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A B S T R A C T   

Göttingen Minipigs show several anatomical, physiological, and pathogenetical similarities to humans and serve 
an important role in translational studies for example as large animal models of disease. In recent years, the 
number of transgenic Göttingen Minipigs models has increased, as advanced genetic techniques simplify the 
generation of animals with precisely tailored modifications. These modifications are designed to replicate genetic 
alterations responsible for human disease. In addition to serving as valuable large animal disease models, 
transgenic Göttingen Minipigs are also considered promising donors for xenotransplantation. Current technol-
ogies for generation of transgenic minipigs demand a long development and production time of typically 2–3 
years. To overcome this limitation and expand the use of Göttingen Minipigs for disease modelling and drug 
testing, we developed the GENISYST (Genomics Integrated Systems Transgenesis) technology platform for rapid 
and efficient generation of minipigs based transgenic disease models. As proof of concept, we report the suc-
cessful generation of transgenic minipigs expressing green fluorescent protein (GFP) in multiple disease-relevant 
tissues including liver, heart, kidney, lungs, and the central nervous system (CNS). Our data demonstrates the 
feasibility, efficiency, and utility of GENISYST for rapid one-step generation of transgenic minipigs for human 
disease modelling in drug discovery and development.   

1. Introduction 

Development of new candidate drugs requires the use of animals 
during the pre-clinical phase in order to identify substances with highest 
efficacy and lowest possible toxicity prior to clinical testing in human 
subjects. Large animals commonly used by the industry include dogs, 
pigs including minipigs and non-human primates. Pigs in general are 
model animals that are closest to humans (except for non-human pri-
mates) in terms of anatomy, physiology and biochemical metabolism 
(Forster et al., 2010). In addition, pigs offer the advantage of early 
sexual maturity, short generation time, high litter number and the 
possibility of introducing precise genetic modifications (Luo, Lin, 

Bolund, Jensen, & Sorensen, 2012; Rogers et al., 2008). Pigs are omni-
vores and their dietary needs and nutritional requirements resemble that 
of humans, which is further emphasised by similar average time 
required for intestinal food digestion (Walters & Prather, 2013). In 
addition, pigs has been successfully used to test diagnostic and novel 
surgical techniques for the benefit of human medicine (Kobayashi, 
Hishikawa, Teratani, & Lefor, 2012). Minipigs, with Göttingen Minipigs 
being one of the most popular strain of minipigs, offer all of the above 
advantages, but in addition their small size and slow growth rate, ge-
netic standardization plus superior health status makes them a more 
cost-effective and preferred animal model in comparison to domestic 
farm pigs. 

Abbreviations: AAV, adeno-associated virus; BBB, blood brain barrier; Cas9, CRISPR associated protein 9; CMV, cytomegalovirus; CNS, central nervous system; 
CRISPR, clustered regularly interspaced short palindromic repeats; DAPI, 4′,6-diamidino-2-phenylindole; EGFP, enhanced green fluorescent protein; GENISYST, 
genomics integrated systems transgenesis; HPRT, hypoxanthine-guanine phosphoribosyltransferase; IHC, immunohistochemistry; ITR, inverted terminal repeat; PBS, 
phosphate buffered saline; QC, quality control; rAAV, recombinant adeno-associated virus; SE, standard error. 
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In order to derive clinically relevant animal models of human dis-
ease, genetic engineering is commonly used to introduce genetic 
changes required to invoke the disease phenotype. Such genetic alter-
ations involve both gain-of-function and loss-of-function approaches. In 
the gain-of-function context the typical manipulation involves upregu-
lation of the activity of a desired gene (or genes) in a systemic or in a 
tissue-specific fashion. There are several common approaches to achieve 
this in minipigs such as virus-mediated gene transfer and/or CRISPR 
(clustered regularly interspaced short palindromic repeats) technology 
(Perleberg, Kind, & Schnieke, 2018; Yum, Yoon, Lee, Lee, & Jang, 2016). 
Typical generation time for a genetic model using these methods exceeds 
2 years. Here we report development of adeno associated virus (AAV) 
based technology termed Genomics Integrated Systems Transgenesis 
(GENISYST) for rapid one-step gain-of-function disease modelling in 
Göttingen Minipigs. Here we have achieved high-level systemic 
expression of a transgene within weeks of GENISYST administration in 
multiple disease-relevant tissues of the minipig including liver, heart, 
brain, kidney, and lungs. In summary our data indicates feasibility of a 
rapid one-step generation of transgenic minipigs for human disease 
modelling in drug development. 

2. Results 

Given the lengthy time frames and substantial resources needed to 
derive new transgenic minipig strains, we set out to establish a simple 
and rapid method for gain-of-function trait modelling in these animals. 
We reasoned that application of viruses might be a promising approach 
because of their ease of production and the immediate transgene 
expression potential when delivered orthotopically or systemically. We 
were particularly inclined to test the usefulness of adeno-associated vi-
ruses (AAVs) owing to a long-term transgene expression potential and 
their high efficiency of cellular transduction (Naso, Tomkowicz, Perry 
3rd, & Strohl, 2017). Therefore, we constructed an adeno-associated 
virus genome-based vector expressing enhanced green fluorescent pro-
tein (EGFP) and used it to produce a high-titre recombinant AAV9-EGFP 
viral particles (Fig. 1A). By virtue of the modular nature of our AAV 
platform and its capacity to implement complex disease heterogeneity 
patterns for high-throughput in vivo screens (Krishnan & Ward, 2018), 
this technology is termed Genomics Integrated Systems Transgenesis 
(GENISYST). Although administration of recombinant viruses to animals 
can be performed by a variety of routes (Steitz et al., 2010), we delivered 
our GENISYST preparations by intra-venous injections (Fig. 1B), as this 
method had previously showed consistent systemic spread of recombi-
nant AAVs (Lykken, Shyng, Edwards, Rozenberg, & Gray, 2018). To 
assess the overall quality of our AAV injections and persistence of EGFP 
expression we performed qPCR analysis to quantify the mean level of 
mRNA expression in the liver of GENISYST injected animals at 70 days 

post injection (Fig. 2). This analysis revealed high-level of AAV-derived 
EGFP mRNA expression as compared to uninjected animals, indicating 
that our GENISYST preparations efficiently transduced liver tissue and 
facilitated long-term EGFP expression at 70 days post-transduction 
(Fig. 2). 

Successful disease modelling requires consistent targeting of relevant 
internal organs such as liver, heart, brain, and others. Thus, we next 
aimed to determine the tissue distribution of transgenic EGFP protein 
expressed form our recombinant AAVs. We initially focused our analysis 
on animals harvested at 14 days post injection to assess the rapidity of 
GENISYST action. Several vital organs were collected, fixed and pro-
cessed for immunofluorescent detection with anti-EGFP antibodies. We 
observed detectable EGFP expression in the liver, heart, kidneys, lungs, 
brain, small intestine, lymph nodes, and spleen (Figs. 3-8 and Table 1). 
Particularly high-level expression of EGFP was observed in the liver, 
whereas heart, kidneys, lung, and the brain showed a more moderate 
EGFP staining (Table 1). Considering that targeting the central nervous 
system (CNS) with AAVs remains one of important goals in generation of 
transgenic animals, our analysis of GENISYST expression in the brain 
extended into cerebral cortex, thalamus and the cerebellum. While the 
cerebral cortex and the thalamus showed detectable EGFP immunoflu-
orescence (Figs. 7 and 8) we failed to detect significant EGFP expression 
in the cerebellum (data not shown). 

High expression of AAV-derived transgene in the liver is likely a 
reflection of a high affinity of AA9 serotype for hepatocytes (Sands, 
2011). Most organs exhibited near-uniform expression of EGFP 
throughout the tissues indicating that almost cell types were successfully 
transduced by the virus. Strikingly, in the kidney and lung, specialised 
substructures such as proximal tubules and bronchioles, showed EGFP 
protein enrichment (Figs. 5 and 6 respectively; Table 1). Localised EGFP 
expression in the kidney and lung likely reflects virus distribution due to 
blood flow through these organs, as comparable staining pattern with 
enrichment in proximal tubules was observed after intravenous injection 
of a soluble cell-penetrating fluorochrome (Sandoval, Kennedy, Low, & 
Molitoris, 2004). Thus, GENISYST achieved efficient targeting of vital 
organs already at 14 days after administration. 

Encouraged by our data with fluorescent anti-EGFP protein detection 
in multiple tissues at 14 days post-injection (Figs. 3-8) we next aimed to 
corroborate our findings in animals harvested 70 days after GENISYST 
administration. We focused on the heart and the kidney due to the high 
unmet need for disease models involving those organs. As previously 
described, we detected strong mRNA EGFP expression levels at 70 days 
post injection in the liver (Fig. 2). We next stained deparaffinised tissue 
sections for EGFP, with haematoxylin/eosin counterstaining to visualise 
tissue ultrastructure (Fig. 9). This approach demonstrated prominent 
EGFP staining throughout the cardiac epicardium (top part of the image 
in Fig. 9B) but also in the myocardium (bottom part of the image in 

Fig. 1. Schematic drawing of the GENISYST DNA 
construct and the experimental design. A) Schematic 
representation of the recombinant AAV (GENISYST) 
DNA genome. (ITR) – inverted terminal repeat 
sequence, (CMV) – cytomegalovirus promoter, 
(EGFP) – EGFP encoding cDNA sequence. B) 
Göttingen Minipigs were injected with GENISYST at 
Day 0 and harvested for necropsy at indicated time 
points. Green text boxes indicate EGFP detection as-
says performed at indicated time points. (For inter-
pretation of the references to colour in this figure 
legend, the reader is referred to the web version of 
this article.)   
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Fig. 9B). In the kidney, in agreement with previously obtained data 
(Fig. 5), an enrichment of EGFP signal was observed in proximal tubules 
and in the glomeruli (Fig. 9A). In conclusion our experiments with 
GENISYST EGFP-expressing rAAVs resulted in a systemic delivery of 
EGFP protein to most tissues achieving both early and persistent 
expression - therefore demonstrating the potential utility of this 
approach for human gain- or loss-of-function disease modelling in 
minipigs. 

3. Discussion 

Over the years several approaches to the establishment of genetically 
modified minipigs had been undertaken. For example, CRISPR tech-
nology (clustered regularly interspaced short palindromic repeats) was 
recently applied to generate a type 2 diabetic minipig model (Zou et al., 
2019). In that report, CRISPR was used to insert a transgene encoding 
human Islet amyloid polypeptide (IAPP, amylin) into a minipig chro-
mosome. The procedure involved in vitro genetic modification of 
porcine foetal fibroblasts with the help of CRISPR associated protein 9 

(Cas9) to induce chromosome cleavage for targeted IAPP transgene 
integration. Thereafter, selected modified fibroblast clones served as a 
nucleus donor for somatic nuclear transfer procedure to derive geneti-
cally altered minipig line expressing the IAPP protein. In another study, 
proprotein convertase subtilisin/kexin type 9 (PCSK-9) gene gain-of- 
function founders were generated in minipig by the use of engineered 
Sleeping Beauty transposons resulting in a phenotype resembling human 
congenital syndrome of familial hypercholesterolemia (Yuan et al., 
2018). Herein, the derivation of PCSK-9 gain-of-function minipigs also 
required an initial in vitro fibroblast transfection with transposons fol-
lowed by somatic nuclear transfer to establish founder lines. Other ap-
proaches to genetically altered minipig production involved the use of 
lentiviruses to infect porcine embryos, which resulted in a persistent 
overexpression of a gene encoding human huntingtin (HTT) to create a 
minipig model of Huntington’s Disease (Ardan et al., 2019; Baxa et al., 
2013). All of the above-mentioned approaches, while successful in 
generation of useful minipig disease models, required a long production 
time. In contrast, one of the advantages of AAVs is the immediate cell 
transduction and stable long-term expression of the encoded transgene 

Fig. 2. Analysis of EGFP expression by qPCR in the liver. The graph presents mean expression levels of EGFP mRNA normalized to HPRT housekeeping gene as 
determined by qPCR (mean value for uninjected animals was set to 1). Representative images for EGFP signal in frozen sections are shown on the right. White scale 
bar corresponds to 50 μm in length. Uninjected animals (n = 2) serve as a negative control for background qPCR amplification. GENISYST animals (n = 8) were 
injected with AAVs. White circles represent EGFP expression levels in individual animals. Error bars represent SE of the mean. Animals were harvested at day 70 after 
injection. Asterisk (*) indicates statistical significance with the p < 0.05 by 2-tailed unpaired t-test against uninjected group. 

Fig. 3. Analysis of EGFP expression by immunofluorescence in the liver. Uninjected indicates negative control animals; GENISYST denotes animals that received 
AAV injection. DAPI indicates the position of nuclei. Representative images are shown. Bar graphs represent the quantification of the fluorescent EGFP signal. Error 
bars represent SE of the mean. Animals were harvested 14 days after injection (n = 2 for both uninjected and GENISYST group). Asterisk (*) indicates statistical 
significance with the p < 0.05 by 2-tailed unpaired t-test against uninjected group. Scale bar corresponds to 50 μm in length. 
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(Wang, Tai, & Gao, 2019). These features are clearly exemplified by the 
results we have achieved with our GENISYST approach. We would like 
to highlight that our method is not meant to replace approaches that 
utilise stable minipig genome DNA sequence change resulting in sub-
sequent derivation of animal strains with heritable characteristics. 
GENISYST represents an ad hoc method of rapid genetic minipig 
modification that will complement the existing methodologies. 

The knowledge of AAV biology is steadily increasing allowing for 
continued progress in AAVs engineering for the purpose of disease 
modelling and gene therapy. For example, several AAV serotypes 

utilised in biotechnology offer a diversity in capsid surface topology that 
is responsible for different antigenicity, tissue tropism and target re-
ceptor affinity (Steines et al., 2016). Furthermore, novel AAV types with 
clinically useful profiles are being made by reengineering the capsid 
surface of AAVs. A number of chimeric AAV libraries were generated by 
laboratories around the world and some achieved significant success in 
specific therapeutic purposes (Fakhiri et al., 2019). For example, gene 
therapy specifically targeting the muscle using a chimeric AAV had 
entered the clinical trial (Colella, Ronzitti, & Mingozzi, 2018). Based on 
all of the progress in the AAV engineering, further development of the 

Fig. 4. Analysis of EGFP expression by immunofluorescence in the heart. Uninjected indicates negative control animals; GENISYST denotes animals that received 
AAV injection. DAPI indicates the position of nuclei. Representative images are shown. Bar graphs represent the quantification of the fluorescent EGFP signal. Error 
bars represent SE of the mean. Animals were harvested 14 days after injection (n = 2 for both uninjected and GENISYST group). Asterisk (*) indicates statistical 
significance with the p < 0.05 by 2-tailed unpaired t-test against uninjected group. White scale bar corresponds to 50 μm in length. 

Fig. 5. Analysis of EGFP expression by immunofluorescence in the kidney. Uninjected indicates negative control animals; GENISYST denotes animals that received 
AAV injection. DAPI indicates the position of nuclei. White dashed lines mark the position of a proximal tubules. Representative images are shown. Bar graphs 
represent the quantification of the fluorescent EGFP signal. Error bars represent SE of the mean. Animals were harvested 14 days after injection (n = 2 for both 
uninjected and GENISYST group). Asterisk (*) indicates statistical significance with the p < 0.05 by 2-tailed unpaired t-test against uninjected group. Scale bar 
corresponds to 50 μm in length. 

J. Maxeiner et al.                                                                                                                                                                                                                               



Journal of Pharmacological and Toxicological Methods 108 (2021) 106956

5

GENISYST technology will aim to achieve tissue-restricted AAV tropism 
allowing for more precise organ-specific disease modelling in animals. 

Another strategy to achieve localised AAV action, in order to lower 
the probability of undesired remote effects, is to deliver the AAVs 
directly to the target tissue (White et al., 2004). Indeed, a recent study 
substantially improved cardiac function in a chronic heart failure (HF) 
model by overexpression of constitutively active inhibitor-1 (I-1c) using 
a novel cardiotropic vector generated by capsid reengineering of adeno- 
associated virus. This had been achieved by intra-cardiac injection of a 
cardiotropic vector for heart-specific gene transfer in a clinically 

relevant animal model (Ishikawa et al., 2014). Apart from AAVs also 
lentiviruses had been tested in localised administration regimes. For 
example, direct gene transfer to the central nervous system (CNS) had 
been described in minipigs using intra cranial stereotaxic frame-assisted 
administration (Norgaard Glud et al., 2010). Because of these successful 
examples, it would also be of interest to test the applicability of GENI-
SYST when administered directly to the target tissue under study. 

Another feature of systemic AAV delivery is its ability to target the 
central nervous system (CNS). CNS is guarded by the blood-brain barrier 
(BBB), which serves to protect the spinal cord and the brain homeostasis 

Fig. 6. Analysis of EGFP expression by immunofluorescence in the lung. (Uninjected) indicates negative control animals; (GENISYST) denotes animals that received 
AAV injection. DAPI indicates the position of nuclei. White dashed line marks the position of a bronchiole. Representative images are shown. Bar graphs represent the 
quantification of the fluorescent EGFP signal. Error bars represent SE of the mean. Animals were harvested 14 days after injection (n = 2 for both uninjected and 
GENISYST group). Asterisk (*) indicates statistical significance with the p < 0.05 by 2-tailed unpaired t-test against uninjected group. Scale bar corresponds to 50 μm 
in length. 

Fig. 7. Analysis of EGFP expression by immunofluorescence in the cerebral cortex of the brain. Uninjected indicates negative control animals; GENISYST denotes 
animals that received AAV injection. DAPI indicates the position of nuclei. Representative images are shown. Bar graphs represent the quantification of the fluo-
rescent EGFP signal. Error bars represent SE of the mean. Animals were harvested 14 days after injection (n = 2 for both uninjected and GENISYST group). Asterisk 
(*) indicates statistical significance with the p < 0.05 by 2-tailed unpaired t-test against uninjected group. Scale bar corresponds to 50 μm in length. 
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by limiting the spectrum of molecules able to penetrate across the BBB. 
Although AAV as such is able to pass the BBB, there exist a great vari-
ability between AAV serotypes in terms of their relative BBB passing 
efficiency (Zhang et al., 2011). In addition, depending on the age of the 

animal the propensity to preferentially infect neurones over glial cells 
was previously observed (Foust et al., 2009). Strong interest in targeting 
the CNS yielded new artificial AAV variants that show even stronger 
CNS-targeting ability than the naturally occurring AAV serotypes such 
as the AAV9 (Deverman et al., 2016). In agreement with our data, recent 
work demonstrated that AAVs can be used to deliver therapeutically 
relevant transgenes to the minipig CNS (Evers et al., 2018). Although 
collectively these reports suggest that successful targeting of CNS with 
systemically delivered AAVs is possible, care must be taken to analyse 
the performance of each rAAV variant (and the application route) in 
terms of location in different brain regions, as substantial variability still 
exist here. For example, GENISYST appears to efficiently target cerebral 
cortex and thalamus making it suitable for modelling diseases that affect 
these brain regions. 

It is worth mentioning that for any further GENISYST applications 
the QC criteria defining animal selection for further studies will be an 
important consideration. Such criteria should include confirmation of 
consistency for transgene expression and of the phenotype establish-
ment as well as definition of essential downstream functional assays. It is 
anticipated that many of QC criteria will be specific to modelled disease. 
Progression of disease should also be assessed by harvesting animals at 
different timepoints to define the best timeframe for further studies. 

Although a multitude of approaches had been developed to model 
gain-of-function traits in minipigs, most of them incur both long 

Fig. 8. Analysis of EGFP expression by immunofluorescence in the thalamus region of the brain. Uninjected indicates negative control animals; GENISYST denotes 
animals that received AAV injection. DAPI indicates the position of nuclei. Representative images are shown. Bar graphs represent the quantification of the fluo-
rescent EGFP signal. Error bars represent SE of the mean. Animals were harvested 14 days after injection (n = 2 for both uninjected and GENISYST group). Asterisk 
(*) indicates statistical significance with the p < 0.05 by 2-tailed unpaired t-test against uninjected group. Scale bar corresponds to 50 μm in length. 

Table 1 
List of tissues showing EGFP expression by immunofluorescence in the minipig.  

Tissue EGFP 
expression 

Comments 

Liver ++++

Heart +++ detected in epicardium and 
myocardium 

Kidney +++ enriched in proximal tubules and 
glomeruli 

Lung ++ enriched in bronchioles 
Brain (cerebral 

cortex) 
++

Brain (thalamus) ++

Spleen ++

Small intestine +

Lymph node +

(++++,+++, ++, +) indicate graded EGFP signal as compared to the unin-
jected animal control according to the criteria described in Materials and 
Methods. 

Fig. 9. Analysis of EGFP expression by immunohis-
tochemistry in the kidney and the heart. A) Anti- 
EGFP immunohistochemistry stain of a kidney sec-
tion from GENISYST injected animal. Black arrow 
depicts the position of a glomeruli. B) Anti-EGFP 
immunohistochemistry stain of a heart section from 
GENISYST injected animal. Top black arrow depicts 
the location of a cardiac epicardium, bottom arrow 
points to the myocardium. Dark brown colour in-
dicates EGFP signal. Representative images are 
shown. Animals were harvested 70 days after injec-
tion. Scale bar corresponds to 100 μm in length. (For 
interpretation of the references to colour in this 
figure legend, the reader is referred to the web 
version of this article.)   
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generation times and a significant cost (Uchida et al., 2001). In stark 
contrast to those methods, GENISYST technology described here is fast, 
cost-effective and efficient. In summary, our data demonstrated a 
feasibility of using recombinant AAVs for rapid generation of transgenic 
Göttingen Minipigs with the aim of human disease modelling for drug 
discovery and development. Our approach offers significant benefits of a 
short time frame needed for model generation and a reduction in ani-
mals used for the experiments. Thus, our platform allows for significant 
cost savings over traditional methods. 

4. Materials and methods 

4.1. Animal treatment 

The study was performed in 12 male Göttingen Minipigs (Ellegaard 
Göttingen Minipigs A/S, Denmark); obtained by the age of 8 weeks. In 
brief, animals were housed in a room provided with filtered air at a 
temperature of 24 ◦C, 15 air changes per hour and a cycle of 12 h light 
and 12 h darkness. Minipigs were fed a minipig diet (SMP (E) SQC) from 
(SDS, UK) twice daily. For environmental enrichment, animals were 
offered ice cubes, either plain or containing A-38 (a commercially 
available acidified milk product) or pieces of the minipig diet. Animals 
had an ad libitum access to drinking water. This project has been 
approved by the Danish Authorities under reference number 2015-15- 
0201-00713. All animal experiments were carried out in accordance 
with EU Directive 2010/63/EU for animal experiments. 

4.2. AAV generation 

GENISYST DNA construct is based on pAAV-BASIC-EGFP plasmid, in 
which EGFP marker gene is expressed from a ubiquitously active CMV 
promoter (Fig. 1A). AAV9 viruses were manufactured by Vector Biolabs 
(Malvern, USA) by co-transfection of pAAV-BASIC-EGFP with AdHelper 
vector and AAV Rep/Cap vector into a packaging cell line followed by 
purification of the virus-containing supernatant on caesium chloride 
gradient. Concentrated virus stocks (≥ 1013 GC/ml) were kept at minus 
80 ◦C prior to use. 

4.3. AAV application 

For the AAV application, the animals were sedated with a combi-
nation of ketamine (6.25 mg/kg body weight; Veterinaria, AG 
Switzerland) and midazolam (1.25 mg/kg bodyweight of 5 mg/mL; 
Veterinaria, AG Switzerland), given as intramuscular injection. In total 
10 animals were injected with AAVs at final concentration of 8.0 × 1012 

GC/kg. Two animals were harvested at 14 days after AAV injection and 
eight animals were harvested 70 days after AAV application (Fig. 1B). 
Two additional naïve animals were used as uninjected negative controls. 

4.4. qPCRs 

At sacrifice, a sample of the liver lobe was snap frozen in liquid ni-
trogen. Expression of the EGFP gene was evaluated by RT-PCR according 
to the following protocol: 

Small liver tissue biopsies were homogenised (MP Homogeniser 
FastPrep) in RLT buffer and total RNA was extracted with RNAeasy kit 
(Qiagen). Total RNA was converted to cDNA with the use of oligo-dT- 
primed EcoDry cDNA synthesis kit (TaKaRa). QPCR reactions were 
run with SybrGreen-containing premix (Applied Biosystems) and run on 
StepOnePlus qPCR machine (Applied Biosystems). Raw data was 
exported Excel (Microsoft) and gene expression changes were calculated 
by a delta/delta Ct method. Expression of EGFP was normalized to 
housekeeping gene levels (HPRT). Statistical analysis was performed 
with an unpaired 2-tailed t-test in Prism (GraphPad software). Primer 
sequences used for qPCR: HPRT (forward primer: ATTCTTTGCT-
GACCTGCTG; reverse primer: TCTTTGGATTATGCTGCTTGAC) and 

EGFP (forward primer: CTACCCCGACCACATGAAGC; reverse primer: 
AAGTCGATGCCCTTCAGCTC). 

4.5. Organ harvest and processing 

After the animals were sacrificed for necropsy, all tissues were 
initially fixed in phosphate buffered neutral 4% formaldehyde with the 
exception of the eyes and testes (Modified Davidson’s fixative). The 
fixative for long term preservation was phosphate buffered neutral 4% 
formaldehyde for all tissues. The lungs were infused with fixative at 
necropsy. Samples for histopathological evaluation from all animals 
were trimmed and representative specimens were progressed for histo-
logical processing. The specimens were embedded in paraffin. 

4.6. Immunofluorescent EGFP staining and immunohistochemical EGFP 
staining 

Frozen liver sections (only Fig. 2) were cut at 10 μm after embedding 
the fresh tissue in OCT medium. Sections were thawed at room tem-
perature, fixed in cold 4% paraformaldehyde and then blocked for 30 
min at 4 ◦C in blocking buffer (Phosphate Buffer Saline containing 1% 
normal goat serum and 0.3% Triton-X100) followed by incubation 
overnight in blocking buffer containing anti-EGFP primary antibodies 
(1:100 dilution; cat. A-11120; ThermoFisherScientific). Thereafter the 
slides were washed extensively with PBS and incubated in room tem-
perature in blocking buffer containing AlexaFluor488-labelled second-
ary antibodies (1:500 dilution; ThermoFisherScientific) and DAPI 
counterstain to visualise the nuclei. After additional washes in PBS slides 
were mounted in Prolonged Gold antifade (ThermoFisherScientific), 
allowed to solidify and then imaged on a Leica TCS SP8 confocal 
microscope. 

Paraffin embedded organs were sectioned at 6 μm on a microtome, 
deparaffinised and following antigen retrieval (boiling for 15 min in 10 
mM sodium citrate, 0.05% Tween 20, pH 6.0) processed for immuno-
fluorescence with anti-EGFP antibodies. Briefly, slides were blocked for 
30 min at 4 ◦C in blocking buffer (Phosphate Buffer Saline containing 1% 
normal goat serum and 0.3% Triton-X100) and then incubated overnight 
in blocking buffer containing anti-EGFP primary antibodies (1:100 
dilution; cat. A-11120; ThermoFisherScientific). Thereafter the slides 
were washed extensively with PBS and incubated in room temperature 
in blocking buffer containing AlexaFluor488-labelled secondary anti-
bodies (1:500 dilution; ThermoFisherScientific) and DAPI counterstain 
to visualise the nuclei. After additional washes in PBS slides were 
mounted in Prolonged Gold antifade (ThermoFisherScientific), allowed 
to solidify and then imaged on a Leica TCS SP8 confocal microscope. 

Images were carefully sampled to be representative of the respective 
tissue with similar tissue density and tissue region chosen for compari-
son. For each animal/tissue five representative sections were used for 
quantification. EGFP immunofluorescence signal was quantified with 
ImageJ software (NIH, USA). The statistical significance by 2-tailed 
unpaired t-test was assessed in Prism (GraphPad software). For 
grading tissue EGFP signal intensity (Table 1) mean fluorescence in-
tensity signal from uninjected animals (background staining) was sub-
tracted from signal measured in GENISYST injected animals to obtain 
normalized mean fluorescent intensity. EGFP signal was graded 
“++++” for normalized mean fluorescent intensity values above 30, 
“+++” for values between 30 and 20, “++” for values below 20 and 
above 10 and “+” for values below 10. 

For immunocytochemistry (IHC) staining (Fig. 9) paraffin embedded 
organs were sectioned at 5 μm on a microtome, deparaffinised, and then 
following antigen retrieval step processed for EGFP staining signal with 
rabbit anti-EGFP antibodies (ab6556; Abcam) and after counter staining 
with haematoxylin and eosin visualised with the help of Ventana Dis-
covery instrument. 
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