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1 Introduction

1.1 Adult-onset leukoencephalopathy with axonal spheroids and pig-

mented glia

1.1.1 Definition and clinical characteristics

Adult-onset leukoencephalopathy with axonal spheroids and pigmented glia
(ALSP) is a rare neurodegenerative disorder caused by autosomal dominant mu-
tations in the gene encoding the colony stimulating factor 1 receptor (CSF1R)
(Rademakers et al., 2012).

The clinical hallmark of ALSP is cognitive decline progressing to dementia, which
is often accompanied by psychiatric symptoms, such as anxiety, depression and
other changes in behavior and personality. Motor impairment, especially gait dis-
turbances due to parkinsonism, paresis or spasticity as well as pyramidal signs
and speech disturbances are further common symptoms. In some cases other
clinical features, such as epilepsy or sensory disturbances, have also been ob-
served (Konno et al., 2017; Papapetropoulos et al., 2022). Due to the variable
symptoms, patients are initially often misdiagnosed with other neurologic or psy-
chiatric disorders, such as Multiple Sclerosis, Parkinson’s Disease, Alzheimer’'s
Disease or depression before genetic testing reveals the CSF1R mutation (S. I.
Kim et al., 2019; Sundal et al., 2012; Terada et al., 2004).

After causing first symptoms at a mean age of 43 years, the disease progresses
rapidly and leads to death within approximately six to seven years (Konno et al.,
2017). On average, women are affected at a considerably younger age than men,
the mean age of onset being 40 years for women and 47 years for men (Konno
et al., 2017; Papapetropoulos et al., 2022).

Brain imaging findings include pathological changes in magnetic resonance im-
aging (MRI) and computer-assisted tomography (CT) scans, and subtle changes
are often already present in the pre-symptomatic stage of the disease. Radiolog-
ical imaging of ALSP patients is characterized by white matter lesions, cortical
atrophy resulting in relatively large ventricles, thinning of the corpus callosum and
signal changes in the corpus callosum (Bender et al., 2014). In addition, abnormal



signaling in the pyramidal tracts and calcifications in the white matter have been
observed in ALSP patients (Konno et al., 2018; Sundal et al., 2012).
Pathological examination of brain biopsies and autopsies shows myelin loss and
damaged axons in the brain tissue as well as the spheroidal formations in axons
and pigmented glia that ALSP owes its name to (S. I. Kim et al., 2019; Lynch et
al., 2016). These biopsy findings were needed to establish the diagnosis before
the identification of the causative gene mutation in 2012, which then made it pos-
sible to confirm the diagnosis by genetic testing for CSF1R mutations
(Rademakers et al., 2012).

1.1.2 Pathophysiology

As mentioned above, ALSP is caused by mutations in CSF1R. CSF1R is mainly
expressed in cells that are part of the mononuclear phagocyte system (MPS),
e.g. monocytes, tissue macrophages and osteoclasts. It functions as a surface
receptor for two ligands, colony stimulating factor 1 (CSF1) and interleukine-34
(IL-34). These ligands are essential for the survival, proliferation, differentiation
and chemotaxis of the cells that carry the receptor (Stanley & Chitu, 2014;
Tushinski & Stanley, 1983; W. Yu et al., 2012).

CSF1Ris a class lll receptor tyrosine kinase, i.e. a transmembrane receptor com-
prised of an extracellular, a transmembrane and an intracellular domain contain-
ing the tyrosine kinase domain. The intracellular domain also contains an aden-
osine triphosphate (ATP)-binding site. Binding of a ligand leads to the formation
of homodimers and to the activation of the signaling pathway through autophos-
phorylation (Stanley & Chitu, 2014).

The gene encoding CSF1R consists of 22 exons on chromosome 5
(Papapetropoulos et al., 2022). Most of the approximately 100 known mutations
found in ALSP patients are located in the part of the gene that encodes the tyro-
sine kinase domain, a smaller part is located in the ATP binding domain of the
receptor (Papapetropoulos et al., 2022). The disease is inherited in an autoso-
mal-dominant manner. In some cases it is caused by de novo mutations (Karle

et al., 2013). In their group of 122 patients, Konno et al. found an age-dependent
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disease penetrance ranging from 10% at 27 years to 95% at 60 years (Konno et
al., 2017).

In overexpression experiments using a murine pro-B cell line and the murine
homologue of CSF1R, it has been proposed that the disease-causing mutations
are loss-of-function mutations (Pridans et al., 2013). This is unusual for autoso-
mal-dominant mutations, as loss of function mutations can usually be compen-
sated by the functioning allele. In the case of ALSP however, heterozygous mu-
tations lead to the disease phenotype as well. This may be explained by a domi-
nant negative effect of the mutant protein in the homodimeric receptors. However,
this has not yet been verified through experiments.

In the brain, CSF1R is mainly expressed by microglia, the tissue-resident macro-
phages of the central nervous system (CNS) (Ginhoux et al., 2010). Expression
can also be found on neurons but to a much lower extent (Luo et al., 2013). This
suggests that ALSP is caused by microglia malfunction, wherefore the disease is
considered to be part of a group of diseases called microgliopathies, also includ-
ing e.g. Nasu-Hakola Disease and Multiple Sclerosis (Sasaki, 2017). However,
the mechanism that connects the microglia malfunction to the disease phenotype
in ALSP is not yet known.

In contrast to other glial cells and neurons, which are derived from the neuroecto-
derm, microglia originate from myeloid tissue (Chan et al., 2007). Their precur-
sors are formed in the course of embryonic hematopoiesis in the yolk sac and
populate the brain during prenatal development (Ginhoux et al., 2013).

Microglia seem to be involved in the brain’s prenatal development as phagocytes,
eliminating cells that undergo apoptosis (Calder6 et al., 2009; Frade & Barde,
1998). In the adult brain, microglia form the innate immune system (Nayak et al.,
2014) and are involved in neuroinflammation and many CNS pathologies
(Benveniste et al., 2001; Boillée & Cleveland, 2008; Hatton & Duncan, 2019).
Furthermore, Blinzinger and Kreutzberg were able to show that microglia react to
the functional status of synapses and are involved in the process of synaptic
stripping (Blinzinger & Kreutzberg, 1968; Graeber & Streit, 2010). Overall, micro-

glia seem to have a neuroprotective effect. However, it is also known that under
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certain circumstances, they contribute to autoimmune diseases such as Multiple
Sclerosis (Graeber & Streit, 2010).

In an in vitro model, Liu et al. showed that overactivation of microglia leads to
their degeneration (B. Liu et al., 2001). Degenerated microglia can be found in
the adult brain and to a much higher amount in brains of patients suffering from
Alzheimer’s disease (Graeber & Streit, 2010). These findings suggest that the
degeneration of microglia leads to a decrease of their neuroprotective effects and
thus promotes neurodegeneration. This thesis would explain earlier studies
showing that patients who suffer from seizures early in life have a higher risk for
neurological insults during adulthood (Somera-Molina et al., 2009) and that a cer-
tain mutation in microglia contributes to the pathogenesis of amyotrophic lateral
sclerosis (ALS) (Boillée and Cleveland, 2008; Gowing et al., 2008).

In addition to their role in neurodegenerative diseases, microglia have been at-
tributed a role in the growth of brain tumors, secondary damages after brain
trauma and the pathogenesis of neuropathic pain (Graeber & Streit, 2010; Inoue
& Tsuda, 2018; Lunemann et al., 2006).

There have been numerous studies about the homeostasis of the brain’s micro-
glia population, but it remains a controversial topic. The microglia population in-
creases considerably under pathological conditions, a process called micro-
gliosis. Some authors argue that this expansion results exclusively from the local
proliferation of the resident population (Ajami et al., 2007; Ginhoux et al., 2010)
whereas other studies suggest that it might additionally be caused by the recruit-
ment of bone marrow derived precursor cells which migrate to the brain and dif-
ferentiate into microglia (Figel et al., 2001; Lawson et al., 1992). In order to in-
vestigate this, Eglitis et al. transplanted adult mice with genetically marked bone
marrow cells from young mice. In this study, they were able to observe that the
transplanted cells infiltrated the brain (Eglitis & Mezey, 1997). However, in this
case, the mice were irradiated beforehand. Mildner et al. argue that if this is not
the case and the blood brain barrier is not damaged due to a CNS disease, mi-
gration into the brain is not possible (Mildner et al., 2007).
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1.1.3 Therapy

Therapeutic options for ALSP patients are mostly limited to symptomatic treat-
ment, such as physical and occupational therapy, and medication such as anti-
depressants and antispasmodics. However, as ALSP is a microgliopathy and
since monocytes can be recruited from the periphery under pathological condi-
tion, hematopoietic stem cell transplantation (HSCT) has been investigated as a
new therapeutic approach for ALSP patients. To date, there are 15 reported
cases of ALSP patients treated with allogenic HSCT, which led to a stabilization
of the disease in most cases (Bergner et al., 2023; Dulski et al., 2022; Eichler et
al., 2016; Mochel et al., 2019; Tipton et al., 2021). However, allogenic stem cell
therapy is only possible at early stages of the disease, and due to the rapid dis-
ease progression, many patients are only diagnosed when already severely af-
fected (Gelfand et al., 2019; Guerreiro et al., 2013; S. I. Kim et al., 2019; Sundal
et al., 2012; Terada et al., 2004). In addition, a suitable donor is necessary and
the treatment, which requires an immune ablative therapy prior to transplantation,
is associated with severe complications and initial worsening of the symptoms
(Barriga et al., 2012; Gelfand et al., 2019; Loiseau et al., 2007; Mochel et al.,
2019). Side effects such as Graft-versus-Host-Disease and the risk for infections
due to the required immunosuppression after transplantation are further obsta-
cles of the treatment (Barriga et al., 2012; Sahin et al., 2016). Clearly, new and
safer therapies are required to treat ALSP.

1.2 Genome editing

Genome editing technologies allow the addition, deletion and alteration of genes
(Maeder & Gersbach, 2016). These technologies are already applied in various
fields, such as producing genetically modified plants for more efficient agriculture
or creating disease models for medical research (Carroll, 2017; Im et al., 2016).
In addition to these applications, genome editing can also be used for therapeutic
purposes by correcting disease-causing mutations, introducing therapeutic
genes or deleting harmful ones in patient cells (Maeder & Gersbach, 2016). This
approach of gene therapy has already been applied in clinical trials in the form of
ex vivo as well as in vivo gene therapy (Naldini, 2015). For instance, there have
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been clinical trials for ex vivo gene therapy in patients suffering from B-thalasse-
mia (Naldini, 2015; Thompson et al., 2018). B-thalassemia is a disease caused
by mutations in the B-globin gene that can lead to chronic hemolysis and profound
anemia (Galanello & Origa, 2010). In their clinical trial, Thompson et al. obtained
hematopoietic stem cells from patients with severe B-thalassemia, transfected
these cells with the correct 3-globin gene using a lentivirus outside of the patient’s
body, and transplanted the gene-modified cells back into the patients (Thompson
et al., 2018). With this approach, they were able to reduce or eliminate the need
for long-term red blood cell transfusion in all included patients (Thompson et al.,
2018). In vivo gene therapy has been applied for instance in clinical trials to treat
patients with hemophilia B (Manno et al., 2006; Naldini, 2015). These patients
have a lack of factor IX due to mutations in the corresponding gene (Manno et
al., 2006). For an in vivo approach, the cells are treated within the patient’s body.
In the mentioned trial, Manno et al. infused patients with a recombinant adeno-
associated viral vector expressing human factor |IX through the hepatic artery
(Manno et al., 20006).

Some of the approaches used for genome editing are based on innate repair
mechanisms that cells possess to repair double-strand breaks (DSB) in the DNA
(Carroll, 2017). When such a DSB is detected by the cell, it can be repaired by
so-called non-homologous end joining (NHEJ) or by homology directed repair
(HDR) (Carroll, 2017; Chapman et al., 2012). NHEJ is a repair mechanism in
which the break in the DNA is relegated by a combination of nucleases, ligases
and polymerases (Lieber et al., 2003). This mechanism is error-prone and often
leads to the formation of insertions or deletions, so-called indels, which can cause
frameshifts in the gene (Chapman et al., 2012; Lieber, 2010). This can lead to
loss of function of the encoded protein by disrupting the correct reading frame,
i.e. a knockout of the target gene (Maeder & Gersbach, 2016). If the reading
frame was incorrect before, the indel can also recover the correct reading frame
and thus restore the protein’s expression (Maeder & Gersbach, 2016; Ousterout
et al., 2013).

In order to make more specific alterations, HDR can be used (Maeder &
Gersbach, 2016). This repair mechanism corrects DSBs by copying a template,

14



usually the sister chromatid, and inserting this sequence at the location of the
break (Chapman et al., 2012; Maeder & Gersbach, 2016). However, it is also
possible to introduce an exogenous template of the desired DNA sequence or
whole gene into the cell which then serves as DNA repair template (Perrin et al.,
1995). Thus, this approach allows not only the correction but also the insertion of
sequences or genes into the genome (Maeder & Gersbach, 2016). However,
HDR approaches are limited by low editing efficiency (Cox et al., 2015).

There are different methods to induce DSBs in the DNA that make it possible to
manipulate genes: zinc-finger nucleases (ZFN), transcription activator-like effec-
tor nucleases (TALEN) and clustered regularly interspaced palindromic re-
peats/CRISPR-associated nuclease (CRISPR/Cas) (Maeder & Gersbach, 2016).
Compared to the other two methods, CRISPR/Cas is relatively easy to design,
has a low cytotoxicity and is available at lower costs (Im et al., 2016).

The presence of repeated sequences separated by spacer sequences, later iden-
tified as the CRISPR/Cas system, was first described in 1987 in prokaryotes and
1993 in archaea (Ishino et al., 1987; Lino et al., 2018; Mojica et al., 1995). The
system received its name in 2002 (Jansen et al., 2002). CRISPR stands for “clus-
tered regularly interspaced palindromic repeats”, Cas is the CRISPR-associated
nuclease. In 2005, Mojica et al. discovered that the spacer sequences between
the repeats were excerpts from the DNA of bacteriophages, i.e. viruses that infect
bacteria, and thus concluded that CRISPR/Cas is part of the bacteria’s adaptive
immune system (Mojica et al., 2005). Barrangou et al. confirmed this conclusion
by analyzing the DNA sequences of several Streptococcus thermophilus strains
before and after infection with different bacteriophages (Barrangou et al., 2007).
They found that after the infection, new spacers were found in CRISPR loci and
that the inserted sequences were identical to sequences of the phage’s genome
(Barrangou et al., 2007). Furthermore, they were able to observe that bacteria
that possessed such a spacer corresponding to a sequence from a phage’s ge-
nome showed higher resistance to this phage (Barrangou et al., 2007).
Transcription of the CRISPR loci leads to the formation of so-called CRISPR
RNAs (crRNAs) (Brouns et al., 2008). These crRNAs guide the complex to the
genomic target sequence, the sequence identical to the respective spacer
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(Brouns et al., 2008). Subsequently, a double strand break is induced by
CRISPR-associated (Cas) enzyme (Jinek et al., 2012). The crRNAs are annealed
in a duplex molecule with transactivating CRISPR RNA (tracrRNA) that is neces-
sary for the crRNA-Cas interaction (Jinek et al., 2012). For CRISPR experiments,
crRNA and tracrRNA can be connected to form a complex called single guide
RNA (sgRNA) (Cui et al., 2018). Figure 1 shows the components of the
CRISPR/Cas system.

tracrRNA

target sequence PAM

crRNA: CRISPR RNA

PAM: protospacer-adjacent motif

tracrRNA: transactivating CRISPR RNA

Figure 1: Components of CRISPR/Cas. CRISPR RNAs (crRNAs) guide the complex to the tar-
get sequence. A double strand break is then induced by the CRISPR-associated enzyme (Cas)
three basepairs upstream of the protospacer-adjacent motif (PAM). The transactivating CRISPR
RNA (tracrRNA) annealed with the crRNA enables interaction between crRNA and Cas. CrRNA
and tracrRNA can be connected in a complex called single guide RNA (sgRNA).

There is a large diversity of different classes and types of Cas proteins, the most
common for genome editing experiments being Streptococcus pyogenes Cas9
(SpCas9) (Nakade et al., 2017). The Cas9 protein introduces the cleavage three
basepairs (bp) upstream of a site called the protospacer-adjacent motif (PAM)
(Zhang et al., 2016, see Figure 1). This motif can be found directly downstream
of the target on the complementary strand and is specific to the Cas protein that
is used. The PAM for SpCas 9 is “NGG” with “N” standing for any nucleotide
(Zhang et al., 2016). As the PAM only exists in the genome of the invading virus
but not in the bacterial one, this avoids cleavage of the bacterial CRISPR locus
by Cas9.

For gene editing purposes, the CRISPR/Cas complex can be delivered to the
cells in a viral, plasmid, mRNA or protein format (Luther, D.C. et al., 2018). De-
livering the complex in the form of a protein has the advantage of a lower inser-
tional mutagenesis in comparison to viral or plasmid approaches (Luther, D.C. et
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al., 2018). Furthermore, the protein format leads to less off-target effects and a
lower immunogenicity than all other approaches (Luther, D.C. et al., 2018).

One important challenge for the development of CRISPR/Cas-based therapies is
to avoid off-target activity that can lead to accidental side effects by reducing the
genomic stability and disrupting functioning genes (X. H. Zhang et al., 2015).

1.3 Disease modeling in induced pluripotent stem cells (iPSC)

Disease models are an important tool to improve our understanding of a dis-
ease’s pathomechanism, which is essential for the development of therapeutic
strategies and methods for early disease detection. Furthermore, they can be
used for drug screening purposes, as they allow to assess the efficiency as well
as the toxicity of a new compound (Elitt et al., 2018; Patil et al., 2019).

There are different types of disease models which all have advantages as well
as limitations. In vivo animal models provide the possibility to investigate a dis-
ease in a complex organ system with its interactions. However, they are not only
relatively difficult to maintain but also limited by species differences between an-
imals and humans, so that findings from these models cannot always be repro-
duced in a human system (Andersen & Winter, 2019; Uhl & Warner, 2015).
While human primary cells might provide a more appropriate disease model in
that case, they are often difficult to obtain, as is the case with brain cells such as
microglia (Y. Shi et al., 2017). Therefore, in vitro models are often based on im-
mortalized cell lines which are easy to obtain and to expand because of their high
proliferation rate (Kaur & Dufour, 2012). However, as these cells are often derived
from cancer cells, they contain genomic aberrations that primary cells do not have
(Elitt et al., 2018; Landry et al., 2013; Maqgsood et al., 2013). Embryonic stem
cells (ESC) can be used for disease modeling as well in order to avoid the limita-
tions described above, but their acquisition poses ethical concerns (Volarevic et
al., 2018). Therefore, the establishment of induced pluripotent stem cells (iPSC)
by Takahasi et al. in 2006 was an important progress in in vitro disease modeling
(Takahashi & Yamanaka, 2006).

The first iPSC were generated from mouse fibroblasts by introducing transcription
factors OCT3/4, SOX2, c-MYC and KLF4 into the cells via retroviral delivery

17



(Takahashi & Yamanaka, 2006). One year later, the same authors were able to
use the same method to create human iPSC from human dermal fibroblasts
(Takahashi et al., 2007). These human iPSC had the same characteristics as
human ESC concerning their morphology, proliferation, expression of ESC mark-
ers, and ability to differentiate into cells from all three germ layers (Takahashi et
al., 2007). Since the generation of these first human iPSC, the method has been
improved by developing transgene-free delivery methods and optimizing the
combination of transcription factors used for reprogramming (Okita et al., 2011;
J. Yu et al., 2009). Using delivery methods such as episomal plasmids that do
not need viral packaging, has the advantage that the vector does not integrate
into the genome, thus avoiding insertional mutations that might have an effect on
the functionality of the iPSC (Y. Shi et al., 2017). The fact that iPSC can be de-
rived from peripheral cells such as dermal fibroblasts makes them more accessi-
ble than primary cells. Nonetheless, they are human cells that are able to differ-
entiate into all somatic cell types so that they can be used for all sorts of disease
models (Y. Shi et al., 2017). Another advantage is their expandability (Y. Shi et
al., 2017). Furthermore, patient-specific iPSC can be created, as has been done
for ALSP (Hayer et al., 2018).

1.4 Objective of the study

Therapeutic options for ALSP patients are very limited at present; at the same
time, ALSP is a severe and rapidly progressing disease with a poor prognosis.
Clearly, new therapeutic approaches are urgently needed. Promising therapeutic
strategies for monogenetic diseases are CRISPR/Cas-based gene therapies.
ALSP is a monogenetic disease, and cells of the hematopoietic system are me-
diating disease pathology in this disease. Therefore, an intriguing approach to
ALSP gene therapy is ex vivo correction of CSF1R mutations in hematopoietic
stem cells, i.e. an autologous hematopoietic stem cell transplantation with ex vivo
gene therapy.

In this case, the patient’s own stem cells would be extracted and treated ex vivo
to knock out or replace the mutated CSF1R gene using the CRISPR/Cas system.
Then, the stem cells with the edited gene would be reimplanted. In that case, no
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immunosuppression would be necessary, so that the treatment is expected to
have less side effects than allogenic HSCT. A knockout of the patient's CSF1R
mutated allele might already be therapeutic if there is indeed a dominant negative
mechanism involved in the pathophysiology. Otherwise, the knockout could be
combined with the introduction of the correct gene, e.g. via virus-based overex-
pression. This approach would make it possible to develop one treatment for all
patients, regardless of the mutation they carry, instead of having to develop a
specific guide RNA for each mutation. Since there are approximately 100 different
disease-causing mutations for ALSP, this is an important factor.

In order to establish this new therapy, the first part of the project focused on the
design and testing of an optimal guide RNA. The most important features of guide
RNAs in gene therapy are high efficiency and high specificity. High efficiency is
particularly important in the case of ALSP, as CSF1R mutations found in this dis-
ease are likely to have a dominant-negative effect, and expression of the mutated
gene should be decreased as much as possible. High specificity to the target
gene is required to avoid off-target effects that might lead to clinical side effects.
In the second part of the project, the best guide RNAs should be used to generate
homozygous and heterozygous CSF1R iPSC knockout lines. These knockout
iPSC lines will be a helpful tool for future studies further examining the patho-
physiology of ALSP. A better understanding of the disease mechanism might help
develop methods to diagnose patients earlier in the disease and to identify further
therapeutic strategies.

Taken together, the main goal of this project is to provide the basis for
CRISPR/Cas-based gene replacement therapy in ALSP patients. The study fo-
cuses on the generation of sgRNAs and the evaluation of the sgRNAS’ efficiency,
and provides an application of these sgRNAs in an iPSC-based in vitro system.

The project is divided into two main parts:

|.  Identification of efficient sgRNAs for knockout of human CSF1R
[I.  Generation of homozygous and heterozygous CSF1R iPSC knockout lines
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2 Material and methods

2.1 Material

Table 1: Reagents and manufacturers

Name Manufacturer
a-thioglycerol Sigma Aldrich
B-mercaptoethanol Sigma Aldrich
Accutase Sigma Aldrich
Acrylamide solution (40%) AppliChem
Activin A (100 ng/ul) Peprotech

Alt-R® Cas9 Electroporation En-
hancer

Ammoniumperoxidesulfate (APS)
Anti-adherence rinsing solution
Anti-pB-Actin antibody (mouse)
Anti-CSF1R antibody

Anti-GAPDH antibody

Atto 550 fluorescent dye

Atto 647 fluorescent dye

B27 supplement

Bis (2-hydroxyethyl)amino-tris (hy-
droxymethyl)methan (BIS-TRIS)
Boric acid

Bovine serum albumin (BSA)

Buffer TE CRISPRevolution
CHIR-99021 (3 mM)

CrRNAs

4',6-diamidino-2-phenylindole

Integrated DNA Technologies

Sigma Aldrich

STEMCELL Technologies

Thermo Fisher Scientific

Abcam

Meridian Life Science

Integrated DNA Technologies, custom
production

Integrated DNA Technologies, custom
production

Gibco

VWR

Carl Roth

Sigma Aldrich

Synthego

Tocris

Integrated DNA Technologies, custom
production

Thermo Scientific
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(DAPI)

DMEM-F12 Sigma Aldrich
DMEM high glucose Life Technologies
Dimethyl sulfoxide (DMSOQO) Sigma Aldrich
DNTP Mix Fermentas
Dulbecco’s Phosphate Buffered Sa- Sigma Aldrich
line (DPBS)

Ethanol VWR
Ethylenediaminetetraacetic acid Carl Roth
(EDTA)

Fast Red Sigma Aldrich
Fetal calf serum (FCS) Merck

Fibroblast growth factor (FGF2) Peprotech
Fluorescence mounting medium Dako

Formamide Applied Biosystems
Gelatine Sigma Aldrich
Gene Ruler DNA Ladder Mix Thermo Scientific
GlutaMAX (100X) supplement Gibco

GoTaq DNA Polymerase Promega
Heparin Sigma Aldrich

Immunocytochemistry antibodies

Primary antibodies

Goat anti-Sox17 R&D Systems
Mouse anti-SMA Dako

Mouse anti-Tra1-81 Millipore
Mouse anti-TUJ Sigma Aldrich
Rabbit anti-Fox-A2 Millipore
Rabbit anti-Oct3/4 Proteintech

Secondary antibodies

Alexa Fluor 488 Goat anti-rabbit IgG  Life Technologies
Alexa Fluor 488 Goat anti-mouse IgG Life Technologies
Alexa Fluor 647 Donkey anti-goat IgG Life Technologies




Insulin Sigma Aldrich

ITS-supplement 100X Gibco

Knockout Serum Replacement (KO- Gibco

SR)

L-ascorbic acid-2-phosphate magne- Sigma Aldrich

sium

LDN-193189 Geyer

LE Agarose Lonza

Matrigel Corning Bioscience
Midori Green Advance DNA Stain Nippon Genetics Europe GmbH
Naphtol AS-MX-phosphate Sigma Aldrich
Neurobasal medium Gibco

Non-essential amino-acid solution Sigma Aldrich

(NEAA)

nonfat dried milk powder Applichem
Nucleofection supplement Lonza
Nucleofection solution Lonza
NuPAGE™ MOPS SDS running buffer Life technologies
Paraformaldehyde (PFA) Merck
Penicillin-streptomycine (P/S) Sigma Aldrich
Pink buffer Thermo Scientific
Ponceau solution Sigma Aldrich

Precision Plus Protein Standard Dual BioRad

Color

Progesterone Sigma Aldrich

Protease inhibitor Roche

Putrescine Sigma Aldrich

Rho-kinase inhibitor (RI) Y-27632 Abcam

RIPA buffer Sigma Aldrich

RNAse A Thermo Scientific

RNP Cas9 Integrated DNA Technologies

RPMI 1640 Sigma Aldrich




RPMI 1640, advanced
RPMI 1640, HEPES
SB431542

SgRNAs

Sodium acetate

Sodium azide

Sodium selenite

SYBR™ Select Master Mix
Tetramethylethylenediamine
(TEMED)

Thermo Scientific
Thermo Scientific

Lonza

Integrated DNA Technologies, custom

production

Carl Roth

Sigma Aldrich
Sigma Aldrich
Applied Biosystems

Thermo Scientific

Transforming growth factor beta 1 Peprotech

(TGFB1)
Transferrin Sigma Aldrich
Tris base Applichem
Trypan blue Sigma Aldrich
Western Blocking Reagent Roche
Table 2: Buffer and media composition
Name Content
3.5 x Tris buffer 52,32 g Bis-TRIS
200 ml water
to pH = 6,5-6,8

3N medium

250 ml N2 medium

250 ml Neurobasal medium
5 ml B27

2.5 ml GlutaMAX

2.5 ml non-essential amino acid solution

0.5 ml B-mercaptoethanol
5 ml P/S
5 ml glucose (160 mg/ml)
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E8 medium

EB medium

Electrophoresis buffer

Endoderm induction medium (EIM)

FACS buffer

Freezing medium

Mesoderm medium

500 ml DMEM-F12 + HEPES

1 ml L-ascorbic acid-2-phosphate mag-
nesium

5 ml ITS-supplement 100X

5 ul FGF2 (10 pg/l)

10 pl TGFB1 (2 pg/ul)

0.5 pl Heparin (100 ng/ul)

77 ml DMEM-F12

20 ml KO-SR

1 ml Non-essential amino-acid solution
1 ml P/S

1 ml GlutaMAX

3.5 pl B-mercaptoethanol (50uM)
108 g tris base

55 g boric acid

40 ml EDTA solution (0.5 M, pH 8)
to 1 | with water

50 ml RPMI 1640 advanced

1 ml B27

0.5 ml P/S

100 yl FCS

25 c Activin A

DPBS

0.5% BSA

2mM EDTA

25 ml E8 medium

20 ml KO-SR

5 ml DMSO

10 uM RI

DMEM high glucose

20 ml FCS

1 ml P/S
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N2 medium

Primitive streak induction medium

(PSIM)

TBE buffer, 10X

Tris-buffered saline (TBS), 10X

Tris-buffered saline with Tween20
(TBS-T)
THP-1 medium

1 ml non-essential amino-acid solution
100 pl B-mercaptoethanol

4 yl a-thioglycerol

500 ml DMEM-F12

5 ml transferrin (10 mg/ml)
1.25 ml insulin (10 mg/ml)
0.5 ml progesterone (2 mM)
0.5 ml putrescine (100 mM)
30 pl sodium selenite (500 pM)
20 ml RPMI 1640 advanced
0.4 ml B27

0.2 ml P/S

40 yl FCS

13.3 yl CHIR-99021

10 pl Activin A

108 g tris base

55 g boric acid

40 ml EDTA (0.5 M)

151.42 g tris base

219.15 g sodium chloride
to 2.5 | with water

251TBS

2.5 ml Tween20

RPMI 1640 medium

10 % FCS

1 % GlutaMAX

1% P/IS
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Table 3: Kits and manufacturers

Name

Manufacturer

Enhanced chemiluminescence (ECL)

sub- Merck

strate: Immobilon Western HRP Substrate

Gene Jet Genomic DNA Purification Kit
QUIAquick Gel Extraction Kit

QuickExtract™ DNA Extraction Solution

Neon™ Transfection System 10 pL Kit
Pierce BCA Protein Assay Kit

Thermo Scientific
Qiagen

Lucigen
Invitrogen ™

Thermo Scientific

Revert Aid First Strand cDNA Synthesis Kit  Roche

RNeasy Mini Kit Qiagen
Table 4: Laboratory equipment

Name Manufacturer

24-well-plate Greiner Bio-One

6-well-plate Greiner Bio-One

96-well PCR plate

Aggrewell plate

Cell culture flask

Centrifuge 5810R

Coverslips

CryoTube™ Vials

FACSCalibur

Falcon tubes

HERAcell™ VIOS 160i CO2-Inkubator
Microcentrifuge tubes
Mini-Protean® Tetra Cell
Module

Mini-PROTEAN® Tetra electrophore-
sis system

Casting

Molecular Imager GelDoc™ XR+

Applied Biosystems
STEMCELL Technologies
Corning

Eppendorf

VWR

Thermo Scientific
BD Biosciences
Corning

Thermo Scientific
Eppendorf

Bio-Rad

Bio-Rad

BioRad
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NanoDrop

Neon™ transfection system
Neubauer chamber
Nitrocellulose membrane
Nucleofector™ 2b
Petridish

Pipet tips
Polyvinylidene  difluoride
membrane

RH basic magnetic stirrer
Thermal cycler

Thermo Mixer C

Viia 7 Real-Time PCR System

Vortex mixer Vortex Genie-2
Waterbath

(PVDF)

Thermo Scientific

Thermo Scientific

Karl Hecht

GE Healthcare Life Sciences
Lonza

Corning

Biozym

Merck

IKA

Thermo Scientific
Eppendorf
Thermo Scientific
Carl Roth

Sigma Aldrich
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2.2 Methods

2.2.1 Methods Part I: Identification of efficient sgRNAs for knockout of human
CSF1R

Figure 2 provides an overview over the experiments that were performed to
achieve the first objective of this study: the identification of efficient sgRNAs for
CSF1R knockout in an established cell line.

First, sgRNAs were designed by means of online tools. In parallel, CSF1R protein
expression was assessed by Western Blot in K-562 cells and in THP-1 cells in
order to select an appropriate cell line for further experiments. Both of these cell
lines were chosen because they were expected to express CSF1R due to their
origin in myelogenous leukemia cells, as described in more detail in 2.2.1.2. Sub-
sequently, the selected cell line was electroporated with the CRISPR/Cas9 sys-
tem using the previously designed sgRNAs. Finally, CSF1R expression in the

electroporated cells was assessed on DNA and protein level.

. cell line
GgRNA deslgD online tools> —Ii C selection) Western BICD
electroporation of selected cell line with
designed sgRNAs

assessment of
transfection efficency ) floW cytometry

assessment of CSF1R i
/as D sequencing ) stsessment of CSF1R Western Blot\

Qpression on DNA leve ICE analysis ression on protein level %

sgRNA: single guide RNA

CSF1R: colony stimulating factor 1 receptor
eGFP: enhanced green fluorescent protein
ICE: inference of CRISPR edits

Figure 2: Experiment plan for testing sgRNAs in THP-1 cells. Overview of the steps involved
in the testing of sgRNAs in a cell line and the methods used for each step.

2.2.1.1 sgRNA design

SgRNAs for CSF1R were designed using the following tools: chopchop, Broad
Institute GPP sgRNA designer, CRISPOR and Dharmacon Horizon Discovery
CRISPR Design Tool. In a first step, only exon 2 of the CSF1R gene was used
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as target as it is the exon that contains the ATG region, i.e. the start codon which
is necessary for protein translation. Four sgRNAs were chosen for this region.
Second, the whole gene was indicated as target in order to choose another
sgRNA.

In total, five sgRNAs with high efficiencies, low self-complementarity, and a high
number of mismatches in other parts of the genome were selected. SQRNAs that
were designed by more than one tool were preferred.

The positions of the sgRNASs’ targets in the CSF1R gene are depicted in Figure
3. The sequences of the sgRNAs are presented in Table 5.

Exon (E) 1 E2 E7
| —-UTR--- |D| ---UTR----1941195----262263----2911292-ATG-296----331;3. | D I:I D D D I:I D D D D D D
sgRNA2 sgRNA1 sgRNA3 sgRNA4
E10 E11 E12 E13 E14 E15 E16 E17 E18 E19 E20 E21 E22

DDDDDDDDDDDDD@DDDDDDDDDDDDDD

sgRNAS5

UTR: untranslated region  sgRNA: single guide RNA
|:| exon (§) |:| intron  ATG: start codon

Figure 3: CSF1R gene and sgRNA positions. Visualization of the CSF1R gene and cutting sites
for the 5 designed sgRNAs. SgRNAs 1-4 are located in exon 2 which contains the start codon
and is therefore important for translation. SQRNA 5 is located in exon 15. The sizes of the intron
and exon symbols are not true to scale.

Table 5: Single guide RNAs (sgRNAs) and corresponding sequences

Name Sequence

sgRNA 1 TCGGTGGGGAAGTGGCAGGCAGG
sgRNA 2 CTCCGCAGGGATCGGGACACTGG
sgRNA 3 CACTTCCCCACCGAGGCCATGGG
sgRNA 4 TCCTGCTGGTGGCCACAGCTTGG
sgRNA 5 ACTCCGTGATGACCAGTACAGGG

2.2.1.2 Selection of a cell line and optimization of CSF1R Western Blot

In order to select an appropriate cell line for testing the designed sgRNAs, West-
ern Blots for CSF1R were performed in K562 and THP-1 cells. Both are mono-
cytic cell lines derived from patients suffering from chronic (K562) or acute (THP-
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1) myelogenous leukemia (Lozzio & Lozzio, 1975; Tsuchiya et al., 1980). There-
fore, both cell lines are expected to express CSF1R.

The cells were cultured in cell culture flasks with THP-1 medium (see 2.1, Table
2) at 37 °C. Medium was changed every other day.

For the assessment of CSF1R expression in these cell lines, Western Blots were
performed. Different amounts of protein (20 ug, 40 ug and 60 ug) as well as dif-
ferent antibody dilutions and membrane types (nitrocellulose and polyvinylidene
difluoride (PVDF)) were tested.

In order to isolate protein from the cells, approximately 8 million cells of each cell
line were transferred from the culture flask to a microcentrifuge tube. The cells
were counted by adding 90 ul of trypan blue to 10 pl of the cell suspension using
a Neubauer chamber and the following formula:

Number of cells / ml = (number of cells in 4 squares / 4) x 10 x 1000

The cells were then centrifuged at 400 g for 1 min and washed once with 200 pl
of Dulbecco’s phosphate buffered saline (DPBS). After another centrifugation at
400 g for 1 min, the supernatant was removed and the cells were resuspended
in 50 pl of RIPA buffer and 2 pl of protease inhibitor. This mix was placed in a
rotator at 4 °C for 45 min and then centrifuged at 13000 g, at a temperature of
4°C for 30 min. Subsequently, the supernatant containing the protein was ali-
quoted and kept at -80 °C until further use, the pellet was discarded. The protein
concentration was assessed by a bicinchoninic acid (BCA) assay using the
Pierce BCA Protein Assay Kit following the manufacturer’s instructions: the BCA
working reagents A and B were mixed at a ratio of 50:1. Nine Albumin dilutions
from O ug/ ml to 2000 pg / ul were used as standards, the 0 pg / ml dilution served
as a blank. The CSF1R protein samples were diluted 1:10. 10 ul of the sample
dilution and the standards, respectively, were added to one well of a 96-well-
plate. Duplicates were made for each sample and standard. Then, 80 ul of the
prepared working reagent were added to each well. After incubating the plate at
37 °C for 30 min, the absorbance was measured in a plate reader (SpectraMax
M/Molecular Devices). To calculate the protein concentration, the mean absorb-
ance from the duplicates was calculated and the absorbance value of the blank
was subtracted from the other absorbances. A standard curve and the formula
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for the linear regression were created using Microsoft Excel (X=(Y-b)/m, Y=ab-
sorbance, b=intercept, m=slope). This formula was used to calculate the protein
concentration of the samples. An exemplary standard curve and linear regression

formula with the data from the BCA for the THP-1 cells can be seen in Figure 3.

absorbance
)
o
o

y = 8849,1x + 15,426 R? = 0,997

0,00 0,05 0,10 0,15 0,20 0,25
concentration (ug / ml)

Figure 4: Standard curve and linear regression formula for THP-1 cells. A standard curve
was created based on the standards’ absorbance. The formula for linear regression was calcu-
lated using Microsoft Excel.

In preparation for the Western Blot, a separating and a stacking sodium dodecyl
sulfate (SDS) gel were poured in the Mini-Protean® Tetra Cell Casting Module
and SDS gel electrophoresis was performed in the Mini-PROTEAN® Tetra elec-
trophoresis system. SDS gel electrophoresis is used to separate the proteins
contained in the sample by size. For the separating gel, 1.71 ml of 3.5 x Tris-
buffer, 1.5 ml of 40 % acrylamide, 2.73 ml of water, 60 pl of 10 % ammonium
persulfate (APS) and 6 pl of tetramethylethylenediamine (TEMED) were added
to a falcon and mixed briefly by turning the falcon upside down. The gel was
pipetted into the cassettes and overlayed with 100 % isopropanol to avoid bub-
bles. After 45 min of polymerization, the stacking gels consisting of 0.57 ml of 3.5
x Tris-buffer, 0.2 ml of 40 % acrylamide, 1.21 ml of water, 20 yl of 10 % APS and
2 ul of TEMED was prepared and pipetted into the cassette in the same way. A
12-well comb was inserted. During the 30 min of polymerization the samples were

prepared.
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20, 40 and 60 pg of the protein samples of K562 and THP-1 cells, respectively,
were diluted in RIPA buffer with 4 % protease inhibitor to a volume of 20 pl, fol-
lowed by addition of 5 pl of Pink Buffer. The samples were denaturized at 95 °C
for 5 min, cooled down to 4 °C and kept on ice until loading.

The electrophoresis chamber was filled with running buffer and the electrophore-
sis module including the gel cassettes was assembled. The comb was removed
and the wells were rinsed with running buffer. Subsequently, 5 ul of the protein
standard and 20 pl of the sample were loaded. The electrophoresis was started
at 80 V for the first 10 min, then the voltage was increased to 120 V for a total
running time of approximately 2 h

For the transfer, the gel was placed into a gel holder cassette with a PVDF mem-
brane between fiber paper and fiber pads. The cassette was placed in the cham-
ber which was filled with transfer buffer. A cool pad and stir bar were added, then
the transfer was performed overnight at 20 V and 4 °C. The next day, the voltage
was increased to 100 V for 60 min.

The transfer was checked by washing the membranes shortly in distilled water
and then placing them in a tray with Ponceau solution for 5 min. If bands were
detected, the membranes were labeled with antibodies. The membranes were
cut so that the upper part contained the CSF1R protein and the lower part glycer-
aldehyde-3-phosphate dehydrogenase (GAPDH). They were then washed once
with distilled water and three times with tris-buffered saline with Tween20 (TBS-
T) for 10 min each.

Next, the blocking reagent consisting of TBS-T and 5 % skimmed milk was pre-
pared. The membranes were put into falcons and 5 ml of the blocking reagent
were added. The falcons were put on a roll mixer at room temperature for 2 h.
Meanwhile the primary antibodies were diluted in 5 % Roche Block in TBS-T with
1 % sodium azide. For CSF1R a 1:50, 1:100, 1:250, 1:500 and 1:1000 dilution
were tested. GAPDH was diluted 1:100000.

5 ml of this dilution were added to the falcons containing the respective mem-
branes and the membranes were incubated overnight at 4 °C on a shaker.

The next day, the membranes were washed with TBS-T three times, for 10 min

each.
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Subsequently, the secondary antibody (anti-mouse for all primary antibodies
used) was diluted 1:5000 in TBS-T with 1 % skimmed milk. The membranes were
incubated with 5 ml of the secondary antibody at room temperature for 1 h. Fi-
nally, the membranes were washed another three times with TBS-T.

For the evaluation, a detection solution was prepared. 750 pl each of enhanced
chemiluminescence (ECL) compound A and B were mixed in a microcentrifuge
tube. 350 pl of this solution were added to each half of a membrane immediately
before imaging it using the Bio Rad Gel Reader.

2.2.1.3 Electroporation of THP-1 cells with CRISPR/Cas

Electroporation was used to introduce the CRISPR/Cas complex containing the
designed sgRNAs into the cells. In this transfection method the permeability of
the cell membrane is increased by the application of an electric field. The electric
pulses create pores in the membrane through which molecules can be introduced
into the cell.

A 24-well-plate was prepared with 1 ml THP-1 medium without penicillin-strepto-
mycine (P/S) per well for three wells per sgRNA, three wells for a negative control
without an sgRNA, and three wells for an eGFP control for assessment of trans-

) O sgRNA 1
. sgRNA 2
‘ sgRNA 3
‘ sgRNA 4
Q sgRNA 5

Q negative control
/) . eGFP control

Figure 5: Set-up of the 24-well plate for the electroporated cells. The 24-well plate contains
three wells for each sgRNA that cells are transfected with. Additionally, it contains triplicates of
an untreated negative control and an eGFP control for assessment of transfection efficiency.

fection efficiency. The set-up is shown in Figure 5.
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Using the CRISPRevolution Synthetic sgRNA kit, the sgRNAs were resuspended
in Buffer TE and diluted to 100 pmol/ul, then vortexed for 30 s and spun down.
Complexes for each sgRNA were prepared in 1.5 ml Eppendorf tubes by adding

the reagents listed in Table 6 in the indicated order.

Table 6: Composition of sgRNA complexes

Reagent Volume
1. Buffer R (without causing bub- 10.08 pl
bles)
2. ribonucleoprotein (RNP) Cas9 2.22 yl
3. sgRNA 2.70 pl

Each complex was then vortexed for one second, spun down and incubated at
room temperature for 15 min. Afterwards, it was stored on ice.

During the incubation time the THP-1 cells were prepared. The cells were
counted and aliquoted in 7 Eppendorf tubes (one for each sgRNA, one for the
negative control and one for the eGFP) containing 300000 cells per tube. The
tubes were then centrifuged at 400 g for 1 min and the supernatant was removed.
Then, 200 pyl DPBS were added for washing and the cells were again centrifuged
at 400 g for 1 min, the supernatant was removed. Next, 180 yl DPBS were added
to each tube except the one for the negative control in which 150 pyl medium were
added from the 24 well plate (50 pl from each control well). The negative control
was then redistributed to these 3 wells.

For the actual electroporation, the Neon Transfection System Kit was used. 3 ml
Electrolytic Buffer E were added into the Neon tube. Before electroporation, the
respective tube containing the cells was centrifuged at 400 g for 1 min, the su-
pernatant was removed except for approximately 5 pl. The pellet was resus-
pended in 20 yl Resuspension Buffer R and then added to the prepared complex
without mixing. The cells were mixed with the complex by pipetting up and down
with the Neon pipette. Then, 10 ul of the mix were taken up into the pipette which
was put into the Neon tube without touching the tube’s walls with the pipette. The
electroporation was conducted at 1450 V for 10 ms with 3 pulses. After that, the

electroporated content was added to the prepared wells.
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For the eGFP control, the cells were also centrifuged at 400 g for 1 min, the su-
pernatant was removed. 40 pl of Buffer R and 1 ng of eGFP mRNA were added.
As with the other samples, the solution was mixed by pipetting up and down with
the Neon pipette and then electroporated three times. The content was then
added to three wells.

The cells were cultured at 37 °C with medium changes every other day. Cells
were harvested for DNA isolation five days after electroporation and for protein
isolation when the wells were full with cells again, which took approximately 2
weeks. To harvest the cells, pellets were made from 500 pl of the wells’ contents
by centrifuging for 1 min at 400 g. The cells were then washed once with 200 pl
DPBS, centrifuged in the same way again and the supernatant was removed.
The cells were kept at - 80 °C until further use.

2.2.1.4 Assessment of transfection efficiency by flow cytometry

The transfection efficiency was assessed by flow cytometry analysis of the eGFP
control the day after the electroporation. EGFP is a fluorescent protein so that its
presence in the cells after electroporation with eGFP mRNA can be measured by
flow cytometry. This way, the efficiency of the uptake of molecules into the cells
during electroporation can be evaluated.

For this purpose, the content from the eGFP wells was transferred to one Eppen-
dorf tube each, for the negative control one third of the content of each well was
added to one tube. The cells were centrifuged at 400 g for 1 min and, after re-
moving the supernatant, resuspended in 200 pl DPBS. For the flow cytometry
analysis the cells were transferred to FACS tubes.

Flow cytometry was performed using the BD FACSCalibur™ and analyzed with
the BD FlowdJo software.

2.2.1.5 Assessment of CSF1R expression on DNA level
DNA was isolated from the cells harvested after electroporation. The DNA was
then used for sequencing and inference of CRISPR edits (ICE) analysis.
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2.2.1.5.1 DNA isolation

DNA was isolated from the harvested cells using the Gene JET Genomic DNA
Purification Kit following the manufacturer’s Cultured Mammalian Cells Genomic
DNA Purification Protocol. The frozen cells were thawed and suspended in 200
pl DPBS, then 200 pl of Lysis Solution and 20 ul of Proteinase K Solution were
added. After incubating at 56 °C for 10 min on a rocket platform, 400 pl of ethanol
were added. The sample was transferred to the Purification Column in a collec-
tion tube and then centrifuged at 6000 g for 1 min. After discarding the flow-
through, the sample was washed with 500 ul of Wash Buffer | and centrifuged at
6000 g for 1 min. This was repeated with 500 ul of Wash Buffer Il, centrifuging
the column at maximum speed for 3 min. After emptying the collection tube, the
column was spun again for 1 min to dry the membrane. The column was then
transferred to a sterile 1,5 ml microcentrifuge tube. 50 ul of Elution Buffer were
added and after an incubation time of 2 min at room temperature the sample was
centrifuged at 8000 g for 1 min. Finally, the purification column was discarded
and the DNA concentration in the sample was measured using the Nano Drop

spectrophotometer.

2.2.1.5.2 Sequencing

In order to sequence the DNA isolated from the THP-1 cells, two PCRs were
performed, the first one in order to amplify the targeted region and the second
one to fluorescently label the DNA for the actual sequencing process. Both PCRs
were followed by a purification of the DNA product.

Primers were designed using the National Center for Biotechnology Information
(NCBI) Primer Blast tool and tested with DNA from unedited K562 cells with the
approach described below. Different annealing temperatures (55 °C, 57 °C and
59 °C) were tested and the primer and annealing temperature that led to the
strongest bands were chosen for further sequencing. The chosen primers and
their sequences are shown in Table 7. Primer pair CSF1R_Seq1 was used for
cells treated with sgRNA 1 — 4 which all target exon 2. Primer pair CSF1R_Seq4
for cells treated with sgRNA 5 which targets exon 15. The approach for the first

PCR is shown in Table 8. It was prepared in microcentrifuge tubes placed on ice.
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The samples were placed in a thermocycler and PCR was performed using the

program shown in Table 9.

Table 7: Sequencing primers THP-1

Name

Sequence forward primer

Sequence reverse primer

Primer CSF1R_Seq1 GGCTTTAGAAGGGCCCCAAA
AAGCAGATACCCACAAGCCT

Primer CSF1R_Seq4 GCTCACAGAGCCGAGGTTAG
CATGAGCCATCCAACCCTGA

Table 8: Composition of the PCR approach

Reagent Amount

5x buffer 10 ul

DNTP 1 pl

Forward primer (5uM) 5ul

Reverse primer (5uM) 5 pl

Gotaq G2 taq polymerase 0.25 ul

Template DNA 100 pl

H20 to 50 pl total

Table 9: PCR program

Temperature Duration Cycles

95°C 1 min 1x

95°C 15s

57°C 15s 35x

72°C 30s

72°C 7 min 1x

4°C forever

The result of the PCR was assessed through electrophoresis on a 1.5% agarose

gel containing 20 ml 10X TBE buffer, 180 ml water, 3 g agarose and 8 pl of Midori
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Green. 10 pl of the PCR product, as well as 5 pl of the Gene Ruler were loaded
to the gel. The electrophoresis was run at 120 V for approximately 60 min. Sub-
sequently, it was assessed through imaging in the Molecular Imager GelDoc™
XR+. If bands could be seen for all samples, the next steps were performed.

For purification of the PCR product, 40 ul of a sodium acetate/ethanol mix (4%
3M sodium acetate in ethanol) were added to a microcentrifuge tube containing
20 pl of the PCR approach from the PCR described above. The samples were
then centrifuged for at least 45 min at 3220 g at room temperature. Afterwards,
the supernatant was discarded by covering the tubes with a cellulose cloth, turn-
ing them upside down and swinging them up and down. This was followed by a
washing step with 100 pl 70 % ethanol that was added to the samples. They were
then centrifuged at 3220 g at room temperature for 10 min. Subsequently, the
supernatant was discarded in the same way as before. This washing step was
repeated using the same amount of ethanol and the same centrifugation param-
eters. For the next centrifugation step the tubes were not closed and put upside
down on a cellulose cloth. The samples were then centrifuged at 23 °C, 600 g for
1 min. Finally, 15 ul of Merck ultrapure water were added to the samples. The
samples were then attached to a vortex mixer and mixed gently for 30 min.

A sequencing PCR was conducted in order to mark the PCR product. The ap-
proach for the sequencing PCR containing the reagents listed in Table 10 was
prepared in microcentrifuge tubes placed on ice. The approach was prepared
twice for each sample, once with the forward primer and once with the reverse
primer. The samples were placed in a thermocycler with the program shown in
Table 11.

Table 10: Composition of the PCR approach

Reagent Amount
Purified PCR product 6 ul
Water 2.65 pl
White 5x buffer 1.65 ul
Sequencing primer (10 pM) 1 pl
BigDye v3.1 0.7 pl
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Table 11: Sequencing PCR program

Temperature Duration Cycles
94 °C 1 min 1x

94 °C 10s

50 °C 5s 30x

60 °C 4 min

10 °C forever 1x

The PCR product from the sequencing PCR was purified in the same manner as
the product from the first PCR. The only difference was that only one washing
step was performed.

For sequencing, 7 pl of the purified product from the sequencing PCR were added
to the wells of a sequencing plate. Then, 15 pl of formamide were added. The
samples were sequenced in a 3100 Genetic Analyzer.

The sequencing data was uploaded to the Synthego ICE tool.

2.2.1.6 Assessment of CSF1R expression on protein level

In order to isolate protein from the electroporated cells, the cell pellets were
thawed and resuspended in 50 ul of RIPA buffer and 2 pl of protease inhibitor per
pellet. Protein was isolated and the concentration was assessed by a BCA assay
as described above.

CSF1R expression on protein level in the edited THP-1 cells was examined by
Western Blotting. Western Blots were performed as described above with 40 ug
of protein. As the protein concentration in the pellets from the second and third
electroporation was considerably lower than the first one, only 20 ug of protein
were used for these. For the transfer, PVDF membranes were used. The mem-
branes were stained with 1:500 anti-CSF1R antibody solution and 1:50000 anti-
GAPDH or anti-B-Actin respectively.
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2.2.2 Methods Part Il: Generation of homozygous and heterozygous CSF1R
iIPSC knockout lines

Ethical approval for the experiments conducted in iPSC was obtained from the
ethics committee of the University Hospital Tudbingen (project number
701/2019B0O2).

2.2.2.1 iPSC cell culture

2.2.2.1.1 Thawing of iPSC

In preparation, the wells of a 6-well-plate were coated with 0.8 ml each of Matrigel
diluted 1:60 in Dulbecco’s Modified Eagle Medium F-12 (DMEM-F12). The plate
was then incubated at 37 °C for 30 - 90 min. All media needed later on were
warmed in the water bath at 37 °C.

The cryotubes containing the frozen iPSC were heated in the water bath at 37 °C
until the content was slightly thawed. Subsequently, 1 - 2 ml of DMEM-F12 were
added in small drops. The cells were cautiously resuspended and transferred to
a 15 ml falcon containing 8 ml Essential 8 (E8) medium supplemented with 1:1
000 Rho-kinase inhibitor (RI). Cells were washed by carefully inverting the tube
3 times and then centrifuged at 300 g for 5 min.

Meanwhile, the Matrigel solution was removed from the plate and 1 ml of E8 me-
dium supplemented with 1:1 000 RI) was added to each well. The supernatant
was removed from the centrifuged falcons, the cells were resuspended in 1 ml
E8 with 1:1000 RI and finally transferred to the prepared wells.

2.2.2.1.2 Cultivation and passaging of iPSC

IPSC were cultivated at 37 °C with medium changes every day. The morphology
of the iPSC was evaluated by microscopy. Cells were passaged at a ratio of 1:8
to 1:12 when they reached a confluency of 70 - 80 %.

In order to passage the iPSC, they were first washed with 2 ml of DPBS per well.
Subsequently, 1 ml of DPBS/EDTA was added to each well, followed by an incu-
bation period at 37°C for 4 - 8 minutes. In the meantime, Matrigel-coated plates

were prepared with 2 ml E8 and 1:1000 RI per well.

40



Once the beginning detachment of the cells was detected under the microscope,
DPBS/EDTA was removed, 1 ml of pre-warmed E8 medium was added and the
cell suspension was carefully pipetted up and down 3 - 5 times in order to break
the colonies. Depending on the colony density, 1/8 to 1/12 of the cell solution was
transferred to the new well.

Before freezing the iPSC, the cells were detached and centrifuged in the same
way they were prepared for passaging. Subsequently, cells were centrifuged at
300 g for 5 min and the pellet was then resuspended in 2 ml of freezing medium
and transferred to cryotubes. The tubes were then placed in a freezing container
at — 80 °C overnight and transferred to the liquid nitrogen tank the next day for
long term storage.

2.2.2.2 CRISPR approach

iPSC were edited by using two crRNAs to cut out a part of the CSF1R gene,
which makes it possible to screen for homozygous and heterozygous knockout
clones via PCR. The crRNAs used for this approach correspond with sgRNAs 2
and 4 (Figure 6). The two cutting sites are separated by 136 bp, i. e. a fragment
of this size is removed from the CSF1R allele in case of successful CRISPR cut-
ting at both sites.

Exon (E) 1 E2 E3 E4 E5 E6 E7 E8
Cr 0T e 000000000000
crRNA2 crRNA4
E9 E10 E11 E12 E13 E14 E15 E16 E17 E18 E19 E20 E21 E22

N OiHiOitiboOidoooooooL

UTR: untranslated region  crRNA: CRISPR RNA
|:| exon (E) |:| intron ATG: start codon

Figure 6: Positions of the crRNAs used for the CRISPR approach in iPSC. Both crRNAs are
in exon 2, before and after the ATG, so that the start codon will be cut out when both cuts are
made, thus preventing translation. The sizes of the intron and exon symbols are not true to scale.

In preparation for the transfection, the crRNAs were diluted to 50 uM. A solution
was prepared containing 82 pl of the Lonza Nucleofection solution and 18 pl of
Nucleofection supplement.

First, duplexes were prepared by adding 2.8 ul of a tracrRNA marked with the
fluorophore ATTO 550 (50 pM) to 2.8 pl of crRNA2 and 2.8 pl of a tracrRNA
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marked with the fluorophore ATTO 647 (50 uM) to crRNA7. These duplexes were
incubated at 95 °C for 5 min and then cooled down to room temperature. Then,
1.7 ul of RNP Cas9 were added to each duplex. These complexes were incu-
bated at room temperature for 20 min.

Meanwhile the cells were prepared. iPSC were washed once with 1 ml DPBS and
detached by adding 1 ml Accutase. After 15 min of incubation at 37°C, the de-
tachment was stopped by adding 1 ml of E8 medium. The cells were counted and
the volume containing 900000 cells was centrifuged at 300 g for 5 min. The su-
pernatant was removed and the cells were resuspended in the prepared solution.
Both complexes as well as 2.9 ul of the Cas9 Electroporation Enhancer were
added to the cells. The mix was transferred to a nucleofection cuvette and elec-
troporation was performed using a Nucleofector 2b, program B16. Afterwards,
the cells were transferred to a falcon with prewarmed E8 medium.

FACS was used to sort for cells positive for both fluorescent markers and thus
containing both crRNAs. For this purpose, the cells were centrifuged at 100 g for
5 min and the pellet was resuspended in 200 pl of iPSC FACS buffer. The cells
that screened double-positive in the FACS analysis were collected in 15 ml fal-
cons containing E8 supplemented with 1 % P/S and 0,1 % Rl and then transferred
to a 10 cm Petri dish with the same medium. Approximately 20000 cells were
plated per dish.

2.2.2.3 Selection of CSF1R knockout clones

When colonies had formed in the Petri dish, cells from each of these colonies
were picked and transferred to one well of a Matrigel-coated 24-well-plate with
E8 medium supplemented with 1 % P/S. Medium was changed every day until
the cells were confluent.

For PCR-screening to detect the allele(s) shortened by removal of the DNA frag-
ment between the two crRNA cutting sites, DNA was isolated using the Lucigen
QuickExtract™ DNA Extraction Solution.

PCR was performed using the same protocol as for the PCR described in 3.3.4.2.
with primer pair CSF1R_Seq7 and an annealing temperature of 59 °C. The se-
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quences of the primers are shown in Table 12. DNA fragment sizes correspond-
ing to wildtype or edited CSF1R, respectively, were analyzed using gel electro-
phoresis. This screening allowed to differentiate between wildtype clones with
only one band corresponding to the original length of CSF1R, homozygous
knockouts with only the band corresponding to the shortened version and heter-

ozygous knockout with both bands.

Table 12: Sequencing primers iPSC

Name Sequence forward primer
Sequence reverse primer

Primer CSF1R_Seq7 TCTTCTCCCAAGACCCCTTGA
GTCTAGTCTATCACTGTCCCCC

All clones that were screened positive for either homozygous or heterozygous
knockout were expanded before the knockout state was confirmed by Sanger
sequencing. To harvest the cells for DNA isolation, they were detached with
DPBS/EDTA as described above (see 2.2.2.1.2.) and transferred to a 15 ml fal-
con. They were centrifuged at 300 g for 5 min and the supernatant was removed.
DNA was isolated from the resulting pellet using the Gene JET Genomic DNA
Purification Kit according to the manufacturer’s protocol and as described above
for THP-1 cells. Sequencing was then performed following the same protocol as
for the sequencing of THP-1 cells with primers CSF1R_Seq7_F and
CSF1R_Seq7_R. For the heterozygous clones, DNA from the two differently
sized bands was extracted from the PCR gel using the QlAquick Gel Extraction
Kit and treated separately for the rest of the sequencing. For this purpose, after
the PCR that is performed as the first step of sequencing, the bands were sepa-
rately cut out of the electrophoresis gel with a scalpel. Then, each gel slice was
transferred to a microcentrifuge tube and 100 pl of Buffer QG per 100 ug sample
were added. The samples were incubated at 50 °C with intermittent vortexing
until the slice had dissolved. Depending on the colour of the mix, 3 M sodium

acetate was added until the sample turned yellow. Subsequently, 100 ul isopro-
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panol per 100 ug gel were added to the mixture. The samples were then centri-
fuged for 1 min at 17 900 g in a spin column with a collection tube, the flow-
through was discarded. Next, 500 ul Buffer QG were added and the centrifugation
step was repeated in the same way as before. 750 pl of Buffer PE were added
and after an incubation time of 5 min at room temperature, the samples were
again centrifuged at 17 900 g for 1 min. The flow-through was discarded and the
spin column was placed in a new microcentrifuge tube. Finally, 50 pl Buffer EB
were pipetted directly onto the spin column’s membrane. After incubation for 4
min at room temperature, the tube was centrifuged for 1 min at 17900 g. Following
this extraction, the samples were treated in the same way as the other DNA sam-

ples.

2.2.2.4 Off-target analysis

In order to evaluate off-target effects of the CRISPR/Cas9 system, the most prob-
able off-targets were identified by the CRISPOR web tool. The off-targets identi-
fied this way as well as the respective Massachusetts Institute of Technology

(MIT) off-target scores are listed in Table 13.

Table 13: Predicted off-target loci and corresponding MIT scores

off-target locus MIT off-target score
crRNA 2

RP11-39312.4/ZNF292 (chromosome 6) 0.34
SLC43A1 (chromosome 11) 0.28
CYTH2 (chromosome 19) 0.25
AC068134.8/ALPP (chromosome 2) 0.12
MINK1 (chromosome 17) 0.11
crRNA 4

PLD4 (chromosome 14) 1.49
ZNF407 (chromosome 18) 1.47
MATK (chromosome 19) 0.65
ANKDD1B (chromosome 5) 0.64
BBS7 (chromosome 4) 0.47
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The top 5 exonic off-targets according to the MIT off-target score for each of the
two sgRNAs were sequenced using specific primers. The primers were designed
using the primer3 tool and NCBI Primer Blast. The primer sequences are listed
in Table 14. Sequencing was performed in the same way as for the confirmation
of the knockout status as described above.

Table 14: Sequencing primers off-targets

off-target forward primer

reverse primer

RP11-39312.4/ZNF292 AAGTGGATAGGGAGAGAGCC
AGAAGGGTGCAGAGTTTCCA
SLC43A1 GGCTTGCTGATGATTCCCAG
ACTTCTGGTTTTCAAGCTCAGG
CYTH2 TGCATGCACGTGAACAAATG
CCCATGTGCCTTTGGTGAAA
AC068134.8/ ALPP TTCAGGTTCAGCTGTTTTGC
GCTACTCGGGAGGCTGAAG
MINK1 AGGGAATTGGGAAGTTGGGA
TTGGGACTACAGGCATGCA
PLD4 ACGCCATTACTTGCCATTGT
GTCCTCTGCAAGCATCACAG
ZNF407 ACCTAGCAAGTCTACCCAGC
CTGATCCTCCCTGCACTACC
MATK CAGGCGCCTAGAGTCCTTAG
GACCGAGAGAGTGGAGAGTG
ANKDD1B CCCCTGACCACTCCACTATG
CGTCCTTCCTTACCTCTCTCC
BBS7 GATGGCACCTTGAACTACTGT
GAAGGGCAGACTCACGAATTT
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2.2.2.5 Characterization of CSF1R knockout iPSC clones

In order to verify the pluripotent status of the iPSC after the genetic modifications,
the cells were assessed for their expression of the surface protein alkaline phos-
phatase (AP) and pluripotency markers Oct3/4 and Tra1-81 on protein level, the
transcriptional expression of pluripotency markers OCT4, SOX2, KLF4, NANOG
and TDGF1, and their ability to spontaneously differentiate into all three germ
layers. Furthermore, whole genome single nucleotide polymorphism (SNP) gen-
otyping was performed by Life & Brain GENOMICS.

2.2.2.5.1 Expression of alkaline phosphatase (AP)

Alkaline phosphatase (AP) is an enzyme that is highly expressed in pluripotent
stem cells (Stefkova et al., 2015). Naphtol AS-MX phosphate was used as a sub-
strate for AP and the enzyme’s activity was visualized by adding Fast Red.

For the evaluation of AP activity, iPSC were cultured on Matrigel-coated 24-well-
plates. First, the cells were washed with 1 ml of DPBS and fixed with 4 % para-
formaldehyde (PFA) at room temperature for 1 min. 60 pl of Naphtol AS-MX phos-
phate were mixed with 1 ml of Fast Red and 0.5 ml of the mixture were added to
each well of iPSC. Following an incubation period of 15 - 30 min in the dark, the

red staining was assessed visually.

2.2.2.5.2 Immunostaining for pluripotency markers

The iPSC clones were stained for pluripotency markers Tra1-81 and Oct3/4. 4’,6-
diamidino-2-phenylindole (DAPI) was used to stain nuclear DNA.

For immunostaining, the iPSC were cultured on Matrigel-coated coverslips in 24-
well-plates. After fixation with 4 % PFA for 15 min at 37 °C, the cells were washed
with DPBS three times. Subsequently, 500 ul of DPBS-T supplemented with 5 %
FCS were added to each well for blocking and permeabilization. Following an
incubation period of 45 min, the fluid was removed. The primary antibodies were
diluted 1:50 (Oct3/4) or 1:500 (Tra1-81) in DPBS-T with 5 % FCS. 70 pl of the
respective antibody dilution were pipetted onto each coverslip. The coverslips
were then left to incubate overnight at 4 °C in a moist chamber. The next day, the
coverslips were again transferred to the 24-well-plate and washed three times
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with PBS by adding 0.5 ml of DPBS to each well and removing it after 5 min.
Then, 70 pl of a 1:1000 dilution of the secondary antibody in DPBS-T were pipet-
ted onto the coverslips. From that moment on, the coverslips were kept in the
dark. After an incubation period of 45 min at room temperature the coverslips
were again washed three times with DPBS for 5 min each time as described
above.

Subsequently, the coverslips were incubated first with another 70 pl of the pri-
mary antibody solution for 1 h at 37 °C and secondly with 70 pl of the secondary
antibody dilution for 1 h at room temperature. After each of the incubation periods,
three washing steps of 5 min each followed. Finally, 0.5 ml of PBS-T with 1:10
000 DAPI and 1:250 RNAse A were added to each well containing a coverslip.
15 min later, the coverslips were washed three times with DPBS and mounted on
the slides using one drop of mounting medium per coverslip.

2.2.2.5.3 Evaluation of transcriptional expression of pluripotency markers by real
time polymerase chain reaction (RT-PCR)

The expression of the transcripts of pluripotency genes OCT4, SOX2, NANOG,
TDGF1 and DNMT3B as well as oncogenes KLF4 and cMYC in the iPSC clones
was assessed on RNA level by means of RT-PCR and compared to the expres-
sion pattern of an untreated iPSC line, two human embryonic stem cell (hESC)
lines and a fibroblast control.

RNA was isolated using the RNeasy Mini Kit according to the manufacturer’s in-
structions. The iPSC were first washed with 2 ml of DPBS and then lysed by
adding 350 pl of Buffer RLT per well. The contents of the well were transferred to
a 1.5 ml microcentrifuge tube to which 350 pl of 70 % ethanol were added. The
sample was transferred to a spin column in a collection tube and centrifuged for
15 s at 12 000 g. In the next steps first 700 ul of Buffer RW1 and then 500 pl of
Buffer RPE were added to the column, each followed by a 15 s centrifugation
step at 12 000 g. Subsequently, another 500 pl of Buffer RPE were added and
the sample was centrifuged for 2 min at 12 000 g. In order to completely dry the
membrane, the column was again centrifuged for 1 min at 12 000 g. After placing
the column in a new collection tube, 30 pl of RNAse-free water was pipetted onto

47



the column membrane and the tube was centrifuged for 1 min at 12 000 g. RNA
concentration was measured using the Nano Drop spectrophotometer.
Subsequently, RNA was reverse transcribed to copy DNA (cDNA) using the Re-
vert Aid First Strand cDNA Synthesis Kit according to the manufacturer’s instruc-
tions. All the reagents were kept on ice during the whole process except for the
incubation times. First, water was added to 250 ng of the isolated RNA and 1 pl
of Oligo (dT)+s primer for a total volume of 12 pl. The mixture was incubated at
65 °C for 5 min and spun down. 4 pl of 5X Reaction Buffer, 1 yl of RNAse Inhibitor,
2 ul of dNTP Mix and 1 pl of Reverse Transcriptase were added to the vial. The
contents were mixed carefully by pipetting up and down and spun down. Finally,
the samples were incubated for 60 min at 42 °C and then for 5 min at 70 °C. The
cDNA was stored at - 20 °C until being used for the RT-PCR.

The RT-PCR was performed in triplicates of each of the assessed genes for the
knockout iPSC clones, the iPSC control, a fibroblast control and two hESC lines.
A master mix containing 125 pl of SYBR Select Master Mix and 1 pl each of the
forward and reverse primer diluted to 2 uM was prepared for each of the targets
and transferred to the wells of a 96-well-plate. 3 pl of 1.25 ng/pl cDNA of the
respective sample were added to the well. The primers and corresponding se-
quences are listed in Table 15. The RT-PCR was conducted with the program
shown in Table 16. The CT values were normalized to hESC H9 as reference

and GAPDH as housekeeping gene using the Quant Studio software.

Table 15: RT-PCR primers

Name forward primer

reverse primer

OCT4 GGAAGGTATTCAGCCAAACG
CTCCAGGTTGCCTCTCACTC
SOX2 AGCTCGCAGACCTACATGAA
CCGGGGAGATACATGCTGAT
KLF4 CCCCAAGATCAAGCAGGAGG
GGGCAGGAAGGATGGGTAAT
NANOG CAAAGGCAAACAACCCACTT
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TGCGTCACACCATTGCTATT

TDGF1 GGTCTGTGCCCCATGACA
AGTTCTGGAGTCCTGGAAGC

DNMT3B GAGATCAGGATGGGAAGGA
ATAGCCTGTCGCTTGGA

cMYC GACTCTGAGGAGGAACAAGA
TGATCCAGACTCTGACCTTT

Table 16: RT-PCR program

Temperature Duration Cycles
50 °C 2 min 1X

95 °C 2 min

95 °C 1 sec

60 °C 30 sec 40x

72 °C 5 sec

95 °C 15 sec

60 °C 1 min 1x

95 °C 15 sec

2.2.2.5.4 Spontaneous differentiation into all three germ layers

Pluripotent stem cells are able to differentiate into all thee germ layers, therefore
spontaneous differentiation into these layers was used to further evaluate the
pluripotency of the iPSC clones. The differentiation was confirmed by im-
munostaining for specific markers: FoxA2 and Sox17 for endodermal differentia-
tion, smooth muscle antigen (SMA) for mesodermal differentiation and BllI-tubulin
(TUJ) for ectodermal differentiation.

For the endodermal differentiation, 200000 cells per well for each clone were
plated on coverslips in 4 wells of a 24-well-plate and cultured in E8 medium with
1:1000 RI for one day. The next day, the medium was changed to primitive streak
induction medium (see 2.1, Table 2). Subsequently, for 4 days, medium changes
were performed every day with endoderm induction medium (see 2.1, Table 2).
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The following day, the cells were washed with DPBS, fixed with 4 % PFA for 15
min at 37 °C and stored at 4 °C until being stained.

For meso- and ectodermal differentiation, iPSC were cultured in Aggrewell plates
with embroid body (EB) medium (see 2.1, Table 2) for mesodermal differentiation
and EB medium supplemented with SB431542 and LDN-193189 for ectodermal
differentiation. The plates were pre-treated with Anti-Adherence solution accord-
ing to the manufacturer’s instructions and 1.2 million cells per well were seeded
for each line and for each of the two conditions. 2 of the medium was changed
every day and the formation of EBs was examined under the microscope. After 2
— 3 days, when EBs had formed, they were collected and incubated as free-float-
ing conglomerates in an uncoated petri dish for 5 hours at 37 °C. Subsequently,
10 - 12 EBs were plated onto 0.1 % gelatin coated coverslips for mesodermal
condition and 1:30 Matrigel coated coverslips for ectodermal condition. For the
following two weeks medium changes were performed with mesoderm medium
or 3N (ectodermal differentiation) (see 2.1, Table 2) every other day. Afterwards,
they were washed, fixed and stored in the same way as the cells from the endo-
dermal differentiation.

Finally, cells from all three spontaneous differentiation were immunostained ac-
cording to the protocol described in chapter 3.4.4.2. The primary antibody solu-
tions used for the staining were 1:300 FoxA2 and 1:250 Sox17 for endodermal
differentiation, 1:100 SMA for mesodermal and 1:1000 TUJ for ectodermal differ-

entiation.

2.2.2.5.5 Whole genome single-nucleotide polymorphism (SNP) genotyping

DNA from all iPSC clones and the unedited control was sent to Life & Brain for
whole genome single-nucleotide polymorphism (SNP) genotyping.
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3 Results

3.1 Testing of sgRNAs in THP-1 cells

3.1.1 SgRNA design

Several online tools with different ranking algorithms were used to design five
sgRNAs. The most important factors for the ranking in each tool were the effi-
ciency and specificity of the guide RNA. Selected efficiency and specificity scores
for the chosen sgRNAs are shown in Table 17. The Doench '16 efficiency score
(Doench et al., 2016) is indicated in the results of both, the CRISPOR and the
chopchop tool (Concordet & Haeussler, 2018; Labun et al., 2019). The Moreno-
Mateos score (Moreno-Mateos et al., 2016) as well as both, the MIT and cutting
frequency determination (CFD) specificity score (Doench et al., 2016; Haeussler
et al., 2016; Hsu et al., 2013) are shown on the CRISPOR website. All the listed
scores rank the guide RNA on a scale from 0 — 100, with 100 being the best score
that can be obtained. The first selection criterion was the highest possible speci-
ficity score, followed by the highest possible efficacy score.

Table 17: SgRNA efficacy and specificity scores

efficacy scores specificity scores

Doench ‘16 Moreno-Mateos MIT CFD
sgRNA 1 47 73 44 72
sgRNA 2 47 49 84 93
sgRNA 3 49 59 82 89
sgRNA 4 34 45 49 75
sgRNA5 70 35 91 94

3.1.2 Selection of a CSF1R expressing cell line and optimization of CSF1R
Western Blot

To optimize CSF1R Western Blot, a cell line robustly expressing CSF1R protein

was selected. Two cell lines, THP-1 and K562, were tested. As both of these are

monocytic cell lines, they were expected to express CSF1R (see 2.2.1.2). Figure
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7 shows the results of the performed Western Blots in THP-1 cells and K562 cells,
with THP-1 cells showing a reliable, concentration-dependent expression of
CSF1R protein. For the optimization of the Western Blot protocol, different anti-
body concentrations, membrane types, and protein amounts were tested.

For antibody concentration, 1:500 was found to be the optimal dilution for the anti-
CSF1R antibody (Figure 7). In Western Blots using a lower anti-CSF1R antibody
concentration, no bands could be detected, whereas the results with higher con-
centrations were comparable to those depicted below (Figure 6/data not shown).
For the selection of a suitable Western Blot membrane, PVDF and Nitrocellulose
were tested. Figure 7 A shows the Western Blot performed with a PVDF mem-
brane, Figure 7 B the one performed with a Nitrocellulose membrane. The house-
keeping protein GAPDH was used as a positive control. GAPDH band intensity
did not reliably correlate with the loaded protein amount (20 pg, 40 ug or 60 pg)
on neither membrane type, with the exception of the western blot performed with
protein extracted from THP-1 cells and blotted on nitrocellulose membrane (Fig-
ure 7 A and B). However, on both membranes, GAPDH was detected at the ex-
pected protein size of 37 kDa in all samples. The missing correlation of protein
amount and band intensity is likely a result of antibody saturation due to the high
abundance of the housekeeping protein GAPDH. CSF1R protein could only be
detected on the PVDF membrane, but not on the Nitrocellulose membrane.
Regarding the two cells lines tested for CSF1R protein expression, bands for
CSF1R could only be seen in THP-1 samples (100 kDa and approximately 125
kDa), but not in protein isolated from K562 cells. Concerning the protein concen-
tration, there was a clear dose-dependent difference in the intensity of the CSF1R
bands that correlated with the protein amount: the 60 yg sample showed the
strongest band whereas the 20 ug sample was the faintest.
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Figure 7: CSF1R Western Blots. Western Blots of CSF1R protein in THP-1 and K562 were
performed with a PVDF membrane (A) and a nitrocellulose membrane (B) using an antibody
dilution of 1:500 for CSF1R and 1:100000 for GAPDH as a housekeeping control. Protein samples
with different amounts of protein ranging from 20 ug to 60 ug were used.

3.1.3 Transfection efficiency
As a first step towards optimizing the CRISPR/Cas9 system for CSF1R knockout,

the transfection efficiency via electroporation was evaluated by electroporating
cells with DNA encoding eGFP. Efficiency was then determined by measuring
the green fluorescence of cells transfected with eGFP using flow cytometry.

Figure 8 shows the flow cytometry data of cells transfected with eGFP in tripli-
cates from all three electroporations as well as the negative control. Electro-
poration settings are described in section 2.2.1.3. EGFP was detected in channel
FL1. The transfection efficiency was determined by calculating the difference be-
tween eGFP positive cells (Q2 and Q3) in transfected cells compared to control
cells. The transfection efficiency was on average 99.12 + 0.21 % (mean + stand-
ard deviation (SD)) in the first run (95% confidence interval (Cl) 98.89-99.36 %),
98.86 + 0.62 % in the second run (95% CI 98.23-99.48 %) and 97.27 + 3.77 % in
the third run (95% CI1 90.25-97.78 %). The mean transfection of all three runs was

98.42 + 3.25 %.
The applied electroporation settings were used for all further experiments.
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Figure 8: eGFP flow cytometry. Green fluorescence was measured in negative control (A, E, I)
and in triplicates of THP-1 cells transfected with eGFP (B-D, F-H, J-L) from three electroporation
runs by flow cytometry. The green fluorescence signal is detected in the FL1 channel.

3.1.4 CSF1R assessment on DNA level

In order to evaluate the efficiency of the designed sgRNAs, THP-1 cells were
electroporated with a complex of Cas9 and one of the five sgRNAs as described
in the Method section 2.2.1.3. After cell proliferation and DNA isolation, CSF1R
DNA was sequenced to determine the indel frequency as a measure for the
sgRNA/Cas9 complex cutting efficiency.

Figure 9 shows a representative image of the PCR performed as the first step of
the sequencing protocol. For all cells treated with sgRNAs a well as the negative
control, DNA from each triplicate was PCR-amplified. The successful perfor-
mance of the first step of the sequencing PCR was confirmed by gel electropho-
resis, which showed a strong band at the expected band size of 522 bp in all
samples treated with primer pair CSF1R_Seq1 and at the expected size of 389
bp in samples treated with primer pair CSF1R_Seq4.
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sgRNA1 sgRNA2 sgRNA3 sgRNA4 sgRNA5 control

Figure 9: PCR for sequencing of transfected THP-1 cells. DNA for the PCR was isolated from
each triplicate treated with different sgRNAs as well as from untreated control cells. The targets
for sgRNA 1 - 4 are all in the same exon so that the same primer was used. SgRNA 5 targets a
different exon so that a different primer was used. The control DNA was sequenced with both
primer sets.

Sequencing was then completed as described in 2.2.1.5.2. The sequencing data
was uploaded to the Synthego ICE tool in order to analyze indels in CSF1R in-
duced by the CRISPR/Cas complex containing the different sgRNAs.

Figure 10 shows exemplary results from ICE analysis for cells treated with
sgRNA1 in the first run. Graph A depicts the frequency of indels by indel size.
Negative values on the x-axis correspond to deletions, positive values to inser-
tions. The exact insertions and deletions found in the DNA are depicted in Figure
10 B as well as the percentage of DNA that had this specific insertion or deletion.
These two figures show that in 86 % of the sequenced DNA insertions or dele-
tions could be found, whereas in 9 % of the DNA there were no changes to the
DNA sequence in comparison to the unedited negative control. In Figure 10 C,
the sequence is visualized, the upper sequence depicts the sequence of the DNA
isolated from cells treated with sgRNA1. The lower sequence is the one from the
negative control.

The sequence visualized in Figure 10 C shows that before the predicted cutting
site, the sequence is very clear and matches the one of the untreated negative
control. Starting at the cutting site however, the peaks in the DNA from the edited
cells are much lower and the sequence is much less clear, there are often several
peaks at the same place. Furthermore, the bases with the highest peaks do not
match the control sequence anymore. This corresponds with the insertions and
deletions presented in Figure 10 B.
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Figure 10: ICE analysis. Exemplary results from ICE analysis from one triplicate of cells treated
with sgRNA1 in the first electroporation. Graph A shows the indel sizes found in the sequence on
the x-axis, the frequency of these indel sizes is shown on the y-axis. The sequences of these
indels are depicted in B, again with percentage of DNA that they were found in. The pooled se-
quence is shown in C, the upper sequence is from the edited cells, the lower one from the negative
control. The letters over the sequence mark the base with the highest peak. The underlined se-
quence in the control marks the sgRNA’s target, the NGG is underlined in red. The vertical dotted
line marks the predicted cutting site.

56



In Figure 11 the sequence alignments for THP-1 cells treated with each of the
sgRNAs in the first electroporation are shown. Similarly to the sequence of cells
treated with sgRNA 1 described above, in THP-1 transfected with sgRNA 2 (Fig-
ure 11 B), 3 (Figure 11 C) and 4 (Figure 11 D), indels were detected in the se-
quencing data. In contrast, no such change was observed in the DNA from cells
edited with sgRNA 5 (Figure 11 E). These sequences remained clear, the peaks
remained high and the sequence still corresponded to the negative control even
after the sgRNA's cutting site.
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Figure 11: ICE alignment results from the first electroporation. Sequences from cells edited
with sgRNA 1 (A), 2 (B), 3 (C), 4 (D) and 5 (E) in the first electroporation were aligned with the
sequence from untreated control cells. The upper sequence is from the edited cells, the lower
one from the negative control. The underlined sequence in the control marks the sgRNA’s target,
the NGG is underlined in red. The vertical dotted line marks the predicted cutting site.

Figure 12 shows the indel score calculated by the ICE tool which corresponds to

the percentage of the analyzed DNA that contained insertions or deletions. The
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indel scores confirmed the results from the visualized sequences on a quantita-
tive level: sgRNAs 1, 2, 3 and 4 had high indel scores in all three electroporation
whereas sgRNA 5 did not have an effect on the DNA.
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Figure 12: Mean indel percentages and standard deviation. Mean indel percentages were
calculated for all three runs (A) and the runs separately (B-D). Indel percentages were taken from
the ICE analysis of DNA sequences of edited THP-1 cells with sgRNA 1-5. The graphs show the
percentage of insertions and deletions that were found in the DNA of cells treated with the re-
spective sgRNA.

3.1.5 CSF1R expression on protein level

In order to evaluate the effect the observed DNA changes had on protein expres-
sion of CSF1R, Western Blots were performed with protein isolated from electro-
porated cells and the negative control. The optimized Western Blot protocol was
used as described in 2.2.1.2 and 2.2.1.6. GAPDH and B-Actin were used as
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housekeeping controls. As expected, CSF1R was detected in the negative con-
trol as well as in the cells treated with sgRNA 5 which did not induce any changes
on DNA level (see 3.1.4). CSF1R was not expressed in cells treated with sgRNA
3 and 4 but could still be detected in cells treated with sgRNA 1 and 2.

Figure 13 shows one of the membranes from the second electroporation after
staining with Ponceau solution. The protein standard on the left side of the mem-
brane was used to estimate the size of the proteins blotted on the membrane. On
the membrane shown here, protein was detected in the Ponceau staining for all
samples, although there were differences in intensity. The first triplicate of
sgRNA4 and the second triplicate of the control showed fainter bands than the
other samples. Furthermore, the intensity of the bands varied depending on the
size of the proteins, the strongest bands were observed between 75 kDa and 25
kDa.

sgRNA4 sgRNAS5 control
A A A

[ | | | \

75kDa ==

25kDa ==

Figure 13: Ponceau staining. Representative picture of a membrane after staining with Ponceau
solution. This membrane was used in the second electroporation and contains the protein sam-
ples from the THP-1 cells electroporated with sgRNA 4, sgRNA 5 and the negative control as well
as protein standard on the left side. All samples were analysed in triplicates.
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The data from the Western Blot itself is shown in Figure 14. When compared to
the protein standard, the bands for CSF1R and GAPDH respectively were found
at the expected protein sizes (CSF1R: double band, 100 kDa and approximately
125 kDa; GAPDH: 37 kDa). The band for B-Actin in the Western Blot with the
samples from the third electroporation was detected at the expected height cor-
responding to its molecular weight of 42 kDa.

The Western Blot data showed irregular bands for GAPDH, which was used as
positive control in the first two runs. These differences are likely either due to
variations in protein concentration, irregularities during the blotting process or in-
sufficient binding of the GAPDH antibody, or a combination hereof (see also Dis-
cussion). Due to this variation, B-Actin was used as a control in the third Western
Blot. Though some variation in band intensity was detectable for this housekeep-
ing protein as well, the bands were stronger and clearly discernible.

CSF1R protein was only detectable in some of the samples treated with sgRNA,
while it was clearly discernible in the control cells of all three Western Blots.

In samples from the cells treated with sgRNAs 1, 2 and 5, CSF1R was also de-
tectable in all samples, although with varying intensity: there was almost no re-
duction in protein amount in cells treated with sgRNA 1 and 5, and a moderate
reduction in cells treated with sgRNA 2. In contrast to that, in cells treated with
sgRNA 3 and 4, CSF1R could not be detected in any of the samples in either of
the runs, even when the same samples showed very distinct bands for GAPDH
or B-Actin.

In summary, efficiency of CSF1R knockdown on protein levels was highest for
sgRNA 3 and 4, and moderate for sgRNA 2.

61



sgRNA1 sgRNA2 sgRNA3 sgRNA4 sgRNAS5 control
S CSFIR g o= o © R e by
»
= GAPDHl.___~ - ———— - -l
p sgRNA1 sgRNA2 sgRNA3 sgRNA4 sgRNAS5  control
S csFIR [# » -
E - oo o - B
O -, - .
@  GAPDH| — - - e
sgRNA1 sgRNA2 sgRNA3 sgRNA4 sgRNA5  control
c
>
S CSFIR | e e - b!
-E o | ~ - e a .
= Actin PO OB ED == —= U= wp(= - - - -

Figure 14: Western Blot data from three independent electroporations. Protein samples
were taken from ftriplicates treated with sgRNA1 - 5 respectively as well as an untreated negative
control. Membranes were stained for CSF1R and for GAPDH or Actin as housekeeping gene.

3.2 Generation of CSF1R iPSC knockout lines

3.2.1 Cell culture

For the generation of homozygous and heterozygous CSF1R iPSC knockout
lines, iPSC were cultured as described in 2.2.2.1.2.

The iPSC exhibited the characteristic phenotype of pluripotent stem cells, grow-
ing in regularly shaped colonies with defined edges. Exemplary pictures of iPSCs
derived from Clone 40 and Clone 75 are shown in Figure 15. In both pictures the
formation of colonies was visible. In the sample shown in the picture of Clone 75,
the cell density was much higher, so that confluency between the colonies can

be observed.
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Clone 40 Clone 75

Figure 15: Cell culture images. Clone 40 and clone 75 were examined for their stem cell mor-
phology by microscopy.

3.2.2 Clone selection

In order to generate CSF1R knockout lines, iPSC were transfected with sgRNA
2 and 4 simultaneously. Both sgRNAs had shown high cutting efficiency in THP-
1 cells, and due to the position of their cutting sites, the combination of these
guides was expected to result in the excision of a 136 bp fragment of the CSF1R
gene including the start codon, so that transcription of the gene would be pre-
vented. Most importantly, the excision of the gene fragment also made it possible
to use PCR screening to select clones with successfully edited CSF1R genes.
The unedited gene has an amplicon length of 734 bp, whereas the amplicon of
the edited gene is only 598 bp long. Even though on protein level the knockdown
efficiency of sgRNA 3 was higher than that of sgRNA 2, the removed fragment
using sgRNA 3 and 4 would only be 60 bp in length; this would have impaired a
PCR-based screening, as distinction between a 734 bp and a 674 bp DNA frag-
ment via gel electrophoresis is not precise enough.

Figure 16 shows the results from the PCR screening. Two sizes of bands were
seen: the upper band represents the unedited CSF1R, with an amplicon length
of 734 bp. The lower band is shorter and represents the amplicon of the DNA
where the segment between the crRNAs was cut out. This amplicon is therefore
only 598 bp long.
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In the PCR screening for CSF1R, for 10 clones only the shorter band was de-
tected (homozygous knockout clones), 19 clones showed a double band contain-
ing both versions of CSF1R (heterozygous knockout clones) and 22 clones were
found to only contain the longer band (wildtype clones). For 5 clones, no clear
bands were detected.

Two homozygous knockout clones (clones 12 and 40) as well as two heterozy-
gous knockout clones (clones 18 and 75) were used for further experiments.

kbl €3 €4 C5 C17 CI8 C19 C21 €24 €25 C27 €28 €29 C31 C32 €33 (34 €35 C36 C37 (38 (39 C40 a1

C: clone
kb: kilobase
NTC: no template control

Figure 16: PCR screening for CSF1R of expanded iPSC clones. A PCR was performed with
the transfected clones. Wildtype clones only have the longer (upper) band, homozygous knock-
outs only the shorter (lower) band, heterozygous clones show a double band.

Following the PCR screening, sequencing of selected homozygous and hetero-
zygous clones was performed as described in 2.2.2.3. For the heterozygous
clones, DNA from the two differently sized bands was extracted from the PCR gel
to allow separate sequencing of the two bands. The sequences of the edited
clones were then compared to the reference genome. The sequencing data con-
firmed the homozygous and heterozygous knockout states for the four chosen
clones.

The sequence of the clones that were screened homozygous is shown in Figure
17. As can be seen here, the DNA sequence of the edited clones corresponded
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to that of the reference genome until reaching the cutting site of SgRNA 2. The
following sequence corresponded to the sequence starting at the cutting site of
sgRNA 4 in the reference genome.

Clone 12 Clone 40
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/\ /\ /\ /\ /\ /\/\ u/\/\ /\ /\A_ = ,/\.AL- -
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Cl12 321 CTCACTGGGTGTCCTCAGGCTGTTTTAGTCTCCCCAACACTGGACTGCAG 370 Cl40 317 CCCTCACTGGGTGTCCTCAGGCTGTTTTAGTCTCCCCAACACTGGACTGC 366
ref - reference genome
CI-Clone

Figure 17: Sequences and alignments of homozygous knockout clones. DNA sequences of
the homozygous knockout clones and alignment of DNA from the clones with the reference ge-
nome. The vertical line in the sequence trace marks the cutting site of the crRNAs, before this the
sequence matches the control sequence until the cutting site of crRNA 2, afterwards it matches
the control sequence from the cutting site of crRNA 4 onwards. Figure modified from own publi-
cation (Schmitz et al., 2023).

Figure 18 shows the alignment of the DNA sequences of the heterozygous clones
with the reference genome. The DNA from the upper band in the gel electropho-
resis aligned perfectly with the reference DNA. In contrast, for the DNA from the
lower band the same effect as for the homozygous knockout clones was ob-
served, that is, the segment between the cutting sites of SgRNA 2 and sgRNA 4

is missing.
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ref - reference genome
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Figure 18: Sequences and alignments of heterozygous knockout clones. DNA sequences
of the heterozygous knockout clones and alignment of DNA from each band from both clones
with the reference genome. The depicted sequences are marked in red in the alignment. Figure
modified from own publication (Schmitz et al., 2023).
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3.2.3 Off-target analysis

In order to evaluate possible off-target effects of the CRISPR approach, the top
5 most probable off-targets were determined using the CRISPOR website’s MIT
score as described in 2.2.2.4. The identified loci were then sequenced and com-
pared to the reference genome. The analysis did not reveal any off-target effects.
Figure 19 shows representative sequencing data from Clone 12 for SLC43A1

aligned with the reference sequence for the same target.

reference 'ACCACAGCTGGCATGTCTACATATATGCCTCACAAGCACCTTCAATGCAACTTTTCG

FIEELETEEr P Er e e e e e e rr et e e e e e er ety
clone 12 'ACCACAGCTGGCAT ACCTTCAATGCAACTTTTCC

Figure 19: Off-target sequencing. Sequencing data of SLC43A1 site in Clone 12 visualized with
CRISP-ID. The sequence from the reference genome is aligned with the sequence found in the
DNA from Clone 12. The off-target is marked in green in the alignment and its sequence in Clone
12 is visualized below. Figure modified from own publication (Schmitz et al., 2023).

3.2.4 Stem cell characterization

After the genetic modification, it was assessed whether the iPSC lines still exhib-
ited pluripotent stem cell properties. For this purpose, they were characterized by
evaluating their Alkaline Phosphatase (AP) expression, immunostaining of plu-
ripotency markers, evaluation of transcriptional expression of pluripotency mark-
ers, the cells’ ability to spontaneously differentiate into cells from all three
germlayers and whole genome SNP genotyping. The protocols used for this char-
acterization are described in 2.2.2.5.
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3.2.4.1 Expression of Alkaline Phosphatase

AP is highly expressed in pluripotent stem cells and was therefore expected to
show high activity in the iPSC. Expression was evaluated by adding Naphtol AS-
MX phosphate to fixed iPSC as a substrate for AP and visualizing the enzyme’s
activity by adding Fast Red (see 2.2.2.5.1). As expected, all clones showed clear
AP activity.

Figure 20 shows the AP staining in clones 12 (A), 40 (B), 18 (C) and 75 (D) using
Fast Red substrate which produces a red reaction product in the presence of AP.
In all lines, colonies were discerned and there was a distinct Fast Red signal in
all wells. Clones 12 and 18 exhibited a higher cell density and a stronger Fast
Red signal than the other two clones.

Figure 20: Alkaline Phosphatase staining. Homozygous clones 12 (A) and 40 (B) and hetero-
zygous clones 18 (C) and 75 (D) were stained with Fast Red in order to examine AP expression.
Figure modified from own publication (Schmitz et al., 2023).

3.2.4.2 Immunostaining for pluripotency markers

As pluripotent cells, the clones were expected to express Oct3/4 and Tra1-81.
Expression was assessed by immunostaining as described in 2.2.2.5.2, all clones
stained positive for both markers.

The results from immunostaining for Oct3/4 and Tra1-81 are shown in Figure 21
and Figure 22 respectively for all four clones.
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Figure 21 shows the microscope images from the cells stained for Oct3/4. As can
be seen in Figure 21 A - D, nuclei were stained with DAPI. It was observed that
in the merged images of DAPI and Oct3/4 staining in Figure 21 | — L both stainings
were colocalized as expected, the images for DAPI and Oct3/4 had a strong re-

semblance.

Clone 12 Clone 40 Clone 18 Clone 75
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Figure 21: Oct3/4 immunocytochemistry. Clone 12 (A, E, 1), 18 (B, F, J), 40 (C, G, K) and 75
(D, H, L) were stained for DAPI (A-D) and pluripotency marker Oct3/4 (E-H). Merged images of
both stainings are shown in I-L. Figure modified from own publication (Schmitz et al., 2023).

Figure 22 shows the Tra1-81 staining for all four clones. DAPI was again used
for nuclear staining. The merged images of both DAPI and Tra1-81 shows that
cells stained positive for DAPI and Tra1-81. As Tra1-81 is a cell surface antigen,
the staining pattern differed between the nuclear DAPI staining and Tra1-81

staining. The outline of the colony however remained the same.

69



Clone 12 Clone 40 Clone 18 Clone 75

c- D-
G- H-

Figure 22: Tra-1-81 immunocytochemistry. Clone 12 (A, E, 1), 18 (B, F, J), 40 (C, G, K) and 75
(D, H, L) were stained for DAPI (A-D)and pluripotency marker Tra1-81 (E-H). Merged images of
both stainings are shown in I-L. Figure modified from own publication (Schmitz et al., 2023).
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3.2.4.3 Evaluation of transcriptional expression of pluripotency markers by RT-
PCR
Expression of transcripts of characteristic pluripotency genes and oncogenes
was evaluated by RT-PCR and compared to human embryonic stem cells (hESC)
and fibroblasts as described in 2.2.2.5.3. As expected, the iPSC’s expression
profile was similar to the hESC but clearly distinct from the fibroblasts.
The relative expression of pluripotency markers measured in the RT-PCR is de-
picted in
Figure 23. The graph demonstrates that the iPSC clones showed an elevated
expression of the transcripts of pluripotency genes Oct3/4, Sox2, Nanog, Dnmt3b
and Tdgf1 on a similar level as hESC. The expression pattern was clearly distinct
from that of the fibroblast control in which the pluripotency genes are not upreg-
ulated. As expected, the expression of oncogenes c-Myc and Kif4 did not differ
much between iPSC clones and the fibroblast control.
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Figure 23: RT-PCR for pluripotency markers. RT-PCR was performed with cDNA from all four
clones, a fibroblast control and two human embryonic stem cell (hESC) lines. Relative expression
was normalized to hESC-H9 as reference and GAPDH as housekeeping gene. Figure modified
from own publication (Schmitz et al., 2023).

3.2.4.4 Spontaneous differentiation into all three germ layers

Another characteristic feature of pluripotent stem cells is their ability to spontane-
ously differentiate into all three germ layers. After being cultured in the appropri-
ate medium, the iPSC were immunostained for endodermal, mesodermal and
ectodermal markers as described in 2.2.2.5.4. All four clones were able to differ-
entiate into all three germ layers and stained positive for endodermal markers
FoxA2 and Sox17, mesodermal marker SMA and ectodermal marker TUJ.
Figure 24 shows the immunostaining for endodermal markers FoxA2 (Figure 24
E-H) and Sox17 (Figure 24 I-L) for all four clones. DAPI was used for nuclear

staining and a merge image with all three stainings was created (Figure 24 L-O).
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Figure 24: FoxA2 and Sox17 immunocytochemistry. Clone 12 (A, E, I, M), 40 (B, F, J, N), 18
(C,G,K,0)and 75 (D, H, L, P) were stained for DAPI (A-D) and endodermal markers FoxA2 (E-
H) and Sox17 (I-L). Merged images of all stainings are shown in M-P. Figure modified from own
publication (Schmitz et al., 2023).

In Figure 25, the staining for mesodermal marker SMA as well as nuclear staining
with DAPI and merge images of both stainings are depicted. The merge images
show that the same cells were stained positive for DAPI and SMA. However, the
morphology of the structures stained positive for SMA differed from the ones pos-
itive for DAPI, they were bigger and more irregularly shaped, often with multiple
branches, as SMA is expressed in the cytoplasm while DAPI is a nuclear staining.
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Figure 25: SMA immunocytochemistry. Clone 12 (A, E, 1), 40 (B, F, J), 18 (C, G, K) and 75 (D,
H, L) were stained for DAPI (A-D) and mesodermal marker SMA (E-H). Merged images of all
stainings are shown in I-L. Figure modified from own publication (Schmitz et al., 2023).
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Figure 26 shows the imaging of cells stained for DAPI and ectoderm marker TUJ
as well as the merged images. The DAPI staining was similar as in the stainings
described before. As expected, the TUJ signal showed filament-like structures in
the colonies, as it represents the tubulin cytoskeleton.
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Figure 26: TUJ immunocytochemistry. Clone 12 (A, E, 1), 40 (B, F, J), 18 (C, G, K) and 75 (D,
H, L) were stained for DAPI (A-D) and ectodermal marker TUJ (E-H). Merged images of all stain-
ings are shown in M-P. Figure modified from own publication (Schmitz et al., 2023).

3.2.4.5 Whole genome single nucleotide polymorphism genotyping

In order to confirm the genetic identity of the clones with the control line, whole
genome single nucleotide polymorphism genotyping was performed for all
clones.

In the whole genome SNP genotyping no chromosomal aberrations or copy num-
ber variations were detected in the modified clones when compared to the corre-
sponding fibroblast and iPSC control lines. The SNP array confirmed the genetic
identity of the clones with the control line. These results were generated by Life
& Brain GENOMICS and are presented in Figure 27.
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Figure 27: Karyograms. Karyograms from the fibroblast control (A), iPSC control (B), clone 12

(C), clone 40 (D), clone 18 (E) and clone 75 (F). Figure modified from own publication (Schmitz
et al., 2023).
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4 Discussion
4.1 Testing sgRNAs in the THP-1 cell line

4.1.1 Cell line selection and optimization of CSF1R Western Blot

Western Blots for CSF1R were performed with protein samples of the cell lines
K-562 and THP-1, with varying protein amounts and antibody dilutions as well as
on two different membranes, namely a Nitrocellulose and a PVDF membrane
(see 3.1.2., Figure 7).

On both membranes, bands for GAPDH were detectable for all samples from
both cell lines, which confirms that the Western Blot worked and protein transfer
to the membrane was successful. These bands were detected at approximately
the same height as the 37 kDa band of the protein standard. This is congruent
with the expected size of the GAPDH subunits (Tristan et al., 2011).
Interestingly the intensity of the GAPDH bands does not match the protein
amount of the samples, for instance the intensity of the band of the 40 ug THP-1
sample is considerably stronger than the one for the 60 pg sample from the same
cell line. This could be explained by an incorrect assessment of the protein con-
centration or by inaccuracies in the Western Blotting process. Since the intensity
of the CSF1R bands for THP-1 cells does increase with higher protein amounts,
it seems more probable that the reason is linked to the Western Blotting process
rather than the sample preparation. The fact that the bands for the samples of
the K-562 cells do not form straight lines also suggests that there was a problem
during gel electrophoresis, possibly pipetting errors or an inappropriate gel com-
position. However, since the blots were not used for quantification, the protocol
was not further optimized.

CSF1R, in contrast to that, was only detected on the PVDF but not on the Nitro-
cellulose membrane. Furthermore, it could only be shown in THP-1 but not in K-
562 samples. PVDF membranes have a higher protein binding capacity and thus
a higher sensitivity for protein detection than nitrocellulose membranes (Weiss,
2012). The presented findings therefore suggest that CSF1R expression might

be too low in both cell lines to be detected on a Nitrocellulose membrane.
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Since CSF1R is expressed on cells of the myeloid line and as both K-562 and
THP-1 cells are derived from myelogenous leukemia patients, both cell lines were
expected to express CSF1R. In the Western Blots performed for this study how-
ever, CSF1R could only be detected in THP-1 cells. Although the testing data
provided by the manufacturer of the antibody used in these experiments showed
a detection of CSF1-R in K-562, according to the Human Protein Atlas, CSF1R
is only expressed in THP-1 but not in K-562 cells (Uhlén et al., 2015). Potentially,
a higher sensitivity, for example by using higher protein amounts, would make it
possible to detect low CSF1R levels present in K-562 cells. However, firstly the
setup of the following experiments would make it difficult to work with higher pro-
tein amounts. Secondly, the goal of this part of the study was solely to identify an
appropriate cell line for further studies. For this purpose, a cell line was needed
in which CSF1R can be detected so that the consequences of CRISPR edits in
the CSF1R gene on the protein expression of the receptor can be assessed. As
CSF1R expression was clearly detectable in THP-1 cells, this cell line meets that
demand. It was therefore not necessary to further optimize the method in order
to also show CSF1R expression in K-562 cells.

Another interesting aspect of the Western Blots is that there are two bands that
are stained by the anti-CSF1R antibody, one at a size of 100 kDa and one at
approximately 125 kDa. The predicted protein size of CSF1R is 108 kDa or 33
kDa for its isoform (Uhlén et al., 2015). Although a band of approximately 108
kDa has been detected in studies using Western Blots to detect CSF1R (Li et al.,
2009; Zhou et al., 2021), there are also several studies in which a protein size of
150-170 kDa is reported (X. Shi et al., 2020; Tian et al., 2019). According to Wai-
Mun Lee, this bigger size of the protein can be explained by posttranslational
addition of oligosaccharide chains (Wai-Mun Lee, 1992). On top of that, while
many Western Blots found in studies about CSF1R only show one band for
CSF1R (X. Shi et al., 2020; Zhou et al., 2021), other researchers have also shown
a second band of about 130 kDa that has been identified as a shorter precursor
protein (Hagan et al., 2020; Wilhelmsen & Geer, 2004). It is therefore probable
that the anti-CSF1R antibody used for this project binds to a part of the protein
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that is present in the precursor protein as well as in the final protein with the

additional oligosaccharide chains.

4.1.2 Transfection efficiency

The transfection efficiency observed in the cells transfected with e GFP was high
in all three electroporations (see 3.1.3, Figure 8). This is important for the later
evaluation of the sgRNASs’ editing efficiency based on sequencing and Western
Blot data as it shows that the editing efficiency was not limited by a low transfec-

tion efficiency.

4.1.3 CSF1R assessment on DNA level

The effect of the introduction of CRISPR/Cas9 complexes into the cells was eval-
uated on DNA level by analysis of indel percentages in Sanger sequencing data
(see 3.1.4, Figure 10). Electroporation with sgRNAs 1-4 led to high indel percent-
ages of up to 86 % with only small differences between the four guides. Interest-
ingly, although according to the data from the eGFP flow cytometry transfection
efficiency was considerably lower in the second electroporation than in the other
two, a lower indel percentage in the second run could only be observed for
sgRNA 1.

SgRNA 5 however did not induce any changes on DNA level, although the sam-
ples were treated the same way as for the other sgRNAs. The on-target efficiency
of a specific sgRNA is affected by various factors. On the one hand, the structure
of the sgRNA itself can have an effect on its activity. For instance, Moreno-
Mateos et al. have shown that sgRNA activity correlates with sgRNA stability
(Moreno-Mateos et al., 2016). The stability of the guide depends on the second-
ary structures it forms, which in turn is associated with sequence characteristics
such as the guanine content (Doench et al., 2014; Moreno-Mateos et al., 2016;
J. Zhang et al., 2014). This impact of the guanine content might be explained by
the formation of stable structures called G-quadruplexes by guanine-rich se-
quences (X. Liu et al., 2016; Moreno-Mateos et al., 2016). On the other hand,
features of the target site also have an impact on the efficiency of a sgRNA. For

instance, Liu et al. investigated the influence of the genomic context of the target
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site on CRISPR/Cas9 efficiency (X. Liu et al., 2016). Furthermore, Jensen et al.
demonstrated the effect of chromatin accessibility on the editing efficiency
(Jensen et al., 2017).

Interestingly, sgRNA 5 had a high efficiency prediction in the sgRNA design tools
used, the Doench efficiency score on the CRISPOR website even predicted the
highest efficiency out of the 5 guides for sgRNA 5. Although the algorithms of the
sgRNA design tools used for this project are based on the knowledge about the
impact factors described above and based on experimental data, it has previously
been shown that the predictive capacity of such algorithms is limited (Labuhn et
al., 2018). Furthermore, the efficiency predictions vary considerably between dif-
ferent algorithms which may be due to different weighting of particular features
as well as the fact that they are based on datasets using experimental data from
different expression systems. For example, sgRNA 5 obtained a Doench effi-
ciency score of 70 but a Moreno efficiency score of only 35.

Nonetheless, it is surprising that despite the high ranking in various design tools,
sgRNA 5 does not only have a low efficiency but does not seem to have any
effect at all.

A high cleavage efficiency is an important factor for the applicability of the
CRISPR/Cas9 approach for therapeutic strategies. As described above, one
such strategy could be an autologous stem cell transplantation with ex vivo
CRISPR/Cas9 based gene therapy in the hematopoietic stem cells. Especially
considering the possibility that a dominant negative effect of the mutant protein
might be involved in the pathomechanism of ALSP, it would be essential for a
successful therapy to knock out a high percentage of the patient’s receptors. If it
is not possible to achieve a sufficient efficiency, a strategy for screening would
need to be developed in order to select only successfully edited cells for re-trans-
plantation. However, since hematopoietic stem cells cannot be expanded as eas-
ily as immortalized cell lines (Kumar & Geiger, 2017), this might not be feasible.
Since sgRNAs 1-4 all showed a high cleavage efficiency based on the DNA se-
quencing data, they all seem to be appropriate candidates for such an efficient
CSF1R knockout. However, the results on protein level need to be considered as

well.
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4.1.4 CSF1R expression on protein level
The effect of the genome editing on CSF1R expression on protein level in iPSC
was assessed by Western Blots following the protocol established beforehand.

Sample transfer and detection of housekeeping proteins

The Ponceau staining confirmed the successful transfer of protein onto the mem-
brane during the Western Blot (see Figure 13). This is consistent with the pres-
ence of GAPDH or -Actin bands for all samples except for one triplicate each for
SgRNA 5 in the first run and sgRNA 4 in the second run.

In comparison to the protein standard, the bands for CSF1R and GAPDH were
at the same height as in the Western Blots used for cell line selection and West-
ern Blot optimization and thus congruent with the findings described in 4.1.1. The
protein size observed for B-Actin is in line with data from the literature (Uhlén et
al., 2015).

In the Western Blots, a strong variation in the intensity of the bands could be
observed for CSF1R as well as GAPDH (see Figure 14). This is surprising as the
protein concentration was assessed beforehand and the same protein amount
was used for all samples of one blot. Therefore, the bands for GAPDH, which
was used as a housekeeping control, were expected to have the same intensity
in all samples. The fact that the relative intensity of the GAPDH bands matches
the relative intensity of the CSF1R bands when those are present suggests that
the protein amount was in fact not the same for all samples. These inaccuracies
in the determination of protein concentration in the BCA might be due to the rel-
atively low protein amount in the samples. It might therefore have been of ad-
vantage to expand the cells for a longer period of time after the electroporation in
order to obtain a higher yield of protein from the pellets. Interestingly, the bands
for B-Actin for the samples from the third electroporation were much more regular
than the GAPDH bands in the other blots. Therefore, it might have improved the
quality of the Western Blot images to have used B-Actin as control for all blots.
However, as the Western Blots were only used for qualitative but not for quanti-
tative analysis, they still present valuable information. The aim of this study was
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to investigate whether CSF1R could still be detected in the cells after the CRISPR
approach with each of the sgRNAs. Since this could be clearly discerned in the
used Western Blots, the results attained with the protocol used for these Blots

were sufficient for this study, so that this protocol was not further optimized.

CSF1R expression

The Western Blots showed important differences in the expression of CSF1R
between the iPSC treated with different sgRNAs (see Figure 14).

In the control cells as well as the cells treated with sgRNA 1 and 2, the CSF1R
protein was still expressed although on DNA level a high indel frequency was
obtained. The targets for both sgRNA 1 and sgRNA 2 are located in the untrans-
lated region (UTR) of exon 2 however, which explains this seeming contradiction
between the sequencing and Western Blot data. Although the DNA is cut effi-
ciently at the target site, it seems that it can still be translated.

In contrast, in none of the Western Blots CSF1R expression could be detected in
cells treated with sgRNA 3 and 4, even though the bands for GAPDH clearly show
that there was protein present on the membrane. This could be explained by the
fact that sgRNA 3 and 4 induce cuts very close to or after the ATG so that trans-
lation and thus protein expression is prevented.

In cells treated with sgRNA 5, CSF1R could still be detected. Considering the
sequencing data, it is not surprising that sgRNA 5 had no effect on protein ex-
pression since there were no changes on DNA level.

Application in further studies

Based on this data, both sgRNA 3 and 4 are suitable guides for CSF71R knockout
strategies that may be used for CRISPR/Cas9-mediated gene therapy later-on.
However, further experiments will be necessary to confirm the efficiency of these
guides in hematopoietic stem cells which would be the target of the therapeutic
approach. Additionally, the specificity of the guides would need to be examined
in order to exclude important off-target effects. Off-target effects could cause un-
wanted mutations in the modified cells, which is one of the challenges of
CRISPR/Cas9 based gene therapy (Qomi et al., 2019). Many researchers have
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investigated the factors that affect the specificity of the CRISPR/Cas9 system.
For instance, it has been shown that using Cas9 ribonucleoprotein instead of a
Cas9 plasmid reduces the number of off-target effects, as the ribonucleoprotein
is degraded faster (S. Kim et al., 2014; Ramakrishna et al., 2014; X. H. Zhang et
al., 2015). Furthermore, the off-target activity seems to depend on the structure
of the sgRNA and the target sequence. For example, mismatches in the region
close to the PAM are tolerated better than mismatches more distal in the target
sequence (Hsu et al., 2013; X. H. Zhang et al., 2015). Other authors have re-
ported that using shorter sgRNAs increases the editing specificity (Fu et al.,
2014). Apart from that it has been suggested to titrate the amounts of sgRNA and
Cas9 to obtain the optimal balance between high on-target and low off-target ac-
tivity (Hsu et al., 2013).

Several methods have been developed to assess off-target effects, including in
silico prediction, GUIDE-seq and digenome-seq (D. Kim et al., 2015; Spitzer et
al., 2014; Tsai et al., 2015; X. H. Zhang et al., 2015). These methods could also
have been used to examine the modified THP-1 cells for off-target effects. How-
ever, in a study performed by Duan et al., they found that off-target effects did
not overlap between different cell types which suggests that the specificity is cell
type dependent (Duan et al., 2014). Therefore, it would be more useful to exam-
ine the off-target effects in the cell type that is relevant for the therapeutic ap-
proach, i. e. in hematopoietic stem cells.

Application in the establishment of CSF71R knockouts in iPSC

The data from experiments in THP-1 cells was used to choose the sgRNAs used
for the double CRISPR approach in iPSC. SgQRNA 2 and 4 both had high indel
frequencies which shows their high efficiency on DNA level. On top of that, by
using these two guides, the ATG is included in the segment that is cut out which
should render translation to the protein impossible. Another advantage of this
combination is that the two guides are the furthest away from each other which
allows clearer results in the PCR screening later-on as the bands for the wildtype

and mutated allele are further apart.
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4.2 Establishment of CSF1R knockouts in iPSC

4.2.1 Clone selection

Two homozygous and two heterozygous knockout clones were selected from the
PCR screening and the knockout state was confirmed through Sanger sequenc-
ing (see 3.2.2, Figure 17, Figure 18).

These cell lines can be used in further experiments to better understand the
pathomechanism of ALSP which is still largely unknown (Guerreiro et al., 2013;
Kempthorne et al., 2020). Hayer et al. have established an iPSC line using cells
from an ALSP patient (Hayer et al., 2018); it would be interesting to compare the
generated knockout lines to this ALSP patient iPSC line in functional assays such
as their ability to differentiate into microglia. This would allow to assess whether
the disease is in fact caused by haploinsufficiency or if there is a dominant-neg-
ative effect of the mutated protein. If the heterozygous knockout line presents the
same phenotype as the patient-derived cells, this would suggest that the disease
is caused by haploinsufficiency of the CSF1R gene. If, however, only the homo-
zygous but not the heterozygous knockout line shows the same phenotype as
the patient-derived cells, this would be consistent with the hypothesis that the
patients’ mutated receptors have a dominant-negative effect.

4.2.2 Off-target analysis

Off-target CRISPR/Cas9 activity could lead to mutations in the iPSC that might
affect the results of future experiments. Therefore, it is important to assess the
specificity of the CRISPR approach in the edited cell lines, although studies
based on whole-genome sequencing have shown that off-target cleavage does
not occur frequently in human pluripotent stem cells edited with the
CRISPR/Cas9 system (Smith et al., 2014; Veres et al., 2014; X. H. Zhang et al.,
2015). The factors that impact the off-target activity of the CRISPR/Cas9 system
and methods that can be used to evaluate the specificity have been described
above (see 4.1.4).

For this study, the CRISPOR web tool's MIT score was used to identify the top
five most probable off-targets for each of the two used crRNAs (see Table 13).
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These targets were then investigated by targeted Sanger sequencing which did
not reveal any off-target effects in the established lines (see 3.2.3). The MIT score
indicated on the CRISPOR website is a modified version of an off-target predic-
tion score developed by Hsu et al (Hsu et al., 2013). This score ranks the proba-
bility of off-target cleavage based on the location, identity and density of mis-
matches within the sequence (Hsu et al., 2013). According to Haeussler et al.,
the modified version used for the CRISPOR website has a higher sensitivity than
the original score (Haeussler et al., 2016).

Overall, the presented data confirm that the iPSC lines generated in this project
can be used for further experiments as the probability of important off-target
cleavage effects is low.

4.2.3 Stem cell characterization

The established cell lines were characterized for their stem cell traits in order to
confirm that genome editing had not interfered with these characteristics. The
results were all in the expected range and confirmed the stem cell character of
both of the homozygous and the heterozygous knockout clones (see 3.2.4).

All clones showed high AP expression (see Figure 20) which is typical for pluripo-
tent stem cells (Stefkova et al., 2015). The RT-PCR showed that the expression
levels of pluripotency genes and characteristic transcription factors is similar to
the expression observed in ESC but clearly distinct from the fibroblasts’ expres-

sion pattern (see

Figure 23). In the immunostaining, pluripotency markers Tra1-81 and Oct3/4
were detected in all clones in the characteristic staining pattern (see Figure 21,
Figure 22) (Hayer et al., 2018; Kumazaki et al., 2011). All four clones were also
able to form EBs and differentiate into cells of all three germ layers which was
confirmed by immunocytochemical staining of FoxA2, Sox17, TUJ and SMA re-
spectively (see Figure 24, Figure 25, Figure 26) (Hoffman & Carpenter, 2005;
Teo et al., 2011; Valadez-Barba et al., 2020). The SNP array performed by Life

& Brain Genomics did not reveal any chromosomal aberrations or copy number
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variations and confirmed the genetic identity of the clones with the fibroblasts and
iPSC they were derived from (see Figure 27).

In summary, the cell lines established in this project have been shown to be plu-
ripotent stem cells and can be used as such in further experiments.

4.2.4 Summary of objectives and findings
The following objectives were formulated at the beginning of this study:
l. Identification of efficient sgRNAs for knockout of human CSF1R
Il. Generation of homozygous and heterozygous CSF1R iPSC knockout

lines

The findings from this study showed that:
l. sgRNAs 3 and 4, designed for the purpose of this study, lead to effi-
cient knockout of CSF1R on DNA and protein level in THP-1 cells.
Il. two homozygous and two heterozygous CSF1R knockout iPSC lines
could be established using a double CRISPR approach with sgRNAs
2 and 4. Stem cell characterization showed that the edited iPSC lines

still possessed the characteristics of pluripotent stem cells.
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5 Summary

Adult-onset leukoencephalopathy with spheroids and pigmented glia (ALSP) is a
rare, early-onset neurodegenerative disease. The disease is rapidly progressive
and leads to death on average six years after the manifestation of the first symp-
toms such as cognitive decline, psychiatric and motor disturbances. The disease
is caused by mutations in colony-stimulating-factor-1 receptor (CSF1R). This re-
ceptor is expressed on cells of the myelogenous line, such as microglia, that is
supposed to play a central role in the pathophysiology of ALSP. However, the
exact pathophysiological mechanisms are still largely unknown. This is one of the
reasons why treatment options are currently limited to symptomatic therapy. Re-
cently, allogenic hematopoietic stem cell transplantation has been reported to
have a stabilizing effect on the patients’ condition in several cases. Disad-
vantages of allogenous transplantation include the need for a suitable donor and
the necessary immunosuppression. In order to avoid these, an alternative ap-
proach might be to perform autologous stem cell transplantation combined with
ex vivo gene therapy. For this purpose, the patients’ CSF1R could be knocked
out using the CRISPR/Cas system, a highly efficient gene editing tool that has
already been applied in clinical trials for other diseases. For an efficient
CRISPR/Cas-based gene knockout, appropriate single guide RNAs (sgRNAs)
need to be established.

One of the objectives of this project was therefore to identify an optimal sgRNA
for efficient CSF1R knockout. For this purpose, five sgRNAs were designed and
tested in in the THP-1 cell line, which is known to express CSF1R at a high level.
Their efficiency was evaluated on DNA level by Sanger sequencing and on pro-
tein level by Western Blotting. Two suitable sgRNAs with a high efficiency on
DNA and protein level were identified as candidates for a therapeutic knockout
strategy. Further experiments will be needed to evaluate their efficiency in hem-
atopoietic stem cells as well as their specificity, as accidental off-target effects
might lead to side effects.

Furthermore, two of the tested sgRNAs were chosen for the generation of homo-
zygous and heterozygous CSF 1R knockout lines in induced pluripotent stem cells
(iPSC). For this approach, human iPSC of a healthy donor were treated with two
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guides at the same time, so that a part of the gene was cut out. Clones were then
screened by PCR and two obviously homozygous and heterozygous clones each
were sequenced in order to confirm the knockout state. The five most probable
off-targets for each of the sgRNAs were also sequenced in the clones and com-
pared to the untreated iPSC control. No off-target effects were detected. Subse-
quently, the clones’ stem cell characteristics were assessed. The cells showed
the characteristic high expression of alkaline phosphatase and were stained pos-
itive for pluripotency markers. On RNA level, the expression of pluripotency-re-
lated genes was confirmed by RT-PCR. The clones were able to spontaneously
differentiate into cells of all three germ layers which was verified by immunocyto-
chemistry. Whole genome single-nucleotide polymorphism (SNP) genotyping
performed by Life & Brain Genomics did not reveal any chromosomal aberrations
or copy number variations and confirmed the genetic identity of the generated
knockout iPSC clones with the original iPSC and fibroblasts they were derived
from. The generated knockout line is ready be used in future experiments to im-
prove the understanding of disease mechanism in ALSP.
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Deutsche Zusammenfassung

Die Adulte Leukoenzephalopathie mit axonalen Spharoiden und pigmentierter
Glia (ALSP) ist eine seltene, fruh einsetzende neurodegenerative Erkrankung.
Sie zeigt einen raschen Progress und fuhrt durchschnittlich innerhalb von sechs
Jahren nach Auftreten der ersten Symptome zum Tode. Zu den haufigsten Symp-
tomen zahlen kognitiver Abbau, psychiatrische und motorische Stérungen. Ur-
sachlich fur die Erkrankung sind Mutationen im colony-stimulating-factor-1-re-
ceptor (CSF1R), einem Rezeptor, der auf Zellen der myeloischen Linie exprimiert
wird. Dieser Rezeptor wird daher auch auf Mikroglia exprimiert, der eine zentrale
Rolle in der Pathophysiologie der HDLS zugeschrieben wird. Die genauen patho-
physiologischen Mechanismen sind allerdings bislang nicht geklart. Dies ist einer
der Grunde, weshalb die Therapieoptionen bisher auf symptomatische Therapien
beschrankt sind. In mehreren Fallen konnte jedoch durch eine allogene hamato-
poetische Stamzelltransplantation eine Stabilisierung der Patienten erreicht wer-
den. Die allogene Stamzelltransplantation geht allerdings mit Nachteilen wie der
Notwendigkeit eines passenden Spenders sowie der ndtigen Immunsuppression
einher. Um diese zu vermeiden, bestunde ein alternativer Ansatz darin, eine au-
tologe Stamzelltransplantation in Kombination mit einer ex vivo Gentherapie
durchzufuhren. Ein Knockout des mutierten CSF71R-Gens des Patienten konnte
hierbei mithilfe des CRISPR/Cas-Systems vorgenommen werden. Dabei handelt
es sich um ein hocheffizientes Werkzeug zur Genmodifikation, das bereits in Kli-
nischen Studien bei anderen Erkrankungen eingesetzt wird. Fir ein effizientes
CRISPR/Cas-basiertes Knockout werden passende single guide RNAs (sgR-
NAs) bendtigt.

Daher bestand eines der Ziele dieses Projekts darin, eine optimale sgRNA fur ein
effizientes CSF1R-Knockout zu identifizieren. Dafur wurden funf sgRNAs entwor-
fen und in einer Zelllinie getestet. Die Effizienz wurde auf DNA-Ebene durch San-
ger-Sequenzierung und auf Protein-Ebene durch Western Blots beurteilt. Zwei
sgRNAs mit hoher Effizienz auf DNA- und Protein-Ebene wurden identifiziert, die
fur eine therapeutische Knockout-Strategie geeignet waren.

AuRerdem wurden zwei der untersuchten sgRNAs fur die Erstellung von homozy-
goten und heterozygoten CSF71R Knockout-Linien in induzierten pluripotenten
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Stammzellen (iPSC) ausgewahlt. Fur diesen Teil des Projekts wurden iPSC mit
beiden sgRNAs gleichzeitig behandelt, sodass ein Teil des CSF1R-Gens heraus-
geschnitten wurde. Daraufhin wurde ein Screening der Klone mittels Polymerase-
Kettenreaktion (PCR) durchgefuhrt und je zwei homozygote und heterozygote
Klone wurden sequenziert, um den Knockout-Status zu bestatigen. Die funf wahr-
scheinlichsten Off-target-Effekte (Effekte aullerhalb der gewlnschten Zielse-
quenz) wurden ebenfalls in den Klonen und vergleichend in der unbehandelten
iPSC-Kontrolle sequenziert. Dabei wurden keine Off-target-Effekte detektiert. Im
Anschluss wurden die Klone auf ihre Stammzelleigenschaften untersucht. Die
Zellen zeigten die fur Stammzellen charakteristische hohe Expression von Alka-
lischer Phosphatase und positive Farbung von Pluripotenz-Markern. Auf RNA-
Ebene wurde die Expression von Pluripotenz-Genen mittels Reverse-Transkrip-
tase-PCR bestatigt. Die Fahigkeit der Klone spontan in Zellen aller drei Keimblat-
ter zu differenzieren wurde immunhistochemisch nachgewiesen. Eine Untersu-
chung des gesamten Genoms auf Einzelnukleotid-Polymorphismen wurde durch
Life & Brain Genomics durchgefuhrt, diese zeigte keine chromosomalen Aberra-
tionen oder Kopienzahlvarianten und bestatigte die genetische Ubereinstimmung
der generierten Klone mit den ursprunglichen iPSC und den Fibroblasten, aus
denen die iPSC erstellt wurden. Die erzeugte Knockout-Linie steht damit fur Ex-
perimenten zur weiteren Erforschung der Pathomechanismen bei HDLS zur Ver-

fugung.
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iIPSC using CRISPR/Cas9 (Schmitz et al., 2023).
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