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Abstract

1. Abstract

Preeclampsia is a pregnancy-specific complication, occurring in 6 — 8 % of pregnancy cases,
and is the leading cause of 76,000 maternal and 500,000 prenatal deaths per year worldwide
(Redman and Sargent 2005). Due to the current lack of effective treatment options and its
high prevalence, the development of novel and effective therapies for preeclampsia is of great
importance ('Gestational Hypertension and Preeclampsia: ACOG Practice Bulletin Summary,
Number 222' 2020). So far, there is no clear understanding of the pathophysiology of
proteinuria and hypertension caused by preeclampsia, and animal models to study
preeclampsia are debatable. Yet, it is well known that elevated sFlt-1 plasma levels, by
scavenging VEGF and PIGF, lead to preeclampsia (Maynard et al. 2003; Levine et al. 2004).
Pilot trials of apheresis therapy to eliminate sFlt-1 in patients with severe preeclampsia proved
to be safe and effective (Thadhani et al. 2011). However, currently used platforms for sFlt-1

apheresis are unspecific, eliminating not only sFlt-1 but also other soluble proteins and factors.

The current thesis establishes a highly specific sFlt-1 apheresis set up through the generation
of a VEGF-based ligand with enhanced binding characteristics for sFlt-1. This novel ligand
enables adsorption of up to 80% of circulating sFltl with the highest specificity while
additionally restoring angiogenic balance by liberating endogenous PIGF and VEGF. According
to in silico molecular modeling, a single-chain VEGF165 dimer (scVEGF165) was generated,
which multimerizes to tetra- and higher multimeric VEGF molecules with enhanced sFlt-1
binding characteristics. A short peptide linker hampers intrachain dimerization scVEGF165 to
induce assembly, preferably as tetrameric molecules as visualized in negative staining electron
microscopy. scVEGF165 multimers possess a 1.2-fold higher affinity for sFlt-1 as compared to
the available antibodies or monomeric VEGF. Consequently, scVEGF165 multimers have the
ability to competitively release sFlt-1-bound PIGF and, in particular, VEGF. In ex vivo
adsorption experiments using serum samples from patients with preeclampsia, scVEGF165
multimers reduce sFlt-1 levels by 85% and increase PIGF and VEGF levels by 20- and 9-fold,
respectively. This system is directly applicable for further testing in large animal models of

preeclampsia, which is crucial to evaluate the effect of VEGF release on pregnancy.
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Furthermore, in this thesis, a novel transgenic mouse model of preeclampsia that expresses
soluble human sFlt-1, is characterized. Through inducible systemic expression of sFlt-1,
hallmarks of preeclampsia, hypertension, and proteinuria are reproducible in this mouse

model.

The findings described in this thesis will help to create a highly effective, targeted apheresis
therapy for patients with preeclampsia. In addition, the presented mouse model will be an
important tool for studies enhancing our understanding of renal physiology and

pathophysiology of preeclampsia.
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2. Zusammenfassung

Praeklampsie ist eine in 6 — 8% der Schwangerschaften auftretende Erkrankung und haufigste
Ursache von 76.000 mitterlichen und 500.000 pranatalen Todesfdllen weltweit (Sibai et al.
2005; Redman and Sargent 2005). Da aktuell keine spezifische Therapie fiir diese Erkrankung
existiert, ist die Entwicklung effektiver Behandlungsmethoden von groRer Bedeutung .
Gegenwartig ist die Pathophysiologie der mit einer Praeklampsie einhergehenden Proteinurie
und Hypertonie nicht gut verstanden und bestehende Tiermodelle bilden die Erkrankung nur
ungenau nach. Seit einigen Jahren ist bekannt, dass erhohte Serumspiegel des |6slichen VEGF-
R1 (sFlt-1) im Kreislauf der Mutter zur Praeklampsie fiihren. sFlt-1 bindet VEGF und PIGF und
unterbindet die trophische Wirkung dieser proangiogenen Faktoren auf die Endothelzellen
(Maynard et al. 2003; Levine et al. 2004; Hagmann et al. 2012). Pilotstudien zur Entfernung
von sFlt-1 aus dem mitterlichen Blut mittels Apherese bei Patienten mit schwerer
Praeklampsie erwiesen sich als sicher und wirksam (Thadhani et al. 2011) Allerdings
eliminieren die zur Verfligung stehenden Apheresesysteme sFlt-1 unspezifisch, d.h. immer

zusammen mit andere |6slichen Proteinen und Faktoren.

Im Rahmen dieser Forschungsarbeit wurde eine hochspezifische sFlt-1 Apheresesaule
entwickelt, die bis zu 80% des zirkulierenden sFlt-1 adsorbiert und zudem das angiogene
Gleichgewicht durch Freisetzung von PIGF und VEGF wiederherstellt. In-silico Modellierungen
zeigten auf molekularer Ebene, dass multimere VEGF Molekiile, bestehend aus Dimeren von
VEGF165 Einzelketten (scVEGF165), generiert werden koénnen, die bessere
Bindungseigenschaften fir sFlt-1 besitzen als wildtyp VEGF 165. Ein kleiner Peptidlinker
zwischen den monomeren scVEGF165 Sequenzen verhindert dabei die Dimerisierung
innerhalb der jeweiligen Einzelketten, so dass die Bildung von tetrameren Makromolekdilen
beglinstigt wird, die mittels Negativ-Kontrast-Elektronenmikroskopie visualisiert werden
konnten. scVEGF165-Multimere besitzen eine 1,2-fach hoéhere Bindungsaffinitdt gegeniiber
sFlIt-1 im Vergleich zu verfligbaren Antikérpern oder monomerem VEGF. Dies ermdglicht die
kompetitive  Freisetzung von  sFlt-1-gebundenem PIGF und VEGF. Ex vivo
Adsorptionsexperimente mit scVEGF165 Multimeren konnten die sFlt-1 Plasmaspiegel im

Serum von Praeklampsie-Patientinnen um 85% reduzieren und die Plasmaspiegel von PIGF

3
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und VEGF um das 20- bzw., 9-Fache erhdhen. Dieses Verfahren ist biokompatibel und kann
unmittelbar in GroStiermodellen fiir Praeklampsie angewendet werden. Dies ist von grofler
Bedeutung, um den Effekt der Freisetzung von VEGF auf Mutter und Fetus zu untersuchen.
Zudem wurde in dieser Forschungsarbeit ein Mausmodell der Praeklampsie charakterisiert, in
dem humanes sFlt-1 transgen exprimiert wird. Nach einer systemischen Induktion der sFlt-1
Expression, konnten die typischen Merkmale der Erkrankung: Hypertonie und Proteinurie in

diesem Mausmodell reproduziert werden.

Zusammenfassend leisten die Ergebnisse dieser Forschungsarbeit einen Beitrag flr kinftige
Grundlagenforschung im Bereich der Nierenphysiologie sowie der Pathophysiologie der
Praeklampsie und ermdglichen durch die Entwicklung eines spezifischen sFlt-1
Aphareseverfahrens einen wichtigen Schritt hin zur optimierten, zielgerichteten Therapie der

Praeklampsie.
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3. Introduction

3.1. Preeclampsia

Hypertension is considered one of the most frequent complications during pregnancy. It
affects about 4.6% of all pregnancies worldwide (Abalos et al. 2013). Hypertensive pregnancy
disorders encompass four major conditions, namely chronic hypertension, gestational
hypertension, preeclampsia or eclampsia, and chronic hypertension, with superimposed
preeclampsia. Among these complications, preeclampsia with a global prevalence of 6-8% per
year, remains among the most common hypertensive disorders associated with pregnancy
(Sibai et al. 2005; 'Report of the National High Blood Pressure Education Program Working
Group on High Blood Pressure in Pregnancy' 2000).

Preeclampsia is diagnosed after the 20" week of gestation with new-onset hypertension
above 140/90 mmHg (Giles et al. 2009) and presence of protein in the urine (proteinuria)
above 300 mg/24 hours (or 300 mg/g creatinine in spot urine sample) (Carroll and Temte
2000). Other diagnostic signs include significant end-organ dysfunction such as liver failure,
acute kidney injury, hematologic changes or central nervous system (CNS) related symptoms
(e.g., headaches, visual disturbances, and paraesthesia). Advanced preeclampsia can lead to
cerebral ischemia and seizures. By definition, the condition in which seizures or coma occurs
due to preeclampsia is termed eclampsia (MacKay, Berg, and Atrash 2001; Katz, Farmer, and
Kuller 2000). HELLP (hemolysis, elevated liver enzymes, low platelets) syndrome, renal failure,
liver injury, cerebral haemorrhage and edema, pulmonary edema, hypertensive
encephalopathy, disseminated intravascular coagulopathy (DIC), and thrombocytopenia are
among other serious maternal clinical complications associated with advanced preeclampsia
(Buchbinder et al. 2002; Haram, Svendsen, and Abildgaard 2009; Norwitz, Hsu, and Repke
2002). Together, preeclampsia and eclampsia encounter more than 50,000 maternal deaths
per year globally (Young, Levine, and Karumanchi 2010). In addition, preeclampsia is
considered a major risk factor for fetal demise. The rate of fetal stillbirth in severe
preeclampsia is 21 per 1000 and in mild preeclampsia 9 per 1000 (Simpson et al. 2002).

Moreover, preeclampsia increases the risk of fetal growth restriction, neonatal



Introduction

thrombocytopenia, neonatal neutropenia, bronchopulmonary dysplasia in late-preterm
infants (Backes et al. 2011).

Therefore, early diagnosis of preeclampsia is pivotal to both maternal and fetal health and
survival.

Besides detecting previously non-existent hypertension and proteinuria, the sFlt-1/PIGF ratio
as a clinical marker has been of great value in the diagnosis of preeclampsia. This screen-
testing parameter was suggested by Verlohren et al. in 2011 and showed 85% sensitivity in
detecting early preeclampsia. Currently available commercial tests measuring the PIGF/sFlt-1
ratio, in combination with uterine artery Doppler, have reached a sensitivity of 95% or even
higher (Verlohren et al. 2012).

Based on clinical manifestations and laboratory values, "preeclampsia with severe features"
can be differentiated. Preeclampsia is considered severe when the blood pressure exceeds
160/110 mmHg or when hepatic abnormalities (e.g., transaminases elevated >2 times the
upper limit of normal), acute kidney injury, thrombocytopenia (<100.000 /ul), pulmonary
edema, or symptoms of CNS dysfunction are present. In case of severe maternal and fetal
complications, pre-term delivery is advised. Depending on the gestational week of onset of
symptoms, preeclampsia can be classified into early-onset preeclampsia (EOP) or late-onset
preeclampsia (LOP) (Wojtowicz et al. 2019; Kornacki and Skrzypczak 2008). Disease onset
before the 34th gestational week is considered EOP, while onset after the 34th week is termed
LOP ('Hypertension in pregnancy. Report of the American College of Obstetricians and
Gynecologists' Task Force on Hypertension in Pregnancy' 2013). A rare form of preeclampsia
is postpartum preeclampsia, where preeclampsia occurs 48 hours after childbirth (Munjuluri

et al. 2005).

3.2. Preeclampsia - From past to present

In the fifth century, despite the lack of knowledge about preeclampsia and eclampsia,
headaches and convulsions were recognized as bad signs for pregnancy by Hippocrates (Bell
2010). However, until the 15™ century, the disease was not specified as a pregnancy disorder
but rather as one of four types of epilepsy (Bell 2010; Chesley 1985). The Greek word
“eclampsia’”’, meaning “sudden occurrence”, was used for the first time in 1619 by Johannes
Varandaeus in his Treatise on Gynaecology. It was Boissier de Sauvages, who in the 18

century could finally differentiate epileptic seizures from eclampsia. He believed that
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eclampsia is an acute form of convulsion and a mechanism by which the body can eliminate
its morbid elements, while epilepsy is a chronic condition with lifetime reoccurrence of
convulsions (Bell 2010). During this era, depending on the severity of symptoms, blood-letting
was commonly used and repeated as a treatment method for preeclampsia and eclampsia.
Another treatment method suggested by Danman was using cold water on the face and warm

baths to speed up the delivery while using opioids to help with women’s irritations (Bell 2010).

In the late 18™ century, it was believed that toxins found in meat were responsible for
preeclampsia and eclampsia, and consequently, meat restricted diets were prescribed for
women to prevent the disease (Chesley 1984). In 1843, John Lever, for the first time,
introduced proteinuria as a symptom found in women with eclampsia. In the same year,
Robert John et al. could associate early pregnancy symptoms like headaches, vision
disturbances, and stomach aches with the later development of convulsions in pregnant
women (Bell 2010). Finally, in 1978 the term pre-eclampsia was defined by Vaquez and
Nobecourt as a pregnancy-specific disorder and an early state of eclampsia, in which clinical
symptoms like proteinuria, edema, and headaches are observed, and the chance of
developing convulsions is increased. Between 1960 and 1986, several scientists compared the
placenta of women who died from preeclampsia with normal placentas and reported
significant differences in morphology, trophoblast cells, and blood vessels in preeclamptic
placentas (Brosens, Robertson, and Dixon 1967; Brosens, Robertson, and Dixon 1972;
Gerretsen, Huisjes, and Elema 1981; Khong et al. 1986). In 1983, for a short time, it was
believed that a worm-like parasite was responsible for the pathogenesis of preeclampsia and
eclampsia. However, six years later, Roberts et al. proposed a theory that is now the basis of
modern research concerning the etiology of preeclampsia. Together with his colleagues, he
introduced preeclampsia as an endothelial disorder, claiming that the injured placenta
releases an unknown pathogenic factor into the blood circulation, triggering a systemic effect

in the body of women with preeclampsia (Roberts et al. 1989).

Since then, much fundamental research has been performed to increase understanding of the
pathophysiology of preeclampsia. In recent years an imbalance of angiogenic and anti-
angiogenic factors in the maternal circulation - the latter originating from the placenta - has
been identified as the source of generalized endothelial dysfunction in the mother (Levine et

al. 2006; Sibai et al. 2005; Veerbeek et al. 2015).
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3.3. Pathophysiology of preeclampsia

In a normal pregnancy with successful placentation, invasive placental cytotrophoblasts reach
out into the maternal uterine wall, where they induce branching of maternal veins,
vasodilation, and remodeling of the maternal arterioles. This process is necessary for
connecting the maternal circulation to the intervillous space of the placenta and thus
increasing maternal blood flow into the placenta. For the spiral arteries to remodel as a
response to cytotrophoblast invasion, epithelial cells have to lose their smooth muscle cell
phenotype and convert to mesenchymal cells to be able to dilate — a process that is known as
epithelial-mesenchymal transition (EMT). In preeclampsia, cytotrophoblasts are believed to
induce incomplete remodeling of maternal arterioles, leading to insufficient perfusion of the
placenta and placental ischemia (Fig. 1). Impaired placental perfusion is believed to be the
cause of a hypoxic uterine environment, the presence of anti-angiogenic factors, and
inflammatory response in the mother leading to maternal arterial hypertension. The
mechanisms by which cytotrophoblast EMT contributes to the course of preeclampsia is still

unclear (Sun et al. 2011; Pennington et al. 2012; Madazli et al. 2000)
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Figure 1: Invasion of cytotrophoblast cells (ECTB) in normal pregnancy and preeclampsia.
(Pennington et al. 2012)

3.4. Renal pathology in preeclampsia

One of the common hallmarks of preeclampsia is proteinuria. Proteinuria is defined as a loss
of more than 300 mg of plasma proteins a day through the urine and is due to a defect of

glomerular filtration (Carroll and Temte 2000).

During the process of glomerular filtration, the kidney generates primary urine from the blood
to eliminate metabolic waste, electrolytes, and excess water. The primary urine is further
processed in the tubular system of the kidney before the urine is excreted into the bladder.
By definition, glomeruli are tufts of small blood capillaries that are surrounded by the
Bowman’s capsule. The highly complex filtration barrier consists of three main layers that
selectively filter fluids and macromolecules based on their size (cut-off 30-50 kDa) and charge.
Those layers are endothelial cells, glomerular basement membrane (GBM), and podocytes

(Lote 1986).

Endothelial cells, with their anionic glycocalyx, coat the luminal surface of glomerular
capillaries and create unique pore-like structures known as fenestrae. These pores are
between 50-100 nm in diameter and facilitate plasma flow while preventing the filtration of

blood cells (Lote 1986).

Podocytes are greatly specialized epithelial cells that cover the outer surface of glomerular
capillaries via their densely packed primary and secondary foot processes. The adjacent
interdigitating foot processes of podocytes are bridged by a unique and specialized cell-to-cell
junction known as the slit diaphragm (SD). The gap between two podocytes at the SD is about
40 nm wide and is formed by specialized transmembrane and scaffold proteins like nephrin,
and podocin. Mutations in the genes NPHS1 (encoding nephrin) and NPHS2 (encoding
podocin) result in severe proteinuria, and a serious condition of nephrotic syndrome with
histologic scarring of the glomeruli called focal and segmental glomerulosclerosis (FSGS)

(Kestila et al. 1998; Boute et al. 2000; Huber et al. 2001).

The GBM is synthesized by endothelial cells and podocytes and resides between the two cell
types. The GBM is 300 nm thick and consists of collagen IV, laminin, and heparan sulfate

(Davidson et al. 2015). In 1970 it was believed that the GBM contributes to the filtration
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barrier mainly by its charge selectivity (Brenner, Hostetter, and Humes 1978; Kanwar, Danesh,
and Chugh 2007), however later in vitro studies on the isolated GBM were unable to confirm
this theory (Kanwar, Danesh, and Chugh 2007; Bolton, Deen, and Daniels 1998). Recent studies
show that a complex interaction between the actin cytoskeleton of podocyte’s foot processes,
mechanical compression of the GBM itself, and SD length affect protein permeability of the

GBM (Butt et al. 2020).

In preeclampsia, proteinuria is accompanied by a decrease in the glomerular filtration rate.
After termination of pregnancy, proteinuria remits within 3 - 8 weeks. Studies have shown a
loss of both size- and charge-based selectivity of the glomerular filtration barrier in
preeclampsia (Moran et al. 2003). Although histological examination of preeclamptic human
kidney tissue is limited due to ethical concerns of conducting studies on pregnant women,
there are several studies that describe the general morphology of glomerular lesions in human
kidney samples of preeclampsia patients using light microscopy. Glomeruli of patients with
preeclampsia are enlarged in size, the capillary lumen exhibits reduced amounts of blood and
endothelial and mesangial cells appear hypertrophic. These morphological changes can also
be focal (Spargo et al. 1976; Fisher et al. 1981; Pollak and Nettles 1960). In biopsies taken two
weeks postpartum, deposition of fibrin in glomeruli has been reported (Morris et al. 1964).
Electron microscopy confirmed glomerular endotheliosis and loss of endothelial fenestrae
(Mautner et al. 1962). Despite evident proteinuria, in most cases, podocyte’s foot processes

appeared relatively intact (Karumanchi et al. 2005).

3.5. The role of soluble factors in preeclampsia

Before the year 2000, there were several studies suggesting that circulating factors are
responsible for maternal systemic endothelial dysfunction. However, there was no evidence
of a specific soluble factor that could cause endothelial dysfunction and proteinuria. In a series
of experiments, Vuorel et al. in 2000 and Zhou et al. in 2002 could show that the protein
soluble fms-like tyrosine kinase-1 (sFtl-1) is upregulated in the amniotic fluid and the placenta
of women with preeclampsia, however at this time, there was no clear link between this
finding and the systemic effects caused by elevated sFlt-1 levels in preeclampsia (Zhou et al.

2002; Vuorela et al. 2000).

10



Introduction

It was Maynard et al. that could associate excess sFlt-1 in the maternal circulation with the
pathophysiology of preeclampsia for the first time. By profiling gene expression of placental
tissues of women with preeclampsia, they were able to identify sFlt-1 as an anti-angiogenic
factor that is strikingly upregulated in the placenta of patients with preeclampsia. The increase
in sFlt-1 levels correlated with the endothelial dysfunction in mothers with preeclampsia as
well as the decrease of free vascular endothelial growth factor (VEGF) and placental growth
factor (PIGF), two angiogenic factors in the maternal circulation, referring a constant trophic
signal to endothelial cells. By administering sFlt-1 to pregnant rats, Maynard et al. were able
to induce symptoms of preeclampsia like hypertension and proteinuria. Furthermore,
injecting VEGF and PIGF rescued endothelial dysfunction in the rat model (Maynard et al.
2003).

In another study by Sugimoto et al., antibodies against VEGF were able to induce glomerular
endothelial damage and proteinuria in non-pregnant mice (Sugimoto et al. 2003). In addition,
Eremina et al. have reported the development of glomerular endotheliosis and proteinuria in
non-pregnant mice upon 50% reduction of podocyte-derived VEGF (Eremina et al. 2008).
Furthermore, there are clinical reports of preeclampsia-like symptomes, i.e., proteinuria and
hypertension, in patients who received VEGF antagonists, e.g., bevacizumab, for cancer

therapy (Eremina et al. 2008; Patel et al. 2008).

As previously mentioned, differentiation of placental cytotrophoblast cells is one of the key
stages in proper placental perfusion. There are studies that directly link pathogenic sFlt-1
upregulation in preeclampsia with abnormal placental perfusion and hypoxia. It has been
shown that the administration of sFlt-1 to cultured primary cytotrophoblast cells can interfere
with their differentiation and invasion (Zhou et al. 2002). Besides, blocking VEGF inhibited the

differentiation of cytotrophoblast cells to endothelial cells (Ng et al. 2004).

Several studies indicated significant upregulation of the hypoxia-inducible factor 1 (HIF1-a) in
the placenta of preeclamptic patients. HIF1-a is a well-known transcription factor that
regulates VEGF and FLT-1 gene expression (Caniggia et al. 2000; Rajakumar et al. 2003; Gerber
et al. 1997; McKeeman et al. 2004).

Although endothelial cells and monocytes can also be a potential source for sFlt-1 expression

during preeclampsia, studies comparing sFlt-1 concentrations in the uterine vein and uterine

11



Introduction

artery indicated that the sFlt-1 levels are significantly higher in veins, suggesting that the

placenta is the major origin for sFlt-1 production in preeclampsia (Cerdeira et al. 2019).

Physiologically, the concentration of sFlt-1 is elevated in every normal pregnancy. However,
in preeclampsia, this elevation is more pronounced (Maynard et al. 2003). In addition,
increased sFlt-1 levels are present in pregnancies with a higher risk of developing
preeclampsia, such as in twin pregnancies, where maternal circulating sFlt-1 levels, as well as
sFlt-1/PIGF ratios, are twice as high compared to singleton pregnancies. In twin pregnancies,
the elevation of sFlt-1 levels is not believed to be due to an increase in sFlt-1 mRNA levels but
due to higher placental mass (Maynard et al. 2008; Bdolah et al. 2008). Contrarily, in mothers
who smoke, the incidence of developing preeclampsia is lower than in non-smokers. In
smokers, a lower chance for developing preeclampsia has been linked to lower circulating sFlt-
1 levels (Powers et al. 2005; Levine et al. 2006; Caniggia et al. 2000). Upon delivery, maternal
sFIt-1 levels go back to normal, and systemic clinical manifestations of preeclampsia improve

as well.

Placenta-derived soluble endoglin (sEng) is another soluble factor whose upregulation is
associated with preeclampsia. sEng is the truncated splice variant of endoglin, which is a part
of the cell surface TGF-B receptor complex (Venkatesha et al. 2006). It has been reported that
cytotrophoblasts harvested from the placenta of women with preeclampsia in culture express
higher sEng levels compared to normal cytotrophoblast cells. In addition, in vitro data shows
inhibition of capillary tube formation by this protein (Gu, Lewis, and Wang 2008). Venkatesha
et al. have studied the role of sEng in pregnant rats with vascular damage mediated by sFlt-1
through coadministration of sFlt-1 and sEng. They demonstrated that sEng could enhance the
damage caused by sFlIt-1 and induce severe preeclampsia-like symptoms as well as HELLP
syndrome in vivo (Venkatesha et al. 2006). Similar to sFlt-1, elevated concentrations of sEng
remit after delivery. Circulating levels of both sFlt-1 and sEng increase in early disease stages,
even before the development of clinical symptoms (Rana et al. 2007). Therefore, it is
suggested that both soluble factors induce similar downstream signaling pathways in the

course of preeclampsia.
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3.6. VEGFR1 (Flt-1) and VEGFR2 (KDR) and their isoforms

Flt-1 and KDR are both tyrosine kinase receptors that bind to VEGFA with high specificity. Upon
VEGFA binding, KDR becomes activated by tyrosine transphosphorylation. Experiments on
KDR knock-out mice proved that KDR activation is essential for endothelial development and
maintenance (Shalaby et al. 1995). In contrast, FLT-1 acts as a decoy receptor modulating KDR
signaling by scavenging VEGFA (Mac Gabhann and Popel 2007). This interaction is implicated
e.g., in embryonal vasculogenesis. The dispensability of tyrosine kinase signaling via FLT-1 has
been investigated in the study of Hiratsuka et al., who demonstrated largely unaltered
vascular development in mice with deletion of the tyrosine kinase domain of FLT-1 (Kappas et

al. 2008; Hiratsuka et al. 1998).

Binding characteristics and affinities of VEGFA to FLT-1 and KDR receptors differ. According to
the study from Park et al., FLT-1 has a higher affinity of KD=10-20 pM to VEGFA than KDR with
KD= 75-125 pM (Park, Keller, and Ferrara 1993), yet a study published in 1997 by Wiesmann
et al. comparing VEGFA binding to KDR in monomeric and dimeric states showed that dimeric
KDR binds more tightly to VEGFA than FLT-1 and monomeric FLT-1 has a 100-fold higher
binding affinity to VEGFA than monomeric KDR (Woolard et al. 2004; Wiesmann et al. 1997).

FLT-1, also known as Flt-1, is a tyrosine kinase cell surface receptor, which is usually found on
the surface of endothelial cells, fibroblasts, smooth muscle cells, and macrophages. FLT-1 is
expressed in tissues such as the kidney, liver, heart, brain, and placenta. FLT-1 signaling is vital
for angiogenesis, cell proliferation, migration, and cell survival (Dawson et al. 2009). In the
absence of its specific ligands, FLT-1 remains in monomeric conformation and is inactive. Upon
binding to VEGFA, VEGFB, and PIGF, the kinase receptor gets dimerized and activated by
autophosphorylation of its intracellular tyrosine residues. Although in 1997 Wiesmann et al.
showed that domain 2 of Flt-1 is sufficient for binding to VEGFA (Wiesmann et al. 1997). In
2004, Woolard et al. reported that the binding site of Flt-1 to VEGFA consist of extracellular

immunoglobulin-like domains 2 and 3 (Woolard et al. 2004).

In another context, FLT-1 can also act as a decoy receptor of VEGFA signaling and thereby
regulate and control vasculogenesis and vascular morphogenesis. Upon ligand binding and
differential post-translational palmitoylation, the membrane FLT-1 can act as an intrinsic

receptor that negatively regulates vascular morphogenesis (Boucher et al. 2017).
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Alternative splicing of Flt-1 mRNA vyields a 100 kDa glycoprotein called soluble Flt-1 (sFlt-1).
sFIt-1 comprises the conserved ligand-binding domain while the intracellular kinase domain
and membrane-spanning domain are absent (Kendall and Thomas 1993; Kappas et al. 2008).
Hence this secreted protein is able to act as a decoy for VEGFA, VEGFB, and PIGF modulating

signal processes via these growth factors.

So far, eight splice variants of human Flt-1 have been identified, seven of which lack the
complete transmembrane domain (amino acid position 759 — 780) and the intracellular

domain (Szalai et al. 2015).

VEGF receptor 2 is also known as kinase insert domain receptor (KDR) in humans and fetal
liver kinase-1 (Flk-1) in mice. KDR binds to VEGFA, VEGFC, and VEGFD and plays an important
role in angiogenesis, vascular development, and permeability. The kinase activity of KDR
mediates MAP kinase and PI3K/AKT1 signaling pathways (Terman et al. 1992). VEGF-mediated
activation of KDR at the surface of endothelial cells is required for physiologic endothelial
function. VEGF-signaling promotes proliferation, migration, and survival of endothelial cells
and regulates vascular permeability (Holmes et al. 2007). Specifically, VEGF-signaling via KDR
on endothelial cells controls the production of the vasodilator nitric oxide (NO). In
preeclampsia, NO levels are reduced in patient’s serum, suggesting its contribution to arterial
hypertension and endothelial damage (Seligman et al. 1994). Similar to Flt-1, the binding of
KDR to VEGFA is facilitated by the extracellular immunoglobulin-like domains 2 and 3 of this
receptor (Fuh et al. 1998; Munaut et al. 2012). KDR isoforms 2 and 3 lack the transmembrane
domain and can act as soluble regulators of VEGFA, C, and D by limiting the abundance of free

growth factors at the cell surface (Holmes et al. 2007).

In preeclampsia, the circulating levels of soluble FLT-1 and KDR are altered differently during
the term of pregnancy and after delivery. Soluble FLT-1 (sFlt-1) levels increase during gestation
and drop dramatically after delivery of the placenta, while soluble KDR levels are lower in
preeclampsia compared to healthy pregnancies and stay low after delivery. Therefore, it is
likely that the soluble FLT-1 is of placental origin, whereas the soluble KDR originates from

endothelial cells (Munaut et al. 2012; Holash et al. 2002).
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3.7. VEGF-Trap

Soluble FLT-1 and KDR have been of interest in cancer therapy due to their antiangiogenic
function and restriction of cancer cell invasion. In 2002, Holash et al. designed a novel
molecule that blocks VEGF-mediated angiogenesis in cancer, termed VEGF-Trap. VEGF-Trap
(aflibercept) is generated by fusing the second Ig domain of VEGFR1 and the third Ig domain
of VEGFR2 together to the Fc domain of human IgG1 (Holash et al. 2002). The dissociation
constant of VEGF trap to VEGF ligand is about 1 pmol/L (Presta et al. 1997). Primarily,
administration of VEGF trap completely abrogated hypertension in rats one to three days
before intravenous injection of VEGF (Konner and Dupont 2004). Currently, VEGF-Trap has
shown promising efficiency in several clinical studies to be used in cancer therapy and proved

to be safe and effective in combination with radio- and chemo-therapies (Teng et al. 2010).

3.8. VEGF family

Vascular endothelial growth factor type A (VEGFA) is most extensively characterized among
the members of the platelet-derived growth factors (PDGF) family. Besides VEFGA, VEGFB,
VEGFC, VEGFD, the group of VEGF-related polypeptides comprises virus-encoded VEGFE,
snake venom-derived VEGFF, and PIGF. All of these proteins naturally function as homodimers
(Ogawa et al. 1998; Yamazaki et al. 2009; lyer and Acharya 2011). As cystine knot proteins,
VEGF dimers are connected by two intermolecular disulfide-bonds (Poltorak, Cohen, and

Neufeld 2000).

VEGFA, is encoded by the VEGFA gene, located on chromosome 6 of the human genome.
Several splice variants of VEGFA have been identified, increasing the complexity of this
protein. Isoforms include VEGF121, VEGF165, VEGF189, and VEGF206 (Holmes and Zachary
2005). The first 151 N-terminal residues are conserved within all splice variants of VEGFA. In
addition, they all share six common residues at the C-terminus. The receptor activation and
binding domain consist of 110 amino acids. The other main domains involve a cell surface
heparin-binding domain comprised of 44 amino acids and a 24 amino acid domain that
facilities binding to the extracellular matrix (Fig. 2) (Keyt et al. 1996; Poltorak, Cohen, and
Neufeld 2000; Robinson and Stringer 2001). Alternative splicing of VEGFA modulates its
binding ability to VEGF receptors, heparan sulfate and neuropilins. For instance, VEGF206 and

189 isoforms are known to bind to neuropilins, and heparan sulfate while VEGF 121 does not.
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In addition, different isoforms are known to exhibit different binding affinities for the same
receptors. Based on Nano-BRET quantifications from Peach et al., the VEGF165 isoform shows
a higher binding affinity to KDR than any other isoform. Isoform 165 also is reported to be the
most abundant one of all isoforms in mammals (Peach et al. 2018; Houck et al. 1991). Mamer
et al.,, by comparing more practiced isoforms under comparable physiological conditions,
showed that VEGF121 has a weaker binding to KDR than VEGF165 (Mamer, Wittenkeller, and
Imoukhuede 2020).

In 1996 Keyt et al. characterized the FLT-1 binding surface of VEGFA, utilizing charge-reversal
mutagenesis studies. Later, some of the characterized residues were reported as binding
surfaces of the KDR to VEGFA by Muller et al. This study revealed domains 2 and 3 as important
locations extending along the VEGFA dimer interface that serve as binding epitopes for KDR
Domain 4, 5, and 7 (Keyt et al. 1996; Poltorak, Cohen, and Neufeld 2000; Markovic-Mueller et
al. 2017). The same year Wiesmann et al. generated the first crystal structure of the VEGFA-
FLT-1 receptor complex. Based on the observation that five out of seven residues important
for KDR binding are located within the interface of FLT-1 in a 3D structural model, Wiesmann
et al. suggested that the VEGF binding sites to its receptors 1 and 2 are very similar to each

other (Wiesmann et al. 1997).
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Figure 2: VEGFA domains and isoforms. (Woolard et al. 2004)

There is contradictory data on VEGF serum levels of patients with preeclampsia in different
studies, which is most likely due to different measuring techniques and their ability to detect
bound and free VEGF. For instance, in a study using an immunofluorometric assay, the levels
of serum VEGF are reported to be higher in patients with preeclampsia versus healthy and
non-proteinuric hypertensive pregnant women (Baker et al. 1995; Seligman et al. 1994). Yet,
VEGF levels quantified by this technique are not limited to free VEGF but also include total
serum VEGF. In other studies, where enzyme-linked immunosorbent assay (ELISA) against free
VEGF was performed, free levels of VEGF in the serum of preeclamptic patients were found to
be significantly decreased when compared to serum in normotensive pregnancies (Chielie et

al. 2020).

Placental growth factor (PIGF) is another member of the VEGF family, which is mainly
expressed in the placenta and in lower extents in the lung, liver, and heart (Maglione et al.
1991). The gene encoding for PIGF is located on chromosome 14 and can be spliced into four

different variants: PIGF1, 2, 3, and 4. Isoforms 2 and 4 contain cell membrane-associated
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heparin-binding domains (Yang et al. 2003; Hauser and Weich 1993). Predominantly, PIGF
functions in the form of homodimers, however, natural heterodimers of VEGFA-PIGF were
also reported. Whether these heterodimers confer pro- or anti-angiogenic effects is not clear
(Birkenhager et al. 1996). PIGF binds to its specific receptors FLT-1 and neuropilin receptor-1,
while, unlike VEGFA, it is unable to bind to KDR (Terman et al. 1994).

In a normal pregnancy, PIGF levels increase after 11 weeks of gestation and continue to
increase until week 30 to about 140 pg/ml before they decrease. In contrast, sFlt-1 levels
continuously increase throughout gestation. In preeclampsia, placental levels of PIGF in
pregnant women are abnormally low for their gestational age, most likely due to abnormal
placentation or due to scavenging of circulating sFlt-1 (Chappell et al. 2013). This low PIGF
rate is detectable even before the appearance of signs of the disease as early as the second
trimester of pregnancy. Therefore, in pregnant women, an elevated sFlt-1/PIGF ratio is used
as a biomarker to predict the onset of preeclampsia (Agrawal et al. 2019). Clinically, in
pregnant women with suspected preeclampsia, sFlt-1/PIGF ratio lower than 38 is considered

as the absence of preeclampsia (Zeisler, 2016).

3.9. Treatment of Preeclampsia

Currently, there is no causal treatment for preeclampsia. In many cases, preterm delivery
remains the only available effective treatment for these patients. Besides delivery, physicians
manage the patient’s symptoms by using medication. Since untreated hypertension can lead
to severe cardiovascular, renal and cerebral complications, it is vital to treat high blood
pressure in pregnant women with drugs such as methyldopa or labetalol (Berzan, Doyle, and
Brown 2014). Another medication that is commonly used to manage preeclampsia or
eclampsia is magnesium sulfate. Magnesium is shown to be beneficial for relieving cerebral
vasospasms and elevates the convulsive threshold in eclampsia (Sadeh et al. 1989). Low doses
of aspirin, started before 16 weeks of gestation, have been shown to decrease fetal mortality
by 14% and the risk of preeclampsia by 17% (Duley et al. 2007). In a more recent study to
prevent preeclampsia (ASPRE trial), women at high risk of developing preeclampsia were
treated with 150mg aspirin per day from 11 to 36 weeks of gestation. These women had a
significantly lower chance of developing preterm preeclampsia compared to their control
group (Rolnik et al. 2017). In studies on rat models, PARP inhibitors have been effective in

restoring the angiogenic balance and decreasing endothelial dysfunction, which might be of
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therapeutic value in the future, although side effects have to be considered (Walsh et al.
2012). In addition, downregulation of placental sFlt-1 expression using stabilized siRNA has

improved proteinuria and hypertension in a baboon model (Turanov et al. 2018).

Previously, Thadhani et al. established the first pilot study of adsorption therapy for retaining
sFlt-1 from the maternal circulation. Their method is based on adsorption of positively charged
sFlIt-1 from maternal circulation by negatively charged dextran sulfate matrix. A total of twenty
women with severe early preeclampsia were treated with dextran sulfate apheresis in two
independent studies for the duration of 14 to 21 days. Apheresis treatments were applied in
several sessions and proved to be safe to mother and fetus as well as effective, reducing 20-
25% of circulating sFlt-1 per treatment. Interestingly, proteinuria was reduced significantly
after each session. Although not powered for outcomes, this trial showed beneficial effects of
sFIt-1 adsorption with regard to prolongation of pregnancy by 2 to 4 weeks, giving the fetus
more time to mature and develop. After birth, no anomalies or complications were reported
in the neonates. In addition, the results showed the trend, that the infants of moms who got
dextran sulfate apheresis treatment had superior respiratory outcomes. (Thadhani et al. 2011;

Thadhani et al. 2016).

Meanwhile, specific apheresis systems have been developed. Antibody-based adsorption of
sFlIt-1 in preeclampsia is currently investigated in a phase Il trial. Recently, Trapiella-Alfonso et
al. pioneered an in vitro study on VEGF-based apheresis of sFlt-1. The group developed a
column comprising biotinylated bacterial expressed VEGF95 immobilized on magnetic beads.
The truncated isoform of VEGF (VEGF95) could efficiently capture sFlt-1 from serum and
liberate PIGF, reducing the sFlt-1/PIGF ratio in the serum of patients with preeclampsia by 68%
(Trapiella-Alfonso et al. 2019).
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4. Thesis aims

1. Design and characterization of affinity enhanced ligands for sFlt-1 to establish a
competitive sFlt-1 apheresis system, which specifically and efficiently eliminates sFlt-1 and

liberates endogenous VEGF and PIGF to enhance efficiency and tolerability of treatment.

Given the fact that angiogenic imbalance is the main cause of endothelial dysfunction and
maternal systemic symptoms in preeclampsia, previously, there was a therapeutic approach
implementing dextran sulfate apheresis to prolong gestation by clearing positively charged
sFIt-1 from the serum of the patients. Yet this approach was not free of downsides. Dextran
sulfate binds sFlt-1 nonspecifically. That means that by applying the serum to the column, not
only sFlt-1 but all other positively charged molecules in the plasma could potentially be
absorbed by the column, some of which might be necessary for mother and fetus. Besides,
since binding to dextran sulfate beads takes place through the positively charged Ig domains
of sFlt-1 and spare the ligand binding site of sFlt-1 (Thadhani et al. 2011), the binding between
sFlIt-1 and its ligands VEGF and PIGF will stay intact and thus eliminate endogenous VEGF and
PIGF.

Currently, some pharmaceutical companies are developing an antibody-based apheresis
approach for sFlt-1. In this system, monoclonal antibody against sFlt-1 is immobilized on the
Sepharose matrix. The antibody specifically binds sFlt-1 in the shaft region of the receptor.
Currently, his apheresis system undergoes clinical evaluation in a phase Il trial. However, in
principle, this setup, alongside specifically and efficiently eliminating sFlt-1 from the patients’
circulation, might also increase the risk of initiating immunological side effects due to the full-
length human IgG that is contained. In addition, since the antibody is not directed to the VEGF-

binding site, endogenous VEGF and PIGF complexed with sFlt-1 will be eliminated as well.

A competitive apheresis approach can potentially eliminate sFlt-1 while liberating the growth
factors VEGF and PIGF. The first proof of concept of competitive sFlt-1 apheresis was published
recently where a bacterial expressed truncated VEGF isoform (VEGF-95) was able to clear sFlt-

1 with high specificity while liberating PIGF.
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In this thesis, we aim to extend the concept of competitive sFit-1 further and generate the
first clinically applicable apheresis system that, beside high specificity and efficiency in sFlt-1

clearance, is able to liberate plasma PIGF and VEGF.

2. Introduction of a suitable animal model for studying the renal pathophysiology of

preeclampsia and testing novel therapeutic concepts in vivo.

The glomerular phenotype of preeclampsia is unique among glomerulopathies. Commonly in
preeclampsia, nephrotic range proteinuria subsides within a few weeks after delivery,
whereas in other glomerulopathies, recovery of proteinuria even after effective therapies
takes for months. The mechanism of proteinuria which is generally conceived as podocyte
disease with long time to recovery in the other glomerulopathies seems to be triggered by the
endothelium in preeclampsia. Knowledge on the cross-talk between endothelial cells and
podocytes as well as the direct contribution of endothelial cells to the filtration barrier is
sparce. A mouse model of sFlt-1 mediated proteinuria as it is seen in preeclampsia could help
to better understand glomerular pathophysiology of preeclampsia and even more so

glomerular physiology of podocyte-endothelial-crosstalk.

Due to the complex pathophysiology of preeclampsia, which involves fetal trophoblast cells
and maternal endometrial and endothelial cells, and also considering the differences in
placentation in the class of mammals, finding a proper in vivo model that recapitulates

preeclampsia seen in humans have been challenging.

So far, the majority of animal studies on preeclampsia are based on rat models, where the
uterine arteries are manipulated to cause placental ischemia or mouse models, in which
systemic symptoms of preeclampsia are induced by external application of recombinant sFlt-

1 (Carter 2020; Li et al. 2007; Turanov et al. 2018; Makris et al. 2016; McCarthy et al. 2011).

In this thesis, we aim to introduce an inducible mouse model of transgenic expression of
human sFlt-1, that represents renal manifestations of preeclampsia, enables us to study the
renal pathophysiology of preeclampsia, and potentially allows to test novel therapeutic

approaches in vivo.
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5. Materials and Methods

5.1. Materials

5.1.1. Chemicals/reagents/solutions

Table 1: List of chemicals, reagents and solutions

Name Product no. provider
1-Step™ Ultra TMB-ELISA Substrate Solution 34028 Thermo Fisher
37% formaldehyd solution 4979.1 Th. Geyer GmbH
acid disodium salt dihydrate (EDTA)

Agarose 16116 Thermos Fisher
Ammonium persulfate (APS) A1142,0250 Applichem
Ammonium sulfate 3746 Carl Roth
Ampicillin sodium Salt RO/K0291.000100 Th. Geyer GmbH
beta-Mercaptoethanol A1108,0025 LABOMEDIC GmbH
Bouinsche Losung HT10132-1I Sigma

Bovine Serum Albumin A9418 Sigma

BS3 (bis(sulfosuccinimidyl)suberate) 21586 Thermo Fisher

Calcium chloride

RO/HN042.00050
0

Th. Geyer GmbH

Collagen Il, Bovine A1064401 Invitrogen
Complete protease inhibitor tabl. EDTA-free (PIM) 11873580001 Roche
Coomassie brilliant blue G-250 161-0400 Bio Rad
D1000 DNA Ladder 5067-5586 Agilent
D1000 Sample Buffer 5067-5602 Agilent
Dimethyl Sulfoxide (DMSO) A3672,0100 AppliChem
Dithiothreitol (DTT) R0862 Thermo Fisher
dNTP Set, 100mM Solution RO182 Thermo Fisher
Scientific
dNTPs RO182 Thermo Fisher
Dulbecco’s Modified Eagle Medium (DMEM) D6429 Sigma
EDTA E5134 Sigma
EGMTM-2 Endothelial Cell Growth Medium-2 CC-3162 Lonza

BulletKit

Ethanol 96% v/v partially denatured technical grade

2128000.072

PanReac AppliChem

Ethanol absolute 9065 Carl Roth
Ethidiumbromide solution 1% 2218 Carl Roth
Ethylenediaminetetraacetic acid 60-00-4 Sigma
Ethylenediaminetetraacetic acid disodium E5134 Sigma

saltdihydrate (EDTA)
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Fetal Bovine Serum (FBS) 10270-106 Gibco
fuGENE HD Transfection reagent E2311 Promega
GeneRuler 1kb DNA Ladder SM0311 Thermo Fisher
GeneRuler 50bp DNA ladder SMO0372 Thermo Fisher
Scientific
Glycerol 3783 Carl Roth
Glycine 3908.3 Carl Roth
Heparin 3862340 Rotexmedica
Histomount HS-103 National Diagnostics
Hydrochloric acid 7332.1 Carl Roth
Hydrochlorid acid 2 N T134 Carl Roth
Incidin Plus 3011520 Ecolab
Isopropanol 5752.3 Carl Roth
Kanamycin sulfate K400 Sigma
Ketamine hydrochloride solution (Ketavet) K-002 Merck
LB-Agar X965 Carl Roth
LB-Medium X964 Carl Roth
Loading dye solution (6X) RO611 Thermo Fisher
Scientific
Magnesium Chloride 1.05833.0250 Merck
Magnesium chloride hexahydrate 105833 Merck
Magnesium sulfate heptahydrate P027 Carl Roth
Matrigel 356231 BD Bioscience
Mayer’s Hematoxylin Solution MHS1 Sigma
Methanol 4627 Carl Roth
1MOPS M1254 Merck
N,N,N’,N"tetramethylethylenediamine (TEMED) 2367 Carl Roth
Normal donkey serum (NDS) 017-000-121 Dianova
PageRuler plus prestained protein ladder 26619 Thermo Fisher
Scientific
Paraformaldehyde (PFA) P6148 Sigma
PBS Dulbecco Powder L182-50 Biochrom
Periodic Acid 99% 3257 Carl Roth
Polyacrylamide T802 Carl Roth
Potassium Chloride 6781 Carl Roth
ProLong Gold antifade reagent with DAPI 8961 S New England Biolabs
Protease inhibitors 11697498001 Roche
Pure acetic acid 99% - 100% 7332 Carl Roth
Pure acetic acid 99% -100% 7332 Carl Roth
REDTaq® ReadyMix™ PCR Reaction Mix R2523 Sigma
RNase-free water Ultra-Pure 10977-035 Invitrogen
RNase-free water Ultra-Pure 10977-035 Invitrogen
Schiff's Reagent 1.090.330.500 VWR
SDS pellets CN30 Carl Roth
Sodium azide $2002 Sigma
Sodium Chloride S5886 Sigma
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Sodium dodecyl sulfate (SDS) pellets CN30 Carl Roth
Sulfuric Acid (H2504) 339741 Merck

Thiazole orange 17519 AAT Bioquest
Tris Base T1503 Sigma

Tris Hydrochlorid (HCI) 9090.3 Sigma

TRIS hydrochloride T3253 Merk

Triton X-100 108603 Merk

Triton X-100 A4975,1000 Applichem
Trizma Base T1503 Sigma

Trypsin sor mass spectrometery T6567 Sigma
Trypsin-EDTA solution (1X) T3924 Sigma
Tween®20 3472 Caesar & Lorentz
Urea V125 Sigma
Vectashield Mounting Medium with DAPI H1200 Vector Laboratories
Water PCR Reagent R2523 Sigma

Xylol >98% 3715 Geyer
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5.1.2.Buffer/solution

Table 2: List of buffers and solutions

Name

Composition

1% Triton-X 100 buffer

20 mM Tris-HCI pH 7.5

1% (v/v) Trition-X 100

50 mM NacCl

50 mM NaF

15 mM Na4P207

Complete protease inhibitors (PIM)

Anesthesia

6,8 ml 0.9% NaCl
1 ml 100mg/ml Ketamine
0.4 ml Xylazine

Base Solution

25 mM NaOH
0.2 mM EDTA
pH 12

Binding buffer for streptactin-XT sephorase

50 mM Tris-HCI
150mM NacCl
pH 8.0

Blocking solution for staining

5% (v/v) NDS
in 1x PBST

Blocking solution for solid phase ELISA

2mM CacCl2
3% (v/v) BSA
in TBS

Cell Freezing Solution

45% (v/v) FBS
45% (v/v) DMEM or RPMI-1640
10% (v/v) DMSO

Colloidal Coomassie Stock Solution

755 mM (NH4)2504
2.55% (v/v) Phosphoric acid
0.1% (w/v) Coomassie brilliant blue G-250

Colloidal Coomassie Solution

80% Colloidal Coomassie Stock solution
20% (v/v) Methanol

Demasking Tris-EDTA buffer

10 mM Tris-HCI

1 mM disodium EDTA
10% (v/v) TWEEN-20
pH 9.0

Elution Buffer

50 mM Tris-HCl
150mM Nacl

50mm biotin in NaOH
pH 8.0

Fixing solution for Coomassie

25% (v/v) Isopropanol
10% (v/v) Acetic Acid

25



Materials and Methods

High Salt Washing Buffer 50mM Tris-HCI
1M NaCl
pH 8.0
Laemmli Sample Buffer (2x) 100 mM Tris

4% (w/v) SDS

20% (v/v) Glycerol
Bromophenol Blue
100 mM DTT

pH 6.8

Laemmli Sample Buffer (5x)

250 mM Tris

10% (w/v) SDS
50% (v/v) Glycerol
Bromophenol Blue
250 mM DTT

pH 6.8

Mass Spectrometry Digestion Buffer

2 M Urea

50mM HEPES

50 mM Choloroacetamin (CAA)
pH 8.0

Mass Spectrometry Elution Buffer

2 M Urea
50mM HEPES
5mM DTT

pH 8.0

Mass Spectrometry Wash Buffer 1

50 mM Tris (pH7.5)
150 mM NacCl

5% (v/v) Glycerol
0.05% (v/v) NP-40

Mass Spectrometry Wash Buffer 2

50 mM Tris
150 mM NacCl
pH 7.5

Neutralization Solution

40 mM Tris-HCI
pH5

Phosphate Buffered Saline (PBS)

137 mM NaCl
2.7 mM KCI

10 mM Na2HPO4
2 mM KH2PO4

Regeneration Buffer

50mM NaOH
in H20

Running Buffer

25 mM Tris
192 mM Glycine
0.1% (w/v) SDS

Stacking Gel

250 mM Tris
5% (v/v) PAA
0.2% (w/v) SDS
pH 6.8
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PBST

1 mM CacCl

0.5 mM MgClI2
1% Triton-X
in1xPBS

Coupling Buffer for CNBr Sepharose

100 mM NaHCO3
150mM NacCl
pH 8.3

SOC Medium

2% (w/v) Tryptone

0.5% (w/v) Yeast Extract
8.6 mM NacCl

2.5 mM KCI

20 mM MgS04

20 mM Glucose

TAE (1x)

40 mM Tris

20 mM Acetic Acid
1 mM EDTA

pH 8.5

TBS

50 mM Tris-HCl
150 mM NaCl,
pH 7.6

TBST

2.5 % (v/v) tween-20
in TBS
pH 7.6

Transfer Buffer

25 mM Tris
188 mM Glycine
0.1% (w/v) SDS

Wash Buffer for Solid phase ELISA 2mM CaCl2
in TBS
pH 7.6

Wash Buffer for Western Blot 30 mM Tris
300 mM NacCl

0.3% (v/v) Tween-20
pH 7.5
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5.1.3. Kit/Assay

Table 3: List of kits and assays

Name Product Provider
Number
AminoLink™ Plus Coupling and Immobilization 20394 Thermo Fisher Scientific
Resin
CNBr-Activated Sepharose™ 4 Fast Flow 17098101 GE Healthcare

Affinity

Creatinine Assay Kit

Cay500701-480

Biomol

Genelet Gel Extraction Kit

K0692

Thermo Fisher Scientific

Genelet Plasmid Miniprep Kit K0503 Thermo Fisher Scientific
GoTaq® DNA Polymerase M3001 Promega

Human PIGF Quantikine ELISA Kit DPGOO R&D systems

Human VEGF Quantikine ELISA Kit SVEOO R&D systems

Human VEGFR1/Flt-1 Quantikine ELISA Kit SV100C R&D systems

Q5® Hot Start High-Fidelity DNA Polymerase MO0493 New England Biolabs
REDTaq® ReadyMix™PCR reaction mix R2523 Sigma Aldrich

T4 DNA Ligase M0202 New England Biolabs
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5.1.4.Antibodies and enzymes

Table 4: List of antibodies and enzymes

Name product Provider
Number
Alexa Fluor® 488 AffiniPure Donkey Anti-Guinea 2340472 Dianova/Jackson
Pig IgG (H+L) ImmunoResearch
Alkaline Phosphatase, Calf Intestinal (CIP) M0290 New England Biolabs
Anti-Human Beta-Tubulin antibody T0198 Sigma Aldrich
Anti-Human p44/42 MAP kinase antibody 9102 Cell Signaling
Anti-Human phospho-p44/42 MAP kinase antibody 4370 Cell Signaling
Anti-Human phospho-VEGFR2 antibody AF1766 R&D systems
Anti-Human VEGFR2 antibody 55B11 Cell signaling
Anti-Mouse CD31 (PECAM) antibody AF3628-SP R&D systems
Anti-Mouse IgG1, HRP conjugated A90-105P Biomol
Anti-Mouse IgG-Fc Fragment, HRP conjugated A90-131P mol
Anti-Mouse Nephrin antibody 20R-NP002 Fitzgerald
Anti-Wilms Tumor Protein (wtl) antibody ab89901 Abcam
BamHI-HF R3136 New England Biolabs
Bglll RO144 New England Biolabs
Cy3-AffiniPure Donkey a-Rabbit IgG (H+L) 711-165-152 Dianova/Jackson
ImmunoResearch
Cy™3 AffiniPure Donkey Anti-Goat 705-165-147 Dianova/Jackson
ImmunoResearch
Dpnl RO176 S New England Biolabs
Goat-anti-mouse IgG-HRP conjugated 115-035-003 Dianova/Jackson
ImmunoResearch
Goat-anti-rabbit IgG-HRP conjugated 111-035-003 Dianova/Jackson
ImmunoResearch
Mlul R0198S New England Biolabs
Mlul-HF R3198S New England Biolabs
Nhel-HF R3131 New England Biolabs
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5.1.5.Material

Table 5: List of materials
Name Product Provider

Number

10 cm dish for agar plates 82.1472.001 Sarstedt
8-Lid chain 65.989.002 Sarstedt
8-Lid chain lids, flat 65.989.002 Sarstedt
Blotting paper (Type BF4,580 x 580) 732-4094 VWR
Cell culture dish (96-wellF-Form) 655180 Greiner BioOne
Cell culture dishes (10-cm) 430167 Corning
Coverslips (round 18 mm no. 1.5) CB0O0180RAC Menzel Glaser
Crymold® standard 4557 Sakura
Cryovials 1,2ml PP 479-3221 VWR
Cytiva Whatman™ Grade 2V Folded Qualitative 09-832C Fisher Scientific
Filter Papers
Discofix®-3 4098102 Braun
Econo-Column® Chromatography Columns, 1.5 x 7374156 Biorad
15cm
Fast thermal cycling plates 96well 4346907 Applied Biosystem
Fisherbrand™ Regenerated Cellulose Dialysis 21-152-3 Fisher Scientific
Tubing
Glass cuvette 631-9511 VWR
Histosette® | M499-11 Simport
Low temperature freezer cryo vials 10018-758 VWR
Marienfeld Superior™ Lamelles couvre-objets 111600 Thermo Scientific
Micro tubes (1.5ml) 72.690.001 Sarstedt
Millipore Immobilon-P transfer membranes T831.1 Carl Roth
Nunclon cell culture flask, 80 cm2, straight neck, 178905 Thermo Scientific
filter cap
Polypropylene conical tube (15 ml) 734-0451 VWR
Polypropylene conical tube (50 ml) 734-0448 VWR
PTFE Tubing 20531 Merck
Rotiabo®-syringe filters, 0.22pum P666.1 Carl Roth
Rotiabo®-syringe filters, 0.45um P667.2 Carl Roth
Safe Lock 1.5ml Eppendorf tubes 301 23 328 LMS
Stripettes (10 ml) 4101 LMS
Stripettes (25 ml) 4251 LMS
Stripettes (5 ml) 4051 LMS
SuperFrost®/Plus microscope slides H867.1 Th.Geyer Group
Syringe (1ml) 7392/2007 BD
TC-Plate 6 weel, Standard F 7478811 Starstedt
TipOne (0.1-10 pl XL), sterile $1110-3810-c Starlab
TipOne 101-1000ul graduated, sterile $1111-2831-c Starlab
TipOne 1-200ul beveled, sterile S$1111-1816-c Starlab
Tissue culture dish with 20mm Grid 353025 Falcon
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Venofix® Safety 21 G 3/4” 4056520-01 Braun
Weighing tray 100ml| 611-9169 VWR
Weighing tray 300ml 2159.2 Carl Roth
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5.1.6.Equipment

Table 6: List of the equipment

Name Model/Produ Provider
ct no.
Analogue tube roller D-8400 Neolab
Autoclave V-150 Systec
Avanti centrifuge J-301 Beckman
BioPhotometer 6131 Eppendorf
Centrifuge (refrigerated) Z216MK Hermle
Confocal microscope LSM/Axiobserver Z1 LSM 710 Zeiss
Cryostat CM1850 UV Leica
Dumont #5 forceps 14098 WPI
Dumont #55 forceps 14099 WPI
FiveEasy Plus pH meter FP20-Std-Kit 30266628 Mettler Toledo
Forceps (for coverslips) 232-0111 VWR
Fusion Solo 60-FU-SOLO Peqlab
Hamilton syringe (50 ul Typ 705) 549-1155 VWR
Heatingblock TH 21 Ditabis
Hood 21928 Kojair
Horizontal electrophoresis system size L 401214 Peqlab
Horizontal electrophoresis system size S 40-0708 PeqglLab
Incubator (agarose) BD 115 Binder
Incubator (bacteria) BD 115 Binder
Incubator (cell culture) MCO-20AIC Sanyo
JuLl Br live cell analyzer 91-JUBRO4 Peglab
Multipette® M4 613-2890 VWR
Microcentrifuge 5421 Eppendorf
Microtome RM2235 Leica
Minicentrifuge 521-2844 VWR
Mini-PROTEAN® Tetra Handcast Systems 1658000FC Biorad
Mithras multimode microplate reader LB 940 Berthold Technologiies
Multichannel pipet 316-3706 VWR
Multifuge 4KR Heraues
Nanodrop spectrophotometer 1000 PeqglLab
Odyssey CLx Li-COR
Operating scissor 501754 WPI
Pipetboy 613-4438 Integra
Pipettes: Research plus 3-Pack Option 1 (0,5- 613-1143 Eppendorf
10ul,10-100pl, 100-1000p)
Power supply 700-0115 VWR
Power supply EV231 consort
Shaker SSL3 Stuart
Slidescanner SCN400 Leica
Suction pump 181-0067DE VWR
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Suction pump (cell culture) HLC DITABIS
Thermal cycler 070-601 Biometra
Thermal cycler GE4832T/GE48 Bio-center
52T
UV Transilluminator system Ti5 Biometra
Vannas scissors 500086 WPI
Vortex mixer 444-1372 VWR
Water bath (for paraffin sections) HI1210 Leica
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5.1.7.Software

Table 7: List of software

Name Version Provider

Adobe Illustrator CS4 14.0.0 Adobe

Adobe Photoshop 11 Adobe

Finch TV 1.4.0 Geospiza Inc.
FusionCAPT 15.16 Vilber Lourmat
GraphPad Prism 8 8.4.3 GraphPad software Inc.
Imagel/Fiji 1.52p Wayne Rasband
ImageScope 12.3.2.8013 Aperio
ImageStudio 5.2 LI-COR

Microsoft Office Suite 2016 Microsoft
Nanodrop 3.7 Thermo Scientific
Serial Cloner 2.6.1 SerialBasics

ZEN software 2009 Zeiss
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5.1.8.0nline Software

Table 8: List of online software

Name

Website

Benchling

https://www.benchling.com/

Ensembel.org

http://www.ensembl.org/index.html

NCBI

http://www.ncbi.nlm.nih.gov/

NCBI Double Digest
Finder

https://www.neb.com/tools-and-resources/interactivetools/double-
digest-finder

NCBI Primerblast
software

http://www.ncbi.nlm.nih.gov/tools/primer-blast/

NCBI Pubmed

http://www.ncbi.nlm.nih.gov/pubmed

Reverse Complement

https://www.bioinformatics.org/sms/rev_comp.html

Tm Calculator

https://tmcalculator.neb.com/#!/main
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5.1.9. Cloning Primers

Table 9: List of cloning primers

Name

sequence 5'->3'

moVEGF165 forward

5-'ACAGCTAGCGCTCCTATGGCTGAAGGCGG-3'

moVEGF165 reverse

5'-TGTGGATCCCCGTCTGGGCTTATCGCAGC-3'

scVEGF165 forward

5'-ACAGCTAGCGCTCCTATGGCTGAAGGCGG-3'

scVEGF165 reverse

5'-TGTGGATCCCCGTCTGGGCTTATCGCAGC-3'

moPIGF forward

5'-ACAGCTAGCCTGCCTGCTGTTCCTCCTC-3'

moPIGF reverse

5'-TGTGGATCCCTCTACGAGGCACGGCGTCG-3'

scPIGF forward

5'-ACAGCTAGCCTGCCTGCTGTTCCTCCTC-3'

scPIGF reverse

5'-TGTGGATCCCTCTACGAGGCACGGCGTCG-3'

VEGF-M39R forward

5-AAAGCTGCAGCACCCATGGCAGAAGGAGGAG-3'

VEGF-M39R reverse

5'-ACACGTCTCTAGACATCTCTGAACTTCACCACTTCGTG-3'

VEGF-M39K reverse

5'-ACACGTCTCTAGACATCTTCGAACTTCACCACTTCGTG-3'

VEGF-M39K reverse

5'-ACACGTCTCTAGACATCTTCGAACTTCACCACTTCGTG-3'

VEGF forward

5'-ACACGTCTCTGTCTATCAGCGCAGCTAC-3'

VEGF reverse

5'-CAACGTCTCCCCTGATGAGATCGAGTAC-3'

VEGF-167D forward

5'-CAACGTCTCGAGTACGATTTCAAGCCATCCTGTGTGCC-3'

VEGF-167E forward

5'-CAACGTCTCGAGTACGAATTCAAGCCATCCTGTGTGCC-3'

VEGF-167D reverse

5'-TTTGGATCCCCGCCTCGGCTTGTCACATCTG-3'
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5.1.10.Genotyping Primers

Table 10: List of genotyping primers

Name

sequence 5'->3'

Collal reverse

TGGTTT CTT TGG GCT AGA GG

Collal forward

CCATCCCAACAATACATCACA

sFlt-1 forward CAAGGACGTAACTGAAGAGG
sFlt-1 reverse TTTCTTCCCACAGTCCCAAC
Tpbpa_Cre_Forward CAATTTACTGACCGTACACC
Tpbpa_Cre_Reverse TCCCCAGAAATGCCAGATTAC
ROSA-rtTA-common AAGGGAGCTGCAGTGGAGTA
ROSA-rtTA-wt rev CCGAAAATCTGTGGGAAGTC
ROSA-rtTA-mutant rev TCATCAAGGAAACCCTGGAC
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5.2.Methods

5.2.1.Nucleic acid analysis

5.2.1.1. Amplification of DNA using polymerase chain reaction (PCR)

For cloning, the PCR Q5® High-Fidelity DNA Polymerase kit was used according to
manufacturer’s instructions. Cloning primers are indicated in table 5.9. All components of the
reaction were assembled on ice as following:

Table 11: Components of PCR reaction for DNA amplification

Component Reaction volume Final concentration
5X Q5 Reaction Buffer 10 ul 1X

10 mM dNTPs 1 pl 200 uM

10 uM Forward Primer 2.5 ul 0.5 uM

10 uM Reverse Primer 2.5 ul 0.5 uM

Template DNA variable < 1,000 ng

Q5 High-Fidelity DNA Polymerase 0.5 ul 0.02 U/ul

5X Q5 High GC Enhancer (10 i) (1X)

Nuclease-Free Water ad 50ul

Reactions were transferred into a preheated thermocycler and the following protocol was run:

Table 12: Thermocycler program of PCR reaction for DNA amplification

step Description Temperature (°C) Time Repeats
1 Polymerase activation 95°C 2 min
2 Denature 95°C 20s X35
3 Annealing Recommended 10s
primer Tm °C
4 Extension 70°C 15 s/kb
5 Final extension 70°C 2 min
6 Hold 4°C oo

5.2.1.2. Cloning and mutagenesis of PIGF and VEGF165

Human placenta library was used for designing and amplification of moVEGF165
(NP_001165097; aa:27-191) and moPIGF (NP_001193941; aa:19-149). Specific PCR primers
containing Nhel and BamHI restriction, listed in table 9, were used for amplification of DNA

fragments into a sleeping beauty transposon expression vector which has previously been
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modified by group of the Prof. Manuel Koch. The vector bears an N-terminal BM40 signal
peptide sequence and a C-terminal thrombin cleavage site. For facilitating purification, a
double Strep |l purification tag is located at the C-terminal directly after the thrombin cleavage

site.

For cloning scVEGF165 and scPIGF, customized double-stranded linear DNA fragments were
ordered in the form of GeneArt String DNA fragment from ThermoFisher Scientific, Germany.
The double-stranded DNA fragments consist of two sets of amino acid sequences from
VEGF165 (NP_001165097; aa:27-191) and PIGF (NP_001193941; aa:19-149). The sequence for
the signal peptide was removed from the second monomer, and the two monomers were
connected to each other via a linker with 14 amino acids, GSTSGSGKSSEGKG. Cloning sites for
Nhel and BamHI enzymes were added at the terminus of each fragment. To optimize cloning,
similar cloning nucleotide sequence sites within the dimer sequence were exchanged in a way
to conserve representing amino acid sequence. Specific PCR primers listed in table 9 was used
to amplify the fragments, which were later cloned into the noted modified sleeping beauty

transposon expression vector.

Golden Gate assembly system was used for the generation of mutation within moVEGF165.
Four mutations, M39R, M39K, 167D, and I167E, were generated. For each mutant, a set of
primers containing three PCR primers which are listed in table 9, was used. The final DNA
fragment was the result of the combination of three smaller fragments, two of which
contained the desired mutations. The assembly of three fragments was done utilizing Esp3l
endonuclease. Like other previously explained constructs, the mutants were also cloned into
the same modified sleeping beauty transposon expression vector via Nhel and BamHI

restriction sites.
5.2.1.3. Enzymatic Digestion

Enzymatic digestion of Plasmids, vectors, and PCR fragments were performed using restriction
enzymes from New England Biolabs (NEB) or fast digest enzymes from ThermoFisher

Scientific. For enzymatic digestion reactions, the following conditions were applied:

39



Materials and Methods

Table 13: Components of NEB enzymatic reaction

Component for NEB enzymes Amount
Plasmid/PCR product 2 ug/27 ul
NEB buffer 3ul
Restriction Enzyme (5U/pl) 0.5 ul
H20 ad 30 ul

Table 14: Components of enzymatic reactions using fast digestion enzymes

Component for Fast digest enzymes Amount
Plasmid/PCR product 400 ng/pl
Fast digestion buffer 10 ul
Restriction Enzyme (5U/pl) 1,5 pl each
H20 ad 100 pl

Digestion reactions were mixed, centrifuged, and incubated at 37°C for 1 hour or overnight
for optimal outcome. Digested vectors were treated with 1,5 pl calf intestinal alkaline
phosphatase (CIP, NEB) for 30 min to remove 5’-phosphate groups from the DNA before
storing them at 4°C.

5.2.1.4. Agarose gel electrophoresis

For analysis of DNA, samples were premixed with 6X DNA loading dye before running on a 1%
or 2% (for small PCR products) agarose gel containing thiazole orange DNA-binding dye
(Sigma-Aldrich) in 1X TAE buffer. In order to estimate the size of the DNA fragments on the
gel, in each run, samples were loaded together with either 1 kb DNA ladder for Plasmids or 50
bp DNA ladder for PCR products (NEB). DNA was visualized using an Intas UV Trans-illuminator
system. If required, excited desired bands were cut using a scalpel under UV or blue light for

unstable PCR products.
5.2.1.5. DNA purification

DNA samples were purified using the GenelET Gel Extraction Kit according to the

manufacturer’s instructions.
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5.2.1.6. DNA Ligation

Ligation of PCR products into the vector systems was performed using T4 DNA ligase
(ThermoFisher Scientific) together with normal or Rapid ligation buffer (ThermoFisher

Scientific) according to manufacturer’s instructions.

Table 15: Components of enzymatic reaction for DNA ligation

Component for NEB enzymes volume

10X T4 DNA ligase /5X fast ligation Buffer 4,2 ul /2 pl

T4 DNA Ligase 0,5 ul
Digested plasmid 1.5l
Insert fragment 1.5ul
H20 ad 15 pl

Reactions were incubated at room temperature for 12 minutes (using fast ligation buffer) or

1 hour (using regular ligation buffer).
5.2.1.7. Bacterial heat shock transformation and plasmid isolation

60% of the ligation or control ligation reaction was added to 25ul of heat competent bacteria
cells (E.coli DH10B T1 phage Resistant). The transformation was carried out by incubation of
samples at 42°C for 45 seconds, followed by immediate incubation on ice for 2 minutes. 175ul
of SOC medium was added to the bacteria and incubated at 37°C for 1 hour at a 900 rpm
shaker in order to allow their regeneration. Finally, 80ul of bacteria were plated on ampicillin
containing LB agar plate and incubated in a Heraeus B12 function line incubator, at 37°C,
overnight. The following day, several bacterial colonies were picked and allowed to proliferate
in 5ml LB medium supplemented with 100ug/ml ampicillin overnight at 37°C. Plasmid DNA
was isolated and purified from 3ml of bacteria using the GenelET Plasmid Miniprep Kit

according to the manufacturer’s instructions.
5.2.1.8. DNA Sequencing

Correct insertion of the plasmids was verified using automated Sanger sequencing offered by

Microsynth, Lindau, Germany. 40-100 ng/ul plasmid DNA was premixed with 2pmol/ul
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sequencing primers in H20 for a total volume of 10ul before sending samples for
sequencing. Sequence readings were assessed using Benchling

(https://benchling.com), FinchTV, and serial cloner windows software.
5.2.2. Cell culture

All cell culture work was performed under completely sterile conditions under a laminar-flow
hood. For maintenance, the cells were incubated in a humidified incubator with 5% CO2 at

37°C.

Table 16: List of cell lines used in this thesis

Cell line Cell-type Organism  Origin

HEK293  embryonic human ATCC
kidney

HUVEC endothelial human ATCC

HEK 293 (human embryonic kidney) cells were cultured in Dulbecco’s Modified Eagle
Medium (DMEM/F-12 + Glutamax, Invitrogen) supplemented with 10% FBS. For passaging,
after washing cells with 1XPBS pre-warmed PBS, 1ml of trypsin was added to the cells and
incubated at 37°C until the cells detached from the cell culture dish surface. For stopping
trypsinization, 9 ml of DMEM medium containing 10% FBS was added to the cells. Finally, the

desired number of cells were transferred to fresh culture dishes.

Collagen |l coated six-well plates were used for culturing HUVECs (Human umbilical vein
endothelial cells) at passage 3 with a maximum of 80% confluency. The cells were culture using
a special medium for endothelial cells, Endopan 3 kit medium which contains 5% FBS,
hydrocortisone, VEGF, hFGF-B, R3-IGF-1, ascorbic acid, hEGF, GA-1000 (Pan biotech, Bavaria,
Germany). For maintaining low passage numbers, half of the cells were frozen each time they
reached confluency. For passaging, cells were washed with 1X PBS and incubated with 1ml of
trypsin at room temperature for 1 minute until the cells were no longer adherent. For stopping
trypsinization, Dulbecco’s Modified Eagle Medium supplemented with 10% FBS was used.
After centrifugation at 500rpm for 5 minutes and removing the supernatant, the desired
number of cells were cultured in new collagen Il coated, pre-warmed dishes. For starvation of

HUVECs, cells were cultured with Endopan 3 medium supplemented with 3% FBS and without
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additive growth factor supplemented for 24 hours. On the next day, cells were stimulated with
the appropriate recombinant proteins as indicated and incubated at 37°C for 10-60 minutes,

depending on the experiment.

5.2.2.1. Freezing and thawing cells

For freezing, cells were washed with pre-warmed 1X PBS prior to the addition of 1ml trypsin.
After stopping trypsinization by adding 9 ml cell culture DMEM medium supplemented with
10% FBS, cells were centrifuged for 5 minutes at 500 rpm. The supernatant was discarded, and
the cell pellet was resuspended in 1 ml of freezing medium containing 50% of the respective
cell culture medium, 40% FBS, and 10% DMSO. The cell suspension was quickly transferred
into a cryotube and placed in a freezing chamber to allow the slow temperature reduction of
the cells to -80°C. For thawing the cells, cryotubes were placed into a 37°C water bath while
keeping the lid over the water surface. Before full defrosting, cells were resuspended into 1ml
of pre-warmed cell culture medium and immediately transferred into a fresh cell culture plate

containing the appropriate volume of warm cell culture medium.

5.2.2.2. Transfection and protein production of designed constructs

For recombinant protein production, stable HEK293 EBNA cell lines were generated employing
the sleeping beauty transposon system. Briefly, expression constructs were transfected into
the HEK293 EBNA cells using the FUGENE® HD transfection reagent (Promega GmbH, Madison,
USA) in DMEM/F12 supplemented with 6% FBS. After selection with puromycin, cells were
expanded in triple flasks and induced with doxycycline. The supernatant of the cells was

harvested every three days.

For the production of heavy proteins, the cell culture medium was exchanged with labeled
media for three passages before inducing the protein production as well as during protein
production. The labeling medium was prepared by supplementing a lysine and arginine-free

DMEM media with 7% dialyzed FBS, 164 mg/ml lys 8, and 84 mg/ml arg 10.
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5.2.2.3. Cell proliferation and viability assay

Passage 13 HUVEC cells were seeded onto a 96 well plate at a decreasing density, from
250,000 to 50,000 cells per well, and incubated in a CO2 incubator at 37°C for 24 hours. After
one day of starvation, cells were treated with 25nM of the respective recombinant protein for
4 hours. To measure the viability of the HUVEC cells, MTT Cell Proliferation Assay kit (Cayman
Chemical, USA) was used according to the manufacturer’s instructions. In brief, 10ul MTT
reagent was added to the cells on an orbital shaker and incubated for the duration of 4 hours
in a 37°C 5% CO2 incubator until dark formazan crystals were formed. The crystals were
dissolved by adding 100ul of crystal dissolving solution to each well and incubation for 16
hours. The absorbance of each sample at 570 nm was measured using a microplate reader.

Quantification analysis was done using GraphPad PRISM 8 windows software.

5.2.2.4. Immunostaining of HUVEC cells

HUVEC cells passage 14 or 15 were cultivated on a glass coverslip until they reached 50%
confluency. After starving the cells for one day, cells were treated with the respective
recombinant protein for 4 hours. Cells were washed with 1x PBS and immediately fixed with
4% PFA for 10 minutes at room temperature. The fixation solution was washed off the cells
three times with 1x PBS and blocked by adding 3% BSA for 30 minutes at room temperature
(RT). Permeabilization was performed by incubation of the cells with 0.1% Triton X-100 in PBS
for 1 hour at RT. Subsequently, cells were incubated with the respective concentrations of
primary antibodies (Table 4) overnight at 4°C, followed by incubation with specific secondary
antibodies for 1 hour at RT. Coverslips were mounted on the slide using mounting medium
Prolong Gold containing DAPI. Images were acquired using a Leica SP8 confocal microscope

with a 63X/1.4 oil immersion objective and LAS X 3.1.5 windows software.

5.2.2.5. Analysis of VEGF signaling using western blot

HUVEC cells were cultured in Starlab’s six-well culture plates until they reached 80%
confluency. Cells were starved for two days prior to treatments. Cells treated with
conventional endothelial medium represented positive controls while cells on starvation
medium served as a negative control. For treatments with recombinant proteins, cells were
cultured in an endothelial medium containing all the supplements except for VEGF; instead,
40nM of the recombinant VEGF variants were added to 1ml of cell suspension. After

incubation for a duration of 2 hours at 37°C, cells were lysed as a whole by applying 2x
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laemmeli buffer directly to the wells. After Western blotting, membranes were stained with

antibodies against phosphorylated VEGR2, KDR, and beta-tubulin.

5.2.2.6. Wound-healing assay

To measure the extent of migration upon treatment with VEGF variants, HUVEC cells were
cultured in 24 well plates coated with collagen until they reached full confluency. The
following day, cells were starved for two days, and a linear scratch was made in the center of
the well, using a sterile pipet tip. After washing cells with PBS to remove the floating cell
debris, HUVECs were treated with 40uM of the desired recombinant proteins while cells
maintained on starving medium served as a negative control. The movement of the cells was
captured using an EVOS microscope in intervals of 20 minutes for a duration of 20 hours.
Quantification of captured images was performed by using the MiToBo Scratch Assay Analyzer

plugin tool of the Fiji windows software.

5.2.2.7. Tube-like structure formation assay

48well cell culture plates were coated with growth factor-free Matrigel TM BM matrix (BD
science). To this aim, prior to the assay, pipet tips and cell culture plates were precooled at
4°C. Matrigel was defrosted and brought to 4°C. 100ul of cool Matrigel was pipetted into each
well on ice while avoiding bubble formation, creating a striated surface. The plates were
incubated at a temperature of 37°C for one h until the Matrigel solidified. HUVECs were
seeded on top of the surface of the Matrigel at a density of 50,000 per well. Cells were
incubated to grow for one day with standard Lonza endothelial culture media. The next day,
media was exchanged with starvation media containing 3% FBS for 24 h. Starved cells were
treated with proteins for an additional 16 h. Tube-like structures were documented by
applying bright-field microscopy using a JuLi microscope. Analysis of the tube length was

performed manually using Fiji windows software.

5.2.3.Protein Biochemistry

5.2.3.1. Molecular modeling of recombinant proteins

This technique was done by Prof. Stetefeld without the contribution of the writer of this

thesis and is cited at the end of the paragraph.

The linker was modelled using PyMOL 2.2 software and analyzed for structural restraints.

The high-resolution crystal structure of VEGF-A in complex with VEGFR-1 domains D1-6
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(pdbcode: 5T89) was used as a modeling template. The implemented single-point mutations
of arginine (Arg) 39 and aspartic acid (Asp) 67 were subject to gradient energy minimization
in the crystallography and NMR system. The lowest energy structures of the single-point
mutant version were subject to 500 cycles of unrestrained Powell minimization. Harmonic
restraints were imposed on the target molecule (2 kcal/mol) with increased weight (25 kcal/
mol). Protein structure and model assessment tools were used to verify the quality of the

modeled structure (Matin et al. 2020).

5.2.3.2. Purification of recombinant proteins

A eukaryotic expression system using HEK293 EBNA cell lines was utilized for the production
of recombinant proteins. An optimized sleeping beauty transposon system was stably
introduced to HEK293 EBNA cells via transfection. For transfection, 1,8 ug desired DNA
together with 0,2 ug of the transposase plasmid and 6ul FUGENE® HD transfection reagent
(Promega GmbH, Madison, USA) was incubated for 15 min at RT and dropwise added to a
70% confluent HEK293 EBNA cell in a 6cm dish and incubated overnight at 37 °C. The cell
culture medium sued for protein production was DMEM/F12 supplemented with 7% FBS.
After three days, the transfected cells were selected using 0.5 pg puromycin. Upon
confluency, the cells were distributed in triple flasks and treated with 0.5 pg/ml doxycycline
forinduction of protein expression. Every three to five days, the supernatant was exchanged
and collected for the desired duration. In order to avoid the proliferation of cells more than
confluent, 3 mM Na-butyrate was added to the medium, and FBS was reduced to 2%. The
collected medium containing the secreted recombinant proteins were filtered via a paper
filter and purified via Strep-Tactin®XT (IBA Lifescience, Gottingen, Germany) resin according
to the manufacturer’s instruction. Proteins were eluted by 1-5 ml biotin containing TBS-
buffer (IBA Lifescience, Gottingen, Germany) in 5 fractions, and aliquots containing purified
proteins were stored at -80°C. Protein quantification was performed using a Biophotometer
device (Eppendorf, Model 613).

5.2.3.3. SDS-polyacrylamide gel electrophoresis

In order to analyze and separate proteins according to their molecular weight, an SDS page
was performed. To that aim, gel cassettes were hand-cast prior to experiments. For each cast
plate, first, 6 ml of Resolving Buffer was mixed with 0.15% TEMED and 0.1% APS and was
poured into the cassette, with a layer of isopropanol covering the running gel creating an even

surface. After completion of polymerization, stacking gel premixed with 0.15% TEMED and
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0.1% APS was added on top of the running gel, and a ten-well comb was placed onto the
stacking gel and allowed to solidify. Before loading, gels were assembled in a Mini-PROTEAN®
Tetra Handcast Systems (Biorad), and a 1X running buffer was filled into the chamber of the
system. Samples were loaded together with 3l of pre-stained protein ladder (ThermoFisher).
Electrophoresis was applied to the samples with 70V for 30 minutes, followed by 20 milliamps

per gel for one hour and 45 minutes.

5.2.3.4.Colloidal Coomassie Blue staining
For checking the protein purification pattern, 5ul of the cell supernatant before and after
protein purification, as well as 5ul of the washing buffer and all elution fractions, were

collected. Samples were diluted in 5ul H20 and mixed with 10ul of 2x laemmeli buffer.

For urine samples, after centrifugation, 1 ul of supernatant was diluted in 9ul of H20 and

mixed with 10pul of 2X laemmeli buffer.

Samples were cooked for 5 minutes at 95°C and loaded on a 10% Sodium Dodecyl Sulfate
Polyacrylamide (SDS) gel electrophoresis. SDS gels were fixated using 30ml fixation solution
for 30 minutes on a shaker at RT. After washing the gels with tap water, gels were incubated
in a 30ml colloidal Coomassie brilliant blue solution that was pre-activated by the addition of
6ml methanol overnight at RT on a decolorization shaker. The next day, de-staining of the gels
was performed using tap water for 16 hours at RT. Images from the gels were acquired using

the Odyssey CLx image scanning device.

5.2.3.5. Western blotting

For visualization, proteins on the SDS-gel were transferred to a Millipore Immobilon-P
polyvinylidene difluoride (PVDF) membrane. Membranes were activated with methanol for 3
seconds and washed with transfer buffer prior to transfer. The transfer sandwich was
assembled by placing the first filter paper soaked with transfer buffer, PVDF membrane, SDS-
gel, and a second filter paper while avoiding bobble formation. By applying an electrical field
with a constant 12V current for 1 hour and 20 minutes, the electrotransfer of proteins from
the SDS gel to the membrane was achieved. Afterward, the membrane was blocked with 25
ml of 5% BSA dissolved in SDS-washing buffer for 1 hour at RT. After washing the membrane
three times with washing buffer, the respective primary antibody (Table 4, diluted in wash
buffer) was applied to the membrane and allowed to incubate at 4°C overnight. Next, the

membrane was washed three times with washing buffer, and an HPR-conjugated secondary
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antibody with the dilution of 1:5000 was applied to the membrane for 1 hour at RT. Excess
secondary antibody was washed off from the membrane with washing buffer, and membranes
were developed using 200ul Clarity Western ECL detection solution (Bio-Rad Laboratories,
US). Images were acquired using Fusion Solo chemiluminometer and fusion-CAPT windows

software.
5.2.3.6. Negative stain electron microscopy

This technique was done by Dr. Morgelin without the contribution of the writer of this thesis

and is cited at the end of the paragraph.

The structure of monomeric and dimeric VEGF was visualized by negative staining electron
microscopy as described previously (Bober et al. 2010). Briefly, samples were incubated on
carbon-coated grids for 1 min, washed and then stained with 0.75% uranyl formate for 1 min.
Grids were rendered hydrophilic by glow discharge at low pressure in air. Specimens were
examined in a Philips/FEI CM 100 TWIN transmission electron microscope operated at 60 kV
accelerating voltage. Images were recorded with a side-mounted Olympus Veleta camera with

a resolution of 2048 x 2048 pixels and the ITEM acquisitions software (Matin et al. 2020).

5.2.3.7. Solid phase binding assay

For ELISA style binding assays, a 96 well ELISA plate (Thermo Scientific, Denmark) was coated
with 0.5 ug recombinant VEGF or PIGF or VEGF mutants in TBS overnight at 4°C as negative
control wells were loaded with only BSA. After two times wash with TBS containing 2mM
CaCl2, the wells were blocked for 1-2 hours with 5% MP/TBS/2 mM CaCl2. After three more
washing steps, an increasing concentration of VEGF-Trap ranging from 0,1 to 750 nM was
added to the wells. Detection of the ligand-receptor complex was done by the addition of an
HRP-conjugated antibody which binds to the Fc domain of the VEGFR1/R2 trap. Luminescence
OD 450nM was measured using a spectrophotometer (Thermo Scientific, Multiskan GO,

Finland).

5.2.3.8. Generation of specific VEGF/PIGF columns

Immobilization of the recombinant protein on Strep-Tactin®XT matrix (IBA Lifescience,
Gottingen, Germany) was performed on Polyprep® chromatography columns (Bio-Rad

Laboratories, USA) according to manufacturer’s instructions. The recombinant proteins
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containing a strep-tag were incubated with the recommended amount of resin in TRIS 50

mM, NaCl 150mM, pH=8 overnight.

For immobilization of a recombinant protein on Cyanogen bromide activated resin (Merck,
Germany) on Polyprep® chromatography columns (Bio-Rad Laboratories, USA), the proteins
were dialyzed in coupling buffer containing 100mM NaHCO3, 500mM NaCl, pH=8.3 for two
days. Beads were activated with 30 ml cold 1mM HCI for 15 min. The recommended amount
of resin was incubated with the dialyzed proteins overnight at 4°C. The unbound surface of

the beads was blocked by Tris-HCI 0.1M for 2 hours at RT.

For immobilization of a recombinant protein on an agarose matrix (AminoLink™ Plus
Immobilization Kit, Thermo Fisher Scientific, USA), the manufacturer’s instructions were
followed. Briefly, recombinant proteins were incubated in coupling buffer pH=10, added to
the resin, and incubated for 4 hours with 50mM NaCNBH3 in coupling buffer, pH=7.2.
Blocking of the unbound surface of the resin was performed by incubation with 50mM

NaCNBH3 in a quenching buffer.

In all cases, protein concentrations were measured before and after the coupling to determine
the coupling efficiency. An equal concentration of around 500 mg/ml from each recombinant

protein was used for immobilization to the corresponding resin.
5.2.3.9. VEGF, PLGF and sFlt-1 measurements

Quantification of Human sFlt-1, free VEGF, and PIGF concentrations was utilized by specific
commercial ELISA kits (R&D Systems, Minneapolis, USA) according to the manufacturer’s
instruction. Quantification of colorimetric ELISAs was performed using a spectrophotometer
(Thermo ScientificMultiskan GO, Finland). Data analyzing was facilitated with GraphPad Prism

9 software.
5.2.3.10. Precipitation of strep-tagged proteins from flow-through

After treatment of patient serum samples with the generated apheresis columns, the flow-
through was collected and exposed to Strep-Tactin®XT (IBA Lifescience) beads as positive
control recombinant strep-tagged VEGF was manually added to the flow-through. The beads
were washed two times with TRIS 50 mM, NaCl 150mM, pH=8, 30ul. To elute the bound

proteins from the bead, samples were boiled with 2x Laemmle buffer at 90°C. Analysis of the
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results was done using SDS polyacrylamide gel electrophoresis, and immunoblots were

stained with strep-tag-specific antibodies.
5.2.4.Determination of sFlt-1 isoforms via mass spectrometer

After validation of labeling efficiency of produced VEGF165, heavy VEGF165 molecules were
immobilized on agarose matrix (AminoLink™ Plus Immobilization Kit, Thermo Fisher Scientific,
USA). Serum of different patients was applied to the generated columns, and sFlt-1 removal
in the flow-through was validated using the VEGFR1 ELISA Kit (R&D Systems, Minneapolis,
USA). Afterward, the beads were washed several times using wash buffer of the AminoLink™
Plus Immobilization Kit, and an on-bead digestion affinity purification mass spectrometry
protocol was performed. In brief, DTT was added to the beads to a final concentration of 5mM
and incubated at 55°C for the duration of 30 minutes, followed by the addition of CAA to a
final concentration of 40mM and incubation for 30 minutes at RT in the dark. After
centrifugation for 10 minutes at 20,000 g, the supernatant was transferred into a fresh tube
and stored at -20 °C prior to a targeted measurement of sFlt-1 by the Proteomics Core Facility

of CECAD, Cologne.
5.2.5.Mouse experiments

All the mouse lines for this thesis were housed based on standardized specific pathogen-free
conditions in the in vivo Research Facility of the University of Essen. All mouse experiments
were carried out within the guideline frame provided and approved by the LANUV NRW
(Landesamt fuir Natur, Umwelt und Verbraucherschutz Nordrhein-Westfalen/State Agency for
Nature, Environment and Consumer Protection North Rhine-Westphalia) -Tierantragsnummer

at LANUV is G1265/12, G1644/17, and G0364/17.

5.2.5.1. Genotyping of mice
Genotyping was performed using extracted DNA from ear or tail biopsies of mice. To this aim,
tissue biopsies were incubated in 60 pl of Base solution at 95°C for 30 minutes. By the addition
of 60ul of neutralization solution, the reaction was stopped. For the PCR reaction Mix,
REDTaq® Ready MixTM, or GoTag® Green Master Mix was used. The specific primer sequences
used are listed under table 10. Detailed genotyping protocols are listed in the tables below

(Table 17, 18).
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Table 17: Reagents and program for genotyping hsFlt-1 transgene

hsFit-1 PCR program:

ddH20 8.5

5x GoTag 11 95°C 5 min

Forward primer (10 pmol/ul) 1,5 94°C 45 sec

Reverse primer (10 pmol/ul) 1,5 60°C  45sec

DNA 2,5 72°C 1 min

Total volume 25 goto step 2 and repeat 40 times
72°C 5 min
8°C forever

Table 18: Reagents and program for genotyping Rosa 26 rtTA transgene

Rosa 26 rtTA PCR program :
ddH20 11
REDTaq® ReadyMix™PCR reaction 95°C 3 min
mix 11 94°C 30 sec
Forward primer (10 pmol/ul) 0,25 61°C 1 min
Reverse primer (10 pmol/ul) 0,25 72°C 1 min
DNA 2,5 goto step 2 and repeat 53 times
Total volume 25 72°C 2 min
8°C forever
5.2.5.2. Whole animal perfusion, blood withdrawal and kidney collection

Animals were fully anesthetized via intraperitoneal injection of Ketamine/Xylazine using a 30-
gauge needle. The anesthesia was administered for 0,1ml/10g mouse body weight. Using a
standard scissor, the skin was opened up, exposing the chest cavity and heart. Prior to
perfusion, blood withdrawal directly from the heart was performed using heparin containing
needle. Blood samples were centrifuged at 11,000rpm for 10 minutes. Extracted plasma from
the supernatant was stored at -20°C. For perfusion, a 30-gauge needle connected to cold PBS
was inserted to the apex of the left ventricle while immediately cutting the right ventricle
using surgical Vannas scissors. After allowing the blood to flow out of the animal for about 5-

10 minutes, kidney tissues were collected and kept in 4% formalin at 4°C overnight. The next
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day samples were immersed in cold PBS and processed via tissue processor in the Center of
Pathology, University Hospital Cologne. Completely dehydrated samples were embedded in

paraffin blocks for conservation.

5.2.5.3. Immunostaining of kidney tissues
For immunostaining, paraffin-embedded tissues were cut in 3um thick sections via a hand
section microtome (RD-495, China). The tissues were demasked prior to antibody staining by
incubation in Tris-EDTA pH=9.0 at 110°C for 10 minutes. Blocking was performed by incubation
with 3% fetal bovine serum overnight at 4°C. The next day, kidneys were then treated with
primary antibodies overnight at 4°C. The dilutions used for anti-CD31/PECAM 1 polyclonal
goat antibody was 1/1000, for anti-Nephrin polyclonal Guinea pig antibody was 1/200 and for
anti-WT1 monoclonal rabbit antibody was 1/1000 in blocking solution. After several washing
steps, respective secondary antibodies corresponding to each primary antibody were diluted
in Tris pH=8 and incubated with the tissues for 1 hour. As a control for staining, the tissues
were stained only for the secondary antibody. Kidneys were embedded with Prolong Gold
antifade DAPI. Analysis and quantification of the pictures were obtained by a confocal
immunofluorescence microscopy (SP8 confocal microscope, Leica Microsystems) on a 63x

magnification.

5.2.5.4. Histochemical analysis of kidney tissues
For conventional light microscopy, harvested kidney tissues embedded in paraffin were cut in
the section of 2um via a hand section microtome (RD-495, China). Prior to the staining, tissues
were rehydrated by 5 min incubation in a serial descending ethanol concentration, and after
the staining, samples were dehydrated by incubation into ascending ethanol concentrations.
Tissues were embedded with histomount and coverslips prior to imaging via a Leica SCN400

Slide Scanner on a 40x magnification.

5.2.5.5. Periodic Acid-Schiff staining
Rehydrated kidney tissues were incubated for 10 minutes in 0.9% periodic acid (Carl Roth,
Germany) under a laminar flow hood. Then they were immersed in Schiff reagent (Merk
Millipore, Germany) for 10 minutes. Finally, they were stained with Mayer’s hematoxylin

solution (Sigma Aldrich, United States) for 2 minutes prior to dehydration.
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5.2.5.6. Acid- Fuchsin Orange G staining

Rehydrated kidney tissues were fixed by cooking the tissues with Bouin solution at 70°C for 1
hour. Staining started by incubation of the samples with Weigert's hematoxylin (Carl Roth,
Germany) for 5 minutes, followed by immersing the tissues in a solution of 4% HCI, 63%
ethanol for 10 seconds. Afterward, the tissues were incubated in 1% phosphomolybdic acid

for a duration of 5 minutes before staining with AFOG solution for 10 minutes.

5.2.5.7. Determination of Albumin to Creatinine Ratio (ACR)

A Mouse Albumin ELISA kit (ICL/Dunn Labortechnik, Asbach, Germany) was utilized for
measuring the concentration of mouse Urinary albumin. Urine samples were quickly
centrifuged prior to the assay. 1 pl of urine samples were diluted 1:100000, and the
concentration of albumin was determined according to the manufacturer’s instruction. For
measuring the concentration of Urinary creatinine, 1:20 dilution of urine samples was used in
a colorimetric assay, and the creatinine levels were measured according to the Creatinine
Assay Kit (Cayman Chemical, Michigan, USA) manufacturer’s instruction. The albumin to

creatinine ratio was calculated after adjusting the units.
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6. Results

6.1. Molecular modeling and structural analysis of VEGF165 and

PIGF mutants

In order to stablish an efficient, competitive sFlt-1 apheresis system, the most important step
is to generate a biomolecule with a higher binding affinity for sFlt-1 than the natural ligands

of the soluble receptor.

There is a considerable amount of literature on the crystal structure, function, and interactions
between VEGF variants and their receptors available. Based on this information, two
strategies were defined to increase the binding affinity of VEGF165 to sFlt-1: (1) substitution
of amino acid residues in the binding motif of VEGF165 by site-directed mutagenesis and (2)
connecting monomeric VEGF165 sequences to form higher-order homo-multimers of

VEGF165 with the idea to gain better accessibility of the binding sites during apheresis.

In order to optimize the binding affinity of VEGF165 to sFlt-1 by targeted mutations, in-silico
modeling of the VEGF165/sFlt-1-complex was performed by employing a CNS algorithm.
According to the algorithm, the substitution of two uncharged amino acids (methionine and
isoleucine) located at the ligand-receptor binding interface by charged amino acids
(lysine/arginine and glutamic acid/aspartic acid, respectively) was predicted to increase the
affinity of VEGF165 to sFlt-1. According to the prediction, exchanging methionine to
lysine/arginine results in a positively charged guanidine anchor on the ligand that faces the
negatively charged binding motif located on the receptor (Fig. 3, A). Replacing isoleucine with
glutamic acid/aspartic acid forces a negative charge on the ligand that could stabilize the
binding complex by forming a salt bridge with the positively charged lysine residue located at
the opposite receptor site (Fig. 3, B). Subsequently, four different mutants of VEGF165 were
generated, and sFlt-1 affinity was quantified as the equilibrium dissociation constant (KD) by

ELISA style binding assay.

As a second strategy, single-chain VEGF165 dimers were generated to force VEGF monomers

into multimerization. Based on the unique structural features of intermolecular disulfide
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bonds in VEGF and PLGF, we were able to engineer higher-order multimers that bind to sFlt-1

with enhanced affinity.

It is well-known that monomeric VEGF consists of the growth factor cystine knot structural
motif with three disulfide bridges. Two disulfide bridges stabilize an eight-residue-containing
ring, while the third bridge passes through the ring. These bridges stabilize four-stranded
central beta-sheets, extending from the cystine knot motif (Muller et al. 1997). In nature, VEGF
as a dimer consists of (mostly) two identical monomers that are located antiparallel to each
other and are linked via two covalent intramolecular disulfide bridges. The dimer is the active
configuration of VEGF and can unfold the receptor binding sites (Muller et al. 1997). In the
designed construct, two VEGF165 monomers were linked via a 14 amino acid linker to form
single-chain VEGF dimers (scVEGF165). These dimers were tagged by a cleavable double strep
tag to facilitate purification (Kowarz, Loscher, and Marschalek 2015) (Fig. 3, C). The short 14
amino acid linker interferes with the formation of the conventional side-to-side, antiparallel
structure of the VEGF dimer. This forces an open structure of two VEGF165 monomers within
a scVEGF165 molecule that allows the formation of multimers between more scVEGF165
molecules bound together via disulfide bridges (in the form of tetramers or multimeric chains)

(Fig. 3, C+D).
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Figure 3: Molecular engineering and modeling of VEGF mutants (Matin et al. 2020). A+B) Schematic overview
from the composite model of VEGF165/Flt-1 (domain D1-6) complex, shown in band and ribbon structures,
representing the electrostatic surface potential at the binding surface of the two proteins. Color code Blue
represents the positively charged regions, whereas color code red indicates the negatively charged regions.
Based on gradient energy reduction predictions, improved VEGF165 binding could be achieved with the point
mutations at the ligand-binding site M39R or M39K and 167D or 167E, which is represented as a stick model.
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Forcing M39R mutation adds a positively charged guanidine anchor imposing the negative regions alongside the
receptor biding motif (A), whereas point mutation 167D located at the p-meander of VEGF165 builds an
electrovalent bond with K223 residue of Flt-1 (B). C) Schematic cartoon of scVEGF165 expression plasmid and
several potential routes of assembly into VEGF165 multimers. Possible intermolecular conformations are linked
via disulfate bridges. D) Band and ribbon illustration of two superimposing single-chain VEGF165-dimers forming
a tetramer. Dark and light red spheres represent the 14aa linker.

Since in a clinical setting, eukaryotic post-translational modifications (like glycosylation) might
be needed for the proper function of proteins, and specific bacterial post-translational
modifications may cause immunogenicity in eukaryotic environments (Kuriakose, Chirmule,
and Nair 2016). In order to avoid the side effects of bacterial post-translational modifications
in our clinical application, eukaryotic expression systems were employed for the production
of recombinant proteins. The described recombinant mutants together with strap tagged PIGF
and scPIGF (single-chain PIGF, composed of two PIGF monomers linked with the previously
described 14 amino acid linker) were expressed as secreted proteins in HEK cells and purified

under physiologic conditions from the supernatant (Fig. 4)

Since the expressed recombinant growth factors should be able to induce MAP kinase
signaling cascade via KDR receptors (Narasimhan et al. 2009), the biological function of the
recombinant proteins was assessed by staining for phosphorylated ERK 1 /2 signal as a marker
for activated Map kinase signaling pathway in experiments using cultured HUVEC cells (Fig. 5).
While starved cells showed reduction in phosphorylated ERK 1 /2 signal, recombinant
monomeric as well as single-chain VEGF and PIGF showed activation of the MAP kinase

signaling pathway.
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Figure 4: Coomassie staining of recombinant protein purification (Matin et al. 2020). Culture media supernatant
of the cells stably expressing a recombinant monomeric or single-chain VEGF and PIGF, as well as the VEGF
variants bearing the point mutations, were harvested and purified via Strep-Tactin purification resin. Supernatant
medium is referred to as input. After washing the resin in the wash sample, no recombinant protein can be found,
whereas a distinct and robust purification pattern in the Elution fractions is detectable (F1-F4/6).
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Figure 5: Assessment of molecular characteristic and function of recombinant sFlt-1, monomeric and single-
chain VEGF, and PIGF (Matin et al. 2020). Activation of MAP-kinase pathway was evaluated in the starved HUVEC
cells treated with the recombinant monomeric and single-chain VEGF and PIGF as well as sFlt-1 to approve
functionality of these recombinant proteins. Cells treated with VEGF and PIGF variants were able to activate
MAP-kinase transduction detected by immunoblot analysis using specific phosphorylated ERK1/2 antibody,
whereas cells treated with sFlt-1 showed a reduction in the signal for phosphor-Erk1/2. Equal loading of the
samples was referenced by staining against GAPDH and total Erk1/2 antibodies.
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Utilizing negative staining electron microscopy enabled us to visualize the molecular structure
of scVEGF165 and compare it to the structure of VEGF165 (Fig. 6). Monomerically expressed
VEGF165 proteins formed instant dimers and appeared as dumbbell-shaped dimeric
complexes under electron microscopy. In contrast, as expected, the scVEGF165 formed mostly
clover-leaf-shaped complexes representing tetrameric structure with 2:2 configuration.

LT LT TR L T 4 ImoVEGFS
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Figure 6: Negative staining electron microscopy revealing the molecular structure of scVEGF165 vs.
moVEGF165 (Matin et al. 2020). Molecular configuration of purified recombinant moVEGF165 appeared as
mostly dimeric dumbbell-shaped structures together with few monomeric dot-like structures (A), whereas
scVEGF165 configuration appeared as mostly tetrameric clover leaf-liked shapes together with few dumbbell-
shaped single scVEGF165 molecules (B). To facilitate the observation, a representative molecule was magnified
and outlined on the right side of the picture.
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6.2. Point mutations at binding motifs of VEGF165 to sFlt-1/Flt-1 do

not enhance binding affinity

After successfully generating the recombinant proteins, the impact of VEGF165 mutational
alterations at the VEGF-sFIt-1 binding region was studied. For measuring the alteration in
binding affinity and static binding capacity of VEGF165 mutants compared to wildtype
VEFG165, a serial dilution of VEGF-Trap was applied to the fixed VEGF165 mutants in an ELISA
style binding assay (Fig. 7). Quantifications revealed that in contrast to the prediction of in
silico modeling, bearing mutations at the binding site of VEGF165-sFlt-1 does not enhance the
binding characteristics of VEGF165, and the dissociation constant remains unaltered

compared to wildtype VEGF165.
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Figure 7: Biochemical characterization of VEGF165 mutants. Vs. moVEGF165 (Matin et al. 2020). The binding
affinity of VEGF165 isoforms was quantified using a gradient concentration of VEGF-Trap in an ELISA-style binding
assay. The equilibrium dissociation constant (Kd) is defined by the curve. Mutation in the VEGF165 binding site
to Flt-1 didn’t affect their binding affinity and static binding capacity when compared to the wildtype
mMoVEGF165. Each depicted value is the average of three experimental triplicates (n=3).
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6.3. ScVEGF165 enhances sFlt-1/Flt-1 binding affinity

Next, we studied the binding characteristics of scVEGF165 as well as scPIGF and compared
them to their wildtype forms. Once again, a solid ELISA-like assay utilizing VEGF-Trap was used
for quantification of the equilibrium dissociation constant (Kd). As previously reported,
moVEGF165 represented a 2-fold greater affinity when compared to moPIGF (Christinger et
al. 2004). Interestingly, scVEGF165 displayed an 11% higher binding affinity to the receptor in
comparison to moVEGF165. Moreover, looking at the binding assay curve, scVEGF165 showed
a higher binding capacity compared to moVEGF165 as well. However, forcing multimerization
did not change the binding characteristics of PIGF significantly (Fig. 8). Therefore, in this thesis,

scVEGF165 would be used for further studies of proof-of-concept in our clinical applications.
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Figure 8: Biochemical characterization of VEGF165 and PIGF monomers vs. single-chain (Matin et al. 2020). A)
The binding affinity of VEGF165 and PIGF monomers vs. single-chain was quantified using a gradient
concentration of VEGF-Trap in an ELISA-like binding assay. The equilibrium dissociation constant (Kd) is defined
by the curves. Each depicted value is the average of three experimental triplicates (n=3). B) Kd graph, comparing
the binding affinities quantified for each molecule. The averages of standard deviations from three individual
experiments are plotted. scVEGF165 represents the lowest Kd or the highest binding affinity. *P<0.018; ns:
P>0.05.
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6.4. Comparing VEGF signaling in HUVEC cells treated with

scVEGF165 and moVEGF165

We have further investigated the functional characteristics of scVEGF165 compared to
monomeric VEGF165 (moVEGF165) to see whether cells behave differently in the presence of
scVEGF165 or moVEGF165. We have utilized human umbilical vein endothelial cells (HUVEC)
since these cells express both VEGF receptor 1 (Flt-1) and VEGF receptor 2 (KDR) at their
surface. After one day of serum starvation, cells were exposed to equal amounts of
moVEGF165 or scVEGF165 for 4 hours while maintaining the control group on starvation. In
order to visualize and quantify the VEGF signaling pathway, cells were directly stained with
phospho-KDR specific antibody and lysates analyzed by SDS-PAGE and immunoblot using
phosphor-KDR and total KDR antibody. While starved HUVEC cells showed no activated KDR
receptor, cells treated with moVEGF165 showed activation of KDR receptors at their surface.
Interestingly, cells treated with scVEGF165 exhibited a stronger and locally enhanced signal
for phosphorylated KDR receptors at their surface (Fig. 9, A). Activation of the KDR receptor in
cells treated with scVEGF165 and moVEGF165 appeared not to be significantly different in

western blot analysis (Fig. 9, B).
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Figure 9: Difference in VEGF signaling in cells treated with scVEGF165 compared to moVEGF165. A) Higher
activation and clustering of KDR receptor on the surface of HUVEC cells treated with scVEGF165 in comparison
to moVEGF165, visualized by staining the cells with phospho-KDR antibody. B) Western blot analysis of HUVEC
cells treated with scVEGF165 or moVEGF165 stained for phosphorylated KDR. Total cell KDR is visualized by
staining against KDR antibody, while B-Tubulin serves as the loading control.
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6.5. scVEGF165 and moVEGF165 induce similar cell proliferation and

migration patterns

Functional activity of scVEGF165 and moVEGF165 with regard to cell proliferation and
migration was assessed in cultured HUVEC cells. After two days of serum starvation, densely
cultured HUVEC cells were treated with moVEGF165 and scVEGF165. A wound-healing
experiment was used to test the ability of cells to migrate. Cells treated with scVEGF165
showed a slightly faster wound closure (Fig 10, A+B). However, discrimination between
migration and proliferation is not precisely possible in this assay. In addition, proliferation
assays were performed in starved HUVEC cells cultured in densities ranging from 0 to 300000.
The cells were treated with recombinant scVEGF165 and moVEGF165, and the production of
active metabolic indicator-purple formazan was measured using a colorimetric commercial
MTT migration assay kit. Cells treated with scVEGF165 showed a slight increase in proliferation
(Fig 10, A+B) and an increased purple formazan signal (Fig 10, C). However, changes in both

assays were not statistically significant.
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Figure 10: MTT assay absorption curve of cells treated with moVEGF165 vs. scVEGF165. A) migration of cells

treated with scVEGF165, moVEGF165, and commercial VEGF165 before and after 20 hours of treatment.
Magnification 4X. B) quantification of cell-free area, marked with yellow in section A, before and after 20 hours
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of treatment. C) MTT absorption at 570 nm of different cell densities ranging from 0 to 300,000 cells per 96 well
plate after 4 hours of treatment with recombinant proteins.

6.6. sCVEGF165 promotes angiogenesis similar to moVEGF165

To test whether recombinant scVEGF165 and moVEGF165 trigger the formation of capillary-
like tubular structures in endothelial cells, we performed a tube-like formation assay. HUVECs
were cultured on a growth factor-free Matrigel, representing an extracellular matrix needed
for the organization of tubes. After culturing and serum starvation of cells, the cells were
treated with recombinant moVEGF165 or scVEGF165. Tube networking was quantified by
measuring tube length, which is the distance between two nodes. Cells treated with wildtype
VEGF served as positive control while starved cells served as a negative control. Indeed, the
lack of growth factors in the starved control cells inhibited tube formation. Tube length
parameters were comparable for the fully formed tube structures triggered by wildtype VEGF
and recombinant moVEGF165. Although quantification of tube length from three
experimental replicates revealed a slight increase in tube length under scVEGF165 treatment
compared to moVEGF165, the difference was not significant, suggesting similar angiogenic

effect cause my moVEGF165 and VEGF165 (Fig 11 A+B).
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Figure 11: The effect of recombinant VEGF on endothelial cell tube formation. A) Representative picture of tube
formation in cells treated with wildtype VEGF, moVEGF165, and scVEGF165. In the growth factor-free condition
of negative control, no tube was formed. scale bar = 200um. B) Quantification of tube length as measured by the
distance between two neighboring nodes. Each dot represents the mean of tube length measured in one
experimental replicate.

65



Results

6.7. Assessing different substrate matrices and validating the stability

of sFlt-1 capturing apheresis columns

In therapeutic applications, biomolecules are coupled to Sepharose or aldehyde-activated
agarose inert matrices. These matrices are able to form covalent bonds with the linked
biomolecule and thereby reduce the chance of leakage. Other non-covalent strategies, such
as avidin-based interactions, have a greater chance of immunogenicity when used for in vivo
purposes (Brunger et al. 2007). In order to optimize the matrix with regard to binding
dynamics of the apheresis column, we immobilized moPIGF and moVEGF165 as well as
scVEGF165 on three different matrices, namely Streptactin, cyanogen bromide activated
Sepharose or aldehyde-activated agarose. Adsorption of recombinant sFlt-1 spiked into
human serum samples was quantified using a commercial sFlt-1 ELISA kit. We observed
significant clearance of sFlt-1 in all the coupled resins. However, the greatest sFlt-1 clearance
in a single run with 84.4% was achieved by the column with immobilized scVEGF165 using
aldehyde-activated agarose as the matrix (Fig. 12, A). Therefore agarose-based immobilization
was used for further experiments. Furthermore, the stability of the scVEGF165-based agarose
column was tested over a duration of 1 to 90 days after production of the column, and no

substantial loss of binding was observed (Fig. 12, B).
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Figure 12: Capturing sFlt-1 using different ligands and matrices (Matin et al. 2020). A) Comparison of Strep-
Tactin XT, CNBr-activated Sepharose, and amino-linked agarose matrices, equipped with equivalent doses of
recombinant moPIGF, moVEGF165, or scVEGF165, to find the best apheresis configuration. For all three capturing
molecules, coupling to amino-linked agarose generated the best yield of sFlt-1 reduction from human blood in a
single run. The averages and standard deviations from three different experiments are plotted (****p< 0.0001).
B) Longitudinal stability studies on sFlt-1 adsorption were performed within the duration of 90 days (1, 15, 30,
60, and 90). Columns used in this experiment showed promising stability even after storage at 4°C for 90 days
with a slight reduction in efficiency.
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6.8. Characterizing different sFlt-1 capturing ligands using the

preeclampsia patient’s serum

Next, we immobilized different sFlt-1 capturing molecules on an aldehyde-activated agarose-
based matrix. The concentration of loaded proteins on the matrix was equally calculated, and
the efficiency of coupling was measured after immobilization (Table 19). The capturing
molecules included recombinantly expressed moVEGF165, scVEGF165, moPIGF, scPIGF, and a
commercially available specific Flt-1 antibody. Concentrations of sFlt-1, free VEGF, and PIGF
were measured by specific commercial ELISA kits for each protein before and after applying

the serum samples to the respective column in a single run.

Whereas there was no evident change in sFlt-1, VEGF, and PIGF levels in control columns,
clearance of sFlt-1 with the engineered columns depended on the specific ligand (Fig. 13).
With moVEGF165 as ligand, 77.2% of serum sFlt-1 was cleared, which is comparable to the
clearance results of using the sFlt-1 antibody. As expected, the least effective sFlt-1 reduction
with 46.2% belonged to moPIGF. PIGF columns were unable to compete and release the
serum’s in-complex VEGF (Fig. 13, C). Antibody columns were unable to release both VEGF
and PIGF (Fig. 13, B+C). Interestingly, single-chain VEGF dimers (scVEGF165) boasted an sFlt-1
reduction of 89.9% (Fig. 13, A) while simultaneously releasing large amounts of VEGF and PIGF
in a single run (Fig. 13, B+C). Comparable to our previous results, single-chain PIGF (scPIGF)
molecules were not able to significantly increase sFlt-1 clearance as well as VEGF and PIGF

release compared to moPIGF (Fig. 13, A).
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Figure 13: Characterizing the sFlt-1 ligands utilizing patient serum (Matin et al. 2020). A) all columns containing
immobilized VEGF and PIGF variants, as well as the Flt-1 specific antibody, were able to reduce serum sFlt-1.
Among all the columns, scVEGF165 with p<0.0001 showed the greatest efficiency in sFlt-1 reduction. B) As for
the liberation of PLGF, the most pronounced PIGF release was achieved engaging the scVEGF165 column
(p<0.0001). sFlt-1 antibody column failed to release any serum PIGF. C) VEGF liberation was only observed in
mMoVEGF165 and scVEGF165 columns, with scVEGF165 showing more pronounced release (p<0.0001) compared

to moVEGF165(p=0.0017). PIGF and sFlt-1 columns failed to release any serum VEGF.
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Table 19: Representative list of concentrations from proteins before and after immobilization on the resin to

determine the coupling efficiency (Matin et al. 2020)

Protein name [Protein](pg/ml) [Protein](pg/ml) percentage
before coupling after coupling
mo VEGF!®® coupled agarose 519,1 0,192 99,96
mo VEGF!®> coupled CnBr 518,9 0,124 99,97
mo VEGF!®° coupled StrepTactin 518,5 0,187 99,96
moPIGF coupled agarose 487,9 0,161 99,967
moPIGF coupled CnBr 490 0,117 99,97
moPIGF coupled StrepTactin 489,2 0,158 99,96
mo VEGF!®® coupled agarose 513 0,113 99,977
sc VEGF° coupled agarose 538 0,189 99,96
VEGF DR coupled agarose 523 0,154 99,97
moPIGF coupled agarose 512 0,139 99,97
scPIGF coupled agarose 524 0,143 99,97
Flt-1 antibody coupled agarose 543 0,182 99,96

In clinical apheresis applications, leakage of the adsorbent is a great concern. We excluded

doubts about leakage of recombinant VEGF or PLGF by taking advantage of the Strep-tag on

the recombinant proteins. After running the serum samples over the competitive apheresis

columns, Strep-tagged proteins were precipitated in the flow-through of serum samples. We

analyzed the precipitated proteins by directly cooking the beads before SDS-PAGE and

immunoblot with Strep-tag specific antibody. No evidence for the presence of recombinant

VEGF or PIGF could be detected on immunoblot. The quantitative ELISA for Strep-tagged VEGF

and comparing it to VEGF approves these data (Fig. 14, A+B).
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Figure 14: The robustness and stability of immobilization on agarose columns (Matin et al. 2020). A) Graph
represents two different quantitative ELISAs performed on the flow-through of scVEGF165 column, on the left
side of the panel VEGF ELISA and on the right side of the panel strep-tag ELISA. The graph indicates the detection
of a high amount of free VEGF while detecting no strep-tagged scVEGF165. As a positive control, recombinant
Strep-tagged scVEGF165 with a concentration of 2300 pg/ml was manually added to the flow-through. B)
immunoblot analysis of precipitated proteins in the flow-through samples, treated with competitive apheresis
using Strep-tag specific antibody. Unlike the positive control, no protein containing a strep tag could be detected
on immunoblots.
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6.9. Initial sFlt-1 plasma levels determine the amount of VEGF release

In order to investigate whether initial sFlt-1 levels affect the efficiency of the treatment and
whether the amount of VEGF-release is linked to sFlt-1 clearance, we characterized the
relationship between sFlt-1 clearance and VEGF liberation in serum samples with varying
initial sFlt-1 levels. Descending serial dilutions of serum samples (D1-D5) were run over
identical scVEGF165 apheresis columns. The serum sample belonged to a patient with severe
early preeclampsia with initial sFlt-1 levels of 14,000 pg/ml. sFl-1 clearance was measured by
a commercial-specific sFlt-1 ELISA. A great percentage of sFlt-1 in the diluted samples was
cleared by the apheresis column (81.8 - 89.7%). Meanwhile, the reduction of the undiluted
sample was only 47.2%. Most likely, this effect is due to saturation of the mini columns with
an overall matrix volume of 200 pl (Fig. 15, A). VEGF release was quantified by performing
specific VEGF ELISA on the flow, though. We observed that the released VEGF levels correlate
with initial sFlt-1 levels (Pearson correlation: R=0.83) as well as with sFlt-1 clearance (R=0.96)
(Fig. 15, B). These data suggest that apheresis via scVEGF165 columns indeed liberates
endogenous VEGF from sFlt-1 binding. In addition, for future clinical applications, personalized
treatment regimes modifying, e.g., treatment duration and efficiency of apheresis (ligand

density), can be adapted based on initial sFlt-1 levels.
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Figure 15: Graph showing the correlation of VEGF release with sFlt-1 reduction (Matin et al. 2020). A serial
dilution (D1-D5) of a patient sample with similar initial sFlt-1-levels of 14000pg/ml was subjected to scVEGF165-
apheresis. A) sFlt-1 is lowered by 87.4% in all dilutions (mean). The sFlt-1 decrease in the undiluted sample is
47.2 percent. B) VEGF liberation is influenced by the initial sFlt-1 levels as well as the efficiency of sFlt-1 removal.
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6.10. Validation of scVEGF165-based apheresis in independent

patient samples

To validate the previous results in a larger patient cohort, we performed sFlt-1 apheresis on
ten independent patient samples from women with different severity of preeclampsia
(according to clinical presentation and sFlt-1/PIGF ratio) at varying gestational ages. A single
run over scVEGF-based agarose column was sufficient for a mean sFlt-1 reduction of 88% in
all the samples (median 92.2%; SD 5.27) (Fig. 16, A). PIGF levels increased at a mean of 20-fold
when compared to initial levels (median 14.6-fold; SD 5.40) (Fig. 16, B). VEGF levels increased
with a mean of 9.1-fold compared to their initial levels (median 8.7.; SD 4.15) (Fig. 16, C).
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Figure 16: Validating the function of the scVEGF165 apheresis column using several patient samples (Matin et
al. 2020). scVEGF165 apheresis was used to treat serum samples from 10 preeclampsia patients. Before (red)
and after (blue) adsorption, the levels of sFlt-1, free PIGF, and free VEGF were assessed by ELISA. A) In all serum
samples, sFlt-1 was lowered by an average of 88 percent (median 92.2 percent; SD 5.27%). B) PIGF release was
measured as 20-fold (median 14.6; SD 5.40), and C) VEGF release was measured as 9.1-fold (median 8.7; SD 4.15)
compared to starting values.
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6.11. Characterization of sFlt-1 isoforms in samples of patients with

varying severity of preeclampsia

In order to study the abundance of different sFlt-1 isoforms in the plasma of patients with
preeclampsia and to investigate whether there is a correlation between disease severity and
the predominant sFlt-1 isoform, we analyzed serum samples of patients at different stages of
preeclampsia (Table 20). After absorption of sFlt-1 from patients’ serum using the scVEGF165
agarose column, we subjected the adsorbate on agarose beads to an on-bead protein
digestion protocol followed by identification of sFlt-1 unique peptides via mass spectroscopy.
Knowing the characteristics of different sFlt-1 isoforms, we were able to identify several sFlt-
1 peptides using a targeted measurement approach. In all patients, most of the detected
peptides were commonly found in all the Flt-1 isoforms 2, 3, and 4. Only for Flt-1 isoform 3,
also known as sFlt-1-14, a single unique peptide was identified, DQEAPYLLR (Table 21).
However, due to high similarities between the sFlt-1 isoforms, and the abundance of detected
sFlt-1 peptides belonging to all isoforms, this approach was not valid to discriminate between

isoforms for diagnostic purposes.

Table 20: List of the patients with preeclampsia used in this experiment (Matin et al. 2020)

Patient No. Patient 1 Patient 2 Patient 3 Patient 4 Patient 5
Abbreviation PE1 PE2 PE3 PE4 PE5

PE stage severe PE Sever PE Fulminate PE Fulminate PE Late PE
Proteinuria 10g/g 1,2 g/g 300mg/g 300 mg/g N/A
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Table 21: Mass spectrometry measured data from the identified sFlt-1 peptides from the serum of patients

with preeclampsia

Protein Peptide Sequence PE 1 total PE 2 PE 3 total PE 4 total PE 5 total
Accession area area area area
total area

P17948-2 TNYLTHR 4.25E+06 7.92E+06 4.49E+06 4.18E+05 1.25E+07
P17948-2 AFPSPEVVWLK 1.76E+06 5.60E+06 1.89E+06 6.80E+04 8.94E+05
P17948-2 DGLPATEK 1.91E+06 6.88E+06 3.68E+06 3.65E+05 1.16E+07
P17948-2 GYSLIIK 8.99E+05 3.16E+06 1.85E+06 2.86E+05 1.94E+06
P17948-2 AVSSFPDPALYPLGSR 1.82E+07 5.03E+07 2.92E+07 4.48E+06 5.14E+07
P17948-2 IESITQR 2.90E+06 1.07E+07 8.94E+06 1.22E+06 1.62E+07
P17948-2 DVTWILLR 8.36E+05 1.23E+06 6.77E+05 1.68E+05 1.93E+06
P17948-3 TNYLTHR 4.25E+06 7.92E+06 4.49E+06 3.55E+05 1.25E+07
P17948-3 AFPSPEVVWLK 1.76E+06 5.63E+06 1.89E+06 6.80E+04 8.94E+05
P17948-3 DGLPATEK 1.91E+06 7.05E+06 3.68E+06 5.33E+06 1.18E+07
P17948-3 GYSLIIK 9.03E+05 3.66E+06 1.85E+06 2.86E+05 2.02E+06
P17948-3 AVSSFPDPALYPLGSR 1.82E+07 5.03E+07 2.92E+07 4.48E+06 5.14E+07
P17948-3 IESITQR 2.98E+06 1.12E+07 9.75E+06 1.70E+06 1.74E+07
P17948-3 DVTWILLR 8.36E+05 1.23E+06 6.78E+05 1.68E+05 1.93E+06
P17948-3 DQEAPYLLR 6.62E+06 1.10E+07 6.97E+06 1.55E+06 2.46E+07
P17948-4 TNYLTHR 4.25E+06 7.92E+06 4.49E+06 3.55E+05 1.25E+07
P17948-4 AFPSPEVVWLK 1.76E+06 5.63E+06 1.89E+06 6.80E+04 8.94E+05
P17948-4 DGLPATEK 1.91E+06 7.05E+06 3.68E+06 5.33E+06 1.18E+07
P17948-4 GYSLIIK 9.03E+05 3.66E+06 1.85E+06 2.86E+05 2.02E+06
P17948-4 AVSSFPDPALYPLGSR 1.82E+07 5.03E+07 2.92E+07 4.48E+06 5.14E+07
P17948-4 IESITQR 2.98E+06 1.12E+07 9.75E+06 1.70E+06 1.74E+07
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6.12. Finding a versatile animal model for preeclampsia

Animal models are indispensable for the further study the pathophysiology of preeclampsia
and the evaluation of therapeutic approaches. In a cooperation project, we characterized
transgenic mice overexpressing human sFlt-1 in an inducible system. These mice bear
transgenic rtTA at the ROSA locus, which enables the induction of transgene sFlt-1 on the
Col1A1 locus upon doxycycline treatment. Mice receiving sucrose treatment (here referred to
as dox control) and mice lacking the transgenic hsFlt-1 allele served as wildtype controls. The
systemic induction of sFlt-1 in mice was performed at mid-pregnancy 10.5 dpc. The
experimental animals were sacrificed at the end of pregnancy at 18.5 dpc for histologic

analysis.

6.13. Overexpression of hsFLT-1 in mice affects glomerular

morphology and function.

Renal tissues harvested from mice at 18.5 dpc were subjected to conventional light
microscopy. In glomeruli of mice overexpressing hsFlt-1, endothelial cells appeared swollen
and capillary lumen were occluded. This histologic finding is called endotheliosis and is
pathognomonic for anti-angiogenic states such as in preeclampsia. To visualize fibrosis in
kidney sections, we employed AFOG staining. In wildtype mice as well as dox control mice,
glomerular morphology was regular (Fig. 17). In mice expressing sFlt-1, stronger blue staining
of basement membranes and glomerular mesangial areas represents more fibrosis as
compared to controls (Fig 17, A). Analysis of urinary albumin/ creatinine ratio (ACR) was
performed to assess glomerular function. Mice expressing sFlt-1 showed elevated ACR
compared to the control groups, suggesting that overexpression of sFlt-1 is sufficient to cause

damage to the glomerular filtration barrier (Fig. 17, B).
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Figure 17: Histologic analysis of kidney tissue (Vogtmann et al. 2021). A) Histological analysis of mice at day 18.5
post coitum. Unlike sFlt-1 wt/wt mice and dox control mice, mice with ubiquitous overexpression of human
soluble fms-like tyrosine kinase 1 (hsFLT1) demonstrated glomerular endothelial cell hypertrophy and mesangial
expansion leading to occlusion of the capillary lumen. In addition, these mice demonstrated glomerular lesions
represented by rich collagen staining. Scale bar: 80um. B) Albuminuria of hsFLT1/rtTA mice was quantified by
determination of the urinary albumin/creatinine ratio (n=5 for each condition). Mice with ubiquitous
overexpression of hsFlt-1 showed a significantly higher albumin/creatinine ratio compared to control mice (P
value= 0.0089).
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6.14. Potential involvement of both endothelial cells and podocytes

in proteinuria in mice overexpressing hsFLT-1

Further characterization of kidney sections from mice overexpressing sFlt-1 was done by
performing immunofluorescence staining using specific antibodies against renal tissue
markers. Double labeling was achieved by employing distinctly labeled secondary antibodies
to the following primary antibodies: Nephrin antibody served as a marker for the slit
diaphragm, PECAM (CD31) served as a marker for endothelial cells, and WT-1 was used as a
marker for podocyte cells. In mice carrying sFlt-1 negative Col1A1 alleles as well as in dox
control animals, Nephrin staining showed the classic garland appearance representing the fine
slit-diaphragm located on the outer aspect of the capillary tuft. The latter is stained by anti-
PECAM antibody marking endothelial cells in close proximity of the slit diaphragm staining
without direct overlay (Fig. 18, A). Staining for WT-1 marks nuclei of podocytes and allows for
guantification of podocyte number per glomerulus (Fig. 18, B). In contrast, stainings on renal
sections of mice overexpressing sFlt-1 showed diminished Nephrin, WT-1, and PECAM signals.
The garland-like signal of Nephrin is lost, and immunoreactivity appears discontinuous and
patchy. Similarly, PECAM is not detectable on the whole capillary loop circumference. Lastly,
WT-1 is positive in fewer cells per glomerular cross-section as compared to wildtype control
as well as dox control animals. These data suggest that an increase in serum sFlt-1 negatively
impacts the main cell components of the filtration barrier by damaging endothelial cells and
podocytes, resulting in loss of slit diaphragm integrity and in disturbance of the glomerular

filtration barrier.
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Figure 18: Immunofluorescence staining of glomeruli (Vogtmann et al. 2021). A) Double staining of glomeruli
with slit diaphragm marker Nephrin (a, d, g) and endothelial cell marker CD31/PECAM (b, e, h). Compared to
control mice, ubiquitously hsFlt-1 expressing mice show reduced Nephrin (g) and CD31/PECAM staining (h). B)
Double staining of glomeruli with Nephrin antibody (a, d, g) and for podocyte-specific transcription factor WT-1
(b, e, h) showing reduced Nephrin and WT-1 staining. Scale bar: 200um.
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7. Discussion

Despite all advanced research and progress in the field, preeclampsia is still considered a
global threat to the infants and the health of pregnant women. Therefore, a treatment for

preeclampsia that is both specific and effective is an absolute medical need.

It is well understood that circulating sFlt-1 causes angiogenic imbalance leading to
preeclampsia. However, it is critical to understand and consider the complex physiology
behind preeclampsia before designing novel therapies. Previous studies have proven the
benefits of leveling angiogenic imbalance through the systemic infusion of VEGF121 or PIGF in
animal models (Makris et al. 2016; Li et al. 2007). Furthermore, in baboon preeclampsia
models, sFlt-1 overexpression in the placenta was reduced by stabilized siRNA (Turanov et al.
2018). Yet, any systemic medical or pharmaceutical intervention for preeclampsia that can
potentially influence the expression of sFlt-1 must be weighed with caution. According to in
vivo studies on elegant mouse models, in the placentas of pregnant mice, VEGF is produced
as a response to placental hypoperfusion and ischemia. Conversely, sFlt-1 derived from
trophoblast cells on the fetal side of the placenta scavenges VEGF and shields the fetus against
maternal VEGF. As reported by this study, maternal sFlt-1 is essential for the maintenance of
VEGF function on endothelial cells while locally blocking angiogenesis at the decidua.
Therefore, interfering with sFlt-1 expression may expose the fetus to harmful levels of

maternal VEGF (Clark et al. 1998).

As of now, after proof of safety and efficacy of sFlt-1 adsorption by nonspecific dextran sulfate
apheresis in patients with preeclampsia (Thadhani et al. 2011; Thadhani et al. 2016), the
concept of refined and specific extracorporeal elimination of circulating sFlt-1 is the more

appealing treatment choice.

81



Discussion
7.1. Designing VEGF mutants to increase the binding affinity of VEGF

to sFlt-1

In our study, we aimed to design a therapeutic intervention for preeclampsia that enables
clearance of pathogenic sFlt-1 from the patients’ plasma while at the same time liberating
initially sFlt-1-trapped endogenous VEGF and PIGF. We hypothesize that this intervention will
efficiently re-establish the angiogenic balance in the circulation of patients suffering from
preeclampsia, ameliorate maternal symptoms and thus prolong pregnancy to benefit fetal

development.

Generation of single-chain VEGF dimers to fixate a dimeric VEGF molecule was previously
described for VEGF121 isoform by Papo et al. in 2002 (Papo et al. 2011). They connected two
optimized VEGF121 isoforms using a 42 base pair linker to create a homodimer. The linker is
a glycine-rich, 14 residues (GSTSGSGKSSEGKG) peptide. This linker is designed to avoid
unspecific interactions between VEGF and the VEGFR2 (KDR) receptor. According to the crystal
structure of VEGF121, the binding domain of VEGF121 to KDR in dimeric conformation is
located where the C terminus of one monomer meets the N terminus of the other monomer.
Therefore, the DNA sequence coding for the linker was placed in between the sequence of
two monomers to encode the single-chain VEGF121 as a homodimer that mimics the wildtype
VEGF121 dimer. Papo et al. expressed single-chain VEGF121 in yeast. Their study showed that
post translational modifications, which differ in the yeast expression system, like e.g.,
glycosylation patterns, had no effect on VEGF activity. Single-chain VEGF121 exhibited a

comparable effect stimulating endothelial cell proliferation as wildtype VEGF121 dimers.

When designing single-chain VEGF dimers, it is crucial to consider several parameters. As
previously mentioned, one is to use a linker that averts unspecific internal and external
interactions. Another critical parameter is the size of the monomers in their secondary
structure. VEGF121 and VEGF165 differ by 44 amino acids in length. Insertion of the
mentioned 14 amino acid linker is long enough for VEGF121 to form an intramolecular dimer
within the single-chain VEGF sequence similar to the wildtype. The linker enables the two
VEGF121 monomers to form an antiparallel side-by-side configuration. However, the identical
linker for the bigger isoform VEGF165 is too short in length to allow for intramolecular dimer

assembly. Applying the same linker between two VEGF165 monomers will limit the freedom
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of monomers to be placed side-by-side and forces an open configuration on them. The open
structure of VEGF165 dimers facilitates attraction and binding of two adjacent open
scVEGF165 dimers, forming tetramers. Potentially, these structures can also extend to form

higher-order multimers.

We do not have an exact explanation on why scVEGF165 can enhance the binding affinity to
sFlt-1. We speculate that the three-dimensional structure of this multimeric molecule spaced
binding sites due to steric effects allowed more efficient binding. In addition, the molecule’s
orientation in the vicinity to the ligand might be more efficient for binding in the scVEGF165
dimer molecule. According to the cooperativity rule, the first step of binding a dimeric protein
to its ligand is similar to the reaction of binding a monomeric protein to its ligand. However, if
the binding of the first monomer to the ligand affects the binding of the other monomer
positively or negatively, this second reaction is faster or slower than the first reaction. A
dimeric protein with an occupied binding site might also have a faster or slower dissociation
reaction. There are several hypotheses proposed to explain the positive, cooperative effect.
One is conformational changes caused by the first ligand-receptor binding that progressively
changes the affinity of the unoccupied site. This hypothesis gets more complex in the case of
the multimeric proteins, where each subunit in a bound or unbound state might allow a

unique conformational change that affects the whole system differently (Lefurgy et al. 2012).

In the future, it would be interesting to see whether binding characteristics alter upon
generation of heterodimers within a scVEGF and whether engaging different monomeric
variants in a single-chain VEGF could intensify the binding affinity to sFlt-1, and consequently

increase in VEGF/PIGF release.

Like most cultured endothelial cells, HUVECs bear both Flt-1 and KDR at their cell surface,
which are essential for normal vascular development (Sato et al. 2000). However, according
to the study from Zeng et al. in 2001, KDR is responsible for the proliferation and migration of
the human umbilical vein endothelial cells (Zeng et al. 2001). Therefore, we investigate the
signaling pathway of KDR activation. Upon stimulation of cells with recombinant growth
factors, cells treated with scVEGF165 showed a higher signal for phosphorylated ERK1/2 and
MAP kinase activation than cells treated with wildtype VEGF. To our surprise, when staining
PFA-fixed cells for phosphorylated KDR, accumulation of active KDR was observed as patches

at the surface of cells treated with scVEGF165 while stimulation with wildtype VEGF showed
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a homogenous granular pattern of KDR activation throughout the cell surface. These data
suggest an increased reactivity of the endothelial cells to scVEGF165. Whether scVEGF165
promotes higher expression of KDR at the cell surface or solely promotes accumulation of
existing surface KDR through multimeric VEGF molecules available for binding to KDR, cannot
be resolved by immunostaining. In immunoblot analysis, the response of the cells to
scVEGF165 and moVEGF165 treatment represented by phospho-KDR signal was not different.
These data suggest that scVEGF165 clusters KDR receptor at the cell surface and does not

increase its expression.

We further analyzed the effect of scVEGF165 on proliferation and migration patterns in the
HUVEC cells treated with scVEGF165 and moVEGF165. However, our data failed to provide
proof of a clear signal concerning scVEGF165-induced proliferation and migration of HUVECs.
However, one should consider that our data has been obtained from cultured endothelial cells
that differ in morphology and function dependent on different cell passages and culturing
conditions. HUVEC cells lose their ability to migrate after around ten passages. Since the cells
were starved before the introduction of growth factors, starvation may influence the kinetic
activity of the cells in early passages differently than cells in later passages. Moreover, the
guality of the recombinant proteins and the age and storage conditions of the stimulants can
effectively influence the experimental outcome. Ideally, these experiments should be
performed simultaneously using the same early cell passage, treated under the same
conditions, employing stimulants with comparable quality. Furthermore, saturation of the
receptor at the cell surface is another important factor that should not be neglected. We
followed the previously published mitogen concentrations and recommended duration of
starvation and treatment for our experimental settings. We could improve the experimental
conditions by testing several different doses of stimuli, different treatment durations and

measuring the activation of KDR using phospho-proteomics prior to the main experiments.

Furthermore, the dissociation constant in our study for monomeric and single-chain VEGF165
was measured in vitro under basic kinetic parameters. When employing these proteins to cell
culture models, it is essential to consider that dissociation constants in steady states will not
be defined by simple relations of association rate divided by dissociation rate, but rather other

kinetic parameters like proteolysis, protein synthesis, monomer and dimer degradation rates
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and dilution, will also affect the binding affinity and consequently the cell’s response to the

stimuli.

85



Discussion
7.2. Choosing the proper matrix for the clinical application of sFlt-1

aphesis

The concept of plasma exchange was created as early as 1914 by Abel et al. for returning the
red blood cells to donors after retaining the plasma (McCullough et al. 2021). Since then,
apheresis has been performed to treat many different diseases. The most commonly used
solid matrices in the life science industry are Sepharose and agarose based. Both agarose and
Sepharose are polysaccharide polymers, with agarose bearing more charged polysaccharides

(Axen et al. 1971).

In the study from Trapiella-Alfonso et al., magnetic beads were utilized to immobilize
biotinylated recombinant VEGF95 as a capturing molecule for sFlt-1. A matrix of magnetic
beads binds to the ligand via a non-covalent linkage, making it unsuitable for clinical
applications in humans. Besides, the biotin-avidin interaction between the biotinylated
VEGF95 and the beads can cause serious immunogenicity in human patients (Trapiella-Alfonso

et al. 2019).

We took advantage of CNBr-activated Sepharose, aldehyde-activated agarose, and Strep-
Tactin solid resin to immobilize recombinant proteins in a small-scale chromatography gravity-
flow column. While the interaction between resin and protein in the case of Strep-Tactin
beads is based on biotin-avidin, non-covalent interaction, the two chemistry-activated
polysaccharide resins (Sepharose and agarose) form strong covalent bonds with the bait
protein. When generating custom-designed affinity columns, especially for clinical
applications, the covalent bond between the ligand and the resin is of great importance. The
solid covalent interaction facilitates a tighter linkage between protein and resin, reducing the

risk of leakage, i.e., loss of protein during the course of apheresis.

An aldehyde-activated agarose resin binds to the proteins either by the alpha-amine group on
the N-terminus of the protein or the epsilon-amine from the lysin side-chain residue of the
proteins (Raj et al. 2015). The CNBr-activated Sepharose matrix also reacts with primary
amines creating a covalent bond that results in the formation of non-charged imidocarbonate
(Urh et al. 2009). However, the optimal coupling efficiency between CNBr-activated

Sepharose, and the protein occurs at higher than physiological pH (between 8-10). In an
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environment with lower pH, the coupling efficiency is reduced (Kavran et al. 2014). Moreover,
in order to block the uncoupled reactive groups of the matrices, in the case of aldehyde-
activated agarose resin, cyanoborohydride solution is used to reduce the aldehyde groups,

and for CNBr-activated Sepharose, unspecific primary amines are being added to the matrix.

We achieved the highest specific elimination of sFlt-1 when utilizing agarose resin. At the same
time, the least unspecific binding was observed using this matrix. Furthermore, the agarose
column showed significant stability, not losing its clearance capacity after 90 days at 4 °C.
Overall, these findings make aldehyde-activated agarose resin the best candidate for clinical

application.
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7.3. Advantages and disadvantages of scVEGF165 competitive

apheresis

As previously mentioned, several different apheresis approaches have been suggested to
prolong pregnancy in patients with preeclampsia. The initial apheresis system in proof-of-
concept trials used unspecific, charge-dependent dextran sulfate columns to remove sFlt-1
from the circulation of patients (Thadhani et al. 2011; Thadhani et al. 2016). Considering that
together with sFlt-1, several other positively charged plasma molecules will be captured in this
setup, the side effects caused by the application of dextran sulfate can negatively affect
patient health. Moreover, applying an unspecific column significantly reduces the efficiency
of the treatment. Therefore, in order to gain the desired outcome, apheresis has to be applied
more frequently which increases the risk of side effects and the burden on the patients.
Moreover, one should consider that the pilot studies of treating preeclampsia, were carried
out in patients suffering from severe preeclampsia with high sFlt-1 plasma levels. A highly
efficient and specific treatment option, like scVEGF apheresis can be engaged during the early
course of the disease even when the sFlt-1 serum levels are not high, thereby potentially the

treatment intervals and ultimately the duration of pregnancy will be prolonged.

Another apheresis system for sFlt-1 removal, which is currently tested in phase Il trials, is
utilizing a specific antibody against Flt-1 or sFlt-1 to increase the specificity of capturing sFlt-1
from patients’ plasma. Antibody-based approaches may efficiently and specifically reduce sFlt-
1, yet, they eliminate sFlt-1 bound VEGF and PIGF at the same time. The binding motif of sFlt-
1 to its antibody differs from the binding motif of sFlt-1 to VEGF or PIGF. In addition, the
binding affinity of an antibody to sFlt-1 is weaker than binding affinity to its specific ligands
VEGF or PIGF. Overall, an antibody- dependent apheresis adds specificity but does not reach
maximal efficacy of the intervention regarding restoration of the angiogenic balance.
Moreover, the potential side effects of antibody leakage from the column as well as

immunogenicity of sFlt-1 antibodies should not be neglected.

The competitive apheresis suggested by Trapiella-Alfonso et al., using the truncated VEGF95,
enables liberation of only PIGF and not VEGF (Trapiella-Alfonso et al. 2019). VEGF95 has a
tenfold higher binding affinity to sFlt-1 when compared to PIGF and, therefore can compete

with PIGF for binding to sFlt-1 and influence the sFlt-1/PIGF ratio. However, since the binding
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affinity of sFlt-1 to VEGF95 is lower than the affinity to VEGF165, the most abundant VEGF
isoform in humans, the sFlt-1/VEGF ratio remains unaltered after VEGF95-apheresis

treatment (Trapiella-Alfonso et al. 2019).

Engaging natural binding biomolecules of sFlt-1, namely VEGF and PIGF, in our competitive
aphesis makes our approach highly specific and modifications of the molecule enhanced
binding affinity. However, the primary concern of VEGF apheresis treatment is the potential
adverse effects of VEGF release in vivo. Studies in animal models suggested that intravenous
application of VEGF in doses of 300-400 pg/kg body weight can cause an increase in vascular
permeability, tachycardia, or uncontrolled hypotension 10 to 120 minutes after injection.
Therefore, we calculated the potential VEGF release of competitive sFlt-1 apheresis based on
ELISA data. During a healthy pregnancy, VEGF and PLGF levels reach a maximum of 15ng/mL
and 500 pg/mL in the late trimester, respectively (Hunter et al. 2000; Evans et al. 1997,
Kasdaglis et al. 2010; Saffer et al. 2013). Depending on the severity of preeclampsia or in other
words initial serum sFl-1 levels, the released VEGF or PLGF levels vary. Based on in vitro data
using 1 ml serum from a patient containing very high sFlt-1 levels of 20000 pg/mL we
extrapolate the released VEGF to a treatment volume of 2 liters plasma. The expected VEGF
release is about 55ug which is well below the doses causing side effects in animal studies. Yet,
physiological side effects by redistribution of large amounts of VEGF into maternal circulation

and its effects on placenta and fetus will have to be addressed in large animal models.

Itis critical to have the best possible understanding of side effects evoked by novel approaches
of sFlt-1 apheresis. Another valid concern is VEGF- and PIGF-induced differentiation or
activation of dendritic cells and macrophages while leading blood over a column with
recombinant VEGF. It is proposed that the recruitment of macrophages via VEGFA can
indirectly cause lymphangiogenesis and hemangiogenesis (Cursiefen et al. 2004). In addition,
studies on cancer patients revealed that VEGFA suppresses the differentiation and maturation
of dendritic cells and thereby interferes with the functions of the immune system (Bai, Zhang,
and Hu 2018; Takahashi et al. 2004). Consequently, to avoid direct exposure of immune cells
to the immobilized VEGF, it is essential to consider a plasma separation step instead of whole

blood therapy when elaborating the VEGF-based sFlt-1 apheresis approach.
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7.4. The role of sFlt-1 isoforms in the pathogenesis of preeclampsia

There are accumulating data pointing to the role of the increased placental expression of sFlt-
1 and spilling of sFlt-1 into the maternal circulation as the source of generalized endothelial
dysfunction and multisystem injury of maternal organs in preeclampsia (Maynard et al. 2003;
Maynard et al. 2008). Several studies have tried to find a link between the predominant sFlt-

1 isoform produced by the placenta and the pathogenesis and progression of preeclampsia.

At least seven different splice variants of sFlt-1 have been identified, of which four have been
studied in detail. In all isoforms, the extracellular domain is conserved while the sequence of
their C-terminus varies (Ahmad et al. 2011; Sawano et al. 1997). Among all splice variants, two
are known to be expressed by the placenta: sFlt-1 i13 and sFlt-1-14. sFlt-1 i13 contains a
unique 28 amino acid sequence at its C-terminus and is expressed not only in the placenta but
also in other tissues such as the kidney, the brain and the heart (Ahmad et al. 2011). In
contrast, sFlt-1-14 contains a unique 31 amino acid sequence at its C-terminus and is
predominantly expressed in the placenta. This splice variant is also specific for human and

higher-order primates (Szalai et al. 2015).

Recently, Sela et al. identified sFlt-1-14 (also known as sFlt-1 e15a) as an isoform accumulating
in the circulation of women with preeclampsia (Szalai et al. 2015). They identified placental
syncytial knots as the major source of the sFlt-1-14 isoform. Syncytial knots form in response
to ischemia caused by a reduction of maternal blood supply in the placenta and their presence
increases with gestational age (Bdolah et al. 2008). These findings are in line with the previous
observation that women with preeclampsia experience placental ischemia and hypoxia during
the course of the disease and that the sFlt-1 levels constantly increase throughout gestation

(McKeeman et al. 2004).

In a more recent study, Palmer et al. compared placental mRNA profiles of 18 cases with
preterm preeclampsia to normotensive controls. The study confirmed sFlt-1-14 as the
predominant isoform in women with preeclampsia. They validated their findings using a
homemade ELISA specific for sFlt-1-14 measuring serum levels of splice variant sFlt-1-14 in the

patients with preeclampsia versus controls (Palmer et al. 2015).

In the same year, Szalai et al. investigated the contribution of the sFlt-1-14 splice variant in
the pathophysiology of preeclampsia by injecting sFit-1-14 into the tail-vein of mice. They
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could show that sFlt-1-14 is biologically active in vivo and can induce liver and kidney-

associated symptoms similar to preeclampsia (Szalai et al. 2015).

In a different approach, we aimed to identify sFlt-1 splice variants in the serum of preeclamptic
patients by proteomic analysis of sFlt-1 captured by the scVEGF165 apheresis column. After
digestion of captured sFlt-1 with trypsin, peptides were analyzed by a mass spectrometer to
search for unique peptides belonging to specific sFlt-1 isoforms. In serum samples from
women with preeclampsia, we were able to identify only one unique peptide which belonged
to sFlt-1-14. Although this finding is ideally in line with previously published data, due to the
strong homology between sequences of different splice variants of sFlt-1, we could not
exclude the existence of other splice variants in the patients’ sera. Likewise, assessing the

relative abundance ratio of sFlt-1-14 compared to other isoforms was not possible.
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7.5.  Animal models for studying preeclampsia

A clear understanding of the pathophysiology of preeclampsia and a detailed molecular
mechanism involved in abnormal spiral arterial remodeling as well as how increased levels of
sFIt-1 cause proteinuria and hypertension, are missing. The complex nature of preeclampsia
is an obstacle for generating versatile experimental animal models. An ideal model to study
preeclampsia would be a mouse model recapitulating the imbalance of circulating growth
factors while exhibiting the systemic effects of endothelial dysfunction of preeclampsia
(namely proteinuria, hypertension) that is promoted by impaired placentation and
trophoblast invasion. Additionally, after delivery of the placenta, all symptoms of the disease
should resolve (McCarthy et al. 2011). However, due to different placentation mechanisms
among mammals, fulfilling all these criteria is not possible. The degree of trophoblast invasion
into the basal endometrium and its blood vessels differ in different species (Carter et al. 2020).
Although compared to humans, higher-rate primates represent more similarity in
placentation, in reality, no animal model is fully suited to study the human placentation and
its complications (Carter et al. 2020). Generally, in mammals, based on shape and retained
maternal layers in the placenta, there are four types of placentas; diffuse-epitheliochorial,
cotyledonary-epitheliochorial, zonary-endotheliochorial and discoid-hemochorial (Furukawa,
Kuroda, and Sugiyama 2014). Humans, apes, monkeys, and rodents have a discoid-
hemochorial placenta, in which, unlike other types of placentas, fetal chorion and maternal
blood have direct contact to each other. Currently, the majority of studies on preeclampsia
have been performed utilizing rodent models, preferably rats. In rodent models, despite
having a similar hemochorial placenta as humans, there are three trophoblast layers, while in
humans, there is only one trophoblast layer. The different cellular barrier between maternal
blood and fetus affects the ability of the molecules and proteins to diffuse or move via active
transport across the placenta (Furukawa, Kuroda, and Sugiyama 2014). In rodent models,
unlike humans, invasion of the placenta into the myometrium does not occur or is limited, and
preeclampsia does not progress to eclampsia (Burke et al. 2010). The current rodent models
of preeclampsia employ replication-deficient sFlt-1 adenovirus or lentivirus. Animals exhibit
preeclampsia-like characteristics after injection of virus-encoded sFlt-1. A downside of using
these models is that immune response to virus application may influence experimental

outcomes.
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The mouse model used in this thesis is a doxycycline inducible, transgenic human sFlt-1 mouse
model that overexpresses systemic human sFlt-1 stably and reproducibly. The mouse harbors
a rtTA or tetracycline-inducible cassette that enables whole-body overexpression of human
sFlt-1. This mouse model was initially generated to study the effects of human sFlt-1 in
placental differentiation and vascularization by the research group of Prof’. Alexandra
Gellhaus, from the Department of Gynecology and Obstetrics of the University Hospital of

Essen (Vogtmann et al. 2021).

In preeclampsia, endothelial dysfunction in the kidney causes glomerular injury, which is
manifested by glomerular endotheliosis, endothelial swelling, occlusion of capillary lumen,
bloodless looking glomeruli and loss of endothelial fenestrate (Kamba et al. 2006). Glomerular
injury is clinically evident as proteinuria, characterized by an increased urinary
albumin/creatinine ratio. In our model, systemic hsFlt-1 overexpression was capable of
mimicking the hallmarks of glomerular endotheliosis, podocyte damage, and proteinuria.
Initial immunostaining of kidney tissue from preeclamptic mice revealed podocyte loss and
loss of signal from endothelial cells marker PECAM, which might be due to dedifferentiation

of cells and needs to be further investigated.

Due to time restrictions, the mouse experiments in this thesis are limited to primary
characterization of the model to validate its value in follow up studies on mechanisms involved

in proteinuria.

Coming from a nephrology background, it is in our interest to study the molecular mechanism
of proteinuria initiated by preeclampsia. Proteinuria in preeclampsia is unique because, unlike
other glomerular diseases, it is reversible, and glomerular function recovers rather quickly
after delivery of the placenta or removal of serum sFlt-1. Utilizing our inducible mouse model,
by controlling the dose of sFlt-1 expression we can study the effect of sFlt-1 on the severity of

glomerular injury and recapitulate proteinuria before and after sFlt-1 peak in the plasma.

It is known that glomerular VEGF expression is critical for the integrity of an intact glomerular
filtration barrier and kidney function (Sison et al. 2010; Muller-Deile and Schiffer 2011).
Podocytes express mediators such as VEGF that translocate to the glomerular endothelium to
activate their signaling activity (Sison et al. 2010). Most likely, podocytes are not directly
affected by VEGF-signaling, and glomerular endothelial cells participate in a crosstalk by

secretion of endothelial-specific mediators. However, convincing experimental proof in in vivo
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models is missing. This transgenic inducible mouse model expressing hsFlt-1 dependent on
doxycycline-administration allows us to study further the effect of VEGF on the crosstalk

between the different layers of the filtration barrier.
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8. Conclusion

This work introduces the first specific VEGF-based sFlt-1 apheresis system to treat
preeclampsia. This highly specific apheresis utilizes a novel VEGF molecule variant that can
immobilize sFlt-1 and liberate the bound VEGF and PIGF, thereby restoring the angiogenic
balance in pregnant women with preeclampsia. This therapy is optimized for direct in vivo

applications.

Several matters were not addressed in this thesis and need further investigation. For instance,
the flow rate and duration of aphesis, and its potential influence on the clearance of the
competitive apheresis system. Moreover, the safety and potential side effects caused by the
release of the column’s recombinant VEGF or PLGF into the circulation need to be addressed
by testing in animal models. Furthermore, the side effects of sFlt-1 reduction and VEGF release

and redistribution in vivo in both mother and fetus should be assessed in animal models.

Furthermore, we introduce a valid mouse model to study the potential side effects of
competitive sFlt-1 apheresis as well as eluting the renal pathophysiology of preeclampsia. We
have characterized a whole-body inducible mouse model overexpressing human sFlt-1 upon
doxycycline treatment in a collaborative effort. This mouse model could reproduce similar
systemic clinical manifestations of preeclampsia as seen in humans. The inducible system
enables control over sFlt-1 expression levels in these mice. This model is a promising tool to
study the concentration-dependent effects of sFlt-1 on the pathophysiology of preeclampsia

and compare the systemic effect of sFlt-1 in early and late preeclampsia in future studies.
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