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ABSTRACT 
 

Xenotransplantation is considered as a promising strategy to surmount donor organ 

shortage in transplantation. However, there are several hurdles for successful 

xenotransplantation such as immunological graft rejection, safety of donor organ, and 

ethical issues. To surmount the immunological graft rejection, generation of transgenic 

pigs is considered as one of strategies. Actually, hyperacute rejection (HAR) was 

overcome by the generation of α1,3-galactosyltransferase (GalT) KO pigs and/or human 

complement regulatory proteins (hCRPs). However, acute humoral xenograft rejection 
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(AHXR) is still remained. To surmount the AHXR, new transgenic pigs to reduce 

immunological responses were needed using anti-inflammatory, anti-apoptotic, and 

cytoprotective genes.  

In this study, to effective selection of target genes which have anti-inflammatory, 

anti-apoptotic, and cytoprotective effects, in vitro function tests were performed. Anti-

inflammatory gene (shTNFRI-Fc), anti-apoptotic and cytoprotective gene (heme 

oxygenase1; HO1), and combination of two genes were validated. In human TNF-α 

stimulation, expressions of adhesion molecules and chemokines were reduced in 

shTNFRI-Fc expressing porcine endothelial cells. In addition, combination of shTNFRI-

Fc and HO1 showed better cell viability in TNF-α with CHX or H2O2 treated NPCCs than 

that of single gene expressing NPCCs.  

Based on the in vitro function tests, shTNFRI-Fc transgenic pig was generated by 

somatic cell nuclear transfer and performed validation of transgene expression in 

transgenic pig tissue and function in hTNF-α stimulation. shTNFRI-Fc transgenic pig 

serum showed effective inhibition in human TNF-α treated porcine endothelial cells. In 
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addition, F1 generation of shTNFRI-Fc transgenic pig was generated successfully by 

natural breeding with wild-type pig. Three of seven piglets showed the expression of 

shTNFRI-Fc. 

In addition, double transgenic pigs expressing shTNFRI-Fc and HAHO1 were also 

generated by SCNT. Transgene insertion and copy number was confirmed by southern 

blot. Expression of each transgenes was confirmed by western blot and 

immunohistochemistry (IHC) in various tissues derived from transgenic pigs. The 

function of transgenes was confirmed by the measurement of cell viability and Caspase-

3/-7 activity in hTNF-α with CHX treatment. Double transgenic pig cells showed more 

protective effects than wild-type and single transgenic pigs.  

On the other hands, another target molecules related with thrombin generation was 

validated. Fibrinogen-like protein2 (FGL2) is known as direct prothrombinase which 

produce thrombin from prothrombin without classical prothrombinase complex (Factor 

Xa/Factor Va). FGL2 up-regulation through CD40 stimulation induced an increase of 

thrombin generation. Knock-down of FGL2 or CD40 showed decrease of thrombin 
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generation. These results indicate that CD40-CD40L signaling may up-regulate the 

expression of FGL2 and increase thrombin generation. Therefore, blocking the CD40 

signal or lacking FGL2 might be helpful to surmount AHXR. 

In summary, selected target genes were validated their function in inflammation or 

apoptosis condition. shTNFRI-Fc or combination of shTNFRI-Fc and HAHO1 showed 

better effect. The expression and function of target genes in shTNFRI-Fc transgenic pig 

and shTNFRI-Fc-2A-HAHO1 double transgenic pigs were confirmed by measuring cell 

viability in cytokine-mediated apoptotic circumstances. Furthermore, FGL2, another 

target gene, up-regulation by CD40 signal was confirmed and increase of thrombin was 

also confirmed. 

In conclusion, to overcome the AHXR, validations of the function of target genes 

were performed and transgenic pigs with anti-inflammatory, anti-apoptotic, and 

cytoprotective genes were successfully generated in this study. Transgenic pigs generated 

in this study showed effective anti-inflammatory, anti-apoptotic and cytoprotective 

function. All things taken together, transgenic pigs produced in this study might be 
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helpful to surmount the AHXR and contribute to successful xenotransplantation through 

the combination with other genetic modification to overcome the hypaeracute rejection 

(i.e. GalT knockout and transgenic of complement regulatory proteins). 
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Chapter 1. General Introduction and literatures review 

 

 

1. Xenotransplantation 

 

 

Xenotransplantation which is transplantation of organs, tissues, or cells between the 

different species is a promising strategy to solve the shortage problem of human donor 

organs. Generally, non-human primates such as chimpanzees, baboons, or rhesus 

monkeys were thought to be the best donor for xenotransplantation. However, non-human 

primates have disadvantages such as endangered species, difficulty of breeding, ethical 

issues, and high risk of infection. Pigs are considered to be the preferred source animal 

for xenotransplantation. Similarity in organ size and physiology with human, rapid breed, 

and possibility of genetic modification could enhance their use as an organ source [1].  

There are several obstacles such as immunological barrier, different physiology, 

and safety issue to be surmount for successful clinical xenotransplantation. Major three 

xenograft rejections are exist in immunological barrier. Hyperacute rejection (HAR) as a 

first barrier mediated by anti-α1,3Gal xeno-reactive natural antibodies (XNAs). 

Antibody-mediated complement activation, wide spread interstitial hemorrhage, and 

thrombosis is key features in HAR [2]. To overcome the HAR, GGTA1, α1,3Gal 

synthesizing enzyme (α1,3-galactoyltransferase; α1,3GalT) coding gene, knockout pigs [3, 
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4] and/or human complement regulatory proteins (hCRPs) such as CD46, CD55, CD59 

transgenic pigs [5] were generated. The generation of GalT KO pigs and hCRPs 

transgenic pigs is lead to overcome the HAR.  

Although HAR have been overcome, another barrier called acute humoral xenograft 

rejection (AHXR) is still remained. AHXR is mediated by residual xeno-reactive natural 

antibodies to bind non-Gal antigens, complements, and endothelial cell activation [1, 6]. 

Prominent features of AHXR are activation of endothelial cells and injury. Anti-

coagulant circumstances change to pro-coagulant environment and lead to thrombotic 

microangiopathy and disseminated intravascular coagulopathy (DIC) [7]. To overcome 

the AHXR, various transgenic pigs were generated such as human CD39, endothelial 

protein C receptor (EPCR), heme oxygenase (HO1), thrombomodulin, and tissue factor 

pathway inhibitor (TFPI) [8]. Transgenic pigs may be used with a combination of GalT 

KO, hCRPs, and the other genetic factors to reduce immune responses of xenograft 

rejection process in xenotransplantation. 

Pig-to-nonhuman primate xenotransplantation is considered as the standard model 

for the validation of immune responses against porcine organs and cells in primate. 

Nowadays, in pig-to-nonhuman primate xenotransplantation, survivals of transplanted 

porcine organs or cells increase significantly compared with that of late of 1990’s [9]. In 

heart xenotransplantation, the longest survival of heterotopically transplanted heart was 

reported to be more than 12 months [10-13]. Survivals of orthotopic porcine heart 

xenotransplantation was reported maximum 57 days [14]. In pig-to-nonhuman primate 

kidney xenotransplantation, survivals of transplanted porcine kidney were shown 
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maximum 90 days [15]. In addition, when porcine kidney was co-transplanted with 

porcine thymus (thymokidney), the survivals of kidney graft were marked 83 days [16]. 

Porcine islets xenotransplantation is the closest field to clinic. The survivals of pig islets 

in pig-to-nonhuman islets xenotransplantation model were reported more than 6 months 

and some reports showed more than 1 year [17-22]. Unlike the xenotransplantation of 

solid organs, xeno-islets combined with encapsulation technique (i.e. micro-encapsulated 

porcine islets or macro-capsulated porcine islets) or mesenchymal stem cells (i.e. bone-

marrow-derived or adipose-derived) were also used in pig-to-nonhuman primate islets 

xenotransplantation [23, 24]. Although detailed reports are not enough, 

xenotransplantation of pig islets have been performed the clinical trials in some countries 

[25-27]. In addition, corneal xenotransplantation is other field close to clinical application. 

Recent reports showed that the survivals of porcine cornea in pig-to-nonhuman primate 

xenotransplantation model were marked more than 1 year [28, 29]. 

 

 

2. Selection of target genes for transgenic pig 

 

 

The generation of transgenic pigs is promising strategy to overcome the xenograft 

rejection. After middle of 1990’s, genetic modified pigs were developed such as GalT KO 

pigs and hCRPs transgenic pigs to overcome the immunological barrier in 
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xenotransplantation. After the generation of GalT KO pigs, transgenic pig generation 

strategy focused on the overcome the AHXR.  

The key features of AHXR is activation and injury of endothelial cells, thrombotic 

microangiopathy. Indeed, porcine anti-coagulant molecules cannot act their function 

because of molecular incompatibility between human and pig [30]. Therefore, 

combination of anti-coagulant or anti-thrombotic gene such as TFPI, hirudin, CD39, or 

lacking of fibrinogen-like protein2 (FGL2) to control a coagulation circumstance is 

considered as a target genes for genetic modification of pigs. 

In addition, immunosuppressive genes are also considered as target genes for 

genetic modification of pigs. Tissue-specific or site-specific expression of 

immunosuppressive gene such as CTLA4-Ig may prolong the xenograft [31].  

To control cell-mediated rejection, several genes such as human TNF alpha-related 

apoptosis inducing ligand (TRAIL), HLA-E, β2-microglobulin (Beta 2M) is considered 

as target genes. TRAIL can induce apoptosis of primary plasma cells and decrease the 

lifespan of neutrophil [32-34]. Also TRAIL can inhibit the primarily T cell mediated 

rejection of corneal allograft [35]. Few studies reported that HLA-E expression showed 

partial protective effects to xenogeneic human NK cell cytotoxicity [36-38] 

For overcome the various rejection mechanisms of xenotransplantation, selection 

of target genes for the generation of transgenic pigs is important process. Based on the 

GalT KO and hCRPs, the combinations of effective target genes may lead to surmount 

immunological barrier in xenotransplantation. 
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3. Generation of genetically modified pigs for xenotransplantation 

 

 

Genetic modification of pigs is important technique for the biomedical use of pigs. 

In 1985, production of transgenic pig by microinjection was reported for the first time 

[39]. However, microinjection was not suitable because of low efficiency and transgenic 

mosaicism [40, 41]. Sperm-mediated gene transfer (SMGT) is another technique to 

generate genetically modified animals and SMGT have a higher efficiency of transgene 

integration than that of microinjection [42]. Although SMGT have higher efficiency, 

SMGT is not common method in the generation of genetically modified pigs. Only a few 

pigs were generated by SMGT [43]. In the generation of genetically modified pigs, 

somatic cell nuclear transfer (SCNT) is commonly used. After successful generation of 

cloned sheep, “Dolly”, by using SCNT for the first time [44], various mammalian large 

animals were successfully cloned by using SCNT including calves, goats, pigs, cats, 

rabbits, horses, and dogs [45-51]. Furthermore, the combination of SCNT and emerging 

genome editing technique (i.e. ZFNs, TALENs, CRIPR/Cas9 system) can promote 

precise genetic modifications and generation of genetically modified animals [52-59].  

In xenotransplantation field, genetically modified pigs are important sources to overcome 

the immunological barriers. To surmount HAR, GalT KO pigs lacking functional GGTA1 

expression were generated ([3-5, 60, 61]. In addition, generation of the genes coding 

competitive glycosylation enzyme such as human α-1,2-fucosyltransferase (α-1,2-FT) [62, 

63] or human β-1,4-N-acetylglucosaminyltransferase III (GnT-III) [64]. Another 
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approach to surmount the HAR is the expression of human complement regulatory 

protein such as CD46 (MCP) [65-67], CD55 (DAF) [68-73], and CD59 [69, 74-76]. In 

addition, multiple transgenic pigs for CD46, CD55, and/or CD59 were also generated 

[77-83] and multiple transgenic pig with various combinations of target genes were 

generated [5, 71, 84, 85]. To overcome AHXR, anti-coagulant or anti-thrombotic or anti-

apoptotic target gene expressing transgenic pigs were generated [8, 86, 87]. And 

transgenic pigs were also generated to surmount cell mediated rejection and remove 

endogenous retrovirus [88-92]. 

Since 2011, numbers of newly generating transgenic pigs were increased 

explosively. Especially, multiple transgenic pigs combined with GalT KO, hCRPs, and 

other immune modulatory genes were rapidly increased (Fig. 1) [59, 93-97]. 

 

Figure 1. Generation of genetically modified pigs.  
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4. Multi-genetic modifications of pigs using polycistronic 

expression system containing 2A peptide 

 

 

To overcome the xenograft rejection, several genetic modifications of pigs are 

essential because of the complexity of immune system. Generally, multiple transgenic 

pigs generated by breeding [82] or transfection of multiple plasmid expressing target gene 

[80]. However, breeding between transgenic pigs is time-consuming methods and 

expression level of transgenes may decrease over time. On the other hand, transfection of 

multiple plasmid express transgene can express transgenes at various expression level. 

The other methods are the use of polycistronic expression system by internal ribosome 

entry site (IRES) or 2A peptide. Various IRESs originated from viral genome or 

eukaryotic mRNA were known and used [98]. However, major problem of IRES is that 

the expression of the second gene after IRES sequences is reduced compared with the 

expression of the first gene before IRES sequences in mammalian cells [99, 100]. In 

addition, the efficiency of translation was variable depending on the origin of IRESs or 

cell types [101, 102] because different IRES require different IRES transacting factors 

(ITAFs) [103, 104].  

Recently, 2A peptide or 2A peptide-like sequences derived from several viruses 

such as foot and mouth disease virus (FMDV) and cardiovirus was emerged for the 

polycistronic expression system. Although 2A peptide or 2A peptide-like sequences were 
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first found in picornaviruses, it was also found in various virus system including insect 

viruses and rotaviruses. 2A peptide or 2A peptide-like sequences compose average 18-22 

amino acids containing functionally important motif, D(V/I)EXNPGP. Cleavage occur 

between the last two residues, glycine and proline through ribosomal skip [105]. The 

advantages of 2A peptide are small size and efficient co-expression of genes located 

before and after 2A peptide sequences. Furthermore, genes located after 2A peptide 

sequences can express higher level compared with genes following IRES sequences [106-

108]. Therefore, many transgenic animals were produced by using 2A peptide or 2A 

peptide-like sequences from zebra fish to large animals [109-112]. 

 

 

5. Purpose of research 

 

 

As mentioned above, generation of transgenic pigs to surmount immunological 

barrier is key step in xenotransplantation. The first step of the genetically modified pig 

generation is a selection of target genes. 

Therefore, in this study, the selection of effective target genes, the generation of 

transgenic pig, and the validation of expression and function of target genes in transgenic 

pigs were performed. Target genes which have anti-inflammatory, anti-apoptotic, and 

cytoprotective effects were selected by in vitro experiments using porcine endothelial 
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cells and neonatal porcine islet-like cell clusters (NPCCs). And then single or double 

transgenic pigs were generated and validated the expression and function using materials 

originated from transgenic pigs. 

 



11 

 

Chapter 2. General Methodology  

 

 

1. Cells and Cell culture 

 

 

In this study, porcine aortic endothelial cell line (MPN3) [113]was used for in vitro 

function test. Human T cell line, Jurkat D1.1 was used for co-culture with MPN3 cells. 

Target gene transfected porcine fetal fibroblasts which isolated from White Yucatan 

miniature pig fetuses on day 35 were used for SCNT donor cells. Fibroblasts isolated 

from neonatal transgenic pigs were used for validation of target gene expression and 

function. Neonatal porcine islet-like cell clusters (NPCCs) were isolated from 1- to 3-

day-old neonatal piglets. NPCCs were used for the validation of target gene function. All 

cells except NPCCs were maintained in Dulbecco’s Modified Eagle Medium (DMEM) 

(WelGENE, Daegu, Korea) supplemented with 10% or 20% (v/v) fetal bovine serum 

(FBS) (Gibco, Life Technologies, Carlsbad, CA, USA), and 1% antibiotic/antimycotic 

(Gibco) at 37℃ containing 5% CO2. NPCCs were cultured in Ham’s F10 medium 

(Gibco, NY, USA) supplemented with 180 mg/dL glucose, 50 μM 

isobutylmethylxanthine, 0.5% bovine serum albumin (Fraction V), 2 mM L-glutamin, 3 

mM CaCl2, 10 mM nicotinamide (all chemicals purchased from Sigma Aldrich, MO, 

USA), and 1% penicillin-streptomycin solution (Invitrogen, CA, USA). 
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2. Production of transgenic pigs 

 

 

2.1 Isolation of fetal fibroblast from White Yucatan miniature pig 

 

 

35-days-old White Yucatan miniature pig fetuses were harvested and fetal 

fibroblasts were isolated as described in previous studies [114-116]. Briefly, the fetuses 

were washed three times in Ca2+- and Mg2+-free DPBS (Invitrogen, CA, USA) and 

embryonic internal organs were removed from the abdominal cavity using dissecting 

forceps and minced with a surgical blade. The minced tissues were dissociated in TrypLE 

Express (Invitrogen, CA, USA) for 10 min at 37 °C. Trypsinized cells were washed three 

times in DPBS and seeded onto 100-mm plastic culture dishes (Becton Dickinson, NJ, 

USA). Cells were cultured for 3–7 days in Dulbecco's modified Eagle's/Nutrient Mixture 

F-12 medium (DMEM/F12) supplemented with 10% (v/v) FBS (Invitrogen, CA, USA), 1 

mM Glutamax I, 25 mM NaHCO3, 1% (v/v) minimal essential medium, nonessential 

amino acid solution and 1% (v/v) Antibiotic-Antimycotics (Invitrogen, CA, USA) at 

39 °C in a humidified atmosphere of 5% CO2. After removal of unattached clumps of 

cells or explants, attached cells were further cultured to confluence. The cells were 

subcultured (at intervals of 3–5 days) by trypsinization for 1 min. Trypsinized cells were 

allocated to three new dishes for further passaging, or stored in liquid nitrogen at −196 °C. 
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2.2 In vitro maturation of porcine oocytes 

 

 

Ovaries were collected at a local slaughter house and stored in sterile physical 

saline at 30-35°C during transportation. Cumulus-oocyte complexes (COCs) were 

aspirated from antral follicles (3-6 mm) with an 18-gauge needle attached to a 10 mL 

disposable syringe. COCs with several layers of cumulus cells and uniform cytoplasm 

were chosen and cultured in tissue culture medium (TCM)-199 (Invitrogen, CA, USA) 

supplemented with 10 ng/mL EGF, 0.57 mM cysteine, 0.91 mM sodium pyruvate, 5 μg/ 

mL insulin, 1% (v/v) Pen-Strep(Invitrogen), 0.5 μg/mL follicle stimulating hormone 

(FSH), 0.5 μg/mL luteinizing hormone (LH) and 10% porcine follicular fluid at 39°C in a 

humidified atmosphere of 5% CO2, first, with FSH and LH for 22 hr and then without 

them for a further 18-20 hr. COCs were washed at each step. 

 

 

2.3 Somatic cell nuclear transfer (SCNT) 

 

 

After a maturation, oocytes were denuded by pipetting with 0.1% hyaluronidase in 

Dulbecco’s PBS (DPBS) supplemented with 0.1% polyvinyl alcohol. Denuded oocytes 

with evenly-granulated and homogeneous cytoplasm were selected and then utilized for 

SCNT. Cumulus-free oocytes were placed in TALP media supplemented with 5 μg/mL of 
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cytochalasin B. The first polar body and adjacent cytoplasm were removed with a beveled 

micro-pipette (ORIGIO Humagen Pipets Inc., VA, USA). Enucleation was confirmed by 

staining the cytoplasm with 0.5 μg/mL Hoechst 33342 during manipulation. A single 

transgenic fibroblast cell with a smooth surface was selected under a microscope and 

transferred into the perivitelline space of enucleated oocytes. Membrane fusion was 

performed. Briefly, cell-oocyte complexes were placed in a 280 mM mannitol solution 

(pH 7.2) containing 0.1 mM MgSO₄, 0.01% (w/v) PVA, and 0.5 mM HEPES and held 

between two electrode needles. Membrane fusion was induced with an electro cell fusion 

generator (LF101, Nepagene, Ichikawa, Japan) by applying a single direct current pulse 

(200 V/mm, 30 μs) and a pre- and post-pulse alternating current field of 5 V, and 1 MHz, 

for 5 sec. The reconstructed embryos were cultured in porcine zygote medium-5 (PZM-5) 

(Funakoshi, IFP0410P, Tokyo, Japan) for 1 to 1.5 hr and then subjected to electrical 

activation. Reconstructed embryos were washed three times in an activation solution 

comprising 280 mM mannitol, 0.1 mM CaCl₂, 0.1 mM MgSO₄ and 0.01% (w/v) PVA 

and were activated by with a single 1.5 KV/cm DC pulse for 60 μs using a BTX Electro-

Cell Manipulator 2001 (BTX Inc., MA, USA). Activated embryos were washed and 

transferred into 500 μl of PZM-5 covered with mineral oil. PZM-5 was maintained under 

a humidified atmosphere of 5% CO2, 5% O2, and 90% N₂ at 38.5°C until embryo transfer. 
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2.4 Embryo transfer 

 

 

Reconstructed transgenic embryo were cultured in vitro for 1-2 days and 

morphological normal embryos were selected. Then 90-120 embryos were transferred to 

an estrus-synchronized recipient. One oviduct was exposed by laparotomy and the straw 

containing embryos was put directly into the oviduct of the recipient and embryos were 

expelled from the straw using 1 ml syringe (Becton Dickinson, NJ, USA). Recipients 

were checked for pregnancy by ultrasonography at day 30 after embryo transfer and 

transgenic pigs were delivered by caesarian section. 

 

 

3. Validation of the expression and the function of transgenes 

 

 

3.1 Semi-quantitative RT-PCR 

 

 

Total RNA was isolated from cells and tissues by using RNA isolation kit (Qiagen 

Korea, Seoul, Korea) following manufacturer’s manual. One microgram of isolated total 

RNA was reverse-transcribed for cDNA synthesis as described previously [117]. 
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Polymerase chain reaction (PCR) was performed using cDNA and specific primer set of 

target genes. GAPDH was used for the semi-quantitative titration for cDNA samples. 

 

 

3.2 Southern blot 

 

 

Genomic DNA was isolated from cells using the G-DEX II genomic DNA 

extraction kit (Intron Biotechnology, Seoul, Korea). Fifteen micrograms of genomic 

DNA were digested appropriate restriction enzyme and separated on a 0.8% agarose gel. 

The probe corresponding to neomycin cDNA (795 bp) was synthesized using PCR DIG 

Probe Synthesis kit (Roche, Mannheim, Germany) with the primer set 5′-

aggctattcggctatgactggg-3′ (upstream) and 5′-aagaaggcgatagaaggcgatg-3′ (downstream). 

The resulting probe was labeled with digoxin alkaline phosphatase and purified by 

agarose gel electrophoresis before hybridization. Detection of labeled DNA on the 

positively-charged nylon membrane was performed using a DIG luminescent detection 

kit (Roche, Mannheim, Germany). 

 

 

3.3 Flow cytometry (FACS) for adhesion molecules 
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Cells were trypsinized and resuspended in FACS buffer (1 x Hank’s balanced salt 

solution, HBSS). Resuspended cells were incubated for 30 min on ice with appropriate 

primary antibody. Then incubated cells were washed three times with HBSS and 

incubated for 20 min on ice in dark with secondary antibody conjugated with appropriate 

fluorescence such as fluorescein isothiocyanate (FITC) and phycoerythrin (PE). After 

incubation, cells were washed three times with HBSS and resuspend. Stained cells were 

analyzed by FACS Callibur system with CELLQUEST software (Becton-Dikinson, CA, 

USA).  

 

 

3.4 Western blot  

 

 

Cells were harvested and lysed with RIPA buffer (BIOSESANG, Seongnam, 

Korea) containing protease inhibitor cocktail (Complete MiniTM; Roche, NJ, USA). 

Concentration of total lysates was measured by Bradford method. Ten micrograms of 

total proteins were used for sodium dodecyl sulfate-polyacrylamide gel electrophoresis 

(SDS-PAGE) and transferred to polyvinyl difluoride (PVDF) membrane (Merck Milipore, 

MA, USA) using the wet transfer system (Bio-rad, CA, USA). The transferred membrane 

was blocked by TBST (Tris Buffered Saline containing 0.1% tween 20) with 5% skim 

milk (Becton Dickinson, CA, USA). Then the membrane was incubated with appropriate 

primary antibodies for 1 hr in room temperature and washed three times with TBST. 
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After wash, the membrane was incubated with horseradish peroxidase (HRP)-conjugated 

secondary antibodies for 1hr at room temperature and washed the membrane three times 

with TBST. Chemiluminescent signal detection was performed by AbSignalTM (AbClone, 

Seoul, Korea). 

 

 

3.5 Immunofluorescence microscopy 

 

 

Cells attached on the poly-L-lysine (0.01%, Sigma Aldrich, St. Louis, MO, USA) 

coated coverslip and washed three times by phosphate buffered saline (PBS). Then cells 

were fixed by 4% paraformaldehyde for 10 min at room temperature. After fixation, cells 

were washed three times by PBS and incubated in blocking solution (2% bovine serum 

albumin in PBS) for 1 hr at room temperature. Then cells were incubated with appropriate 

primary antibodies for 1 hr at room temperature and washed three times by PBS. After 

primary antibody incubation, cells were incubated with fluorescence conjugated 

secondary antibodies for 1 hr at room temperature. These cells were washed three times 

with PBS and mounted on glass slides using FluorshieldTM with 4’,6-diamino-2-

phenylindole (DAPI; Sigma Aldrich, St. Louis, MO, USA). Cell images were obtained 

using a LSM5 PASCAL confocal microscope (Zeiss, Oberkochen, Germany). 
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3.6 Measurement of Cell viability and caspase-3/-7 activity 

 

 

Cell viability was measured at various times by using the CCK-8 solution 

following the manufacturer’s manual (Dojindo Laboratories, Kumamoto, Japan). Briefly, 

same numbers of cell were seeded into 24-well plate. CCK-8 solution was added one of 

tenth of the media volumes to each well of the plate. Then the plate was incubated for 

appropriate time (i.e. 4 h for NPCCs and 1 h for fibroblasts) at 37 °C under a humidified 

atmosphere of 5% CO2. The absorbance was detected by microplate reader (PowerWave 

XS, Bio-Tek, VT, USA) at 450 nm. 

Caspase-3/-7 activity was checked at various times after stimulation by using the 

Caspase-Glo®3/7 reagent (Promega, WI, USA) following the manufacturer’s manual. 

Briefly, detached fibroblasts or NPCCs were washed three times with PBS and then 

resuspended in 100 μl PBS. Same volume of the Caspase-Glo® reagent was added to 

resuspended samples and incubated at 37 °C for 10 min. After incubation, the caspase-3/-

7 activity was measured by luminometer (VICTORTM Light, PerkinElmer, MA, USA). 
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Chapter 1. Protective effects of target genes in stimulated 

porcine endothelial cells or neonatal porcine islet-like cell 

clusters. 

 

 

1. Introduction 

 

 

The transgenic pig generation is important technique for successful 

xenotransplantation [118]. The generation of α1,3-galactosyltransferase (GGTA1) knock-

out (GalT KO) pigs and human complement regulatory proteins (hCRPs) expressing 

transgenic (hCRP TG) pigs lead to surmount the hyperacute xenograft rejection (HXR) 

[3-5, 60, 68]. However, acute humoral xenograft rejection (AHXR) is still observed 

although organs from GalT KO and/or hCRP TG pigs transplanted to non-human 

primates [16, 119, 120]. 

Molecules involved in AHXR have been discovered and this information has led 

to generation of new transgenic pig which can diminish the residual immunological 

hurdles of GalT KO and hCRPs transgenic pigs [31, 121]. In this respect, the 

proinflammatory mediators released by infiltrating host innate immune cells such as 

macrophage, neutrophils, and Natural killer (NK) cells is important factors [122, 123]. 
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Among the proinflammatory mediators, Tumor Necrosis Factor- α (TNF-α) is important 

factor. Many human cytokines such as IL-4, IL-1β, and INF-γ can’t stimulate porcine 

cells directly. However, human TNF-α can stimulate porcine endothelial cells directly 

through the binding with their receptors such as TNFRI or TNFRII, resulting in up-

regulation of SLA class I/II, B7 molecules (B7-1, B7-2), adhesion molecules such as 

VCAM-1, E-selectin [124], ICAM-1 [125], and chemokines such as RANTES and IP-10 

[126, 127]. In addition, previous many studies reported multiple role of TNF-α in 

allograft and xenograft rejection [128-133] 

The blockade of TNF-α can be reduce AHXR and instant blood mediated 

inflammatory reaction (IBMIR) by inhibiting inflammation, cell activation, and apoptosis. 

Several studies have described that beneficial effect of TNF-α blockade such as inhibition 

or reduction of SLA and adhesion molecules expression on porcine endothelial cells, 

prevention or reduction of xenograft rejection [128, 134, 135]. 

On the other hand, heme oxygenase 1 (HO1) was also considered as a candidate 

of target gene for the generation of transgenic pig for xenotransplantation because of its 

strong anti-oxidative, anti-apoptotic, and anti-inflammatory effects [136]. HO-1 

expression is induced by various stimulation such as inflammation, hypoxia, and 

oxidative stress. Induced HO-1 produce 3 products (carbon monoxide, free iron, 

biliverdin) through the degradation of heme and each produced products have anti-

oxidative, anti-inflammatory, and anti-apoptotic effects [137]. In addition, HO-1 have 

other beneficial functions such as modulation of immune responses, induction of 

angiogenesis, and inhibition of platelet aggregation [138, 139].  In rodent cardiac and 
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lung xenotransplantation model, HO-1 was induced in endothelial cell and cardiac 

myocytes and the expression of HO-1 is associated with the prolongation of graft survival 

[140, 141]. 

In this study, protective effects of shTNFRI-Fc and combination of two genes 

(shTNFRI-Fc and HO-1) was investigated in stimulated endothelial cells or neonatal 

porcine islet-like cell clusters (NPCCs). 
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2. Materials and Methods 

 

 

2.1 Construction of target gene expression vector 

 

 

cDNA obtained from Jurkat E6.1, a human T cell line (ATCC No. TIB-152), was 

used for cloning of the extracellular domain of the TNF receptor I gene (sTNFRI; 633 bp). 

Polymerase chain reaction (PCR) was performed using specific primer sets (Table 1). 

Human Immunoglobulin G1 (hIgG1) Fc fragment (672 bp) was kindly provided by Prof. 

Junho Chung (Dept. of Biochemistry and Molecular Biology, College of Medicine, Seoul 

National University). shTNFRI-Fc were inserted into a mammalian expression vector, 

pcDNA3.1 (Invitrogen, CA, USA), using HindIII and XhoI restriction enzymes. 

For the construction of HA tagged HO1 (HAHO1) expression vector, PCR was 

performed using PBMC cDNA and HO-1 specific primer sets (Table 1). HO1 gene (867 

bp) was inserted into mammalian expression vector (pcDNA3.1) using EcoRI and XhoI 

restriction enzyme. KpnI and EcoRI restriction enzyme was used for the tagging of HA 

epitope.  

The shTNFRI-Fc and HA tagged HO1 genes were linked with 2A peptides which 

is nucleotides encoding 20 amino acids for the construction of bi-cistronic expression 
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vector. Two types of construct (shTNFRI-Fc-2A-HAHO1 and HAHO1-2A-shTNFRI-Fc) 

were inserted into the mammalian expression vector. 

 

 

2.2 Generation of single or double gene expressing adenovirus 

 

 

Adenoviruses were generated by previously mentioned protocol [142]. Briefly, 

target genes (shTNFRI-Fc, HA-HO-1, and shTNFRI-Fc-2A-HAHO-1) were cloned into a 

shuttle vector (pAdTrack-CMV) and linearized by the restriction enzyme (PmeI). To 

homologous recombination, linearized shuttle vector and adenoviral plasmid pAdEasy-1 

was mixed. Homologous recombined adenoviral plasmid was cut with PacI and 

introduced into HEK293 cells. Adenoviral plasmid transfected HEK293 cells were 

cultured for 1~2 weeks to generate plaques. Cells were harvested and lysed by 3times of 

freezing and thawing. After centrifugation, supernatant was applied to HEK293 cells for 

virus amplification. 

 

 

2.3 Isolation of neonatal porcine islet-like cell clusters (NPCCs) 

 

 



26 

 

NPCCs were isolated from 1- to 3-days old neonatal piglet’s pancreas. The 

pancreas was removed from neonatal piglet and digested with 2.5 mg/mL collagenase V 

(Sigma, MO, USA) and filtered through 500 μm stainless steel mesh. After filtration, 

filtrates containing NPCCs were cultured for 7-10 days at 37 °C and 5% CO2 in Ham’s 

F10 medium (Gibco, NY, USA) supplemented with 180 mg/dL glucose, 50 μM 

isobutylmethyxanthine, 0.5% bovine serum albumin (Fraction V), 2 mM L-glutamin, 3 

mM CaCl2, 10 mM nicotinamide (all chemicals purchased from Sigma Aldrich, MO, 

USA), and 1% penicillin-streptomycin solution (Invitrogen, CA, USA). The protocol for 

animal use was approved by the Institutional Animal Care and Use Committee of Seoul 

National University (12-2009-008-5) in accordance with the Guide for the Care and Use 

of Laboratory Animals of Seoul National University. 

 

 

2.4 Semi-quantitative RT-PCR for chemokine expression 

 

 

The recombinant human TNF-α (20 ng/mL) was added to single (HAHO1, 

shTNFRI-Fc) or double (HAHO1-2A-shTNFRI-Fc, shTNFRI-Fc-2A-HAHO1) transgene 

expression vector transfected MPN3 cells. Then the total RNA was isolated from these 

cells by using an RNA isolation kit (Qiagen Korea, Seoul, Korea) at various times (0, 2, 4, 

6, 8, 12 h). The isolated total RNA was reverse-transcribed for cDNA synthesis as 



27 

 

described previously [113]. PCR was performed using cDNA and specific primer sets of 

porcine chemokines (Table 1). 
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Table 1. Specific primer sequences of the examined genes and the expected length of 

the PCR product 

 

Name S/A* Sequences (5’  3’) Product size (bp) 

shTNFRI-Fc 

S 
ATA AGC TTA TGG GCC TCT CCA CCG 

TGC 
633 

A 
ATC TCG AGT CAT GTG GTG CCT GAG 

TCC TC 

Human IgG1 

Fc 

S ACA TGC CCA CCG TGC CCA GCA CC 

672 
A 

ATC TCG AGT CAT TTA CCC GGA GAC 

AGG G 

HO1 
S ATG GAG CGT CCG CAA CCC GAC AG 

867 
A TCA CAT GGC ATA AAG CCC TAC AG 

IP-10 

S CGA ATT CAT GAA CCA AAG TGC TG 

315 
A 

CTC GAG AGT AGT GCC GTG ATT 

ATG 

RANTES 

S 
ATG AAGGTC TCC ATC GCT GCC CTT 

C 
276 

A 
CTA GCT CAA CTC CAA GGA GTT 

GAT G 

* S : Sense primer. A : Anti-sense primer 
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2.5 Flow cytometry for adhesion molecule expression 

 

 

Expression of adhesion molecules (VCMA-1 and E-selectin) on MPN3 cells was 

evaluated. For VCAM-1, rabbit anti-VCAM1 antibody [143] and FITC-conjugated 

secondary antibody (rabbit IgG; Invitrogen, CA, USA) were used sequentially. MPN3 

cells were stained for E-selectin by RPE-conjugated mouse anti-human CD62E antibody 

(Southern Biotechnology, AL, USA). The stained cells were analyzed using a FACS 

Calibur system (Becton-Dickinson, CA, USA) with CELLQUEST software (Becton 

Dickinson). 

 

 

2.6 Measurement of cell viability in stimulated NPCCs 

 

 

The protective effects of each gene were assessed using adenovirus-transfected 

NPCCs. NPCCs were infected by adenoviruses-containing target gene sequences and 

treated with hTNF-α (20 ng/mL, eBioscience, CA, USA) and cycloheximide (CHX; 10 

μg/mL, Sigma Aldrich, MO, USA) for 24 h or H2O2 (400 μM, Sigma Aldrich, MO, USA) 

for 1 h. After treatments, cell viability was estimated by CCK-8 solution (Dojindo 

Laboratories, Kumamoto, Japan) following the instructor’s procedures. Each experiment 

was performed thrice. 



30 

 

 

2.7 Statistical analysis 

 

 

One-way ANOVA followed by a Bonferroni comparison test was performed for 

statistical analyses. Data were presented as mean ± SD and a p value less than 0.05 was 

considered significant. All analyses were performed using the GraphPad Prism® software 

(Version 6.01; GraphPad, CA, USA). 
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3. Results 

 

 

3.1 Target gene expression  

 

 

Four types of target gene expression vector was constructed. Schematic diagram 

was presented in Fig. 2A. Constructed target expression vector was introduced into an 

endothelial cell line (MPN3) using electroporation. The concentration of shTNFRI-Fc 

was measured by a shTNFRI-specific ELISA kit in the cell-culture media. The 

concentration of shTNFRI-Fc in shTNFRI-Fc-2A-HAHO1 transfected MPN3 cells was 

higher than that of sTNFRI-Fc or HAHO1-2A-shTNFRI-Fc. The expression of HAHO1 

was confirmed using western blot with an anti-human HO1 antibody. The expression 

level of HO1 in shTNFRI-Fc-2A-HAHO1 transfected MPN3 cells was similar to HO1 

expression level in HAHO1-2A-shTNFRI-Fc transfected MPN3 cells (Fig. 2B). Although 

the expression level is different, all constructs expressed target genes well. 
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Figure 2. Schematic diagram of target gene construct and expression of target genes. 

A) Schematic diagram of four different target gene constructs. B) Expression of four 

different target gene construct was confirmed by human sTNFRI specific ELISA and 

western blot. 



33 

 

3.2 Effects of target genes to reduce endothelial cell activation after TNF-α simulation 

 

 

After human TNF-α treatment, VCAM-1 expression increased in mock-transfected 

MPN3 cells (35.11%). However, VCAM-1 expression was negligible in the shTNFRI-Fc-

transfected MPN3 cells (6.86%). E-selectin expression markedly increased in the mock-

transfected MPN3 cells (43.3%) by hTNF-α treatment. However, E-selectin expression in 

the shTNFRI-Fc-transfected MPN3 cells increased slightly (Fig. 3). These results showed 

that shTNFRI-Fc could inhibit adhesion molecule induction on PECs in response to TNF-

α stimulation.  

In addition, combination of two genes (sTNFRI-Fc and HAHO1) using 2A system 

showed better protective effects in the circumstance related with inflammatory responses. 

After human TNF-α treatment, chemokine expression, IP-10 and RANTES, was reduced. 

Especially, the shTNFRI-Fc-2A-HAHO1 expressing MPN3 cells showed better inhibition 

in IP-10 and RANTES production than the shTNFRI-Fc or HAHO1-2A-shTNFRI-Fc 

expressing MPN3 cells (Fig. 4). Because the expression of shTNFRI-Fc and protective 

effect was low, HAHO1-2A-shTNFRI-Fc construct was not use for further experiments. 
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Figure 3. Decrease of adhesion molecule expression by shTNFRI-Fc.  

Expression of adhesion molecules (pig VCAM-1 and E-selectin) was confirmed by flow 

cytometry in porcine endothelial cells after human TNF-α treatment. 
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Figure 4. Decrease of chemokines expression by target gene expression. 

Chemokine (pig IP-10 and RANTES) expression was confirmed by RT-PCR in four 

different construct transfected porcine endothelial cells. 
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3.3 Effects of target genes to increase cell viability of NPCCs after the stimulation of 

apoptosis 

 

 

Adenoviruses containing target genes for the HAHO1, shTNFRI-Fc, and shTNFRI-

Fc-2A-HAHO1 genes were infected into NPCCs, respectively. After the treatments of 

TNF-α and CHX to target genes infected NPCCs, cell viability of shTFNRI-Fc-2A-

HAHO1 expressing NPCCs were higher than that of GFP or HAHO-1 expressing NPCCs. 

(Fig. 5A; Ad-shTNFRI-Fc-2A-HAHO1 vs. Ad-GFP, 62 ± 1.5% vs. 31.7 ± 1.1%, 

respectively, p < 0.01; Ad-shTNFRI-Fc-2A-HAHO1 vs. Ad-HAHO-1, 62 ± 1.5% vs. 46.9 

± 1.3%, respectively, p < 0.01). However, cell viability of the shTFNRI-Fc-2A-HAHO1 

expressing NPCCs were similar to that of shTNFRI-Fc (Fig. 5A; Ad-shTNFRI-Fc-2A-

HAHO1 vs. Ad-shTNFRI-Fc, 62 ± 1.5% vs. 64.3 ± 1.2%, respectively, p > 0.05). 

Following treatment with hydrogen peroxide (H2O2) in target genes expressing 

adenovirus infected NPCCs, shTNFRI-Fc-2A-HAHO1 expressing NPCCs showed the 

highest cell viability in comparison to the others (Fig. 5B; Ad-shTNFRI-Fc-2A-HAHO1 

vs. Ad-GFP, 89.2 ± 0.8% vs. 60.7 ± 1.0%, respectively, p < 0.01; Ad-shTNFRI-Fc-2A-

HAHO-1 vs. Ad-HAHO-1, 89.2 ± 0.8% vs. 74.6 ± 2.3%, respectively, p < 0.01; Ad-

shTNFRI-Fc-2A-HAHO-1 vs. Ad-shTNFRI-Fc, 89.2 ± 0.8% vs. 52.9 ± 0.9%, 

respectively, p < 0.01). 
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Figure 5. Protective effects of target gene expressing NPCCs against human TNF-α 

with cycloheximide (CHX) or hydrogen peroxide (H2O2). 

A) Cell viability of target gene expressing NPCCs after the treatment of human TNF-α 

(20 ng/mL) with CHX (10 μg/mL). B) Cell viability of target gene expressing NPCCs 

after the treatment of H2O2 (400 μM). 
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4. Discussion 

 

 

TNF-α can activates endothelial cells and inflammatory cells and also induces 

inflammatory mediators including chemokines. Initially, activated porcine endothelial 

cells may play a major role in recruiting host immune cells according to previous data of 

our own and others that showed chemotactic activity of porcine chemokines toward 

human immune cells across the species barrier [126, 144]. Later, infiltrated host immune 

cells can amplify inflammation by producing more TNF-α of host origin [145]. Since 

TNF-α can activate both porcine cells and host immune cells, blocking TNF-α is 

important to suppress not only activation of the graft tissue itself but also the 

amplification response by the host cells in xenograft rejection. 

Heme oxygenase-1 (HO1) is regarded as a promising cytoprotector in 

transplantation because HO1 suppresses the generation of oxygen radicals, inhibits TNF-

α mediated apoptosis [146], and has anti-inflammatory effects. The protective functions 

of HO1 depend on final products generated by HO1 mediated degradation of heme. HO1 

degrades heme into biliverdin, carbon monoxide (CO), and iron. Biliverdin is reduced 

into bilirubin, which is a strong antioxidant, inhibits endothelial activation, and 

complements activation and leukocyte infiltration [147, 148]. In addition, CO has anti-

apoptotic and anti-inflammatory effects through the activation of the p38 MAPK pathway 

[149]. CO also elevates intracellular cGMP, induces vasodilation and inhibits platelet 
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aggregation [150]. Also, free iron rapidly up-regulates the ferritin expression, which 

chelates metal ions and protect cells from ROS mediated damages [151, 152]. 

In this study, target gene expressing constructs were constructed and investigated 

the effects against human TNF-α or hydrogen peroxide (H2O2) stimulation in porcine 

endothelial cell line or NPCCs. In human TNF-α stimulation, target gene (shTNFRI-Fc 

and shTNFRI-Fc-2A-HAHO1) expressing endothelial cells showed decreased expression 

of adhesion molecules or chemokines (Fig. 4). In addition, target gene expressing NPCCs 

showed better protective effects compared with GFP expressing NPCCs. In TNF-α with 

CHX mediated apoptosis, shTNFRI-Fc and shTNFRI-Fc-2A-HAHO1 expressing NPCCs 

showed more protective effects than GFP or HAHO1 expressing NPCCs. In H2O2 

mediated apoptosis, HAHO1 and shTNFRI-Fc-2A-HAHO1 expressing NPCCs more 

protective effect than GFP or shTNFRI-Fc expressing NPCCs. Especially, shTNFRI-Fc-

2A-HAHO1 expressing NPCCs showed best protective effect in two different conditions 

(human TNF-α with CHX and H2O2).  

In conclusion, selected target genes showed good protective effects against various 

stimulations in porcine endothelial cells and NPCCs. Based on the results of this study, 

transgenic pigs might be generated by using selected target genes. 
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Chapter 2. Generation and Characterization of shTNFRI-

Fc Transgenic Pig 

 

 

1. Introduction 

 

 

The production of α1,3-galactosyltransferase knockout pigs (GalT KO pigs) and 

transgenic pigs expressing human complement regulatory proteins (hCRPs) represent 

significant advances toward ameliorating hyperacute xenograft rejection (HAR) [3-5, 60, 

68]. However, acute humoral xenograft rejection (AHXR) is still consistently observed 

against organs transplanted from GalT KO and/or hCRPs transgenic pigs to nonhuman 

primates [16, 119, 120]. AHXR is initiated mainly by preformed or elicited anti-non-Gal 

antibodies, which eventually induce inflammation and coagulopathy through activation of 

porcine endothelial cells (PECs) [1].  

Molecules related with AHXR have recently been discovered and this knowledge 

has prompted generation of new transgenic pig lines designed to reduce the remaining 

immunological and non-immunological hurdles of GalT KO and hCRPs transgenic pigs 

[31, 121]. In this regard, it is worth noting that the proinflammatotry immune mediators 

released by infiltrating host innate immune cells, such as macrophages, NK cells, and 
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neutrophils are likely to be important [122, 123]. One of the important mediators released 

by infiltrating host innate immune cells is human TNF-α (hTNF-α). Unlike other human 

cytokines, hTNF-α can directly activate PECs, resulting in up-regulation of SLA class I, 

SLA class II, B-7 molecules, VCAM-1, E-selectin [124], and ICAM-1 expression [125]. 

Moreover, some studies have showed that pig chemokines such as RANTES and IP-10 

can be induced by hTNF-α, whereas they were not induced by other human cytokines 

such as IL-1β or INF-γ [126, 127]. Thus, activation of PECs can occur through hTNF-α 

binding of pTNFR.  The pleiotropic role of TNF-α in xenograft and allograft rejection 

has been widely described [128-133]. 

In xenotransplantation, blocking the action of TNF-α might reduce AHXR by 

preventing inflammatory reaction, cell activation, and apoptosis. Anti-TNF-α antibodies 

were effective in treating inflammatory diseases [153]. Several studies have reported that 

anti-TNF-α antibodies can prevent or reduce xenograft rejection [128]. Soluble TNF 

receptor I (sTNFRI) and II were also developed as inhibitors to specifically neutralize 

TNF-α [154, 155]. For example, etanercept, a human TNFRII-Fc fusion protein, was used 

for rheumatoid arthritis and psoriasis patients [156, 157]. Previous report showed the 

beneficial effect of sTNFRI in xenotransplantation [134]. These workers showed that 

soluble pig (sp) TNFRI-Ig fusion protein inhibited expression of SLA and adhesion 

molecules on PECs and reduced TNF-α-mediated death of PECs. Furthermore, 

transfection of spTNFRI-Ig into PECs prolonged their survival upon grafting under the 

mouse kidney capsule. 
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All the taken together, generation of transgenic pig expressing sTNFRI or II could 

be a promising strategy for promoting xenograft survival. Therefore, in this study, I 

produced transgenic pigs expressing shTNFRI-Fc that neutralizes TNF-α and confirmed 

the function. 
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2. Materials and Methods 

 

 

2.1 Establishment of donor cells and the generation of transgenic pig using somatic cell 

nuclear transfer (SCNT) 

 

 

Fetal pig fibroblasts were isolated from 35-day-old White Yucatan miniature pig 

fetuses, as described in previous studies [114-116]. One of the male cell lines was 

selected for this study and used for shTNFRI-Fc gene manipulation. The shTNFRI-Fc 

expression vector containing a blasticidin resistant gene was introduced into the fetal pig 

fibroblasts by electroporation. After 2 days, blasticidin was administered to the shTNFRI-

Fc transfected fetal pig fibroblasts for 2-3 weeks. Expression of shTNFRI-Fc was then 

confirmed by western blot using HRP-conjugated anti-human IgG antibody (Santa Cruz 

Biotechnology, CA, USA). Colonies expressing a high level of shTNFRI-Fc were 

selected and used as donor cells. The in vitro maturation of oocytes, SCNT, and embryo 

transfer were performed as previous described [114-116]. 

On average, 85 reconstructed embryos were transferred to each 8 surrogate pigs 

and pregnancy of surrogate pigs was checked by ultrasonography. Three of the eight 

surrogate pigs were pregnant and one surrogate pig successfully delivered one healthy 

piglet. However, another two surrogate pigs aborted during gestation. 
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2.2 Confirmation of the shTNFRI-Fc gene insertion in the transgenic pig 

 

 

In order to check the insertion of shTNFRI-Fc gene, PCR was performed. Genomic 

DNA isolated from TG pig tail and cDNA isolated from whole blood were used as 

template. Amplification was carried out by using the PCR Thermal Cycler DiceTM 

(TaKaRa Korea Biomedical Inc., Seoul, Korea) through 35 cycles (95℃ for 30 s, 58℃ 

for 30 s, 72℃ for 60 s). The PCR products were analyzed on 1% agarose gel in 0.5x 

TBE buffer and visualized by UV trans-illumination. shTNFRI-Fc expression vector was 

used as positive control. 

 

 

2.3 Confirmation of the shTNFRI-Fc expression in transgenic pig using ELISA and 

western blot 

 

 

Concentrations of shTNFRI was measured using human sTNFRI specific ELISA 

kit (R&D system, MN, USA) followed by manufacturer’s manual in TG pig serum 

obtained from 9-month old TG pig. 

Ear tissue was obtained from TG pig and homogenized using Tissue-Tearor 

(Biospec Products Inc., OK, USA) in protein lysis buffer on ice. Proteins in tissue lysates 
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isolated from sTNFRI-Fc transgenic pig ear tissue were separated by SDS-PAGE. 

Proteins in tissue lysates isolated from farm pig kidney were used as negative control.  

Protein quantitation was performed using Bradford method and 20 μg of proteins 

were mixed with 5x sample buffer (with β-mercaptoethanol) and loaded to 10% 

acrylamide gel. Separated proteins were electrotransferred into the polyvinylidene 

difluoride (PVDF) membrane. Membranes were incubated in blocking buffer [5% skim 

milk in Tris Buffered Saline-Tween 20 (TBST)] for overnight at 4℃. Membranes were 

incubated with goat anti-sTNFRI antibody (1: 2000; R&D system, MN, USA) for 1 h at 

room temperature (25℃). After incubation, sTNFRI antibody treated membranes were 

washed out three times by TBST. Then membranes were incubated with HRP-conjugated 

anti-goat IgG antibody for 1 h at room temperature. Target proteins were visualized using 

a chemiluminescence kit (Ab Frontier, Seoul, Korea). 

 

 

2.4 Confirmation of the shTNFRI-Fc expression in the transgenic pig tissue using 

immunofluorescence microscopy 

 

 

The ear tissue was obtained from the shTNFRFc TG pig in the SPF room. The 

tissue was emersion fixed in 4% paraformaldehyde solution in 100 mM PBS, pH 7.4 for 

overnight at 4℃. After fixation, tissue was cryoprotected in 30% sucrose and 10μm-thick 

serial sections were cut using Leica CM1900 Cryostat (Leicamicrosystem, Wetzlar, 
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Germany) and collected. For immunofluorescence microscopy, sections were washed 

with PBS and then blocked with 5% normal goat serum for 30 min at room temperature. 

The sections were incubated for 1 h at room temperature with FITC conjugated hIgG 

antibodies (1:360, ICN Pharmaceuticals, CA, USA) for detecting human sTNFR-Fc. 

DAPI was used as nuclei stain. The specificity of the antibodies was confirmed by non-

specific rabbit IgG or mouse IgG. Especially in the case of hIgG, several sections were 

incubated with antiserum that was pre-adsorbed with antigen as a negative control. Slides 

were analyzed using a Zeiss LSM 510 Metaconfocal microscope (Zeiss, Jena, Germany) 

equipped with a 488 nm Argon ion lasers. 

 

 

2.5 Confirmation of shTNFRI-Fc function using transgenic pig serum 

 

2.5.1 Semi-quantitative RT-PCR for chemokine expression 

 

 

Chemokine expression was confirmed in MPN3 cells which were treated with 

wild-type pig serum and transgenic pig serum (10%, v/v) containing hTNF-α (20 ng/mL) 

using semi-quantitative RT-PCR. Total RNA was isolated from wild-type pig serum and 

TG pig serum containing hTNF- α treated MPN3 cells by using RNA isolation kit 

(Qiagen Korea, Seoul, Korea) at various time point (0, 3, 6h). One microgram of isolated 

total RNA was reverse-transcribed for cDNA synthesis as described previously. PCR was 
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performed using cDNA synthesized from wild-type serum and TG pig serum containing 

hTNF-α treated cells and specific primer set of specific porcine chemokines. Sequences 

of specific primer set were listed in Table 2. Serum non-treated MPN3 cells were used as 

a control.  

For PCR, Taq. polymerase pre-mix (iNtRON biotechnology, GyeongGi-Do, 

Korea) was used. Amplification was carried out by using the PCR Thermal Cycler DiceTM 

(TaKaRa Korea Biomedical Inc., Seoul, Korea) through 23 cycles (95℃ for 30 s, 62℃ 

for 30 s, and 72℃ for 30 s) for IP-10, 25 cycles (95℃ for 30 s, 62℃ for 30 s, 72℃ for 

30 s) for RANTES. The PCR products were analyzed on 2% agarose gel in 0.5x TBE 

buffer and visualized by UV transillumination. 

 

 

2.5.2 Flow cytometry for adhesion molecule expression 

 

 

Flow cytometry was performed to check an expression of CD62E (E-selectin) 

expression. hTNF-α (20 ng/ml) was pre-incubated with culture medium containing pig 

serum (wild-type and TG pig, 10%, v/v) for 30 min at room temperature. After pre-

incubation, two milliliters of media was transferred into MPN3 cells and cultured for 6 

hours in 37℃ CO2 incubator. Culture medium without pig serum was used as a control. 

After 6 hours, cells were trypsinized and resuspended in the staining buffer (0.1% bovine 

serum albumin in PBS) to reach a final concentration of 5 x 105 cells/mL. For CD62E (E-
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selectin) expression analysis, the cells were incubated for 20 min in the dark at 4℃ with 

RPE-conjugated mouse anti-human CD62E antibody (Southern Biotechnology, AL, 

USA). The cells were washed twice and resuspended with staining buffer. The stained 

cells were analyzed using a FACS Calibur system (Becton-Dickinson, CA, USA) with 

CELLQUEST software (Becton Dickinson). 
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Table 2. Specific primer sequences and PCR product length 

 

Name S/A* Sequences (5’  3’) Product size (bp) 

IP-10 
S CGA ATT CAT GAA CCA AAG TGC TG 

315 
A CTC GAG AGT AGT GCC GTG ATT ATG 

RANTES 
S ATG AAGGTC TCC ATC GCT GCC CTT C 

276 
A CTA GCT CAA CTC CAA GGA GTT GAT G

shTNFRI-

Fc 

S 
ATA AGC TTA TGG GCC TCT CCA CCG 

TGC 
633 

A 
ATC TCG AGT CAT GTG GTG CCT GAG 

TCC TC 

Human 

IgG1 Fc 

S ACA TGC CCA CCG TGC CCA GCA CC 

672 
A 

ATC TCG AGT CAT TTA CCC GGA GAC 

AGG G 
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3. Results 

 

 

3.1 Generation of shTNFRI-Fc transgenic pig. 

 

 

Fetal pig fibroblasts were transfected with shTNFRI-Fc vector and colonies 

expressing high amounts of the fusion protein were selected and used as nucleus donor 

for SCNT. SCNT was performed as described in Materials and Methods. On average, 85 

reconstructed embryos were transferred into each of 8 recipient gilts (Table 3). Three gilts 

became pregnant and one farrowed one live male piglet, which is healthy and growing 

normally in the SPF facility. Two of the pregnant gilts, however, aborted during gestation. 
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Table 3. Production of cloned shTNFRI-Fc transgenic pigs 

 

 

ID No. of transferred embryos Pregnancy Offspring Status 

1 85 No - - 

2 86 No - - 

3 90 Yes 0 Abortion 

4 90 Yes 1 Alive 

5 70 No - - 

6 70 No - - 

7 93 No - - 

8 93 Yes 0 Abortion 
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3.2 Confirmation of shTNFRI-Fc transgenic pig 

 

 

Genomic DNA PCR and RT-PCR was performed using shTNFRI sense primer and 

human IgG1Fc antisense primer (Table 2). Genomic DNA was isolated from transgenic 

pig tail and cDNA was isolated from transgenic pig whole blood. Both of them, 

shTNFRI-Fc PCR products of appropriate size (1305 bp; Fig. 6A upper panel) were 

detected. In order to identify the shTNFRI-Fc protein in the transgenic pig, ear tissue was 

collected. Protein expression of shTNFRI-Fc in transgenic pig ear tissue was confirmed 

by western blot and immunofluorescence microscopy. In western blot, shTNFRI-Fc was 

observed in appropriate size (about 55 kDa; Fig. 6A middle panel).  Secreted shTNFRI-

Fc was detected in the serum by sTNFRI specific ELISA kit. shTNFRI concentration was 

high in the pig serum (approximately 350 ng/mL; Fig. 6A lower panel). In 

immunofluorescence microscopy, FITC-conjugated anti-human IgG antibody was used 

for detecting the shTNFRI-Fc. Regional and cellular distribution of the hIgG was 

examined in 10 μm thick frozen ear sections. Strong immunoreactivity of hIgG was 

detected in epidermis. (Fig. 6B). 
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Figure 6. Confirmation of the insertion and expression of shTNFRI-Fc in transgenic 

pig. 

A) Expression of the shTNFRI-Fc gene and protein was confirmed by various techniques. 

PCR (gDNA and RT-PCR; upper panel) was performed in tail tissue (gDNA PCR) and 

whole blood (RT-PCR) using a specific primer set. Western blot (middle panel) was 

performed in ear tissue using anti-sTNFRI antibody. ELISA (lower panel) was performed 

in blood serum using a shTNFRI specific ELISA kit. B) Immunofluorescence microscopy 

was performed in ear tissue using FITC-conjugated anti-human IgG antibody. 
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3.3 Inhibitory effects against human TNF-α stimulation in porcine endothelial cells using 

shTNFRI-Fc transgenic pig serum 

 

 

Chemokine expressions in porcine endothelial cells were measured with hTNF-α 

stimulation. In the wild-type pig serum (10%, v/v) treated group, CXCL10 (IP-10) and 

CCL5 (RANTES) mRNA expressions were markedly increased in a time dependent 

manner. In contrast, in the TG pig serum (10%, v/v) treated group, IP-10 and RANTES 

mRNA expressions were not increased (Fig. 7). After hTNF-α stimulation, CD62E (E-

selectin) expression increased in porcine endothelial cells, as well. In wild-type serum 

(10%, v/v) treated group, CD62E expression was increased after 6 hours stimulation with 

hTNF-α. However, in TG pig serum (10%, v/v) treated group, CD62E expression was not 

increased after hTNF-α stimulation (Fig. 8). 
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Figure 7. Inhibition of chemokine expression by the treatment of shTNFRI-Fc 

serum. 

Chemokine expression (IP-10 and RANTES) was checked by semi-quantitative RT-PCR. 

Chemokine expression was reduced by the treatment of sTNFRI-Fc transgenic pig serum 

under the human TNF-α stimulation (20 ng/mL). 
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Figure 8. Inhibition of E-selectin expression by the treatment of shTNFRI-Fc serum. 

The expression of CD62E (E-selectin) on pig endothelial cell surface was checked by 

flow cytometry using anti-CD62E antibody. CD62E expression on endothelial cell 

surface was reduced by the treatment of transgenic pig serum under the human TNF-α 

stimulation (20 ng/mL). 
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3.4 Confirmation of the shTNFRI-Fc expression in F1 generation 

 

About 7 months of aged shTNFRI-Fc transgenic pig was bred White Yucatan 

miniature female pig and seven offspring were born (Fig. 9A). Among those, three piglets 

(one female, two male) had shTNFRI-Fc transgene, which was confirmed by PCR (Fig. 

9A). All those 3 sera contained shTNFRI-Fc protein (Fig. 9B). 

 

 

 

Figure 9. Generation of shTNFRI-Fc F1 and verification of shTNFRI-Fc expression 

levels. 

A) Seven offspring were born healthy by natural breeding between shTNFRI-Fc 

transgenic male pig and wild-type White Yucatan female pig. B) Three of seven piglets 

were confirmed as a shTNFRI-Fc transgenic pig by PCR analysis. C) Three shTNFRI-Fc 

transgenic piglets highly express shTNFRI-Fc in their blood serum. shTNFRI-Fc 

expression was measured by human sTNFRI specific ELISA kit. 
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4. Discussion 

 

 

Soluble forms of TNFR (sTNFR) can bind to TNF-α without transmitting its signal 

into the cells and inhibit the TNF-α signaling [154, 155]. There are two kinds of TNF 

receptors, TNF receptor I (TNFRI) and TNF receptor II (TNFRII). TNFRI has a death 

domain in its cytoplasmic domain and was expressed on almost all the types of cells. In 

contrast, TNFRII has no death domain and was preferentially expressed on specific cell 

types such as T cells [153]. TNFRI has higher binding affinity than TNFRII [158] and 

binds to both membrane-bound and soluble forms of TNF-α, whereas TNFRII has low 

binding affinity to the soluble form of TNF-α. For these reasons, shTNFRI was used 

instead of shTNFRII in order to inhibit TNF-α in this study. There are many attempts to 

neutralize the TNF-α in transplantation using either TNF-α monoclonal antibodies or 

soluble receptors [159-165]. Although they improved graft survival, neutralization of 

TNF-α with monoclonal antibodies or soluble receptors have several limitations. They are 

inconvenient, because they should be delivered repeatedly by an intravenous route. They 

can also produce systemic side effects including increased susceptibility to infection 

[166] or higher incidence of lymphomas and solid tumors [167-169].  

Some reports have suggested that transgenic expression of sTNFRI-Fc in donor 

grafts could be an alternative strategy for neutralizing TNF-α in allotransplantation. 

Previous report showed that adenovirus (Ad-sTNFRI-Fc)-transduced islets prevented 
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cytokine-induced suppression of glucose-stimulated insulin release and cytokine-

stimulated apoptosis, and prolonged allograft survival [170]. In xenotransplantation, 

Costa et al. described impressive results using soluble porcine TNFRI-Fc (spTNFRI-Fc) 

expressed PECs. In this study, I chose shTNFRI-Fc instead of spTNFRI-Fc as a target 

molecule for the transgenic pig because infiltrated host immune cells, such as 

monocytes/macrophages and NK cells, are the main source of TNF-α in the graft sites 

[171]. I was also concerned about the possibility of anti-spTNFRI antibody formation 

with long term exposure. Based on these perspectives, I generated a shTNFRI-Fc 

transgenic pig using the SCNT technique and confirmed successful expression of 

shTNFRI-Fc in tail, ear tissues, and serum. Furthermore, I confirmed that the transgenic 

pig serum containing shTNFRI-Fc had inhibitory effects against human TNF-α mediated 

porcine endothelial cell activation. The original shTNFRI-Fc transgenic pig and 3 piglets 

are all healthy without significant systemic side effects. Further studies are needed to 

confirm the tissue distribution of shTNFRI-Fc expression in transgenic pigs, and to test 

its final impact on xenograft survival using xenografts from shTNFRI-Fc transgenic pigs. 

In conclusion, shTNFRI-Fc transgenic pigs were successfully produced and I 

showed that their serum suppressed porcine endothelial cell activation by human TNF-α. 

Because TNF-α is one of the key molecules for xenograft rejection, shTNFRI-Fc 

transgenic pigs may contribute to successful xenotransplantation by combination with 

other genetically modified pigs. 
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Chapter 3. Generation and Characterization of shTNFRI-

Fc and HAHO-1 Transgenic pigs by using the F2A 

peptide 

 

 

1. Introduction 

 

 

Increasing problem of human organ shortage for transplantation have prompted 

research on xenotransplantation. The first immunological barrier in xenotransplantation, 

hyperacute rejection, was overcome by the production of α 1,3-galactosyltransferase 

homozygous knock-out (α1,3-GalT KO) pigs [4, 61] and transgenic (TG) pigs expressing 

human complement regulatory proteins (CRPs) [5]. Although these genetic modification 

pig brought about significant advances in the xenotransplantation, they remain 

insufficient because of the occurrence of acute humoral xenograft rejection (AHXR), 

which denotes inflammation and coagulopathy through the activation of porcine 

endothelial cells when exposed to anti-non-Gal antigens [119, 172]. Additional genetic 

modifications to decrease AHXR are required for the successful xenotransplantation.  

Heme oxygenas1 (HO1) induced by various stimuli, including oxidative stress, 

inflammation, and hypoxia, degrades heme into three end products (carbon monoxide, 
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free iron, and biliverdin). All products have anti-oxidative, anti-inflammatory, and anti-

apoptotic effects [137]. In addition, expression of HO1 on endothelial cells and cardiac 

myocytes has been associated with the accommodation of xenografts and prolonged 

xenograft survival in rodent cardiac and lung xenografts [140, 141]. However, 

overexpression of HO1 in TG pig could not resolve inflammatory reactions. Thus, an 

additional transgene is required to inhibit the anti-inflammatory effect [173]. On the other 

hand, our previous study indicated that the shTNFRI-Fc TG pig showed stronger anti-

inflammatory functions than that by HO1 TG pigs, since the sera from the shTNFRI-Fc 

pig inhibited up-regulation of chemokines and E-selectin from porcine endothelial cells 

(PECs) stimulated with human TNF-α. Therefore, the expression of shTNFRI-Fc in 

combination with HO1 may increase protection against AHXR. 

For xenotransplantation, various multiple TG pigs were generated, including 

GalTKO/hCD55/GnTIII [5], hCD55/CD59/hHT [80], and 

GalTKO/hCD55/hCD59/hCD39/hHT [94]. Most of them were generated by cross 

breeding between TG pigs or transfection into donor cells for SCNT derived from TG 

pigs. In 2011, 2 additional genes were added using 2A-linked cassettes in porcine 

fibroblasts, which already possessed 3 transgenes [174]. They transfected 3 functional 

genes linked with 2A (antibiotic resistant genes-thrombomodulin-CD39) into 

GalTKO/CD55/CD59/H-transferase TG pig fibroblasts and showed the expression of 

thrombomodulin and CD39. Recently, multiple fluorescent protein-expressing pigs were 

produced using the 2A peptide system [109]. 
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In this study, I described double-TG pigs expressing both shTNFRI-Fc and 

HAHO1 by using the F2A poly-cistronic expression vector system and characterized a 

pattern of gene expression and its function against hypoxic conditions and inflammatory 

stimuli in vitro. 
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2. Materials and Methods 

 

 

2.1 Generation of shTNFRI-Fc-2A-HAHO1 double TG pigs using SCNT 

 

 

Thirty-five-day-old male, White Yucatan, miniature pig fetuses were used as the 

source of fetal fibroblasts. Isolation of fetal pig fibroblasts was described in previous 

studies [175]. The shTNFRI-Fc-F2A-HA-hHO-1 expression vector was introduced into 

the isolated fetal fibroblasts by electroporation. SCNT was performed as described in 

previous studies with a few modifications [114-116].  

 

 

2.2 Southern blotting for the estimation of gene copy number 

 

 

Genomic DNA (15 μg) was digested with HindIII and then separated on a 0.8% 

agarose gel. Genomic DNA was extracted from the cell using the G-DEX II genomic 

DNA extraction kit (Intron Biotechnology, Seoul, Korea). Southern blot was performed 

according to the procedure previously described [176]. The probe corresponding to whole 

neomycin cDNA (795 bp) was synthesized using the PCR DIG Probe Synthesis kit 
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(Roche, Mannheim, Germany) with the primer set of 5′-aggctattcggctatgactggg-3′ 

(upstream) and 5′-aagaaggcgatagaaggcgatg-3′ (downstream). The resulting probe was 

labeled with digoxin alkaline phosphatase and purified by agarose gel electrophoresis 

before hybridization. Detection of labeled DNA on the positively-charged nylon 

membrane was performed using a DIG luminescent detection kit (Roche, Mannheim, 

Germany). 

 

 

2.3 Analysis of transgene expression in shTNFRI-Fc-F2A-HA-hHO-1 double-TG pigs 

 

 

For the confirmation of the expression of transgenes, ELISA, western blot, and 

immunochemistry (IHC) were performed. In order to check the concentration of 

shTNFRI-Fc in blood serum, ELISA was performed by using human sTNFRI specific 

ELISA kit followed by manufacturer’s manual. Western blot was performed for various 

organs by using HRP-conjugated anti-human IgG (1:2000, Binding Site, Birmingham, 

UK), anti-hHO-1 (1:2,000, Abcam, MA, USA), and anti-HA (1:4,000, Abcam, MA, 

USA) antibodies. For IHC, tissues from various organs were fixed with 4% 

paraformaldehyde and embedded in paraffin. Sections (4 μm) were cut and air-dried on 

gelatin-coated slides and reacted with hHO-1 (1:50) and HA (1:500) antibodies from the 

same source. 
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2.4 Measurement of cell viability and caspase-3/-7 activity in TG pig fibroblasts 

 

 

Fibroblasts from wild-type and double-TG pigs (i.e., #13, #14, and #15) were 

plated (1 × 105 cells/well) on 24-well plates. Subsequently, cells were treated with TNF-α 

(20 ng/mL) with CHX (10 μg/mL) or H2O2. TG pig fibroblasts (i.e., #13, #14, and #15) 

were stimulated using hTNF-α and CHX for 15 h or H2O2 for 1 h. 

Cell viability at various time points of 0, 6, 12, 18, and 24 h was measured using 

the fibroblasts of piglet #14 and fibroblasts isolated from shTNFRI-Fc TG and a HAHO1 

TG pigs of the same age by using the CCK-8 solution following the manufacturer’s 

manual (Dojindo Laboratories, Kumamoto, Japan). Fibroblasts isolated from a wild-type 

White Yucatan pig (of the same age) were used as the controls. The absorbance was 

detected in the microplate reader (PowerWave XS, Bio-Tek, VT, USA) at 450 nm. After 

the hTNF-α treatment, the caspase-3/-7 activity at various time points (i.e., 0, 3, 6, 9, and 

12 h) was measured using the Caspase-Glo®3/7 reagent (Promega, WI, USA) following 

the manufacturer’s manual. The caspase-3/-7 activity was measured using the 

luminometer (VICTORTM Light, PerkinElmer, MA, USA). 

 

 

 

 

 



66 

 

2.5 Statistical analyses 

 

 

One-way ANOVA followed by a Bonferroni comparison test was performed for 

statistical analyses. Data were presented as mean ± SD and a p value less than 0.05 was 

considered significant. All analyses were performed using the GraphPad Prism® software 

(Version 6.01; GraphPad, CA, USA). 
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3. Results 

 

 

3.1 Generation of shTNFRI-Fc and HA-hHO-1 double-TG pigs 

 

 

The shTNFRI-Fc-2A-HAHO1 transgene was constructed (Fig. 10A). The 

transgene was transfected into fetal fibroblast cells from White Yucatan pig (O-type 

blood purchased from Optifarm, Cheonan, Korea). After antibiotics (G418) selection for 

2 weeks, both genes-expressed cell line was established. The established cell line was 

used as donor cells for nuclear transfer. 

On average, 120 reconstructed embryos were transferred into each of the 8 

surrogate pigs. Three of them became pregnant and one farrowed 4 live male piglets (Fig. 

10B). One piglet (#12) died within a few hours after birth. Southern blot analysis showed 

that 2 copies of the transgenes were integrated into the TG pig genomes (i.e., #13, #14, 

and #15) (Fig. 10C).  
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Figure 10. Schematic diagram of construct and integration of the transgene into the 

pig genome. 

A) Schematic diagram of the shTNFRI-Fc-F2A-HA-hHO-1 transgene construct. The 

transgene construct containing the F2A peptide sequence was expressed by a β-actin-

based CAG promoter. The circular plasmid vector was linearized by the ScaI restriction 

enzyme. A neomycin primer set was used to generate a neomycin probe. The neomycin 

probe was used in Southern blotting for the confirmation of transgene copy number. B) 

Four transgenic pigs at birth. One pig (i.e., pig #12) died within a few hours after birth. C) 

The copy number of the transgene was confirmed by Southern blotting. All transgenic 

pigs showed 2 copies of the transgene in the pig genome. (+), positive control; (-), 

negative control. 
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3.2 Transgenes expression and tissue distribution in TG pigs 

 

 

In order to confirm the tissue distribution of transgene expression, western blot and 

immunohistochemistry (IHC) was performed with tissues from piglet #14 (a 2-day-old 

piglet) and/or pig #13 (a 1.5-year-old pig). The shTNFRI-Fc was detected in all organs, 

including the heart, liver, lung, kidney, and spleen. However, the degree of protein 

expression varied among the tissues (Fig. 11A). In addition, an uncleaved protein form 

was detected (Fig. 11A; arrowhead). IHC using anti-HA antibody showed HAHO1 

expression in various organs. Although intensity of the stain varied (depending on the 

antibody), all tissues of TG pig #13 expressed HAHO1. In TG pig #14 tissues, the 

HAHO1 was also expressed in all tissues. Although the organs of TG pigs #13 and #14 

expressed the HAHO1, the expression levels differed for each (Fig. 11B). In addition, 

compared to the other organs, the cardiac myocyte showed the strongest level of 

expression for HAHO1 and shTNFRI-Fc. 
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Figure 11. Transgene expression in various tissues of shTNFRI-Fc-2A-HAHO1 

transgenic pigs. 

All tissues isolated from #13 (1.5-year-old pig) and #14 (2-days-old piglet) transgenic pig. 

A) Western blot was performed using anti-hIgG (1:2000). (+), positive control. The arrow 

represents the protein translated from the transgene, and the arrowhead represents the 

uncleaved protein form. B) Immunohistochemistry was performed using anti-hHO-1 

(1:50) and anti-HA (1:500) antibodies. HAHO1 was strongly expressed in the heart. In 

the liver and kidney, non-specific binding was observed. 
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3.3 Protective effect of shTNFRI-Fc-F2A-HA-hHO-1 TG pig fibroblasts against 

oxidative and inflammatory stimuli 

 

 

To confirm the function of transgene, fibroblasts from four TG pigs were isolated. 

After treatment with hTNF-α and CHX, #13, #14, and #15 piglet fibroblasts showed 

increased cell viability (80.9 ± 3.2%, 82.9 ± 5.1%, and 75.5 ± 0.9%, respectively) in 

comparison to the wild-type control (61.2 ± 2.8%) (Fig. 12A). After treatment with H2O2, 

increased cell viability was observed in #13, #14, and #15 piglet fibroblasts (93.3 ± 3.1%, 

100.7 ± 1.3%, and 85.0 ± 5.9%, respectively) in comparison to the wild-type control (73.7 

± 1.4%) (Fig. 12B). 

Because #14 TG pig fibroblast showed the highest cell viability against various 

stimulations, #14 fibroblasts were used for time-dependent cell survival experiments. In 

order to confirm the synergistic effects of shTNFRI-Fc and HAHO1, the viability of 

fibroblasts obtained from single TG pig (i.e., shTNFRI-Fc or HAHO1 TG pigs) and the 

double TG pigs were measured at various time intervals (i.e., 0, 6, 12, 24 h) following 

treatment with TNF-α and CHX. Fibroblasts from double TG pigs showed higher cell 

viability when compared to the wild type fibroblasts (wild type vs. double TG at 24 h, 

31.6 ± 3.2% vs. 60.4 ± 8.3%, respectively, p < 0.05) or single TG fibroblasts (shTNFRI-

Fc vs. double TG at 24 h, 43 ± 14.8% vs. 60.4 ± 8.3%, respectively, p < 0.05 and HAHO1 

vs. double TG at 24 h, 49.3 ± 8.9% vs. 60.4 ± 8.3%, respectively, p < 0.05) (Fig. 13A). 

To estimate the protective effect against apoptotic stimulation, caspase-3/-7 activity was 
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measured. Caspase-3/-7 activity at 0 h was similar between fibroblasts isolated from 

different animals. After treatment with TNF-α and CHX, caspase-3/-7 activity increased 

rapidly in wild-type pig fibroblasts. In fibroblasts isolated from TG pigs, caspase-3/-7 

activity was lower than that in wild-type fibroblasts at all-time points (p < 0.05). Among 

those, double TG pig fibroblasts showed the lowest level of apoptotic signal at all-time 

points in comparison to single TG fibroblasts. However, no significant differences were 

observed except at 12 h (at 12 h: wild type 812,452 ± 113,078 RLU; shTNFRI-Fc, 

270,125 ± 70,471 RLU; HAHO1 335,381 ± 67,128 RLU; shTNFRI-Fc-2A-HAHO1 

88,240 ± 10,438 RLU; wild type vs. double TG, p < 0.05; single TG vs. double TG, p < 

0.05). The caspase-3/-7 activity of shTNFRI-Fc TG pig fibroblasts and HAHO1 TG pig 

fibroblasts were similar at all-time points (Fig. 13B). 
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Figure 12. Protective effects of transgenes in shTNFRI-Fc-2A-HO1 TG pig 

fibroblasts against apoptotic stimulation. 

Cell viability of transgenic (TG) pig fibroblasts were measured by CCK-8. Fibroblasts 

were stimulated with TNF-α (20 ng/mL) + CHX (10 μg/mL) (A) or H2O2 (400 μM) (B) 

for 15 hr or 1 hr, respectively. All fibroblasts from transgenic pigs showed higher cell 

viability compared with wild-type fibroblast. 
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Figure 13. Comparison of cell viability and caspase-3/-7 activity between single and 

double transgenic pig fibroblasts. 

A) The double-TG pig cells showed higher viability. After treatment with hTNF-α (20 

ng/mL) + CHX (10 μg/mL), cell viability was measured by CCK-8 at various time 

intervals (i.e., 0, 6, 12, 18, and 24 h). B) Caspase-3/-7 activity was measured in wild-type, 

single TG pigs, and double TG pig cells by using the Caspase-Glo®3/7 reagent. 
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4. Discussion 

 

 

Generation of multiple transgenic pigs is critical factor for successful 

xenotransplantation because GalT KO xenografts still induce a series of innate immune 

responses, including inflammation, coagulation, apoptosis, and adoptive immune 

rejection (mainly caused by antibody-mediated immune responses known as AHXR). 

Recently, 6 genes modifying pig fibroblasts (GalTKO/CD55/CD59/HT/TBM/CD39) 

were established [174].  

Several studies have shown that HO1 has protective effects, such as anti-apoptotic, 

anti-inflammatory, and anti-oxidative effects, following transplantations [140, 141]. 

However, our previous study [173] showed that the anti-inflammatory effect of HO1 was 

limited. On the other hand, shTNFRI-Fc TG effectively reduced inflammatory reactions 

[177]. However, protection against oxidative stress was insufficient. Enhanced protection 

against both inflammatory and apoptotic stimuli by expressing both HO1 and shTNFRI-

Fc was observed. The double TG pig fibroblasts were resistant to apoptosis induced by 

oxidative (i.e., H2O2) and apoptotic stimuli (i.e., hTNF-α and CHX). Furthermore, the 

double TG pig fibroblasts showed synergistically protective effects against apoptotic 

stimulation compared to single TG pigs (shTNFRI-Fc or HA-hHO-1). These results 

suggest that shTNFRI-Fc-HAHO1 double TG pigs could provide better protection against 

post-xenotransplant rejection. Furthermore, they could protect transplanted organs against 
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hypoxic stress and IRI, indicating that the expression of both HO1 and shTNFRI-Fc in 

the donor pig could be beneficial in decreasing xenograft rejections.  

In this study, two copies of transgenes were integrated into the genome of TG pigs 

(Fig. 10). Because all TG pigs were derived from a single colony of SCNT donor cell line, 

results from the Southern blot assay were identical among all TG pigs. Although the two 

transgenes were well expressed in most organs, the expression level in the heart was 

higher than that in the other tissues, partly because of the high activity of the β-actin 

promoter-based CAG promoter. These observations were consistent with those of 

previous studies [109, 178]. Serum levels of shTNFRI-Fc were also variable among the 

double TG pigs. Because a homogeneous, stable expression of transgenes is necessary for 

xenotransplantation, further studies are required on the mechanism of variable expression. 

In conclusion, double transgenic pigs co-expressing shTNFRI-Fc and HAHO1 

were successfully produced by using F2A peptides. Both the genes were adequately 

expressed in various tissues and contained protective effects against various stimuli. The 

position of the gene in the 2A vector and promoter were important factors in transgene 

expression. 
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Chapter 4. Expression and function of fibrinogen-like 

protein2 (FGL2) in stimulated porcine endothelial cells 

through xenogeneic CD40 receptor 

 

 

1. Introduction 

 

 

Xenotransplantation is emerging as the solution for the shortage in human donor 

organs. . Hyperacute xenograft rejection (HXR), the first immunological barrier towards 

xenotransplantation, could be overcome by the generation of α1,3-galactosyltransferase 

knockout (GalT KO) pigs, which do not express α-Gal a strong xenogeneic natural 

antigen [4, 61]. Indeed, in pig-to-non-human primate xenotransplantation using GalT KO 

pig, the heterotopic heart and kidney xenograft survived for 6 and 3 months, respectively, 

indicating that HXR could be successfully overcome [179, 180]. However, acute humoral 

xenograft rejection (AHXR) still remains to be conquered in order to achieve successful 

xenotransplantation. One of the causes of GalT KO porcine heart and kidney xenograft 

failure could be thrombotic microangiopathy, which could be caused by injury to the 

endothelial cells. Several studies have shown that the exposure of endothelial cells to 

xenoreactive antibodies, complements, platelets, immune cells, or cytokines, cause a loss 
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in the natural anticoagulant state, and the acquisition of procoagulant state through a 

combination of morphological changes and altered gene expressions [181, 182]. In 

addition, porcine endothelial cells are capable of generating thrombin directly from the 

human prothrombin, in the absence of other coagulation factors [183, 184]. While there is 

increasing evidence pointing to the activation of graft endothelial cells as a major cause 

of thrombosis, the putative molecular mechanism that may promote coagulation in 

xenografts remains to be solved [30]. 

Fibrinogen-like protein 2 (FGL2), a protein containing the highly conserved 

fibrinogen-related domains, displays prothrombinase activity, converting thrombin from 

prothrombin directly without a classical prothrombinase complex [185]. Previous studies 

have shown that FGL2 is involved in experimental xenograft rejection. This is achieved 

by mediating coagulation, fibrin deposition, and microthrombus formation; typical 

pathological changes resulting in acute humoral xenograft rejection [186, 187]. Another 

study has suggested that allograft rejection correlates with FGL2 expression, and can be 

prevented by the administration of neutralizing anti-CD154 (Cluster of Differentiation 

40L) monoclonal antibody [188]. However, the mechanism by which FGL2 inhibition 

occurs has not yet been elucidated. 

Previous study has shown that porcine endothelial cells can be activated by 

xenogeneic interaction between human CD40L (hCD40L) and porcine CD40 (pCD40) 

[189]. Based on this report, I have investigated potential prothrombotic 

microenvironments in AHXR, induced by the xenogeneic interaction between hCD40L 

and pCD40. Here, I have tried to demonstrate that porcine endothelial cells activated by 



79 

 

the hCD40L-pCD40 interaction show up-regulation of FGL2 prothrombinase quantity 

and function. 
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2. Materials and Methods 

 

 

2.1 Cell lines and reagents 

 

 

In this study, MPN3, a miniature pig aortic endothelial cell line [113], was used. 

For coculture with CD40L-expressing cells, Jurkat D1.1, a human T cell line, and THP-1, 

a human monocytic cell line, were used. MPN3 was cultured or co-cultured with Jurkat 

D1.1 or THP-1 cells in Dulbecco’s modified eagle media (DMEM) (WelGENE, Daegu, 

Korea) supplemented with 10% fetal bovine serum (FBS) (Gibco, Life Technologies, 

Carlsbad, CA, USA), and 1% antibiotic/antimycotic (Gibco) at 37℃ containing 5% CO2. 

Anti-FGL2 monoclonal antibody (Clone 6D9) was purchased from Abnova (Taipei, 

Taiwan) and anti-α-tubulin monoclonal antibody was purchased from AbFrontier (Seoul, 

Korea). Horseradish peroxidase (HRP)-conjugated goat anti-mouse Immunoglobulin G 

(IgG) antibody and fluorescein isothiocyanate (FITC)-conjugated mouse IgG antibody 

were purchased from Santa Cruz biotechnology Inc. (Dallas, TX, USA). Neutralizing 

anti-CD154 antibody (Clone 24-31) was purchased from Ancell (Bayport, MN, USA). 

Recombinant human Tumor Necrosis Factor- α (TNF-α) was purchased from eBioscience 

(San Diego, CA, USA) and the agonistic anti-CD40 antibody (Clone 82111) was 

purchased from R&D system (Minneapolis, MN, USA).  
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2.2 Knock-down experiments using shRNA expression vectors 

 

 

Short hairpin RNA (shRNA) sequences for porcine FGL2 and CD40 mRNA were 

selected using the BLOCK-iT™ Designer 

(http://rnaidesigner.lifetechnologies.com/rnaiexpress/, Invitrogen, Carlsbad, CA, USA). 

The selected shRNA sequences were also confirmed to be specific for the target genes 

using the Basic Local Alignment Search Tool (BLAST) program 

(http://blast.ncbi.nlm.nih.gov/Blast.cgi), following which the oligomers were synthesized 

chemically (Table 4; CosmoGenetech, Seoul, Korea). Two different mRNA sites from 

each target gene were selected as candidates for shRNA sequences (shFgl2-1/-2 and 

shCD40-1/-2). The oligomers were annealed and duplex strands obtained as described in 

a previous study (Choi et al., 2005). Briefly, the oligomers were mixed in equal amounts, 

heated for 5 min at 95℃ and gradually cooled to room temperature in annealing buffer 

(10 mM Tris-HCl, 100 mM sodium chloride). Double stranded oligomers were digested 

with ApaI and HindIII restriction enzymes and inserted into the pSNU6-1, a plasmid 

expressing shRNA (Choi et al., 2005). The constructed shRNA vectors were designated 

shCD40-1/pSNU6-1, shCD40-2/pSNU6-1, shFgl2-1/pSNU6-1 and shFgl2-2/pSNU6-1. 

To validate the knockdown efficiency of shRNA, the constructed expression vectors were 

introduced into COS-7 cells (shCD40-expressing vectors), or MPN3 cells (shFgl2-

expressing vectors) using Lipofectamine 2000TM (Invitrogen). After 48 h of transfection, 

CD40 or FGL2 expression was confirmed by immunofluorescence microscopy analysis 
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or western blot analysis. Following confirmation, shRNA expression vectors were 

delivered into MPN3 cells, treated with agonistic anti-CD40 antibody (5 μg/mL) 48 h 

post-transfection, and the thrombin generation assay performed. 
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Table 4. Oligomers used for the construction of shRNA expression vectors. 

 

Name S/A* Sequences (5’  3’) 

shFgl2-1 

S GCT GAA GCT GTC GAA CTG GTA GAT CTG ACC AGT TCG 

ACA GCT TCA GCT TTT TT 

A 
AGC TAA AAA AGC TGA AGC TGT CGA ACT GGT CAG ATC 

TAC CAG TTC GAC AGC TTC AGC GGC C 

shFgl2-2 

S TTA CGT TGA TAA CAA GGT GTA GAT CTG ACA CCT TGT 

TAT CAA CGT AAT TTT TT 

A AGC TAA AAA ATT ACG TTG ATA ACA AGG TGT CAG ATC 

TAC ACC TTG TTA TCA ACG TAA GGC C 

shCD40-1 

S AAC AGA CAC CAC TTG TGT GTA GAT CTG ACA CAC AAG 

TGG TGT CTG TTT TTT TT 

A AGC TAA AAA AAA CAG ACA CCA CTT GTG TGT CAG ATC 

TAC ACA CAA GTG GTG TCT GTT GGC C 

shCD40-2 

S GGC CCT GCA CCC TAA GAC TTA GAT CTG AAG TCT TAG 

GGT GCA GGG CCT TTT TT 

A AGC TAA AAA AGG CCC TGC ACC CTA AGA CTT CAG ATC 

TAA GTC TTA GGG TGC AGG GCC GCC C 

* S : Sense oligomer. A : Anti-sense oligomer. 
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2.3 Immunofluorescence microscopy 

 

 

Immunofluorescence microscopy was performed as described previously (Lee et al., 

2005). Briefly, the MPN3 cells were attached to coverslips coated with poly-L-lysine 

(0.01%, Sigma Aldrich, St. Louis, MO, USA), and washed with phosphate buffered 

saline (PBS) three times. The cells were then fixed in 4% paraformaldehyde for 10 min at 

room temperature (RT) and incubated in blocking solution (2% bovine serum albumin in 

PBS) for 1 hr at RT. The cells were then incubated for 1 h with anti-fgl2 antibody 

(1:1000) at RT, rinsed three times with PBS and incubated with FITC-conjugated mouse 

IgG (1:500) for 1 h. These cells were rinsed three times with PBS and mounted on glass 

slides using Fluoroshield™ with 4',6-diamidino-2-phenylindole (DAPI) (Sigma Aldrich). 

Images were obtained using a LSM5 PASCAL fluorescence microscope (Zeiss, 

Oberkochen, Germany). 

 

 

2.4 Western blot analysis 

 

 

Cells were lysed in RIPA (Radio-Immunoprecipitation Assay) buffer [150 mM 

sodium chloride, 1% Triton X-100, 1% sodium deoxycholate, 0.1% Sodium Dodecyl 

Sulfate, 50 mM Tris-HCl, pH 7.5, and 2 mM ethylene diamine tetraacetate (EDTA)]; 10 
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µg of protein was used. Total proteins were resolved by SDS-PAGE (Sodium dodecyl 

sulfate- polyacrylamide gel electrophoresis) and transferred to polyvinyl difluoride 

(PVDF) membrane. The membrane was blocked using TBST (0.1% Tween-20 in Tris 

buffered saline) with 5% skim milk. The membrane was then incubated with primary 

antibody (anti-fgl2, 1:2000; anti-α-tubulin, 1:5000) and secondary antibody (HRP-

conjugated goat anti-mouse IgG) for 1 h at room temperature, each. Following incubation, 

the membrane was washed three times in TBST. Chemiluminescent signal detection was 

performed by AbSignalTM (AbClone, Seoul, Korea). 

 

 

2.5 Thrombin generation assay 

 

 

Thrombin generation assay was performed as reported in a previous study (Ghanekar 

et al., 2004). Briefly, cells were harvested, washed three times with cold reaction buffer 

[20 mM HEPES (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid) (pH 7.4), 150 mM 

sodium chloride, and 5 mM calcium chloride] and resuspended in reaction buffer at a 

population of 5 x 105 cells/mL. A total of 1 x 105 cells were mixed with an equal volume 

of human prothrombin (American Diagnostica, Pfungstadt, Germany) in reaction buffer 

to give a final prothrombin concentration of 1 μM. For additional negative controls, the 

same number of cells were incubated with reaction buffer alone, and prothrombin was 

incubated with reaction buffer alone. The reaction was carried out for 20 min at 37°C in 
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triplicate for each experiment. To measure the level of the generated thrombin, 125 μL of 

cold assay buffer [50 mM Tris (pH 8.3), 227 mM sodium chloride, 1% bovine serum 

albumin (BSA), and 1% sodium azide] was added to each reaction. Following 

centrifugation at 14,000 rpm for 5 min to pellet cells, 145 μL of supernatant from each 

reaction mixture was transferred to a flat-bottom 96-well plate. 15 μL of Chromozym 

THTM (Roche, Basel, Switzerland), a chromogenic substrate of human thrombin, was 

added to each well, and the plate incubated at room temperature. Optical Density (OD) 

was measured at 405 nm and thrombin activity of each sample was calculated by 

comparison with the absorbance values of a thrombin series (Sigma-Aldrich). 

 

 

2.6 Statistical analysis 

 

 

Statistically significant differences were identified by Student’s t-test using SPSS 

18.0 (SPSS Inc., IBM, Armonk, NY, USA); p < 0.05 values were considered to be 

statistically significant. 
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3. Results 

 

 

3.1 Up-regulation of FGL2 expression in porcine endothelial cells by CD40 signal 

 

 

The amino acid sequences of human and porcine FGL2 protein were compared using 

the Clustal X program [190] and a high protein homology (90%) was detected between 

the two species. In addition, the amino acid sequences of fibrinogen-related domain 

(FRED) in the C-terminus of FGL2 were conserved, which could indicate the possible 

involvement of porcine FGL2 in the formation of a prothrombotic microenvironment in 

xenotransplantation (Fig. 14). 

To determine whether the FGL2 expression in porcine endothelial cells could be 

modulated by interactions with human cells, Jurkat D1.1 T cell line was selected as 

stimuli. MPN3, a porcine endothelial cell line, was co-cultured with Jurkat D1.1 which 

have previously shown to express high levels of cell surface CD40L [189]. Semi-

quantitative RT-PCR results showed that the induction of FGL2 mRNA in MPN3 cells 

occurred as quickly as 30 min after co-culture with Jurkat D1.1 cells. Interestingly, when 

MPN3 cells were cocultured with Jurkat D1.1 cells pre-incubated with neutralizing anti-

CD40L antibody, FGL2 expression was not affected (Fig. 15A).  
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To investigate whether the CD40 signal was solely responsible for the up-regulation 

of FGL2, the MPN3 cells were treated with agonistic anti-CD40 antibody (clone 82111). 

Following stimulation, the protein FGL2 expression was identified. Immunofluorescence 

microscopy analysis showed that the FGL2 expression on MPN3 cell surface increased at 

early time after treatment with TNF-α or agonistic anti-CD40 antibody (Fig. 15B). 
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Figure 14. Amino acids sequence homology of FGL2 between human and pig. 
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Figure 15. Increase of FGL2 expression by xenogeneic CD40 stimulation. 

A) The expression of FGL2 mRNA in porcine endothelial cells stimulated by Jurkat T 

cell line (D1.1) pre-treated with or without neutralizing anti-CD40L antibody was 

analyzed by semi-quantitative RT-PCR. GAPDH gene was used as a quantitative control. 

B) Immunofluorescence microscopy was performed to identify FGL2 protein expression 

on the endothelial cell surface. FGL2 protein expression on the endothelial cell surface 

was up-regulated at an early time following treatment with TNF-α or agonistic anti-CD40 

antibody. DAPI staining was carried out to identify the cell nuclei. 
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3.2 Up-regulation of FGL2 prothrombinase activity by CD40 signal 

 

 

The prothrombinase activity of FGL2 was investigated using the thrombin 

generation assay. MPN3 cells were stimulated with agonistic anti-CD40 antibody, or 

TNF-α as a control, harvested at various time points (0, 1, 3, 6, 9, 12, 18 and 24 h), and 

analyzed for the prothrombinase enzyme activity which regulates the generation of 

thrombin from human prothrombin (Fig. 16). The results showed a 1.5 fold increase in 

the prothrombinase activity of FGL2 3 to 6 h after stimulation using agonistic anti-CD40 

antibody, followed by a time-dependent reduction in activity. As per expectations, strong 

pro-inflammatory TNF-α also stimulated up-regulation of FGL2 function and quantity in 

MPN3 cells.  
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Figure 16. Generation of human thrombin by up-regulated FGL2 in porcine 

endothelial cells.  

Thrombin generation assay was performed to validate the enzyme activity of FGL2. After 

treatment with TNF-α (20 ng/mL), or agonistic anti-CD40 antibody (5 μg/mL), the 

absorbance was measured using a chromogenic substrate (Chromozym TH), and the 

amount of thrombin was calculated by comparison with a standard curve. Closed circles 

(●) indicate TNF-α group (N = 6) and closed squares (■) indicate agonistic anti-CD40 

antibody group (N = 6). 
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3.3 Knock-down effect of CD40 on prothrombinase activity of FGL2 

 

 

The shRNA expression system was used to validate the role of CD40 molecule in the 

up-regulation of FGL2. The suppressive effects of shCD40 and shFgl2 were identified by 

immunofluorescence microscopy and western blot analysis, respectively (Fig. 17A, 17B). 

At 48 h after transfection, porcine endothelial cells were stimulated with agonistic anti-

CD40 antibody, and the thrombin generation assay was performed (Fig. 18). MPN3 cells 

expressing shEGFP (enhanced green fluorescent protein) were used as a negative control 

and showed a similar basal activity to that of non-transfected MPN3 cells for thrombin 

generation. Similar to the previous result (Fig. 16), FGL2 prothrombinase activity was 

up-regulated during 3 to 6 h, and down-regulated 9 h after stimulation of CD40 signal. 

Interestingly, when compared to the control MPN3 cells (no shRNA and shEGFP), FGL2 

prothrombinase activity was not affected by the CD40 signal in CD40 knock-down 

MPN3 cells (p < 0.001). Moreover, prothrombinase activity in MPN3 cells expressing 

shFgl2 was lower than that in shCD40-expressing MPN3 cells, even before stimulation 

(Fig. 18). 
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Figure 17. Validation of knock-down effects of shRNA against CD40 or FGL2. 

A) Porcine CD40 expression vector and shCD40 expression vector were co-transfected 

into COS-7 cells, and the expression of CD40 was detected by immunofluorescence 

microscopy. DAPI staining was performed to identify cell nuclei. B) shFgl2 expression 

vector was transfected into MPN3 cells and the FGL2 expression was analyzed by 

western blot. α-tubulin was utilized as the quantitative control.  
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Figure 18. Decrease of thrombin generation in knock-downed cells. 

Thrombin generation assay was performed to identify the effects of shCD40 on the 

prothrombinase activity of FGL2. In knock-down cells (shCD40 or shFgl2), the thrombin 

generation was not affected by the CD40 signal stimulation (N = 5, ** p < 0.001). 
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4. Discussion 

 

 

In acute humoral xenograft rejection (AHXR), thrombosis and fibrin deposition are 

known as key processes. Therefore, to assure long-term survival of xenograft, these 

processes must be overcome. Previous studies on thrombosis in xenograft rejection have 

mainly focused on the classical prothrombinase complex (Factor Xa/Factor Va) 

generation caused by tissue factor. When the xenograft contacted with xeno-reactive 

natural antibodies, or human originated pro-inflammatory cytokines, the porcine 

endothelial cells are activated. Activated porcine endothelial cells express co-stimulatory 

molecules, various cytokines/chemokines, or pro-coagulant molecules such as tissue 

factor. Indeed, in pig-to-baboon xenotransplantation using human decay-accelerating 

factor (hDAF) transgenic pigs, the transplanted porcine kidney revealed features of 

AHXR such as thrombotic microangiopathy, interstitial hemorrhage, intravascular 

thrombosis, and fibrin deposition [191, 192]. This susceptibility of porcine endothelial 

cells to coagulation and thrombosis may be induced due to the molecular incompatibility 

of anti-coagulant molecules between two species [193]. However, a recent study has 

shown the impact of FGL2 molecule on thrombin generation in acute humoral xenograft 

rejection [186]. 

In this study, I have found that human and porcine FGL2 proteins have 90% 

sequence homology and have a conserved domain (FRED) in the C terminus of the 
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protein which means that FGL2 proteins have molecular compatibility across the species 

(Fig. 14). Indeed, a previous study has reported that porcine FGL2 can directly convert 

human prothrombin to functional thrombin [186]. Following identification of the highly 

molecular homology of FGL2 proteins, I applied various stimuli, such as co-culturing 

with CD40L-expressing human cells (Jurkat D1.1), or administration of agonistic anti-

CD40 antibody, to activate the endothelial cells through CD40 signal. In the co-culture 

experiment using MPN3 cells and Jurkat D1.1 cells, the neutralizing anti-CD40 antibody 

completely inhibited the induction of FGL2 mRNA expression in MPN3 cells; indicating 

that the increase of FGL2 expression in MPN3 cells co-cultured with Jurkat D1.1 cells is 

mainly dependent on the CD40 signal (Fig. 15A). Immunofluorescence microscopy 

revealed that FGL2 expression on the surface of MPN3 cell was up-regulated at early 

time after treatment with TNF-α, or agonistic anti-CD40 antibody (Fig. 15B).  

Next, the shRNA expressing system was employed to demonstrate the effect of 

CD40 signal on FGL2 up-regulation (Fig. 17). I have employed a shRNA expression 

vector reported previously (Choi et al., 2005). After confirming the inhibitory effect of 

each shRNA, the prothrombinase activity of FGL2 was tested. Compared to negative 

control (shEGFP), shCD40 completely inhibited the generation of thrombin. I also 

noticed that prothrombinase activity in shFGL2 introduced MPN3 cells was very low, 

before as well as after CD40 stimulation. These results indicate that FGL2 molecule on 

the cell surface plays a key role in the generation of thrombin even in unstimulated 

endothelial cells, and CD40 signal plays an important role in FGL2 up-regulation. In 

addition, CD40-dependent FGL2 up-regulation can give assistance to propose a possible 
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mechanism for the prevention of FGL2 expression in the allo-transplantation model, by 

the administration of neutralizing anti-CD154 (CD40L) monoclonal antibody [188]. 

Previous study have demonstrated that human CD40L and porcine CD40 xenogeneic 

interaction can activate porcine endothelial cells, and up-regulate the expression of 

adhesion molecules or chemokines through the NF-κB pathway [189]. On the basis of 

this study, I suggest that activated porcine endothelial cells by CD40 signaling can up-

regulate the expression of FGL2 and the generation of thrombin by increase of direct 

prothrombinase activity. This indicates that genetic modification of CD40 or FGL2 

should be regarded to avoid the thrombotic microenvironment formation leading to 

xenograft rejection. 
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Summary 

 

 

In xenotransplantation, genetic modification of pigs is important strategy to 

overcome the immune barrier. The selection of target gene for transgenesis or knock out 

is key step. Purpose of this study is selection of target genes and generation of transgenic 

pigs for xenotransplantation.  

In vitro test of target genes for validation of function was performed. shTNFRI-Fc 

showed strong inhibition effect against human TNF-α stimulation. The expression of 

adhesion molecules and chemokine was inhibited by shTNFRI-Fc. However, shTNFRI-

Fc was not effect in hydrogen peroxide (H2O2) treated condition. In contrast, combination 

of two genes, shTNFRI-Fc and HAHO1, showed better protective effect than that of 

wild-type or single target expressing NPCCs. 

Based on the above results, shTNFRI-Fc transgenic pig was generated by SCNT. 

The expression of shTNFRI-Fc was confirmed in tissue and blood serum at high levels. 

Blood serum originated from shTNFRI-Fc transgenic pig was used in transgenic pig 

validation. Transgenic pig serum with human TNF-α effectively inhibited the expression 

of chemokines and adhesion molecules. In addition, F1 of shTNFRI-Fc transgenic pig 

was generated by natural breeding program with wild-type White Yucatan pig. Three of 

the seven piglets express shTNFRI-Fc at high levels 

In addition, shTNFRI-Fc-2A-HAHO1 double transgenic pigs were also generated 

by SCNT. Insertion of shTNFRI-Fc-2A-HAHO1 target gene into the pig genome and 
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copy number was confirmed southern blot. According to the southern blot, two copies of 

transgene inserted into the pig genome. The expression of shTNFRI-Fc and HAHO1 was 

confirmed by western blot and IHC in various tissues. Cells originated from shTNFRI-

Fc-2A-HAHO1 double transgenic pig were used in the validation of transgene function. 

In TNF-α with CHX or H2O2 mediated apoptosis condition, cells from double transgenic 

pig showed higher cell viability than that of wild-type pig cells as well as single 

transgenic pig cells. These results indicate that two target genes, shTNFRI-Fc and 

HAHO1, have synergistic effects. 

On the other hand, CD40 mediated up-regulation of porcine FGL2 lead to increase 

the generation of human thrombin. Knock-down of CD40 or FGL2 showed decrease the 

thrombin concentration. These results indicate that blocking of CD40 or lacking of FGL2 

may be helpful to control acute humoral xenograft rejection. 

In conclusion, effective target genes (shTNFRI-Fc and/or HAHO1) to reduce 

inflammation and increase cell viability were validated. Based on the validation results, 

transgenic pigs with single transgene or double transgenes were successfully produced by 

SCNT. In addition, generated transgenic pigs were analyzed the expression and the 

functions of transgenes in inflammatory or apoptotic conditions. Furthermore, another 

target genes (FGL2) to reduce thrombosis was validated in vitro.  

All the take together, transgenic pigs from this study might be helpful to overcome the 

acute humoral xenograft rejection and contribute to successful xenotransplantation, if 

used in combination with other genetic modification (i.e. GalT knockout, transgenic of 

complement regulatory proteins, etc.). 
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국문초록 

 

이종이식을 위한 유전자 선정 및  

형질전환 돼지의 생산 

 

조 범 래 

(지도교수: 이 병 천) 

 

서울대학교 대학원 

수의학과 수의산과학·생물공학 전공 

 

이종장기 이식 (Xenotransplantation)은 동종장기 이식에서 큰 문제가 

되고 있는 장기 공여자의 부족을 해결할 수 있는 대안으로 생각되고 있다. 

그러나 성공적인 이종이식을 위해서는 면역거부 반응, 공여장기의 안전성, 

윤리적 문제 등을 해결해야 한다. 이중 면역거부 반응을 극복하기 위한 방법 

중 하나로 형질전환 돼지의 생산 전략이 사용되고 있다. 초급성 거부반응 

(Hyperacute rejection; HAR)은 알파갈 적중 돼지 (GalT KO pig)와 인간 보체 
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조절 단백질 (human complement regulatory protein) 발현 돼지의 생산으로 

극복되었다고 생각되고 있다. 그러나, 여전히 급성 체액성 거부반응 (acute 

humoral xenograft rejection)은 존재하고 있다. 이를 극복하기 위해서는 면역 

반응을 감소시킬 수 있는 항염증, 항세포사멸, 세포보호 유전자를 발현하는 

새로운 형질전환 돼지의 생산이 필요하다. 

본 연구에서는 항염증, 항세포사멸, 세포 보호 효과를 가진 타겟 

유전자의 효율적인 선정을 위해서 in vitro 기능 검증을 수행하였다. 또한, 

항염증 효과를 가진 shTNFRI-Fc 와 항세포사멸과 세포보호 효과를 가진 heme 

oxygenase1 (HO1) 유전자, 그리고 두 유전자의 조합에서의 기능 검증을 

진행하였다. shTNFRI-Fc 발현하는 돼지 혈관내피 세포에서 인간 종양괴사인자 

(human TNF-α) 처리 시 접착분자 (adhesion molecules)와 케모카인 

(chemokines)의 발현이 감소됨을 확인하였다.  게다가 shTNFRI-Fc 유전자와 

HO1 유전자의 조합군에서는 인간 종양괴사인자 (human TNF-α)와 

cycloheximide (CHX) 처리 시 단일 유전자 발현 신생돼지 췌도 보다 좋은 세포 

생존능을 보였다.  
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이러한 in vitro 기능 검증 결과를 기반으로 체세포 핵 이식 방법에 의해 

shTNFRI-Fc 형질전환 돼지를 생산하였고, 형질전환 유전자의 발현을 형질전환 

돼지 유래 조직에서 확인하였으며 형질전환 유전자의 기능을 인간 

종양괴사인자 (human TNF-α) 자극 조건에서 확인하였다. shTNFRI-Fc 형질전환 

돼지의 혈청은 돼지 혈관내피 세포주에서 효과적인 인간 종양괴사인자 

억제효과를 보였다. 게다가 shTNFRI-Fc 형질전환 돼지는 자연 교배를 통하여 

F1 세대를 성공적으로 생산하였고 생산된 7 두 중 3 두에서 shTNFRI-Fc 의 

발현이 확인되었다. 

이와 더불어 shTNFRI-Fc 와 HAHO1 유전자를 함께 발현하는 이중 

유전자 발현 형질전환 돼지 역시 체세포 핵 이식 방법으로 생산하였다. 

형질전환 유전자의 pig genome 삽입과 copy number 를 southern blot 을 통하여 

확인하였다. 각 형질전환 유전자의 발현은 형질전환 돼지 유래의 다양한 

조직을 이용하여 western blot 과 면역조직화학법 (immunohistochemistry; IHC)을 

통하여 확인하였다. 형질전환 유전자의 기능은 인간종양괴사인자와 CHX 를 

함께 처리하여 apoptosis 를 유도한 후 세포 생존능과 caspase-3-7 활성을 
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통하여 확인하였다. 결과적으로 이중 유전자 발현 형질전환 돼지 유래 세포가 

wild-type 또는 단일 유전자 형질전환 돼지 보다 나은 보호 효과를 보이는 

것을 확인하였다.  

반면, thrombin 생성과 관련이 있는 다른 타겟 분자에 대한 검증도 

시행하였다. Fibrinogen-like protein2 (FGL2)는 direct prothrombinase 로 알려져 

있는데 이는 전통적인 prothrombinase (Factor Xa/Factor Va) 없이도 thrombin 

생성을 할 수 있다. CD40 신호전달을 통한 FGL2 의 발현 증가는 thrombin 의 

증가를 유도했다. FGL2 또는 CD40 의 knock-down 은 thrombin 생성의 감소를 

보여주었다. 이러한 결과들은 CD40-CD40L 신호가 FGL2 의 발현 증가와 이를 

통한 thrombin 의 증가를 유도한다는 것을 보여준다. 따라서, CD40 신호의 억제 

또는 FGL2 의 결손은 AHXR 의 극복에 도움이 될 수 있다. 

요약하면, 선정된 타겟 유전자는 inflammation 또는 apoptosis 조건에서 

기능을 확인하였는데 shTNFRI-Fc 또는 shTNFRI-Fc 와 HO1 유전자 조합에서 

더 좋은 효과를 확인하였다. shTNFRI-Fc 형질전환 돼지와 shTNFRI-Fc-2A-

HAHO1 이중 유전자 발현 형질전환 돼지에서 형질전환 유전자의 발현을 
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발현을 확인하였고 cytokine 매개 apoptosis 조건에서 세포의 생존능을 

확인하였다. 더불어 CD40 신호에 의한 FGL2 발현 증가를 확인하였고 그에 

따른 thrombin 의 증가도 확인하였다. 

결론적으로, 급성 체액성 거부반응을 극복하기 위하여 본 연구에서는 

타겟 유전자의 기능 평가를 수행하였고 항염증, 항세포사멸, 세포보호 

유전자를 발현하는 형질전환 돼지를 성공적으로 생산하였다. 또한, 본 

연구에서 생산된 형질전환 돼지는 효과적인 항염증, 항세포사멸 및 세보 보호 

기능을 보여주었다. 결과들을 종합적으로 고려해보면, 본 연구에서 생산된 

형질전환 돼지는 급성 체액성 거부반응을 극복하는데 도움이 될 수 있으며 

극성 거부반응 극복을 위한 다른 유전자 변형 (예를 들어, 알파갈 적중과 

보체 조절 단백질 형질전환 등)과 조합을 통하여 성공적인 이종이식에 기여할 

수 있을 것으로 사료된다. 
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