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Abstract

Atherosclerosis is a chronic disease characterised by pathological hardening and narrowing
of the arterial vasculature. Plaques arise at susceptible sites of the vascular wall, protrude
into the vessel lumen and cause acute thromboses triggering myocardial infarction and
stroke, the leading causes of death worldwide. Atherosclerosis is a multifactorial disease
and is affected by both lifestyle and genetic predisposition.

Animal models have been generated for preventive, diagnostic and therapeutic medicine,
but fail to replicate all stages of the human atherosclerosis. Mouse models differ from hu-
mans in anatomy and physiology and exhibit natural resistance to the disease. Atheroscle-
rosis impairs the aortic root but not the coronary arteries and does not generate plaque
rupture and life-threatening thrombosis. In this regard, pigs have numerous advantages.
The porcine cardiovascular system features a human-like size, anatomy, blood perfusion,
physiology and platelet coagulation. Pigs spontaneously develop atherosclerosis in the
coronary arteries and reveal thrombotic plaque rupture.

The aim of this work was the generation of a porcine model with accelerated and human-
like atherosclerosis including vulnerable coronary plaques. For this purpose, the genes
apolipoprotein E (APOE) and low-density lipoprotein receptor (LDLR) were to be dis-
rupted by gene targeting. For visual indication of atherosclerosis, the reporter gene en-
hanced green fluorescent protein (EGFP) driven by the cell-specific porcine fractalkine
receptor (CX3CR1) promoter was to be placed at the endogenous ROSA26 locus. In coro-
nary artery disease (CAD) patients, CX3CR1 expression is known to be upregulated in
monocytes differentiating into macrophages during atherogenesis.

Apolipoprotein E is an anti-atherogenic protein and modulates the lipoprotein metabo-
lism and immune response. It mediates the clearance of lipoproteins from blood circu-
lation by binding to hepatic LDL receptors and not only decelerates, but also regresses
atherosclerosis. In addition, ApoE inhibits platelet aggregation and defends against risk
factor hypertension. LDL receptor is a cell surface receptor and mediates the clearance of

low-density lipoprotein (LDL) particles. Functional disruption of LDLR elevates plasma
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LDL and causes atherosclerosis. Fractalkine receptor is also located at the cell surface
and is involved in inflammatory responses. During coronary artery disease, its expression
is upregulated and present in both early and advanced atherosclerotic plaques.

Gene inactivations and transgene placement were successfully established in porcine
mesenchymal stem cells (MSCs) and cell clones were used for pig generation by somatic
cell nuclear transfer (SCNT). A healthy offspring was born in line with LDLR and CX3CR1
project and analysed at genotypic and phenotypic level. Although incorrect LDL recep-
tor gene targeting was ascertained, a cocos oil feeding study verified a direct correlation
between plasma cholesterol level, CX3CR1 expression and coronary artery disease for the
first time in pigs. Functional evidence of the reporter cassette CX3CR1-EGFP was al-
ready provided by cell-specific EGFP expression, but need for definite validation by EGFP

upregulation during diet-induced atherosclerosis.



Zusammenfassung

Arteriosklerose ist eine chronische Erkrankung, die durch pathologische Verhédrtung und
Einengung der arteriellen Blutgefafle charakterisiert ist. Plaques entstehen an anfélligen
Stellen der Arterienwand, weiten sich in das Gefafllumen aus und verursachen akute
Thrombosen, die die weltweit fiihrenden Todesursachen Myokardinfarkt und Schlagan-
fall auslosen. Arteriosklerose ist eine multifaktorielle Erkrankung und wird sowohl durch
den Lebensstil also auch durch genetische Pradisposition beeinflusst.

Tiermodelle wurden fiir die praventive, diagnostische und therapeutische Medizin gene-
riert, scheitern aber daran, alle Stadien der menschlichen Arteriosklerose nachzubilden.
Mausmodelle unterscheiden sich zur menschlichen Anatomie und Physiologie und weisen
eine natiirliche Resistenz gegen die Erkrankung auf. Arteriosklerose schéidigt die Aorten-
wurzel nicht aber die Koronararterien und verursacht keine Plaqueruptur und lebens-
bedrohlichen Thrombosen. Diesbeziiglich besitzen Schweine zahlreiche Vorteile. Das
kardiovaskulédre System des Schweins zeichnet sich durch seine menschendhnliche Grofle,
Anatomie, Blutperfusion, Physiologie und Koagulation von Blutpldttchen aus. Schweine
entwickeln Arteriosklerose spontan in den Koronararterien und zeigen thrombotische
Plaqueruptur.

Das Ziel dieser Arbeit war die Generierung eines Schweinemodells mit beschleunigter
und menschendhnlicher Arteriosklerose inklusive verwundbarer Koronarplaques. Hierfiir
waren die Gene Apolipoprotein E (APOE) und Rezeptor fiir Lipoproteine niederer Dichte
(low-density lipoprotein receptor: LDLR) durch Gen-Targeting zu unterbrechen. Fiir
die visuelle Indikation der Arteriosklerose war das durch den zellspezifischen Fraktalkin-
rezeptor (CX3CR1)-Promoter des Schweins angetriebene Reportergen verstirktes griin
fluoreszierendes Protein (enhanced green fluorescent protein: EGFP) in den endogenen
ROSA26-Lokus einzubringen. In Patienten mit koronarer Arterienkrankheit wird die
Expression von CX3CR1 bekannterweise in Monozyten hochreguliert, die wahrend der
Atherogenese zu Makrophagen ausdifferenzieren.

Das Apolipoprotein E ist ein anti-atherogenes Protein und moduliert den Lipoprotein-
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metabolismus und die Immunantwort. Durch Bindung an den LDL-Rezeptor der Leber
vermittelt es die Beseitigung von Lipoproteinen aus der Blutzirkulation und verlangsamt
nicht nur, sondern bildet die Arteriosklerose auch zuriick. Zusétzlich hemmt ApoE die
Aggregation von Blutblattchen und schiitzt vor dem Risikofaktor Bluthochdruck. Der
LDL-Rezeptor ist ein Rezeptor auf der Oberfliche von Zellen und vermittelt die Besei-
tigung von LDL (low-density lipoprotein: Lipoproteine niederer Dichte)-Partikeln. Die
funktionale Unterbrechung von LDLR erhéht das LDL im Plasma und verursacht Arte-
riosklerose. Der Fraktalkinrezeptor befindet sich ebenfalls auf der Zelloberfliche und ist
an Entziindungsreaktionen beteiligt. Wahrend der koronaren Arterienkrankheit ist dessen
Expression hochreguliert und sowohl in frithen als auch fortgeschrittenen atheroskleroti-
schen Plaques vorhanden.

Die Geninaktivierungen und die Transgeneinbringung wurden erfolgreich in mesenchy-
malen Stammzellen (mesenchymal stem cells: MSCs) des Schweins etabliert und die Zell-
klone fiir die Generierung von Schweinen durch somatischen Zellkerntransfer (somatic cell
nuclear transfer: SCNT) verwendet. Im Rahmen des LDLR- und des CX3CR1-Projektes
wurden gesunde Nachkommen geboren und genotypisch und phanotypisch analysiert.
Obwohl ein inkorrektes Gen-Targeting des LDL-Rezeptors festgestellt wurde, wies eine
Kokosolfiitterungsstudie zum ersten Mal einen direkten Zusammenhang zwischen Plas-
macholesterinspiegel, CX3CR1-Expression und koronarer Arterienkrankheit in Schweinen
nach. Ein funktionaler Beweis der Reporterkassette CX3CR1-EGFP wurde bereits
durch eine zellspezifische EGFP-Expression erbracht, bedarf aber einer endgiiltigen Bestéti-
gung durch die Hochregulierung von EGFP wahrend einer erndhrungsinduzierten Arte-

riosklerose.
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CHAPTER 1

Introduction

1.1 Atherosclerosis

Atherosclerosis is a chronic and multifactorial disease of the arterial wall triggered by accu-
mulation and modification of excess lipids with an accompanied inflammation at suscepti-
ble sites. Development of plaques and rupture-prone vulnerable plaques ultimately causes
advanced stenosis or acute thrombosis responsible for cardiovascular diseases (CVDs) in-
cluding coronary heart, cerebrovascular and peripheral arterial disease, also deep vein
thrombosis and pulmonary embolism. Globally, CVDs are the leading cause of death,
predicted to increase in future. In 2008, estimated 17.3 million people representing 30% of
all deaths worldwide died from these [6], of which 7.3 million from coronary heart and 6.2
million from cerebrovascular disease [7]. These deaths will raise 23.3 million by 2030 [8].
Between 2010 and 2030 the real total direct medical costs for American cardiovascular care
are projected to rise from 273 billion $ to 818 billion $, whereas additional real indirect
costs from 172 billion $ to 276 billion $ [9].

1.1.1 Cholesterol homeostasis

Cholesterol is an steroid lipid essential for fluidity and permeability of cell membranes [10],
membrane signaling and trafficking [11] and myelination of the central nervous system
(CNS) [12]. Cholesterol and its derivatives are precursors for biosynthesis of bile acid
[13], steroid hormones [14], oxysterols [15] and vitamin D [16]. The basal metabolic net
flux of cholesterol through the body is about 10mg/day/kg [17]. Cholesterol is primarily
synthesised by the liver [18] utilising at least 20 enzymes [19] and additionally absorbed
by the intestine (approximately 23% of absorbable total cholesterol). Hepatic cholesterol

is stored as esterified cholesterol or is eliminated from the body as cholesterol and bile
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acid by the secretion into bile [20].

However, the transport and redistribution among intestine, liver and peripheral tissues
is effected by plasma lipoproteins [21]. Plasma lipoproteins facilitate the transport of the
water-insoluble lipids cholesterol and triglycerides through aqueous blood circulation and
feature an amphipathic surface monolayer of phospholipids, cholesterol and apolipopro-
teins surrounding a lipid core of metabolic triglycerides and esterified cholesterol [22]. The

plasma lipoproteins are characterised by different physical and chemical properties [23].

Since blood-brain barrier prevents uptake of cholesterol from plasma lipoproteins during
late fetal and post-natal development [17], the brain representing the most cholesterol-
rich organ (approximately 25% of body total cholesterol) [24] has its own cholesterol
metabolism with low cholesterol net flux of only about 0.14mg/day/kg (see figure 1.1)
[17]. It features high cholesterol synthesis and turnover rates only during peri- and early
post-natal myelination, cellular ApoE-associated cholesterol transport via cerebrospinal
fluid lipoproteins (CSFLs) and very limited cholesterol net efflux from CNS into circu-
lation (reviewed in [17, 1]). The CSFL exhibit a bigger size than plasma high-density
lipoprotein (HDL) and an intermediate-density of low-density lipoprotein (LDL) and HDL
[25]. They are associated particularly with ApoE, redistribute lipids and regulate cellular
cholesterol homeostasis in the brain. Here, cholesterol is primarily secreted by astrocytes
and microglial cells [1]. Adult neurons sufficiently take up exogenous cholesterol from
circumjacent cells [26], but during maturation they depend on astrocytes [27]. However,
neurons can also synthesise cholesterol [28] and lipoproteins [29]. Main cholesterol seems to
efflux from neurons, astrocytes and microglial cells via ATP-binding cassette transporter
Al (ABCA1) and ATP-binding cassette transporter G1 (ABCG1) and is transferred to
both discoidal and spherical ApoE-associated lipoprotein particles [30]. Cellular uptake of
ApoE-associated cholesterol is mainly mediated by LDL receptor and LDL receptor-related
protein 1 (LRP1) expressed by neurons, astrocytes and microglial cells [1]. Cholesterol
does not accumulate in the CNS and access cholesterol is exported from cells into cere-
brospinal fluid (CSF) by an ApoE-dependent shedding pathway (1-2mg/day) [25]. The
cholesterol flux through the blood-brain barrier occurs via exchange of oxysterols between
brain CSFL and plasma LDL [1] shuttling between membranes and lipoproteins [31]. The
24(S)-hydroxycholesterol is primarily synthesised in the brain [32] and exported via blood-
brain barrier (6-7mg/day) [33]. 27-hydroxycholesterol is also synthesised in the brain [34],
but net flux occurs into the brain (5mg/day) [35] dependent of integrity of blood-brain
barrier [36].

However, ApoE-associated cholesterol can bind to ApoE receptors (LDL receptor related
proteins) and interfere with developmental and functional signaling in the nervous system
[37]. Nevertheless, high cholesterol concentrations are required for synaptic transmission
and plasticity [38]. Cholesterol also regulates embryonic hedgehog signaling [39]. Thus,
embryonic cholesterol metabolism contributes to CNS development [40]. Conversely, de-

fects in brain cholesterol metabolism result in structural and functional diseases of central
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Figure 1.1: Brain cholesterol homeostasis: Cholesterol flux between neurons, microglial
cells (microglia) and astrocytes via cerebrospinal fluid lipoproteins (CSFLs)
and through blood-brain barrier as 24(S)-hydroxycholesterol [24(S)-OH-C] and
27-hydroxycholesterol (27-OH-C) between CSFL and low-density lipoprotein
(LDL). Adapted from [1].

nervous system like Smith-Lemli-Opitz syndrome, Niemann-Pick type C (NPC) disease,
Huntington’s disease and Alzheimer’s disease (reviewed in [1]).

Physiologic cholesterol concentration in cells is tightly regulated by biosynthesis and
endocytotic and secretory pathways. Free cholesterol is detoxified and stored as cytosolic
lipid droplets by esterification and remobilised by hydrolysis (reviewed in [41]). The choles-
terol biosynthesis is controlled by proteolytic cleavage of membrane-bound transcription
factors activating enzyme-encoding genes for synthesis of cholesterol and fatty acids. Here,
active domains of the sterol regulatory element-binding proteins (SREBPs) are cleaved
sequentially from golgi apparatus membrane and enhance transcription, whereas accumu-
lation of sterol inhibits the transport of SREBPs from endoplasmic reticulum to golgi
apparatus and thus its transcription-activating cleavage (reviewed in [42, 43]) declining
all enzymes for cholesterol biosynthesis [44, 45]. Accordingly, SREBPs also regulate tran-
scription of the LDL receptor gene primarily mediating cholesterol uptake from ApoB-
containing lipoproteins [43, 46]. However, endocytosis of LDL cholesterol was shown
to occur clathrin-mediated [47] and caveolin-mediated [48] or via macropinocytosis [49]
and macrophage phagocytosis [50]. The secretion of free cholesterol via HDL is medi-
ated by four pathways, the aqueous diffusion, scavenger receptor class B type 1 (SR-B1),
ABCGI1 and ABCA1 [51]. However, the secretion of esterified cholesterol from hepato-
cytes and enterocytes occurs via ApoB-containing lipoproteins very low-density lipoprotein
(VLDL) and chylomicrons. Alternatively, cholesterol efflux from cells can also occur via
27-hydroxycholesterol [52] and via shedding of small vesicles from the cell surface [53, 54].

The transport of cholesterol between cell compartments and plasma membrane is effected
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by both intra-cellular vesicles and diffusible carrier proteins (reviewed in [55, 56]) with

different transport pathways for cholesterol derived from LDL and acetylated LDL [57].

1.1.2 Lipoprotein metabolism

The plasma lipoprotein metabolism involves three independent and inter-connected path-
ways, the transport of exogenous dietary lipids/cholesterol (C) from intestine to liver by
chylomicrons and chylomicron remnants, the transport of endogenous hepatic lipids/choles-
terol from liver to peripheral tissues by very low-density lipoprotein (VLDL), intermediate-
density lipoprotein (IDL) and low-density lipoprotein (LDL) and the reverse cholesterol
transport from peripheral cells including macrophages back to liver by high-density lipopro-
tein (HDL) (see figure 1.2) [58]. Here, the lipoprotein classes VLDL, IDL, LDL and HDL
reveal further subclasses with different sizes and densities [59] differently associated with
coronary artery disease (CAD) [60]. However, almost the total cholesterol is transported
by the three lipoprotein classes VLDL, LDL and HDL [58]. For this, cholesterol is ester-
ified and assembled into the hydrophobic triglyceride core of lipoproteins solubilised by
a surface monolayer of phospholipids, cholesterol and apolipoproteins [61]. In the human
lipoprotein metabolism, the lipoprotein-associated apolipoproteins B-48, B-100, E and A-I
have outstanding function.

In the exogenous pathway, ApoB-48 provides structural integrity for synthesis of chy-
lomicrons and thus is essential for absorption of dietary lipids and fat-soluble vitamins from
intestine. After secretion into circulation, most triglycerides are hydrolised by lipoprotein
lipase (LPL) becoming chylomicron ramnants [62]. Finally, hepatic uptake of these rem-
nants is mediated by interaction of ApoE with LDL receptor, heparan sulphate proteogly-
can (HSPG)/LDL receptor-related protein (LRP) complex or HSPG alone. Additionally,
internalisation of HSPG-modified remnants can occur via LRP also dependent of ApoE
(reviewed in [63]).

In the endogenous pathway, ApoB-100 is necessary for hepatic synthesis and secretion
of VLDL in circulation [62]. LPL hydrolyses triglycerides (TGs) and probably induces
conformational change of ApoE enabling effective LDL receptor binding [64]. However,
half of the VLDL is reabsorbed by the liver via LDL receptor interaction [65], the other
half is further hydrolysed and become IDL. Hepatic lipase (HL) finally generates LDL
[66]. Only few IDL particles are removed from circulation by binding of ApoE to hepatic
LDL receptor [58]. LDL particles mainly are absorbed by interaction of ApoB-100 with
LDL receptor, although there is an additional receptor-independent pathway [67]. In
total, one half of the plasma LDL is removed by the liver, the other half by peripheral
tissue [68]. Additionally, lipoprotein(a) [Lp(a)] can be formed after covalent binding of
apolipoprotein(a) [Apo(a)] to ApoB-100 within an cholesterol-rich LDL particle. Apo(a)
is believed to be synthesised in liver [69].

In the reverse cholesterol transport, ApoA-I is involved in all steps including formation

of nascent HDL particles, HDL remodeling and HDL delivery to the liver. Here, structural
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Figure 1.2:

Plasma lipoprotein metabolism between intestine, liver and peripheral tis-
sue featuring lipoproteins with important apolipoproteins, lipid transfer
proteins and lipid-modifying enzymes with their respective artefacts, re-
ceptors for lipoprotein uptake and cholesterol (C) efflux transporters.
Lipoproteins: chylomicron, chylomicron remnant, very low-density lipopro-
tein (VLDL), intermediate-density lipoprotein (IDL), low-density lipoprotein
(LDL), lipoprotein(a) [Lp(a)], nascent high-density lipoprotein (HDL), HDL3,
HDL2. Apolipoproteins (Apos): A-I: ApoA-I; B-48: ApoB-48, B-100: ApoB-
100; E: ApoE and Apo(a): apolipoprotein(a). Lipid transfer proteins and lipid-
modifying enzymes (italic type): LPL: lipoprotein lipase; HL: hepatic lipase;
EL: endothelial lipase; LCAT: lecithin: cholesterol acyltransferase; CETP:
cholesteryl ester transfer protein; PLTP phospholipid transfer protein. Arte-
facts: FA: fatty acid; FCC: free cholesterol complex; EC: esterified cholesterol;
TG: triglyceride; PL: phospholipid. Receptors: LDLR: low-density lipoprotein
receptor; LRP: low-density lipoprotein receptor-related protein; SR-B1: scav-
enger receptor class B type 1. Cholesterol efflux transporters: SR-B1; ABCG1:
ATP-binding cassette transporter G1; ABCA1: ATP-binding cassette trans-
porter Al. Adapted from [2].
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heterogeneity reveals a wide variety of HDL particles with different subclasses and sub-
populations (reviewed in [51]). ApoA-I is synthesised and secreted by liver and intestine
[70]. Initial intra- and peri-cellular lipidation of newly synthesised and exogenous lipid-
free ApoA-I occurs dependent and independent of ATP-binding cassette transporter Al
(ABCA1) [71]. However, ApoA-I lipidation by ABCA1 allows for a more efficient assembly
of nascent HDL particles and increases their availability for cholesterol efflux [72] generat-
ing mature HDL particles (HDL3 and following HDL2) [73]. Cholesterol efflux from cells
to plasma occurs in four pathways, the aqueous diffusion, scavenger receptor class B type
1 (SR-B1), ATP-binding cassette transporter G1 (ABCG1) and ABCA1. In the plasma,
the HDL is remodeled by lipid transfer proteins and lipid-modifying enzymes effecting
conversions of nascent discoidal and mature spherical HDL particles. The plasma factors
hepatic lipase and endothelial lipase (EL) release fatty acids (FAs) from HDL and lecithin:
cholesterol acyltransferase (LCAT) esterifies HDL-associated cholesterol. The cholesteryl
ester transfer protein (CETP) and phospholipid transfer protein (PLTP) transport esteri-
fied cholesterol (EC), TGs and phospholipids (PLs) among lipoproteins (reviewed in [51]).
Here, ApoA-I activates LCAT [74] which is a critical enzyme in HDL metabolism [75] and
is essential for the conversion of discoidal to spherical HDL particles [76]. Remodeling is
also effected by free cholesterol complexes (FCC) (surface remnants) of triglyceride-rich
lipoproteins generated by LPL [77]. During remodeling, ApoA-I determines the thermo-
dynamic stability of HDL and is often released for further formation of nascent HDL [78].
Finally, hepatic SR-B1 receptors selectively bind HDL particles and following esterified
and free cholesterol diffuse into the cell membrane [79]. In total, one half of esterified
cholesterol of mature spherical HDL is delivered via HDL particles the other half via
VLDL, IDL and LDL particles [58].

1.1.3 Lipoproteins and atherosclerosis

Defects in lipoprotein metabolism due to impaired binding of cholesterol-enriched lipopro-
teins to their specific cell surface receptors result in type III hyperlipoproteinemia (ApoE-
related) and familial hypercholesterolemia (LDL receptor-related) provoking atherosclero-
sis (reviewed in [21]). Here, especially high levels of large VLDL are more likely associated
with extensive coronary artery disease (CAD) [60]. In contrast, number of LDL parti-
cles is an independent risk factor and more significantly associated with coronary heart
disease (CHD) than LDL particle size [80]. Nevertheless, the small LDL5, one of seven
distinct LDL particle sizes [81], is detected as the most electronegative LDL fraction and
induces platelet activation and aggregation via the lectin-like oxidised low-density lipopro-
tein receptor-1 (LOX-1) possibly triggering ST-elevation myocardial infarction (STEMI)
[82]. Lipoprotein(a) [Apo(a)] is related to premature cardiovascular disease (CVD) in-
dependent of LDL levels. It has pro-inflammatory, pro-thrombotic and anti-fibrinolytic
properties and accelerates atherogenesis (reviewed in [69]).

HDL is an independent protective factor for CAD [83]. Beside the reverse choles-
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terol transport, HDL has several additional athero-protective properties. It exhibits
anti-inflammatory, anti-infectious, anti-apoptotic, anti-thrombotic, anti-oxidative, pro-
vasodilatory and pro-fibrinolytic function (reviewed in [84, 85]). However, small and
dense HDL3 particles protect LDL against oxidative stress more powerful than large
and light HDL2 particles [86]. Oxidised plasma LDL is likely a predictive marker for
future atherosclerotic events [87] since its removal from circulation was shown to reduce
atherosclerosis and almost completely prevent atherosclerotic progression in a mouse model
[88]. Nevertheless, high levels of HDL3 particles are more likely associated with CHD [89]
and myocardial infarction [90] since smaller HDL particles bind weaker to scavenger recep-
tor class B type 1 (SR-B1) [91] and deliver less cholesterol than bigger HDL particles [92].
However, chronic and acute inflammation causes structural and functional changes of HDL
particles provoking pro-inflammatory and reducing anti-oxidative properties [84]. Oxida-
tion of HDL-associated ApoA-I inhibits ATP-binding cassette transporter A1 (ABCA1)-
dependent cholesterol efflux [93] and the generation of stable nascent and mature HDL
particles [94]. Triglyceride-rich HDL particles are unstable [95] and reveal diminished
capacity in esterified cholesterol delivery via SR-B1 in reverse cholesterol transport [96].
Oxidised HDL inhibits fibrinolysis [97]. Thus, dysfunctional HDL loses anti-atherogenic
properties and contributes to CAD [84].

1.1.4 Macroscopic development of atherosclerosis

The pathology of atherosclerosis can be described simplified as sequential development
of histologic plaque classes responsible for sudden coronary deaths (see figure 1.3), which
can be applied to choose an adequate imaging method, diagnosis, prognosis and ther-
apy of plaques. The histologic plaque characteristics are inflammation (reviewed in [98]),
calcification (reviewed in [99]), necrotic core [100], fibrous cap [101], neovascularisation
(reviewed in [102]) and intra-plaque hemorrhages (reviewed in [103]). The pathogene-
sis ranges from non-atherosclerotic intimal lesions, intimal xanthoma and thickening to
progressive atherosclerotic lesions, fibrous cap atheroma, pathologic intimal thickening,
thin fibrous cap atheroma and fibrocalcific plaque. Here, only the three plaques fibrous
cap atheroma, pathologic intimal thickening and thin fibrous cap atheroma are associated
with thrombosis, fibrous cap atheroma and pathological intimal thickening by erosion of
endothelium, thin fibrous cap atheroma by rupture of fibrous cap or protrusion of cal-
cified nodule into arterial lumen. The fourth fibrocalcific plaque is not associated with
thrombosis and causes sudden coronary death due to lethal arrhythmia triggered by my-
ocardial ischemia at 75% cross-sectional luminal narrowing [3]. However, such a severe
stenosis is not required for acute or healed thrombosis [104], but can be progressed by
healed plaque rupture [105]. In 61% of sudden coronary death patients, silent and not
acute plaque ruptures were detected indicating cyclic thrombosis and healing [105] and
44% of thrombotic sudden coronary death patients revealed erosions without plaque rup-

ture and less often inflammatory cells indicating occlusive thrombosis without rupture and
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inflammation [104].

Fatty streak formation already begins in fetal aortas [106]. Following fatty streaks (in-
timal xanthoma) and also raised lesions (fibrous plaques) occur in arterial segments of
thoracic aorta, abdominal aorta and right coronary artery at 15 years of age with rapidly
increasing prevalence and extend till 34 years of age. This indicates development of fi-
brous plaques from fatty streaks. In total, the aortas are favoured for higher prevalence
of atherosclerotic lesions, the right coronary artery for higher proportion of raised lesions
[107]. Most of the intimal xanthoma regress spontaneously since distribution of fatty
streaks in childhood differ from lesions in young adults [108]. However, specific shear
stress conditions at branch points of major conduit arteries (bifurcations) promote de-
velopment of advanced plaques and their transformation into rupture-prone vulnerable
plaques (reviewed in [109]). In contrast to extensive distribution of fatty streaks and
raised lesions in young adults, thin cap fibroatheroma and ruptured plaques are highly
limited and located at proximal portions of major coronary arteries [110]. About 60% of
sudden coronary deaths are caused by thrombosis, of which 55-60% due to plaque rup-
ture, 30-35% due to plaque erosion and only 2-7% due to calcified nodule [100]. Plaque
erosion is etiologic for 20-25% of myocardial infarctions [111]. In 40% of sudden coronary
deaths, no acute thrombosis was diagnosed with 25% healed myocardial infarctions and

total occlusions and 15% severe luminal narrowing of coronary artery [100].

Gradual development of atherosclerotic lesions is independent of sex and geographic
ethnic group related risk range. Fatty steaks appear in almost all aortas of all groups at
an age of ten years and in almost every coronary artery at 20-30 years of age. Raised
lesions were detected in several coronary arteries of each group younger than 20 years with
increasing prevalence and extend [112]. However, there are sex and ethnic risk related
differences in rate and extend of atherosclerotic lesions. Fatty streaks in white subjects
are less frequent than in black subjects [107]. Within right coronary arteries, high risk
group develops more rapid raised lesions [112] and women less raised lesions than men [107].
Calcification of coronary arteries differs quantitatively within ethnic groups in the absence
of coronary risk factors [113], correlates with age of sudden coronary death patients [100]
and shows a delay of ten years in women compared to men with compensation at the eight
decade [114]. Plaque rupture responsible for 55-60% of thrombotic sudden coronary deaths
seems to appear only in post-menopausal women older than 50 years. When younger than
50 years, acute coronary thrombosis is mainly caused by plaque erosion. For men, plaque
rupture was observed at all ages [100]. The incidence of sudden coronary death of women
lags 20 years behind men [115]. Post-menopausal administration of estrogen was shown
to have an athero-protective effect in women since it decreases the progression of intima
media thickness (IMT) by increasing HDL and decreasing LDL cholesterol [116].
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Figure 1.3: Sequential development of major histologic plaque classes with calculated prob-
abilities of revealing sudden coronary death events. Italic type describes respec-
tive characteristic changes. Dotted boxes indicate possible regression, lined
boxes irreversible progression. Adapted from [3].
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1.1.5 Microscopic development of atherosclerosis

Serial development of grossly visible plaques during atherosclerosis is raised by continuous
and increasingly complex histological processes and changes in the arterial wall. Develop-
ment of early fatty streaks begins with infiltration of excess LDL in the intima [117] in-
fluenced by arterial wall permeability and plasma LDL concentrations (reviewed in [118]).
Lipoproteins are retained by artery wall proteoglycans [119] by their ionic interaction
to ApoB-100 [120]. Within extra-cellular matrix of arterial intima, extensive proteolytic,
phospholipolytic and oxidative modifications of LDL particles and hydrolysis of containing
cholesteryl esters lead to the formation of lipid vesicles and membranous material (reviewed
in [121]). Here, the oxidised phospholipids initiate and propagate chronic inflammation
and inhibit acute inflammation thus causing a mononuclear-cell-specific response with
activated endothelium monocyte adhesion (reviewed in [122]). Endothelial cell activa-
tion preferentially take place at arterial segments revealing specific shear stress conditions
[123]. By binding to lectin-like oxidized low-density lipoprotein receptor-1 (LOX-1), the
oxidised LDL also contributes to activation of endothelial cells, macrophages, smooth mus-
cle cells and platelets promoting endothelial dysfunction and formation and progression
of atherosclerotic plaques (reviewed in[124]). Platelets adhere to the endothelium [125]
and get activated [126] contributing to sub-endothelial recruitment of monocytes [127].
Different monocyte subsets responsive to innate and acquired immunity invade arterial in-
tima and differentiate into macrophages revealing different properties in plaque formation
(reviewed in [128]). Macrophages take up sub-endothelial lipid particles and droplets by
endocytosis dependent or independent of scavenger receptor [50] and transform into foam
cells [129]. Here, the scavenger receptors mediate innate pattern recognition and clearance
of pathogenic host molecules and particles [130] like oxidised LDL [131]. Resident intimal
dendritic cells also express scavenger receptor [130] and become foam cells [132]. Innate
immune recognition also occurs by Toll-like receptors and induces inflammatory signaling
pathways [133]. However, expression of Toll-like receptors is present in atherosclerotic
plaques [134] and modified LDL activates the macrophage Toll-like receptor [135]. Thus,
macrophages modulate the immune response by production of pro- and anti-inflammatory
cytokines controlling the progression of atherosclerosis [136], activate T-cells by presen-
tation of antigens [137] and promote migration of smooth muscle cells contributing to
intimal growth and vessel wall remodeling [138]. Vascular inflammation finally features
a wide spectrum of immune cells like macrophages, T-cells (CD4, CD8, ~4), T-helper
cells (Thl, Th2, Th3), B-cells, NK-cells, mast cells and dendritic cells [139]. Mast cells
crucially contribute to plaque progression and destabilization [140]. Smooth muscle cells
express adhesion molecules promoting further migration of monocytes and lymphocytes
in the vascular intima and suppress their apoptosis. They also generate inflammatory
cytokines for immune response and by modifying the production of extra-cellular matrix

(ECM) proteins they can influence the content of lipids and proliferation of immune cells.
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Furthermore, smooth muscle cells exhibit receptors for lipid uptake and can become foam
cells (reviewed in [141]).

These processes contribute to the development of a fibrous cap arising the early fi-
broatheroma. Necrosis and apoptosis of foam cells forms a lipid core, the necrotic core
and debris triggers further inflammation [142]. There is evidence that monocytes and
macrophages also regulate calcification of the vascular wall via osteoblast-like cells [143].
Additionally, macrophages synergistically enhance inflammation by induction of cyclic
angiogenesis and recruitment of immune cells and thus induce intra-plaque hemorrhages
[144]. The immune response in the atherosclerotic plaque can be further potentised by
inflamed visceral adipose tissue. Systemic release of pro-inflammatory cytokines like
interleukin-6 (IL-6) causes hepatic acute phase reaction [145] with the release of posi-
tive acute phase proteins like C-reactive protein (CRP) [146]. However, IL-6 is associated
with visceral adipose tissue and CPR to increased body mass index (BMI) [147]. IL-6
contributes to atherosclerosis (reviewed in [148]) and oxidised LDL was shown not only
to activate several innate immune receptors, but also bind to CRP inducing the classic
complement pathway and receptor mediated phagocytosis [135].

Prone to rupture thin-cap fibroatheroma develop when fibrous cap is degraded. Matrix
metalloproteinases (MMPs) are expressed and regulated in all cells of the arterial wall pro-
moting vascular repair. Mediated by soluble cytokines and cell-cell interactions during in-
flammation MMPs are progressively upregulated in smooth muscle cells and macrophages
and are activated in a multistep cascade. This contributes to matrix destruction (reviewed
in [138]). Endothelial cells, smooth muscle cells and macrophages also express cathepsin
cysteine proteases involved in lipid metabolism and ECM remodeling. In the progression
of atherosclerosis, they are differentially expressed and contribute to macrophage foam
cell formation and ECM degradation (reviewed in [149]). Thus, both classes of proteases
provoke plaque rupture. In parallel, atherogenic LDL concentrations promote platelet
aggregation by decreasing availability of endothelial nitric oxide (NO) and changing the
platelet surface. Thereby, thrombogenicity of blood and plaque is increased contributing
to thrombosis after plaque rupture (reviewed in [150]. Additionally, oxidised LDL bind-
ing to LOX-1 amongst others induce apoptosis of endothelial and smooth muscle cells
thus contributing to atherosclerotic plaque rupture [124]. However, mechanical stress fi-
nally ruptures the plaque and the luminal regorged necrotic core activates the coagulation

cascade causing coronary thrombosis and myocardial infarction [151].

1.1.6 Risk factors and prevention of atherosclerosis

Acute myocardial infarction is significantly associated with risk factors. The worldwide
case-control study INTERHEART revealed nine risk factors and their population at-
tributable risks collectively accounting for 94% of myocardial infarctions in women, 90%
in men, respectively. Association of smoking, abnormal lipids, hypertension, diabetes,

abdominal obesity, psychosocial factors, lack of daily fruit and vegetable consumption, al-
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cohol consumption and irregular physical activity were noted for both sexes, all ages and
all regions of the world. A healthy lifestyle with daily consumption of fruits and vegeta-
bles, regular physical activity and non-smoking was suggested to reduce the risk of acute
myocardial infarction by more than three-quarters [152]. Hypertension was estimated to
reduce life expectancy by 3.2 and 4.2 years and diabetes by 8.6 and 4.6 years for women
and men, respectively. By contrast, physical activity, consumption of nuts, vegetarian diet
and medium body mass index were proposed to gain life expectancy by 8.7 for women and
10.8 years for men [153]. For men, changes in lifestyle during early elderly years includ-
ing physical activity, non-smoking and adjustment of blood pressure and weight not only
accounted for an increased life span but also for significantly better physical and mental
function [154].

However, there is evidence for a molecular link of sedentary lifestyle, systemic inflamma-
tion and chronic diseases like atherosclerosis [155]. Additionally, daily moderate-intensity
exercise of only 15min was shown to be sufficient for 14% mortality reduction and three
year extension of life expectancy. Every additional 15min of exercise further reduced mor-
tality by 4%. These effects were demonstrated also for cardiovascular disease patients
[156]. In patients with stable coronary artery disease (CAD), regular exercise training
compared to percutaneous transluminal coronary angioplasty (PTCA) following stenting
or coronary artery bypass grafting (CABG) even revealed a significantly higher event-free
survival rate, exercise capacity, cost efficiency [157] and reduction of inflammation [158].
Physical activity at vigorous intensity seems to exhibit a more cardioprotective effect (re-
viewed in [159]). For CABG patients, aerobic interval training compared to continuous
moderate exercise revealed a superior long-term exercise capacity [160] decreasing the an-
nual mortality of coronary heart disease patients [161]. Moreover, high-intensity interval
training was also able to reduce restenosis of coronary segments with both implanted bare
metal and drug eluting stents and to enhance the endothelial function [162].

Nevertheless, preventive daily drug administration at an age of 55 years was also esti-
mated to gain on average about 11-12 years of life free from acute cardiovascular disease
events. Simultaneous reduction of cardiovascular risk factors LDL cholesterol, blood pres-
sure, serum homocysteine and platelet function by only one polypill should reduce ischemic
heart disease by 88% and stroke by 80%. Though, adverse effects would occur in 8-15%
of people [163].

1.2 Apolipoprotein E

Apolipoprotein E (APOE) is a polymorphic and multifunctional gene modulating the
lipoprotein metabolism, triglyceride homeostasis, immune response, inflammation, adrenal
function and central nervous system (CNS) physiology [164, 165]. ApoE was first described
as a structural component of triglyceride-rich plasma lipoproteins [166] inducible by high

cholesterol diet [167]. ApoE is expressed by hepatic and extra-hepatic tissues [168] in
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a tissue-specific manner [169] and its plasma concentration is extensively regulated on
transcriptional, post-transcriptional and post-expressional level (reviewed in [170]). There
are three major isoforms of ApoE, namely apolipoprotein E2; E3 and E4, whereas E3 is
considered as parent isoform with its variants E2 and E4 [171]. ApoE2 is associated with
type III hyperlipoproteinemia [167] and end-stage renal disease [172], whereas ApoE4 with
both cardiovascular disease [173] as well as neuropathological disorders like Alzheimer dis-
ease [174, 175], infectious diseases like acquired immunodeficiency syndrome (AIDS) [176],
also cancer [177], CNS ischemia [178], poor outcome after traumatic brain injury [179],
obstructive sleep apnea [180] and recurrent pregnancy loss (RPL) [181]. Both isoforms
are associated with type 2 diabetes [182]. These findings are attributed to structural and

functional abnormalities of ApoE isoforms on cellular and molecular level.

1.2.1 Gene and protein

The human APOE gene is located on chromosome 19 (19:44905754-44909393) in a gene
cluster containing the apolipoproteins E, C-I, C-I pseudogene, C-II and C-IV [183], spans
3640bp and contains four exons. There are five transcript splice variants and four protein
coding transcripts. The primary translation product consists of 317 amino acids including
a signal peptide of 18 amino acids for directing the nascent protein into endoplasmic retic-
ulum [184]. The post-translational modifications in the golgi apparatus include O-linked
glycosylation with addition of sialic acid carbohydrates prior to secretion [185]. The se-
creted protein is 299 amino acids long and features two functional domains separated by
a hinge-region [186, 187]. The amino-terminal domain exhibit a bundle of four amphi-
pathic anti-parallel a-helices [188] featuring binding affinity to LDL receptor [189] and
scavenger receptor class B type 1 (SR-B1) [190] both essentially enhanced by lipidation,
LDL receptor-related protein (LRP) [191] and heparan sulphate proteoglycan (HSPG)
[192]. The carboxy-terminal domain exhibit an amphipathic a-helical conformation with
coiled-coil structure for lipoprotein binding [193, 194] and additionally features sites for
apolipoprotein self association only without lipidation [191] and HSPG binding [195]. The
domain also promotes the secretion of triglycerides from VLDL [196] and anti-oxidant
activity [197] protecting against LDL oxidation [86, 198].

1.2.2 Anti-atherogenic functions

ApoE is a highly anti-atherogenic protein involved in almost every step of atherogenesis
by modulating lipoprotein metabolism and immune response. ApoE in the plasma is as-
sociated with the major lipoprotein classes chylomicrons, chylomicron remnants, VLDLs
as well as HDLs [199] and is capable to regress atherosclerosis even at low expression
[200, 201] and independently on lowering plasma cholesterol levels [200]. In the endoge-
nous and exogenous cholesterol pathway, it mediates both high affinity binding and plasma

lipoprotein recycling via LDL receptor and LDL receptor-related protein (LRP) [167].
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ApoE also affects both the production and assembly of VLDL as well as the production
and secretion of VLDL triglycerides [196, 202] and ApoE preferentially associates to larger
and triglyceride-rich lipoproteins after lipoprotein secretion [203]. It is also capable to re-
strict VLDL lipolysis [204]. In the reverse cholesterol transport, ApoE [205, 206, 207] and
even its expression [208] stimulate cellular cholesterol efflux and binds to the SR-B1 recep-
tor [190] for cholesterol diffusion into cell membrane [79]. Furthermore, ApoE activates
lipid transfer proteins and lipid-modifying enzymes important in lipoprotein metabolism
like cholesteryl ester transfer protein (CETP) [209], lecithin: cholesterol acyltransferase
(LCAT) [210] and hepatic lipase [211].

Independent of plasma levels, ApoE within the arterial wall suppresses atherosclerosis
[212, 213, 214, 215, 216, 217] evidencing its role in immune response [218, 219]. Here,
ApoE inhibits endothelial cell proliferation [220], platelet aggregation [221], T-lymphocyte
activation [219, 222, 223, 224, 225] and proliferation [226, 227] and also smooth muscle
cell (SMC) migration and proliferation [228, 229]. Additionally, ApoE has anti-oxidant
activity [198] reducing LDL oxidation [86] and stimulates release of endothelial nitric oxide
[230] featuring vasculoprotective functions (reviewed in [231]). Here, it defends against risk

factor hypertension [232].

1.2.3 Polymorphisms and functional differences in atherosclerosis

The humans feature several ApoE isoforms (reviewed in [170]). The most frequent are
ApoE2, E3 and E4, whereas E3 is seen as the parent form and E2 and E4 its variants.
They are derived from the three alleles €2, €3 and €4 [171]. Consequently, the three alleles
reveal six genotypes with an order of decreasing frequencies in European Caucasian pop-
ulations of €3/3, €3/4, €2/3, €4/4, €2/4, €2/2 [233]. The allelic isoforms differ from each
other by Cysteine/Arginine substitutions at codons 130 and 176 due to T/C single nu-
cleotide polymorphisms (SNPs) [234]. Worldwide the frequencies of allelic ApoE4 isoform
in populations vary from 0-49% generally increasing with high-latitude cold environments
[235]. In European Caucasian populations, the homozygous ApoE4 phenotype ranges
from ~1-11% [233] and carriers of ApoE4 phenotype (genotypes e4/4 and €2/4) have an
up to 6.4 years shorter life expectancy [177] mainly resulting from structural and func-
tional abnormalities of the variant isoforms ApoE4 [236, 237], which additionally exhibit
a decreased anti-oxidant activity effecting cytotoxicity [198].

The three isoforms of ApoE exhibit different chemical and thermal stabilities [238, 239]
and their two domains unfold independently [239]. The three isoforms [238] as well as
their amino-terminal domains [238, 239] show the same order of increasing stabilities of
ApoE4, E3, E2 and feature almost the same differences in thermal stabilities. Here,
the isoforms E3 and E2 feature interactions of both terminal domains destabilising their
amino-terminal domain. The amino-terminal domains of the isoforms E3 and E4 unfold
with stable intermediates, whereas the isoform E2 domain in a two-state mechanism [238].

Consequently, only the isoforms E3 and E4 are partially unfolded in vivo [238] contributing
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to different biological functions like binding to LDL receptor and lipoprotein (reviewed in
[237]).

A functional consequence is a highly reduced LDL receptor binding affinity of ApoE2
compared to ApoE3 and ApoE4 (<2%) [240] due to change of conformation by alter-
ation of a salt bridge and due to reduction of positive potential of the amino-terminal
receptor binding region [241, 188]. Thus, ApoE2 delays the clearance of chylomicron rem-
nants and VLDL [242] resulting in type III hyperlipoproteinemia [167, 243]. Nevertheless,
ApoE2 can still utilise particle clearance via heparan sulphate proteoglycan (HSPG)/LDL
receptor-related protein (LRP) complex or HSPG alone [244, 63], whereas ApoE2 binds
more efficient to LRP than to LDL receptor [167]. Additionally, ApoE2 is also capable
to upregulate the expression of hepatic LDL receptors [43, 46]. However, in the absence
of type III hyperlipoproteinemia ApoE2 seems to be the most advantageous isoform pre-
venting cardiovascular disease [167].

In contrast, lipid-free and phospholipid-bound ApoE4 reveals a closer inter-domain dis-
tance than ApoE3, which increases when bound to triglyceride-rich particles [245]. Here,
a salt bridge-mediated amino acid side chain reorientation causes domain interaction [246]
and a less organised structure of the carboxy-terminal lipid binding region changing its
lipoprotein binding preference. ApoE4 features a higher lipid affinity than ApoE3 and
E2 and preferentially binds to triglyceride-rich VLDL, whereas ApokE3 and E2 associate
to phospholipid-rich HDL [247]. Thus, ApoE4 accelerates the clearance of chylomicron
remnants and VLDL [242, 248] and thereby downregulates the expression of hepatic LDL
receptors [43, 46]. Additionally, these particles compete for LDL receptors [236]. Finally,
increased plasma LDL results in a 42% higher risk of cardiovascular disease [173].

Beside the endogenous and exogenous cholesterol pathway, the ApoE isoforms also affect
the reverse cholesterol transport of macrophages. ApoE2 reveals the most efficient choles-
terol efflux protecting from intra-cellular cholesterol accumulation. In contrast, ApoE4
shows an increased cholesterol uptake and accumulation [249] likely due to impaired ApoE4
recycling [250] promoting foam cell formation [129].

In addition to lipoprotein metabolism, ApoE isoforms influence cholesterol homeostasis
with an inverse correlation of absorption and synthesis. Adults carrying E4 phenotype
exhibit increased cholesterol absorption and decreased cholesterol synthesis, whereas E2
carriers a decreased absorption and increased synthesis [251]. Young children with ApoE4
also absorb cholesterol more effectively than young E3 children, but feature no compen-
satory reduction of cholesterol synthesis [252].

Finally, the isoforms exhibit different expression levels [233, 253] and reveal different
concentrations and compositions of plasma lipoproteins [167, 253]. Compared to ApoE3,
the variant E2 is associated with increased levels of ApoE, triglycerides and VLDL and
decreased levels of ApoB, HDL, LDL and total cholesterol. Contrary, ApoE4 is associated
with increased levels of ApoB, VLDL, HDL, LDL and total cholesterol and decreased levels
of ApoE and triglycerides [167]. The increased expression of ApoE2 isoform likely delays
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VLDL removal by inducing the VLDL triglyceride production and by reducing lipoprotein
lipase-mediated VLDL lipolysis thereby contributing to hypertriglyceridemia [254].

1.3 Low-density lipoprotein receptor

The low-density lipoprotein receptor (LDLR) is a cell surface receptor utilising the cel-
lular uptake of LDL particles (VLDL and LDL) from blood circulation [255]. The LDL
receptor is subject to continuous recycling into and out of the cell. After binding LDL
particles, the LDL-LDL receptor complex is internalised, dissociates in endosomes due
to low-pH environment and LDL receptor can either recycled back to the cell surface or
degraded in lysosomes [256, 257]. Thereby, cholesterol is internalised, which intra-cellular
concentration regulates the transcription of LDL receptor gene [43, 46]. In patients with
the semi-dominant disease familial hypercholesterolemia (FH) up to 1741 mutations (sub-
stitutions, deletions, insertions, duplications and inversions) of LDL receptor gene were
detected so far (www.ucl.ac.uk/ldlr/). These patients exhibit decreased clearance of LDL
[61] and increased synthesis of LDL [258] and of relatively small VLDL [259] and suffer
from elevated blood cholesterol and early myocardial infarctions [260]. Only elevated LDL
without other risk factors can trigger human atherosclerosis [261, 262, 263]. In addition,

polymorphisms of the LDL receptor have been associated with obesity [264].

1.3.1 Gene and protein

The human LDL receptor gene is located on chromosome 19 (19:11089362-11133816)
[265]. The encoding gene comprises 44.5kb (44455bp) and features 18 exons. There are
14 transcript splice variants and eight protein coding transcripts. The primary trans-
lation product exhibit 860 amino acids containing a 21 amino acid signal peptide for
translocation of the nascent protein into endoplasmic reticulum [266]. Differing from vec-
torial folding of multi-domain proteins from amino-terminus to the carboxy-terminus, the
folding of newly synthesised LDL receptor proteins in the endoplasmic reticulum occurs
post-translationally in collapsed non-reactive intermediates. Here, rapidly folded struc-
tures feature non-native inter-domain disulphide bonds isomerising with time into the
native intra-domain state [267]. The folding is further characterised by the incorpora-
tion of stabilising calcium ions and is assisted by chaperones and folding enzymes [268].
Post-transcriptional modifications in the endoplasmic reticulum-golgi apparatus complex
comprise N-linked glycosylation and O-linked glycosylation with sialic acid carbohydrates
[269, 270]. The exons function as independent modules and correlate with distinct pro-
tein domains [271] shared with different LDL receptor family members [268]. The mature
LDL receptor is 839 amino acids long and features five functionally defined protein re-
gions (reviewed in [268]). The amino-terminal ligand binding region consists of seven
LDL receptor class A repeats [266] revealing six conserved cysteine residues, which form

three disulphide bonds [272, 273, 274] and stabilise the two-loop repeat conformations
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[275, 276, 277, 278, 279]. The repeats 2-7 and epidermal growth factor (EGF) repeat A
are essential for LDL binding via ApoB-100, whereas repeat 5 mediates interaction with
VLDL via ApoE [280, 281, 282]. However, calcium is required for lipoprotein binding
[283]. The EGF precursor homology region comprises three EGF repeats (A, B, C), which
also reveal six conserved cysteine residues allowing for disulphide bonds and a S-propeller
structure between repeat B and C [284, 285]. This region promotes the acid-dependent
release of lipoproteins from LDL receptors in endosomes [280, 286, 287]. The O-linked
glycan region features several acceptors for O-linked glycosylation, which seems to impair
neither the binding and internalisation of lipoproteins nor the recycling and degradation of
LDL receptor [288], whereas O-linked glycosylation in the first and second domain effects
binding and internalisation of lipoproteins and degradation of LDL receptor [289]. O-
linked glycosylation of the O-linked glycan domain likely reduces unspecific extra-cellular
proteolysis and intra-cellular domain release [290, 291]. The trans-membrane domain is
lipophilic and anchors the LDL receptor in plasma membrane [268]. The carboxy-terminal
cytosolic domain facilitates the basolateral targeting of LDL receptor into membrane bi-
layer [292] and the clathrin-mediated endocytosis of lipoproteins [280, 293]. Therefore,
the binding of modular adapter proteins to the cytosolic domain regulates the clustering
of LDL receptor into clathrin-coated pits [294, 295, 296]. The domain was also shown to
interact with a protein implicated in internalisation and intra-cellular trafficking of the
LDL receptor [297, 298|.

1.3.2 Pathway, regulation and anti-atherogenic function

Initially LDL binds with high affinity to LDL receptors [299] and is internalised by
receptor-mediated endocytosis utilising clathrin-coated pits and vesicles [300]. In endoso-
mal low-pH environment, LDL receptor dissociates from its ligand LDL and is recycled
back to the cell surface or degraded in lysosomes [256, 257]. LDL is hydrolysed in lysosomes
by lysosomal enzymes [301, 302] and the LDL-derived cholesterol decreases 3-hydroxy-3-
methylglutaryl coenzyme A reductase (HMG CoA reductase) activity [303, 304, 305] a
rate-limiting enzyme in cholesterol synthesis [19]. Here, the LDL cholesterol suppresses
the transcription of HMG CoA reductase gene [43, 46] and also accelerates the degradation
of HMG CoA reductase in endoplasmic reticulum [306]. Additionally, LDL-derived choles-
terol decreases LDL receptor activity [307] by suppressing its gene transcription [43, 46].
Finally, LDL cholesterol activates acyl-coenzyme A: cholesterol acyltransferase (ACAT),
which esterifies cholesterol for cytoplasmic droplet storage [308, 307].

The transcriptional regulation of LDL receptor and all enzymes in cholesterol synthesis
including HMG CoA reductase is controlled by active domains of the sterol regulatory
element-binding proteins (SREBPs), which are cleaved proteolytically from golgi appara-
tus membrane and subsequently act as transcription factors. When sterols accumulate,
the transport of SREBPs from endoplasmic reticulum to golgi apparatus is suppressed and

thereby transcription-activating cleavage [42, 44, 46, 43, 45]. This end-product feedback

45



1 Introduction

regulation prevents from cellular cholesterol accumulation by both decreased cholesterol
uptake [309] and cholesterol synthesis [303, 304, 305].

In total, the anti-atherogenic function of the LDL receptor is the regulation of cellular
cholesterol metabolism including uptake of lipoprotein particles VLDL and LDL from
blood circulation as well as synthesis and storage of cholesterol [61, 255]. Furthermore,
the LDL receptor seems to inhibit an additional synthesis pathway of LDL [258] and the
production of relatively small VLDL [259].

1.3.3 Mutations and familial hypercholesterolemia

Mutations in the LDL receptor gene most commonly cause semi-dominant familial hy-
percholesterolemia (FH) [310]. This disease disrupts the cellular cholesterol metabolism
and is characterised by elevated plasma LDL and cholesterol [271] and xanthomas (LDL
cholesterol-rose yellowish papules of the skin) [311]. Elevated LDL in the absence of any
risk factors can produce human atherosclerosis [261, 262, 263] and cause early myocardial
infarctions [260]. Here, patients with two variant alleles of the LDL receptor gene (FH
homozygotes) are affected more severely than patients with only one variant allele (FH
heterozygotes) [311]. FH heterozygous exhibit a 2-fold increase in number of LDL particles
with myocardial infarctions at an age of 30 years, FH homozygotes a 6-10-fold increase
with infarctions already in early childhood, respectively. FH heterozygotes amount to
about one in 500 individuals worldwide, FH homozygotes to one in one million individuals
[263].

Up to now, 1741 mutations of the LDL receptor gene were revealed comprising substi-
tutions, deletions, insertions, duplications and inversions with the highest proportion of
substitutions (73.5%) (www.ucl.ac.uk/ldlr/). Most of the reported variants are predicted
to be pathogenic (79%) [310] and there are 19 polymorphisms revealing no phenotypic
effect. Sequence variants arise in all exons and most frequently concern exon 4 (19.5%)
(www.ucl.ac.uk/ldlr/). With 381bp it is the largest exon coding for critical class A re-
peats 3—5 within the ligand binding region [281, 282, 266]. Traditionally, the mutations
were graduated into five classes disrupting physiological functions of the LDL receptor at
different levels [271, 312]. Class 1 mutations generate no protein by disrupting the syn-
thesis or the secretory pathway. Class 2 mutations block or reduce the protein transport
from endoplasmic reticulum to golgi apparatus due to impaired receptor folding. Class 3
mutations produce surface-bound proteins, which are defective in LDL binding and class
4 mutations inhibit LDL-LDL receptor complex internalisation via clathrin-coated pits.
Class 5 mutations prevent LDL receptor recycling from endosomes back to the cell surface
resulting in degradation in lysosomes. Recently, a class 6 mutation were added, which
targets the LDL receptor to the apical instead to the basolateral side of the membrane
bilayer [292]. These mutations result in reduced receptor-mediated endocytosis of LDL

particles.
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1.4 Fractalkine receptor

Fractalkine receptor (CX3CR1) is a cell surface receptor mediating critical physiological
functions by binding its ligand fractalkine, a chemokine which exists both in a soluble
and membrane-bound form [313]. Fractalkine/CX3CR1 signaling regulates microglia- and
complement-mediated synaptic remodeling during central nervous system (CNS) develop-
ment [314] and microglia-mediated adult neurogenesis influencing cognitive function [315].
It also modulates pancreatic 5 cell function and insulin secretion [316] and cardiovascular
responses like blood pressure and heart rate [317].

Additionally, the signaling regulates critical physiological events during innate and adap-
tive inflammatory responses [318, 319, 320, 321]. It is relevant in coronary artery disease
[322, 319, 320, 323, vasculitis and vasculopathy [324], cardiac allograft rejection [325], lung
disease [326], liver injury [327], kidney disease [328, 329, 330, 331] and injury [332, 333],
sepsis [334], cancer [335, 336, 337, 338], chronic pain and inflammation [339, 340, 341],
neuropathological disorders like Alzheimer disease [342, 343], organ-specific auto-immune
disorders like atopic dermatitis [344] and multiple sclerosis [345], systemic auto-immune
disorders like rheumatoid arthritis [346, 347], systemic sclerosis [348], osteoarthritis [349]
and Wegener’s granulomatosis [350] and controls human immunodeficiency virus (HIV)
infection [318].

Polymorphisms of CX3CRI1 even increase the risk of ischemic cerebrovascular disease
[351, 352, 353], internal carotid artery occlusive disease [354], restenosis after coronary
stenting [355], pulmonary arterial hypertension [356], obesity [357], infectious liver fibrosis
[358] and post-transplant liver rejection [359], end-stage renal disease [360], psoriasis [361],
cancer [362, 363], arthritis [364] and infectious diseases like severe respiratory syncytial
virus (RSV) bronchiolitis [365].

However, there are also polymorphisms of CX3CRI1 associated with a reduced risk of
atherosclerosis [351], coronary artery disease (CAD) [351, 366], carotid artery stenosis
[367], coal workers’ pneumoconiosis [368], tumor infiltration with increased cancer survival
[369], chronic tonsillitis [370] and recurrent headaches [371].

These associations illustrate that fractalkine/CX3CR1 signaling represents a potential

target for future treatment especially of inflammatory diseases, cancer and pain [372, 373].

1.4.1 Gene and protein

The human fractalkine receptor (CX3CR1) gene is located on chromosome 3 (3:39263494—
39281735) in a CC-chemokine receptor (CCR) gene cluster containing the six genes CCR1,
CCR3, CCRL2, CCR5, CCR2 and CCXCRI1 [374]. The gene spans 18.2kb (18240bp) and
features six exons. There are seven transcript splice variants and five protein coding tran-
scripts revealing the two isoforms a and b. The mature transcripts are generated by alter-
native splicing of one out of five exons featuring distinct functional promoter regions with

an universal exon containing the complete open reading frame (ORF) and coding for the
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355 amino acid long isoform b. Thereby, one of the transcripts features an translated exon
elongating the ORF and encoding the 387 amino acid long isoform a. In human peripheral
blood mononuclear cells (PBMCs), four transcripts were identified at different expression
levels and two promoters were found to reveal constitutive activity in a cell-specific man-
ner [375, 376]. Transcription of the human CX3CRI1 was detected in endothelial cells
[377], monocytes [378, 379], dendritic cells [380], granulocytes [379], mast cells [381], T-
lymphocytes [382, 321], natural killer cells [379], platelets [383] and in neurons, microglial
cells and astrocytes [384, 385]. CX3CRI1 shapes a guanosintriphosphate-binding (G)-
protein-coupled, 7-transmembrane receptor [379], whose amino-terminal domain is able to
bind the highly flexible and variable chemokine domain of function (CDF) of fractalkine
[386]. The receptor is able to mediate cell migration dependent of G-protein activation
and signal transduction [379] and cell adhesion even independent of G-protein signaling
[387].

1.4.2 Upregulation, distribution and atherosclerosis

Coronary artery disease (CAD) patients exhibit both expression upregulation of fractalkine
receptor (CX3CR1) in peripheral blood mononuclear cells (PBMCs) [319, 320] and in-
creased plasma levels of soluble fractalkine (CX3CL1) [320]. CX3CR1 and CX3CL1 is
expressed in all stages of atherosclerotic carotid artery plaques including intra-plaque mi-
crovessels and are collocated in endothelial cells, macrophages and smooth muscle cells.
Here, CX3CL1 is detected especially within deeper layers of the vessel wall. In advanced
plaques, CX3CL1 is enriched in the plaque core, whereas less distinctive in the fibrous
cap [322]. In atherosclerotic coronary arteries, the expression of CX3CR1 and CX3CL1 is
detected in macrophages, foam cells and smooth muscle cells, both expressions colocalise
specifically and are present throughout the whole vessel, in endothelium, intima, media
and adventitia, whereas absent in normal coronary arteries [323]. In coronary artery dis-
ease patients with unstable angina pectoris (plaque rupture), the plasma levels of CX3CR1
and soluble CX3CL1 are even higher than in patients with stable angina pectoris and thus
associated to plaque rupture [388, 320]. In contrast, atherosclerosis was reduced in murine
models by suppressing the CX3CR1 and CX3CL1 expression [389], pharmacological inhi-
bition of CX3CR1 [390] or gene knockout of CX3CR1 [391, 392].

1.4.3 Atherogenic functions

The expression of fractalkine receptor (CX3CR1) by platelets [383], endothelial cells [377],
monocytes [319] differentiating into expressing macrophages [128, 393] as well as smooth
muscle cells [394] is crucial for the progression of atherosclerosis. CX3CRI1 binds its sole
ligand CX3CL1, a chemokine which exists both in a soluble and membrane-bound form
[313] with chemoattractant and adhesive function [395]. The soluble form is generated by

metalloproteinase-mediated specific cleavage of the membrane-bound form [396, 397, 398|.

48



1.4 Fractalkine receptor

The CX3CL1/CX3CR1 signaling mediates chemotaxis and adhesion of immune cells and
vascular cells, pro-inflammatory cytotoxicity as well as anti-apoptosis and cell proliferation
during early stage of atherosclerosis and apoptosis in the progressive stage (reviewed in
[395]).

During atherosclerosis the plasma level of soluble fractalkine (CX3CL1) is increased [320]
and thereby upregulates inter-cellular adhesion molecule (ICAM)-1 in endothelial cells in
a dose-dependent manner [377]. This mediates fractalkine-dependent platelet adhesion to
activated endothelium independent of CX3CR1 [126] and also enhances monocyte adhe-
sion to endothelial cells in a dose-dependent manner [399, 400]. CX3CRI1 can also induce
fractalkine-dependent endothelial cell migration [401] possibly contributing to stenosis of
atherosclerotic vessels or restenosis of grafted vessels [395]). Subsequently, endothelial ex-
pressed membrane-bound CX3CL1 activates platelets via CX3CR1 [126, 383] contributing

to sub-endothelial recruitment of monocytes [127].

In monocytes, the expression of CX3CR1 can be induced by monocyte chemotactic
protein (MCP)-1 [402] and angiotensin II [403], a vasoconstrictive and pro-inflammatory
agent generating oxidative stress and being relevant in atherogenesis [404]. Thereby,
CX3CR1 mediates fractalkine-dependent leukocyte adhesion and migration [379]. Sol-
uble CX3CL1 antagonises MCP-1 and suppresses the transendothelial migration of mono-
cytes [405]. However, leukocyte adhesion to the vascular endothelium can occur integrin-
dependently via soluble CX3CL1, and also integrin-independently via membrane-bound
CX3CL1 [400], which contribute to leukocyte capture under physiological shear stress con-
ditions [406, 407]. For capturing leukocytes under high shear stress conditions, platelet
activation with subsequent P-selectin secretion is strictly required. Both the soluble and
the membrane-bound CX3CL1 is capable to induce P-selectin expression and its secre-
tion via platelet degranulation [408]. Circulating leukocytes contain peripheral blood
monocytes, which can be sub-divided into three subsets, a classical (90-95%: CD14M9"
CD16~ CX3CR1/v), intermediate (CD14"9" CD16* CX3CR1"9") and non-classical pop-
ulation (5-10%: CD14"* CD16"9" CX3CR1"9") [409, 410] developing gradually from
classical via intermediate into non-classical monocytes [411]. Here, the low expression
of CX3CR1 determines the recruitment to inflamed tissue, whereas high expression the
CX3CR1-dependent recruitment to non-inflamed tissue [412]. However, in atheroscle-
rotic plaques the oxidised LDL is capable to induce specific differentiation of monocytes
with increased expression of CX3CR1, which predominantly mediates adhesive property
to coronary smooth muscle cells [393] and thus promote survival [413] and accumulation
of monocytes/macrophage within the vascular wall [414, 393]. However, in the advanced
plaque the expression of CX3CL1 decreases [415] impairing cell survival and monocyte

homeostasis [413].

Furthermore, CX3CR1 expression of smooth muscle cells mediates their migration to
a subset of CX3CLl-expressing mononuclear cells in coronary artery plaques [394] and

additionally induces their cell-cell adhesion and proliferation [416]. The cross-talk be-
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tween smooth muscle cells and monocytes potentiates their inflammatory response [417].
However, metalloproteinase-mediated shedding of soluble CX3CL1 from vascular smooth
muscle cells counter-regulates the fractalkine-mediated adhesion of monocytes promoting
monocyte recruitment [396]. CX3CR1 also regulates fractalkine-dependent anti-apoptosis
and proliferation of coronary artery smooth muscle cells [418] due to predominant expres-
sion of CX3CL1 in early lesions [415] likely contributing to destabilisation of advanced
plaques containing rare smooth muscle cells in the fibrous cap [100]. After vascular injury,
CX3CR1-expressing bone marrow mononuclear cells differentiate in the vessel wall and
contribute to smooth muscle cells within atherosclerotic plaques [419]. These progenitor
cells also contribute to the formation of plaque microvessels [420].

Beside cell adhesion and migration, CX3CL1/CX3CRI1 signaling can activate several
signal transduction pathways, which regulate the function of cytokines and CX3CL1 [377,
416, 421, 422, 405]. It also has a cytotoxic effect by activating T lymphocytes [321] and
natural killer cells, which induce endothelial cell injury [423].

Ultimately, monocytes and macrophages are important for formation [424], maintenance
[425], neovascularisation [420] and instability of atherosclerotic plaques [100]. Here, an-
giogenesis is triggered by endothelial cells via fractalkine-induced activation of CX3CR1
[426).

1.4.4 Polymorphisms and atherosclerosis

In the human CX3CRI1 gene, two disease-related and non-synonymous single nucleotide
polymorphisms (SNPs) V2491 and T280M were detected. They are located within the
coding region of the sixth and seventh transmembrane-domain of the receptor [427]. The
T280M polymorphism is non-conservative due to an exchange of a polar for a non-polar
side chain revealing major effects on protein structure and function [428]. However, both
SNPs are highly linked to each other revealing three predominant and an extremely rare
haplotype [351]. The Valine/Isoleucine substitution at codon 249 by G/A SNP probably
is a prerequisite for Threonine/Methionine substitution at codon 280 by C/T SNP [351,
366, 429, 428]. Within pooled Caucasian and Asian populations, the frequencies of the
revealing haplotypes Vos9T 950, I249T 980, IoaoMagg and VosgMagg are 72.2%, 10.5%, 17.2%
and 0.06%, respectively [351].

The haplotype Is49Mogg exhibits a reduced risk of atherosclerosis and coronary artery
disease (CAD) already in the heterozygous state [351, 366] but an elevated risk of ischemic
cerebrovascular disease in the homozygous state [351, 353]. Thereby, it features decreased
binding affinity to labeled and soluble CX3CL1 as well as a reduced density of CX3CR1
compared to the wild-type haplotype Vas9Togg with Isgg-mediated reduced receptor ex-
pression [428]. In contrast, the haplotype I249Magp showed an increased Iag9-mediated cell
adhesion to membrane-bound FKN [430]. However, both SNPs are related to abnormal
receptor functionality. Furthermore, the Magy allele exhibits decreased CX3CL1 binding

kinetics and impairs inflammatory leukocyte chemotaxis, leukocyte-endothelial cell adhe-
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sion and G-protein signaling-mediated leukocyte transmigration into the vessel wall [429].
The Isy4g allele in the heterozygous state also reduces the risk of atherosclerosis and
CAD (351, 427] and without the protective effect of Magy allele, Iogg is also associated
with elevated risk of acute coronary syndrome (ACS) during CAD [431] and restenosis
after stent implantation [355]. However, the Io49 allele in both the heterozygous and the
homozygous state promotes survival of acute myocardial infarction and decreases T-cell
recruitment into infarct related artery [432]. At heterozygosity, the allele decreases the
total number of CX3CL1 binding sites about ~40% with reduced receptor expression and
ligand binding affinity [427], whereas the homozygous Mag, allele about ~85% [428].
Finally, the polymorphisms combined genotypes VITM and IITM also decreases the

risk of atherosclerosis [351].

1.5 Animal models for atherosclerosis

Animal models are a useful tool for understanding biological processes of the human
atherosclerosis and for simultaneous evaluation of therapeutic methods. This will allow
for an early diagnosis of atherosclerosis, forecast of progression and treatment of patholo-
gies. However, there is no perfect model, which replicates all developmental stages of the
human atherosclerosis including arising atherothrombotic diseases. Moreover, genetic and
environmental factors significantly influence the development of the cardiovascular patho-
physiology in a synergistic manner making it almost impossible to address a particular
disease complication to one experimental model. Nevertheless, there are several animal
models for atherosclerosis [433, 434] and cardiovascular diseases [435] including rabbit,
mouse, rat, hamster, guinea pig, pigeon, quail, chick, dog, cat, pig and non-human pri-
mate, each with their specific advantages and disadvantages in the human atherosclerosis
research (reviewed in [433, 434, 435]). In these animals, the manipulation of the athero-
genic process is limited and commonly induced by cholesterol feeding and mechanical
endothelial injury. However, they often differ from the human in cholesterol homeosta-
sis, lipoprotein metabolism and arterial vessel hemodynamics determining total plasma
cholesterol, plasma lipoprotein profile, systemic and site-specific athero-susceptibility of

arteries as well as plaque morphology.

1.5.1 Mouse models for atherosclerosis

The mouse is the predominant model for understanding the underlying immunologic molec-
ular and cellular mechanisms in atherosclerosis and for evaluation of new and existing
therapeutic drugs against risk factors like hypercholesterolemia, hypertriglyceridemia,
hypertension, and inflammation [436]. They feature relatively low costs of purchase,
maintenance and study-related compounds and furthermore easy breeding due to their
short reproductive cycle and large litter size. The mouse offers a well-known genome,

defined genetics and ease of genetic manipulation [433, 434, 435] allowing for multiple
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gene modification by random and targeted transgenesis, gene knockout as well as tem-
poral and tissue specific conditional knockout [433]. Current mouse models for a diet-
induced atherosclerosis feature gene knockouts and transgenes, which genetically modify
the lipoprotein metabolism and are additionally exposed to risk factors like hypertension
and diabetes [435]. The JAX mice database provides 239 mouse models for atheroscle-
rosis research (www.jax.org) including humanised transgene strains bearing ApoE2 [437],
mutant ApoE3Leiden [438, 439], CETP [440], ApoA-I [441] and ApoB-100 [442] as well
as knockout strains deficient in ApoA-I [443], ApoE [444, 445] and LDL receptor (LDLR)
[446, 447]. However, the most common atherosclerosis models are the ApoE~/~ mice and
the LDLR ™/~ mice, also present in a double-deficient state [448, 449]. Furthermore, there
are many inbred mouse strains with diverging susceptibility to atherosclerosis [450] due
to genetic differences effecting the endothelial response in the arterial wall [451, 452] and
the angle of aortic arch curvature [453]. Crossing these inbred strains with genetically
modified models which rapidly develop atherosclerotic plaques allows for an advanced
determining of pro- and anti-atherogenic genes by quantitative trait loci (QTL) linkage
analysis [454, 455, 456, 457]. Cross-species comparison of these data with genome wide as-
sociation (GWA) studies in humans further improves identification of candidate genes and
variants [458]. Moreover, mice are also suitable for non-invasive magnetic resonance imag-
ing (MRI) and in combination with novel emerging contrast agents they even enable to
serially monitor individual plaque progression at the molecular and cellular level [459]. By
the transplantation of donor bone marrow into irradiated and bone marrow deficient recipi-
ents, the atherogenic influence of monocytes and cells of the adaptive immune system as
well as their response to chemokines and cytokines can be evaluated [213, 214, 216]. Adop-
tive transfer of specific immune cells into immune deficient hosts even allows for a more
individual elucidation [425, 460]. Tissue specific Cre recombinase/loxP-mediated gene in-
activation [461, 462, 463|, tetracycline/tetracycline responsive element (TRE)-mediated
temporal gene induction [464] and adeno-associated virus-mediated gene expression in

liver [465] are further strategies to establish the function of genes on atherogenesis.

However, mice do not lend themselves to frequent blood sampling and to dissection of
small- and medium-sized blood vessels [433, 434]. Wild-type mice distinguish significantly
from human in immune system [466] and carry about 70% of the total plasma cholesterol
in HDL particles [434, 467], which protects against atherosclerosis by promoting choles-
terol efflux and reverse cholesterol transport [468]. Besides, there is only a single isoform
of ApoE in the mouse [433] in contrast to two additional major isoforms in the human
[171], which are associated with type III hyperlipoproteinemia [167] and a 42% higher risk
of cardiovascular disease (CVD) [173]. Additionally, they lack the cholesteryl ester trans-
fer protein (CETP) [433, 434], a potential therapeutic athero-protective target promoting
atherogenic dyslipidemia with small and dense HDL and LDL particles when triglyceride
levels are increased [469]. Especially, these particles are associated with coronary heart

disease (CHD) [89, 80] and myocardial infarction in human [90]. Furthermore, a substan-
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tial fraction of the liver-secreted VLDL features apolipoprotein B-48 [470] instead of B-100
in humans [471] and in addition to LDL receptor these lipoproteins were efficiently cleared
by LDL receptor-related protein (LRP) [446]. In general, mice are not susceptible to
atherosclerosis and do not develop lesions spontaneously. They are also highly resistant to
diet-induced atherosclerosis and reveal genetic background-dependent susceptibility to dis-
ease induction [450] and variations in the efficiency of dietary cholesterol absorption [472].
By feeding a semi-synthetic diet (high fat, high cholesterol) for five weeks, indeed all ten
analysed inbred strains developed increased and varying levels of total plasma cholesterol
with decreased and less varying levels of plasma triglycerides. However, after ten weeks
only two strains and after 14 weeks five strains showed formation of early lesions (fatty
streaks) with reproducibility for the most susceptible strain. Within this strain, plasma
total cholesterol increased from 112-1347%¢ to 282-3507¢ [450] with reduced HDL and ele-
vated VLDL and LDL cholesterol. Here, the lower cholesterol-carrying capacity of HDL is
due to a smaller HDL particle size [473]. This diet generated no fat accumulation and gall-
stone formation [473] and the arisen lesions comprised intra-cellular fat and several layers
of foam cells invading the vessel media without fibrous cap formation. Importantly, there
was almost no correlation between plasma cholesterol levels and susceptibility to lesion
formation [450]. Compared to human, the mouse models indeed features high similarity
in genetics and histology of lesion development, but extremely rarely generate the most
feared human complications plaque rupture [474, 475, 476] and thrombosis [474, 475, 477].
There are also no plaques with thick fibrous caps [475, 477, 478, 444] and only small lamel-
lae (arrangement of plain muscle fibers) and vasa vasorum (blood vessel network within
the vessel wall) in the vessel media [433]. Furthermore, lesions do not develop predomi-
nantly in coronary arteries [479] but in the aortic root [476]. Whether the mouse reflects

a precise model for the human disease is under discussion [480].

1.5.2 Pig models for coronary atherosclerosis

The pig already serves for decades as a human biomedical model. Pigs feature similarities
in size, physiology, organ development and disease progression. Besides, their long life
expectancy allowing for time studies they enable repeated collection of peripheral tissue
samples and imaging of vessels and organs by diagnostic standard procedures. The large
litter size, availability of cloning in combination with knockout and transgene technologies
as well as high homology of sequence and chromosome constitution provide for genomic
analysis like comparative quantitative trait loci (QTL) linkage analysis. Additionally,
well-defined cell lines representing different tissues allow for proteomic and toxicological
analysis (reviewed in [481]).

Of particular importance is that porcine coronary arteries respond to balloon angioplasty-
induced arterial media injury with human-like restenotic neointimal thickening featuring
smooth muscle cell proliferation [482], which is proportional to coronary artery injury [483].

To reduce this adverse effect in percutaneous transluminal coronary angioplasty (PTCA)
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patients [484, 485], the injury-response relationship of the porcine coronary restenosis
model was used to quantify the effects of preventive restenosis treatment by drug ad-
ministration [486, 487, 488, 489] and by drug-eluting stents [490]. In contrast to bare
metal stents, which predominantly generate restenosis and need revascularisation, the
drug-eluting stents rather delay coronary arterial healing and cause late stent thrombosis
[491]. Since endothelial coverage ratio of stent struts is the best predictor for late stent
thrombosis [492], the first post-operative time point for preclinical evaluation of stent per-
formance should be at ~28 days within the recommended follow-up interval of six month
[493, 494).

A further development of the coronary restenosis model was the porcine heat-injury
restenosis model by using thermal balloon angioplasty [495, 496]. Contrary, this model
generates true stenotic lesions after 28 days and thus is suitable for evaluation of bioab-
sorbable and bifurcation stents, coronary artery imaging without stent-related artifacts,
and complex minimal-invasive (percutaneous) coronary interventions [495]. However, since
balloon angioplasty and stent implantation do not generate coronary total occlusions, sev-
eral porcine chronic total occlusion models have been developed to improve recanalisation
treatments either pharmacologically or invasively (reviewed in [497]). Implantation of
a bioabsorbable polymer construct into porcine coronary artery was shown to generate a
human-like chronic total occlusion after 28 days. The occurring thrombo-fibrotic occlusion

featured microvascular channels, dense collagen as well as elastic tissue [498].

A more clinically relevant model for evaluation of diagnostic and therapeutic procedures
would be a porcine atherosclerosis model of vulnerable plaque. The porcine cardiovascular
system features human-like size, anatomy, perfusion distribution of blood flow, physiology
[499, 500, 501, 502] influencing cardiac function [499, 503] as well as platelet coagulation
[504]. Likewise, pigs only insufficiently develop coronary collateral vessels after femoral
artery ligation [505] as well as coronary artery occlusion, which highly variably respond
to vasodilatators [506]. Additionally, they feature a human-like lipoprotein profile [434]
with similar characteristics [507, 508], natural atherogenic mutations of apolipoproteins
[509, 510, 511] and the LDL receptor [512, 513, 514]. In contrast to the human with its
three major isoforms of ApoE [171], the pig seems to bear only the ApoE4 isoform [5],
which is associated with a 42% higher risk of cardiovascular disease [173]. Advanced in
years, pigs spontaneously develop atherosclerosis [515, 516], which can be accelerated by
high levels of dietary fats and cholesterol [517, 5, 518, 519, 520]. Furthermore, dietary
fats are capable to increase blood coagulation and thrombus formation [521]. Finally, in
Belgian pigs even myocardial infarctions can be induced by stress [522]. Although pigs,
like mice, lack the cholesteryl ester transfer protein (CETP), they are considered to bridge

the gap between small animal models and human clinical trials [523].

Generally, atherosclerosis is promoted at vascular branches, bifurcations and bends
where physiological flow separations and flow disturbances generate hemodynamic shear

stress characteristics regulating pro-atherogenic endothelial responses and functions (re-
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viewed in [524]). Respectively, in the pig atherosclerosis of the major coronary arteries
is promoted synergistically by low endothelial shear stress and excessive expansive vascu-
lar remodeling [525] with adventitial neovascularisation [526]. Functional investigations
of the porcine aortic vasculature revealed increased protein permeability associated with
ultrastructural changes of endothelium and vascular intima at athero-susceptible sites
[527]. The athero-susceptible proximal regions of porcine coronary arteries reveal distinct
endothelial transcript profiles triggering endoplasmic reticulum (ER) stress and accumu-

lation of reactive oxygen species (ROS) [528].
Hypercholesterolemic pigs fed a supplemented lard diet (high fat, moderate choles-

terol) exhibit circulating cholesterol-enriched blood monocytes with both increased acyl-
coenzyme A: cholesterol acyltransferase (ACAT) activity and lipid biosynthesis [529],
which were recruited exclusively into the aorta by chemotactic factors of the athero-
susceptible site [530]. These monocytes adhere to the endothelium and subsequently
transform into macrophage foam cells contributing to the development of fatty streak
lesions [531]. The foam cells of this lesion state are capable to migrate back into the
blood stream and induce endothelial damage [532]. In the progress of lesion development,
smooth muscle cells proliferate within the coronary intima [533]. Lesions arise at coronary
arteries, thoracic aorta and carotid arteries and develop to human-like complex unstable
atherosclerotic plaques predominantly at coronary arteries associated with an site-specific
early increase in inflammatory gene expression and with a late upregulation of plaque
destabilising genes [534]. Since a porcine model of carotid atherosclerosis revealed dis-
tal embolisms associated with vulnerable carotid plaques, the pig is assumed the most

promising animal to resemble human plaque instability and thrombotic rupture [535].

The progression and histology of advanced coronary lesions with human-like features is
dependent of the swine breed, plasma cholesterol levels, their exposure time and addition
of pro-atherogenic factors like vascular injury and diabetes (reviewed in [536]). Hyper-
cholesterolemia and atherosclerosis is often induced by highly modified diets containing
1-4% pure cholesterol and sodium cholate. These substances are not common in human
diets and the latter potentially is toxic and even counterproductive [537]. Moreover, these

diets are ~40 times more expensive than regular pig diets [523].

Current porcine models with accelerated atherosclerosis (reviewed in [538]) are the
induced diabetic/hypercholesterolemic pig model [539], the inherited hyper-LDL choles-
terolemia pig model [540, 512, 513, 514, 541, 509, 510, 511], proprotein convertase sub-
tilisin/kexin type 9 (PCSK9) gain of function mutant pig model [542] and the metabolic
disease pig model [543, 544]. However, beside their advantages, these porcine atheroscle-
rosis models exhibit relative disadvantages (reviewed in [538, 536]). The induced dia-
betic/hypercholesterolemic pig model is expensive in husbandry and reveals highly vari-
able lesion sizes and locations, develop hypoglycaemic coma and are prone to infections
and gastroparesis [536]. The inherited hyper-LDL cholesterolemia pig model features

a long induction period for atherosclerosis and a considerable phenotypic variability in
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plasma cholesterol level and disease development due to its broad heterogeneous genetic
background [540, 513]. The PCSK9 gain of function mutation reduces the hepatic LDL
receptor level and impairs plasma LDL clearance causing severe hypercholesterolemia with
spontaneous and progressing atherosclerosis [542]. Since the mutant PCSK9 transgene is
~500-fold overexpressed in liver, these pigs are not suited for treatments increasing hepatic
LDL receptor levels or reducing PCSK9 activity [523]. Finally, the metabolic disease pig
model generates extensive and diffuse atherosclerosis covering proximal, intermediate as
well as distal segments of coronary arteries [545, 546] complicating the preclinical evalua-
tion of novel stents by increased peri-stent (adjacent to the stent) coronary artery disease
[545]. Additionally, the latter two are commercially limited available [538].

Thus, a large animal model without disadvantages of the current porcine models but
with an accelerated and human-like atherosclerosis including vulnerable coronary plaques
is increasingly important. The LDLR ™/~ pig would address the disadvantages and allow
for a cost-efficient and rapid preclinical validation of innovative diagnostic and therapeutic
technologies for the treatment of human coronary artery disease (CAD). Compared to wild-
type animals, the LDLR1/~ pig would be susceptible to diet-induced atherosclerosis and
enable therapeutic modification of LDL receptor expression attenuating or accelerating

the progression of atherosclerosis [523].

1.5.3 Generation of gene targeted pigs by somatic cell nuclear transfer

Somatic cell nuclear transfer (SCNT) is a cloning method, in which a donor nucleus is
transferred into the cytoplasm of a unfertilised and enucleated oocyte. The efficiency
of generating life offspring is limited to 1-3% and is determined by nuclear remodeling
(change in chromatin architecture) and the resulting nuclear reprogramming (change in
gene transcription profile). It is recommended that unfertilised oocytes mature in vivo and
are isolated from sexually mature animals since they best supply factors remodeling the
transferred nucleus. In contrast, the donor nucleus should be isolated from less differenti-
ated cells, since it is more plastic and more susceptible to remove transcription affecting
proteins (reviewed in [547]). Insufficient remodeling and reprogramming of the nucleus
cause an aberrant gene expression and result in abnormal development of the placenta
[548, 549] and the fetus [550]. This symptomatic is referred as large offspring syndrome
(LOS), which provokes a continuum of phenotypes (reviewed in [547]). The porcine SCNT
can be accompanied with underdeveloped placenta, high post-natal mortality, stillbirth,
small litter size as well as low litter weight and average birth weight [551]. A further
characteristic of the abnormal fetal development is the large tongue.

However, pigs were successfully cloned using fibroblasts as donors for SCNT [552, 553,
554, 555, 556, 557]. Based on this fact, several gene targeted pigs were generated featur-
ing targeted disruption of «1,3-galactosyltransferase («1,3GT) [558, 559, 560, 561, 562,
563, 564, 565, 566, 567], cystic fibrosis transmembrane conductance receptor (CFTR)
[568, 569, 570, 571, 572], J-region gene segment of the heavy chain locus [573], immunoglob-
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ulin kappa light chain locus [574], breast cancer associated gene 1 (BRCA1) [575, 576],
X-linked interleukin-2 receptor gamma (I12rg) chain gene [577], low-density lipoprotein
receptor (LDLR) [523, 578, 579], sialoadhesin gene [580], CMP-Neu5Ac hydroxylase [581],
recombination-activating genes 1 and 2 (RAG1, RAG?2) [582] and growth hormone receptor
(GHR) [583].

SCNT was also performed with less differentiated mesenchymal stem cells (MSCs) hy-
pothesised to increase cloning efficiency. Compared to fibroblasts these cells doubled the
embryo blastocyst development [584] and were successfully used to generate gene targeted
live pigs with both a latent mutant p537167# [585] and Kras®12P [586], a mutant ade-
nomatous polyposis coli (APC!311) [587] and a transgenic ROSA26 allele [588]. Primary
porcine kidney cells (PKCs) revealed a comparable increase in blastocyst rate after SCNT
and exhibited higher proliferation rates than porcine fetal fibroblasts [589]. Furthermore,
porcine liver-derived cells were shown to be suitable for SCNT [590, 558]. Additionally,
pigs were also cloned from induced pluripotent stem cells (iPSCs) [591]. Unfortunately,

validated porcine embryonic cell lines have not been established to date [592].

1.6 Aim of this work

The aim of this work was the generation of a porcine model for atherosclerosis. For ac-
celeration and worsening of pathogenesis, the two genes apolipoprotein E (APOE) and
LDL receptor (LDLR) were to be disrupted by gene targeting. For cell imaging during
atherogenesis, the reporter gene enhanced green fluorescent protein (EGFP) driven by the
cell-specific porcine fractalkine receptor (CX3CR1) promoter was to be placed at ROSA26
genomic locus. Gene knockouts and transgene placement should be established by gene
targeting strategies based on homologous recombination of promoter-trap vectors. For
this, gene targeting was primarily to be optimised or alternatively be mediated by tran-
scription activator-like effector nucleases (TALENS) in combination with donor plasmids
inducing double strand breaks (DSBs) and subsequent homology-directed repair (HDR).
All transfections were to be performed in porcine adipose tissue-derived mesenchymal stem
cells (pADMSCs) proven to efficiently produce healthy offspring after somatic cell nuclear
transfer (SCNT). The transfected cells were to be analysed genotypically. To evaluate
the predisposition of atherosclerosis-related diseases and complications, the used cells ad-
ditionally should be screened for single nucleotide polymorphisms and mutations within
the three genes APOE, LDLR and CX3CR1. If possible, the cloned animals were to be
validated genotypically and furthermore be analysed phenotypically.
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CHAPTER 2

Material

2.1 Equipment

Balances

Analytical balance 440-33N Kern, Balingen-Frommen, GER

Analytical balance APX-1502 Denver Instruments, Goéttingen, GER

Analytical balance EMB 2200-2 Kern, Balingen-Frommen, GER

Analytical balance PI-214 Denver Instruments, Goettingen, GER

Blood chemistry analyser

Piccolo Xpress Chemistry Analyser Abaxis Europe, Darmstadt, GER

Centrifuges

Centrifuge 5810 Eppendorf, Hamburg, GER

Laboratory clinical centrifuge 3-16 Sigma, Osterode am Harz, GER

Laboratory micro centrifuge 1-15 Sigma, Osterode am Harz, GER

Micro centrifuge Mikro 200 Hettich, Tuttlingen, GER

Micro centrifuge Minispin Eppendorf, Hamburg, GER

Mini centrifuge GMC-060 LMS, Tokyo, JPN

Refrigerated laboratory centrifuge 4K15C Sigma, Osterode am Harz, GER

Refrigerated laboratory mini centrifuge Sigma, Osterode am Harz, GER

1-15K

Savant DNA110 SpeedVac Concentrator Thermo Fisher Scientific, Dreieich, GER

Cooling devices

Freezer (-20°C) Liebherr, Ochsenhausen, GER

Freezer Thermo Forma (-80°C) Thermo Electron, Karlsruhe, GER

Freezing container Mr. Frosty Nalgene, Rochester (NY), USA
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Fridge (4°C)
Iceflaker
Water bath RMS6

Counting devices

Automated cell counter Invitrogen Countess

Counting chamber Neubauer
Electrophoresis devices

Maxi gel system Perfect Blue 41-2325
Midi gel system Perfect Blue 40-2314N
Mini gel system Perfect Blue 40-0708
Mini gel system Perfect Blue 40-1214
Submarine gel system Classic CSSU2020
Submarine gel system Primo CSSU78
Electroporator

Multiporator

Gel documentation devices

Digital graphic printer UP-D895MD
Gel imaging system GeneGenius
UV-transilluminator NU72KM
Heating device

Aluminium hot plate stirrer ARE
Heating block VLM 2Q

Hybrisisation oven Hybaid Shake 'n’ Stack

Incubator BD 240

Microwave MDA

Incubators

Forma Orbital Shaker 420

Forma Series II Water Jacketed CO9
Incubator (Nj)

Forma Steri-Cycle COs Incubator
Incubator BD 115

X-ray clip cassette CVE-blank
Laminar airflow cabinet
HERAsafe HSP

Luminometer

Glomax 20/20 Luminometer
Microscopes

Axiovert 25

Axiovert 40 CFL

Axiovert 200M
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Siemens, Miinchen, GER
Eurfrigor, Villa Cortese (MI), ITA
Lauda-Brinkmann, Delran (NJ), USA

Life Technologies, Darmstadt, GER
Hecht-Assistent, Sondheim/Rhon, GER

Peqglab, Erlangen, GER
Peqlab, Erlangen, GER
Peqglab, Erlangen, GER
Peqlab, Erlangen, GER
Thermo Electron, Karlsruhe, GER
Thermo Electron, Karlsruhe, GER

Eppendorf, Hamburg, GER

Sony Europe Limited, Berlin, GER
Syngene Europe, Cambridge, UK
Benda, Wiesloch, GER

VELP Scientifica, Usmate (MB), ITA
Gefran, Seligenstadt, GER

Thermo Fisher Scientific, Dreieich, GER
Binder, Tuttlingen, GER

MHA, Barsbiittel, GER

Thermo Electron, Karlsruhe, GER
Thermo Electron, Karlsruhe, GER

Thermo Electron, Karlsruhe, GER

Binder, Tuttlingen, GER
Rego X-Ray, Augsburg, GER

Heraeus Instruments, Miinchen, GER
Promega, Mannheim, GER
Zeiss, Oberkochen, GER

Zeiss, Oberkochen, GER
Zeiss, Oberkochen, GER



2.2 Consumables

PCR devices

Applied Biosystems 7500 Fast Real-Time

PCR System

Thermal Cycler DNA Engine Dyad PTC
220

Photometers

BioPhotometer 6131

NanoDrop Lite Spectrophotometer
pH meter

Cyberscan pH 510

Pipettes

Pipette M10

Pipetus Reddot

Rainin Pipet-Lite LTS (2, 20, 200, 1000p1)

Rainin Pipet-Lite LTS (8 channels,
20-200p1)

Pipetman P20, P200, P1000
Power supplies

Owl EC-105

PowerPac 300

Shaker and vortex mixer
Minishaker MS2

Unitwist 3-D rocker shaker
Vortex-Genie 2

Vortex Mixer Classic

Water baths

Thermolab shaking water bath 1086
Water bath T

Water bath WB 14

2.2 Consumables

0.45um sterile filters

0.5, 1.5, 2.0ml microcentrifuge tubes
1, 2, 5, 10, 25ml plastic stripettes
10cm Petri dishes

14ml round-bottom tubes

15, 50ml centrifuge tubes

150mm cell culture dishes

2, 20, 200, 1000yl filter pipette tips

Life Technologies, Darmstadt, GER

Bio-Rad Laboratories, Miinchen, GER

Eppendorf, Hamburg, GER
Thermo Fisher Scientific, Dreieich, GER

Eutech Instruments, SIN

Sartorius, Gottingen, GER

Hirschmann, Eberstadt, GER
Mettler Toledo, Giessen, GER
Mettler Toledo, Giessen, GER

Gilson, Bad Camberg, GER

Thermo Fisher Scientific, Dreieich, GER
Bio-Rad Laboratories, Miinchen, GER

IKA Werke, Staufen, GER

Uniequip, Planegg, GER

Scientific Industries, New York, USA
VELP Scientifica, Usmate (MB), ITA

GFL, Burgwedel, GER
Lauda-Brinkmann, Delran (NJ), USA
Memmert, Schwabach, GER

Brand, Wertheim, GER

Brand, Wertheim, GER

Corning, New York, USA

Brand, Wertheim, GER

Becton Dickinson, Heidelberg, GER
Corning, New York, USA

Corning, New York, USA

Fisher Scientific, Schwerte, GER
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2, 20, 200, 1000yl filter pipette tips

2, 20, 200, 1000ul pipette tips

2, 20, 200, 1000u] pipette tips

2ml cryogenic vials

20ml syringes

50, 100, 1000, 2000ml graduated cylinders
6, 12, 24 well cell culture plates

Applied Biosystems Optical adhesive covers
Applied Biosystems Fast optical 96 well
reaction plates

EDTA monovettes

Electroporation cuvettes (2, 4mm)

Filter paper

Invitrogen Countess cell counting chamber
slides

Laboratory glassware

Lithium-heparin monovettes

Positively charged nylon membrane
Amersham Hybond-N-+

T25, T75, T150 cell culture flasks

UV cuvettes

X-ray film

2.3 Chemicals and solutions

Acetic acid

Acetone

Accutase

Agarose

Agarose LE

Ambion Trizol reagent
Amphotericin B
Ampicillin
B-mercapto ethanol
Blasticidin S

Blocking reagent
Boric acid
Bromphenol blue

Cell culture grade HoO
Chloramphenicol
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Mettler Toledo, Giessen, GER
Brand, Wertheim, GER

Mettler Toledo, Giessen, GER
Corning, New York, USA

Becton Dickinson, Heidelberg, GER
Brand, Wertheim, GER

Corning, New York, USA

Life Technologies, Darmstadt, GER
Life Technologies, Darmstadt, GER

Sarstedt, Niimbrecht, GER

Peqlab, Erlangen, GER

Bio-Rad Laboratories, Miinchen, GER
Life Technologies, Darmstadt, GER

Marienfeld, Lauda-Konigshofen, GER
Sarstedt, Niimbrecht, GER
GE Healthcare Europe, Freiburg, GER

Corning, New York, USA
Eppendorf, Hamburg, GER
Agfa HealthCare, Bonn, GER

AppliChem, Darmstadt, GER
Sigma-Aldrich, Steinheim, GER
Sigma, Steinheim, GER

Sigma, Steinheim, GER

Genaxxon Bioscience, Ulm, GER
Life Technologies, Darmstadt, GER
Sigma, Steinheim, GER

Carl Roth, Karlsruhe, GER

Sigma, Steinheim, GER

InvivoGen Europe, Toulouse, FRA
Roche Diagnostics, Mannheim, GER
Sigma, Steinheim, GER
Sigma-Aldrich, Steinheim, GER
PAA, Pasching, AUT

Sigma, Steinheim, GER



2.3 Chemicals and solutions

Chlorophorm

Chlorophorm

Collagenase 1

Complete RPMI

Cyclic AMP (Dibutyryladenosine cyclic
monophosphate)

Developer solution

Difco LB Agar

Difco LB Base, Miller

DIG easy Hyb buffer

DMEM (Dulbecco’s Modified Eagle
Medium) high glucose

DMSO (Dimethyl sulphoxide)
EDTA (Ethylenediaminetetraacetic acid)
Ethanol absolute

Ethanol absolute

Ethidium bromide solution (1074)
FCS (Foetal calf serum)

FGF-2 (Fibroblast growth factor 2)
Fixer solution

Formaldehyde

G418 (Geneticin)

Gibco Advanced DMEM (Dulbecco’s
Modified Eagle Medium)

Gibco GlutaMAX

Glacial acetic acid

Glycerol

Glycerol

HBSS (Hank’s Balanced Salt Solution)
Hydrochloric acid

Igepal CA-630

Invitrogen Trypan blue solution
Isopropanol

Isopropanol

Kanamycin

LSM 1077 (Lymphocyte separation medium

1.0779)
Magnesium chloride

Maleic acid

Sigma, Steinheim, GER
AppliChem, Darmstadt, GER
Serva, Heidelberg, GER
Sigma, Steinheim, GER
Sigma, Steinheim, GER

Calbe Chemie, Calbe, GER

Becton Dickinson, Heidelberg, GER
Becton Dickinson, Heidelberg, GER
Roche Diagnostics, Mannheim, GER
Sigma, Steinheim, GER

AppliChem, Darmstadt, GER
Sigma, Steinheim, GER
Riedel-de-Haen, Seelze, GER
AppliChem, Darmstadt, GER
Sigma, Steinheim, GER
PAA, Pasching, AUT
PromoCell, Heidelberg, GER
Calbe Chemie, Calbe, GER
Sigma, Steinheim, GER
PAA, Pasching, AUT

Life Technologies, Darmstadt, GER

Life Technologies, Darmstadt, GER
Fluka, Seelze, GER

Carl Roth, Karlsruhe, GER
AppliChem, Darmstadt, GER
BioChrom, Berlin, GER

J.T.Baker, Deventer, NED

Sigma, Steinheim, GER

Life Technologies, Darmstadt, GER
Carl Roth, Karlsruhe, GER
AppliChem, Darmstadt, GER
Omni Life Science, East Taunton (MA),
USA

PAA, Pasching, AUT

Merck Millipore, Darmstadt, GER
Carl Roth, Karlsruhe, GER
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Non-essential amino acids

PBS (Phosphate buffered saline)
Penicillin/Streptomycin
Phenol-chlorophorm-isoamyl alcohol
(25:24:1)
Phenol-chlorophorm-isoamyl alcohol
(25:24:1)

Potassium chloride

Refined cocos oil

Retinoic acid (All-trans-retinoic acid)
Saline-sodium citrate buffer

SDS (Sodium dodecyl sulphate)
Silicone grease

Sodium acetate

Sodium acetate

Sodium chloride

Sodium hydroxide pellets

Sodium pyruvate

Sucrose

Sudan IV

Tris

Trizma base

Trizma hydrochloride

Tween 20

Trypsin

Sigma, Steinheim, GER
Sigma, Steinheim, GER
Sigma, Steinheim, GER
Sigma, Steinheim, GER

AppliChem, Darmstadt, GER

Merck Millipore, Darmstadt, GER
Vandemoortele Lipids, Dresden, GER
Sigma, Steinheim, GER

Sigma, Steinheim, GER

Sigma, Steinheim, GER

GE Bayer Silicones, Erkrath, GER
Carl Roth, Karlsruhe, GER
AppliChem, Darmstadt, GER
AppliChem, Darmstadt, GER
Sigma, Steinheim, GER

PAA, Pasching, AUT

Sigma, Steinheim, GER

Sigma, Steinheim, GER
AppliChem, Darmstadt, GER
Sigma, Steinheim, GER

Sigma, Steinheim, GER

Sigma, Steinheim, GER

PAA, Pasching, AUT

2.4 Custom solutions and buffers

Bacteria culture

LB-agar

LB-medium

Cell culture

Complete RPMI-10/20 medium

Expression upregulation medium

Freezing medium
HEK medium
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4% (w/v) Difco LB Agar
2.5% (w/v) Difco LB Base, Miller

Complete RPMI, 10%/20% FCS, 100Z; Penicillin,
100£% Streptomycin, 2.5£9 Amphotericin B)
MSC medium; 1.0mM cyclic AMP, 1.0uM retinoic
acid (filtered)

20% MSC medium, 70% FCS; 10% DMSO (filtered)
DMEM high glucose, 10% FCS; 2.0mM Gibco Glu-
taMAX, 0.1mM non-essential amino acids (filtered)



2.4 Custom solutions and buffers

KDNF medium

Low TE buffer
MSC medium

Starvation medium

Gel electrophoresis
100bp ladder

10x TBE buffer
1kb ladder

50x TAE buffer

5xloading dye

Low MW ladder

Genomic DNA isolation

Igepal lysis buffer

Lysis buffer

Plasmid DNA isolation
Lysis solution 11
Neutralisation solution III
Resuspension solution I
Southern blot

20xSSC buffer

Blocking solution
Denaturation buffer
Depurination buffer

Detection buffer

DMEM high glucose, 10% FCS; 2.0mM Gibco Glu-
taMAX, 0.ImM non-essential amino acids, 1mM
sodium pyruvate (filtered)

10mM Tris, 0.1mM EDTA

Gibco Advanced DMEM, 10% FCS, 554 FGF-
2; 2.0mM Gibco GlutaMAX, 0.1mM non-essential
amino acids, 50uM S-mercapto ethanol (filtered)
Gibco Advanced DMEM, 0.5% FCS, 549 FGF-
2; 2.0mM Gibco GlutaMAX, 0.1mM non-essential

amino acids, 50uM S-mercapto ethanol (filtered)

% volume 100bp DNA ladder, % volume 5 xloading
dye

0.9M Trizma base, 0.2M EDTA, 0.9M boric acid

é volume 1kb DNA ladder, % volume 5xloading
dye

1.0M Trizma base, 50mM EDTA, 2.0M glacial
acetic acid (pH 8.0)

50% (v/v) glycerol, 0.2M EDTA, tip of spatula
bromphenol blue

% volume Low Molecular Weight DNA ladder, %

volume 5 xloading dye

50mM potassium chloride, 1.5mM magnesium chlo-
ride, 10mM Trizma hydrochloride (pH 8.0), 0,5%
(v/v) Igepal CA-630, 0.5% (v/v) Tween 20

80mM Trizma hydrochloride (pH 7.4), 0.8% SDS,
170mM EDTA, 170mM sodium chloride

0.2M sodium hydroxide, 1% (w/v) SDS
3.0M sodium acetate (pH 4.8)
5mM sucrose, 10mM EDTA, 25mM Tris (pH 8.0)

3.0M sodium chloride, 0.3M sodium citrate, adjust
to pH 7.0 with 1.0M hydrochloric acid

1% (v/v) blocking reagent in maleic acid buffer
0.5M sodium hydroxide, 1.5M sodium chloride
250mM hydrochloric acid

0.1M Trizma hydrochloride (pH 9.5), 0.1M sodium
chloride
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High-stringency buffer
Low-stringency buffer
Maleic acid buffer

Neutralisation buffer

0.1xSSC, 0.1% (w/v) SDS

2x8SSC, 0.1% (w/v) SDS

0.1M maleic acid, 0.15M sodium chloride, adjust to
pH 7.5 with sodium hydroxide

0.5M Trizma hydrochloride (pH 7.5), 1.5M sodium
chloride

Southern blot ladder é volume gel loading dye, blue (6x), % volume
DNA Molecular Weight Marker VII, DIG-labeled

Washing buffer
Staining
Decolorising solution

Sudan IV staining solution

0.003% (v/v) Tween 20 in maleic acid buffer

80% ethanol
50% acetone, 35% ethanol, 5g Sudan IV

2.5 Enzymes, kits and molecular markers

Enzymes

Anti-Dig-AP-Fab-Fragment

CDP Star

CIP

Deoxynucleotide (ANTP) Solution Mix
(10mM each nt)

Digoxigenin-11-dUTP

DNA Polymerase I, Large (Klenow)
Fragment

Proteinase K

Restriction endonucleases

RNase

T4 DNA ligase

Kits

Ambion TURBO DNA-free Kit
Applied Biosystems SYBR Green PCR
Master Mix

CloneJET PCR Cloning Kit

GenElute Mammalian Genomic DNA
Miniprep Kit

GoTaq Hot Start Polymerase
Herculase II Fusion Enzyme with dNTPs
Combo

High Pure RNA Isolation Kit
innuPREP RNA Mini Kit
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Roche Diagnostics, Mannheim, GER
Roche Diagnostics, Mannheim, GER
New England Biolabs, Frankfurt, GER
New England Biolabs, Frankfurt, GER

Roche Diagnostics, Mannheim, GER
New England Biolabs, Frankfurt, GER

Sigma-Aldrich, Hamburg, GER
New England Biolabs, Frankfurt, GER
Sigma-Aldrich, Hamburg, GER
New England Biolabs, Frankfurt, GER

Life Technologies, Darmstadt, GER
Life Technologies, Darmstadt, GER

Thermo Scientific, Schwerte, GER
Sigma-Aldrich, Hamburg, GER

Promega, Mannheim, GER
Agilent Technologies, Béblingen, GER,

Roche Diagnostics, Mannheim, GER
Analytic Jena, Jena, GER



2.6 Bacteria, Cells, DNA and RNA

Invitrogen SuperScript III One-Step
RT-PCR System with Platinum Taq DNA
Polymerase

Invitrogen SuperScript III Reverse
Transcriptase

Nanofectin Kit

NucleoBond Xtra Midi Kit

PCR Extender System

pGEM-T Easy Vector System

Piccolo Xpress Lipid Panel Plus

QIAamp RNA Blood Mini Kit

Stemfect RNA Transfection Kit

SurePrep RNA/DNA /Protein Purification
Kit

Wizard SV Gel and PCR Clean-Up System
Molecular markers

1bk DNA ladder

100bp DNA ladder

DNA Molecular Weight Marker VII,
DIG-labeled

Gel loading dye, blue (6x)

Low Molecular Weight DNA ladder
RiboRuler High Range RNA Ladder

RNA loading dye (2x)

Life Technologies, Darmstadt, GER

Life Technologies, Darmstadt, GER

PAA, Pasching, AUT
Macherey-Nagel, Diiren, GER
5Prime, Hilden, GER

Promega, Mannheim, GER
Abaxis Europe, Darmstadt, GER
Qiagen, Hilden, GER

Stemgent, Cambridge (MA), USA
Fisher Scientific, Schwerte, GER

Promega, Mannheim, GER

New England Biolabs, Frankfurt, GER
New England Biolabs, Frankfurt, GER
Roche Diagnostics, Mannheim, GER

New England Biolabs, Frankfurt, GER
New England Biolabs, Frankfurt, GER
Thermo Scientific, Schwerte, GER

New England Biolabs, Frankfurt, GER

2.6 Bacteria, Cells, DNA and RNA

BAC DNA
BAC CH242-142P24 (LDLR, duroc breed)

BAC CH242-480J10 (APOE, duroc breed)

Bacteria

E. coli K12 ER2925 (Dam™, Decm™)
Invitrogen ElectroMAX DH10B Cells (E.
coli)

Cells

Human embryonic kidney (HEK293) cells

Children’s Hospital Ookland Research In-
stitute (CHORI), Oakland (CA), USA
Children’s Hospital Ookland Research In-
stitute (CHORI), Oakland (CA), USA

New England Biolabs, Frankfurt, GER
Life Technologies, Darmstadt, GER

Chair of Nutrition and Immunology, Frei-
sing, GER
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Porcine adipose tissue-derived mesenchymal
stem cells (pADMSCs)

Genomic DNA

Porcine genomic DNA

Porcine genomic DNA of fetus #4

RNA

Porcine adipose tissue-derived mesenchymal
stem cells (pADMSCs)-derived RNA
Porcine brain tissue-derived RNA

Porcine ear tissue-derived RNA

Porcine ear fibroblast-derived RNA

Porcine kidney fibroblasts-derived RNA
Porcine kidney tissue-derived RNA

Porcine lung tissue-derived RNA

2.7 Cloned plasmids

ApoE project

ApoE Donor IRES (Neo)
ApoE Donor PGK (Neo)
ApoE Donor IRES CCN (Neo)
ApoE Donor PGK CCN (Neo)
ApoE reporter
pCMVTALENLucDuplirep
ApoE reporter + TALEN
ApoE SV (IRES Neo)

ApoE SV IRES (Neo)

ApoE SV PGK (Neo)

ApoE TV1 (IRES Neo)

ApoE TV2 (IRES Neo)

ApoE TV3 (IRES Neo)

ApoE TV4 (IRES Neo CCN)
loxIRESBSpolyAlox

psiCHECK 2

psiCHECK 2 (pSL1180 + psiCHECK
Xhol ™)
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Isolated from German Landrace

Isolated from German Landrace
Shun Li, Chair of Livestock Biotechnol-
ogy, Freising, GER

Isolated from German Landrace

Isolated from German Landrace
Isolated from German Landrace
Isolated from German Landrace
Isolated from German Landrace
Isolated from German Landrace

Isolated from German Landrace

German Research Center for Environmental
Health, Helmholtz Zentrum Miinchen, GER

Chair
Biotechnology, Freising, GER

Marlene Edlinger, of Livestock

Chair of Livestock
Biotechnology, Freising, GER

Tatiana Flisikowska,



2.8 Primers

pSLCAGGSCherryNLSfor Tatiana Flisikowska, Chair of Livestock
Biotechnology, Freising, GER

pSLIRESneo

SsApoE TAL1/2 German Research Center for Environmental

Health, Helmholtz Zentrum Miinchen, GER
CX3CRI1 project
CX3CR1 TV (SA BS)
CX3CR1 TV2 (SA Neo)

pGFP EGFP1

psiCheckCX3CR1

pSL1180SAneopA FErica Schulze, Chair of Livestock Biotechnol-
ogy, Freising, GER

Rosa26TomGFP Shun Li, Chair of Livestock Biotechnology,
Freising, GER

LDLR project

LDLR SV (IRES BS)

LDLR SV2 (IRES Neo)

LDLR TV (IRES BS)

LDLR TV2 (IRES Neo)

2.8 Primers

APOE primers

ApoE F1 CTGTCTGACCAAGTGCAGGA (20)

ApoE F4 CATCCTCATTGCACAAATCG (20)

ApoE F13 TCCTCTACTTGGCCTGTGCT (20)

ApoE F17 GGCTTGGATCTAGTGTTTCTG (21)

ApoE mut F1 CAGGCGCGCCTGTCCAAGGAG (21)

ApoE mut R1 CAATCGGCCCTGCTCCACCAG (21)

ApoE R1 CACCTCGCTGCGGTAGAG (18)

ApoE R4 AGCTGCTCACGCATCTCAT (19)

ApoE recSA R TCCAAGCTCACGTTCTTCCT (20)

ApoE TAL endo R1 TCCTGCACTTGGTCAGACAG (20)

ApoE TAL targ F1 GGAAGAACGTGAGCTTGGAG (20)

ApoE TAL targ R1 TCGTCCTGCAGTTCATTCAG (20)

ApoE TALEN F1 TGTCTGACCAAGTGCAGGAG (20)

ApoE TALEN F2 AGCGTGCACGGAGCACACAA (20)

ApoE TALEN R1 ACCAAGAGGGCAGCTAAGG (19)

ApoE TALEN R2 CCCAGACCCCCAAGAGTTGGC (21)

ApoE targ F2 GTTACTGGGTGAGAGACACCTCTT (24)
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ApoE targ F3 AAAGGATCTGCTCGGGAAAT (20)

ApoE targ R2 GGCGGATCCATAACTTCGTATAAT (24)
cMyc F GGCTTTCTCTGACTCGCTGT (20)

cMyc R GCGACAGGGAAAAGTGTCTC (20)

FokI F CACCTGGGCGGATCTCGCAA (20)

FokI R GCACGGCGCCATTGCAGTTT (20)
GAPDH F TCCCACGGCACAGTCAA (17)

GAPDH R GCAGGTCAGGTCCACAACC (19)

Kras F CATTTCGGACTGGGAGCTA (19)

Kras R TCCTGAGCCTGTTTTGTGTC (20)

pHPRT F1 GTGATAGATCCATTCCTATGACTGTAGA (28)
pHPRT R1 TGAGAGATCATCTCCACCAATTACTT (26)
CX3CRI1 primers

CD14 F1 GCGGTTAAAGGAGCCACAG (19)

CD14 R1 TCGTCTATTTGGCAGGGCTC (20)

CMVpA R GGACAAACCACAACTAGAATGC (23)

CX3CRI1 endo R1
CX3CR1 LR F1
CX3CRI1 poly F1
CX3CRI1 poly R1
CX3CR1 PR F1
CX3CR1 PR R1
CX3CR1 RT F1
CX3CR1 RT R1

CX3CR1 qPCR R1

CX3CRI1 seq F1

CX3CR1 seq R1

CX3CRI1 targ F1
CX3CR1 targ R1
EGFP qPCR F1
EGFP qPCR R1
TBP F

(
GTTTGCACAGGAAACCCAAG (20)
CTAGGCTCCCAGGTTTGTGA (20)
TCATGTGGACACTGCTTTCC (20)
GGGTTGCTTTGGAGTATTGG (20)
GGGGAACTCCTCCTCTGTTC (20)
GGAGGGAACTTCTGGATGTG (20)
TAGAGTCTTCGCAGGACAGG (20)
CCAGACACTGAGGCTGATGA (20)
CACGATGTCTCCCATGTCAC (20)
ATGCTTCTGATTTGGTGGCC (20)
AGGTTTTGTCTCTCTGCCAAA (21)
TCTGCTGCCTCCTTTTCCTA (20)
GAAAGACCGCGAAGAGTTTG (20)
CTTCTTCAAGTCCGCCATGC (20)
TCCTTGAAGTCGATGCCCTT (20)

AACAGTTCAGTAGTTATGAGCCAGA (25)

TBP R AGATGTTCTCAAACGCTTCG (20)
LDLR primers

BS probe F ATGGCCAAGCCTTTGTCTC (19)

BS probe R TAGCCCTCCCACACATAACC (20)
CMAH KV2r CTTCACGACATTCAACAGACCTT (23)
LDLR E3 R1 AGCCATTCTCGCAGTCCTG (19)

LDLR endo F2
LDLR endo F4
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LDLR F2

LDLR F3

LDLR F4

LDLR F5

LDLR F8

LDLR F9 (AfIII)
LDLR I5 F1
LDLR I5 F2
LDLR I5 F3
LDLR I5 R1
LDLR I5 R2
LDLR I5 R3
LDLR mut F1
LDLR qPCR F1
LDLR qPCR R1
LDLR R2

LDLR R3

LDLR R4

LDLR R5

LDLR R6

LDLR R7

LDLR RT F1
LDLR RT R1
LDLR seq F1
LDLR sitel F1
LDLR sitel R1
LDLR site2 F2
LDLR site2 R2
LDLR TALEN F1
LDLR TALEN F2
LDLR TALEN R1
LDLR TALEN R2
LDLR targ F1
LDLR targ F2
LDLR targ R1
LDLR targ R2
LDLR targ2 F1
Sp6 R

T7 F

targBS R

GGCTGCTATTGGGCACTACT (20)
TTGGACCAGGCATTAGATCC (20)
AATTCCCTATGTGGCAGGTG (20)
TGAGTCTTGGAGGTGTGACG (20)
GCAGTAGCTCCGATTCAACC (20)
GGGCTTAAGCAGGCTTCCCTCATTCTT (27)
GACGTGCTCCCAAGATGAGT (20)
TGAAAGAGCAACGGCTACAA (20)
TGGCCACGTGTAGTTAGTGG (20)
TGAGCACTGGAACTCGTCAG (20)
CAGGGCCATAGCAGTGAAAT (20)
TCGACAGAACATTGTAAATCGAC (23)
GTGGATCCCTGTGCAAACTC (20)
AGCAACAACCCCTGCTCA (18)
TGAGCACTGGAACTCGTCAG (20)
TAGGCCAGCGGCTACTACTC (20)
CACAAAGGGAACTCCGAAGA (20)
CTGGGTCTGGTCAGGTGTG (19)
CGTCAGACTTGTCCTTGCAG (20)
CCTGTTTTTGCTTTGTTTTGC (21)
CAGGGCCATAGCAGTGAAAT (20)
GAGGCTGGAAGCATGAAGTC (20)
TGGGGATGCTGTTGATTGTA (20)
AAACACAAAAACACAAAAGGATTCT (25)
ATCACAAACGGCATGATGAA (20)
GCGTGTTACGGTGAAAACCT (20)
CGGGATCAAAAACGTATGCT (20)
CAATGCCTGCCGTATATCCT (20)
AGGAACTCAATCCTCCACGA (20)
AGGGGAGCTCGCTACTCACT (20)
AATACCTTCTCCGCCCACAT (20)
CATGCCTTCCCATCTGAAAC (20)
ATTGCATCGCATTGTCTGAG (20)
GCATTGTCTGAGTAGGTGTCATTCT (25)
TGTTTTGGGGCCATGTCTAT (20)
AGAATCCTTTTGTGTTTTTGTGTTT (25)
ATATATAGGGCCCGGAATTGTTGT (24)
TATTTAGGTGACACTATAG (19)
TAATACGACTCACTATAGG (19)
ACATTGACACCAGTGAAGATGC (22)
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All custom and random hexamer primers were derived from Furofins Genomics, Ebersbery,

GER as "unmodified DNA oligos” with salt free purification and 0.01umol synthesis scale.

2.9 Databases and software

Databases

CENSOR Repeat Screening
Clustal W2 Multiple Sequence
Alignment

Ensemble Genome Browser
ExPASy Translate Tool
GeneCards Human Gene
Compendium

NCBI BLAST

NCBI Primer-BLAST
NEBcutter2

NEB Enzyme Finder

Primer3web

Search for promoters and functional
motifs

Software

Applied Biosystems 7500 Software
Axiovision

Excel

FinchTV

GeneSnap

ImageJ

StatPlus
Vector NTI
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https://www.ebi.ac.uk/Tools/so/censor/
https://www.ebi.ac.uk/Tools/msa/clustalw2/

www.ensemble.org
web.expasy.org/translate/

www.genecards.org

blast.ncbi.nlm.nih.gov/Blast.cgi
blast.ncbi.nlm.nih.gov/tools/primer-blast/
tools.neb.com/NEBcutter2/index.php
https://www.neb.com/tools-and-
resources/interactive-tool/enzyme-finder
primer3.ut.ee
linux1.softberry.com/berry.phtml?topic=index

&group=programsé&subgroup=promoter

Life Technologies, Darmstadt, GER

Zeiss, Oberkochen, GER

Microsoft Deutschland, Unterschleissheim, GER
Geospiza, Seattle (WA), USA

Syngene Europe, Cambridge, UK

National Institutes of Health, Bethesda (MD),
USA

AnalystSoft, Alexandria (VA), USA

Life Technologies, Darmstadt, GER



CHAPTER 3

Methods

3.1 Bacteria culture

Preferably, bacteria were cultured at 37°C and handling was carried out in laminar airflow
cabinet. Exclusively for generation of DNA to be digested with Dam- or Dcm-sensitive
restriction enzyme E. coli K12 ER2925 (New England Biolabs) were used.

3.1.1 Transformation of bacteria

For transformation of electro-competent bacteria (E. coli DH10B and ER2925) by elec-
troporation, 2mm cuvettes, electroporator batch and ligation reactions were pre-cooled on
ice. 50ul DH10B suspension were thawed on ice and 2-3ul ligation reaction were added.
Suspension was directly transferred into cuvette. Electrodes were dried and cuvette was
gently tapped to remove possibly air bubbles in suspension. Transformation was initialised
by pulsing at 2500V for 5ms. Immediately, bacteria suspension was transferred into 1ml
pre-warmed and antibiotic free LB-medium and recovered for 30-60min in orbital shaker.
Subsequently, 20 and 2001 were plated on LB-agar plates containing respective antibiotics
(100£% Ampicillin, 3059 Kanamycin).

3.1.2 Cultivation of bacteria

Bacteria (E. coli DH10B and ER2925) were either cultured as suspension in LB-medium
or as colonies on LB-agar plates. For positive selection of bacteria containing low-copy
BAC or high-copy plasmid, respective antibiotics (100uxg/ml Ampicillin, 12.5ug/ml Chlor-
amphenicol or 30% Kanamycin) were used. Bacteria with BAC were initially streaked
from LB-agar stab culture to single colonies. Transformed bacteria with high-copy plasmid

were plated in volumes of 20 and 200ul on agar plates. For miniprep, single bacteria clones
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from agar plate were picked into 5ml LB-medium. For midiprep of high-copy plasmid,
either 1ml bacteria pre-culture or 50ul of glycerol stock were inoculated into 150ml LB-
medium. For low-copy BAC, 500ml LB-medium were inoculated. Over night incubation of
agar plates was performed in incubator, suspension cultures in orbital shaker at 230rpm,

respectively. Low-copy BAC suspension cultures were incubated at 32°C for 24h.

3.1.3 Cryo-preservation of bacteria

For long-term storage of bacteria, 500ul of suspension culture in LB-medium was mixed

rapidly with 500ul of sterile absolute glycerol and stored at -80°C.

3.2 Cell culture

Generally, eukaryotic cells were cultured in 37°C, 5% CO2 humidified incubator. Cells
were checked daily under microscope and only handled in laminar airflow cabinet using
sterile material and filtered pipette tips. Respective media (HEK medium, MSC medium,
KDNF medium, complete RPMI-10/20 media, expression upregulation medium) and Ac-
cutase were always pre-warmed at 37°C. Medium change was performed every second day
and reaching 80% confluence cells were washed with PBS at RT and passaged with Ac-
cutase. Centrifugation steps were carried out at 320xg for 5min. Prior to clone picking
and DNA isolation, certain cell clones were checked for expression of negative selectable
marker (mCherry) under fluorescence microscope. Cell clones with positive expression

were discarded.

3.2.1 Isolation of porcine cells

Cells were isolated with PBS and media treated with antibiotics and antimycotics (100%
Penicillin, 100£% Streptomycin and 2.55% Amphotericin B) and were obtained from Land-
race pigs either from fat (pADMSCs) or kidney tissue (pKDNFs). For this, pure tissue
was washed successively in 80% ethanol and twice in PBS. Tissue was cut into small pieces
and digested in 10ml of medium containing 1% Collagenase I on warm heating magnetic
stirrer for 45min. Cell suspension was filtered through a mesh and added to an equal
volume of respective medium. After centrifugation, pellet was resuspended in medium
and plated on T150 flasks. The next three days medium was changed daily. On fourth
day antibiotics and antimycotics were discontinued and cells were washed with pure PBS

for further expansion. Additionally, cells were screened for absence of mycoplasmae by

PCR.

3.2.2 Antibiotic killing curve

For determination of optimal working concentration of antibiotics, a killing curve of porcine

cells visualising their antibiotic sensitivity was performed. Previously, cells were cultured
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in 6 wells reaching ~80% confluence. Subsequently medium supplemented with increasing
amounts of appropriate antibiotics were plated on cells. Following concentration ranges
were used: 0-1000£4 for G418 and 0-15£9 for BS. Cells were cultured for ~10 days with
daily medium change in the first three days. Cells were examined every day for visual
toxicity and optimal dose of antibiotic was ascertained. This was the minimal antibiotic

concentration, at which cells died off completely after exposure time.

3.2.3 Cryo-preservation of eukaryotic cells

For long-term storage, cells were detached with Accutase. After adding equal volume of
medium, cell suspension was centrifuged. Pellet was resuspended in freezing medium and
separated in volumes of 1ml aliquots to cryogenic vials. Typically cell concentrations of
1 x 10° —3 x 105 cells were chosen. Initially, vials were frozen in freezing device Mr. Frosty

to -80°C and finally transferred into -196°C liquid nitrogen.

3.2.4 Thawing of eukaryotic cells

Cells were thawed in 37°C water bath and transferred in 10ml medium. After centrifu-
gation, pellet was resuspended in medium and typically plated on 6 well plate or T25
flask.

3.2.5 Determination of cell concentrations

Cell concentrations were determined either automated by Invitrogen Countess (Life Tech-
nologies) or manually with the use of Neubauer counting chamber according to manu-
facturer’s instructions. After detaching by Accutase and adding respective medium, 10ul
of cell suspension were mixed with an equal volume of Invitrogen Trypan blue solution
(Life Technologies). Subsequently, 10ul of stained cell suspension were plated in respec-
tive counting chamber. Manual calculus was carried out with the following equation:

_ 10*
Ccells - chells/grosssquare X ml

3.2.6 Transfection of eukaryotic cells by electroporation

For transfection by electroporation, early passage pADMSCs were detached from substrate
with Accutase and an equal volume of medium was added. Cell concentration was deter-
mined and the calculated volume of cell suspension containing 1 x 10° cells was centrifuged.
Pellet was resuspended in 400ul of hypo-osmolar electroporation buffer and mixed gently
with 10ug of linearised targeting vector. For co-transfection, 10ug of linearised donor
plasmid and additional 2.5ug of each TALEN plasmid were applied. The mixture was
transferred into 4mm electroporation cuvette, pulsed at 1200V for 85us and left at RT for
10min. Subsequently, cell suspension was transferred into two T25 flasks and cultured for
two days with daily medium change. Alternatively cells were cultured at 30°C for three

days to increase target cleavage by TALENs (cold shock).
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3.2.7 Transfection of eukaryotic cells by nanofection

Prior to 5-Galactosidase reporter gene assay, HEK293 cells were co-transfected in tripli-
cates by Nanofectin Kit (PAA) according to manufacturer’s instructions. To increase effi-
ciency of nanofection, cells were cultured in 12 wells with only 1ml medium and transfected
with up to 1.8ug plasmid DNA (600ng of each plasmid DNA). 24h after co-transfection
additional 1ml medium was added and after 48h reporter gene assay was performed.

For co-transfection of early passage pADMSCs with mRNA in combination with DNA,
the Stemfect RNA Transfection Kit (Stemgent) was used according to manufacturer’s in-
structions. Differing thereof, assay was scaled down to 12 wells. 1-2h prior to transfection,
medium was aspirated and 1ml medium was added to the cells. Amounts of transfection
buffer and RNA transfection reagent were decreased to 25ul and 2ul, respectively. To re-
duce cytotoxicity, finally 400ng of donor plasmid DNA and 200ng of each TALEN mRNA
were used to form the transfection complex for 20min. Detailed amounts of all experiments
are referred in table 4.3. After 24h, medium was changed and cells were cultured for one

more day.

3.2.8 Selection of transfected porcine cells

Transfected cells were detached from T25 flasks and 12 well plate (electroporation and
nanofection) by using Accutase. After adding equal volume of medium, cells were split
to 150mm cell culture dishes and selected positively in medium supplemented with re-
spective antibiotics (60049 G418 for neomycin and 1059 BS for blasticidin S resistance
gene). Typically, 5-6 cell culture dishes were used for electroporation experiment, 2-3
for nanofection experiment. Cell cultivation was kept for ~10 days until single cell clones
have developed and non-transfected cells on control plate have died off completely.

To pick single cell clones, medium was aspired and cells were washed gently with PBS.
Cloning rings were dipped into silicone grease and placed over single cell clones. A few
drops of Accutase were filled into the cloning rings and incubated at 37°C for 2-3min.
After adding equal amount of medium, cells were detached by pipetting up and down and
transferred into 24 well plates. Successively, single cell clones were expanded on 12 well

and 6 well plates.

3.2.9 Serum starvation of porcine cells and nuclear transfer

Prior to nuclear transfer, cells were synchronised in GO/G1 phase by serum starvation.
For this, up to three homogeneous gene targeted cell clones were pooled and plated on 12
wells in different amounts (1 x 10%,5 x 103,1 x 10* and 5 x 10* cells). After 24h, cells
were washed twice with PBS and cultured in 1ml starvation medium. For animal cloning,
48h later nuclear transfer, after further 24h embryo transfer was carried out by Chair for
Molecular Animal Breeding and Biotechnology (LMU, Minchen, GER).
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3.2.10 Gene expression upregulation experiment

To examine upregulation of apolipoprotein E gene expression different amounts of pADM-
SCs (5 x 10%,1 x 10*, 5 x 10% and 1 x 10° cells) were plated on 6 wells and cultured with
expression upregulation medium for up to 96h. For relative quantification of gene expres-
sion by real time quantitative polymerase chain reaction (section 3.4.4), total RNA was
isolated every 24h from 6 well with the use of Trizol as described in section 3.4.1. Control
pADMSCs were cultured in MSC medium.

3.2.11 Isolation of porcine monocytes/macrophages

Monocytes and macrophages for hypoxia assay were prepared from whole mononuclear
cells isolated from peripheral blood by Ficoll density gradient centrifugation. Whole blood
samples were collected with monovettes containing anti-coagulant Lithium-Heparin. 5ml
of heparinised blood were diluted with an equal volume of PBS and layered carefully over
3ml of LSM 1077. Subsequently, centrifugation at 18-20°C was performed at 900xg for
30min without brake. After removing the upper layer containing plasma and platelets,
the mononuclear cell layer was transferred in new 15ml centrifuge tube. Mononuclear
cells were washed successively with ~3-fold volume of HBSS at 400xg for 10min until
most of residual platelets were removed. Alternatively, portions of 2 x 107 cells were
resuspended in 2ml of HBSS and layered slowly over 6ml of FCS for centrifugation at 400xg
for 5min. For purification of monocytes/macrophages from mononuclear cell population,
the pure cell pellets were resuspended in complete RPMI-10 medium and centrifuged
at 300xg for 10min. Cells were resuspended in complete RPMI-20 medium to a final
concentration of 2 x 106%”13 and <50ml cell suspension were plated on T150 flask. After
horizontal incubation of 1-2h, non-adherent lymphocytes were aspirated and adherent
monocytes/macrophages were successively rinsed and incubated with complete RPMI-10

medium.

3.2.12 Hypoxia assay

For induction of hypoxia, porcine cells were plated on 6 wells in different amounts (5 x
103,1 x 10%, 5 x 10* and 1 x 10° cells) and cultured in a 37°C, 5% COs, 1% O humidified
incubator. After 48h, cells were compared to respective controls cultured in 21% O under
fluorescence microscope for EGFP expression. To quantify gene expressions, total RNA
was isolated from cells and qRT-PCR was performed as described in sections 3.4.1 and
3.4.5.

3.3 DNA techniques

Generally, genomic DNA and BAC DNA were stored at 4°C, tissue samples and cell pellets

for DNA isolation at -20°C, respectively. DNA fragments for ligation or precipitation were
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immediately processed and all reactions were carried out with cell culture grade H5O.

3.3.1 Polymerase chain reaction

Qualitative amplification of specific DNA sequences was achieved by polymerases featur-
ing high performance diversity. Standard PCR was performed with GoTaq Hot Start
Polymerase (Promega).

Generally, DNA for cloning and sequencing was amplified by PCR Faxtender System
(5Prime) featuring high extension rate and high proof-reading assisted fidelity. To reduce
template DNA damage, the elongation temperature was reduced to 68°C.

For positive screening of single cell clones, 5ul supernatant of Igepal isolation were ap-
plied. Especially, for positive screening of LDL receptor targeted cell clones the Herculase
II Fusion Enzyme with dNTPs Combo (Agilent Technologies) was used. PCR was set up
with a final DMSO content of 4% and denaturation temperature of 98°C.

Typically, all kits were performed according to manufacturer’s instructions. Table 3.1
refers the used kits, annealing temperatures, primer pairs and PCR product sizes of all
PCRs related to the respective result sections.

For validation of PCR products and internal detection of single nucleotide polymor-
phisms and mutations, restriction enzyme digestion was conducted consistent with com-

mon terms in section 3.3.13.

3.3.2 Generation of probe for Southern blot

Experimental probes for Southern blot were generated by labeling PCR using GoTaq Hot
Start Polymerase (Promega) according to manufacturer’s instructions. Probe labeling was
carried out in 50ul reaction supplemented with additional 3ul of Digozigenin-11-dUTP
(Roche Diagnostics). To evaluate labeling efficiency, 5ul of labeled and unlabeled PCR
product were each run on agarose gel as referred in section 3.3.6. Compared to unlabeled
version, the probe should appear significantly longer due to greater molecular weight and
slower migration. Efficiently labeled PCR product was purified consistent with section

3.3.7. Primer pair and appropriate annealing temperature are given in table 3.1.

3.3.3 Southern blot

For specific detection of DNA sequence in DNA samples, Southern blot was performed.
Therefore, 10ug of genomic DNA were digested with respective restriction enzyme (5%) for
5h as described commonly in section 3.3.13. Volume was adjusted to <70ul, supplemented
with 5xloading dye and loaded on ethidium bromide free 0.8% 1x TAE agarose gel (150ml).
Additionally, 61 1kb ladder and 12ul Southern blot ladder were loaded. Agarose gel was
run at 100V for 10min, subsequently at 30V over night.

After ~17h, agarose gel containing 1kb ladder was cut out and stained in ethidium

bromide bath for >15min. By using a ruler, propagation of 1kb ladder was controlled
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Section Kits Ta Primer Product
(v/vpmso) pair sizes
4.1.1 PCR Extender System 64°C ApoE_mut_F1 303bp
ApoE_mut_R1
4.1.5 GoTaq Hot Start Polymerase 64°C ApoE_TAL_targ F1 | 2112bp (1827bp)
ApoE_TAL_targ R1 | 2059bp (1774pb)
4.1.5 GoTaq Hot Start Polymerase 64°C ApoE_TAL _targ_F1 1305bp
ApoE_TAL_endo_R1
4.1.5 GoTaq Hot Start Polymerase 64°C ApoE_TALEN_F2 2349pb
ApoE_TALEN_R2 <522bp
4.1.5 GoTaq Hot Start Polymerase 57°C FokI F 313bp
FokI R
4.2.1 PCR FEztender System 58°C LDLR mut_F1 676bp
LDLR-R5
4.2.4 Herculase II Fusion Enzyme 61°C LDLR_endo_F4 1701bp
(4%) LDLR. targ_R2
4.24 Herculase II Fusion Enzyme 61°C LDLR _targ F2 1832bp (2126bp)
(4%) LDLR _targ R2
4.2.9 GoTaq Hot Start Polymerase 60°C LDLR_F5 1438bp
LDLR_R5
4.2.9 GoTaq Hot Start Polymerase 60°C LDLR_F5 1556bp
CMAH_KV2r
4.2.9 GoTaq Hot Start Polymerase 58°C BS_probe_F 399bp
Digozigenin-11-dUTP BS_probe_R
4.2.9 PCR Extender System 62°C LDLR.I5.F1 unknown
LDLR_I5_R1
4.3.1 PCR Extender System 57°C CX3CR1_poly_F1 554bp
CX3CR1_poly_R1
4.34 PCR Extender System 61°C CX3CR1_targ F1 3206bp
CX3CR1_endo R1
4.3.4 PCR Extender System 65°C CX3CR1_targ F1 2616bp
CX3CRI1_targ_R1
4.3.6 GoTaq Hot Start Polymerase 62°C CX3CRI1_.LR_F1 664bp
EGFP_qPCR_R1
4.3.6 PCR Extender System 60°C CX3CR1_.LR_F1 1210bp
CMVpA_R
Table 3.1: Overview of PCRs related to the respective result sections with the used Kkits,

annealing temperatures (Ta) and DMSO content (v/vparso), primer pairs and

PCR product sizes.
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by gel imaging system. At sufficient separation of bands amounting the expected DNA
fragment, frames and one edge (check mark) of agarose gel were cut. Subsequently, agarose
gel was shaken successively in depurination, denaturation and neutralisation buffer for
2x15min, respectively with HoO washing steps in between. After incubation in 20xSSC
buffer for 10min, blot was assembled. For this, a pan containing 21 of 20xSSC buffer was
bridged by tissues allowing soaking of blotting buffer. Successively, moisten filter paper
(20xSSC), prepared agarose gel, nylon membrane and dry filter paper were put on top of
each other without air bubbles. To avoid evapuration of blotting buffer, tissue around the
assembled blot was isolated by wrapping film. Finally, a deck of paper towels was placed
on blot and weighted by a bottle of water (~5kg). After 5h, soaked paper towels were

exchanged and blotting was arranged over night.

1.5h prior to blot disassembly, soaked paper towels were renewed once again. Finally,
agarose gel and nylon membrane were separated. To confirm DNA transfer to nylon mem-
brane, the complete agarose gel was stained with ethidium bromide as already described
and checked by gel imaging system. After successful blotting of DNA, the nylon membrane
was further treated with 2xSSC buffer for 10min, rinsed with HoO and baked at 120°C
for 30min. Nylon membrane was transferred into hybridisation bottle and prehybridised
with DIG easy Hyb buffer in rotation oven at 45°C for 3h without air bubbles. Prior
to hybridisation, appropriate volume of probe was diluted in 50ul HoO and denatured at
95°C for bmin. After chilling on ice, probe was added to unused DIG easy Hyb buffer for
a final concentration of 37%. Alternatively, already used probe in DIG easy buffer was
denatured at 68°C for 15min and chilled on ice. Hybridisation was carried out in rotation

oven at 45°C over night.

After ~17h, hybridisation buffer with probe was stored at -20°for re-use. Successively,
nylon membrane in hybridisation bottle was treated with low-stringency buffer at RT and
high-stringency buffer at 68°C for 2, 15 and 10min, for 2x15min, respectively. Subse-
quently, nylon membrane was transferred to a dish and shaken firstly in washing buffer
for 2x2min. Then nylon membrane was blocked by blocking solution for 1h. For antibody
hybridisation, primary sheep antibody Anti-Dig-AP-Fab-Fragment (Roche Diagnostics)
was centrifuged at 14000xg for 5min and mixed with blocking solution for a dilution of
1:10000. Then hybridisation was carried out for 30min. Prior to film development, ny-
lon membrane was shaken in washing buffer for 2x15min and equilibrated with detection
buffer for 3min. After dripping, nylon membrane was placed on foil and 1:100 dilution
of CDP Star (Roche Diagnostics) in detection buffer was dropped. Then foil was sealed
without air bubbles. In dark room, X-ray film and welded membrane were placed on top of
each other and put into X-ray clip cassette at 37°C for adequate exposure time of ~1.5h.
Finally, X-ray film was developed in dark room by developer solution. After washing with

H30, X-ray film was fixed by fixer solution, again washed and dried.
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3.3.4 Analytical isolation of genomic DNA from cells and tissues

For positive screening of single cell clones, genomic DNA was isolated using Igepal method.
Sufficient portion of cells were detached by Trypsin (N% 24 well for ApoE, % 24 well for
LDLR and CX3CR1 project) and centrifuged at 14000xg at 4°C for 10min. Supernatant
was aspired thoroughly and cell pellet was resuspended in 50ul of Igepal lysis buffer con-
taining 0.270.4% Proteinase K by vortexing. Successively, incubation at 60°C for >1.5h
and at 95°C for 15min was performed. After centrifugation at 14000x g for 15min, 5ul of
supernatant were used for respective screening PCR.

For genotyping of porcine gene isoforms and positive screening of cell pools and new-
born piglets, pure genomic DNA was isolated using GenFElute Mammalian Genomic DNA
Miniprep Kit (Sigma-Aldrich) according to manufacturer’s instructions. Typically, single
cell clones on 150mm cell culture dishes were detached simultaneously by Accutase and

cells were split for two columns. Genomic DNA of piglets was isolated from ear tissue.

3.3.5 Preparative isolation of genomic DNA from cells and tissues

For DNA isolation in a big scale, phenol chlorophorm method was carried out. For this,
piece of tissue was cut into smaller fragments (without hairs) and suspended in 500ul
of lysis buffer and 20ul of Proteinase K (2077 stock). For lysis, suspension was shaken
at 55°C over night. Alternatively, lysis was performed from frozen cell pellet. The next
day 5ul of RNase (2074 stock) were added. After incubation at RT for 5min, lysate
was supplemented with 5004l of phenol-chlorophorm-isoamyl alcohol (25:24:1) and shaken
rapidly by hand. After further incubation at RT for 10min, the mixture was centrifuged
at 14000xg for 10min. Subsequently, upper aqueous phase was transferred in new 2ml
microcentrifuge tube and 500ul of chlorophorm were added for rapid shaking by hand.
After centrifugation at 14000xg for 10min, again aqueous upper phase was transferred
in 1.5ml microcentrifuge tube. Then % volume of 3M sodium acetate and 0.7 volume of
isopropanol were added and mixture was shaken gently by hand until DNA precipitated.
DNA was pelleted by centrifugation at 14000xg for 10min and washed with 500ul of
70% ethanol by further centrifugation at 14000xg for 5min. Alternatively, precipitated
DNA was fished out the solution by using a pipette tip and transferred in new 1.5ml
microcentrifuge tube containing 70% ethanol for centrifugation at 14000xg for 10min.
Pellet was air-dried and resolved in >100ul HoO at 4°C over night. Additionally, pellet
was vortexed briefly and incubated at 55°C for 1-2h. Quality and concentration of 500ng

isolated DNA was verified by agarose gel electrophoresis as described in section 3.3.6.

3.3.6 Analytical and preparative agarose gel electrophoresis

Analytical gel electrophoresis was performed to determine quality and confirm concen-
tration measurement of genomic DNA and linearised plasmid DNA for gene targeting,

respectively, and to validate length of PCR products and DNA fragments. However,
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preparative gel electrophoresis was adopted to purify PCR products and DNA fragments.
Typically, 1.0% 1xTBE agarose gel for analytical and 1.0% 1xTAE agarose gel for prepar-
ative purpose was used. Agarose gels were supplemented with 0.679 ethidium bromide.
Samples were supplemented with 5xloading dye and loaded with 5ul respective DNA
ladder (100bp, 1kb) on agarose gel. Electric tension and current time were adopted to
expected DNA length and used agarose gel size. Typically, 120V for ~1.5h were used
for medium size agarose gel (100ml). To avoid antidromic migration of ethidium bromide
band, 6—12ul ethidium bromide were supplemented to running buffer. DNA was visualised

by gel imaging system.

3.3.7 Isolation of DNA from agarose gel and PCR

For extraction of pure DNA from preparative agarose gel or PCR, the Wizard SV Gel and
PCR Clean-Up System (Promega) was performed according to manufacturer’s instruc-
tions. Prior to isolation from agarose gel, DNA of expected length was cut out using UV
transilluminator at wavelength of A\ = 312nm. Differing from protocol, elution step was
performed typically twice with 30ul HoO at 65°C. To validate efficient purification, DNA

concentration was determined as referred in section 3.3.8.

3.3.8 Determination of DNA concentrations

Concentration and purity of DNA was ascertained by photometer. To measure DNA
withing a linear range, dilutions of 1:35 were typically used. Absorptions at wavelengths
of A =230nm, A = 260nm and A = 280nm were detected and concentration of DNA was
calculated by using the following equation: cgspya = ODagy X 50%. Purity of DNA was
determined by calculation of ratios ODsgy : ODsgyp and ODsgg : ODs3g. Values of >1.8
appointed absence of contaminations.

Alternatively, 1ul of DNA was measured by Nanodrop Lite Spectrophotometer (Thermo
Fisher Scientific).

3.3.9 Sequencing of DNA

For custom DNA sequencing in tube format, purified PCR and RT-PCR products and
plasmid DNA were sent to Furofins Genomics, Ebersberg, GER following the sample
submission guide. Typically, DNA samples were adjusted to recommended concentrations

and premixed with primers.

3.3.10 Ligation of DNA

Subcloning of PCR products with single 3’-terminal adenines was carried out with pGEM-
T Easy Vector System (Promega) following manufacturer’s instructions. Therefore, both

sides of the linearised vector exhibit 3’-single thymidine overhangs for easy TA-cloning.
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3.3 DNA techniques

DNA fragments with 5- or 3’-overhangs due to restriction digest were subcloned with
CloneJET PCR Cloning Kit (Thermo Scientific) according to manufacturer’s sticky-end
cloning protocol featuring successive blunting (remove of 3’- and fill-in of 5’-overhangs) and
ligation reaction. For both kits, typically a insert:vector molar ratio of 3:1 was adjusted
ngofvectorx kbsizeofinsert _ 3

Fbsizeofoector x § = ngofinsert. For cloning of

short DNA, molar ratio was increased. Prior to transformation of bacteria, the ligation

using the following equation:

reaction was incubated at RT for >1h. To receive the maximum number of transformants,

incubation was performed at 16°C over night, 4°C over week end, respectively.

For ligation of two DNA fragments after restriction digest, DNA fragment comprising
the vector backbone with resistance gene was considered as vector, the other as insert,
respectively. Ligation reaction was set up with 1ul of T4 DNA ligase (New England
Biolabs) in a reaction volume of >10ul according to manufacturer’s instructions. For
cloning of long DNA, amount of vector was increased approaching copy number of vector
used in the kits.

3.3.11 Analytical isolation of plasmid DNA

For positive screening of transformed bacteria by restriction digest, plasmid DNA was
isolated using mini preparation method. 2ml of over night bacteria suspension culture were
centrifuged at 14000 x g for 1min. Pelleted bacteria were vortexed in 100ul of resuspension
solution I and lysed by adding 200ul of lysis solution II. After incubation at RT for 3min,
1501 of neutralisation solution III were added for further incubation of ~30min on ice.
Bacteria debris was pelleted at 14000x g for 5min and supernatant was transferred in 2ml
microcentrifuge tube. After adding 1ml of 95% ethanol, the DNA was precipitated and
subsequently centrifuged for 14000xg for 15min. Successively, washing steps with 80%
and again 95% ethanol were carried out by centrifugation at 14000x g for 5min. Finally,
DNA pellet was dried and resolved in 50u] HoO containing 2074 RNase by pipetting up

and down.

3.3.12 Preparative isolation of plasmid and BAC DNA

Big scale isolation of plasmid and BAC DNA from bacteria was carried out with the use
of NucleoBond Xtra Midi Kit (Macherey-Nagel) following manufacturer’s instructions.
Plasmid DNA was purified corresponding to high-copy protocol, BAC DNA to low-copy
protocol, respectively. Differing thereof, the recommended volume of over night suspension
culture was not determined by measurement of ODggg. Instead always 150ml for plasmid
DNA and 500ml for BAC DNA were used. To increase yield of DNA, elution buffer was
preheated at 55°C and DNA pellet was resolved in 150ul HoO at 4°C over night or at
55°C for 1-2h. Additionally, pellet was vortexed briefly.
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3.3.13 Restriction enzyme digestion in DNA cloning

Analytical digestion of plasmid DNA was performed for positive screening of transformed
bacteria and verifying of plasmid structure and restriction sites for cloning. However,
preparative digestion of plasmid DNA was carried out for generation of DNA fragments
prior to ligation. Digestions were prepared with 3% of respective restriction enzymes
(New England Biolabs) as recommended by manufacturer considering following equation:
Venzyme = % X Vior. Typical incubation time was 1.5h.

For analytical digestion, typically either 1ul of plasmid DNA from mini preparation or
1pug of plasmid DNA from midi preparation were used. Generally, analytical digestion
for plasmid structure validation was performed from midi preparation in triplicate with
different restriction enzymes.

For preparative digestions, Tug of plasmid DNA from midi preparation was used. In
order to generate compatible ends for ligation, DNA fragments were blunted (remove of
3’- and fill-in of 5-overhangs) with DNA Polymerase I, Large (Klenow) Fragment (New
England Biolabs) according to manufacturer’s instructions. Additionally, DNA fragment
comprising the vector backbone with resistance gene was dephosphorylated with CIP (New
England Biolabs) to avoid religation following manufacturer’s protocol. When buffer was
not compatible to restriction enzymes in double digestion, plasmid DNA was digested se-
quentially. Prior to blunting, dephosphorylation and sequential digestion DNA fragments
were purified like PCR products as described in section 3.3.7. Heat inactivation was only

performed after blunting reaction.

3.3.14 Preparation of plasmid DNA for gene targeting

Prior to transfection, 40ug of targeting vector and donor plasmid, respectively were lin-
earised consistent with common terms in section 3.3.13. For precipitation and purification,
either NaCl ethanol or phenol chlorophorm method was carried out. Generally, DNA pel-
let was treated in laminar airflow cabinet. To verify quality and concentration, 50 and
100ng of linearised plasmid DNA were loaded for agarose gel electrophoresis as referred in
section 3.3.6.

For NaCl ethanol method, digestion was supplemented with % volume of 3M NaCl
and two volumes of 100% ethanol at -20°C and was shaken gently by hand until DNA
precipitated. For maximal precipitation, mixture was chilled at -20°C over night or at
-80°C for 2h. Subsequently, DNA was centrifuged at 14000xg for 10min. Pellet was
further washed twice with 1ml of 70% ethanol by centrifugation at 14000xg for 10min,
air-dried and resuspended in 140ul of sterile low TE buffer at 4°C over night.

To get rid of RNases, especially for co-transfection using DNA in combination with
mRNA, the phenol chlorophorm method was performed. After restriction digest, an equal
volume of phenol-chlorophorm-isoamyl alcohol (25:24:1) was added for rapid shaking by

hand. After incubation for 10min at RT, mixture was centrifuged at 14000x g for 10min
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and upper aqueous phase was transferred in new 1.5ml microcentrifuge tube. Then an
equal volume of chlorophorm was added for further rapid shaking and centrifugation at
14000 x g for 10min. Aqueous upper phase again was pipetted in new 1.5ml microcentrifuge
tube and supplemented with 21—0 volume of 3M sodium acetate and two volumes of chilled
100% ethanol (-20°C). Mixture was shaken gently by hand until DNA precipitated and
stored at either -20°C over night or at -80°C for 2h. DNA was centrifuged at 14000x g for
10min and pellet was washed twice with 1ml of 70% ethanol by centrifugation at 14000xg
for bmin. After air-drying, DNA pellet was resuspended in 140ul of sterile low TE buffer
at 4°C over night.

3.3.15 (-Galactosidase reporter gene assay

For quantification of 5-Galactosidase activity in HEK293 cells, 8-Gal Reporter Gene As-
say (Roche Diagnostics) was used according to manufacturer’s instructions. Cells were
cultured in 12 wells and lysed in 700l of lysis reagent per well. Subsequent centrifugation
was performed at RT and quantification by Glomaz 20/20 Luminometer (Promega) was

carried out in triplicates.

3.4 RNA techniques

Generally, RNA working was conducted in laminar airflow cabinet with filtered pipette
tips on ice. Centrifugation steps were performed in cooling centrifuge at 4°C. All solutions
were pre-cooled on ice. Only nuclease-free HoO was used and RNA, tissue samples and
cell pellet for RNA isolation were stored at -80°C.

3.4.1 Isolation of total RNA

RNA isolation from cultured cells was carried out with Ambion Trizol reagent (Life Tech-
nologies) typically from 6 well plates. Medium was aspirated and 1ml Trizol reagent was
added. After incubation of bmin, cell lysis was controlled under microscope. Subsequently,
cell lysate was transferred in 2ml microcentrifuge tube. For RNA isolation in a big scale,
lysis was performed from frozen cell pellet (-80°C). After adding 200yl chloroform, cell
lysate was shaken rapidly by hand, incubated for 2-3min and centrifuged at 14000xg for
15min. Upper aqueous phase was transferred in 1.5ml microcentrifuge tube and 500ul of
-20°C isopropanol were added. After mixing, precipitate was incubated at RT for 10min
and centrifuged at 14000xg for 10min. Pellet was washed and vortexed in 1ml of 75%
ethanol. After centrifugation at 7500x g for 5min, pellet was air-dried and resolved in 50ul
H50O at 55°C for 10min.

Alternatively, RNA from cells was isolated using High Pure RNA Isolation Kit (Roche
Diagnostics) and SurePrep RNA/DNA /Protein Purification Kit (Fisher Scientific) ac-

cording to manufacturer’s instructions.
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For isolation of RNA from tissues, SpeedMill PLUS homogeniser (Analytik Jena) and
innuPREP RNA Mini Kit (Analytik Jena) were used according to manufacturer’s instruc-
tions. Prior to homogenisation of 2 x 20sec, sample holder and 0.5ml lysis tubes containing
2.4-2.8mm ceramic beads were pre-cooled at -20°C.

For isolation of RNA from porcine whole blood, QIAamp RNA Blood Mini Kit (Qiagen)
was carried out according to manufacturer’s instructions. Blood samples were collected
with monovettes containing anti-coagulant EDTA and isolation protocol was performed
with volumes of 1ml whole blood.

Subsequently, contaminating DNA was removed by use of Ambion TURBO DNA-free
Kit (Life Technologies). Differing from manufacturer’s instructions, the DNase incubation

and inactivation time was reduced to 10min and 2min, respectively.

3.4.2 Determination of total RNA concentrations

RNA concentration and purity was determined by standard photometer. Being withing
linear measurement range RNA dilutions of 1:35 were typically used. Absorptions at
wavelengths of A = 230nm, A = 260nm and \ = 280nm were measured and concentration
of RNA was calculated by using the following equation: csspya = ODogg X 40%. Purity of
RNA was ascertained by calculation of ratios ODagg : ODagg and O Dago : O Dasg. Values
of >2.0 appointed absence of contaminations.

Alternatively, 1ul of RNA was measured by Nanodrop Lite Spectrophotometer (Thermo
Fisher Scientific).

3.4.3 Determination of total RNA quality

RNA quality and concentration were verified by total RNA gel electrophoresis using 50ml
gel. 2ul of RiboRuler High Range RNA Ladder (Thermo Scientific) and 400 or 500ng
of RNA, respectively were mixed with 2x RNA loading dye (New England Biolabs) and
nuclease-free HoO and incubated at 70°C for 10min. After cooling of 2-3min on ice, RNA
was loaded on denaturing 0.8% TBE gel containing 0.3% formaldehyde. Gel electrophoresis
was performed at 100V for 10min and at 70V for 30min, subsequently. RNA was visualised
by gel imaging system. Integer RNA appeared with one 18S and one 28S band of double

intensity.

3.4.4 Reverse transcriptase polymerase chain reaction

For semi-quantitative detection of gene expression, RT-PCR was carried out either as
one-step or as two-step reaction. For one-step reaction, the kit Invitrogen SuperScript II1
One-Step RT-PCR System with Platinum Taq DNA Polymerase (Life Technologies) was
used according to manufacturer’s instructions.

For two-step reaction, 300ng of total RNA were transcribed initially with ProtoScript M-
MuLV Taq RT-PCR Kit (New England Biolabs), alternatively 400ng of total RNA with
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Sections Kits Ta Primer Product
(Depna) pair sizes
4.2.3 SuperScript III One-Step RT-PCR System 58°C LDLR_RT_F1 1331bp
LDLR_RT_R1

4.2.3 SuperScript III One-Step RT-PCR System 58°C LDLR_RT_F1 1401bp
targBS_R

4.2.3 SuperScript 111 One-Step RT-PCR System 58°C LDLR_RT_F1 1652bp

BS_R

4.24 SuperScript III One-Step RT-PCR System 60°C LDLR_RT_F1 1401bp
targBS_R

4.2.4 SuperScript III One-Step RT-PCR System 60°C GAPDH_F 536bp
4.3.2 GAPDH_R

4.2.6 SuperScript III One-Step RT-PCR System 59°C LDLR_RT_F1 1401bp
targBS_R

4.2.6 SuperScript III One-Step RT-PCR System 59°C LDLR RT F1 700bp
LDLR-R5

4.2.9 SuperScript III Reverse Transcriptase 61°C LDLR_F5 1138bp
GoTaq Hot Start Polymerase (1:2.5) targBS_R

4.2.9 SuperScript III Reverse Transcriptase 58°C LDLR_gPCR_F1 223bp

GoTaq Hot Start Polymerase (1:5) LDLR_E3.R1
4.3.2 SuperScript 111 One-Step RT-PCR System 60°C CX3CR1_RT_F1 541bp
CX3CR1_RT_-R1
4.3.7 SuperScript III One-Step RT-PCR System 60°C CD14 F1 156bp
CD14_R1 236bp

Table 3.2: Overview of RT-PCRs related to the respective result sections with the used
kits, annealing temperatures (Ta) and cDNA dilutions (D.pny4), primer pairs
and RT-PCR product sizes.

Invitrogen SuperScript III Reverse Transcriptase (Life Technologies) adding 30ul HoO.
Subsequently 1ul of 1:2,5-1:5 ¢cDNA dilutions were set in PCR with GoTaq Hot Start
Polymerase (Promega). All kits were performed according to manufacturer’s instructions.
Table 3.2 refers the used kits, annealing temperatures, primer pairs and RT-PCR product

sizes of all RT-PCRs related to the respective result sections.

3.4.5 Real time quantitative polymerase chain reaction

For relative quantification of gene expression, qRT-PCR was performed. In a first step,
cDNA was synthesised from 300ng of total RNA by using ProtoScript M-MuLV Taq RT-
PCR Kit (New England Biolabs). Alternatively, <400ng of total RNA were transcribed by
Invitrogen SuperScript 111 Reverse Transcriptase (Life Technologies) and diluted with 30ul
H>O. Finally, 1ul of 1:25 and 1:2.5 cDNA dilution, respectively was quantified in triplicate
with Applied Biosystems SYBR Green PCR Master Miz (Life Technologies) using Applied
Biosystems 7500 Fast Real-Time PCR System (Life Technologies). Annealing and elon-
gation temperature was 61°C and after each run melting curve was checked. Analysis of
raw data was carried out as referred in Applied Biosystems Guide to Performing Relative
Quantification of Gene Ezpression Using Real-Time Quantitative PCR (Life Technolo-
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Sections Kits D.pna Primer Product
pair size
4.1.3 ProtoScript M-MuLV Taq RT-PCR Kit 1:25 ApoE_F1 240bp
SYBR Green PCR Master Mix ApoE_R1
4.1.3 ProtoScript M-MuLV Taq RT-PCR Kit 1:25 GAPDH_F 536bp
SYBR Green PCR Master Mix GAPDH_R
4.2.7 SuperScript 111 Reverse Transcriptase 1:2.5 CX3CR1_RT_F1 160bp
4.2.10 SYBR Green PCR Master Mix CX3CR1_gPCR_R1
4.3.7
4.2.7 SuperScript 111 Reverse Transcriptase 1:2.5 LDLR_qPCR_F1 156bp
4.2.10 SYBR Green PCR Master Mix LDLR_gPCR_R1
4.2.7 SuperScript III Reverse Transcriptase 1:2.5 TBP_F 153bp
4.2.10 SYBR Green PCR Master Mix TBP_R
4.3.7 SuperScript III Reverse Transcriptase 1:2.5 CD14_F1 156bp
SYBR Green PCR Master Mix CD14_R1
4.3.7 SuperScript 111 Reverse Transcriptase 1:2.5 EGFP_qPCR_F1 150bp
EGFP_gqPCR_R1
4.3.7 SuperScript III Reverse Transcriptase 1:2.5 TBP_F 153bp
TBP_R

Table 3.3: Overview of qRT-PCRs related to the respective result sections with the used
kits, cDNA dilutions (D.pn4), primer pairs and qRT-PCR product sizes.

gies). All kits were performed according to manufacturer’s instructions. Table 3.3 refers
the used kits, cDNA dilutions, primer pairs and qRT-PCR product sizes of all qRT-PCRs

related to the respective result sections.

3.5 Feeding study of pigs

To induce high blood cholesterol, German Landrace pigs (~40kg) received ad libitum
feeding supplemented with 250g/d/animal of refined cocos oil (Vandemoortele Lipids).
Cholesterol measurement was carried out directly before and during high-fat feeding as

described in section 3.6.

3.6 Determination of blood cholesterol concentrations

Blood cholesterol was measured from whole blood by Piccolo Xpress Chemistry Analyser
(Abaxis) using Piccolo Xpress Lipid Panel Plus (Abazis). Animals were sedated and fasting
blood samples (8-12h) were collected by venipuncture with monovettes containing anti-

coagulant Lithium-Heparin and volumes of 100-120ul were measured within 60min.

3.7 Sudan IV staining of pig aortas

For visualising of plaques, Sudan IV staining was performed. Porcine aortas were dissected

by a veterinarian (Tiergesundheitsdienst Bayern, Poing, GER) and fixed in formalin.
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3.7 Sudan IV staining of pig aortas

Extraneous tissue from tunica adventitia was trimmed and abdominal aorta was opened
longitudinally. Excessive formalin was drained under running water, vessel was covered
with Sudan IV staining solution and shook periodically for 15min. To differentiate the
stained tissue, the vessel was covered with Decolorising solution and shook for 5min.
Subsequently, abdominal aorta was washed under running water for 1h and finally pinned

on a tray for documentation.
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CHAPTER 4

Results

4.1 Apolipoprotein E project

Apolipoprotein E (ApoE) is a highly anti-atherogenic protein involved in cholesterol home-
ostasis and immune response. ApoE is mostly synthesised by liver and to a smaller extend
by extra-hepatic sources like macrophages influencing atherogenesis either systemic or local
[169]. The gene expression is extensively regulated by activators and inhibitors (reviewed
in [170]) and there are multiple redundant pathways of ApoE recycling [250, 593]. On
the surface of circulating lipoproteins it mediates their hepatic clearance by high affinity
binding to LDL receptor [167]. Independent of plasma levels, ApoE within the arterial
wall decelerates [212, 213, 214, 215, 216, 217] and even regresses [200, 594, 201] atheroscle-
rosis. Furthermore, it inhibits platelet aggregation [221] and defends against risk factor
hypertension [232].

For generation of a porcine model for atherosclerosis with an accelerated and more severe
pathogenesis (plaque rupture and thrombosis), at least one allele of the apolipoprotein E

gene was to be knocked out functionally.

4.1.1 Genotyping of apolipoprotein E in different pig breeds

In human there are several isoforms of ApoE (reviewed in [170]), whereas the most frequent
are E2, E3 and E4. They are derived from the three alleles €2, €3 and e4 [171] revealing
six genotypes with an order of decreasing frequencies in European Caucasian populations
of €3/3, €3/4, €2/3, e4/4, €2/4, €2/2 [233]. Isoform ApoE3 is considered as parent form,
whereas ApoE2 and E4 as its variants [171]. The allelic isoforms differ from each other
by Cysteine/Arginine substitutions at codons 130 and 176 [234], in the pig at codons 129
and 175. The isoforms exhibit different expression levels [233, 253] and reveal different
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Hhal fragment €2 €3 €4
lengths [bp] | Cysi29/Cysi7s | Cysiag/Argirs | Argiag/Argizs
109 + +
90 +
66 +
39 + +
<30 + ¥ n

Table 4.1: Encoding of porcine ApoE isoforms by restriction enzyme digestion (Hhal) of
303bp PCR product: Fragment lengths (indicated by +) and appropriate allelic
ApoE isoforms €2, €3 and €4 with porcine amino acid positions of Cysteine (Cys)
and Arginine (Arg).

concentrations and compositions of plasma lipoproteins [167, 253] and also different LDL
receptor binding affinities [240]. ApoE2 is associated with type III hyperlipoproteinemia
[167] and ApoE4 with a 42% higher risk of cardiovascular disease [173].

To determine the porcine ApoE isoforms and their distribution, in total 24 pigs of
the three different breeds German Landrace, Goettingen Minipig and Schwébisch Hall
Domestic were screened. Genomic DNA was isolated from ear tissues. A sequence of
303bp covering crucial nucleotides for codons 129 and 175 was amplified by PCR with
the primer pair ApoE_mut_F1/ApoE_mut_R1. PCR products were digested by restriction
enzyme Hhal enabling restriction site polymorphims for Cysteine/Arginine substitutions
at the respective codons (compare [234]). To validate Cysteine/Arginine distinction by
restriction enzyme digestion, PCR product was sequenced and checked for nucleotide
compliance at codons 129 and 175. Expected fragment lengths and appropriate allelic

ApoE isoforms are referred in table 4.1.

Figure 4.1 shows restriction enzyme digestion of PCR product amplified from genomic
DNA of porcine adipose tissue-derived mesenchymal stem cell (pADMSC) isolation 110111,
which was later on used for gene targeting experiments. As referred in table 4.1, fragments
of 90, 39 and <30bp indicated presence of e4 alleles, homozygous ApoE4 phenotype,
respectively. Also from the same sample, figure 4.2 and 4.3 show chromatograms with
blue labeled nucleotides at codons 129 and 175 coding for Arginine. Homozygous ApoE4
phenotype was also detected by sequencing for pig #72 and sows #175 and #178.

The APOE genotyping revealed homozygous ApoE4 phenotype (two €4 alleles) for all
27 pigs. This finding confirms published results showing the presence of only Apok4
isoform in 128 pigs of eleven different pig breeds [5]. It differs from the human distribution,
whose homozygous ApoE4 phenotype frequency ranges from ~1-11% in different European

Caucasian populations [233].
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90bp 100bp
75bp
<30bp
25bp

Figure 4.1: APOE genotyping by restriction enzyme digestion: WT: Hhal digestion of
303bp PCR product amplified from genomic DNA of pADMSCs 110111 re-
vealing the three fragments of 90, 39 and <30bp indicative of homozygous €4
allele, ApoE4; M: Low MW ladder.

Codon 129 Codon 175
AGAAG|ICGC|[CTGGC

Figure 4.2: APOE genotyping by sequenc- Figure 4.3: APOE genotyping by sequenc-
ing covering porcine codon 129 ing covering porcine codon 175
of pADMSCs 110111 (blue la- of pADMSCs 110111 (blue la-
beled): Nucleotides CGC cod- beled): Nucleotides CGC cod-
ing for Arginine at respective ing for Arginine at respective
site. site.
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4.1.2 Conventional gene targeting strategy and targeting vectors

For functional knockout of porcine APOE gene, at first conventional gene targeting by
homologous recombination was attempted. A promoter-trap vector was generated, which
would replace the major coding region (exon 4) with a promoter-less selectable cassette
(IRES neo) of 2.1kb. The initial targeting vector (ApoE TV1) featured a 2.5kb short and
9.7kb long homology arm. Further optimisation was required resulting in three additional
targeting vectors (ApoE TV2, ApoE TV3 and ApoE TV4). The short homology arm was
modified to remove a 0.9kb sequence within the first intron (ApoE TV2) containing an
enhancer element [595], the long homology arm by removing 4.5kb repetitive sequences
(ApoE TV3) and by addition of a 3.6kb negative selectable marker (CAGGS Cherry NLS)
(ApoE TV4) for enrichment of targeting events against vector random integration (see
figure 4.4) [596, 597]. Successful homologous recombination would result in a truncated
protein of 63aa, compared to the full length protein of 318aa. This truncated protein

should not be functional.

Porcine Apolipoprotein E Locus

E1 E2 E3 E4

—t+—Hl

ApoE TV1 —

HA (2.5kb) IRES neo (2.1kb) HA (9.7kb)

ApoE T2 +—H —

HA (1.6kb) IRES neo (2.1kb) HA (9.7kb)

ApoE T3 — - —

HA (18kp) IRES neo (2 1kb) HA (5.2kb)

ApoE TV - — R

HA (18kb) IRES neo (2.1kb) HA (5.2kb) CAGGS Cherry NLS (36kb)

Figure 4.4: Conventional gene targeting strategy: Endogenous porcine APOE locus with
its four exons (E1-E4) and the four targeting vectors ApoE TV1-ApoE TV4
containing promoter-less selectable cassette (IRES neo) of 2.1kb. Promoter-
trap vectors differ in lengths of homology arms (HAs) and the negative se-
lectable marker (CAGGS Cherry NLS) of 3.6kb (red labeled). Untranslated
regions are labeled in white, coding regions in black. Respective sequence
lengths of homology arms (2.5kb and 1.6kb for short and accordingly 9.7kb
and 5.2kb for long HA) and integration site are indicated.

94



4.1 Apolipoprotein E project

4.1.3 Gene targeting and apolipoprotein E expression upregulation

Conventional gene targeting of the porcine APOE gene was attempted with different
promoter-trap vectors. The initial targeting vector was tried to be optimised by removal
of an enhancer element and repetitive sequence elements, and by addition of a negative
selectable marker (see section 4.1.2). Nevertheless, APOE gene targeting could not be
achieved (for overview of transfections see table 4.2); screening details like polymerase, re-
spective primer pairs, primer binding sites, annealing temperatures and PCR product sizes
are not shown). A possible reason for the failure of the promoter-trap strategy could be a
low expression of the APOE locus. Therefore, APOE expression was tried to be enhanced
and to be validated by real time quantitative polymerase chain reaction (QRT-PCR). In-
creased transcription levels of the target gene were shown to directly enhance locus specific
homologous recombination [598]. For this purpose, pADMSCs 170209 were treated with
a synergistic combination of 1.0mM cyclic AMP and 1.0uM retinoic acid (expression up-
regulation medium) [599]. Since retinoic acid is a morphogenetic and teratogenic agent
[599], cells were treated for only 24-96h prior to RNA isolation by Trizol. Subsequent
relative quantification of gene expression by qRT-PCR was carried out using the primer
pairs ApoE F1/ApoE_R1 and GAPDH_F/GAPDH_R. Both primer pairs were designed
over intron-exon borders amplifying a 240bp and 536bp qRT-PCR product, respectively.
Cyclic AMP and retinoic acid treatment of pADMSCs was shown to consistently increase
the APOE transcription compared to negative controls. Although the stimulatory effect
follows a cell-specific manner [599], an up to ~5-fold increase in APOE transcription was
detected after 96h (see figure 4.5). Negative control at Oh could not be quantified. These
findings allowed for cyclic AMP and retinoic acid treatment of pADMSCs three days before
and during transfection with promoter-trap vector ApoE TV3. However, this treatment
seemed to be harmful to the cells. Only eleven single cell clones could be obtained, which
was under the average number of conventional gene targeting experiments. None of the

cell clones was positive for gene targeting (see also table 4.2).

4.1.4 Transcription activator-like effector nuclease-mediated gene targeting
strategy

Since APOE gene targeting could not be achieved by conventional promoter-trap strategy
including several targeting vector modifications (for modifications see section 4.1.2, for
transfections see table 4.2) and upregulation of the target gene transcription (see section
4.1.3) a second gene targeting strategy mediated by transcription activator-like effector
nuclease (TALEN) was adopted. TALENs induce double strand breaks (DSBs) in the
DNA [600], which can enhance homologous recombination (HR) [601] and stimulates sub-
sequent introgression of linearised donor plasmids by homology-directed repair (HDR)
[602]. DSBs should be induced either by TALEN expression constructs [603] or directly
by TALEN mRNA [602, 578]. Target cleavage efficiency was tried to be enhanced by cold
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Table 4.2:

Figure 4.5:

96

’ Cell Isolation ‘ Targeting Vector ‘ Screenings Positives
pADMSC 170209 ApoE TV1 47 mini pools 0
pADMSC 110111 ApoE TV1 5 pools 0
pADMSC 110111 ApoE TV2 61 clones, 0

129 mini pools,
4 pools
pADMSC 110111 ApoE TV3 146 clones, 0
3 pools
pADMSC 110111 ApoE TV3 11 clones 0
(cAMP/RA)
pADMSC 110111 ApoE TV4 84 clones 0

Transfections for conventional gene targeting of APOE: Combinations of
pADMSC isolations and different promoter-trap vectors with total number of
screened mini cell pools, cell pools, single cell clones and their positive outcome.
cAMP/RA: Cyclic AMP and retinoic acid treatment of cells.
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APOE expression upregulation: Relative change of ApoE mRNA over time
of cyclic AMP and retinoic acid treatment (cAMP/RA) compared to control
cells (w/o). Data were normalised to GAPDH expression. Respective standard
deviations are indicated.
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shock [578, 604, 605]. Two donor plasmids with selectable cassettes, one carrying PGK
neo and the other IRES neo (promoter-trap strategy) of 1.8kb and 2.1kb flanked by short
homology arms (HA) of 1.0kb and 1.1kb (ApoE Donor PGK and ApoE Donor IRES) pro-
vided for positive selection and for enrichment of homologous recombination against non-
homologous end-joining (NHEJ). Additionally, to enrich targeting events against donor
plasmid random integrations, a negative selectable marker [CAGGS Cherry NLS (CCN)]
of 3.6kb was used (ApoE Donor PGK CCN and ApoE Donor IRES CCN) [596, 597]. To
prevent repeated induction of DSB after plasmid introgression, the TALEN recognition
site was omitted within the donor plasmids (see figure 4.6). Here, targeting of exon 3

should generate a truncated and non-functional protein of only 20aa.

Porcine Apolipoprotein E Locus

T 1
w-@

E1 E2 E3 E4

ApoE Donor PGK

HA (1.0kb) PGK neo (18kb) HA (1.1kb)

+— - ApoE Donor IRES

HA (1.0kb) IRES neo (2.1ko) HA (1.1kb)

+— - ApoE Donor PGK CCN

HA (1.0kb) PGK neo (1.8kc) HA (1.1kb) CCN (3.6kb)

— I - ApoE Donor IRES CCN

HA (1.0kb) IRES neo (2.1kb) HA (1.1kb} CCN (3.6kb)

Figure 4.6: TALEN-mediated gene targeting strategy: Endogenous porcine APOE locus
with its four exons (E1-E4), TALEN pair (T1 and T2) with respective recogni-
tion site within exon 3 (orange labeled) and the donor plasmids ApoE Donor
PGK, ApoE Donor IRES, ApoE Donor PGK CCN and ApoE Donor IRES
CCN featuring selectable cassettes (PGK neo and IRES neo) of 1.8kb and
2.1kb flanked by short HAs of 1.0kb and 1.1kb lacking TALEN recognition
site and a optional negative selectable marker [CAGGS Cherry NLS (CCN)]
of 3.6kb (red labeled). Untranslated regions are labeled in white, coding re-
gions in black. Respective integration site is indicated.
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4.1.5 Generation and genotype analysis of homozygous targeted porcine cells

For achievement of APOE gene targeting, pADMSCs were transfected with linearised
donor plasmids ApoE Donor PGK and ApoE Donor IRES in combination with TALEN
expression constructs or TALEN mRNA. After selection, cells were screened for homology-
directed repair (HDR)-mediated donor plasmid introgression by PCR using the primer pair
ApoE_TAL targ F1/ApoE_TAL_targ_R1. For ApoE Donor PGK introgression, a product
size of 2112bp was expected, for positive control with screening vector ApoE SV PGK
1827bp. PCR products for ApoE Donor IRES introgression were 2059bp and 1774bp
for screening vector ApoE SV IRES, respectively. To avoid false-positive results, the
screening vectors lacked a distinguishable sequence of 285bp. Endogenous control PCR
was conducted with the primer pair ApoE_TAL targ F1/ApoE_TAL endo_R1 amplifying
a PCR product of 1305bp. The forward primer ApoE_TAL_targ_F1 bound to an intron-
sequence upstream of donor plasmid introgression, the reverse primer ApoE_TAL targ R1
within the selectable cassettes PGK neo and IRES neo. The endogenous reverse primer
ApoE_TAL endo_R1 was designed to detect wild-type (WT) allele excluding non-homolo-
gous end-joining (NHEJ)-affected allele and thus to bind within TALEN recognition site.
All sequences, appropriate primers with their binding sites and expected PCR product

sizes are given in figure 4.7.

The first transfection experiment with TALEN expression constructs and donor plasmid
ApoE Donor PGK generated four targeted single cell clones, three of which were homozy-
gous and one heterozygous. Appropriate screening PCR revealed expected PCR product
sizes for WT endogenous control, screening vector (SV) positive control and analysed sin-
gle cell clones. Water control was negative (see figure 4.8). For single cell clones 1, 2 and
5, only targeting PCR (see figure 4.8 A) was positive, whereas for single cell clone 4 both
targeting PCR and endogenous PCR (see figure 4.8 B) at same intensity. Correctness of

all targeting PCR products were further confirmed by sequencing.

Since targeting PCR, could only detect gene targeting by homologous recombination
(HR) and not by NHEJ, further investigation of homozygous targeted single cell clones
was performed to distinguish between HR- or NHEJ-affected allele. Therefore, PCR was
driven using the primer pair ApoE_ TALEN F2/ApoE_TALEN_R2 covering exon 3. For
directed introgression of the donor plasmid, a PCR product of 2349pb was expected, for
WT or NHEJ-affected allele <522bp, respectively. According to targeting PCR, all four
clones (1-1-1-5) showed a 2349pb product indicating donor plasmid introgression and
also the <522bp product. Water control was negative (see figure 4.9). Sequencing of
the <522bp product revealed a WT allele, and thus an intact TALEN recognition site
for all clones. However, this finding did not correspond to previous negative results of
endogenous PCR. Here, the reverse primer should bind to TALEN recognition site and
also detect the WT allele. Nevertheless, only for heterozygous clone 1-4 the 522bp band

showed a correct stronger intensity than the 2349bp band, for homozygous clones 1-1, 1-2
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Apolipoprotein E Primer Binding Sites

E1 E2 E3 E4

—t——lH— Endogenous Porcine ApoE Locus

ApoE_TAL_targ_F1 i—— 1305bp

—U——-ﬂ—lml—-]— ApoE Donor PGK Insertion

ApoE_TAL_targ_F1

ApoE_TAL_targ_R1 2112bp

_ﬂ H |M|—-]— ApoE Donor IRES Insertion

ApoE_TAL_targ_F1 ApoE_TAL_targ_R1 2059bp

— R ApoE SV PGK

ApoE_TAL_targ_F1 —_— ApoE_TAL_targ_R1 1827bp (A=-285bp )

S | 'RES neo | ApoE SV IRES

ApoE_TAL_targ_F1

ApoE_TAL_targ_R1 1774bp (A =-285bp)

Figure 4.7: APOE primer binding sites of endogenous porcine gene locus and TALEN-
mediated gene targeting with respective PCR products: Endogenous porcine
APOE locus with its four exons (E1-E4) (gray labeled), TALEN recognition
site within exon 3 (orange labeled) and the donor plasmid ApoE Donor PGK
and ApoE Donor IRES introgressions (black labeled) featuring selectable cas-
settes (PGK neo and IRES neo). Untranslated regions are labeled in white,
coding regions in gray/black. Screening vectors ApoE SV PGK and ApoE SV
IRES featuring sequence deletion of 285bp (A). Primers, primer binding sites
and respective PCR product sizes are indicated.
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A M 0OWTSV1 2 3 4 5 6 7 8 9 1011 12 13 14 M
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Figure 4.8: APOE screening PCR separated in targeting PCR (A) and endogenous PCR

100

(B): PCR product of 2112bp for ApoE Donor PGK introgression, 1827bp for
ApoE SV PGK positive control (SV) and 1305bp for wild-type endogenous
control (WT). 1-14: Single cell clones; 0: Water negative control; M: 1kb
ladder.
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and 1-5 a weaker one. These results gave evidence for donor plasmid introgression at both

alleles with subliminal overgrowing W'T contamination of single cell clones.

M 0 141 1-2 14 1-5 M

(11
(118

=

om—}
28490p --- . 2000bp
- . 1500bp
; 1000bp

522bp — — D 500bp

Figure 4.9: PCR covering APOE exon 3: PCR product of 2349pb for ApoE Donor PGK
introgression, <522bp for wild-type or non-homologous end-joining (NHEJ)-

affected allele. 1-1, 1-2, 1-4, 1-5: Single cell clones; 0: Water negative control;
M: 1kb ladder.

To exclude random integration of TALEN expression constructs, all cell clones were
further analysed by PCR. Here, the primer pair FokI F/FokI_R were designed to detect
Fokl domain resulting in a 313bp PCR product. Only clone 1-5 was positive for FokI
domain indicating random integration of TALEN expression construct.

Generally, due to high TALEN-mediated cytotoxicity, presumably induced by their fre-
quent binding to genomic off-target sites [606], it was possible to produce and screen only a
few cell clones. Additionally, positive clones could not be expanded sufficiently for further
analysis. Only homozygous targeted clone 1-5 was used for two rounds of nuclear and
embryo transfer, but no pregnancy could be established.

For generation of targeted cell clones, in total several varying transfection experiments
were performed, but positive results from the first experiment were not reproducible. Ta-
ble 4.3 shows all combinations of cell isolations and passages, donor plasmids and their
amounts, TALEN expression constructs and TALEN mRNA amounts with total number
of screened cell pools and single cell clones. For enhancement of target cleavage effi-
ciency a cold shock was performed with a different pADMSC isolation (080812 P2) and
for enrichment of targeting events against random integrations a donor plasmid with an
additional negative selectable marker CAGGS Cherry NLS (CCN) was used (ApoE Donor
PGK CCN). However, the cold shock experiment further decreased cell clone proliferation
compared to normal culture conditions.

Nevertheless, it could be demonstrated that TALEN-mediated gene targeting is suit-
able to target difficult target genes like APOE, even homozygously and without random
integration of TALEN expression construct. However, compared to conventional gene

targeting experiments the TALEN-mediated gene targeting exhibited a high cytotoxicity.
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] pADMSCs ‘ Donor ‘ Donor DNA ‘ TAL DNA ‘ TAL RNA ‘ Screenings | Positives

200212 P2 | PGK 10ug 2.5ug each / 9 pools 1
200212 P2 | IRES 10ug 2.5ug each / 9 pools 0
110111 P2 | PGK 10pug 2.5ug each / 30 clones 4
080812 P2 | PGK 10pg 2.5ug each / 49 clones 0
(30/37°C) | CCN

110111 P3 | PGK | 800/1200ng / 400ng each | 2 pools 0
110111 P3 | PGK | 400/600ng / 200ng each 2 pool 0

34 clones

110111 P4 | PGK 10ug 2.5ug each / 10 clones 0
110111 P5 | PGK 400ng / 200ng each | 11 clones 0

Table 4.3: Transfections for TALEN-mediated gene targeting of APOE: Combinations of
pADMSC isolations and passages (Ps), donor plasmids (PGK: ApoE Donor
PGK, IRES: ApoE Donor IRES, PGK CCN: ApoE Donor PGK CCN) and
amounts, TALEN expression constructs and TALEN mRNA amounts with total
number of screened cell pools, single cell clones and their positive outcome.
30°C: Cold shock treatment of cells.

4.2 Low-density lipoprotein receptor project

The low-density lipoprotein receptor (LDLR) is a cell surface receptor mediating the clear-
ance of LDL particles (VLDL and LDL) from blood circulation [255]. The gene transcrip-
tion is regulated by intra-cellular cholesterol concentrations [43, 46]. After binding LDL
particles, the LDL-LDLR complex gets internalised, dissociated and LDL receptor is recy-
cled back to the cell surface [256, 257]. Up to now, 1741 mutations (substitutions, deletions,
insertions, duplications and inversions) of LDL receptor gene have been found in patients
suffering from familial hypercholesterolemia (FH) (www.ucl.ac.uk/ldlr/). These patients
exhibit elevated blood cholesterol and early myocardial infarctions [260]. In humans, solely
elevated LDL without other risk factors can cause atherosclerosis [261, 262, 263].

For acceleration of pathogenesis in a porcine model of atherosclerosis, at least one copy

of the LDL receptor gene was to be disrupted.

4.2.1 Analysis of mutation associated with familial hypercholesterolemia in
pigs

In human, more than 1700 mutations of the LDL receptor have been reported mostly
associated with semi-dominant familial hypercholesterolemia (FH) (www.ucl.ac.uk/1dlr/)
[310]. However, there was one mutation identified within the ligand binding domain of the
LDL receptor contributing to recessive hypercholesterolemia in pigs [512, 514, 513]. The
missense mutation (C—T) leads to amino acid substitution (Arg—Cys) at Argiis and is
also reported at the homologous Argjys in human [607].

To screen for respective mutation, overall 24 pigs of the breeds German Landrace, Goet-

tingen Minipig and Schwébisch Hall Domestic were analysed. Genomic DNA was isolated
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from ear tissues and PCR was performed with the primer pair LDLR_mut_F1/LDLR_R5
amplifying a product of 676bp. PCR products were digested by restriction enzyme Acil
with the recognition site CCGC covering nucleotides CGC for Argyi5. To validate restric-
tion enzyme digestion for detection of Arg—Cys substitution, PCR product was sequenced
and checked for nucleotide compliance at respective codon. For wild-type (WT) allele frag-
ments of 330bp, 239bp and 107bp were expected, for heterozygous mutated allele 437bp,
330bp, 239bp and 107bp, for homozygous 437bp and 239bp, respectively.

Since substitution of Argiis is not a common polymorphism, as expected all analysed
animals of the three breeds were negative for mutation. Additionally, pig #72 and sows
#175 and #178 (German Landrace) used for animal breeding were also negatively screened
for respective mutation by sequencing. For porcine adipose tissue-derived mesenchymal

stem cells (pADMSCs) 110111, restriction enzyme digestion revealed no mutation.

4.2.2 Gene targeting strategy and targeting vector

Targeted disruption of porcine LDL receptor gene was attempted by conventional homolo-
gous recombination strategy. A promoter-trap vector comprising of a 1.9kb promoter-less
selectable cassette (IRES BS) flanked by a 12.3kb long and a 1.6kb short homology arm
was utilised to replace the major coding region of exon 4 (in total 16 exons), thus inter-
rupting LDL receptor gene expression (see figure 4.10). The truncated protein featuring

120aa of 846aa is expected to be not functional.

4.2.3 Establishment of screening PCRs

Prior to targeting experiments, a protocol of screening PCR (endogenous PCR and tar-
geting PCR) has to be established, which enables efficient screening of single cell clones.
Towards this end, the screening vector LDLR SV was constructed, which was identical to
the 3’-region of the targeted locus, except for a 294bp insertion. Due to this insertion,
the 2126bp product of targeting control PCR product could be distinguished from the
targeting PCR, product of 1832bp avoiding false-positive results (see figure 4.10). How-
ever, establishment of screening PCR based on screening vector was problematic since
several combinations of DNA polymerases and primer pairs provided either not the ex-
pected product, many additional unspecific product bands (ladder-like) or difficulties of
reproducing positive results.

Nevertheless, after first transfection, gene targeting could be detected in two out of
four cell pools and one out of 80 single cell clones. Due to the described problems with
screening PCR, both the endogenous PCR and targeting PCR had been further optimised.
For this purpose, the heterozygous targeted cell clone 1-16 was used, which was already
verified by restriction enzyme digestion and by sequencing. For the final optimisation
by temperature gradient, Herculase II Fusion Enzyme with dNTPs Combo and DMSO
content of 4% were used with the endogenous primers LDLR_endo_F4 and LDLR_targ R2
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Endogenous Porcine LDL Receptor Locus
Sspl LDLR_endo_F4 LDLR_targ_R2
1701bp
1 [ 1 Il
LT L] ] . "
E1 E2 E3 E4 Sspl
1 1
LDLR TV —
HA IRES BS HA
12.3kb 1.9kb 1.6kb
Targeted Porcine LDL Receptor Locus
LDLR_targ_F2 LDLR_targ_R2
1832bp
1 ——— i
] ] 1 "
Sspl Sspl
LDLR_targ_F2 LDLR_targ_R2
2126bp
1 1
LDLR SV —
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Figure 4.10: Gene targeting strategy and primer binding sites of endogenous and tar-
geted porcine LDL receptor locus and screening vector LDLR SV with re-
spective PCR products: Endogenous LDLR locus with the first four exons
(E1-E4) (gray labeled) and LDLR TV with long and short homology arm of
12.3kb and 1.6kb and promoter-less selectable cassette (IRES BS) of 1.9kb
(black labeled). Untranslated regions are labeled in white, coding regions
in gray/black. Screening vector LDLR SV featuring sequence addition of
294bp (A). Integration site, respective primers, primer binding sites and
PCR product sizes are indicated. SspI: restriction site for Southern blot (red
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Figure 4.11: Temperature gradient for
LDLR endogenous PCR:
1701bp PCR product am-
plified from heterozygous
targeted cell clone 1-16 at
indicated temperatures in
°C. M: 1kb ladder.
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Figure 4.12: Temperature gradient for
LDLR  targeting PCR:
1832bp PCR product am-
plified from heterozygous
targeted cell clone 1-16 at
indicated temperatures in

°C. M: 1kb ladder.

and the targeting primers LDLR _targ F2 and LDLR _targ_R2 amplifying PCR products of
1701bp and 1832bp. The respective primer binding sites are described in section 4.2.4. For
temperature gradient of endogenous PCR, 54.0-60.0°C were chosen, for targeting PCR
58.3-64.0°C.

Endogenous gradient PCR revealed a specific band with constant intensity and also
continuous additional but weak unspecific bands of smaller products with highest intensity
at 54.0/54.9°C (see figure 4.11). Targeting gradient PCR amplified a decreasing and finally
disappearing specific band and exhibited also an additional smaller unspecific band with
corresponding intensity at 58.3 and 60.0°C (see figure 4.12). Based on these results, an

universal annealing temperature of 61°C was used for further screenings.

Targeting RT-PCR. was also optimised based on the verified heterozygous targeted cell
clone 1-16. For this purpose, different primer pairs were applied. Here, the forward primer
LDLR_RT_F1 was used in combination with the three reverse primers LDLR_RT_RI,
targBS_R and BS_R amplifying RT-PCR products of 1331bp, 1401bp and 1652bp, respec-
tively, over intron-exon borders. The forward primer was designed to bind within exon 1
upstream of LDLR TV, the three reverse primers within IRES BS cassette. As expected,
RT-PCR showed respective product sizes for cell clone 1-16 and negative water controls.
For wild-type (WT) negative control, solely the primer pair LDLR_-RT_F1/LDLR_RT_R1
amplified an additional strong product of expected size. Sequencing of targeting RT-
PCR product derived from cell clone 1-16 only revealed LDLR mRNA of the WT allele
indicating non-specificity of this primer pair (see figure 4.13). For further analysis, the
primer pair LDLR_RT_F1/targBS_R was used and correctness of the respective targeting
RT-PCR product was confirmed by sequencing. Further optimisation was tried by a tem-

perature gradient, but intensity of the specific product band could not be increased (data
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not shown).
M 0 WT 116 0 WT 146 0 WT 1416 M
e & 2000bp
=E“my - =
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Figure 4.13: LDLR targeting RT-PCR: Products of 1331bp, 1401bp and 1652bp amplified
by primer pairs LDLR_RT_F1/LDLR_RT_R1 (a), LDLR_-RT_F1/targBS_R
(b) and LDLR_RT_F1/BS_R (c). 0: Water negative control; WT: Wild-type
negative control; 1-16: Heterozygous targeted cell clone 1-16; M: 1kb ladder.

4.2.4 Generation and genotype analysis of heterozygous targeted porcine cells

LDL receptor gene targeting in porcine cells was conducted by transfection of pADMSCs
110111 P2 with linearised targeting vector LDLR TV. After selection, single cell clones
were analysed by screening PCR for homologous recombination (HR)-mediated LDLR TV
integration. Endogenous PCR with the primers LDLR_endo_F4 and LDLR_targ_R2 ampli-
fied a 1701bp product, targeting PCR with the primers LDLR_targ F2 and LDLR_targ_R2
a 1832bp product. Targeting positive control with LDLR SV carrying a distinguishable
294bp sequence addition for false-positive excision generated a PCR product of 2126bp.
The forward primer LDLR_endo_F4 bound to an intron-sequence downstream of exon 4 re-
placed after HR-mediated targeting vector integration, the reverse primer LDLR_targ_R2
to an intron-sequence downstream of HR-mediated LDLR TV integration. The forward
primer LDLR_targ_F2 bound to selectable cassette IRES BS. All sequences, appropriate
primers with their binding sites and expected PCR product sizes are indicated in figure
4.10.

After the second transfection, 20 single cell clones were screened, of which five were
positive for heterozygous LDL receptor gene targeting. Cell clones 2-2, 2-11 and the al-
ready existing cell clone 1-16 could be further expanded for nuclear transfer. Sufficient
amounts of genomic DNA for further analysis like Southern blot could not be generated.
Figures 4.14 and 4.15 only show a cutting of endogenous PCR and targeting PCR. Double
positive results in screening PCR for clones 2-2 and 2-11 indicated their heterozygosity
of LDL receptor alleles. Wild-type (WT) control was positive in endogenous PCR and
screening vector (SV) control in targeting PCR. In each PCR, water controls were nega-
tive. Correctness of targeting PCR product for cell clones 1-16 and 2-2 was confirmed by

sequencing.

106



4.2 Low-density lipoprotein receptor project

M 21 2.2 215 2-27 2-28 211 2-10 M 21 22 215 2-27 2-28 2-11 210

e wove| |
Figure 4.14: LDLR  endogenous PCR: Figure 4.15: LDLR  targeting PCR:
1701bp product amplified 1832bp product amplified
from single cell clones 2-1, from single cell clones 2-2
2-2, 2-15, 2-27, 2-28, 2-11 and 2-11. 2-1, 2-15, 2-27,
and 2-10. M: 1kb ladder. 2-28, 2-10: Single cell clones;

M: 1kp ladder.

Single cell clones were further analysed for correctness of LDL receptor gene targeting.
Therefore, expression was checked by one-step RT-PCR using the primers LDLR_RT_F1
and targBS_R. The forward primer LDLR_RT_F1 was designed to anneal within exon 1
upstream of HR-mediated LDLR TV integration and the reverse primer targBS_R within
IRES BS cassette. Positive control was driven by the primer pair GAPDH_F/GAPDH_R.
Both primer sets were designed over intron-exon borders to amplify RT-PCR products of
1401bp for LDL receptor gene targeting and of 536bp for GAPDH positive control.

Control RT-PCR (GAPDH) revealed the correct product sizes for WT positive control
and the single cell clones 2-2 and 2-11, water control was negative (see figure 4.16). In
contrast, LDL receptor targeting RT-PCR as expected was only positive for both clones
(see figure 4.17) verifying allele heterozygosity already detected in screening PCR. Here,
correctness of targeting RT-PCR product was confirmed by sequencing for the cell clones
1-16, 2-2 and 2-11.

4.2.5 Nuclear transfers, pregnancies and born animal

Generation of gene targeted animals was conducted by nuclear transfer followed by embryo
transfer. For nuclear transfer, single cell clones 1-16, 2-2, 2-11 were pooled with cell clone
types from unrelated experiments. Reconstituted embryos were transferred into a total of
twelve sows establishing three pregnancies. Table 4.4 refers all trials of animal cloning with
the used LDLR cell clones, established pregnancies and generated animal with genotype

and identity (#). For LDL receptor project, one healthy piglet (#72) was born.

4.2.6 Genotype analysis of nuclear transfer animal #72

The LDL receptor genotype of the newborn piglet #72 was analysed by established screen-
ing PCR and RT-PCR. Screening PCR was performed as already described in section
4.2.4. As expected, endogenous PCR amplified a 1701bp product, whereas targeting PCR
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Figure 4.16: GAPDH control RT-PCR:

536bp  product amplified
from  wild-type  positive
control (WT) and single

cell clones 2-2 and 2-11. 0:
Water negative control; M:
100bp ladder.
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Figure 4.17: LDLR targeting RT-PCR:

1401bp product amplified
from single cell clones 2-2 and
2-11. WT: Wild-type nega-
tive control; 0: Water nega-
tive control; M: 1kp ladder.

LDLR cell clones ‘ Pregnancy ‘ Animal (genotype, piglet ID) ‘

1-16 +/- 0
1-16 - 0
1-16, 2-2, 2-11 - 0
1-16, 2-2, 2-11 - 0
1-16, 2-2, 2-11 - 0
1-16, 2-2, 2-11 - 0
1-16, 2-2, 2-11 + 1 piglet (LDLR*/~, $72)
1-16, 2-2, 2-11 - 0
1-16, 2-2, 2-11 - 0
1-16, 2-2, 2-11 - 0
1-16, 2-2, 2-11 - 0
2-2, 2-11 +/- 0

Table 4.4: Nuclear transfers of LDL receptor project: Combinations of LDLR, cell clones
(1-16, 2-2, 2,11), establishment of pregnancy and generated animal with geno-
type and identity (ID in #). -: No pregnancy; +: Pregnancy; +/-: Termination
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a 1832bp product and a distinguishable 2126bp product for screening vector (SV) posi-
tive control (A = +294bp). Endogenous PCR was positive for wild-type (WT) control
and piglet #72, targeting PCR for SV control and piglet #72. For both, water control
was negative (see figure 4.18). Correctness of targeting PCR product was confirmed by

sequencing. These results indicated heterozygosity of LDL receptor targeted cell clones.

M 0 WT sV #72 0 WT SV #72 M

3000bp 2126bp

1832bp
1701bp

L LE R
LTI

1000bp

Endogenous primers ‘ Targeting primers

Figure 4.18: LDLR screening PCR for piglet #72: PCR product of 1701bp amplified by
endogenous primers for wild-type positive control (WT) and piglet #72, prod-
ucts of 2126bp and 1832bp by targeting primers for screening vector positive
control (SV) and piglet #72. 0: Water negative control; M: 1kb ladder.

To further verify the correctness of LDL receptor gene targeting, screening RT-PCR
of piglet #72 was performed with the targeting primer pair LDLR_RT _F1/targBS_R. For
endogenous control, primer pair LDLR_RT_F1/LDLR_R5 was used. Over intron-exon bor-
ders, the primer pairs amplified RT-PCR products of 1401bp for LDL receptor gene target-
ing and 700bp for endogenous control. The forward primer LDLR_RT_F1 annealed within
exon 1 upstream of the homologous recombination (HR)-mediated LDLR TV integration,
the reverse primer targBS_R within IRES BS cassette. The reverse primer LDLR_R5 for
endogenous control bound to region of exon 4 substituted after HR-mediated LDLR TV
integration. As expected, endogenous RT-PCR showed the 700bp product for WT positive
control and for piglet #72 and targeting RT-PCR the 1401bp product for piglet #72. For
both, water control was negative (see figure 4.19). These results again indicated allele
heterozygosity for piglet #72. Targeting RT-PCR was repeated positively twice from dif-
ferent RNA isolations (ear tissue and isolated ear fibroblasts) and the correctness of the
product was confirmed by sequencing. In contrast to the previous used GAPDH primers
in section 4.2.4, the endogenous primers here generated weak bands of unspecific products

for WT positive control and for piglet #72.

4.2.7 Phenotype analysis of nuclear transfer animal #72

For phenotypic examination of piglet #72, gene expression of LDL receptor (LDLR) in
combination with fractalkine receptor (CX3CR1) was analysed quantitatively by real time

quantitative polymerase chain reaction (qRT-RCR). In coronary artery disease (CAD) pa-
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Figure 4.19: LDLR screening RT-PCR of piglet #72: RT-PCR product of 700bp generated
by endogenous primers for wild-type positive control (WT) and piglet #72,
correct product of 1401bp by targeting primers for piglet #72 (confirmed by
sequencing). 0: Water negative control; M: 1kb ladder.

tients, the expression of CX3CR1 was found to be upregulated in peripheral blood mononu-
clear cells (PBMCs) [320], especially in the monocyte subpopulation [319]. These patients
also exhibit a direct correlation between CX3CRI1 expression and plasma LDL [320]. Rel-
ative quantification of both gene expressions on the one hand should verify heterozygous
LDLR knockout and on the other hand possibly indicate parallel inflammatory processes
during an early atherosclerosis. Since atherosclerosis already appears in fetal aortas and
is highly increased by maternal hypercholesterolemia [106], sibling #74 was to be used as
control. RNAs of piglet #72 and the age-matched control piglet #74 were isolated from ear
tissue at one day and 222 days (~7 month) after birth. Subsequent quantification of gene
expression was performed with the primer pairs CX3CR1_RT_F1/CX3CR1.qPCR-R1,
LDLR_qPCR_F1/LDLR_qPCR_R1, TBP_F/TBP_R amplifying qRT-PCR products of

160bp, 156bp and 153bp, respectively. All used primer pairs were designed over intron-
exon borders. Expression of CX3CR1 and LDLR was normalised to TBP expression.
Compared to control piglet #74 the newborn piglet #72 exhibited a ~2.5-fold increase
in CX3CR1 expression at a concurrent ~0.5-fold decrease in LDLR expression. These
data indicated inflammatory processes during possibly early atherosclerosis and correct
gene targeting of one LDLR allele. After ~7 month, the ~0.5-fold decrease in LDLR ex-
pression was reproducible confirming heterozygous LDLR knockout. However, CX3CR1

expression was decreased at a level comparable to control pig #74 (see figure 4.20).

For phenotype analysis, also blood cholesterol concentrations of pig #72 were compared
to sibling #73. Blood was collected 279 and 348 days after birth. According to nor-
malisation of CX3CR1 expression after ~7 month, pig #72 exhibited no elevated blood

cholesterol values at both time points of measurement.

The increased CX3CR1 expression in combination with the decreased LDLR, expression
indicated a heterozygous LDLR knockout of pig #72 at phenotypic level. However, a
direct correlation between increased CX3CRI1 expression due to inflammation and elevated

blood cholesterol triggering atherosclerosis could not be shown, also not an elevated blood

110



4.2 Low-density lipoprotein receptor project

Relative change of mMRNA
- N w
- )] N )] w )]

o
o

ECX3CR1
LDLR
- I
| I
, I
0
#74 #72

#74Tm #727m

Figure 4.20: CX3CR1 and LDLR expression: Relative change of CX3CR1 and LDLR
mRNA of piglets #74, #72 directly after birth and after ~7 month (7m).
Data were normalised to TBP expression. Respective standard deviations
are indicated.

cholesterol due to heterozygous targeted LDLR. To induce an atherosclerotic phenotype,
it was decided to mate pig #72 with two sows and conduct a cocos oil feeding study with

a part of the offspring referred in table 4.5.

4.2.8 Breeding

After reaching sexual maturity, boar #72 (German Landrace) was mated at an age of
219 days with sow #175 (German Landrace) and at an age of 265 days with sow #178
(German Landrace). Sow #175 gave birth to 13 and sow #178 to five healthy piglets.

Respective identities (#) and genders are given in table 4.5.

4.2.9 Genotype analysis of F1 generation animals revealing incorrect gene
targeting

During cocos oil feeding study (see section 4.2.10), all 18 F1 generation piglets were anal-
ysed genotypically by PCR, RT-PCR and Southern blot. Due to screening PCR problems
(endogenous PCR and targeting PCR), only homologous recombination (HR)-mediated
LDLR TV integration could be verified by PCR using the primer pairs LDLR_F5/LDLR_R5
and LDLR_F5/CMAH _KV2r amplifying a 1438bp product for LDLR wild-type (WT) allele
and 1556bp for HR-mediated LDLR TV integration. The forward primer LDLR_F5 bound
to exon 3 (within LDLR TV), the reverse primer LDLR_R5 to exon 4 substituted after
HR-mediated LDLR TV integration and the reverse primer CMAH_KV2r to IRES within
IRES BS cassette. Pig #72 served as positive control for WT allele and HR-mediated
LDLR TV integration, whereas both mothers, sow #175 and #178, as positive control for
only WT allele. HR-mediated LDLR TV integration could be detected in animals #72,
#201, #202, #203, #207, #210, #211, #212, #213, #222 and #224. PCR for WT allele
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] Sow 1D ‘ Piglet IDs ‘ Genders ‘ Genotypes ‘

#175 #201 m LDLRt/~
#202 m LDLR1/~
#203 f LDLR*/—
#204 m WT
#205 m WT
#206 f WT
#207 f LDLR1/~
#208 f WT
#209 f WT
#210 f LDLR*/~
#211 f LDLR*t/~
#9212 f LDLR1/~
#213 f LDLR*/—

#178 #221 m WT
#9292 m LDLR*/~
#2923 m WT
#924 f LDLR*/~
#2925 f WT

Table 4.5: Offspring of sows #175 and #178 with respective identities (ID in #), genders
and genotypes. f: Female; m: Male; WT: Wild-type; LDLR*/~: Heterozygous
knockout of LDLR.

was positive for all screened animals. Water control was always negative. In total, ten
piglets were positive for HR-mediated LDLR TV integration. Respective genotypes are
referred in table 4.5.

For screening RT-PCR, several combinations of primer pairs with different polymerases
in two-step reactions and also in one-step reaction were tried, but the results were negative
and could not reproduce the previous positive results of LDL receptor gene targeting in
various cell clones and pig #72 (see figures 4.13, 4.17 and 4.19) (data and screening details
like polymerase, respective primer pairs, primer binding sites, annealing temperatures and
RT-PCR product sizes not shown). Therefore, RT-PCR was retried as referred in section
4.2.4 for the three cell clones 1-16, 2-2 and 2-11 previously used for nuclear and embryo
transfer generating pig #72. Cell clones were re-expanded and RNA was newly isolated.
Here, GAPDH control RT-PCR was positive and showed the expected product sizes of
536bp for WT control and the three cell clones 1-16, 2-2 and 2-11. Water control was
negative (see figure 4.21). Contrary of expectation, LDLR targeting RT-PCR revealed the
positive product of 1401bp only for single cell clones 2-2 and 2-11, but no more for cell
clone 1-16. Water and WT control were negative (see figure 4.22). These data indicated a
contamination of cells, which have overgrown the correct targeted cells in the LDLR cell

clone 1-16 and likely have generated pig #72.
To check the 3’-end structure of the HR-mediated LDLR TV integration, Southern blot
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M 0 WT 116 22 241 M M 0 WT 116 22 241 M
— 1500b;

536bp G G — ;gggg 1aotbe ey 1000bz
Figure 4.21: GAPDH control RT-PCR: Figure 4.22: LDLR targeting RT-PCR:
536bp product amplified 1401bp product amplified

from  wild-type  positive from single cell clones 2-2 and

control (WT) and cell clones 2-11 generating pig #72. 1-

1-16, 2-2 and 2-11 generating 16: Cell clone 1-16; WT:

pig #72. 0: Water negative Wild-type negative control;

control; M: 100bp ladder. 0: Water negative control;

M: 1kp ladder.

was performed. The BS probe of 399bp was generated by labeling PCR using the primer
pair BS_probe_F/BS_probe_R. Genomic DNA of pig #72 and its genetically modified off-
spring #201, #202, #203, #207, #210, #211, #212, #213, #222 and #224 was digested
by restriction enzyme SspI-HF. The Sspl restriction sites were 775bp upstream of exon 2,
within a sequence between partial exon 4 and IRES of LDLR TV and 823bp downstream
of HR-mediated LDLR TV integration. Restriction sites are indicated in figure 4.10. For
HR-mediated LDLR TV integration, a single fragment of 4372bp was expected. The en-
dogenous fragment size was 7513bp. Genomic DNA of sows #175 and #178 served as
WT negative controls. Southern blot for all screened animals revealed a single band of
7188bp differing from the expected fragment size of 4372bp. Both controls were negative.
Southern blot for piglet #224 was repeated since restriction enzyme digestion failed. An
additional band for piglet #203 could be result of incomplete restriction enzyme digestion
(see figures 4.23 and 4.24).

To explain the structure of the received fragment, a high fidelity PCR was conducted
with the primer pair LDLR_I5_F1/LDLR_I5_R1 ranging from exon 4 to exon 5 of LDLR
and covering both Sspl restriction sites. As expected, in addition to an endogenous PCR
product of unknown length, high fidelity PCR generated an even longer product, which
was subcloned with CloneJET PCR Cloning Kit (Thermo Scientific) and sequenced by
primer walking. For continuous sequencing, the subcloned PCR product was digested
by the restriction enzymes FcoRI-HF and Kpnl-HF and fragments diverging from the
known restriction digest pattern were further subcloned (primers and fragment sizes are
not referred). The sequencing results revealed a duplication of the 1.9kb IRES BS cassette
and the 1.6kb short homology arm with a 487bp deletion at the 5-end of IRES (see figure
4.25).
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M #72 #175 #201 #202 #203 #207 #224 M

7427bp

7188bp 6106bp

Figure 4.23: LDLR Southern blot utilising
BS probe: 7188bp fragment
for HR-mediated LDLR TV
integration derived from
Sspl-HF' restriction enzyme
digestion of genomic DNA
of pigs #72, #201, #202,
#203, #207, #224. Genomic
DNA of sow #175 served as
wild-type negative control.
M: Southern blot ladder.

M #178 #210 #211 #212 #213 #222 #224 M

7427bp

7188bp 6106bp

Figure 4.24: LDLR Southern blot utilis-
ing BS probe: 7188bp frag-
ment for HR-mediated LDLR
TV integration derived from
Sspl-HF' restriction enzyme
digestion of genomic DNA
of pigs #210, #211, #212,
#213, #222. Genomic DNA
of sow #178 served as wild-
type mnegative control, ge-
nomic DNA of pig #224 was
undigested. M: Southern
blot ladder.

LDLR Targeting Southern Blot Fragment

E 4* HA HA E 5*
|
| IRES BS | | BS 1
A
Sspl -487bp Sspl
1.9kb 1.6kb 1.2kb 1.6kb

Figure 4.25: LDLR targeting Southern blot fragment elucidated by sequencing of high
fidelity PCR product ranging from exon 4 to exon 5: Partial exon 4 (E4*)
with duplication of IRES BS cassette (1.9kb) and short homology arm (1.6kb)
featuring an 5’-end deletion of IRES (A = 487bp) (black labeled) downstream
of endogenous intron-sequence and partial exon 5 (E5*) (gray labeled). Sspl:
Restriction site for Southern blot (red indicated).
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These data unfortunately indicated an incorrect LDL receptor gene targeting. On the
one hand side, positive results of previous targeting RT-PCRs were not reproducible and
thus could not verify correct 5’-end of HR-mediated LDLR TV integration and upstream
presence of the endogenous LDLR promoter driving expression and thus splicing of endoge-
nous exon 1 with exon 2 within LDLR TV. Nevertheless, expression of IRES BS cassette
was demonstrated by two-step RT-PCR using the primer pair LDLR_F5/targBS_R an-
nealing withing exon 3 and IRES BS cassette of the LDLR TV and amplifying a 1138bp
product. Also, an exon duplication was detected by two-step RT-PCR. Here, the primer
pair LDLR_qPCR_F1/LDLR_E3_R1 generated a 223bp RT-PCR product ranging from
exon 4 to exon 3. The forward primer LDLR_qPCR_F1 annealed to exon 4 sequence
substituted after HR-mediated LDLR TV integration. Correctness of the RT-PCR prod-
uct was confirmed by sequencing indicating clustering of exons upstream of HR-mediated
LDLR TV integration. However, structure upstream of HR-mediated LDLR TV integra-
tion could not be elucidated conclusively.

On the other hand, the 3’-end of HR-mediated LDLR TV integration could be verified
by Southern blot in combination with sequencing of high fidelity PCR product covering the
utilised restriction sites. Although sequencing of the high fidelity PCR product revealed
a duplication of the IRES BS cassette and the short homology arm with 5’-end deletion
of IRES, the expected presence of exon 5, 875bp downstream of HR-mediated LDLR TV
integration was confirmed.

These data excluded a random insertion of LDLR TV and possibly indicated bidirec-
tional homology arm elongation following ectopic vector integration at an adjacent or
random position [608] with additional complex partial duplication of the targeting vector
[609].

4.2.10 Phenotype analysis of F1 generation animals

For analysis of an atherosclerotic phenotype, animals of F1 generation were subjected
to cocos oil feeding study. Before and during feeding a high-fat diet, gene expression of
LDL receptor (LDLR) in combination with fractalkine receptor (CX3CR1) was analysed
quantitatively and blood cholesterol was measured. After feeding study, abdominal aortas
were examined for plaques.

Since upregulation of CX3CRI1 expression was detected in peripheral blood mononuclear
cells (PBMCs) [320] of coronary artery disease (CAD) patients, especially in the monocyte
subpopulation [319], total RNA for real time quantitative polymerase chain reaction (qRT-
PCR) was isolated from porcine whole blood. In patients, additionally a direct correlation
of LDLR mRNA levels between mononuclear leukocytes and liver cells was demonstrated.
Although a variation of 1-6 LDLR mRNA copies for both cell types were shown between
individuals [610], whole blood was assumed to be a good source for quantification of LDLR
expression in liver. For previous examination of the single piglet #72 (see section 4.2.7),

total RNA was isolated from ear tissues since blood collection possibly can be dangerous
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to animal life due to stress or sedation. Since ear tissue is taken regularly for animal
genotyping after birth, both sources for total RNA isolation were compared to each other
based on relative LDLR and CX3CRI1 expression results. To exclude a disparate maternal
influence over atherosclerosis already appearing in human fetal aortas and being highly
increased by hypercholesterolemia of the mother [106], only siblings of one litter were
examined.

For quantification of LDLR and CX3CRI1 gene expression, RNAs of piglets #201-#213
were isolated from ear tissues one day after birth and from whole blood 85 and 90 days
after birth. RNAs were transcribed and quantified as referred in section 4.2.7. Relative
expression levels of LDLR and CX3CR1 were determined from ear tissue of 13 animals
and from whole blood of eleven animals and are referred in figure 4.26 and 4.27. LDLR
expression levels from ear tissues (1.1£0.6) showed a considerably higher variation than
from whole blood (1.0£0.2). However, expression levels of CX3CRI1 reached almost the
same average for ear tissue (1.1£0.5) and whole blood (1.140.6). These findings indicated
that whole blood is a suitable source for quantification of both gene expressions, especially
of LDLR. The high variation of LDLR expression detected in ear tissues possibly explain
the previous quantification results for pig #72 indicating a misleadingly ~0.5-fold decrease
in LDLR expression after birth and ~7 month and thus a heterozygous LDLR knockout
at phenotypic level.

In order to validate a direct correlation between CX3CRI1 expression and plasma LDL
in the pig, already shown in CAD patients [320], blood cholesterol concentrations were
determined and compared to respective CX3CR1 expression levels possibly indicating
inflammation during an early atherosclerosis. Finally, atherosclerosis should be verified
by plaques within the porcine abdominal aortas.

To induce an atherosclerotic phenotype, female pigs #2006, #207, #208, #209, #210,
#211, #212 and #213 at an age of 96 days and a weight of ~40kg received a high-fat diet
for 150 days. For this, the chow diet was supplemented with refined cocos oil featuring
the most unbalanced ratio of hypo- and hypercholesterolemic fatty acids compared to the
important edible oils and fats. Cocos oil exhibit 69.4-84.4% (w/w) of lauric, myristic
and palmitic acids [611] shown to be responsible for plasma cholesterol and triglyceride
elevation [612]. Blood cholesterol concentrations were measured eleven and 13 days before
and 86 days after induction and compared to each other. Within this period, the pigs
reached a weight of ~110kg. Values of total cholesterol and respective fractions (VLDL,
HDL, LDL) are referred for each pig initially receiving chow diet (see figure 4.28) followed
by high-fat diet (see figure 4.29). For chow diet, the average value of total cholesterol was
71.446.677 increasing to 96.1£14.1% after high-fat diet.

Before feeding study, total cholesterol values at chow diet were determined from nine fe-
male and two male pigs. While females exhibited an almost identical average of 70.4i6.9%,
total cholesterol of males gained 87.045.757 (see table 5.1) according to measurements

reported for castrated male German Landrace pigs [4, 613].

116



4.2 Low-density lipoprotein receptor project

Ear c.=%05 Blood o.=10.6

w
Q
~
1
I
w
Q
r
1
I

»
(¢ )]
i
»
o

N

N

i - ECX3CR1

.
| I ECX3CRI1
LDLR

I LDLR

-
|
]
=
|
—

-
>‘—<

"‘ =
|

Relative change of mRNA
4]
\
Relative change of mRNA
]

o
o (¢ )]
- |
| -
- | =
- ‘ H
- r
- |
—
B |
o
o [3,]
#202 p—__
#203 AA_‘H
|
—
|
|

#207 !
#208 |
#209 |
#210
#211 |
#212
#213

Figure 4.26: CX3CR1 and LDLR expres- Figure 4.27: CX3CR1 and LDLR expres-

sion determined from ear
tissue: Relative change of
CX3CR1 and LDLR mRNA
of piglets #201-#213 di-
rectly after birth. Data were
normalised to TBP expres-
sion.  Standard deviations
are indicated for respective
piglets and for whole litter

(o).

sion determined from whole
blood: Relative change of
CX3CR1 and LDLR mRNA
of pigs #201-#213 (without
#204 and #205) 85 and 90
days after birth. Data were
normalised to TBP expres-
sion.  Standard deviations
are indicated for respective
piglets and for whole litter

(o).
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Figure 4.28: Blood cholesterol concentra-
tions of pigs #206—#213 at
chow diet: Total cholesterol,
respective fractions of VLDL,
HDL and LDL and total
cholesterol average for all an-
imals () in 7.
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Figure 4.29: Blood cholesterol concentra-

tions of pigs #206-#213 at
high-fat diet: Total choles-
terol, respective fractions of
VLDL, HDL and LDL and
total cholesterol average for
all animals () in 54
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During feeding study, the determined increase in total cholesterol for female pigs seemed
to contribute solely to HDL fraction amounting 26.34-4.65¢ at chow diet and 54.3+8.1%4
at high-fat diet (see table 5.2). Differing thereof, male juvenile domestic crossbred pigs
[517] and female cloned, genetically-defined ApoE4 Duroc pigs (see table 5.3) [5] on hyper-
lipidemic diet (2% cholesterol and 17% coconut fat) exhibited also highly increased LDL

cholesterol.

For quantification of CX3CR1 gene expression, RNAs of pigs #206—#213 (without
#210) were isolated from whole blood six and eleven days before and 86 days after high-fat
diet. Subsequent qRT-PCR was performed as already described above. Relative expression
levels for chow and high-fat diet relating to every single pig are referred in figure 4.30.
Every pig exhibited an increase in CX3CR1 expression reaching statistical significance in

paired two-sample t-test at a confidence interval of 95% (p = 0.026).

To validate an atherosclerotic phenotype, Sudan IV staining of abdominal aortas of
pigs #206, #209, #212 and #213 was conducted after 150 days of high-fat diet. After 86
days of high-fat diet, pig #206 and #209 featured both the highest absolute expression of
CX3CRI1 and the greatest increase in expression, whereas pig #212 and #213 the lowest
absolute expression. Before high-fat diet, all absolute expressions were almost identical
for each pig, merely pig #207 exhibited a ~2-fold increased CX3CR1 expression. How-
ever, this pig revealed one of the lowest increase of expression after high-fat diet. By
Sudan IV staining of lipoproteins within the arterial wall (tunica media), atherosclerosis
was only detected in pig #206 and #209 showing early atherosclerotic plaques (see fig-
ure 4.31) at bifurcations. Remarkably, pig #206 and #209 were wild-type animals and
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pig #212 and #213 genetically modified animals (see table 4.5) indicating no potentiat-
ing effect of the confirmed incorrect LDL receptor gene targeting (see section 4.2.9) on
an atherosclerotic phenotype. Bifurcations exhibit specific shear stress conditions con-
tributing to endothelial dysfunction and eccentric plaque development and finally to their
transformation into rupture-prone vulnerable plaques (reviewed in [109] and confirmed in
the pig [525, 614]). At these sites, pig #206 revealed more advanced plaques also exhibit-
ing the greatest increase in CX3CRI1 expression. Furthermore, the arterial endothelium
of pig #206 revealed pathological elevated structures dislocated of bifurcations possibly
also atherosclerotic plaques or early aneurysms and tumors. Moreover, these pathological
structures were also stained by Sudan IV (see * in figure 4.31). Altogether, these data
indicated a direct correlation between plasma cholesterol level, CX3CR1 expression and

coronary artery disease in pigs.
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Figure 4.30: CX3CR1 expression determined from whole blood at chow and high-fat diet:
Relative change of CX3CR1 mRNA for piglets #206—#213 relating to every
single pig. Data were normalised to TBP expression. Relative standard
deviations are indicated.

4.3 Fractalkine receptor project

Fractalkine receptor (CX3CR1) is a cell surface receptor involved in vascular inflam-
mation during atherosclerosis. Inflamed endothelium activates platelets via CX3CR1
[126, 383] contributing to sub-endothelial recruitment of monocytes [127]. In addition,
CX3CRI1 supports adhesion and migration of monocytes [379] and accumulation of mono-
cytes/macrophages [414, 393] important for formation [424], maintenance [425], neovascu-
larisation [420] and instability of atherosclerotic plaques [100]. In coronary artery disease
(CAD) patients, CX3CR1 expression was shown to be upregulated in peripheral blood
mononuclear cells (PBMCs) [320], especially in the monocyte subpopulation [319] and

was detected in both early and advanced stages of atherosclerotic plaques [322].
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#212 #213

Figure 4.31: Sudan IV staining of porcine abdominal aortas: In pigs #206 and #209 red
coloured areas indicated accumulation of lipoproteins, thus development of
early atherosclerotic plaques. Pigs #212 and #213 showed no pathological in-
dication. *: Pathological elevated structure, possibly atherosclerotic plaque,

early aneurysm or tumor.
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For cell imaging during atherogenesis, the reporter gene enhanced green fluorescent
protein (EGFP) directed by porcine CX3CR1 promoter should be placed at ROSA26

genomic locus by gene targeting.

4.3.1 Genotyping of fractalkine receptor in German Landrace pigs

In the coding region of the human CX3CR1 gene two disease-related single nucleotide
polymorphisms (SNPs) V2491 and T280M were discovered [428], which are highly linked to
each other [351]. The haplotype Is49Magp is associated with a reduced risk of atherosclerosis
and coronary artery disease (CAD) already at heterozygosity [351, 366], but with elevated
risk of ischemic cerebrovascular disease at homozygosity [351, 353]. Independent of Magg
allele, the Is4g allele in the heterozygous state also decreases risk of atherosclerosis and
CAD [351] and without the protective effect of Magy allele it is additionally associated
with elevated risk of acute coronary syndrome (ACS) during CAD [431] and restenosis
after stent implantation [355]. However, the I49 allele in both the homozygous and the
heterozygous state promotes survival of acute myocardial infarction and decreases T-cell

recruitment into infarct related artery [432].

The haplotype I249Moagg revealed both a decreased binding affinity to labeled and soluble
fractalkine (FKN) and density of FKN receptors compared to wild-type (WT) haplotype
Va49T2s0 with Igg9-mediated reduced receptor expression [428]. In contrast, the haplotype
I249Mago showed an Iag9-mediated increased cell adhesion to membrane-bound FKN [430].
However, both SNPs are related to abnormal receptor functionality. For a Is49 allele in
the heterozygous state, the total number of fractalkine binding sites was decreased about
~40% with reduced receptor expression and ligand binding affinity [427], for a Magg allele
in the homozygous state, about ~85% [428]. Furthermore, the Magy allele is associated
with reduced cell-cell adhesion, FKN binding kinetics and FKN-induced chemotaxis [429].

For genotyping of analogue porcine SNPs V2501 and T281M in pig #72, sows #175 and
#178 and porcine adipose tissue-derived mesenchymal stem cells (pADMSCs) 110111, a
PCR product of 554bp was amplified by PCR with the primers CX3CR1_poly_F1 and
CX3CR1_poly_R1. The PCR products covering nucleotides for respective codons were
sequenced and revealed a homozygous ATT coding for Isoleucine (I) at codon 250 and
ACA for Threonine (T) at codon 281. Figures 4.32 and 4.33 display chromatograms of
pig #72 with blue labeled nucleotides at codons 250 and 281 coding for Isoleucine and
Threonine. All screened animals and pADMSCs 110111 revealed the haplotype Is50T2s1.
The frequency of the analogue human haplotype only ranges from ~8-16% in different
studies [366].

121



4 Results
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Figure 4.32: CX3CR1 genotyping by se- Figure 4.33: CX3CR1 genotyping by se-
quencing covering codon 250 quencing covering codon 281
of pig #72 (blue labeled): of pig #72 (blue labeled):
Nucleotides ATT coding for Nucleotides ACA coding for
Isoleucine at respective site. Threonine at respective site.

4.3.2 Fractalkine receptor expression analysis in different porcine cell types
and tissues

In human, fractalkine receptor (CX3CR1) transcription was detected in natural killer
(NK) cells, T-cells, monocytes, granulocytes [379], dendritic cells [380], mast cells [381]
and platelets [383] from peripheral blood, also in endothelial cells [377] and in neurons,
microglial cells and astrocytes from brain tissue [384, 385]. In mouse, CX3CR1 expression
was also observed in peripheral blood monocytes, natural killer and dendritic cells and the
brain microglia [615].

For validation of a specific expression of CX3CR1 in pig, semi-quantitative one-step
RT-PCR was performed for different porcine cell types and tissues. Here, the primer
pairs CX3CR1_RT_F1/CX3CR1_RT_R1 and GAPDH_F/GAPDH_R amplified products
of 541bp and 536bp. Primer pairs were designed over exon junctions. Total RNA
was isolated from pADMSCs, pKDNFs, pEFs and brain, kidney, lung and ear tissue.
GAPDH RT-PCR revealed the expected product size for all samples (see figures 4.34 and
4.35), whereas CX3CX1 RT-PCR for brain, kidney, lung and ear tissue (see figures 4.36
and 4.37). For both, water control was negative. Although RT-PCR is only a semi-
quantitative method of analysis, the results reflect the normalised CX3CR1 expression
in human main tissues, whereas brain reveals stronger expression than kidney and lung
(compare www.genecards.org). However, CX3CR1 expression was also detected in ear
tissues of pigs #72 and #74. Compared to all analysed tissues, ear of pig #72 showed
the strongest expression possibly indicating an upregulation in residual blood cells due to

inflammation during an early atherosclerosis. In coronary artery disease (CAD) patients,
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Figure 4.34: GAPDH RT-PCR: 536bp Figure 4.35: GAPDH RT-PCR: 536bp

product  amplified from product amplified from pEFs
pADMSCs (MSC), porcine of pig #72 (#72f), pADMSC
brain (B), kidney (K) and cell clone 1-16 (1-16) and
lung tissue (L), pKDNFs of ear tissue of pigs #72 and
passage 2 and 5 (fP2, fP5) #HT4 (#72e, #72e). 0: Water
and ear tissue of pig #72 negative control; M: 100bp
(#72e). 0: Water negative ladder.

control; M: 100bp ladder.

upregulation of CX3CR1 expression was detected in peripheral blood mononuclear cells
(PBMCs) [320], especially in the monocyte subpopulation [319]. Consistently, pEFs of
pig #72, pADMSC cell clone 1-16, pADMSCs and pKDNFs revealed no expression of
CX3CRI1. For all cell types, only weak bands of unspecific products could be detected.

These data verified a cell-specific expression of CX3CR1 in porcine tissues.

4.3.3 Transgene placement strategy and targeting vector

Targeted transgene placement was conducted by conventional homologous recombination
into ROSA26 genomic locus. The promoter-trap vector comprised a promoter-less se-
lectable cassette (SA BS) of 1.2kb and EGFP ¢cDNA of 0.7kb under the control of porcine
CX3CR1 promoter region of 4.9kb flanked by a 2.1kb short and 4.6kb long homology
arm (HA) including exon 2 of ROSA26. After placement downstream of exon 1, the
endogenous ROSA26 promoter would direct expression of the positive selectable marker
BS, whereas inserted CX3CR1 promoter region would drive the expression of the reporter
protein EGFP (see figure 4.38). ROSA26 locus was shown to be ubiquitously active in
Cre reporter mouse strains utilising LacZ [616] or fluorescent proteins [617]. Furthermore,
murine ROSA26 locus has adequate activity for live cell imaging within deep tissue layers
revealing no toxicity of reporter proteins [618] and a homozygous disruption was demon-
strated to be not lethal [619]. Recently, also the porcine ROSA26 locus was targeted
showing ubiquitous expression of an inserted transgene in the pig [588, 620].

In human peripheral blood mononuclear cells (PBMCs), alternative splicing generates
four transcript variants of CX3CRI1 differing in their 5-untranslated regions (UTR) and
their expression levels. FEach transcript features an universal exon coding a full open

reading frame (ORF) and an additional exon containing a distinct functional promoter
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M 0 MSC B K L fP2 fP5 MSC #72e M M 0 #72f 116 #72e #74e M
'.—j : 1000bp E :: 1000bp
S4B e - — . 500bp 541bp ; - _.___: 500bp
Figure 4.36: CX3CR1 RT-PCR: 541bp Figure 4.37: CX3CR1 RT-PCR: 541bp
product  amplified from product amplified from ear

porcine brain (B), kidney
(K), lung (L) and ear tissue
of pig #72 (#72e). MSC:
pADMSCs; fP2, fP5: pKD-
NFs of passage 2 and 5; 0:
Water negative control; M:
100bp ladder.

tissue of pigs #72 and #74
(#72e, #72e). #72f: pEFs
of pig #72; 1-16: pADMSC
cell clone 1-16; 0: Water neg-
ative control; M: 100bp lad-
der.
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Figure 4.38: Gene targeting strategy and primer binding sites of endogenous and targeted
porcine ROSA26 locus with respective PCR products: Endogenous ROSA26
locus with the first two exons (E1, E2) (gray labeled), CX3CR1 TV featur-
ing promoter-less selectable cassette (SA BS) of 1.2kb, EGFP ¢DNA of 0.7kb
driven by CX3CRI1 promoter region of 4.9kb flanked by short and long homol-
ogy arm of 2.1kb and 4.6kb (black/green labeled). Untranslated regions are
labeled in white, coding regions in gray/black. Integration site, respective
primers, primer binding sites and PCR product sizes are indicated. Dral:
Restriction site for Southern blot (red indicated).
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region. Two promoters reveal constitutive activities in a cell-specific manner [375, 376].
Thus, for directing EGFP expression the analogue porcine promoter region of the main
human CX3CRI1 transcript ”V28” was used [375, 376]. The respective porcine promoter
region was identified by 85% sequence homology of both the ORFs and 5-UTRs.

As mentioned before, monocytes play a decisive role in atherogenesis differentiating
into macrophages [128]. CX3CRI1 expression was shown to be upregulated in monocytes
of coronary artery disease (CAD) patients [319] and present in early and advanced stages of
atherosclerotic plaques [322]. In contrast, in normal coronary arteries CX3CR1 expression
could not be detected [323]. Within atherosclerotic plaques, hypoxia, low oxygen tension,
was detected [621] promoting pro-atherosclerotic processes (reviewed in [622]). These pro-
gression of atherosclerosis is triggered by hypoxia-inducible factor 1 (HIF-1) (reviewed in
[623]). However, in human atherosclerotic plaques hypoxia was detected in correlation with
the presence of macrophages and the expression of HIF and vascular endothelial growth
factor (VEGF). Both expressions were associated with plaque progression and intra-plaque
angiogenesis [624]. HIF-1 was shown to recognise hypoxia-response elements (HREs) fea-
turing a transcription factor binding site within the consensus sequence 5’-RCGTG-3 and
a functionally essential sequence 5-CACAG-3’ [625]. The previously identified porcine
promoter region also featured two of these HREs confirmed by sequencing of CX3CR1
targeting vectors utilising the primers CX3CR1_seq_F1 and CX3CR1_seq_R1. Since cell-
specific expression CX3CR1 (see section 4.3.2) and also direct correlation between plasma
cholesterol level, expression of analogue CX3CR1 transcript ”V28” and coronary artery
disease was demonstrated in pigs (see section 4.2.10), the used porcine promoter region

was assumed to be functional.

4.3.4 Generation and genotype analysis of heterozygous targeted porcine cells

For targeted transgene placement of EGFP driven by CX3CR1 promoter region into
ROSA26 genomic locus, pADMSCs 110111 P4 were transfected with linearised target-
ing vector CX3CR1 TV. After selection, single cell clones were analysed for CX3CR1
TV placement. Therefore, screening PCR (endogenous PCR and targeting PCR) was
conducted with the primers CX3CR1_targ_ F1 and CX3CR1_endo_R1, CX3CRI1_targ F1
and CX3CR1_targ_R1 amplifying PCR products of 3206bp and 2616bp, respectively. The
forward primer CX3CR1_targ_F1 annealed to an intron-sequence downstream of exon 1,
the reverse primer CX3CR1_endo_R1 to an intron-sequence between exon 1 and 2 substi-
tuted after CX3CR1 TV placement. The reverse primer CX3CR1_targ_R1 bound to the
selectable cassette SA BS. All sequences, appropriate primers with their binding sites and
expected PCR product sizes are indicated in figure 4.38.

The first transfection resulted in 58 single cell clones, of which seven (10, 16, 17, 43,
46, 48, 53) were positive for CX3CR1 TV placement, which was further confirmed by
sequencing of correct targeting PCR products of cell clones 16 and 17. All cell clones

could be expanded for nuclear transfer. Sufficient amounts of genomic DNA for further

125



4 Results

M 0 P WT 8 9 10 11 12 13 14 15 16 17 18

2616bp

Figure 4.39: CX3CR1 endogenous PCR: 3206bp product amplified from heterozygous fetus
#4 (P), wild-type positive control (WT) and single cell clones 8-14 and 16-18.
15: Single cell clone 15; 0: Water negative control; M: 1kb ladder.

M 0o P WT 8 9 10 11 12 13 14 15 16 17 18

— — —

3000bp - . '. 2616bp
2000bp _

Figure 4.40: CX3CR1 targeting PCR: 2616bp product amplified from targeting positive
control (P: heterozygous fetus #4) and single cell clones 10, 16, 17. 8, 9, 11—
15, 18: Single cell clones; WT: Wild-type negative control; 0: Water negative
control; M: 1kp ladder.

analysis like Southern blot could not be generated. Figures 4.39 and 4.40 show endogenous
and targeting PCR with the expected PCR products indicating heterozygosity of ROSA26
alleles for the positively screened cell clones. Wild-type (WT) control was positive in en-
dogenous PCR. For both PCRs, targeting control was positive and water control negative.
For targeting positive control, gDNA of heterozygous fetus #4 was used, which had a dual
fluorochrome cassette placed at the porcine ROSA26 locus [588].

4.3.5 Nuclear transfers, pregnancies and born animals

Generation of gene targeted animals was conducted by nuclear transfer followed by embryo
transfer. For nuclear transfer, single cell clones 10, 16, 17, 43, 46 were pooled with a cell
clone type from an unrelated experiment. Reconstituted embryos were transferred into a
total of four sows establishing three pregnancies. Table 4.6 refers all trials of animal cloning
with the used CX3CR1 cell clones, established pregnancies and offspring with respective
genotypes and identities (#). In total, one healthy piglet (#260) and one stillborn piglet
(#215%) were generated. The rather was used for pKDNF's isolation.
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] CX3CRI cell clones | Pregnancy Animal (genotypes, piglet ID) ‘
10, 16, 17 + 1 piglet (ROSA26-EGFP+/~, #260)
10, 16, 17 + 1 stillborn piglet (ROSA26-EGFP/~, #215%)
10, 17, 43, 46 - 0
10, 17, 43, 46 + 0

Table 4.6: Nuclear transfers of CX3CR1 project: Combinations of CX3CRI1 cell clones
(10, 16, 17, 43, 46), establishment of pregnancy and generated animals with
their genotypes and identities (ID in #). -: No pregnancy; +: Pregnancy; */~:
Heterozygosity.

4.3.6 Genotype analysis of nuclear transfer animals

Both the healthy piglet #260 and the stillborn piglet #215% were analysed genotypically
by PCR and Southern blot. Screening PCR was performed as referred in section 4.3.4.
Figures 4.41 and 4.42 show the endogenous PCR and targeting PCR with the expected
product sizes for the screened piglets. Here, stillborn piglet #215% served as positive
control for ROSA26 wild-type (WT) allele and CX3CR1 TV placement, piglet #269 as
positive control for ROSA26 WT allele. In the endogenous PCR, all piglets (#215%, #260,
#269) revealed the 3206bp product for WT allele. Targeting PCR amplified the 2616bp
product for piglet #215* and #260. For both PCRs, water control was negative.

Since screening PCR confirmed CX3CR1 TV placement to the ROSA26 locus, but not
the presence of EGFP ¢cDNA within the CX3CR1 TV, a further PCR was conducted with
the primer pair CX3CR1_LR_F1/EGFP_qPCR_R1 amplifying a PCR product of 664bp.
The forward primer bound to CX3CR1 promoter region, the reverse primer to EGFP
c¢DNA. In compliance with the previous screening PCR (see figures 4.41 and 4.42), piglet
#215* and #260 showed the expected PCR product confirming the ROSA26-EGFP*/~
genotype (see figure 4.43). Water control was negative.

Consistently, these data indicated both gene targeting of genomic ROSA26 locus and
simultaneous presence of EGFP ¢cDNA due to CX3CR1 TV placement in piglets #215*
and #260.

Since EGFP expression in CX3CR1 cell clones, monocytes/macrophages isolated from
whole blood of pig #260 and KDNFs of stillborn piglet #215* (ROSA26-EGFP+/~ geno-
types) could not be induced by hypoxia and validated visually under fluorescence micro-
scope (see section 4.3.7), the respective cDNA sequence was analysed. Therefore, a PCR
product of 1210bp was amplified with the primer pair CX3CR1_.LR_F1/CMVpA_R. The
correctness of EGFP ¢cDNA sequence could be confirmed by sequencing.

To check the 5’-end structure of the CX3CR1 TV placement, Southern blot was per-
formed. For detection of the promoter-less selectable cassette, the same BS probe was
used as for LDLR Southern blot in section 4.2.9. Therefore, genomic DNA of pig #260
and stillborn piglet #215% was digested by restriction enzyme Dral. The utilised restric-
tion sites within heterozygous targeted ROSA26 locus were located 1127bp upstream of
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M 0 #215% #260 #269

-L 3
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3000bp “ 3206bp

Figure 4.41: CX3CR1 endogenous PCR:
3206bp product amplified
from piglets #215% #260
and #269. Stillborn piglet
#215% (ROSA26-EGFP*/7)
and piglet #269 served as
positive controls. 0: Water
negative control; M: 1kb lad-
der.

3000bp
2000bp

M 0  #215* #260 #269
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Figure 4.42: CX3CR1

targeting PCR:
2616bp product amplified
from piglets #215* and
#260. Stillborn  piglet
#215% (ROSA26-EGFP+/7)
served as positive control
and piglet #269 as negative
control. 0: Water negative
control; M: 1kb ladder.

M

1000bp

500bp

0 #215* #260 #269
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Figure 4.43: EGFP PCR: 664bp product amplified from piglets #215* and #260. Stillborn
piglet #215* (ROSA26-EGFP*/~) served as positive control and piglet #269
as negative control. 0: Water negative control; M: 100bp ladder.
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M WT #215*#260 M

7427bp

6614bp 6106bp

Figure 4.44: CX3CR1 Southern blot utilising BS probe: 6614bp fragment for CX3CR1 TV
placement derived from Dral restriction enzyme digestion of genomic DNA
of pig #260 and stillborn piglet #215*. Genomic DNA of pig #271 (WT)
served as negative control. M: Southern blot ladder.

exon 1, 125bp downstream of short homology arm sequence substituted after CX3CR1
TV placement and 587bp downstream of 5’-end of CX3CR1 promoter region. Respective
Dral restriction sites are indicated in figure 4.38. For CX3CR1 TV placement, a single
fragment of 6614bp was expected. The endogenous fragment for WT allele was 4888bp.
Genomic DNA of WT pig #271 served as negative control. Southern blot for both animals
#260 and #215* revealed a single band of the expected 6614bp fragment. The control
was negative (see figure 4.44). These data also indicated CX3CR1 TV placement.

4.3.7 Phenotype analysis of nuclear transfer animals

To prove functionality of the placed reporter gene EGFP driven by CX3CR1 promoter re-
gion, hypoxia assay was performed. Hereby, EGFP expression should be upregulated and
validated visually under fluorescence microscope. Induction of CX3CR1 promoter, thus
expression upregulation of CX3CR1 was demonstrated in human mesenchymal stem cells
(MSCs isolated from bone marrow) cultured in 1% Oz [626]. Moreover, CX3CR1 upregu-
lation was also verified in peripheral blood mononuclear cells (PBMCs) of coronary artery
disease (CAD) patients [320], especially in the monocyte subpopulation [319] differenti-
ating into macrophages during atherogenesis [128]. CX3CR1 expression was detected in
early and advanced stages of human atherosclerotic plaques [322], where hypoxia is corre-
lating to the presence of macrophages and the expression of hypoxia-inducible factor (HIF)
[624]. HIF's recognise hypoxia-response elements (HREs) [625], which were also identified

in the porcine CX3CR1 promoter region. Therefore, hypoxia assay was performed with
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CX3CR1 cell clones (pMSCs isolated from adipose tissue) and monocytes/macrophages
isolated from whole blood of pig #260. Also KDNFs of stillborn piglet #215* were used.
All cells featured the ROSA26-EGFP+/~ genotype. Wild-type (WT) pADMSCs and WT
monocytes/macrophages served as negative controls. However, EGFP expression could
not be detected by fluorescence microscope (data not shown).

Since EGFP expression could not be validated by fluorescence microscopy, more sensi-
tive analysis such as real time quantitative polymerase chain reaction (qRT-PCR) was per-
formed for further characterisation. Therefore, RNA was isolated from CX3CR1 cell clones
16 and 17 (pADMSCs), monocytes/macrophages of pig #260 and KDNFs of stillborn
piglet #215* featuring the ROSA26-EGFP*/~ genotype. RNA isolated from WT pADM-
SCs and WT monocytes/macrophages were used as negative controls. To confirm specific
isolation of monocytes/macrophages from porcine whole blood, the cell-surface marker
CD14 was quantified and compared to cell types pKDNFs and pADMSCs. In human, the
CD14 marker is expressed in all main blood monocyte populations (classical, intermediate
and non-classical) [410]. Differing from section 3.4.5, only 100ng of RNA were transcribed
and quantified using 2ul ¢cDNA dilutions. Here, the primer pairs CD14 F1/CD14 R1,
CX3CR1_RT_F1/CX3CR1_qPCR_R1, EGFP_qPCR_F1/EGFP_qPCR_R1 and TBP_F/
TBP_R amplified qRT-PCR products of 156bp, 160bp, 150bp and 153bp. Also differing,
the annealing and elongation temperature was 62°C. All primer sets except the EGFP
primer pair annealing to cDNA were designed over exon junctions. To exclude false posi-
tive detection of EGFP expression due to genomic DNA contamination of RNA isolations,
one-step RT-PCR was conducted. The primer pair CD14 F1/CD14_R1 allowed for sensi-
tive amplification of the expected RT-PCR product of 156bp and an additional product
of 236bp at possible genomic DNA contamination. However, all RNA isolations finally
revealed high quality additionally confirmed by melting curves after qRT-PCR.

In compliance with the proposed constitutive and cell-specific activity of CX3CR1 pro-
moters [375, 376], low baseline EGFP expression was detected at varying levels within dif-
ferent cell types. Monocytes/macrophages of pig #260 exhibited 2-fold, whereas CX3CR1
cell clones 16 and 17 (pADMSCs) only 1.5-fold higher expression compared to pKDNFs
of stillborn piglet #215%. Monocytes/macrophages derived from WT animal served as
negative control (see figure 4.45).

Consistent with visual analysis by fluorescence microscopy the quantification of gene
expression by qRT-PCR could detect neither CX3CR1 nor EGFP upregulation in mono-
cytes/macrophages of pig #260 due to hypoxia (see figure 4.46).

However, specific cell isolation of monocytes/macrophages was verified by 170-fold and
200-fold higher expression of CD14 compared to negative control pKDNFs. The pADMSCs
(WT and CX3CRI1 cell clones 16 and 17) revealed a slightly higher 7-fold and 3-fold ex-
pression. Hypoxia even markedly increased the marker expression to 310-fold and 320-fold
confirming cell response to hypoxic conditions (see figure 4.47). These data were consis-

tent with the ~100-fold expression level of CD14 above isotype control in flow cytometric
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Figure 4.45: EGFP expression determined from different porcine cell types: Rela-
tive change of EGFP mRNA for pKDNFs of stillborn piglet #215*
(KDNF #215%), CX3CR1 cell clones 16 and 17 (MSC 16/17) and mono-
cytes/macrophages of wild-type animal (MM WT) and pig #260 (MM #260).
Data were normalised to TBP expression. Relative standard deviations are

indicated.

Hypoxia
1,2
S 1
[d
=
0,8
[
206
=
[&)
204
=
E 0,2
0
MM MM
#260 #260
w/o hypo

CX3CR1
EEGFP

Figure 4.46: CX3CR1 and EGFP expression determined from monocytes/macrophages:
Relative change of CX3CR1 and EGFP mRNA for monocytes/macrophages
of pig #260 at normal (MM #260 w/o) and hypoxic conditions (MM
#260 hypo). Data were normalised to TBP expression. Relative standard

deviations are indicated.
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Figure 4.47: CD14 expression determined from different porcine cell isolations at normal
and hypoxic conditions: Relative change of CD14 mRNA for pKDNFs of
stillborn piglet #215* (KDNF #215*), wild-type pADMSCs (MSC WT),
CX3CRI cell clones 16 and 17 (MSC 16/17) and monocytes/macrophages of
pig #260 (MM #260) and wild-type animal (MM WT). Data were normalised
to TBP expression. Relative standard deviations are indicated.

analysis [410].

These data possibly indicate that the isolated monocytes seemed to be not responsi-
ble for an upregulation of CX3CRI1 ascertained in CAD patients due to higher rates of
CX3CRI1 positive monocytes [319]. Compared to respective expression levels from whole
blood of eleven pigs and ear tissue of 13 pigs, the CX3CR1 expression of the isolated mono-
cytes/macrophages was low. They exhibited a 30-fold lower expression level compared to
whole blood. Even ear tissue revealed a 4-fold higher expression (see figure 4.48).

Altogether, further analysis is needed for functional evidence of the reporter gene con-
struct CX3CRI1-EGFP placed by ROSA26 gene targeting. Since cell-specific expression of
CX3CRI1 and also direct correlation between plasma cholesterol level, CX3CR1 expression
and coronary artery disease in pigs was demonstrated, a feeding study of pigs featuring
ROSA26-EGFP1/~ genotype is highly recommended.
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Figure 4.48: CX3CR1 expression determined from different tissues and cells: Relative
change of CX3CR1 mRNA for eleven, 13 and two specimen of whole blood
(Blood), ear tissue (Ear) and monocytes/macrophages (MM). Data were nor-
malised to TBP expression. Relative standard deviations are indicated.
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CHAPTER b

Discussion

Cardiovascular diseases (CVDs) are the leading cause of death worldwide. The basic
reason for this is the advanced atherosclerosis generating various life-threatening plaque
classes in the arterial vasculature. Rupture-prone vulnerable plaques cause acute throm-
boses, which are responsible for about 60% of sudden coronary deaths. The most common
animal models for atherosclerosis, the ApoE~/~ and the LDLR ™/~ mice, do not resem-
ble a human-like atherosclerosis with regard to susceptibility of coronary arteries and
complications of plaque rupture and thrombosis. Overcoming these limitations, the pig
is considered the most promising animal model bridging the gap between small animal
models and human clinical trials.

The aim of this work was the generation of a porcine atherosclerosis model of vulnerable
plaque. The two genes APOE and LDLR were to be disrupted and the reporter gene EGFP
driven by the cell-specific porcine CX3CR1 promoter was to be placed at the endogenous
ROSA26 locus.

5.1 Atherosclerosis at chow diet in the common mouse models
and the LDLR/~ pig model

At regular chow diet (low fat, low cholesterol), the ApoE~/~ mice exhibit plasma choles-
terol level of 305—563% and already spontaneously develop a reproducible pattern of
complex and human-like lesions. In contrast, wild-type mice as well as heterozygous
knockout mice reveal almost the same plasma cholesterol levels of 66-10677, 66110757,
respectively and show no pathology of the proximal aorta [444]. Within young mice at an
age of 3—4 months, early lesions comprising deposits of foam cells and lipids initially occur

at the aortic sinus. By 5-7 months of age, lesions increase their size, spread over proximal
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ascending aorta and show deposits of multi-layered foam cells and occasionally intimal
smooth muscle cells and cholesterol clefts. At an age of 810 months, some advanced
lesions exhibit fibrous cap formation, smooth muscle cells covered necrotic cores, calcifi-
cation and severely occlude the coronary ostium and even narrow the lumen of coronary
arteries. Fibrous cap lesions are often present in abdominal aorta, aortic bifurcation, iliac
arteries and carotid arteries and small vascular lesions also in pulmonary arteries [477].
However, high rates of luminal narrowing are exclusively detected in the peripheral arter-
ies of 60 weeks aged homozygous mice [627]. In the brachiocephalic artery, stenotic lesions
lack fibrous caps and necrotic cores and show extensive medial erosion, but thrombosis
and platelet adhesion is always absent. Although high frequent and variable intra-plaque
hemorrhage is detected in lesions of 30-60 weeks aged mice, the plaques show no evidence
of fissure or rupture [475]. Even at an age of 60 weeks, the right and left coronary artery
including the first level branches, the disease-prone sites in human, are still free of lesions.
Early lesions only occur in smaller and intra-myocardial vessels, whose rare occlusions are
not able to induce myocardial infarction [479].

For the LDLR ™/~ mice, there are no systemic studies of developmental lesional patho-
physiology. At regular chow diet, the homozygous knockout mice exhibit plasma choles-
terol levels of 22624272 the heterozygous mice 142-150%Z and the wild-type mice 104~
1127 [447]. After 12 month, no grossly visible plaques arise in the aortic arch and only
small infiltrations of intimal foam cells are present in the coronary sinuses [628].

Overcoming the disadvantages of the existing pig models for coronary atherosclerosis
(see section 1.5.2), recently LDL receptor knockouts were generated in different breeds
of miniature swine in Japan [579] and in the United States [523, 578], where they are
even commercially available (www.exemplargenetics.com). At a standard chow diet (low
fat, no cholesterol) for 26 weeks, both the homozygous (LDLR_/ ~) and the heterozygous
knockout pigs (LDLR+/ ~) develop significantly elevated total cholesterol levels of 533—
60177 and 95-101%7 compared to 60747 of wild-type controls [523]. After six month,
atherosclerotic lesions comprising foam cells, inflammatory cells and smooth muscle cells
develop in the aorta, carotid, femoral and coronary arteries of LDLR ™/~ pigs [579]. After
seven month, proximal and distal abdominal aortas are 45% covered with raised atheroscle-
rotic lesions featuring areas of foam cells and necrosis. The coronary arteries show small
foam cell lesions as well as intimal thickening predominantly in proximal portions [523]

and even calcium deposits and a small mural thrombus [579].

5.2 Diet-induced atherosclerosis in the common mouse models
and the LDLR/~ pig model

By feeding an atherogenic diet, the development of atherosclerosis can be considerably
accelerated in ApoE~/~ mice evolving dramatically increased plasma cholesterol levels

[445, 478]. A detailed sequence of lesion development as well as the anatomic location
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of arising lesions were analysed in homozygous mutants by feeding either a Western-type
diet (high fat, low cholesterol) or regular chow diet for 40 weeks. Within this period,
values of total plasma cholesterol range from 1085 to 4402757, 360 to 88577, respec-
tively. Atherosclerotic lesions first develop in aortic root, the lesser curvature of the aortic
arch, the branches of the brachiocephalic artery, the right common carotid artery, the
branches of the superior mesenteric artery, both renal arteries, the aortic bifurcation, and
the pulmonary artery and later in descending thoracic, lower abdominal, proximal coro-
nary, common iliac, and femoral arteries. Generally, mice at Western-type diet exhibit
wider lesion areas and develop more advanced lesions at each developmental stage than
mice at regular chow diet. Advanced fibrous plaques narrow the arterial lumen up to 95%.
However, in Western-type diet fed, six weeks old mice, adhesion of monocytes to endothe-
lium and sub-endothelial foam cell accumulation is observed. Foam cell lesions arise at
eight weeks of age and early fibrous plaques at 15 weeks of age. They feature extra-cellular
matrix embedded smooth muscle cells covering a necrotic core with foam cells. At an age
of 20-40 weeks, advanced fibrous plaques appear featuring calcification and protrusion
into vessel media. In contrast, regular chow diet fed mice reveal delayed lesion formation.
Here, monocytes first adhere at an age of eight weeks and foam cell lesions arise at an age
of ten weeks still present at an age of 30 weeks. Early fibrous plaques develop at 20 weeks
of age. The advanced fibrous plaques show less medial destruction and no calcification.
Nevertheless, plaque rupture can not be observed for both feedings [476]. Corresponding
to high rates of luminal narrowing in the peripheral arteries at regular chow diet, a highly
consistent rate of stenotic lesions was also detected exclusively in peripheral arteries of 60
weeks aged homozygous mutants at a Western-type diet (high fat, low cholesterol). Here,
the highest severity predominantly occurs in external carotid arteries. In contrast to hu-
man, especially the ascending aorta compensate lumen narrowing by dilation in response
to lesion growth [627]. Interestingly, ApoE~/~ mice with an unusual genetic background
and fed a supplemented lard diet (high fat, low cholesterol) for up to 59 weeks develop
acute atherosclerotic plaque rupture often accompanied with luminal thrombosis at the
branches of brachiocephalic artery [629, 630]. However, plaque rupture and thrombosis is

not associated to sudden death events [629].

When LDLR /= mice are fed an atherogenic and pro-inflammatory modified Paigen
diet (high fat, high cholesterol, cholic acid), the plasma cholesterol levels after two weeks
rise to 18202006757, 220-328%¢ and 131-157%7, respectively. After seven month, the
homozygous knockout mice develop considerably xanthelasma, xanthomatous infiltration
of the ears, ventral xanthomas and footpad thickening. Elevated lipid-rich plaques extend
over the entire aortic arch and massive atheromas with advanced lipid-rich cores and
infiltrated foam cells were detected in the aortic root, proximal aorta, coronary sinuses,

proximal coronary arteries and occasionally in the main pulmonary trunk [628].

When homozygous (LDLR /"), heterozygous knockout pigs (LDLR*/~) and wild-type
pigs are fed a high fat, high cholesterol diet for 180 days, cholesterol levels successively
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increase to 913-1007%7, 232-416%7 and 137-18577, respectively. After 90 days, the
proximal and distal abdominal aorta of LDLR ™/~ pigs have significantly increased surface
areas of raised lesions as well as intimal areas compared to LDLR1/~ and wild-type pigs.
Aortic lesions comprise foam cells, cholesterol clefts and calcification. After 180 days, also
proximal and distal coronary arteries of LDLR ™/~ pigs show significantly larger areas of
intimal thickening and percent stenosis. Arisen complex atherosclerotic lesions feature
foam cells, fibrous caps, calcification and hemorrhage [523]. However, already after four
month, LDLR~/~ pigs develop complicated stenotic and human-like unstable atheroscle-
rotic plaques in the coronary arteries featuring necrotic cores, fibrous caps, cholesterol
clefts, calcium deposits, neovascularisation, plaque hemorrhage, media rupture, adventitia

inflammation and expansive vascular remodeling [579].

5.3 Limitations of the ApoE~/~ and LDLR /-~ mouse models

Beside modulating the lipoprotein metabolism, especially ApoE has several additional
anti-atherogenic functions (reviewed in [164, 170]). Since ApoE within the arterial wall
decelerates atherosclerosis [212, 213, 214, 215, 216, 217] and regresses atherosclerosis [594]
even at low expression [200, 201] and independently on lowering the plasma cholesterol
levels [200], the ApoE~/~ mice is not suitable for bone marrow transplantation.
Additionally, males of both ApoE~/~ and LDLR~/~ mice develop more frequently aortic
lesions than females with correlating extend between the entire aorta and the aortic root
[631]. In contrast, the females generate larger lesions at the aortic sinus than males [632].
Both the ApoE~/~ and LDLR~/~ mice have been extensively utilised for the reexamina-
tion of clinically relevant therapeutic modifiers against risk factors hypercholesterolemia,
hypertriglyceridemia, hypertension, and inflammation and for their respective extend of
anti-atherogenic effects. However, these mice respond differentially to specific experi-
mental manipulations and also reveal paradoxical effects on atherosclerosis. For example
in ApoE~/~ mice, clinically established cholesterol-lowering drugs, statins (3-hydroxy-3-
methylglutaryl coenzyme A reductase inhibitors), often do not decrease and even increase
total plasma cholesterol, but still reduce the aortic lipid deposition (reviewed in [436]).
Contrary, a statin-mediated lowering of total plasma cholesterol even with an additional
elevation of athero-protective high-density lipoprotein (HDL) cholesterol was reported to
have no effect on size and number of aortic lesions [633]. In LDLR ™/~ mice, statins were
shown to reduce aortic atherosclerosis with or without lowering the plasma cholesterol
levels. Thus, the choice of a mouse model is crucial for examining the mode of action of
therapeutic drugs (reviewed in [436]). In contrast, translational utility of statins (Ator-
vastatin) was demonstrated in LDLR'/~ pigs fed a high fat diet for six month. Here,
drug administration significantly attenuate weight gain and reduce total cholesterol, HDL
and low-density lipoprotein (LDL) without affecting very low-density lipoprotein (VLDL)

levels. Adverse effects concerning liver function were not observed [634].
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Furthermore, hemodynamic differences within the vasculature induce site-specific gene
expression profiles of endothelial cells modulating different atherogenic responses to sys-
temic risk factors such as hypercholesterolemia, oxidative stress, genetic background, gen-
der and immune status. Thus, specific treatments can differentially affect lesion devel-
opment at athero-susceptible sites (reviewed in [632]). For example, immune deficiency
within male ApoE~/~ mice reduce lesion area in the aortic root but not in the bra-
chiocephalic artery [635]. There is a similar finding for male LDLR ™/~ mice featuring
the same genetic background. Here, the immune deficiency reduce atherosclerosis in the
aortic sinus but also not in the brachiocephalic artery [636]. Accordingly, for studying
treatment-mediated effects on atherosclerosis, the susceptible vascular sites have to be
chosen (reviewed in [632]). Introducing additional genetic manipulations can influence
site-specificity of lesion development dependent of the diet. At regular chow diet, the
knockout of recombinase activating gene 1 (RAG1) in the ApoE~/~ Ragl~/~ mouse ac-
count for ~25% reduction of aortic root lesion area, whereas at Western-type diet (high
fat, low cholesterol), no significant difference at this site is generated [637].

Murine models for atherosclerosis have their place in identification of therapeutic targets
for preventive medicine. Although genetically modified mice develop atherosclerosis with
human-like lesions, they markedly differ in distribution of lesions throughout vasculature
and they fail to generate plaque rupture and thrombosis. Thus, other animal models have
to be developed for investigating molecular and cellular mechanisms of these acute human
complications, which will allow for the treatment of symptoms first appearing in late stage

disease.

5.4 Polymorphisms associated with atherosclerotic diseases and

complications

In this work, several pigs of various breeds were screened for common human single nu-
cleotide polymorphims (SNPs) in the APOE and CX3CR1 gene and for a known porcine
mutation of the LDL receptor gene. The ApoE4 isoform was detected in a homozygous
phenotype for all 27 pigs of the three breeds German Landrace, Goettingen Minipig and
Schwibisch Hall Domestic (see section 4.1.1). In compliance, this finding was reported
for a total of 128 pigs of eleven pig breeds [5]. In contrast, the human distribution of
the homozygous ApoE4 phenotype ranges from ~1-11% in different European Caucasian
populations [233]. In humans, ApoE4 (genotypes €4/4 and €2/4) is associated with an up
to 6.4 years shorter life expectancy [177] and a 42% higher risk of cardiovascular disease
(CVD) [173]. In the pig, ApoE4 seems to be sufficient to trigger a high fat, high choles-
terol diet (HFHC)-induced atherosclerosis with increased levels of total and low-density
lipoprotein (LDL) cholesterol [5].

For CX3CRI1, all screened pigs showed the haplotype Is50T2g1 in a homozygous manner

(see section 4.3.1). In human, the analogue haplotype I249T2gp only ranges from ~8-16%
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in different studies [366]. Here, the Iog allele already in a heterozygous state promotes
the survival after acute myocardial infarction and decreases T-cell recruitment into infarct
related artery [432]. Without protective effect of the Tagg allele, Iogg elevates the risk of
acute coronary syndrome (ACS) during coronary artery disease (CAD) [431] and restenosis
after stent implantation [355].

In the LDL receptor gene, the missense mutation (C—T) causing amino acid substitu-
tion (Arg—Cys) at Argyis and thus contributing to familial hypercholesterolemia in pigs
[512, 513, 514] could not be detected in any of the 27 screened animals (see section 4.2.1).
This finding was expected since substitution of Argjis is not a common polymorphism.

Especially, the homozygous genetic background of ApoE4 isoform and CX3CR1 haplo-
type Ia50T281 make the pig an excellent model not only for atherosclerosis and CVD but
also for disease- and treatment-related complications. Furthermore, it could be applied for
the research of Alzheimer’s disease (AD), other neuropathological disorders and traumatic
brain injury [638]. ApoE4 is a major genetic risk factor for AD [174, 175] and enhances
the production of the S-amyloid peptide (AJ) [639], whose extra-cellular deposits in the
brain are a hallmark pathology for disease diagnosis [640]. In neuronal cells, it poten-
tiates AS-induced lysosomal leakage and apoptosis by destabilising cellular membranes
[641, 642]. Furthermore, neuronal-synthesised ApoE4 is susceptible to proteolysis in the
secretory pathway [643]. The fragments are translocated to the mitochondria and cause
mitochondrial dysfunction and neurotoxicity [644] and decrease the density of dendritic
spines [645]. They also contribute to the intra-neuronal formation of neuro-fibrillary tan-
gles (NFTs) consisting of phosphorylated microtubule binding protein tau, a further AD
hallmark [646].

5.5 The use of porcine adipose tissue-derived mesenchymal

stem cells

The gene targeting experiments of all three projects (APOE knockout, LDLR knockout,
CX3CRI-EGFP placement) were conducted in porcine mesenchymal stem cells (MSCs)
derived from adipose tissue, which were proven to efficiently produce healthy offspring
after somatic cell nuclear transfer (SCNT). These porcine adult pluripotent cells were also
isolated specifically as adherent cells from bone marrow and were successfully differentiated
in vitro into the lipogenic, chondrogenic and osteogenic mesodermal lineage [647] fulfilling
important criteria for defining mesenchymal stem cells [648]. Their proliferation rate in
the undifferentiated state could be significantly increased with increasing concentrations
of foetal bovine serum (FBS) and low oxygen tension [647]. They could be proliferated
extensively up to 30-40 cell doublings until senescence [647, 649] retaining a normal diploid
karyotype [649]. Porcine MSCs were also shown to be suited for stable genetic modification
and SCNT [647, 649]. Additional supplementation of fibroblast growth factor 2 (FGF-2)

was demonstrated to extend the life span of human MSCs to about 70 doublings and retain
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their differentiation potential for more than 50 doublings in wvitro [650]. Studies in our
lab confirmed these results with porcine MSCs allowing for 73 doublings and producing a
more stable karyotype [651]. Their high plasticity and maintaining proliferation in tissue
culture make them an excellent choice for gene targeting. Compared to the commonly
used fibroblasts, these less differentiated porcine MSCs were hypothesised to increase
cloning efficiency after SCNT and were already shown to double the embryo blastocyst
development [584]. These porcine MSCs could be genetically modified in vitro and were
capable to generate gene targeted live pigs with a latent mutant p537#167H [585] and a
mutant APC31! allele [587].

5.6 Conventional gene targeting and efficiencies

Gene targeting allows for any modification of a specific gene (e.g. introduction of mutations
or disruptions). In this regard, homologous recombination (HR) facilitates the insertion
of cloned DNA sequences into the chromosome resulting in insertion, deletion, or replace-
ment. Typically, HR is a rare event in adult mammalian cells and occurs in only one cell
per 10° — 107 treated cells. In contrast, random integrations happen at a higher frequency
of one cell per 102 — 10° treated cells. Thus, random integrants overshadow the targeted
recombinands more than 1000-fold [652]. Though, positive selection by a promoter-less
resistance gene neomycin was shown to increase gene targeting in fibroblasts by the factor
of 100 [653]. The advancement of positive negative selection (PNS) utilising a positive and
an additional negative selectable marker produced further but limited 10-fold enrichment
in fibroblasts and enabled for gene targeting frequency of 32% [596]. Contrary, in em-
bryonic stem (ES) cells, solely the use of promoter-less neomycin as a positive selectable
marker could generate a gene targeting frequency of 78% [654]. Within these cells, also
PNS was more efficient and enriches gene targeting 2000-fold [597]. Although validated
porcine embryonic cell lines have not been established to date [592], the available porcine
mesenchymal stem cells (MSCs) were a promising alternative.

Beside cell choice, the targeting frequency is highly dependent of the extent of homology
between targeting vector and target locus. In a range of 2-10kb vector homology, the
targeting frequency was shown to enhance exponentially in ES cells and reach a 100-fold
increase with saturation at 14kb. Here, the use of isogenic DNA was 4-5 times more
efficient than non-isogenic DNA [655]. With the use of isogenic homology arms, even
an up to 20-fold higher targeting frequency was demonstrated [654]. In this work, the
cloning of targeting vectors from isogenic genomic DNA was not possible. The required
sequences have to be amplified from bacterial artificial chromosomes (BACs) containing
non-isogenic Duroc pig DNA and the targeting vectors comprised short and long homology
arms of 1.6-2.5kb, 4.6-12.3kb, respectively.

As already mentioned, the promoter-trap strategy has emerged to be the most effi-

cient targeting method for actively transcribed genes. This system provides a promoter-
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less positive selectable marker (e.g. neomycin or blasticidin resistance gene) conditionally
expressed from the endogenous promoter following homologous chromosomal insertion
(654, 653, 656]. Since porcine adipose tissue-derived mesenchymal stem cells (pADMSCs)
expressed the target genes APOE, LDL receptor and ROSA26, this strategy was con-
ducted and achieved efficiencies of 0% (0/302), 25% (5/20) and 12% (7/58), respectively.
Consistently, a promoter-trap strategy in porcine MSCs resulted in a gene targeting fre-
quency of 9.3% [585]. However, for the ROSA26 locus in porcine MSCs derived from bone
marrow and adipose tissue, others reported gene targeting frequencies of even 48% and
42% [588].

5.7 Optimisation of conventional APOE gene targeting

Gene targeting of APOE with the use of promoter-trap strategy even after optimising
modifications of the targeting vector and upregulation of the target gene transcription
was unsuccessful. For optimisation of the targeting vector, first the 5’-homology arm was
screened for an enhancer element potentially driving positive selectable marker in random
integrants [595]. In mammalian cells, such a transcriptional active instead of an inac-
tive resistance gene was shown to enrich the number of random integrations detected and
decrease the number of homologous recombinants by the factor of 100 [656]. However,
depending on analysed cell type, a transcriptional regulatory region within APOE gene
locus was identified to enhance gene expression ~3-5-fold [595]. Therefore, a 0.9kb se-
quence within the first intron containing this region was removed from the 5’-homology
arm of the initial targeting vector.

Second, targeting vectors containing repetitive sequence elements decrease the proba-
bility of homologous recombination (HR) at the specific gene locus [657]. Homologies of
>10kb were shown to possibly reduce targeting efficiency [658]. Since minimal repetitive
homologies were recommended [657], 4.5kb of repetitive sequences were excised from the
3’-homology arm of the targeting vector.

Third, positive negative selection (PNS) strategy was shown to enrich gene targeting
10-fold in fibroblasts [596] and even 2000-fold in ES (embryonic stem) cells [597]. For this
strategy, the visual negative selectable marker CAGGS Cherry NLS (CCN) was cloned
downstream of 3’-homology arm of the targeting vector. This allowed for negative selection
against random, non-homologous integrants, which could be visually detected and omitted
from screening revealing in an enrichment of targeted recombinands.

Since a direct enhancement of locus specific HR in mammalian cells was observed when
transcription levels of the target gene were increased [598], this strategy was also tested
for APOE. Cyclic AMP and retinoic acid were demonstrated to synergistically potentiate
APOE expression 7.5-fold in a astrocytoma cell line (U87 cells) [599]. Although the
stimulatory effect followed a cell-specific manner [598], an up to ~5-fold increase in APOE

transcription was stimulated in porcine adipose tissue-derived mesenchymal stem cells
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(MSCs) after a treatment of 96h (see figure 4.5). But again, no positive targeted cell clones
could be identified. Since it was found that a 64-fold and 14-fold increase in transcription
only resulted in 22-fold and 4-fold enhancement of recombination [598], the achieved ~5-
fold transcription stimulation is assumed too low. The treatment with the morphogenetic
and teratogenic retinoic acid was also too harmful for the cells resulting in only few growing

single cell clones after transfection with the targeting vector.

5.8 Transcription activator-like effector nuclease-mediated

APOE gene targeting

Since APOE could not be disrupted by a conventional promoter-trap strategy, gene target-
ing should be mediated by transcription activator-like effector nuclease (TALEN)-induced
double strand break (DSB) stimulating subsequent introgression of donor plasmids by
homology-directed repair (HDR) [602]. TALENSs are site-specific nucleases consisting of
modular and programmable DNA-binding domains and a coupled homo-dimer domain of
FokI restriction endonuclease [578, 659]. The binding domain is arranged in nearly iden-
tical tandem repeats, the TALE repeats, which typically feature 34 amino acids. Hyper-
variable amino acids at position 12 and 13 determine recognition specificity of one DNA
base-pair at the target site [660, 661]. This allows for a fast and cheap assembly of custom
TALENS [606, 662, 663] featuring low specificity-related cytotoxicity [664]. Once a TALEN
pair bound its recognition site, the two Fokl catalytic domains dimerise and introduce a
DSB in the DNA [600] dramatically enhancing homologous recombination (HR) in mam-
malian cells [601]. Beside HR, the DNA repair mechanisms also comprise non-homologous
end joining (NHEJ) [665, 666], which often results in small deletions, insertions and even
chromosomal translocations [667] and predominantly occurs in mammalian cells [668].
Thus, two-thirds of NHEJ cause frame shifts and disrupt encoded proteins [578].
TALENs were used for efficient gene knockouts in livestock including cattle, pig and
goat [602, 578]. Here, the injection of TALEN mRNAs into zygote cytoplasma generated
gene knockouts in up to 75% of analysed embryos, which also featured bi-allelic gene modi-
fications. Mono- and bi-allelic modifications were observed in 54% and 17% of primary
fibroblast colonies after a laborious transposon co-selection procedure [578]. Enabling a
more comfortable selection and a precise gene editing (HR instead of NHEJ), primary fi-
broblasts were transfected with combined TALEN mRNAs and oligonucleotide templates.
After TALEN-mediated allele introgression and drug-selection, gene targeting efficiencies
of 10-50% were achieved [602]. Fibroblasts of both approaches were capable to generate
Ossabaw pig clones with modified alleles of LDL receptor [578] and adenomatous polyposis
coli (APC) [602]. Furthermore, the use of TALEN expression constructs (DNA) in com-
bination with donor plasmids bearing either a promoter-less or a PGK-promoter driven
selection cassette enabled targeting efficiencies of 50% in both embryonic stem (ES) cells

and induced pluripotent stem cells (iPSCs). The received cell clones were targeted in a

143



5 Discussion

single or both alleles and were negative for transgene random integration [603].

In this work, APOE was successfully inactivated in vitro utilising TALEN expression
constructs and a PGK donor plasmid. With a targeting frequency of 13% in one experi-
ment, in total four positive single cell clones were received, three of which were homozygous
and one was heterozygous for the targeted allele (see section 4.1.5). However, including
all transfection experiments, the efficiency decreased to only 3%, which is low compared
to the reported targeting frequency range of 2-55% [602, 606, 578, 603]. Nevertheless, this
approach successfully produced mono- and bi-allelic knockouts of the difficult target gene
APOE, which were derived by TALEN-induced introgression of donor plasmids and addi-
tionally were deficient in NHEJ-induced target gene alterations and random integration of
the TALEN expression construct. The high rate of homozygous compared to heterozygous
modifications (3:1) mirrored the dynamic nature of gene targeting. Here, TALEN cleavage
and re-cleavage were repeatedly repaired by HR with the sister chromatid till the donor
plasmid lacking the TALEN recognition site introgressed [602]. With up to 50%, HR is the
major repair mechanism in mammalian cells [669]. Although in silico analysis predicted
no off-targets, the TALENSs effected high cytotoxicity. Compared to the conventional gene
targeting, fewer single cell clones with lower proliferation rates were received after drug-
selection. For enrichment of targeting events against random integrations, also positive
negative selection was conducted utilising the visual negative selectable marker CAGGS
Cherry NLS (CCN).

To enhance the targeting frequency, a cold shock was performed. An incubation at 30°C
for 72h after transfection was reported to increase cleavage efficiency in livestock fibroblasts
[578, 604, 605]. Compared to standard incubation at 37°C, such a treatment could ~2-
5-fold enhance percentage of TALEN-induced and NHEJ-mediated minor insertions and
deletions (indels) at an endogenous locus, but efficiencies highly depended on target gene
and TALEN scaffold [578, 604].

Additionally, various truncations at the N- and C-terminus of the native TALE protein
were shown to enhance TALEN activity [664, 604]. Nevertheless, the length of the N-
terminus was found to inversely correlate with transcriptional activity of a TALE protein.
While a deletion of 48 amino acids did not affect transcription activity, a deletion of 141
amino acids still maintained ~80% of the activity [662]. Extended truncations resulted
in high expression levels, whereas native TALE proteins were expressed only at low levels
[664]. For an efficient DNA binding, 147 [662] and 153 [664] amino acid residues at the
N-terminus were identified to be essential. In contrast, the C-terminal residue seemed
to be less relevant for DNA interaction since a 17 amino acid residue still effected an
efficient DNA binding [664]. Nevertheless, a DNA binding element was identified within
the first 68 amino acids of the C-terminus. Since further truncation of 18 amino acids
reduced TALE transcriptional activity by >50%, the preservation of this critical residue
was recommended to receive full TALE activity [662]. A complete impairment was first

observed at a C-terminal trimming to 23 residues. More importantly, the length of the C-
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terminus linking the FokI cleavage domain with the TALE repeats highly determines the
catalytic activity of TALENs. While 95 residues preserved full transcriptional activation,
they completely disabled nuclease activity. An efficient DNA cleavage by interaction of
FokI domains with DNA was provided by shorter C-terminal subregions of 28 and 63 amino
acids [604]. In good agreement, the used TALENs had N- and C-terminal truncations of
177 (287 — 110) and 187 (231 — 44) amino acids, respectively.

Furthermore, the cleavage activity of TALENs depends on length adaptation of the
C-terminal linker to the DNA spacer between two TALE recognition sites. While long
native linkers of more than 200 amino acids worked with spacers of 14-40bp [670, 671],
shorter truncated linkers of 17-63 amino acids were restricted to shorter spacers of 12-23bp
(604, 664]. A spacer of 14-16bp was shown to be optimal for a 63-residue linker [604] and a
spacer of 12-15bp for a 47-residue linker [664]. A prerequisite for identification of suitable
TALE target sites is the presence of an invariant thymine in position -1 flanking the TALE
repeat-defined nucleotides [660, 661] and contributing to TALE promoter activation [660].
In good compliance with this, the selected TALEN recognition site in exon 3 of APOE
featured a 15bp spacer.

For minimisation of cytotoxicity, a number of 14-19 TALE repeat units was suggested.
Although shorter TALENs with 810 repeats were found to be as efficient as the longer
ones, they were more cytotoxic presumably due to their more frequent binding to genomic
off-target sites [606]. An examination of 50 naturally occurring TALE proteins revealed a
number of TALE repeats ranging from 9-29 with a maximum at 18 [604]. Consistently, ten
and more repeats for artificial TALE effectors were shown to be essential for a strong gene
activation [660]. The used TALENSs featured 14 repeat units, but still mediated a high

cytotoxicity characterised by low proliferation rates of only few arisen single cell clones.

The observed high cytotoxicity could be caused primarily by the transfected amounts
of TALENSs and to a lesser extend by their scaffold. Although increasing amounts of up to
600ng of each expression vector were demonstrated to efficiently enhance TALEN activity
without significant increase in cytotoxicity [664], up to 2.5ug of each subunit were used.
However, cold shock experiments increasing the cleavage efficiency of TALENSs [578, 604]
indicated their cytotoxicity. While 60 single cell clones could be picked after drug-selection
at 37°C, this was reduced to 33 clones after incubation at 30°C. Cytotoxicity due to random
integration of TALENSs could be excluded since the only FoklI-positive clone 1-5 presented
the highest proliferation rate by far.

Since APOE in general emerged as difficult target gene, the low targeting efficiencies
furthermore can be explained by inhibitory chromatin structure and DNA modification as
well as low expression and misfolding of the used TALENSs [606] or by low binding strength
of their TALE repeats [662].
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5.9 Incorrect LDL receptor gene targeting

Genotype analysis (PCR, RT-PCR, Southern blot) of F1 generation animals produced
results, which were in contrast to previous repeated positive examinations of the paternal
nuclear transfer animal #72 indicating a heterozygous LDLR knockout both at genotypic
(screening PCR, RT-PCR in section 4.2.6) and phenotypic (qRT-PCR in section 4.2.7)
level. Although homologous recombination (HR)-mediated LDLR TV integrations could
be verified by PCR. for ten out of 18 F1 animals, the corresponding RT-PCR was negative
revealing an incorrect 5-end of HR-mediated LDLR TV integration. Further RT-PCRs
indicated the expression of IRES BS cassette and upstream exon clustering with at least a
duplication of exon 4. However, targeting RT-PCR of the three cell clones (1-16, 2-2, 2-11)
used for nuclear and embryo transfer and generating animal #72 was only reproducible
for two of them (2-2, 2-11) (see figure 4.22). Moreover, Southern blot in combination
with sequencing of high fidelity PCR product covering the utilised restriction sites could
verify the 3’-end of HR-mediated LDLR TV integration including the ~1kb downstream
presence of exon 5. Additionally, it revealed a ~2.8kb duplication of the IRES BS cassette
and the short homology arm with an initial deletion of IRES (see figure 4.25). However,
these results expulsed a simple random insertion of the LDLR TV.

A possible explanation could be a combination of bidirectional homology arm elongation
following ectopic vector integration at an adjacent or random position [608] with additional
complex partial duplication of the targeting vector [609]. Bidirectional elongations have
been described in mammalian cells for both sequence insertion (ends-in) [672] and gene
replacement (ends-out) targeting vectors [608]. In this work, LDL receptor gene targeting
was performed using a conventional ends-out promoter-trap vector to replace the major
coding region of exon 4 by a promoter-less selectable cassette (IRES BS) disrupting gene
expression. Flanking homology arms of 12.3kb and 1.6kb should enable a site-specific
homologous recombination (see figure 4.10). A report of ectopic gene targeting proposed
the single-stranded 3’-end invasion of targeting vector into the endogenous wild-type locus
following bidirectional extension using endogenous sequences and further vector integra-
tion at an adjacent or random position [608]. The described mechanism of homology arm
elongation is compatible to the predominant homology-directed repair (HDR) pathway of
two-ended double strand breaks (DSB), the synthesis-dependent strand annealing (SDSA)
[673]. However, the suggested mechanism is affirmed by the expression of the IRES BS
cassette in absence of the endogenous LDLR promoter in combination with additionally
acquired sequences upstream (exon 4) and downstream (exon 5) of HR-mediated LDLR
TV integration (see section 4.2.9). The presence of exon 4 upstream of exon 3 possibly
originate from a targeting vector breakage upstream of exon 3 due to hydrodynamic shear-
ing prior to invasion [674]. Moreover, LDLR expression levels of 13 pigs determined from
whole blood did not indicate a gene disruption (see section 4.2.10). Gene targeting of a

different LDL receptor family member could also be excluded since elongated sequences
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emphasising exon 4 and 5 were exclusive for the porcine LDL receptor in a BLAST search.

A reason for the additional partial duplication of the IRES BS cassette and the short
homology arm could be a secondary HR of another LDLR TV at the ectopic integration
site. Either intra- or inter-chromosomal secondary recombinations between homologies
of integrated plasmids and target sequences were supposed to generate partial deletions
within mammalian cell clones [656]. Since intron sequences of the LDLR target locus were
highly repetitive (~40%), an unequal HR of repetitive transposable elements could also
have contributed to genome instability. Such events in mammalian cells were described
between long interspersed nuclear elements (LINEs) causing a deletion of ~7.6kb [675]
and a duplication of ~5.5kb [676]. Additionally, deletions and duplications could also
be produced by short interspersed nuclear elements (SINEs) [677]. An unequal crossing-
over between these repetitive sequence elements during HR even introduced a duplication
of 14kb within the LDL receptor gene comprising seven exons [678]. Furthermore, a
proposed mechanism of partial HR resulting in a complex targeting vector duplication has
been described formerly in mammalian cells. Here, the unusual structure might arise from
3’-end invasion of a second targeting vector, which annealed to the 5’-end of an already
integrated vector resulting in partial vector deletion [609].

All these theoretical mechanisms are highly speculative and additionally require HR
between repetitive sequence elements with regard to 3’-end invasions of long homology
arms. The used LDLR TV featured 33 repetitive transposable elements making 5.6kb

(~40%) of intron sequence, which might have been responsible for the observed results.

5.10 Diet-induced atherosclerotic phenotype in F1 generation

animals

Since both LDLR and CX3CRI1 expression levels indicated a heterozygous LDLR, knock-
out at phenotypic level (see section 4.2.7), the nuclear transfer animal #72 was mated
with two sows and a cocos oil feeding study was conducted with eight female pigs of one
offspring. Gene expressions in pig #72 were repeatedly quantified from ear tissue. How-
ever, especially for LDLR expression levels a considerably higher variation was detected
in ear tissues (1.1£0.6) than in whole blood (1.0£0.2) possibly explaining the mislead-
ingly ~0.5-fold decrease in LDLR expression and thus the assumed heterozygous LDLR
knockout (see figures 4.26 and 4.27).

The high-fat diet (chow diet and 250g/d/animal cocos oil) increased total cholesterol of
the eight female German Landrace pigs from an average of 71.446.6 % to 96.1£14.177 (see
figures 4.28 and 4.29). Independent cholesterol measurements of two males at chow diet
revealed almost identical average values as reported for castrated male German Landrace
pigs confirming the correctness of measurement [4, 613]. Here, the determined values of
87.0£5.7% total cholesterol, 54.0£4.2%¢ combined low-density lipoprotein (LDL) and
very low-density lipoprotein (VLDL) cholesterol and 32.5i0.7% high-density lipoprotein
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[ Chow diet | TC [74] [LDL+VLDL [79] [ HDL [27] |
GL,, (n=2) | 87.0£5.7 54.0+4.2 32.5+0.7
GL,* (1=93) | 86.1£13.7 | 53.8£12.0 32.348.1

Table 5.1: Average values of plasma cholesterol with respective standard deviations for
two male German Landrace pigs (GL,,) compared to 93 castrated male German
Landrace pigs (GL;,*) at chow diet in Z4. TC: total cholesterol; LDL+VLDL:
combined LDL and VLDL cholesterol; HDL: HDL cholesterol. Values of GL,,*
adopted from [4].

y GL; (n=8) \ TC 7] \ LDL [%4] \ HDL [74] \ VLDL [%4] \ TG [%4] \
Chow diet 71.4+6.6 | 37.5+6.6 | 26.3+4.6 7.6+2.2 | 39.5+11.1
High-fat diet | 96.14+14.1 | 34.5+7.4 | 54.3+8.1 7.1+1.4 36+6.0

Table 5.2: Average values of plasma cholesterol and triglycerides with respective standard
deviations for eight female German Landrace pigs (GLy) at chow and high-fat
diet in 7. TC: total cholesterol; LDL: LDL cholesterol; HDL: HDL cholesterol;
VLDL: VLDL cholesterol; TG: triglycerides.

(HDL) cholesterol corresponded to the reported values of 86.1413.7%¢, 53.8412.0%7 and
32.34£8.1%4 [4] (see table 5.1).

The established increase in total cholesterol after high-fat diet of the female pigs (Ger-
man Landrace) seemed to exclusively affect the HDL fraction. While average values of
37.5£6.6%7 LDL cholesterol, 7.6£2.2% VLDL cholesterol and 39.5411.1% triglycerides
at chow diet remained constant to 34.5+7.4%7, 7.14+1.4% and 36+6.05 at high-fat diet,
the HDL cholesterol increased from 26.344.677 to 54.348.15# (see table 5.2).

However, male juvenile domestic crossbred pigs [517] and female cloned, genetically-
defined ApoE4 Duroc pigs [5] were shown to also develop highly increased LDL choles-
terol at a hyperlipidemic diet (2% cholesterol and 17% coconut fat). Here, the female
Duroc pigs exhibited baseline values of 82.042.8%¢ total cholesterol, 37.042.8%¢ LDL
cholesterol, 34.0+1.4%¢ HDL cholesterol, 11.0+1.4%# VLDL cholesterol and 52.0+£12.7%
triglycerides, which increased to 470.5£17.7%#, 404.0424.0%, 55.5+4.977, 25.549.274
and 42.045.7%¢ after the high-fat, high-cholesterol (HFHC) diet [5] (see table 5.3).

Based on these HFHC diet-induced cholesterol values, the performed high-fat diet indeed

y D; (n=2) \ TC [7] \ LDL [%4] \HDL [24] \ VLDL [%4] \ TG [24] \
Chow diet | 82.0+2.8 37.0+2.8 | 34.0+1.4 11.0+1.4 | 52.0+12.7
HFHC diet | 470.5+17.7 | 404.04£24.0 | 55.5+4.9 | 25.5+9.2 | 42.0+5.7

Table 5.3: Average values of plasma cholesterol and triglycerides with respective standard
deviations for two female cloned, genetically-defined ApoE4 Duroc pigs (Dy) at
chow and high-fat, high-cholesterol (HFHC) diet in ZZ. TC: total cholesterol;
LDL: LDL cholesterol; HDL: HDL cholesterol; VLDL: VLDL cholesterol; TG:

triglycerides. Values adopted from [5].
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was capable to generate a similar increase in HDL cholesterol (54.348.17# compared to
56+5%7), but failed to dramatically increase the LDL cholesterol (34.5£7.4%7 compared
to 404+247%7) and thus total cholesterol (96.14+14.1%¢ compared to 471418%). Since
both the measured total cholesterol of the female pigs was conform to the dynamic range
of Piccolo Xpress Chemistry Analyser (Abaxis) (20-520%Z) and cholesterol fractions of the
male pigs exactly resembled the reported values [4], the measurement could be assumed
correct. However, continuative examinations should be conducted with a more defined
hyperlipidemic diet as recently specified [5, 517].

Every female pig exhibited an increase in CX3CR1 expression probably indicating in-
flammation during an early atherosclerosis (see figure 4.30). Here, a paired two-sample
t-test at a confidence interval of 95% reached statistical significance (p = 0.026). Addi-
tionally, the expression level of CX3CR1 seemed to directly correlate with the progress of
plaque development. Compared to animal #209, pig #206 revealed both a higher abso-
lute expression and a greater increase in expression and developed more advanced early
atherosclerotic plaques at bifurcations (see figure 4.31). Especially, these sites are sus-
ceptible to atherosclerosis [524, 109] and were also validated in the pig [525, 526, 614],
where atherosclerotic lesions developed in aorta, carotid, femoral and coronary arteries
of a porcine atherosclerosis model for vulnerable plaque [523, 579]. In contrast to the
wild-type pigs #206 and #209, the genetically modified pigs #212 and #213 (see table
4.5) developed no early atherosclerotic plaques indicating no potentiating effect of the
confirmed incorrect LDL receptor gene targeting (see section 4.2.9) on an atherosclerotic
phenotype.

Concluding, these data verified direct correlation between plasma cholesterol levels,
CX3CRI1 expression and coronary artery disease in pigs. Here, transformation of normal

into dysfunctional HDL could have contributed to the atherosclerotic phenotype [84].

5.11 Phenotype of ROSA26-EGFP*/~ nuclear transfer animals

To provide functional evidence of CX3CR1 promoter region-driven reporter gene EGFP
placed at ROSA26 genomic locus, a hypoxia assay was performed (see section 4.3.7). Up-
regulation of CX3CR1 expression was detected in human bone marrow-derived mesenchy-
mal stem cells (MSCs) cultured in 1% Og [626] and also in peripheral blood mononuclear
cells (PBMCs) of coronary artery disease (CAD) patients [320], especially in the monocyte
subpopulation [319]. For this reason, these two cell types featuring ROSA26-EGFP*/~
genotype were used for hypoxia assay. In addition to CX3CR1 porcine adipose tissue-
derived MSC clones, monocytes/macrophages were derived from pig #260 and their spe-
cific isolation from porcine whole blood was verified. Compared to the negative control
kidney fibroblasts (KDNF's) of stillborn piglet #215%, the ROSA26-EGFP1/~ and wild-
type monocytes/macrophages featured 170-fold and 200-fold higher expression of their

cell-surface marker CD14, which was in compliance with ~100-fold expression level above
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5 Discussion

isotype control in flow cytometric analysis [410]. Moreover, their response to hypoxia was
demonstrated by increasing the marker expression up to 310-fold and 320-fold under these
conditions (see figure 4.47).

However, hypoxia-induced upregulation of EGFP could neither be detected in CX3CR1
porcine adipose tissue-derived MSC clones nor in monocytes/macrophages of pig #260,
which were also negative for CX3CR1 upregulation (see figure 4.46). This could be
an effect of species-related differences or cell population divergency. First, the porcine
MSCs were derived from adipose tissue, but hypoxia-induced upregulation of CX3CR1
was reported in human MSCs derived from bone marrow [626]. In contrast to human
bone marrow-derived MSCs, the adipose tissue-derived MSCs revealed an attenuated
osteogenic and adipogenic differentiation under hypoxic conditions [679]. Second, the
isolation of hypoxia susceptible monocytes/macrophages from porcine whole blood was
demonstrably successful, but most likely lack the population responsible for CX3CR1 up-
regulation in CAD patients due to higher rates of CX3CR1 positive monocytes [319]. In
general, human peripheral blood monocytes split into three subsets, a classical (90-95%:
CD14M9" CD16~ CX3CR1"%), intermediate (CD14"9" CD16% CX3CR1"9") and non-
classical population (5-10%: CD14"% CD16"9" CX3CR1"9") [409, 410] evolving gradu-
ally from classical via intermediate into non-classical monocytes [411]. The isolated porcine
monocytes/macrophages indeed featured high expression of CD14 (see figure 4.47) but low
expression of CX3CR1. They exhibited an expression level 30-fold lower than whole blood
and even 4-fold lower than ear tissue (see figure 4.48). These expression data were in line
with the classical monocyte population in human (90-95%) excluding isolation of both the
CX3CRI1 positive (CX3CR1"9") intermediate population and the non-classical population
(9-10%) (reviewed in [409, 410]).

In this work, a significant in vivo upregulation of CX3CR1 was demonstrated in pigs
with diet-induced atherosclerosis (see figure 4.30). Since the used promoter region featured
two hypoxia-response elements (HREs) (see section 4.3.3) and additionally drove cell-
specific porcine expression of the main and analogue human CX3CR1 transcript ”V28”
[375, 376] (see section 4.3.2), it could be regarded as functional. Affirming this assumption,
varying levels of CX3CR1 promoter region-driven EGFP expression could be detected
in different cell types confirming the proposed constitutive and cell-specific activity of
CX3CRI1 promoters [375, 376]. Compared to pKDNF's, isolated monocytes/macrophages
exhibited a 2-fold and pADMSCs a 1.5-fold higher EGFP expression (see figure 4.45).

However, for definite functional evidence of the reporter gene construct CX3CR1-EGFP
placed at ROSA26 locus, a feeding study of pigs featuring ROSA26-EGFP*/~ genotype

is highly recommended.
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CHAPTER 0

Conclusion and Outlook

This work provides fundamental steps for both the generation and the analysis of a porcine
atherosclerosis model of vulnerable plaque. Procedures for genetic modification, genotyp-
ing and phenotyping were established. Gene inactivation of apolipoprotein E (APOE)
and LDL receptor (LDLR) as well as transgene placement of enhanced green fluorescent
protein (EGFP) driven by the porcine fractalkine receptor (CX3CR1) promoter at the
endogenous ROSA26 locus was accomplished in porcine mesenchymal stem cells (MSCs).
Adipose tissue of German Landrace breed emerged as excellent cell source producing
healthy offspring after somatic cell nuclear transfer (SCNT). The cloned pigs featured no
gene knockout of APOE and LDLR, but placement of the reporter cassette CX3CRI1-
EGFP, whose first functional evidence was provided by cell-specific EGFP expression.
Independent of this and for the first time in pigs, a feeding study verified direct correla-
tion between plasma cholesterol levels, CX3CR1 expression and coronary artery disease.
In addition, the genetic background of ApoE4 isoform and CX3CR1 haplotype Io50T2s1
will allow not only for research of atherosclerosis and cardiovascular disease (CVD) but
also for disease- and treatment-related complications. Nevertheless, gene inactivation of
LDLR as well as APOE will enable a more cost-efficient and rapid preclinical validation of
innovative diagnostic and therapeutic technologies for the treatment of human coronary
artery disease (CAD) and bridge the gap between small animal models and human clinical

trials.

In order to make a porcine model for accelerated and human-like atherosclerosis avail-
able, further work needs to be done. ApoE~/~ and LDLR ™/~ pigs have to be generated
and validated by a defined hyperlipidemic diet. For this purpose, the plasma level of
cholesterol fractions and the histology of coronary plaques must be examined. Moreover,
definite validation of the reporter cassette CX3CR1-EGFP requires upregulation of EGFP
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6 Conclusion and Outlook

expression during diet-induced atherosclerosis.
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