especially in combination with aSyn-specific antibody staining to confirm neuritic 

aSyn lesions. These intramicroglial inclusions have been described to range from almost 

undetectable to soma-sized and have a wool-like structure that can be observed using high-
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resolution microscopes. This filamentous structure of inclusions (Tanriöver et al. 2020) was also 

observed in the intra-iMic lesions, underlining that iMics respond similarly to seeded aSyn 

pathology as murine microglia do. The most likely explanation for these intra-iMic aggregates is 

that microglia phagocytose aSyn but are unable to fully digest the (potentially aggregated and 

phosphorylated) protein which subsequently accumulates within the microglial cells. This 

hypothesis is supported by the lab’s finding, that intra-microglial inclusions are truncated at the 

C-terminus and thus cannot be detected by pS129 antibody staining (Tanriöver et al. 2020). Since 

the C-terminus has been suggested to prevent aSyn fibrillization, the partial digest of aSyn by 

microglia could increase the aggregation propensities and thus lead to intra-microglial 

aggregation of aSyn (Gallardo, Escalona-Noguero, and Sot 2020). Since neuronal lesions are 

commonly detected using pS129-staining, the aggregates do not stem directly from 

phagocytosed aSyn aggregates from the extra-cellular space. It is more likely, that microglia 

phagocytose aSyn aggregates but fail to fully degrade the protein. Consequently, the C-terminally 

truncated aSyn accumulates within the microglial cells forming inclusions. This processing is 

also an explanation for the lag time between the onset of neuritic pS129+ lesions and the 

observation of intra-microglial inclusions (Barth et al. 2021). Scheiblich et al. suggest that 

microglia exchange aSyn aggregates via nanotubes to decrease the burden on each individual cell 

(Scheiblich et al. 2021). Besides that, the re-distribution might also contribute to increased 

microglial inclusions and potentially the spread of pathogenic aggregates to other brain regions 

as has been described for Aβ in AD (Joshi et al. 2014; Venegas et al. 2017). This and many other 

interesting questions regarding intra-microglial aSyn inclusions were outside of the scope of this 

study but are very intriguing and should be investigated in the future. 

Finally, I investigated iMic transcriptional phenotypes in response to aSyn induction. cBSCs 

treated with aSyn p^ from 6 weeks post-grafting onwards were compared to age-matched control 

slices not exposed to aSyn using scRNAseq analysis as described for the di^erentiation timeline. 

I found 11 distinct molecular clusters shared among both conditions (Figure 21), albeit with 

di^erent frequencies. In general, iMics exposed to aSyn showed a downregulation of homeostatic 

markers and a concurrent upregulation of genes associated with lipid metabolism, phagocytosis, 

antigen presentation, complement system, inflammasome often associated with DAM 

phenotypes (Keren-Shaul et al. 2017; Krasemann et al. 2017). Control cBSCs were enriched for 

clusters ‘7’ and ‘10’ which are immune-mediating clusters often described for the ‘interferon-

response microglia’ phenotype (Olah et al. 2018; Sala Frigerio et al. 2019), which highlights that 

iMics show di^erential responses towards tissue aging and aSyn pathology (Figure 21). 
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Contrastingly, classical DAM markers including APOE, TREM2 and TYROBP (cluster ‘4’) were 

upregulated in aSyn treated iMics and I observed an enrichment of cells in that cluster (Figure 

21). DAM have initially been described for AD (Keren-Shaul et al. 2017), but similar gene 

expression changes have by now been recorded for PD patients and model systems (Smajić et al. 

2022). The gene expression changes described for PD patients were recapitulated in aSyn-treated 

cBSC-iMics and included the upregulation of IL1B and SPP1, genes involved in inflammation-

response and phagocytosis. While I observed an expansion of the DAM phenotype in p^-seeded 

cBSCs, it was not a prominent, nor distinct novel cluster that emerged, contrasting reports from 

mouse models of neurodegeneration (Keren-Shaul et al. 2017; Krasemann et al. 2017). These 

di^erences between model systems and microglia species should be evaluated further. 

These findings highlight, that cBSCs can be easily adopted to study human microglial responses 

to aSyn in vitro. Considering the flexibility of BSCs, an adaptation to other models and diseases 

should be very feasible and underlines the potential of cBSCs for the larger research community. 

As for the analysis of scRNAseq data under homeostatic conditions, a closer look at the distinct 

clusters and a possible progression from one state to the other should be taken. These analyses 

should include direct comparisons with human PD data sets and a more in-depth 

characterization of the clusters found. Furthermore, in the context of PD, using slice cultures from 

the midbrain, which is a^ected by the disease, should be considered but was not used in this 

study due to time constraints and for the sake of comparability between homeostasis and disease 

conditions.   
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5.7	Summary		

cBSCs are a novel model for studying human iPSC-derived microglia in vitro. As all other model 

systems, they come with advantages and drawbacks. cBSCs have been adapted from in vivo 

xenotransplantation models to combine the benefits of a complex tissue environment in mice 

with the accessibility and scalability of in vitro models. Compared to 2D in vitro models, cBSCs 

extend the cultivation time of iMics from two or three weeks to three months, thereby resulting in 

advanced microglial maturity. Additionally, cBSCs adhere to the 3R principles, as multiple slices 

can be generated from a single mouse to compare various experimental conditions. This reduces 

the number of experimental animals used and enables the use of cBSCs for low-throughput 

screens. In contrast to in vivo xenotransplantation approaches, cBSCs do not rely on 

immunodeficient and/or humanized mice. This facilitates easier adaptation to existing mouse 

models of neurological diseases without the laborious and complex crossbreeding strategies. By 

utilizing patient-derived or gene-edited iPSCs, human-specific gene variants and their e^ects on 

microglial function under homeostatic and pathological conditions can be studied.  

cBSCs demonstrate sustained neuronal network function and have a cellular complexity and 

organization as present in the postnatal brain, which allows for investigating processes beyond 

early development. The slice cultures are highly reproducible and allow for easy experimental 

manipulations like grafting of pre-iMics, seeding of pathological protein aggregates or viral 

transduction. Subsequent analyses including live-cell imaging and repeated sampling of medium 

for downstream analysis (eg. cytokine profiling, NFL measurements) can be easily performed. 

Until recently, the brain was considered an ‘immune-privileged’ site. By now this concept has 

been revised due to the observation of microglial interactions with peripheral immune cells in vitro 

and in vivo (Louveau, Harris, and Kipnis 2015; Castellani et al. 2023; Jorfi, Maaser-Hecker, and 

Tanzi 2023; X. Chen et al. 2023). Furthermore, peripheral immune reactions have been shown to 

modify microglia function and epigenetics (Wendeln et al. 2018). cBSCs as presented here are 

unable to model these reciprocal interactions between the brain and the periphery. This limitation 

might overcome by including peripheral components in on-chip models.  

In summary, cBSCs are a valuable addition to the expanding methodological toolbox of microglia 

research. They combine human microglia with a cellularly complex in vivo-like environment while 

reducing the number of experimental animals needed and can be easily adopted to answer 

biological questions in the fields of basic neuroscience, neurodevelopment, and 

neurodegeneration.  
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5.8	Conclusion	and	Outlook	

In this PhD thesis I presented the establishment and characterization of a chimeric brain slice 

culture model to study human microglia in an organotypic brain tissue environment. 

Inspired by in vivo microglia xenotransplantation models, I engrafted human iPSC-derived 

microglia to murine BSCs and investigated their maturation and functionality. To this end, I 

established a paradigm to specifically deplete murine microglia while allowing the integration of 

human-derived microglia precursor cells. Subsequently, a near-complete and robust exchange of 

murine to human microglia within cBSCs was achieved. In this thesis I showed that iMics in cBSCs 

matured and di^erentiated, resulting in cells that morphologically, transcriptionally and 

functionally resemble human microglia in vivo.  

Furthermore, I confirmed that iMic di^erentiation in 2D and in cBSCs was solely driven by CSF1R 

signaling by utilizing loss-of-function CSF1R-variant iPSC lines. In cBSCs, iMic survival and 

di^erentiation was facilitated by cross-species receptor:ligand interactions between human 

CSF1R and its cognate murine ligands. In silico modeling, SPR analyses, and cytokine stimulation 

assays revealed that murine IL34 binds and activates human CSF1R equivalent to its human 

counterpart. I thereby demonstrated for the first time human:mouse cross-species 

receptor:ligand interactions. Blocking mIL34 in cBSCs resulted in decreased survival and 

di^erentiation, underlining their dependency on mIL34:hCSF1R signaling. Finally, iMics adapted 

a transcriptional profile associated with neurodegeneration and aging in a seeded 

synucleinopathy model, highlighting the potential of cBSCs for disease research. Thus, cBSCs 

promise to be a valuable addition to the ever-growing methodological toolbox of microglia 

research. 

This work has focused on the establishment and characterization of the model. Due to time 

constraints, I was unable to investigate how risk genes a^ect microglia function and whether 

cBSC-iMics can recapitulate observations made in human AD patients or other disease models. 

In a follow-up study it would be interesting to extent the work I have started by utilizing iMics with 

di^erent APOE genotypes. I am curious to see whether the protective ε2 or christchurch variants 

or the disease-associated ε4 variant respond di^erently to seeded Aβ pathology compared to the 

neutral ε3 (Figure 22). These adaptations would benefit the entire neurodegenerative disease 

research community to better understand microglia-specific contributions to disease 

progression. 
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Figure 22 Future applications of chimeric brain slice cultures 
A) Amyloid-beta aggregates were seeded in cBSCs following the protocol established by Novotny et al. 2016. At 6-weeks 
post-seeding, BIONi010C iMics (GFP+, magenta; Iba1+, white) interacted with Aβ deposits which stained positive for 
amyloid-binding dye Methoxy-X04 (cyan) and anti-Aβ antibody CN6 (yellow). Future research should compare the e_ect 
of microglial mutations in AD risk genes on interaction with depositions, iMic morphology and cytokine release. Scale 
bar: 50 µm. B) Human pre-iMics adapt ramified morphology after 7 DIV in human organotypic brain slice cultures of a 
57-year-old tumor patient. iMics were identified by the expression of GFP (green) and shared the expression of PU.1 
(cyan) and Iba1 (magenta) with endogenous microglia. Human BSCs were not depleted of endogenous microglia, 
creating microglial chimeras. Scale bar: 50 µm. C) Higher magnification of 3D-reconstructed iMics at 7 DIV in human 
BSC based on GFP expression. Scale bar: 40 µm. Human BSCs have the potential to study the e_ect of mature human 
brain environment on microglia di_erentiation and function. DIV: days in vitro. 

Lastly, adapting cBSCs to a human-only system would overcome possible cross-species e^ects 

of the murine tissue on iMic di^erentiation and function. In the lab, we have transplanted pre-

iMics to human organotypic brain slice cultures and have observed a rapid di^erentiation to highly 

ramified microglial cells within 7 days (Figure 22), indicating that mature human tissue may even 

be more specific in supporting iMic di^erentiation than murine tissue. Here the limiting factors 

are the availability of live human brain tissue, and the limited period human brain slice cultures 

can be maintained in culture. Until the limitations of human-only 3D systems have been 

overcome, cBSCs o^er a valuable tool to study in vivo-like human microglia in one of the most 

complex in vitro models. The presented model bridges the gap between current in vitro models 

and chimeric xenotransplantation mice, and I anticipate that it will be of great value for the 

microglia research community. 
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8 Abbreviations	
aSyn alpha-synuclein 

°C degrees Celsius 

1wd / 2wd 1/2 week(s) depletion 

AAV adeno-associated virus 

AB antibody 

AD Alzheimer’s disease 

AGM aorta, gonads and mesonephros 

AIF1/Iba1 allograft inflammatory factor 1/ ionized calcium-binding adapter molecule 1 

ALS amyotrophic lateral sclerosis 

ALSP adult-onset leukodystrophy with neuroaxonal spheroids and pigmented glia 

APOE apolipoprotein E 

APP amyloid precursor protein 

ARM activated response microglia 

ATP adenosine triphosphate 

Aβ amyloid-beta 

BBB blood-brain barrier  

BDNF brain-derived neurotrophic factor 

BM bone marrow  

BMP4 bone morphogenetic factor 4 

BSA bovine serum albumin 

BSC organotypic brain slice cultures 

cBSC chimeric organotypic brain slice cultures 

CD cluster of diderentiation 

CJD Creutzfeldt-Jacob disease 

CNS central nervous system  

CSF1 colony stimulating factor 1 

CSF1R  colony stimulating factor 1 receptor 

CX3CR1 fractalkine receptor 

DAM disease-associated microglia 

DAPI 4′,6-diamidino-2-phenylindole 

DEG diderentially expressed genes 
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DIV days in vitro 

DKK1 dickkopf-1 

DMEM Dulbecco’s modified essential medium 

DNA deoxyribonucleic acid 

E embryonic day 

EB embryoid body 

EBiSC European Bank for induced Pluripotent Stem Cells  

EDTA ethylenediaminetetraacetic acid 

ERK1/2 extracellular signal-regulated kinase 1/2 

ESC embryonic stem cells 

FIRE fms-intronic regulatory element 

FTLD frontotemporal lobar degeneration  

g = rcf  relative centrifugal force 

GABA gamma-aminobutyric acid  

GDNF glia-derived neurotrophic factor 

GEM gel bead in emulsion 

GWAS genome-wide association studies 

h human 

HBSS Hank’s Budered Salt Solution 

HDLS Hereditary diduse leukoencephalopathy with spheroids 

HEPES 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid 

(E)GFP (enhanced) green fluorescent protein 

IFIT interferon-induced protein with tetratricopeptide repeats  

Ig immunoglobulin 

IL interleukin 

IMDM Iscove's Modified Dulbecco's Medium 

iMic iPSC-derived microglia 

iMicros iPSC-derived microglia-like cells 

iPSC induced pluripotent stem cells 

IRF interferon regulatory factor 

IRM interferon-responsive microglia 

Jax The Jackson Laboratories 
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KO knock-out 

LCO luminescent conjugated oligothiophene 

LPS lipopolysaccharide 

m murine 

MACS magnetic advanced cell sorting 

MEA multielectrode array 

MEM minimal essential medium 

MGnD microglial neurodegenerative phenotype 

MHC-II major histocompatibility complex class II 

min minute 

mono iMic monocultured iMic 

MS multiple sclerosis 

MSD mesoscale discovery 

NDS normal donkey serum 

NND nearest neighbor distance 

nod no depletion 

OASL2 2'-5' oligoadenylate synthetase-like 2 

p post-natal day 

P2RY12 purinergic receptor P2Y12 

PBS phosphate-budered saline 

PCA principal component analysis 

PCR polymerase chain reaction 

PD Parkinson’s disease 

PDGFRb platelet-derived growth factor receptor beta 

PFA paraformaldehyde 

pd pre-formed fibrils 

PMD post-mortem delay 

pre-iMic iMic precursor cell 

PSEN1/2 presenilin1/2 

PU.1 = SPI1 transcription factor PU.1 

qFTAA quatroformylthiophene acetic acid 

RMSD root-mean-square deviation  
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RNA ribonucleic acid 

ROS reactive oxygen species 

rt room temperature 

RUNX runt-related transcription factor 1 

s second 

SALL1 sal-like 1 

SCF stem cell factor 

SCM slice culture medium 

scRNAseq single-cell RNA sequencing 

SEM standard error of the mean 

SIGLEC sialic acid-binding immunoglobulin-type lectin 

SPR surface plasmon resonance 

TBS-T tris budered saline with Tween 

TGFβ1 transforming growth factor 1 beta 

TMEM119 transmembrane protein 119 

TNFa tumor necrosis factor alpha 

TREM2 triggering receptor expressed on myeloid cells 2 

TYROBP TYRO protein tyrosine kinase-binding protein  

UMAP uniform Manifold Approximation and Projection for Dimension Reduction  

VEGF vascular endothelial growth factor 

w week 

WT wildtype 

YS yolk sac 
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10 Supplementary	Material	
10.1	Iba1-EGFP	PCR	
10.1.1	Primer	sequences:	
EGFP Fwd:  5’AAG TTC ATC TGC ACC ACC G 3’ 
EGFP Rev: 5’CGG CCA TGA TAT AGA CGT TG 3’ 
KO2F:  5’CCA CGC AGG ATC ACG ATG 3’ 
KO1R:  5’TCT GCG TTC AAG GCT CGT CC 3’ 

10.1.2	Protocol	PCR	Iba1-EGFP:	
1. Incubate at  95 °C  for  5´ 

2. Incubate at  95 °C  for  45 s 

3. Incubate at  60 °C  for  45 s 

4. Incubate at  72 °C  for  45 s 

Repeat steps 2 – 4  35x 

5. Incubate at  72 °C  for  10´ 

6. Incubate at  4 °C  forever  

Products:  Transgenic: 375 bp 

 WT control: 400 bp 

10.2	Human	CSF1R	PCR	
10.2.1	Primer	sequences:	
CSF1R Fwd: 5’ACA TTT CAA CCT GTT GAA GCC TGG G 3’  
CSF1R Rev: 5’CAG TGA AGA GGA TGT GGG GCA CTT G 3’  

10.2.2	Protocol	PCR	CSF1R:	
1. Incubate at  95 °C  for  5´ 

2. Incubate at  95 °C  for  45 s 

3. Incubate at  63 °C  for  45 s 

4. Incubate at  72 °C  for  45 s 

Repeat steps 2 – 4  30x 

5. Incubate at  72 °C  for  5´ 

6. Incubate at  4 °C  forever  

mutation causes G>A 

H2O 5.3 µl 

EGFP fwd 0.25 µl 

EGFP rev 0.25 µl 

K02F  0.1 µl 

K02R 0.1 µl 

Mastermix (Sigma-Aldrich) 10 µl 

 16 µl 

Tissue Extract 4 µl 

 20 µl 

H2O 5.8 µl 

EGFP fwd 0.1 µl 

EGFP rev 0.1 µl 

Mastermix (Sigma-Aldrich) 10 µl 

 16 µl 

Isolated DNA Extract 4 µl 

 20 µl 
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10.3	Supplementary	Figures	

 

Supplementary Figure 1 Sanger Sequencing of CSF1R variant KOLF2.1J iPSCs 
A) At dbSNP rs281860269 wildtype cells have the codon GAG. B) This is mutated to exchange the first guanine to 
adenosine [G®A] on one allele in heterozygous cells resulting in the genotype [G/A]AG and an amino acid substitution 
from glutamic acid [E] to lysine [K] at amino acid position 633. C) Homozygous cells express adenosine on both alleles, 
resulting in the genotype AAG. D) In knockout cells, no amplification of DNA was detected in the region of interest, 
supporting the deletion of this gene section.   
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Supplementary Figure 2 ColabFold predictions of the ternary complexes of hCSF1R with its cognate human or 
respective murine ligands 
A) The ColabFold model of the ternary complex of two hCSF1RD1-D3 molecules with their cognate dimerized ligands 
human CSF1 or IL34, or the dimerized murine counterpart mCSF1 or mIL34. The prediction is color-coded by the pLDDT 
values indicating the confidence level of the prediction. Dark blue – very high confidence (pLDDT > 90), light blue – 
confident (90 > pLDDT > 70), yellow – low (70 > pLDDT > 50), orange – very low (pLDDT <50). B) Predicted aligned error 
of the predicted ternary complexes. Dark green – low prediction error (0 Å), white – high prediction error (30 Å). C) 
Predicted interactions at the hCSF1RD1-D3:ligand interface in the ColabFold model predictions divided into salt bridges 
and hydrogen bonds between receptors and respective ligand. mCSF1 has fewer interactions with hCSF1R than hCSFm 
while mIL34 and hIL34 barely di_er. 
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Supplementary Figure 3 Ligand binding to CSF1R as assessed by surface plasma resonance 
Kinetic binding parameters were determined by Biacore-SPR. A-D) Sensogram plots generated by SPR kinetic analysis 
demonstrate the association and dissociation characteristics between immobilized ligand (hCSF1R) and analytes 
(hCSF1, mCSF1, hIL34, and mIL34). Shown are the three technical replicates for each analyte and the fitted curves. E) 
hPDGFRb, like CSF1R a member of the receptor tyrosine kinase type II subfamily, was used as a negative control to 
exclude unspecific binding of analytes to the receptor surface. No binding of any analyte was detected. Murine CSF1R 
was used to demonstrate binding of murine analytes to the murine receptor while little binding of human analytes to 
the murine receptor was observed.  
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11 Scripts	and	Macros	
11.1	Laser	Injury	

Normalization 

%%select folder with xls-files containing scatter plot coordinates 

filename= input ('Name of output-file? ','s'); 

folder=uigetdir; 

cd(folder); 

 

%%Find all excel files in folder 

matfiles = dir(fullfile(folder, '*.xls*')); 

nfiles = length(matfiles); 

 

%%summarize all excel files of one image in one variable 

for i = 1 : nfiles 

data=readtable(matfiles(i).name); 

x=[]; 

y=[]; 

for j = 2: height(data) 

xvalue=str2double(cell2mat(data{j,1})); 

yvalue=str2double(cell2mat(data{j,3})); 

x=[x xvalue]; 

y=[y yvalue]; 

end 

alldata.x(i)={x}; 

alldata.y(i)={y}; 

end 

 

%Search min & max for each timepoint 

for i= 1 : nfiles 

alldata.max(i)=max(alldata.y{i}); 
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alldata.min(i)=min(alldata.y{i}); 

end 

 

%Normalize all timepoints to global max and min 

globalmax=max(alldata.max); 

globalmin=min(alldata.min); 

for i= 1: nfiles 

alldata.y{i}=(alldata.y{i}-globalmin)/(globalmax-globalmin)*100; 

end 

save(strcat(filename,'.mat'),'alldata'); 

 

Summary 

%%select folder with mat-files containing normalized scatter plot 

coordinates 

filename= input ('Name of output-file? ','s'); 

folder=uigetdir; 

cd(folder); 

timepoints=16; 

 

%%Find all mat files in folder 

matfiles = dir(fullfile(folder, '*.mat*')); 

nfiles = length(matfiles); 

for timepoint= 0:timepoints 

%%summarize all mat files of one analysis in one variable 

for i = 1 : nfiles 

data=open(matfiles(i).name); 

if i==1 

summary.x=data.alldata.x{i}'; 

leng=length(data.alldata.x{i}); 

else 

if length(data.alldata.x{i})<leng 

leng=length(data.alldata.x{i}); 
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summary.x=data.alldata.x{i}'; 

end 

end 

summary.y{i}=data.alldata.y{timepoint+1}'; 

end 

 

output=zeros(leng,nfiles+1); 

output(:,1)=summary.x; 

for i = 1: nfiles 

y=summary.y{i}; 

output(:,i+1)=y(1:leng); 

end 

 

output=array2table(output); 

output.Properties.VariableNames{1}='x'; 

for i = 1 : nfiles 

output.Properties.VariableNames{i+1}=char(matfiles(i).name); 

end 

fulloutput.timepoint{timepoint+1}=output; 

end 

 

save(strcat(filename,'.mat'),'fulloutput');
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