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1 INTRODUCTION 

Transplantation medicine has advanced to the point that replacement of a human organ is now 

a routine life saving operation for many patients. Since 1963, more than 89.000 kidneys have 

been transplanted in Germany (German Organ Transplantation Foundation 2008). Rapid 

progress in understanding the mechanisms of immunological rejection and development of 

efficient immunosuppressive drugs over the last 20 years has led to a remarkable long-term 

survival rate of transplanted organs, reaching 70%. This progress has also led to a growing 

gap between demand and availability of suitable organs and thousands of patients are dying 

while on waiting lists. 

 

Figure 1: Waiting list and kidney transplantations in Germany 1998-2007. 

  Source: German Organ Transplantation Foundation report 2007. 

 

 

The urgent need for more transplants is illustrated quite clearly when looking at the statistics 

for Germany over the last years. Although an organ donor peak was reached in 2007 with 

1,313 organ donors compared to 1,259 in 2006 (4.3% increase), the demand is still ~4 times 
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greater than the number of organs available (Figure 1). The situation in other western 

countries is similar.  

An alternative solution to close the growing gap between transplanted organs and available 

organs is the transplantation of organs from other species. Xenotransplantation is defined as 

the transfer of viable cells or organs between two species. The non-human primates, although 

being the species the most closely related to humans, are not regarded as appropriate organ 

donors. The risk of transmission of pathogens to the recipient and the lack of sufficient animal 

material makes the non-human primates unsuitable as organ donors. In addition, ethical issues 

make the usage of primates inacceptable. The pig is, on the other hand, regarded as suitable 

for organ donation. This species shows high similarity to humans regarding organ physiology, 

anatomy and organ size; and they are easily bred, have large litters and short gestation periods 

(NIEMANN and RATH 2001; PIEDRAHITA and MIR 2004). Public acceptance for usage of 

pig organs for xenotransplantation is higher than for organs from non-human primates. In 

addition, methodology for genetic modification of pigs has been improved and now allows 

production of transgenic pigs (VAJTA et al. 2007). 

Unfortunately, immediate strong immunological rejection makes xenotransplantation of 

unmodified porcine organs impossible. In species phylogenetically distant from each other, 

the graft undergoes hyperacute rejection (HAR) within minutes after transplantation. HAR 

leads to immediate organ destruction, but this can now be avoided by using 1) α1,3-

galactosyltransferase (Gal) knockout pigs (KUWAKI et al. 2005; TSENG et al. 2005; 

YAMADA et al. 2005) or 2) transgenic pigs expressing human complement regulatory 

proteins like hDAF or CD59 (McCURRY et al. 1995; CHEN et al. 1999; COZZI et al. 2000; 

VIAL et al. 2000). The subsequent immunological barrier to overcome is the acute vascular 

rejection (AVR), which occurs within hours to days after transplantation. Elicited (IgM and 

IgG) antibodies recognize Gal and non-Gal antigens on the vascular endothelium leading to 

its activation. Endothelial cell activation during AVR leads to upregulation of adhesion 

molecules including E-selectin, ICAM-I and VCAM-I. AVR is characterized by endothelial 

swelling, focal ischemia and diffuse microvascular thrombosis consisting mainly of fibrin 

(PORTER 1992; LEVENTHAL et al. 1993). Pathways including the caspase cascade are 

activated resulting in apoptosis.  
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An organ capable of resisting immunological assault by the recipient would permit less severe 

immunosuppressive treatment of the patient. Certain genes have great potential for the 

modulation of AVR, one of these is the human A20 gene. The A20 gene was first identified 

as a tumor necrosis factor (TNF)-α inducible gene in human umbilical vein endothelial cells 

(OPIPARI et al. 1990). A20 serves a dual cytoprotective function, protecting from Tumor 

Necrosis Factor (TNF)-mediated apoptosis and inhibiting inflammation via blockade of a 

transcription factor, nuclear factor-κB (NF-κB). A20 also safeguards endothelial cells from 

complement-mediated necrosis, protects from Fas/CD95 and blunts natural killer cell-

mediated endothelial cell apoptosis by inhibiting caspase 8 activation (DANIEL et al. 2004), 

making this gene an interesting candidate gene in the context of transgenic pigs for 

xenotransplantation.  

Somatic Cell Nuclear Transfer (SCNT) has emerged as an essential tool for generation of 

transgenic pigs. Since the successful cloning of “Dolly” the sheep in 1996 (WILMUT et al. 

1997), thirteen mammalian species have been produced by somatic cell cloning (PETERSEN 

et al. 2009). The assumption that the nuclear donor cell must originate from an early 

embryonic stage, proved to be invalid. "Dolly" was the first mammal cloned from an adult 

differentiated cell. SCNT success rates are still relatively low. When it comes to pigs, the 

average cloning efficiency lie around 1%.  

The main advantage of SCNT is the possibility of prescreening the donor cells for integration 

of a transgene prior to their use in nuclear transfer. Considerable improvements in cloning 

efficiency have been made in our laboratory by using preovulatory embryo transfer in 

peripubertal gilts (PETERSEN et al. 2008). 

The goal of this study was to produce hA20 transgenic pigs and analyze the expression 

pattern of hA20 in various organs. The expressing tissues were then analyzed to determine 

functionality of the hA20 gene. 

The main tasks of this study were: 

- Generation of hA20 expression vectors 

- Transfecting primary fibroblast (nuclear donor) cells with expression vectors 

- Production of hA20 transgenic pigs through SCNT 

- Analysis of expression in hA20-transgenic pig organs 

- Assessing the biological function of hA20 in transgenic pigs 
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To our knowledge, this is the first time that hA20 transgenic pigs have been produced. 
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2 REVIEW OF LITERATURE 

2.1 Xenotransplantation and pigs as organ donors 

The idea of xenotransplantation is not new. According to DESCHAMPS et al. (2005), the first 

xenotransplantation of solid tissue was made in 1501 by an Iranian surgeon who replaced 

damaged areas of human skull bone with bone from a dog. Testicle grafts had a special place 

in the interest for xenotransplantation, because of their use for "human revitalization". The 

relative success obtained when transplanting tissue from testicles can be explained by the fact 

that these glands are immunologically protected (DESCHAMPS et al. 2005).  

In combination with immunosuppressants the transplantation of tissues or even solid organs 

from a discordant donor is considered an alternative solution worth pursuing to circumvent 

the current lack of sufficient donor organs. Xenografts can be divided into two categories: 

discordant and concordant. Discordant grafts are those transplanted between unrelated species 

such as pigs and humans. Pig organs, when transplanted into humans or nonhuman primates 

are typically rejected within minutes due to antibody-mediated complement activation 

(BÜHLER et al. 1999). Concordant grafts are those being transferred between related species 

such as baboons and humans, resulting in milder immunological reactions. For several 

reasons, including size (baboon organs are too small for human adults), costs, and possible 

disease transmission, non-human primates are not considered to be a potential source of 

organs for xenotransplantation. Ethical issues arise when sacrificing primates for organ 

donation, and fear of transmissible infectious agents between non-human primates and 

humans resulted in the search for more suitable organ donors (BACH 1998). 

The pig with its large litters (approximately 10-14 littermates), short gestation times 

(~4 months), anatomic/physiologic similarities to humans has become the most likely 

candidate for consideration as an organ donor. These animals can be kept under high hygienic 

conditions and ethical controversy is limited (LEVY 2000). Various physiological features of 

human and pig organs are similar. However, in order to develop pig organs that are 

appropriate for xenotransplantation, complex genetic modifications need to be undertaken 

(PIEDRAHITA and MIR 2004), including insertion of genes expressing factors suppressing 

the rejection of transplanted porcine tissues, and at the same time deleting genes which are not 

favourable for xenotransplant survival (PETERSEN et al. 2009).  
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After having detected endogenous porcine retroviral sequences able to infect human cells in 

vitro, the risk of xenozoonosis became an issue. PERV-A and PERV-B are polytropic viruses 

infecting cells from different species including humans. PERV-C infects only pig cells 

(DENNER 2008). PERV is present in all breeds of swine and are part of the genomic DNA 

present in every porcine cell. Recombination between the PERV-A (human-tropic) and the 

PERV-C (ecotropic) has been observed in pigs (WILSON et al. 1998; WILSON et al. 2000; 

BARTOSCH et al. 2004; HARRISON et al. 2004a; NIEBERT and TONJES 2005). The risk 

of generating PERV-A/C recombinants (new viruses which could infect humans) strongly 

argues against using PERV-C-containing pigs for generation of animals for use in 

xenotransplantation (DENNER 2008). Recently, a defense based on down regulation of 

PERV expression through RNA interference has been developed. A significant and successful 

down regulation of PERV expression in primary porcine cells by RNAi transduction 

(lentiviral delivery) was reported in 2008 (DIECKHOFF et al 2008). These results show that 

it is possible to produce transgenic pigs carrying siRNA against PERVs (PETERSEN et al. 

2009). Antibodies against the highly conserved epitopes encoded by the retroviral genome 

have also been shown to neutralize PERV infectivity, suggesting the possibility of producing 

a PERV vaccine (FIEBIG et al. 2003). Generally, the risk of infecting human cells is 

currently considered to be low.  

Many strategies for preventing xenograft rejection have been studied: immunosuppression, 

natural antibody depletion, immunomodulation, immunological tolerance, encapsulation and 

genetic manipulation (WHITE and NICHOLSON 1999). The production of α1,3-

galactosyltransferase knockout pigs was crucial to overcome the barrier of HAR that inhibited 

progress in pig-to-primate organ xenotransplantation for many years (TAI et al. 2007), and 

has thereby reinstated hope for the success of xenotransplantation (MOHIUDDIN 2007). 

Mixed results have emerged from experiments using genetically modified pig-to-baboon 

organ transplantation. Only two groups have reported long-term survival (more than three 

months) of heterotopic porcine cardiac xenografts in baboons (McGREGOR et al. 2004; 

TSENG et al. 2004). Successful prolongation of pig kidney graft survival by simultaneous 

transplantation of pig thymus has also been reported using Gal knockout pigs as source 

animals (YAMADA et al. 2005). Promising reports have come from transplanting wildtype 

porcine islets in non-human primates for the treatment of diabetes, where complete reversal of 
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diabetes was shown consistently for over 100 days (HERING et al. 2006). However, for 

effective clinical use of this method an improved immunosuppressive regimen is needed 

(MOHIUDDIN 2007). Recently it was shown that techniques of vascular thymic 

transplantation can induce tolerance for xenografted kidneys (JOHNSTON et al. 2005; 

YAMAMOTO et al. 2005). A prolongation of pig kidney graft survival by simultaneous 

transplantation of pig thymus has been reported using homologous Gal knockout swine as 

donor animals (YAMADA et al. 2005). Additional obstacles to xenograft survival must still 

be overcome. More experiments are needed with life supporting organ transplantation to 

determine long term physiological function of porcine xenografts.  

 

2.2 Methodology for the production of transgenic pigs 

2.2.1 Microinjection 

The microinjection of foreign DNA into the pronucleus of an already fertilized oocyte has 

been the most common method used to-date for the production of transgenic animals 

(COLLARES et al. 2005). The genetic material is injected into one pronucleus by a fine 

pipette. The zygotes are then transferred into a synchronized recipient animal 

(GELDERMANN 2005). The microinjection process is time consuming and expensive 

(WHITELAW 2004) because only 1-4% of the offspring are transgenic. 
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Figure 2: Production of transgenic pigs by microinjection 

Fertilized oocytes are recovered from donor animals by flushing the oviducts 
15-18 hours after natural mating or artificial insemination. Approximately 2 
pL of a DNA construct is injected into one pronucleus of the zygote (1), and 
the zygotes are then transferred into synchronized recipient animals (2). 
Progeny are tested for integration and expression of the DNA construct (3). 
After examining the F1 generation (4) it is possible to determine if the DNA 
construct has integrated in the germline. 

 

This method results in random integration of the transgene and a considerable degree of 

mosaicism. Here, the developmental stage of the fertilized oocyte is of great importance when 

it comes to transgene integration in somatic and germ cells. In pigs, microinjection is 

conducted 15-18 hours after fertilization (NIEMANN et al. 2001). At this point the first DNA 

replication is taking place. Microinjection of foreign DNA should take place just before this 

event to increase the probability of an early integration event. Later integration gives 

mosaicism (BURDON and WALL 1992) and after crossbreeding founder animals with non-

transgenic animals only a low percentage or animals with germline contribution will be born 

(MÜLHARDT 2006).  

The expression of the gene will vary depending on the integration site, the number of 

integrated gene copies and epigenetic effects. Depending on surrounding regulatory gene 
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elements, the transcription and expression of the transgene can vary strongly between 

transgenic individuals and insertional mutations can disturb transgene expression. If the 

transgene is integrated in a transcriptionally inactive heterochromatin region, it is probable 

that no expression of the transgene will be achieved (MÜLHARDT 2006). Reasons for this 

are still unknown, but are probably related to the inherent differences in DNA repair 

mechanisms or other DNA integration processes in the host genome (MÜLHARDT 2006).  

Since it can be of great importance to target a particular integration site in pigs, the 

microinjection method has lost much of its original importance. Low integration efficiency, 

being 1-4% of liveborn piglets (PURSEL and REXROAD 1993), has led to the search for 

alternative methods. Injected DNA can persist for some time as non-integrated DNA 

sequences. Taken together with the problem of germ cell mosaicism due to differences in 

integration in different blastomeres, PCR of tissue samples from founder animals does not 

yield reliable results. It is neccessary to screen F1 generation animals to determine stable 

germline integration. When working with farm animals, this procedure is time consuming and 

costly, making other methods for generation of transgenic livestock more attractive. 

In 1985 the first transgenic pigs were produced by microinjection. These animals showed 

stable integration and expression of the human growth hormone (HAMMER et al. 1985). An 

Australian group generated pigs bearing a modified porcine growth hormone construct (hMT-

pGH), which was regulated by zinc feeding. The animals showed an advantageous body fat 

muscle ratio and growth rate (NOTTLE et al. 1999).  

In 2000, transgenic pigs carrying three different transgenes regulating complement were 

generated (COWAN et al. 2000). Only 2.6% (2 out of 76) animals showed expression of all 

the three transgenes. Through crossbreeding lines carrying different transgenes, new lines 

carrying multiple transgene combinations can be generated.  

 

2.2.2 Sperm mediated gene transfer  

Since 1989 sperm mediated gene transfer has been used for the production of transgenic 

animals. This is based on the ability of sperm cells to bind and internalise exogenous DNA 

molecules and to transfer them into the oocyte at fertilisation (LAVITRANO et al. 1989) for 

integration into the zygote genome. Sperm cells harboring the transgene can be used in in 
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vitro fertilisation or in artificial insemination to obtain transgenic animals, and the ability to 

create transgenic large animals with a high percentage of positive founders at relatively low 

cost compared with microinjection is important, especially for the production of multi-

transgenic animals (LAVITRANO et al. 2002). The offspring must be tested for integration of 

the foreign DNA. Results obtained indicate that sperm mediated gene transfer is potentially 

useable in animal transgenesis, it is however not predictable (SMITH and SPADAFORA 

2005). Advantageous features of this method include the usage of the "natural" vector" of 

genetic material, namely the sperm cell, for the transport of exogenous DNA sequences 

(LAVITRANO et al. 2006). The DNA binds to the subacrosomal region and the equatorial 

area before being transferred into the cell (FRANCOLINI et al. 1993). DNA-binding proteins 

like the major histocompatibility complex (MHC) class II and CD4 molecules are important 

for DNA interaction (LAVITRANO et al. 1997). Mature sperm cells are normally protected 

against the internalisation of exogenous DNA by factors present in the seminal fluid of 

mammals. An inhibitory factor (IF-1) was identified and shown to inhibit the DNA-binding 

proteins from interacting with and taking up foreign DNA (ZANI et al. 1995). Only in the 

absence of IF-I, DNA-binding proteins are able to interact with DNA, and it is of great 

importance to separate sperm samples from seminal fluid as soon as possible after ejaculation.  

The method has been successful in several animal species, including pig and cattle 

(SCHELLANDER et al. 1995; SPERANDIO et al. 1996; LAVITRANO et al. 2002). One 

report describes a highly efficient protocol for generating transgenic pigs by a linker based 

sperm-mediated gene transfer method. From the produced 37.5% transgenic offspring 61% 

expressed the transgene (CHANG et al. 2002).  

Another report from 2002 describes the generation of a large number of hDAF transgenic 

animals by sperm-mediated gene transfer to be used for xenotransplantation research 

(LAVITRANO et al. 2002). The majority of transgenic animals expressed the transgene 

(83%), and the expressed gene was tested for its functionality in in vitro assays conducted on 

adherent peripheral blood mononuclear cells. The resistance to lysis by antibodies and 

complement in fresh human serum was significantly higher in one of the transgenic lines 

(showing high hDAF-expression rates) compared to wildtype counterparts. However, sperm 

mediated gene transfer is not robust enough to be generally applied as only few laboratories 

have produced offspring by employing this method. 
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2.2.3 Lentiviral vectors 

Lentiviruses are a subclass of retroviruses. Unlike other retroviruses, lentivectors do not 

necessarily require cell division for proviral integration. They transduce cells with high 

efficiency (CONNOLLY 2002). Adenoviruses, on the other hand, have a double-stranded 

linear DNA genome. As opposed to lentiviruses, adenoviral DNA does not integrate into the 

genome and is not replicated during cell division. Retroviral vectors are currently being used 

for transgene delivery because of their ability to integrate a gene construct into the host 

genome with high efficiency (COLLARES et al. 2005). The retroviral genome consists of two 

identical copies of single stranded RNA. After having infected a host cell, reverse 

transcriptase (RNA-dependent DNA polymerase) produced by the viral genome, will 

synthesize a complementary, double stranded DNA (cDNA). The long terminal repeat (LTR) 

regions of the retroviruses are important for initiating reverse transcription, integrating the 

viral genome and regulating transcription of the viral genes in host cells. The desired DNA 

construct is situated between these LTRs. The DNA construct is inserted in the site where 

genes coding for viral enzymes and structural proteins have been deleted, resulting in 

replication defective viral particles (GELDERMANN 2005).  

The size of "cargo" capacity is low compared to other vector systems. These vectors can only 

carry small transgenes (up to 8 kb). Integration of transgenes is random, and multiple 

integrations can occur although they typically insert into host DNA as a single copy. There 

appears to be no sequence specificity for integration by the retroviral agents used in current 

vector systems, although the chromatin structure may play a role. Some authors report 

position-effects associated with aberrant transgene activity or even silencing of trangenes 

(WILSON et al. 1990; HOFMANN et al. 2006). Variation in trangene expression levels has 

resulted in efforts directed to design lentiviral vectors that can target predetermined transgene 

integration sites in the genome (BALCIUNAS et al. 2006; PHILIPPE et al. 2006; CLARK et 

al. 2007; LOMBARDO et al. 2007; SHINOHARA et al. 2007).  

For safety reasons lentiviral vectors never carry genes required for replication. Still, the use of 

lentiviral vectors raises safety, ethical and public health concerns. Issues often discussed are: 
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• The generation of replication competent lentiviruses during vector production due to 

recombination or in vivo recombination due to access to proviral DNA by infectious 

retroviruses like the human immunodeficiency virus (HIV) 

• Insertional mutagenesis leading to oncogenesis 

• Germline alteration and transmission of the trangene to offspring 

• Dissemination of lentivirus beyond the patient (CONNOLLY 2002). 

In 2003 HOFMANN and co-workers produced transgenic pigs carrying the GFP reporter 

gene applying a lentiviral vector as delivery system (HOFMANN et al. 2003). They achieved 

26/32 transgenic animals (70%), while WHITELAW and colleagues in 2004 produced GFP-

transgenic animals with 92% of transgenic offspring rate. Both groups injected the virus into 

the perivitelline space of single-cell embryos.  

In cooperation with our colleagues at the Robert-Koch Institute (Berlin) transgenic pigs were 

generated in order to suppress the expression of porcine endogenous retroviruses (PERV). 

Primary porcine fibroblasts were transduced with the lentiviral vector pLVTHM-pol2. The 

vector expressed a shRNA corresponding to the viral pol2 sequence to inhibit PERV 

expression. After selection of transgenic cell clones by FACS based on green fluorescent 

protein (GFP) expression, the transgenic pigs were generated by somatic nuclear transfer. 

After the transfer of 115 cloned embryos into a synchronized recipient, seven piglets were 

born, all of which had integrated the transgene. Expression of the shRNA was found in all 

tissues tested (heart, lung, pancreas, kidney, spleen, liver and muscle) and PERV expression 

was significantly inhibited when compared (up to 94%) with wild-type control animal organs 

(DIECKHOFF et al. 2008). The combined approach of lentiviral transgenesis and SCNT 

gives higher efficiency and reduces the disadvantages of oocyte infection with lentiviruses.  

Because of the high cost of each animal and the long period of gestation, the lentiviral method 

is more economical than the standard pronuclear injection where only 1% livestock zygotes 

result in transgenic founder animals. Together with the fact that unlike pronuclear injection, 

most of these integration events result in transcriptionally active genes, the properties of 

lentiviral vectors make them a very attractive gene delivery system (WHITELAW et al. 

2008). 
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2.2.4 Artificial chromosomes 

The first artificial chromosomes were derived from yeast; these included centromeres, 

telomeres, origins of replication and several marker genes together with important regulatory 

sequences and were constructed in vitro (NIEMANN and KUES 2000; GELDERMANN 

2005). In order to complete big genome sequencing projects, it was necessary to find vectors 

able to carry larger nucleotide sequences (NICHOLL 2002). Thanks to the development of 

artificial yeast chromosomes (YACs), sequences up to megabyte sizes could be cloned. 

Bacterial artificial chromosomes (BACs) were the next step forward. These vectors were 

based on Escherichia coli and its single-copy plasmid F factor (SHIZUYA et al. 1992), which 

accepts the insertion of nucleotide sequences up to 300 kb (GELDERMANN 2005) meaning 

that several transgenes can be carried by one vector. Sequencing of the human genome was 

accomplished with a gene bank of recombinant BAC clones (NICHOLL 2002) because of the 

high cloning efficiency, easy manipulation of the cloned DNA and stable maintenance of 

inserted DNA in this system (SHIZUYA et al. 1992; MONACO and LARIN 1994; BIRREN 

et al. 1999). Replication of the F factor in E. coli is strictly controlled (WILLETTS and 

SKURRAY 1987), so that it is maintained at low copy number (one or two copies per cell) 

(SHIZUYA et al. 1992). This reduces the potential for recombination, a known phenomenon 

in many bacterial vectors with high-to-medium-copy-number replicons, causing structural 

instability of inserts, rearrangements or deletions. Inserts originating from eucaryotic 

organisms are particularly vulnerable, because they often contain repeated sequences 

(WYMAN et al. 1985; ISHIURA et al. 1989; KIM et al. 1992).  

Since these vectors can carry genes with all their regulatory sequences, including intron 

sequences, one has less problems with position effects and integration mutations. Another 

possibility when working with this kind of gene delivery system, is the integration of multiple 

transgenes in one vector. 

The different techniques used for modification of BACs rely on homologous recombination 

between cloned or synthesized genomic fragments and the cognate BAC locus, resulting in 

insertion of heterologous sequences or deletion of endogenous sequences. The first method 

developed by YANG and co-workers (YANG et al. 1997; SPARWASSER et al. 2004) is 

based on bacterial recombinase A for the recombination of homologous fragments of 

approximately 1 kb, whereas the method developed by Stewart and co-workers (MUYRERS 
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et al. 1999) is based on λ phage DNA repair enzymes to induce recombination of homologous 

fragments as short as 50 nucleotides. HEINTZ and colleagues described a method allowing 

the generation of BAC transgenic mice for gene expression mapping using the green 

fluorescent protein GFP (YANG et al. 1997). In 1996 transgenic pigs, having integrated 

human complement regulatory protein sequences, were produced by LANGFORD et al. 

(1996) using the YAC technology. 

In 2002 the first transchromosomal calves were generated. These calves were produced by 

SCNT with donor cells (fetal fibroblasts) containing the complete sequences for the heavy 

and light chains of human immunoglobulin. The transgenic offspring expressed human 

immunoglobulin in their blood (KUROIWA et al. 2002). Many groups have produced 

transgenic animals by pronuclear microinjection of BACs or by transfecting ES cells (CHOI 

et al. 1993; GAENSLER et al. 1993; JAKOBOVITS et al. 1993; SCHEDL et al. 1993; 

STRAUSS et al. 1993; HUXLEY 1998; PETERSON 1999). The combination of BAC 

transfection of donor cells with SCNT is a very efficient method, as offspring will be 

transgenic and pass the artificial chromosome on to the next generation.  

 

2.2.5 Somatic Cell Nuclear Transfer (SCNT) 

Interest in experimental embryology of pigs in recent years, mainly stimulated by the rapidly 

increasing need of transgenic pigs for biomedical research purposes, like xenotransplantation 

and creating large animal models for human diseases, has resulted in great progress in this 

area (VAJTA 2007). 

The successful generation of the cloned sheep "Dolly" by somatic cell nuclear transfer 

(SCNT) (WILMUT et al. 1997) was soon followed by the production of the first cloned 

mouse (WAKAYAMA et al. 1998) and clones from other species like goat, cow, horse and 

pig using a variety of fetal and adult donor cell types (CIBELLI et al. 1998; KATO et al. 

1998, 2000; BAGUISI et al. 1999; HILL et al. 2000; KUBOTA et al. 2000; OGURA et al. 

2000a, 2000b; POLEJAEVA et al. 2000; KASINATHAN et al. 2001; PARK et al. 2001; 

CHOI et al. 2002; KEEFER et al. 2002; GALLI et al. 2003; LEE et al. 2003; OHKOSHI et al. 

2003). The first piglet produced by nuclear transfer was created using the blastomeres of 4-

cell stage embryos as donors (PRATHER et al. 1989). In the year 2000, three laboratories 
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managed to produce piglets by somatic cell nuclear transfer. This was achieved with both 

synchronized (ONISHI et al. 2000; POLEJAEVA et al. 2000) and non-synchronized donor 

cells (BETTHAUSER et al. 2000). A total of 13 species have been successfully cloned at the 

time of writing.  

Somatic cell nuclear transfer in pigs is inefficient in the sense that only about 1% of 

transferred embryos result in piglets, but as with any new technology it will likely improve to 

overcome this inefficiency, expand its applicability, and extend its scientific, commercial, and 

therapeutic value (LATHAM 2004). However, it is more efficient than microinjection in the 

sense that all offspring are transgenic. Because of modifications in culture media, 

considerable improvements have been achieved in maturation, fertilisation and activation of 

pig oocytes.  

Recently, our laboratory developed a highly efficient transfer protocol in which peripubertal 

gilts ovulate approximately 24 hours after embryo transfer. We compared two groups. Group 

1 contained animals treated to ovulate ∼6 hours prior to embryo transfer. Group 2 contained 

animals treated to ovulate ∼24 hours after embryo transfer. There was a significant difference 

in embryo survival (group 1: 0.1%, group 2: 3.1%, p <0.05) (PETERSEN et al. 2008). The 

results are reproducible and represent an important contribution to the improvement of the 

SCNT procedure (Table 1). Live offspring have been obtained from only about a dozen of the 

roughly 200 cell types of adult differentiated tissue existing in mammals (VAJTA 2007). 

Almost all cell types already tested as donor cells in SCNT allowed development until the 

blastocyst stage but many of them gave no further development (KATO et al. 2000; 

WAKAYAMA and YANAGIMACHI 2001).  
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Table 1: Comparison of transfers of cloned porcine embryos to either post- or 
preovulatory recipents (PETERSEN et al. 2008) 

 

Treatment 

(Transfer vs. 

ovulation) 

Recipients 
Reconstructed 

embryos 

Fused 

(%) 

Transferred 

embryos 

Pregnant 

day 25 

(%) 

Delivered 

piglets 

(piglets/transf. 

embryos (%) 

Group I 

(-6 h) 
12 2288 

1857 

(81.2%) 

1562 

(130/ recipient) 
2 (16.7a) 1 (0.1a) 

Group II 

(+24 h) 
12 2101 

1708 

(81.3%) 

1531 

(128/recipient) 
9 (75.0b) 47 (3.1b) 

a,bDifferent superscripts indicate a significant difference (p<0.05)  

 

The reasons for this are unknown. Some cell types, like granulosa cells and oviductal 

epithelial cells, seem to be more suitable than others for generating offspring (VAJTA 2007). 

The genetic and epigenetic variability among cell types, in addition of incomplete genetic and 

epigenetic reprogramming, are thought to play a role (OBACK and WELLS 2002). The 

degree of cell differentiation is an important factor (JAENISCH et al. 2002), although both 

stem cells and differentiated cells have been employed successfully as donor cells for cloning. 

In vivo matured porcine oocytes are preferable to in vitro matured oocytes for nuclear 

transfer, presumably because they have reached the metaphase II stage under physiologic 

conditions (MOOR et al. 1990). However, improvements of in vitro maturation and better 

recovery protocols for oocytes obtained from abbatoir ovaries have resulted in greater reliance 

on in vitro matured oocytes. 

An important advantage of SCNT for production of transgenic pigs is the ability to transfect 

and select transgenic donor cells prior to nuclear transfer.  

The basic features of the SCNT procedure for producing transgenic pigs can be summarized 

as follows. Enucleation is performed mechanically by aspirating the oocytes genetic material 

into an enucleation pipette. The enucleated oocyte receives a donor cell arrested at the G0/G1 

stage placed under the zona pellucida. Fusion of the enucleated oocyte and the somatic cell is 

induced by an electric impulse. Activation of the embryonic complex is triggered by another 

electric impulse in medium containing Ca2+, inducing increased cytoplasmic calcium levels. 
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This is normally triggered by the sperm’s penetration into the oocyte and causes decrease of 

maturation promoting factor (MPF). Exposure to a chemical agent like dimethylaminopurine 

(DMAP) blocks the synthesis of certain proteins maintaining a low level of MPF, allowing 

the reconstructed embryo to escape developmental arrest and start cleavage. Embryo transfer 

after pig SCNT usually is conducted at the one-cell stage taking advantage of the oviductal 

environment to ensure optimal conditions for development. Figure 4 gives an overview of the 

SCNT technique.  

 

 

Figure 3: Generation of transgenic pigs by SCNT 

DNA constructs can be brought into donor cells e.g. fibroblasts, by various 
transfection protocols. After transfection and selection, positive cell clones 
are isolated. Donor cells and recipient cells (in vitro or in vivo matured 
oocytes) are synchronized so that the nuclear transfer complexes maintain a 
diploid chromosomal status. SCNT results in zygotes, which can be cultured 
in vitro or transferred into a synchronized recipient.  
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As transgenic piglets develop from the genetic information from one cell, the F1 generation 

carries only the genetic information of that donor cell (Figure 3). Compared to other methods, 

this is a time and resource saving approach and is particulary important when producing 

transgenic farm animals like pigs and cattle with long gestation periods. 

Table 2 shows successful experiments with genetic modified donor cells producing transgenic 

pigs. 

Taken together, SCNT makes it possible to produce transgenic pigs, which can then be 

crossbred with other transgenic pigs containing interesting candidate genes for 

immunomodulation important for xenotransplantation research.  
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Table 2: SCNT experiments resulting in the live birth of transgenic offspring 

Authors Type of donor 

cells 

Cloning efficiency % 

(no. of born piglets/no. of 

transferred embryos) 

Genetic modification 

PARK et al. 2001 Fetal fibroblast 1.6% (5/308) Enhanced green fluorescent protein 

BONDIOLI et al. 2001 Adult fibroblast 0.9% (2/217) Human α1,2 fucosyltransferase 

LAI et al. 2002 Fetal fibroblast 0.1% (4/3104) Heterozygous α1,3-

galactosyltransferase knockout 

DAI et al. 2002 Fetal fibroblast 0.08% (5/6378) Heterozygous α1,3-

galactosyltransferase knockout 

PHELPS et al. 2003 Fetal fibroblast Data not available Homozygous α1,3-

galactosyltransferase knockout 

RAMSOONDAR et al. 2003 Fetal fibroblast 0.2% (6/2918) Human α1,2 fucosyltransferase, 

heterozygous α1,3-

galactosyltransferase knockout 

HYUN et al. 2003 Fetal fibroblast 0.03% (2/7800) Enhanced green fluorescent protein 

LEE et al. 2003 Adult fibroblast 0.6% (4/685) Porcine lactoferrin, human factor IX 

KOLBER-SIMONDS et al. 

2004 

Fetal fibroblast Data not available Homozygous α1,3-

galactosyltransferase knockout 

TAKAHAGI et al. 2005 Fetal fibroblast 0.3% (2/633) Homozygous α1,3-

galactosyltransferase knockout, 

human decay-accelerating factor 

LAI et al. 2006 Fetal fibroblast 0.6% (10/1633) Omega-3 fatty acid 

DIECKHOFF et al. 2008 Fibroblast 6.0% (7/115) shRNA expression 

PETERSEN et al. 2008 Fibroblast Group I: 0.1% (1/1562) 

Group II: 3.1% (47/1531) 

hCD55/hCD59/hTM triple transgenic 

pigs, DAF/HO double transgenic pigs 

and hA20 transgenic pigs 
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2.3 Immunological barriers in pig-to-human xenotransplantation 

Advancements in transplantation technology have made organ transplantation a routine 

treatment for patients with organ failure. Since human life expectancy has increaced, the 

number of patients requiring transplantation has grown exponentially and the availibility of 

suitable organs is not keeping up with the demand. To close this growing gap between 

demand and availability of appropriate organs, xenotransplantation is considered as an 

alternative solution (NIEMANN et al. 2003). Survival of xenotransplants is strongly affected 

by immunological hurdles which need to be overcome. Hyperacute rejection (due to 

preformed antibodies) occurs within a few minutes after transplantation. Acute vascular 

rejection primarily (due to clot formation) takes place after a few days followed by cellular 

rejection. Chronic rejection can develop years after transplantation. These mechanisms will be 

described in detail in the next chapters.  

 

2.3.1 Hyperacute rejection (HAR) 

Hyperacute rejection (HAR) is an immediate response of the immune system to a xenograft 

and occurs within minutes. Histologic features are thrombosis, hemorrhage and oedema 

(VAJTA 2007). The mechanisms of the HAR are quite well understood. Antigens on the 

organs endothelium rapidly bind circulating, preformed antibodies present in the recipients’ 

blood. This leads to an activation of the complement system resulting in disruption of the 

endothelial cell layer of the blood vessels, lysis, thrombosis and finally rejection of the organ. 

The most important but probably not the only antigen that induces this process is a 

carbohydrate structure, Galactose 1,3 Galactose trisaccharide (LIN et al. 1997). An overview 

of complement activation is shown in Figure 4.  

Almost all mammals (including pigs), except for humans and Old World monkeys, possess 

this Gal-epitope. The antibodies directed against the Gal-epitope probably exist in humans 

because of a reaction to pathologic gut bacteria. These bacteria are known to present antigen 

and stimulate antibody production (GALILI et al. 1998). Controlling these bacteria confers an 

evolutionary advantage.  

 

 



Review of Literature 
 

 
 

  21 

 

 

 

 

 

 

 

 

 

 

Figure 4: Activation of the complement system, classical and alternative pathway 

 

 

Hyperacute rejection can be overcome by depletion of anti-donor antibodies, by inhibition of 

the recipient complement system through expression of complement regulatory factors 

(PLATT et al. 1991; COZZI et al. 1997; PASCHER et al. 1997), application of C1-Inhibitor 

or by deletion of xenogeneic carbohydrate structures on the donor endothelial cells, the most 

important being the already mentioned galactose 1,3 galactose (Gal) trisaccharides. 

Complement regulatory proteins, including CD59 DAF (CD55) and MCP (CD46), are 

molecules interfering with the cleavage of complement cascade proteins. The activity of these 

proteins across species is reduced. They are naturally present in the xenograft's endothelial 

cells but incapable of preventing attacks from the human complement system (JANEWAY et 

al. 2002). Over-expressing these human complement regulatory elements in porcine 

xenografts is a strategy to overcome HAR along with the deletion of Gal-epitopes in pigs. 
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2.3.1.1 α1.3 GT knockout pigs 

Galactose 1-3 galactose (Gal) trisaccharides are present on the cell surface of certain bacteria 

and all mammals except humans, primates and Old World monkeys. Gal sugars are 

recognized by natural anti-Gal antibodies present in human, primate and Old World primate 

serum (QUINN et al. 2004). This makes xenotransplantation of pig organs complicated since 

approximately 1% of circulating human antibodies are directed against Gal epitopes. When 

pig cells or organs are transferred to humans or nonhuman primates, activation of the 

complement cascade and hyperacute rejection of the pig cells or organs takes place within 

minutes (PETERSEN et al. 2009).  

The strategy to produce α1.3 galactosyltransferase (α1,3GT) knockout pigs in order to 

prevent HAR has been successful. Several groups have managed to produce heterozygous 

α1.3 GT knockout pigs (DAI et al. 2002; LAI et al. 2002; RAMSOONDAR et al. 2003; 

BUCHER et al. 2005; EZZELARAB and COOPER 2005; GALILI 2005). The first 

homozygous α1,3GT knockout pigs were generated by PHELPS and co-workers in 2003.  

Unfortunately, cells from alpha 1,3 galactosyltransferase knockout display low levels (1-2%) 

of the gal antigen (SHARMA et al. 2003), indicating that a second glycosyltransferase is 

involved in producing Gal epitopes. Isoglobotrihexosylceramide synthase (iGb3S) was 

identified in Gal-knockout mice as the enzyme responsible for the production of remaining 

Gal epitopes (KEUSCH et al. 2000). It is still not clear if iGb3S is active in pigs.  

In 2005 important results were achieved when KUWAKI, TSENG and their laboratories 

transplanted α1,3GT knockout pig hearts into baboons and observed survival of xenografts 

between 2 and 6 months (KUWAKI et al. 2005; TSENG et al. 2005). The same year 

YAMADA and colleagues transplanted kidneys into baboons along with thymus tissue and 

observed life-supporting functions of these organs including normal creatinin levels for up to 

83 days (YAMADA et al. 2005). These results suggest that an important step towards clinical 

xenotransplantation has been achieved. Alpha 1,3GT knockout pigs, although they might 

express low levels of Gal epitopes, deliver organs capable of surviving long enough in 

baboons allowing researchers to investigate subsequent barriers to xenograft survival. Pigs 

with additional genetic modifications controlling other immunological pathways seem to be a 

very promising strategy for successful xenotransplantation.  
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2.3.1.2 Transgenic pigs expressing human complement regulatory proteins 

Human complement regulatory proteins are expressed on the membrane of blood cells and 

endothelial cells in order to prevent the autologous complement activation. Well known 

regulators are: CD59, which interferes with the binding of C9 to the C5b-C8 complex and 

inhibiting the formation of the membrane attacking complex (MAC). CD46 (also referred to 

as membrane cofactor protein or MCP) and CD55 (decay accelerating factor or DAF), which 

binds to the C3-convertase and inactivates it through cleavage (Figure 5).  

 

 
Figure 5: Effects of the proteins DAF, MCP and CD59: 

1) The C4b,2b (C3-convertase) splits C3 into C3a and C3b and 2) DAF, 
C4BP and CR1 release C2b from the C4b,2b-complex. C4b is bound to either 
DAF, C4BP or CR1 and is split into the inactive C4d and C4c by a protease 
(colored red). 
Effects of the protein CD59: 1) The components C5b-C9 form the membrane 
attacking complex (MAC) and create a pore in the cell membrane and 2) 
CD59 blocks the formation of MAC (From JANEWAY et al. 2002) 
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Porcine xenografts expressing such human factors, block the activation of the complement 

cascade, and lysis of the porcine endothelial cell layer will be prevented. The expression of 

human complement regulatory proteins is relevant, because this kind of molecules are strictly 

species-specific, which means that porcine complement regulators would not be able to stop 

activation of human complement. 

Pigs expressing the CD46 protein, capable of resisting HAR, already exist (ADAMS et al. 

2001; DIAMOND et al. 2001; McGREGOR et al. 2005). McGREGOR and colleagues 

reached a median graft survival of 96 days when transplanting CD46-positive porcine hearts 

heterotopically into baboons (McGREGOR et al. 2005). In 1992 the first hDAF transgenic pig 

was born (COZZI and WHITE 1995). In 2000, COZZI and co-workers reported a 90 days 

survival of hDAF-transgenic hearts transplanted heterotopically into primates (COZZI et al. 

2000). An orthotopic heart transplantation model reached 39 days of survival in baboons 

(VIAL et al. 2000). Transplantation of CD59/DAF transgenic pig hearts into baboons resulted 

in longer survival of transgenic pig hearts compared to wildtype counterparts (CHEN et al. 

1999). The generation of CD55 transgenic pigs has also shown uplifting results regarding 

prevention of HAR (SCHMOECKEL et al. 1998; WATERWORTH et al. 1998; COZZI et al. 

2000; LUO et al. 2003). Pigs with CD59-transgenic expression driven by the CMV-promoter 

were produced in our lab. Five transgenic lines could be established. Two of them showed 

high CD59 expression in heart, kidney, skeletal muscle and skin. These pigs provided 

significant protection against HAR in an ex vivo haemoperfusion system (NIEMANN et al. 

2001). The immune response is only partially inhibited by the complement regulatory proteins 

and the xenograft is eventually destroyed, making this strategy successful only when 

combined with other genetic modifications of the pig, as shown by WU et al. (2007) when 

they examined 28 baboons after abdominal heterotopic porcine hDAF (n=23) or hMCP (n=5) 

transgenic heart transplantations. Ten of 27 baboons showed HAR (37%) by impaired graft 

function within the first 24 h after revascularization, and 4 of 27 (15%) failed within 2 days 

(early graft failure, EGF). Strikingly, most grafts with HAR/EGF exhibited prominent 

fibrinogen and platelet deposition associated with systemic vascular coagulation, although in 

many instances little evidence for antibody-mediated complement activation could be found. 

The authors conclude that dysregulated coagulation correlates closely with failure of pig 

hearts transgenic for human complement regulatory proteins (WU et al. 2007a), making 
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further genetic modifications of porcine organ donors neccessary. Table 3 shows a summary 

of transgenic pigs expressing human complement regulatory proteins. 

 

Table 3: Survival period of human complement regulatory protein transgenic porcine 
organs and α1,3 Gal knockout porcine organs in primate recipients after 
heterotopic (ectopic organ transplantation) and orthotopic (life-supporting) 
transplantation 

Author, year 

Genetic 

modification 

(knock-in models) 

Recipient 

animal 
Donor organ 

Technique of 

transplantation 
Survival period 

DIAMOND et al. 2001 Baboon Heart Heterotopic 23 days 

ADAMS et al. 2001 Baboon Heart Heterotopic 16 days 

MCGREGOR et al. 2003 Baboon Heart Heterotopic 137 days 

MCGREGOR et al. 2005 Baboon Heart Heterotopic 96 days 

DAVILA et al. 2006 

CD46 (MCP) 

Baboon Heart Heterotopic 7 days 

COZZI et al. 2000 
Cynomolgus 

monkey 
Kidney Heterotopic 78 days 

WATERWORTH et al. 1998 Baboon Heart 

Heterotopic (n=3) 

Orthotopic 

(n=5) 

13 days 

VIAL et al. 2000 Baboon Heart Orthotopic 39 days 

BHATTI et al. 1999 

CD55 (DAF) 

Baboon Heart Heterotopic 99 days 

CHEN et al. 1999 hDAF/CD59 Baboon Heart Heterotopic 5 days 

KUWAKI et al. 2005 Baboon Heart Heterotopic median: 78 days 

TSENG et al. 2005 Baboon Heart Heterotopic 2-6 months 

YAMADA et al. 2005 Baboon Kidney Orthotopic Up to 83 days 

SHIMIZU et al. 2008 Baboon Heart Heterotopic 59-179 days 

NGUYEN et al. 2007 Baboon Lung Orthotopic 90-215 minutes 

HISASHI et al. 2008 

α1,3 GT knockout 

Baboon Heart Heterotopic up to 6 months 
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2.3.2 Acute vascular rejection (AVR) 

Acute vascular rejection (AVR) occurs within a few days to weeks after transplantation 

(VAJTA 2007) when hyperacute rejection is averted (LIN et al. 1998). Although AVR may 

be considered as a delayed form of HAR, there are various indications that AVR is distinct 

from HAR (PARKER et al. 1996). The pathology of AVR, which is characterized by 

endothelial swelling, focal ischemia and diffuse microvascular thrombosis consisting mainly 

of fibrin (PORTER 1992; LEVENTHAL et al. 1993), differs from the pathology of HAR, 

characterized by interstitial hemorrhage and platelet microthrombi (DALMASSO 1992). 

While pathogenesis of AVR is thought to reflect activation of endothelial cells in the 

transplant (BLAKELY et al. 1994), the course of HAR occurs too fast to allow the most 

significant effects of endothelial cell activation to be manifest. AVR can also develop without 

complement activation (LEVENTHAL et al. 1993; MAGEE et al. 1995), a condition that 

precludes the development of HAR (MIYAGAWA et al. 1988). AVR mechanisms are shown 

in Figure 6.  

 

 

 

 

 

 

 

 

 

 

 

Figure 6: Mechanism of acute vascular rejection 
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AVR can be induced by low levels of natural and elicited xenoreactive antibodies. The 

binding of these antibodies to their receptors on endothelial cells (EC) results in antibody-

dependent cell-mediated cytotoxicity by macrophages, natural killer (NK) cells and 

neutrophils, and EC activation, thrombosis and vasoconstriction (YANG and SYKES 2007).  

NK cells have long been implicated as the predominant cause of AVR in different 

experimental models (BIRMELÉ et al. 1994; ITESCU et al. 1996; WATIER et al. 1996). This 

cell type was the predominant one infiltrating concordant hamster-to-rat heart transplants 

(LIN et al. 1997), discordant guinea pig-to-rat heart transplants (BACH et al. 1994) and in ex 

vivo models of rat or pig hearts perfused with human blood (INVERARDI et al. 1992).  

Different observations suggest that the humoral immune response of the recipient is involved 

in AVR. Experiments conducted on baboons elucidate this fact. Results show that porcine 

hearts expressing hDAF and CD59 underwent AVR. Histological samples were characterized 

by endothelial injury and fibrin thrombi. When depleting circulating antibodies, hearts did not 

undergo AVR in five of six cases. Biopsies from the xenotransplants in Ig-depleted baboons 

showed little or no IgM or IgG. Another important observation was the fact that complement 

activity in baboons was within the normal range during the period of xenograft survival (LIN 

et al. 1998). AVR can, however, occur in the absence of antibodies (IERINO et al. 1998), and 

antibodies to non-Gal antigens were also found in AVR after transplantation of kidneys or 

hearts from Gal-knockout pigs (CHEN et al. 2005; HISASHI et al. 2008).  

Different groups think that the most important cause of heart and kidney xenograft failure is 

due to antibody-mediated injury to the endothelium resulting in microvascular thrombosis 

(COWAN and d’APICE 2008). A study using cardiac allografts from mice deficient in the 

decay-accelerating factor (DAF) or CD55, where they transplanted the organs into α1,3GalT-

deficient recipient mice, showed that low levels of natural antibodies can cause AVR when 

the complement regulation is suboptimal (SHIMIZU et al. 2006). Such results may indicate 

that incomplete cross-species regulation of complement activation might contribute to AVR 

occurring in the presence of low levels of α 1,3Gal-specific natural antibodies/ non-α 1,3Gal-

specific antibodies in a pig-to-primate xenotransplantation model (YANG and SYKES 2007). 

When conducting organ transplantation, the inevitable ischemia and reperfusion of the 

transplanted organ includes production of damaging molecules, resulting in an acquisition of 

an inflammatory phenotype by endothelial cells (EC). The activated EC promote leukocyte 



Review of Literature 
 

 
 

  28 

infiltration, coagulation and platelet aggregation leading to thrombosis. Another consequence 

is the EC apoptosis leading to exposure of the subendothelial matrix and enhancement of the 

inflammatory reaction (FERRAN 2006).  

No effective treatment has yet been developed, because results elucidating the main reasons to 

AVR are still lacking. The importance of molecular incompatibilities promoting coagulation 

in xenografts remains incertain. The inability of porcine tissue factor pathway inhibitor 

(TFPI) to neutralize human factor Xa needs to be investigated, as does the activation of both 

human prothrombin and factor X by porcine endothelial cells and the failure of porcine 

thrombomodulin to bind human thrombin and activate the natural human protein C (BACH et 

al. 1994; BACH et al. 1996; JURD et al. 1996a,b; IERINO et al. 1998). Providing the EC 

with potent anti-inflammatory, anti-coagulant, and anti-apoptotic potential would most likely 

decrease immunogenicity of these cells.  

Compelling evidence suggests that expression of cytoprotective genes like Bcl-2, Bcl-xL, the 

heat shock protein HO-1 and the zinc finger protein A20 in the vessel wall of transplants 

provides protection from inflammation by inhibiting recruitment and transmigration of 

immune effectors to the organ (BACH et al. 1997; BADRICHANI et al. 1999; STROKA et 

al. 1999; KUNTER et al. 2003). 

 

2.3.2.1 Bcl-2, Bcl-x, A1 and HO-I 

The Bcl-2, Bcl-x and A1 genes are all members of the Bcl-2 family (CHAO and 

KORSMEYER 1998). The genes bcl-2 and bcl-x show anti-apoptotic and anti-inflammatory 

functions in EC because of their ability to block NF-κB activity and nuclear factor for 

activated T cells (NFAT) (BADRICHIANI et al. 1999). Together with other antiapoptotic 

genes, these two genes are expressed in xenografts with long-term survival, suggesting that 

they play a role in protecting grafts in vivo (BACH et al. 1997). Bcl-2 and Bcl-x also protect 

smooth muscle cells from apoptosis. In neointimal smooth muscle cells the expression of Bcl-

x is increased, accounting for their particular resistance to apoptosis. When Bcl-x is 

downregultated (using antisense oligos), one can inhibit transplant arteriosclerosis by 

suppressing neointima formation in a mouse heart allograft model (SUZUKI et al. 2000).  
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Over-expressing Bcl-2 in certain cytokine-dependent cells increased cell viability upon 

cytokine withdrawal. Examples are IL-3-dependent pro-B-cell lines (HOCKENBERY et al. 

1990, KORSMEYER 1992), IL-4 (NUNEZ et al. 1990) and IL-6 (SCHWARZE and 

HAWLEY 1995) dependent cells. Murine T-cells were protected by Bcl-2 when exposed to a 

variety of apoptotic stimuli: γ-irradiation, phorbol esters and ionomycin (STRASSER et al. 

1991; SENTMAN et al. 1995).  

The heme oxygenase system consists of three proteins referred to as heme oxygenase-1 (HO-

1), -2 (HO-2) and -3 (HO-3). HO-3 has only been found in rats (McCOUBREY et al. 1997; 

SCAPAGNINI et al. 2002). Heme oxygenase (HO) was detected in 1964 by WISE and 

DRABKIN. They demonstrated the in vitro degradation of heme to biliverdin (WISE and 

DRABKIN 1964). In the late 1980s an inducible form of HO was discovered, called HO-1 

(MAINES et al. 1986). The theory that this enzyme might provide cellular protection was 

confirmed with the first report of human HO-1 deficiency: a young boy suffering from growth 

failure, anemia and increased sensitivity to oxidant injury (YACHIE et al. 1999). A mouse 

model of HO-1 deficiency showed a similar phenotype to that of the HO-deficient boy (POSS 

and TONEGAWA 1997), undermining the hypothesis that HO-1 protects against oxidative 

stress. Heme-oxygenase 1 (HO-1) generates CO, biliverdin and ferritin through catabolizing 

heme. All three products of this reaction- bilirubin, CO and ferritin- exhibit antioxidant 

functions (OBERLE et al. 1999; OTTERBEIN and CHOI 2000; YESILKAYA et al. 2000), 

and play a role as anti-inflammatory, anti-apoptotic and anti-proliferative effectors.  

HO-1 is normally expressed at low or undetectable levels, however HO-1 can be rapidly up-

regulated by a variety of stimuli: heme, hyperoxia, heat shock, endotoxin, hydrogen peroxide, 

cytokines, UV light, heavy metals and nitric oxide (KEYSE and TYRRELL 1987; EWING 

and MAINES 1991; CAMHI et al. 1995; EYSSEN-HERNANDEZ et al. 1996; LEE et al. 

1996; LEE et al. 1997; CARRAWAY et al. 1998; CARRAWAY et al. 2000). One regulatory 

element in the human promoter region of HO-1 is the nuclear factor NF-κB (LAVROSKY et 

al. 1994). 

HO-I is expressed in endothelial cells and smooth muscle cells of long-term surviving heart 

xenografts (BACH et al. 1997). This is likely to occur through the exposure of endothelial 

cells to circulating heme, which is a potent activator of HO-1 in most cell types. The majority 

of the protective effects accounted for by HO-1 are mimicked by its byproducts, as CO and 
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biliverdin prevent EC cell death, CO suppresses proliferation of smooth muscle cells and 

thereby prevents transplant arteriosclerosis (OTTERBEIN et al. 2003). Biliverdin suppresses 

T-cell responses by inhibiting NFAT and NF-κB (AKAMATSU et al. 2004). Fibroblasts 

over-expressing HO-1 are resistant to stress-mediated cell death (FERRIS et al. 1999) and on 

the contrary, HO-I deficient fibroblasts are particularly susceptible to stress and toxic insults 

(CHEN et al. 2000). When confronting HO-1 expressing mouse fibroblasts to TNF-α, 

apoptosis is prevented, and when adding the specific inhibitor of HO activity, tin 

protoporphyrin, the anti-apoptotic effect is lost (PETRACHE et al. 2000).  

 

2.3.2.2 A20 and hA20-transgenic animal models 

The human A20 gene was identified in 1990 as a TNF-inducible gene in human umbilical 

vein endothelial cells (OPIPARI et al. 1990). The gene is located on the human chromosome 

6 and encodes a 790-amino acid-containing protein of 90 kDa, whereas murine A20 is 15 

amino acids shorter (OPIPARI et al. 1990; TEWARI et al. 1995). The protein sequences of 

human and murine A20 are 90% identical and 96% conserved. Because of its unusual spacing 

of cysteines, A20 has been considered as a new type of zinc finger protein (BEYAERT et al. 

2000). 

A variety of stimuli induce an up-regulation of A20 expression: 

• Tumor necrosis factor (TNF) (OPIPARI et al. 1990) 

• Interleukin-1 (IL-1) (DIXIT et al. 1990) 

• CD40 (SARMA et al. 1995) 

• Lipopolysaccharide (LPS) (DIXIT et al. 1990) 

• Epstein-Barr virus latent membrane protein 1 (EBV-LMP1) (LAHERTY et al. 1992; 

MILLER et al. 1997) 

• Human T-cell leukemia virus type I Tax (HTLV-I Tax) (LAHERTY et al. 1993) 

• Phorbol 12-myristate 13-acetate (COOPER et al. 1996) 

The induction of A20 by TNF is transient, being detectable after 15 min, and is maximal after 

1-hr stimulation (BEYAERT et al. 2000). In contrast to the inducible expression of A20 in 

most cells, constitutive expression of A20 is observed in thymocytes and resting peripheral T- 

cells (BEYAERT et al. 2000). Moreover, activation of these cells leads to down-regulation of 
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A20 expression (TEWARI et al. 1995). Constitutive expression of A20 was also found in the 

differentiated monocyte cell line THP-1 (LAHERTY et al. 1993). 

A stable over-expression of A20 in various cell lines protects from apoptosis, however, some 

cell types are not protected (Table 4). The reason why some cell lines are protected and some 

not is still unclear. 

 

Table 4: List of cell types expressing A20 of which some are protected against TNF 
mediated cytotoxicity 

 
Protection against TNF-cytotoxicity No protection against TNF-cytotoxicity 

Human breast carcinoma MCF7 cells Human cervix carcinoma HeLa cells 

Murine fibrosarcoma WEHI164 cells Lung epithelial A549 cells 

Murine embryonic fibroblast NIH3T3 cells Human hepatoma HepG2 cells 

Human umbilical vein endothelial cells 

(HUVECs) 

 

hA20-transfected bovine aortic endothelial cells 

(BAECs) 

(BADRICHANI and FERRAN 2001) 

 

 

 

The protective effect of A20 in endothelial cells (EC) was confirmed in 1998 by FERRAN 

and co-workers. They transduced primary EC with a recombinant A20 adenovirus (rAd A20) 

leading to high expression in the transduced cells. Porcine aortic endothelial cells (PAEC) 

were infected with the rAd A20 when reaching the fifth or sixth passage. Their data shows 

that over-expression of A20 in PAEC inhibits translocation of NF-κB to the nucleus following 

TNF treatment. Its expression downregulates EC activation through inhibition of NF-κB and 

protects from TNF-induced programmed cell death (FERRAN et al. 1998). In endothelial 

cells, A20 targets the TNF apoptotic pathway through inhibiting proteolytic cleavage of 

caspases 8 and 2, 3 and 6, Bid cleavage, and release of cytochrome c thus maintaining the 
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mitochondrion integrity and function (DANIEL et al. 2004). Since apoptosis of ECs has been 

implicated in the pathophysiology of acute and chronic allograft rejection as well as in 

delayed xenograft rejection (DANIEL et al. 2001), the protective features of A20 in ECs are 

particularly important when strategies to modulate transplant rejection are to be developed. 

Additionally to protecting EC from apoptotic stimuli, A20 protects EC from complement-

mediated necrosis. As such, A20 uniquely affords broad EC protective functions by 

effectively shutting down cell death pathways initiated by inflammatory and immune 

offenders (DANIEL et al. 2004). 

A20 also functions as an inhibitor of the transcription factor NF-κB, interfering with NF-κB 

dependent gene expression (Figure 7). A20 functions via a negative-feedback loop to block 

NF-κB (MALEWICZ et al. 2003), thereby terminating the expression of several NF-κB 

dependent genes like IL-8, VCAM-1 and E-selectin.  

Various reports have shown modulatory effects of A20 at the level of cleavage of Caspase 8 

(DANIEL et al., 2004), the ubiquitination of RIP (WERTZ et al. 2004) and the interaction 

with TRAF6 (HEYNINCK and BEYAERT 1999). An overview of the A20 inhibitory effects 

is shown in Figure 7. 

 

 

 

 

 

 

 

 

 

 

Figure 7: Inhibitory effects of A20 on the caspase cascade and activation of the 
transcription factor NF-κB (BEYAERT et al. 2000) 
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Studies conducted in A20-transfected bovine aortic endothelial cells (BAEC) showed 

inhibitory effects of A20 on NF-κB activation (BADRICHANI and FERRAN 2001). A report 

from HEYNINCK and BEYAERT (1999) confirmed an A20-inhibitory effect on IL-1-

induced NF-κB activation at the level of TRAF6 by its N-terminal region. 

Figure 8 shows the structure of the zinc finger protein A20.  

 

 

 

 

 

 

 

 

Figure 8: Structure of the A20 protein (BEYAERT et al. 2000) 

 

The underlying mechanism by which A20 downregulates the NF-κB response to TNF is 

described as follows. A20 de-ubiquitinates and subsequently poly-ubiquitinates the TNF 

receptor-interacting protein (RIP). Thereby RIP is targeted to proteasomal degradation. A20 

interacts with different proteins, one of them being A20 itself (DE VALCK et al. 1996). It 

interacts via its N-terminal domain with TRAF1 and TRAF2, which are part of the TNF-α-

initiated NF-κB cascade (SONG et al. 1996), as well as with TRAF6 (HEYNINCK and 

BEYAERT 1999), which is part of the IL-1- and lipopolysaccharide (LPS) -induced signaling 

pathway of NF-κB.  

The protein 14-3-3, functioning as a chaperone, induces the transition of A20 from insoluble 

structures of the cytoplasm (VINCENZ and DIXIT 1999) and stabilizes the protein 

(LADEMANN et al. 2001). Through its zinc finger-domain, A20 also interacts with 

TXBP151 (DE VALCK et al. 1999) and EBV-LMP1 (FRIES et al. 1996). THE LMP1 (from 

the Epstein-Barr virus), which activates NF-κB is thereby efficiently inhibited by A20. The 
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binding of A20 to IKK-γ (NEMO), being part of the IKK complex, also interferes with NF-

κB-activation (ZHANG et al. 2000a).  

Various animal models illustrate the importance of the A20 gene regarding control of 

inflammation and promotion of healing. The expression of A20 in vessel walls of rat-kidney 

allografts correlated with protection from transplant arteriosclerosis. Rat renal allografts were 

analyzed regarding their expression of A20, Bcl-2, Bcl-x and HO-1. Surviving transplants 

were examined histopathologically, and vascular integrity in the grafts correlated with high 

expression of A20 in the smooth muscle cells of the vessels. Similar data were obtained in 

human kidney allografts (KUNTER et al. 2003).  

A20-knockout mice describe the crucial functions of A20 when it comes to regulating TNF-

induced NF-κB and cell death responses. Homozygous A20-deficient (A20-/-) mice were 

generated by gene targeting. Heterozygous (A20+/-) mice showed an inapparent phenotype. 

Histological examination of 3- to 6-week-old A20-/- mice was conducted, revealing severe 

inflammation and tissue damage of multiple organs, thickened epidermal and dermal layers 

without inflammation, indicating that A20 plays a crucial role in preventing spontaneous 

innate immune cell-mediated inflammation and tissue damage as well as regulating skin 

differentiation. Homozygous knockout mice were hypersensitive to sublethal doses of LPS 

and TNF compared to wildtype mice. They all died within 2 hours whereas wildtype and 

heterozygous mice survived without significant morbidity (LEE et al. 2000). 

Experiments conducted on a murine A20-model showed that the A20 gene protects from D-

galactosamine (D-gal) /LPS acute toxic lethal hepatitis. After having introduced the A20 gene 

to the hepatocytes by adenoviral-mediated gene transfer, the optimal A20-expression was 

observed 5 days following injection. The mice were then presensitized with D-gal and 

afterwards treated with low doses of LPS. Normally D-gal/ LPS-treated mice develop severe 

hepatitis within hours of treatment and 70-90% die in less than 24 hours. Here, lethality of 

control groups was 74% and 79% after 24 and 48 hours, respectively, whereas mice 

expressing A20 were significantly protected from D-gal/LPS (8% and 15% lethality after 24 

and 48 hours). The A20-mediated protection was associated with preserved liver morphology 

and function (ARVELO et al. 2002). 

A second A20-mouse model illustrates that targeted cardiac over-expression improves left 

ventricular performance and reduces compensatory hypertrophy after myocardial infarction 
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(MI). Human A20-transgenic mice were produced by microinjection applying a gene 

construct promoting targeted cardiac expression using the cardiac myosin heavy chain (MHC) 

promoter. One out of 4 hA20-expressing lines was used for further experiments; these lines 

showed high hA20-expression levels in the heart. Cardiac function was assessed 7 days after 

myocardial injury (MI) in transgenic and control animals by echocardiography revealing 

much lower left ventricular end-systolic and end-diastolic diameters and much higher 

fractional shortening and ejection fraction in hA20-transgenic animals compared to wildtype 

mice. Average infarct size was 37.6 ± 2.4% in wildtype mice and only 26.4 ± 1.8% in 

transgenic animals. Cellular infiltrates characterized by immunohistochemical analyses 

revealed an inhibition of macrophages and neutrophils in transgenic mice. On the contrary, 

the number of such cells in hearts of wildtype counterparts was clearly elevated (LI et al. 

2007).  

After kidney transplantation, ischaemia/reperfusion (I/R) injury is a risk factor for delayed 

graft functionality and rejection (PERICO et al. 2004). It is characterised by infiltrating 

leukocytes, which are recruited from the circulation by adhesion to activated endothelial cells 

(JO et al. 2006; WU et al. 2007b). To test the function of hA20 in kidneys subjected to I/R, an 

adenovirus was generated that contained a single open reading frame encoding a HA-tagged 

version of human A20 (Ad-A20). Male Fisher rats (Charles River, Germany) received either 

Ad-A20 or the adenoviral vehicle alone. The rats were then subjected to left renal artery 

clamping for 45 minutes prior to reperfusion. At the same time the contralateral kidney was 

removed. Animals were sacrificed 24 hours after ischaemia and kidneys were removed for 

analysis. A reduction in renal acute tubular necrosis, renal expression of VCAM-1 and NF-κB 

activation after ischemia/ reperfusion of pretreated Ad-A20 rats was observed compared to 

rats treated with control adenovirus. These results suggest that A20 maintains physiological 

homeostasis in kidneys exposed to ischemia/ reperfusion (LUTZ et al. 2008).  

 

2.3.3 Cellular rejection 

Cellular rejection occurs in both allo- and xenotransplants. This reaction is triggered by T-cell 

activation. In human allotransplantation, cellular rejection can be controlled by 

immunosuppressive treatment. The magnitude of the cellular response to a xenograft is so 

high that several established immunosuppressive protocols for allograft models failed to 
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significantly prolong xenograft survival. In vivo studies are still lacking, although various in 

vitro studies have elucited how important cellular recognition of foreign tissue is during 

xenograft rejection (SEBILLE et al. 2003). 

The different cellular populations of the innate immune system represent the first line of 

defense to respond to xenogeneic cells or tissue. The macrophages are described as effectors 

of cellular rejection as well as T-cells and NK-T cells. T-cell responses to xenogeneic cells 

have been broadly studied in vitro and in vivo (SEBILLE et al. 2003).  

After transplantation, T-cells recognize antigens presented on donor antigen-presenting cells 

(APC) (direct pathway) or as peptides on self-major histocompatibility complex (MHC) 

molecules (indirect pathway). The importance of the direct and indirect presentation pathways 

has been investigated thoroughly in different models. When transplanting xenogeneic cells, 

the indirect presentation pathway is prominent. This could be illustrated in vivo by injection 

of porcine cells intraperitoneally to nonobese diabetic or BALB/c mice. The responding cells 

were assessed by flow cytometry and adoptive transfer. This model shows that macrophages 

initiate a response by presenting xenoantigens to helper T-cells, which then promote 

macrophage activation resulting in rejection (FOX et al. 2001). Similar results were obtained 

when transplanting corneal porcine grafts to mice (TANAKA et al. 2001), and when 

transplanting porcine islet clusters in rats (KROOK et al. 2002). In these models, the abscence 

of significant MHC class II expression on donor cells is likely to be the reason for the 

prominence of the indirect presentation pathway, a theory supported by results obtained by 

ARMSTRONG and co-workers in 2001. They showed that the abscence of MHC class II on 

expanded neural precursor cells correlated with a marked increase of pig xenograft survival in 

rats as compared with primary tissue (ARMSTRONG et al. 2001). 

The study of cellular rejection in vascularized xenograft models is still limited due to the 

rapid development of antibody-mediated rejection. This difference between cellular and 

vascularized models is well illustrated by the different susceptibility of rat islet and cardiac 

xenografts to costimulation blockade (LEHNERT et al. 2001). By comparing survival of fetal 

porcine pancreas fragment grafts to the survival of rat islet or cardiac xenografts following 

short term CTLA4-Fc and anti-CD40L mAb treatment, results demonstrated, that cardiac 

xenografts were rejected faster (LEHNERT et al. 2001).  
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Cellular components of vascularized xenograft rejection are still not well defined. Strategies 

like induction of xenospecific T- and possibly B-cell tolerance seem to be important tools 

when wanting to overcome cellular rejection (SAMSTEIN and PLATT 2001). The direct 

recognition pathway may be efficiently controlled by donor-specific costimulation blockade 

(ROGERS et al. 2000; VAUGHAN et al. 2000; BÜHLER et al. 2001), and gene knock-out 

strategies in pigs should improve possibilities of reducing xenograft immunogenicity (LAI et 

al. 2002).  

 

2.3.4 Chronic rejection 

Chronic rejection occurs in human allografts after a longer period of time, and its mechanism 

is largely unknown. The outcome of chronic organ rejection may be destruction of the organ 

(KUES and NIEMANN 2004). It is characterized by smooth muscle cell hypertrophy of 

arteries and arterioles, as well as interstitial fibrosis (SAMSTEIN et al. 2001). The exact 

mechanism behind this reaction has not been well described, and it is too early to tell if 

chronic rejection will play a major role in clinical xenotransplantation, although it is expected 

to be similar to chronic rejection after allotransplantation.  

 

2.3.5 Tolerance induction 

Immunological tolerance occurs when an immunocompetent host fails to respond to the 

presence of a specific antigen. Those working with transplantation issues have been looking 

for methods to induce tolerance to foreign tissues in order to reduce or completely avoid the 

usage of immunosuppressive medication. T-cell tolerance is a mechanism often characterized 

as being peripheral or central. Peripheral tolerance refers to tolerance occurring after the T-

cells have matured and left the thymus. Central tolerance, on the contrary, is taking place 

while the T-cells are still in the thymus. The self-reactive T-cells are eliminated through 

negative selection (SAMSTEIN and PLATT 2001). B-cell tolerance mainly includes clonal 

anergy and clonal deletion (TOWNSEND 1999). Although HAR is severe, tolerance is not 

needed to avoid it. Hyperacute rejection can be prevented, i.e. by expression of recipient 

compatible complement regulatory proteins in the donor organ (McCURRY et al. 1995). 

Tolerance might be useful in preventing AVR, cellular and chronic rejection (SAMSTEIN 
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and PLATT 2001). When it comes to induction of tolerance towards xenografts, various 

attempts have been described: 

• transplantation of bone marrow to induce mixed chimerism (ILDSTAD et al. 1992) 

• thymic transplantation (YAMADA et al. 2000) 

• induction of T-suppressor cells (ZHANG et al. 2000b) 

• co-stimulatory blockade (LEHNERT et al. 2000) 

• induction of anergy and deletion of activated B-cells (SAMSTEIN et al. 2001) 

• ES-cells (FAIRCHILD et al. 2004) 

Temporary T-cell depletion when combined with brief immunosuppression, has been very 

effective in primate allograft models (THOMAS et al. 2000). This method has not yet been 

tested in xenotransplantation. If tolerance is needed to control xenotransplantation or not still 

has to be defined.  
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3 MATERIAL AND METHODS 

The goal of this PhD-Thesis was to produce and characterize hA20-transgenic pigs by SCNT 

with improved features regarding suitability as organ donors for xenotransplantation. Two 

different expression vectors were employed for the production of the transgenic pigs to 

increase the probability of pigs with high enough expression levels and organ specificity 

suitable for xenotransplantation. SCNT derived embryos were transferred to synchronized 

recipient sows, and the resulting offspring were analysed for hA20 activity at the 

transcriptional and translational level. The experimental design is shown in chapter 3.5.14. 

 

3.1 Culture of porcine fetal fibroblasts (pffs) as donor cells for SCNT 

3.1.1 Explant culture of pffs 

The animals used in this study belonged to the experimental swine facility of the Institute for 

Farm Animal Genetics (FLI), Mariensee, Germany. All procedures including cell cultivation 

were carried out under laminar flow cabinets to ensure a sterile working area (Kojair, 

Tampere, Finland). The cultivation media and providers of chemical additives are listed in the 

appendix.  

On day 25 of gestation, a German Landrace sow was slaughtered and the uterine horns were 

removed. The fetuses were isolated and placed in a petri dish (Ø 90 mm, Greiner 

Labortechnik, Frickenhausen, Germany) containing PBS (Dulbecco's Phosphate Buffered 

Saline, St. Louis, MO, USA) supplemented with 200 U/ml Penicillin (Sigma Aldrich, MO, 

USA) and 200 µg/ml Streptomycin (Sigma Aldrich, MO, USA), and were washed twice in 

PBS before transfer to a clean petri dish for preparation (Figure 9A). After decapitation, 

evisceration and removal of limbs, the remaining corpus was minced into 1-2 mm pieces with 

two 18-gauge needles (Becton Dickinson, Drogheda, Ireland). The tissue pieces were digested 

in a 0.05% EDTA/ Trypsin solution (T-4174, Sigma Aldrich, MO, USA) for 15 minutes at 

37°C. Afterwards, the pieces were seeded into a T25 cell culture flasks (TPP, Switzerland) 

and five ml of T3 cell culture medium, containing 30% fetal calf serum (FCS, Gibco, 

Germany) were added (KUES et al. 2005). Porcine fetal fibroblasts (pffs) were cultivated at 

37ºC in a humidified atmosphere of 5% CO2 and 95% air (Hera Cell, Heraeus Instruments, 

Hanau, Germany). The cell culture medium was renewed every 2-3 days until a confluent 
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fibroblast cell layer had formed (Figure 9B and C). The cells were then treated with EDTA/ 

Trypsin and subcultured or frozen. The freezing medium consisted of 90% T3 medium and 

10% DMSO (Dimethyl sulphoxide, Sigma Aldrich, MO, USA).  

 

 
A) B) C) 

Figure 9: Isolation of a 25-day-old porcine fetus (A) resulting in outgrowing porcine 
fetal fibroblasts (B) and a confluent porcine fetal fibroblast cell layer (C) 

 

 

3.1.2 Trypsinization of cells 

An efficient method to detach adherent cell lines is to use EDTA/ Trypsin. Porcine fibroblasts 

were trypsinized for 10 minutes; and porcine aortic endothelial cells (PAEC) for 2 minutes. 

Prior to use, 50 ml of a 10x concentrated Trypsin/ EDTA-solution was diluted 1/10 with PBS 

in order to obtain a 1x concentrated solution. This solution contained 0.05% Trypsin and 

0.02% EDTA (pH 7.2). The 1x solution was frozen at -20° C until use. The Trypsin/EDTA-

solution was prewarmed to 37°C prior to use. The cells were washed with PBS before 

incubation with Trypsin/EDTA to remove any remaining fetal calf serum (FCS), which 

inhibits Trypsin/EDTA-mediated release of attached cells. The incubation of cells with 

Trypsin/EDTA was conducted at 37°C. After incubating the cells in Trypsin/EDTA, porcine 

serum was added to inactivate Trypsin/EDTA, and the cell suspension was centrifuged at 200 

g for 4 minutes and the cell pellet was resuspended in cell culture medium. 

 

3.1.3 Cell cycle synchronization prior to SCNT by serum deprivation 

Prior to SCNT, cells were thawed and cultivated until they reached 80-90% confluency. Cell 

cycle synchronization at the G0/G1 stage of the cell cycle was achieved by serum starvation 

for 48 hours, applying the protocol of KUES et al. (2000). This incubation period of the donor 
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cells in medium with reduced amounts of serum (0.5%) was selected to avoid damage of 

DNA known to occur during extended periods of serum starvation (KUES et al. 2002). 

 

3.2 Construction of expression vectors 

3.2.1 Ligation of PCR products/ restriction enzyme fragments  

The PCR fragment/ restriction enzyme fragment (insert) of interest were cloned into the 

expression vector using the T4 DNA ligase and the 2x Rapid Ligation Buffer (Promega, 

Mannheim, Germany). The appropriate amount of insert to include in the ligation reaction 

was calculated using the following equation: 

 

[ng of vector x kb size of insert x insert:vector molar ratio] = ng of insert 

           kb size of vector 

 

The ligation was performed as described in the Manufacturers Manual. Briefly, vectors and 

inserts were cut with the corresponding restriction enzymes and purified, then mixed in a 

molar ratio of 10:1 (vector: insert) and finally T4-Ligase, ligation buffer and sterile water 

were added. After mixing, the ligation reaction was kept overnight at 4°C.  

Ligation reaction (Standard reaction recommended by Promega):  

2x Rapid Ligation Buffer: 25 µl (2x) 

Vector x µl (Molar ratio 10) 

Insert x µl (Molar ratio 1) 

T4-Ligase 1 µl (3 Weiss Units/µl) 

Destilled water to a final volume of 50 µl 

 

3.2.2 Transformation of the vector ligation reaction 

An aliquot of chemically competent E.coli cells (XL-10, Stratagene, CA, USA) was thawed 

for the PCR product/ restriction enzyme fragment ligation into one of two expression vectors:  

• The IRESNEO PCR product was ligated into the pCAGGSEhA20 expression vector  

• The cDNA fragment hA20 was ligated into the pEF1/HisA expression vector.  
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The total volume of each ligation reaction was transferred onto thawed bacterial cells and 

mixed gently following incubation on ice for 30 minutes. Transformation of the plasmids into 

bacteria was accomplished during incubation for 45 seconds at 42°C in a thermo shaker. This 

process was terminated after 2 minutes of incubation on ice. A total of 900 µl LB (Luria 

Bertani)-medium was added to the transformed cells and the mixture was then transferred to a 

10 ml tube and the bacteria were allowed to recover during 1 hour of incubation at 37°C while 

shaking. One hundred µl of the cells were finally plated on pre-warmed agar plates containing 

the appropriate antibiotics and incubated over night at 37°C. The success of the 

transformation was determined with PCR by screening of the bacterial clones after mini 

preparation (Qiagen GmbH, Hilden, Germany). The PCR primers are listed in chapter 3.3.2. 

Bacterial clones of interest were then analysed through applying restriction digestion of the 

DNA using restriction enzymes allowing visualisation of the integration direction, and by 

sequencing. Sequencing of the DNA was carried out by a sequencing laboratory (AGOWA, 

Germany).  

 

3.2.2.1 pCAGGSEhA20 

The pCAGGSEhA20-expression vector was a gift from Prof. R. Beyaert (University of 

Ghent, Belgium). This vector contains the cDNA-sequence of the human A20 gene (2442 bp) 

and an E-Tag (38 bp) sequence resulting in an E-Tag/hA20-fusion protein (~90kDa). The 

CAGGS-promoter is a hybrid promoter (chicken β-actin/rabbit β-globin, 1341 bp) that shows 

widespread expression in various tissues and cell types (NIWA et al. 1991; VAN DE CRAEN 

et al. 1997; OGAWA et al. 2002; BRUNETTI et al. 2008). The vector contains an hCMV-

enhancer element (377 bp) located upstream of the CAGGS-promoter element to enhance 

protein expression. The vector lacked a selection marker for mammalian cells; therefore a 

neomycin resistance cassette (1863 bp) was cloned into the XhO-I restriction site of the vector 

(Figure 11B). This resistance cassette promotes expression of neophosphotransferase that 

provides transfected cells with resistance against Geniticin (G418). Since the neomycin 

resistance cassette lacked a promoter element, an IRES sequence (Internal Ribosomal Entry 

Site) was linked to the neomycin resistance sequence allowing translation of eukaryotic 

mRNA independent of a 5´-cap structure and a cap-binding complex. The neomycin 

resistance cassette (IRES-NEO) was amplified by PCR using the already available vector 
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pBP-KO1 as template containing the IRES-NEO element, adding the XhO-I restriction sites 

upstream and downstream of the IRES-NEO sequence.  

 

3.2.2.2 pEF1/HisA 

The hA20 cDNA sequence (2442 bp) was cloned into the multiple cloning site (Eco RI) of a 

commercially available expression vector named pEF1/HisA (Invitrogen, Germany), already 

containing a neomycin resistance cassette for mammalian cell selection using the Promega 

system for ligation and transformation as described. This expression vector contains both a 

6 x His and an E-Tag sequence for detection of protein expression (Figure 11A).  

 

       
 A) B)                                                         

Figure 10: The expression vectors pEF1/HisAhA20 (A) and pCAGGSEhA20‐IRESNEO (B) 

 

3.2.2.3 Maxiprep of positive cell clones containing the plasmid of interest 

The Qiagen Plasmid Maxi Kit (Qiagen GmbH, Hilden, Germany) was used for the maxi 

preparation of plasmid DNA. Briefly, colonies were picked from the LB agar plates and 

transferred into an Erlenmeyer flask containing 100 ml of LB-medium with suitable 

antibiotics.  

After incubation for 16 hours at 37ºC, the bacteria suspension was transferred onto 50 ml 

falcon tubes and centrifuged at 6000 g at 4ºC for 15 minutes (Cryofuge, Heraeus Instruments, 

Hanau, Germany). The supernatant was removed and the pellet resuspended in 10 ml buffer 1 

(50 mM Tris-Cl, pH 8.0, 10 mM EDTA, 100 µg/ml RNase A), to denature the containing 
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DNA, genomic bacterial DNA and plasmid DNA. Then 10 ml buffer 2 (200 mM NaOH, 1% 

SDS) was added and the solution was mixed carefully. After 5 minutes at room temperature, 

10 ml buffer 3 (3.0 M potassium acetate, pH 5.5, 4ºC) was added and the tubes were 

incubated for 20 minutes on ice. At this step both strands of the plasmid DNA hybridize and 

the long chromosomal bacterial DNA remains as single strand precipitates.  

The suspension was transferred into a 30 ml Corex tube and centrifuged at 20000g at 4ºC for 

30 minutes. The supernatant containing the plasmid DNA was transferred onto a Qiagen 

column 500, already equilibrated with 10 ml buffer QBT (750 mM NaCl, 50 mM 3-(N-

morpholino) propanesulfonic acid (MOPS) pH 7.0, 15% 2-propanol, 0.15% Triton X-100). 

When the solution had passed the column, it was washed twice with 30 ml of the buffer QC 

(1.0 M NaCl, 50 mM MOPS pH 7.0, 15% 2-propanol). The plasmid DNA was eluted using 

15 ml buffer QF (1.25 M NaCl, 50 mM Tris-Cl pH 8.5, 15% 2-propanol). The plasmid DNA 

was precipitated in 10.5 ml 2-propanol. The solution was centrifuged at 6000g at 4ºC for 

60 minutes. The supernatant was removed by decanting and the pellet was washed with 5 ml 

of 70% ethanol. The pellet was again centrifuged at 6000g at 4ºC for 60 minutes. The 

supernatant was removed and the pellet left to dry for 15 minutes. Then 200 µl sterile water 

was added to the pellet and left overnight for complete dissolving. The DNA was then stored 

at -20°C until analysis. 

 

3.2.2.4 Linearization of expression vectors 

The plasmid was linearized prior to transfection, to increase the probability of complete 

integration in the genome of porcine fetal fibroblasts after electroporation. The vectors 

pCAGGSEhA20-IRESNEO and pEF1/HisAhA20 were digested with restriction enzymes 

cutting once inside the vector, at a site not important for transgene expression. AccI 

(10 Units/ml, New England Laboratories, Frankfurt a. M., Germany) was used for the 

pCAGGSEhA20-IRESNEO vector and PvuI (10 Units/ml, New England Laboratories, 

Frankfurt a.M., Germany) for the pEF1/HisAhA20 vector. The DNA was digested overnight 

at 37°C. The DNA was purified through phenol/chloroform/isoamylalcohol (25:24:1)-

extraction. Precipitation was accomplished with 100% ethanol, and the pellet was finally 

dissolved in sterile water. 
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3.3 Transfection of pffs 

3.3.1 Transfection of pffs with pCAGGSEhA20-IRESNEO or pEF1/HisAhA20 

Pffs were thawed and cultivated in T3-medium until they reached 80-90% confluency, and 

after trypsinization, cells were subcultivated in a T75-cell culture flask. At 80-90% 

confluency (~3x106 cells), the cells were transfected with either the pCAGGSEhA20-

IRESNEO or the pEF1/HisAhA20 expression vector. The cells were washed in PBS, treated 

with EDTA/Trypsin and centrifuged. The cell pellet was resuspended in 0.8 ml of PBS and 

transferred to an electroporation cuvette (Peqlab Biotechnology GmbH, Erlangen, Germany). 

Then 10 µg of plasmid DNA was added. The cells were electroporated at 450 V and 350 µF 

(RAMSOONDAR et al. 2003) in a Gene Pulser II-unit (Biorad, CA, USA). The electrical 

pulses were induced after placing the electroporation cuvette into the electroporation unit. 

Electroporated cells were kept at room temperature for 5 minutes before they were seeded 

onto four cell culture plates in T3-medium. The next day the medium was replaced. 

 

3.3.2 Selection and identification of hA20-positive cell colonies 

Starting day 3 after transfection the cells were incubated in selection medium. The T3-

medium was changed every 2-3 days to maintain a concentration of 800 µg/mL geniticin 

(G418) in the T3-medium. Preliminary experiments carried out on wildtype PFFs had shown 

that the lethal dosis of G418 was 800 µg/mL, which resulted in complete cell death within 

14 days. After 14 days of selection, resistant cell clones were cultivated in T3-medium until 

they reached ~80% confluency. The cell colonies were then trypsinized and reseeded onto 

two wells of a 96-well plate. After reaching confluency, one of the two wells was washed 

with PBS and incubated over night in 50 µl of lysis buffer at 37ºC. Extraction of genomic 

DNA without phenol/chloroform/isoamyl alcohol precipitation was employed to 

accommodate for the low DNA values isolated from one well of a 96-well plate (WANG et 

al. 2003). The lysis buffer utilized consisted of the following reagents: 

 10% SDS 20 µl 

 Proteinase K 25 µl (20 mg/ml) 

 10 x PCR buffer  1000 µl 

 sterile water to a final volume of 10 ml 
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The lysate (5 µl) was used as template in PCR. The PCR primers used to characterize the 

resistant cells (and later the transgenic piglets) are listed in Table 5. The cells on the other 

well were proliferated until enough cells for SCNT had been obtained. They were either 

stored at -80°C until use or directly employed for SCNT.  
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Table 5: Primer pairs used for PCR amplification 

Name 

Forward primer (F) 

Reverse primer (R) 

Sequence (5´-3´) 
Identification of sequence 

(Size of amplificate) 

F: A20F1 CCAGCCTTTATGCCATGAGT 

R: A20R1 TGTGGCAACGTTCACAAAAT 

Identification of the hA20-

sequence (299 bp) 

F: A20IRESNEOF1 CTGCATGGAGTGTCAGCATC 

R: A20IRESNEOR1 GAGGAACTGCTTCCTTCACG 

Determination of the 

correct integration of IRES-

NEO in pCAGGSEhA20 at 

the 5´-end (436 bp) 

F: A20IRESNEOF2 GCCATCACGAGATTTCGATT 

R: A20IRESNEOR2 TTTTGGCAGAGGGAAAAAGA 

Determination of correct 

integration direction of 

IRES-NEO in 

pCAGGSEhA20 at the 3´-

end (551) 

F: pMA1: CAGGATGATCTGGACGAAGA 

R: pMA2: GATGCGCTGCGAATCGGGAG 

Identification of IRES-

NEO-sequence (325 bp) 

F: polyA up GTTTCCTCGGTGGTGTTTCCTGGGCTATGC 

R: polyA low TGGAGTTCTGTTGTGGGTATGCTGGTGTAA 

Housekeeping gene, used as 

control gene for RT-PCR 

analysis (252 bp) 

IRESNEO sequencing primer I 5´- CAGGATGATCTGGACGAAGA-3´ 

IRESNEO sequencing primer II 5´- GATGCGCTGCGAATCGGGAG-3´ 

IRESNEO sequencing primer III 5´-TCTGGATTCATCGACTGTGG-3´ 

IRESNEO sequencing primer IV 5´-CCAGAAGGTACCCCATTGTATG-3´ 

Primers applied after 

cloning of IRESNEO 

sequence into the 

pCAGGSEhA20 vector. 

T7+A20R1 
5´GGATCCTAATACGACTCACTATAGGGAGGAAC

GTTCACAAAAT-3´ 

Amplification of PCR 

fragment DIG-labeling 
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The composition of the PCR mixture and the PCR conditions are listed in Tables 6 and 7.  

 

Table 6: Composition of reaction mix for gene specific PCR 

Component Manufacturer (Germany) 1x reaction 

mix 

Final concentration 

10x PCR buffer1 Invitrogen, Karlsruhe 5 µl 1 x 

MgCl2 (50 mM) Invitrogen, Karlsruhe 1.5 µl 1,5 mM 

dNTP´s (10 mM) Biosciences Europe, Freiburg 1.0 µl 200 µM 

Primer (20 µM) MWG-Biotech, Ebersberg 1.5 µl 0,6 µM 

Sterile water  to 50 µl  
1200 mM Tris-HCl pH 8.4, 500 mM KCl 

 

 

PCR amplification of each gene specific transcript was performed in a hot lid PTC-200 

thermocycler (MJ Research, Watertown, MA) under the following conditions: 

 

Table 7: PCR conditions for the amplification of gene specific transcripts 

Gene transcript hA20, 299 bp hA20-IRESNEO, 

436 bp 

IRES-NEO, 

1875 bp 

Initial denaturation 94ºC, 1 min 94ºC, 1 min 94ºC, 2 min 

Denaturation 94ºC, 30 sec 94ºC, 30 sec 94ºC, 30 sec 

Annealing 60ºC, 30 sec 60ºC, 30 sec 68ºC, 30 sec 

Extention 72ºC, 45 sec 72ºC, 45 sec 72ºC, 2 min 

Cycle number 35 35 32 

Final extention 72ºC, 5 min 72ºC, 5 min 72ºC, 5 min 

Final temperature 8ºC 8ºC 8ºC 
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3.3.3  Separation of PCR products 

Electrophoresis was performed on 1-2% agarose gels in 1 x TBE (Tris-Borate-Ethylen) buffer 

following PCR. The gel was stained with 2 µl Ethidium Bromide (0.2 µg/mL). The gels were 

placed in electrophoresis chambers and the PCR products were separated by exposing the gel 

to 90 V for 30-45 minutes. The products were visualized on a 312 nm UV-transilluminator. 

The image of the gel was recorded with a CCD camera (Photometrics Inc.) and the IPLab 

Spectrum computer program (Signal Analytics Corporation). PCR products of the hA20 gene 

and IRESNEO were purified using the Wizard® SV Gel and PCR Clean-Up System 

(Promega, Mannheim, Germany) and sequenced to determine integration of the genes in the 

expression vectors and integration in pff DNA. 

 

3.4 SCNT-experiments 

Cloned embryos were produced from enucleated oocytes and the diploid genome of pffs. 

SCNT includes the following steps: enucleation, nuclear transfer, fusion and activation. 

 

3.4.1 Enucleation 

Ovaries originating from commercially slaughtered prepubertal gilts of unknown origin were 

collected from two local slaughterhouses, Lübbecke or Minden, located around 80 km from 

the laboratory. Porcine cumulus-oocyte-complexes (COCs) were matured for 40 hours in 

North Carolina State University (NCSU) 37 medium. Additives to the medium were porcine 

follicular fluid, cystein, glutamin, mercaptoethanol and epidermal growth factor (EGF). 

During the first 22 hours of maturation, the medium contained the hormones hCG (human 

Choriogonadotropin), eCG (equine Choriogonadotropin) and cAMP. The last 18 hours of 

maturation were completed without hormonal additives. To isolate nude porcine oocytes, 

COCs were liberated from cumulus cells after incubation for 15 minutes in TL-Hepes 296 + 

Ca2+ containing 0.1% Hyaluronidase (Sigma, St. Louis, USA). Then they were placed in a 

250 µl drop of TL-Hepes 296 - Ca2+ containing 7.5 µg/mL Cytochalasin B (Sigma, St. Louis, 

USA) and 5 µg/mL Hoechst 33342 for 10 minutes. Cytochalasin B destabilizes the 

cytoskeleton and thereby facilitates manipulation of the oocyte; the fluorochrome Hoechst 

33342 (Bisbenzimide) indicates the DNA contents of the cell. The enucleation took place in 
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drops containing TL-Hepes 296 - Ca2+ and cytochalasin B without calcium. The oocytes were 

fixed with a fixation pipette and the polar body and metaphase plate were both removed with 

an enucleation pipette. The removal of all DNA was verified by exposing the enucleated 

oocytes to UV-light. 

 

3.4.2 Nuclear transfer 

Oocytes were incubated for 10 minutes in drops containing TL-Hepes 296 - Ca2+ and 

7.5 µg/mL Cytochalasin B. The nuclear transfer operation includes the fixation of the 

enucleated oocyte and the transfer of the donor cell into the perivitelline space of the oocyte. 

After nuclear transfer, the complexes (oocyte plus donor cell) were washed in TL-Hepes 271 - 

Ca+ and stored in a TL-Hepes 271 - Ca+-drop until fusion. 

 

3.4.3 Fusion 

The complexes were fused in a petri dish containing 1000 µl of SOR2 - Ca+, placing them 

between two electrodes with the oocyte cytoplasm and the donor cell forming a horizontal 

line with the two electrodes. The electrodes were connected to a fusion device (Multiporator, 

Eppendorf, Hamburg, Germany). The complexes received an electric pulse of ∼1.1 kV/cm for 

100 µs. After fusion complexes were washed twice in TL-Hepes 296 + Ca2+ and allowed to 

recover for 30-60 minutes before fusion success was assessed. 

 

3.4.4 Activation 

After fusion control and selection of successfully fused complexes, the reconstructed 

complexes were activated electrically and chemically to trigger embryonic development by 

revoking arrest of their cell cycle at the second meiotic metaphase. The fused complexes were 

activated electrically in a 400 µl drop of SOR2 + Ca2+, covering the two wires in the 

activation chamber (Bügel-fusion chamber, Krüss, Hamburg, Germany). They were placed in 

line between the two wires (30 complexes at a time). Then the complexes were subjected to a 

pulse of 1 kV/cm for 45 µs. Subsequently, they were washed in TL-Hepes 296 + Ca2+. All 

complexes were washed in NCSU23+ 2 mM 6-DMAP (Dimethylaminopurine) and 

transferred into 500 µl of the same medium and chemical activation was induced by 3 hours 
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incubation at 38°C containing 5% CO2 in air. HÖLKER describe further details of the SCNT 

procedure in his dissertation (HÖLKER 2003). 

 

3.4.5 In vivo development of nuclear transfer derived embryos 

3.4.5.1 Recipient synchronization 

Peripubertal (7-9 months old) German landrace gilts (bodyweight 100-120 kg) served as 

recipients for the cloned embryos. The pigs were fed 20 mg/day/pig Altrenogest (Regumate®, 

Janssen-Cilag, Germany) for 13 days, following an injection of 1000 I.E. eCG (equine 

Chorionic Gonadotropin, Intergonan®, Intervet, Germany) i.m. on the last day of the 

Altrenogest feeding. Eighty hours later they received an injection of 500 I.E. of hCG (human 

Chorionic Gonadotropin, Ovogest®, Intervet, Germany) i.m. to induce ovulation. The 

recipients were ~24 hours asynchronous to the cloned embryos, i.e. all animals were at the 

preovulatory stage (PETERSEN et al. 2008).  

 

3.4.5.2 Embryo transfers 

After chemical activation, the embryos were washed in TL-Hepes 296 + Ca2+ and transferred 

into sterile plastic straws (Pailette Cristal 133, L'Aigle, France). The lower end of the straw 

was covered with a 7 mm plastic tube to protect the oviductal wall during transfer of the 

embryos. The embryos were transported from the laboratory to the experimental facility in a 

thermo container at a constant temperature of 38°C. Pigs were subjected to midventral 

laparotomy under general anesthesia induced and maintained with thiopental sodium 

(Trapanal®, Altana, Germany). After visual inspection of the uterine horns and ovaries, the 

embryos were transferred into one oviduct (unilateral transfer). The ovaries were checked for 

the presence of preovulatory follicles. Only animals with 5-10 preovulatory follicles were 

used as recipients.  

 

3.4.5.3 Maintenance of pregnancy 

To induce growth of accessory follicles each recipient animal received an injection of 1000 

I.E. eCG 12 days after embryo transfer followed by an injection of 500 I.E. hCG 72 hours 

later. The animals were checked for pregnancy 22-35 days following embryo transfer by 
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ultrasound (Real-time Ultrasound equipment model CS 9100, Picker International GMBH, 

Espelkamp, Germany).  

 

3.5 Analysis of offspring 

3.5.1 Genetic identity of offspring 

An ear biopsy was taken to isolate DNA. The DNA was isolated from 50 mg of ear tissue 

after having digested the samples over night in 560 µg of Tail lysis buffer (1 M Tris-HCl 

pH 8, 3 M NaCl2, 0.5 M EDTA, 20% SDS) containing 40 µl (10 mg/µl) proteinase K. 

PCR of ear biopsies was conducted with primers described in chapter 3.3.2.  

 

3.5.2 Isolation of porcine aortic endothelial cells (PAEC) 

After sacrifying selected pigs for in depth expression analysis, the thoracic cavity was opened 

and a 10 cm aorta segment was removed in a sterile manner. This was immediately placed in 

PBS and transported to the laboratory. The segment was thoroughly washed with PBS to 

remove erythrocyte aggregates. Endothelial cells were isolated from the isolated after 

digestion with collagenase (1 mg/ml) for 30 minutes. The cells were washed out of the aortal 

segment with PBS and after centrifugation (200 g for 4 minutes) the cells were cultivated in 

D10-medium supplemented with 50 µg/ml porcine ECGF (Endothelial Cell Growth Factor, 

ReliaTech, Germany) at 37°C and 5% CO2. Monolayers were identified as endothelial cells 

when showing a pavement-like appearance in phase contrast microscopy and expression of 

CD31 on the cell surface as determined by FACS analysis.  

 

3.5.3 Isolation of genomic DNA 

After over night digestion of tissue samples (200 mg) in 600 µl TAIL-lysis buffer (50 mM 

Tris pH 8.0, 100 mM NaCl, 100 mM EDTA, 1% SDS) 1 volume of phenol chloroform 

isoamyl alcohol (Roti®-Roth, GmbH, Karlsruhe, Germany) was added to the lysed tissue. 

Samples were mixed for 30 seconds and centrifuged for 5 minutes at 10.000 rpm. The 

aquaeous phase was transferred to a fresh tube and then 10% lithium chloride and 

2.5 volumes of 100% ethanol (1500 µl) were added for DNA precipitation. Samples were 

mixed and centrifuged for 15 minutes at 12.000 x g. The pellet was washed twice with 70% 
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ethanol and centrifuged for 10 minutes at 12.000 x g. The pellet was air dried and dissolved in 

sterile water. 

 

3.5.4 RNA isolation 

The following organ samples were isolated from transgenic and wildtype pigs: skin, muscle, 

spleen, kidney, liver, lung and heart. The samples were transferred into Cryo S tubes (Greiner 

Bio-one, Frickenhausen, Germany) and snap frozen in liquid nitrogen and subsequently 

transferred to -80°C until RNA isolation. Cultivated cells including fetal and adult fibroblasts, 

the tumor cell lines THP-I, Raji and Daudi cells, and porcine aortic endothelial cells (PAEC) 

were frozen at -80°C until RNA isolation. Samples from each organ or cell line were snap 

frozen in liquid nitrogen and 100 mg tissue was homogenized/lysed in 1 ml of TRIZOL 

Reagent (Invitrogen, Karlsruhe, Germany) using a power homogenizer (IKA-Ultra-Turrax® 

T25, Janke & Kunkel Labortechnik, Staufen, Germany). Monolayer cells were lysed directly 

in a culture dish by adding 1 ml TRIZOL Reagent per 10 cm2 culture dish, and passing the 

cell lysate several times through a pipette. Cells grown in suspension were first pelleted by 

centrifugation. One ml of TRIZOL Reagent was added to 5-10 x 106 cells in order to lyse the 

cells. The samples were left for 5 minutes at room temperature to permit the complete 

dissociation of nucleoprotein complexes. Then 0.2 ml of chloroform per 1 ml of TRIZOL 

Reagent was added. Tubes were shaken by hand for 15 seconds, then incubated at room 

temperature for 3 minutes, and finally centrifuged at 12.000 x g for 15 minutes at 8°C. The 

aqueous, upper phase containing the RNA was transferred to a fresh tube. The RNA was 

precipitated by mixing with 0.5 ml isopropyl alcohol per 1 ml of TRIZOL Reagent. Samples 

were incubated for 10 minutes at room temperature before centrifugation at 12.000 x g for 

10 minutes at 8°C. The supernatant was removed and the RNA pellet was washed twice with 

75% ethanol by adding 1 ml 75% ethanol per 1 ml of TRIZOL Reagent. Samples were mixed 

and centrifuged at 7.500 x g for 5 minutes at 8°C. The RNA pellet was air-dried and dissolved 

in sterile water by passing the solution 2-3 times through a pipette tip and then stored at  

-80°C. 
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3.5.5 Protein isolation 

Protein was isolated from the same set of tissue samples as described in 3.5.4. The THP-I cell 

line was used as a positive control for Western Blot analysis. 

RIPA buffer (50 mM TrisCl pH 5.0, 150 mM NaCl, 0.5% Triton X 100, 1 mM PMSF) was 

selected for the extraction of proteins. PMSF (phenyl methyl sulfonyl) was added as a 

protease or phosphatase inhibitor to prevent proteolysis and to maintain phosphorylation of 

proteins. One mL of pre-chilled RIPA buffer 100 mg of tissue/1 x 106 cells was homogenized 

in a power homogenizer (IKA-Ultra-Turrax® T25, Janke & Kunkel Labortechnik, Staufen, 

Germany). After incubation on ice for 10 minutes, the mixture was centrifuged at 12.000 x g 

for 10 minutes at 4°C. The supernatant was transferred into a new tube and stored at -20°C 

until use.  

Protein samples were immunoprecipitated by using Protein G Sepharose® 4 Fast Flow Beads 

(GE Healthcare Europe GmbH, Munich, Germany). The beads show high specificity for the 

Fc regions of IgG, providing effective and rapid removal of immune complexes formed 

between an antigen and its specific antibody. The beads were first washed and then loaded 

with the hA20-specific monoclonal anti-hA20-antibody (mouse IgG1 monoclonal anti-human 

A20, 60-6629, eBioscience, Germany). After washing beads three times with Tris/HCl pH 7.4 

+ 0.5% BSA, they were centrifuged at 10.000 g for 1 minute. The supernatant was removed 

and the beads were washed twice in Tris/HCl at pH 7.4, before they were resuspended in 

Tris/HCl pH 7.4. The beads were loaded with the monoclonal anti-human-A20 antibody and 

subjected to preclearing before precipitation of protein tissue samples. The beads were 

washed twice with Tris-HCl, pH 7.4, and then 250 µl of protein samples were added. The 

suspensions were left over night shaking at 4°C. Then, precipitates were washed with Tris-

HCl, pH 7.4 + 0.5% NP 40 before they were boiled for 10 minutes at 95°C with 25 µl of 

sample buffer. The precipitates were either immediately subjected to Western Blot analysis or 

stored at -20°C until analysis.  

 

3.5.6 Southern Blot analysis 

The DNA probe was generated and labeled as described by the manufacturer using the PCR-

DIG-Labeling System (Roche, Germany), which was used for analysis of animals originating 
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from donor cells transgenic with one of the two expression vectors (pCAGGSEhA20-

IRESNEO or pEF1/HisAhA20).  

Genomic DNA from cloned piglets and a control wildtype piglet (10 µg) was digested over 

night at 37°C with  

1) HindIII (10 Units/ml, New England Laboratories, Frankfurt a.M., Germany) for the 

pCAGGSEhA20-IRESNEO-transgenic material. Positive DNA samples resulted in two 

fragments of 4579 bp and 2364 bp in size.  

2) BamHI (10 Units/ml, New England Laboratories, Frankfurt a.M., Germany) for the 

pEF1/HisAhA20-transgenic material. Positive DNA samples resulted in one fragment of 

2364 bp in size. 

The corresponding plasmid was digested as a positive control. The next day, the target nucleic 

acids were loaded onto a 1% agarose gel containing 2 µl EtBr. The gel was subjected to 80V 

for 4-5 hours. Prior to capillary transfer onto a nylon membrane the nucleic acids were 

visualized on a 312 nm UV-transilluminator to check for complete digestion. After 

denaturation and neutralization of the gel, the blot (capillary transfer) was left for 16 hours in 

buffer 20X SSC. Then, the positively charged nylon membrane (Roche, Mannheim, 

Germany) with the target nucleic acids was exposed to UV-Light (0.06J/cm2) resulting in 

fixation of the DNA to the membrane. After 4 hours of prehybridization with DIG Easy Hyb 

(Roche, Mannheim, Germany), the probe was added and the membrane was left inside a roller 

bottle at 42°C for at least 4 hours for hybridization. Twenty-four hours later the samples were 

stringently washed at 65°C and blocked by adding an anti-DIG-antibody in a 1 x Blocking 

solution (dilution 1:10.000). The membrane was incubated with the antibody solution for 

30 minutes, washed twice to remove unbound antibody, and then equilibrated in detection 

buffer for 2 minutes. Six to seven drops of CPD-star (chemiluminescent reagent) were added 

before the membrane was placed in a bag and sealed before incubation for 10 minutes at 

37°C. The CPD-star solution was removed. Development of the membrane was achieved 

through exposure to an X-ray film for 1-4 hours.  

 

3.5.7 Reverse Transcription-Polymerase Chain Reaction (RT-PCR) 

For the reverse transcription polymerase chain reaction (RT-PCR) the following reagents 

were required: 
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• 10 x PCR Buffer, without Mg2+ (Invitrogen, Karlsruhe, Germany): 200 mM Tris-HCl, 

pH 8.4, 500 mM KCl,  

• 50 mM MgCl2 (Invitrogen, Karlsruhe, Germany),  

• dNTPs (Amersham, Bioscencies Europe GmbH, Freiburg, Germany): one volume 

(100 mM) was diluted with 9 volumes sterile water resulting in a concentration of 

10 mM for reverse transcription, 

• Random hexamers (GeneAmp® RNA PCR Kit components, Applied Biosystems, CA, 

USA): 50 µM mit 10 mM Tris-HCl, pH 8.3,  

• 20 Units/µl RNAse-Inhibitor (GeneAmp® RNA PCR Kit components, Applied 

Biosystems, CA, USA),  

• 50 Units/µl MuLV (Murine Leukaemia Virus) Reverse Transcriptase (GeneAmp® 

RNA PCR Kit components, Applied Biosystems, CA, USA),  

• Sterile water.  

 

The following mastermix was prepared prior to reverse transcription (Table 8):  

 

Table 8: Mastermix for reverse transcription 

Component 1x reaction mix Final concentration 

10 x PCR buffer1 2 µl 1x 

MgCl2 (50 mM) 2 µl 1,5 mM 

dNTP´s (10 mM) 2 µl 200 µM 

Hexamer Primer (50 µM)  1 µl 2,5 µM 

RNase inhibitor (20 U/µl)  1 µl 20 I.E. 

Reverse transcriptase (50 U/µl)  1 µl 20 I.E. 
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Reverse transcription was performed in a final volume of 20 µl. The following controls were 

included in the analysis:  

• Negative control, containing mRNA and sterile water instead of RNase inhibitor and 

Reverse transcriptase to check for purity of the mRNA isolation and the absence of 

DNA contamination during RT-PCR.  

• Negative control, containing water instead of mRNA to ensure that samples were not 

contaminated.  

 

Reverse transcription was performed in a hot lid PTC-200 thermocycler under the following 

conditions:  

• 25°C for 10 minutes 

• 42°C for 60 minutes 

• 99°C for 5 minutes 

• 4°C 

Gene specific PCR amplification was conducted depending on which gene was tested for 

expression. Primer pairs and amplification conditions are listed in chapter 3.3.2.  

 

3.5.8 Real-Time-PCR 

Real-Time-PCR was conducted on tissue samples and PAECs which had been stimulated 

with different concentrations of TNF-α as well as non-stimulated PAECs. Expression of the 

following endothelial cell activation markers was measured: E-selectin, VCAM-I and ICAM-

I. Expression of human and pig A20 was also monitored. The aim of this measurement was to 

see if hA20-expression in PAECs could prevent up-regulation of endothelial cell activation 

markers. The following primer pairs were used to study the regulation of genes in PAECs by 

REAL-TIME PCR (Table 9). 

PAECs were incubated in the presence of TNF-alpha for 4 and 6 hours employing the 

following concentrations of TNF-alpha: 0.01 ng/ml, 0.1 ng/ml, 1 ng/ml, 10 ng/ml, 30 ng/ml 

and 50 ng/ml. The PAECs incubated in D10 medium lacking serum additives served as 

calibration probes. RNA was isolated using the RNeasy Mini Kit from Qiagen (Cat. no. 

74104, Hilden, Germany).  
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Briefly, 350 µl of RLT buffer (containing 10 µl/ml mercaptoethanol) were added to each well 

(6-well) and then shaken. Then 350 µl 70% ethanol was added and the contents were mixed. 

The mixture (700 µl) was transferred onto a column and centrifuged for 15 seconds. After 

having discarded the liquid flow-through, 350 µl of buffer RW1 was added to the column and 

centrifuged. The flow-through was again discarded. The DNase solution was prepared for 

each sample, (Qiagen, Cat. no. 79254) and diluted (10 µl : 70 µl) with the RDD buffer. 

Eighty µl of the DNase mixture was added to the column and incubated for 15 minutes at 

room temperature. Then 350 µl of the RW1 buffer was added, and after centrifugation 500 µl 

of the RPE buffer was added. A new collection tube was collected underneath the column and 

the RNA was eluted in 85-90 µl of sterile water. The RNA yield was measured by 

photospectrometry and aliquots were frozen at -80°C until use.  

The following controls were run to ensure there was no contamination of samples:  

• RNA without reverse transcriptase and RNAse inhibitor 

• Sterile water. 
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Table 9: Primers applied for REAL-TIME PCR analysis 

Gene Primer sequences 

Forward (F) 

Reverse (R) 

No. of 

cycles 

Annealing 

temperature 

°C 

Fragment 

size 

bp 

Accession 

number 

Tnfaip3 

(A20 pig) 

F: TCTTCAGCACCCTCAAGGAGA 

R: CTCAGTCCAATTCCGGGTGT 

38 60 122 TC301403 

TNFAIP3 

(A20 

human) 

F: CGCTGGCAACTGGAGTCTCT 

(487-506) 

R:CATCATTCCAGTTCCGAGTATC

AT (565-542) 

38 60 79 NM_006290 

E-Selectin F: TTGGTGCTGTGTGTACATTTGC 

(1257-1278) 

R: TGGACTCAGCAGGAGCTTCA 

(1382-1363) 

38 60 126 U08350.1 

ICAM-I F: GGCACTCTACTCTGCCATGCA 

(303-323) 

R:TTTCACATACTCCGGGAACCA 

(392-372) 

38 60 90 NM_213816 

VCAM-I F: GGATGGTGTTTGCCGTTTCT 

(144-163) 

R:AATCTGCGCAATCATTTTGTCT

T (214-192) 

38 60 71 U08351.1 

Eef1a1 

(Elongation 

factor 1 

alpha) 

F: CAAAAATGACCCACCTATGG 

(1056-1075) 

R: GGCCAGGATGGTTCAGGATA 

(1104-1075) 

38 60 67 NM_001097

418.1 

 

Reverse transcription was performed by employing the following reagents: 

• 2 µl 10x RT buffer (Invitrogen, Germany) 

• 2 µl 50 mM MgCl2 (Invitrogen, Germany) 

• 2 µl 10 mM dNTP solution (Amersham Biosciences, Germany) 

• 1 µl RNAsin® (20 Units) (Applied Biosystems, Foster City, CA, USA) 

• 1 µl MULV reverse transcriptase (50 Units) (Applied Biosystems, Foster City, CA, USA) 

• 1 µl hexamers (50 µM) (Applied Biosystems, Foster City, CA, USA) 

• 0.1 µg total RNA 
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• sterile water to a final volume of 20 µl 

• Reverse transcription was performed in a hot lid PTC-200 thermocycler (MJ-

Research) under the following conditions:  

• 25°C for 10 minutes 

• 42°C for 60 minutes 

• 99°C for 5 minutes 

• 4°C  

 

The resulting cDNA was diluted 1:10 with sterile water and 2 µl of the diluted sample was 

used for REAL-TIME PCR that was performed in 96-Well Optical Reaction Plates (Applied 

Biosystems, Foster City, CA, USA). The PCR mix in each well included  

• 10 µl 2 x Power SYBR Green PCR Master Mix (Applied Biosystems, Foster City, 

CA, USA) 

• 0.8 µl forward primer (5 µM) 

• 0.8 µl reverse primer (5 µM) 

• 2 µl diluted cDNA 

• 6.4 µl sterile water (final reaction volume: 20 µl) 

 

The PCR reaction was carried out in an ABI 7500 Fast REAL-TIME System (Applied 

Biosystems, Foster City, CA, USA) applying the following program where the second and 

third step were repeated 38 times: 

• 95°C for 10 minutes  

• 95°C for 15 seconds 

• 60°C for 1 minutes 

 

Fluorescent data were acquired during each extension phase. The reaction specificity was 

controlled by applying post-amplificational melting curve analysis and gel electrophoresis of 

the products.  

Data generated by the Sequence Detection Software 1.3.1 were transferred to a Microsoft 

Excel sheet for analysis. Differential mRNA expression of each gene was determined by a 

relative expression software tool (REST©) (PFAFFL et al. 2002), based on an efficiency 
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corrected mathematical model for data analysis employing the 2-ΔΔC
T method. Hereby, the 

data are presented as the fold change of gene expression normalized to an endogenous 

reference gene, here EEF1alpha (Elongation Factor 1-alpha), and relative to an untreated 

control (PAECs cultivated in D10 medium without serum additives).  

 

3.5.9 Northern Blot analysis 

The probe was labeled with digoxigenin-11-UTP using labeling mixture and transcription 

buffer (Dig Northern Starter Kit, Roche, Germany). A primer named T7+A20R1 was 

designed (5´-GGATCCTAATACGACTCACTATAGGGAGGAACGTTCACAAAAT-3´) to 

amplify a 2.341 kb fragment for hybridizing RNA after Northern Blotting. The probe was 

labeled as follows: Three hundred ng of PCR product and double distilled water to a final 

volume of 10 µl were added to a sterile reaction vial. The following reagents were added on 

ice: 

• Labeling mix (5x)  4 µl 

• Transcription buffer (5x) 4 µl 

• RNA polymerase (T7) 2 µl 

 

After mixing and centrifugation, the mixture was incubated for 1 hour at 42°C. Then two µl 

DNaseI was added to remove template DNA. After incubation for 15 minutes at 37°C the 

reaction was stopped by adding 0.8 µl 0.5 M EDTA (pH 8.0). 

Five µg total RNA were added to 20 µl loading buffer and were denatured at 65°C for 

10 minutes before they were chilled on ice for 1 minute. The % 3-(N-morpholino) 

propanesulfonic acid (MOPS)/2 ml 37% formaldehyde gel was loaded and run at ~3V/cm 

until the RNAs were well separated. After rinsing the gel in 20xSSC, it was blotted onto a 

positively charged nylon membrane by capillary transfer with 20x SSC overnight. The next 

day the RNA was fixed on the membrane by UV-crosslinking (0.06 J/cm2). Prehybridization 

was performed with DIG Easy Hyb for 30 minutes at 68°C while rolling. The DIG-labeled 

RNA was boiled for 5 minutes and cooled on ice before added to prewarmed DIG Easy Hyb 

(3.5 ml/100 cm2 membrane). The prehybridization buffer was removed and the probe mixture 

added and left overnight to incubate at 68°C while rolling.  
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After washing (2 x SSC, 0.1% SDS and 0.1 x SSC, 0.1% SDS at 68°C) the membrane was 

incubated for 30 minutes in 1 x blocking solution. After incubation for 20 minutes with the 

antibody solution (1:10.000), the membrane was washed and equilibrated in detection buffer. 

Five to six drops of CPD-Star were added to the membrane and spread onto the whole surface 

before it was left to incubate for 5 minutes. The membrane was finally exposed to an X-ray 

film for 10-20 minutes.  

 

3.5.10 Western Blot analysis 

For the gel preparation, a BIO-RAD assembly (BioRad, CA, USA) was utilized. A short plate 

was placed on top of the spacer plate and the two plates were transferred into the casting 

frame, keeping the short plate facing front. The pressure cams were locked to secure the glass 

plates. The gel cassette assembly was placed on the casting stand gasket. The spacer plate was 

pushed down against the rubber gaskets. The running gel was prepared as follows:  

• 30% Acrylamide 3600 µl 

• H20 5200 µl 

• 1M TrisHCl pH 6.8 3000 µl 

• 10% SDS 120 µl 

• 10% APS (Ammoniumpersulfate) 75 µl 

• 99% TEMED (Tetramethylethylenediamine) 80 µl 

 

The gel was left for 30 minutes to polymerize and then the stacking gel was prepared with the 

following chemicals: 

• 30% Acrylamide 1125 µl 

• H20 3803 µl 

• 1M TrisHCl pH 6.8 1688 µl 

• 10% SDS 68 µl 

• 10% APS 75 µl 

• 99% TEMED 80 µl 
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A comb was placed between the two glass plates and the gel was polymerized for another 20-

30 minutes. The comb was removed and the gels were placed in the running tank. The 1 x 

electrode buffer (diluted 1:10 from the 10 x solution: 250 mM Tris, 1.92 M Glycin, 1% SDS) 

was added to the tank. For one volume of each sample 1 volume of the 2 x sample buffer (100 

mM Tris, 20% Glycin, 2% SDS, 0.2 mg/ml Bromophenolblue, 0.4 M DTT) were added, then 

the samples were incubated at 95°C for 5 minutes, and the prepared samples were finally 

loaded onto the slots of the gels. A molecular weight marker (Magic MarkTM XP Western 

Standard) was added for verification of band sizes. The running tank was closed, and the 

power supply connected. The gel was run for 40 minutes at 200 V.  

After completion, the gel was removed from the device and held for 7 minutes in blotting 

buffer C (25 mM Tris, 10% Methanol, 40 mM 6Aminocapron acid). The gel sandwich was 

prepared as follows; filter papers were soaked in transfer buffers A (300 mM Tris, 10% 

Methanol), B (25 mM Tris, 10% Methanol) and C for 5-10 minutes. The transfer membrane 

(Hybond-P PVDF, Amersham, Freiburg, Germany) was incubated for 15 seconds in 100% 

Methanol and then for 2 minutes in water. The transfer of the nucleic acids from the gel to the 

transfer membrane was conducted in a Biometra Fastblot B34 transfer chamber (Biometra 

GmbH, Göttingen, Germany). The transfer sandwich is described in Figure 11. 

 

 

 
Figure 11: Set up of transfer sandwich 
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Air bubbles between the different layers were removed and the lid of the transfer unit was put 

on top of the sandwich. Transfer was accomplished at 120mA for 1 hour. The membrane was 

then incubated over night at 4°C in blocking buffer (PBS, 3% low fat milk powder, 0.05% 

Tween 20). The membrane was incubated with the primary antibody in blocking buffer for 

60 minutes at room temperature. After washing three times with PBS + 0.05% Tween 20, the 

membrane was incubated with the secondary antibody in blocking buffer for 60 minutes at 

room temperature. After washing, the membrane was incubated for 5 minutes in an ECL Plus 

Western Blotting Detection reagent (Amersham, Freiburg, Germany), a non-radioactive 

method for detection of immobilized specific antigens conjugated to Horseradish Peroxidase 

(HRP) labelled antibodies, before it was exposed to an X-ray film for 5-15 minutes.  

Antibodies applied for protein expression analysis (Western blot and immunohistological 

analysis) are listed as follows: 

• Goat Polyclonal anti-E-Tag (Novus Biologicals) NB600-524 

• Mouse IgG1 monoclonal anti-human A20 (eBioscience) 60-6629 

• Rabbit polyclonal anti-human A20 (Santa Cruz Biotechnology, Inc.) SC-22834 

 

3.5.11 Immunohistochemical analysis 

Immunohistochemical analysis was conducted at the Medical Highschool of Hannover 

(MHH). To detect hA20 protein in porcine tissue, immunohistological staining was performed 

on cryostat sections. Six µm thick sections were cut from rapidly frozen tissue specimens 

which were placed on SuperFrost-OT glas slides and dried for 2 hours at room temperature.  

Fixation was carried out on sections in acetone (-20°C) for 10 minutes, followed by drying for 

5-10 minutes. The samples were then washed 3 times for 5 minutes in Tris-Buffered Saline 

Tween 20 (TBS-T: 0.85% NaCl, Tris-HCl pH 7.6, 0.01% Tween 20) before blocking the 

peroxidase activity in 30% H2O2 + methanol. After washing in TBS-T, the samples were 

blocked with pig serum (10%) for 30 minutes and the first antibody dilution was added for 90 

minutes. The first antibodies applied are mentioned in chapter 3.5.10. The samples were 

washed (TBS-T) and stained with the EnVision complex, a large number of secondary 

antibodies and horseradish peroxidase coupled to a dextran backbone (EnVision: DualLink 

HRP, Dako, Hamburg, Germany) for 30 minutes. The samples were washed again (TBS-T) 

and incubated for 10 minutes with 3,3’ Diaminobenzidine (DAB) chromogen, a widely used 
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chromogen for immunohistochemical staining and immunoblotting. Slides were also stained 

with Mayer's Hämalaun solution for 10 minutes and then left to dehydrate in increasing 

concentrations of alcohol (3 minutes in 70% ethanol, 3 minutes in 90% ethanol, 3 minutes in 

100% ethanol and 10 minutes in Xylol). The samples were finally mounted onto slides and 

stored until analysis.  

 

3.5.12 Caspase-Glo® 3/7 Assay 

The Caspase-Glo® 3/7 Assay (Promega, Mannheim, Germany) was employed to determine 

apoptotic activity in PAECs after challenge with TNF-α (BioMol GmbH, Hamburg, 

Germany). The assay measures activity of caspase-3 and -7. The assay provides a 

luminogenic caspase-3/7 substrate in a reagent optimized for caspase activity and cell lysis. 

The luminescence is proportional to the amount of caspase activity in the samples. Human 

A20-transgenic PAECs and wildtype PAECs from the passages 2-8 were used for these 

experiments. The cells were incubated for 4 hours with TNF-α. TNF-α was used at 

concentrations of 10, 30 and 50 ng/mL. The cells were trypsinized, and following two 

washing steps in PBS, ten thousand cells were added to a total volume of 100 µl PBS. The 

cells were mixed with 100 µl of the Caspase-Glo® 3/7 reagent, and after incubation for 

10 minutes at room temperature, the apoptotic measurement in a Sirius-e05/06 single tube 

luminometer (Berthold detection systems GmbH, Pforzheim, Germany) was carried out.  

 

3.5.13 Ischemia-Reperfusion Injury analysis 

The following experiments were conducted on hA20-trangenic pigs and wildtype counterparts 

to determine if cardiac hA20-expression can reduce myocardial infarct size and improve 

postischemic myocardial function after subjecting the pigs to ischemia and reperfusion. Five 

pCAGGSEhA20-IRESNEO transgenic pigs and 3 wildtype pigs from the experimental swine 

facility of the Institute for Farm Animal Genetics (FLI), Mariensee, were subjected to the 

following experiments, conducted at the Institute for Surgical Research at the University of 

Munich by Dr. C. Kupatt and colleagues.  
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Day 1 of intervention: 

1. Induction of anaesthesia with i.m. application of Ketamin and Azepromazin (Stresnil) 

with Atropin. 

2. Continuation of anaesthesia with i.v application of Fentanyl and Midazolam 

(Dormicum). 

3. Intubation and further maintenance of anaesthesia with Isoflurane combined with i.v 

application of Propofol (2%). 

4. Incision of skin, preparation of arteria carotis externa and the vena jugularis and 

implantation of the sheath in the left anterior descending (LAD) artery distal to the 

bifurcation of the first diagonal branch. The percutaneous transluminal coronary 

angioplasty balloon (PTCA-balloon, 3.0 x 16 mm) was inflated for 60 minutes to 

induce ischemia followed by 24 hours of reperfusion. 

5. Measurements: LVEDP at rest and under increased heart rate (130 bpm). 

 

Day 2 of intervention: 

1. Induction of anaesthesia with i.m. application of Ketamin and Azepromazin 

(Stresnil) with Atropin. 

2. Continuation of anaesthesia with i.v application of Fentanyl and Midazolam 

(Dormicum). 

3. Intubation and further anaesthesia with Isoflurane combined with i.v application of 

Propofol (2%). 

4. Incision of skin, preparation of arteria carotis externa and the vena jugularis and 

implantation of the sheath (pressure tip catheter, Millar, USA). 

5. Measurements: LVEDP at rest and under increased heart rate (130 bpm). 

6. Median sternotomy. 

7. Measurements: regional myocardial function and left ventricular pressure at rest and 

increased heart rate by implantation of ultrasonic crystals in the infarcted area, the 

area at risk (AAR) as well as in the control perfusion area (Figure 30) in order to 

measure subendocardial segment shortening (SES) under resting heart rate 

conditions as well as at 100, 120, 140 and 150/min atrial pacing. 
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8. The animals were sacrified through induction of cardiac arrest by i.c. injection of 

potassium chloride and the hearts were isolated for tissue sample collection. 

9. Infarct size was determined through digital photos of 1 cm thick slices of the heart 

cut parallel to the short heart axis (Planimetrie, Sigma Scan Pro, SPSS, USA).  

10. Tissue biopsies were taken from different areas (control area, AAR and infarct area, 

Figure 12) of the slices for further histological analysis. 

 

 

 
Figure 12: The different heart areas (healthy, AAR, infarct) after ischemia and reperfusion 

(JAGTAP and SZABO 2005, modified) 

 

 

3.5.14 Statistical analysis 

Data obtained from the Caspase 3/7 Glo® assay and Ischemia-Reperfusion injury were 

statistically analysed with the computer program SigmaStat 2.0 (Jandel Scientific, San Rafael, 

CA). Values were checked for normality and differences were analysed by parametric and 

non-parametric tests as appropriate. Values are presented as mean ± S.E.M., unless otherwise 

indicated. A value of P ≤ 0.05 was considered statistically significant.  
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3.6 Experimental design 

This research project can be divided into four major parts described in Figure 13.  

1. Design and cloning of the expression vectors pCAGGSEhA20-IRESNEO and 

pEF1/HisAhA20. 

2. Isolation and culture of pffs for transfection. Transfected pffs served as donor cells for 

SCNT experiments.  

3. SCNT and embryo transfer experiments to produce hA20-transgenic offspring.  

4. Determination of transgenic expression was determined at the mRNA and protein 

level in various organs. Transgenic PAECs were tested in vitro for apoptotic 

modulatory potential and transgenic pigs were subjected to ischemia-reperfusion 

assays in vivo to assess the protective effects of hA20 on the porcine heart upon 

ischemia-reperfusion injury (I/R).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 13: Experimental design 
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4 RESULTS 

The experiments can be divided into four major sections and will be presented in the 

following order: 

1) Design and construction of the expression vectors pCAGGSEhA20-IRESNEO and 

pEF1/HisAhA20 and the analysis of the obtained recombinants.  

2) Isolation and cultivation of porcine fetal fibroblasts (pffs) for 2-3 passages, then freezing 

of aliquots. These cells were transfected either with pCAGGSEhA20-IRESNEO or 

pEF1/HisAhA20. Positive cell colonies were selected for 14 days.  

3) Transgenic pffs were used in SCNT experiments and embryo transfers were conducted to 

produce hA20-transgenic offspring. Human A20-transgenic cells were employed as donor 

cells and porcine oocytes matured in vitro served as recipient cells.  

4) The final experimental phase included the analysis of hA20-expression in cultivated 

porcine aortic endothelial cells (PAECs) or organ material isolated from hA20-transgenic 

pigs. Expression of the hA20 transgene was determined at the mRNA and protein level. 

Functional experiments were conducted on PAECs and hA20-transgenic pigs.  

 

4.1 Modifications of expression vectors 

4.1.1 pCAGGSEhA20 

The pCAGGSEhA20 expression vector was kindly provided from Prof. Rudi Beyaert at the 

University of Ghent, Belgium. It contained the cDNA sequence of the human A20 gene. An 

IRES-NEO sequence was inserted into this vector to allow selection of transgenic cells. One 

bacterial clone (104n, Figure 14) was identified to have integrated correctly the whole 

expression construct based on PCR and restriction enzyme analysis. Maxi-prep (Qiagen) was 

carried out to obtain a large amount of DNA for transfection experiments. Prior to 

transfection, the plasmid DNA (~150 µg) was linearized by digestion with the restriction 

enzyme AccI, followed by purification of the obtained agarose gel fragment.  
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Figure 14: Image of restriction enzyme pattern after digestion of pCAGGSEhA20-
IRESNEO bacterial clone 104n 

 

 

4.1.2 pEF1/HisA 

In this construct the pCAGGS promoter was replaced by the pEF1-alpha promoter element. 

The approach using two different promoters (pCAGGS and pEF1-alpha) should permit 

comparison of hA20 function in transgenic pigs and should provide insight into potential 

differences with regard to tissue specific expression of two different promoter elements in 

transgenic pigs. Restriction analysis was performed with EcoRI and BamHI and two cell 

clones were identified with correct integration of the hA20 sequence (Figure 15).  

A maxi-prep was prepared from cell clone 52b and 150 µg of DNA from cell clone 52b was 

linearized with the restriction enzyme PvuI for use in transfection experiments.  

 

             EcoRI                             
              + BamHI   BamHI     XhoI  Undigested DNA 
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Figure 15: Restriction enzyme analysis employing the restriction enzymes EcoRI and 
BamHI, of selected bacterial clone 52b after transformation with pEF1/HisAhA20 

 

 

4.2 Transfection experiments  

4.2.1 pCAGGSEhA20-IRESNEO 

A total of 4 transfections were performed with pCAGGSEhA20-IRESNEO. Three cell lines 

(F1.1, F1.2 and F1.4) were electroporated and for each transfection ~3x106 pffs were 

transfected in the presence of 10 µg of linearized plasmid DNA. A total of 82 cell colonies 

were resistant to G418 and 80 were positive in PCR analysis conducted with the primers 

A20F1/A20R1 and pMA1/pMA2, only two were negative. Sixteen cell colonies could not be 

subcultivated due to senescence. A summary of the 4 transfections is shown in Table 10.  
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Table 10: Pff transfection results with the expression vector pCAGGSEhA20-

IRESNEO  

1Results from PCR screening applying the primer pair A20F1/A20R1 
2Results from PCR screening applying the primer pair pMA1/pMA2 
 

 

4.2.2 pEF1/HisAhA20 

After transfection with the expression vector pEF1/HisAhA20 and G418-selection, surviving 

cells were isolated and expanded. One round of transfection resulted in 33 surviving cell 

colonies (Table 11). Before PCR screening could be conducted, 16 cell clones failed to 

produce enough cells for PCR analysis.  

 

Table 11: Transfection of pffs with the expression vector pEF1/HisAhA20 as gene 
delivery vector 

Cell line 
No. of cells 

transfected 

Surviving 

cell clones 

PCR: hA20 

positive1 (%) 

PCR: 

Neomycin 

positive2 (%) 

PCR: 

Negative cell 

clones (%) 

Senescence 

(%) 

F1.2 3x 106 33 14 (42.4%) 14 (42.4%) 1 (3%) 
16 

(48.3%) 
1Results from PCR screening applying the primer pair A20F1/A20R1 
2Results from PCR screening applying the primer pair pMA1/pMA2 

Transfection 

(pff cell line) 

No. of cells 

transfected 

G418-

resistant 

colonies 

Senescence 

(%) 

PCR-

detection of 

hA20 

sequence1 

(%) 

PCR-

detection of 

IRESNEO 

sequence2 

(%) 

No 

detectable 

hA20 or 

IRESNEO 

sequence by 

PCR (%) 

1 (F1.1) 3x106 29 4 (13.8%) 28 28 1 

2 (F1.2) 3x106 8 4 (50%) 7 7 1 

3 (F1.4) 3x106 17 6 (35.3%) 17 17 - 

4 (F1.1) 3x106 28 2 (7.1%) 28 28 - 

Total 12x106 82 16 

(19.5%) 

80 

(97.5%) 

80 

(97.5%) 

2 

(2.4%) 
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4.3 Production of hA20-transgenic fetuses and pigs by SCNT  

4.3.1 pCAGGSEhA20/IRESNEO-transgenic pffs as donor cells in SCNT 

A total of 5 pCAGGSEhA20-IRESNEO transgenic cell colonies were employed as donor cell 

clones for SCNT experiments. The cells 1E1 were used in the first SCNT session (21.03.07) 

and resulted in two pregnancies after transfer of 69 and 100 SCNT complexes, respectively, 

onto two recipient animals. One pregnancy was terminated on day 69 to obtain 8 fetuses for 

hA20 integration analysis and hA20 organ expression analysis. The second sow went to term 

and delivered a total of 7 piglets. However, all offspring were negative for both hA20 and 

IRESNEO, indicating a mixed population of donor cells in which the majority had not 

integrated the expression vector.  

Thirty hA20-transgenic cell colonies were randomly selected and subjected to a second round 

of selection with G418 (800 µg/mL), and 4 were then selected as donor cells. Prior to transfer 

of the cloned embryos to recipient sows, blastocysts were produced in vitro to determine if 

hA20-transgenic embryos can develop to the blastocyst stage. Figure 16 shows a PCR 

analysis of blastocysts obtained after in vitro cultivation for 7 days employing two of the four 

donor cell colonies in SCNT, 11E7 and 11E3. Blastocysts produced from both cell colonies 

11E7 and 11E3 showed integration of the hA20-sequence.  

 

 

 

 

 

 

 

 

 

Figure 16: PCR conducted on blastocysts after in vitro cultivation 
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HA20-transgenic offspring were produced from cloning with the cells 11E7 or 11E3 

(Table 12). Two SCNT sessions were performed with pffs isolated from fetuses identified as 

hA20-transgenic (F151 and F152) and these sessions resulted in a total of 9 male piglets as 

described in Table 13. All fetuses were male as expected from the donor cells.  

 
Table 12: SCNT experiments with primary pCAGGSEhA20-IRESNEO transgenic cell 

clones  

Cell 

colony 

Date of 

SCNT 

Sow 

no. 

No. of 

SCNT- 

complexes 

 

Pregnancy 

(%) 

Isolated 

fetuses 

Born 

piglets 

Liveborn 

piglets 

Stillborn/ 

dead p.p. 

No. of 

hA20-

transgenic 

(%) 

98/52 69 + 8    0/8 
1E1 21.03.07 

98/59 100 +  7 7 0 0/7 

225/15 76 + 7    6/7 
05.09.07 

225/17 80 +  4 4 1 4/4 

217/23 90 +  2 2 1 0/2 
11E7 

27.09.07 
217/19 86 -      

225/20 90 + 1    0/1 
11E3 06.09.07 

225/16 80 +  12 12  2/12 

148/12 90 -      
12B2 04.10.07 

149/63 80 -      

64/96 90 +  4 3 1 0/4 
12D12 10.10.07 

64/98 105 +  7 7 3 0/7 

Total:  
12 

sows 
1036 

9/12 

(75%) 
16 36 35 6 

12/52 

(23.1%) 

 
 

Table 13: Recloning sessions utilizing pffs isolated from pCAGGSEhA20-IRESNEO 
transgenic fetuses F151 and F152  

 

 

Date of 

SCNT 

Sow 

no. 

No of 

SCNT-complexes 

Pregnancy 

(%) 

Born 

piglets 

Liveborn 

piglets 

Stillborn/ 

dead p.p. 

hA20- 

transgenic 

(%) 

206/24 101 -     
F151 21.11.07 

206/26 100 + 1 1  1/1 

207/24 90 + 4 4  4/4 
F152 22.11.07 

206/25 101 + 4 4 1 4/4 

Total:  4 sows 392 
3/4 

(75%) 
9 9 1 

9/9 

(100%) 
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4.3.2 pEF1/HisAhA20 transgenic pffs as donor cells in SCNT 

Cell colonies identified as positive were pooled and applied for SCNT as shown in Table 14. 

All offspring were female.  

 

Table 14: SCNT experiments with primary pEF1/HisAhA20 transgenic cell clones 

 

 

Two SCNT sessions were performed with pffs isolated from fetuses identified as hA20-

transgenic offspring (B3 and B5) and these sessions resulted in 4 female piglets (Table 15). 

 

Table 15: Recloning sessions utilizing pffs originating from pEF1/HisAhA20 transgenic 
fetuses B3 and B5  

Cell 

clones 

Date of 

SCNT 

Sow 

no. 

No. of 

SCNT 

complexes 

Pregnancy 

(%) 

Liveborn 

piglets 

Live-

born 

piglets 

Stillborn/ 

dead p.p 

hA20-

transgenic 

(%) 

189/38 80 + 1 1  1/1 
B5 29.11.07 

189/35 88 -     

B3 05.12.07 304/45 91 + 3 2 1 3/3 

Total:  3 259 2/3 (66.6%) 4 3 1 4/4 (100%) 

 

Cell colony 
Date of 

SCNT 

Sow 

no. 

No of 

SCNT 

complexes 

Pregnancy 

(%) 

Isolated 

fetuses 

Born 

piglets 

Liveborn 

piglets 

Stillborn

/ dead 

p.p. 

hA20-

trans-

genic 

(%) 

236/6 96 + 5    5/5 4D1, 4B2, 

4E11, 1A5, 

3A9 

17.10.07 
109/99 98 -      

233/18 91 +  7 7  6/7 1B9, 4A2, 

4E8, 1A5, 

3F5, 4E11 

07.11.07 
192/41 90 +  3 3 1 1/3 

Total:  4 sows 375 
3/4 

(75%) 
5 10 10 1 

12/15 

(80.0%) 
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4.4 Detection of expression vector in transgenic offspring 

4.4.1 Detection of pCAGGSEhA20-IRESNEO in offspring 

Integration of the pCAGGSEhA20-IRESNEO expression vector in the porcine genome was 

detected by PCR and Southern Blot analysis.  

The number of positive fetuses and piglets derived from transfected cell clones was 12 out of 

52 (23.1%). Fetuses showing integration of the hA20-sequence were from sow 225/15 (151-

157). Fetuses 151-154 and 156-157 were transgenic. Fetus 155 was negative. Figure 17 shows 

the PCR and Southern Blot analysis conducted on DNA originating from fetuses 151-157.  

 

 

 
 

 

 

 

 

 

Figure 17: PCR (upper figure) and Southern Blot analysis (lower figure) of fetuses  
151-157 

 

 

The first hA20-transgenic piglets were born on the 2nd of January 2008. These piglets 

originated from a male cell colony (11E7). Two of the piglets from this litter were sacrificed 

for organ analysis. Pig 267/1 from this litter is still alive and develops normally (Figure 18, 

A-B). It has successfully mated several sows. The transfer of hA20 onto the next generation is 

still to be analysed. 
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Figure 18: Litter 267/1-3 at 13 days of age (A) and 267/1 at 1 year of age (B) 

 

 

Figure 19 (A-B) shows the PCR results conducted on DNA isolated from litter 267/1-4 and 

268/1-12. All four piglets from litter 267 were positive indicating integration of the plasmid 

into the piglet’s genome. Two out of 12 piglets from litter 268 were positive (268/7 and 

268/10).  

 

Figure 19: PCR analysis of litters 267 (A) and 268 (B) 

 

 

Southern Blot results from these piglets are shown in Figure 20 (A-B), confirming the PCR 

results for litters 267 and 268.  
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Figure 20: Southern Blot analysis of litters 267 and 268 

 

 

PCR results from piglets originating from recloning sessions, employing cells from fetuses 

151 and 152 described above, (litters 287, 289 and 290) are shown in Figure 21. All piglets 

had integrated the transgene. 

 

 
Figure 21: PCR analysis of litters 287, 289 and 290 
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4.4.2 Detection of pEF1/HisAhA20 in offspring  

Piglets and fetuses isolated after SCNT sessions in which pEF1/HisAhA20 transgenic cell 

clones had been employed, were analysed by PCR and Southern Blot to determine if the 

hA20 construct had been integrated. The number of positive fetuses and piglets derived from 

transfected cell clones was 11 out of 15 (73.3%). All isolated fetuses (B1-B5) from sow 236/6 

had integrated the hA20-sequence into the genome. Figure 22 shows the PCR and Southern 

Blot analysis conducted on DNA originating from fetuses B1-B5. 

 

 

 
Figure 22: PCR (upper figure) showing hA20 sequence (299 bp) and Southern Blot 

analysis (lower figure, fragment size is 2364 bp) of fetuses B1-B5 

 

 

The first cloned piglets produced with pEF1/HisAhA20 transgenic donor cells were born on 

March 2nd 2008. 

Piglets 282/1-7 and piglets 285/1-3 (two litters) were subjected to PCR analysis. PCR results 

confirmed integration of the hA20 sequence in 6/7 piglets from the 282/1-7 litter, and one out 

of 3 piglets from litter 285/1-3.  

Piglets resulting from recloning sessions from pEF1/HisAhA20 transgenic fetuses (300/1 and 

304/-2) were confirmed to be hA20-transgenic by PCR and Southern Blot analysis 

(Figure 23).  
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Figure 23: PCR (A) and Southern Blot analysis (B) of 300/1 and 304/1-2 

 

 

4.5 Expression analysing hA20 transgenic animals 

Three transgenic animals which had integrated pCAGGSEhA20-IRESNEO or 

pEF1/HisAhA20 were analysed, respectively, regarding their expression of hA20. 

 

4.5.1 Expression analysis of hA20 in pCAGGSEhA20-IRESNEO transgenic 

animals 

The following 3 transgenic animals were analysed: 267/2, 267/3 and 268/7. Reverse 

transcriptase-PCR (RT-PCR) was performed to determine the mRNA expression pattern of 

the hA20 transgene in tissue samples. Messenger RNA contents and protein analysis of the 

human A20 gene were analyzed in the following organ samples: skeletal muscle (Mu), spleen 

(Sp), kidney (Ki), heart (He), liver (Li), lung (Lu) and pancreas (Pa). Subsequently, Northern 

Blot analysis, immunohistologic staining and Western Blot analysis were conducted to further 

analyse mRNA and protein expression patterns. The cell line THP-I was used as a control, 

first without treatment and second after incubation with TNF-α.  Figure 24 shows results from 

animal 267/2. Expression was found on the mRNA and protein level. The hA20 mRNA was 

detected in heart and skeletal muscle by RT-PCR (Figure 24A) and Northern Blot (Figure 

24B) analysis. Real-time PCR revealed hA20 expression in both freshly isolated and 

cultivated PAECs. After immunoprecipitation and Western Blot analysis, the protein was 

found in heart and skeletal muscle by employing an anti-E-Tag antibody (Figure 24C) and a 
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polyclonal anti-human-A20 antibody (Figure 24D). Immunohistologic staining failed to 

positively identify hA20 protein due to non-specific staining of wildtype control samples.  

 

 

 
Figure 24: Human A20 expression analysis of animal 267/2. RT-PCR analysis revealed 

hA20 transcripts in heart and muscle (A), which was confirmed by Northern Blot 
analysis (B). Protein expression was detected in heart and muscle by Western Blot 
analysis (C and D). The control cell line THP-I showed no hA20 expression (C and D). 
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Figure 25 shows hA20 expression results of animal 267/3. The mRNA is detectable in 

skeletal muscle and heart by RT-PCR (Figure 25A) and by Northern Blot analysis (Figure 

25B).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 25: Human A20 mRNA expression analysis of animal 267/3. Transcripts were 
detectable in heart and muscle by RT-PCR analysis (A) and Northern Blot analysis (B) 

 

 

Figure 26 shows hA20 expression results of animal 268/7 originating from cell colony 11E3. 

hA20 mRNA was detected through RT-PCR (Figure 26A) analysis. Northern Blot analysis 

shows a weak signal (Figure 26B) and at the protein level, hA20 was not detected 

(Figure 26C) 
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Figure 26: Human A20 expression analysis of animal 268/7. Human A20 transcription 
was detected in heart and muscle by RT-PCR (A). The signal was found in the heart by 
Northern Blot analysis (B). No protein expression was detected (C). The control cell line 
THP-I showed no hA20 expression 

 

 

There was a clear difference in hA20 expression intensity between animals, which could be 

explained by the fact that a mixed cell population was employed as donor cells for SCNT 

experiments. Animals exhibiting a high hA20 expression in organs relevant for 

xenotransplantation could be identified and used for recloning sessions. The animal 267/2 was 

a good candidate for recloning experiments.  

In summary, two animals originating from the same donor cells 11E7, showed different 

expression levels. The animal 267/2 showed stronger expression levels than 267/3. The third 

animal (268/7) subjected to analysis, showed expression levels comparable to those of 267/3.  
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4.5.2 Expression analysis of hA20 in pEF1/HisAhA20-transgenic animals 

Three animals were analysed: 282/2, 282/7 and 304/1. However, no hA20 expression was 

found at mRNA or protein level when examining tissue samples from pEF1/HisAhA20-

transgenic animals. These animals were excluded from further analysis.  

 

4.6 Functional analysis of pCAGGSEhA20-IRESNEO transgenic animals 

4.6.1 Protection of hA20 transgenic PAECs from apoptosis  

This assay was conducted to determine if hA20 expression in PAECs modulates the TNF-α 

mediated apoptotic pathway. PAECs were isolated from two pCAGGSEhA20-IRESNEO 

transgenic animals: 267/2 and 268/7. Cells from passages P2-P6 were analysed in the 

apoptotic assay. Wildtype control cells were isolated from three different animals (213/30, 

269/1 and 198/60). The experiment was repeated at least three times for each animal/ cell line. 

The luminogenic assay Caspase Glo® 3/7 Assay (Promega, Mannheim, Germany) was 

employed to detect apoptotic activity in PAECs isolated from hA20 transgenic animals 

compared to wildtype counterparts after TNF-α incubation.  

The cell lines described in Figure 27, showed an increased rate of apoptosis in wildtype 

endothelial cells compared to the hA20 transgenic endothelial cells. When adding 10 ng/ml of 

TNF-α to the medium (D10-FCS) a highly significant difference (p=0.003) in the proportion 

of apoptotic cells was observed when compared with wildtype cells. When adding 30 ng/ml 

or 50 ng/ml TNF-α to the culture medium, respectively, significant differences (p<0.04) in 

apoptotic rates between wildtype cell lines and pCAGGSEhA20-IRESNEO cell lines were 

revealed. In summary, pCAGGSEhA20-IRESNEO transgenic PAECs were protected against 

apoptosis, demonstrating that the transgene is functional in this setting.  
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Figure 27: Protection of hA20 transgenic PAECs from apoptosis compared to wildtype 
PAECs after 4 hours of incubation with different concentrations of TNF-α. 

Student's t-test. a:b P<0.050 vs. non-transgenic PAECs. Results shown are 
representative of 6 independent experiments. 

 

 

4.6.2 Expression of endothelial cell markers ICAM-1, VCAM-1, E-selectin, human 

and porcine A20 in PAECs after 4 hours of hTNF-α challenging 

Previous experiments had shown an up-regulation of ICAM-I, VCAM-I and E-selectin in 

wildtype porcine PAECs (BATTEN et al. 1996; STOCKER et al. 2000; SOARES et al. 2004) 

after cytokine incubation. Transgenic and wildtype PAECs were challenged with TNF-α to 

determine if hA20 expression in PAECs down regulates mRNA expression of these 

endothelial cell markers. PAECs were incubated in the presence of increasing concentrations 

of TNF-α: 0.01 ng/ml, 0.1 ng/ml, 1.0 ng/ml, 10 ng/ml and 30 ng/ml. Then mRNA was 

isolated and subjected to REAL-TIME PCR. There was no significant difference in relative 

mRNA abundance of endothelial cell markers when comparing transgenic with wildtype 

PAECs. No differences in relative mRNA abundance were found after challenging PAECs for 

6 hours with TNF-α. These results showed that the protective effects of hA20 on PAECs were 

not mediated by these endothelial cell markers. 
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4.6.3 Ischemia-Reperfusion Injury experiment 

Four pCAGGSEhA20-IRESNEO-transgenic animals and 3 wildtype counterparts were used 

in an ischemia-reperfusion injury experiment conducted at the University of Munich in the 

Institute for Surgical Research by Prof. C. Kupatt and co-workers.  

Infarct size after ischemia-reperfusion injury was determined, and there was no significant 

difference when comparing hA20 transgenic animals to wildtype animals (Figure 28). The 

infarct area was slightly bigger in hA20 transgenic animals than in wildtype animals, when 

looking at the infarct size as percentage of the area at risk (AAR). No differences were found 

when analysing the AAR as percentage of the left ventricle (LV). 

 

 

 

 

 

 

 

 

 

 

 

Figure 28: Infarct size in hA20 transgenic and wildtype pigs after 60 minutes of induced 
cardiac ischemia (Student's T-test). Infarct size is presented as percentage of AAR size, 
and AAR as percentage of the left ventricle (LV). No significant differences were found 
when comparing hA20 transgenic with wildtype animals 

 

An important parameter of myocardial ischemia-reperfusion injury is postischemic 

inflammation. Samples isolated from different areas of the heart (control area, AAR and 

infarct) were analysed for myeloperoxidase (MPO) activity (Figure 29). Myeloperoxidase, an 

enzyme specific for neutrophils, was determined in cardiac control, AAR and infarct areas. 

Myeloperoxidase was quantified as MPO/mg isolated tissue. As shown in Figure 29, the 

values of MPO were higher in wildtype animals than in hA20-transgenic animals indicating a 

  % 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higher leukocyte influx into the different areas in wildtype animals compared to hA20-

transgenic animals; the differences however did not reach statistical significance.  

 

Figure 29: Myeloperoxidase activity per mg tissue in the myocard isolated from control, 
AAR and infarct zones from hA20 transgenic animals and control animals. No 
significant differences were observed 

 

 

Regional myocardial function was assessed in the apical left anterior descending artery (LAD) 

perfused region by subendocardial segmental shortening (SES) measurements at resting 

conditions and at 100-, 120- 140- and 150-beats per minute (bpm) (Figure 30). Wildtype 

animals showed a decreased regional myocardial function compared to hA20-transgenic 

animals in both the infarcted and AAR areas. Significant differences in SES were obtained 

when assessing the infarct area at heart rates of 140 and 150. The differences obtained in the 

AAR area were not significant. However, a tendency towards a better functioning hA20-

transgenic hearts in terms of myocardial capacity was observed.  
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Figure 30: Subendocardial segmental shortening (SES) in AAR (upper figure) and infarct 
areas (lower figure) of hA20-transgenic and wildtype pigs after myocardial ischemia-
reperfusion (I/R) injury. RCx indicates percentage of the nonischemic right circumflex 
region. A20 expression exhibits protective features on SES in porcine hearts. 

Student's t-test, a:b P<0.050 vs. non-transgenic animals 
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These results show that transgenic hA20 expression was associated with a partial protective 

effect after myocardial I/R injury. The myocardial function was significantly improved by 

hA20 expression. The reason for the absence of a significant effect on infarct size and MPO-

activity is likely due to the restricted numbers of animals available.  

 

 



Discussion 
 

 
 

  90 

5 DISCUSSION 

The pig endothelium is the first tissue that is confronted with human blood cells after 

xenotransplantation. It is activated by various human factors including TNF-α and LPS. The 

A20 gene is a TNF-inducible gene (OPIPARI et al. 1990) with strong anti-apoptotic and anti-

inflammatory features in endothelial cells (FERRAN et al. 1998). It has been proposed as a 

candidate gene to protect the vessel wall against inflammatory and immune-mediated injuries 

(DANIEL et al. 2004). The present investigation has demonstrated that is possible to produce 

live pigs with expression of the hA20 gene. Integration of the hA20 gene into the pig genome 

was achieved with two gene delivery vectors, each carrying a different promoter element. 

Expression of hA20 was observed only with the vector carrying a chicken β-actin/rabbit β-

globin hybrid promoter (CAGGS) coupled to a cytomegalovirus promoter enhancer. 

Expression of hA20 in transgenic pigs was associated with reduced levels of TNF-α-mediated 

apoptosis in aortic endothelial cells and enhanced cardiomyocyte function in an ischemia-

reperfusion injury model. 

The number of live transgenic offspring produced via SCNT in this report was higher than the 

average efficiency of porcine SCNT, with approximately 1% of transferred embryos resulting 

in live offspring (VAJTA et al. 2007). The reduced efficiency has been associated with 

inefficient or faulty reprogramming leading to an impaired development of reconstructed 

embryos (PETERSEN et al. 2008). Epigenetic reprogramming in SCNT embryos is slow and 

occurs progressively up to the blastocyst stage (LATHAM 2005). Improvements in the 

production of cloned pigs have been achieved with the co-transfer of parthenote embryos 

(POLEJAEVA et al. 2000; DE SOUSA et al. 2002; LAI et al. 2002), natural mating of 

recipients prior to transfer of cloned embryos (ONISHI et al. 2000; PAN et al. 2006) and 

hormonal injections to maintain pregnancy after ET (WALKER et al. 2002; HARRISON et 

al. 2004b; PAN et al. 2006). In our laboratory cloning efficiency was significantly improved 

by using peripubertal gilts being asynchronous with the embryos, by ovulating around 24 

hours after oviductal transfer of reconstructed activated embryos (PETERSEN et al. 2008). 

Applying this protocol the cloning efficiency for hA20-transgenic piglets with one particular 

cell line reached 15%. It is thought that the asynchrony between the reproductive tract and the 

developmental stage of the reconstructed embryos provides a beneficial microenvironment for 

the embryos to undergo correct epigenetic reprogramming.  
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The differences between the two expression vectors in the proportion of animals, showing 

integration of the construct obtained with transfected primary cells is probably attributed to 

the mixed population of transfected and non-transfected cells during nuclear transfer. This 

could be explained partially by the “bystander effect”, which makes reference to the induction 

of biological effects in cells that are not directly traversed by a charge particle (HALL 2003). 

In this case, expression of the antibiotic resistance gene in transgenic cells could confer 

antibiotic resistance to adjacent non-transgenic cells either by direct contact or by secretion of 

the gene product into the medium (BONDIOLI et al. 2001). Problems with the “bystander 

effect” have been also described by other groups working with transfection of porcine donor 

cells for SCNT (BETTHAUSER et al. 2000; BONDIOLI et al. 2001; DENNING et al. 2001). 

No transgenic offspring were obtained from cell colonies from one selection round using the 

pCAGGSEhA20-IRESNEO expression vector. In contrast, transgenic pigs were born from 

cell colonies after a second round of selection, giving partial support to the suggestion that a 

high selection pressure is needed to avoid a mixed cell population. Another factor to take into 

account is that transfected somatic cells tend to become senescent prior to concluding 

sufficient rounds of gene transfer and selection (LAI and PRATHER 2003). Improvements in 

cell line selection are crucial for optimal screening of transfected cells. In this regard, a 

second selection marker such as fluorescent proteins may facilitate the selection of transfected 

cells. This seems to be feasible, as pigs expressing green (LEE et al. 2005) or red 

(MATSUNARI et al. 2008) fluorescent protein have already been produced. 

The gene delivery vector pCAGGSEhA20-IRESNEO was compatible with the expression of 

hA20 in heart, skeletal muscle and PAECs whereas the pEF1/HisAhA20 construct did not 

express the transgene in pigs. A recent study describes the production of GFP transgenic pigs 

under the control of the CAGGS promoter element. In contrast to our results, ubiquitious gene 

expression was obtained. Gene expression variability between cell colonies was observed by 

us as well as by BRUNETTI et al (2008).  This may be due in part to differences in the 

number of integrations, transgene silencing or positional effects from the host genome 

(BESTOR 2000; BRUNETTI et al. 2008). The chromatin environment surrounding the 

integration site may affect both the transgenic and the host gene expression pattern, 

potentially causing ectopic, weak or even undetectable gene expression (GIRALDO and 

MONTOLIU 2001). If a foreign gene is inserted randomly into the host genome, as in this 



Discussion 
 

 
 

  92 

study, and is integrated into a transcriptionally inactive region of DNA such as constitutive 

heterochromatin, the transgene will be inactivated (LEWIN 1998). It has been observed that a 

transgene is expressed for a short period of time followed by a decline to undetectable levels 

(BESTOR 2000). DNA methylation and chromatin modifications are two main epigenetic 

changes contributing to transgene silencing (HE et al. 2005). High copy numbers of the 

transgene can induce transgenic silencing by modifying the methylation pattern of the 

promoter (GARRICK et al. 1998). In other cases transcriptional silencing of the transgene is 

caused by formation of a repressive heterochromatin on the plasmid DNA backbone, and 

methylation of the promoter is not involved (CHEN et al. 2008). The specific reason for the 

lack of transcriptional activity of the pEF1/HisAhA20 vector is unknown at present.  

The nature of the constructs and stochastic events associated with integration may have 

modified the expected ubiquitious expression pattern. Strategies to overcome position effects 

include constructs harboring all regulatory elements that are associated with a given 

expression pattern. Artificial chromosome vectors with increased length of flanking genomic 

DNA sequences like YACs and BACs (NIEMANN and KUES 2000; LAI and PRATHER 

2003) avoid such adverse effects. Artificial chromosomes can carry large DNA fragments 

allowing insertion of more than one gene, which is especially relevant for the production of 

porcine organs for successful xenotransplantation (NIEMANN et al. 2003). Further strategies 

to ameliorate transgene expression include incorporation of homologous intronic sequences in 

expression vectors (WHITELAW et al. 1991), heterologous introns (PALMITER et al. 1991), 

or insulators (TABOIT-DAMERON et al. 1999). Another important element for successful 

transgene expression is the type of promoter. LONDRIGAN et al. (2007) tested several 

promoters including the human elongation factor 1-alpha (EF1-α) and the human 

cytomegalovirus (CMV), which were part of the gene delivery vectors used in this 

investigation. The CMV promoter drives transgenic expression via adenoviral delivery in 

vitro (LONDRIGAN et al. 2007). However, other studies have reported methylation of the 

CMV promoter, which was associated transcriptional gene silencing in vitro (PRÖSCH et al. 

1999) and in vivo (BROOKS et al. 2004). This could explain partially the variability in tissue 

expression with the pCAGGSEhA20-IRESNEO vector.  

Tissue specific protein expression analysis was difficult due to the high homology between 

the porcine and human A20 nucleotide sequence. The exact porcine sequence is still 
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unknown. It will probably be revealed in the near future, as sequencing of the pig genome is 

rapidly advancing. Orthologs for the A20 gene from four species (i.e. dog, chimpanzee, cow 

and mouse) showed high homology to human A20 (Table 16).  

 

Table 16: Orthologs for human A20 (TNFAIP3) from 4 species 

Organism Gene Description Human 

similarity 

NCBI accessions 

Dog 

(Canis familiaris) 

87.81% a 

90.25% b 

484006 XM_541123.2 

XP_541123.2 

Chimpanzee 

(Pan troglodytes) 

99.4% a 

99.62% b 

472136 XM_527515.3 

XP_527515.2 

Cow 

(Bos taurus) 

85.34% a 

86.67% b 

508105 XM_584832.3 

XP_584832.2   

Mouse 

(Mus musculus) 

TNFAIP3 (A20) 

Tumor necrosis 

factor, alpha 

induced protein 3 

84.95% a 

89.81 b 

219291  

NM_009397 

NP_033423.2 

Comparison was based on a nucleic acids or b amino acids. 

 

Most likely the porcine A20 ortholog will also show a high similarity to the human protein 

structure. This will impair selection of a suitable antibody to detect protein expression in 

tissue samples. We chose 3 different antibodies for protein detection; two hA20-specific 

antibodies (monoclonal and polyclonal) and one antibody recognizing the synthetic sequence 

E-tag present in the pCAGGSEhA20-IRESNEO construct. However, immunohistochemical 

analysis could not differentiate between porcine and human A20 expression using the three 

antibodies. Probably these antibodies bind with the same specificity to the human and the 

porcine A20 protein and thereby differentiation between transgenic and wildtype expression 

is prevented. The E-tag antibody also binds equally effective to transgenic and wildtype 

samples. This may be due to similar protein structures in pig tissues, or the lack of sufficient 

specificity of this particular E-tag antibody. However, in pCAGGSEhA20-IRESNEO 

transgenic pigs, Western Blot analysis revealed protein expression of hA20 in heart and 

muscle and functional assays revealed the functionality of hA20.  
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The role of tumor necrosis factor-alpha (TNF-α) in endothelial dysfunction is well 

documented (ZHANG et al. 2009). This inflammatory cytokine is also implicated in the 

amplification of xenograft rejection (BATTEN et al. 1996). A20 has a dual cytoprotective 

function in endothelial cells, including protection against TNF-induced apoptosis and 

inhibition of inflammatory responses via blockade of NF-κB activation (FERRAN et al. 

1998). Here, we observed that the hA20 transgenic aortic endothelial cells (PAECs) were 

significantly less apoptotic when exposed to low and high concentrations of TNF-α compared 

to wildtype cells. This demonstrates the functionality of the hA20 gene in transgenic pig cells. 

Similar results have been found in hA20 transducted PAECs (DANIEL et al. 2004). These 

PAECs were protected from TNF-mediated apoptosis via reduction of the activity of the 

caspases 2,3,6,8 and 9. Mitochondrial membrane integrity was maintained and NF-κB 

activation was inhibited (FERRAN et al. 1998; DANIEL et al. 2004).  

Previous experiments reported up-regulation of endothelial cell activation markers such as 

ICAM-I, VCAM-I and E-selectin in wildtype PAECs after stimulation with cytokines 

(BATTEN et al. 1996; STOCKER et al. 2000; SOARES et al. 2004). In contrast here, no 

significant differences in the expression of these endothelial activation markers were detected 

between transgenic and wildtype PAECs exposed to TNF-α. One plausible explanation could 

be that the hA20 expression levels were too low to inhibit the up-regulation of endothelial cell 

activation markers after incubation with TNF-α and that the anti-apoptotic effects observed 

were mediated via different pathways. 

The porcine heart ischemia/ reperfusion model did not yield unequivocal results for beneficial 

effects of hA20. However, partially positive effects were observed. Infarct size and 

myeloperoxidase activity (a post-ischemic inflammation parameter) after ischemia-

reperfusion injury were not different between hA20-transgenic and wildtype animals. This is 

in contrast with the results of LI et al. (2007) who reported an attenuated infarct size and 

improved myeloperoxidase activity in hA20 transgenic mice overexpressing hA20 in the 

heart. In the present study a significant difference in segmental endocardial shortening (SES) 

was discovered, and the hA20-transgenic animals showed a better cardiac performance than 

wildtype animals. The partial protection against cardiac ischemia could be related to a too low 

hA20 expression in cardiomyocytes, indicating that the promoter elements applied in this 

study might to be suboptimal for this specific purpose. LI et al. (2007) produced hA20-
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transgenic mice by microinjection of a construct with the hA20 gene under the transcriptional 

control of the mouse cardiac myosin heavy chain (MHC) promoter, which resulted in robust 

hA20 expression in the murine heart.  

A higher hA20 expression level in pigs is not necessarily associated with a higher protective 

effect against all cellular insults resulting in cell damage or apoptosis. High expression levels 

of the hA20 gene may have had detrimental effects on embryos and may have provided an 

advantage to those embryos with low expression levels that developed to term. In fact, cells 

expressing low levels of hA20 demonstrated better protection from oxidative-stress-induced 

necrotic cell death than cells with a high hA20 expression level (STORZ et al. 2005). This 

would be especially relevant for embryos carrying the pCAGGSEhA20-IRESNEO construct 

as the CMV promoter may up-regulate expression of transgenes when exposed to a variety of 

environmental stressors such as osmotic shock (BRUENING et al. 1998). This highlights the 

importance of developing optimal in vitro conditions for embryos derived from somatic 

cloning. In vitro culture conditions for transgenic cloned embryos are not yet optimized 

(LATHAM 2005). Determination of expression of hA20 in transgenic blastocysts combined 

with measurements of apoptosis in the inner cell mass and trophectoderm cells may provide 

insights into putative detrimental effects of high hA20 expression levels on embryonic 

development. 

Results of the present study show that hA20 could be integrated to the porcine genome, 

however, expression seemed to be affected by the promoter used in the gene delivery vector. 

Expression of hA20 was restricted to skeletal muscle and heart. Cardiomyocytes from hA20-

transgenic-cloned pigs were at least partially protected against cardiac insults. These findings 

would support the notion of the inclusion of the hA20 gene in the production of multi-

transgenes pigs for xenotransplantation studies. The future challenge is to produce transgenic 

pigs with adequate expression levels of various transgenes to ensure prolonged survival of the 

porcine xenograft.  
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6 SUMMARY  

Marianne Oropeza 

Production of hA20-transgenic pigs by somatic cell nuclear transfer for 

xenotransplantation research 

 

The goal of this project was to produce hA20-transgenic pigs by somatic nuclear transfer 

(SCNT) with protective features for xenotransplantation.  

The first experimental phase included design and construction of two hA20 expression 

constructs (pCAGGSEhA20-IRESNEO and pEF1/HisAhA20). In the second phase porcine 

fetal fibroblasts (pffs) were isolated and transfected with the expression vectors. This was 

followed by SCNT cloning with hA20-transgenic pffs as donor cells. In the final phase of the 

project transgenic fetuses and piglets were analysed for hA20 expression and functionality of 

the transgene.  

The following results were obtained:  

 

1) The production of two hA20 expression vectors was successful, and large amounts of 

each vector were produced for transfection experiments.  

 

2) Transfection of pffs with pCAGGSEhA20-IRESNEO resulted in 82 resistant cell 

colonies. Five cell colonies were selected for SCNT experiments. A total of 12 sows 

served as recipient animals and 9 pregnancies were established (75%). The transfer of a 

total of 1036 cloned embryos yielded 52 fetuses and piglets, a cloning efficiency of 5%. 

Twelve of 52 fetuses and piglets (23.1%) were transgenic. Recloning with pffs derived 

from pCAGGSEhA20-IRESNEO-transgenic fetuses resulted in 3 out of 4 pregnant 

recipients (75%). Recloning with pffs from transgenic fetuses resulted in a cloning 

efficiency of 2.3%. Nine cloned transgenic piglets were born.  

 

3) Transfection of pffs with the pEF1/HisAhA20 construct resulted in 33 resistant cell 

colonies. Nine of the colonies were selected for SCNT. Embryos were transferred to 4 

recipients and three pregnancies were established (75%). A total of 375 cloned embryos 

resulted in fifteen fetuses and piglets, representing a cloning efficiency of 4%. Twelve out 
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of the fifteen progeny had integrated the expression vector (80%). Recloning sessions 

with pffs derived from pEF1/HisAhA20-transgenic fetuses resulted in pregnancies in two 

out of three recipients (66.6%). Cloning efficiency after recloning was 1.5% (four born 

piglets). 

 

4) Transgenic animals were analysed for mRNA and protein expression of hA20 by reverse 

transcriptase polymerase chain reaction (RT-PCR), Real-time PCR, Northern blotting, 

immunohistochemical staining and Western blotting. HA20 was expressed in skeletal 

muscle, heart, and importantly in freshly isolated and cultivated porcine aortic endothelial 

cells (PAECs) in pCAGGSEhA20-IRESNEO transgenic pigs. 

 

5) Functional in vitro assays using cultivated PAECs, revealed that the hA20-transgenic 

PAECS were protected against apoptotis after challenge with human tumor necrosis factor 

alpha (hTNF-α) compared with wildtype cells. No significant differences were observed 

in the expression of selected endothelial activation markers, such as intercellular adhesion 

molecule-I (ICAM-I), vascular adhesion molecule-I (VCAM-I) and E-selectin after 

exposure to hTNF-α.  

 

6) Four hA20 porcine hearts were evaluated in an ischemia-reperfusion injury model and 

compared with three wildtype controls. Subendocardial segment shortening (SES) was 

significantly different between the two groups. The hA20-transgenic animals showed 

better cardiac performance than wildtype animals. 

 

This is the first study reporting the production of hA20-transgenic pigs, which represent an 

important step in the production of multi-transgenic pigs for use in xenotransplantation 

experiments. The hA20 transgenic piglets developed normally. Improvements may be 

obtained with improved expression vectors to target hA20 expression to the endothelial cell 

layer. 

Encouraging results were obtained with respect to cloning efficiency, which ranged between 

1.5 and 5% depending on the donor cells. These results were above the normal cloning 

efficiency in pigs which does not exceed ~1%. Cells and tissue from pigs expressing hA20 
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were subjected to in vitro and in vivo functional tests, and results partially confirmed 

previously published results.  

Overall the results of this thesis demonstrate that A20 is an important candidate gene for 

future xenotransplantation research. The next step will involve production of multi-transgenic 

pigs on the basis of an α 1,3-galactosyltransferase gene knockout. These pigs should control 

both hyperacute rejection (HAR) and acute vascular rejection (AVR) by transgenic expression 

of hA20.  
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7 ZUSAMMENFASSUNG 

 

Marianne Oropeza 

Produktion von hA20-transgenen Schweinen durch somatisches Klonen für die 
Xenotransplantationsforschung 

 
Ziel dieser Arbeit war die Produktion von hA20-transgenen Schweinen, die verbesserte 

Eigenschaften für die Xenotransplantation aufweisen.  

Die erste Phase des Projekts umfasste die Herstellung von 2 hA20-Expressionsvektoren 

(pCAGGSEhA20-IRESNEO und pEF1/HisAhA20). Anschließend wurden porzine fetale 

Fibroblasten (pfF) isoliert und mit einem der beiden Expressionsvektoren transfiziert. In der 

dritten Versuchsphase wurde mit hA20-transgenen Donorzellen geklont. Schließlich wurden 

Feten und Ferkel auf hA20-Expression und Funktionalität des Transgens untersucht.  

Folgende Resultate wurden erarbeitet: 

 

1) Zwei hA20-Expressionsvektoren wurden erstellt, und ausreichende Mengen von beiden 

Vektoren wurden für Transfektionsversuche bereitgestellt. 

 

2)  Transfektionen mit pCAGGSEhA20-IRESNEO resultierten in 82 Zellkolonien. Fünf 

davon wurden in Klonversuchen verwendet. Insgesamt wurden 9 von 12 Empfängern 

trächtig (75%); aus 1036 übertragenen geklonten Embryonen resultierten 52 

Nachkommen. Damit konnte eine Kloneffizienz von 5% erzielt werden. Von den 52 

Nachkommen waren 12 transgen (23,1%). PfF von transgenen Feten wurden in 

Klonversuchen erneut eingesetzt und 3 von 4 Embryotransfers resultierten in 

Trächtigkeiten (75%). Die Kloneffizienz lag bei 2,3% und 9 transgene Ferkel wurden 

geboren.  

 

3) Eine PfF-Transfektion wurde mit dem Vektor pEF1/HisAhA20 durchgeführt. Daraus 

resultierten 33 Zellkolonien. Neun davon wurden für das Klonen ausgewählt. Insgesamt 

wurden 3 von 4 möglichen Trächtigkeiten erzielt (75%). Aus 375 übertragenen geklonten 

Embryonen resultierten 15 in Nachkommen. Damit konnte eine Kloneffizienz von 4% 

erzielt werden. Von den 15 Nachkommen waren 12 transgen (80%). PfF von transgenen 
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Feten wurden erneut im Klonen eingesetzt und 2 von 3 Embryotransfers resultierten in 

Trächtigkeiten (66,6%). Die Kloneffizienz lag bei 1,5%; 4 transgene Ferkel wurden 

geboren. 

 

4) Transgene Tiere wurden mit Hilfe von RT-PCR, Real-Time PCR, Northern Blot, 

immunohistochemischen Analysen und Western Blot auf das hA20-Expressionsmuster 

untersucht. Der Expressionsvektor pCAGGSEhA20-IRESNEO zeigte Expression von 

hA20 in quergestreifter Muskel, Herz, sowie frisch isolierten und kultivierten porzinen 

Endothelzellen der Aorta (PAECs). Der Vektor pEF1/HisAhA20 wurde nicht exprimiert. 

 

5) Funktionelle Analysen, die in vitro mit kultivierten PAECs durchgeführt wurden, zeigten, 

dass hA20-transgene PAEC, in Gegenwart von hTNF-α, eine signifikant niedrigere 

Apoptoserate als die Wildtypkontrollen aufwiesen. Keine signifikanten Unterschiede 

wurden bezüglich der Expression der Endothelzell-Aktivierungsmarker ICAM-I, VCAM-

I und E-Selektin gefunden.  

 

6) Im Ischämie-Reperfusions-Modell wurden Herzen von 4 hA20-transgenen und 3 

Wildtypschweinen getestet. Es konnten signifikante Unterschiede in subendocardial 

segment shortening (SES) nachgewiesen werden, wo hA20-transgene Tiere verbesserte 

kontraktile Herzleistungen aufwiesen. Für die restlichen untersuchten Parameter 

(Myeloperoxidase-Aktivität und Infarktgrösse) wurden keine signifikanten Unterschiede 

gefunden. 

 

Dies ist die erste Studie, die über die Produktion und Charakterisierung von hA20-transgenen 

Schweinen berichtet. Die Ergebnisse sind ein wichtiger Fortschritt für die Produktion 

transgener Schweine für Xenotransplantationsexperimente. Die Ferkel zeigten eine normale 

Entwicklung. Die Ergebnisse zeigen zudem, dass der Bedarf an optimalen Promotorelementen 

für die Produktion von transgenen Schweinen hoch ist.  

Die Kloneffizienz lag zwischen 1,5 und 5% je nach Donorzelle. Diese Ergebnisse liegen über 

den sonst erzielten Resultaten von ~1%.  
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HA20 transgene Zellen und Gewebeproben bzw. Organe wurden in vitro and in vivo 

funktionellen Tests unterzogen, und die Ergebnisse konnten publizierte Resultate in anderen 

biologischen Systemen teilweise bestätigen. 

Die Ergebnisse zeigen, dass A20 ein interessantes Kandidatengen für die zukünftige 

Xenotransplantationsforschung ist. Es sollte bei der Generierung von multi-transgenen 

Schweinen auf der Basis von α1,3-Galaktosyltransferase Knockout-Schweinen mit 

einbezogen werden. Daraus könnten Schweineorgane resultieren, die sowohl die HAR als 

auch die AVR positiv beeinflussen.  
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9 APPENDIX 

9.1 Composition of cell culture media 

Component Manufacturer Amount  Final 

concentration 

DMEM (1x) PAA 500 ml   

L-Glutamine Sigma, G-8540 5.05 ml 

from a solution 

containing 

2.9% 

2 mM 

β-

Mercaptoethanol 
Sigma, M-7522 506 µl 

from a solution 

containing 1M 
0.1 mM 

67a or 87b ml of 

this solution was 

supplemented 

with: 

    

Penicillin G 
Sigma, PEN-

NA 
100 U/ml 

Streptomycin 

sulfate 
Sigma, S-6501 

1 ml 

from a solution 

containing 0.6 

g Penicillin G 

and 1.0 g 

Streptomycin 

sulfate 

50µg/ml 

Fetal Calf Serum 

(FCS) 

Gibco, 10270-

106 

30 mla or 10 

mlb 
  

MEM Non-

essential Amino 

Acid Solution 

Sigma, M-7145 1 ml   

Sodium 

Pyruvate 

Gibco, 11360-

039 
1 ml  1 mM 

aAmounts used to make T3-medium 
bAmounts used to make D10-medium 
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9.2 Medium and additives for cultivating bacteria 

Component Manufacturer Amount 

Trypton Sigma Aldrich 10 g 

Yeast extract DIFCO 5 g 

NaCl Roth 10 g 

Destilled H2O  1 l 

Kanamycin Sigma Aldrich 25 µg/ mL 

 

When culturing bacteria on agar plates, Agar-Agar was added (1.5% (w/v) Bacto-Agar, 

DIFCO, Detroit, Michigan, USA)  

 

9.3 Buffers 

2X Rapid Ligation Buffer  

60 mM Tris-HCl (pH 7.8) 

20 mM MgCl2 

20 mM DTT 

2 mM ATP 

10% polyethylene glycol (MW8000, ACS Grade) 

 

AccI (#R0161L, 10.000 units/mL, New England Laboratories, Frankfurt a.M., Germany) 

 

PvuI (#R0150L, 10.000 units /mL, New England Laboratories, Frankfurt a.M., Germany) 

 

NEB buffer 4 (#B7004S, New England Laboratories, Frankfurt a.M., Germany)  

 

NEB buffer 3 (#B7003S, New England Laboriatories, Frankfurt a.M., Germany) 
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Mammalian cell lysis buffer: 

10% SDS-solution  20 µl  

Proteinase k (20 mg/ml) 25 µl 

10x PCR buffer  1 ml 

sterile water    8.955 ml 

RIPA lysis buffer: 

50 mM TrisCl pH 5.0  

150 mM NaCl  

0.5% Triton X 100 

1 mM PMSF 

 

Tail lysisbuffer 

50 mM Tris-HCl pH 8.0 

100 mM NaCl 

100 mM EDTA 

1% SDS 

 

2x sample buffer (protein denaturation) 

100 mM Tris, pH 6.8 

20% Glycin 

2% SDS 

0.2 mg/ml Bromophenol blue 

0.4 M DTT 

 

10x RT buffer (Invitrogen) 

50 mM KCl 

10 mM Tris-HCl, pH 8.3  
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