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1. ABSTRACT

Xenotransplantation of porcine grafts is a promising option to overcome the shortage of donor
organs in clinical transplantation. Availability of nuclear transfer technologies and modern
gene-editing tools allow fast and efficient inactivation of defined genes and precise
introduction of xenoprotective transgenes into the pig genome to resolve cross-species

incompatibilities and immunological barriers.

The usage of multi-modified pigs has significantly prolonged xenograft survival in
experimental pig-to-nonhuman primate models over the last decade. However, cellular
rejection processes including xenogeneic T cell responses still preclude long-term xenograft
acceptance. Transgenic expression of powerful T cell-regulatory proteins such as CTLA4-Ig and
its high-affinity derivate LEA29Y provide substantial protection against xenoreactive T cells.
Constitutive expression at high levels, however, impairs the immune competence of the donor
pig and may also compromise the health status of the xenograft recipient. Therefore, a novel
'Smart Graft' approach was established to enable dynamic expression of e.g. CTLA4-Ig/LEA29Y
in response to incipient rejection which is characterized by inflammation and tissue injury. A
series of NF-kB-regulated candidate promoters was analyzed for basal promoter levels and
inducibility by human pro-inflammatory cytokines in cultured porcine cells. These were
modified to increase responsiveness to human TNF and IL-1B by adding clusters of SP-1 and/or
NF-kB binding sites or removing regulatory elements. /n vivo inducibility of the most promising
promoters was evaluated based on a murine xenotransplantation model, resulting in an
upregulation by a factor to 1.7 to 9.7 for five out of six promoters tested. To further assess the
principle of dynamic transgene expression in porcine tissues and organs relevant for
xenotransplantation, two gene-targeting vectors were generated for the placement of LEA29Y

and PD-L1 at the porcine ROSA26 locus.

Besides addition of human transgenes, the knockout of endogenous porcine genes is also
essential for improving xenograft acceptance: Antibody-mediated rejection is reduced by
inactivation of GGTA1, CMAH and B4GALNT2, the knockout of ASGR1 reduces hepatic
phagocytosis of human platelets, inactivation of ULBP1 provides protection against NK cells
and the removal of functional SLA class | molecules by knocking out SLA-1, SLA-2, SLA-3 and/or

B2M inhibits activation of xenoreactive cytotoxic T cells. Combining all desired gene knockouts
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in a single animal is a labour and time-consuming challenge. The second part of this work
therefore describes the development of a CRISPR/Cas9-based approach for an efficient fast-

track inactivation of up to seven porcine genes or gene clusters.
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2. KURZFASSUNG

Die Xenotransplantation porziner Zellen, Gewebe und Organe (sog. Xenografts) stellt eine
vielversprechende Strategie dar, Engpdsse an Spendermaterial fiur die klinische
Transplantation zu beseitigen. Die Verfligbarkeit moderner Geneditierungs-Werkzeuge und
etablierter Kerntransfer-Technologien erlaubt es, definierte Gene schnell und effizient zu
inaktivieren und xeno-protektive Transgene prazise in das Schweine-Genom einzubringen, um
immunologische Hirden und weitere Inkompatibilitaten zwischen den Spezies zu

Uberwinden.

Durch die Verwendung multi-modifizierter Schweine als Organquelle konnte innerhalb der
letzten Dekade das Uberleben der Xenotransplantate in experimentellen Versuchen mit nicht-
humanen Primaten signifikant verlangert werden. Allerdings verhindern zelluldre
AbstofRungsprozesse, zu denen auch xenogene T-Zell-Antworten gehoren, die langfristige
Akzeptanz des Xenografts. Einen umfangreichen Schutz gegen xeno-reaktive T-Zellen bietet
die transgene Expression starker T-Zell-regulatorischer Proteine wie CTLA4-lg und dessen
hochaffines Derivat LEA29Y. Jedoch kann deren dauerhafte Expression auf hohem Niveau die
Immunkompetenz des Spendertiers massiv beeintrachtigen und sich zudem negativ auf die
Gesundheit des Xenograft-Empfangers auswirken. Aus diesem Grund wurde als Teil dieser
Arbeit der neuartige "Smart Graft"-Ansatz etabliert, der die dynamische Expression von
beispielsweise CTLA4-Ig/LEA29Y als Reaktion auf eine beginnende AbstoRung erlaubt, die
wiederum durch Entziindung und Gewebeschadigung gekennzeichnet ist. Es wurde eine Reihe
von NF-kB-regulierten Promoter-Kandidaten hinsichtlich ihrer Grundaktivitat und
Induzierbarkeit durch humane pro-inflammatorische Zytokine in kultivierten porzinen Zellen
analysiert. AnschlieRend wurden sie durch das Einfligen verschiedener Cluster von SP-1- und
NK-kB-Bindestellen oder durch die Entfernung regulatorischer Elemente weiter modifiziert.
Die in-vivo-Induzierbarkeit der vielversprechendsten Promotoren wurde dann in einem
murinen Xenotransplantations-Modell evaluiert, wodurch bei fliinf der sechs getesteten
Promotoren eine Hochregulation um den Faktor 1.7 bis 9.7 nachgewiesen werden konnte. Um
das Prinzip der Zytokin-abhangigen Transgen-Expression zukinftig in porzinen Geweben und

Organen untersuchen zu koénnen, wurden abschlieBend zwei Gen-Targeting-Vektoren
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generiert, welche die Platzierung von LEA29Y und PD-L1 an den porzinen ROSA26-Lokus

ermoglichen.

Neben der Integration zusatzlicher Transgene ist auch der Knockout bestimmter Gene
essenziell fur die Verbesserung der Akzeptanz des Xenografts: Durch die Inaktivierung von
GGTA1, CMAH und B4GALNT2 wird die Antikorper-vermittelte AbstoBung gemindert, ein
ASGR1-Knockout reduziert hepatische Phagozytose humaner Thrombozyten und die
Inaktivierung von ULBP1 bietet Schutz vor NK-Zellen. Zudem hemmt die Entfernung
funktioneller SLA-Klasse-I-Proteinkomplexe durch das Ausschalten von SLA-1, SLA-2, SLA-3
bzw. B2M die Aktivierung zytotoxischer xeno-reaktiver T-Zellen. Die Kombination aller
gewlinschter Genknockouts in einem einzigen Tier stellt allerdings eine arbeits- und
zeitintensive Herausforderung dar. Daher wird im zweiten Teil dieser Arbeit die Entwicklung
eines auf CRISPR/Cas9 basierenden Ansatzes beschrieben, der die simultane Inaktivierung von

bis zu sieben porzinen Genen bzw. Gen-Clustern ermdoglicht.
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4. INTRODUCTION

4.1 The organ shortage crisis

Organ transplantation is often the only treatment option for patients suffering from severe
organ dysfunction and failure. However, the number of available donor organs has far
exceeded the number of required grafts for years (see Figure 1)[1]. More than 7,500 patients
were waiting for a kidney graft in Germany by the end of 2018, while only 2,309 persons
received kidney transplantation in the same year [2]. In the same period, there was a demand
for 719 donor hearts, but only 44% received the life-preserving organ [2]. As a result, 13% of
patients either died or became unfit for transplantation while waiting for a graft in 2018

emphasizing the great need for donor organ [1, 2].

14.000
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10.000 1T —~——
8.000
6.000
4.000
2.000
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%ng, '»Q@ »QQ ’90 '9\’% w&v f»&% m°\’(o ’90 ’»QN%

= patients waiting organs transplanted (deceased donor)

Figure 1 — Number of patients on the waiting list and of organs transplanted at year-end (Germany, 2009-2018)
There is a huge discrepancy between patients waiting for a donor organ and organs transplanted. Data obtained
from Eurotransplant International Foundation, Yearly Statistics Overview 2009-2018 [1].

The reasons for shortage of donor organs, not only in Germany but also worldwide, are
diverse. Besides medical contraindications such as multi-organ failure and infectious diseases
of the deceased patient, a large number of potential donors omitted to indicate their
willingness to donate their organs after death. Moreover, the high refusal rate when next of
kin is asked about donation further reduces the amount of available grafts for transplantation

[3-8]. Improving public awareness and general knowledge of organ donation to reduce
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reservations about the topic may indeed mitigate the imbalance between organ demand and
supply to a certain extent [9-11]. However, searching for alternatives to classical organ
transplantation may be inevitable in the medium to long term as increasing the pool of donors

may still be insufficient to meet the demand.

4.2 Alternatives to human organ transplantation

There are several approaches to reduce dependency on human donor organs: among others,
support by mechanical assist systems, the advent of bioengineered grafts and the usage of

humanized organs of animal origin.

Mechanical devices designed to substitute certain organ functions have been in use for
decades. A well-known example of extracorporeal support is the dialysis treatment of patients
with impaired kidney function, which has been used regularly since the 1960s [12]. Despite
the steady technological progress, the expected remaining lifetime of a dialysis patient aged
20-44 is about 18 years shorter than of a renal transplant recipient of the same age [13]. Long-
term dialysis treatment also means an enormous reduction in the quality of life. For these
reasons, kidney transplantation is preferable to permanent dialysis. Also, implantable
mechanical devices to support or entirely replace native heart function have been widely
used. According to the International Society for Heart and Lung Transplantation, 36% of
patients receiving heart transplantations were bridged with cardiac assist devices between
2006 and 2013 [14]. However, all currently available devices have significant limitations in
long-term therapy. Infections caused by percutaneous drivelines represent one of the leading
causes of mortality in this context. Another severe problem is blood clot formation at the
blood-device interface, leading to pump thrombi and thromboembolisms [15-17]. Further
technological development is needed to satisfactorily replace human heart transplantation by

implantable cardiac support systems.

Tissue Engineering is a further approach to regenerate or completely replace functionally
impaired tissues and organs. This technology typically uses combinations of scaffold structures
with biochemical molecules and specific cells, e.g. stem cells, autologous or allogenic cells, to
artificially generate tissues and organs under laboratory conditions [18, 19]. One way of organ

bioengineering is using scaffolds obtained by whole organ decellularization for subsequent re-
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cultivation with the desired cell type. A major advantage of this method is the minimized
immunogenicity of the graft when patient's own cells are used for recellularization.
Nevertheless, donor organs are still needed for scaffold preparation. This disadvantage may
be avoided by 3-dimentional (3D) bioprinting of the organ itself: precise layer-by-layer
positioning of biological material, including liquefied extracellular-matrix-like components,
growth factors and living cells, allows fabrication of 3D tissue structures, even with
heterogeneous cell populations [19-23]. But there still is a long way to go until large-scale
fabrication and transplantation of engineered solid organs becomes reality. A lot of issues
must be addressed for future research, e.g. choosing the perfect composition of biomaterials
and cell types, establishing perfusable vascular networks to ensure constant blood supply and

enable functional innervation of the engineered organ [19, 20, 24].

Despite all efforts, it is reasonable to assume that neither mechanical devices nor bio-artificial
grafts will mimic the entire functional spectrum of a solid organ. Another alternative to human
donor organs is therefore using grafts of animal origin. This cross-species transplantation of
organs, tissues or cells is referred to as xenotransplantation. The prospect of an unlimited
source of fully functional 'donor' organs, which can be accessed whenever required, makes
the concept of xenotransplantation so attractive. The chances, obstacles and the current state

of xenotransplantation research is subject of the following chapters.

4.3 Xenotransplantation

4.3.1 The early days of cross-species transplantation

The idea of xenotransplantation is not a modern concept. Already several hundred years ago,
efforts were made to cure patients suffering from certain diseases by transplantation of
animal material. Early documentations of xenogeneic tissue transplantation date from the
beginning of the 16" century, when a bone from a dog was used to replace a sick bone
fragment of a human skull [25]. In the course of the 19t century, numerous experiments have
been made with skin transplantations of diverse donor species, including sheep, dogs, cats,
chicken and frogs [26]. However, none of these treatments resulted in permanent skin-
engraftment [27]. Clinical attempts to transplant whole organs of animal origin came up

during the 20% century. While initial efforts with pig, goat and lamb kidneys led to the death



4 Introduction

of the recipient within a few days after transplantation, patient survivals of 98 and 270 days
were achieved in the 1960s by using baboons and chimpanzees as kidney sources [28-30].
Other experiments with cardiac and liver transplants have also shown the biggest success

when grafts from chimpanzees and baboons were used [28].

4.3.2 The pig as organ donor

Despite their phylogenetic proximity to humans and the associated reduced rejection
reactions, the use of primates as donor has meanwhile been abandoned. Instead, the
domestic pig (Sus scrofa domesticus) has become the focus of modern xenotransplantation
research. It is similar to human in organ size and anatomy and can be kept under specific-
pathogen-free (SPF) conditions at acceptable costs. In contrast to nonhuman primates (NHPs),
the pig has ideal breeding characteristics because of its early sexual maturity, short gestation
period and large litter size [27, 31]. Additionally, the risk of transmitting zoonoses from pigs
to humans is estimated to be considerably lower than from apes or monkeys, even though
some porcine pathogens might be relevant in pig-to-human xenotransplantation (see section
4.3.3.1) [27, 32, 33]. Nevertheless, immunosuppressive treatment alone is not sufficient to
completely inhibit xenogeneic rejection processes due to the evolutionary distance between
swine and human. However, the availability of well-established genetic engineering and
cloning methods (see chapter 4.4) now allows to gradually reduce immunological and
physiological barriers of pig-to-human transplantation (see chapter 4.3.3.2) and thereby

improving xenograft compatibility.

4.3.3 Overcoming the obstacles to xenotransplantation

4.3.3.1 Microbiological safety of porcine grafts

The risk of pathogen transmission causing infection of the immunosuppressed recipient is
already known from allotransplantation. Zoonoses are an additional risk potentially relevant
for xenotransplantation. The ability to screen donor animals at regular intervals for potential
pathogens, including bacteria, viruses and fungi, is a great advantage of xenotransplantation.

Moreover, most infectious agents found in pigs to be used may be excluded from the herd
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using SPF breeding methods. The potential donor pigs can be additionally treated with
vaccines, antibiotics and chemotherapeutics to obtain animals free of transmittable
pathogens [32]. Nevertheless, certain microorganisms are thought to pose a special risk for
xenograft safety, including hepatitis E virus (HEV), porcine cytomegalovirus (PCMV) and

porcine endogenous retroviruses (PERVs) [34-38].

HEV-E infection in humans typically causes self-limiting acute hepatitis but can develop to
chronic hepatitis in immunocompromised patients including transplant recipients [39-41].
Swine HEV is very common in pig herds and was reported to cross the species barrier by direct
animal contact or consumption of contaminated pork products, causing a zoonotic disease in
rare cases [39, 42-44]. Within the herd, HEV is assumed to be transmitted via the faecal-oral
route [45]. There are also indications that HEV can be transferred transplacentally from the
sow to its unborn piglets [32, 46]. For this reason, special husbandry or caesarean delivery
may not prevent vertical HEV transmission to the next generation. Proposals to eliminate the
risk of zoonotic HEV infections after xenotransplantation are therefore vaccination of the

donor animals or the treatment with anti-retroviral drugs [47].

Another pathogen that might be of concern in pig-to-human xenotransplantation is PCMV.
This virus is highly prevalent throughout the world, causes lifelong latent infections and has
the potential to infect human cells in vitro [32, 48, 49]. It is the first virus with proven
pathogenicity in preclinical xenotransplantation experiments as significantly reduced survival
times have been repeatedly observed after transplantation of PCMV-positive porcine grafts
into NHPs [37, 50, 51]. Since PCMV is mainly transmitted by exposure to nasal secretion and
urine of latently-infected animals, caesarean section or early weaning of the piglets with

subsequent SPF breeding allows easy eradication of the virus from the herd [32, 49, 52]

Unlike exogenous pathogens, PERVs are an integral component of the porcine genome and
can thus not be removed by medical treatment and special breeding methods. For this reason,
they pose a special challenge in xenotransplantation research. There are three PERV subtypes
differing in the structure of their envelope proteins [53]. PERV-A and -B are present in all pig
strains at different copy numbers and were shown to infect human cells in vitro, whereas
PERV-Cis restricted to porcine cells [31, 53-56]. However, recombination between PERV-C and
the env gene of PERV-A results in PERV-A/C variants that have a much higher capability to

infect human cells compared to the parental PERV-A [54]. In vivo transmission of PERVs by
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xenotransplantation has not been observed so far, neither in first clinical trials involving more
than 200 patients nor in numerous pig-to-NHP studies [31, 38, 57]. Nevertheless, the risk of
inducing tumors by insertional mutagenesis and immunodeficiencies, as it is already known
from other retroviruses, cannot be completely excluded [58]. It is therefore advisable to select
the potential donor animals for a low number of PERV-A and -B copies and low expression
rates to minimize the probability of PERV transmission to the xenograft recipient. As PERV-C
is present in many but not in all pigs, pigs not carrying PERV-C proviruses in the genome should
be considered for xenotransplantation to prevent recombination to the highly infectious
PERV-A/C variant [32]. Genetic manipulation of the donor is another chance to lower the risk
of PERV transmission. Pigs transgenic for small interfering RNA (siRNA) molecules have been
generated that specifically knock down expression of PERV proviruses [59-61]. The genome-
wide knockout of all PERV loci, however, is considered as a major challenge due to the high
number of copies in the genome. Nonetheless, Luhan Yang and colleagues successfully
disrupted all of the 62 PERV copies in a porcine kidney cell line using the CRISPR/Cas9
technology (see section 4.4.1) [62]. Two years later, the same group published the generation
of viable piglets with inactivation of all 25 PERV copies [63]. Since feasibility was
demonstrated, the CRISPR/Cas9-mediated knockout represents a very promising way to

reduce the risk of PERV transmission.

4.3.3.2 Xenograft rejection by immunological and physiological incompatibilities

The genetical distance between man and swine entails immunological and physiological
incompatibilities. Xenotransplantation of porcine wildtype organs therefore leads to diverse
rejection processes in the human recipient that have been intensively studied in preclinical
pig-to-NHP experiments. Xenograft rejection is mainly divided in antibody-mediated rejection
mechanisms, including hyperacute (HAR) and acute vascular xenograft rejection (AVXR), and
immune cell-mediated rejection processes. The following chapters will describe the different

molecular causes of xenograft rejection and present strategies to overcome them.
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4.3.3.2.1 Hyperacute rejection (HAR)

HAR arises within minutes to hours after pig-to-NHP transplantation and leads to the early
loss of the wildtype graft. Reason for the rapid immune response is binding of preformed,
natural antibodies to xenogeneic epitopes at the porcine vessel endothelium inducing
complement activation via the classical pathway [64, 65]. Subsequent complement-
dependent inflammation, interstitial haemorrhage and endothelial necrosis cause serious
injury to the porcine organ. Vascular thromboses and edema within the graft are further

characteristics of HAR [66-68].

The most investigated antigen involved in HAR is the Gala1-3GalPB1-(3)4GIcNAc-R epitope (see
Figure 2), called aGal in the following [69]. This carbohydrate residue is present at the surface
of porcine and other mammalian cells and was also found on different bacteria [70-73].
Humans, apes and Old World monkeys, in contrast, do not express aGal due to inactivation of
the gene encoding al,3-galactosyltransferase 1 (gene name: GGTA1) during evolution [70,
74]. This enzyme catalyses the transfer of UDP-galactose to N-acetyllactosamine and is
therefore required for aGal synthesis [70]. Humans possess a natural titer of anti-aGal
immunoglobulins as a probable result of aGal expressing bacteria in the human intestinal
flora, triggering HAR of porcine grafts after xenotransplantation [73, 75]. A major advance in
overcoming this immunological obstacle was the development of GGTAI-deficient animals in
2002 [76-78]. It was shown that GGTA1-knockout grafts were protected from HAR after pig-

to-baboon xenotransplantation [79, 80].

Apart from removing aGal epitopes to prevent HAR, expression of (human) complement
regulatory proteins is a supplemental strategy to minimize complement activation by immune
complexes. Several groups have already demonstrated the increased protection of porcine

grafts expressing CD46, CD55 and/or CD59 against HAR in NHPs [81-85].

4.3.3.2.2 Acute vascular xenograft rejection (AVXR)

After overcoming HAR, AVXR is the next challenging hurdle. It develops within several days to
weeks after xenotransplantation and is characterized by activation of donor endothelial cells
(ECs), induction of complement and coagulation systems and leads to inflammation,

apoptosis, platelet aggregation and thrombosis in the porcine graft [86-89]. Infiltration of
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monocytes, natural killer (NK) cells and neutrophils is also observed [90]. AVXR involves a
variety of mechanisms that are incompletely understood, but xenoreactive antibodies play an

initiating role [91].

So called non-Gal antigens have drawn more attention since aGal epitopes can be removed
by inactivating porcine GGTAL1 (see section 4.3.3.2.1). The majority of preformed anti-non-Gal-
antibodies in human sera recognizes CMP-N-glycolylneuraminic acid (Neu5Gc, see Figure 2), a
sialic acid epitope on epithelial surfaces of pigs, NHPs and other mammals [92-95]. It derives
from CMP-N-acetylneuraminic acid (Neu5Ac) hydroxylated by the enzyme CMP-N-
acetylneuraminic acid hydroxylase (CMAH), which is defective in humans [96]. The first
GGTA1/CMAH-double knockout pigs were published in 2013. Immune recognition studies
showed that inactivating both GGTA1 and CMAH reduces the xenoantigenicity of porcine cells,
further than the knockout of GGTA1 alone [97].

Another group of xenorelevant non-Gal-antigens is produced by the enzyme 1,4 N-acetyl-
galactosaminyl transferase 2 (B4GALNT?2). It catalyses the transfer of N-acetylgalactosamine
(GalNAc) to a sialic acid modified lactosamine and is known to synthesize the Sda blood group
antigen in humans and mice [98]. Also, porcine BAGALNT2 seems to generate different Sda-
bearing epitopes, even though the structure of these molecules has not been clarified yet in
pigs [99]. The majority of human sera tested by Estrada et al. was found to contain
immunoglobulins that specifically bind antigens synthetized by porcine BAGALNT2. In vitro
studies with PBMCs and erythrocytes from GGTA1/CMAH/B4GALNT2-deficient pigs revealed
significantly reduced binding of human serum antibodies compared to cells lacking both
GGTA1 and CMAH gene function [100]. Further investigations showed that some, but not all,
of the organs of those triple-knockout animals exhibited reduced xenoantigenicity compared
to wildtype pigs [101]. These findings indicate that, at least in some organs, there may be
further immunoreactive xenoantigens in addition to aGal, Neu5Gc and Sda participating in

antibody-mediated rejection.

It is known from allotransplantation that antibodies against human major histocompatibility
complex (MHC) molecules, induced by previous pregnancies, blood transfusions or
transplantations, dramatically increase the risk of graft rejection [102]. The highly polymorphic
MHC class | molecules are encoded by multiple genes, each having many alleles, and are

expressed on the cell surfaces of most types of nucleated mammalian cells. Primary role of
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these proteins is the presentation intracellular antigens to cytotoxic CD8* T lymphocytes and
regulation of NK cell activity [103-105]. Human serum antibodies against human MHC class |
proteins, termed human leukocyte antigen (HLA), were shown to cross-react with the porcine
variant, called swine leukocyte antigen (SLA) [106]. This observation suggests the relevance to
inactivate SLA class | proteins for improved xenograft survival. Functional porcine class |
molecules are composed of a heavy a-chain (encoded by SLA-1, SLA-2 and SLA-3) with highly
variable domains, a light B-chain termed beta-2-microglobulin (B2M) and short peptides (see
Figure 2) [107-109]. Pigs lacking functional SLA class | molecules on cell surface have been
generated by knocking out either SLA-1, SLA-2 and SLA-3 or B2M [108, 109]. Recently, our
group has succeeded in engineering animals neither expressing functional SLA class |
molecules nor the carbohydrate xenoantigens aGal, Neu5Gc and Sda. [110]. Cells from these
GGTA1/CMAH/B4AGALNT2/B2M four-fold knockout pigs showed the strongest reduction of
human IgG and IgM binding in an artificial microvessel perfusion setup when compared to
CMAH single and GGTA1/CMAH double-knockout cells. It is likely that new antigens will be
discovered with every further knockout performed. Future research will show whether these

will be relevant for successful xenotransplantation.

porcine cell

aGal Neu5Gc Sda SLA-I|
e v T

R R
o BIM O aal
() GalNAc
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. 0 Neu5Gc
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O NeuNAc

Figure 2 — Known xenorelevant antigens

The carbohydrate epitopes aGal, Neu5Gc and Sda, synthesized by GGTA1, CMAH and B4GALNT2, and SLA class |
molecules, composed of a heavy a-chain and a light B-chain (B2M), contribute to the xenoantigenicity of porcine
grafts.

oaGal: Gala1-3GalB1-(3)4GIcNAc-R; Neu5Gc: N-glycolylneuraminic acid; Sda: 'Sda antigen'; SLA-I: swine leukocyte
antigen class I; Gal: galactose; GIcNAc: N-acetyl-D-glucosamine; NeuNAc: N-acetylneuraminic acid.



10 Introduction

Removing xenogeneic surface molecules alone will not completely prevent AVXR. Coagulation
dysfunctions, mainly caused by activation of the donor vascular endothelium and molecular
incompatibilities in porcine and human coagulation factors, are still a major obstacle in pig-to-
NHP transplantation. Endothelial activation includes exposition of tissue factor (TF), a key
initiator of the clotting cascade, and internalisation of thrombomodulin (TM), an anti-
coagulative surface receptor that blocks the procoagulant activities of thrombin [111, 112].
Coagulation is further promoted by the inability of porcine TM to effectively bind human
thrombin, thereby impeding protein-C dependent inhibition of blood clotting [113, 114]. It
was shown that expression of human TM on porcine aortic endothelial cells (AECs) helps to
delay the coagulation process in vitro [115]. Beneficial effects of human TM expression on
xenograft survival have also been suggested by Iwase et al. who used GGTA1-deficient
hCD46/hTM transgenic hearts in heterotopic pig-to-baboon cardiac transplantation [116].
Introducing the human gene for tissue factor pathway inhibitor (TFPI), the principal inhibitor
of the extrinsic coagulation pathway, into the donor's genome is another strategy to combat
clotting dysregulation as porcine TFPI was discussed to be unable to neutralize the human
coagulation factor Xa [117-119]. Significant reduction of human platelet aggregation was
achieved when human TFPI was expressed on porcine AECs [120]. CD39 is another critical
thrombo-regulatory protein that rapidly loses its activity during EC activation [121, 122]. It
inhibits platelet aggregation by converting prothrombic adenine nucleotides that are released
at the site of cellular injury [123-125]. The potential value of human CD39 expression to
regulate coagulation disorders was supported in transgenic mouse studies. Cardiac allografts
expressing human CD39 were significantly protected from thrombosis and revealed prolonged
survival in a murine model of vascular rejection [126]. Moreover, human CD39 expression on
murine islets was shown to prevent clotting of human blood in vitro [127]. Another strategy
to reduce the risk of thrombosis and also to regulate inflammatory processes after
xenotransplantation is the introduction of the human endothelial protein C receptor (EPCR)
gene into the donor's genome. EPCR promotes protein C activation, which is strongly
anticoagulative, by the TM-thrombin complex (see Figure 3) and induces a response in ECs
that decreases synthesis of pro-inflammatory cytokines [128, 129]. Reduced platelet
activation by human EPCR expression was shown in vitro in porcine AECs as well as in a
xenogenic perfusion model, where porcine lungs transgenic for human EPCR also exhibited

extended survival [120, 130].
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Figure 3 — The coagulation cascade in primates

Exposition of TF to the circulation initiates the coagulation cascade via the extrinsic pathway. Once activated, TF
binds to factor Vlla (FVIla). The TF/FVIla complex induces activation of FX that binds to FVa, forming the FXa/FVa
complex and converting prothrombin to thrombin. Fibrinogen is then cleaved by thrombin into fibrin monomers,
which are cross-linked in presence of FXllla to form an insoluble clot. The intrinsic coagulation pathway is initiated
by the exposed subendothelial matrix activating FXIl. FXI and FIX are subsequently activated. The IXa/Vllla
complex then activates FX. Clot formation is regulated by several anticoagulant mechanisms. E.g. (A) TFPI inhibits
Xa after binding and forms the TFPI/Xa complex, which neutralizes TF/Vlla. (B) TM binds thrombin and inhibits
formation of fibrin. It also acts as a cofactor in the (C) thrombin-induced activation of PC, which is enhanced by
EPCR. The aPC/PS complex inactivates FVllla and FVa by proteolysis.

TF: tissue factor; TFPI: tissue factor pathway inhibitor; TM: thrombomodulin; PC: protein C; EPCR: endothelial
protein C receptor; PS: protein S (adapted from [131] and [132]).

A major challenge, especially in pig liver xenotransplantation, is the loss of platelets causing
thrombocytopenia [133]. Inactivation of the asialoglycoprotein receptor (ASGR), a hetero-
oligomeric transmembrane protein consisting of ASGR1 and ASGR2 subunits, might offer a
solution to this problem [134]. Molecular differences in glycosylation of human and porcine
platelets are assumed to cause ASGR-mediated phagocytosis of human thrombocytes by
porcine Kupffer cells and liver sinusoidal endothelial cells (LSECs) [135-137]. Pig livers deficient
in the ASGR1 protein exhibited decreased sequestration of human thrombocytes than

wildtype organs in ex vivo perfusion experiments [138].
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Transgenic expression of human proteins with anti-inflammatory and anti-apoptotic
properties, like TNFa-induced protein 3 (also called A20) and heme oxigenase 1 (HO-1), can
help to maintain integrity of the donor endothelium and prevent EC activation. A20 is an
ubiquitin-editing enzyme that modulates pro-inflammatory cytokine responses, such as tumor
necrosis factor (TNF) and interleukin (IL)-1pB, through inhibition of nuclear factor-kB (NF-kB)
activation (see section 4.3.4.2) [139]. The cytoprotective character of HO-1 arises from both
the catabolization of free heme, an inflammatory molecule capable of inducing apoptosis at
patho-physiological concentrations, and the downstream functions of its degradation
products biliverdin, Fe?* and carbon monoxide (CO) [140-143]. The latter scavenges reactive
oxygen species and prevents apoptosis resulting from cellular stress during inflammation
processes [144]. Human A20 and HO-1 were each shown to protect porcine AECs from TNF-
mediated cell death, whereas human HO-1 also reduced IFNy-induced MHC class Il expression

and prolonged kidney survival in ex vivo perfusion experiments [145-147].

Numerous genetic modifications have the potential to control AVXR at many different levels.
Combination of multiple gene knockouts and transgenes will help to surmount short- to
midterm xenograft rejection. Recently, several breakthroughs have been made in pig-to-NHP
transplantation. Lingin et al. achieved function of life-supporting cardiac xenografts (GGTA1”
/hCD46/hTM) up to 195 days. Xenografted kidneys (GGTA17-/hCD55) have even been working
for up to 499 days as reported by Kim et al. [148, 149]. Xenograft survival resulted not only
from the genetic modifications and technical refinements of the transplantation procedure
but also from the extensive use of immunosuppressive drugs mainly blocking immune cell
responses. The latter is necessary as cellular components of the immune system destroy the

porcine graft during a process called cellular xenograft rejection (CXR).

4.3.3.2.3 Cellular xenograft rejection (CXR)

Although cellular responses are one of the most common types of rejection in
allotransplantation, CXR has not been characterized in xenografts in detail. In contrast to HAR
and AVXR that are mainly relevant to whole organ xenotransplantation, CXR is relevant for
both, solid organs and cellular grafts. However, it often accompanies AVXR in solid organ
transplantation and involves both, cells of the innate and the adaptive immune system [150,

151]. Among other cells, NK cells, macrophages and T lymphocytes were associated with tissue
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destruction [150]. Even though cellular rejection can be prevented by potent pharmacological
immunosuppressants, it is desirable to minimize the causes of CXR, which will be discussed

below [148, 149, 152, 153].

NK cells activity is triggered by an imbalance of activating and inhibitory signalling, mediated
by various NK cell receptors and their ligands on potential target cells (see Figure 4), and finally
results in degranulation of lytic molecules and secretion of cytokines (e.g. TNF and IFNy). [154,
155]. The interaction between xenoreactive IgG-antibodies bound to porcine cells and the NK
cell's FcyRIIIA (CD16a) receptor induces antibody-dependent cell-mediated cytotoxicity
(ADCC) [156, 157]. Xenografts from multiple-knockout animals lacking the major xenoantigens
(see section 4.3.3.2.2) may significantly curtail ADCC by human NK cells but will not prevent
direct NK cell-mediated cellular lysis. SLA class | molecules cannot efficiently deliver inhibitory
stimuli to human NK cells, making porcine xenografts highly prone for NK cell-mediated
cytotoxicity [158]. Equipping porcine cells with human MHC class | molecules is a promising
strategy to mimic human self-signals. Transgenic expression of HLA-E, a non-classical HLA class
I molecule with only two functional variants, provided partial protection of porcine ECs from
xenoreactive human NK cells in vitro [159, 160]). In ex vivo xenoperfusion experiments, HLA-
E expression was also associated with a reduction of NK cell responses [161-163]. An
important activating receptor of human NK cells is NK cell receptor D (NKG2D) that can be
triggered by porcine UL16-binding protein 1 (ULBP1) present on the surface of ECs. Lilienfeld
et al. have demonstrated that xenogeneic cytotoxicity can be inhibited by anti-porcine ULBP1
antibodies [164]. In vitro data suggest that the knockout of porcine ULBP1 might reduce
human NK cell-dependent lysis [165, 166].

Macrophages play a major role in the rejection of cellular xenografts mainly by amplifying T
cell responses through cytokine release (e.g. IL-12). They are also involved in vascularized graft
rejection, where they participate in CXR as well as in HAR and AVXR and can act in total
absence of T cell activity [131, 167-170]. Interaction between porcine endothelial antigens and
receptors on the surface of macrophages causes direct toxicity, which is mediated by the
release of pro-inflammatory cytokines like TNF, IL-1 and IL-6 [171-175]. Macrophages can also
eliminate antibody-coated target cells through phagocytosis (see Figure 4) [176]. Besides the
variety of activating pathways, cross-species incompatibility between porcine CD47, a 'marker

of self', and the inhibitory receptor SIRPa may contribute to macrophage responses in pig-to-
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NHP xenotransplantation [177, 178]. In vitro studies demonstrated that expression of human
CD47 in porcine cells dramatically reduces susceptibility to phagocytosis by human
macrophages [177]. The protective effect of hCD47 expression in vivo was further reported by

Tena et al. in a small animal model [179].

NK celll macrophage
inhibitory
receptor Galectin-3 ‘
antibody antibody —j
antigen SLA antigen — M aGal
xenogeneic xenogeneic
porcine cell porcine cell

dead dead
xenogeneic cell xenogeneic cell

[dlrect Iymsj [phagocytomsj %C. é phagocytosis

Figure 4 — Cellular rejection mediated by NK cells and macrophages

Left: Xenoreactive antibodies bound to porcine surface epitopes are recognized by the NK cell's FcyRIIIA receptor
which induces antibody-dependent cell-mediated cytotoxicity (ADCC). Direct lysis of xenogeneic porcine cells by
NK cells is initiated by an imbalance of activating and inhibitory signals. SLA class | molecules are unable to
transmit inhibitory signals to human NK cells, while interaction between porcine ULBP1 and human NKG2D
stimulates human NK cell activation. Right: Macrophages can be activated by antibodies bound to porcine
antigens via FcyR receptors. They are also activated by interaction of porcine aGal epitopes with Galectin 3.
Cross-species incompatibility between porcine CD47 and the human inhibitory receptor SIRPa makes porcine
cells prone to phagocytosis by human macrophages.

FcyRINIA: low affinity immunoglobulin y Fc region receptor IlI-A; ULBP1: UL16-binding protein 1; NKG2D: natural
killer group 2D; SIRPa: tyrosine-protein phosphatase non-receptor type substrate 1 (adapted from [131]).

The importance of T cells in xenotransplantation of solid organs has not been finally clarified.
However, T cell-mediated rejection is the major cause of porcine islet loss [180, 181]. T
lymphocytes damage the xenograft by direct killing activity of the CD8+ subpopulation, the

production of cytokines that prime the innate immune system and their ability to provide help
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for B cells to produce xenoreactive antibodies [65]. T cell response to porcine antigens can be
initiated by direct and indirect xenoantigen recognition [182, 183]. The indirect pathway,
where donor-derived peptides are presented by recipient MHC class Il molecules, is stronger
than its allogeneic counterpart, while the direct response seems to be weaker in xeno- than
in allotransplantation [182-184]. The latter involves the direct recognition of SLA class | and
class Il molecules of porcine antigen presenting cells (APCs) by recipient (NHP or human) T cell
receptors (TCRs) [185]. While conventional donor APCs, e.g. dentritic cells (DCs), are transient
components of the graft, porcine ECs are permanently present in (vascularized) graft and pose
a risk of enduring T cell stimulation (see Figure 5). The removal of SLA class | molecules (see
section 4.3.3.2.2) and the reduction of SLA class Il proteins in the donor animal by expressing
a dominant-negative class Il transactivator (mutClITA) gene are promising approaches to
attenuate direct human T cell activation [186]. Besides the interaction of MHC-peptide-
complex and TCR, an appropriate cytokine environment as well as the binding between co-
stimulatory molecules at the T lymphocyte (e.g. CD154, CD28) and the corresponding surface
proteins at APCs (e.g. CD40, CD80/86) are required to induce antigen-specific T cell
proliferation [187, 188]. Costimulation via the CD28-CD80/86 pathway can be inhibited by
CTLA4-Ig, a potent immunosuppressive fusion protein consisting of the extracellular domain
of cytotoxic T-lymphocyte antigen 4 (CTLA4) and the Fc region of IgG [189]. The same co-
stimulatory pathway is inhibited by LEA29Y, a CTLA4-Ig variant exhibiting 10-fold enhanced
affinity in vitro [190, 191]. Both molecules compete with CD28 for binding to CD80/86 (B7)
molecules on APCs and are already used in clinical post-allotransplant therapy [189, 190, 192,
193]. Transgenic expression of CTLA4-lg or LEA29Y is suggested to attenuate xenograft
rejection, but pigs that ubiquitously overexpress these proteins are highly susceptible to
infection [194, 195]. Tissue-specific transgene expression is one strategy to protect the graft
from xenogeneic T cell responses while avoiding undesirable immunodeficiency in the donor

pig [196-199].
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Figure 5 — Attenuating stimulatory signals for T cell activation

Porcine ECs of a wildtype xenograft can act as permanent stimulators of the human T cell response. They express
type | and type Il SLA molecules for antigen presentation via TCR. CD80/86 molecules constitutively expressed
on porcine ECs interact with CD28 to provide a second signal for T cell activation. Binding of PD-L1 to PD-1,
however, produces a suppressive stimulus to the T cell. Knocking out SLA-1, SLA-2 and SLA-3 or B2M eliminates
functional SLA type | molecules from the donor cell. The expression of mutCIITA downregulates the production
of SLA type Il proteins. Costimulation by CD80/86 can be blocked by expressing CTLA4-Ig or LEA29Y. The inhibitory
effect of endogenous PD-L1 can be amplified by overexpressing the human pendant.

In addition to costimulation blockade, the enhancement of inhibitory receptor-ligand
interactions may help to overcome T cell-mediated rejection. Binding of programmed death 1
ligand 1 (PD-L1) to its receptor programmed cell death protein 1 (PD-1) on activated T cells
initiates a negative signalling that modulates the balance between T cell activation and (self-)
tolerance induction [200, 201]. Several studies indicate a protective effect of transgenic
human PD-L1 expression. APCs derived from human PD-L1 transgenic pigs exhibited a reduced
capacity to simulate activation and proliferation of human T cells in vitro. [202, 203].
Furthermore, fibroblasts expressing human PD-L1 were partially protected from lysis by
human cytotoxic effector cells [203]. Overexpression of human PD-L1 on pig cells was also
shown to stimulate the expansion of regulatory T cells (Treg), which play a role in the induction

and maintenance of allograft tolerance [202, 204].
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4.3.4 Immune modulation by cytokines

Cytokines are small proteins with essential immune-modulatory functions that can mediate
anti- and pro-inflammatory responses. Important members of both categories are presented

in the following sections. Table 1 summarizes the function of all cytokines mentioned below.

Table 1 - Function of selected cytokines

Name Main functions Ref.

IFNy Pro-inflammatory, activates macrophages, enhances expression of [205-209]
MHC molecules, inhibits viral replication

IL-1B Pro-inflammatory, initiates APR, activates lymphocytes [210-213]

IL-2 Proliferation and differentiation of naive T cells [214]

IL-5 Stimulates eosiophils, increases antibody secretion [215, 216]

IL-6 Pro-inflammatory, initiates APR [217]

IL-10 Anti-inflammatory (predominantly), inhibits macrophage functions, [218-220]
reduces antigen presentation

TGF-B Anti-inflammatory, initiates immune privilege [221]

TNF Pro-inflammatory, activates ECs and macrophages [222-224]

4.3.4.1 Anti-inflammatory cytokines

IL-10 and transforming growth factor (TGF) B are cytokines with potent anti-inflammatory
properties and important for establishing immune tolerance [218, 225-227]. IL-10 is primarily
produced by monocytes, T helper (Th) type 2 cells and CD4+ Tregs and is an effective inhibitor
of macrophage functions and T cell responses [219, 228-231]. It inhibits the production of IL-
2, IL-5 and TNF by T cells which reduces the expression of MHC- and costimulation molecules

at APCs and consequently blocks antigen presentation [220, 232-235].

TGF-B is released by many different cell types including Ilymphocytes and
monocytes/macrophages and is, like IL-10, involved in the formation of immunologically
privileged environments [221, 236, 237]. At high concentrations and the simultaneous
absence of pro-inflammatory signals (e.g. IL-6), TGF-B promotes the differentiation to CD4+
Tregs [238, 239]. TGF-B also suppresses the development of cytotoxic T cells and
differentiation of Th cells and can inhibit or modulate activation, maturation and

differentiation of dendritic cells (DCs), neutrophils and macrophages [240-242].



18 Introduction

4.3.4.2 Pro-inflammatory cytokines

TNF, IL-1B and interferon (IFN) y are important cytokines being involved in the upregulation
of inflammatory reactions, also during xenograft rejection as mentioned in the previous

sections.

TNF has a wide range of biological functions and plays a major role in inducing local and
systemic inflammation [222, 243]. It is mainly produced and released by macrophages in
response to bacterial products (e.g. lipopolysaccharides (LPS)), but also by NK cells, DCs, ECs
and Th cells [244-249]. TNF belongs, alongside IL-1B and IL-6, to the important cytokines that
initiate the acute phase response (APR) in the liver following infection, tissue injury, tumor
growth or immunological disorders [217, 250]. As part of APR, C-reactive protein (CRP) and
mannose-binding lectin (MBL) are synthesized and the complement system is activated [251,
252]. TNF is also a strong activator of ECs and macrophages and orchestrates the production
of other pro-inflammatory cytokines [223, 224]. It stimulates migration of DCs to the lymph

nodes thereby promoting the initiation of the adaptive immune response [253, 254].

IL-1B is, like TNF, a key mediator of the inflammatory response and essential for immune
responses to infection and injury [210]. It is primarily expressed by macrophages and blood
monocytes, contributes to the release of acute phase proteins and the differentiation of
macrophages [217, 255, 256]. IL-1B also triggers activation of T and B lymphocytes and
promotes cytokine synthesis and antibody production [212, 213, 257-260].

IFNy is a crucial player in controlling intracellular pathogens and is released by cells of the
innate immune system (e.g. NK cells, DCs and macrophages) during the early immune
response and later by Th1 and CD8+ cytotoxic T lymphocyte (CTL) effector cells [261-266]. The
main function of IFNy is the activation of macrophages and to enhance the expression of MHC
class | and class Il molecules on these and other APCs [205-208]. IFNy also has a direct

inhibitory effect on viral replication [209].

The pro-inflammatory effects of TNF and IL-1p3 are largely due to the activation of transcription
factor NF-kB [267]. After binding of TNF and IL-1B to their respective receptors (TNFR1 and
ILAR1), downstream signalling results in phosphorylation-dependent ubiquitination and
degradation of IkB, the inhibitor protein of cytoplasmic NF-«kB (see Figure 6) [268, 269]. The

active, dimeric NF-kB then enters the nucleus to mediate the expression of e.g. cytokines,
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chemokines, adhesion molecules and further proteins of the inflammatory response, cell cycle

regulators and anti-apoptotic factors [270].
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Figure 6 — TNF and IL-1B-associated intracellular signalling pathways inducing activation of NF-kB

Left: Interaction of TNF with TNFR1 induces association with the adapter protein TRADD and gradual binding by
further adaptor proteins (e.g. TRAF2, clAP1, clAP-2, RIP1). The ubiquitinated RIP1 binds TAK1, TAB1 and TAB2
leading to phosphorylation of the IKK complex (IKKa/B, NEMO). Right: After binding of IL-1pB to ILR1, the adaptor
protein MyD88 attaches to the receptor and enables binding of IRAK family protein kinases. Recruitment of
TRAF6 and subsequent binding of TAK1, TAB1 and TAB2 results in phosphorylation of the IKK complex. Bottom:
The IKK complex induces phosphorylation of 1kB, the inhibitor protein of NF-kB, which is subsequently
ubiquitinylated and degraded. The cytosolic NF-kB protein consisting of e.g. p50 and p65 is then translocated to
the nucleus where it modifies the expression of NF-kB-regulated genes.

TNF: tumor necrosis factor; TNFR1: TNF receptor 1; TRADD: TNFR1-associated death domain protein; TRAF2: TNF
receptor-associated factor 2; c-IAP1/2: cellular inhibitor of apoptosis 1/2; RIP1: receptor-interacting protein 1;
TAK1: orphan nuclear receptor; TAB1/2: TGF-B-activated kinase 1/2; IL-1B: interleukin 1 B; IL1R1: interleukin-1
receptor type 1; IRAK: interleukin-1 receptor-associated kinase; TRAF6: TNF receptor-associated factor 6; NEMO:
NF-kB essential modulator; IKKa/PB: IkB kinase a/B; IkB: inhibitor of NF-kB; p50/p65: subunits of proteins forming
NF-kB; NF-kB: nuclear factor-kB (adapted from [269]).
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Biological responses induced by IFNy, however, are mediated through the transcription factor
STAT1. Binding of IFNy to its receptor (IFNGR) causes a series of phosphorylation reactions
that leads to dimerization of two STAT1 proteins [271, 272]. The STAT1 homodimer then
migrates into the nucleus where it induces or suppresses the transcription of IFNy-regulated
genes [272]. Many of those genes activated by STAT1 are transcription factors that initiate a

second wave of transcription [273].

4.4 Generation of genetically modified pigs

The previous chapter demonstrated how genetic modifications of the donor animal can
weaken and even prevent rejection of a xenograft. The following sections therefore focus on
the techniques to specifically introduce new genetic constructs into porcine cells and to
precisely inactivate genes (see section 4.4.1) and finally, on the reproductive methods

commonly used to create genetically modified pigs (see section 4.4.2).

4.4.1 Genetic engineering approaches

The availability of embryonic stem cells (ESCs) dramatically accelerated site-directed
mutagenesis experiments in mice as these cells can be cultured and modified for unlimited
time spans [274, 275]. Although first approaches for ESC isolation and cultivation in pigs have
already been published, these protocols are still missing independent reproducibility [276].
Therefore, genetic engineering approaches in pigs have been based on the use of somatic
cells. Gene targeting based on homologous recombination was one of the first methods of
choice for pigs [277]. This method enables the site-specific integration of exogenous DNA
sequences, as well as the specific alteration or complete substitution of endogenous
sequences. Locus-determining homology arms flanking the donor DNA comprise between 500

bp and several thousand bp for gene targeting in pigs [147, 278, 279].

To further increase efficiencies of homologous recombination and facilitate endogenous gene
knockouts, synthetic and highly specific endonucleases were developed. Selectively
introduced double-strand breaks (DSBs) can not only be repaired by homology directed repair

(HDR), a high-fidelity mechanism depending on a homologous DNA template, but also by non-
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homologous end joining (NHEJ), causing inactivation of endogenous genes by introducing
small insertions or deletions (InDel), resulting in frameshift or missense mutation of critical
codons [280-286]. Examples of such molecular scissors are zinc-finger nucleases (ZFNs) and
transcription activator-like effector nucleases (TALENs) that emerged between the late 1990s
and early 2010s [287-289]. Both technologies are based on DNA-binding protein domains
fused to Fokl-nuclease domains [287, 289, 290]. The field of genetic engineering was
revolutionized in 2012, when the clustered regulatory interspaced short palindromic repeats
(CRISPR)/CRISPR-associated (Cas) system was published as a novel tool for genome editing
[291]. It originates from bacteria and archaea as an RNA-based, adaptive immune defence that
sequence-specifically detects and silences foreign nucleic acids [292]. A complex of CRISPR
RNA (crRNA), that determines the sequence specificity, and trans-activating crRNA (tracrRNA)
guides the Cas9 DNA endonuclease to the target DNA sequence to introduce DSBs. This target
recognition site usually comprises 18-20 nt followed by a protospacer adjacent motif (PAM).
For efficient genetic modification of eukaryotic cells, crRNA and tracrRNA were fused to form

a single chimeric molecule called single guide RNA (sgRNA) [291].

There are many advantages making CRISPR/Cas-based methods so successful: The ease of
customization and the ability to target several loci simultaneously while being highly
affordable and providing similar or greater efficiencies than ZNFs and TALENs [293-295]. The
discovery and development of further Cas variants opened new applications for the CRISPR-
technology. The Cas9 enzyme typically used for the introduction of DSBs in mammalian cells
was derived from Streptococcus pyogenes (SpCas9) and creates a blunt cut 3 bp upstream of
its PAM (5'-NGG-3') [291]. However, the Cas12a enzyme (formerly Cpfl) cleaves the target
DNA 18-23 nt downstream of the PAM (5'-TTTV-3'; (V = A/G/C). This allows re-engineering of
the locus of interest as the target recognition site remains intact. The staggered-ended DSBs
produced by Cas12a may also improve the frequency of HDR over NHEJ [296]. Besides genetic
modification via the DSB repair pathway, catalytically inactive Cas9 (dCas9) and Cas9 nickase
variants (nCas9) can be fused to deaminase to allow precise conversion of a single base
without double-stranded DNA cleavage [297, 298]. Another application of dCas9 is site-
specific gene regulation when linked to transcriptional or epigenetic regulator proteins [299-
301]. The development of these new classes of molecular scissors has decisively improved
genome editing efficiencies. The following chapter will give insights into the subsequent

generation of genetically modified animals.
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4.4.2 Reproductive technologies

Due to the lack of ESCs in pigs, methods such as blastocyst complementation for the
generation of chimeric animals as performed in mice, are not available. Therefore, gene-
modified pigs have been mainly created by using somatic cell nuclear transfer (SCNT) or

microinjection methods in fertilized oocytes.

SCNT involves the transfer of a somatic donor cell into an enucleated oocyte and was first
developed in sheep and later optimized for additional species [302]. Genome-engineered
somatic cells were then used to create genetically modified animals, including pigs, in
subsequent years [76, 303]. SCNT provides many advantages for the challenging generation
of livestock species. Somatic cells can be modified in cell culture, subsequently screened and
pre-selected in vitro, thereby reducing the risk of generating animals with non-intended
mutations or without the desired modifications. As the genetic background and gender is fixed
by the somatic cells used, this further reduces the number of animals required. Compared to
other methods, SCNT also ensures germ-line transmission of the genetic modifications.
However, several disadvantages can be linked to SCNT including low efficiencies, epigenetic
and imprinting defects as well as health disorders of the animals such as over-sized tongue,

orofacial cleft and abnormalities of the legs [304-308].

Especially for the fast-track generation of genetically modified animals, other techniques have
been preferred, such as cytoplasmic microinjection of nucleic acids into the fertilized oocyte.
Although microinjection-based methods are not suitable for precise HDR-mediated transgene
placements due to low efficiencies and consequently high numbers of experimental animals
required, microinjection is nowadays frequently used for transposon-mediated or NHEJ-based
approaches, particularly in combination with molecular scissors, to generate transgenic or

knockout animals [309-312].



Introduction 23

4.5 Obijectives

The overall aim of this work was to establish new approaches for genetical optimization of

porcine organ donors to improve graft acceptance in xenotransplantation.

Transgenic expression of powerful T cell regulatory proteins such as CTLA4-1g/LEA29Y provide
significant protection against T-cell-mediated rejection in pre-clinical xenotransplantation
studies. Enduring ubiquitous expression at high levels, however, can greatly impair the
immune competence of the donor animal and may induce adverse health effects on the
xenograft recipient. The first project goal was therefore to develop a novel approach (the
Smart Graft strategy) to enable dynamic expression of xenoprotective genes in response to
pro-inflammatory cytokines secreted during incipient xenograft rejection. The idea was to use
NF-kB-regulated promoters to achieve the inflammation-dependent transgene expression,
since downstream-signalling of TNF and IL-1B, the key mediators of the inflammatory
response, both result in activation of this transcription factor. A swift response to the
cytokines released is desirable to enable immediate expression of protective proteins, thereby
counteracting incipient xenograft rejection. Quick reversion to low basal promoter levels,
once inflammation subsides, should prevent undesired permanent modulation of the

recipient's immune system.

The number of known gene inactivations with beneficial effects on xenograft acceptance is
steadily growing. The combination of all desired gene knockouts in a single animal through
breeding, however, is a labour and time-consuming challenge. The second objective was
therefore to provide CRISPR/Cas9-based means for an efficient fast-track knockout of up to
seven genes or gene clusters in order to reduce immunogenicity and improve molecular as

well as anatomical compatibility between xenograft and recipient.
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5. MATERIALS

Materials

5.1 Equipment

Table 2 — Equipment

Name

Manufacturer

Block heater, ThermoQ

Blue light table

Centrifuges, Sigma 3-16, Sigma 1-14,
Sigma 1-15, Sigma 1-15K, Sigma 4K15
Digital graphic printer UP-D895MD
Droplet generator, QX200

Droplet reader, QX200
Electrophoresis system

(buffer chamber, gel trays, combs)
Electroporator, Multiporator

ELISA reader, Multiskan Ex

Freezer, - 20 °C

Freezer, - 80 °C

Freezing container, Mr. Frosty

Gel documentation imaging system, Quantum

ST5

Gel electrophoresis mains adapter
Glassware

Hybridisation oven, Shake 'n' stack
Ice maker

Incubator shaker, Orbital- Shaker
Incubator, BD 115

Incubator, CO;

IVIS Lumina LT series Il

Laminar airflow cabinet, HERAsafe
Luminometer, Glomax 20/20
Magnetic stirrer

Microscope, Axiovert 40 CFL
Magnetic tube rack, DynaMag-15 Magnet
Microscope, DMIL LED

Microwave oven

Microtome, Microme Cool Cut
Microscope and Scanner, M8

PCR cycler, Peqstar 2x

PCR plate sealer, PX1

Bioer Technology, Tokyo, JPN
Serva, Heidelberg, GER
Sigma, Osterode, GER

Syngene, Cambridge, UK

Bio-Rad, Munich, GER

Bio-Rad, Munich, GER

Peqglab Biotechnologie, Erlangen, GER

Eppendorf, Hamburg, GER

Thermo Fisher Scientific, Waltham, USA
Liebherr, Bulle, CHE

Thermo Fisher Scientific, Waltham, USA
Thermo Fisher Scientific, Waltham, USA
Vilber Lourmat, Eberhardzell, GER

Amersham Bioscience, Little Chalfont, UK
Marienfeld GmbH, Landa, GER

Thermo Fisher Scientific, Waltham, USA
Manitowoc Ice, Manitowoc, USA
Thermo Fisher Scientific, Waltham, USA
Binder, Tuttlingen, GER

Thermo Fisher Scientific, Waltham, USA
Caliper Life Sciences, Waltham, USA
Kendro, Langenselbold, GER

Promega, Fitchburg, USA

Velp Scientifica, Usmate, ITA

Carl Zeiss, Oberkochen, GER

Life technologies, Carlsbad, USA

Leica, Wetzlar, GER

MHA, Barsbittel, GER

Histoserve, Celle, GER

PreciPoint, Freising, GER

Peqglab Biotechnologie, Erlangen, GER
Bio-Rad, Munich, GER
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pH meter, CyberScan 510 Thermo Fisher Scientific, Waltham, USA
Pipette controller, Accu-Jet Pro Brand, Wertheim am Main, GER
Pipette, Gilson Pipetman (2, 20, 200, 1000 uL) Gilson, Middleton, USA

Refrigerator Siemens, Minchen, GER
Spectrophotometer, NanoDrop Lite Peqlab Biotechnologie, Erlangen, GER
Vortex Genie 2 Scientific Industries, Bohemia, USA
Water bath, WB14 Memmert, Schwabach, GER

StainTray Simport, Saint-Mathieu-de-Beloeil, CAN

5.2 Consumables

Table 3 — Consumables

Name Manufacturer
Cartridges for QX100/QX200 droplet Bio-Rad, Munich, GER
generator, DG8

Cell culture dishes, 10 cm, 15 cm Corning, New York, USA
Cell culture flasks, T25, T75, T150 Corning, New York, USA

Cell culture plates, 6 well, 12 well. 24 well, Corning, New York, USA
48 well, 96 well

Cell scraper Faust Lab Science, Klettgau, GER
Centrifuge tubes, 15 mL, 50 mL Sarstedt, Numbrecht, GER

Counting chamber, C-Chip NanoEntek, Waltham, USA
Cryogenic vials, 2.0 mL Corning, New York, USA

Droplet generator DG8 gasket Bio-Rad, Munich, GER
Electroporation cuvettes, 2 mm Peqglab Biotechnologie, Erlangen, GER
Microscope slides, Polysine VWR, Radnor, USA

Microtome blades, R35 Type Feather, Osaka, JPN

Pasteur pipettes Brand, Wertheim am Main, GER

PCR plate 96, twi.tec, semi skirted, colorless Eppendorf, Hamburg, GER

Petri dishes, 10 cm Grainer Bio-One, Frickenhausen, GER
Pierceable foil heat seal Bio-Rad, Munich, GER

Pipette tips, Brand, Wertheim am Main, GER
0.1-10 pL, 2—200 puL, 100-1000 pL

Pipette tips, filtered, Fisher Scientific, Hampton, USA
2-20 pL, 20-200 puL, 100-1000 puL

Pipettes, serological, Corning, New York, USA

ImL 2mL 5mL, 10 mL, 25 mL

gPCR Plates, 96 well 4titude, Wotton, UK

Reaction tubes, 0.2 mL Starlab, Hamburg, GER

Reaction tubes, 1.5 mL, 2.0 mL Eppendorf, Hamburg, GER
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Round-bottom tubes, 15 mL Becton, Dickinson and Company, Franklin
Lakes, USA

Scalpel Braun, Melsungen, GER

Sterile filter, 0.22 um Sartorius, Gottingen, GER

Syringes Becton, Dickinson and Company, Franklin
Lakes, USA

5.3 Chemicals and buffers

Table 4 — Chemicals

Name Manufacturer

3,3'-Diaminobenzidine (DAB) Enhanced Liquid Sigma-Aldrich, Darmstadt, GER
Substrate System tetrahydrochloride

Acidic acid AppliChem, Darmstadt, GER

Agarose Sigma-Aldrich, Darmstadt, GER

Boric acid AppliChem, Darmstadt, GER

Bovine serum albumin, BSA (Fraction V) Biomol, Hamburg, GER

ddPCR droplet reader oil Bio-Rad, Munich, GER

Disodium hydrogen phosphate Merck KGaA, Darmstadt, GER

Dithiothreitol, DTT, 0.1 M Invitrogen, Carlsbad, USA

Dithiothreitol, DTT, 0.1 M Nippon Genetics Europe, Diiren, GER

dNTPs, 10 mM New England Biolabs, Frankfurt, GER

dNTPs, 2 mM Nippon Genetics Europe, Diiren, GER

Droplet generation oil for probes Bio-Rad, Munich, GER

Dynabeads Biotin Binder, streptavidin coupled Invitrogen, Carlsbad, USA

Ethanol, EtOH, absolute VWR, Radnor, USA

Ethylenediaminetetraacetic acid, EDTA AppliChem, Darmstadt, GER

Eukitt quick-hardening mounting media Sigma-Aldrich, Darmstadt, GER

Formaldehyde Sigma, Osterode, GER

Gel Loading Dye, Purple, 6x New England Biolabs, Frankfurt, GER

Glycerol, 100% AppliChem, Darmstadt, GER

Haematoxylin, Gill's formula Vector laboratories, Burlingame, USA

Hydrogen peroxide Honeywell Riedel-de Haén, Morristown,
USA

Paraformaldehyde Sigma, Osterode, GER

Passive Lysis Buffer 2.0, 1x Biotium, Fremont, USA

peqgGREEN staining solution Peqglab Biotechnologie, Erlangen, GER

Phenol chlorophorm isoamyl alcohol AppliChem, Darmstadt, GER

Potassium chloride, KCI Sigma-Aldrich, Darmstadt, GER

Potassium dihydrogen phosphate Merck KGaA, Darmstadt, GER
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Random Hexamers, 50 uM
Roticlear

Sodium acetate

Sodium chloride, NaCl

Sodium citrate tribasic dihydrate

Tris Base
Tris-HCI
Triton X-100

ViviRen In Vivo Renilla Luciferase Substrate

Invitrogen, Carlsbad, USA
Carl Roth, Karlsruhe, GER
AppliChem, Darmstadt, GER
AppliChem, Darmstadt, GER

Sigma, Osterode, GER

AppliChem, Darmstadt, GER
Sigma-Aldrich, Darmstadt, GER
Omnilab Life Science, Bremen, GER

Promega, Fitchburg, USA

XenolLight D-Luciferin, K* Salt Bioluminescent PerkinElmer, Waltham, USA

Substrate

27

Table 5 — Composition of buffer solutions

Mass/Volume/

Name Components .
Concentration
Antibody dilution buffer BSA 04g
PBS, 10x 4 mL
Triton-X100 120 pL
H.O 36 mL
Cytokine dilution buffer PBS 50 mL
BSA 50 mg
Lysis buffer Tris base 0.1M
EDTA 5mM
SDS 28 mM
NaCl 0.2M
PBS buffer, 10x NaCl 1.4 M
KCl 27 mM
Naz;HPO4 0.1 M
KH2PO4 18 mM

Adjust to pH 7.4

Sodium citrate buffer, 10 mM

Trisodium citrate dihydrate

10 mM

(pH 6.0) Adjust to pH =6.0
TAE buffer, 50x (pH 8.0) Acetic acid, 100% 2M

Tris base 2M

EDTA 50 mM
TBE buffer, 10 x (pH 8.0) Boric acid 09 M

Tris base 09 M

EDTA 20 mM

Adjust to pH =8.0

TE buffer Tris HCI 10 mM

EDTA

1mM
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TL HEPES Ca?* 296+ buffer NaCl 114.0 mM
KCl 3.2mM
CaCl, x 2 H,0 2.0 mM
NaH2PO4 0.4 mM
MgCl; x 6 H.0 0.5mM
NaHCO3 2.0 mM
HEPES 10.0 mM
Sodium lactate 10.0 mM
Sodium pyruvate 0.25 mM
Succrose 32.0 ' mM
BSA 0.4%

5.4 Kits

Name Manufacturer

CloneJET PCR Cloning Kit

Firefly & Renilla Single Tube Luciferase Assay

Kit
NucleoBond Xtra Midi
SEAP Reporter Assay Kit

SurePrep RNA/DNA/Protein Purification Kit
VECTASTAIN Elite ABC Kit (Standard)
Wizard SV Gel and PCR Clean-Up System

Fisher Scientific, Hampton, USA
Biotium, Fremont, USA

Macherey-Nagel, Diren, GER
InvivoGen, San Diego, USA
Fisher Scientific, Hampton, USA

Vector laboratories, Burlingame, USA

Promega, Fitchburg, USA

5.5 Animals, mammalian cells and bacteria

Table 6 — Animals

Mouse strain

Source

NOD.Cg-Prkdcs@ |[2rgtm1Wil/Sz)

Jochen SeiRler, LMU, Miinchen

Table 7 — Mammalian cells

Isolation

Name no Genotype Sex Source
Primary cells
Porcine kidney fibroblasts 2505 Wt, GLR f Chair of Livestock

(pKDNF)

Biotechnology,
GER

TUM,
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Porcine kidney fibroblasts  8616-3 Wt, PERV-C free, m  Chair of Livestock

(pKDNF) BGr 0, GLR Biotechnology, TUM,
GER

Porcine kidney fibroblasts  120419- Wi, GLR Chair  of  Livestock

(pKDNF) 1/7 Biotechnology, TUM,
GER

Cell lines

Porcine kidney 15 (PK-15)

Swine Tesis (ST)

GGTA1’, CMAH”", m
B2M-

Joachim Denner, Robert
Koch Institut, Berlin, GER

Chair of Livestock
Biotechnology, TUM,
GER

Table 8 — Bacteria

Name

Manufacturer

Echerichia Coli, ElectroMAX DH10B
Echerichia Coli, NEB 5-alpha Competent
(High Efficiency)

Invitrogen, Carlsbad, USA
New England Biolabs, Frankfurt, GER

5.6 Media, supplements and reagents

Table 9 - Cell culture media, supplements and reagents

Name

Manufacturer

Accutase solution

Ala-GIn

Amphotericin B

Blasticidin S

Dimethylsulfoxid, DMSO

Dulbecco's Modified Eagle's Medium, DMEM
high glucose

FCS Superior

Hygromycin B Solution

IL-1B, recombinant human (rhiL1b)

IL-1B, recombinant murine (rmlL1b)
Lipofectamine 2000 Transfection Reagent
Lipofectamine 3000 Transfection Reagent
MEM Non Essential Aminoacid Solution, x100
Opti-MEM Reduced Serum Medium

PBS, Dulbecco's

Penicillin/Streptomycin

Sigma-Aldrich, Darmstadt, GER
Sigma-Aldrich, Darmstadt, GER
Sigma-Aldrich, Darmstadt, GER
InvivoGen, San Diego, USA

Sigma-Aldrich, Darmstadt, GER
Sigma-Aldrich, Darmstadt, GER

Biochrom, Berlin, GER

PanReac AppliChem, Darmstadt, GER
PeproTech, Rocky Hill, USA
PeproTech, Rocky Hill, USA

Life technologies, Carlsbad, USA

Life technologies, Carlsbad, USA
Sigma-Aldrich, Darmstadt, GER

Life technologies, Carlsbad, USA
Sigma-Aldrich, Darmstadt, GER
Sigma-Aldrich, Darmstadt, GER
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Puromycin InvivoGen, San Diego, USA
QuickExtract DNA Extraction Solution Epicentre, Madison, USA
Sodium pyruvate, 100 mM Sigma-Aldrich, Darmstadt, GER
TNF, recombinant human (rHUTNF) Biomol, Hamburg, GER

TNF, recombinant murine (rmTNFa) PeproTech, Rocky Hill, USA
IFNy, recombinant human (rHulFNgamma) Biomol, Hamburg, GER

Trypan blue stain, 0.4% InvivoGen, San Diego, USA
Water, cell culture grade Sigma-Aldrich, Darmstadt, GER

Materials

Table 10 — Bacterial growth media, supplements and reagents

Name Manufacturer

Ampicillin Carl Roth, Karlsruhe, GER

Difco LB Agar, Miller Becton, Dickinson and Company, Franklin
Lakes, USA

Difco Luria Broth Base, Miller Becton, Dickinson and Company, Franklin
Lakes, USA

5.7 Antibodies

Table 11 — Antibodies and second step reagents

Name Manufacturer

Anti-CD45 antibody, biotin anti-mouse Biolegend, San Diego, USA

Anti-MHC | monoclonal antibody, biotin anti- Kingfisher Biotech, Saint Paul, USA

bovine, clone PT85A

5.8 Vectors

Table 12 — Vectors

Name Plasmid no. Source
Subcloned promoters

pJET-hTNFAIP1 A033 #2 This thesis
pJET-hCCL2-2.9kb A061 #13 This thesis
PJET-hCCL2-prox (A) A032 #73 This thesis
pPJET-hCCL2-prox (B) AO57 #6 This thesis
pJET-hCCL2-dis A056 #2 This thesis
pJET-hCCL2-dis/prox A058 #11 This thesis
SEAP reporter constructs

pcDNA-pA20-SEAP A006 #45 Nina Simm
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(Master's student)
pcDNA-hVCAM1-SEAP A020 #24 Nina Simm
(Master's student)
pcDNA-CAG-SEAP A021 #18 Mona Baumgart
(Master's student)
pcDNA-ELAM-SEAP A022 #9 Mona Baumgart
(Master's student)
pcDNA-hTNFAIP1-SEAP AO036 #1 This thesis
pcDNA-hCCL2-prox-SEAP A039 #7 This thesis
pcDNA-pA20+3NFkB-SEAP A043 #3 This thesis
pcDNA-pA20+5NFkB-SEAP A044 #(30)9 This thesis
pcDNA-pA20+2SP1-SEAP A049 #29 This thesis
pcDNA-pA20+7NFkB-SEAP A050 #(3)11 This thesis
pcDNA-pA20+9NFkB-SEAP A051 #(3)12 This thesis
pcDNA-pA20+8SP1-SEAP A052 #91 This thesis
pcDNA-pA20+6SP1-SEAP AO053 #75 This thesis
pcDNA-pA20+4SP1-SEAP A054 #19 This thesis
pcDNA-pA20+4SP1+3NFkB-SEAP AO55 #4 This thesis
pcDNA-hCCL2-dis/prox-SEAP A059 #8 This thesis
pcDNA-hCCL2-2.9kb-SEAP A062 #15 This thesis
pcDNA-pA20+5NFkB-4SP1-3NFkB-SEAP A063 #xy This thesis
pPcDNA-pA20+4SP1+9NFkB-SEAP A066 #166 This thesis
pcDNA-pA20+5NFkB+4SP1+9NFkB-SEAP A067 #17 This thesis
pcDNA-pA20+10NFkB+4SP1+3NFkB-SEAP A068 #312 This thesis
Dual luciferase constructs
pSL1180+psiCHECK A069 #5 Chair Livestock
Biotechnology, TUM, GER
pSL1180+psiCHECK-CAG A072 #60 This thesis
pSL1180+psiCHECK-ELAM AO073 #8 This thesis
pSL1180+psiCHECK-hCCL2-dis/prox A074 #18 This thesis
pSL1180+psiCHECK-pA20+3NFkB AO076 #3 This thesis
pSL1180+psiCHECK-pA20+10NFkB+4SP1 A077 #5 This thesis
+3NFKB
pSL1180+psiCHECK-CAG-Hygro A080 #28 This thesis
pSL1180+psiCHECK-ELAM-Hygro A081 #6 This thesis
pSL1180+psiCHECK-hCCL2-dis/prox-Hygro A082 #3 This thesis
pSL1180+psiCHECK-pA20-Hygro A083 #30g  This thesis
pSL1180+psiCHECK-pA20+3NFkB-Hygro A084 #18 This thesis
pSL1180+psiCHECK-pA20+10NFkB+4SP1 A085 #9 This thesis

+3NFKB-Hygro
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Gene targeting constructs

ROSA26-SA-BS-LA Al118 Chair of Livestock Biotech-
nology, TUM, GER
ROSA26-BS-pA20multi-LEA29Y A133 #43 This thesis
ROSA26-BS-pA20multi-LEA29Y-ELAM- Al66 #4 This thesis
-PDL1-MIN
CRISPR/Cas9 constructs and subclones
px330-MCS-T2A-Puro-847 Al41 Chair of Livestock Biotech-
nology, TUM, GER
pSL1180-U6-MCS-tracRNA-756 Al142 Chair of Livestock Biotech-
nology, TUM, GER
px330-CMAH-E9-T1-Puro Al143 #1 This thesis
px330-CMAH-E7-T1-Puro Al44 #3 This thesis
px330-GGTA1-E8-T3-Puro A145 #1 This thesis
px330-GGTA1-E8-T4-Puro Al46 #2 This thesis
px330-ASGR1-E1-T1-Puro Al147 #1 This thesis
px330-ASGR1-E4-T1-Puro A148 #2 This thesis
px330-GHR-E10-T1-Puro A149 #2 This thesis
px330-GHR-E14-T1-Puro A150 #1 This thesis
pSL1180-U6-CMAH-ES-T1-Puro A153 #1 This thesis
pSL1180-U6-GGTA1-E8-T3-Puro A155 #1 This thesis
pSL1180-U6-ASGR1-E1-T1-Puro A157 #1 This thesis
pSL1180-U6-ASGR1-E4-T1-Puro A158 This thesis
px330-ULBP1-E1-T1-Puro Al67 Katharina Rinke
(Bachelor's student)
px330-ULBP1-E1-T2-Puro Al168 Katharina Rinke
(Bachelor's student)
px330-ULBP1-E2-T3-Puro A169 Katharina Rinke
(Bachelor's student)
px330-ULBP1-E2-T4-Puro A170 Katharina Rinke
(Bachelor's student)
pSL1180-ULBP1-E1-T2-Puro Al171 #2 Katharina Rinke
(Bachelor's student)
pSL1180-ULBP1-E2-T4-Puro Al172 #5 Katharina Rinke
(Bachelor's student)
pSL1180-B4AGAL2NT2-E2-T3-Puro Al73 #1 Katharina Rinke
(Bachelor's student)
px330-U6-MCS-tracRNA-705 Al174 Chair of Livestock Biotech-
nology, TUM, GER
px330-GGTA1E8T3 A175 #1 Katharina Rinke
(Bachelor's student)
px330-B2ME1F1 A176#3 Katharina Rinke
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(Bachelor's student)

px330-GGTA1E8T3-CMAHEST1 A177#8 Katharina Rinke
(Bachelor's student)
px330-B2ME1F1-ULBP1E1T2 A178 #7 Katharina Rinke
(Bachelor's student)
px330-GGTA1E8T3-CMAHEO9T1-ASGR1E1T1 A179 #10 Katharina Rinke
(Bachelor's student)
px330-B2ME1F1-ULBP1E1T2-ULBP1E2T4 A180 #3 Katharina Rinke
(Bachelor's student)
px330-B4AGALNT2E3T3-CMAHE10T2- A190 Chair of Livestock Biotech-
GGTA1E7T6-MHCIE4AT1-MHCIEAT2-Puro nology, TUM, GER
px330-GGTA1E8T3-CMAHE9ST1-ASGR1E1T1-  A191 #3/#6 Katharina Rinke
ASGR1E4T1 (Bachelor's student)
px330-B2ME1T1-ULBP1E1T2-ULBP1E2T4- A192 #2/#10 Katharina Rinke
B4GALNT2E2T3 (Bachelor's student)
Miscellaneous
plL452 A015 Chair of Livestock Biotech-
nology, TUM, GER
pJET1.2/blunt A026 Thermo Fisher Scientific,
Waltham, USA
px330-Cas9-MSC-Puro-Hygro-PERV1/2_BEA A078 Chair of Livestock Biotech-
nology, TUM, GER
Vector-CAG-LEA29Y A117 Nikolai Klymiuk, Chair for
Molecular Animal Breeding
and Biotechnology, LMU,
GER
pJET1.2-LEA29Y A120 #1 This thesis
pJET1.2-LEA29Y-bGHpA A131 #23 This thesis
pJET1.2-pA20multi-LEA29Y-bGHpA A132 #20 This thesis
pcDNA-ELAM-PDL1-BGHpA-MIN Al64 Gene synthesis by General

Biosystems, Durham, USA

5.9 Oligonucleotides

Table 13 — Primers for PCR, RT-PCR and ddPCR

Primers were designed using Primer3web and synthesized by Eurofins Genomics (Ebersberg, GER).

Name

Sequence, 5‘— 3‘

Screening, dual-luciferase clones

ddpoGAPDH F1
ddpoGAPDH R1

CTCAACGACCACTTCGTCAA
CCCTGTTGCTGTAGCCAAAT
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F.GAPDH S.scrofa
hluc+ F1
hluc+fire F5
hluc+fire R5
Hygro F3

Hygro R3
R.GAPDH S.scrofa

Materials

TTCCACGGCACAGTCAAGGC
CCGAGGCCATGAAGAGGTAC
GGCATTCCGGTACTGTTGGTA
CCGCCCCGACTCTAGAATTA
CAGCTTCGATGTAGGAGGGC
TCTTGCAACGTGACACCCTG
GCAGGTCAGGTCCACAAC

Promoter generation & optimisation

hCCL2 NEB F2

hCCL2 NEB R2

hCCL2 prom F5
hCCL2 prom F8
hCCL2 prom R4
hCCL2 prom R6
hCCL2 prom R7
hCCL2 prom Xbal
hCCL2F5s NEB F1

hCCL2F5s NEB R1

hTNFAIP1 NEB F1

hTNFAIP1 NEB R1

hTNFAIP1 prom F1

hTNFAIP1 prom R1

hVCAM1 F1
hVCAM1 R1
pA20 prom 1F
pA20 prom 1R
pA20 prom F4
pA20 prom F4
pA20 prom F5
pA20 prom F7
pA20 prom R2
SEAP R3

SEAP R3

GGCGTTTTGCGCTGCTTCG ATTTTCCCCATAG
CCCCTCTG
AGTATAGAAGCTAAACGCTAGATCTAGC GCG
AGAGTGCGAGCTTCA
CCTGGAAATCCACAGGATG
ATTTTCCCCATAGCCCCTCTG
GCGGCAGAGACTTTCATG
CTGTCTGCCTCCCACTTCTG
GCGAGAGTGCGAGCTTCA
TCTAGACCTGGAAATCCACAGGATG
GGCGTTTTGCGCTGCTTCGCCCTGGAAATCCA
CAGGATG

TGCAGGGCCCCAGAACCATGGCTGGAGGCGAGA
GTGCGAGCT

GGCGTTTTGCGCTGCTTCGGGACAGCCGGTA
CCCAGCCAG
AGTATAGAAGCTAAACGCTACCCCTCAGCAGT
CCCAAG

GACAGCCGGTACCCAGCCAG

CCCCTCAGCAGTCCCAAG
GGGCTATGTGTGTGCAAGGC

AGTTGCTGTCGTGATGAGAA
ACAGTGAGGCCAGCGTGGTA
TCCTAGTTTGCAGCGCTTGG
CTGTCCGCGGGCGGTAAAAC
CTGTCCGCGGGCGGTAAAAC
CCCCTACAAGCACATCACGT
ACTGGAAAGTCCCTGGGTGGAAATCCCCTGG
TGAGTCACCTGGGCATTTCG
TCCTCAACTGGGATGATGCC
TCCTCAACTGGGATGATGCC

Generation of dual-luciferase constructs

ELAM NEB F1

ATTAATATTCCGGAGTATACCGATCGCTGAAT
TCTGGGGACTT
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ELAM NEB R1

hCCL2 NEB F3

hCCL2 NEB R3

Hygro psi NEB R1

Hygro psi NEB Xhol F1

pA20 NEB F1

pA20 NEB R1

pX-Hygro-NEB-R1

pX-Hygro-NEB-Xhol F1
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GGAAGCCATGGTGGCTAGCTGGCTCTGTCTC
AGGTCAGTA
ATTAATATTCCGGAGTATACATTTTCCCCATAG
CCCCTCTG
GGAAGCCATGGTGGCTAGCTGCGAGAGTGC
GAGCTTCA
AGGCCTAGGATGCATATGGCGACCGAAATCG
GCAAAATCC
ACGGCCAGTGCCAAGCTTAACTCGAGAACGG
GCTATTCTTTTGATGTGTCA
ATTAATATTCCGGAGTATACACAGTGAGGCCA
GCGTGGTA
GGAAGCCATGGTGGCTAGCTTTCCTAGTTTGC
AGCGCTTGG
AGGCCTAGGATGCATATGGCGACCGAAATCG
GCAAAA
ACGGCCAGTGCCAAGCTTAACTCGAGAACGG
GCTATTCTTTTGATTGTGTGTCA

Generation of targeting vectors

bGHpA NEB F2

bGHpA NEB R4

TCTCCGGGTAAATGACCAATTCAGCCTCGACT
GTGCCTTC
ATTGCCAAGAAAACCCACGCCCTAGGAGCTG

GTTCTTTCCGCCTCA

pA20 NEB F4 AATTGTCCCAATTAGTAGCATCACGACCGGTA
CAGTGAGGCCAGCGTGGTA

pA20 NEB R4 CGAGCCATCCGGAAGATCTGTCCTAGTTTGCA
GCGCTTGG

NEB_LEA_F1 GGCGGCCAAGCGCTGCAAACTAGGATCAGCA
AGATAGCTTCACCCC

Lea hEx2 R1 ATCATGTAGGTTGCCGCACA

Screening & sequencing, gene targeting

BS R neu CGGCTGTCCATCACTGTCCT

hPDL1 E2-E3 F1 GGCATTTGCTGAACGCATTT

hPDL1 F1 GACCACCACCACCAATTCCA

hPDL1 R1 GGTCTTCCTCTCCATGCACA

LEA expr 1F GGATGAGCTGACCAAGAACC

LEA Expr 1F GGATGAGCTGACCAAGAACC

LEA expr 3R CGGCTTTGTCTTGGCATTA

pA20 prom F8 GACCCAACAATGCTGCCATC

pA20 prom R8 TTACTGTCCTTGCCACGTCC

pSL1180 R1 CGGGCCTCTTCGCTATTACG

ROSA26 11 F2 TATGGGCGGGATTCTTTTGC
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ROSA26 13 R2
ROSA26 LA F3
ROSA26 LA r43 red
ROSA26 SA F7
SV40 polyA F

Materials

CAGGTGGAAAGCTACCCTAGCC
TTGGCTGTGCTGCTAATGTG
GTCCTGGCAGTTTTACCCACG
GGTGTTTGTGAAACTACCCCTGAA
TTGGGCTTCGGAATCGTTTT

Screening & sequencing, knockout generation

ASGR1 E2 F1
ASGR1 E3 F1
ASGR1 E6 R1
ASGR1 Ex4 R1
ASGR1 12 F2
ASGR1 12 R1

B4G 11 F1

B4G 12 R1

B4Gal Scr 12 F1
B4Gal Scr I3 R1
CMAH E8 R1
CMAH 16 F1
CMAH I8 F1
CMAHI9R
CMAH Scr E10 F2
CMAH Scr E10 R2
Gall7 F1

Gal ScrE7 T56 F
Gal ScrE7 T56 R
Gal ScrE8 T3 R
GGTA1E11F1
GHRI10R1

GHR 113 F1

GHR 114 R1

GHR I8 F1

MHCI Antigen F1
MHCI Antigen R1
pB2M Scr 5'UTR F1
pB2M Scr 11 R1
ULBP1 Ex1 F1
ULBP1 Ex2 F1
ULBP1 11 R1
ULBP1 12 R1

GCACCCTAATTCTCCAGCCTT
CCTGCCTCCTCCTGATTTCC
CGGACACAAACTGCTTCACG
TCCTGCAGCTTGGAGTCTGG
ACAAGAGGAGGCCCAGGATG
TTCTTCCGCTTACTCCCACG
ACCAGACATCGTTCCCAGTG
AACTGGCTGTAAAGTGGGCA
CCCTCACCTACCAGCCCACT
AGCTTCCGCTCCATCTCAGG
TGAACGCCATCCATCAAGATCA
GACGGAATTTGCACACCTGG
AGTGTCCTCATTCAGAACCCAC
CTCAGGCTGCCCACACTCTG
TGCCGTAAACAAAGAGGGGATT
TTGTCTGCTGGGTGGGATTC
TCTGGATGTGGGAGCAGGGC
GCCAGTCACCACAAGCCATG
TGGCCCTGTGACACCATTCT
GGCTTTCATCATGCCACTCG
AGAGGTGGCAAGACATCAGC
CACTCCCGGAAACATCCTCC
CCCCATTTCAGGAGCACTCA
GTCCCTTGTAGCAGCACACA
TTCCTGAGACAAGCACCCAC
CCAGTGGTCACATGAGGCTGC
GCGCCCTCCTTACCCCATCT
CCACCCAGTCCAACCTTTGCC
CCAGAGTTAGCGCCCGGAGT
GCGCTGGGGAATCTGCAT
TTGCTATAACTTCATCATCATTCCAAA
GCCCCACCCAAGGAGAAGTT
CGAGGACCAGCACCCAATCT
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Table 14 — ddPCR probes

Probes for ddPCR were designed using Primer3web and synthesized by Eurofins Genomics (Ebersberg, GER). They

were equipped with a 5' fluorescence dye (HEX/FAM) and a 3' quencher (BHQ1).

Name

Sequence, 5‘— 3*

ddpoGAPDH
ddprobe Hygro 1

HEX-TGTGATCAAGTCTGGTGCCC-BHQ1
FAM-GCGCCGATGGTTTCTACAAA-BHQ1

Table 15 — Miscellaneous oligonucleotides

Name

Sequence, 5‘— 3*

sgRNA target site oligonucleotides

PX-ASGR1-E1-T1F
PX-ASGR1-E1-T1R
PX-ASGR1-E4-CRISP-T1 F
PX-ASGR1-E4-CRISP-T1 R
PX-pB2M-E1-F1
PX-pB2M-E1-R1
PX-B4GALNT2-E2-T3 F
PX-B4GALNT2-E2-T3 R
PX-BAGALNT2-E3-T3 F
PX-BAGALNT2-E3-T3 R
CMAH-E7-T1F
CMAH-E7-T1R
CMAH-ES-T1 F
CMAH-ES-T1 R
PX-CMAH-E10-T2 F
PX-CMAH-E10-T2 R
PX-GGTA1-E8-T3 F18
PX-GGTA1-E8-T3 R18
PX-GGTA1-E7-T6 F18
PX-GGTA1-E7-T6 R18
PX-GGTA1-E8-T4 F

PX -GGTA1-E8-T4R
PX-GHR-E10-T1 F
PX-GHR-E10-T1R
PX-GHR-E14-T1 F
PX-GHR-E14-T1R
PX330-ULBP1-E1-T1F
PX330-ULBP1-E1-T1R
PX330-ULBP1-E1-T2 F
PX330-ULBP1-E1-T2 R
PX330-ULBP1-E2-T3 F

CACCGAGCCAGCCTTAGCATGACAA
AAACTTGTCATGCTAAGGCTGGCTC
CACCGCCGCGAGCACAGACGCCA
AAACTGGCGTCTGTGCTCGCGGC
CACCGTAGCGATGGCTCCCCTCG
AAACCGAGGGGAGCCATCGCTAC
CACCGTGTATCGAGGAACACGCTT
AAACAAGCGTGTTCCTCGATACAC
CACCGAGGAAAGCTATAACTTGG
AAACCCAAGTTATAGCTTTCCTC
CACCGACATTGATATTAGTCAAC
AAACGTTGACTAATATCAATGC
CACCGGATTGCACCAGACCCAA
AAACTTGGGTCTGGTGCAATCC
CACCGAGAAACTCCTGAACTACA
AAACTGTAGTTCAGGAGTTTCTC
CACCGACGAGTTCACCTACGAG
AAACCTCGTAGGTGAACTCGTC
CACCGTCGTGACCATAACCAGA
AAACTCTGGTTATGGTCACGAC
CACCGATGGTGGATGATATCTCC
AAACGGAGATATCATCCACCATC
CACCGTCCTACAGGTATGGATCTC
AAACGAGATCCATACCTGTAGGAC
CACCGTCAAAAGTGTTTCTCCGTTG
AAACCAACGGAGAAACACTTTTGAC
CACCGTGGCTCCACGGCGGGTCT
AAACAGACCCGCCGTGGAGCCAC
CACCGCTCTCCGGTTATGCCCGG
AAACCCGGGCATAACCGGAGAGC
CACCGAAACACTCAAAGACGTT
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PX330-ULBP1-E2-T3 R
PX330-ULBP1-E2-T4 F
PX330-ULBP1-E2-T4 R
PX-MHCI-E4-T1 F
PX-MHCI-E4-T1 R

PX-MHCI-E4 T2 F2
PX-MHCI-E4 T2 R2

Materials

AAACAACGTCTTTGAGTGTTTC
CACCGCTGAGAACTACACGGCCA
AAACTGGCCGTGTAGTTCTCAGC
CACCGCCAGGACCAGAGCCAGGACA
AAACTGTCCTGGCTCTGGTCCTGGC
CACCGCCAGAAGTGGGCGGCCCTGG
AAACCCAGGGCCGCCCACTTCTGGC

Promoter modification oligonucleotides

2xNFkB Xhol F

TCGAGGGGGACTTTCCACTGGGGACTTTCCAC
TC

2xNFkB Xhol R

TCGAGAGTGGAAAGTCCCCAGTGGAAAGTCC
CCC

A20 3xNFkB F1

ACTGGAAAGTCCCTGGGTGGAAATCCCCTGC
TCGAGGGGGACTTTCCACTGGGGACTTTCCAC
TGGGGACTTTCCACTGGTACCCTGTCCGCGGG
CGGTAAAAC

A20 3xNFkB F1

ACTGGAAAGTCCCTGGGTGGAAATCCCCTGC
TCGAGGGGGACTTTCCACTGGGGACTTTCCAC
TGGGGACTTTCCACTGGTACCCTGTCCGCGGG
CGGTAAAAC

A20 3xNFkB R1

GTTTTACCGCCCGCGGACAGGGTACCAGTGG
AAAGTCCCCAGTGGAAAGTCCCCAGTGGAAA
GTCCCCCTCGAGCAGGGGATTTCCACCCAGG

GACTTTCCAGT

A20 3xNFkB R1

GTTTTACCGCCCGCGGACAGGGTACCAGTGG
AAAGTCCCCAGTGGAAAGTCCCCAGTGGAAA
GTCCCCCTCGAGCAGGGGATTTCCACCCAGG

GACTTTCCAGT

pA20 2xSP1 F

CGAAATGCCCAGGTGACTCACGCGGGGACAC
CCCGGGGCGGGGCATATAGCTAGCCGGGGC
GGGGCATATACGGGGCGGGGCGGCACGCGG
CTCGCCTCCTGCGCCTCCTG

pA20 2xSP1 R

CAGGAGGCGCAGGAGGCGAGCCGCGTGLCG

CCCCGCCCCGTATATGCCCCGCCCCGGCTAGC
TATATGCCCCGCCCCGGGGTGTCCCCGCGTGA
GTCACCTGGGCATTTCG

pA20 5xNFkB F1

AGCTTGGAAAGTCCCTGGGTGGAAATCCCCT
GGCGGCCGCGGGGACTTTCCACTGGGGACTT
TCCACTGGGGACTTTCCACTGGTACCA

pA20 5xNFkB R1

AGCTTGGTACCAGTGGAAAGTCCCCAGTGGA
AAGTCCCCAGTGGAAAGTCCCCGCGGLLGCLC
AGGGGATTTCCACCCAGGGACTTTCCA
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pA20 Nhel Sp1 F

CTAGCCGGGGCGGGGCATATACGGGGCGGG
GCG

pA20 Nhel Sp1 R

CTAGCGCCCCGCCCCGTATATGCCCCGCCCCG
G

5.10 Enzymes

Table 16 — Enzymes and buffers

Name

Manufacturer

ALLin 5x Buffer

ALLin HiFi DNA Polymerase

Calf Intestinal Alkaline Phosphatase
Cutsmart 10x Buffer

ddPCR Supermix for Probes (No dUTP)

GoTaqg 5x Green Reaction Buffer
GoTag G2 DNA Polymerase
NEBuffer (2.1, 3.1), 10x

Q5 5x Reaction Buffer

Q5 High GC Enhancer

Q5 High-Fidelity Polymerase
Restriction enzymes

FastGene Scriptase Il (200 U/uL)
FastGene 5x RT buffer

T4 DNA Ligase

T4 DNA Ligase 10x Reaction Buffer
T4 Polynucleotide Kinase
Proteinase K, 20 mg/mL

RNAse A

highQu, Kraichtal, GER

highQu, Kraichtal, GER

New England Biolabs, Frankfurt, GER
New England Biolabs, Frankfurt, GER
Bio-Rad, Munich, GER

Promega, Fitchburg, USA

Promega, Fitchburg, USA

New England Biolabs, Frankfurt, GER
New England Biolabs, Frankfurt, GER
New England Biolabs, Frankfurt, GER
New England Biolabs, Frankfurt, GER
New England Biolabs, Frankfurt, GER
Nippon Genetics Europe, Diren, GER
Nippon Genetics Europe, Diiren, GER

New England Biolabs, Frankfurt, GER
New England Biolabs, Frankfurt, GER
New England Biolabs, Frankfurt, GER
Bioline, London, GBR
Sigma, Osterode, GER

5.11 DNA size markers

Table 17 — DNA size markers

Name

Manufacturer

DNA ladder, 1 kb

DNA ladder, 100 bp

DNA ladder, 2-Log

DNA ladder, GeneRuler 1 kb Plus

New England Biolabs, Frankfurt, GER
New England Biolabs, Frankfurt, GER
New England Biolabs, Frankfurt, GER
Thermo Fisher Scientific, Waltham, USA
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5.12 Computer software and webtools

Table 18 — Software and webtools

Name

Weblink/Manufacturer

Ascent Software, Version 2.6
Basic Local Search Tool (BLAST)
Benchling

CRISPOR

EMBOSS Needle

Ensembl genome browser
Glomax Sis, v1.10.0

Leica Application Suite X

Living Image 4.4

MicroPoint, V. 2016-02-05
NCBI, Gene

Primer3

QuantaSoft 1.7.4.0917
QuantaSoft Analysis Pro 1.0.596
Quantum ST5

TIDE

Universal Protein Resource (UniProt)
ViewPoint Online

Thermo Fisher Scientific, Waltham, USA
https://blast.ncbi.nlm.nih.gov
https://www.benchling.com
http://crispor.tefor.net
https://www.ebi.ac.uk/Tools/psa/emboss_
needle

https://www.ensembl.org

Promega, Fitchburg, USA

Leica, Wetzlar, GER

Caliper Life Sciences, Waltham, USA
PreciPoint, Freising, GER
https://www.ncbi.nlm.nih.gov/gene
http://pimer3.ut.ee

Bio-Rad, Munich, GER

Bio-Rad, Munich, GER

Vilber Lourmat, Eberhardzell, GER
https://tide.deskgen.com
https://www.uniprot.org

PreciPoint, Freising, GER
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6. METHODS

6.1 Cell culture methods

6.1.1 Cultivation and subcultivation of porcine cells

Mammalian cells were cultivated in antibiotic-free medium (DMEM, 10-20% FCS, 1 mM
sodium pyruvate, 1x NEAA, 2 mM Ala/Glu) at 37°C in a CO; enriched (5%), humidified
atmosphere and medium was exchanged every 2-3 days. All work with open cell culture
vessels was performed within a laminar airflow cabinet using autoclaved material. Non-sterile

solvents and solutions were filter sterilized (0.22 um pore size).

Subcultivation was performed at a confluence level of about 80%. For this purpose, medium
was aspirated, cells were washed with PBS and incubated with Accutase solution for 5-15 min
at 37°C. Dissociation reaction was terminated by dilution with culture medium and cells were

transferred to new culture vessels.

6.1.2 Cryoconservation and thawing of porcine cells

For long-term cryostorage, cells were dissociated using Accutase solution, centrifuged at
300x g for 5 min and resuspended in 1 mL cryopreservation medium (70% FCS, 20% DMEM,
10% DMSO). Cells were transferred to a cryo vial and cooled down to -80°C at 1°C/min using
a Mr. Frosty freezing container placed inside a -80°C freezer. After two hours, the vials were

removed from the container and either stored in liquid nitrogen or at -80°C.

For re-cultivation, cryopreserved cells were thawed at 37°C, mixed with 5 mL medium and
centrifuged at 300x g for 5 min. Cells were resuspended in culture medium and transferred to

a new culture vessel.
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6.1.3 Determination of cell number

Single cell suspension was mixed with Trypan blue solution in a ratio of 1:2 and 10 uL of stained
cells was applied to a disposable Neubauer counting chamber. The cell numbers of four

squares were counted and cell concentration was calculated as follows:

cell concentration = 2 * (average cell number per square) * 10*/mlL

6.1.4 Transfection of genetic constructs

Cells were transfected using Lipofectamine 3000 (for pX330-based vectors) and Lipofectamine
2000 (for all other constructs) at 25-60% confluence according to the manufacturer's
instructions. Transfection of pX330 vectors was carried out in 6-wells using 1 ug DNA per well.
For transfecting reporter and targeting constructs, 4 and 10 ug linearized DNA were used per

10 cm dish, respectively.

6.1.5 Magnetic cell separation

Cells with functional GGTA1 knockout and SLA class | inactivation were selected by magnetic
cell separation for further use in SCNT. 3x10° cells were resuspended in 600 pL TL HEPES Ca?*
296+ buffer, labelled with 50 pg biotin-conjugated isolectin B4 by incubating for 15 min on ice,
and washed twice with PBS. Streptavidin-conjugated magnetic beads (600 pL) were purified
according to the manufacturer's instructions, mixed with the cells and incubated for 30 min
on ice. After adding 5 mL PBS, the magnet was applied for 2 min to separate bead-bound cells.
Cells with functional GGTA1 knockout remained in suspension and were re-cultivated. A
second round of magnetic cell separation was performed using 5 ug biotin-conjugated anti-

MHC | monoclonal antibody to additionally select for SLA class | negative cells.

6.1.6 Antibiotic selection of transfected cells

Cells were treated with culture medium supplemented with selection antibiotic 24 to 48 hours
after transfection. The type and duration of antibiotic selection was based on the transfected

construct and the cell type used (see Table 19).
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Table 19 — Type and duration of antibiotic selection of mammalian cells

. e es Concentration, Selection time, d
Mammalian cells Antibiotic
pg/mL

PK-15 Hygromycin B 1200-1600 6-9
pKDNF Hygromycin B 600 6-9

Blasticidin S 12 7-11

Puromycin 1.5 2
ST Hygromycin B 600 7

6.1.7 Cell clone generation

After antibiotic selection, single cell colonies with a size of 1-4 mm were either isolated directly
from the 10 cm dish or after seeding onto 15 cm dishes (PK-15: 50 cells/dish; pKDNF: 1000
cells/dish; ST: 200-400 cells/dish). Clones were picked after washing with PBS: cloning
cylinders (diameter: ~ 6.5 mm) were dipped into sterile silicone grease and placed around the
single cell colony. The cells were detached filling the cylinder with 200 uL Accutase solution
and incubating 5-15 min. The reaction was stopped by adding culture medium and cell clones

were transferred into a 12/24-well plate.

6.1.8 In vitro promoter induction by human and murine cytokines

Different culture formats, cell numbers and cytokine concentrations were used for in vitro
promoter induction depending on the type of experiment (see Table 20). Cells were seeded in
triplicates in a defined volume of medium followed by cytokine addition after 0.5-3 h.
Untreated cells served as control (ctrl). Collection of cell culture supernatants for SEAP
reporter assays or cell lysis for Dual Luciferase assays was conducted 3-72 h after cytokine

treatment. Supernatants and lysates were stored up to 14 days at -20°C.
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Table 20 - Cell numbers, medium volumes, cytokine concentrations and time of supernatant collection

selected for individual promoter induction experiments

. . . Time
. Medium Cytokine concentration,
Experiment, chapter Cell number of supernatant
volume ng/mL .
collection
Basic evaluation of 4.0x10° 2mL hTNF: 30, 10,1, 0.1 72 h

cytokine-inducibility, per 6 well

hiL-1B8: 50, 5 2.5, 0.5, 0.05

7.1.13 hIFNy: 10, 1, 0.1, 0.01

Determining 1.0x10° 0.8 mL hTNF: 10 3,4,5,6, 8, 24,
initiation of per 12 well 48,72 h
promoter induction,

7.1.14

Analysis of PK-15 0.33x10° 04mL hTNF: 30 72 h
responsiveness to per 24 well mTNF: 90

murine and human hIL-1B: 62.5

cytokines, 7.1.2.1.1 mIL-1f: 150

Induction of PK-15 2.1x10° 4 mL hTNF: 30 24 h
clones used for per T25

in vivo studies,
7.1.2.1.2

6.2 Microbiological methods

6.2.1 Cultivation of E. coli

Bacterial cells were cultivated over night at 37°C, either on LB (lysogeny broth) agar plates or

in liquid LB medium while shaking at 250 rpm. Medium was supplemented with 100 pg

Ampicillin (Amp) per mL for selection of AmpR positive bacteria.

6.2.2 Transformation of electro- and chemical competent E. coli

Competent E. coli were either transformed by electroporation or heat shock. After

transformation, 50-100 plL bacteria suspension was plated on LB agar plates (Ampl®)

incubated at 37°C over night.
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6.2.2.1 Transformation by electroporation

To transform electrocompetent E. coli (strain DH10b), 50 uL bacteria suspension was
incubated with 50-300 ng DNA for 2 min on ice and transferred to pre-cooled electroporation
cuvettes (electrode distance: 2 mm). Electroporation was carried out by applying an electric
impulse of 2500 V for 5 ms. Cell suspension was added to 500 pL LB media, incubated for

30 min at 37°C and 250 rpm and plated as described above.

6.2.2.2 Transformation by heat shock

Heat shock transformation of chemically-competent E. coli (NEB 5-alpha competent E. coli,

High Efficiency) was carried out according to the manufacturer's instructions.

6.2.3 Cryoconservation of E. coli

Glycerol stocks of bacterial clones were generated by mixing 1000 puL of an overnight culture
with 500 pL sterile glycerol and stored at -80°C. For re-cultivation, the glycerol stock was

thawn on ice and 100 plL was used to inoculate liquid LB medium.

6.3 Molecular biological methods

6.3.1 Isolation of nucleic acids from mammalian cells

6.3.1.1 Genomic DNA isolation using QuickExtract DNA Extraction Solution

Cells of a confluent 12 well were harvested and resuspended in 30 uL QuickExtract DNA
Extraction Solution to screen for positive targeting events. Cells were lysed by incubating for

15 min at 65°C and 8 min at 95°C. DNA was stored at -20°C.

6.3.1.2 Genomic DNA isolation by phenol chloroform isoamyl alcohol extraction

Phenol chloroform isoamyl alcohol extraction was conducted when large quantities of high

purity DNA were required. Cells of a confluent T150 flask were resuspended in 1000 pL Lysis
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Buffer and 60 uL proteinase K (20 pg/uL) added. After incubating for 2 h at 37°C, RNA was
degraded by adding 2 uL RNAse A solution (20 pug/uL) and incubating for 5 min at RT. The lysate
was mixed with an equal volume of phenol chloroform isoamyl alcohol (25:24:1), vortexed
and incubated for 10 min at RT. After centrifugation for 15 min at 12,000xg, the aqueous phase
was mixed a second time with an equal volume of phenol chloroform isoamyl alcohol.
Centrifugation for 10 min at 12,000xg was followed by adding 0.1 volume of sodium acetate
(5 M) and 1 volume isopropanol to the aqueous phase and mixing by inverting. After
centrifugation for 5 min at 12,000xg, the DNA pellet was washed wit 500 puL EtOH (70%) and
centrifuged a second time. This step was repeated once, the EtOH removed and the pellet

dried at room temperature. The DNA was resuspended in 50 uL TE buffer and stored at -20°C.

6.3.1.3 Isolation of genomic DNA and total RNA using SurePrep RNA/DNA/Protein

Purification Kit

To isolate small amounts of high purity gDNA and total RNA from mammalian cells, the
SurePrep RNA/DNA/Protein Purification Kit was used according to the manufacturer's

instructions.

6.3.2  Reverse transcription of RNA

For gene expression analysis at transcript level, RNA isolated from mammalian cells was
transcribed using FastGene Scriptase Il. Synthesis of cDNA was conducted following the

manufacturer's instructions using 20-500 ng total RNA and random hexamer primers.

6.3.3  Polymerase chain reaction (PCR)

The Polymerase chain reaction (PCR) was used to screen bacterial and eukaryotic cell clones,
amplify DNA sections for further cloning and to detect cDNA for gene expression analysis.
Different DNA polymerases were used depending on the purpose following the
manufacturer's instructions. ALLin HiFi DNA Polymerase was used to detect positive ROSA26
targeting events in transfected cell clones. Q5 High-Fidelity DNA Polymerase was used to

amplify GC-rich regions and DNA sequences with repetitive elements. GoTag G2 DNA
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Polymerase was used for all other PCR reaction. Table 21 summarizes the standard PCR

reaction mixtures and thermal cycling conditions for each polymerase.

Table 21 — Reaction mixtures and thermal cycling conditions for GoTaq G2 DNA Polymerase, Q5 High-Fidelity
DNA Polymerase and ALLin HiFi DNA Polymerase

Reaction mixture Thermal cycling conditions
Component Final Step Temper- Time Cycles
concentration ature

GoTaq G2 DNA Polymerase
Template:

* plasmid DNA 200-500 ng Initial 95°C 2 min 1

* gDNA 200 ng Denaturation

* cDNA 2 uL Denaturation 95°C 40 sec
dNTPs 200 uM each Annealing 58-62°C 40 sec 30-40
Forward primer 0.5 uM Extension 72°C 1 min/kb
Reverse primer 0.5 uM Final 72°C 5 min 1
5x Green GoTaq 1x Extension
Reaction Buffer Storage 8°C Infinite 1
Polymerase 1.25U

H,O, cell culture grade to 50 plL

Q5 High-Fidelity DNA Polymerase

Template 200-500 ng

dNTPs 200 uM each Initial 98°C 30 sec 1
Forward primer 0.5 uM Denaturation

Reverse primer 0.5 uM Denaturation 98°C 10 sec

5x Q5 Reaction Buffer  1x Annealing 58-62°C 30 sec 30
5x Q5 High GC Enhancer 1x Extension 72°C 30 sec/kb

Q5 High-Fidelity 10U Final 72°C 2 min 1
DNA Polymerase Extension

H,O, cell culture grade to 50.0 pL Storage 8°C Infinite 1

ALLin HiFi DNA Polymerase

Template 350 ng

Initial 95°C 1 min 1
Forward primer 0.4 uM Denaturation
Reverse primer 0.4 uM Denaturation 95°C 15 sec
5x ALLin HiFi Buffer 1x Annealing 60°C 15 sec 35
ALLinPolymerase 05U Extension 72°C 30 sec/kb

H,0, cell culture grade  to 50.0 pL Storage 8°C Infinite 1
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6.3.4 Droplet digital PCR

Droplet digital PCR (ddPCR) was used to determine the absolute copy numbers of transgenes
presentin a certain cell clone. High purity gDNA was fragmented by restriction digest to enable
optimal accuracy by separating tandem gene copies. Prior to droplet generation with the
QX200 Droplet Generator, 20 pl reaction mixture (Table 22) and 70 uL droplet generation oil
for probes were loaded into the corresponding wells of the DGX8 cartridge. The droplets were
transferred into a 96-well plate and PCR reactions conducted as described in Table 22. Data
were subsequently acquired and analysed using the QX200 droplet reader and the application

QuantaSoft.

Table 22 — Reaction mixture and cycling conditions for ddPCR

Reaction mixture Cycling conditions
Final Step Temper- Time Cycles
Component . M
concentration ature
gDNA, fragmented 9-100 ng
GOl specific:
* forward primer 900 nM Enzyme 95°C 10 min 1
* reverse primer 900 nM activation
* probe (HEX) 250 nM Denaturation 94°C 30 sec
Reference gene-specific: Annealing/ 58°C 1 min 40
* forward primer 900 nM extension
* reverse primer 900 nM Enzyme 98°C 10 min 1
* probe (FAM) 250 nM deactivation
2x ddPCR Supermix for 1x Store 4°C Infinite 1
Probes (No dUTP)
H,0, nuclease free t0 20.0 pL #Ramp rate: 2°C/sec

6.3.5 Restriction digestion

Preparative restriction digestions were performed to enable cloning of DNA fragments into
vectors, to linearize targeting and reporter constructs for stable transfection and to fragment
genomic DNA for ddPCR. Analytical digestions were conducted to verify correct vector sizes.
The reaction mixture (Table 23) was incubated for 2 h at 37°C and either frozen at -20°C or

used immediately for agarose gel electrophoresis.
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Table 23 — Reaction mixture for preparative and analytical restriction digestions

Component Final concentration
DNA:

* preparative digestion (vector) 5-10 ug

* preparative digestion (gDNA) 0.2-2 ug

* analytical digestion 2ug
10x NEB Buffer 1x
Restriction enzyme 3 U per ug DNA
H,O, cell culture grade to 50.0 pL

6.3.6 Removing single-stranded overhangs

Single-stranded overhangs of restriction fragments were removed using DNA polymerase |
(Klenow Fragment) to enable ligation into blunt-end vector backbones. 1.5 uL dNTPs (2 mM
each) and DNA polymerase | (1 U/ pg DNA) were added to 50 pl restriction mixture and
incubated at 25°C for 15 min. The enzyme was heat inactivated by incubation at 75°C for

20 min.

6.3.7 Dephosphorylation of 5’-ends of DNA

Enzymatical dephosphorylation of 5'-ends was performed prior to DNA ligation to prevent
religation of linearized vector backbones. 2 uL calf intestine phosphatase (CIP) was added to
50 L restriction mixture and incubated at 37 °C for 30 min. DNA was stored at -20 °C until

purification.

6.3.8 Assembly of complementary single-stranded oligonucleotides

Complementary oligonucleotides were annealed for subsequent cloning by dissolving 1 ug of
each oligonucleotide in 100 pyL TE buffer, heating to 100°C and slowly cooling to room

temperature (10°C per 30 sec).
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6.3.9  Phosphorylation of double-stranded oligonucleotides

Phosphorylation of double-stranded oligonucleotides was performed to increase ligation
efficiency and to enable multiple-integration for promoter optimization. The reaction mixture
(Table 24) was incubated for 30 min at 37°C followed by enzyme inactivation for 20 min at

65°C.

Table 24 — Reaction mixture for phosphorylating double-stranded oligonucleotides

Component Final concentration
Double-stranded oligonucleotides 44.0 pmol

10x T4 Ligase Buffer 1x

T4 Polynucleotide Kinase 100 U

H20, cell culture grade to 50.0 uL

6.3.10 Ligation of DNA fragments and alternative DNA assembly

6.3.10.1 Ligation using T4 DNA ligase

Conventional cloning of digested DNA fragments and double-stranded oligonucleotides into
linearized vectors was performed using T4 DNA ligase. The amount of insert DNA was chosen
according to the molar vector:insert ratios of 1:3 to 1:10. The ligation mixture (Table 25) was
incubated at 25°C for 2 h and at 4°C overnight.

Table 25 — Reaction mixture for ligation using T4 DNA ligase

*The amount of insert DNA was chosen according to molar vector:insert ratios of 1:3 to 1:10.

Component Final concentration
Vector DNA 50-100 ng

Insert DNA variable”

10x T4 DNA Ligase Bufffer 1x

T4 DNA Ligase 400 U

H,O, cell culture grade to 10.0 pL

6.3.10.2 DNA assembly using NEBuilder HiFi DNA Assembly Cloning Kit

The NEBuilder HiFi DNA Assembly Cloning Kit was used as an alternative strategy for DNA

assembly. The reaction was performed according to the manufacturer's instructions.
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6.3.11 Purification of DNA fragments

DNA was purified from gel slices, PCR- and restriction mixtures using the Wizard SV Gel and

PCR Clean-Up System following the manufacturer’s recommendations.

6.3.12 Sanger sequencing

Sequencing of selected DNA fragments was conducted using the Mix2Seq service by Eurofins

Genetics. The samples were prepared as recommended by the company.

6.3.13 Agarose gel electrophoresis

Agarose gel electrophoresis was conducted to separate DNA fragments by size. Gels were
prepared by boiling the appropriate buffer with 0.8-2.0% (w/v) agarose, adding 4 L
pegGREEN staining solution per 100 mL liquid gel and pouring into the gel tray. For preparative
purposes 1x TBE buffer was used, whereas analytical gels were prepared with 1x TAE buffer.
PCR reactions performed in GoTaq 5x Green Reaction Buffer were loaded directly into the gel,
all other samples were pre-mixed with 6x Gel Loading Dye. 4 uL of a DNA size marker was
loaded in a separate well for fragment length determination. After running the gel for 1-3 h at
80-120V, DNA fragments were visualized under UV light and documented using the Quantum

ST5 gel documentation imaging chamber.

6.3.14 Preparation of plasmid DNA

Plasmid DNA was prepared from 100 mL overnight bacterial cultures using the NucleoBond
Xtra Midi kit according to the manufacturer's instructions. DNA was resuspended in 100 pyL TE

buffer and stored at -20°C.

6.3.15 Determining the concentration of nucleic acids

The concentrations of nucleic acids were determined using NanoDrop lite spectrophotometer

measuring the absorption at 230 nm for RNA and 260 nm for DNA, respectively.
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6.3.16 SEAP reporter assay

The activity of secreted embryonic alkaline phosphatase (SEAP) in cell culture supernatants
(see chapter 6.1.8) was determined using the SEAP Reporter Assay Kit according to the
manufacturer's instructions. The optical density at A=405 nm was measured for 120 min at

15 min intervals using a Multiskan Ex ELISA reader.

Relative activity of a promoter x was defined as

0D X
Relative promoter activity (x) = s05nm (%) *100%

0D 4o5nm (CAG, ctrl)

and mean values of triplicate measurements of the control and the studied group were
compared using T test and R script (The R project for statistical computing, version 3.2.1). The

degree of promoter upregulation ('induction factor') was calculated as follows:

relative promoter activity (x, test)

Induction factor (x) = - —
relative promoter activity (x, ctrl)

6.3.17 Dual-luciferase reporter assay

The Firefly & Renilla Single Tube Luciferase Assay Kit was used for in vitro analysis of
transfected cell clones to be used for in vivo promoter evaluation in mice. Cells were harvested
by centrifugation (300x g, 5 min) and lysed by resuspension and incubation in Passive Lysis
Buffer for 10 min at RT. The assay was conducted following the company's instructions,
whereas the lysate of 1.5x10° cells was utilized per sample. Standardized precise timing was
important to enable comparison of data between experiments, so substrate addition and
luminescence measurement (Glomax 20/20 luminometer) were performed according to the

scheme shown in Figure 7.

The degree of promoter x upregulation (‘induction factor') was calculated as followed:

RLUgp, (x, test)
RLUgp, (x, test)
RLUgpc (x, ctrl)
RLUppy (x, ctrl)

Induction factor (x) =
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0 sec 30 sec

addition D-Luciferin addition Coelenterazine
working solution working solution

10 sec 45 sec

Renilla luciferase
luminescence measurement

Firefly luciferase
luminescence measurement

Figure 7 — Timeline for substrate addition and luminescence measurement

D-Luciferin was added to the sample at timepoint 0 sec and Firefly luciferase (Fluc) induced luminescence
measured 10 sec later. At timepoint 30 sec Coelenterazine solution was added, thereby quenching Fluc activity.
Luminescence produced by Rluc was measured at timepoint 45 sec.

6.3.18 Design and evaluation of sgRNA target recognition sites

6.3.18.1 Insilico design of sgRNA target recognition sites

For CRISPR/Cas9-induced gene editing, suitable sgRNA target recognition sites were
determined in silico using the CRISPOR webtool (http://crispor.tefor.net). This application
identifies 20-bp target recognition sites for Sp-Cas9 within a selected genomic sequence,
evaluates off-target probability and guide specificity and scores the predicted cleavage

efficiency at this position.

6.3.18.2 Quantitative assessment of CRISPR/Cas9-mediated genome editing

The frequency of CRISPR/Cas9-mediated insertions and deletions (InDels) in pools of
transfected cells was evaluated using the TIDE web tool. Default parameters for analysis were

applied as summarized in Table 26.
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Table 26 — Parameter settings for CRISPR/Cas9-mediated InDel analysis using TIDE

Methods

Parameters Setting
Alignment window:
* left boundary 1-100 bp
* right boundary Set at 'breaksite minus 10 bp'
Decomposition window Maximum
Indel size range 2-10
P-value threshold 0.001

6.4 Animal experiments and histological methods

6.4.1 Transplantation of porcine cells into immune-deficient mice and splenocyte

transfer

For in vivo promoter evaluation, transfected PK-15 cell clones were transplanted into NOD

scid gamma (NSG) mice. A defined number of cells (see Table 27) was resuspended in 10 plL

PBS and injected subcutaneously (s.c.) into the hind leg using a 31G needle. Splenocytes

isolated from NOD mice (1x 107 in 100 puL PBS) were transferred via the tail vein of the NSG

mice to reconstitute the immune system after an engraftment time of 1 to 4 weeks (see Table

27). Splenocyte transfer was not performed for the control group. Animal housing, PK-15 cell

transplantation and splenocyte transfer were carried out by Prof. Jochen Seilller and

colleagues at Klinikum der LMU Miinchen, GER.

Table 27 —Details for individual transplantation experiments

Time span,
Experiment, Fell type Cell number Time span, splenocyte
chapter implanted engraftment transfer to

histology
Validation of cell PK-15 (wt), 2x106 7 days, No splenocyte
engraftment, ST (3xKO) 4 weeks transfer
7.1.2.1.1
Validation of PK-15 1x10° 10 days 10 days

immune cell (A080, pool)
infiltration,
7.1.2.1.1
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In vivo induction PK-15 1x10° 8 days 10 days
experiments, (A0O80-A085,
7.1.2.2 cell clones)

6.4.2  Invivo bioluminescence imaging

10 days after transplantation of NOD splenocytes, mice were transferred to Klinikum rechts
der Isar (TUM, GER) where in vivo bioluminescence imaging and tissue collection were
performed. The mice were anaesthetized with 3.0% isoflurane in a whole-body chamber and
narcosis was maintained with 2.5% isoflurane within the imaging system (IVIS Lumina LT series
[11). To evaluate Renilla luciferase (Rluc) activity, 100 pL of ViviRen substrate (0.3 pug/uL in PBS)
was injected into the tail vein and photon emission was detected after 1 min (exposure time:
60 sec). Not earlier than one hour after the first measurement, the remaining Rluc activity was
determined and 200 pL of XenoLight D-Luciferin solution (14 pg/uL in PBS) was administered
intraperitoneally (i.p.). Firefly luciferase (Fluc) activity was measured 7 min after substrate
injection and mice were subsequently euthanized by cervical dislocation. The optimal times
for detection of bioluminescence were determined in an initial experiment. All work on living
animals was performed by Dr. Dirk Wohlleber and Katrin Manske (Institute of Molecular

Immunology and Experimental Oncology, TUM, GER).

Relative activity of a promoter x was defined as

radianceg,(x)

Relative promoter activity (x) = -
p y (x) radianceg;,.(x)

and the degree of promoter upregulation (‘induction factor') was calculated as follows:

mean (relative promoter activity (x, spleno))

Induction factor (x) = - — -
mean (relative promoter activity (x, without speno)

6.4.3 Immunohistochemistry

Murine hind legs were fixed without skin for 3-4 days in 4% paraformaldehyde and
subsequently preserved in 70% EtOH. After removing the thighbone, samples were embedded
in paraffin blocks by Nico Gebhardt (Chair of Nutrition and Immunology, TUM, GER).

Histological sections, thickness 4-5 um, were prepared using a Microm Cool-Cut microtome
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prior to deparaffinisation. Microscope slides carrying the tissue sections were incubated three
times in Roticlear for 5 min, then washed twice in 100% EtOH, 95% EtOH, 80% EtOH and H,0
for 5 min. For antigen unmasking, tissue slides were boiled for 10 min in 10 mM citrate buffer
(pH 6.0) and cooled to room temperature. Slides were washed three times in H,0 for 5 min,
then endogenous peroxidases were inhibited by incubating for 10 min in 3% H,0; (dilution in
PBS). After three 5 min washes in H;0, slides were drained and 90 pL of the primary antibody
dilution (Biotin anti-mouse CD45, 1:200 in Antibody Dilution Buffer) applied to the sections.
The sections were covered using coverslips and incubated overnight at 4°Cin a closed staining
tray. The next day, the slides were washed in PBS for 5 min, covered with VECTASTAIN Elite
ABC Reagent (prepared following the manufacturer's instructions) and incubated for 30 min.
After washing for 5 min in PBS, sections were stained with peroxidase substrate (3,3'-
Diaminobenzidine Enhanced Liquid Substrate System tetrahydrochloride) mixed according to
the manufacturer's instructions. The staining process was monitored under the microscope
and stopped after 40 min by removing the substrate and washing with PBS. Counterstaining
was performed by incubating in haematoxylin for ten seconds. The slides were subsequently
washed twice in H,0 for 5 min, twice in 95% EtOH for 10 sec and finally in 100% EtOH. For
fixation, the stained tissue sections were mounted with Eukitt quick-hardening mounting
media. To double-check staining quality, all tissue samples were additionally stained and

histologically evaluated by Prof. J. Seiller.

6.4.4 Somatic cell nuclear transfer (SCNT) and embryo transfer

Cell cycles were synchronized by incubating primary cell clones for 2 days in starvation
medium (DMEM, 1x NEAA, 1 mM sodium pyruvate, 2 mM Ala-GIn, 0.5 % FBS). Serum-starved
cells (12-well, 100% confluency) were transferred to Prof. Eckhard Wolf's group (Chair for
Molecular Animal Breeding and Biotechnology, LMU, GER), where SCNT was performed as
described previously [313]. Reconstructed embryos were then transferred laparoscopically

into the oviducts of hormone-primed German landrace (GLR) sows for gestation [313].
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7. RESULTS

7.1 The Smart Graft strategy

Constitutive and systemic expression of T cell regulatory molecules in xeno-donor pigs is
undesirable because it can lead to immunodeficient animals and possibly to uncontrollable
immunosuppression in human recipients. It would be preferable if the expression of immune-
modulatory transgenes such as CTLA4-Ig or LEA29Y becomes activated or upregulated in
response to incipient rejection and tissue injury after transplantation. This strategy based on
dynamic, cytokine-dependent expression of xenoprotective molecules in the donor tissue was
termed the Smart Graft strategy. It envisaged the use of NF-kB-dependent promoters that are
induced by human pro-inflammatory cytokines (e.g. TNF, IL-1B) to direct an appropriate

transgene expression response (see Figure 8).

impeding rejection & donor tissue injury

ro-inflammator Q
p Y o@ go

cytokines

\,/ / \‘ T

xeno—protectlve j
i

proteins
(e.g. LEA29Y)

\ .
VA AN 4
I—)
AN D Y

NF-kB-induced promoter transgene

Figure 8 — Cytokine-dependent expression of protective proteins (the Smart Graft strategy)

Pro-inflammatory cytokines including TNF and IL-1B are released by diverse immune cells (e.g. DCs,
macrophages, blood monocytes, NK cells, lymphocytes) and porcine ECs in response to incipient xenograft
rejection and donor tissue injury. Downstream signalling of TNF and IL-1pB results in activation of NF-kB that then
attaches to specific binding-elements of NF-kB-regulated promoters. This induces cytokine-dependent
expression of protective molecules (e.g. CTLA4-Ig, LEA29Y) to counteract the loss of the xenograft.
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The first aim was thus to identify or engineer suitable promoters that provide strong and swift
responsiveness to human TNF and IL-1 while having low activity in absence of these cytokines
and to characterize them in vitro and in vivo. Gene constructs were then generated to
introduce different cytokine-inducible transgenes into the porcine ROSA26 locus by gene

targeting. Much of the data described here have already been published [199].

7.1.1  Invitro promoter evaluation

This section focusses on the generation and in vitro evaluation of several candidate promoters.
The first part (7.1.1.1) describes the selection of various promoter regions and the cloning of
the corresponding reporter constructs. Different variants of the endogenous promoters pA20
and hCCL2 were generated to improve sensitivity to human cytokines and to create promoters
with different activity levels, which is described in section 7.1.1.2. The in vitro investigation of
promoter-inducibility with human cytokines is the subject of section 7.1.1.3, and section

7.1.1.4 describes timing of promoter induction.

7.1.1.1 Selection of promoter regions

Various human (hTNFAIP1: TNF alpha induced protein 1, hVCAM1: vascular cell adhesion
protein 1, hCCL2: C-C motif chemokine 2), porcine (pA20: zinc finger protein A20) and semi-
synthetic (ELAM: E-selectin) promoters, known to respond to inflammatory pathways, were
considered as candidates for implementing the Smart Graft strategy. The CAG promoter (CMV
enhancer/chicken B-actin promoter/rabbit globin intron), known to provide high and
ubiquitous expression levels in pigs, was used as a reference. The sequences of the promoter
regions described below originated from Ensembl Genome Browser (Ensembl Release 95;
https://www.ensembl.org/) using the genome assemblies GRCh38.p12 (Homo sapiens) and

SScrofall.l (Sus scrofa). The promoter structures are shown in Figure 9.
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CMV early enhancer promoter, exon 1 & intron 1 splice acceptor
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Figure 9 — Structures of the unmodified promoters tested for cytokine-responsiveness in vitro

Functional promoter elements were annotated according to the previous publications: ELAM [314, 315],
hVCAM1 [316], hTNFAIP1 [317], hCCL2 [318-323]. Functional elements of the porcine A20 promoter were
identified by sequence alignment with the human A20 promoter [324-326]. Putative NF-kB binding sites in the
CAG promoter sequence were identified in silico and not functionally verified. Promoter elements are marked as
boxes. NF-kB: NF-kB binding site; ACTB: actin, cytoplasmic 1; TATA: TATA box; octamer: octamer transcription
factor binding site; TEF-1: transcriptional enhancer factor 1; AP-1/2: adaptor protein complex 1/2 binding site;
GATA: GATA-binding factor binding site; ETS: epithelium-specific transcription factor binding site; SP-1:
transcription factor specificity protein 1 binding site; CREB: cyclic AMP responsive element-binding protein
binding site; C/EBP- B: CCAAT/enhancer-binding protein beta; CAAT: CAAT box; E-box: enhancer box (published
in [199]).

The chosen promoter sequence of hTNFAIP1 comprised bp -294 to +79 relative to the
transcription start site (Transcript ID: ENST00000226225.6), the hVCAM1 promoter included
bp -947 to +102 (Transcript ID: ENST00000294728.6) and the hCCL2 promoter region
consisted of bp -2,834 to +58 (Transcript ID: ENST00000225831.4). The pA20 promoter was
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composed of two parts: bp -843 to -180 and -101 to +137 (Transcript ID:
ENSSSCT00000034426.2). The semi-synthetic ELAM promoter construct was commercially
available (pNiFty-SEAP, InvivoGen) and consisted of the human ELAM proximal promoter (bp
-149 to -1; Transcript ID: ENST00000333360.11) and five repeated NF-kB transcription factor

binding sites.

For in vitro analyses of cytokine-inducibility and activity levels, the endogenous promoters
described above were PCR amplified using genomic DNA (gDNA) of human SCP1 and porcine
kidney fibroblast (pKDNF) isolate 2505 as a template and inserted into a SEAP reporter plasmid

(see Figure 10). For detailed cloning information see Appendix 13.1.1.

4/1/7 iProm SEAP-pA — cf:-%i ——— SV40 Hygro®-pA 4/1/7

Figure 10 — Structure of the SEAP reporter plasmids
iProm: (cytokine-inducible) candidate promoter; SEAP: coding sequence of secreted embryonic alkaline

phosphatase; f1 ori: origin of DNA replication of bacteriophage f1; SV40: Simian virus 40 promoter; Hygro®:
hygromycin resistance gene; pA: polyadenylation signal.

7.1.1.2 Promoter modification

The endogenous promoters of hCCL2 and pA20, that already showed some significant
induction by hTNF in vitro (see Figure 13), were modified to further enhance cytokine

responsiveness and to cover a wider activity spectrum.

A hCCL2 variant (hCCL2 prox) was generated that comprised the proximal promoter portion
only (bp -145 to +65; Transcript ID: ENST00000225831.4). It includes a CAAT motif, two AP-1
sites and binding sites for transcription factor specificity protein 1 (SP-1) and NF-kB as
summarized by Deng et al. (see Figure 11) [323]. The third variant (hCCL2 dis/prox) additionally
contained the distal promoter region [323] with two extra NF-kB sites and included bp -2,834
to 2,519 and -145 to +58. Cloning details are described in Appendix 13.1.1. Some of the
annotated promoter elements of the human CCL2 promoter might have negative effects on
inducibility. AP-1 sites were shown to bind AP-1 molecules and cyclic AMP responsive
element-binding proteins (CREBs) as well. CREB transcription factors are essential for gene
regulation and were also show to downregulate transcription in response to TNF and other

inflammatory cytokines [327-330]. Both shortened hCCL2 promoters had a deletion of an
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adaptor protein complex 1 (AP-1) and a CCAAT/enhancer-binding protein beta (C/EBP-B)

element to improve TNF responsiveness of hCCL2 prox and hCCL2 dis/prox.

AP-1  caaT
SP-1 AP-1 SP-1 C/EBP-B AP-1 SP-1 pox
hCCL2 2.9 kb - —I—' ‘ / —| '
[ | I /l/l I 1
-2834 -2519 -145 +58

hCCL2 prox I _[ I

hCCL2 dis/prox EE— I. _I

Figure 11 — Structure of the generated human CCL2 promoter variants

Top: endogenous hCCL2 promoter spanning 2.9 kb. Nucleotide positions refer to hCCL2 transcript ID
ENST00000225831.4. Endogenous promoter elements are marked as boxes. Below: shortened hCCL2 promoter
variants. Grey lines and boxes indicate removed promoter elements (published in [199]). Abbreviations as in
Figure 9.

Sequence alighment between the porcine and human sequences was conducted to identify
the functional elements of the pA20 promoter. High sequence homology allowed
identification of an E-box element, two endogenous NF-kB and one SP-1 binding site [324-
326]. SP-1 was reported to modulate basal activity of some NF-kB-regulated promoters and to
enhance activity in response to TNF as well [317, 319]. Therefore, thirteen additional variants
of the pA20 promoter were generated by sequential insertion of different clusters of SP-1
and/or NF-kB binding sites into plasmid pcDNA-pA20-SEAP (A006, see Figure 12) to optimize
basal expression levels and inducibility. NF-kB sequences were inserted at position -404
and/or downstream of both endogenous NF-kB binding sites at position +52. The SP-1 cluster
was introduced at position -101, upstream of the endogenous SP-1 site (Transcript ID:

ENSSSCT00000034426.2). For cloning details see Appendix 13.1.1.



62 Results

E-box
HindIII SP-1 NF-kB Afel
’ ?
pA20, endogenous ’—/l/ | 179/. | “\ |
- - G -101 +1 +52
843 404 _102del +137

e — ? | ] “I\.JIFﬁB ?
+5NF i/ ! | T ?
+7NF _ ! } T H
+INE _/ ? ! BT “I_L
+25P —/ ! Sllii T ?
w1 n——
wsr | ! /_l i i !
+8SP _ ! /l ..... N T !
+45P+3NF _J t i HH ?
+4SP+9NF _/ ? Ry = | AEREE H
+45P+5/3NF _/ _NiliBl_/ I . Il = I'H“ !
+45P+10/3NF _//_ - .“I_/ T T HHu t
+4SP+5/9NF —/ — 1 m—/ S e | B H

Figure 12 — Structure of the generated porcine A20 promoter variants

Top: endogenous pA20 promoter. Nucleotide positions refer to pA20 transcript ID ENSSSCT00000034426.2.
Endogenous promoter elements are marked as black boxes. Restriction sites relevant for cloning are indicated
as black circles. Below: pA20 promoter variants featuring different clusters of added transcription factor binding
sites. Orange and green boxes indicate additional NF-kB and SP-1 binding sites, respectively (published in [199]).
Abbreviations as in Figure 9.
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7.1.1.3  Analysis of promoter inducibility by human cytokines

TNF and IL-1B are potent pro-inflammatory cytokines and produced by blood monocytes and
tissue macrophages during early inflammatory reactions of the innate immune system [88,
331]. They also play an important role in xenograft rejection [174, 175]. TNF and IL-1B are thus

suitable to mediate activation of xenoprotective transgenes within the graft.

The activity and cytokine response of candidate promoters (described in section 7.1.1.1 and
7.1.1.2) were quantified by a SEAP reporter assay in stably transfected wild-type pKDNF 2505
cells. Cell pools were treated with various concentrations of human TNF and IL-1f for 72 h,
ranging from 0.1 to 50.0 ng/mL. Some promoters were also tested for inducibility by human
IFNy, another crucial pro-inflammatory cytokine released by innate immune cells and
cytotoxic T lymphocytes (CTL). Figure 13 shows promoter activity levels with and without hTNF
treatment (A) and the extent of induction (B) after exposure to hTNF (30 ng/mL), hIL-1B (50

ng/mL) and hIFNy (10 ng/mL).

The 21 promoter variants tested provide a broad range of activity: CAG and hCCL2 dis/prox
had strong activity, while the promoters pA20, pA20+2/4/6/8SP and pA20+5NF had lower
activity. All constructs other than CAG, hVCAM1 and hTNFAIP1 showed a clear response to
different concentrations of hTNF. The ELAM promoter exhibited the greatest inducibility with
both cytokines, hTNF and hIL-1B. The combination of the distal and proximal promoter region
and deletion of inhibitory elements in hCCL2 dis/prox resulted in a significantly increased
sensitivity to hTNF and hIL-18, when compared to hCCL2 2.9 kb and hCCL2 prox. Interestingly,
also CAG showed a considerable response to hiL-1B. This finding would be explained by four
potential NF-kB binding sites, that were previously identified at positions -245, -286, -904 and

-1492 by in silico analyses (Nina Simm, Master's student) [332].
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Figure 13 — In vitro promoter induction by human TNF, IL-1B and IFNy

A: Relative promoter activity in pKDNF 2505 cells stably transfected with SEAP reporter plasmids + SD. CAG
promoter activity at control level = 100%. Cells were induced with human TNF in different concentrations (ng/mL)
for 72 h. B: Factor of promoter induction in pKDNF 2505 cells 72 h after cytokine treatment compared to
untreated control (published in [199]).

Significance codes: P-value <0.001 (***), 0.001 to 0.01 (**), 0.01 to 0.05 (*), 0.05 to 0.1 (°), > 0.1 (ns).

The additional NF-kB binding sites within the pA20 promoter variants clearly increased hTNF
inducibility. Moreover, these also conferred sensitivity to hlL-1B that was not observed with
the unmodified pA20 promoter. However, the effect of IFNy on the promoters tested was
negligible due to very low induction factors and significance levels. This is concordant with
observations of other groups that suggested the incompatibility between human IFNy and
porcine IFNy receptors [333, 334]. Six of the 21 promoters analysed were chosen for
subsequent in vivo studies, based on promoter strength and responsiveness to hTNF and hliL-

1B (summarized in Table 28).
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Table 28 — Characteristics (activity level, inducibility) of promoters chosen for in vivo studies
Activity levels High/Medium/Low correspond to relative promoter levels (ctrl) of >35% / 35-5% / <5%. Inducibility
levels High/Medium/Low correspond to induction factors of >3.5 /3.5-2.0 / <2.0.

Activity level,

Promoter ctrl Inducibility, hTNF  Inducibility, hiL-1
CAG High X Low

ELAM Medium High High

hCCL2 dis/prox High Medium Medium

pA20 Low Medium X

pA20+3NF Medium High Low
pA20+4SP+10/3NF Medium High Medium

7.1.1.4 Determining initiation and termination of promoter induction

In addition to promoter strength and inducibility, the timing of activation is also important.
The time span between the release of pro-inflammatory cytokines and promoter induction
should be as short as possible. After inflammation subsides, the expression of T-cell
modulatory molecules should quickly reduce and then turn off or maintain at low level to

avoid chronic systemic immunosuppression.

The kinetics of induction after hTNF challenge and promoter deactivation after removal of
hTNF from the cell culture medium was determined for the promoters ELAM, hCCL2 dis/prox,
pA20, pA20+3NF and pA20+4SP+10/3NF using the cell pools from section 7.1.1.3 (see Figure
14). Samples with readings too low for reliable evaluation (ODaosnm < 0.030) are indicated by
square brackets. Armin Mauerer (Bachelor's student) partially executed the SEAP

measurements [335].
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Figure 14 — In vitro analysis of initiation and termination of promoter induction

Factor of promoter induction in pKDNF 2505 cells relative to untreated control. Left to dashed line: promoter
induction after hTNF treatment (10 ng/mL). Right to dashed line: promoter induction after hTNF removal. A:
ELAM; B: hCCL2 dis/prox; C: pA20; D: pA20+3NF; E: pA20+4SP+10/3NF. Samples excluded from the analysis due
to low SEAP measuring values (ODaosnm < 0.030) are indicated by square brackets.

Significance codes: P-value <0.001 (***), 0.001 to 0.01 (**), 0.01 to 0.05 (*), 0.05 to 0.1 (*), > 0.1 (ns).
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All promoters tested showed a highly significant increase in promoter activity within 8 (ELAM)
to 32 h (pA20+4SP+10/3NF) after hTNF-addition, compared to the untreated control. In almost
all cases, promoter activity reduced on withdrawal of hTNF. This reduction was observed
within 24 h for the ELAM and pA20+4SP+10/3NF promoters. Although pA20+3NF showed a
greater induction factor 48 h after switching to TNF-free medium, promoter activity steadily
decreased within the next few days compared to the control. Human CCL2 and pA20 also
showed a significant reduction in activity, but promoter strength was below that of the control
cells resulting in an induction factor <1.0. This can be explained by the substantially reduced

cell viability of the sample cells due to exposure to hTNF.

7.1.2  Invivo mouse studies for promoter evaluation

In the previous section, a series of 21 promoters was designed that provide a broad range of
activity and cytokine-responsiveness in vitro. Six of these were selected to investigate in vivo
inducibility: CAG, ELAM, hCCL2 dis/prox, pA20, pA20+3NF and pA20+4SP+10/3NF (see Table
28).

For in vivo promoter evaluation, porcine cells expressing a luciferase reporter gene under the
control of the inducible promoters were transplanted into NSG mice. These animals lack
mature lymphocytes and NK cells and were used to facilitate engraftment [336]. The immune
system was reconstituted after stable xenotransplant growth. This allowed infiltration of
immune cells, such as macrophages, NK cells and T lymphocytes, into the graft with
consequent production and release of pro-inflammatory cytokines to stimulate reporter gene
expression. Reporter activity determined via bioluminescence imaging could thus be used as

an indicator of in vivo induction of each promoter by the murine immune system.

The first section focusses on the preparation and analysis of genetic constructs and cells used
for transplantation. The selection of a suitable cell type is covered in paragraph 7.1.2.1.1. The
reporter constructs used for the mouse studies and the final selection of transfected cell

clones is described in paragraph 7.1.2.1.2.

The second section (7.1.2.2) gives details of the bioimaging, including the experimental
strategy, optimisation of bioluminescence detection and the findings regarding in vivo

promoter inducibility derived from two runs of bioimaging.
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7.1.2.1 Preparation of constructs and cells

7.1.2.1.1 Selection of a suitable cell line for in vivo application

Cells suitable for these in vivo experiments had to meet several criteria: They must be of
porcine origin, since the inducible promoters are intended to drive transgenes in a porcine
graft in the future, and able to grow stably within NSG mice. Moreover, the grafted cells must
be recognized by murine immune cells after splenocyte transfer and respond to murine

cytokines.

Two different porcine cell lines were used for the first transplantation experiments conducted
by Prof. J. Seiller: Swine Testis (ST) and Porcine Kindey-15 (PK-15) that were derived both by
spontaneous immortalisation. ST cells were originally isolated from testicular tissue from
swine fetuses, possess fibroblast-like morphology with a diploid set of chromosomes and have
a reported doubling time of 30 to 40 hours [337-339]. Whereas PK-15 cells are derived from
an adult porcine kidney, show epithelial morphology with faster growth in vitro (generation

time: 12 h) and an unstable karyotype [340-344].

Subcutaneous (s.c.) and intramuscular (i.m.) engraftment of ST and PK-15 cells within the
tissue of NSG mice was analysed at different times. While 7 days after transplantation a small
number of ST cells were present in the tissue, none were detected histologically after 4 weeks
(see Figure 15, A+B). ST cells were therefore excluded from further studies. In contrast, PK-15
cells were stably engrafted 4 weeks after injection by both methods resulting in large tumors
approx. 5 mm in diameter (see Figure 15, C+D). A follow-up experiment was then conducted
to investigate whether reconstitution of the recipient's immune system results in invasion of
murine leukocytes into the PK-15 cell aggregates. Ten days after PK-15 transplantation, NOD
splenocytes were transferred into the recipient mice. After a further ten days, massive
infiltration of CD45-positive immune cells was detected immunohistochemically, indicating

the PK-15 cell line being suitable for in vivo promoter evaluation (see Figure 15, E).
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Figure 15 — Engraftment of porcine cells and infiltration of CD45-positive cells into PK-15 aggregations

Shown are HE-stained sections of graft sites in NSG mice after transplant of porcine ST (A, B) and PK-15 (C, D)
cells and HE, mCD45-staining of PK-15 aggregates after immune reconstitution with NOD splenocytes (E). Scale
bar: 500 um.

A: A few ST cells are visible in muscle tissue 7 days after transplantation i.m. B: After 4 weeks, ST cells are not
detectable. C, D: After 4 weeks, PK-15 cells are stably engrafted, s.c. (C) and i.m. (D). E: 10 days after transfer of
NOD splenocytes, the PK-15 tumor shows massive infiltration of murine CD45-positive cells (partially published
in [199]).

The in vivo bioluminescence assay requires that the inducible promoters in the porcine
xenotransplanted cells respond to murine cytokines produced by cells of the mouse immune
system. PK-15 cells were thus stably transfected with SEAP-reporter plasmid A068 (promoter:
pA20+2SP+10/3NF) and treated for 72 h with murine cytokines then promoter activity
evaluated (see Figure 16). Significant promoter induction was shown for both mTNF
(P-value=1.8*10"'°) and mIL-1B (P-value=9.9*1072), verifying cross-species response to these

cytokines.
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Figure 16 — In vitro verification of PK-15 sensitivity to murine TNF and IL-1

Factor of promoter induction in PK-15 cells, transfected with SEAP-reporter plasmid A068 (pcDNA-
pA20+10NFkB+4SP1+3NFkB-SEAP), 72 h after cytokine treatment (ng/mL) compared to untreated control
(published in [199]).

Significance codes: P-value <0.001 (***), 0.001 to 0.01 (**), 0.01 to 0.05 (*), 0.05 to 0.1 (*), > 0.1 (ns).

7.1.2.1.2  Selection of clones for cell transplantation into mice

PK-15 cells were identified in the previous section as suitable for the in vivo assay. Thus, they
were stably transfected with dual luciferase constructs. These vectors comprise cDNA
sequences encoding Rluc, driven by one of the candidate promoters described and
summarized in section 7.1.1 Table 28, and also Fluc directed by the herpes simplex virus
thymidine kinase (HSV-TK) promoter as an internal control for normalisation (see Figure 17).

Detailed cloning information is provided in Appendix 13.1.2.

—/1/—5v40 Hygro®-pA ——— iProm Rluc-pA  ——HSV-TK Fluc-pA -/l/—

Figure 17 — General structure of dual luciferase constructs for in vivo promoter evaluation

SV40: Simian virus 40 promoter; Hygro®: hygromycin resistance gene; iProm: cytokine-inducible candidate
promoter; Rluc: Renilla luciferase; HSV-TK: Herpes simplex virus thymidine kinase promoter; Fluc: Firefly
luciferase; pA: polyadenylation signal.
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The expression level of randomly integrated DNA constructs is strongly influenced by the
integration locus and the number of copies integrated. This source of variability was reduced
by preselecting stably transfected single cell clones by the criteria described below, and thus

increase the validity of comparisons between different promoters.

The first strategy was to choose clones with only a single copy of the reporter construct.
However, only 10% of single-copy-clones identified by droplet digital PCR (ddPCR) showed Fluc
activity, which may have been due to the known chromosomal instability of the PK-15 cell line
[341, 342]. So, for further clones, the integrity of the Fluc gene was first validated by PCR and
Fluc transcription verified by RT-PCR before the activity of both luciferases was measured. The
final selection was conducted according to the signal strength of the Fluc control, which
ranged from 1.3x10° to 1.4x108 RLU: Cell clones with similar Fluc activities, around 1.0x10°
RLU, were chosen (see Figure 18, A) for in vivo assays: A080-45 (CAG), A081-49 (ELAM), A082-
70 (hCCL2 dis/prox), A083-61 (pA20), A084-42 (pA20+3NF) and A085-17 (pA20+4SP+10/3NF).
In this way, the influence of the integration site and copy number on the in vivo promoter
evaluation was reduced. The number of integrated vector copies of these cell clones were
determined by ddPCR (see Figure 18, B). Prior to transplantation the cells were checked for
responsiveness of Rluc expression to murine TNF. For all the five clones analysed, increased
Rluc activity was detected 24 h after addition of murine TNF (30 ng/mL) compared to the

untreated control (see Figure 18, C).
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Figure 18 — Selection and further characterisation of transfected PK-15 cell clones used for in vivo promoter

evaluation

A: Cell clones for in vivo promoter evaluation selected according to Fluc activity + SD, with values around 1.0x10°

RLU. B: Copy numbers of integrated dual luciferase plasmids + SD determined by ddPCR using Hindlll-digested
gDNA and glyceraldehyde 3-phosphate dehydrogenase (GAPDH) as a reference gene. C: Verification of Rluc
inducibility in cell clones compared to untreated control: PK-15 cells were induced with murine TNF (30 ng/mL)

and harvested after 24 h at full confluence (partially published in [199]).
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7.1.2.2 Invivo promoter induction analyses

PK-15 cell clones containing the dual luciferase reporter construct under the control of the
CAG promoter (A080-45), ELAM (A081-49), hCCL2 dis/prox (A082-70), pA20 (A083-61),
pA20+3NF (A084-42) and pA20+4SP+10/3NF (A085-17) were used to analyze the extend of in
vivo promoter inducibility. After subcutaneous cell transplantation to NSG mice (day 0) and
reconstitution of the immune system by transferring splenocytes from non-obese diabetic
(NOD) mice (day 8; not performed in the control group), bioimaging was conducted to
determine Rluc and Fluc expression levels at day 18. In addition, the size and morphology of
PK-15-induced tumors and progression of immune cell infiltration into the porcine tissue were

investigated histologically. The workflow is shown in Figure 19.

day 18
day 0 bioimaging for Rluc
s %, /&i,% and Fluc expression
injection of transfected AN / ) \:&} _ .
PK-15 cells (s.c.) ‘< NS h_ssue collection for
S histology

day 8
"/'wﬁ transfer of NOD splenocytes
(\;;ﬁ\_ﬁzjg (no transfer for control group)

—

Figure 19 — Workflow for in vivo promoter induction analyses

Procedure for the bioluminescence assay of promoter activity in mice: transplantation of transfected PK-15 cell
clones; reconstitution of the murine immune system; then in vivo bioimaging and tissue collection for histology
(adapted from [199]).

The experiment was sub-divided into two runs. The first run served as a proof-of-principle
experiment with only one PK-15 transplantation per promoter for induction analysis (Ntest= 1)
and for control (ner = 1) and is described in section 7.1.2.2.2. The second experiment was then
scaled up to nwest = 2-3 and nel = 2-3 to test data reproducibility and is subject of section
7.1.2.2.3. The optimal times for detection of bioluminescence after substrate application were

determined in an initial experiment, which is described in section 7.1.2.2.1.
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7.1.2.2.1 Optimisation of bioluminescence detection

In three out of four tumors, Rluc-mediated bioluminescence dramatically decreased after the
first measurement at 1 min. In contrast, Fluc-induced photon emission increased continuously
until the end of the measurement at 7 min (see Figure 20). Bioluminescence detection was
therefore conducted 1 min after iv. application of the Rluc substrate and 7 min after

intraperitoneal (i.p.) injection of the Fluc substrate for all subsequent experiments.
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Figure 20 — Optimisation of bioluminescence detection after substrate application
Bioluminescence values at different times after substrate application for Rluc (A; i.v.) and Fluc (B; s.c.) (published

in [199]).

7.1.2.2.2 Invivo bioimaging — first run

In the first run, a strong variation of Fluc signals used for normalisation was observed. Also
activities of Rluc driven by the six promoters varied a lot (see Figure 21, A). The highest levels
were detected in tumors containing the CAG promoter (Fluc: 5.2x108 p/s; Rluc: 4.29x10° p/s)
whereas the lowest levels were found in a tumor with the hCCL2 dis/prox promoter construct
(Fluc: -2.1x10* p/s; Rluc: -8.65x10% p/s). Negative values were a result of subtracting the
background signal from very low measured values and these values were excluded from

determining in vivo promoter induction (see below).
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Figure 21 — Analysis of bioimaging results (first run) and evaluation of histological sections

A: Bioluminescence values induced by Fluc and Rluc after background subtraction and analysis of tumor size and
immune cell infiltration from HE and mCDA45 stained sections. Spleno Tx: splenocyte transfer; Tumor: tumor size;
mCDA45: level of immune cell infiltration. Values excluded from induction analysis due to low luminescence
(radiance < 5.0x10° p/s) are indicated by superscript '#" B: Rluc activities normalized to Fluc expression. In vivo
promoter induction is given below, referring to the control group (no splenocyte transfer).
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In vivo promoter inducibility in the xenograft mouse was indicated in four out of six promoters
tested (see Figure 21). The CAG promoter showed a 4.1-fold increase in activity in vivo,
markedly greater than observed in vitro in the SEAP reporter assays with human cytokines
(hTNF: 0.9, hIL-1B: 1.7; see section 7.1.1.3, Figure 13). The relative activity of the ELAM
promoter increased by a factor of 1.5 in the mouse with a reconstituted immune system
compared to the animal without splenocyte transfer. In this case, promoter induction was not
as strong as detected in the in vitro SEAP (hTNF: 5.2; hIL-1B: 3.5; see section 7.1.1.3, Figure
13) and luciferase (mTNF: 3.0, see section 7.1.2.1.2, Figure 18) reporter assays. In contrast,
induction of the endogenous porcine A20 promoter by a factor of 2.8 almost perfectly
correlated with the in vitro data (SEAP, hTNF: 2.1, see section 7.1.1.3, Figure 13; luciferase,
MTNF: 2.6, see section 7.1.2.1.2, Figure 18). The A20 promoter equipped with three additional
NF-kB binding sites showed a considerably higher induction than the unmodified variant
(factor 9.7), promoter induction in vivo was more than double that in vitro with human TNF

(SEAP, 4.0, see section 7.1.1.3, Figure 13).

7.1.2.2.3 Invivo bioimaging — second run

Data reproducibility was evaluated by performing a second run of PK-15 implantation,
splenocyte transfer and in vivo bioimaging. Just as in the first run, Fluc signal intensities were
widely scattered in the second experiment and CAG-containing tumors showed the highest
Fluc luminescence values of up to 1.43x10° p/s. In contrast, Rluc signals of all PK-15-induced
tumors were in a similar range between 4.27x10* p/s (ELAM) und -1.14 x10* p/s
(pA20+4SP+10/3NF). Luminescence values below 5.0x10° were excluded from subsequent

analyses due to the proximity to the background signal.

The activity of the promoters tested was consistently higher in tumors of animals that
underwent splenocyte transfer than in those of the respective control group. This confirms in
vivo inducibility of the promoters CAG, ELAM and pA20 that was already postulated after the
first bioimaging experiment. Furthermore, there is also evidence of promoter hCCL2 dis/prox
being responsive to the murine cytokines. CAG promoter was induced by a factor of 5.1, even
higher than in the first run (4.1, see Figure 22). The ELAM and pA20 promoters showed an
increase in promoter activity by the factors 1.9 and 2.8. These correlated well with the findings

of the first bioimaging experiments (ELAM: 1.5; pA20: 2.3, see Figure 22). While the CCL2
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dis/prox promoter could not be evaluated in the first run, an induction by the factor 2.0 was
determined in the second run. This corresponds to the findings of the SEAP assay (hTNF: 2.3;
hIL-1PB: 1.6, see section 7.1.1.3, Figure 13). Compared to the stimulation of the PK-15 cell clone
with murine TNF in vitro (mTNF: 1.2; see section 7.1.2.1.2, Figure 18), hCCL2 dis/prox

promoter induction within the grafted cells was even higher.
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Figure 22 — Analysis of bioimaging results (second run) and evaluation of histological sections
A: Bioluminescence values induced by Fluc and Rluc after background subtraction and analysis of tumor size and
immune cell infiltration from HE and mCDA45 stained sections. Spleno Tx: splenocyte transfer; Tumor: tumor size;
mCDA45: level of immune cell infiltration. Values excluded from induction analysis due to low luminescence
(radiance < 5.0x10° p/s) are indicated by superscript '#. B: Rluc activities normalized to Fluc expression + SD. In
vivo promoter induction is given below, referring to the control group (no splenocyte transfer).
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The average in vivo inducibility of both bioimaging runs is visualized in Figure 23. To conclude
this chapter, five out of six promoters tested were shown to be upregulated by the murine
immune reaction to the xenograft. Furthermore, not only the proof-of-principle but also data

reproducibility was demonstrated.
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Figure 23 — Average in vivo promoter inducibility in the xenograft mouse model

Shown is the average x-fold upregulation of promoter activity + SD, calculated from the first (Figure 21, B) and
second (Figure 22, B) bioimaging run due to cytokine release by murine immune cells compared to the control
groups (published in [199]).
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7.1.3 Placement of dynamically expressed transgenes at the ROSA26 locus

In the previous sections, different promoters have been analysed in vitro and in vivo for
cytokine-dependent changes in activity. Future experiments should now clarify whether (A)
dynamic transgene expression can also be achieved within organs and tissues of a transgenic
pig model and (B) a biological functional concentration of xenoprotective molecules can be
produced using these promoters. Two gene-targeting vectors were thus generated for placing
cytokine-inducible transgene cassettes into intron 1 of the porcine ROSA26 gene. This locus
was reported to support efficient targeting in primary somatic cells and to provide ubiquitous
expression of an inserted transgene [345]. The structure of the targeting vectors generated is
subject of section 7.1.3.1. The results of first gene-targeting experiments are described in

section 7.1.3.3.

7.1.3.1 Vectors targeting the porcine ROSA26 locus

Two promoter-trap vectors were generated to introduce cDNA sequences of LEA29Y and
human PD-L1 into intron 1 of the ROSA26 gene, directed by the promoters pA20+4SP+10/3NF
and ELAM. The vectors comprise a short (2.2 kb) and a long (4.7 kb) homology arm. After
successful recombination, the endogenous ROSA26 promoter drives a blasticidin resistance
cassette which includes a splice acceptor sequence and a Kozak ribosome entry site. A triple
polyadenylation signal prevents promoter leakage into the 3' flanking transgene cassettes.
Generation of these vectors based on plasmid ROSA26-SA-BS-LA (A118, Chair of Livestock
Biotechnology, TUM, GER) and is described in Appendix 13.1.3. The final constructs were
called ROSA26-BS-pA20multi-LEA29Y (A133) and ROSA26-BS-pA20multi-LEA29Y-ELAM-PDL1-
MIN (A166) and are depicted in Figure 24. Vector A166 was additionally equipped with a
multifunctional integrase (MIN) site. Once integrated into the porcine genome, the MIN site

will allow easy placement of additional transgenes using Bxb1 integrase [346]

Transgenic expression of LEA29Y in the donor tissue was shown to inhibit costimulation of
xenoreactive T cells as described in section 4.3.3.2.3. The LEA29Y sequence being part of the
targeting vectors A133 and A166 was kindly provided by Nikolai Klymiuk (Chair for Molecular
Animal Breeding and Biotechnology, LMU, GER) and comprises the signal peptide sequence of

the human OSM gene, portions of exons 2 and 3 of the human CTLA4 gene (Transcript-ID:
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ENST00000302823.8, Ensembl release 95) and of the human IGHG1 gene (Transcript-ID:
ENST00000390549.6, Ensembl release 95). The fully annotated LEA29Y sequence is given in
Appendix 13.2.1.

Cells derived from hPD-L1 (programmed cell death ligand1) transgenic pigs were shown to be
less susceptible to human cytotoxic cells and have reduced potential to stimulate human CD4*
T cells [203]. Human PD-L1 is thus the second xenoprotective protein encoded on targeting
vector A166 and comprises exons 1 to 6 and a short part of exon 7 (Transcript-ID:
ENST00000381577.3, Ensembl release 95). The complete hPD-L1 sequence present on vector
A166 is shown in Appendix 13.2.2..

t i t / . SA-Kozak-BS- ) 4.7 kb
argeArii;fec or : 2.2 kb - e - pA20 multi-mod. LEA29Y-pA |- I 4/_

Exon 1 / . i Exon 2 Exon3
pPROSA26 | ; '. [ ,

;
locus I : ; ) I
.
k ;
\
’ .
! A
: [y

targeting vector ! 2.2 kb |SA-Kozak-BS- | pAZ0 TS . LEA29Y-pA hPD-L1- || 4.7 kb \
Al66 3xpA pA

MIN site

Figure 24 — Strategy to introduce dynamically expressed LEA29Y and hPD-L1 genes into the porcine ROSA26
locus

Middle: Organisation of the porcine ROSA26 locus. Exons are indicated as dark boxes. Top, bottom: Promoter-
trap targeting vectors A133 and A166. The transgene cassette is flanked by a short (2.2 kb) and long (4.7 kb)
homology arm. A selection element — consisting of splice acceptor (SA), Kozak sequence, blasticidin S desaminase
gene (BS) and a triple polyadenylation signal (pA) — facilitates selection of correctly targeted clones. The
xenoprotective transgenes LEA29Y and hPD-L1 are directed by pA20+4SP+10/3NF (pA20™u'-mod) and ELAM
promoter, respectively. Presence of a multifunctional integrase site (MIN) can be later used to easily place further
transgenes using Bxb1 integrase.

7.1.3.2 Gene placement of LEA29Y

Primary porcine kidney fibroblasts (pKDNFs, isolates 2505 and 8616-3) were transfected in six
runs with targeting vector ROSA26-BS-pA20multi-LEA29Y (A133) resulting in 519 cell clones
isolated. 53 of them showed stable cell growth and were analysed for correct gene targeting
using the primers depicted in Figure 25, A. Cell clones A133-138, -207, and -208 showed PCR

fragments of the desired size, indicating correct homologous recombination at the short
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homology arm (see Figure 25, B). As 3' targeting PCR of these clones did not provide reliable
results, they were checked for integrity of the transgene cassette to be introduced (see Figure
25, C). Only the 5' portion of the transgene construct was present in clone A133-138, which
was thus not used for further analyses. In contrast, DNA amplificates of the correct sizes
indicated presence of the complete cassette in clone A133-207 and -208. However, both cell

clones stopped growing and could therefore not be used for SCNT.
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Figure 25 — Screening for positive targeting events (ROSA26-BS-pA20multi-LEA29Y, A133)

A: Correctly targeted porcine ROSA26 locus and targeting vector A133. Exons are indicated as dark boxes. Primers
used to screen Al33-transfected single cell clones are displayed as black arrows connected by dotted lines.
Primer combination @ is unique for correct 5' targeting and (2)-®) bind in both, correctly targeted clones and
the random integrated targeting vector A133. O): ROSA26 11 F2/ BS R neu, 2978 bp; @: ROSA26 SA F7/ BSR neu,
978 bp; 3): SV40 polyA F/ pA20 prom R8, 923 bp; @): pA20 prom F8/ LEA expr 3R, 950 bp; (5): LEA expr 1F/
ROSA26 LA r43 red, 1150 bp. B: Screening for positive 5' targeting events (D). Cell clones A133-138, -207 and -
208 show DNA amplificates of the correct size. C: Checking the integrity of the integrated transgene cassette (2)-
(®). Correct DNA fragment sizes were verified for cell clones A133-207 and -208.

SA: splice acceptor; BS: blasticidin S desaminase gene; pA: polyadenylation signal; pA20™'"mod: promoter pA20
+4 SP-1 +10/3 NF-kB, F1 ori: origin of DNA replication of bacteriophage f1; A133: plasmid A133.

For all following transfection experiments, the vector ROSA26-BS-pA20multi-LEA29Y-ELAM-
PDL1-MIN (A166) was used to enable simultaneous placement of two xenoprotective
transgenes, directed by the cytokine-inducible promoters pA20+4SP+10/3NF and ELAM, and
the MIN site.
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7.1.3.3 Simultaneous gene placement of LEA29Y, hPD-L1 and the MIN site

PKDNF cells (isolate 8616-3) were transfected in two runs with targeting vector ROSA26-BS-
pA20multi-LEA29Y-ELAM-PDL1-MIN (A166). 36 out of 155 cell clones isolated were analysed
for positive targeting events using the primer combinations shown in Figure 26, A. Screening
PCR of cell clone A166-54 indicated correct 5' targeting at the short homologous arm. The lack
of a positive control and a sufficient quantity of high-purity DNA disabled optimisation of the
long-range 3' screening PCRs (5.6 kb and 6.2 kb) which remained without specific amplificates
after the first try. However, presence of the transgene cassette in the genome was verified by
another PCR, spanning the 3' portion of the LEA29Y sequence to the middle of the hPD-L1
construct (see Figure 26). The cell clone A166-54 was then used for SCNT that resulted in one
successfully established pregnancy. However, embryos were resorbed and no piglets born.
New targeting approaches will now be performed based on a highly-efficient CRISPR/Cas-

based gene placement method ('CRISPlace').
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Figure 26 — Screening for positive targeting events (ROSA26-BS-pA20multi-LEA29Y-ELAM-PDL1-MIN, A166)

A: Correctly targeted porcine ROSA26 locus and targeting vector A166. Exons are indicated as dark boxes. Primers
used to screen Al66-transfected single cell clones are displayed as black arrows connected by dotted lines.
Primer combinations @), 7 and are unique for correct targeting and (9 binds in both, correctly targeted
clones and the random integrated targeting vector A166. ): ROSA26 I1 F2/ BS R neu, 2978 bp; (7): hPDL1 F1/
ROSA26 13 R2, 5681 bp; (®: hPDL1 E2-E3 F1/ ROSA26 13 R2, 6177 bp; (9: LEA Expr 1F/ hPDL1 R1, 1133 bp. B:
Screening for positive 5' targeting events (). Cell clone A166-54 shows a DNA fragment of the correct size. C:
Screening for positive 3' targeting events (@), (®) and presence of one transgene cassette section (9.
Homologous recombination into the long arm region could not be finally verified, but presence of the transgene
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cassette was proven for clone A166-54. Endo.: endogenous pROSA26 locus, ROSA26 11 F2/ ROSA26 11 R3, 3105
bp.

SA: splice acceptor; BS: blasticidin S desaminase gene; pA: polyadenylation signal; pA20™“t™m°d: promoter
pA20+4SP+10/3NF, MIN site: multifunctional integrase site, F1 ori: origin of DNA replication of bacteriophage f1.

7.2 Multi-knockouts for xenograft improvement

The first project of this thesis was to identify suitable promoters for future transgene
expression in genetically modified pigs. Experiments for gene addition have already been
performed to create Smart Graft donors. This chapter focusses on inactivation of various
genes to enhance immunological and anatomical compatibility between organ donor and
recipient: CMAH, GGTA1 and B4GALNTZ2 to reduce antibody-mediated rejection processes,
ASGR1 to decrease xenogeneic hepatic degradation of human thrombocytes, ULBP1 to
provide protection against NK cells, SLA-1, SLA-2, SLA-3 or B2M to inhibit activation of

xenoreactive cytotoxic T cells and GHR to reduce the size of the donor organs.

The first aim was to identify and evaluate sgRNA target recognition sites for inactivation of
xenorelevant genes (section 7.2.1). Some of these and other sgRNA sequences were then
incorporated into two multi-knockout vectors (section 7.2.2) and used to induce multiple
gene-inactivations in primary porcine cells for subsequent generation of multi-knockout pigs

by SCNT (section 7.2.3).

7.2.1 Selection and evaluation of sgRNA target recognition sites

CRISPR/Cas9-mediated knockouts require a sgRNA target recognition site within a translated
exon which is shared by all known protein-coding transcripts. All exons of the genes-of-
interest were thus annotated using cDNA sequence information provided by Ensembl Genome
Browser (Ensembl Release 95) and National Center for Biotechnology Information (NCBI,

annotation release 106).
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Figure 27 — sgRNA target recognition sites to inactivate ASGR1, B2M, B4GALNT2, CMAH, GGTA1, GHR and
ULBP1

Exons translated in all known transcripts are marked as black boxes. Any other exons are represented by white
boxes. Scissors symbols indicate the positions of sgRNA target recognition sites. Red, blue and green scissors:
targeted by multi-knockout vector A190, A191 and A192, respectively (section 7.2.3). Target sites analysed
individually in pKDNF cells (section 7.2.1) are marked with an asterisk.
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Up to four sgRNA target recognition sites were designed per gene (ASGR1, CMAH, GGTAI,
GHR, ULBP1; see Figure 27) and cloned each into the vector px330-MCS-T2A-Puro-847 (A141)
carrying the sgRNA scaffold and SpCas9 gene. The plasmids were transiently transfected into
pKDNF cells (isolates: 2505, 8616-3, 120419-1/7) and functionality of all CRISPR guides was
verified using the webtool TIDE. The primer combinations used for pool analyses and sanger
(see Table 29) sequencing are listed in Appendix 13.3.1. Design, cloning and analysis of sgRNA
sequences targeting ULBP1 were conducted by Katharina Rinke (Bachelor's student) [347].
Table 29 — InDel frequencies in pKDNF cell pools after sgRNA-Cas9 transfection and puromycin selection
Analysis using TIDE webtool. SgRNA target recognition sites designed by: @ Beate Rieblinger (Chair of Livestock

Biotechnology, TUM, GER), ®Bao et al. 2014 [348], “Katharina Rinke (Bachelor's student), ¢identified by agarose
gel electrophoresis.

Target site pKDNF isolate no. InDel frequency R? value
ASGR1E1T1 2505 17.6% 0.91
8616-3 48.2% 0.78
ASGR1 E4 T1° 2505 90.0% 0.94
8616-3 53.5% 0.84
CMAH E9 T1 2505 >100 bp insertion® -
8616-3 42.5% 0.71
CMAHE7 T1 2505 46.0% 0.88
8616-3 13.2% 0.97
GGTA1 E8 T3? 2505 25.5% 0.92
8616-3 66.0% 0.82
GGTA1 E8 T4 8616-3 59.5% 0.91
GHRE10T1 2505 98.7% 0.99
8616-3 47.9% 0.95
GHRE14T1 2505 79.7% 0.90
8616-3 46.9% 0.95
ULBP1 E1T1¢ 120419-1 24.2% 0.93
120419-7 25.2% 0.92
ULBP1 E1 T2°¢ 120419-1 48.4% 0.96
120419-7 51.8% 0.88
ULBP1 E2 T3¢ 120419-1 9.3% 0.98
120419-7 5.4% 0.99
ULBP1 E2 T4¢ 120419-1 49.4% 0.98

120419-7 54.3% 0.98
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7.2.2 Generation of multi-knockout vectors

Having verified guide functionality (see section 7.2.1), two multi-knockout vectors were
generated with sgRNAs binding within ASGR1 exon 2 and 4 (ASGR1 E1 T1, ASGR1 E4 T1), CMAH
exon 7 (CMAH E7 T1), GGTA1 exon 11 (GGTA1 E8 T3) and ULBP1 exon 1 and 2 (ULBP1 E1 T2,
ULBP1 E2 T4). Additionally, guides binding within B2M exon 2 (B2M E1 T1) and B4GALNT2
exon 2 (B4GALNT2 E2 T3), published by Estrada et al., were used [100]. The high-efficiency

guides targeting GHR were not required at this point but are available for future experiments.

Specific sgRNA oligonucleotides with additional Bbsl overhangs were subcloned into plasmid
pSL1180-U6-MCS-tracRNA-756 (A142) that carries a 0.2 kb U6 promoter followed by a Bbsl
restriction site and the sgRNA scaffold sequence. Restriction fragments were sequentially
cloned into plasmid px330-MCS-T2A-Puro-847 (A141) (K. Rinke). The two final vectors (px330-
GGTAL1E8T3-CMAHE9T1-ASGR1E1T1-ASGR1E4AT1-Puro, A191; px330-B2ME1T1-ULBP1E1T2-
ULBP1E2T4-B4AGALNT2E2T3-Puro, A192) contained four sgRNA sequences with individual U6
promoters and a 4.2 kb hSPCas9 gene driven by a 0.8 kb chicken B hybrid (CBH) promoter as
depicted in Figure 28. Detailed cloning procedure is described in Appendix 13.3.2.

multi-knockout f1 AmpR
vectors H— H— H— H—D hSPCas9-pA = ., —bla el
A191/A192 : 0 AL

racr rac I’EIC rac -
RNA RNA RNA RNA

target recognition site: GGTAL E8 T3 (A191)/ CMAH E9 T1 (A191)/ ASGR1 E1 T1 (A191)/ ASGR1E4T1 (A191)/
B2ME1T1 (A192) ULBP1 E1 T2 (A192) ULBP1 E2 T4 (A192) B4GALNT2 E2 T3 (A192)

Figure 28 — Structure of the multi-knockout vectors A191 and A192

The vectors were designed to specifically recognize four different genomic loci each. CBH: chicken B hybrid
promoter; hSPCas9: humanized Streptococcus pyogenes Cas9 gene; fl ori: origin of DNA replication of
bacteriophage f1; bla: beta lactamase promoter; Amp: Ampicillin resistance gene; pA: polyadenylation signal;
U6: RNA polymerase Ill promoter U6; tracrRNA: trans-activating CRISPR (cr)RNA.

7.2.3 Generation of multi-knockout cells for SCNT

The vectors A191 and A192 described in chapter 7.2.2 (see Figure 28) were used to inactivate
multiple genes in primary porcine cells to generate multi-knockout pigs by SCNT. They were
transfected simultaneously with a third vector px330-B4GALNT2E3T3-CMAHE10T2-
GGTA1E7T6-MHCIE4T1-MHCIEAT2-Puro (A190, Chair of Livestock Biotechnology) into pKDNF
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cells (isolates 120419-1/7). In each case, two different sgRNA sequences were used for ASGR1,
B4GALNT2, CMAH, GGTA1 and ULBP1 to increase the probability of a functional knockout.
One guide recognising B2M, which encodes the B-light chain of SLA class |, and two guides
binding in SLA-1, SLA-2 and SLA-3, coding for the a-heavy chain, (see Figure 29) were used to

inactivate the SLA class | complex.
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Figure 29 — sgRNA target recognition sites to inactivate the a-heavy chain of porcine MHC class | (SLA-1)

The sgRNA sequences MHC-1 E4 T1 and MHC-I E4 T2 on vector A190 bind to conserved sequences within SLA-1,
SLA-2 and SLA-3 that encode the a-heavy chain of the porcine MHC class | (SLA-I). Exons translated in all known
transcripts are marked as black boxes. Any other exons are represented by white boxes. Scissors symbols indicate
the positions of sgRNA target recognition sites.

After antibiotic selection, knockout cells were enriched for GGTA1 and SLA-I inactivation. This
enrichment strategy has already been used in the past to successfully generate viable pigs
with four-fold knockouts [110]. Gene editing was then determined in two cell pools by
sequencing across the sgRNA target recognition sites and subsequent TIDE analysis (see Table
30). Selection and enrichment resulted in a very high frequency of InDel mutations in GGTA1
(up to 98.7%) and B2M (up to 98.0%). High gene editing rates were also detected for most of
the other target genes: Up to 96.0% for CMAH, 95.5% for ASGR1, 84.1% for ULBP1 and 80.5%
for BAGALNT2. The mutation frequency of SLA-1 (MHC-I E4 T1) was up to 26.5%. However,
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detailed SLA-I analysis would have required subcloning and sequencing of specific sgRNA

target recognition sites due to the high sequence similarity of SLA-1, SLA-2 and SLA-3.

Table 30 — InDel frequencies in pKDNF cell pools after transfecting multi-knockout vectors A190, A191 and
A192

InDel frequencies analysed using TIDE webtool after puromycin treatment and counter-selection for aGal- and
SLA-I-deficiency. The primer used are given in Appendix 13.3.1. ? no detection possible, ® analysis of SLA-1.

Target site pKDNF isolate no. InDel frequency R? value
ASGR1E1T1 120419-1 63.1% 0.65
120419-7 95.8% 0.96
ASGR1 E4 T1° 120419-1 X X
120419-7 X X
B2ME1T1 120419-1 85.0% 0.97
120419-7 98.0% 0.99
BAGALNT2 E2 T3 120419-1 80.3% 0.80
120419-7 74.6% 0.79
BAGALNT2 E3 T3 120419-1 13.2% 0.97
120419-7 10.3% 0.97
CMAHE9T1 120419-1 96.0% 0.99
120419-7 75.7% 0.97
CMAH E10T2 120419-1 24.7% 0.99
120419-7 32.6% 0.99
GGTA1E7 T6 120419-1 98.7% 0.99
120419-7 97.3% 0.98
GGTA1E8T3 120419-1 94.0% 0.99
120419-7 98.0% 0.98
ULBP1 E1T2 120419-1 28.9% 0.95
120419-7 84.1% 0.84
ULBP1 E2 T4 120419-1 30.7% 0.94
120419-7 42.0% 0.59
MHC-1 E4 T1P 120419-1 24.7% 0.79
120419-7 26.5% 0.28
MHC-I E4 T2 b 120419-1 X X
120419-7 X X

In summary, the probability of multiple, functional knockouts was optimized by different
factors: (A) pre-selection of the most efficient sgRNAs, (B) usage of two guide sequences per
target gene, (C) enrichment of cells with GGTA1/SLA-I double-knockout and (D) manipulating
the SLA-I complex using guides against the a- and B-chain genes. The cell pools are now

available for SCNT.
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8. DISCUSSION

8.1 Cytokine-inducible promoters for dynamic transgene

expression

T lymphocytes were described to damage a porcine xenograft by direct cytotoxic activity of
the CD8+ subpopulation, the production of cytokines priming the innate immune system, and
the ability of CD4+ T cells to provide help for B cells to produce xenoreactive antibodies [65].
Inactivation of SLA class | molecules by CRISPR/Cas9 and reduction of SLA class Il proteins by
expressing mutCIITA are promising approaches to attenuate the direct T cell response to the
porcine graft [108, 110, 186]. However, additional strategies are required to inhibit
xenoreactive T cell activity that is induced by donor-derived peptides presented by human
APCs, such as transgenic expression of the inhibitory ligand hPD-L1 or costimulation blockade
via the CD154-CD40 pathway using extensive anti-CD154 or anti-CD40 antibody therapy [349,
350]. Potent immunosuppressive effects can also be achieved by direct inhibition of the CD28-
CD80/86 co-stimulatory pathway using an artificial, soluble form of the cytotoxic T
lymphocyte-associated antigen 4 (CTLA4) molecule. CTLA4 is a high-affinity CD28 homolog and
binds to the CD80/CD86 (B7) receptors on APCs, directly preventing T cell activation [351,
352]. Recombinant CTLA4 fusion proteins (Abatacept or the affinity-enhanced variant
Belatacept) are used for several clinical immunosuppressive regimens and post-operative
follow ups after allotransplantation [353]. Transgenic expression of soluble CTLA4 in pigs was
performed by combining the extracellular domain of porcine or human CTLA4 with a human
IgG1 Fc domain (CTLA4-Ig) [194, 197]. As porcine CTLA4-lg compared to human CTLA4-Ig
contains a leucine to methionine substitution at position 97 in the MYPPPY motif, it binds
inefficiently to human CD80/CD86 and shows a weaker inhibition of the xenogeneic human T
cell response [354, 355]. LEA29Y is a high-affinity hCTLA4-lg variant that causes slower
dissociation rates for CD80/CD86 and a 10-fold increase in potency in vitro compared to
hCTLA4-lg [190]. Pigs with ubiquitous expression of pCTLA4-lg or hCTLA4-lg (LEA29Y),
however, showed a very similar phenotype, e.g. developmental abnormalities due to
exposure to these molecules in utero, acute susceptibility to opportunistic pathogens and
diminished humoral immunity, and were dependent on prophylactic antibiotic treatment

[194, 195].
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The work presented here comprises a unique method to drive dynamic transgene expression.
As discussed in the following sections, former approaches focused on constitutive promoters
that provided high and in some cases ubiquitous expression of foreign genes. However,
especially immunomodulatory transgenes such as LEA29Y should not always be expressed at
high levels. Alternative approaches were based on tissue-specific promoters to reduce
detrimental effects on the immune system. Our new strategy can provide high and ubiquitous

transgene expression without provoking negative effects on the host's immune response.

8.1.1 Constitutive and inducible transgene expression

8.1.1.1 Viral, hybrid (CAG) and mammalian promoters

Viral, hybrid and mammalian promoters of different species have been commonly used to
express human proteins in transgenic pigs. Widely used viral promoters include the
cytomegalovirus (CMV) and the simian virus 40 (SV40) promoters. Both were reported to
provide high expression levels and to be suitable for transient or stable expression of
exogenous genes in vitro [356, 357]. However, the use of viral promoters in vivo faces the risk
of a strong variation in tissue-specific expression levels up to complete promoter silencing due
to extensive promoter methylation [147, 358]. Moreover, the use of these promoters for
xenotransplantation is less promising as they can be downregulated by inflammatory

cytokines such as IFNy [359].

The hybrid promoter CAG, consisting of the viral CMV enhancer element, the chicken B-actin
promoter and the rabbit globin intron, is frequently used for transgene expression in
xenotransplantation research and seem to be best suited for constitutive, ubiquitous
expression at high levels [147, 360-365]. However, especially immunomodulatory proteins
such as LEA29Y require more precise gene regulation as excessive protein synthesis causes a

severe immune-compromised health status of the animals [194, 195].

In the field of xenotransplantation, human and porcine promoters, with sequence lengths up
to 40 kb, were commonly used to drive genomic sequences of the human complement
regulatory proteins CD46, CD55 and CD59 [84, 147, 365-367]. Depending on the length of the
chosen sequence, these promoters can comprise a maximum of regulatory elements enabling

biological expression patterns. The usage of certain mammalian promoters, in contrast to viral
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and hybrid ones, is also suitable to provide tissue-specific transgene expression at high levels,
reducing side-effects at the same time. Therefore, strategies for tissue-specific expression of
CTLA4-1g/LEA29Y were developed. Driving a hCTLA4-Ig construct by the neuron-specific
enolase promoter, for example, limited transgene expression to corneal keratocytes and
various areas of the brain, and LEA29Y expression restricted to pancreatic islet-cells was
achieved using the core promoter of the porcine insulin gene [196-198, 368]. This reduces

systemic effects but requires a new pig line for each organ.

8.1.1.2 Antibiotic-inducible systems

The antibiotic-controlled Tet-On and Tet-Off systems are alternative means to enable
transgene expression at the favoured time point(s) [369, 370]. Both systems are based on
regulatory elements originally identified for control of the tetracycline resistance cassette in
bacteria. The Tet technology requires (A) a synthetic promoter (Pwt) with proximal tetO
operator elements driving the gene-of-interest (GOI) and (B) a transgene encoding a
transactivator protein that binds to tetO thereby activating Pt and inducing transcription of
the GOI. The DNA-binding properties of the transactivator can be altered by binding of
tetracycline-derivates, such as doxycycline, in a positive (Tet-On) or negative (Tet-Off) way
[371]: The Tet-On system allows antibiotic-controlled activation of gene expression, whereas
the Tet-Off approach is used for silencing the transcription of the GOI [372]. Both systems
have been used intensively for various applications in mice but also used in pigs to e.g. regulate
EGFP expression [371, 373]. However, Tet-On and Tet-Off seem to be less suitable to control
the expression of immunomodulatory transgenes in the context of xenotransplantation, since
in both cases either the human recipient or the donor animal would have to be permanently
treated with doxycycline, which is used as a broad-spectrum antibiotic in medicine. This can
cause adverse reactions including gastrointestinal disorders, thrombocytopenia, infections of
mucous membranes by other bacteria or yeast fungi, irreversible tooth discoloration and toxic
injury of liver and kidney [374, 375]. To avoid these undesired side-effects, cytokine-
responsive promoters can be used as a feasible alternative for inducible and gradual transgene

expression in xenotransplantation.
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8.1.1.3 Cytokine-inducible promoters

The rationale to use promoters responding to pro-inflammatory cytokines is based on the fact
that (A) enduring expression of immune-modulatory molecules at high levels can have severe
side-effects on the porcine health status and (B) expression of these transgenes should
actually only be induced upon inflammation as a signal for beginning rejection. As
inflammation is triggered by cytokine release, the chosen promoters have to contain cytokine-
responsive elements such as NF-kB binding sites. In the best case, the basal promoter activity
should be very low, almost close to zero, to prevent immunomodulatory effects for the pigs.
After xenotransplantation and initial rejection responses in the human, the promoter has to
respond to cytokine release within a short time frame to prevent graft damage and to inhibit
further rejection responses. Therefore, the ideal promoter should possess a strong induction
potential and mediate a powerful expression of the transgene after cytokine stimulation. The
concept of a cytokine-inducible transgene expression within a Smart Graft was initially tested

and evaluated in this work.

8.1.2 Selection of candidate promoters to implement the Smart Graft strategy

Promoters of genes known to be involved in inflammatory processes were chosen for initial
experiments to determine promoter activity and cytokine-responsiveness in vitro. In a native
chromatin environment, gene induction by inflammatory stimuli is generally supported by the
promoter itself, spanning the transcription initiation site (core promoter) and containing
proximal regulatory elements, and distal enhancers that come close to the promoter by
looping out interjacent DNA sequences [376, 377]. The promoter sequences selected here
were not longer than 3 kb to facilitate cloning, transfection and future gene targeting while
still covering an adequate number of regulatory elements [376]. The NF-kB binding sites
present in all candidate promoters are the basic requirement for rapid inducibility by TNF and

IL-1B, the key pro-inflammatory cytokines also released during emerging xenograft rejection.

8.1.3 Invitro characterisation of candidate promoters

Three human, one porcine and one semi-synthetic promoters were considered as candidates

to implement the Smart Graft strategy. The ELAM promoter from plasmid pNiFty with three
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endogenous and five additional binding sites, the native human CCL2 and porcine A20
promoters showed significant responsiveness to human TNF with medium (ELAM, hCCL2 2.9
kb) and low (pA20) basal activity. It is still unclear which basal expression of T cell regulatory
genes will be tolerated without causing immuno-deficiencies and which levels are necessary
to inhibit xenograft rejection. A variety of cytokine-inducible promoters, based on hCCL2 and

pA20, was thus generated with low to high basal and inducible activity.

CCL2, also known as monocyte chemotactic protein 1 (MCP-1), is a chemokine produced by a
variety of cell types in response to viral infection and oxidative stress and plays a role in
recruiting monocytes and other immune cells [378, 379]. Regulation of human CCL2
expression has been intensively studied in previous reports and was described to be largely
dependent on NF-kB as well as AP-1 [318-321, 380]. The heterodimeric transcription factor
AP-1 can be activated upon exposure to TNF and IL-1B either post-translationally via mitogen-
activated protein kinase (MAPK) pathways or by NF-kB-mediated expression of AP-1 subunits
[381-384]. The importance of the individual transcription factor binding sites on hCCL2
promoter induction, however, varied depending on the stimulating agent (e.g. TNF/IL-1B, LPS,
bacteria, protein kinase C stimulators) and the cell type used [318-321, 380]. In this work, the
distal NF-kB binding sites, that were shown to be important for cytokine-responsiveness in
murine embryonic fibroblasts and human tumor cell lines, were relocated closer to the
proximal hCCL2 promoter by deleting 2.4 kb of the interjacent DNA sequence [319, 385].
Although one out of three AP-1 binding sites was removed, promoter activity was dramatically

enhanced in pKDNFs after challenge with hTNF and hIL-1f.

The ubiquitin-editing enzyme A20 is an inhibitor of NF-kB activation and expressed upon
stimulation by e.g. pro-inflammatory cytokines as well as bacterial and viral products that are
mediated by NF-kB [139, 386]. Transcription control of the human A20 gene has been well
described previously. Ubiquitous SP-1 transcription factors bound to GC-rich consensus
sequences within the promoter enable association of the general transcription apparatus to
the TATA-less core promoter, while DRB sensitivity-inducing factor (DSIF) inhibits mRNA
elongation [325, 326]. Under basal conditions, DSIF is controlled by the E-box protein
upstream stimulatory factor 1 (USF1) that binds closely upstream of two NF-kB recognition
sites. After NF-kB induction by cell stimulation, USF1 is displaced from the human A20

promoter, NF-kB and the core promoter gain control over DSIF and gene transcription is
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continued [326]. Gene regulation of porcine A20 has not been studied so far. However, high
sequence identity between the human and the porcine A20 promoter indicates homologous
control of gene expression. SP-1 was reported to modulate basal expression levels of some
NF-kB-regulated genes and also to increase promoter activity in response to TNF [317, 319].
In this work, integration of additional clusters of SP-1 recognition sites next to the endogenous
one did not influence cytokine-inducibility of the porcine A20 promoter. The addition of NF-kB
binding sites several hundred bp upstream the transcription start site and/or adjacent to the
existing ones, in contrast, increased responsiveness to TNF and conferred sensitivity to IL-1p.
Also, basal expression was increased in some pA20 promoter variants. As expected,
inducibility of the pA20 promoter could not be enhanced indefinitely, since the interplay

between basal and specific transcription factors with the RNA polymerase is quite complex.

8.1.4 Cell line PK-15 for bioimaging analyses

PK-15 is a spontaneously immortalized cell line that originates from an adult porcine kidney.
This cell line was chosen for the in vivo promoter analyses because PK-15 cells showed stable
engraftment and cell growth after transplantation into NSG mice. Infiltration of the graft by
murine immune cells after reconstitution of the immune system was another essential
prerequisite for successful evaluation of promoter inducibility in vivo. The additionally tested

ST cell ling, in contrast, did not provide these desired properties.

Despite precise injection of a defined cell number, the PK-15-induced tumors showed
morphological variations such as size, shape and structure (see Figure 30). Tumors with larger
surface showed deeper penetration by murine immune cells. Consequently, in vivo promoter
induction might have been stronger in these tumors. The use of several animals per examined
promoter was therefore important to minimize the effect of tumor morphology on promoter

activation.
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Figure 30 — Section of graft sites after immune cell infiltration

Examples for roundish-compact (A, mouse 839, CCL2 dis/prox) and long-shaped (B, mouse 840,
pA20+4SP+10/3NF) appearance of PK-15-induced tumors. Shown in brown: CD45-positive immune cells. Scale
bar: 500 um.

The genetic instability of the PK-15 cell line, previously reported by Fiebig et al., however,
might be the reason for missing Fluc signals especially observed in pA20+4SP+10/3NF bearing
cells during both runs of bioimaging [342]. It was already noticed during preselection of the
clones that an average of 70% (ranging from 34% to 82%) showed damage of the Fluc cDNA.
It can only be speculated whether the relatively high GC content (59%) or comparatively large
length of Fluc cDNA (1.7 kb) was the reason for the preferred damage within this section of
the construct. Since all clones used for in vivo promoter evaluation had been checked in
advance for integrity and functionality of the dual luciferase cassette, the damage to the Fluc
sequence must have occurred either during cell cultivation in preparation for transplantation

or directly in the mouse itself.

8.1.5 Mouse xenograft model for in vivo promoter analyses

In two independent runs of in vivo bioimaging, five out of six selected promoters were shown
to be activated by the murine immune system in a mouse xenograft model. Indeed, the in vivo
induction levels of almost all promoters were similar or even considerably stronger than
detected after challenge with human TNF or IL-1B in the in vitro cell culture experiments. This
observation might be explained by the fact that TNF and IL-1 are both released by the murine

immune cells and thus initiate NF-kB-dependent promoter activation simultaneously via two
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signalling pathways. It is also known from clinical and experimental research that recipients of
allo- or xenografts show expression of IL-17 during acute rejection episodes [173, 387-390].
This cytokine with multiple pro-inflammatory functions is produced by Th17 cells and is
another activator of NF-kB that probably has contributed to the induction of the Smart Graft
promoters in the mouse [391, 392]. In contrast, other factors that activate NF-«kB
independently of immune cells, such as potential hypoxia within the PK-15-induced tumors
and secreted growth hormones, do not explain the stronger promoter induction in vivo, since
these are also present in the group of control animals. It can be assumed that inducibility of
the tested promoters will be even stronger after transplantation of a Smart Graftinto a human
recipient than observed in the mouse model, since the effects of murine IL-18 on NF-kB-

dependent gene activation in vitro was considerably weaker than of the human variant.

8.1.6 Introducing cytokine-responsive transgene cassettes into the porcine ROSA26

locus

After testing the Smart Graft strategy in vitro and in a murine xenograft model, feasibility of
dynamic gene expression in organs and tissues must be investigated in a transgenic pig model
and the appropriate promoter activity for biological functional concentrations of protective
molecules identified in follow-up experiments. In addition to the choice of promoter
sequences, however, other factors such as the number of transgene cassettes inserted and
the site(s) of DNA integration will affect the expression level in the animal. | thus decided
against a random integration approach and opted for targeted introduction of the cytokine-

inducible constructs into the porcine ROSA26 locus.

The ROSA26 locus has been used in many species as an integration site for exogenous DNA to
generate genetically modified animals, including mice, rats, cattle, sheep and pigs [295, 345,
393-397]. Foreign genes placed at this permissive chromatin region are stably expressed
without causing gene disruption or alteration through insertional mutagenesis. Besides using
the endogenous ROSA26 promoter for ubiquitous transgene expression at a medium level,
this locus also supports tissue-specific or antibiotic-controlled expression when exogenous
promoter sequences or transcriptional regulatory elements are used [398-400]. These findings
suggest that ROSA26 may also enable cytokine-inducible transgene expression. Our group

demonstrated that independently expressed transgenes can be placed into porcine ROSA26
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by a serial re-targeting approach [364]. This allows, when required, the exchange of existing
sequences and addition of further transgenes at the same integration site to generate an

optimal xeno-donor and to predict the inheritance of all transgenes.

However, the re-targeting strategy is a time-consuming procedure. Therefore, one of the two
targeting vectors generated here was additionally equipped with a MIN tag, which is a special
phage attachment site (attP) recognized by the serine integrase Bxb1l. Once integrated into
the porcine genome, the MIN site allows precise and highly efficient introduction of further
transgene cassettes by Bxbl-mediated recombination between MIN tag and a bacterial

attachment (attB) site at the donor-DNA construct [346].

The promoter variant pA20+4SP+10/3NF was used to control the expression of LEA29Y as it
showed a comparatively low basal activity with a moderate to strong responsiveness to hTNF
and hIL-1B in the cell culture experiments. The ELAM promoter, having shown similar
properties to pA20+4SP+10/3NF, was chosen to drive hPD-L1 expression. In contrast to
LEA29Y, overexpression of hPD-L1 has no impact on the health of the transgenic pig due to
absent functional interaction with pPD-1 [203]. Nevertheless, a low basal concentration of
hPD-L1 in the human recipient is favourable to minimize the risk of impairing the patient's

general immune status.

In this work, cytokine-responsive transgene cassettes were successfully introduced into the
porcine ROSA26 locus. However, the number of transfection experiments and cell clones
isolated has to be further increased, since gene targeting through homologous recombination
remains a very rare event. A reasonable number of positive cell clones is required to enhance

the chance of living transgenic offspring by SCNT.

8.1.7 Subsequent investigations on Smart Graft pigs

After successful generation of Smart Graft piglets using the targeting vectors presented here,
some further investigations will be conducted. First, tissues and organs will be screened for
basal transgene transcription by RT-PCR. The detailed pattern of basal transgene expression

will then be characterized by immunohistochemistry at protein level.
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Cytokine-dependent expression of LEA29Y and PD-L1 at the porcine ROSA26 locus will be
investigated in Smart Graft cell isolates, e.g. AECs and fibroblasts. Cell treatment can thereby
be conducted with recombinant human TNF and IL-1B or alternatively a cytokine mixture
produced by activated human leukocytes to cover a broader spectrum of potentially
stimulating molecules. Upregulated transgene expression will then be detected by
guantitative PCR (qPCR) or ddPCR on transcript level. Enzyme-linked immunosorbent assays
(ELISA) and flow cytometry analyses will be additionally used to determine altered LEA29Y and

PD-L1 protein levels after cytokine challenge.

Another question to be clarified is whether the promoter strengths of pA20+4SP+10/3NF and
ELAM are suitable to produce biologically functional concentrations of LEA29Y and PD-L1.
Therefore, the inhibitory effect of cytokine-triggered transgene expression on human T cell
proliferation will be analysed after incubation with stimulated peripheral blood mononuclear
cells (PBMCs) of Smart Graft pigs. The susceptibility of cytokine-stimulated Smart Graft
fibroblasts to leukocyte-mediated lysis will additionally be investigated by in vitro cytotoxicity
assays with human PBMCs. For both experiments, the results published by Buermann et al.
where the CAG promoter was chosen to control hPD-L1 expression in transgenic pigs could

serve as a benchmark [203].

Combined expression of LEA29Y and hPD-L1 may be of special interest for islet
xenotransplantation, since T cell-mediated rejection is the major cause of porcine islet loss
[180, 181]. Both molecules reduce the activity of xenoreactive T cells: While LEA29Y directly
inhibits T cell activation by blocking co-stimulatory interactions, hPD-L1 transmits suppressive
signals to already activated T cells and stimulates proliferation of Tregs as well, that were
shown to play a role in the induction and maintenance of allogaft tolerance [202, 204]. Pig-to-
primate transplantation of LEA29Y or hPD-L1 expressing pancreatic islets have not been
reported so far. However, porcine B-cells transgenic for LEA29Y showed long-term survival in
humanized mice without immunosuppressive therapy [198]. Also, allotransplantation studies
with mice have recently demonstrated that overexpression of PD-L1 prevented immune
rejection of murine islets [401]. The different modes of action may provide complementary

protection against effector T cell reactivity in LEA29Y and hPD-L1 co-expressing xenografts.

Transplantation of encapsulated porcine islets provides certain protection against the

recipient's immune system. However, some membranes and coating materials are permeable
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to antibodies or pig-derived carbohydrate antigens [402]. Future combination of the Smart
Graft constructs with multiple knockouts, e.g. GGTA1, CMAH and B4GALNT2, is thus advisable
to enhance the resistance against antibody-mediated rejection. Additional expression of
further molecules, e.g. complement regulatory proteins and coagulation inhibitors, might be

beneficial for non-encapsulated islet xenotransplantation.

8.1.8 Other potential applications

Besides driving T cell-regulatory genes, the promoters presented in this thesis can also be used
to control expression of potent anti-inflammatory proteins such as TGF- and IL-10 to reduce
upcoming inflammation responses after xenotransplantation. The temporal and spatial
restriction of transgene expression as well as expression levels depending on the severity of

inflammation may enable minimization of potential negative side effects [403-406].

The strategy underlying the Smart Graft concept can also be employed for other purposes.
One example is the usage of NF-kB-controlled promoters in chimeric antigen receptor (CAR)-
modified T cell therapy. This type of cancer immunotherapy uses autologous T cells expressing
engineered CARs that recognize tumor-associated antigens (TAAs) and initiate T cell activation
for target cell elimination. Although CAR T cell therapy has achieved great success in treating
haematological malignancies, clinical trials have revealed several side effects including on-
target off-tumor toxicity due to weakly expressed TAAs in normal tissues [407-410]. Those
undesired T cells responses have also been reported in solid tumors [411]. As the special
microenvironment of solid tumors is characterized by hypoxia and inflammation that both
activate NF-kB signalling, the usage of Smart Graft promoters may enable local activation of
CAR expression at the site of cancer, thereby minimizing the damage to healthy tissues [412,

413).

Inducible promoters of the Smart Graft approach may also be applied for the prevention of
bacterial contaminations in bioreactors. Flagellin proteins of both Gram-positive and Gram
negative-bacteria are strong activators of NF-«kB via Toll-like receptor 5, which is expressed in
diverse somatic cells and mammalian cell lines (e.g. HEK293) [414-416]. Using Smart Graft
promoters for auto-inducible expression of antibiotic genes by the eukaryotic producing strain

itself may substitute the addition of culture media antibiotics. This could save costs and
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mitigate adverse effects on protein synthesis and metabolic processes caused by the

prophylactic use of antibiotics [417-419].

This is just a small number of examples that illustrate the wide potential applicability of the
inducible promoters developed, analyzed and presented in this thesis. Generally, the Smart
Graft strategy can be used for all approaches where transgene expression shall be activated
via NF-kB signalling by stimuli like inflammation, tissue damage, graft rejection, hypoxia,

tumor growth and bacterial components.

8.2 Multiple gene knockouts for xenograft improvement

Since the first GGTAI-knockout pig for xenotransplantation was generated in the early 2000s,
the list of gene inactivations with beneficial effects on immunogenicity as well as on molecular
and anatomical compatibility between xenograft and recipient has steadily increased:
Inactivation of GGTA1, CMAH and B4GALNT2, for instance, prevents synthesis of the
xenogenic carbohydrate epitopes aGal, Neu5Gc and Sda thereby dramatically reducing
antibody-mediated rejection processes. Phagocytosis of human platelets, a major problem in
liver xenotransplantation, is reduced by the knockout of ASGR1. Inactivation of the ULBP1
provides protection against NK cell-mediated lysis, while removal of functional SLA class |
receptors by a knockout of SLA-1, SLA-2, SLA-3 or B2M helps to inhibit activation of
xenoreactive cytotoxic T cells. Moreover, the size of donor organs can be optimized by

inactivating GHR.

However, the increasing number of desired gene knockouts raises the question of how they
can be combined most efficiently in one animal with the smallest technical effort, the shortest
period of time, the lowest number of experimental animals and how potentially adverse off-

target mutations can be reliably detected.

8.2.1 Strategies to generate pigs with multiple gene knockouts

One approach to produce pigs with multiple gene knockouts is to crossbreed single-modified

animals. Although this is technically simple, necessary breeding to the F2 generation is
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comparatively time-consuming and creation of homozygous offspring is highly inefficient. This

method becomes quite impracticable when more than two knockouts are required.

Alternatively, serial cloning can also be considered to accumulate multiple gene knockouts.
The cycle of genetic manipulation of somatic cells, SCNT, cell isolation of modified fetuses or
piglets and further genome editing is thereby repeated until all the GOls are inactivated.
Intensive pre-screening of cell clones is the main advantage of this approach. However, cloning
efficiency as well as the number of live cloned offspring was shown to be significantly
decreased by repeated SCNT [307]. Reduced developmental potential of porcine embryos
generated by serial NT has also been reported which might result from incomplete
reprogramming and accumulated epigenetic errors induced by the cloning process [420].
Although it is likely that these negative effects can be mitigated by breeding periods between
the individual cloning rounds, this would dramatically prolongate completion of the final

knockout combination.

In contrast, simultaneous inactivation of multiple genes, carried out either directly in the
fertilized oocyte or in somatic cells, is substantially faster. Cytoplasmic microinjection of
CRISPR/Cas components in porcine zygotes can be conducted quickly, but carries the risk of
mosaicism which might prevent germline transmission of the genetic modifications.
Moreover, since embryos cannot be submitted to antibiotic selection and pre-implantation
screening for CRISPR/Cas-induced mutations is impractical for large numbers of embryos, a

considerable number of animals without the intended modifications will be produced [421].

The method of choice is therefore CRISPR/Cas-based multiplex gene editing in somatic cells.
The usage of multi-knockout vectors, such as those generated and applied in this work,
thereby enables editing of a large number of loci by transfecting a minimum number of
different genetic constructs. In addition, such vectors facilitate future changes of the genetic
background, e.g. for combination with multiple transgenes. This approach was already
successfully used by our group to produce viable pigs with inactivated GGTA1, CMAH,
BAGALNT2 and SLA class I [110]. Since in this my thesis project up to seven genes/gene clusters
should be inactivated simultaneously, two high-efficiency guide sequences per target gene
were used to optimize the probability of multiple, functional gene knockouts. With every
additional CRISPR/Cas-mediated DSB, however, the risk of lethal off-target mutations and

chromosome aberrations, such as chromosomal deletions and rearrangements, increases
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[63]. To maximize efficiency of SCNT, it was therefore advisable to use pools of independently
modified clones. The enrichment of cells with homozygous GGTA1/SLA-I double-knockout

further reduced heterozygous mutations in the cell pools that are now available for SCNT.

8.2.2 Detecting off-target mutations

Once animals with multiple gene knockouts will have been generated, an intensive
characterisation of off-target mutations will be performed. Basically, off-target events in
coding exons are critical as they can impair functionality of the corresponding gene product.
Also, intronic off-target sites harbour the risk of altering the gene product when splicing sites
are affected by inDel mutations [422, 423]. DNA sequence alterations in 5' and 3' untranslated
regions (UTRs), in contrast, can modulate gene regulation and mRNA stability, while off-target
effects in intergenic regions are regarded as biologically less relevant [424-426]. In silico tools
allow prediction of putative off-target sites by aligning each 18-20 bp sgRNA target recognition
site against the whole porcine genome tolerating a defined number of mismatches. These
computationally predicted sites will then be analysed in the multi-knockout piglets by Sanger
sequencing. Since inherent genetic variation can generate novel protospacers and PAM
sequences, highly sensitive next generation sequencing (NGS) approaches can be considered
to screen for non-predicted CRISPR/Cas-induced off-target editing [427-430]. However, far
more important than genome-wide identification of every unintended mutation is to select
the multi-knockout founder animals with regard to a healthy phenotype and good breeding

characteristics, since off-target events will breed out over time.
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Beta-2-microglobulin

B1,4 N-acetyl-galactosaminyl transferase 2
Base pair

CCAAT/enhancer-binding protein beta
Semi-synthetic promoter composed of CMV enhancer,
chicken B-actin promoter, rabbit globin intron
Chimeric antigen receptor

CRISPR-associated

Chicken B hybrid

C-C motif chemokine, also known as monocyte
chemotactic protein 1

Complementary DNA
CMP-N-acetylneuraminic acid hydroxylase
Cytidine monophosphate

Cytomegalovirus

Casl2a enzyme

Cyclic AMP responsive element-binding protein
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CRISPR

CRP
crRNA
CTL
CTLA4
Ctrl
CXR
DC
ddPCR
Dis
DSB
DSIF
E-box
EC
ELAM
ELISA
EGFP
EPCR
ESC
Fluc
GalNAc
GAPDH
gDNA
GGTA1
GLR
GOl
HAR
HDR
HE
HEV
HLA

Clustered regulatory interspaced short
repeats

C-reactive protein

CRISPR RNA

Cytotoxic T lymphocyte

Cytotoxic T-lymphocyte antigen 4
Control

Cellular xenograft rejection
Dendritic cell

Droplet digital PCR

Distal

Double-strand break

DRB sensitivity-inducing factor
Enhancer box

Endothelial cell

E-selectin

Enzyme-linked immunosorbent assay
Enhanced green fluorescent protein
Endothelial protein C receptor
Embryonic stem cell

Firefly luciferase
N-acetylgalactosamine
Glyceraldehyde 3-phosphate dehydrogenase
Genomic DNA
al,3-galactosyltransferase 1
German landrace

Gene of interest

Hyperacute rejection

Homology directed repair
Haematoxylin and eosin

Hepatitis E virus

Human leukocyte antigen
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HO-1
HSV-TK

i.m

LEA29Y
LMU
LPS
MHC
MIN
mutCIITA
Neu5Ac
Neu5Gc
NF-kB
NGS
NHEJ
NHP
NK
NOD
NSG

nt

oD
OSM
p50/p65
PAM
PBMC

List of abbreviations

Heme oxigenase 1

Herpes simplex virus thymidine kinase
Intramuscular

Intraperitoneal

Interferon

Immune globuline
Immunoglobulin heavy constant gamma 1
Interleukin

Interleukin-1 receptor type 1

Small insertions or deletions
Knockout
High-affinity variant of CTLA4-Ig
Ludwig-Maximilians-Universitat Minchen
Lipopolysaccharide

Major histocompatibility complex
Multifunctional integrase
Dominant-negative variant of class Il transactivator
CMP-N-acetylneuraminic acid
CMP-N-glycolylneuraminic acid
Nuclear factor-kB

Next generation sequencing
Non-homologous end joining
Nonhuman primate

Natural killer

Non-obese diabetic

NOD scid gamma

Nucleotide

Optical density

Oncostatin M

Subunits of proteins forming NF-kB
Protospacer-adjacent motif

Peripheral blood mononuclear cells
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PCMV
PCR
PD-1
PD-L1
PERV
PK-15
pKDNF
Prox
RLU
Rluc
s.C.
SCNT
SCP1
Sda
SEAP
SgRNA
SIRPa
SLA
SP-1
SpCas9
SPF

ST
SV40
TAA
TALEN
TCR
Tet-On/Tet-Off

TF
TFPI
TGF
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Porcine cytomegalovirus

Polymerase chain reaction

Programmed cell death protein 1
Programmed death 1 ligand 1

Porcine endogenous retrovirus

Porcine kidney 15, cell line

Porcine kidney fibroblasts

Proximal

Relative light unit

Renilla luciferase

Subcutaneous

Somatic cell nuclear transfer

Human mesenchymal stem cell line

Sda antigen

Secreted embryonic alkaline phosphatase
Single guide RNA

Signal-regulatory protein alpha-1

Swine leukocyte antigen

Transcription factor specificity protein 1
Streptococcus pyogenes derived Cas9 enzyme
Specific pathogen-free

Swine testis

Simian virus 40

Tumor-associated antigens

Transcription activator-like effector nucleases
T cell receptor

Antigen-dependent systems allowing doxycycline-induced
activation (Tet-On) or inhibition (Tet-Off) of transgene
transcription

Tissue factor

Tissue factor pathway inhibitor

Transforming growth factor
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™

TNF
TNFAIP1
TNFR1
tracrRNA
Treg
TUM

ue6

ubDP
ULBP1
USF1
UTR
VCAM1
wt

ZFN

Ax

List of abbreviations

T helper

Thrombomodulin

Tumor necrosis factor
TNFa-induced protein 1

TNF receptor 1

Trans-activating crRNA
Regulatory T cells

Technische Universitat Mlnchen
RNA polymerase Il promoter U6
Uridine triphosphate
UL16-binding protein 1
Upstream stimulatory factor 1
Untranslated regions

Vascular cell adhesion protein 1
Wildtype

Zink-finger nuclease

partial sequence of x
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13. APPENDIX

13.1 Cloning of reporter constructs and targeting vectors

13.1.1 Cloning of SEAP reporter plasmids

SEAP reporter plasmids containing the promoters CAG (A021), pA20 (A006), ELAM (A022) and
hVCAM1 (A020) have been generated in advance by Mona Baumgart and Nina Simm (Master's
students) at the Chair of Livestock Biotechnology, TUM, GER [332, 431]. Cloning of further

SEAP constructs is described in this section.

The promoter hTNFAIP1 was first amplified by PCR using hSCP1 gDNA as template (hTNFAIP1
prom F1/R1), subcloned into pJET1.2 and inserted into Xbal-digested pcDNA-CAG-SEAP (A021)
using NEBuilder HiFi Assembly (hnTNFAIP1 NEB F1/R1), thereby replacing the CAG promoter
and generating pcDNA-hTNFAIP1-SEAP (A036). Amplification of the individual hCCL2 promoter
elements was carried out using hSCP1 gDNA as template and the primer combinations listed
in Table 31. Human CCL2 fragments were subcloned into pJET1.2 and introduced into Xbal-
linearized pcDNA-CAG-SEAP (A021) by NEBuilder HiFi Assembly (Table 31). The generated
plasmids were called pcDNA-hCCL2-2.9kb-SEAP (A062), pcDNA-hCCL2-prox-SEAP (A039) and
pcDNA-hCCL2-dis/prox-SEAP (A059).

Table 31 - Primer combinations for promoter subcloning and subsequent generation of SEAP reporter plasmids
using NEBuilder HiFi Assembly

Plasmid Plasmid No. Plasmid generation
Primers Template
Subcloning
pJET-hCCL2-2.9kb A061 hCCL2 prom F8/R7 hSPC1
pJET-hCCL2-prox (A) A032 hCCL2 prom F5/R4 hSPC1
pPJET-hCCL2-prox (B) A057 hCCL2 prom Xbal/ R7 hSCP1
pJET-hCCL2-dis A056 hCCL2 Prom F8/R6 hSCP1
pJET-hCCL2-dis/prox A058 Ligation of hCCL2-prox (B) (A057, Xbal)
into Xbal-linearized plasmid A056
SEAP constructs
pcDNA-hCCL2-2.9kb-SEAP A062 hCCL2 NEB F2/R2 A061
pcDNA-hCCL2-prox-SEAP A039 hCCL2F5s NEB F1/ R1 A032

pcDNA-hCCL2-dis/prox A059 hCCL2 NEB F2/R2 A058
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Modification of the endogenous porcine A20 promoter was conducted by successively
introducing transcription factor binding sites into plasmid pcDNA-pA20-SEAP (A006). Cloning
into defined promoter regions was performed by conventional cloning of oligonucleotides or
by NEBuilder HiFi Assembly and is summarized in Table 32.

Table 32 — Primer combinations and oligonucleotides used for generation of pA20 promoter variants
NEB: NEBuilder HiFi Assembly; CC: conventional cloning.

Plasmid Plasmid Plasmid generation
No.
Cloning Backbone, Primers/ Temp-
method linearis. Oligonulceotides late
pcDNA-pA20+3NFkB-SEAP  A043 NEB A006, Afel 1.pA20promF4, A006
SEAP R3
2. A20 3xNFkB F1/
R1
pcDNA-pA20+5NFkB-SEAP  A044 cC A043, Xhol 2xNFkB Xhol F/R X
pcDNA-pA20+2SP1-SEAP NEB A006, 1. pA20 prom F5/  A006
A049 Hindlll R2 X
2. pA20 2xSP1 F/R
pcDNA-pA20+7NFkB-SEAP  A050 cC A006, Xhol 2xNFkB Xhol F/R X
pcDNA-pA20+9NFkB-SEAP  A051 cC A006, Xhol 2xNFkB Xhol F/R X
pcDNA-pA20+8SP1-SEAP A052 cC A049, Nhel pA20 Nhel SP1F/R x
pcDNA-pA20+6SP1-SEAP AO053 cC A049, Nhel pA20 Nhel SP1F/R x
pcDNA-pA20+4SP1-SEAP A054 CcC A049, Nhel pA20 Nhel SP1F/R x
pcDNA-pA20+4SP1+3NFkB AO055 NEB A054, Afel 1.pA20promF4, A054
-SEAP SEAP R3
2. A20 3xNFkB F1/
R1
pcDNA-pA20+5NFkB-4SP1  A063 cC A055 pA20 5xNFkB F1/ x
-3NFkB-SEAP R1
pcDNA-pA20+4SP1+9NFkB A066 NEB A054, Afel pA20 prom F7/ A051
-SEAP SEAP R3
pcDNA-pA20+5NFkB A067 cC A066, pA20 5xNFkB F1/ x
+4SP1+9NFkB-SEAP Hindlll R1
pcDNA-pA20+10NFkB A068 cC AO055, pA20 5xNFkB F1/ x
+4SP1+3NFkB-SEAP Hindlll R1

13.1.2 Cloning of dual-luciferase constructs

Generation of the dual-luciferase constructs used for in vivo promoter induction experiments

is described in this section. Each candidate promoter was first inserted into a SnaBl-linearized
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pSL1180+psiCHECK (A069) vector and a hygromycin resistance cassette was then introduced
by NEBuilder HiFi Assembly. The final plasmids were called psL1180+psiCHECK-CAG-Hygro
(A080), pSL1180+psiCHECK-ELAM-Hygro (A081), pSL1180+psiCHECK-hCCL2-dis/prox-Hygro
(A082),  pSL1180+psiCHECK-pA20+3NFkB-Hygro  (A0O84) and  pSL1180+psiCHECK-
pA20+10NFkB+4SP1+3NFkB-Hygro (A085). The dual-luciferase plasmid carrying the pA20
promoter (pSL1180+psiCHECK-pA20-Hygro, AO83) was generated by modifying plasmid A084.
Detailed cloning information is given in Table 33.

Table 33 — Primer combinations used for generation of dual-luciferase constructs

NEB: NEBuilder HiFi Assembly; CC: conventional cloning.

Plasmid Plasmid Plasmid generation
No.
Cloning Backbone, Primers Temp-
method linearis. late
Dual-luciferase constructs
(no hygroR)
pSL1180+psiCHECK-CAG A072 cC Ligation of CAG (A021, Bglll) into

SnaBl-linearized plasmid A069
pSL1180+psiCHECK-ELAM  A073 NEB A069, SnaBl ELAM NEB F1/R1 A022
pSL1180+psiCHECK-hCCL2 A074 NEB A069, SnaBl hCCL2 NEB F3/R3 A058
-dis/prox

pSL1180+psiCHECK-pA20  A076 NEB A069, SnaBl pA20 NEB F1/R1  A043
+3NFkB

pSL1180+psiCHECK-pA20  A077 NEB A069, SnaBl pA20 NEBF1/R1  A068
+10NFkB+4SP1+3NFKB

Dual-luciferase constructs

(+ hygroF)

pSL1180+psiCHECK-CAG A080 NEB A072, Xhol  pX-Hygro-NEB A078
-Hygro Xhol F1/R1

pSL1180+psiCHECK-ELAM  A081 NEB A073, Xhol pX-Hygro-NEB A078
-Hygro Xhol F1/R1

pSL1180+psiCHECK-hCCL2  A082 NEB A074, Xhol  pX-Hygro-NEB A078
-dis/prox-Hygro Xhol F1/R1

pSL1180+psiCHECK-pA20  A083 NEB A085, Notl pA20 NEB F1/R1  A006
-Hygro

pSL1180+psiCHECK-pA20 A084 NEB A076, Ndel Hygro psi NEB A078
+3NFkB-Hygro Xhol F1/R1

pSL1180+psiCHECK-pA20  A085 NEB A077,Ndel  pX-Hygro-NEB A078
+10NFkB+4SP1+3NFKB Xhol F1/R1

-Hygro
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13.1.3 Cloning of gene-targeting vectors

Cloning of vectors targeting the porcine ROSA26-locus is subject of this section. To generate
plasmid ROSA26-BS-pA20multi-LEA29Y (A133), the LEA29Y sequence, bGHpA and the
promoter pA20+4SP+10/3NF was successively subcloned into the plasmid pJET1.2. The
transgene cassette was then inserted between the homology arms of the Agel/Avrll-digested
vector ROSA26-SA-BS-LA (A118). Cloning was performed by conventional cloning and
NEBuilder HiFi Assembly and is described in detail in Table 34. Generation of the gene-
targeting vector ROSA26-BS-pA20multi-LEA29Y-ELAM-PDL1-MIN (A166) was performed by
inserting the ELAM-hPDL1-bGHpA-MIN cassette of the Avrll-digested plasmid A164 into the
Avrll-linearized plasmid A133 and modifying the DNA sequence between the start codon of
LEA29Y and its promoter: the Bspl-digested plasmid was assembled with the DNA fragment
derived from PCR using the primers NEB LEA F1/Lea hEx2 R1 and A133 as template.

Table 34 — Details for cloning the gene-targeting vector A133
NEB: NEBuilder HiFi Assembly; CC: conventional cloning.

Plasmid Plasmid Plasmid generation
No.
Cloning Backbone, Primers Temp-
method linearis. late
pJET1.2-LEA29Y A120 CcC Ligation of LEA29Y sequence

(A117, Hindlll/Notl) into pJET1.2
pJET1.2-LEA29Y-bGHpA  A131  NEB A120, EcoRl bGHpA NEB F2/R4 A115
pJET1.2-pA20multi-LEA29Y- A132  NEB A131,Notl pA20 NEBF4/R4  A068
bGHpA

ROSA26-BS-pA20multi- Al133 cC Ligation of pA20 +4 SP-1 +10/3 NF-kB
LEA29Y (A131, Avrll/Pmel/Agel) into A118 (Agel/
Avrll)

13.2 Sequences of transgene constructs

13.2.1 LEA29Y sequence present on targeting vectors A133 and A166

Composition of the LEA29Y sequence used for gene placement into the ROSA26 locus is shown
in Table 35. It includes the signal peptide sequence of the human OCM gene, almost the entire
sequence of human CTLA4 exon 2 and the first nucleotides of exon 3 (Transcript-ID:

ENST00000302823.8, Ensembl Release 95). The 3' terminal part of the LEA29Y sequence
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encodes the hinge region and the CH2 and CH3 domains of human IGHG1 (UniProtKB:
P01857).

Table 35 — Sequence and annotation of the LEA29Y construct used in A133 and A166
Reference DNA sequences refer to Ensembl Genome Browser (Ensembl Release 95; https://www.ensembl.org/).

Protein domains were identified using UniProt Knowledgebase (https://www.uniprot.org/).

Sequence

61
121
181
241
301
361
421
481
541
601
661
721
781
841
901
961

1021
1081
1141

atgggggtac
agcatggcga
ggcatcgcca
acagtgcttc
gggaatgagt
gtgaacctca
gagctcatgt
attgatccag
acatccccac
ccaaaaccca
gacgtgagcc
cataatgcca
gtcctcaccg
aacaaagccc
gaaccacagg
ctgacctgcc
gggcagccgg
ttcctctaca
tgctccgtga
ccgggtaaat

tgctcacaca
gcatggcgat
gctttgtgtg
ggcaggctga
tgaccttcct
ctatccaagg
acccaccgcc
aaccgtgceccc
cgtccccagce
aggacaccct
acgaagaccc
agacaaagcc
tcctgcacca
tcccagceccce
tgtacaccct
tggtcaaagg
agaacaacta
gcaagctcac
tgcatgaggc
ga

gaggacgctg
gcacgtggcc
tgagtatgca
cagccaggtg
agatgattcc
actgagggcc
atactacgag
agattctgat
acctgaactc
catgatctcc
tgaggtcaag
gcgggaggag
ggactggctg
catcgagaaa
gcccccecatcece
cttctatccc
caagaccacg
cgtggacaag

tctgcacaac

ctcagtctgg
cagcctgctg
tctccaggca
actgaagtct
atctgcacgg
atggacacgg
ggcataggca
caggagccca
ctggggggat
cggacccctg
ttcaactggt
cagtacaaca
aatggcaagg
accatctcca
cgggatgagc
agcgacatcg
cctccecgtge
agcaggtggc

cactacacgc

tccttgcact
tggtactggc
aatatactga
gtgcggcaac
gcacctccag
gactctacat
acggaaccca
aatcttctga
cgtcagtctt
aggtcacatg
acgtggacgg
gcacgtaccg
agtacaagtg
aagccaaagg
tgaccaagaa
ccgtggagtg
tggactccga
agcaggggaa

agaagagcct

cctgtttcca
cagcagccga
ggtccgggtyg
ctacatgatg
tggaaatcaa
ctgcaaggtg
gatttatgta
caaaactcac
cctcttcccce
cgtggtggtg
cgtggaggtg
ggtggtcagce
caaggtctcc
gcagccccga
ccaggtcagc
ggagagcaat
cggctceccttce
cgtcttctca
ctccctgtcet

Annotation

Position, nt

Gene, specification

Reference

1-78
*1-75

human OSM
*signal peptide

1. Transcript-ID:
ENST00000215781.2
2. UniProtkB: P13725

79-449
*79-424
*425-449

human CTLA4
*Aexon 2
*Aexon 3

Transcript-ID:
ENST00000302823.8

454-1152
*454-489
*490-828
*829-1149

human IGHG1
*hinge region
*CH2 region
*CH3 region

1. Transcript-ID:
ENST00000390549.6
2. UniProtKB: P01857
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Nucleotides varying from the reference sequences given above

Position, nt nt exchange aa change

163-165 gcc—>tat A-Y reported in [190]
388-390 ct->ga L>E reported in [190]
467 g—>cC C->S

485 g—>cC C->S

494 g—>cC C->S

520 c>t P->S

711 t->g T->R

1119 a—>g R->T

13.2.2 Human PD-L1 sequence present on targeting vector A166

The DNA sequence and detailed annotation information of human PD-L1 used in targeting

vector A166 is given in Table 36. It includes the non-coding exon 1, exon 2 to 6, the coding-

part of exon 7 and the first 37 bp of the 3' UTR (Transcript-ID: ENST00000215781.2, Ensembl

Release 95).

Table 36 — Sequence and annotation of the hPD-L1 construct used in A166
refers to hPD-L1 Transcript-ID ENST00000215781.2

Annotation
ensembl.org).

(Ensembl

Release

95; https://www.

Sequence

61
121
181
241
301
361
421
481
541
601
661
721
781
841
901
961

gcgtcccecgeg
gtccgcctgce
actggcattt
atggtagcaa
cactaattgt
aagacctgaa
tctcecectggg
accgctgcat
ccccatacaa
aactgacatg
atcaagtcct
atgtgaccag
ggagattaga
cacatcctcc
gtgtagcact
gtggcatcca
ccagcattgg

cggccccagt
agggcattcc
gctgaacgca
tatgacaatt
ctattgggaa
ggttcagcat
aaatgctgca
gatcagctat
caaaatcaac
tcaggctgag
gagtggtaag
cacactgaga
tcctgaggaa
aaatgaaagg
gacattcatc
agatacaaac

aacttctgat

tctgcgcagce
agaaagatga
tttactgtca
gaatgcaaat
atggaggata
agtagctaca
cttcagatca
ggtggtgceg
caaagaattt
ggctacccca
accaccacca
atcaacacaa
aaccatacag
actcacttgg
ttccgtttaa
tcaaagaagc

cttcaagcag

ttcccgaggce
ggatatttgc
cggttcccaa
tcccagtaga
agaacattat
gacagagggc
cagatgtgaa
actacaagcg
tggttgtgga
aggccgaagt
ccaattccaa
caactaatga
ctgaattggt
taattctggg
gaaaagggag
aaagtgatac

ggattc

tccgcaccag
tgtctttata
ggacctatat
aaaacaatta
tcaatttgtg
ccggctgttg
attgcaggat
aattactgtg
tccagtcacc
catctggaca
gagagaggag
gattttctac
catcccagaa
agccatctta
aatgatggat
acatttggag

ccgcgcecttet
ttcatgacct
gtggtagagt
gacctggctg
catggagagg
aaggaccagc
gcaggggtgt
aaagtcaatg
tctgaacatg
agcagtgacc
aagcttttca
tgcactttta
ctacctctgg
ttatgccttg
gtgaaaaaat

gagacgtaat
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Annotation
Position, nt Feature
1-72 exon 1
*1-72 *A5' UTR
73-138 exon 2
*73-86 *A5' UTR
*87-89 *start codon
139-480 exon 3
481-768 exon 4
769-876 exon 5
877-936 exon 6
937-996 Aexon 7
*965-967 *stop codon
*968-996 *A3' UTR

13.3 Knockout analyses

13.3.1 Determination of guide efficiency and knockout screening

Guide efficiencies to introduce InDel-mutations were evaluated in the puromycin-selected

using the webtool TIDE (chapter 7.2.1). Gene editing frequency after transfection of three

multi-knockout vectors (A190, A191, A192) was analysed after puromycin selection and

enrichment of GGTA1/SLA-I negative cells in two pools. (chapter 7.2.3). The primers used for

pool analyses and subsequent sanger sequencing are listed in Table 37.

Table 37 — Primers used to analyse CRISPR/Cas9 modified cells
aysed in chapter 7.2.1, P used in chapter 7.2.3.

Target site Screening primers Sequencing primer
ASGR1E1T1 ASGR1E2F1 ASGR1 12 R1 634 bp ASGR1E2F1
ASGR1E4T1 ASGR1E3F1° ASGR1 E6 R1? 723 bp ASGR1E6R1
ASGR1 12 F2°b ASGR1 Ex4 R1P 505 bp ASGR1 Ex4 R1
B2M E1T1 pB2M Scr 5'UTR F1 pB2M Scr 11 R1 377 bp pB2M Scr 11 R1
BAGNT2 E2T3 B4GI1F1 B4G 12 R1 837 bp B4GI1F1
B4GNT2 E3 T3 B4Gal Scr 12 F1 B4Gal Scr I3 R1 330 bp B4Gal Scri3R1
CMAHEST1 CMAHI8F1 CMAHI9R 738 bp CMAH I8 F1
CMAHE7T1 CMAHI6F1 CMAH E8 R1 751 bp CMAH I6 F1
CMAHE10T2 CMAHScrE1I0F2 CMAHScrE1I0R2 357 bp CMAH Scr E10 F2
GGTA1E7T6 GalScrE7T56F GalScrE7T56 R 362 bp Gal ScrE7 T56 F
GGTAL1E8T3 GGTAl1E1l1F1 GalScrE8 T3 R 378 bp GGTA1E11F1
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GGTA1E8 T4
GHRE10T1

GHRE14T1

MHC-1E4T1
MHC-I1 E4 T2
ULBP1E1T1
ULBP1 E1 T2
ULBP1 E2 T3
ULBP1 E2 T4

Gal 17 F1

GHR I8 F1

GHR 113 F1
MHCI Antigen F1
MHCI Antigen F1
ULBP1 Ex1 F1
ULBP1 Ex1 F1
ULBP1 Ex2 F1
ULBP1 Ex2 F1

Gal ScrE8 T3 R

GHRI10R1
GHR 114 R1

MHCI Antigen R1
MHCI Antigen R1

ULBP1 11 R1
ULBP1 11 R1
ULBP112 R1
ULBP1 12 R1

900 bp
482 bp
489 bp
362 bp
362 bp
254 bp
254 bp
350 bp
350 bp

Appendix

Gal 17 F1

GHR I8 F1
GHRI113 F1
MHCI Antigen F1
MHCI Antigen F1
ULBP1 Ex1 F1
ULBP1 Ex1 F1
ULBP1 Ex2 F1
ULBP1 Ex2 F1

13.3.2 Cloning of multi-knockout vectors

Double-stranded sgRNA oligonucleotides, 18 to 20 bp in length, with additional Bbsl restriction

sites were subcloned into the Bbsl-linearized plasmid pSL1180-U6-MCS-tracRNA-756 (A142)

between U6 promoter and sgRNA scaffold sequence. Restriction fragments were then

integrated successively into plasmid px330-U6-MCS-tracRNA-705 (A174) as described in Table

38 to generate two multi-knockout vectors called px330-GGTA1E8T3-CMAHE9T1-ASGR1E1T1-

ASGR1E4T1 (A191) and px330-B2ME1T1-ULBP1E1T2-ULBP1E2T4-BAGALNT2E2T3 (A192).

Cloning was conducted by Katharina Rinke (Bachelor's student) [347].

Table 38 — Details for cloning the multi-knockout vectors A191 and A192

Step Plasmid No. Plasmid generation
Backbone, Insert
linearisation
1a Al175 A174, Bbsl PX-GGTA1-E8-T3-
F18/R18
2a Al177 A175, Nhel/Nsil A153, Nhel/Nsil
3a Al179 A177, Afel/Mlul A147, Afel/Mlul
43 A191 A179, BamHI/BsrGl  A158, BamHI/BsrGl
1b Al176 A174, Bbsl PX-pB2M-E1-F1/R1
2b Al178 A176, Nhel/Nsil A168, Nhel/Nsil
3b A180 A178, Afel/Mlul A170, Afel/Mlul
4b A192 A180, BamHI/BsrGI  A173, BamHI/BsrGl
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