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Ayan Mukherjee 

Approaches for the development of a transposon-based vaccine against classical 

swine fever virus 

Summary 

Classical swine fever (CSF) is an economically important viral disease of 

domesticated, feral, and wild pigs. The main objective of this study is to assess the 

suitability of a transposon-based approach for vaccine development against CSF virus. 

Therefore the DNA transposon system, Sleeping Beauty (SB), has been exploited to 

design and develop transposon constructs expressing E2 glycoproteins of CSF virus. A 

codon optimized synthetic E2 and a wild type E2 gene were cloned in SB transposon 

vectors for  the expression of membrane anchored and secretory variants. It is 

anticipated that the delivery with the SB system will lead to efficient integration of 

the E2 transposons in transcriptionally permissive loci, which will result in robust and 

long lasting expression. To test this concept in vivo, I characterized transgenic animals 

with mammary-gland restricted E2 gene expression, or ubiquitous expression of 

reporter constructs derived via SB transposition. A mouse line with mammary gland-

specific expression of E2 gene was established, which showed stable expression of the 

viral E2 glycoprotein in the milk. Some of the offspring showed a dwarf phenotype, 

however the dwarf phenotype correlated with the integration sites and not to the E2 

protein containing milk. The suitability of the SB transposon system for the 

identification of transcriptionally permissive loci was shown in transgenic pigs. In 

addition, the large scale expression of reporter transposons in the milk of transgenic 

pigs was established. It is anticipated that the SB transposon approach via application 

as a DNA vaccine or via the recombinant expression of CSFV subunits in the milk of 

transgenic animals will contribute to improved approaches against the virus. 
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Ayan Mukherjee 

Ansätze für die Entwicklung eines Transposon-basierten Vakzines gegen das Virus 

der klassischen Schweinpest 

Zusammenfassung 

Die klassische Schweinepest (CSF) ist eine ökonomisch bedeutende 

Viruserkrankung von domestizierten, verwilderten und wilden Schweinen. Das 

Hauptziel dieser Arbeit ist es die Eignung von Transposon-basierten Ansätzen zur 

Vakzine-Entwicklung gegen das  Virus der klassischen Schweinpest zu evaluieren. 

Dafür wurde das DNA-Transposonsystem, Sleeping Beauty (SB), genutzt, um 

Transposonkonstrukte für die Expression des E2-Glykoproteins des CSF-Viruses zu 

entwickeln. Ein codon-optimiertes, synthetisches E2 und ein wildtyp E2-Gen wurden 

in SB-Transposon-Vektoren für die Expression membran-gebundener und sekretierter 

Varianten kloniert. Es wird erwartet, dass die Applikation mit dem SB-System zu einer 

effizienten Integration der E2-Transposons in transkriptionell-permissive Loci führt, 

und damit in einer robusten und langanhaltenden Expression resultiert. Um dieses 

Konzept in vivo zu testen, habe ich transgene Tiere mit milchdrüsen-spezifischer 

Expression des E2-Gens, oder ubiquitärer Expression von Reportergenen nach SB-

vermitteltem Gentransfer, charakterisiert. Eine Mauslinie mit milchdrüsen-

spezifischer Expression des E2-Gens wurde etabliert, diese zeigte eine stabile 

Expression des viralen E2-Glykoproteins in der Milch. Einige der Nachkommen waren 

zwergwüchsig, der Zwergwuchs korrelierte aber mit einer der Integrationsstellen, und 

nicht mit der E2-Protein-haltigen Milch. Die Eignung des SB-Transposonsystems für 

die Identifikation transkriptionell-permissiver Loci im Schweinegenom wurde in 

transgenen Schweinen gezeigt. Zusätzlich, wurde die großmaßstäbliche Expression 

von Reporter-Transposons in der Milch transgener Schwein etabliert. Es ist zu 

erwarten, dass der SB-Transposonansatz entweder als DNA-Impfstoff oder durch die 

rekombinante Expression von Untereinheiten des CSF-Virus in der Milch transgener 

Tiere zu verbesserten Ansätzen gegen das Virus beiträgt. 



General introduction 

1 
 

Chapter I 

1. Introduction to classical swine fever virus (CSFV) 

Classical swine fever (CSF) is a highly contagious, multi-systemic, 

haemorrhagic viral disease of domesticated, feral and wild pigs (Everett et al., 

2011; Gers et al., 2011). CSF outbreaks as well as preventive vaccination 

strategies have extensive economical consequences, as this directly affect pig 

breeding, and trading of pigs and pork meat products. CSF outbreaks must be 

reported to the World Organization for Animal Health (OIE), and the standard 

procedure instructs the culling of infected herds and non-infected herds kept in a 

certain neighbourhood, as well as a ban of any pork meat trading. To allow an 

unambiguous discrimination of non-affected pigs and pork products from 

vaccinated (or infected) animals, the pig breeders in the European Union (EU) do 

not use the currently available vaccines, which are not suitable for the 

discrimination of infected from vaccinated animals (DIVA). However, for 

preventing economic losses and improving animal welfare, the development of 

DIVA-compatible vaccines against CSF is a pressing topic. 

The etiological agent of CSF was first described as virus in 1904 (Dong and 

Chen, 2007).  The pathogenic agent of CSF is classical swine fever virus (CSFV), 

which together with bovine viral diarrhoea virus (BVDV) and border disease virus 

(BDV) belongs to the genus of pestiviruses. 

1.1. Classification of CSFV 

After practical and affordable implementation of polymerase chain 

reaction (PCR) and DNA sequencing, PCR genotyping became the most used 

method to harmonize classification of CSFV strains between different 

laboratories. A standard protocol has been designed and implemented, using 

three CSFV genomic locations, to classify CSFV isolates and to determine their 
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genetic group and position in phylogenetic tree. These three genomic locations 

include 3’ end of the NS5B polymerase gene, 150 nt of the 5’ untranslated region 

(UTR) and 190 nt coding region of the E2 glycoprotein gene. CSFV isolates have 

been classified into three groups with their sub-groups (Paton et al., 2000), i.e.  

i) Genotype 1: with 3 sub genotypes (1.1 / 1.2 / 1.3) 

ii) Genotype 2: with 3 sub genotypes (2.1 / 2.2 / 2.3) 

iii) Genotype 3: with 4 sub genotypes (3.1 / 3.2 / 3.3 / 3.4)  

Genotype 1 mainly consists of historical strains that have been isolated 

worldwide and includes all live-attenuated vaccine strains. All currently 

circulating CSFV strains, which has been flared up since 1980s with increased 

prevalence and epidemic infections, were grouped into genotype 2. Genotype 3 

mainly contains CSFV strains, most of which have been shown to be distributed in 

separated geographic regions such as Taiwan, Korea, Japan, Thailand and the 

United Kingdom (Ji et al., 2015). 

1.2. Structure of CSFV 

1.2.1 Structure of genome 

The classical CSFV has an approximate diameter of 40 – 60 nm, whereas 

the inner core mass is 30 nm wide. The virus is having a single stranded positive 

sense RNA genome of approximately 12.5 kilo nucleotide length (Figure 1). The 

whole genome of the CSFV consists of a single open reading frame (ORF), which is 

flanked by 5’ and 3’ untranslated regions (UTR). The 5’ UTR of CSFV genome lacks 

a 5’ cap and contains an internal ribosome entry site (IRES). The 3’ UTR of CSFV 

does not have any poly A region (Thiel et al., 1991). After employing host 

translational machinery, the ORF is being translated into a 3898 amino acids long 

polypeptide, which is co-translationally and post-translationally modified by host 

signal peptidase and Npro, NS2, and NS3 proteinases from CSFV, ultimately giving 
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rise to different viral proteins (Rumenapf et al., 1998; Heimann et al., 2006; 

Moulin et al., 2007; Bintintan and Meyers, 2010; Tang et al., 2010; Gottipati et al., 

2013). The single ORF is being translated into four structural (C, Erns, E1, E2), and 

eight non-structural viral proteins (Npro, P7, NS2, NS3, NS4A, NS4B, NS5A, NS5B) 

(Figure 1) (Meyers and Thiel, 1996).  

 

 

Figure 1: Classical swine fever virus and viral genome organisation (Beer et al., 2007).  

1.2.2 Structure of the virion 

The CSFV RNA genome and protein C molecules form a nucleo-capsid, 

which is covered with a spherical lipid protein envelop. The CSFV virion structure 

is composed of four structural proteins, i.e. protein C, Erns, E1 and E2 (Thiel et al., 

1991) (Figure 1). Nascent Erns, E1 and E2 peptides are post-translationally 

modified by host enzymes to produce mature glycoprotein structures (Rumenapf 

et al., 1993; Bintintan and Meyers, 2010). These outwardly directed structures 

are formed by Erns homodimer, E1-E2 heterodimer, and E2 homodimer (Thiel et 

al., 1991). E1 and E2 glycoprotein anchor themselves by transmembrane domains 
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(Rumenapf et al., 1993), whereas Erns protein is anchored by a C-terminal 

amphipathic helix (Fetzer et al., 2005; Tews and Meyers, 2007). Amongst these 

glycoproteins, E2 glycoprotein is the major immunogenic molecule of CSFV 

(Weiland et al., 1990).  

1.2.3 Epitopes of E2 glycoprotein 

The E2 glycoprotein of CSFV is a type I transmembrane protein with a 

molecular mass of 55 kDa. It is anchored within the capsid with its hydrophobic C-

terminal domain (Figure 2) (Thiel et al., 1991). The C-terminal domain forms a 

helical hairpin like structure, mainly consisting of arginine molecules (Wang et al., 

2014). The N-terminal ecto-domain contains the immunogenic epitope regions. 

CSFV E2 N-terminal structure has been divided into four domains, namely B, C, D, 

A (Figure 2) (Wensvoort, 1989; Wensvoort et al., 1990). Altogether these four 

domains form an immunoglobulin-like structure, where B and C domains form 

one unit (B-C) and domains D and A form another unit (D-A). These two units are 

joined together by an intervening region (van Rijn et al., 1994; Chang et al., 2010; 

Chang et al., 2012b; Huang et al., 2014). Variable antigenic specificity of different 

CSFV strains is mainly attributed to the non-conserved epitopes, located in 

domain B and C (Unit B-C).  

Different antigenic motifs are essential for structural integrity of 

conformational epitopes, e.g. the motifs in B and C domains (Chang et al., 2010; 

Chang et al., 2012a). Antigenic specificity of field strains is governed by glutamic 

acid at position 24, aspartic acid at position 40 and arginine at the position 156. 

For the development of epitope-based vaccine and sero-diagnostics, amino acid 

residues from position 140 to 148 have been targeted as being a highly conserved 

epitope (Liu et al., 2006a; Liu et al., 2006b; Qi et al., 2009; Reimann et al., 2010; 

Monso et al., 2011; Tarradas et al., 2011; Li et al., 2012).  
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Figure 2: Structural organization of CSFV E2 glycoprotein (Huang et al., 2014). Important 

amino acid residues are indicated in this image. Wt indicates wild type field CSFV strains. 

 

1.3 Life cycle of CSFV at molecular level 

Life cycle of CSFV starts with the infection of the host cells, e. g. cryptic 

endothelial cells of pigs. CSFV virions attach themselves to the host cell 

membrane by E1 and E2 glycoproteins (Wang et al., 2004). The cell surface 

receptor is not known for CSFV (Gladue et al., 2014), but this is thought to be 

CD46 (El Omari et al., 2013). Attachment of the virus particle is followed by viral 

entry into the cells. In case of the closely related BVDV, clathrin-mediated 

endocytosis (Lecot et al., 2005) has been observed, but in case of CSFV the exact 

mechanism is still unknown. Glycoproteins play a major role in successive 

membrane fusion during cellular entry. Amino acid residues from 129 to 139 of 
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E2 glycoprotein are thought to be involved in membrane fusion (Fernandez-Sainz 

et al., 2014) by pH dependent acidification (Sieczkarski and Whittaker, 2002; 

Wang et al., 2004). Fusion of the viral envelope with the endosomal membrane 

releases viral infectious material into the cytoplasm. After release into the 

cytosol, the nucleo-capsid gets uncoated and the positive sense, single stranded 

CSFV RNA genome is accessible for transcription and replication.  

 Host ribosomes bind directly to the IRES at the 5´ end of the CSFV RNA and 

initiate translation (Fletcher et al., 2002). The nascent polypeptide chain 

undergoes post translational modifications and cleavage in the lumen of the 

endoplasmic reticulum (Figure 3A). 

CSFV genome replication is being carried out by NS5B, which is a RNA-

dependent RNA polymerase enzyme.  Along with NS5B, viral replication is being 

mediated by other viral non-structural proteins i.e. NS3, NS4A, NS4B and NS5A 

(Moulin et al., 2007). The RNA genome is being synthesized to complementary 

RNA (negative sense). This complementary RNA acts as a template for the 

synthesis of progeny positive sense CSFV RNAs (Figure 3B). Virion morphogenesis 

is being mediated by NS2–NS3 fusion protein and NS4A together (Moulin et al., 

2007). Although, a clear mechanism and site of virus assembly along with the 

mechanism of virus release is yet to define, but P7 protein might play an 

important role in virus packaging and budding process by its polarity determining 

amino acid sequence (RDEPIKK).  
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Figure 3: Schematic diagram of CSFV life cycle (Ji et al., 2015). A. Post translational 

maturation and modification is depicted. B. Life cycle of CSFV is described.  

B 

A 
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1.4 Clinical signs 

Acute, chronic or prenatal forms have been predominantly observed in 

CSFV infections. CSF shares common clinical signs with diseases caused by other 

pestiviruses, like BVDV. Evaluation of strain specific CSFV virulence is difficult as 

the same virus isolate could manifest different signs depending on age, breeding, 

health status and immune status of the infected animals. In acute cases, piglets 

show more severe signs than adults. Usually affected piglets pile in the corner of 

the floor with hyperthermia above 40 °C, whereas adult pigs show signs of 

anorexia, lethargy, conjunctivitis, respiratory signs, constipation followed by 

diarrhoea and hyperthermia between 39.5 – 40 °C. In adult pigs, systemic 

haemorrhages and immuno-suppression are the most obvious clinical signs, 

which are accompanied by leukopenia and lymphopenia.  

Both in acute and subacute cases endothelial cell necrosis leads to 

vasculitis and haemorrhages. Haemorrhages and disturbance of fibrinogen 

synthesis are the major causes of severe anaemia and thrombocytopenia 

(Summerfield et al., 2001a; Summerfield et al., 2001b; Bensaude et al., 2004).  

Swollen lymphnodes, red or black edematous, petechial to ecchymotic 

haemorrhages in heart, larynx, urinary bladder, intestinal mucosa, serosa and 

skin, cyanotic skin, ‘turkey egg’ appearance of kidney cortex, splenic infarcts, 

hyperemic with diphtheroid inflammation in intestine, congestion in the liver, 

bone marrow and lungs, lesions in the brain and spinal cord and thymic atrophy 

are the characteristic signs as well (Chander et al., 2014). However, in surviving 

pigs, immunity develops rapidly (Susa et al., 1992; Summerfield et al., 1998b).  

In case of chronic disease, which is mainly caused by moderate or low-

virulent CSFV strains, pigs have signs of acute disease along with intermittent 

hyperthermia, chronic enteritis and wasting and finally death of the animal within 

2 – 3 months. At initial stage, spread of virus in serum and organs occurs in a slow 
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rate and mainly in epithelial cells of the tonsils, ileum, salivary glands and kidney. 

In the kidney, a common clinical sign is glomerulonephritis, which occurs due to 

antigen–antibody complex deposition. In later stages, secondary bacterial 

infections facilitate viral dissemination (Cheville et al., 1970). ‘Button ulcers’ in 

large intestine is the characteristic feature for both subacute and chronic CSFV 

infection.  

CSFV is capable to cross the placental barrier and can infect foetuses in all 

stages of pregnancy. If foetuses are infected by CSFV at very early stage of 

pregnancy, this could lead to abortion and stillbirths. If foetuses get infected in 

the uterus during the first 40 days of gestation with a low virulent CSFV strain, the 

born piglets show lifelong viremia and virus could be found in epithelium 

lymphoid and reticuloendothelial tissues and tonsil. If the foetuses are affected 

between 50 – 70 days of gestation, piglets show persistent viremia, waste or 

congenital tremor and they die after several months. These animals also show 

retarded growth and shed a large number of viral particles (Chander et al., 2014). 

Immunotolerance could develop in the piglets, if the infection occurs in later 

stage of gestation (Meyer et al., 1981). 

Beside the age of the foetuses, virulence of the virus also plays a major role 

in foetal infection. Abortions, stillbirths, mummification and malformations, such 

as hypoplasia of lungs, malformation of the pulmonary artery, micrognathia, 

arthrogryposis, fissures in the renal cortex, multiple septa in the gall bladder and 

malformations of the brain are common clinical signs in case of transplacental 

infection (Chander et al., 2014). The infected sows are considered to be a major 

viral reservoir, as they transmit virus for several months after delivery.  

1.5 Pathogenesis 

Routes of CSFV infection are oro-nasal, conjunctival and genital route, 

amongst which the oro-nasal route is the most common route. Pathogenesis of 
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CSFV infection could be characterized in three phases, i.e. lymphatic, viremic and 

visceral phases. Upon exposure, CSFV initially infects crypt-epithelial cells, 

macrophages, lymphocytes, and endothelial cells of tonsil. After infecting cells of 

oro-nasal route, CSFV spreads to regional lymph nodes and the efferent blood 

capillaries (Belak et al., 2008). Being carried by lymphatic and vascular system, 

CSFV infects spleen, mesenteric lymph node, visceral lymph node, lymphoid 

tissues and bone marrow. In vivo pathogenic lesions in acute infection of CSF are 

due to immune-pathological damage. CSFV is known to cause systemic 

haemorrhages and immuno-suppression. CSFV has an affinity towards vascular 

endothelium and immune cells. Severe changes could be observed in bone 

marrow and circulating WBCs. At the early stage of CSF infection, 

disproportionate leukocyte sub-populations could be observed (leukopenia), 

whereas lymphopenia could be related to disproportion in B-lymphocytes, helper 

T cells and cytotoxic T cells populations. Pathogenic effects of CSFV are considered 

to follow an indirect mechanism rather than direct virus or viral protein 

dependent effect. In systemic haemorrhages, CSFV mediated endothelial cell 

degeneration and necrosis, vasculitis and haemorrhages have been observed, 

which is followed by severe anaemia, thrombocytopenia and disturbance of 

fibrinogen synthesis (Summerfield et al., 2001a; Summerfield et al., 2001b; 

Bensaude et al., 2004).  

Interaction of CSFV virus with monocytes and macrophages releases 

different mediator molecules, which changes homeostatic parameters. These 

homeostatic changes engage pro-inflammatory and antiviral molecules, which 

results in haemorrhages due to thrombocytopenia. Spread of the virus could be 

linked to the release of inflammatory cytokines from vascular endothelial cells. 

The immunosuppression in CSF could be correlated with decreased cell numbers 

and necrosis of bone marrow haematopoietic cells and lymphocytes 
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(Summerfield et al., 1998a; Summerfield et al., 1998b; Summerfield et al., 2000; 

Summerfield et al., 2001a). Lymphocyte depletion could be correlated with the 

viral Erns protein and reduction in mitochondrial transmembrane potential 

(Bruschke et al., 1997; Summerfield et al., 1998a; Summerfield et al., 1998b). 

Depletion in B-lymphocytes population is considered to be the effect of induced 

apoptosis by CSFV infected macrophages (Choi et al., 2004). 

1.6 Immune response against CSFV 

In recovering pigs, neutralising antibodies could be detected between 10 

to 14 days post infection. CSFV E2 envelop protein mainly induces neutralizing 

antibodies (Reimann et al., 2003). Presence of non-neutralizing antibodies i.e. 

antibodies against Erns and NS3 viral proteins have been observed as well. 

Differential immune responses have been observed between viral infections and 

vaccination. Where naturally occurring viral infection leads to high cell mediated 

immune response, manifested by high primary and secondary cytotoxic T cell 

activity along with high interferon – γ production, viral challenge after vaccination 

can engage neutralizing antibody and low cell mediated immune response. In 

case of viral infection the up regulation of CD25 could be correlated with CD4
-

/CD8
+
 cytotoxic T cell response, which indicates higher cell-mediated immune 

responses associated with natural CSFV infection rather than vaccination with 

attenuated or modified live vaccines. E2 subunit vaccines are able to protect pigs 

from fatal CSFV infection via high titres of neutralizing antibody (Reimann et al., 

2003; Beer et al., 2007).  For the complete protection of animals and optimized 

immune responses, both the neutralizing antibody response and cell mediated 

immune response are necessary, so the ideal vaccines are conceptualised to 

activate both of the immune response simultaneously.   
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2. Available vaccines against CSFV 

Although different approaches have been carried out to develop vaccines 

against CSFV, only two types of vaccines against CSFV are commercially available, 

i.e. live attenuated or modified live vaccines (MLV) and E2 subunit vaccines. There 

are some other types of vaccines against CSFV in research trials, such as DNA 

vaccines (Andrew et al., 2000), peptide vaccines (Dong and Chen, 2006), chimeric 

pestivirus (Drager et al., 2015), viral vector vaccines (Hammond and Johnson, 

2005) and trans-complemented replicons (Frey et al., 2006), which are still under 

research trials.  

2.1. Live attenuated and modified live vaccines 

For prophylactic treatments against CSFV outbreaks live attenuated 

vaccines or modified live vaccines, which are being developed by serial passage of 

virus strain in unnatural hosts or in vitro cell culture systems, are predominantly 

used.  Amongst these vaccines, the C-strain vaccine is mostly used due to its 

capability to induce T-cell activation, as well as antibody production. A number of 

MLVs have  been developed from C-strain of CSFV in different countries, such as 

Pestiffa in France, SUVAC in Hungary, Cellpest in Poland, Suiferin C in former East 

Germany, VADIMUN in USA, Duvaxin and Riems in Germany, Norden and Porcivac 

in Mexico, PS Poreo in Brazil, Tipest in Slovakia, TVM-1 in Czech Republic, Russian 

LK in Russia. Beside C-strain, other strains have also been used to develop MLVs 

such as ROVAC, Shimen, GPE, ALD, Alfort and Miyagi strains (Ji et al., 2015). 

2.2. E2 subunit marker vaccine 

Live attenuated or MLVs induce similar polyclonal neutralizing antibody 

profiles like natural infection in the host. So it is difficult or impossible to 

distinguish between infected animals from vaccinated animals (DIVA). Due to this 

bottle neck, new approaches for DIVA-compatible vaccines have been carried out, 
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primarily employing the E2 glycoprotein of CSFV (Konig et al., 1995). In the EU 

two E2 subunit protein vaccines are currently licenced for commercialization. 

2.3. DNA vaccines 

In principle, nucleic acid-based vaccines of the E2 subunit of CSFV should 

have a number of advantages when compared with the protein-based vaccines. 

DNAs or RNAs can be produced by classical molecular biology methods, or 

completely synthetically. The production is cost-effective, avoids the handling 

with infectious material, and in lyophilized preparations nucleic acids show a 

long-term stability without the absolute need for a permanent cooling chain 

(Henke, 2002). 

 

3. Introduction to transposable elements 

 ‘Jumping genes’ are transposable elements (TEs), which can move from 

one location of the genome to another. The majority of the genomes of all living 

creatures are constituted of transposable elements, e.g. transposable elements 

cover 45% of the human genome (SanMiguel et al., 1996). 

TEs are considered to play some regulatory role on genetic expression 

and cell type determination and development processes. Recently, it has been 

found that there is a role of TEs on gene transcription in different species, e.g. 

fruit flies, morning glory flowers and maize (Slotkin and Martienssen, 2007). 

Recent data suggests that transposable elements are involved in translocation of 

genomic sequences, exon shuffling, double strand break repair and altering 

regulatory regions of genes (Koga et al., 2006).  

3.1 Discovery of transposable elements 

Until the late 1940s, genes were considered as orderly arranged stable, 

static entities on chromosomes (Morgan, 1922). Contradicting this concept, 
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Barbara McClintock postulated that some genetic elements are dynamic. The 

study of genomic linkage groups in maize chromosomes helped her to discover 

unusual chromosome breakage events. McClintock discovered a particular 

location on chromosome 9, where the chromosome breaks with an unusual high 

frequency. She termed that location the dissociation (Ds) locus, as it can change 

its position within the chromosome. A detailed study revealed that the Ds 

element is not able to change its location by itself, but depends on another locus, 

which she termed activator (Ac). The Ac locus can change its position by its own, 

and the mobility of As and Ds elements could lead to the unstable mutations of 

certain genes. The mobility of Ds and Ac can cause insertional mutagenesis, and 

functions of already mutated gene can be restored by remobilization of the 

transposable elements (McClintock, 1950).  

Later, Ac was identified as a 4.5 kb autonomous DNA transposon (Figure 

4), which encodes a transposase enzyme. This transposase is responsible for 

excision and successive reintegration of the Ac transposon into a different 

location of the maize genome. Ds is a non-autonomous transposable element, 

which lacks a functional transposase (Figure 4). For transposition, Ds elements 

depend on the Ac encoded transposase (Fedoroff, 1989). Importantly, the vast 

majority of naturally occurring transposable elements are inactivated by 

accumulated mutations (Miousse et al., 2015). 

 

Figure 4: General structure of autonomous and non-autonomous DNA transposable 

elements. Autonomous elements encode their own transposase enzyme, whereas non-

autonomous elements lack a functional transposase gene. 
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3.2 Sleeping Beauty transposon  

A non-functional Sleeping Beauty (SB) transposon was first discovered in 

the genome of the white cloud mountain minnow fish (Tanichthys albonubes) 

(Ivics et al., 1997). The SB transposon system is a class II DNA transposon of the 

Tc1/Mariner superfamily (Kaufman and Rio, 1992; van Luenen et al., 1994). Tc1-

Mariner transposons consist of a single open reading frame encoding the 

transposase enzyme, which is flanked by inverted terminal repeat (ITR) 

sequences. By an in vitro-mutagenesis approach a functional SB variant was 

resurrected (Ivics et al., 1997), which was found to be transpositionally active in 

cells of a broad range of species, including mammalian cells. Later, hyperactive 

variants were created by an in vitro-evolutionary approach (Mates et al., 2009). 

Importantly, the SB transposase can be separated from the ITR elements, which 

allows to clone any gene sequence of interest in between the ITRs, which make 

the SB system highly versatile for several gene transfer experiments (Ding et al., 

2005; Mates et al., 2009; Garrels et al., 2011). 

For mobilisation, the SB transposase binds with the ITRs and excise the 

transposon from neighbouring sequences by transesterification (Figure 5). 

Transposase-mediated excision leads to 3’ overhangs at the ITRs of the 

transposon (Bryan et al., 1990; van Luenen et al., 1994). The complex of 

transposon and transposase is called transposom. The transposase then catalyses 

integration of the transposon DNA into a TA dinucleotide consensus sequence 

(van Luenen et al., 1994; Vigdal et al., 2002) (Figure 5).  
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Figure 5: A plasmid – based SB system is shown (Garrels et al., 2012). The SB transposase is 

encoded on a helper plasmid. The ITR flanked gene of interest (here a fluorophore 

reporter) is delivered on a second plasmid. 

TA sites with increased flexibility are preferred over stiff TA DNA motifs 

(Vigdal et al., 2002; Baus et al., 2005). Although the mechanism is not clear, it is 

postulated that flexible DNA regions are more accessible for the transposase. 

Saturation studies with Hela, K562 (Vigdal et al., 2002; Moldt et al., 2011), NIH 

3T3 , and  Huh-7 cell lines (Yant et al., 2005), as well as with human primary T 

cells (Huang et al., 2010) revealed that SB integrations show a close to random 

distribution in these genomes.  
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4. Suitability of the SB transposon system for vaccine development and 

gene transfer 

The development of cost effective and DIVA-compatible vaccines is still an 

urgent problem in veterinary science. In principle, DNA based vaccines are an 

ideal means to circumvent the shortcuts associated with traditional methods for 

vaccine production. However, limitations of plain plasmid -based vaccines are the 

low transduction efficiency in situ, and the short-term expression due to the 

episomal status and subsequent degradation of the vectors.   

The non-viral, transposon-mediated gene transfer emerged as a promising 

alternative to simple plasmids. The stable and robust expression of introduced 

DNA can be greatly improved by their effective integration into the genome. The 

high integration efficiency make the SB transposon system a promising tool for 

long-term expression (Ivics and Izsvak, 2006). The random integration profile, 

stable expression and relatively low production costs are further advantages of 

the SB transposon system (Ivics and Izsvak, 2006; 2010; Izsvak et al., 2010).  

 

Figure 6:  Design of cis-acting and trans-acting SB transposon systems.  
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For the SB transposon mediated gene transfer, the transposase is encoded 

either on the same vector (cis-configuration) or on a separate vector (trans-

configuration) (Figure 6). To demonstrate the suitability of SB transposon system 

as an efficient, alternative non-viral gene delivery system for the treatment of 

inherited and acquired genetic diseases, a number of preclinical studies in murine 

models have been carried out. SB transposon-mediated genetic correction of 

tyrosinemia type 1 disease, fumarylacetoacetate hydrolase (FAH)-deficiency, 

lysosomal storage disorders, sickle cell disease, pulmonary hypertension, 

haemophilia,  and cancer gene therapy showed the clinical and therapeutic 

potential of this system (Swierczek et al., 2012). 

 

5. Development of SB transposon-based DNA constructs 

Here, the suitability of the SB system as DNA vaccine, or alternatively as 

mean for the recombinant production of large scale quantities of recombinant 

protein (e.g. the E2 glycoprotein subunit) was assessed. This includes the 

construction of SB transposons, carrying synthetic or Margarita strain E2 

sequences for expression as membrane-anchored or secreted protein versions, as 

well as assessing the mammary gland as bioreactor for expression of E2 protein 

or reporter proteins. 

 Two different DNA sequences of the CSFV E2 glycoprotein were used in 

this thesis work. One CSFV E2 glycoprotein sequence was derived from the 

wildtype Margarita strain, which was kindly gifted by Dr. Estrada (CIBG, Cuba) and 

a synthetic, codon-optimized E2 DNA sequence was kindly provided by Dr. Beer 

(FLI, Germany). For mammary gland expression, a SB transposon construct 

carrying a β-casein promoter driven E2 glycoprotein  
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Figure 7: Schematic diagram of a panel of different CSFV E2 constructs and their in vitro 

functionality assessment. A. schematic diagram of mammary specific β-Casein and 

ubiquitous promoter driven wild type CSFV E2 expression constructs has been depicted. B. 

A panel of CSFV E2 constructs having membrane anchored and secretory CSFV E2 

expression cassette along with their regulatory and genetic components. C. In vitro 

assessment of mRNA expression of the CSFV E2 variants has been analysed by RT-PCR. D. 

expression of CSFV E2 variants has been detected at protein level via immunofluorescence 

analysis. Confocal microscopic image of STE cells are showing positive expressions of E2 

variants detected by CSFV E2 specific primary antibody and Alexa Fluor 555 secondary 

antibody. E. is the corresponding bright field image of D. 

B 

A 
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sequence was used to generate a transgenic mouse line (Figure 7A). For the 

assessment of SB-based DNA vaccines, a panel of transposons have been cloned 

carrying the strong, ubiquitously active CAGGS promoter, driving expression of 

wildtype (Figure 7A), or synthetic E2 glycoprotein sequences (Figure 7B). 

Iimmortalized swine testicular epithelial (STE) cells were co-transfected with 

different CSFV E2 transposons and helper plasmid encoding the hyperactive 

SB100x transposase. Membrane-anchored, as well as secretory wild type and 

synthetic E2 expressing STE cells were analysed for their subsequent expression 

of transgene at mRNA level via RT-PCR (Figure 7C) and at protein level via 

immunofluorescent study (Figure 7D and 7E). 

 

6. In-vivo functionality assessment of SB transposon based subunit vaccines  

A transgenic mouse line has been developed with a β-casein promoter 

driven mammary specific expression of wildtype E2 glycoprotein. Genotyping 

revealed that animals of the filial generation (F1) carried several monomeric 

copies of the transposon (Figure 8A). Mammary specific expression of the E2 

glycoprotein was demonstrated by Western Blot analysis of milk samples (Figure 

8B). Unexpectedly some of the offspring exhibited a dwarf phenotype (Figure 8C). 

As the growth of the dwarf litter normalized after weaning (Figure 8D), it was 

assumed that E2 viral protein containing milk may have some effect on dwarfism 

on the E2 transgenic pups. However, a shuffling experiment of newborn 

transgenic offspring to wildtype mothers did not affect the dwarfism. In both 

groups, irrespective of transgenic (Figure 8F) or normal milk (Figure 8G), wild type 

pups showed normal growth rate, whereas transgenic pups exhibited reduced 

growth rate.  Thus it is more likely that one of the integration sites of the E2 

transposon caused the dwarfism by insertional mutagenesis. Therefore the 
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neighbouring sequences of the integration sites were identified by splinkerette 

PCR and annotated in the mouse genome (Table 2). 

 

 

 

 

Figure 8: Analysis of CSFV E2 transgenic mouse for in vivo functionality assessment of 

mammary specific E2 expression construct. A. Southern Blot analysis of E2 subunit 

expression in SB-transgenic mice. Successful development of transgenic mouse line has 

been observed by number of copies of variable length representing individual integration 

of SB transposons. Lane 1 representing 1 kb ladder whereas other 14 lanes are 

representing genotype of individual mouse. B. Western Blot analysis of mouse milk 

samples. Expression of CSFV E2 glycoprotein from two individual milk samples has been 

shown in lane 1 and 2 against wild type control milk sample. C. observed dwarf phenotype 

of 21 days old E2 transgenic mouse against age mated control. D. Growth rate of dwarf 

litters after weaning. Growth rate in terms of weight gain after weaning has been depicted 

in this graph, where two dwarf litters were studied against standard growth rate of wild 

type mouse as control. E. Schematic diagram of shuffling experiment where half of the E2 
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transgenic littermates were shuffled with age mated half of the wild type littermates. F. 

Growth rate in terms of body weight gain of E2 transgenic pups as well as Venus 

(fluorophore) transgenic pups has been depicted in comparison to wild type litter. These 

shuffled littermates have been fed with transgenic CSFV E2 subunit containing milk diet. G. 

Growth rate in terms of body weight gain of E2 transgenic pups as well as Venus transgenic 

pups has been depicted in comparison to wild type litter. These shuffled littermates have 

been fed with normal milk diet.  

 

Table 2: Integration sites analysis of E2 transgenic mouse. 

Integration site Neighboring Sequence Location in genome  

1 (C1.1) 
5’CCTGGCTTAGTCTCTTA

TTTTTAATTCAACACTTA 
2:74456182-74456310 

Intergenic 

location 

2 (C2.2) 
No TA consensus sequence 

found 
X:146452438-146452901 

Intergenic 

location 

3 (C3.2) 
5’TTAGGCAATGGTAACCT

GCCCCCACCTTTGCAATA 
5:121617127-121617279 

Acad 12 

Intron 1 

4 (C15.2) 
5’GTAGAGCAGGTCTTTGG

GAGCATGGTTGCCGCTTA 
19:58860043-58860570 

Hspa12a 

intron 1 

5 (C22.1) 
5’CATTTTCTTTATCCATT

TTTCATTGAGGACATCTA 
No unique hit found 

Repetitive 

sequence 

6 (C29.1) 
5’ACGGGGGTCTCCTTTCA

GTGCCTGGTGATGATATA 
No unique hit found 

Repetitive 

sequence 

7 (C2.3) 
5’TTTTGCAGGAAAAAGAT

TAGACCACATATAATGTA 
No hit found  
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Abstract 

Recently, we established the Sleeping Beauty transposon system for germ 

line competent transgenesis in the pig. Here, we extend this approach to re-

target a transposon-tagged locus for a site specific gene knock-in, and generated 

a syngeneic cohort of piglets carrying either the original transposon or the re-

targeted event. A Cre-loxP-mediated cassette exchange of the tagging transposon 

with a different reporter gene was performed, followed by flow cytometric 

sorting and somatic cell nuclear transfer of recombined cells. In parallel, the 

original cells were employed in somatic cell nuclear transfer to generate clone 

siblings, thereby resulting in a clone cohort of piglets carrying different reporter 

transposons at an identical chromosomal location. Importantly, this strategy 

supersedes the need for an antibiotic selection marker. This approach expands 

the arsenal of genome engineering technologies in domestic animals, and will 

facilitate the development of large animal models for human diseases. 

Potentially, the syngeneic cohort of pigs will be instrumental for vital tracking of 

transplanted cells in preclinical assessments of novel cell therapies. 

 

Keywords: Large animal model, Active transgenesis, Targeted integration, 

Somatic cell nuclear transfer, Livestock 
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AAV, adeno-associated virus 

CAGGS, CMV enhancer, chicken ß-actin (promoter) 

CMV, cytomegalovirus 

Cre, causes recombination 

GMO, genetically modified organism 

ITR, inverted terminal repeat (of SB) 

kD, kilo Dalton 

loxP, locus of recombination 

ME, mammary epithelial (cell) 

PBS, phosphate buffered saline 

SB, Sleeping Beauty transposon system 

SDS-PAGE, sodium dodecylsulfat-polyacrylamide gel electrophoresis 

Venus, yellow fluorescent protein 
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Abstract 

We describe the expression of recombinant fluorescent proteins in the 

milk of two lines of transgenic pigs generated by Sleeping Beauty transposon-

mediated genetic engineering. The Sleeping Beauty transposons consisted of an 

ubiquitously active CAGGS promoter driving a fluorophore cDNA, encoding either 

Venus or mCherry. Importantly, the fluorophore cDNAs did not encode for a 

signal peptide for the secretory pathway, and in previous studies of somatic 

tissues of the transgenic animals a cytoplasmic localization of the fluorophore 

proteins was found. Unexpectedly, milk samples from lactating sows contained 

high levels of bioactive Venus or mCherry fluorophores. A detailed analysis 

suggested that exfoliated cells of the mammary epithelium carried the 

recombinant proteins passively into the milk. This is the first description of 

reporter fluorophore expression in the milk of livestock, and the findings may 

contribute to the development of an alternative concept for the production of 

bioactive recombinant proteins in the udder. 

 

Key Words: Ubiquitous expression, secretory pathway, transgenesis, jumping 

gene, exfoliated cell, synthetic biology 

 

 

Highlights 

- Large-scale production of active fluorophore proteins in the milk 

- No signal peptide for the secretory pathway is required 

- An ubiquitous promoter is sufficient for expression of recombinant 

proteins in the milk 
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Introduction 

For large scale production of recombinant proteins, the mammary gland of 

mice and livestock has been exploited extensively as bioreactor
1-3

. In principle, 

recombinant proteins can be obtained by milking of transgenic animals
4-6

, and 

high yields in the scale of grams per liter have been obtained for human 

lactoferrin
7-9

, alpha-lactalbumin
10

, acid alpha glucosidase
11

, albumin
12

 and 

lysozyme
13

. 

The first transgenic livestock were developed in 1985
14

. Since then several 

attempts have been carried out to produce recombinant proteins in livestock. 

This includes the generation of transgenic pigs for production of bovine alpha 

lactalbumin
15

, human factor VIII
16

, recombinant human factor IX
17

, or human 

lysozyme
18

 in the udder. The generation of transgenic cattle allowed for the 

increased production of β- and κ-caseins
19

, human lactoferrin
7
, lysostaphin

20
, or 

of trans-chromosomic cattle for the production of human antibodies in serum
21

. 

Transgenic goats were established for udder-specific expression of human 

lysozyme
22, 23

, human anti-thrombin III
24

 or recombinant butyrylcholinesterase
25

. 

Transgenic sheep expressing human factor IX
26

, and transgenic rabbits expressing 

insulin like factor I and human acid alpha-glucosidase
11, 27

 have been established. 

Currently, the first drugs from the milk of transgenic goats and rabbits, 

which are approved for human treatment by the European Medicines Agency 

(EMA) and the American Food and Drug Agency (FDA) are human anti-thrombin 

and human C1-esterase
28-30

. 

However, in a number of attempts only minute amounts of recombinant 

proteins could be detected in the milk of transgenic animals
31-33

. Typically, 

mammary gland specific promoter and regulatory elements, such as casein, 
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lactoglobulin and lactoalbumin promoter elements were used to target the 

expression of a recombinant protein to the mammary epithelium during the 

lactation period. Secretion of the recombinant protein into the milk requires an 

amino-terminal signal peptide, which directs the nascent polypeptide into the 

endoplasmic reticulum. Via the Golgi-apparatus, the matured proteins are 

transported into secretory vesicles, which fuse with the cell membrane and 

release their cargo into the lumen of the mammary gland. 

Here, we describe a radically different approach to achieve high levels of 

recombinant proteins in the milk of transgenic pigs. Previously, we employed the 

Sleeping Beauty (SB) transposon system to generate germline-transgenic pig lines 

with reporter transposons encoding Venus and mCherry fluorophore cDNAs, 

respectively
34

. Both reporters were driven by the ubiquitously active chimeric 

cytomegalovirus (CMV) enhancer and chicken β-actin promoter (CAGGS). The 

Venus and mCherry transposons were designed for cytoplasmic expression of the 

recombinant proteins. Indeed, previous analyses of organs, tissues and cultured 

cells from these animals confirmed this prediction
34-37

. Here, we analyzed the milk 

of lactating transposon sows, albeit the design of the transgenic construct did not 

include a signal peptide for the secretory pathway, which is thought to be critical 

for the transport of recombinant proteins into the milk. We show that both 

reporter lines secrete high levels of recombinant Venus and mCherry proteins 

into the milk. Importantly, the present findings could emerge as an alternative 

approach to produce bioactive proteins in the udder.  
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Results 

Expression of Venus fluorophore in sow milk 

A bioinformatic analysis predicted no secretion signal sequence in the 

Venus or mCherry sequences (Fig.1), whereas a clear signal peptide prediction 

was obtained for known porcine milk proteins, like alpha s1 casein and beta 

casein. Nevertheless, milk samples collected from lactating transposon-transgenic 

sows contained high levels of the respective recombinant reporter proteins, 

which could be readily identified by fluorescence microscopy (Fig.2). In total, milk 

samples were collected from two Venus transposon sows, three mCherry 

transposon sows and five control (non-transgenic) sows.  

In Fig. 2 an exemplary milk sample from a Venus transposon sow is shown 

under specific excitation in a stereozoom fluorescence microscope. Both the milk 

cells (concentrated from 1 ml milk) and the skimmed milk fraction contain high 

levels of Venus fluorophore protein, whereas a milk preparation from a control 

animal did not show any specific fluorescence under identical conditions (Fig. 2).  

A direct fluorescence comparison of skimmed milk and fat fractions 

suggested that the skimmed milk contained much higher Venus levels, excluding 

the possibility that the Venus protein was somehow secreted through the fat 

micelle pathway. The absence of a consensus sequence for a signal peptide 

suggested that the Venus protein was not secreted via the endoplasmic 

reticulum. Another possibility is that exfoliated cells from the mammary 

epithelium may have carried Venus protein trapped in their cytoplasm into the 

milk. To assess this scenario, immunoblots of skimmed milk and cell fractions 

were done with antibodies against Venus and against ß-tubulin, a typical 

cytoskeletal protein. The cytoskeletal ß-tubulin could be detected in the skimmed 
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milk fractions (Fig.2), suggesting that a certain fraction of milk cells become 

membrane-damaged in the udder lumen and release their content into the milk. 

However, the tubulin signals in the milk samples showed a high variability, which 

seem to reflect degradation processes and individual differences between the 

milk donors. 

The skimmed milk fraction from Venus transposon sows could be used to 

enrich the Venus protein by size chromatography (Fig.2, Supplementary Fig.S1)). 

The content of recombinant Venus protein was determined to be between 0.27 – 

0.38 g/l of milk (Fig. 3). 

High level expression of mCherry fluorophore in the milk 

Subsequently, the milk from three mCherry transposon sows was 

analyzed. In the milk cell fractions, the mCherry fluorophore was readily 

detectable (Fig 4), actually the high mCherry content coloured the milk cells (here 

concentrated from 15 ml milk) reddish under white light illumination. The 

skimmed milk fraction apparently contained lower mCherry concentrations than 

the pellet of the milk cells (Fig.4), supporting the notion that indeed the somatic 

milk cells carried the mCherry protein in a piggyback manner into the milk. The 

mCherry from extracted milk cells could be enriched via column purification and 

expression could be confirmed by immunoblotting with an anti-mCherry antibody 

(Fig.4). The content of recombinant mCherry protein in milk from the transgenic 

sows was determined to be 0.20 - 0.25 g/l (Fig. 3 c, d).  

A time-course experiment to follow the expression of the reporter 

proteins from day 1 of lactation (colostrum) to weaning is shown in Fig. 5. 

Interestingly, in colostrum no expression of the reporter (mCherry) could be 

detected. The mCherry expression started in the somatic cells from day 3 and was 



Publication 2 

32 

 

then detectable at high levels until weaning. In the skimmed milk, expression of 

mCherry was first detectable at day 6 and was then continuously present until 

weaning, but in lower levels than in the somatic cells (Fig.5). The total amounts of 

exfoliated cells were similar in the milk from transgenic and control wildtype 

sows (Supplementary Fig.S2). 

Analysis of potential glycosylations and secretion into blood plasma of Venus and 

mCherry 

To substantiate the proposed transport of Venus and mCherry protein via 

exfoliated cells into the milk, it was analysed whether the recombinant reporters 

were post translationally modified by N- and O-glycosylations, which are typically 

occurring during processing in the secretory pathway. The treatment of skimmed 

milk fractions of Venus and mCherry sows with deglyosylating PNGase F and O-

glycosidase did not show any evidence for glycosylations (Fig.4 f, g), despite the 

bioinformatic prediction of potential O-glycosylation sites on Venus (aa85) and on 

mCherry (aa136), and several potential N-glycosylation sites. 

To test whether the transposon transgenic pigs bear the reporter proteins 

in other body fluids than milk, blood was sampled, separated into plasma, 

erythrocyte and leucocyte fractions, and used for immuno-detection of Venus 

and mCherry. Typically, the recombinant protein could not be detected in the 

plasma fractions (Fig. 4 h, Supplementary Fig.S3). Only in one sample a minimal 

amount of Venus could be detected, which more likely represent a case of cell 

lysis during blood sampling (Fig. 4 h). In summary, these data support the 

cytoplasmic localization of the reporter proteins, the higher clearance rate of 

apoptotic or damaged cells from the blood circulation seem to prevent an 

accumulation of the reporters in the plasma.  
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Discussion 

Here, we describe the expression of recombinant reporter proteins in the 

milk and milk cells of two lines of transposon transgenic pigs. The transposon 

constructs were designed for ubiquitous expression and cytoplasmic localisation 

of the encoded Venus and mCherry proteins, and previous studies proved this 

intracellular localization
34, 37

. However, high levels of Venus and mCherry proteins 

were readily detected in sow milk samples from the two lines, respectively. For 

the Venus fluorophore an expression level of 0.27 – 0.38 g/l, and for mCherry an 

expression level of 0.20 – 0.25 g/l were determined. Considering that porcine milk 

contains 6-8 g of protein per liter
38

, this equals to 2.5 – 6.3 % of the total protein 

content.  

Our data suggested that the recombinant Venus and mCherry are not 

transported via the secretory pathway, but that exfoliated cells of the udder 

epithelium carried Venus or mCherry into the milk. During lactation, the udder 

epithelium represents one of the most highly proliferative tissues in mammals
39

, 

and undergoes substantial remodelling
40

. The somatic cell count of porcine milk 

has been determined between 10
8
 to 10

10
 cells per liter

41, 42
. It is well-

documented that sow milk from healthy animals contain much higher somatic 

cell numbers than for example cow milk (0.009 x 10
9
 per liter)

43
. 

 The milk cells represent apoptotic cells, but also vital lactocytes (milk 

secretory cells), epithelial and immune cells
44

. The colostrum typically contains a 

relatively high number of immune cells, which declines in mature milk. In healthy 

sows after the first week of lactation, the vast majority (>95%) of milk cells 

consist of lactocytes and mammary myoepithelial cells
42

. The analysis of milks 

samples during lactation reveals important aspects with regard to the expressing 

cells. First, in the colostrum predominantly reporter-negative cells are present, 
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and second during transition to normal milk, reporter-positive cells appear, 

followed by a delayed appearance of the reporter protein in skimmed milk. 

Colostrum from sows contains primarily leukocytes and within the first week of 

lactation the ratio of lactocytes and epithelial cells increases drastically
43

. The 

difference of reporter expression in the colostrum cells to leucocytes isolated 

from blood suggests that a specific sub-fraction of leucocytes contributes to 

colostrum formation. However, this warrants a more detailed analysis beyond the 

scope of this manuscript. Here we show that this phenomenon allows a simple 

enrichment of cytoplasmically-localized recombinant proteins by sedimentation 

of milk cells. We speculate that this principle may be useful for udder expression 

of other recombinant proteins, too. 

A cytoplasmic localisation of recombinant protein in mammary epithelial 

cells does not allow for N- and O-glycosylations, which take place inside the 

endoplasmic reticulum and the Golgi apparatus. However, several previous 

studies showed that mammary gland expression of recombinant proteins 

resulted in faulty glycosylation pattern, for example variation in glycosylation has 

been observed in recombinant human lactoferrin produced in bovine
8
 and 

murine
45

 milk. Lower levels of sialylation and fucosylation have been found in 

recombinant human C1 inhibitor produced in transgenic rabbit milk
46

. Altered N-

glycan patterns have been observed in recombinant human C1 inhibitor
46

, and 

recombinant human factor IX
17

. Importantly, an alternative endo-mannosidase 

pathway is present in the mammary gland of different livestock species, which is 

responsible for different manno-oligosaccharide pattern of the recombinant 

proteins
47

. This altered oligosaccharide and N-glycan patterns are thought to be 

immunogenic to humans
48-50

. Incomplete γ-carboxylation and inadequate 

endoproteolylic processing has been observed for different recombinant clotting 

factor VII, VIII, IX and protein C
51

 isolated from the milk of transgenic animals. 
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Thus the described transport of recombinant proteins “trapped in the 

cytoplasm” of milk cells may be of interest for proteins, which do not require 

glycosylation for biological activity
52

, and for proteins, which can be glycosylated 

in vitro
53

. One particular advantage of cytoplasmic expression in the mammary 

epithelia is that a recombinant protein is protected from degradation processes 

occurring in the udder lumen, or from aggregation with fat micelles, which may 

complicate the purification
54-56

. 

Commonly used promoters for expression in milk are alpha s1 casein
57

, beta 

casein
58

, whey acidic protein (WAP)
16

, and beta-lactoglobulin promoter
59, 60

. 

Despite the employment of these milk-specific promoters, several recombinant 

proteins could only be produced in minute amounts
23, 31-33, 61

. Interestingly, also 

hybrid promoters consisting of fusion constructs of the CMV enhancer and milk 

protein promoters, such as ovine beta casein, or bovine alpha s1 casein have 

been found to result in increased expression of human lactoferrin in the milk of 

transgenic mice
62

. In AAV (adeno-associated virus)-transduced mammary 

epithelia of mice and rabbits the ubiquitous CAG promoter resulted in high 

expression of recombinant myelin basic protein
63

. 

Generally, production platforms based on microbes and mammalian cells set 

the standards for the production of recombinant proteins, however the here 

described large scale production of non-glycosylated proteins in the udder may 

fill a niche that conventional system may not address, for example it is 

anticipated that the production of recombinant proteins in the milk may be more 

cost efficient due to low running costs. 

Here, we showed that ubiquitously expressed Venus and mCherry 

fluorophore proteins could be harvested at large scale in the milk of transposon 

transgenic sows. Genomic integration of transgenes by the SB transposase into 
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transcriptionally permissive loci allows the reduction of the number of 

experimental animals and contributes to robust transgene expression levels
64

. 

Importantly, the SB system has been established for successful transposition in a 

range of mammals suitable for milking
35, 65, 66

. 

For recombinant proteins, such as growth factors, where ectopic expression 

outside the udder is undesired, the here describe system may be refined by 

combining it with the Cre recombinase system. A construct with a milk promoter 

driving the Cre-recombinase and a second construct with a CAGGS promoter, 

separated by a loxP flanked stop cassette from the gene of interest, would 

restrict the expression to the mammary gland, but still benefit from the strong 

transcriptional activity of the CAGGS promoter (Fig.6). The proposed constructs 

may be combined on one cassette, or used in a binary approach. Recently, we 

established a simple and efficient multiplexing approach for transgenesis in 

cattle
67

, showing that advanced genome engineering techniques are nowadays 

sufficiently developed to perform this kind of gene transfer in livestock. 

In sum, we established the cytoplasmic production of recombinant proteins 

driven by a strong ubiquitous promoter as an alternative approach for high level 

expression in milk of transgenic sows. This principle could emerge as an 

alternative and robust concept for large scale production of recombinant 

therapeutic proteins in the mammalian udder.   
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Material and Methods 

Ethics statement 

Animals were maintained and handled according to German and 

international laws regulating animal welfare and genetically modified organisms 

(GMO), and the experiments were approved by an external animal welfare 

committee at the Niedersächsisches Landesamt für Verbraucherschutz und 

Lebensmittelsicherheit in Oldenburg, Germany (AZ 33.9-42502-04-09/1718). 

Development of transgenic animals 

Venus and mCherry transposon pig lines have been developed previously
34

. 

Briefly, the Venus positive porcine line has been generated by co-injection of 

pT2/RMCE-Venus transposon and pCMV-SB100X transposase plasmids into the 

cytoplasm of porcine zygotes. The mCherry positive porcine line has been 

developed by a targeted recombination-mediated cassette exchange (RMCE) of 

Venus against mCherry cDNAs
34, 64

. 

Fractionating milk samples and Western blotting 

Milk samples were collected from two Venus transposon and three mCherry 

transposon sows. As control, milk was collected from five non-transgenic sows. 

The 8-15 days old piglets were removed from their mother 30 minutes before 

milking. The sows were then treated with novacen (Pharma Partner, 500 mg/ml, 

10 ml, i.m.) and ten minutes later with oxytocin (Pharma Partner, 10 U/ml, 2 ml, 

i.m.), the milk was collected by manual stimulation of the teats. Immediately after 

collection, milk samples were incubated in ice and diluted 1:1 with phosphate 

buffered saline (PBS). Upon centrifugation at 500 g at 4°C for 10 minutes, the milk 

was separated in milk cells (sediment), skimmed milk and fat fractions. Total 
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protein was isolated from milk cells and skimmed milk, and subsequently SDS-

PAGE was done as described before
68

. Polyclonal rabbit anti-GFP (Thermo (Life 

Science), CAB4211, 1:2000) and anti-mCherry (Biomol, 600-401-P16, 1: 5000) 

primary antibodies were used to detect Venus and mCherry proteins with a 

horseradish peroxidase-coupled anti-rabbit secondary antibody (1:10 000) 

(Sigma-Aldrich) and an enhanced chemiluminescence reagent (ECL plus; GE 

Healthcare). For chemiluminescence detection the Fusion FX Station (Vilber-

Lourmat) was used. Alternatively, a monoclonal anti-GFP antibody 

(Developmental Studies Hybridoma Bank (DSHB), 12AG, 1: 500) was used in 

combination with an anti-mouse IgG (Sigma-Aldrich, 1:20000) conjugated to 

peroxidase. For detection of tubulin, the blot was stripped and re-probed with an 

anti-tubulin antibody (DSHB, E7, 1:500), followed by a secondary anti-mouse IgG-

peroxidase incubation.  

To determine the total amount of the reporter proteins in the transgenic 

milk, dilution series of a recombinant GFP (Santa Cruz, sc-4304 WB) and a 

recombinant mCherry N-His tag (BioCat) were used. As molecular size marker, 

Magic Mark XP (Novex, LC5603) containing proteins of 20, 30, 40, 50, 60, 80, 100, 

120 and 220 kD weight with affinity to most secondary antibodies, was used. The 

chemiluminescence images were quantified by GelAnalyzer software 

(www.gelanalyzer.com). In brief, the quantity values for reference band of known 

concentrations were measured, and used to determine the concentrations of the 

reporter proteins in milk samples.  For detection of total protein, the SDS page 

gels were stained with a Coomassie containing Page Blue Protein Staining 

(Thermo, 24620) according the manufacturer’s instructions. 

 

 

http://dict.leo.org/ende/index_en.html#/search=chemiluminescence&searchLoc=0&resultOrder=basic&multiwordShowSingle=on
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Fluorescence microscopy and image handling 

For fluorescence microscopy, a Zeiss Axiovert 35 M stereozoom 

microscope equipped with epifluorescence filter modules for Hoechst 33342, 

EGFP/Venus (excitation 460-490 nm, dichroitic mirror DM500, band pass filter 

515 – 550 nm) and rhodamine (excitation 520 – 550 nm, dichroic mirror DM560, 

long pass filter 580 nm), and a high resolution digital camera (Olympus DP72), 

controlled by the CellF imaging software (Olympus), were used. Typically 

exposure times between 15 ms and 100 ms were used for capturing of 

fluorescence images. Contrast and brightness of images were adapted with CellF. 

Figure compilation was done with Powerpoint (Microsoft), and high quality tif-

formats were produced by Photoshop (Adobe). 

Column fractionation of milk and milk cell samples 

All protocols steps were performed with cooled solutions and cooled 

equipment kept at 4 
0
C. Milk samples were diluted with an equal volume of 

cooled phosphate buffer saline (PBS) (pH 7.2), and centrifuged for 10 minutes at 

500 g to obtain milk cells, skimmed milk and fat fractions. The fat and skimmed 

milk fractions were then transferred into new tubes. The skimmed milk fraction 

was centrifuged for a second time to remove remaining cell and fat components. 

The skimmed milk fraction was then loaded on a self-poured Sephadex G-75 

column (Sigma-Adrich, G75120). The column was washed with 30 ml PBS and 1 ml 

fractions of flow through were collected, and labelled F1 to F30. For isolation of 

the fluorophores from the sedimented cells, the cell pellet was washed in 5 ml 

PBS and centrifuged again. The milk cells were then dissolved in PBS and 

extracted by sonication (Bandelin Sonopuls equipped with a sonication tip). 

Remaining particles were removed by centrifugation (5 min, 4000 g). The 

supernatant was transferred on a pre-wetted tip500 anion exchange column 
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(Qiagen). The column was washed with 30 ml PBS and 1 ml fractions of flow 

through were collected. 

Signal peptide analysis and glycosylation site prediction 

The polypeptide sequences of Venus, mCherry and porcine caseins were 

analysed by the Signal4.1 software (http://www.cbs.dtu.dk/services/SignalP). 

SignalP4.1 predicts the presence and location of signal peptide cleavage sites in 

amino acid sequences for different organisms. The method incorporates a 

prediction of cleavage sites and a signal peptide/non-signal peptide prediction 

based on a combination of several artificial neural networks. 

For the prediction of N- and O-glycosylation sites the NetNGlyc 1.0 Server 

(www.cbs.dtu.dk/services/NetNGlyc) and the NetOGlyc 4.0 Server 

(www.cbs.dtu.dk/services/NetNGlyc) were used. 

Deglycosylation assay 

To determine potential glycosylations, skimmed milk fractions of the milk from 

Venus and mCherry sows were treated with O-glycosidase/neuraminidase, 

PNGase F and a combination of O-glycosidase/neuraminidase and PNGase F (New 

England Biolabs) according to the recommendations of the manufacturer. The 

treated samples were then used for SDS-PAGE, blotted and incubated with 

specific anti-GFP and mCherry antibodies. As control, a glycosylated fetuin sample 

(NEB) was deglycosylated and detected by Coomassie staining after SDS-PAGE. 

  

 

  

http://www.cbs.dtu.dk/services/SignalP
http://www.cbs.dtu.dk/services/NetNGlyc
http://www.cbs.dtu.dk/services/NetNGlyc
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Figure Legends 

 

Fig. 1 In silico prediction of signal peptides  

A) Design of transposons. The CAGGS promoter driven cDNA is flanked by 

heterospecific loxP sites and the SB inverted terminal repeats (ITR). Here the Venus 

transposon is depicted, the mCherry transposon has an identical design.  

B-C) Signal peptide analysis of the Venus and mCherry coding sequences. Note, that 

the algorithm does not predict a signal peptide for Venus or for mCherry. 

D-E) Signal peptide analysis of porcine alpha s1 (GenBank: EU025875.1) and beta 

caseins (GenBank: EU213063.1). Note, the distinct prediction of signal peptides in the milk 

proteins. 

C-score, raw cleavage site score; S-score, signal peptide score; Y-score, combined cleavage 

site score. For further details see SignalP4.1 website (www. 

http://www.cbs.dtu.dk/services/SignalP/output.php). 
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Fig. 2 High level expression of Venus in transgenic milk  

A) Sedimented milk cells (top) and whey fraction (bottom) of milk from a Venus 

transgenic sow shown under specific excitation of Venus (50 ms exposure). 

Arrow points to pellet of milk cells at the bottom of a 1.5 ml centrifugation tube. 

B) Corresponding brightfield illumination. 

C) Wildtype milk cells (top) and whey fraction shown under specific Venus 

illumination. 

D) Same samples as in C) shown under brightfield illumination. 

E) Milk cells (top, arrow) and fat fraction (bottom) of milk from a Venus transgenic 

sow shown under specific excitation of Venus. Note that the fat fraction displays 

a reduced fluorescence relative to the cell pellet. Arrow points to cell pellet. 

F) Same samples as in E) shown under brightfield illumination. 

G) Top: Venus immunoblot of fractions elution from a Sephadex G50 column loaded 

with Venus containing whey. M, size marker (Magic Mark); F0 before loading on 

column; F4-F11, collected fractions of flow-through. Arrow indicates Venus 

protein, migrating at an apparent molecular weight of 29 kD. 

Bottom: corresponding Coomassie-stained gel. 

H) Immunoblots of Venus (top) and tubulin (bottom) from milk cells (c) and whey 

(w) fractions of two different samples of Venus-containing milk (1, 2) and from 

milk of a wildtype sow (wt-c,  wt-w); +, positive control of purified Venus; M, size 

marker (Magic Mark). 
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Fig.3 Determination of fluorophore concentrations in milk of transgenic sows 

a) Different concentrations of a recombinant GFP-fusion protein (58kD) were 

loaded alongside of milk samples from a wildtype (wt) and a Venus transposon 

sow (#535) on a 12 % SDS-PAGE, blotted to a PVDF membrane, and probed with 

an anti-EGFP antibody. 

b) Densitometric analysis of blot suggesting a Venus concentration of 0,27 – 0.38 

g/l in milk from transgenic sows. 

c) Different concentrations of a recombinant mCherry protein were loaded 

alongside of milk samples from a wildtype (wt) and a mCherry transposon sow 

(#594) on a 12 % SDS-PAGE, blotted to a PVDF membrane, probed with an anti-

mCherry antibody, and densitometrically evaluated. 

d) Densitometric analysis suggesting a mCherry concentration of 0.20 – 0.25 g/l in 

milk from transgenic sows. 
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Fig. 4 Large scale expression of mCherry in sow milk 

A) Milk sample from a mCherry transgenic sow shown under specific excitation of 

mCherry (15 ms exposure). The milk cells were sedimented by centrifugation at 

the bottom of a 15 ml ml tube. Note the apparently higher expression of 

mCherry in the cells compared the whey fraction. 

B) Same sample shown under brightlight illumination. The high mCherry content 

colored the milk cells purple/reddish. 

C) Whey fractions of milk from a mCherry (top) and a wildtype sow (bottom). At 

extended exposure times (here 500 ms), the mCherry could also be detected in 

the whey fraction. 

D) Corresponding brightfield view of C. 

E) Top: Immunoblot of mCherry in fractions of milk cells separated via an anion 

exchange column. M, size marker; - , empty slot; wt, wildtype milk cells; mCherry 

milk cells; F0 – F 25, fraction 0 to 25. Arrow point to mCherry protein, migrating 

at an apparent molecular weight of 33 kD. 
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Bottom: Corresponding Coomassie stained gel. 

F) Absence of glycan-residues in Venus and mCherry proteins from sow milk. 

Immunodetection of Venus and mCherry. M, size marker; -, untreated milk 

proteins; P, PNGase treated; O, O-glycosidase/neuramidase treated; PO, PNGase 

and O-glcosidase/neuramidase treated. 

G) Deglycosylation of fetuin control, and total milk proteins, same labels as in F), 

Coomassie stained gel. 

H) Absence of Venus and mCherry in blood plasma from transgenic sows, as 

determined by immunodetection. M, size marker; Pla, plasma; Ery, erythrocytes; 

Leu, leucocytes; V+, Venus positive milk sample; mCh+, mCherry positive milk 

sample. 

I) Corresponding Coomassie stained gel of H). 

 

Fig. 5 Time course of reporter expression during lactation 

A) Expression of mCherry in somatic cells and 

B) skimmed milk, collected from colostrum (cd1), and at days 3, 6, 12, 26 and 33 (d3-

d33) of lactation; M, size marker; cc, control colostrum from wildtype sow; neg., 

negative milk control; pos, positive milk control (from mCherry sow). Left 

immunoblot with anti-mCherry antibody, and right corresponding Coomasssie 

stained gel (loading control). Note that the colostrum of the transgenic sow (cd1) 

did not show detectable mCherry expression. In the somatic cells the mCherry 

signal comes up at d3 (arrow), and in the skimmed milk at day 6 (arrow). The 

signal intensity is normalized to the marker bands and the positive control, 

suggesting that the majority of mCherry is deposited in the somatic cells, and 

released to the skimmed milk by membrane-damaged cells.   
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Fig. 6 Concept for high level mammary epithelium-specific expression of recombinant 

proteins driven by a ubiquitously active promoter 

The recombinant protein is separated by a floxed stuffer DNA sequence from the CAGGS 

promoter. The stuffer DNA contains stop codon sequences and thereby suppresses 

expression. On a second element a mammary epithelium (ME)-specific promoter drives 

Cre cDNA. Only in mammary epithelium cells the Cre cDNA is transcribed, and activates the 

recombinant protein construct by Cre-mediated deletion of the stuffer. As a result, high 

level expression is restricted to mammary epithelial cells. 
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Supplementary Data 

 

Supplementary Fig. S1. Purified Venus protein 

A) Dried fraction F10 (left) and dried non-transgenic milk powder (right) shown 

under specific excitation of Venus. The tube contains 200 mg of Venus protein, 

lyophilised from 500 ml of fraction F10 (Fig.2G). 

B) Corresponding white light image. The samples are on the bottom of standard 1.5 

ml centrifuge tubes. 

 

Supplementary  Fig. S2 Amount of exfoliated cells in sow milk 

Identical volumes (15 ml) of sow milk at mid-lactation (d10-d15) from A) a mCherry 

transgenic sow, B) a Venus transgenic sow and C-E) three wildtype sows were centrifuged. 

The amounts of the cell pellets are indicated by arrows. 
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Supplementary Fig. S3. Absence of Venus protein in blood plasma 

A) Plasma fractions of 5 Venus transposon animals (#677 - #681), a non-transgenic 

littermate (#682), and milk samples from a Venus (V+) and mCherry (mCh+) 

transposon sows were probed with an anti-Venus antibody. 

B) Corresponding Coomassie stained gel. 



 

54 

 

  



General discussion 

55 

 

Chapter IV 

9. General discussion 

9.1 Approaches for CSFV DNA vaccine development 

After the first description in the 1810 (Ji et al., 2015), CSF has spread 

throughout the world (Edwards et al., 2000). Successful eradication of CSFV has 

been conducted in Canada, the United States, Australia and New Zealand. But the 

severe economic impact of CSFV is still a major concern in the rest of the world. 

In case of a CSF outbreak, the control strategy request the culling of the entire 

affected pig population along with surrounding unaffected pig populations (Dong 

and Chen, 2007). Due to the potential enormous economic losses, many countries 

worldwide follow a systematic prophylactic vaccination (Edwards et al., 2000; 

Huang et al., 2014) to control or eradicate CSFV (van Oirschot, 2003). But in 

European Union a systematic prophylactic vaccination in domesticated pigs is 

prohibited due to the DIVA issue, whereas a systematic vaccination with the 

attenuated C-strain is still being practised in wild pig populations (Rossi et al., 

2015).  

Live attenuated vaccines are efficient to induce antibody and T-cell 

responses, but the treated pigs cannot be differentiated from infected ones. To 

address this bottle neck, candidate vaccines based on the CSFV Erns and E2 

glycoproteins have been developed (Weiland et al., 1990; Hulst et al., 1993; Konig 

et al., 1995). While the major antigenic E2 has been used to induce neutralising 

antibody against CSFV, Erns was used to develop discriminatory ELISA assays 

(Schroeder et al., 2012). Presently two E2 subunit vaccines, produced in the 

baculovirus system, are commercially available. One of them is Advasure® (Pfizer, 

UK) (Blome et al., 2006), which has been derived from the Brescia strain (Hulst et 

al., 1993), and the other one is Porcilis® Pesti, derived from the strain Alfort 

Tübingen (Konig et al., 1995). These subunit vaccines prevent horizontal 
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transmissions (Bouma et al., 2000; Dewulf et al., 2004), but there are 

discrepancies about their capability of preventing vertical transmission (Ahrens et 

al., 2000; de Smit et al., 2000; Moormann et al., 2000; Depner et al., 2001; Dewulf 

et al., 2001).  

The associated drawback of the subunit protein vaccines is their incapability 

of inducing T-cell response and late onset of neutralizing antibodies. The C-strain 

vaccine induce cellular and humoral immune responses within 5 dpv (van 

Oirschot, 2003; Suradhat et al., 2007; Franzoni et al., 2013), whereas the E2 

subunit vaccines induce neutralizing antibodies and clinical protection in a 

delayed manner (14 dpv) (Bouma et al., 2000; Moormann et al., 2000; Depner et 

al., 2001).  

To develop a marker vaccine, which would address DIVA and simultaneously 

evoke both cellular and humoral immunity, different other approaches have been 

carried out, such as development of peptide vaccines (Dong and Chen, 2006), 

viral vector vaccines (Konig et al., 1995; Hahn et al., 2001; Hammond and 

Johnson, 2005), development of chimeric pestivirus (van Gennip et al., 2000; 

Reimann et al., 2004; Drager et al., 2015) and trans-complemented replicons 

(Maurer et al., 2005; Frey et al., 2006).  

The principal concept of DNA vaccines was shown to be an effective tool to 

induce both cellular and humoral immunity in early 1990s (Donnelly et al., 1997). 

The simple design, development, safety features, lack of ability to recombine with 

field CSFV strains and compatibility with DIVA made DNA vaccines a promising 

approach. The first DNA vaccine against CSFV was reported in the year 2000. In 

this study the plasmids were injected with a needleless inoculator, which 

provided a solid and protective immunity to pigs against viral challenges (Andrew 

et al., 2000). Whereas a prime-boost vaccination strategy was proposed using E2 

encoding plasmid DNA (pCl gp55) inoculated in pigs during the first week after 

birth, followed by recombinant porcine adenovirus (rPAV-gp55) inoculation after 
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weaning. This strategy provided the pigs with protective immunity after lethal 

challenge (Hammond et al., 2001). Neutralizing antibody and protective immunity 

have been shown to be enhanced with the co-delivery of CSFV E2 coding 

sequences if combined with either porcine IL-3 cytokine or ovine granulocyte-

macrophage colony stimulating factor (GM-CSF) DNA sequences, encoded on a 

single plasmid (Andrew et al., 2006).  In addition, it has been shown that DNA 

vaccines resulting in E2 co-expression either with IL-18 or CD40L provided a 

robust immune response (Wienhold et al., 2005).  

The localisation of the antigenic protein seems to plays a major role in 

determining the type of immune response. In a comparative study employing  

DNA vaccines encoding the E2 cDNA with (pcDST), or without the transmembrane 

region (pcDSW) it was observed that construct without the transmembrane 

sequence was able to protect pigs from lethal challenges and able to induce a 

higher immune response (Yu et al., 2001). In another study, a DNA vaccine 

consisting of a E2 cDNA without the transmembrane region, was able to protect 

immunized pigs (Markowska-Daniel et al., 2001). Developing DNA vaccines 

inducing cellular and humoral response would be expected to confer solid 

immunity. 

9.2 Identifying safe harbor genomic loci in the porcine genome by the SB 

transposon system 

Within the framework of this work, essential basic studies with regard to the 

suitability of the SB transposon system for vaccine approaches were performed. 

This includes the mammary gland specific expression of the E2-gene of the CSFV 

in mice (see 6.); the assessment, whether SB-catalyzed integration events happen 

in transcriptionally permissive loci of the porcine genome and thus lead to robust 

and long-lasting expression; and finally, the large scale expression of recombinant 

proteins in porcine milk. 
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In this thesis the efficiency of the SB system for robust transgene expression 

in SB transposon transgenic pigs was elucidated. To characterize the SB mediated 

expression in transgenic pigs, a leader experiment was carried out with reporter 

transposons.  The SB transposon system facilitated genomic integration and 

germline transmission of transgenes (Garrels et al., 2011). It is expected that the 

SB integration will escape undesirable epigenetic regulations that may lead to 

variegated or silenced expression. In a proof-of-principle study, this was validated 

in transgenic pig lines. A hemizygous transgenic foetus carrying a monomeric 

transposon with ubiquitous expression of the Venus reporter was used to 

establish primary fibroblast cultures (Garrels et al., 2011). The Venus reporter 

was flanked by heterospecific loxP sites (Garrels et al., 2016), which should allow 

to precisely exchange the reporter against a gene of interest by a recombinase-

mediated cassette exchange (RMCE). The fibroblasts were co-electroporated with 

a plasmid carrying a CAGGS-mCherry expression cassette flanked by 

heterospecific loxP sites, and a Cre expression plasmid, cells with mCherry-

positive/Venus-negative phenotype (0.15 % of total cells) were isolated by FACS 

sorting. Both the original cells (/Venus-positive) and the FACS-sorted (mCherry-

positive) cells were employed in somatic cell nuclear transfer (SCNT), and the 

reconstructed embryos were transferred to synchronized recipients. The litter of 

RMCE piglets consisted of four piglets of which one was stillborn. All four piglets 

were mCherry-positive and Venus-negative. The litter derived from the original 

cells consisted of eight piglets, all were vital and all were Venus-positive (and 

mCherry-negative). Western blotting of tissue samples indicated comparable 

expression levels of the reporter genes. To quantify the expression levels of the 

fluorophore reporters, dilutions series of commercially available recombinant 

proteins were loaded alongside of protein extracts from organ samples of the 

reporter transgenic animals and used for immunoblotting. Approximate amounts 

of 260 ng mCherry and of 300 - 380 ng Venus per 10 μg of total protein were 
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determined. This corresponds to 2.6 to 3.8 % of the total protein. Here, a 

targeted RMCE of the Venus construct against a CAGGS-mCherry construct was 

performed, and the expression patterns were comparatively assessed within a 

syngeneic cohort of pigs carrying either one of the reporter transposons. 

Apparently, neither the RMCE itself, nor the transgene orientation affected 

promoter activity, strongly suggesting that the integration site is protected 

against epigenetic regulation. In contrast, techniques which rely on random 

integration of transgenes require an extensive screening of numerous founder 

animals to identify animals with single-copy integration and the desired 

expression pattern (Bosch et al., 2015). 

A previously published RMCE approach in the porcine genome employed 

antibiotic selection of the fibroblasts; in the resulting, cloned piglets derived, only 

one of the 4 potential acceptor sites underwent a RMCE event (Jakobsen et al., 

2013). Moreover, a detailed analysis of the four acceptor sites indicated that one 

site was silenced and another showed variegated expression (Jakobsen et al., 

2013), suggesting that antibiotic selection in vitro might be non-predictive with 

respect to transgene expression in vivo.  

In another study, the porcine ROSA26 locus where targeted by TALEN 

mediated homologous recombination (Li et al., 2014). With this approach, a 

reporter (EGFP) was introduced into the porcine ROSA26 locus, which was 

followed by site specific knock-in of a different reporter (tdTomato) gene via 

recombinase mediated cassette exchange (RMCE) (Li et al., 2014). This predefined 

location of porcine ROSA26 locus provides a tool to target particular 

transcriptionally permissive genomic loci in pigs where transgenic integration will 

lead to successful expression of transgene. However, this strategy requires the 

previous knowledge of suitable loci, such as ROSA26. 

An advantage of the RMCE strategy presented here is that no previous 

knowledge is required, no unwanted DNA sequences, such as antibiotic markers 
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or plasmid backbones, are integrated into the genome, thereby avoiding 

interference of different promoters, or sequences which are prone to epigenetic 

regulation (Tasic et al., 2011). The absence of unwanted DNA sequences is in 

compliance with guidelines provided by the European Medicines Agency (EMA) 

and the US Food and Drug Administration (FDA) regulating the potential 

utilization of transgenic animals. 

9.3  Alternative approach for recombinant protein expression in the mammary 

gland 

Mammary gland of transgenic animals as a bioreactor has been extensively 

exploited to produce recombinant proteins at large scale. In case of human 

lactoferrin, a yield of grams per litre has been achieved (van Berkel et al., 2002; 

Yang et al., 2008; Goldman et al., 2012), but in some experiments only minute 

amounts of recombinant protein were obtained (Platenburg et al., 1994; 

Niemann et al., 1999; Tong et al., 2011). To achieve high expression of 

recombinant proteins in the milk of transgenic animals, a secretory signal 

sequence along with a mammary gland-specific promoter element, like those of 

the casein, lacto-globulin and lacto-albumin genes are commonly used (Whitelaw 

et al., 2016).  

Here, I describe an alternative approach to produce recombinant proteins in 

the mammary gland. In this study, reporter transposon pig lines carrying the 

Venus, or the mCherry constructs (see 9.2) were exploited. The reporter 

constructs were driven by the ubiquitously active CAGGS promoter, and devoid of 

a signal peptide sequence, resulting in robust expression and a cytoplasmic 

localisation of Venus and mCherry fluorophores (Mukherjee et al., submitted).  

However, high levels of Venus and mCherry proteins were readily detected in 

sow milk samples from the two lines, respectively. For the Venus fluorophore an 

expression level of 0.27 – 0.38 g/l, and for mCherry an expression level of 0.2 – 

0.25 g/l were determined. Considering that porcine milk contains 6–8 g of protein 



General discussion 

61 

 

per litre (Klobasa et al., 1987), this equals to 2.5 – 6.3 % of the total protein 

content (Mukherjee et al., submitted).  

The cumulative data suggested that the recombinant Venus and mCherry are 

not transported via the secretory pathway, but that exfoliated cells of the udder 

epithelium carried Venus or mCherry into the milk. During lactation, the udder 

epithelium represents one of the most highly proliferative tissues in mammals 

(Chepko and Smith, 1997), and undergoes substantial remodelling (Strange et al., 

1992). The somatic cell count of porcine milk is higher than in other mammals, 

and has been determined between 10
8
 to 10

10
 cells per litre (Magnusson et al., 

1991; Scharek-Tedin et al., 2015). The milk cells represent apoptotic cells, but also 

vital lactocytes (milk secretory cells), epithelial and immune cells (Hassiotou and 

Hartmann, 2014). The colostrum typically contains a relatively high number of 

immune cells, which declines in mature milk. In healthy sows after the first week 

of lactation, the vast majority (>95%) of milk cells consist of lactocytes and 

mammary myoepithelial cells (Scharek-Tedin et al., 2015).  

The expression analysis of blood fractions suggested minute or un-detectable 

levels of Venus and mCherry fluorophore in the blood serum. 

Here, in this study an alternative approach of harvesting recombinant 

proteins in large scale through somatic cell fraction of milk has been described. 

The data suggest that SB transposon-mediated gene delivery prefers 

transcriptionally permissive genomic loci. For the development of SB transposon 

based DNA vaccines, as well as the SB transposon based recombinant protein 

production, the targeting of transcriptionally permissive loci in the porcine 

genome is an important advantage. Thus the here established methods and 

findings provide the basis for more advanced approaches. 
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