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1 Introduction

1.1 Hematopoiesis

Hematopoiesis is the process of proliferation and differentiation from multipotent
hematopoietic stem cells (HSC) to mature peripheral blood cells. It is a complex
system that gives rise to all cellular components of the blood and is regulated by
several transcription factors, colony stimulating factors and their receptors.
Hematopoietic stem cells derive from the lateral plate mesoderm (Hoang,
Lambert and Martin, 2016). During embryonal development, the site of
hematopoiesis shifts from the initial yolk sac to the aorto-gonad mesonephros
(AGM) region, followed by the placenta, fetal liver, thymus and finally the bone
marrow (Mduller et al., 1994; Gekas et al., 2005; Orkin and Zon, 2008). While the
early hematopoiesis (“primitive” hematopoiesis) is focused on generation of
erythrocytes, macrophages and megakaryocytes, the system matures along
with the embryo to a “definitive” adult hematopoiesis featuring all hematopoietic

progenitors and mature cells (Orkin and Zon, 2008).

Multicolor fluorescence activated cell sorting (FACS) has enabled us to
distinguish progenitor cells according to their surface markers. Remarkable
progress has been made in understanding phenotype and the relationships of
progenitor cells to one another. Nevertheless, the exact map of differentiation
remains a subject of discussion (Weissman, Anderson and Gage, 2002;
Adolfsson et al., 2005; Forsberg et al., 2006; Drissen et al., 2016).

All blood cells are descending from long-term HSC (LT-HSC), which are
characterized by the ability for unlimited self-renewal and multipotency
(Spangrude, Heimfeld and Weissman, 1988; Uchida and Weissman, 1992;
Morrison and Weissman, 1994). While the skill for self-renewal is lost in the
following hierarchy levels, short-term HSC (ST-HSC) and multipotent
progenitors (MPP) preserve their multipotency (Weissman, Anderson and
Gage, 2002; Rosenbauer and Tenen, 2007).
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Figure 1. Hematopoiesis: from stem cell to peripheral blood cell

Hematopoietic differentiation from pluripotent hematopoietic cells to mature peripheral blood
cells. Schematic phenotype and common surface antigen expression. MEP development from
ST-HSC is matter of discussion, as indicated by yellow arrow (modified from Attar, 2014).

With the appearance of common lymphoid progenitors (CLP) and common
myeloid progenitors (CMP), different branches of hematopoiesis arise. Progeny
of the CLP are the B- and T-lymphocytes, as well as the natural killer (NK) cells.
The common myeloid progenitors (CMP), on the other hand, give rise to the

granulocyte/monocyte progenitors (GMP) and megakaryocyte/erythroid



progenitors (MEP). It is still in discussion whether the megakaryocyte/erythroid
progenitors (MEP) derive exclusively from the CMP (Weissman, Anderson and
Gage, 2002) or from an earlier division of the ST-HSC as well (Adolfsson et al.,
2005).

The GMP splits subsequently in the monocytic and granulocytic branches. The
granulocytic branch comprises of the myeloblast, promyelocyte, myelocyte,
metamyelocyte, band cell, and mature polymorphonuclear neutrophils (Attar,
2014).

1.1.1 Transcriptional regulation in hematopoiesis and myeloid decision
making

Transcription factors are DNA-binding proteins that regulate gene activity. They
are essential for cell fate determination of hematopoietic progenitors and
influence hematopoiesis additionally through up- or downregulation of specific
colony stimulating factors as the macrophage-colony stimulating factor (M-
CSF), the granulocyte-colony stimulating factor (G-CSF) and the
granulocyte/macrophage-colony stimulating factor (GM-CSF) (Smith et al.,
1996; Zhang et al., 1997; Barreda, Hanington and Belosevic, 2004).

The transcription factors SCL and RUNX1 are essential for priming mesodermal
stem cells to fulfil a hematopoietic destiny (Rosenbauer and Tenen, 2007;
Hoang, Lambert and Martin, 2016). Both SCL - and RUNX1”-mice have proven
to be non-viable and show no hematopoietic development (Shivdasanl, Mayer
and Orkin, 1995; Okuda et al., 1996). In adult hematopoiesis, both transcription
factors are not important for maintenance of HSC, but influence the
differentiation (Rosenbauer and Tenen, 2007). RUNX1 deficiency inhibits
lymphoid differentiation and megakaryocytic development (Ichikawa et al.,
2004) while SCL blocks megakaryocytic and erythrocytic maturation (Mikkola et
al., 2003).

PU.1 is expressed to various degrees at different stages of hematopoiesis,
being highly expressed in HSC, CMP, CLP, GMP, granulocytes, monocytes and
modestly in B-cells while being suppressed during erythrocytic and T-cell
development (Back et al., 2005; Nutt et al.,, 2005). PU.1 deletion in adult
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hematopoiesis impairs the development from MPPs to CLP and CMP; though
stimulating a disruptive granulopoiesis with accumulation of promyelocytes and
myelocytes in bone marrow and spleen of PU.17- mice (Dakic et al., 2005).
Moreover, sensitivity for M-CSF, GM-CSF and IL-6 was found to be reduced in
this model (Dakic et al., 2005). It has been suggested that the level of PU.1
expression guides differentiation either towards macrophages (high expression)
or B-lymphocytes (low expression) (DeKoter and Singh, 2000). Furthermore,
CMPs with high PU.1 expression seem to be primed for granulocytic/monocytic
development while those eluding PU.1 develop towards erythrocytes (Back et
al., 2005; Nutt et al., 2005). One can conclude that PU.1 is important for the
MPP to CMP/CLP development and steers differentiation towards monocyte
granulocyte development.

Another group of important transcription factors activating myelopoiesis are
CCAAT/enhancer-binding proteins (C/EBPa, C/EBPf, C/EBPs¢).

C/EBPa is a transcription factor that is associated with HSCs and myeloid
lineage differentiation, being highly expressed in granulocytes and to a lower
degree in monocytes (Radomska et al., 1998; Akashi et al., 2000). Similar to the
importance of PU.1 for the CMP production, C/EBPa is necessary for the
differentiation of CMPs towards GMPs (Zhang et al., 2004).

It is well established that the C/EBPa to PU.1 ratio governs the progenitor cell
fate in monocyte or neutrophil direction (Reddy et al., 2002; Dahl et al., 2003).
PU.1 upregulation is a signal for monocytic differentiation while C/EBPa guides
CMPs towards neutrophil development (Dahl et al., 2003; Ross et al., 2004;
Laslo et al., 2006).

Moreover, the granulocyte colony stimulating factor receptor (G-CSFR) was
shown to be absent in C/EBPa-deficient mice and they subsequently did not
develop mature neutrophils and eosinophils (Zhang et al., 1997).

In recent years, our group has found LEF-1 transcription factor to play an
essential role in the activation of C/EBPa (Skokowa et al., 2006). Additionally,
LEF-1 has been shown to interact with and inhibit PU.1 (Rosenbauer et al.,
2006). LEF-1 has since been identified to be ubiquitinated and downregulated

due to hyperactivity of STAT5 (activated signal transducer and activator of



transcription 5), a process that could be reversed in vitro by the proteasome
inhibitor Bortezomib (Dong et al., 1998; Gupta et al., 2014).

IRF8 is another transcription factor influencing the cell fate of the bipotential
GMP. IRF8 deficiency has shown to shift differentiation towards granulopoiesis,
while reintroduction of the gene improved monocytic differentiation in a mouse
based model (Scheller et al., 1999; Tamura et al., 2000). IRF8 effects on
monocytic/granulocytic differentiation were recently reproduced using induced
pluripotent stem cell (iPSC) technology (Sontag et al., 2017).

1.1.2 Steady state and emergency granulopoiesis

Having a short half-life (hours to days), neutrophils need constant replacement
in steady state conditions (Tak et al., 2013). That being said, approximately
0.5-1x10'! granulocytes are produced every day in adults (Dancey et al.,
1976). For local infections, this continuously generated neutrophil pool can be
utilized and has an adequate strength in fighting the infection (Manz and
Boettcher, 2014). As soon as foreign pathogens are perceived, granulocytes
are being recruited and by matter of chemotaxis led to the infected tissue
(Borregaard, 2010). There, neutrophils start eliminating foreign pathogens via
phagocytosis, bactericidal granule proteins and neutrophil extracellular traps
(NETs) (Kolaczkowska and Kubes, 2013). Apoptotic neutrophils themselves
are being phagocyted by macrophages, which in turn reduce neutrophil
production via downregulation of the IL23-IL17A-GCSF axis (Schwarzenberger
et al., 2000; Borregaard, 2010).

Steady state granulopoiesis is dependent on the granulocyte colony stimulating
factor (G-CSF)- and its C/EBPa- downstream signaling pathway (Manz and
Boettcher, 2014). G-CSF not only supports neutrophil production, it has been
found to regulate neutrophil release from bone marrow (Semerad et al., 2002).
C/EBPa on the other hand primes neutrophil differentiation (1.1.1) and acts
additionally as the responsible transcription factor for the CSF3R transcription
leading to G-CSFR expression (Manz and Boettcher, 2014).

The number of neutrophils can increase dramatically during “emergency”

situations, such as severe bacterial infections or blood loss. Neutrophil
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generation rises, cellular turnover accelerates and high numbers of mature and
immature neutrophils are released into the peripheral blood (left shift) (Manz
and Boettcher, 2014). In contrast to steady state granulopoiesis, “emergency”
granulopoiesis is reliant on C/EBPf activation (Hirai et al., 2006). Upon G-CSF
stimulation nicotinamide phosphoribosyltransferase (NAMPT) is upregulated,
leading through a series of enzymatic reactions to an increase in nicotinamide
adenine dinucleotide (NAD*) levels and sirtuin 1 (SIRT1) activation (Skokowa
et al., 2009). Ultimately, C/EBPa and C/EBPB are upregulated and G-CSF
synthesis as well as G-CSFR expression are elevated, closing the

autoregulatory feedback loop (Skokowa and Welte, 2009).
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Figure 2. Steady state and emergency granulopoiesis
Regulation of steady state and emergency granulopoiesis. CSF3R (GCSF receptor) expression

is regulated in steady state by the transcription factor C/EBPa in response to upstream signals
(STAT, JAK, cytokine-receptor interaction). The emergency granulopoiesis in contrast is
dependent on C/EBP (Manz and Boettcher, 2014).

1.2 Severe congenital neutropenia (CN)
Severe congenital neutropenia (CN) is a heterogenous group of disorders of the
myeloid differentiation, defined by a maturation arrest at the

promyelocyte/myelocyte stage and an absolute neutrophil count (ANC) of <
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0,5x10%L. Due to the lack of functional mature neutrophils, patients are
susceptible for severe bacterial infections starting in their neonatal period.
Frequent are e.g. infections of the skin, oral cavity, ears, and respiratory tract
(Spoor, Farajifard and Rezaei, 2019). The differential blood count is
characterized by severe neutropenia (< 0,5x10° /L) and an association to
monocytosis, eosinophilia and hyper-gammaglobulinaemia (Donadieu et al.,
2017). The diagnosis, however, is often delayed as a full differential blood count
as well as multiple ANCs over the course of several weeks to verify the
persistency of the neutropenia, is seldomly performed early on (Skokowa et al.,
2018). Furthermore, with a prevalence of 10:1.000.000 inhabitants, CN is
considered an orphan disease (Donadieu et al., 2013).

Neutropenia in neonates may have a variety of explanations: from simple viral
infections (e.g.), iatrogenesis, allo- and autoimmune origin, bone marrow
deficiency (Fanconi anemia, GATA2 deficiency), multiple syndromes (e.g.
Shwachmann-Diamond syndrome, WHIM syndrome, Glycogen storage disease
Ib, Barth syndrome), to isolated neutropenia (severe congenital neutropenia,
cyclic neutropenia) (Spoor, Farajifard and Rezaei, 2019).

To observe patient care and register disease outcome, neutropenia patients are
registered in the severe chronic neutropenia international registry (SCNIR) that
was established in 1994 (Dale et al., 2003).

1.2.1 History

Historically, this phenotype was introduced by Dr. Kostmann in 1956, as he was
studying hematopoietic defects in a consanguineous family in the remote area
of Norrbotten, Sweden (Kostmann, 1956). Dr. Kostmann observed that newborn
patients were struggling with frequent bacterial infections of skin, gingiva, ear,
lung and urinary tract due to persistent granulocytopenia or agranulocytosis.
Despite antibiotic therapy, all patients passed away during the first months of
their live as a result of e.g. septicemia, peritonitis or severe enteritis (Kostmann,
1975). Due to the pattern observable in the initial family, he suspected an

autosomal recessive inheritance (Kostmann, 1956). Furthermore, he speculated



that the defect in the granulocytic maturation was based in a deficiency of a

serum factor (Kostmann, 1975).

1.2.2 Genetic background and pathogenesis

Nowadays, we know that the Kostmann syndrome is only one subtype of
congenital neutropenia (CN) and that, depending on the subtype, there are
autosomal recessive and dominant, as well as X-linked and mitochondrial
patterns of inheritance at work (Skokowa et al., 2018). CN, while still not
completely understood in its pathogenesis, can be caused by numerous
mutations in different genes. Up to date, there are more than 30 genes that are
known to be responsible for CN, many of which leading to neutropenia in
combination with pancreatic insufficiency, bone marrow insufficiency or
metabolic diseases (Skokowa, Zeidler and Welte, 2018; Spoor, Farajifard and
Rezaei, 2019). However, with ongoing research, we can expect the number of
involved CN-causing genes to continue to grow. For some genes, numerous
mutation sites have been discovered (Xia and Link, 2008). Moreover, some
patients with mutations in more than one CN specific gene have been reported
(Germeshausen et al., 2010), while in other patients no known CN-specific gene

mutations were detected.

The autosomal recessive CN, specifically the Kostmann syndrome, is most
commonly caused by HAX1 mutations (Klein et al., 2007). HAX1 encodes for
the HCLS1-associated protein X-1 (HAX-1) which in turn binds to the HCLS1
protein (hematopoietic lineage cell-specific protein) (Suzuki et al., 1997; Klein et
al., 2007). The latter is an important player in the G-CSF receptor signaling
cascade (Skokowa et al., 2012). Homozygous HAX1 mutations occur most
often in consanguineous pedigrees like the original family Dr. Kostmann
described in 1956 in northern Sweden or in remote areas of Anatolia (Klein et
al., 2007). Other genes responsible for autosomal recessive CN, include e.g.
G6PC3, GFI1 and STK4 (Horwitz et al., 2013).



The majority of CN cases belong to the autosomal dominant subtype of
inheritance and are associated with mutations in the ELANE gene (formerly
known as ELA2) (Dale et al., 2000). Interestingly, mutations in ELANE can lead
to two different phenotypes: the typical congenital neutropenia with a permanent
ANC < 0,5x10°%L and cyclic neutropenia (CyN). The latter is a milder version of
neutropenia with a 21-day-periodic oscillation of the ANC (Horwitz et al., 2007).
The pathomechanism of this genotype-phenotype correlation is yet to be
entirely understood.

ELANE encodes for the neutrophil elastase (NE). In CN patients, accumulation
of a misfolded NE, stress of the endoplasmic reticulum (ER) and stimulation of
the unfolded protein response (UPR) are central aspects of the
pathomechanism (Kdllner et al., 2006; Xia and Link, 2008).

Interestingly, LEF-1 and C/EBPa downregulation in granulocytic progenitor
cells was found as a characteristic of severe congenital neutropenia (HAX-1
and ELANE mutated forms), but not in cyclic or idiopathic neutropenia
(Skokowa et al., 2006). Furthermore, PU.1 expression in bone marrow cells of
CN patients was found to be slightly upregulated in CN patients myeloid

progenitors compared to healthy donor cells (Skokowa et al., 2006).

1.2.3 Prognosis and treatment

Congenital neutropenia was for the longest time a devastating diagnosis for
child and family. Up to the 1980’s, even with full antibiotic treatment, mortality
exceeded 80% (Kostmann, 1956; Gilman, Jackson and Guild, 1970). About half
of the patients died during their first year of life, and in the following years up to
the age of 4, mortality was estimated to be about 6-7% per year (Alter BP,
2003).

The introduction of G-CSF in 1985 (Welte et al.,, 1985) can be considered a
milestone in CN therapy. Just 4 years later, the first successful treatment of 5
congenital neutropenia patients with the new agent was published, showing an
increase of the ANC from below 100 to 1300-9500 cells/ul and maturation of

myeloid cells in bone marrow samples (Bonilla et al., 1989). Even more
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importantly, chronic infections improved and the number of infections and the
necessity for intravenous antibiotics decreased with these patients (Bonilla et
al., 1989; Dale et al., 1993).

Life expectancy under daily subcutaneous G-CSF injections improved
dramatically. After 10 years of observation of 374 G-CSF treated CN patients,
the cumulative incidence of death due to sepsis was calculated to have
decreased to 8% (Rosenberg et al., 2006).

Side effects of the granulocyte colony stimulating factor, as noticed in the phase
[l trial, included splenomegaly, bone pains, headaches and rashes (Dale et al.,
1993). Over time, an increase in malignant progression, acute myeloid leukemia
(AML) and myelodysplastic syndrome (MDS) had to be added to the list. This
will be discussed further in section 1.2.4.

Though a sufficient level of neutrophils can be reached by this treatment,
patients continue to suffer from infections and periodontal disease. A deficiency
of neutrophil’s antibacterial peptide LL-37 as well as reduced chemotaxis might
be an explanation (Elsner et al., 1992; Pltsep et al., 2002; Karlsson et al.,
2007).

Unfortunately, about 10% of CN patients are considered unresponsive to
normal dosages of G-CSF (>50ug/kg/d and an ANC < 0.5x10°%L) (Bonilla et al.,
1994; Skokowa et al., 2018).

The only definitive cure for this bone marrow failure syndrome is allogeneic
Hematopoietic Stem Cell Transplantation (HSCT). Due to the obvious life
threatening risks, HSCT is restricted to patients who failed other therapeutic
options (G-CSF non responder or poor infection control) or clonal
transformation indicates a shift to malignancy (Fioredda et al., 2015). In one of
the largest multicenter retrospective studies, 136 SCN-post-HSCT patients from
Europe and middle east were analyzed between 1990 and 2012, showing the
best outcome for patients below the age of 10 and with an HLA-matched related
or unrelated donor (Fioredda et al., 2015). A three year overall survival rate of
82%, transplant related mortality of 17% as well as risks for graft failure and
graft-versus-host reaction in 1/5 of patients emphasize the severity of the

procedure (Fioredda et al., 2015).
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To reduce risks of malignant transformation and finding new acceptable
therapeutic alternatives and combinational therapies, research is ongoing. A
promising approach for ELANE-mutated show recent studies that are
investigating the possibility of treatment with NE-Inhibitors. So far, in vitro
studies have found that treatment of CN hematopoietic and myeloid progenitors
with NE inhibitors resulted in the C/EBPa upregulation, UPR stress relief and
BCL2 downregulation, all of which are essential aspects in the NE controlled
maturation pathway (Nayak et al., 2015). Furthermore, some NE-Inhibitors have
shown promising effects on cell survival and myeloid differentiation of CN

patients cells in vitro (Makaryan et al., 2017).

1.2.4 Leukemic progression in CN

Severe congenital neutropenia is known to be a preleukemic syndrome. Since
the late 1960’s, there have been sporadic reports of leukemia in congenital
neutropenia patients (Miller, 1969; Gilman, Jackson and Guild, 1970). Interest
spread, when 1995, after the first few years of G-CSF treatment along with a
rise in survival, the incidence of acute myeloid leukemia (AML) and
myelodysplastic syndrome (MDS) increased (Dong et al., 1995; Imashuku et al.,
1995; Kalra et al., 1995; Weinblatt et al., 1995). In 2010, a prospective study
following the progress of 374 CN patients concluded that after 15 years of G-
CSF treatment the cumulative incidence for AML/MDS was 22%, while the
cumulative incidence for lethal sepsis in 10 years decreased to 10%
(Rosenberg et al., 2010). Patients who showed a poor response to G-CSF
treatment, requiring more than 8ug/kg/d, were identified as having a poor
prognosis with high numbers of AML/MDS progression (40%) or death due to
sepsis (14%) after 10 years of treatment (Rosenberg et al., 2006).

The reason for the leukemogenic transformation was found in the acquisition of
additional somatic mutations. Today we know that most common for CN-
AML/MDS patients are mutations of the G-CSF receptor (CSF3R) (88%),
RUNX1 (76%) or chromosomal abnormalities as monosomy 7 or trisomy 21
(Skokowa et al.,, 2014). RUNX1 mutations, while characteristic for CN-
AML/MDS, are rare (2,9%) in cases of de-novo AML/MDS (Skokowa et al.,
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2014). Interestingly, truncating mutations of the G-CSF receptor can appear
years before the progress to overt leukemia and even disappear under
detection limit spontaneously in some patients (Bernard et al., 1998). The
mechanism of leukemic transformation is subject of ongoing investigations.
Common hypothesis is that G-CSF stimulates CSF3R mutated hematopoietic
stem cell (HSC) clones, leading to an increase in proliferation and clonal
advantage, while additional mutations such as RUNX1 may lead to overt
leukemia (Skokowa et al., 2014).

1.3 FLTS3

FMS-like tyrosine kinase 3 (FLT3) gene is located on chromosome 13qg12 and
encodes a receptor tyrosine kinase (RTK) which holds important functions in
hematopoiesis (Rosnet et al.,, 1993; Stirewalt and Radich, 2003). The
membrane-bound receptor contains five immunoglobulin-like extracellular
domains, a transmembrane domain, a juxtamembrane domain and two linked
intracellular tyrosine kinase domains (Stirewalt and Radich, 2003). As such, it
resembles other class Il receptor tyrosine kinases like the macrophage colony-
stimulating factor (M-CSF) receptor (FMS) and SCF receptor KIT (steel factor
receptor) in structure, exon/intron organization and even sequence (Agnés et
al.,, 1994). Like M-CSFR and SCF receptor, FLT3 is vastly involved in
hematopoietic differentiation. FLT3, also known as FLK-2, has been identified
as a marker for the loss of self-renewal in HSC, being expressed in ST-HSC
and increasingly so in MPPs (Adolfsson et al., 2001; Christensen and
Weissman, 2002). In vitro studies have found that FLT3 ligand (FLT3L)
stimulates cell growth of uncommitted CD34* progenitors and development of
early B-cell progenitors (Ray et al., 1996; Rusten et al., 1996). This effect is
inducible by combination with other growth factors for example interleukine-3
(IL-3), G-CSF, M-CSF, GM-CSF, erythropoietin (EPO), and SCF (Gabbianelli et
al., 1995; Rusten et al., 1996). Interestingly, isolated FLT3L stimulation triggers
predominantly monocytic differentiation (Gabbianelli et al., 1995). However,
studies with FLT3 knockout mice showed little changes in adult hematopoiesis
(Mackarehtschian et al., 1995).
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FLT3 mutations have been identified in about 1/3 of patients with acute myeloid
leukemia (AML) (Kayser et al., 2009; Papaemmanuil et al., 2016). Most frequent
are internal tandem duplications (ITD) (approx. 30% of AML patients) in the
juxtamembrane domain and missense mutation of the intracellular tyrosine
kinase domains (TKD) (up to 13% of patients in certain AML-subgroups)
(Bacher et al., 2008; Papaemmanuil et al., 2016). Both types of mutations effect
intracellular domains of the receptor and allow ligand independent activation,
STAT-5 and MAP-Kinase pathway stimulation leading to unrestricted cell
proliferation (Hayakawa et al., 2000; Kiyoi et al.,, 2002; Spiekermann et al.,
2002). Investigations on FLT3-tyrosine kinase inhibitors as targeted therapeutic

drug in AML are ongoing (Patnaik, 2018).

Contrary to FLT3-ITD/TKD mutations, FLT3-V194M (rs146030737) is a
mutation which is relatively unknown. It is located in exon 5 which translates to
the extracellular part of the receptor. This missense mutation has been
identified as possibly damaging by PolyPhen-2
(http://genetics.bwh.harvard.edu/pph2/) (Adzhubei et al., 2010). However, using
SIFT and PMUT web tools, Fréhling et al. have predicted no pathological
consequence for this mutation (Fréhling et al., 2007). Nevertheless, in 2017 it
was found that this particular mutation can be associated with a monocytic
phenotype (Mousas et al., 2017).

14 FLT1

The vascular endothelial growth factor receptor 1 (VEGFR1/FLT1) is a receptor
tyrosine kinase with seven extracellular immunoglobulin like domains. It exists
in a membrane bound as well as in a shortened, soluble form (Shibuya, 2001).
FLT1 is known to modulate embryonic angiogenesis and endothelial cell
migration (Ji et al., 2018). FLT1 mRNA is upregulated in activated monocytes
and the binding of VEGF to FLT1 promotes monocyte migration (Shibuya,
2001). Furthermore, FLT1 expression was found to be stimulated by Wnt ligand
in retinal myeloid cells, leading ultimately to a suppression of angiogenesis
(Stefater et al., 2011).
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The heterozygote missense mutation FLT1 - P1201L (rs140861115) has been
named by PolyPhen-2 (http://genetics.bwh.harvard.edu/pph2/) (Adzhubei et al.,
2010) as possibly damaging.

1.5 Induced pluripotent stem cells (iPSCs)

In 2006, the world was first introduced to induced pluripotent stem cells (iPSC)
(Takahashi and Yamanaka, 2006). Dr. Takahashi and Dr. Yamanaka had found
a way to reprogram somatic cells by transiently reintroducing four transcription
factors (Oct4 + Sox2 + Klf4 + c-Myc = OSKM ) that were known to be essential
for embryonic stem cell maintenance (Avilion et al., 2003; Cartwright, 2005; Li et
al., 2005).

As a result, they discovered that the new cells had the ability to differentiate into
all three germ layers and were suitable for long-term cell culture (Takahashi and
Yamanaka, 2006). As such, iPSCs resemble embryonic stem cells (ES), though
eluding the ethical dilemma of destroying human embryonic blastocysts (Diecke
et al., 2014).

Different cell reprogramming techniques have been established since: genome
integrative systems (Retroviral and Lentiviral) and non-integrative systems
(episomal vectors, Sendai RNA-viral, Protein- and mRNA-systems) (Yamanaka,
2012; Diecke et al., 2014).

OSKM-transcription factors have been studied for their importance in the
reprogramming process. C-Myc was found to facilitate the step of attaching
OSK to the enhancer regions of reprogramming genes (Soufi, Donahue and
Zaret, 2012). OCT4, SOX2, and KLF4 are part of a balanced system, each
participant leading in a different direction (mesodermal, ectodermal and
epidermal), thus concluding in a compromising pluripotency (Shu et al., 2013;
Kim et al, 2015). Other combinations of transcription factors, e.g.
GATA6+GMNN, have been successfully used for reprogramming as well (Shu
et al., 2013).
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Figure 3. From somatic cell to induced pluripotent stem cells and beyond: iPSC
development, technics and opportunities

Starting in the lower left corner of the image, somatic cells are isolated, reprogrammed using
different techniques and can either be gene edited by CRISPR-Cas9 or directly differentiated
into all three germ layers. Among the potential usages are disease modeling (+/- CRISPR-Cas9
corrected iIPSC lines), research for drug effects and stem cells for further therapeutic use
(Diecke et al., 2014).

iPSCs differentiation starts with the formation of embryoid bodies (EB), which
are spherical structures of IPSC that start to organize themselves and
differentiate to cells of the three germ layers, mimicking early embryonic
development (Brickman and Serup, 2017). The density of the cell aggregates
and stimulation with certain cytokines guides differentiation towards an
endodermal, mesodermal or ectodermal cell fate (Rothova et al., 2016;
Brickman and Serup, 2017).

Especially in studying hematopoietic diseases and impaired differentiation,
IPSCs have proven to be of great value. In recent studies it was shown that

bone marrow myeloid progenitors/precursors and their IPSC developed
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equivalents have analogous levels of expression for genes concerning the
innate immune system and granulocytic functions (Nayak et al., 2015).
Moreover, Nayak et al. have shown that iPSCs of ELANE-mutated SCN
patients accurately mirror the maturation arrest at the promyelocytic/myelocytic
(CD45+CD34-CD33+CD11b-CD15+/low) stage as well as the characteristic
neutropenia (Nayak et al., 2015).

Promising results have been accomplished using gene correction of iPSCs
featuring a HAX1 or dystrophin gene mutation with CRISPR-Cas9 (Li et al.,
2016; Pittermann et al., 2017).

1.6 Aim

Aim of this study is to understand the role of V194M-FLT3 mutation in
myelomonocyte differentiation. For this, a new iPS cell line from a CN patient
with this specific mutation and an unusually strong shift from neutrophil
development towards monocytosis will be developed.

By comparing patient vs. healthy donor iPSC development and early
hematopoietic differentiation, we are hoping to gain new insights in myeloid
differentiation and specifically lineage determination of granulocyte-macrophage
progenitors.

Early embryoid body formation and FLT1/FLT3 expression throughout the first
days of differentiation will be analyzed.

Moreover, we aim to establish an FLT3-wild type and FLT3-V194M-mutated
expression vector to evaluate the role of this particular mutation on mRNA,
protein expression levels as well as on hematopoietic differentiation. The
potential effect of Bortezomib on the expression level of mutated FLT3 will be

investigated.
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2 Material and Methods
2.1 Material

2.1.1 Cell culture standard medium and buffer

IPSCs-Medium volume company

Dulbecco’s Modified 384 ml Sigma-Aldrich (St. Louis,

Eagle Medium Nutrient USA)

Mixture F-12 HAM

(D-MEM F12)

KSR (Knockout Serum 100ml Thermo Fisher scientific

Replacement) (Waltham, USA)

L-Glutamin (200mM) 5ml Biochrom (Berlin, Germany)

2-Mercapto Ethanol Iml Thermo Fisher scientific

(50mM) (Waltham, USA)

Penicillin/Streptomycin 5ml Biochrom (Berlin, Germany)

(1000U/ml)

NEAA (Non-Essential 5ml Thermo Fisher scientific

Amino Acid 100x) (Waltham, USA)

SNL-Medium= DMEM volume company

Full

Dulbecco’s Modified 500ml Thermo Fisher scientific

Eagle Medium (DMEM) (Waltham, USA)

FCS-inactivated 50ml Sigma-Aldrich (St. Louis,
USA)

Penicillin/Streptomycin 5ml Biochrom (Berlin, Germany)

(1000U/ml)

Expansion-Medium

concentration

company

Stemline I
Hematopoietic Stem Cell
Expansion Medium

Sigma-Aldrich (St. Louis, USA)

FCS- inactivated 10% Sigma-Aldrich (St. Louis, USA)
Penicillin/Streptomycin 1% Biochrom (Berlin, Germany)
(10.000U/ml /

10.000ug/ml)

L-Glutamine (200mM) 1% Biochrom (Berlin, Germany)
Recombinant human IL-3 | 20ng/ml R&D Systems (Minneapolis, USA)
Recombinant human IL-6 | 20ng/mi R&D Systems (Minneapolis, USA)
Recombinant human 20ng/ml R&D Systems (Minneapolis, USA)
TPO

Recombinant Human 50ng/ml R&D Systems (Minneapolis, USA)

SCF/C-Kit Ligand
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Recombinant human
FLT3L

50ng/ml

R&D Systems (Minneapolis, USA)

FACS Buffer —
3% PBS/BSA

volume/mass

company

PBS 500ml Lonza (Basel, Switzerland)
Bovine Serum Albumin 15mg Sigma-Aldrich (St. Louis, USA)
(BSA)

Transfer Medium (TFM) | volume company

Dulbecco’s Modified 500ml Thermo Fisher scientific (Waltham,
Eagle Medium (DMEM) USA)

FCS-inactivated 50ml Sigma-Aldrich (St. Louis, USA)
Penicillin/Streptomycin 5mi Biochrom (Berlin, Germany)
(2000U/ml)

HEPES Buffer Solution 1mi Thermo Fisher scientific (Waltham,
1M USA)

NTM-Buffer concentration company

ddH20

Tris 0,1M Carl Roth (Karlsruhe, Germany)
NaCl 0,1M Carl Roth (Karlsruhe, Germany)
MgCI 0,05M Promega (Madison, USA)
Laemmli-Buffer 3x volume company

0.5M Tris-HCI 2.5ml Carl Roth (Karlsruhe, Germany)
Glycerol 2ml

10% SDS aml Carl Roth (Karlsruhe, Germany)
0,1% Bromophenol Blue | 0.5ml

ddH20 iml

2.1.2 Cell lines

provided by

Mitomycin treated (MMC)-SNL-Feeder

cells

Culture collections - Public Health
England (Salisbury, UK)

CD34IPSC16 (healthy donor)

(Lachmann et al., 2014)

HD34E1 Azadeh Zahabi (Skokowa Lab,
TUbingen)
OKPBL2 /6 Houra Loghmani and Dorothea

Stalmann (Skokowa Lab, Tubingen)
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Human embryonal kidney
(HEK)293FT- cells

Skokowa Lab, Tubingen

2.1.3 Antibodies

Antibody

Cat.Nr. / Lot Nr. (company)

FITC Mouse Anti-Human CD16

555406/ 74339 - BD Biosciences
(Franklin Lakes, USA)

PE Mouse Anti-Human CD15

555402/5098658 - BD Biosciences
(Franklin Lakes, USA)

7AAD (51-68981E)

559925/4177939 - BD Biosciences
(Franklin Lakes, USA)

PE/Cy7 Anti-Human CD11b

301322/B193552 - BioLegend (San
Diego, USA)

APC Anti-Human CD135

313308/B192464 - BioLegend (San
Diego, USA)

APC-H7 Mouse Anti-Human CD14

560180/5167936 - BD Biosciences
(Franklin Lakes, USA)

Brilliant Violet 510 Anti-Human CD45

304036/ B204188 - BioLegend (San
Diego, USA)

Anti-hVEGFR1/FLT1 phycoerythrin
conjugated Mouse IgG1

FAB321P/LFR1212121 - R&D
Systems (Minneapolis, USA)

PE-conjugated Mouse IgG1 Isotype
control

556029/0000064454 - BD Biosciences
(Franklin Lakes, USA)

APC Mouse IgG1k Isotype control

555751/ 3312634 - BD Biosciences
(Franklin Lakes, USA)

Anti-human Tra-1-60 PE

12-8863-80/E02186-1633 —
eBioscience (San Diego, USA)

Anti-hTra-1-85 Fluorescein conjugated
mouse 1gG1

FAB31695F/LUX0411081 - R&D
Systems (Minneapolis, USA)

Anti-h/mSSEA-4 Phycoerythrin
conjugated mouse IgG3

FAB1435P/LNK1110091 - R&D
Systems (Minneapolis, USA)

IgG Isotype control Phycoerythrin
conjugated mouse 1gG3

ICO07P/AAIY0209011 - R&D Systems
(Minneapolis, USA)

Mouse IgG1 Isotype control
Fluorescein conjugated

ICO02F/LGY0812101 - R&D Systems
(Minneapolis, USA)

Anti-hSOX17-hSOX17 affinity purified
Goat IgG

AF1924/ KGA0815042 - R&D Systems
(Minneapolis, USA)

Monoclonal Anti-B-Tubulin Il antibody
(mouse)

T8660/103M4830 - Sigma-Aldrich (St.
Louis, USA)

Anti-goat IgG (FITC conjugated)

F7367/113M4807V - Sigma-Aldrich
(St. Louis, USA)

Goat anti-mouse (FITC conjugated)

AP308F/2430517 - Merck Millipore
(Burlington, USA)
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2.1.4 Cytokines and organic compounds

company

Recombinant human IL-3

R&D Systems (Minneapolis, USA)

Recombinant human IL-6

R&D Systems (Minneapolis, USA)

Recombinant human TPO

R&D Systems (Minneapolis, USA)

Recombinant human SCF/C-Kit
Ligand

R&D Systems (Minneapolis, USA)

Recombinant human FLT3L

R&D Systems (Minneapolis, USA)

Recombinant human FGF basic

Peprotech (Rocky Hill, USA)

Recombinant human BMP-4

R&D Systems (Minneapolis, USA)

Recombinant human VEGF 165

R&D Systems (Minneapolis, USA)

Recombinant human G-CSF

Stemcell technologies (Vancouver,
Canada)

L-Ascorbic Acid

Sigma-Aldrich (St. Louis, USA)

Valproic Acid Sodium salt

Sigma-Aldrich (St. Louis, USA)

2.1.5 Cell culture chemicals

Dulbecco’s Modified Eagle Medium
Nutrient Mixture F-12 HAM
(D-MEM F12)

Sigma-Aldrich (St. Louis, USA)

Chloroquin 25mM

Sigma-Aldrich (St. Louis, USA)

Poly-L-Lysin 0,01% Solution

Sigma-Aldrich (St. Louis, USA)

2xHBS (HEPES buffered saline)

Sigma-Aldrich (St. Louis, USA)

Propidiumiodid (PI)

Thermo Fisher scientific (Waltham,
USA)

DAPI (Img/ml)

Thermo Fisher scientific (Waltham,
USA)

Lenti-x-concentrator

Clontech-Takara Bio (Mountain View,
USA)

Gelatin (sterile)

Sigma-Aldrich (St. Louis, USA)

Rock Inhibitor

Wako Pure Chemicals Industries
(Osaka, Japan)

Accutase

Thermo Fisher scientific (Waltham,
USA)

STEMdiff APEL Medium

Stemcell technologies (Vancouver,
Canada)

Corning Matrigel Growth Factor
Reduced (GFR) Basement Membrane
Matrix

Corning (Corning, USA)

Paraformaldehyde (PFA)

Sigma-Aldrich (St. Louis, USA)

Sucrose

Serva (Heidelberg, Germany)

RPMI Medium 1640(1x) + GlutaMAX-|

Thermo Fisher scientific (Waltham,
USA)

Polybrene 10mg/ml

Merck Millipore (Burlington, USA)

BCIP (5-Bromo-4-chloro-3-indolyl

Sigma-Aldrich (St. Louis, USA)
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phosphate p-toluidine salt)

NBT (Nitro Blue Tetrazolium Tablets)

Sigma-Aldrich (St. Louis, USA)

Lipofectamine 2000 (1mg/ml)

Thermo Fisher scientific (Waltham,
USA)

Retronectin

Clontech-Takara Bio (Mountain View,
USA)

Bovine serum Albumin (BSA)

Sigma-Aldrich (St. Louis, USA)

Trypan blue stain (0,4%)

Thermo Fisher scientific (Waltham,
USA)

Trypsin-EDTA 0,05%

Thermo Fisher scientific (Waltham,
USA)

Bortezomib

Sigma-Aldrich (St. Louis, USA)

CaCl2 Dihydrate (2,5M)

Sigma-Aldrich (St. Louis, USA)

Wright-Giemsa stain set

Sigma-Aldrich (St. Louis, USA)

HBSS (Hank’s balanced salt solution)

Thermo Fisher scientific (Waltham,
USA)

HEPES Buffer Solution 1M

Thermo Fisher scientific (Waltham,
USA)

Stemline Il hematopoietic stem cell
expansion medium

Sigma-Aldrich (St. Louis, USA)

PBS

Lonza (Basel, Switzerland)

Anti-mouse IgK negative control
compensation Particles Set

BD Biosciences (Franklin Lakes, USA)

Triton X-100

Sigma-Aldrich (St. Louis, USA)

2.1.6 Cell culture equipment

compan

Cell culture petri dish, Nunclon
Deltasurface, 3,5cm

Thermo Fisher scientific (Waltham,
USA)

Tissue culture dish, 6cm

Corning (Corning, USA)

Sterile Nunclon Delta Surface 6-well
plate

Thermo Fisher scientific (Waltham,
USA)

Falcon 12 Well Clear Flat Bottom TC-
Treated Multiwell Cell Culture Plate

Corning (Corning, USA)

Multi-well 24 Well companion plate

Thermo Fisher scientific (Waltham,
USA)

TC-Plate 96 well Suspens. K

Sarstedt (NUmbrecht, Germany)

TC Flask T75

Sarstedt (NUmbrecht, Germany)

Centrifuge 5810R

Eppendorf (Hamburg, Germany)

Centrifuge Heraeus Megafuge 1.0R

Thermo Fisher scientific (Waltham,
USA)

Cytospin4 cytocentrifuge
e Cytoclip
e Cytofunnel
e Shandon white filter cards

Thermo Fisher scientific (Waltham,
USA)
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Menzel-glasses, ground edges, frosted
end

Thermo Fisher scientific (Waltham,
USA)

BBD 6220 CO2 Incubator

Thermo Fisher scientific (Waltham,
USA)

HEMA-TEK slide stainer

Ames Miles Laboratories (Elkhart,
USA)

Electric Pipetting aid - Pipetus

Hirschmann Laborgeréate GmbH
(Eberstadt, Germany)

Serological pipette
e 5ml
e 10ml
e 25ml

Sarstedt (NUmbrecht, Germany)

Olympus CKX41 Microscope

Olympus Life Science (Tokyo, Japan)

Wilovert S Microscope

Helmut Hund GmbH (Wetzlar,
Germany)

Counting chamber-M-NZ-Disposable
Hemocytometer chips Neubauer
Improved

NanoEnTek (Seoul, Korea)

HERA Safe HS12 Hood

Heraeus Instruments (Hanau,
Germany)

FACs Tubes -Falcon 5ml polystyrene
round —bottom tube with cell-strainer

Corning (Corning, USA)

Cell scrapper

Sarstedt (NUmbrecht, Germany)

FACS Canto Il Cytometer

BD Biosciences (Franklin Lakes, USA)

2.1.7 Molecular biology standard medium and buffer

Wet transfer buffer (1x)

Tris base (25mM) 3.03¢g
Glycine (192mM) 14.41¢g
Methanol 200 ml
ddH20 Up to 1000 ml
Running buffer

Tris (0.25M) 60.6 g
Glycerine 288.4 g

SDS (Natriumdodecylsulfat) 1% 209
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ddH20 Up to 2000 ml

TBST buffer

Tris base (25mM) 2.423 g

NacCl 8.006 ¢

Tween 20 1ml

ddH20 Up to 1000 ml

2.1.8 Primers
sequence Tmin °C

OK-FLT3-Mutation

site

FLT3_V194M_F 5-TAC ATA CAG CTT GAT GTC AAC 56,55
TAC-3

FLT3_V194M_R 5-CTG GTC TGC ATATCT GAG AGC G- | 60,61
3¢

g-FLT3-for 5-AAA TGG AAA ACC AGG ACG CC-3 59,03

g-FLT3-rev 5-TGG CAC AGC ACC TTATGT CC-3 60,32

FLT3-Sequencing

primer

Agel-KZFLT3-for | 5-GCT TTT AAC CGG TGA GGC CAT 74,63
GCC GGC GTT G-&

Afel-FLT3-rev 5-“GTC CAC GAG CGC TCT ACG AAT 70,76
CTT CGA CCT-3'

FLT3strt.ch.R478 | 5-CCA GCT TGG GTT TCT GTC AT-3 58,08

FLT3end.ch.F262 | 5-CCC GTC TGC CTG TAA AAT GGA-3' | 60,34

5

FLT3midCHECK.F | 5-CCC CTT CCC TTT CAT CCA AG-3’ 57,85

FLT3midCHECK. |5-TCT CTG TCC AAG TCC TGT GA-3’ 57,62
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R

FLT3checkclon-F | 5-AGC ATC CCA GTC AAT CAG C-3 57,51

FLT3checkclone-R | 5-CGG TCA CCT GTA CCA TCT GT-3’ 59,10

Primer for Site

directed

Mutagenesis

g22a_ 5-CAA AGC ACC CAT TCC ATG ATC 71,96
GGC TCT GGA ACG-%
5-CGT TCC AGA GCC GAT CAT GGA 71,96
ATG GGT GCT TTG-3

IPS-

Characterization

Primer

PAX6-for 5°ACCCATTATCCAGATGTGTTTGCCCG | 66,86
AG-3’

PAX6-rev 5ATGGTGAAGCTGGGCATAGGCGGCA | 70,92
G-3

FOXA2-for 5TGGGAGCGGTGAAGATGGAAGGGCA | 70,37
C-3

FOXA2-rev 5TCATGCCAGCGCCCACGTACGACGAC | 72,60
-3

AFP-for 5’GAATGCTGCAAACTGACCACGCTGGA | 68,75
AC-3

AFP-rev 5TGGCATTCAAGAGGGTTTTCAGTCTG | 66,26
GA-3

TUBB3-for 5" TAGACCCCAGCGGCAACTAT-3’ 60,69

TUBB3-rev 5- GTTCCAGGTTCCAAGTCCACC-3’ 60,82

MY H6-for 5-GCCCTTTGACATTCGCACTG-3 60,11

MYH6-rev 5- GGTTTCAGCAATGACCTTGCC-3 60,34

T-Brachyury-for 5- CTGGGTACTCCCAATGGGG-3 59,08

T-Brachyury-rev 5- GGT TGG AGA ATT GTT CCG ATG A- | 58,66
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3!

DZ DNMT3B for

5-ATA AGT CGA AGG TGC GTC GT-3' 59,48

DZ DNMT3B rev

5-GGC AAC ATC TGA AGC CAT TT-3 56,96

PRE-forward 5-GAG TTG TGG CCC GTT GT -3 62,68

PRE-reverse 5-TGA CAG GTG GCA ATG CC-3 63,33

hSox2 F 5-TTC ACA TGT CCC AGC ACT ACC 63,62
AGA-3'

hSox2 R 5’-TCA CAT GTG TGA GAG GGG CAG 68,80
TGT GC-3

LS-Nanog- 5-RVG AACACAGTTCTG GTCTTC
TG-3'

LS-Nanog- 5-WTC ACA CGG AGA CTG TCT CTC-3

cDNA synthesis

company (Cat. No.)

Oligo (dt)18 primer

Thermo fisher scientific (SO131)

Random hexamer

primer

Thermo fisher scientific (SO142)

2.1.9 Competent cells

provided by

Stellar Competent cells Clontech-Takara Bio (Mountain View,

USA)

x-Gold

QuikChange II Site-directed
Mutagenesis kit- Agilent Technologies
(Santa Clara, USA)

2.1.10 Vector and virus

description provided by
Nr. 644 hRUNX1Kontrolle(Age/Afecut Provided by Prof. Dr.
religated)pRRIppTcBx3SFhuman med Axel Schambach
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Runx1.I2EBFP

(MH), Dirk Hoffmann

Nr. 717 FLT3wt in pPRRL.PPT.CBX3SF Dr. Houra Loghmani +
hFLT3.i2.EBFP.puro.pre Dorothea Stalmann

(AG Skokowa,
Tubingen)

Nr. 736 FLT3P12Amut in pRRL.PPT.CBX3SF Dr. Houra Loghmani +

hFLT3.i2.EBFP.puro.pre Tessa Skroblyn (AG

Skokowa, Tubingen)

Nr. 636 Gag-pol for Lentivirus production Addgene (Cambridge,
USA)

Nr. 497 RSV for Lentivirus Production Addgene (Cambridge,
USA)

Nr. 582 VSV-G for Lentivirus Production Addgene (Cambridge,
USA)

FLT3-WT | pDONR223-FLT3 Plasmid Addgene (Cambridge,

basis USA)

OSKM- e OSKM plasmid Benjamin Dannenmann

Virus e psPAX2 packaging vector (AG Skokowa,

(second (Addgene) Tlbingen)

generation) | e pMD2.G packaging vector

(Addgene)

2.1.11 Antibodies western blot

Cat.Nr. (company)

FLT3 (8F2) Rabbit mAb

3462S - Cell signaling (Danvers, USA)

b-actin Rabbit mAb

4970S - Cell signaling (Danvers, USA)

Goat anti-rabbit IgG-HRP

FO515 (2004) Santa Cruz (Dallas, USA)
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2.1.12 Molecular biology chemicals

5x Phusion HF Buffer

Thermo Fisher scientific (Waltham,
USA)

PCR Nucleotide Mix - dNTP (10mM)

Roche Diagnostics (Rotkreuz,

Switzerland)

DMSO (100%)

Thermo Fisher scientific (Waltham,
USA)

MgCI2 (25mM)

Promega (Madison, USA)

Go Taq Hot start Polymerase (5u /uL)

Promega (Madison, USA)

10x TBE buffer

Lonza (Basel, Switzerland)

Gel red

Biotium (Fremont, Canada)

DNA gel loading dye (6x)

New England Biolabs (Ipswich, USA)

Gel extraction kit 250

Qiagen (Venlo, Netherlands)

Qubit dsDNA HS Assay kit

Thermo Fisher scientific (Waltham,
USA)

Quickload 1kb DNA ladder

New England Biolabs (Ipswich, USA)

Agel-HF- Restriction enzyme

New England Biolabs (Ipswich, USA)

Afel-Restriction enzyme

New England Biolabs (Ipswich, USA)

10x NEB Buffer = Cut smart Buffer

New England Biolabs (Ipswich, USA)

Calf intestinal alkaline Phosphatase
1u/ul (CIAP)

Thermo Fisher scientific (Waltham,
USA)

PCR Purification kit

Qiagen (Venlo, Netherlands)

Quick Ligation kit

New England Biolabs (Ipswich, USA)

LB-Medium

Carl Roth (Karlsruhe, Germany)

Agar-Agar, Kobe |

Carl Roth (Karlsruhe, Germany)

Ampicillin (100mg/ml)

Carl Roth (Karlsruhe, Germany)

Nucleospin Plasmid easy pure kit

Macherey-Nagel

Nucleobond Xtra maxi Kit

Macherey-Nagel

Buffer RLT Lysis Buffer 45mi

Qiagen (Venlo, Netherlands)

Rneasy mini kit

Qiagen (Venlo, Netherlands)

Omniscript RT Kit (50)

Qiagen (Venlo, Netherlands)
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e 10x RT Buffer
e Omniscript reverse

Transcriptase

LightCycler 480 SYBR Green |

Master

Roche Diagnostics (Rotkreuz,

Switzerland)

Rotiphorese gel 30

Carl Roth (Karlsruhe, Germany)

SDS (Natriumdodecylsulfat) 1%

Carl Roth (Karlsruhe, Germany)

Ammonium Persulfate (AP) 20%

Serva (Heidelberg, Germany)

Temed

Carl Roth (Karlsruhe, Germany)

Tris (0.25M)

Carl Roth (Karlsruhe, Germany)

Glycerin, Rotipuran

Carl Roth (Karlsruhe, Germany)

Methanol

Carl Roth (Karlsruhe, Germany)

Reversible protein staining kit

Thermo fisher scientific (Waltham,
USA)

Sodium chloride

Carl Roth (Karlsruhe, Germany)

Tween 20

PanReac AppliChem (Darmstadt,
Germany)

Page Ruler prestained Protein ladder

Thermo fisher scientific (Waltham,
USA)

Powdered milk

Carl Roth (Karlsruhe, Germany)

Pierce ECL WB Substrate

Thermo fisher scientific (Waltham,
USA)

Amersham Protran Premium 0,2um

Nitrocellulose membrane

GE Healthcare life science (Chicago,
USA)

Amersham Hyperfilm

GE Healthcare life science (Chicago,
USA)

QIAamp DNA mini kit

Qiagen (Venlo, Netherlands)

5x Green GoTaq Flexi Buffer

Promega (Madison, USA)

SeaKem LE Agarose 5009

Lonza (Basel, Switzerland)
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2.1.13 Molecular biology equipment

DNA LoBind Tube 1,5ml

Eppendorf (Hamburg, Germany)

Mastercycler nexus GX2

Eppendorf (Hamburg, Germany)

Wide Mini-Sub Cell GT Cell
e Mini gel caster
e Sub-Cell GT UV-Transparent
Wide Mini-Gel Tray
e 20-well comb

e 15-well comb

Bio-Rad Laboratories (Hercules,
USA)

Precision Balance max. 500¢g

Kern (Balingen, Germany)

PCR Tubes 0,2ml - Multiply pStrip

Pro mix.colour

Sarstedt (NUmbrecht, Germany)

Gel iX20 Imager

Intas (Goéttingen, Germany)

Feather sterile disposable scalpel

Sigma-Aldrich (St. Louis, USA)

Qubit 2.0 Fluorometer

Thermo Fisher scientific (Waltham,
USA)

Thermomixer compact

Eppendorf (Hamburg, Germany)

Centrifuge 5418

Eppendorf (Hamburg, Germany)

Water bath Haake W13

Gemini B.V (Apeldoorn — Netherland)

New Brunswick scientific Innova 44

Incubator shaker series

Eppendorf (Hamburg, Germany)

Fuego basic Bunsen burner

Carl Roth (Karlsruhe, Germany)

Bacterial cell spreader sterile

Carl Roth (Karlsruhe, Germany)

Bacteria tubes — 14ml PP Tube sterile

Greiner bio-one (Kremsmdunster,

Austria)

Petri dish

Sarstedt (NUmbrecht, Germany)

Nanodrop spectrophotometer

Thermo Fisher scientific (Waltham,
USA)

UVC/T-AR, DNA/RNA UV-cleaner

box

BioSan (Riga, Latvia)

96-well Light cycler plate

Sarstedt (NUmbrecht, Germany)
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Adhesive g-PCR seal

Sarstedt (NUmbrecht, Germany)

Light cycler 480

Roche Diagnostics (Rotkreuz,
Switzerland)

Mini-PROTEAN Tetra Vertical

Electrophoresis chamber

Bio-Rad Laboratories (Hercules,
USA)

Mini-PROTEAN Tetra Cell Casting
Module

e Gel casting module

e Casting stands

e Casting frames

e Combs

e Short and spacer plates

e Sample loading guide

Bio-Rad Laboratories (Hercules,
USA)

Mini trans-blot module
e Gel holder cassettes
e [Foam pads
e Electrode assembly

e Cooling unit

Bio-Rad Laboratories (Hercules,
USA)

PowerPac HC power supply

Bio-Rad Laboratories (Hercules,
USA)

AGFA CP1000 developing machine

Diagnostic imaging systems (Rapid
city, USA)

2.1.14 Software

Windows 10
o Excel
e Words

e PowerPoint

e Data analysis and graphic
representation
e MD-Thesis

e Presentations

FlowJo V10 Software

FACS data analysis

Primer-blast

www.ncbi.nlm.nih.gov/tools/primer-

Primer design
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blast/ (Ye et al., 2012)

Primer3input: Primer design

http://primer3.ut.ee/ (Untergasser et

al., 2012)

Chromas Pro 1.76 Software Sanger sequencing result analysis
Light Cycler 480 software Real-time PCR data analysis
DIVA FACS Software Compensation of multicolor FACs
Axiovision 4.8 software Immunocytochemistry

2.2 Methods

2.2.1 Polymerase chain reaction (PCR)

Aim of the polymerase chain reaction (PCR) was to extract and replicate the
full-length functional wildtype FLT3 gene. PDONR223-FLT3 plasmid (Addgene)
was used as a DNA template. The Agel-KZFLT3-for- and Afel-FLT3-rev-
primers (2.1.8) were used which included a start/stop codon, a Kozak region to
improve the translational yield and the two restriction sites Agel and Afel. The

reaction mix was combined as follows:

Table 1. PCR reaction mix

H20 13,8ul
5x Phusion HF Buffer 4ul
dNTP (10mM) 0,4l
Primer mix Agel/Afel (10pmol/ul) 0,25pl
PpDONOR223-FLT3 Plasmid (1ug/ul) 0,25ul
DMSO (100%) 0,6ul
MgCI2 (25mM) 0,5ul
Go Tag Hot start Polymerase (5u/ul) 0,2ul

An initial temperature of 98°C for 30 seconds, 32 cycles of denaturation for 10

seconds at 98°C, annealing and elongation for 30 seconds at 72°C were
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chosen. A final elongation at 72°C for 10 minutes and a reaction stop at 4°C

followed.

2.2.2 Electrophoresis and gel extraction

For size dependent separation of the PCR-mix, an electrophoresis on 0,8%
agarose gel, made with 1x TBE buffer and gel-red in a 1:10.000 dilution, was
used. 6x loading dye and a 1kb DNA ladder was chosen. Electrophoresis was
performed for 40 min at 150V.

The result was evaluated under UV light (Gel iX20 imager, Intas) and the FLT3
band at 3,5kb was cut from the gel manually. To extract the DNA, the Gel
Extraction kit (250) (QIAGEN) was used according to the provided protocol.

The DNA concentration was measured with the Qubit 2.0 dsDNA HS Assay,
following standard protocol.

2.2.3 Cloning

The aim of the cloning process was to produce a wild type FLT3-vector. The
vector of choice was “RUNX1wt in pRRL.PPT.CBX3SFhRUNXL1.i2.EBFP.puro.
pre“ and ,RUNX1K43Qmut inpRRLppTcBx35FhRunx.12. EBFP.puro.pre®. Both
vectors have the same lentiviral backbone which includes an ampicillin
resistance and a blue fluorescent protein (BFP) sequence. Additionally, the
vector includes a CBX3 promoter region, which allows viral integration in iPSC
genome without epigenetic vector silencing (Hoffmann et al.,, 2017). The
RUNX21 cDNA that was originally a part of the vector, was removed by the Agel
and Afel restriction enzymes and was replaced by the FLT3 full cDNA sequence

amplicon.
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Figure 4. Lentiviral vector used for the cloning of FLT3

Lentiviral vector with ampicillin resistance, blue fluorescence protein sequence, CBX3 promoter
and Agel/Afel restriction sites adjacent to the Runxl cDNA sequence (Modified after: Prof. A.
Schambach, Medizinische Hochschule Hannover, Germany).

2.2.3.1 Digestion

FLT3

The aim was to extract the RUNX1 cDNA and insert the FLT3 wildtype cDNA
amplicon (NM_004119). The digestion protocol of the Agel-HF- and Afel-

restriction enzymes (New England Biolabs) was varied to digest the FLT3

amplicon as well as the vectors of choice.

Table 2. Digestion reaction mix, modified from New England Biolabs Agel-HF and Afel-
restriction enzyme protocol

Standard Vector (1pg/ul) FLT3 template
Protocol Doubled (34ng/ul)
protocol
DNA 1lpg 2ug = 2ul 1pg =34pl
Agel-restriction 10 units 4ul, 8ul, 8l 2ul
enzyme
Afel 10 units 2ul, 4pl, 2pl 1pl

33




10x NEB Buffer = | 5ul 10pl 5ul

Cut smart Buffer

H20 Rest volume for | 82pl, 76pl, 78l 8ul
50ul

Incubation 37°C 37°C 37°C

temperature

Incubation time 1h 2h, overnight, 1h | 2h

2.2.3.2 Dephosphorylation

To avoid plasmid recirculation, the 5-end of the vector DNA was
dephosphorylated using Calf Intestinal Alkaline Phosphatase (CIAP)
(Fermentas). 20 units of CIAP were incubated with the reaction mix for 2h at
37°C.

2.2.3.3 Gel electrophoresis and gel extraction

The vector template was separated by electrophoresis according to the protocol
described in 2.2.2.

The 9,5kb band, correlating with the size of the vector backbone, was cut out
and the DNA was extracted from the gel, as described in said protocol (Gel
Extraction kit (250) by QIAGEN).

2.2.3.4 Insert purification
To isolate the FLT3 insert from restriction enzymes and DNA fragments of the
different size, the restriction enzymes were heat inactivated at 65 °C for 20 min.

Afterwards, the PCR product was purified according to the kit instructions

(Qiagen).

2.2.3.5 Ligation
A modified version of the New England Biolabs Quick Ligation kit protocol was
used. Two different ratios of vector to insert were used: 30ng of vector with a 3-

fold and 5-fold molar excess of the insert (calculated with the NEB calculator).
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Additionally, three different control groups were prepared for troubleshooting

purposes:

e Control 1: uncut vector + no ligase

e Control 2: cut vector + ligase

e Control 3: water + ligase

The vector, the insert and the uncut vector were incubated for 5min at 62°C.

The reaction mix was pipetted as follows:

Table 3. Ligation mix, modified from New England Biolabs Quick Ligation kit protocol

40ul 1:3 1:5 Control 1 Control 2 | Control 3
reaction Uncut Cut vector

vector
2x  Quick | 20pl 20ul 20ul 20yl 20ul
Ligase
buffer
Enzyme 2ul 2ul i 2ul 2ul
(Ligase)
vector 30ng =18ul | 30ng=18ul | 30ng=0,03ul | 30ng=18ul | /111
Insert 29ng=1,5ul | 48ng=2,5ul | /T | T |
Water 0,5ul M| 19,7ul 2ul 20yl

After a quick spin down using a centrifuge, the reaction mix was incubated for
5min at 24°C.

2.2.3.6 Transformation

For the transformation, a competent strain of E. coli bacteria (Stellar, Clontech)
was used. The modified transformation protocol from New England Biolabs was
used.

4ul (approx. 10ng) of the ligation mixture and 100ul of competent cells were
gently mixed and incubated for 30min on ice. They were abruptly heated in a
42°C water bath for exactly 30s. The mixture was then added to 950ul of room

temperature LB-Medium and kept for 60min at 37°C in an incubator shaker at

35




250rpm. The bacteria were evenly distributed on Agar plates in three different
concentrations (200ul, 400ul, 100ul). The plates were kept drying for a few
minutes before being placed upside down in an incubator (37°C) overnight.
Single colonies were picked and suspended in 2ml of LB-Medium + ampicillin

(1:1000). These tubes were incubated overnight at 37°C and 250rpm shaking.

2.2.3.7 Mini-preparation

For the mini-preparation, the Nucleospin Plasmid easy pure kit (Macherey-
Nagel) was used and the corresponding protocol was followed (Pc and Bac,
2011).

The success of the cloning process was evaluated by enzymatic digestion

(2.2.3.1), electrophoresis (2.2.2) and Sanger sequencing.

2.2.3.8 Maxi-preparation

Two clones were selected for maxi-preparation. 300ml of LB-Medium, ampicillin
(1:1000) and 400ul of minipreparation bacteria was combined and incubated
overnight at 37°C and 180rpm.

The Nucleobond Xtra Maxi Kit (MACHEREY-NAGEL, 2020) was used,

according to the manufactures protocol.

2.2.4 Sequencing

The absence of unwanted mutations in the FLT3 cDNA sequence of the cloned
wild type FLT3 vector was confirmed by Sanger sequencing (performed by
GATC Biotech). The sequence was analyzed with the ChromasPro 1.76
Software. To examine the whole cloned FLT3 cDNA Sequence, additional

primers (2.1.8) were designed.

2.2.5 Primer design
The primer design was performed using the following websites:
e PubMed: http://www.ncbi.nlm.nih.gov/pubmed

e Primer-blast: https://www.ncbi.nlm.nih.gov/tools/primer-blast/ (Ye et al.,
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2012)
e Primer3input: http://primer3.ut.ee/ (Untergasser et al., 2012)
Primers were synthesized by Eurofins Genomics GmbH (Ebersberg, Germany).

2.2.6 Transfection

A 6-well plate was coated with 10% Poly-L-Lysin to improve the attachment of
the cells. For this, plates were incubated with Poly-L-Lysin at 37°C for 30-120
min and washed twice with PBS.

2,5x10° HEK293FT-cells per well were seeded in SNL Medium (2.1.1).

As soon as a confluency of approximately 70% was reached, the medium was
changed to pure DMEM to deprive the cells of the FCS. A lipofectamine mix
was prepared containing lipofectamine 2000 and pure DMEM in a ratio of 3:197.
The mix was incubated at room temperature for 5 min. Plasmid mixes were
prepared containing 1pug Plasmid/200ul DMEM. The lipofectamine mix and the
plasmid mixes were combined in equal parts and incubated for 20 minutes at
room temperature. 400ul of the plasmid/lipofectamine mix per well was added to
the cells and cells were incubated for 6-8h at 37°C before the medium was
changed to SNL-Medium.

2.2.7 RNA Isolation and cDNA Synthesis

Between 5x10° and 5x108 cells were collected, washed and resuspended in
350pl the RLT-Buffer. RNA was extracted using the "RNeasy Mini Kit" (Qiagen),
according to the manufactures protocol.

The RNA concentration was measured with the nanodrop spectrophotometer
(Thermo Fisher scientific) and 500ng of RNA was used for cDNA synthesis.
500ng of RNA was incubated with 2pl of Oligo dT 18 primer (10uM) and the
same amount of Random Hexamer Primer (10uM). ddH20 was added to the
reaction mix up to a volume of 31pl. An incubation at 70°C for 5 min and at 4°C
for 1 min followed. Per sample, 4pul of 10xRT buffer, 4ul of ANTPs and 1pl of RT
enzyme were added. The synthesis proceeded with incubation periods of 2min

at room temperature, 60min at 42°C, 10min at 72°C and a cool down to 4°C.
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The cDNA was kept at -20°C until further use.

2.2.8 Real-time PCR

In each well of a 96-well plate, 5ul of SYBR Green, 0,8ul of a primer mix for
forward and reverse strand (10pmol/ul) and 4,2ul of a 1:20 diluted cDNA
sample were combined. The preparation was done at 4°C and the plate was
centrifuged for 1 min at 1300 rcf.

The PCR reaction was performed with the Light cycler 480 (Roche life science)

The protocol for the PCR was as follows:

Table 4. Real-time PCR cycling protocol

time temperature
Pre-incubation 5min 95°C
Amplification (45 cycles) 10s 95°C
10s 60°C
10s 72°C
Melting curve 5s 95°C
1min 65°C
97°C
Cooling 30s 40°C

The results were analyzed with the Light Cycler 480 software and Excel.

2.2.9 Western blot

1075 cells were fixed in 20pl of laemmli 3x Buffer (2.1.1). The samples were
denatured for 7 min at 95°C and then centrifuged for 1 min at 20238 rcf.
Polyacrylamide gels were prepared according to conditions described in Table
5. Polyacrylamide gelTable 5, dividing the gel into a lower separation and an
upper stacking segments.

10ul of the sample (lysate of approximately 5x10™4 cells) was loaded per well
and the electrophoresis chamber was filled with running buffer (2.1.7). Starting
at 80V for approx. 40 min, the voltage of the electrophoresis was later increased

to 150V for the remaining running time.

38




Table 5. Polyacrylamide gel

Separation gel (2 gels)

Stacking gel (2 gels)

ddH20 4.3ml 3ml

Tris Base 3ml (1.5M-pH 8.8) 1.5ml (0.5M — pH 6.8)
Acrylamide 30% 3.2ml iml

SDS 1% 1.5ml 0.5ml

AP 20% 24l 12pl

Temed 24l 12pl

Following the electrophoresis, the proteins were transferred onto a

nitrocellulose membrane (0.2um) (GE Healthcare life science) by blotting for 1h
at 4°C and 0.3A submerged in the wet transfer buffer described in 2.1.7.

To confirm equally loading of the proteins, a reversible protein staining kit
(Thermofisher scientific) was used to stain the proteins and after evaluation of
the protein distribution throughout the samples, protein staining was erased
again.

The membrane was washed in TBST Buffer and blocked in 5% milk in TBST for
1h. Lastly, the membrane was treated with the primary antibodies (FLT3 and 13-
actin) in a 1:1000 dilution in 5% milk at 4°C overnight.

The next day, the membrane was washed and incubated in the secondary
antibody in a dilution of 1:2000 in 5% milk for 2h at room temperature.

After an additional washing step with TBST, the membrane was incubated with
the detection reagents (Pierce ECL WB Substrate) for 1 min and images were
developed with the AGFA CP1000 developing machine on Amersham
Hyperfilms.
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2.2.10 Virus production and -titration

For the Wild-type FLT3-Vector (#717), the mutant FLT3-Vector (#736) and, as a
negative control, the empty-vector (#644), containing only the vector backbone,
virus particles were produced.

For the virus production, different retroviral packaging vectors were used as
follows: 12 pg of gag-pol (#636), 5 ug of RSV (#497), 2 ug VSV-G (#582) as
well as 50 pl of 2,5 M CaCl2, 10 ug of the target vector and 50 pl of H20.

This mixture was released into 500 pl of 2xHBS under constant bubble
production with a Pasteur pipette. After continued bubbling for another 15-20s
and a gentle shake, the mixture was incubated for 20 min at room temperature.
HEK293FT cells were exposed to a mixture of TFM medium and 25uM
chloroquine in equal parts. The vector mixes were added drop by drop to the
HEK293FT-cells and incubated for 12-14h at 37°C.

The medium was changed to pure TFM-Medium and after 24h and 48h the
medium with the newly produced virus particles was collected for virus
concentration.

The virus concentration was performed according to the provided protocol of
Lenti-x concentrator (Clontech).

For titration of the virus, a 24 well plate with HEK293FT cells at 70% confluency
was prepared. The medium was changed to 1ml of SNL-Medium + 4 pg/ml
polybrene. A serial dilution was prepared, starting with a virus dilution of 1:100.
Each following well, the virus concentration was diluted further 1:10. For the
mutated-FLT3-virus, the dilution row was started at a dilution of 1:20.

The plate was incubated for 72h at 37°C. The cells were collected for FACS
analysis to examine the number of live (Pl negative) and transduced (BFP

positive) cells, therefore characterizing the potency of the virus.

2.2.11 Bortezomib treatment

HEK293FT cells were transfected according to the protocol previously
described (2.2.6). 24h after transfection, the cells were treated with different
concentrations of Bortezomib (1uM, 10uM, 100uM) as well as three groups of

corresponding concentrations of DMSO as vehicle control (1:10.000; 1:1000;
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1:100). After 24h, the cells were collected, counted and lysed in Laemmli-Buffer
3x for protein analysis by WB (2.1.1) or FACS (2.2.15.1).

2.2.12 Generation of induced pluripotent stem cells (iPSC)

For the generation of patient-iPS cells, patient peripheral blood mononuclear
cells (PBMNC) were expanded for one week in expansion medium (2.1.1). After
6 days, 3 wells of a 24-well plate were coated with retronectin and incubated
overnight in a wet chamber at 37°C. Retronectin was removed and the wells
were washed for 30 min with PBS/BSA 2% and for 20 min with HBSS/HEPES
2,5%. 1,5x10° PBMNCs per well were seeded and subsequently each well was
assigned a different multiplicity of Infection (MOI) (0.5, 1, 2) of the OSKM virus.
According to the desired MOI, the titer of the OSKM virus and the number of
cells, the required amount of virus was calculated, mixed with 50pl of Stemline
Medium and added to the wells.

MOI x number of cells to treat
Titre

= volume of virus

The plate was centrifuged for 99min at 2000 rcf and 16°C.

The expanded patient cells were collected, washed once with PBS, counted,
and centrifuged. After the centrifugation, the supernatant was removed and 1,5
x 10° cells in 1ml of expansion medium were added to each well. 20min
centrifugation at 300g and 16°C followed. The cells were incubated in a wet
37°C chamber for 5 days. On day 6, the cells were collected and pooled
together. Afterwards they were resuspended in a mixture of 1,5 ml of new
expansion medium and 1,5ml of hIPS maintenance medium (2.1.1)
supplemented with bFGF (30ng/ml), L-ascorbic acid (50ng/ml), and valproic
acid (332,4 ng/ml). The cells were seeded on an MMC-SNL-cell coated 6cm-
dish. On day 9 and day 12, 1,5ml of hIPS maintenance medium with bFGF
(30ng/ml) was added. On day 14 and then on every following second day, the
medium was changed completely to hIPS medium. On day 30, single colonies

were selected and each of these clones was passaged on the MMC-SNL-cell

41



coated 3,5cm-dish. The following treatment was conducted according to the

iPS-maintenance-protocol (2.2.13).

2.2.13iPSC maintenance

The iPSC-colonies were cultured in 6cm-dishes on MMC-SNL feeder cells. The
6cm-dishes were coated for 15min with 0,1% sterile gelatin. The surplus of
gelatin was aspirated and 3,75x10° feeder cells were plated per 3ml of SNL-
medium for one dish. The dishes were incubated overnight at 37°C. After 11
days, the iPS cell plates were passaged by gently detaching, aspirating and
disintegrating the iPS colonies into smaller fragments. After aspirating the SNL-
Medium of the new feeder plate, the iPS colony fragments were reseeded in
3ml of new iPS-medium with bFGF (30ng/ml). This medium was changed daily
starting the second day after first passage.

2.2.14 Embryoid bodies (EB) formation and hematopoietic differentiation

iIPSCs were cultured for 10-15 days in iPSC-Medium supplemented with
30ng/ml of bFGF. Rock Inhibitor in a dilution of 1:1000 was added to the plate
and incubated for at least 2 hours. The cell culture medium was aspirated and
the cells were incubated for up to 5 min with prewarmed accutase at 37°C. The
detaching feeder cells were aspirated and the enzymatic reaction of the
accutase was stopped with the FCS containing SNL-Medium. The detaching
IPS-colonies were collected and the cells were counted. The cells were diluted
in APEL Medium supplemented with Rock Inhibitor (1:1000) and bFGF
(20ng/ml) in a concentration of 20.000 cells per 100ul medium. 100ul of cell
suspension was added per well of a 96-well TC plate (Sarstedt). The plate was
centrifuged at 1500 rcf for 5 min. at 5°C. The cells built a nice spherical
structure at the bottom of the well. The plate was incubated at 37°C overnight.
On the second day, 100ul of APEL supplemented with bFGF (40ng/ml) and
BMP4 (40ng/ml) was added per well. On the third day, a 6-well plate was
coated with matrigel (303ug/ml) in D-MEM F12 and incubated at 37°C
overnight. On the fourth day, the embryoid bodies (EBs) were carefully picked
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up with a pipette and 10 EBs were added to 1,5 ml of APEL supplemented with
VEGF (40ug/ml), SCF (50ug/ml) and IL3 (50ug/ml). Of the previously coated 6-
well matrigel plate, the matrigel was aspirated and the surface was washed
once with PBS. Afterwards, 10 EBs per well in 1,5 ml medium were plated. On
day 8, 1,5 ml of new medium was added containing different cytokines and
forming various groups:

e "[L3"=IL3 (100ug/ml)

e "IL3-GCSF" = IL3 (100pg/ml) + G-CSF (100ug/ml)

e "[L3-GCSF-FLT3L" = IL3 (100ug/ml) + G-CSF (100ug/ml) + FLT3L

(100ug/ml)

Starting from day 12, once a week, floating cells were collected and 1,5 ml of
the old medium in combination with 1,5ml of new medium with the same

cytokines was added to the embryoid body plate again.

2.2.15 Flow cytometry (FACS)

Flow cytometry analysis of cell surface markers was performed on HEK293FT-
transfected cells, iPSCs, Embryoid body cells and EB- derived floating cells
(suspension cells). Two methods of FACS analysis can be distinguished: single
staining FACS evaluates the expression of one specific cell surface marker. Far
more challenging is multicolor FACS where multiple surface markers are
analyzed at the same time, thus allowing complex information on receptor

expression and identification of specific cell populations.

2.2.15.1 Single staining FACS

Attached cells were collected by treating the plate with accutase or trypsin for 5
min at 37°C and stopping the enzymatic reacting with an FCS containing
medium. Through vigorous pipetting, single cells suspension was produced,
cells were washed and counted.

A minimum number of 10* cells were diluted in 50ul of PBS/BSA 3% and
pipetted into the FACs tubes. For each cell line, following samples were
prepared:

e 1 tube of unstained cells

43



e 1 tube of isotype control
¢ 1 tube with the target antibody (sample)
Antibody concentration (ul of antibody/50ul cell suspension):
- embryoid body cells (hIPS derived): FLT3- 2ul, FLT1-3ul
- HEK293FT transfected cells: FLT3-0,5pl
While the antibody and the isotype control were added, as well as during the
following incubation time of 20 min, the samples were kept on ice and in the
dark. Afterwards, the cells were washed with 1ml of PBS/3% BSA and
centrifuged for 5min at 1300rpm and 4°C. The supernatant was discarded and
the cells, except for the unstained group, were diluted in cell staining buffer:
e iPS cells: 300ul of PBS/3% BSA + DAPI (1:1000)
e Transfected 293FT cells: 300ul of PBS/3% BSA+ PI1 (1:5000)
The cells were processed on the FACS Canto Il Cytometer and the results were
analyzed using the FlowJo Software.

2.2.15.2 Multicolor FACS

The primary steps of cell collection, washing and counting were the same as
described in 2.2.15.1. 7 FMOs (fluorescence minus one) + 1 sample with all the
antibodies (all in) + 1 unstained tube + compensation controls were prepared.
The cells were diluted in 50ul of PBS/3% BSA and added to the FACS tubes.
An antibody master mix was prepared as described in table 6.

Table 6. Multicolor FACS antibody panel for late myeloid differentiation

Antibody master mix Volume
CD45 BV510 / Amcyan Sul / 1l
CD15 PE 5ul

CD16 FITC 5ul
CD11b PE-Cy7 5ul

CD14 APC-H7 5ul
CD135 APC 5ul

7AAD PerCP-Cy5.5 2ul

PBS Up to 50ul
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50ul of the antibody master mix was added to each tube and tubes were
incubated at 4°C in the dark. For each fluorescent dye, a compensation control
was prepared: 1 drop of anti-mouse positive compensation beads + 1 drop pf
negative compensation beads + an antibody in the same amount as given to
the sample. The compensation controls were incubated for 20 min at 4°C in the
dark. The compensation controls and cells were washed and diluted in 300pul of
PBS/3% BSA. The compensation controls and cells were measured on the
FACS Canto Il Cytometer, compensated with the DIVA FACS Software and the

results were analyzed with the FlowJo V10 Software.

2.2.16 DNA isolation, -gene amplification and mutational analysis

For further investigations, iPS cells were collected and lysed according to the
instructions of the “protocol for cultured cells” of the QlAamp DNA mini kit
(QIAGEN). The extracted DNA was measured using Qubit 2.0 dsDNA HS
Assay (2.2.2). The FLT3 template was further amplified by PCR reaction to

allow a sufficient amount of cDNA for the following Sanger sequencing:

Table 7. FLT3 amplification mix

Green fluorescence buffer 4ul

dNTP (10mM) 0,54l
Primer mix Agel/Afel (10pmol/ul) 4ul

DNA template 50ng
MgCI2 (25mM) 1ul

Go Taq Hot start Polymerase (5u/ul) 0,2ul

H20 Up to 21l

The samples were run for 2min at 96°C, followed by 35 circles of 30s of 95°C,
30s of 58°C and 45s of 72°C. Afterwards, the samples were incubated for 2min
at 72°C and cooled down to 8°C. The DNA was separated by electrophoresis,
followed by an extraction of the 3.5 kb FLT3 cDNA band according to protocol

2.2.2 and Sanger sequencing was performed as described in 2.2.4.

45



2.2.17 Alkaline Phosphatase staining
The medium was removed from the iPSC plate. The plate was washed once
with PBS. The cells were fixed with 4% PFA-Succrose and incubated for 2 min
at room temperature. The plate was washed again with PBS. Staining dye was
added and incubated for 20 min at room temperature in the dark:

e 10ml NTM Buffer (0,1M Tris pH 9,5 + 0,1M NaCl + 0,05M MgCl)

e 333ulNBT

e 35ul BCIP
After washing with PBS, the cells were stored at 4° in PBS.

2.2.18 Cytospin slides preparation

Per cytospin slide, 10* cells were collected, washed and diluted in 150ul PBS.
The cells were fixed on the Menzel glass slide by centrifugation at 400rpm on
the cytospin centrifuge. The slides were dried for 1min before they were stained
with Wright-Giemsa stain in the HEMA-TEK slide stainer.

2.2.19 Immunocytochemistry

For the characterization of iPS cells, spontaneously differentiated iPSC were
stained for SOX17- (endoderm) and TUBB3-(ectoderm) positivity.

iPS cells were collected and washed. Per well of a 96 well TC plate (Sarstedt),
20.000 cells were seeded in iPS maintenance medium. The plate was
centrifuged at 1500 rcf, 5 min at 5°C. The cells were incubated at 37°C for 4
days with daily medium exchange. After that, the cells were plated on a matrigel
coated 12-well plate. The cells were left for spontaneous differentiation for 26
days with medium changes about every 3 days. After the appearance of certain
signs of differentiation (e.g. colony disintegration), immunocytochemistry was
performed. The cells were washed with 0.1% PBS/Tween and fixated for 10min
with 4% ice-cold PFA. After additional washing, the cells were permeabilized
with 0.2% Triton for 10 min. Blocking was performed at room temperature for 1h

in 0,1% PBS/Tween+ 1mg/ml BSA. The primary antibodies were diluted as
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suggested by the company (SOX17 — 10ug/ml) (anti-b-Tubulin 1l — 1:400) in
this blocking buffer and incubated overnight at 4°C.

The next day, the cells were washed twice for 10min. with 0,1% PBS/Tween
and then incubated with the secondary antibody at 37°C for 2h. For SOX17
staining, a rabbit anti-goat antibody (1:400 dilution) and for Tubulin Il staining, a
goat anti-mouse antibody (1:200), both FITC-conjugated, were used.

The cells were washed again and treated with DAPI (1:1000 dilution), as a
nuclear dye, for 10min. Cells were analyzed and images were recorded using

an Olympus CKX41 microscope and the Axiovision 4.8 software.

3 Results

3.1 Patient case

We are introducing a patient, who has been diagnosed with severe congenital
neutropenia (CN) at one year of age. Throughout his childhood, he experienced
frequent infections of the skin, abscesses of the mucosa (anal abscesses and
gingivostomatitis) as well as pneumonitis, enteritis and tonsillitis (Welte et al.,
1990). The bone marrow shows a maturation arrest at the promyelocytic stage
(slightly elevated cell count) and a lack of subsequent cells starting from the
stage of myelocytes. Despite a regular white blood cell count, a substantial
neutropenia, as well as a modest eosinophilia and lymphocytosis can be seen.
Furthermore, an exceptionally high percentage of monocytes (5-18x the
reference) was observed. Analyzes of bone marrow and peripheral blood are

seen in Table 8.

Table 8. Patient bone marrow and differential blood count prior to rhG-CSF and rhGM-
CSF treatment

Bone marrow: Patient Reference
(Isermann, 2013)

Promyelocytes (%) 5 0-7.5

Myelocytes (%) 1)) 5-25
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Peripheral blood: Patient Reference
(Isermann, 2013)
White blood cells (10°%/L) 8.0 4.0-9.0
Neutrophils (%) 0(lLl) 50-70
Eosinophils (%) 7D 2-4
Basophils (%) 0 0-1
Monocytes (%) 37 (111 2-8
Lymphocytes (%) 41 (1) 25-40
Platelets (10%L) 231 150-300
Hemoglobin (g/dI) 14 14-17.5 (male)

Comparison between the index patients cell count and the reference cell count in healthy
individuals (Welte et al., 1990; Isermann, 2013).

The histological analysis of bone marrow samples emphasizes differences
between healthy individuals, typical severe congenital neutropenia (CN)
patients and this particular patient (index patient): while healthy donors show a
variety of progenitor cells at different stages of differentiation and typical CN
patients display the maturation arrest of granulopoiesis at the promyelocytic
stage, our index patient has an increased number of monocytic progenitor
(Figure 5).

Severe congenital
Healthy individual neutropenia (SCN) Patient

o

c ~cﬁ,ﬂ

J‘ o,

Figure 5. Histological comparison of bone marrow samples from healthy individuals, a
typical CN patient and the index patient

Unusual is the extremely high number of monocytes, that were detected in the
peripheral blood of this patient (AMC=3.438/ul), which increased even further
after G-CSF treatment (AMC=24.800/ul) (reference AMC is 70-840/ul) (Welte et
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al., 1990; Isermann, 2013). The neutrophil count in this patient increased only
modestly to approx. 1000/ul at a G-CSF dosage of 5ug/kg/day (Welte et al.,
1990).

Interestingly, this patient has no known mutations in CN-related genes such as
ELANE, HAX1 or G6PC3. Next-generation whole genome sequencing of DNA
samples of patient and his mother (father is not available) has revealed several
heterozygous and homozygous mutations and single nucleotide polymorphisms
(SNP), which have been analyzed for their importance in hematopoiesis and
myelopoiesis. Furthermore, microarray analyses of G-CSF and GM-CSF treated
CD34*CD33" cells (patient and healthy donor) have been evaluated to find
differences in gene expression. Ingenuity Pathway Analysis (IPA) has been
used to find affected pathways with relevance to hematopoiesis.

We performed whole exome sequencing and identified two candidate SNPs that
might be responsible for his disease: a heterozygous mutation in the Fms-like
tyrosine kinase 3 (FLT3) gene (c.C662T, NM_004119.2, rs146030737), leading
to a Valine to Methionine change (V194M), shared with his healthy mother, and
a heterozygous FLT1 mutation (P1201L, rs140861115), that was not presented
in mother's DNA. We were not able to perform genetic analysis of patients
father.

Considering FLT3s role in myelomonocytic differentiation (1.3), we decided to
focus in this thesis on the FLT3 V194M mutation. It is located in exon 5 which
translates to the extracellular part of the receptor. This missense mutation has
been identified as possibly damaging by PolyPhen-2
(http://genetics.bwh.harvard.edu/pph2/) (Adzhubei et al., 2010). Using SIFT and
PMUT web tools, Frohling et al. have predicted no pathological consequence
for this mutation on AML pathogenesis (Frohling et al., 2007). Nevertheless, in
2017 it was found that this particular mutation can be associated with a
monocytic phenotype (Mousas et al., 2017).

The heterozygote missense FLT1 mutation is not being shared by the healthy
mother of the index patient, making it an interesting candidate for studies

researching the combined effect of FLT3 and FLT1 genetic variants on the
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myelo-monocytic differentiation. It has been predicted by PolyPhen-2 as

possibly damaging.

3.2 Analysis of V194M-FLT3 mutation using an overexpression system
HEK293FT cells were transfected with a wildtype-FLT3-vector, a V194M-FLT3-
mutated vector and a negative control (“empty vector”) containing the lentiviral
backbone of the plasmid. The effect of the FLT3 mutation on the expression
levels of FLT3 mRNA- and protein was evaluated using gRT-PCR, WB and
FACS.

3.2.1 Production of a wildtype FLT3 vector

For the backbone of the new FLT3 wild type vector, a lentiviral vector containing
an ampicillin resistance as well as a Blue Fluorescence Protein (BFP) sequence
was chosen. The vector contained originally the RUNX1 cDNA with the
restriction sites of Agel and Afel, which was extracted by enzymatic digestion
and replaced by the FLT3 template.

pDONR223-FLT3 plasmid (Addgene) was used to acquire a wild type FLT3
template. The extraction of the FLT3 sequence was accomplished using the
Agel-KZFLT3-for and Afel-F-rev, simultaneously adding the restriction sites of
Agel and Afe 1 as well as a Kozak region for additional yield. The primers had
been previously designed by members of Skokowa Lab. Furthermore, a Kozak-
Sequence was used to increase the translational yield of the plasmid. The FLT3
template was extracted from pDONR223-FLT3 plasmid and multiplied by PCR
(2.2.1). The PCR product was separated on a 0,8% Agarose gel at 150V. The 3
kB band matched the size of FLT3, as reported by the manufacturer (Addgene).
The band was extracted and the FLT3 template was separated from the gel as
described in 2.2.2. The cloning process was performed using protocols
described in 2.2.3.

To ensure the success of the FLT3 wild type vector production, the new WT-
FLT3 vector (717) as well as the original RUNX1 containing vector (641) were
digested by Agel/Afel restriction enzymes and separated at 140V on 0,8%
electrophoresis gel (Figure 6A). Additionally, the sequence of the new wild type
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FLT3 vector was examined by Sanger Sequencing confirming that no new
mutations had appeared in the FLT3 cDNA (Figure 6B). Several primers were

designed to cover the entire FLT3 cDNA sequence (2.2.5) (Figure 6C).
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Figure 6. Electrophoresis of lentiviral vector backbone and FLT3 insert, Sanger
Sequencing of FLT3-WT vector and sequencing primer coverage of the FLT3 gene

A) Electrophoresis of original RUNX1 containing vector (641) in digested (column 1) and
undigested (column 3) form, as well as the WT-FLT3 vector (717) in undigested (column 5) and
digested form (column 6). Column 2 and 4 show the Quick-load 1kb DNA ladder.

B) Representative section of Sanger Sequencing of FLT3-WT vector compared to known FLT3-
Sequence.

C) Coverage of the FLT3 coding sequence by newly designed primers (2.1.8). Base pair (bP)
number refers to the base pair coverage of the primer in the coding sequence of FLT3.

3.2.2 Production of V-194M-FLT3 vector using site directed mutagenesis

To analyze the patient specific mutation in the FLT3 gene and its impact on the
FLT3 receptor tyrosine kinase, the V194M-FLT3 mutation was inserted into the
wild type FLT3 vector using site directed mutagenesis. Site directed
mutagenesis primer design and reaction was performed by Dr. Houra Loghmani

and M.Sc. Tessa Skroblyn (Skokowa Lab, University Tubingen).
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Forward and reverse primer of the mutation site were prepared, stretching from
the 178 to the 210" amino acid, thus including the chosen amino acid change of
valine to methionine at position 194 (2.1.8).

Using thermal cycling, following the protocol of the QuickChange Il Site directed
Mutagenesis kit (Agilent Technologies, Santa Clara, USA), an expression vector
with  FLT3 mutation was generated and multiplied via mini- and
maxipreparation.

The sequence with the inserted mutation was confirmed by Sanger sequencing
(Figure 7).
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Figure 7. Sanger Sequencing of V194M-FLT3 mutated vector

Sequencing of 5 clones produced using site directed mutagenesis (no. 1 - 5) compared to the
mutated patient-derived V194M-FLT3 sequence (no. 6). All clones present with the V194M-
FLT3 mutation site marked by the red square. Wild type FLT3 sequence is shown below with
the original “G” at the mutation site marked red.

3.2.3 Comparison of the expression levels of WT- and mutant FLT3 in
transfected 293FT cells

In a comparative experiment, HEK293FT cells were transfected with the “empty

vector” (# 644), the wild type FLT3 vector (# 717) and the mutant FLT3 vector (#

736) as described in 2.2.6. 48-72h after transfection the cells were collected by

trypsinization and divided for three different purposes:

-  RNAwas reverse-transcribed to cDNA by the reverse transcriptase
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(2.2.7) and used for gRT-PCR (2.2.8) to study mRNA expression levels
of transfected FLT3.

- Western blot was used to analyze FLT3 protein expression.

- Surface expression of the FLT3 receptor was evaluated by FACS.
Gene expression, as measured by gRT-PCR and normalized to the un-
transfected “no plasmid” sample of HEK293FT cells or cells transfected with an
empty vector, showed markedly elevated FLT3 levels for both WT-FLT3
transfected cells and mutant V194M-FLT3 transfected cells. Interestingly, gene
expression of the WT-FLT3 samples was almost two times higher than the
mutant FLT3 samples (Figure 8A).
While the FLT3 mRNA was expressed in wild type and mutant samples, no
V194M-FLT3 protein band was detectable by Western blot. Equally, no FLT3
protein was detected in the control samples (empty vector and no plasmid).
Wildtype FLT3 protein however was detectable and showed a strong double
band at 130kDa and 160kDa indicating the non-glycosylated and glycosylated
form of FLT3 (Figure 8B).
Likewise, FACS analysis revealed low FLT3 surface expression in the negative
control group (empty plasmid) and the mutant FLT3 transfected HEK293FT
cells, as compared to the WT-FLT3 transfected cells (Figure 8C). All cells were
gated for Pl (PerCP-Cy5-5) negativity, a characteristic of cell viability, and for
BFP positivity to measure transfected cells.
In conclusion, a WT-FLT3 expression in transfected HEK293FT cells is
detectable on mRNA and protein levels. For the mutant-FLT3 transfected cells,
however, only mutant-FLT3 mRNA was measurable. Mutant-protein expression
was lacking.
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Figure 8. Results of the FLT3 mRNA/protein expression analysis in transfected 293FT
cells

A) gRT-PCR results. B) Western blot: 1= wild type sample; 2= mutant FLT3; 3= empty plasmid
sample; 4= untransfected 293FT/ no plasmid

C) FACS FLTS3 expression in “empty plasmid” negative control, Wildtype FLT3 transfected cells
and mutant FLT3 transfected cells.

3.2.4 Production of the FLT3 mutant- and FLT3 WT - lentiviral particles
For the Wild-type FLT3-Vector (717), the mutant FLT3-Vector (736) and, as a
negative control, the “empty-vector” (644), containing only the vector backbone,
virus particles were produced and titrated following the protocol described in
2.2.10. Analysis of the potency of the virus was performed by flowcytometry.
One sample of untreated 293FT cells as well as of virus-transduced cells in four
subsequently diluted concentrations (2.2.10) were collected. The cells were
stained for PI (viability marker), BFP and FLT3.

As demonstrated in Figure 9, at a virus dilution of 1:100, 24,4% of alive cells
were transduced by the empty-vector virus. In stronger dilutions, the percentage
of transduced cells decreases, as expected. For the wild type FLT3 virus at a
dilution of 1:100, only 13,3% of the live HEK293FT cells were transduced, thus
rendering the wild type FLT3 virus less potent. To increase the success of the

transduction process of the mutant FLT3 virus, which in previous experiments
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had shown signs of weakness, the dilution row was started at 1:20. At this
concentration, 40,2% of the alive cells were transduced with mutant FLT3 virus
(Figure 9).
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Figure 9. Virus titration of FLT3 control/empty virus, WT-FLT3 virus and mutant V194M-
FLT3 virus

Flow cytometry of Pl negative (live) and BFP positive (transduced) 293FT cells. Transduction
rates are shown as percentages of BFP positive cells following the experiments dilution row.

In a second step, the FLT3 expression in the transduced and viable cells
population was measured: Empty-vector/virus and mutant-FLT3-vector/virus
showed a similarly low FLT3 receptor expression (6,12% and 4,6%), while the

WT-FLT3-vector/virus lead to a receptor expression of 80,9% (data not shown).

3.3 Evaluation of the effect of Bortezomib on the expression level of
V194M FLT3

To examine a possible reason for the lack of mutant FLT3 protein expression,
the role of the 26S proteasome for the decay of mutant FLT3 protein was
investigated. Bortezomib was used as an inhibitor of the 26S proteasome, to
investigate whether upon inhibition of the proteasome, the mutant-FLT3
transfected cells will express FLT3 on protein level.

293FT cells were transfected with the empty vector backbone (negative
control), the WT-vector and the mutant-vector. After 24h, transfected cells were
treated with increasing concentrations of Bortezomib (1uM, 10uM, 100uM) as

well as the corresponding amounts of DMSO, which, as the solvent of
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Bortezomib, was considered the solvent control. Furthermore, of each
transfection group, one sample was kept untreated.
After an incubation time of 24h with Bortezomib or DMSO, the cells were

collected and prepared for flow cytometry or Western blot analysis.

3.3.1 FLT3 receptor surface expression in FLT3 vector transfected and
Bortezomib treated 293FT cells (flow cytometry)

Cells were collected and prepared for FACS following the standard protocol as
described in 2.2.15. Pl (PerCP-Cy5-5) negativity and BFP positivity was
measured to select all viable transfected cells. Furthermore, FLT3 receptor
expression in the untreated group as well as in groups with increasing amounts
of DMSO and Bortezomib treatment was measured. The mean fluorescence
intensity (MFI) of the negative control (vector backbone) was subtracted from
the WT and mutant FLT3 MFI.

No increase of FLT3 receptor in the Bortezomib treated groups compared to the
untreated group was found (Figure 10). This seems to be the case for both WT-
FLT3 transfected cells and mutant-FLT3 cells. Some experiments showed a
small increase in FLT3 expression upon Bortezomib treatment. However,
similarly and sometimes even higher FLT3 levels could be observed in the
untreated group (Figure 10). Therefore, we concluded that Bortezomib does not
influence FLT3 receptor expression in WT-FLT3 transfected and V194M-FLT3
transfected HEK293FT cells.
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Figure 10. Mean fluorescence intensity (MFI) of FLT3 in FLT3-vector transfected and
Bortezomib (BZ)/DMSO treated HEK293FT cells

MFI of the empty control is subtracted from the MFI of WT- or V194M-FLT3-vector transfected
HEK293FT cells. In paired comparison (DMSO 0,2ul-BZ 1uM, DMSO 2ul-BZ 10uM, DMSO
20ul-BZ 100uM), we have seen no increase in FLT3 expression in the WT-FLT3 transfected
group upon BZ treatment. In the mutant FLT3 V194M transfected group, higher FLT3 levels
were detected in the BZ 10uM and BZ 100uM groups compared to their solvent control.
However, compared to the untreated group, this difference in FLT3 expression is rather due to a
decrease in the DMSO group than an increase in the BZ-treated group.

3.3.2 FLT3 protein expression in FLT3 vector transfected and Bortezomib
treated 293FT cells (Western blot)

Western blot was performed according to protocol as described in 2.2.9. Empty
vector-, WT-FLT3 vector- and mutant V194M-FLT3 vector transfected
HEK293FT cells in untreated, DMSO treated or Bortezomib treated subgroups
were analyzed for their FLT3 protein expression levels.

Interestingly, while a strong FLT3 band could be seen in all three WT-FLT3
groups, the Bortezomib and DMSO treatment showed no effect on the FLT3
protein expression in the empty vector and mutant FLT3 group (Figure 11). The
same result was seen when using 1uM and 10uM of Bortezomib (data not
shown).

In conclusion, Bortezomib treatment in concentrations up to 100pM and with an

incubation time of 24h showed no increase in mutant FLT3 protein expression.
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Figure 11. Western blot of FLT3 protein in FLT3 vector (control, WT and mutant)
transfected and treated 293FT cells

Cells were transfected with empty vector, WT-FLT3 vector and mutant FLT3 vector. Subgroups:
1=untreated, 2=DMSO 1:100 and 3=Bortezomib 100uM. Representative WB images are shown.

3.4 Production and characterization of CN patient iPS cells

To produce patient iPS cells, mononuclear cells from the peripheral blood
(PBMNC) of the index patient were used. These cells were expanded in a
cytokine cocktail for a week to induce CD34" cells expansion and were
reprogrammed with the OSKM-Virus (2.2.11). Colonies which showed the
characteristic phenotype of iPS cells were collected, maintained and passaged.
To prove pluripotency and the ability to differentiate into all three germ layers,

further characterization experiments were performed.

3.4.1 Alkaline Phosphatase staining of undifferentiated iPSC colonies
Alkaline phosphatase (AP) staining is a well-established method for stem cell
characterization (O’Connor et al., 2008). Undifferentiated iPSC colonies were
stained according to the alkaline phosphatase assay protocol (2.2.17).

The dark purple color of the pluripotent stem cell colonies indicates AP-
positivity. The SNL-feeder cells which surround the colonies served as a

negative control (Figure 13).
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Figure 12. AP staining of patient derived IPS colonies

AP staining of two different patient IPS clones (OKPBL2 and OKPBL6). On the left side:
unstained, bright field microscopy of colonies (5x). On the right side: AP-stained colonies +
unstained SNL-cells (10x). Representative images are shown.

3.4.2 Flow cytometry of undifferentiated patient iPS cells for pluripotency
markers

To further characterize the pluripotency of generated iPSC clones, their surface
markers expression was assessed by flow cytometry. Phenotypically
undifferentiated cells were collected and prepared as described in 2.2.15.1.

The samples were double stained with Tral-85 (FITC), as a marker for human
cells, and Tral-60 or SSEA4 (PE) as pluripotency markers (Adewumi et al.,
2007). For each sample, an isotype control for the FITC- and PE-conjugated
antibodies was prepared. As a positive control for this experiment, the healthy
donor iPS cell line CD34IPSC16 was used, which previously had been
characterized as a true and fully reprogrammed iPS cell line (Lachmann et al.,
2014).

The cells were gated for DAPI negativity (live cells). Tral-85 as a marker for
human cells was chosen to distinguish between human iPSC and the mouse
MMC-SNL feeder cell. In the overlay of the isotype (blue population) control and
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the sample (red population), a distinct shift towards double positivity was visible
in all three iPS cell lines: a strong positivity for SSEA4 and Tral-60 was
measurable in the previously confirmed healthy donor cell line (CD34IPSC16)
and in both patient derived iPSC clones (OKPBL2 and OKPBL6) (Figure 13).
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Figure 13. Flow cytometry evaluation of SSEA4 and Tral-60 expression in
undifferentiated iPSC cells of CN patient (OKPBL2 and OKPBL6) and healthy donor
(CD34IPSC16)

The population was gated for live cells and Tral-85, SSEA4 and Tral-60 positivity. The Ab
staining sample (red) was overlaid with the isotype control (blue). In all three iPSC lines, a high
percentage (72-90%) of double positive cells for the pluripotency markers was measured.
Representative FACS images are depicted.
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3.4.3 Real-time PCR for the pluripotency- and 3-germ layer markers

An important step in the characterization of iPS cells is to prove their
pluripotency and more precisely their ability to differentiate to all 3-germ layers:
mesoderm, endoderm and ectoderm. Real-time PCR is an established method
to do so. Furthermore, pluripotency can be documented by gene expression
levels of Nanog, SOX2 and DNMT3B in undifferentiated iPS cells compared to
primary CD34" cells (Adewumi et al., 2007).

IPS colonies were cultured with an elongated passage cycle of > 11 days with
decreased medium changes (3 times per week). They underwent spontaneous
differentiation which could be observed as their phenotype and colony integrity
changed. As in 3.4.2, the CD34IPS cell line was considered the positive control,
since its pluripotency has been previously proven (Lachmann et al., 2014).
Primary bone marrow CD34* cells on the other hand were used as a negative
control. Cells were collected and lysed in RLT-Buffer. RNA was isolated and
cDNA synthesized (2.2.7). Real-time PCR was performed (2.2.8). The gene
expression levels of the iPS cell lines were analyzed by calculating the AACT,
thus comparing the mRNA expression of the samples with the negative control
(CD34* cells). Though the patient derived OKPBL2 and OKPBL6 iPSC lines
showed lower levels of NANOG, SOX2 and DNMT3B mRNA levels, than the
CD34IPSC16 cell line, they still express the pluripotency markers to a higher
degree then the negative control CD34" cells (Figure 15). Thus, the pluripotency
of patient iPS cells (OKPBL2 and OKPBL6) is proven by gRT-PCR.
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Figure 14. Real-time PCR analysis of pluripotency markers in undifferentiated CN patient
(OKPBL2 and OKPBL6) and healthy donor (CD34IPS) iPS cells compared to mature
CD34* cells

Expression of Nanog, Sox2 and DNMT was compared to the normalized expression in CD34+*
positive cells. Elevated levels of NANOG, SOX2 and DNMT were measured in both patient
derived undifferentiated iPSC and healthy donor iPSC.

To prove the ability of iPS cells to differentiate to ectoderm and endoderm, the
two specific markers, PAX6 and AFP, respectively, were chosen. Comparing
their mMRNA expression levels in spontaneously differentiated iPSC to the levels
in undifferentiated IPS cells, an increase of PAX6 and AFP mRNA expression
upon spontaneous differentiation was observed in both CN patient iPSC clones
as well as in the CD34IPS cell line (Figure 16). OKPBL2 has a higher
expression of the endodermal marker AFP (AACT=648,07), while OKPBL6 has
an approx. three times higher expression level of PAX6 (AACT=10,3) then AFP.
Based on these results, we concluded that CN patient iPSC have the ability to
differentiate to endoderm and ectoderm. The potential for mesodermal
differentiation, here at the example of hematopoietic cells, was shown by FACS
(CD45*, CD11b* cells) and morphological analyses below (3.4.2).
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Figure 15. mRNA expression levels of markers of ectodermal and endodermal
differentiation in spontaneously differentiated CN patient and healthy donor iPS cell- vs.
undifferentiated iPS cells

MRNA expression of PAX6 (ectoderm) and AFP (endoderm) in differentiated iPS cells
compared to the normalized result of undifferentiated healthy donor iPS cells (CD34IPSC16).
AACT analysis was performed. Elevated levels of PAX6 and AFP were measured in the
differentiated iPS-derived patient and healthy donor cells.

3.4.4 Immunocytochemistry of spontaneously differentiated CN patient
iPS cells

To confirm the ability of the CN patient iPSC to differentiate in endoderm and

ectoderm, immunocytochemistry with Tubb3 and PAX6 as ectodermal- and

SOX17 as endodermal markers was performed on spontaneously differentiated

iPS colonies. The immunocytochemistry was achieved as described in 2.2.19.

Positivity of the ectodermal markers PAX6 and Tubb3 as well as the

endodermal marker Sox17 was observed (Figure 16).

PAX6 Tubb 3 Sox17

Figure 16. Immunocytochemistry of spontaneously differentiated patient iPS cells

A,C: Brightfield images of spontaneously differentiated CN patient iPS cells. B: Pax6-FITC
ectoderm staining of cells from A. D: Tubb 3-FITC ectoderm staining of cells from C. E,F:
Sox17-FITC endoderm staining. Overlay with DAPI-blue nuclear stain.
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3.5 Comparison of CN patient vs. healthy donor iPS cell hematopoietic
and myeloid differentiation

Having synchronized the passaging cycle of a healthy donor iPS cell line

(CD34IPSC16) with two CN patient iPSC clones (OKPBL2 and OKPBL6),

embryoid bodies (EBs) were formed and through specific cytokine stimulation,

hematopoietic differentiation was induced (2.2.14).

3.5.1 Early differentiation: FLT3 and FLT1 expression analysis

EBs were collected on the first, second, fourth and eighth day and disintegrated
by enzymatic reaction (accutase, trypsin) as well as through vigorous pipetting.
The cell surface expression levels of receptors FLT3 and FLT1 were compared
between healthy donor and CN patient iPSC lines.

Both, healthy donor and CN patient iPSC showed the same pattern of low FLT3
expression on day one of EB culture with increasing expression on day 2.
However, CN patient iPS expressed FLT3 to a much lower degree (MFI=350;
MFI=402,4) than the healthy donor control group (MFI=1025; MFI=1128;
MFI=1165). On day four of culture (48h in APEL+bFGF+BMP4), most iPS cell
lines showed decreased FLT3 expression. FLT3 in CN patient EBs decrease

even further towards day eight.
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Figure 17. Mean fluorescent intensity (MFI) (Mean sample-mean isotype) of FLT3
expression at early stages of hematopoietic differentiation of CN patient vs. healthy
donor EBs

FLT3 expression in index patient EBs is depressed compared to the healthy donor cells during

the early differentiation period (day 1-8).

Furthermore, the FLT1 expression level was compared in CN patient vs. healthy
donor iPSCs during the early development of embryoid bodies (EBs). FLT1 is
one of the index patients single nucleotide polymorphism (SNPs) (heterozygote
mutation G/A at position 3887 leading to the amino acid change P1201L,
rs140861115) with relevance to hematopoietic differentiation. Again, an
increase in FLT1 expression was observed on day 2 of EB-culture in healthy
donor and index CN patient iPSCs. While different cell lines varied in
expression, all of them followed the same expression pattern of having the
maximum FLT1 expression on day 2.

While there was no difference between CN patient and healthy donor iPSCs, a
difference in FLT1 expression was detectable between EBs, which attached
and differentiated to hematopoietic cells and those, which spontaneously
disintegrated and failed to develop further. Detached EBs (both healthy donor
and index CN patient) expressed high levels of FLT1 on the day 1 of treatment,
which decreased on day 2 of culture (data not shown).
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Figure 18. MFI of FLT1 expression at early stages of hematopoietic differentiation of CN
patient vs. healthy donor EBs.

Repeat experiments show elevated FLT1 expression on day 2 of differentiation in patient and
healthy donor derived EBs.

3.5.2 Intermediate and late differentiation: comparison of CN patient vs.
healthy donor iPS cells
Starting on day 12, EBs produce suspension cells (floating cells), which can be
collected for flow cytometry analysis as well as phenotypical analysis when
fixated on cytospin slides and Wright-Giemsa stained. Floating cells were
collected on day 12, 19, 26, 29 and 32. Per cell line (CD34IPSC16, OKPBL2,
and OKPBLS6), three different treatment groups were established starting from
day 8 of culture:
e |L3=1L3 (100 pg/ml)
e IL3-GCSF=IL3 (100 pg/ml) + G-CSF (100 pg/ml)
e |L3-GCSF-FLT3L= IL3 (100 pg/ml) + G-CSF (100 pg/ml) + FLT3L (100
Hg/ml)

3.5.2.1 Multicolor FACs analysis of suspension cells
Suspension cells were collected and prepared for flow cytometry according to
protocol 2.2.15.2 and measured with the FACS Canto Il Cytometer. The data

was analyzed using the FlowJo-Software.
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3.5.2.1.1 Myeloid differentiation of iPSCs

Cells were gated for viability (7AAD negativity) and for the leukocyte marker
CD45. CD11b was chosen as a marker for myeloid cells, CD14 as a marker for
monocytes and CD16 as a marker for mature neutrophils.

Development of these viable CD45* cells was compared over time in healthy
donor iPSC line (CD34iPSC16) and 2 patient iPSC lines (OKPBL2 and
OKPBL6). All cell lines were cultured in the standard cytokine cocktail IL3-
GCSF (3.5.2).

CD45*CD11b* suspension cells appeared starting at day 12 in healthy donor
(72%) and in CN patient (79%) (Figure 19A). The relative cell count of
CD45*CD11b" cells increased even further and reached its maximum on day 19
(79,1-87,3%) (Figure 20B), and on day 26 (69,6-70% in the CN iPSCs and 82%
in the healthy donor iPSCs) (Figure 19C).

Monocytic differentiation was evaluated by analyzing CD14 positivity and more
specifically CD11b-CD14 double positivity. Throughout differentiation, both
healthy donor and patient derived iPSCs showed an affinity for monocytic
differentiation. While the relative cell count for CD11b*CD14* cells were similar
on day 12 in all three cell lines (Figure 19A), both patient derived iPSCs
surpassed the healthy donor cells on day 19 in monocyte production (Figure
19B). In the OKBL2 iPSC line, 60% of the viable CD45* cells were
CD11b*CD14*, while the healthy donor iIPSCs developed only 42,4%
monocytes. Monocytic differentiation decreased towards day 26 (Figure 19C).
The maximum monocyte development was observed on day 19.

Neutrophil differentiation, defined as CD11b and CD16 double positivity, was
most prominent on day 19, reaching 15,8-25,5% of viable CD45* suspension
cells (Figure 19B). Interestingly, one patient cell line (OKPBL2) surpassed
neutrophil development of the healthy donor cell line (CD34IPSC16), while one
patient iPSC line (OKPBL6) developed fewer double positive cells on day 19.
On day 12 and 26, very few neutrophils were detectable in both healthy donor

and patient cell lines (Figure 19A/C).
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Figure 19. Analysis of myeloid differentiation of healthy donor and patient derived iPS-
Suspension cells day 12-26

Viable CD45 positive suspension cells were gated for CD11b, CD16, CD14 as well as double
positivity of CD11b/CD14 (monocytes) and CD11b/CD16 (mature neutrophils).
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3.5.2.1.2 Myeloid differentiation using various culture conditions

Cells were gated for viability (7AAD negativity), CD45 positivity (white blood cell
marker), CD11b as a marker for myeloid cells, CD14 as a marker for monocytes
and CD16 as a marker for mature neutrophils.

Cell differentiation was compared on day 19 in healthy donor and patient
derived iPSC, each of which treated with three different cytokine cocktails
starting at day 8 of differentiation: IL3, IL3-GCSF and IL3-GCSF-FLT3L.

G-CSF induces generation of CD45* cells in all three iPSCs lines (Figure
20A/B), even further so in the healthy donor cell line upon FLT3L treatment,
while the patient derived iPSCs showed no difference upon FLT3L stimulation
compared to the IL3-GCSF treated sample (Figure 20B/C).

CD11b* cell counts in healthy donor cells were highest in the IL3-GCSF treated
group (Figure 20B). It decreased upon stimulation with FLT3L (Figure 20C). The
CD11b expression in patient cells, however, was not affected by differences in
G-CSF and FLT3L cytokine treatment.

Healthy donor derived iPSCs presented the highest monocyte cell count in the
IL3 treated group. With the addition of G-CSF to the cytokine mix,
CD11b*CD14* cells decreased, even more so with the addition of FLT3L
(Figure 20A/B/C). In contrast, the patient derived iPSCs (OKPBL2+6)
demonstrated an increase in monocytes upon G-CSF treatment (Figure 20B).
The cell count rose even further upon FLT3L treatment (Figure 20C).

Neutrophil differentiation, increased upon G-CSF treatment in healthy donor
and patient derived iPSCs (Figure 20B) compared to the IL3 treated cell lines
(Figure 20A). The addition of FLT3L had no great impact on the patient cell
lines, while the healthy donor cells produced less CD11b*CD16* cells then the
IL3-GCSF treated sample (Figure 20B/C).
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Figure 20. Assessment of myeloid differentiation of healthy donor and patient derived
iPSCs stimulated with different cytokine mixes (IL3, IL3-GCSF, IL3-GCSF-FLT3L)

Viable suspension cells were gated for CD45, CD11b, CD16, CD14 as well as double positivity
of CD11b/CD14 (monocytes) and CD11b/CD16 (mature neutrophils). Analysis was performed
on day 19 of culture.
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3.5.2.2 Morphology analysis of iPSC suspension cells
Parallel to FACS analysis, the morphology of floating cells derived from each
IPS cell line, organized into different cytokine treatment groups, was observed
over time.
As mentioned previously, three different treatment groups were established
starting from day 8 of culture:

e IL3=1L3 (100 pg/ml)

e [L3-GCSF=IL3 (100 pg/ml) + G-CSF (100 pg/ml)

e |L3-GCSF-FLT3L= IL3 (100 pg/ml) + G-CSF (100 pg/ml) + FLT3L (100

Hg/ml)

Considering the cell morphology, the cells were characterized as immature-,
intermediate- and mature granulocytes as well as macrophages.
On one hand, cell composition of differentiated CN patient iPS cell clones
(OKPBL2 and OKPBL6) were compared to the healthy donor cells (CD34IPS)
of the same treatment. On the other hand, differences of hematopoietic
differentiation between different groups were analyzed.
Phenotypical characterization was performed by Regine Bernhardt (MTA,
Skokowa Lab).
Interestingly, considering the CN patient’s peripheral blood phenotype with high
numbers of macrophages and low numbers of neutrophils (3.1), in this in vitro
model a stable and even adequate production of mature granulocytic cells (day
26-32: 59-85%) was achieved (Figure 21 A+B). Moreover, the development of
equal percentages of mature neutrophils in the patient iPSC differentiation
compared to the healthy donor cell line was observed (Figure 21C).
The healthy donor IL3-GCSF and IL3-G-CSF-FLT3L treated groups showed an
earlier (day 19) increase of mature neutrophils (31-36%) then the G-CSF
deprived cells/ IL3 treated (11,76%) of the same cell line (Figure 21C).
Moreover, this pattern of development (late increase of mature granulocytes on
day 26) was mirrored by all the patient cell lines regardless of their G-CSF
stimulation (Figure 21A+B).
Though the two patient iPS cell clones show a similar pattern of cell distribution
at the late stages of differentiation (day 26, 29, 32), they differ quite strongly

71



during the first two measuring time points (day 12 and 19): while OKPBL2 IL3
and IL3-GCSF) produces mainly immature cells (82,91-94,26%) on day 12,
rapidly dropping the production towards day 19 (13,97-18,05%), the
intermediate cells are increased from day 12 to day 19 at approximately 4,5-10
fold (Figure 21A). OKPBL6 iPSC line on the other hand shows in the IL3 and
IL3-GCSF group the opposite changes of cell development: a high number of
intermediate cells on day 12 which drops soon, and an increase of immature
cell number on day 19 (Figure 21B). The healthy donor, CD34IPSC16 IL3
treated and IL3-GCSF, presents itself with a similar development of
intermediately differentiated cells as OKPBLS, starting with a high cell count on
day 12 which rapidly drops on day 19. The immature cell count, however, does
not rise on day 19 as we see for the equivalent OKPBL6 groups, as cell
production shifts to mature cells (Figure 21C, IL3 and IL3-GCSF).

At the early stages of treatment (Day 12 + 19) the G-CSF exposed patient iPSC
clones (IL3 and IL3-GCSF-FLT3) demonstrate a noticeable increase of
intermediately differentiated cells compared to the result in the G-CSF
deprivation sample (IL3) of the same cell line (OKPBL2: 59,51%—72,02%;
OKPBL6: 16,46%—41,94%) (Figure 21 A IL3 and IL3-GCSF; Figure 21B IL3 vs.
IL3-GCSF). Treatment with FLT3L does not augment this effect (Figure 21 A+B
IL3-GCSF-FLT3L). In the healthy donor cell line, however, there is no visible
increase of intermediate cells upon G-CSF treatment (Figure 21C IL3 vs. IL3-
GCSF).

In all three cell lines, it can be noticed, that while the “IL3” and the “IL3-GCSF”
group show a similar pattern of cell development and distribution over time, the
addition of FLT3L (IL3-GCSF-FLT3L) changes the ratio of immature and
intermediate cells in early development while leaving the late development
unaffected (Figure 21 day 12+19, IL3-GCSF-FLT3L vs. other cytokine
treatment).
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Figure 21. Morphology analysis of CN patient vs. healthy donor floating cell development in different treatment groups

Relative cell count of immature (blue)-, intermediate (red)-, and mature granulocytic cells (grey) as well as macrophages (yellow). A) OKPBL2; B)
OKPBLS6; C) CD34IPSC16; 1=IL3, 2=IL3-GCSF, 3=IL3-GCSF-FLT3L.
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In contrast to the patient peripheral blood count, the relative cell count of
mononuclear cells in the patient cell line was low (0-1% on day 26-32).
Furthermore, in this cell line no increases/decreases of monocyte numbers
were noticed wupon different cytokine stimulations. The highest
monocyte/macrophage count for all CN patient iPSC groups was observed on
day 19 (Figure 22B/C).

This was also the case for the G-CSF deprived group of the healthy donor iPSC
(Figure 22A, “IL3"). However, in the IL3-GCSF and - FLT3L treated healthy
donor samples, the main development of mononuclear cells shifted to a later
point (day 29 and 32) (Figure 22A, IL3-GCSF and IL3-GCSF-FLT3L).
Interesting is the high percentage (Day 26-32: 4%—11%—5%) of monocytes,
that have developed overall in the healthy donor control group with IL3-GCSF
(Figure 22A, “lI3-GCSF”). With the deprivation of G-CSF as well as the addition
of FLT3L, noticeable smaller percentages of mononuclear cells in healthy donor
suspension cells can be seen (Figure 22A, IL3 and IL3-GCSF-FLT3L).
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Figure 22. Morphology analysis of monocyte development of CN patient vs. healthy

donor iPSC suspension cells development in different treatment groups (IL3, IL3-GCSF,
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A) healthy donor suspension cells, B) and C) patient derived iPSC. Monocyte development day
12-32 during different cytokine stimulations.
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4 Discussion

A thorough understanding of the regulation of hematopoietic stem cells
differentiation and identification of critical genes and mutations affecting this
process is the basis for comprehension and treatment of hematological
diseases. Despite extensive research in this field, many questions remain
unanswered. Among these are uncertainties about transcriptional regulation of
myeloid differentiation beyond the effects of the PU.1:C/EBPa expression ratio.
For many years, the orphan disease Severe Congenital Neutropenia (CN) has
been studied for a better understanding of myeloid differentiation. CN patients
experience an arrest of bone marrow granulopoiesis at the promyelocytic stage
leaving them without mature neutrophils and thus relatively unprotected from
many life-threatening pathogens. However, while the granulopoiesis is severely
impaired, patients develop monocytosis with an absolute monocyte count
(AMC), elevated 2-4 times above average (Bonilla et al., 1994). The reason for
this phenomenon is unclear. In discussion is a stimulation of monocytic
development to compensate abrogated granulocyte functions in the innate
immune system defense. Another hypothesis is an inadvertent stimulation of
monocytic development through an excess of myeloid progenitor stimulation as
part of an active neutrophilic feedback system. Fact is that LEF1 and C/EBPa
transcription factors are downregulated in CN-progenitors, but not in cyclic or
idiopathic neutropenia (Skokowa et al., 2006). Furthermore, PU.1 expression in
bone marrow cells of CN patients is slightly upregulated compared to healthy
donor cells (Skokowa et al., 2006). While these results are in line with our
current knowledge of myeloid decision making, a clear genotype-phenotype
relationship has yet to be discovered. Even though most cases of CN can be
explained through mutations in one of the typical CN related genes (e.g.,
ELANE, HAX1, G6PC3), there are also patients with CN phenotype and an
atypical or even unknown mutation profile.

One of these patients has been at the center of this study. This index CN
patient has not only the unique genotype, but also a strong monocytic shift with

an AMC 4-18 times above average and an even stronger AMC when treated
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with G-CSF (Welte et al., 1990). This raises the questions, what this strong
monocytosis provokes, whether an answer to monocytic development can be
found in his genotype, and how his early hematopoiesis compares to healthy
individuals. Further understanding of the genetic background of the neutropenia
and excessive monopoiesis will lead to the establishment of novel therapeutic
opportunities for CN patients with these hematopoietic phenotypes.

Using next generation sequencing of the patients and healthy mother DNA, we
found that the index patient harbors FLT3 and FLT1 single nucleotide
polymorphisms.

In hematology, FLT3 appears in more than one context. First, FLT3 mutations
are key mutations in 1/3 of acute myeloid leukemias (AML). Thus, FLT3 internal
tandem duplications (ITD) or mutations of the FLT3 intracellular tyrosine kinase
domain (TKD) lead to ligand independent receptor activation and subsequently
unrestricted cell proliferation (Hayakawa et al., 2000; Kiyoi et al., 2002;
Spiekermann et al., 2002; Papaemmanuil et al., 2016).

On the other hand, FLT3 is being studied for its role in hematopoietic
differentiation. It has been named as a marker for the loss of self-renewal in
HSC, being expressed in ST-HSC and increasingly so in MPPs (Adolfsson et
al., 2001; Christensen and Weissman, 2002). Furthermore, isolated stimulation
of hematopoietic progenitors and stem cells with FLT3L triggers predominantly
monocytic differentiation (Gabbianelli et al., 1995).

Our index patients’ V194M-FLT3 (rs146030737) variant and its effects on
hematopoiesis are unknown. Multiple predictor programs SIFT and PMUT
(Fréhling et al., 2007) as well as PolyPhen-2
(http://genetics.bwh.harvard.edu/pph2/) (Adzhubei et al., 2010) have come to
different conclusions estimating it to have either no pathological significance or
predicted it to be possibly damaging.

FLT1 on the other hand transcribes for the vascular endothelial growth factor
receptor 1 (VEGFR1), a receptor tyrosine kinase with seven extracellular
immunoglobulin like domains. It exists in a membrane bound as well as in a
shortened, soluble form (Shibuya, 2001). FLT1 is known to modulate embryonic

angiogenesis and endothelial cell migration (Ji et al., 2018). FLT1 mRNA is
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upregulated in activated monocytes and the binding of VEGF to FLT1 promotes
monocyte migration (Shibuya, 2001). Furthermore, FLT1 expression was found
to be stimulated by Wnt ligand in retinal myeloid cells, leading ultimately to a
suppression of angiogenesis (Stefater et al., 2011). The heterozygote missense
mutation FLT1 - P1201L (rs140861115) has been graded by PolyPhen-2
(http://genetics.bwh.harvard.edu/pph2/) (Adzhubei et al., 2010) as possibly
damaging.

FLT1 and FLT3 share a similar structure as receptor tyrosine kinases (Shibuya,
2001) and are both located in close proximity on chromosome 13 at the

positions 13g12.2 and 13q12.3, respectively.

Since the index patient’'s healthy mother shares the FLT3, but not FLT1 SNP,
we propose that the combination of the rare SNPs in FLT1 and FLT3 that were
detected in the index CN patient, cause severe neutropenia and extensive
monocytosis. Combined effects from FLT1 and FLT3 SNPs would be an
explanation, why index CN patient and his healthy mother display different
phenotypes despite sharing the genetic variant in FLT3. The healthy mother has
WT FLT1.

One of the aims of this thesis was to evaluate the role of the identified FLT3
mutation on the hematopoietic and myeloid differentiation. Evaluation of FLT1
genetic defect was out of the scope of the study.

Considering the fact that the patients mother has the same heterozygous FLT3
mutation without any pathological phenotype, it is safe to say that this mutation,
located in the extracellular part of the receptor, does not have an activating and
proliferative function. However, its role in hematopoietic differentiation remains
to be studied. Interestingly, the V194M-FLT3 mutation has been associated with
a monocytic phenotype (Mousas et al., 2017). It is not clear why the patient’s
mother does not display this phenotype and if compensatory epigenetic/genetic
mechanisms are at work. The combined effects of multiple mutations in relevant

hematological genes and pathways in our index patient have to be considered.
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4.1 V194M-FLT3 mutation and its implication on mRNA, protein and
receptor expression levels
We have produced a wild type (WT)-FLT3 vector with a blue fluorescence
protein region for investigative purposes. Site directed mutagenesis allowed the
introduction of the patient-specific V194M-FLT3 mutation (performed by Dr.
Houra Loghmani and Tessa Skroblyn, Skokowa Lab, Tubingen).
We transfected HEK-293FT cells with WT-FLT3 vector, mutant FLT3 vector as
well as a negative control containing the vector backbone (empty vector).
Interestingly, we found that we could detect high levels of FLT3 mRNA in both
WT and mutant samples (average AACT (n=2): no plasmid=1; empty
plasmid=0.305; WT=1087.6; mutant=769.4). However, on protein level
(Western blot, FACS) the mutant-FLT3 was undetectable.
To explain these results, we considered an error in the antibody binding due to
the extracellular character of the V194M mutation. However, this proves to be
an unlikely explanation: Even though the supplier of the FACS-FLT3-antibody
has not performed epitope mapping to establish the exact binding site (Email
technical service BioLegend, J. Dickow, 21.05.2019) the western blot antibody
binds to the Ser740 region of human FLT3
(https:/Iwww.cellsignal.com/products/primary-antibodies/FLT3-8f2-rabbit-
mab/3462) and thus interference with the mutation site is not to be expected.
We can assume therefore that the reduced FLT3 protein expression does not
display an error in antibody binding but rather a translational stop resulting in
low protein levels or degradation of mutated protein.
Two systems regulate the degradation of proteins: the lysosomal system is
mostly responsible for extracellular proteins, while 80-90% of intracellular
proteins are disintegrated by the ubiquitin-proteasome system (UPS)
(Ciechanover, 1994; Dou and Zonder, 2014).The 26S proteasome complex
contains the cylindrical 20S proteasome and two regulatory 19S proteasomes
(Borissenko and Groll, 2007). Bortezomib is an inhibitor of the 26S proteasome
and binds to the chymotryptic-like active site (Borissenko and Groll, 2007). It is
most widely used in the treatment of multiple myeloma and mantle cell

lymphoma (Dou and Zonder, 2014). Our lab has found previously, that
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Bortezomib inhibits LEF1 degradation thus improving granulopoiesis in CN
patient cells (Gupta et al., 2014). Whether the proteasome has any influence on

V194M-FLT3 expression is yet to be discovered.

4.2 Evaluation of the impact of Bortezomib on the expression level of
V194M FLT3
To evaluate the importance of the 26S proteasome on the degradation of
mutated V194M-FLT3 protein, we treated FLT3- (WT, mutant and empty vector)
transfected HEK293FT cells for 24h with increasing dose of Bortezomib (1uM,
10uM or 100uM) or the corresponding amount of DMSO as a vehicle control.
We found that the FLT3 receptor expression in wildtype and V194M-FLT3
transfected cells did not increase upon Bortezomib treatment. Moreover, we
detected no V194M-FLT3 protein in Bortezomib-, DMSO- or untreated groups.
Considering the broad spectrum of Bortezomib molarity (1-100uM) we used,
compared to similar experiments (Gupta et al., 2014; Shi et al., 2017), and the
lack of noticeable changes in protein expression, we conclude that the 26S
proteasome is not responsible for the V194M-FLT3 protein/receptor
degradation. Though it is possible that the proteasomal system is only activated
following an FLT3 ligand -FLT3 receptor interaction, there is a different
ubiquitination system to be considered as well.
Interestingly, another tyrosine kinase receptors type lll, the SCF receptor c-kit,
has been identified in a ligand dependent ubiquitination and degradation
process (Miyazawa et al., 1994). The process of ubiquitination and degradation
could be partially reversed by treatment with chloroquine in its capacity as
lysosomal inhibitor (Miyazawa et al., 1994). Membrane-bound receptors can be
ubiquitinated intracellularly while the extracellular domains are open to
endosomal and lysosomal recycling processes (Ciechanover, 1994). Under
stress conditions, intracellular proteins can be degraded by the lysosomal
system as well (Ciechanover, 1994). Considering our results which negate the
importance of the 26S proteasome in FLT3 degradation and the similarities of
the tyrosine kinase receptor group Ill in structure and sequence, it is not far-

fetched to hypothesize a lysosomal degradation system for the FLT3 receptor.
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Experiments to prove ubiquitination, lysosomal involvement and restitution

through lysosomal blockage (chloroquine) would have to follow.

Newly discovered research techniques as e.g. generation of patient specific
induced pluripotent stem cells offer the opportunity to explore early
hematopoiesis in an in vitro model. Moreover, iIPSC system, also partially
artificial, provides us with almost unlimited amounts of hematopoietic cells at
different stages of hematopoietic development for the downstream analysis of
the functional significance of identified genetic defects during hematopoietic cell
differentiation. It is particularly essential for the investigations of the inherited
bone marrow syndromes, including severe congenital neutropenia, with very
limited amounts of primary bone marrow hematopoietic cells available for the
downstream analysis.

Therefore, the next aim of this thesis was to generate iPS cells of the index CN
patient and to characterize hematopoietic and myeloid differentiation of these

cells.

4.3 Production and characterization of patient derived iPSC
Patient specific iPSCs were generated using peripheral blood mononuclear cell
(PBMNC) which were expanded in a cytokine containing stem cell expansion
medium (2.2.12). For reprogramming, we used the classic transcription factor
combination OSKM (Oct4, Sox2, Klf4, c-Myc) in a lentivirus. After 30 days of
cytokine stimulation (bFGF, L-ascorbic acid, valproic acid), single colonies were
collected and expanded (2.2.12, 2.2.13). We confirmed morphological
characteristics of iPSCs in generated iPSC clones. To define pluripotency and
stem cell characteristics, specific tests are essential:

- Positive alkaline phosphatase staining

- Pluripotency markers in undifferentiated iPSCs (RT-PCR and FACS)

- Differentiation potential into three germ layers (RT-PCR, FACS and

immunocytochemistry)

Alkaline phosphatase (AP) staining has been used for years to identify
undifferentiated human embryonic stem cells (hESC) (O’Connor et al., 2008).
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Since the discovery of iPSCs, it has also been applied to prove their embryonic
stem cell characteristics (Takahashi et al., 2007; Stefkova, Prochazkova and
Pachernik, 2015; Plotnikov et al., 2017).

Markers for pluripotency (SSEA4, Tral-60, SOX2, NANOG and DNMT3B) were
chosen as recommended by the International Stem Cell Initiative which have
defined a panel for human embryonic stem cell characterization (Adewumi et
al., 2007).

Instead of the classic xenografted teratoma assay, we proved the potential for
tri-lineage differentiation (endoderm, mesoderm, ectoderm) by choosing
endodermal (AFP, SOX17) and ectodermal (PAX6, TUBB3) markers and
showed upregulated mRNA expression and positive protein expression in
immunocytochemistry (Kanai-Azuma et al., 2002; Adewumi et al., 2007; Zhang
et al., 2010). Interestingly, some ectodermal markers as for example TUBB3
have recently been discredited in their specificity for differentiated iPSC
colonies (Kuang et al., 2019). However, the same lab found PAX6 to be a
reliable ectodermal marker in iPSC-characterization (Kuang et al., 2019), thus
supporting the legitimacy of our characterization. We investigated mesodermal
development through hematopoietic differentiation as measured by FACS (3.5).
Tral-60 and DNMT3B have been described to rule out partial reprogramming
as iIPSC-like cells can be very similar to fully reprogrammed cells in phenotype,
AP staining and even gene expression (NANOG and SSEA4) (Chan et al.,
2009).

All of the above-mentioned tests indicate a successful and complete induction
of the index CN patient derived pluripotent stem cells displaying all necessary
characteristics (pluripotency and three germ layer differentiation potential) of
iPSCs.

82



4.4 Comparison of the hematopoietic differentiation of the index CN

patient vs. healthy donor iPSC

4.4.1 Early differentiation into mesodermal lineage: FLT3 and FLT1
expression analysis
The FLT3 tyrosine kinase receptor is a crucial player in early hematopoietic
development as evident in the high number of FLT3 positive malignant but also
normal hematopoietic progenitor cells. In human hematopoiesis, the FLT3
expression starts to a low degree at the earliest LT-HSC level and increases
towards the granulocyte/macrophage- and lymphoid progenitors (Kikushige et
al., 2008). Differences between human and murine receptor expression in early
hematopoiesis have been discovered, not in the least in FLT3 expression
(Kikushige et al., 2008; Doulatov et al., 2012). Mice hematopoietic progenitors
express FLT3 later and much more selectively on multipotent progenitors
(MPPs) and common lymphoid progenitors (Kikushige et al., 2008).
To have an accurate impression of the early hematopoietic differentiation and
FLT3 expression of human cells carrying the FLT3 V194M mutation, we
compared embryoid body differentiation in index CN patient iPSCs and healthy
donor cells.
We found an increase in FLT3 expression within 24h of embryoid body
formation (APEL-medium+bFGF+Rock inhibitor). Surprisingly, this increase
occurred before the stimulation with BMP4 which is known to induce
mesodermal differentiation (Brickman and Serup, 2017). FLT3 expression
remained high in most iPSC lines and started to decrease in (the healthy donor)
suspension cells starting at day 13 (data not shown). We have noticed a
reduced FLT3 expression in V194M mutated cells compared to the WT-FLT3
healthy donor cells at early stages of differentiation. As this is comparable to the
reduced FLT3 expression we have seen in the V194M-FLT3 transfected HEK-
293FT cell experiment, protein degradation is a likely explanation here as well.
Experiments blocking the ubiquitination-degradation process as well as further

repeat experiments are needed.
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Interestingly, it has been discovered, that Wnt signaling regulates the internal
structure and cell arrangement of EBs and is ultimately responsible for
mesendodermal induction (ten Berge et al., 2008). An increase in FLT1
expression over the course of the first week of human EB differentiation, has
been described before (Gerecht-Nir et al., 2005).

We have found differences in FLT1 expression in embryoid bodies which have
shown the ability to attach and differentiate compared to those that have not.
Overall, FLT1 expression was higher in unattached EBs at day 1-8 of culture,
especially on day 1. A premature loss of pluripotency in these iPSCs could be
an explanation. Interestingly, FLT1 has been suggested to negatively regulate
VEGF levels and FLT17 mice have shown an excess of hemangioblast
formation (Shibuya, 2001). One could speculate that high levels of FLT1
decrease VEGF levels which in turn hinders EB formation through
downregulated Wnt signaling and furthermore leads to a lack of hemangioblast-
and hematopoietic differentiation. While this remains highly speculative at this
point, it would be interesting to evaluate the possible connection between Wnt
mediated EB-axis formation, VEGF levels in medium and VEGFR1/FLT1
expression in EBs in the future. Even though FLT1 (rs 140861115,
NM_002019.4) is one of the heterozygous SNPs of unknown significance that
was detected in our index CN patient, we have seen no difference in FLT1 cell
surface expression at early stages of hematopoietic differentiation. It would be

essential to study whether the mutated FLT1 is functionally active.

4.4.2 Analysis of the late hematopoietic differentiation of iPSCs

Next, we compared myeloid differentiation of iPSCs derived for the index CN
patient and healthy donor. The following are observations from one duplicate
experiment. In this experiment, we gained a first impression on patient vs
healthy donor myeloid differentiation as apparent in cell surface receptor
expression profile and cell morphology.

Surface antigen profiles of myeloid progenitors and mature neutrophils, as well
as monocyte progenitors and mature monocytes have been characterized

previously by different labs (van Lochem et al., 2004; Wood, 2004). Based on
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these studies, we defined the CD45*CD11b*CD14* population as monocytes
and the CD45*CD11b*CD16* population as mature neutrophils.

Most interestingly, in morphological analysis, we have found sufficient levels of
neutrophils in the index CN patients’ samples during the late stages of
differentiation (day 26 — 29; 62 - 85% mature neutrophils) (Figure 21). Patient
cells differentiated to neutrophils to the same degree as the healthy donor cells
did. This is very interesting, considering the neutropenia and severe
monocytosis in the index patient blood count. One possible explanation is that
we used high doses of G-CSF in our cell culture. Similar to the elevated
neutrophil production of the index patient upon high G-CSF doses, we might
see a correction of neutrophil differentiation in the in vitro culture as well. To
mirror the patients neutropenia, further experiments with decreased G-CSF
doses in the in vitro culture are in order.

Cell morphology is not mirrored in the multicolor FACS analysis of the
respective samples. Healthy donor and CN patient cell lines showed similar
and rather high levels of CD45*CD11b*CD16* neutrophils on day 19 of culture.
Depending on the cytokine treatment between 7.5 - 21.8% neutrophils were
detected in healthy donor and between 18.5 - 25.5% in the index CN patient
(Figure 20). However, on day 26 - 29 of differentiation, the
CD45*CD11b*CD16" cell population decreased in all cell lines, leaving only a
small population in healthy donor and none in patient cells. This discrepancy
between cell morphology and cell surface marker is interesting. Further so, as
cell viability and the percentage of CD45+ and CD11b+ cells were continuously
high in late differentiation (day 26) (Figure 19C). While neutrophils display a
surprising plasticity in their surface profile, depending on their activation status
and in response to cell-cell interactions, three markers are known to be
neutrophil specific: CD11b, CD16 and CD66b (Scapini and Cassatella, 2014;
Lakschevitz et al., 2016). Cell sorting using a combination of these three
antigens yielded a high purity of neutrophils (Lakschevitz et al., 2016).
However, Weston et al. found that CN patients treated with G-CSF showed
lower expression levels of CD16 and higher levels of CD11lb on their

neutrophils (Weston R. F.;Axtell, R.;Balazovich, K.;Stewart, J.;Locey, B.
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J.;Mayo-Bond, L.;Loos, P.;Hutchinson, R.;Boxer, L. A., 1991). This was
confirmed in the works of Elsner et al. who found constant CD11b expression,
reduced CD16 expression and elevated CD14 expression in CN patient
neutrophils (Elsner et al., 1992). This is in line with our observations of a high
percentage of CD11b positive cells, while having much less CD16 positive
cells. (Figure 20). However, this was regardless of the cytokine stimulation with
or without G-CSF. We are suspecting an autocrine/paracrine G-CSF
stimulation as aberrant myeloid cells have been known for (Jiang et al., 1999).
Since we never changed the complete medium in our cell culture, always
keeping half of the old and half new medium (2.2.14), an accumulation of
cytokines might be an explanation for the decrease in CD14 and CD16
positivity in late differentiation (day 26) as well (Figure 19C). Analysis of the
cytokine spectrum in the cell medium would have to follow.

Immunophenotyping of G-CSF treated healthy donor peripheral blood cells has
shown an increase of the CD11b* population in the CD45* gate compared to
untreated donor samples (34.9%—90.1%) (Luyckx et al.,, 2012). We have
found an increase of CD45* cells and subsequently CD11b* cells in healthy
donor IL3-GCSF treated samples as well (Figure 20B). However, while the
CD45* cell count increased further upon FLT3L treatment, the number of
CD11b* healthy donor cells decreased (Figure 20C). The patient samples
reacted with an increase in CD45* cells upon G-CSF treatment as well, though
the amounts of CD11b* cells stayed similar in the IL3, IL3-GCSF and IL3-
GCSF-FLT3L treatment groups (Figure 20). FLT3L treatment had no impact on
myeloid differentiation of patient iPSCs (Figure 20B/C).

Contrary to Luyckx et al., high CD11b* cell counts were measurable regardless
of G-CSF deprivation (=IL3 treatment) or G-CSF treatment. Again, as
mentioned above, an autocrine/paracrine G-CSF stimulation could be an
explanation.

Overall we conclude that in the ongoing studies more neutrophil-specific
surface markers are needed for reliable cell identification.

Analysis of monocytic differentiation revealed that monocytic development

showed the maximum at day 19 of differentiation and was elevated in the index
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CN patient iPSC lines. Thus, we have found 42.4% of CD11b*CD14* cells in
the CD45* gate in healthy donor cells and in the patient derived cells 60%
(OKPBL2) / 46,3% (OKPBL6) of the CD45* cells were CD11b*CD14*
monocytes. This is in agreement with the exceptionally high absolute monocyte
counts (AMC) in the peripheral blood of this patient.

Morphologically, in all the patient groups as well as the G-CSF deprived healthy
donor group (“IL3” CD34IPSC16), we found a similar pattern of monocytic
differentiation with a maximum around day 19 (Figure 22). The addition of G-
CSF shifted monocytic development to a latter point in differentiation in healthy
donor cells (days 29 - 32) (Figure 22).

We must question whether parameter of our experiments namely cell
maintenance and cytokine stimulation are responsible for this discrepancy
between morphology and immunophenotype. While some labs reculture their
suspension cells in a M-CSF or G-CSF focused medium to improve monocyte
or granulocyte yield (Lachmann et al., 2015; Pittermann et al.,, 2017), we
refrained from doing so and analyzed cell morphology and immunophenotype
directly after collection. Our lab has established a protocol for hematopoietic
differentiation using initial embryoid body formation and mesodermal
differentiation of EBs induced by bFGF + BMP4 + VEGF + SCF + IL3 followed
by myeloid differentiation of hematopoietic cells that is triggered by IL3 and G-
CSF (Dannenmann et al., 2019). Suspension cells were collected and directly
analyzed (morphology and surface antigen profile) displaying the typical CN
phenotype with smaller percentages of granulocytic cells in the healthy donor
samples (up to 20%) (Dannenmann et al., 2019). It remains unclear, why we
were not able to reproduce CN typic cell distribution in our CN patient samples.
One possible explanation is the protocol modification to change only half of the
medium every three days thus allowing existing cytokine stimulation to
proceed. Therefore, measurement of the cytokine profile in the medium of
these samples would be interesting to detect any possible autocrine stimulation
and cytokine accumulation. Furthermore, functional neutrophil assays to
establish neutrophil-like cells as active players of the innate immune system

would be of interest.

87



4.5 Conclusion

In course of this thesis, we have pursued research to broaden the
understanding of myeloid-specific decision making. We have studied the
genotype of a CN patient with agranulocytosis and an exceptionally high
monocyte count and have found a combination of rare FLT3 SNP (V194M, rs
146030737) and FLT1 SNP (P1201L, rs 140861115). To evaluate the role of
FLT3 SNP on FLT3 mRNA and protein expression, we have produced WT-
FLT3 and V194M-FLT3 mutated vectors. We found that the V194M-FLT3 SNP
affects its protein expression as transfected cells express FLT3 mRNA, but no
FLT3 protein was detectable. Furthermore, we precluded the possibility, that
proteasome inhibition with Bortezomib might repair protein and receptor
expression.

We have successfully established two new CN patient derived pluripotent stem
cell lines. We have studied FLT1 and FLT3 expression in early embryoid
bodies. There we found that we were able to distinguish successful and
disintegrating embryoid bodies early on when comparing FLT1 expression. We
found that FLT3 was not as prominently expressed in patient EBs than in
healthy donor EBs.

We have modified an established myeloid differentiation protocol of iPSCs to
compare patient and healthy donor hematopoietic differentiation.
Morphologically, patient cells differentiated similarly to healthy donor cells. The
neutrophil to monocyte ratio was in agreement with the reference peripheral
blood count (Isermann, 2013). Interestingly, we found differences in cell
morphology and the expected cell surface marker expression. Measuring the
surface antigen expression, we found high numbers of CD45 and CD11b
positive cells. The cell marker CD14, CD15 and CD16 on the other hand were
only temporarily expressed on these cells on day 19 of embryoid body
differentiation. Considering the surface marker expression on day 19, the in
vitro patient cell lines mirrored the monocytosis the patient is known for, while
the morphological analysis suggested a sufficient neutrophil cell count.

In continuation of our work, several paths are open to be pursued:
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The impact of lysosomal inhibitors on the destruction process of V194M-FLT3
protein as well as evidence of ubiquitination. Furthermore, WT- and mutant
FLT3 virus has been produced to allow transduction of CD34* cells and
comparison of differentiation carrying this particular mutation. Moreover, further
experiments with the patient derived IPSC are of interest with special
consideration to the morphology and surface antigen profile. CRISPR/Cas9-
based correction of the V194M-FLT3 mutation and the evaluation of the impact
on differentiation of this cell line could follow. Introduction of the FLT3 and FLT1
SPNs in healthy donor iPSCs would be an alternative. An evaluation of the
frequency of FLT3 and FLT1 mutations in CN patients with unknown genetic
defects as well as further analysis of the combined effect of FLT3 and FLT1
SNPs are of importance.

5 Abstract/Zusammenfassung

5.1 Abstract

Severe congenital neutropenia (CN) is a heterogenous group of disorders of the
myeloid differentiation, defined by a maturation arrest of granulopoiesis at the
promyelocyte/myelocyte stage and an absolute neutrophil count (ANC) of
< 0,5x10%L. Furthermore, characteristic for CN patients are elevated monocyte
counts. The reason for this shift in myelomonocytic differentiation is being
studied in attempts for better understanding of myeloid decision making beyond
the effects of the PU.1 to C/EBPa transcription factors expression ratio.

We analyzed an index CN patient with an unusually strong shift from
granulocytic to monocytic development and no mutations in the known CN-
associated genes (e.g. HAX1, ELANE, G6PC3, JAGN1, SRP54). Next
generation sequencing has revealed rare single nucleotide polymorphisms in
the FLT3 and FLT1 genes. To evaluate the role of the V194M-FLT3 variant on
the myelomonocytic development, we produced expression constructs with wild
type and V194M mutated FLT3. We found the mutated FLT3 to be inadequately
expressed on protein level. Furthermore, we found that inhibition of the 26S

proteasome through Bortezomib treatment does not increase V194M-FLT3
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protein expression. We concluded that the degradation process of mutated
FLT3 seems to be independent of the functionality of the proteasomes.

Furthermore, we successfully established two new induced pluripotent stem cell
lines (iPSC) from the index CN patient to study early hematopoietic
development. Multiple characterization experiments have shown this cell line to
bear all characteristics of iPSCs. We have found FLT3 to be expressed less in
the early embryoid body (EB) cells derived from patient iPSCs compared to
healthy donor EBs. Late hematopoietic differentiation of index patient and
healthy donor iPSCs have shown disparities in morphology vs. antigen
expression profile: Both healthy donor and index patient iPSCs differentiation
results in sufficient neutrophil production. However, after day 19 of EB
formation, cells, while being viable, CD45 and CD11b positive, express limited
CD15 and CD16. Reasons might be found in the specific cytokine stimulation
and cell maintenance protocols. The monocytosis, the index patient is known

for, is reflected in the surface marker analysis of the in vitro cell lines.

5.2 Zusammenfassung

Schwere Kongenitale Neutropenie (CN) ist eine heterogene Krankheitsentitat
aus dem Bereich der myeloiden Differenzierung, welche Uber einen
Entwicklungsstopp auf Stufe der Promyelozyten/Myelozyten, eine absolute
Neutrophilenzahl (ANZ) von < 0,5x10%L, sowie erhohte Monozytenzahlen
definiert ist. Durch ihre Erforschung werden neue Einblicke in das Verstandnis
der myeloiden Differenzierung Uber die Effekte der Transkriptionsfaktoren
PU.1/c/EBPa hinaus gewonnen.

Wir stellen hier einen CN-Indexpatienten mit ungewdhnlich ausgepragter
Monozytose vor, der des Weiteren keine Mutationen in den CN-typischen
Genen (z.B. HAX1, ELANE, G6PC3, JAGN1, SRP54) vorweist. Uber Next
generation sequencing konnten eine Reihe von seltenen Genvariationen
aufgedeckt werden, unter anderem single nucleotide polymorphisms in dem
FLT3 und FLT1 Gen. Um den Einfluss der V194M-FLT3 Variation auf die
myelomonozytare Entwicklung zu ermitteln, entwickelten wir einen Wildtyp und
V194M mutierten Vektor. Wir stellten fest, dass V194M-FLT3 Rezeptor und
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Protein deutlich geringer exprimiert wird als Wild-Typ FLT3. Eine Inhibition des
26S Proteasoms durch Bortezomib korrigiert die V194M-FLT3 Protein
Expression nicht. Wir schlussfolgerten, dass der Degradierungsprozess des
mutierten FLT3 unabhangig von der Funktionalitdt des Proteasoms ist.
Zusatzlich etablierten wir zwei neue induzierte pluripotente Stammzelllinien
(iPSC) von somatischen Indexpatientenzellen und verglichen die frihe
hamatopoetische Entwicklung mit gesunden Spenderzellen. Multiple
Charakterisierungsexperimente bestatigten, dass die neuen iPSC Linien alle
Merkmale von iPS Zellen tragen.

Wir sahen, dass FLT3 in Embryoid Body (EB) Zellen des Indexpatientens in der
frihen Differenzierung geringer exprimiert war als in gesunden Spender EBs.

In der spaten hamatopoetischen Differenzierung unterschied sich die
Zellmorphologie mit der Oberflachenmarkerexpression der Suspensionszellen:
Morphologisch  differenzierten sowohl gesunde Spender- als auch
Indexpatienten iPS Zellen zu einem ausreichenden Anteil zu neutrophilen
Granulozyten. Jedoch nach Tag 19 der EB Formation exprimierten die meisten
lebensfahige CD45*CD11b* Zellen nur zu einem geringem Anteil CD15 oder
CD16. Griinde dafur kdonnen gegebenenfalls in der Zytokin Stimulation und den

Differenzierungsprotokollen gefunden werden.
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