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I. INTRODUCTION 

Type 1 diabetes (T1DM) is one of the most common metabolic and endocrinological diseases 

in children and adolescents worldwide, due to autoimmune destruction of the insulin-producing 

pancreatic β-cells (DOVI et al., 2022) and the incidence is expected to continuously rise 

(GREGORY et al., 2022). Treatment for T1DM requires lifelong administration of exogenous 

insulin to delay the onset of long-term complications. Although insulin therapy is the 

predominant standard of care, it cannot fully replicate the natural pattern of insulin secretion by 

the pancreas (WALKER et al., 2021; BORNSTEIN et al., 2022), increasing the risk of severe 

hypoglycemia leading to hypoglycemic coma, especially for patients with brittle diabetes (LIN 

et al., 2020). For these patients, β-cell replacement therapy is a superior therapeutic option 

(WALKER et al., 2021). Allotransplantation of either whole pancreas or isolated pancreatic 

islets is a potential treatment option for T1DM. However, the current supply of organ donors 

falls short of meeting clinical demand. Porcine islet xenotransplantation is a promising 

alternative to overcome the shortage of organ donors (EISENSON et al., 2022). For successful 

application of islet xenotransplantation, the graft will require depletion of genes as well as 

integration of robustly expressed xenoprotective transgenes (KEMTER et al., 2020). 

Advancements in genetic engineering offer new opportunities to overcome graft rejection and 

to improve their engraftment and insulin secretion capacity (KEMTER et al., 2018). By 

advancing our understanding of xenogeneic islet graft physiology and refining techniques for 

donor pig genome modification, this research will help to pave the way for enhanced efficacy 

and safety in the application of porcine islet xenotransplantation as a viable therapeutic strategy 

for individuals with Type 1 diabetes. 

To address current hurdles in islet xenotransplantation, this study focused on generating, 

characterizing, and optimizing genetically multi-modified islet donor pigs with a robust and 

predictable transgene expression pattern, while also ensuring that no segregation of genetic 

modifications occurs during breeding. A further objective of this study was the generation and 

characterization of a new reporter pig model for monitoring intracellular calcium dynamics that 

will provide comprehensive insights into the functionality and maturity of β-cells pre- and 

post-transplantation.  
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II. REVIEW OF THE LITERATURE 

1. Islet transplantation to cure diabetes mellitus 

Diabetes mellitus (DM) is one of the most prevalent medical conditions that demand an 

improved medical treatment. More than 500 million people are diabetic globally and the number 

is projected to reach 695 million by the year 2045 (CAYABYAB et al., 2021; BORNSTEIN et 

al., 2022). Along with disrupted pancreatic endocrine function, diabetes can lead to severe 

complications like nephropathy, cardiovascular diseases, retinopathy, and neuropathy (SHAH 

et al., 2020; TAN et al., 2020; CAYABYAB et al., 2021; KRENTZ et al., 2021; SAMSU, 2021). 

Two vastly agreed pathophysiologies of diabetes include pancreatic β-cell destruction in the 

case of T1DM, and insulin resistance and insulin secretory defects in the case of type 2 DM 

(T2DM) (SAKRAN et al., 2022). The patients with T1DM are 5-10% of the total diabetic 

population (BORNSTEIN et al., 2022) and the incidence is expected to rise rapidly 

(GREGORY et al., 2022). Currently, insulin therapy is the life-saving treatment for T1DM but 

it does not emulate some of the important functional aspects of pancreatic β-cells, in particular, 

the physiological kinetics of insulin release in response to glucose, the first-pass hepatic insulin 

extraction (WALKER et al., 2021; BORNSTEIN et al., 2022), and the intercellular crosstalk 

between β- and α-cells within the pancreatic islets that is critical for metabolic regulation 

(WALKER et al., 2021). The development of rapidly acting insulin analogues, novel insulin 

pump systems, and continuous glucose sensors (CGM) in the interstitial fluid (semi-closed-loop 

artificial pancreas) which control insulin by highly sophisticated algorithms have significantly 

improved clinical diabetes care. Although these novel devices increased time in target glucose 

ranges, high-quality observational data are lacking (FUCHS & HOVORKA, 2021). There are 

still many challenges for patients with T1DM to achieve treatment goals and prevent 

complications (COCHA et al., 2021; DERMAWAN & KENICHI PURBAYANTO, 2022; 

TEMPLER, 2022). With the current hybrid closed-loop systems, the users are still required to 

control the continuity of the subcutaneous catheters, validate CGM blood glucose data in case 

of potential sensor inaccuracy problems, calculate the carbohydrate intake, and provide 

information to the device for planned physical activities. Psychological aspects, including 

dislike of having the closed-loop system permanently connected to the body or disturbance of 

daily life by frequent alarm messages, also remain a barrier (FUCHS & HOVORKA, 2021). 

A fully closed-loop system, which can overcome the requirement for user input, or fully 

implanted devices are far away from reality (TEMPLER, 2022). Importantly, 25% of T1DM 

patients exhibit hypoglycaemia unawareness, and insulin therapy can result in severe 
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hypoglycaemia leading to hypoglycaemic coma (LIN et al., 2020). For those patients, β-cell 

replacement therapy is a superior therapeutic option (WALKER et al., 2021). According to 

recent data, up to 5 million diabetic patients globally would need β-cell replacement therapy 

(KRENTZ et al., 2021). Allotransplantation of whole pancreas or isolated pancreatic islets is a 

potential treatment option for T1DM. Despite improved outcomes over the years, whole 

pancreas transplantation is not widely performed as it is a highly invasive procedure (KOCHAR 

& JAIN, 2021) and needs lifelong maintenance of immunosuppression (NELSON et al., 2022). 

Allogeneic islet transplantation into the portal vein, according to the Edmonton protocol, is the 

most common clinical approach for β-cell replacement therapy (BORNSTEIN et al., 2022). The 

majority of islets are lost during/after transplantation into the portal vein, and often more than 

one pancreas is needed to obtain sufficient islet mass for one recipient (KOCHAR & JAIN, 

2021). The insufficient availability of human pancreata or islets due to a limited number of 

suitable human donors is also a major obstacle in allotransplantation (Figure 1).  
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Figure 1: Possible action lines for β-cell replacement therapy. 

Whole human pancreas or pancreatic islet allotransplantation are potential biological treatment options for T1DM. 

However, the main hurdles are the insufficient availability of human pancreata or islets and allograft rejection 

control by immunosuppressive drugs. Porcine donors can be an alternative islet source for transplantation into 

humans. Immune rejection of the xenogeneic islets is the main barrier in pig-to-human xenotransplantation. 

Immunoprotection approaches include genetic modifications of the donor. Created with BioRender.com. 

 

Insulin-producing β-cells derived from human embryonic stem cells (hESC) or other human 

pluripotent stem cells (hPSC) can provide an unlimited supply for β-cell replacement therapy 

and are an attractive alternative to islet allotransplantation (reviewed in BARTOLOMÉ, 2022; 

HOGREBE et al., 2023; SHILLEH & RUSS, 2023). However, stem cell-derived β-cells 

(SC-β-cells) can be functionally immature and their glucose-stimulated insulin-secreting ability 

is lower compared to endogenous islets (SHAHJALAL et al., 2018; BARTOLOMÉ, 2022). 

Although significant progress has been made in gaining in vitro functional maturity of 
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SC-β-cells (VELAZCO-CRUZ et al., 2020), upon engraftment, a substantial mass of SC-β-cells 

can be lost potentially due to transdifferentiation and dedifferentiation into other cell types, or 

cell death (SHAHJALAL et al., 2018). Porcine pancreatic islets are another potential source of 

insulin-producing cells (COWAN, 2022). As porcine insulin differs from human insulin only 

in one amino acid (alanine instead of threonine at the carboxy terminus of the B chain) and is 

active in humans, porcine islet xenotransplantation is a reasonable option for β-cell replacement 

therapy (COWAN, 2022). Porcine islets (PIs) of different developmental stages, i.e., embryonic 

(EPIs), foetal (FPIs), neonatal (NPIs), and adult (APIs), have been tested for 

xenotransplantation (MOU et al., 2022). Considerable long survival times have been achieved 

in preclinical trials (up to >603 days) by transplanting wild-type (WT) porcine islets into 

immunosuppressed non-human primates (NHPs) (Table 1). Although encouraging, the results 

of these studies were highly variable and many of the immunosuppressive regimens used are 

not clinically applicable. 

Table 1: Use of WT porcine xenoislets in NHPs 

Islets Recipient NHPs Immunosuppression regimen Survival References 

NPI Rhesus monkey ATG + CVF + rapamycin + anti-TNF + anti-CD154 (+Treg) >603 days 
(SHIN et al., 

2015) 

NPI Rhesus monkey CTLA4-Ig + rapamycin + basiliximab + anti-CD154 >260 days 
(CARDONA 

et al., 2006) 

NPI Rhesus monkey CTLA4-Ig + rapamycin + anti-IL-2R + anti-CD40 >203 days 
(THOMPSON 

et al., 2011b) 

API Cynomolgus monkey Rapamycin + FTY720 + basiliximab + anti-CD154 >187 days 
(HERING et 

al., 2006) 

NPI Rhesus monkey anti-IL-2R + anti-CD154 + belatacept + rapamycin >187 days 
(RUSSELL et 

al., 2007) 

NPI Rhesus monkey MMF + CTLA4-Ig + LFA-3-Ig + anti-IL-2R + anti-LFA-1 114 days 
(THOMPSON 

et al., 2012) 

NPI – Neonatal porcine islets; API – Adult porcine islets 

 

2. Immunological barriers in islet xenotransplantation 

The major hurdle in using porcine islets for β-cell replacement therapy in humans is the 

rejection of xenogeneic islets by the recipient’s immune system. Components of both the innate 

and adaptive immune systems are activated by the xenogeneic cells or molecules, leading to 

xenograft rejection (KANAK et al., 2014). One key factor is the inter-species incompatibility 

of immune regulatory molecules. In general, xenograft rejection can be categorized as: 

(i) hyperacute rejection (HAR) that occurs within 24 hours post-transplantation; (ii) delayed 
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xenograft rejection (DXR) that occurs within days to weeks post-transplantation; and 

(iii) chronic rejection that occurs months to years after xenotransplantation. DXR may be 

caused by acute humoral xenograft rejection (AHXR), cellular xenograft rejection (CXR), and 

coagulation dysregulation (ZHOU et al., 2022). HAR and AHXR are primarily due to the 

interaction of naturally occurring antibodies in humans and NHPs with porcine xenoantigens 

(ZHOU et al., 2022). CXR involves both innate immune cells (macrophages, NK cells, and 

neutrophils) and adaptive immune cells (B cells and T cells). If the islets are infused into the 

portal vein (according to the most widely used clinical procedure for islet allotransplantation), 

they come in direct contact with the recipient’s blood, which may trigger an instant blood-

mediated inflammatory reaction (IBMIR) with kinetics similar to HAR (ZEYLAND et al., 

2015; KANAK et al., 2019). IBMIR is responsible for the majority of peri-transplant islet loss 

(KALE & ROGERS, 2023). At other transplantation sites, such as intraperitoneal or under the 

kidney capsule, a local inflammatory response is initiated by proinflammatory cytokines and 

“danger” signals released by the islets upon ischemic damage (WANG et al., 2021). IBMIR 

and local inflammation involve the recruitment of innate and adaptive immune cells, which can 

cause further damage and subsequent xenograft rejection (EISENBARTH, 2019). Different 

strategies are used to evade the host’s immune reaction against the xenograft, such as genetic 

engineering of the donor pigs. 
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Figure 2: Sequence of host immune responses to islet grafts and the components of the immune system 

involved at each step. 

The immune responses include IBMIR, local inflammation, innate immune response, and adaptive immune 

response (modified from WANG et al., 2021). Created with BioRender.com. 

 

3. Pharmacological inhibition of the instant blood-mediated inflammatory reaction 

(IBMIR)  

More than 50% of the islets infused into the portal circulation are lost during the peri-transplant 

period due to IBMIR (RAJESWAR et al., 2020; HU et al., 2022) an innate immune response 

observed in autologous, allogeneic, as well as xenogeneic islet transplantation directed to the 

islets which are initially free-floating in small liver veins. IBMIR involves the activation of 

complement and coagulation pathways, the activation and aggregation of platelets, the release 

of chemokines and proinflammatory cytokines, and the infiltration of innate immune cells such 

as dendritic cells, neutrophils, and monocytes (Figure 2) (KANAK et al., 2014; RAJESWAR 

et al., 2020). Free human or porcine islets exhibit elevated expression of tissue factor (TF), 

interleukin 8 (IL8), and macrophage chemotactic protein 1 (MCP1) (KANAK et al., 2019). The 

coagulation reaction is triggered by TF, and the peak thrombin-antithrombin (TAT) complex 
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can be detected on islets as early as 15 minutes after 6 autologous islet infusion. MCP1 and IL8 

mediate the recruitment of innate immune cells within 3 hours after the islets interact with the 

recipient’s blood (KANAK et al., 2019; VON ZUR-MUHLEN et al., 2019). Additionally, 

thrombin can also enhance immune cell recruitment into the transplanted islets (ESTRADA et 

al., 2015). The activated immune cells release cytokines and chemokines which further amplify 

the immune response against the xenograft (ESTRADA et al., 2015). Interleukin 1 beta (IL-1β) 

and tumor necrosis factor-alpha (TNF-α) damage the islets through nuclear factor 

kappa B (NF-ҡB)-mediated apoptosis (KANAK et al., 2019). Additional proinflammatory 

cytokines and damage-associated molecular patterns (DAMPs) released by the damaged islets 

can further increase the local inflammation and the recruitment and activation of immune cells 

(WANG et al., 2021). Dendritic cells phagocytose dead or damaged islet cells and present 

alloantigens or xenoantigens on their surface, resulting in the priming of CD8+ and CD4+ T cells 

(EISENBARTH, 2019). Various strategies have been tested to reduce the peri-transplant islet 

loss due to IBMIR. TF on the islet cells is the main trigger of IBMIR and blocking TF by 

specific monoclonal antibodies or using active site-inactivated coagulation factor VIIa (FVIIa) 

abrogated IBMIR in vitro (MOBERG et al., 2002). Site-inactivated FVIIa binds to TF but does 

not initiate coagulation, hence indirectly blocking the TF. Johansson et al. (JOHANSSON et 

al., 2005) showed that Ro69, a selective FVIIa inhibitor, alleviates IBMIR in a dose-dependent 

manner, and blocks the generation of FVIIa-TT as well as TAT complex formation on isolated 

islets in vitro. Similarly, the antioxidant nicotinamide inhibited TF and MCP1 in isolated human 

pancreatic islets in vitro (MOBERG et al., 2003). Another effective approach to alleviate 

IBMIR is blocking the inflammatory mediators. For instance, the blockade of IL-1β alone by 

anakinra or double blockade of IL-1β and TNF-α by anakinra and etanercept during the 

peri-transplant period improved the outcomes of preclinical islet transplantation studies 

(MCCALL et al., 2012; NAZIRUDDIN et al., 2018). Similarly, blocking NF-ҡB by Withaferin 

A (WA) improved syngeneic islet survival and transplant outcomes in a mouse model 

(SORELLE et al., 2013). WA also reduced the level of pro-inflammatory cytokines and 

infiltration of immune cells into islets in an in vitro model of IBMIR (KANAK et al., 2014). 

Another important molecule in IBMIR is interferon-gamma (IFN-γ) inducible protein 10 

(IP-10 alias C-X-C motif chemokine ligand 10, CXCL10) which has been shown to elevate in 

the serum of islet recipients in clinical trials. Using islets from Cxcl10 KO mice or blocking 

IP-10 using monoclonal antibodies significantly improved syngeneic islet graft survival in vivo 

(YOSHIMATSU et al., 2017). Exogenous administration of activated protein C, an 

anticoagulant enzyme, exhibited anti-inflammatory and anti-apoptotic effects and protected 
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transplanted islets in diabetic mice (CONTRERAS et al., 2004), but its efficiency in clinical 

studies remains undetermined. Recently, Yao et al. (2021) demonstrated that cibinetide, a 

non-hematopoietic erythropoietin analogue, protected human islets and alleviated IBMIR both 

in vitro and post-transplantation in mice. Similarly, α-1 antitrypsin, a serine protease inhibitor, 

inhibited IBMIR and improved the engraftment of human islets following intraportal 

transplantation in mice (WANG et al., 2017). Low molecular weight dextran sulphate 

(LMW-DS) has been shown to alleviate IBMIR and increase islet engraftment and survival in 

a dose-dependent fashion (GOTO et al., 2004; VON ZUR-MUHLEN et al., 2019), and a high 

dose of LMW-DS eliminated leukocyte infiltration and increased pig islet survival in diabetic 

mice (GOTO et al., 2004). IBMIR can also be alleviated by combined administration of high 

doses of heparin and soluble complement receptor 1 (sCR1), a recombinant complement 

inhibitor (TAKAKI & SHIMODA, 2020). Many of the above-described strategies have yet to 

be tested in clinical studies, and using heparin is the current standard practice to prevent IBMIR 

in clinical islet transplantation. IBMIR can be more severe in xenogeneic compared to 

allogeneic and autologous islet transplantation (KANAK et al., 2014). In addition to the 

presence of TF, IL8, and MCP1, porcine islets express the oligosaccharides 

galactose-α-1,3-galactose (α-Gal), N-glycolylneuraminic acid (Neu5Gc) and Sda, commonly 

known as xenoantigens (COWAN, 2022; FENG et al., 2022). Therefore, porcine islets 

encounter a very strong host immune response in humans and NHPs (BOTTINO & TRUCCO, 

2015; RAJESWAR et al., 2020). Genetically modifying donor pigs to address the molecular 

incompatibilities is a potent approach to improve the survival and efficacy of islet xenografts.  

 

4. Genetic Modification of Islet Source Pigs 

For pig-to-NHP or pig-to-human islet xenotransplantation, various genetic modifications have 

been suggested to overcome IBMIR and subsequent rejection mechanisms. 

4.1. Eliminating the porcine xenoantigens 

Natural antibodies (NAbs) in humans and NHPs are a major obstacle in islet engraftment and a 

major trigger for IBMIR against the porcine islets. The three most studied oligosaccharide 

xenoantigens present on porcine cells, but absent in humans and partially also in NHPs, are 

α-Gal, Neu5Gc, and Sda (COWAN, 2022; FENG et al., 2022). The enzymes involved in the 

synthesis of α-Gal, Neu5Gc, and Sda are α-1,3- galactosyltransferase (GGTA1), cytidine 

monophosphate-N-acetylneuraminic acid hydroxylase (CMAH), and β-1,4-N-acetyl-

galactosaminyl transferase 2 (B4GALNT2)/B4GALNT2-like (B4GALNT2L), respectively 
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(BYRNE et al., 2015). Humans have pre-formed NAbs against the three major xenoantigens, 

NHPs have only preformed antibodies against α-Gal and Sda, which makes the immune 

response against porcine xenografts more severe compared to allografts (KEMTER et al., 2020; 

COWAN, 2022). NAbs are classified as innate immune components produced in response to 

some ligands in the normal human flora (GALILI, 2013; HUAI et al., 2016). Anti-α-Gal NAbs 

are among the most abundant immunoglobulins in human blood and constitute 1-4% of the 

circulating immunoglobulins. In contrast, the levels of anti-Neu5Gc and anti-Sda are variable 

in humans and hence their relevance to xenotransplantation is less defined compared to 

anti-α-Gal antibodies (COWAN, 2022; SYKES & SACHS, 2022). Soon after the islets 

encounter the host blood, the interaction between xenoantigens and NAbs rapidly activates the 

complement system (YAN et al., 2022). Complement activation leads to the formation of the 

C5b- 9 complex, as well as the production of chemoattractants, C3a and C5a, causing 

infiltration of macrophages and neutrophils (YAN et al., 2022). The result of complement 

activation is the formation of the membrane attack complex (MAC) which is deposited in the 

cellular lipid bilayer and leads to graft rejection due to cell lysis and death (TJERNBERG et 

al., 2008; YAN et al., 2022). Eliminating the porcine xenoantigens by knocking out the genes 

involved in their synthesis can improve xenoislets' engraftment and survival in NHP preclinical 

trials (Table 2). α-Gal has a strong presence on NPIs but only a weak expression on APIs 

(RAYAT et al., 2003). Intraportal transplantation of NPIs in immunosuppressed diabetic rhesus 

monkeys revealed that GGTA1-KO NPIs had an elongated survival time of up to 249 days 

compared to WT NPIs (up to 137 days) (THOMPSON et al., 2011a). Moreover, the primary 

nonfunction rate for GGTA1-KO NPIs was reduced to 20% compared to 80% for WT NPIs 

(THOMPSON et al., 2011a). Martin et al. (2015) reported that both WT and GGTA1-KO NPIs 

transplanted into separate liver lobes of the same nondiabetic rhesus monkey (dual-islet 

transplant model) triggered a surprisingly similar host immune reaction at 1 and 2 hours 

post-transplantation. Additionally, there was an extensive deposition of platelets, antibodies, 

and complement and infiltration of macrophages and neutrophils (MARTIN et al., 2015). 

Samy et al. (2018) compared the host immune response against WT and GGTA1-KO 

xenogeneic NPIs to that against allogeneic islets (AIs) in the dual-islet model in the rhesus 

monkey. The host immune response against the xenogeneic WT NPIs was more robust 

compared to that against allogeneic islets. Moreover, despite better post-transplantation 

engraftment, GGTA1-KO NPIs also showed increased antibody deposition and immune cell 

infiltration compared to AIs (SAMY et al., 2018). These studies demonstrated that IBMIR is 

more intense in xenogeneic compared to allogeneic settings. Moreover, although it improved 
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the engraftment of NPIs, the desired graft survival duration was not achieved with only the 

GGTA1-KO, suggesting that eliminating more xenoantigens might be required. Neu5Gc is 

found on neonatal, juvenile as well as adult porcine islets (LEE et al., 2016; TECTOR et al., 

2020). Due to the presence of a functional CMAH gene in NHPs (SPRINGER et al., 2014), the 

studies investigating Neu5Gc elimination are mostly limited to in vitro models. The reports 

about the ability of Neu5Gc to generate an immune response in humans are contradictory. The 

in vitro comparison of islets from genetically modified (gm) pigs that differed only in 

CMAH-KO (GGTA1-KO/CMAH-KO/hCD46-tg vs. GGTA1-KO/hCD46-tg) revealed that the 

absence of Neu5Gc on islet cells did not change the antibody binding (LEE et al., 2016). When 

transplanted into humans for early clinical trials, WT NPIs generated a dominant anti-α-Gal 

response as well as an anti- Neu5Gc response at least in some of the recipients (GROTH et al., 

1994; BLIXT et al., 2009). Very little information is available on the expression of Sda in 

porcine islets and the effect of Sda elimination on the immunogenicity of the xenoislets 

(BYRNE et al., 2018). However, an in vitro study has shown that the human-anti-pig antibody 

binding is significantly reduced by α-Gal deletion (GGTA1-KO), and this reduction is further 

amplified by Neu5Gc deletion (CMAH-KO) and Sda deletion (B4GALNT2-KO) (MARTENS 

et al., 2017). Moreover, NHPs have some additional NAbs that can recognize a currently 

unidentified xenoantigen on the porcine cells (the fourth antigen) (ESTRADA et al., 2015). 

Hence, based on the studies from the currently identified xenoantigens, the knockout of 3 genes 

responsible for porcine xenoantigens production (3KO) is a desired genetic modification for 

successful xenotransplantation into humans (LADOWSKI et al., 2019).  

4.2. Inhibition of complement activation 

The exposure of the xenograft to NAbs triggers the activation of the complement system via 

both classical as well as alternative pathways (KEMTER et al., 2018; YAN et al., 2022). 

Complement activation is partly regulated by the complement pathway regulatory proteins 

(CPRPs) including membrane cofactor protein (MCP/CD46), decay-accelerating activator 

(DAF/CD55), and membrane inhibitor of reactive lysis (CD59) (LU et al., 2022). Once 

activated, the complement pathways merge at C3 which is then converted into C3a and C3b 

(ZHOU et al., 2019). CD55 accelerates the decay of the C3 convertase and the C5 convertase, 

and CD46 is involved in the inactivation of both C3b and C4b. Whereas, CD59 prevents the 

polymerization of C9 and its insertion into the membrane attack complex (MAC) (GELLER & 

YAN, 2019). As porcine CPRPs are not effective in the human complement pathway, the 

transgenic expression of human CPRPs in gm donor pigs is required to inhibit host complement 

activation and support xenograft survival after pig-to-human xenotransplantation 
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(MIYAGAWA et al., 2022). To evaluate the expediency of hCD46 in intraportal islet 

xenotransplantation, APIs from WT, hCD46-tg, or GGTA1-KO pigs were transplanted into 

immunosuppressed diabetic monkeys, and the release of porcine C-peptide was used as an 

indicator of early xenograft injury (VAN DER WINDT et al., 2009). Although the degree of 

IBMIR was not reduced by hCD46-tg expression, hCD46-tg APIs facilitated a longer survival 

time and longer insulin independence duration of 87–396 days compared to 5–36 days in the 

case of WT APIs. In contrast, GGTA1-KO APIs showed a similar performance as WT APIs, 

consistent with the fact that APIs have anyway low α-Gal levels. Hence, hCD46-tg expression 

or GGTA1- KO alone was not sufficient to attenuate IBMIR, but hCD46-tg expression increased 

the APIs' survival time (VAN DER WINDT et al., 2009). Hawthorne et al. (HAWTHORNE et 

al., 2014) reported that gm NPIs (GGTA1-KO/hCD55-tg/hCD59-tg/human 

1,2-fucosyltransferase (hHT)-tg) showed minimal signs of IBMIR and an absence of 

thrombosis compared to WT NPIs which were lost within hours after transplant due to immense 

IBMIR. A similar conclusion was drawn in another study that compared GGTA1-KO/hCD46-tg 

APIs with WT or hCD46-tg APIs (BOTTINO et al., 2014). In both studies, the genetic 

modifications prevented IBMIR, however, the long-term survival of the islets was not achieved 

due to a cellular immune response (BOTTINO et al., 2014; HAWTHORNE et al., 2014). 

Moreover, the in vitro incubation of GGTA1-KO/hCD46-tg NPIs with whole human blood 

reduced complement activation but accelerated coagulation compared to WT NPIs 

(NAGARAJU et al., 2015). Recently, two different preclinical trials were conducted in the 

dual-islet transplantation model of the rhesus monkey to compare GGTA1-KO/hCD46-tg with 

GGTA1-KO NPIs (SAMY et al., 2019; SONG et al., 2021). No significant difference was found 

in the deposition of platelets and antibodies, complement activation, and neutrophil infiltration 

at 1 h post-transplantation. At 24 h post-transplantation, however, platelet deposition and 

neutrophil infiltration were significantly lower in GGTA1-KO/hCD46-tg NPIs and there was 

no difference in the antibody deposition and complement activation (SAMY et al., 2019). A 

possible explanation of antibody deposition and complement activation in these studies is the 

presence of other xenoantigens. This further reaffirms the idea of knocking out additional 

xenoantigens and expressing human CPRPs to counteract IBMIR. Moreover, the presence of 

platelet aggregation and coagulation activation highlights the requirement of intercepting the 

coagulation pathway as well.  
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4.3. Prevention of coagulation dysregulation 

In the preclinical trial of NPIs xenotransplantation into the rhesus monkeys, hCD46-tg 

expression in the NPIs had no or a moderate effect on the coagulation pathway (NAGARAJU 

et al., 2015; SONG et al., 2021), indicating the need for additional genetic modification to 

alleviate coagulation activation. In normal physiological conditions, thrombomodulin (TBM) 

binds thrombin and changes its substrate specificity from coagulation factors such as fibrinogen 

to protein C, hence generating an anticoagulation effect (ROUSSEL et al., 2008). Although not 

reported, likely the porcine islets do not express TBM (COWAN, 2022). Additionally, the 

porcine TBM-human thrombin complex cannot efficiently activate human protein C 

(ROUSSEL et al., 2008). Therefore, the expression of hTBM-tg in porcine islets could be useful 

in inhibiting the coagulation pathway. Other genes of interest to modulate the human 

coagulation pathway are the endothelial protein C receptor (EPCR), tissue factor pathway 

inhibitor (TFPI), and the thromboregulatory enzyme CD39 (COWAN, 2022). The incubation 

of islets from hCD39-tg mice with human blood significantly delayed the coagulation time 

compared to WT mouse islets (DWYER et al., 2006). In contrast, when incubated with human 

blood, no difference in coagulation time was observed between 

GGTA1-KO/hCD46-tg/hCD39-tg NPIs and GGTA1-KO/hCD46-tg NPIs (NAGARAJU et al., 

2015). By transplanting gm APIs (GGTA1-KO/hCD46-tg/hTFPI-tg/CTLA4-Ig or 

GGTA1-KO/hCD46-tg/hCD39- tg/hTFPI-tg/CTLA4-Ig) into immunosuppressed diabetic 

cynomolgus monkeys, it has been shown that, at 2 h post-transplantation, IBMIR was 

significantly lower against gm APIs compared to WT or hCD46- tg APIs (BOTTINO et al., 

2014). However, the long-term survival of APIs was highly variable (BOTTINO et al., 2014), 

suggesting the need for further studies and preclinical trials to find a suitable set of genetic 

modifications.  

4.4. Anti-inflammatory strategies 

The expression of transgenes to reduce inflammatory responses has also been suggested. For 

instance, the ubiquitin-editing enzyme A20 is a natural suppressor of islet inflammation, and 

hA20-tg NPIs reduced islets’ inflammatory response by inhibiting the activation of NF-ҡB by 

TNF-α, in vitro (ZAMMIT et al., 2021). When transplanted in the immunodeficient mice, 

hA20-tg NPIs had improved function and elongated survival (ZAMMIT et al., 2021). Soluble 

TNF-α receptor (sTNFR) and heme oxygenase-1 (HO-1) are also antiinflammatory molecules, 

and APIs from both sTNFR-tg or HO-1-tg pigs reduced the infiltration of host immune cells 

and increased survival time post-transplantation in mice (LEE et al., 2015; YAN et al., 2016).  
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4.5. Modulating the innate cellular immune response 

4.5.1. Macrophages 

The innate cellular immune reaction against the xenograft is driven mainly by macrophages, 

natural killer (NK) cells, and neutrophils (Figure 3). Macrophages were reported to be among 

the first immune cells to infiltrate the porcine islet graft transplanted in a rodent model (HU et 

al., 2022) and are involved not only in CXR but also in NAb-mediated HAR and DXR (CADILI 

& KNETEMAN, 2008). The infiltration of macrophages into the xenograft is triggered by C3a 

and C5a chemoattractants (YAN et al., 2022), MCP1 (also known as C-C motif chemokine 

ligand 2 (CCL2)) (EHRNFELT et al., 2004; MOK et al., 2019), CCL3 (MIP-1α), CCL4 

(MIP-1β), and CCL5 (RANTES) (MOK et al., 2019). After xenogeneic islet cell 

transplantation, macrophages can be activated by: (i) the interaction between antigen-antibody 

immune complexes with Fc receptors (FcRs) on macrophages (FOX et al., 2001; MAEDA et 

al., 2022); (ii) the interaction between galectin-3, an abundant molecule on macrophages, and 

α-Gal on porcine cells (MAEDA et al., 2022), (iii) the interaction with other immune cells 

infiltrating into the xenograft, such as neutrophils, NK cells, and Th1 cells (JIN et al., 2006; 

GREENWALD et al., 2009); and (iv) the interaction between DAMPs released by the damaged 

islets and Toll-like receptors (TLRs) (XU et al., 2002). Macrophages destroy the xenograft 

either through their direct cytotoxic effect or by facilitating the recruitment of T cells (FOX et 

al., 2001; CADILI & KNETEMAN, 2008). The direct cytotoxic effect of macrophages is 

exerted by the secretion of proinflammatory cytokines such as IL1, IL6, and TNF-α, and 

reactive oxygen species (ROS) (EL-OUAGHLIDI et al., 1999). Upon contact with the 

xenoislets, macrophages function as antigen-presenting cells (APCs) to generate Th1 and 

Th17 cells, facilitating the recruitment of CD4+ and CD8+ T cells into the xenograft (FOX et 

al., 2001; YI et al., 2003). Macrophages differentiate between self and non-self cells through 

an inhibitory signaling pathway (IDE et al., 2007). The first protein in this signaling pathway 

is the cluster of differentiation 47 (CD47), also known as integrin-associated protein (IAP), 

which is a “marker of self” (OLDENBORG et al., 2000). The second protein, which acts as a 

CD47 receptor, is the signal regulatory protein alpha (SIRPα) expressed on macrophages and 

neutrophils (GITIK et al., 2011). Binding of CD47 to SIRPα generates the “do not eat me” 

signal and the cells expressing CD47 are identified as “self” and protected (IDE et al., 2007). 

However, porcine CD47 is not compatible with human or baboon SIRPα, hence the porcine 

cells are not protected when exposed to human macrophages in vivo (TENA et al., 2014; TENA 

et al., 2017) or in vitro (NOMURA et al., 2020). Transgenic expression of hCD47 in pigs has 

been proven to be protective against macrophages, and hCD47-tg porcine hematopoietic cells 
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or skin xenografts performed better than control xenografts in baboon models (TENA et al., 

2014; TENA et al., 2017). Similarly, following intraportal transplantation in mice, rat islets 

expressing mouse CD47 were protected against IBMIR-mediated disruption and exhibited 

improved engraftment and function compared to the control islets (SHRESTHA et al., 2020). 

The impact of hCD47 expression in porcine islets on pig-to-NHP islet xenotransplantation and 

post-transplantation islets' survival and function is yet to be explored.  
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Figure 3: Innate cellular and adaptive immune response in islet xenotransplantation. 

(A) Macrophages can be activated by the interaction between antigen-antibody immune complexes on porcine 

cells and FcRs on macrophages, the interaction between galectin-3 on macrophages and α-Gal on porcine cells, 

the interaction with other immune cells infiltrating into the xenograft, and the interaction between DAMPs released 
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by the damaged islets and TLRs. Moreover, macrophages can also act as APCs and activate T cells. Transgenic 

expression of hCD47 in porcine islets can inhibit macrophage-mediated xenogeneic islet rejection through the 

hCD47-SIRPα signaling pathway. (B) NK cells can be activated by an interaction between their FcRs and immune 

complexes in the porcine cells. Moreover, an interaction between NK cell activating receptors, NKG2D and CD2, 

and their ligands on porcine cells activates NK cells. NK cell inhibitory receptors are not compatible with SLAs, 

and transgenic expression of HLAs or anti-hCD2-mAb in porcine islets can inhibit NK cell-mediated rejection. 

(C) Neutrophils can be activated by the PICs released by macrophages, by DMAPs released by damaged islets, 

and through the interaction between their CD11a and CD11b receptors with iC3b complexes on xenogeneic cells. 

Neutrophilmediated cytotoxicity can be inhibited by transgenic expression of hCD31 in porcine cells. (D) T cells 

can be activated by direct and indirect pathways. In the direct pathway, TCRs on CD4+ and CD8+ primates’ T cells 

interact with SLA-II- and SLA-I peptide complexes on porcine APCs, respectively. Transgenic expression of 

hCIITA-DN and β2M KO in pigs can abrogate SLAII and SLA-I expression on porcine cells, respectively, and 

reduce the direct immune response of T cells. In the indirect pathway, TCRs on primates’ CD4+ and CD8+ T cells 

interact with MHC-II and MHC-I peptide complexes on primate APCs, respectively. Moreover, 

CD80/CD86-CD28 and CD40-CD154 are important co-stimulatory axes in T-cell activation, whereas as 

PD-1/PD-L1 axis is an inhibitory pathway but porcine PD-L1 is incompatible with human PD-1. Costimulatory 

signals can be inhibited by administrating drugs, such as CTLA4-Ig, aCD154mAb, and aCD40mAb. Moreover, 

transgenic expression of hCTLA4-Ig, LEA29Y, and hPD-L1 in pigs can also inhibit T-cell mediated cytotoxicity. 

(E) B cells interact with the xenogeneic antigens on porcine cells through BCRs and later present the xenogeneic 

peptide to T cells through MHC-II-peptide complexes. Furthermore, the interaction between CD40 or CD80/86 

receptors on B cells to their ligands on T cells triggers the differentiation of B cells into antibody-producing plasma 

B cells. B cell depletion using anti-CD40 mAb, anti-CD83 mAb, and anti-CD20 mAb can alleviate B cell-mediated 

xenograft rejection. Abbreviations: NAbs: natural antibodies; FcRs: Fc receptors; TLRs: Toll-like receptors; PICs: 

proinflammatory cytokines; ROS: reactive oxygen species; SLAs: swine leukocyte antigens; NK cell: natural killer 

cell; DAMPs: damage-associated molecular patterns. Created with BioRender.com. 

4.5.2. Natural killer cells 

NK cells play a pivotal role in islet destruction and are activated by the abundant 

proinflammatory cytokines released in response to IBMIR and by the macrophages 

(ISHIYAMA et al., 2011; SAEKI et al., 2017). NK cells can cause xenograft destruction either 

by their direct interaction with the xenogeneic cells or by antibody-dependent cellular 

cytotoxicity (ADCC) (MAEDA et al., 2022). In the direct pathway, NK cells can interact with 

their target cells by activating or inhibitory receptors. The activating NK cell receptors, NKG2D 

and CD2, interact with pULBP1 and a CD58 ortholog on the porcine cells, respectively, leading 

to NK cell activation. The activated NK cells secrete lytic particles and cytokines (TNF-α and 

IFN-γ), leading to the target cell’s lysis (FORTE et al., 2005; LILIENFELD et al., 2006). The 

inhibitory NK cell receptors (KIR2DL4, ILT2, ILT4, and CD94/NKG2A) on human NK cells 

bind major histocompatibility complex (MHC) class I molecules such as human leukocyte 

antigen G (HLA-G) and HLA-E and generate an inhibitory signal. However, they cannot 
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effectively interact with the swine leukocyte antigens (SLAs) and an inhibitory signal is not 

generated by the porcine cells, subsequently resulting in cell lysis (LOPEZ et al., 2022). In 

ADCC, Fc receptors (FcRs) on NK cells interact with the antibodies deposited on the 

xenogeneic cells, leading to the release of lytic granules and target cell apoptosis (LOPEZ et 

al., 2022). A possible strategy to alleviate the action of human NK cells on porcine cells is the 

transgenic expression of NK cell inhibitory ligands, such as HLA-E and HLA-G in the donor 

pigs. The inhibitory ILT receptors on NK cells, monocytes, and T and B lymphocytes bind 

HLA-G1 on the target cells and generate an inhibitory signal (RAO et al., 2021). Through a 

similar mechanism, HLA-E inhibits the action of human NK cells via the CD94/NKG2A 

inhibitory receptor (WEISS et al., 2009). Porcine endothelial cells expressing HLA-E are 

protected against human NK cells in vitro (WEISS et al., 2009). Rao et al. (2021) generated 

GGTA1-KO/HLA-G1-tg pigs and demonstrated that GGTA1-KO/HLA-G1-tg porcine 

fibroblasts were protected against the action of T cells, macrophages, and NK cells compared 

to WT porcine fibroblasts. Moreover, GGTA1-KO/HLA-G1-tg APIs transplanted under the 

kidney capsule of diabetic nude mice restored normoglycemia and had a longer survival time 

compared to WT APIs (RAO et al., 2021). However, this study was terminated at day 32, and 

the long-term survival of APIs and the in vivo host immune response were not assessed or 

reported.  

4.5.3. Neutrophils 

Neutrophils are recruited into the xenograft in response to the IBMIR, proinflammatory 

cytokines released by macrophages, and DAMPs, or can also independently interact with the 

xenogeneic cells (LU et al., 2022). Neutrophils can also be activated by an interaction of their 

CD11a and CD11b receptors to iC3b protein (a part of the complement system) deposited in 

porcine cells (LU et al., 2022). In response to different stimuli, the activated neutrophils 

undergo “NETosis”, a type of programmed cell death (VOROBJEVA & CHERNYAK, 2020). 

NETosis results in the formation of neutrophil extracellular traps (NETs) that contain serine 

proteases and antibacterial peptides. NETs can generate reactive oxygen species (ROS) and 

digestive enzymes which damage the xenograft cells (SCHOFIELD et al., 2013; VOROBJEVA 

& CHERNYAK, 2020). The cluster of differentiation 31 (CD31), also known as the platelet 

EC adhesion molecule 1 (PECAM1), is expressed on hemopoietic and endothelial cells and 

functions as an inhibitor of mitochondrial apoptosis (VOCKOVA et al., 2021). Interestingly, 

the porcine cells expressing CD31 suppress NETosis and the resultant cytotoxicity (WANG et 

al., 2018). Therefore, the hCD31 expression in pigs can be used to inhibit neutrophil-mediated 

xenograft rejection.  
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4.6. Alleviating the adaptive immune response 

4.6.1. T cells 

The islets that escape the IBMIR and hyper-acute rejection can be subjected to acute cellular 

rejection by the T cells (HU et al., 2022). T cells are the key players in the islet xenograft 

rejection and both CD4+ and CD8+ cells can infiltrate the xenograft (SCALEA et al., 2012). 

There are two pathways of T cell activation: the direct pathway and the indirect pathway 

(Figure 3) (HU et al., 2022). In the direct pathway, the intact SLA-I and SLAII on porcine 

APCs (such as endothelial cells and resident dendritic cells) interact directly with the host’s 

T cell receptors (TCRs) on CD8+ and CD4+ T cells, respectively (GRIESEMER et al., 2014). 

In the indirect pathway, peptides derived from the porcine tissue are presented by the host’s 

APCs to the host’s CD8+ and CD4+ T cells (GRIESEMER et al., 2014). TCR-induced T cell 

activation is amplified by the costimulatory signals generated mainly by the interaction between 

CD154 or CD28 on the host’s T cells and CD40 or CD80/CD86 on the 16 xenogeneic APCs, 

respectively (LU et al., 2020). The costimulatory signals are critical for full T cell activation, 

proliferation, and differentiation (SUNDQVIST, 2018). In contrast, the interaction between 

programmed cell death protein 1 (PD-1) on CD4+ and CD8+ T cells and human programmed 

death ligand-1 (hPD-L1) on the target cells generates a coinhibitory signal and blocks T cell 

proliferation and activation (LI et al., 2009). However, hPD-1 or hPD-L1 are not compatible 

with their porcine counterparts (PLEGE et al., 2010). T cells not only exert their cytotoxic effect 

by producing inflammatory cytokines but also amplify the cellular xenograft rejection by 

recruiting and activating macrophages and directing B cell response (HU et al., 2022). Based 

on the above-described mechanisms, the T cell-mediated cytotoxicity against the xenograft can 

be alleviated by: (i) removing SLAs; (ii) suppressing co-stimulatory signals; and (iii) transgenic 

expression of inhibitory signaling molecules. Removal of SLAs can suppress T cell responses 

against the porcine xenografts; however, SLAs also have protective immune functions in pigs 

and their complete removal can be harmful to the animals (SAKE et al., 2019). Therefore, rather 

than a complete knockout, a reduced expression of SLAs can help alleviate T cell-mediated 

cytotoxicity as well as avoid the potential side effects of complete inhibition of SLAs (HEIN et 

al., 2020). Transgenic pigs expressing a human dominant-negative mutant class II transactivator 

transgene (hCIITA-DN-tg) have a significantly reduced expression of SLAII on APCs (HARA 

et al., 2013), whereas knockout of porcine beta 2-microglobulin (β2M) abrogates SLA-I 

expression on porcine cells (SAKE et al., 2019). Costimulatory pathways can be blocked by 

specific monoclonal antibodies or by generating gm pigs secreting immunomodulatory 

molecules. For instance, the CD40–CD154 costimulatory signal can be blocked by either 
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anti-CD154 or anti-CD40 monoclonal antibodies (LEI et al., 2022). Whereas the 

CD28-CD80/CD86 costimulatory signal can be inhibited either by soluble human cytotoxic 

T-lymphocyte antigen 4-immunoglobulin (CTLA4-Ig) or by generating gm pigs expressing 

CTLA4-Ig (VABRES et al., 2014). LEA29Y is a high-affinity variant of CTLA4-Ig, and gm 

pigs with islet-specific LEA29Y expression have been generated (KLYMIUK et al., 2012; 

BUERCK et al., 2017). When transplanted into diabetic mice with a humanized immune 

system, LEA29Y-tg NPIs not only reversed hyperglycemia in 70% of the recipients but also 

survived for more than 6 months compared to WT NPIs that were rejected even before reaching 

maturity (BUERCK et al., 2017). CD2 is an activating receptor on T cells required for their 

interaction with APCs (LI et al., 2022a). Nottle et al. (2017) generated GGTA1-KO/anti-hCD2-

mAb-tg pigs, whose islets might be tolerated the human/NHP immune system. Lastly, the 

xenografts from gm pigs expressing hPD-L1 might evade the human T-cell-mediated immune 

rejection (YI et al., 2021). For instance, human islet-like organoids expressing PD-L1 survived 

for more than 50 days in immunocompetent diabetic mice (YOSHIHARA et al., 2020). The 

cells isolated from hPD-L1-tg pigs reduced both the proliferation and cytotoxic effect of human 

CD4+ T cells (BUERMANN et al., 2018). In a recent study, Lei et al. (2023) transplanted NPIs 

from WT or hPD-L1-tg pigs into humanized diabetic mice. At 16 weeks after transplantation, 

recipients transplanted with hPD-L1-tg NPIs achieved a superior normoglycemic rate 

(50% versus 0%), significantly higher plasma C-peptide levels, and reduced intragraft 

infiltration of immune cells compared to the WT group (LEI et al., 2023). Another protein that 

can suppress the T cell-mediated immune rejection is the tumor necrosis factor-related 

apoptosis-inducing ligand (TRAIL). However, only the dendritic cells from huTRAIL 

transgenic pigs exerted an antiproliferative effect on T cells (KEMTER et al., 2012), which 

questions the application of this genetic modification in porcine islet xenotransplantation.  

4.6.2. B cells 

A direct interaction between B cell receptor (BCR) and xenoantigens on porcine cells activates 

the B cells which later become potent APCs (Figure 3) (WENNHOLD et al., 2019). As APCs, 

B cells present MHC-II peptide complexes that interact with TCR on T cells. Moreover, an 

interaction between CD40 and CD80/86 on B cells with CD40L and CD28 on T cells, 

respectively, triggers the differentiation of B cells into antibody-producing plasma cells or 

memory B cells and T cells into effector T cells (KARAHAN et al., 2017). B cells can lead to 

graft rejection by producing xeno-specific antibodies, priming effector T cells, antigen 

presentation, and cytokine production (SHEN & FILLATREAU, 2015; AZZI & ALEGRE, 

2019; LEE et al., 2020). Immune-competent diabetic C57BL/6 (B6) mice transplanted with 
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encapsulated NPIs showed a slight decrease in blood glucose level at 1 week 

post-transplantation and the hyperglycemia returned to the pre-transplantation level at 2 weeks 

post-transplantation, indicating the rejection of encapsulated NPIs. Moreover, an overgrowth 

of CD4+ T cells, macrophages, and B cells was found on the surface of encapsulated islets, and 

there was a significant correlation between cellular overgrowth and islet cell death 

(KOBAYASHI et al., 2006). Whereas, in Rag1-knockout diabetic B6 mice that do not contain 

mature B and T lymphocytes, encapsulated NPIs maintained normoglycemia for up to 100 days 

post-transplantation without any immune cell growth (KOBAYASHI et al., 2006). Therefore, 

B cell depletion or alleviation of B cell function by anti-CD40, anti-CD20, or anti-CD83 

antibodies prolongs xenograft survival (MOHIUDDIN et al., 2014; LEI et al., 2022). In 

rat-to-mouse islet xenotransplantation, the combined depletion of B and T cells led to the 

inhibition of donor-specific antibody production and indefinite xenograft survival (WANG et 

al., 2013). However, using a similar approach in pig-to-mouse islet xenotransplantation, 

long-term survival of islets was not achieved and the islets were lost by a combined response 

of B and T cells (KANG et al., 2017; LEE et al., 2020).  
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5. Monitoring islet graft function and fate: the purpose of reporter transgenes 

The success in islet transplantation depends hugely on the graft quality being transplanted, on 

the engraftment and revascularization of the islets that the graft is getting in function in vivo, 

and on the longitudinal graft fate. The optimization of the transplant product and the transplant 

procedure to improve islet engraftment, graft function and long-term survival would benefit 

from the possibility of non-invasive monitoring of the islet transplants. One modality for 

non-invasive in vivo graft monitoring is the usage of tissue expressing reporter proteins such as 

fluorophores (Figure 4). Knowledge about critical parameters such as islet engraftment, 

changes in graft mass, long-term survival, and signs of graft failure could help to optimize 

transplantation strategies (KEMTER et al., 2022). 

 

Figure 4: Principle of the reporter gene expression system. 

Key features of a fluorescence reporter system are the selection of the promoter and of the fluorophore protein. 

The promoter sequence is responsible for the transgene expression pattern and intensity. Upon activation of the 

promoter by binding of the active DNA polymerase complex, transcription occurs, during which the DNA 

sequence of the reporter gene is transcribed into RNA, followed by translation, whereby the RNA is converted 

into a reporter protein. The fluorescent spectra with its excitation and emission profile of the fluorescent reporter 

transgene and its brightness and stability predicts its usability for in vitro and in vivo monitoring studies. Adapted 

from “Reporter Gene Expression System”, by BioRender.com (2024).  
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To explore porcine β-cell maturation both in vitro and in vivo, Kemter et al. (2017) engineered 

transgenic pigs expressing the enhanced green fluorescent protein (eGFP) under the control of 

the porcine INS gene promoter. The expression of eGFP in β-cells did not adversely affect 

insulin secretion, as evidenced by static glucose-stimulated insulin secretion (GSIS) assays 

conducted on NPIs. The functional performance of INS-eGFP transgenic NPIs was evaluated 

by in vivo studies involving transplantation at different sites. Initially, NPIs were transplanted 

into the left lower hind limb muscle of streptozotocin-treated NOD-scid Il2rγnull (NSG) mice. 

Before transplantation, NPIs were cultured for 4-6 days, and the NSG mice received either 

transgenic or wild-type NPIs. The time to achieve normoglycemia was comparable between 

mice transplanted with transgenic (median 64 days; mean 71 ± 10 days) or WT (median 

72 days; mean 90 ± 14 days) NPIs. Immunohistological examinations of graft-bearing muscles 

at 12 and 16 weeks post-transplantation showed a strong staining for insulin and of eGFP in 

transgenic NPIs. Furthermore, INS-eGFP transgenic NPIs, after 7 days of in vitro culture, were 

transplanted into the anterior chamber of the eye (ACE) of NOD-scid mice. Grafts were 

monitored longitudinally in vivo in the ACE of these mice using confocal and two-photon 

microscopy at 0.5, 2, 8, and 16 weeks post-transplantation. Backscattered laser light and eGFP 

signals were used to assess β-cell granularity and eGFP-positive cell volumes, representing 

readout about β-cell maturity and β-cell mass, respectively. Vessel networks were visualized 

by injecting Qtracker 655, and surface rendering techniques were used to calculate the fractional 

volumes of islet vessels and eGFP-positive cells. Longitudinal in vivo imaging over 16 weeks 

demonstrated an increase in granularity, eGFP-positive fraction, and islet vessel fraction, 

suggesting that NPI grafts were well engrafted and revascularized, and that NPIs underwent a 

distinct proliferation, differentiation and maturation process in the post-transplant period. The 

mature graft exhibited cell granularity pattern in β-cells similar to that of adult porcine islets 

(KEMTER et al., 2017). 

Additionally, eGFP-expressing β-cells can be harvested through fluorescence-activated cell 

sorting, enabling omics analyses like single-cell RNA sequencing. Studying β-cells throughout 

various pre- and postnatal stages could offer novel molecular understandings of porcine β-cell 

development, potentially uncovering novel markers and approaches to enhance the maturation 

of NPIs and evaluate the quality of islet products for xenotransplantation, as discussed by 

Kemter et al. (2018) and Kemter & Wolf (2018). 

Matsunari H. et al. (2014) generated transgenic pigs expressing the GFP variant Venus under 

the control of the murine Pdx1 (pancreatic and duodenal homeobox 1) promoter. The 

Pdx1-Venus transgenic pigs developed similarly to their wild-type littermate controls. Their 
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blood glucose and insulin levels were within normal ranges. While the Pdx1-Venus transgene 

was observed in acinar cells in the fetal pancreas, it was restricted to β cells in postnatal samples. 

Thus, this model could serve as a valuable model for pancreatic development and regeneration 

studies, akin to INS-eGFP transgenic pigs (KEMTER et al., 2017).  

Tissue expressing reporter transgene having a spectral absorbance and emission wavelength in 

the visible color range can be used for in vitro studies or in islet transplant studies in the ACE 

system. However, these reporter expressing tissues are not suitable for fluorescence imaging in 

vascularized tissues due to autofluorescence of endogenous proteins such as hemoglobin from 

erythrocytes, exhibiting similar emission and excitation spectra. Therefore, no clear 

differentiation of reporter signal from that of endogenous fluorophores such as hemoglobin in 

the tissue in fluorescence in vivo imaging is possible. However, there is an optical window in 

tissue in the near-infrared wavelength range where light penetration into tissue is superior and 

autofluorescence interference is minimal (ALGORRI et al., 2021). Therefore, the use of 

near-infrared fluorescent protein (iRFP) is advantageous for fluorescence imaging (FI) and 

multispectral optoacoustic tomography (MSOT). Kemter et al. (2022) generated reporter pigs 

ubiquitously expressing iRFP, enabling the visualization of NPIs transplanted into 

streptozotocin-diabetic immunodeficient NSG mice. Of note, grafts from CAG-iRFP transgenic 

NPIs demonstrated functional equivalence with grafts from wild-type NPIs. In vivo FI 

conducted four weeks after transplantation of either 1000 NPIs or 4000 NPIs under the kidney 

capsule of NSG mice revealed a twofold higher FI signal in mice receiving the 4000-NPI 

compared to 1000-NPI grafts. Ten weeks post-transplantation, the fluorescence intensity of the 

4000-NPI graft inversely correlated with glycemic status of these mice. In vivo imaging using 

MSOT technology, that combines laser light for tissue stimulation with ultrasound for detecting 

the resulting acoustic signals, also exhibited dose-dependent signals for grafts of 750, 1500, and 

3000 NPIs after intramuscular transplantation into diabetic NSG mice. Moreover, MSOT 

demonstrates versatility by enabling graft imaging in subcutaneous sites in large animal models. 

Dose-dependent MSOT signals were observed in a pig model, with stronger signals after 

subcutaneous (depth ∼6 mm) compared to submuscular (depth ∼15 mm) NPI placement 

(KEMTER et al., 2022) 
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III. OBJECTIVES 

In recent years, there has been continuous progress in preclinical research on islet 

xenotransplantation, advancing toward clinical translation. Genetically modified islet donor 

pigs intended for clinical application must meet several prerequisites: (I) genetic modifications 

(gm) should include a set of multiple alterations including gene depletion and transgene 

expression of human immune regulatory proteins, (II) gm tissue donor pigs should easily and 

efficiently be obtained by breeding, (III) the gm donor pigs have to exhibit a robust and 

predictable transgene expression pattern, and (IV) the gm should not negatively affect graft 

function and graft properties.  

Therefore, the main objective of this doctoral thesis was the generation, characterization, and 

optimization of genetically multi-modified islet donor pigs with a robust and predictable 

transgene expression pattern and minimal segregation of the gm during breeding. The multi-

modified islet donor pigs should harbor the following genetic modifications: (1) the elimination 

of the α-Gal epitopes, to which human have performed antibodies against it; (2) the expression 

of LEA29Y and hPDL-1 to inhibit T cell activation; (3) the expression of hCD47 to protect it 

from macrophage activation, and (4) the deletion of CCL2 to mitigate pro-inflammatory signals 

(Figure 5 A).  

Additionally, a second objective was the generation and characterization of a new calcium 

sensor reporter pig model. Monitoring intracellular calcium flows enables to study the 

functionality and maturity of β-cells as calcium flows are involved in regulated insulin secretion 

(Figure 5 B). For this purpose, GCaMP6-expressing NPIs may be useful for preclinical islet 

xenotransplantation studies, both in vitro and in vivo. 
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Figure 5: Study design: Optimization and characterization of multiple genetically modified pigs. 

(A) To overcome the immunological barriers of islet xenotransplantation multiple genetic modifications were 

used: (1) Deletion of carbohydrate antigens: the α-Gal epitope is an immunogenic glycan epitope. Although absent 

in humans, preformed antibodies against the α-Gal epitope are present due to their natural production as an 

immunological response to intestinal bacteria bearing the α-Gal structures on their lipopolysaccharide chains. 

(2) Inhibition of macrophages activation: human CD47 expressed on cellular surfaces, functions as a 'do not 

eat me' signal. (3) Inhibition of T cell activation: LEA29Y functions as a T cell co-stimulation blocking molecule, 

that acts by binding on CD80/CD86 in APC cells and thereby blocks the CD28-CD80/CD86 T cell costimulation 

axis. Transgene expression of human PD-L1 inhibits T cell activation by binding on the inhibitory receptor PD1 

on T cells. (4) Suppression of inflammation: since CCL2 plays a decisive role in the infiltration of monocytes and 

macrophages into the xenograft, knocking out the gene could lead to an attenuated or delayed inflammatory 

reaction. Created with BioRender.com. (B) Calcium is an important driver for insulin secretion: glucose is 

transported into the cell via the GLUT2 transporter and enters glycolysis where the resulting reducing equivalents 

are used in oxidative phosphorylation to produce ATP. Consequently, ATP-regulated potassium channels are 

closing, resulting in cell membrane depolarization. The depolarization initiates the opening of voltage-gated 

calcium channels, allowing calcium influx into the β-cells. The increase in intracellular calcium levels prompts the 

exocytosis of stored insulin, indicating a functioning and mature β-cell. Adapted from “Insulin Production 

Pathway”, by BioRender.com (2024). 
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IV. ANIMALS, MATERIALS AND METHODS 

1. Animals 

1.1. Preexisting gm pig lines 

In this study, preexisting genetically modified (gm) pig lines with the following modifications 

to their genome were used either for breeding purposes or for introducing additional genetic 

modifications. All pig lines, except for GGTA1-knockout (KO) and hCD46-transgenic (tg) pigs 

(Revivicor, Inc.), were generated at the Chair for Molecular Animal Breeding and 

Biotechnology, LMU Munich. 

1.1.1. GGTA1-KO pig lines 

The GGTA1-KO pig line was established in 2002 at Revivicor Inc. in Blacksburg, VA, USA, 

on a Large White breed background. In this pig line, the catalytic domain in exon 9 of the 

α1,3-galactosyl-transferase (GGTA1) gene was disrupted by targeted integration via 

homologous recombination of a neomycin resistance cassette, resulting in a loss of GGTA1 

gene function. The GGTA1-KO (BAC) pig line was generated by targeted integration of a 

floxed neomycin resistance cassette into the GGTA1 gene (KUROME et al., 2019), replacing 

the start codon-containing exon 5. To achieve this, a bacterial artificial chromosome (BAC) 

containing the genomic sequence of the porcine GGTA1 gene locus was used, in which the 

neomycin resistance cassette was inserted to disrupt the coding sequence of GGTA1. Following 

nucleofection and selection of SCCs with targeted integration of the floxed resistance cassette, 

cells were transfected for transient expression of Cre recombinase to excise the resistance 

cassette. Finally, GGTA1-KO δneo porcine kidney cells (PKCs) were used as donor cells for 

somatic cell nuclear transfer (SCNT) for the generation of a breeding herd. 

1.1.2. hCD46-transgenic pig line 

The hCD46-tg (Revivicor, Inc.) pig line was established by Loveland et al. (2004) using a 

transgene construct that included a genomic fragment of human CD46. This fragment 

comprised the CD46 promoter, exons 1 and 2, a cDNA fragment spanning exons 3 to 12, and a 

SV40 polyadenylation site. The hCD46 minigene construct was integrated through additive 

gene transfer into an unidentified genomic region. Double genetically modified founder animals 

were produced by breeding hCD46 transgenic pigs with homozygous GGTA1-KO pigs at 

Revivicor Inc., Blacksburg, VA (HARA et al., 2008). A breeding herd was generated using 

primary cells from a GGTA1-KO/hCD46-tg boar as donor cells for SCNT. 
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1.1.3. CCL2-KO pig line 

For generation of the CCL2-KO pig line, disruption of the coding region of the CCL2 gene was 

introduced by using a CRISPR/Cas9 gene editing approach. In detail, two gRNAs were used 

targeting exon 1 and exon 2 of the CCL2 gene to introduce non-homologous repair mechanism, 

leading to a frameshift mutation in the coding region of CCL2. 

1.1.4. INS-LEA29Y transgenic pig line 

The INS-LEA29Y-tg pig line specifically expresses the CTLA4-Ig derivative LEA29Y within 

the β-cells of the pancreas. For generation of this pig line, an INS-LEA29Y expression cassette 

containing the cDNA sequence of a fusion protein of the CTLA4-Ig derivative LEA29Y and 

human IgG was generated. This was placed under the control of the 1.3 kb long porcine insulin 

(INS) promoter and combined with a neomycin antibiotic resistance expression cassette. 

Porcine kidney cells were nucleofected with the linearized expression cassette. The cells were 

cultured in neomycin-containing media for two weeks. Cells without stable integration of the 

expression cassette died, resulting in a bulk cell population with random integration of the 

cassette. This bulk cell population was then used for SCNT for generation of founder pigs. The 

founder pig line, which exhibited the strongest β-cell specific expression of LEA29Y, was 

selected for establishing a breeding herd at the CiMM (Center for Innovative Medical Models). 

The transgene integration site was identified in a non-coding region on chromosome 6 (SSC6) 

by Targeted Locus Amplification (TLA) technology (Cergentis B.V., The Netherlands) 

(unpublished). 

1.2. Housing 

All animals were housed in a designated-pathogen-free environment (DPF) at the CiMM 

located within the Ludwig-Maximilians-University Munich. Adequate amounts of food and 

water were provided freely available to the animals. All animals received an intramuscular 

injection of 1 ml Eisen20 (bela-pharm) for iron supplementation three days postpartum. 

Furthermore, the piglets were immunized against porcine circovirus type 2 (PCV2) using 

CircoFLEX® (Ingelvac) vaccine 21 days postpartum.  

The experiments were conducted in compliance with the German Animal Welfare Act and 

Directive 2010/63/EU (Protection of animals used for scientific purposes). Approval for all 

experiments was granted by the Government of Upper Bavaria.   
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2. Materials  

2.1. Laboratory equipment 

Accu-jet® pro pipette controller     Brand GmbH, Germany 

Analytik Jena US UVP GelStudio Plus   Thermo Fisher Scientific, USA 

Barnstead™ Easypure™ II      Thermo Fisher Scientific, USA 

Benchtop 96 tube working rack     Stratagene, USA 

BIORAD PowerPac™ Basic     Bio-Rad, USA 

Bunsen burner Gasprofi 1SCS     WLD TEC, Germany 

Cellavista® 4  Synentec GmbH, Germany 

Cellavista® automated cell culture microscope   Synentec, Germany 

Centrifuge, Rotina 380R     Hettich, Germany 

Chemostar Touch ECL Imager     INTAS, Germany 

Combimag RCH magnetic stirrer    IKA-Works Inc., USA 

Corning® CoolCell™      Sigma Aldrich, USA 

Daewoo KOC-154K microwave     Daewoo, South Korea  

Embedding molds premium     Medite Medical GmbH, Germany 

Eppendorf Centrifuge 5417 R     Eppendorf, Germany 

Eppendorf Centrifuge 5424      Eppendorf, Germany 

Eppendorf Centrifuge 5804      Eppendorf, Germany 

Eppendorf Centrifuge 5910 R     Eppendorf, Germany 

Erlenmeyer flask 500 mL, 1 L     Schott AG, Germany 

ExcelsiorTM AS A82310100     EprediaTM, USA 

Five Easy F20 pH meter     Mettler Toledo,USA 

Freezer -20°C, LGex 34 10-24A-001  Liebherr, Germany 

Freezer -80°C, VIP ECO MDF-DU502VH-PE  PHC Europe B.V., Netherlands 

Gel chambers EasyCast™ B2     Thermo Fisher Scientific, USA  

Gel imager, UVP Gelstudio Plus     Analytic Jena, Germany 
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Grant JB Nova 5 water bath      Grant Instruments Ltd, UK  

Grant Sub 14 water bath     CLF, Germany 

Heraeus Biofuge pico      Heraeus, Germany 

HeraSafe workbench       Heraeus, Germany 

HLC Cooling-ThermoMixer MKR 13  Ditabis, Germany 

Homogenisierer, MiniBatch     Miccra®, Germany 

Incubator with CO2 and humidity regulation   Binder, Germany 

Labcycler thermocycler      SensoQuest GmbH, Germany  

Leica microscope type DMC4500    Leica Microsystems, Switzerland 

Microm HM 325 rotary microtome    Thermo Fisher Scientific, USA 

Microwave MS-196VUT     LG, South Korea 

Milli-Q® water system     Millipore, USA 

Mini-PROTEAN® Casting Stand Gaskets   Thermo Fisher Scientific, USA 

Mini-PROTEAN® Comb, 15-well, 1.0 mm   Thermo Fisher Scientific, USA 

Mini-PROTEAN® Spacer Plates with 1.0 mm  Thermo Fisher Scientific, USA 

Mini-PROTEAN® Tetra Cell Casting Stand   Thermo Fisher Scientific, USA 

Mini-PROTEAN® Tetra Cell     Thermo Fisher Scientific, USA 

Nucleofector® 2b Device      Lonza, Switzerland  

Olympus microscope BX43F     Olympusy, Japan 

Owl™ EasyCast™ B2 Minigel combs   Thermo Fisher Scientific, USA 

Owl™ EasyCast™ B2 Minigel Electroph. Syst.  Thermo Fisher Scientific, USA 

Paraffin dispensing station, TES 99    Medite, Germany 

PCR Cycler, Labcycler Basic     Sensoquest GmbH, Germany 

Pipets Pipetman      Gilson Inc., USA 

Rotilabo® mini centrifuge  Carl Roth, Germany 

Select vortexer       Select BioProducts, USA  

Shaking Incubator GFL 3031 with orbital motion   Lauda-GFL, Germany 
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SimpliNano™ spectrophotometer     Biochrom GmbH, Germany 

Spark® Multimode Microplate Reader   Tecan Group, Switzerland 

Stationary incubator       Memmert, Germany 

TES 99 modular paraffin embedding system  Medite Medical GmbH, Germany 

Thermoblock HTM       HTA-BioTec, Germany 

Thermomixer, HTM      HTA-BioTec, Germany 

Tissue cool plate COP 30      Medite Medical GmbH, Germany 

Tissue float bath 1052     GFL, Germany 

Trans-Blot® Turbo™ Transfer System   Thermo Fisher Scientific, USA 

VHC Pro vacuum pump      Vacuubrand GmbH, Germany  

Vortexer MS1 minishaker     IKA-Works Inc, USA 

 

2.2. Consumables 

Cell culture plates       Sigma-Aldrich, USA  

(10 cm, 6 well, 96-well half area, 96-well full area) 

Cryoconservation vials 1.5 ml     Thermo Fisher Scientific, USA  

Disposable scalpel #21   Henry Schein, USA 

Electroporation cuvettes      Carl Roth, Germany 

Embedding cassettes UniLink    Engelbrecht, Germany 

Falcon® (15 ml, 50 ml)     Greiner Holding, Austria 

Glass pipets        Thermo Fisher Scientific, USA  

Greiner Bio-One Cellstar™ tubes (15 ml, 50 ml)   Thermo Fisher Scientific, USA  

Histoplast PE Paraffin     Epredia, Netherlands 

Immobilion®-P PVDF Membrane    Merck, Germany 

Latex gloves        Brightway, Malaysia  

Microtome blade S35      FEATHER®; Japan  

Parafilm®       Bemis, USA 



IV. Animals, materials and methods 36 

PCR reaction tubes (0.2 ml)      Brand GmbH, Germany 

Petri dish 94x16   Greiner BioOne, Austria 

Petri-dish 10 cm for bacteria      Sigma-Aldrich, USA  

Pipet tips (10 µl – 1250 µl)     Eppendorf, Germany 

Pipet tips with filter (10 µl – 1250 µl)   Eppendorf, Germany  

Safe-Lock reaction tubes (1.5 ml, 2 ml)    Eppendorf, Germany 

Serological pipettes (5 ml, 10 ml, 25 ml)   Sarstedt, Germany 

STARFROST® microscope slides    Engelbrech, Germany 

Western Blotting Filter Paper, extra thick   Thermo Fisher Scientific, USA 

 

2.3. Drugs 

Azaperone, 40 mg/ml      Serumwerk, Germany 

Boar semen extender, M III® with Gentamicin  Minitüb, Germany 

Fentanyl (Fentadon), 50 mg/ml    Dechra, UK 

Ketamine (Ursotamin®), 100 mg/ml    Serumwerk, Germany 

Xylazine, 20 mg/ml      Serumwerk, Germany 

 

2.4. Chemicals and Reagents 

All chemicals were purchased from Carl Roth, Sigma Aldrich, Thermo Scientific or VWR, if 

not otherwise indicated. Chemicals listened below are limited to those beyond standard 

laboratory equipment of chemicals.  

10x CutSmart® Buffer     New England Biolabs, USA 

10x PCR Buffer      Qiagen, Germany 

5X Phusion GC Buffer   New England Biolabs, USA 

5X Q5 High GC Enhancer   New England Biolabs, USA 

5X Q5 Reaction Buffer   New England Biolabs, USA 

Acetic acid (HoAc), 100%   Carl Roth, Germany 
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Acrylamide/Bis Solution, 30%    Serva, Germany 

Albumin Fraction V (BSA)     Carl Roth, Germany 

Ammoniumperoxodisulfat (APS)    Carl Roth, Germany 

Amphotericin B      Thermo Fisher Scientific, USA 

Ampicillin    Carl Roth, Germany 

Bromophenol blue      Carl Roth, Germany 

Caustic soda (2N) (NaOH)     Carl Roth, Germany 

Cell culture grade water    Biowest, France 

Chloramphenicol    Carl Roth, Germany 

Chloroform, 100%   Merck, Germany 

Collagen    Thermo Fisher Scientific, USA 

Collagenase powder      Thermo Fisher Scientific, USA 

CutSmart Buffer®
      New England Biolabs, USA 

Dimethylsulfoxide (DMSO)    Sigma Aldrich, USA 

Disodium hydrogen phosphate (Na2HPO4)   Carl Roth, Germany 

Dithiothreitol (DTT)      Carl Roth, Germany 

DNA Ladder, 10 bp DNA, GeneRuler   Thermo Fisher Scientific, USA 

dNTP mix (100 mM)    Agilent Technologies, USA 

dNTPs (dATP, dCTP, dGTP, dTTP)    Thermo Fisher Scientific, USA 

Eosin, 2%       Morphisto, Germany 

Ethanol (EtOH), 99.8%    Carl Roth, Germany 

Ethylenediaminetetraacetic acid (EDTA)   VWR, USA 

Fetal Calf Serum (FCS)    Thermo Fisher Scientific, USA 

GelRed® Nucleic Acid Gel Stain   Biotium, USA 

Gene Ruler™ 1 kb DNA ladder   Thermo Fisher Scientific, USA 

Geneticin™ Selective Antibiotic    Thermo Fisher Scientific, USA 

GibcoTM Hanks’ Balanced Salt Solution (HBSS)  Thermo Fisher Scientific, USA 
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Gibco™ DMEM GlutaMAX™    Thermo Fisher Scientific, USA 

Gibco™ Hepes Buffer Solution    Thermo Fisher Scientific, USA 

Gibco™ MEM NEAA    Thermo Fisher Scientific, USA 

Glucose    Carl Roth, Germany 

Glutaraldehyde, 25%      Serva, Germany 

Glycerol    Carl Roth, Germany 

Herculase II Reaction Buffer   Agilent Technologies, USA 

Histokitt       Hecht, Assistant®, Austria 

Hydrochloric acid (HCl), 25%    Carl Roth, Germany 

Hydrogen peroxide (H2O2), 35%    Carl Roth, Germany 

Isoamyl alcohol    Carl Roth, Germany 

Isopropanol iPrOH   Carl Roth, Germany 

Lysogeny broth (LB) Agar    Carl Roth, Germany 

Lysogeny broth (LB) Medium    Carl Roth, Germany 

Magnesium chloride (MgCl2)    Qiagen, Germany 

Mercaptoethanol    Sigma Aldrich, USA 

Methanol, 100%      Carl Roth, Germany 

Meyer’s Hemalum      Sigma-Aldrich, USA 

Milk, powdered      Carl Roth, Germany 

Natrium chloride (NaCl)     Carl Roth, Germany 

Neutral serum       Biozol, Germany 

O.C.T. Compound, Tissue-Tek®    Sakura Finetek, Netherlands 

PageRulerTM prestained protein ladder   Thermo Fisher Scientific, USA 

PageRulerTM unstained protein ladder    Thermo Fisher Scientific, USA 

Paraformaldehyde      Carl Roth, Germany 

Penicillin-streptomycin (10,000 U/ml)   Thermo Fisher Scientific, USA 

Phosphate-buffered saline (PBS)   Sigma Aldrich, USA 
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Ponceau S   Sigma Aldrich, USA 

Potassium acetate (KOAc)   Carl Roth, Germany 

Potassium chloride (KCl)     Merck, USA 

Potassium hydrogen phosphate (KH2PO4)   Carl Roth, Germany 

Propanol       Carl Roth, Germany 

Q-Solution        Qiagen, Germany 

Restriction enzyme reaction buffers    Thermo Fisher Scientific, USA 

Sodium acetat (NaOAc)   Carl Roth, Germany 

Sodium dodecyl sulfate (SDS)     Serva, Germany 

Sodium hydroxide (NaOH)   Carl Roth, Germany 

T4 DNA ligase buffer      Thermo Fisher Scientific, USA 

T4 Ligation buffer    Thermo Fisher Scientific, US 

TEMED       Carl Roth, Germany 

Trichlormethan/Chloroform    Carl Roth, Germany 

Tris-hydroxymethyl-aminomethane (Tris)   Carl Roth, Germany 

Tri-sodium citrate dihydrate     Carl Roth; Germany 

TritonTM X-100      Merck, Germany 

TRIzol® Reagent   Thermo Fisher Scientific, USA 

Trypsin    Thermo Fisher Scientific, USA 

Tween® 20       Carl Roth, Germany 

Universal Agarose    Bio&SELL, Germany 

Xylene, 100%       AvantorTM/VWRTM, USA 

Xylol        VWR; USA 

β-Mercaptoethanol      Merck, Germany 
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2.5. Buffers, Media and Solutions 

Aqua bidest., deionized in BarnsteadTM EASYpureTM II ultrapure water system (Wilhelm 

Werner GmbH, Leverkusen), was used as solvent. 

Cell culture 

Culture medium for PKCs (15%) 

DMEM 

15% FCS  

1% non-essential amino acid 

10 mM HEPES-buffer 

0.1 mM mercaptoethanol 

 

Stop medium 

10% sterile FCS 

90% DMEM 

 

Freezing medium for SCCs 

90% sterile FCS 

10% DMSO 

 

Phosphate-buffered saline (PBS) without Calcium and Magnesium for cell culture 

8 g    NaCl 

0.2 g   KCl 

0.2 g    KH2PO4 

2.14 g    Na2HPO4 · 2 H2O 

1000 ml   Aqua bidest. 

mix and adjust to pH 7.2-7.4 
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PBS/BSA solution (1%) 

1 g    BSA 

100 ml   PBS w/o Ca/Mg 

 

ProtK digestion of SCCs 

PK-Buffer (20 ml): 

4 ml   1 M Tris, pH 7.5 

4 ml   1 M NaCl 

1.6 ml   0.5 M EDTA 

fill up to 20 ml  Aqua bidest. 

 

Agarose gel electrophoresis 

50x TAE buffer (stock solution) 

242 g    Tris 

100 ml   0.5 M EDTA, pH 8.0 

57 ml   Glacial acid, 100% 

1000 ml  Aqua bidest. 

 

Agarose gel (1%) 

1 g    Agarose standard 

fill up to 100 ml 1x TAE buffer  

 

Tissue fixation 

10x phosphate buffered salt solution (PBS), pH 7.4  

79.5 g   NaCl 

11.5 g   Na2HPO4 · 2 H2O 

2.0 g   KCl 
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2.0 g   KH2PO4 

950 ml   Aqua bidest. 

mix and adjust to pH 7.35-7.4 

fill up to 1000 ml  Aqua bidest. 

 

4% PBS-buffered paraformaldehyde (PFA) solution, pH 7.4 

40 g   Paraformaldehyde 

100 ml   10x PBS buffer, pH7.4  

ad 900 ml   Aqua bidest. 

ad 100 μl  NaOH, 5 M  

dissolve PFA in warm water bath (50 °C) 

cool down to room temperature 

adjust to pH 7.35-7.4 

fill up to 1000 ml Aqua bidest. 

 

Methacarn (modified Carnoy) solution 

600 ml   Methanol 

300 ml   Chloroform 

100 ml   Acetic acid (100%) 

 

Immunohistochemistry 

10x TBS buffer, pH 7.6 (stock solution) 

83.33 g   NaCl 

60.57 g   Tris 

900 ml   Aqua bidest. 

adjust pH at 7.6 with 25% HCl 

fill up to 1000 ml  Aqua bidest. 
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Tris-EDTA-buffer, pH 9.0 

1.21 g    Tris 

2 ml    0.5 M EDTA, pH 8.0 

0.5 ml    Tween 20 

900 ml   Aqua bidest. 

adjust pH at 9.0 

fill up to 1000 ml  Aqua bidest. 

 

Sodium citrate buffer, pH 6.0 

2.94 g    Tri-sodium-citrate  

0.5 ml    Tween 20 

900 ml   Aqua bidest. 

adjust pH at 7.6  

fill up to 1000 ml  Aqua bidest. 

 

1mM EDTA pH 8,0 

2 ml    0.5 M EDTA 

998 ml   Aqua bidest. 

adjust pH at 8.0  

 

Western Blot  

5x Laemmli buffer 

62.5 ml   1 M Tris, pH 6.8 

100 ml   Glycerine 

2 ml    0.5 M EDTA, pH 8.0 

20 g    SDS 

0.01%    Bromophenol Blue 

fill up to 200 ml  Aqua bidest. 
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1xLaemmli/ 2-mercaptoethanol solution  

8.55 μl   2-Mercaptoethanol 

9.45 μl   1x Laemmli buffer 

 

Protein extraction buffer 

2 ml    1 M Tris, pH 7.5 

2 ml    Triton X-100 

20 ml    Laemmli Buffer (5%) 

76 ml    Aqua bidest. 

 

TBS buffer, pH 7,4 (stock solution) 

30.0 g    Tris, pH 5.5 

80.0 g    NaCl 

1000 ml   Aqua bidest. 

adjust pH at 8.0 

 

TBS-T (0.1%) buffer  

100 ml   TBS buffer, pH7,4 stock solution 

1 ml    Tween 20 

fill up to 1000 ml  Aqua bidest. 

 

Blocking buffer 

3% powdered Milk in TBS-T working solution 
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SDS-page running buffer (stock solution) 

30.3 g    Tris 

144 g    Glycin 

10 g    SDS 

1000 ml   Aqua bidest. 

 

Elution buffer (stock solution) 

58 g    Tris 

29 g    Glycin 

3.7 g    SDS 

1000 ml   Aqua bidest. 

 

Elution buffer (working solution) 

20 ml    Stock solution elution buffer 

140 ml   Aqua bidest. 

40 ml    Methanol 

 

Ponceau S-solution 

0.2 g    Ponceau S 

3 ml    Glacial acetic acid 

fill up to 1000 ml  Aqua bidest. 

 

Stripping buffer  

25 ml    250 mM Tris HCl, pH 6.7 

20 ml    10% SDS 

55 ml    Aqua bidest. 

700 μl    2-Mercaptoethanol 
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2.6. Kits 

Amaxa™ Basic Nucleofector™ Kit    Lonza, Switzerland  

Avidin/Biotin Blocking Kit     Vector Laboratories Inc., USA 

Avidin-Biotin Complex (ABC)   Vector Laboratories Inc.; USA 

BD Cytofix/Cytoperm Fixation/Permeabilization Kit BD Biosciences, Switzerland 

DAB Substrate Kit (HRP), with Nickel   Vector Laboratories Inc., USA 

E.Z.N.A.® Endo-Free Plasmid DNA Midi/Maxi Kit  Omega Bio-Tek Inc, Georgia 

Endofree Plasmid Maxi Kit      Quiagen, Germany 

Exo-CIPTM Rapid PCR Cleanup Kit    New England Biolabs; USA 

Gibson Assembly® Cloning Kit    New England Biolabs, USA 

ImmPACT® DAB Substrat Kit (HRP)   Vector Laboratories Inc.; USA 

Monarch® DNA Gel Extraction Kit    New England Biolabs, USA 

Monarch® Genomic DNA Purification Kit   New England Biolabs, USA 

Quiagen® Plasmid Mini, Midi and Maxi Kit   Quiagen, Germany 

SuperSignalTM West Atto Substrate    Thermo Fisher Scientific, USA 

SuperSignalTM West Atto Substrate    Thermo Fisher Scientific, USA 

SuperSignalTM West Dura Substrate    Thermo Fisher Scientific, USA 

SuperSignalTM West Femto Substrate   Thermo Fisher Scientific, USA 

2.7. Enzymes 

HotStarTaq Plus DNA Polymerase (5 U/µL)   Qiagen, Germany 

Phusion® High-Fidelity DNAPolymerase   New England Biolabs, USA 

Proteinase K, ready to use   Agilent Technologies, USA 

Q5® High-Fidelity DNA Polymerase   New England Biolabs, USA 

Restriction enzymes   Thermo Fisher Scientific, USA 

RNAse A   Thermo Fisher Scientific, USA 

T4 Ligase   Thermo Fisher Scientific, USA 

Taq DNA Polymerase (5 U/µL)   Qiagen, Germany 
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2.8. Antibodies and lectins 

Table 3: Western blot antibodies 

Targeted gene Primary antibody Secondary antibody 

hPD-L1 

Rabbit anti-PD-L1 (Invitrogen, #28076-1-AP)  

1:2000 

HRP-goat anti-rabbit IgG (Cell Signaling) 

1:2000 

hCD47 

Rabbit anti-hCD47 (abcam, #ab218810)  

1:4000 

HRP-goat anti-rabbit IgG (Cell Signaling) 

1:2000 

GFP 

Rabbit anti-GFP pAb (Cell Signaling, #2555)  

1:1000 

HRP-goat anti-rabbit IgG (Cell Signaling) 

1:2000 

GAPDH 

Rabbit anti-GAPDH (Cell Signaling, #2118)  

1:4400 

HRP-goat anti-rabbit IgG (Cell Signaling) 

1:2000 

 

Table 4: Immunohistochemistry antibodies 

Targeted 

epitope 

Heat-induced epitope 

retrieval 
Primary antibody Secondary antibody 

alpha Gal TARGET Retrieval Sol 

Mouse anti-Gal IgM (Alexis, 

#Alx 801-090) 

1:8 

Biotinylated goat anti-mouse 

IgM (Vector Laboratories, 

#BA-2020)  

1:100 

hPD-L1 
Tris-EDTA-buffer  

+ 0.05% Tween pH 9.0 

Rabbit anti-hPD-L1 (Cell 

Signaling, #13684)  

1:400 

Biotinylated goat anti-rabbit 

IgG (Vector, #BA-1000) 

1:200 

hCD47 
Tris-EDTA-buffer  

+ 0,05% Tween pH 9.0 

Rabbit anti-huCD47 (abcam, 

#ab218810) 

1:3000 

Biotinylated goat anti-rabbit 

IgG (Vector, #BA-1000) 

1:200 

LEA29Y - 

Mouse αnti-huIgG Fc 

(JacksonImmuoResearch, 

#209-005-098) 

1:900 

Biotinylated goat anti-mouse 

IgG (JacksonImmuoResearch, 

#115-065-146) 

1:250 

Insulin 
10mM citrate buffer pH 6.0  

+ 0.05% Tween 

Mouse anti-Insulin IgG 

(Sigma, 2018) 

1:3000 

Biotinylated goat anti-mouse 

IgG (JacksonImmuoResearch, 

#115-065-146) 

1:250 

GFP 
10mM citrate buffer pH 6.0  

+ 0,05% Tween 

Mouse anti-GFP (Sigma 

Aldrich, #11814460001) 

1:600 

Biotinylated goat anti-mouse 

IgG (JacksonImmuoResearch, 

#115-065-146)  

1:250 
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Table 5: FACS analysis antibodies 

Targeted epitope Antibody 

α-Gal FITC Isolectin B4 (Enzo Life Sciences Inc., #ALX-650-001-MC05) 

hPD-L1 PE anti-human CD274 (eBioscience, #12-5983-42) 

hCD47 Alexa Fluor® 700 anti-human CD47 (Biolegend, #323125) 

 

Table 6: Immunofluorescence staining antibodies 

Targeted epitope Antibody 

hPD-L1 

Alexa Fluor ™ 488 mouse anti-human PD-L1 (Biosciences, #568926) 

1:40 

hCD47 

Alexa Fluor™ 647 mouse anti-human CD47 (Biosciences, #561249) 

1:40 

 

2.9. Cells 

2.9.1. Bacterial strains 

5-alpha Competent E. coli (High Efficiency)   New England Biolabs, USA 

5 alpha Competent E. coli     own production 

TOP 10 Competent E. coli     own production 

 

2.9.2. Eukaryotic cell lines 

Primary fibroblasts of porcine kidneys derived from the cell lines:  

1-ml-DLxDL (WT) 

5-ml-DLxDL (WT) 

#7697 (GGTA1-het/hCD46/INS-LEA29Y) 

#7700 (GGTA1-het/hCD46/INS-LEA29Y) 
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2.10. Oligonucleotides 

2.10.1. gRNA 

gRNAs were designed with the web-based tool CRISPOR and then purchased from Synthego, USA. 

Sequence is shown 5’ to 3’. 

Table 7: gRNAs without PAM sequence 

gRNA Sequence without PAM 

GGTA1-1 gRNA 5’-CCTGTAGCTGAGCCACCGAC-3’ 

GGTA1-2 gRNA 5’-ACGAGTTCACCTACGAGAGG-3’ 

CCL2-1 gRNA 5’-GCTGCATACCTGGCTGGGCA-3’ 

CCL2-2 gRNA 5’-GTAAGAAGATCTCGATGCAG-3’ 

Chr6-2 gRNA 5’-CACGGCTGAGTGGTTCTCAG-3’ 

GGTA1-5 gRNA 5’-TTTCCGAGCTGGTTTAACAA-3’ 

B2M-1 gRNA 5’-AGTAGCGATGGCTCCCCTCG-3’ 

R26 gRNA 5’-AATCCCGCCCATAATCGAGA-3’ 

 

 

2.10.2. Primer 

Primers were manually designed, except for the gRNA cloning primers which were selected using 

the web-based tool CRISPOR and then purchased from Metabion (Table 8). 
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2.11. Plasmids 

p3s-Sniper-Cas9  Addgene, #113912 

pX458M-53BP1-DN1S  Addgene, #131045 

WT_hCD47-LU in house, modified from Addgene #65474 

(GFP_CD47_LU) 

pA2UCOE-CAG-hCD47-LU in house 

INS-LEA29Y-loxPneo in house 

pA2UCOE-CAG-hPD-L1 in house 

pA2UCOE-CAG-GCaMP6 in house U6-gRNA vectors in house, gRNA expression 

vector under control of human U6 polymerase III 

promoter, containing gRNA sequences for targeting 

CCL2 or Rosa26 gene loci, respectively 

 

2.12. Software 

BioRender   Science Suite Inc., Canada 

DeepL   DeepL GmbH, Germany 

Endnote20        Clarivate Analytics, UK  

FlowJo   FlowJo LLC, USA 

GraphPad Prism v.5.10   GraphPad Software, USA 

Microsoft Office 2016 ProPlus   Microsoft Corporation, USA 

SnapGene Viewer 6.0      Graph Pad Software, USA  

TIDE   NKI, Netherland 
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3. Methods 

3.1. Generation of expression vectors for gene targeting 

3.1.1. DNA restriction enzyme digestion 

To perform DNA plasmid cloning and analytical verification of plasmid length and/or 

composition, plasmids were subjected to restriction enzyme (RE) digestion. For analytical 

digestion, 0.5 – 1 µg of plasmid DNA was used in a final digest volume of either 10 or 20 µl. 

For preparative digestion, up to 1 µg of plasmid DNA was used in a digest approach of up to 

1 µl. All digests were performed according to the manufacturer's instructions. For RE digestion 

using two or more different REs, the protocol advised by NEB® cloner was applied 

(https://nebcloner.neb.com/#!/redigest). Of note, the amount of RE used should not exceed 10% 

of the final digest volume due to the inhibitory impact of glycerol. The incubation time and 

temperature were followed as indicated, followed by heat inactivation. Table 9 shows an 

exemplary analytical digest using the restriction enzyme SalI. 

Table 9: Analytical digest using restriction enzyme SalI 

DNA 0.5–1 µg 

10x Buffer Cut Smart 2 µl 

SalI (20 U/µl) 0.5 µl 

H2O bidest. ad to 20 µl 

 

After adding an appropriate amount of 6x loading buffer, size differentiation of DNA fragments 

from the analytical plasmid DNA approach was performed using 0.8% agarose gel 

electrophoresis. 

3.1.2. Dephosphorylation of cleaved DNA 

Plasmid DNA obtained from preparative RE digestion was processed by a CiAP treatment 

(refer to Table 10) prior to heat inactivation. CiAP is used to remove 5' phosphate groups from 

the DNA ends, preparing it for the ligation process. The incubation initially was carried out at 

37 °C for 30 min, followed by 65 °C for 20 min. Then, the sample was placed on ice. 

Table 10: CiAP treatment 

rSAP 1 µl 

10xBuffer Cut Smart 1 µl 

H2O bidest. ad to 10 µl 

https://nebcloner.neb.com/#!/redigest
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3.1.3. Purification of DNA fragments  

To prepare DNA fragments for further use, microdialysis, column DNA purification, or agarose 

gel electrophoresis can be used depending on their size. Microdialysis was performed for up to 

2 h on a dialysis membrane containing DNA and 10 mM Tris pH 7.5 at a 1:1 ratio. DNA 

fragments were separated using gel electrophoresis on a 0.8% agarose gel. After gel 

electrophoresis and photographic documentation of the gel under UV light (see also Chapter 

3.4.3.), the required DNA fragment was excised from the gel under UV light using a scalpel 

blade and transferred into a 1.5 ml reaction vessel. Subsequently, the DNA was isolated from 

the gel using the QIAquick® Gel Extraction Kit according to the manufacturer's instructions. 

Following this, the concentration of the isolated DNA was measured using the NanoDrop 

instrument. 

3.1.4. Cloning by ligation 

For the ligation of DNA fragments with a vector backbone, T4 DNA ligase was employed. In 

a 20 μl reaction, 50 ng of vector DNA was incubated with 37.5 ng of the insert fragment, along 

with 1 μl of T4 DNA ligase and 2 μl of 10x ligation buffer. The required amount of insert DNA 

was calculated using the NEBioCalculator: https://nebiocalculator.neb.com/#!/ligation. After 

an incubation period of 2 h at room temperature or overnight at 16 °C, enzyme inactivation was 

carried out at 65 °C for 10 min. 

3.1.5. Gibson assembly cloning 

The Gibson Assembly Cloning relies on a combination of exonuclease, polymerase, and DNA 

ligase activities to assemble multiple DNA fragments into a single contiguous piece. This 

method is efficient and versatile, allowing for the assembly of large DNA constructs without 

the need for restriction enzymes or DNA ligases (see Figure 6). In contrast, cloning by T4 

ligation involves the use of the T4 DNA ligase enzyme to join DNA fragments with compatible 

cohesive ends generated by restriction enzymes. The limitation of T4 ligation is due to the 

availability of suitable restriction sites and the necessity for compatible cohesive ends, whereas 

Gibson Assembly offers greater flexibility in fragment design and assembly. 

In Gibson assembly cloning, vector plasmids were prepared by RE digestion and purification, 

while insert DNA fragments were generated by PCR amplification. The primer design for 

PCR-generated DNA inserts was performed using the SNAPgene software. If indicated, 

additional RE cutting sites were introduced in the primer at appropriate sites.  

 

 

https://nebiocalculator.neb.com/#!/ligation
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Ligation of DNA fragments to vectors was performed using the Gibson assembly protocol, 

following the manufacturer's instructions (#E5510S, New England Biolabs). This process 

utilized linearized vectors and corresponding homologous arms (inserts). To ensure efficient 

assembly, it is recommended to use a total of 0.2-1.0 pmoles of the insert DNA. The required 

amount of insert DNA was calculated using the following formula:  

pmols= (weight in ng) × 1,000 / (base pairs × 650 daltons).  

 

Figure 6: Principle of the Gibson Assembly Cloning. 

In Gibson Assembly, three enzymatic functions work together within a single reaction: 5' exonuclease activity, the 

3'-extension capacity of a DNA polymerase, and DNA ligase activity. The 5'-exonuclease activity trims the 5' end 

sequences, exposing complementary sequences for hybridization. Subsequently, the polymerase activity fills in 

the gaps within the hybridized regions. Finally, DNA ligase seals the nick and covalently joins the DNA fragments. 

Gibson Assembly utilizes long overlapping sequences between adjacent fragments, leading to a high percentage 

of correct assemblies (NEB®). Adapted from “Gibson Assembly Cloning 2”, by BioRender.com (2024).  

3.1.6. Production of transformation-competent bacteria 

Bacteria used for the transformation were either provided with the NEB Gibson Assembly® 

KIT (5-alpha Competent E. coli (High Efficiency) #C2987I) or prepared as follows: The 

bacterial strain utilized (E. coli TOP10) was initially streaked from a glycerol stock onto an LB 

plate and incubated overnight at 37 °C. Subsequently, a single colony was inoculated into 5 ml 

TYM medium (with 50 μg/ml streptomycin, Sigma) and incubated overnight at 37 °C and 

170 rpm on a shaker. 1 to 2.5 ml of the pre-culture was transferred into 250 ml of TYM medium 

(without streptomycin) and incubated at 37 °C on a shaker. When the OD600 value reached 

0.7 to 0.8 (after 2 to 4 h), the culture was transferred into six 50 ml plastic tubes (40 ml bacterial 

culture per tube) and rapidly cooled for 5 to 10 min in an ice-water bath. The bacteria were then 

centrifuged for 10 min at 800 g and 4 °C, the supernatant discarded, and the bacterial pellets 

resuspended in 12 ml each of ice-cold Tfb I buffer in the ice-water bath. After a ten-minute 



IV. Animals, materials and methods 57 

incubation on ice, the bacteria were pelleted again by centrifugation at 600 g and 4 °C for 

10 min, and the supernatant discarded. The pellet in each tube was then carefully resuspended 

in 1.6 ml of ice-cold Tfb II buffer. Subsequently, 100 μl of the transforming bacteria were 

transferred into 1.5 ml reaction tubes and stored at -80 °C. 

3.1.7. Transformation of E. coli 

The transformation process depends on the type of E. coli used. When employing 5-alpha 

competent E. coli (High Efficiency) from NEB®, the protocol recommended by the 

manufacturer was followed. For in-house prepared heat-competent E. coli, the transformation 

was conducted as follows: 

3.1.7.1. Transformation of E. coli TOP10 

A 100 μl aliquot of transformation-competent E. coli TOP10 cells was promptly transferred 

from -80 °C to wet ice and thawed slowly. 10 ng of plasmid or up to 5 μl of a ligation mixture 

were added to the bacterial solution, gently mixed, and incubated on ice for 30 min. 

Subsequently, a precise 45-second heat shock was applied at 37 °C, followed by 2-3 min on 

ice. Then, 800 μl of LB medium (without antibiotic) was pipetted into the transformation 

mixture and incubated with gentle shaking for 1 h at 37 °C in a thermoblock. The transformed 

E. coli cells were ultimately plated on LB agar plates (with 50 μg/ml ampicillin) using a sterile 

curved Pasteur glass pipette and incubated overnight at 37 °C. After 12 to 16 h of incubation, 

individual colonies became visible. 

3.1.7.2. Transformation of DH5 alpha E. coli 

For the transformation process, chemically competent DH5 alpha E. coli were thawed on ice. 

A transformation reaction was then prepared on ice, combining 50 µl of E. coli with 5 µl of the 

ligation mix. After a 30-min incubation on ice, a heat shock was administered in a water bath 

at 42 °C for 90 seconds, followed by a 3-min incubation on ice. 1 ml of LB medium was added, 

and the mixture was incubated for 30 min at 37 °C at 200 rpm. The transformed material was 

plated on LB-Agar plates containing 200 µg/ml ampicillin and incubated overnight at 37 °C. 

The next day, up to five colonies were selectively picked, inoculated into 5 ml of LB medium 

supplemented with 200 µl of ampicillin, and incubated overnight at 37 °C at 200 rpm. After 12 

to 16 h of incubation, individual colonies became visible. 
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3.1.8. Isolation of plasmid DNA (Miniprep and Midiprep) from E. coli 

Single colonies were picked from a LB agar plate using sterile pipette tips and transferred into 

5 ml of LB medium (with 50 μg/ml ampicillin). After incubation for 12 to 18 h at 37 °C with 

constant shaking at 170 rpm, plasmid DNA was isolated from 4 ml of the bacterial culture using 

the QIAprep Spin Miniprep Kit™ following the manufacturer's instructions. The concentration 

of the isolated plasmid DNA was subsequently determined using a spectrophotometer at 

260 nm/280 nm. For analysis with restriction enzymes, 500 ng of Miniprep plasmid DNA was 

used. In cases where larger quantities of plasmid DNA were required, such as for cell 

electroporation, a Midiprep was initiated. For this purpose, 50 μl of the Miniprep culture was 

added to 100 ml of LB medium (with 50 μg/ml ampicillin) and incubated for 12 to 18 h at 37 °C 

with constant shaking at 170 rpm. Subsequently, plasmid DNA was isolated using the 

QIAGEN™ Plasmid Midi Kit according to the manufacturer's instructions. 

3.1.9. Glycerol stocks of bacteria 

For long-term storage of plasmid-containing E. coli bacteria, a glycerol stock was generated by 

mixing the bacterial culture with a 50% glycerol solution in equal volumes (volume ratio 1:1). 

The bacteria-glycerol mixture was then transferred into cryotubes and stored at -80 °C. 

3.1.10. Selection of gRNA and cloning of sgRNA into pX458M-53BP1-DN1S 

The selection of gRNA sequences for the CRISPR/Cas9 targeting approach was performed 

using the http://crispor.tefor.net/ online tool. Oligos sgRNA-oligo-F and sgRNA-oligo-R for 

integration of sgRNA into vector pX458M-53BP1-DN1S were used as recommended there. 

Table 7 (Chapter 2.10.1.) lists the oligos used. 

The sgRNA oligos were cloned into the vectors using Bbsl restriction enzyme overhangs with 

N1-N20 as the selected Cas9 targeted sequence. Therefore, 1 µl of oligo F and 1 µl of oligo R 

(each 1 µg/µl) were combined in a microcentrifuge tube with 98 µl 10mM Tris pH 7.5. After 

incubation for 5 min at 98 °C in a heat block, the mix was allowed to cool down slowly to RT. 

T4 DNA ligase was used to ligate the annealed oligos with vectors. 100 ng of linearized vector 

DNA was incubated with 1.5 µl annealed oligos in a preparation with 1 μl of T4 DNA ligase 

and 1.5 μl of fresh ligase buffer and filled up to 20 µl nuclease-free water. After an incubation 

period of 2 h at RT or overnight at 16 °C, the enzyme was inactivated at 65 °C for 10 min. The 

subsequent transformation process was carried out as described previously. 

 

http://crispor.tefor.net/
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3.2. Cell culture 

All cell culture procedures were carried out under laminar flow cabinets to ensure a sterile 

working environment. Details regarding the composition of the cell culture media, buffers, and 

manufacturer information of the components can be found in section 2.5. To culture PKCs, 

plates were precoated with 0.2% collagen for 1 h. The cells were cultured in a humidified 

incubator at 37 °C and 5% CO2. 

3.2.1. Isolation, cultivation and cryopreservation of PKCs 

Isolation of PKCs was carried out on kidneys obtained from euthanized pigs of the desired 

genetic background under sterile conditions. The kidneys were stored in PBS containing 2% 

penicillin/streptomycin and 2% amphotericin as a transport medium until further processing. A 

small section comprising both cortex and medulla was excised from the kidney, then washed in 

PBS containing 2% penicillin/streptomycin and 2% amphotericin and minced into 1-2 mm 

pieces in a Petri dish with 1 - 2 ml PBS. The suspension was transferred into a 50 ml Falcon 

tube and washed with wash medium until the supernatant became clear. 0.1% collagenase in 

Hanks buffered salt solution (HBSS) was added to the suspension, which was then transferred 

to an Erlenmeyer flask and incubated at 37 °C while stirring for approximately 1.5 h. 

Afterwards, the suspension was filtered through a 100 μm sieve, followed by centrifugation for 

5-10 min at 54 x g at room temperature, and aspiration of the supernatant. The resulting pellet 

was washed twice before being resuspended in PKC culture medium containing 

10% FCS / 1% penicillin/streptomycin, and 1% amphotericin. PKCs were cultured on 10 cm 

collagen-coated culture plates, maintained at 37 °C and 5% CO2 in humidified environment 

until reaching confluency. The medium was changed one day after isolation and thereafter every 

2 – 3 days.  

For splitting, freezing, and transfection, the cells were detached using EDTA/Trypsin. 

Alternatively, for surface antibody staining prior to flow cytometry, Accutase® cell detachment 

solution was used. Cryofreezing of PKCs was performed in a solution containing 

50% media / 40% FCS / 10% DMSO. 

3.2.2. Gene editing of PKCs 

For genome editing, the PKCs in passage numbers 2 - 4 were transfected via nucleofection with 

the Basic Nucleofector™ Kit for Primary Mammalian Fibroblasts (Lonza), according to the 

manufacturer's instructions. PKCs were used at a confluency of 80 – 90%. After trypsinization 

of the cells, the cell number was determined using a Neubauer counting chamber during the 

first centrifugation step at 200 x g for 5 min. After discarding the supernatant, the cell pellet 
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was resuspended in media, and 0.5 mio cells per tube were aliquoted before a second 

centrifugation step was performed. After removing the supernatant, the cell pellet was 

resuspended in 100 µl Nucleofector Solution, immediately followed by adding 1-5 µg DNA 

and/or preformed ribonucleoprotein (RNP) complex to the suspension, and the transfer into an 

Amaxa™ certified cuvette. Program U-12 was used for nucleofection. Afterwards, cells were 

gently transferred into prewarmed culture medium of a well of a collagen-coated 6-well plate. 

After 24 h, the first media change took place.  

3.2.3. Selection of gene edited cell populations as donor cells for SCNT 

3.2.3.1. Cell sorting by flow cytometry 

Initially, cells on the plate/flask were washed with pre-warmed PBS. Then, Accutase® was 

added, tailored to the specific flask size (1 ml for T25, 2 ml for T75, and 4 ml for T175), to 

detach the cells from the plates and left for about 5 min. To stop the detachment reaction, ice-

cold PBS/BSA 1% or stop media was introduced. Following this, the cells were carefully 

transferred into a 50 ml Falcon tube. After two washing steps with ice-cold PBS/BSA 0.25%, 

wherein the cells were divided into samples designated for staining and passed through a 40 µm 

cell sieve. After centrifugation at 54 x g for 5 min with the brake engaged, the supernatant was 

aspirated. 

A fresh solution of antibody-labelling (100 µl PBS/BSA 0.25% plus antibody, prepared in the 

dark) was swiftly introduced to resuspend the cell pellet, followed by immediate placement on 

ice in the dark. The cells were incubated on ice in the dark for approximately 30 minutes. A 

dual-phase washing process ensued, first with PBS/BSA 0.25% and then with PBS/BSA 1%, 

each followed by centrifugation at 54 x g for 5 min. The cells were subsequently resuspended 

in FACS-Buffer (PBS/BSA 2%). Sorting of cells was performed in FACS tubes, with 2 ml 

medium (+ penicillin/streptomycin) provided. Finally, the sorted cells were seeded onto a 

collagen-coated plate for further culture. 

3.2.3.2. Single Cell Clones (SCCs) 

For the generation of SCCs, 1-2 cells per well were seeded. SCCs were identified through 

routine scanning using the Cellavista cell culture microscope. The clones were split into two 

wells of a 96-well full area-plate when they reached approximately 75% confluence. Once 

reaching 90% confluence, cells from one well were harvested for storage in liquid nitrogen for 

potential SCNT, while cells from the other well were used for DNA analysis to screen for the 

desired modifications by PCR. 
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3.3. Somatic cell nuclear transfer (SCNT) and embryo transfer 

Cells derived from gm-enriched bulk preparation or derived from SCCs were used for somatic 

cell nuclear transfer (SCNT) by the SCNT unit at the Chair for Molecular Animal Breeding and 

Biotechnology, LMU Munich (KUROME et al., 2015). The SCNT embryos were transferred 

to estrus-synchronized recipient sows followed by laparoscopic embryo transfer (ET) into the 

oviduct. The pregnancy status was routinely assessed from the 21st day post-ET onwards using 

a portable ultrasound system. 

 

3.4. Genomic analysis 

3.4.1. gDNA isolation using Monarch Genomic DNA Purification Kit 

To identify transgenic pigs, genotyping PCRs were conducted on tissue samples collected from 

the piglets. Tail samples or ear punches were obtained from newborn piglets and stored 

at -20 °C until further processing. 

To extract gDNA from tissue samples, the Monarch® Genomic DNA Purification Kit 

(New England Biolabs, Ipswich) was used according to the manufacturer's instructions. gDNA 

was stored at 4 °C for further usage. 

3.4.2. gDNA isolation by high-salt precipitation 

For gDNA isolation of 96-well SCCs, a master mix was prepared by combining 100 µl 

PK-buffer, 10 μl 10% SDS, 5 µl 1M DTT, and 2.5 µl proteinase K (20mg/ml). 117.5 µl of the 

master mix was added to each sample. After the incubation for 2 - 2.5 h at 60 °C, 30 µl 4.5 M 

NaCl was added, and tubes were placed on ice for another 10 min. After centrifuging at full 

speed (>10,000 rcf) for 20 min at 10 °C, the supernatant was transferred into a new tube, and 

98 µl isopropanol was added. After another centrifugation at full speed (>10,000 rcf) for 20 min 

at room temperature, the supernatant was removed, and 200 µl 70% EtOH was added. A final 

centrifugation was carried out for 20 min at room temperature. After removal of the supernatant, 

the DNA pellet was allowed to air dry. This pellet was finally dissolved in 35-50 µl 10 mM Tris 

pH 7.5 and stored at 4 °C for further usage. 

3.4.3. Polymerase chain reaction (PCR) 

PCR was used to amplify DNA inserts for plasmid assembly, screen SCCs to confirm targeted 

integration of the expression cassette and/or NHEJ gene editing and genotype the gm pigs. 
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Details of primers and PCR conditions for SCC screening and genotyping can be found in 

Chapter 2.10.2., Table 8. PCR reactions were prepared as 20 μl mixtures in 0.2 ml PCR reaction 

tubes using Taq DNA polymerase (5 U/μl; Qiagen) on ice as follows: 

Table 11: Single PCR reaction mixture 

Aqua bidest. 8.65 μl 

Q-Solution (Qiagen) 4 μl 

10x Buffer (Qiagen) 2 μl 

MgCl2 (50 mM) (Qiagen) 1.25 μl 

dNTPs (1 mM) 1 μl 

forward Primer (2 μM) 1 μl 

reverse Primer (2 μM) 1 μl 

Taq-Polymerase (5 U/μl) 0.1 μl 

DNA-sample (100 ng/μl) 1 μl 

After completing the PCR, the PCR samples were cooled to 4 °C in the thermal cycler. Until 

further use, the samples were stored at 4 °C for a short time and at -20 °C for a longer time. 

In each case, the corresponding transgene construct or DNA from a transgenic animal or 

transgenic cells served as a positive control for genotyping PCR, and DNA from a WT animal 

functioned as a negative control. In addition, distilled water was used as a non-template control 

to ensure that there was no contamination. 

3.4.4. Agarose Gel Electrophoresis 

Agarose gel electrophoresis was used to separate DNA fragments, including PCR amplicons 

and those derived from restriction enzyme digestion of plasmids, based on their size. An 

appropriate amount of agarose powder (Bio&SELL) was mixed in 1x TAE buffer and heated 

in a microwave until it was fully dissolved to obtain a 0.8% - 2% agarose gel. Table 12 shows 

the proportions of agarose gels chosen for separating DNA fragments of different sizes.  

Table 12: Gel percentage in relation to the DNA fragment size 

0.8% 1000 - 20000 bp 

1.0% 800 - 12000 bp 

1.5% 500 – 7000 bp 

2.0% 300 – 3000 bp 
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The gel was poured into gel electrophoresis chambers to allow it to solidify. Once the gel had 

set, the chamber was filled with 1x TAE buffer serve as running buffer. Each PCR sample was 

mixed with 2.5 µL of a 1:250 solution of GelRed® and DNA loading buffer (10x) and pipetted 

into single gel slots. 6 µL of GeneRulerTM 100 bp or 1 kb DNA molecular weight standard 

served as DNA molecular weight standard. The DNA fragments underwent separation based 

on their respective sizes through applying an electric current to the gel electrophoresis chamber. 

The DNA fragments were subsequently exposed to UV light for visualization and compared to 

the DNA molecular weight standard. 

3.4.5. Sanger sequencing 

Sanger sequencing of purified PCR products and plasmids was performed at Genewiz, Leipzig. 

Residual primers were removed from PCR products using the Exo-CIPTM Rapid PCR Cleanup 

Kit, according to the manufacturer's guidelines. For Sanger sequencing, 1 μl of the Exo-CIPTM 

cleaned up PCR product was mixed with 2.5 μl primer solution (10 pmol/μl) and filled up to a 

total volume of 10 μl with 10 mM Tris pH 7.5 in a 1.5 ml tube labelled with a pre-paid barcode. 

For Sanger sequencing of plasmids, 200-400 ng/µl plasmid DNA was used per reaction. 

 

3.5. Analysis of protein expression 

Analysis of protein expression, both for presence of transgene expression and absence of sugar 

epitopes and/or proteins, was performed on cells or tissue samples, as indicated. 

3.5.1. Immunofluorescence staining of cells on slides 

A 6-channel Ibidi slide coated with collagen was loaded with a 30 μl cell suspension per channel 

and supplied with medium after cell adhesion, typically occurring within 2-3 h. For fixation, 

PBS-buffered 4% paraformaldehyde (PFA) was introduced into the channels and allowed to fix 

for approximately 10 min. Subsequently, phosphate-buffered saline (PBS) was added, and the 

samples were stored at 4 °C until further processing. 

To permeabilize the cells for the staining process, 0.3% Triton in PBS was applied to the 

channels for 10 min, followed by blocking with 0.5% bovine serum albumin (BSA) in PBS. 

Next, the antibodies (listed in Chapter 2.8., Table 6) were added and allowed to incubate in a 

dark chamber for 2 h. Following a PBS wash, the nuclear dye Hoechst 33342 was introduced 

and left to incubate for an additional 10 min in the dark chamber. Finally, the channels were 

washed with PBS and sealed for further analysis. 
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3.5.2. Expression analysis by flow cytometry 

Expression analyses via flow cytometry are detailed described in Chapter 3.2.3.1. To measure 

tg expression on the nuclear membrane, the cells were permeabilized using the 

BD Cytofix/Cytoperm™ Fixation/Permeabilization Kit as indicated. 

The acquired flow cytometry data were analyzed using the FloJo software program, providing 

a comprehensive examination of expression patterns and allowing for the quantification of the 

analyzed samples. 

3.5.3. Protein isolation 

Protein isolation was performed by transferring 20 mg of tissue samples, which had been stored 

at -80 °C, to 12 ml plastic tubes. 500 μl of protein extraction buffer was added to the tubes, 

which were then homogenized on position D (23,500 rpm) using a tissue homogenizer 

(ART-Miccra D8) for 1 to 2 minutes. After each sample, the homogenizer bar was cleaned with 

Aqua bidest. and 1x PBS. The homogenized samples were placed on ice, transferred to 1.5 ml 

reaction tubes and subjected to a 2-min ultrasonic bath three times. Afterwards, the samples 

were incubated at 55 °C for 1 h and subsequently placed on ice. After centrifugation at 

15,000 xg and 4 °C for 5 min, the supernatants were transferred to new reaction tubes. 

Additionally, 10 μl of the supernatant were used for protein concentration determination. The 

protein samples were stored at -20 °C until further use. 

3.5.4. Determination of protein concentration by BCA assay 

The principle of protein determination with BCA is based on the fact that bicinchoninic acid, 

as a water-soluble sodium salt, reacts very sensitively, specifically, and stably with Cu1+ ions. 

Here, the Biuret reaction of the proteins is utilized, which reduces Cu2+ to Cu1+. The resulting 

BCA-Cu1+ complex is stable, water-soluble and exhibits strong absorption at 562 nm. 

Therefore, this method can be used to quantify proteins in aqueous solutions at 562 nm in the 

spectrophotometer. Protein measurements were conducted in 96-well F plates. To prepare the 

samples, 10 μl of each was diluted in 40 μl of PBS in 1.5 ml reaction tubes. A stock solution of 

BSA was used to prepare a dilution series in PBS/extraction buffer (4:1) with six standards 

(50 μl each) in 1.5 ml reaction tubes. Bicinchoninic acid was mixed with 4% CuSO4 solution 

(50:1), and 200 μl of this solution was added to each reaction tube. After brief mixing, 100 μl 

of each sample and standard were pipetted twice into a 96-well plate. Following incubation at 

37 °C for 30 min, the absorbance was measured at 562 nm. The protein concentration was 

determined using the measured calibration line. 
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3.5.5. Sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE) 

The principle of sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE), as 

described by Laemmli (1970), is based on the separation of proteins by the molecular sieve 

effect of a polymerized gel matrix of acrylamide and N,N'bisacrylamide. Regardless of the 

protein extraction method, the denatured protein solution prepared for gel electrophoresis 

contains SDS. The SDS anions bind with their hydrophobic region to approximately every 

second amino acid residue. Due to the mutually repulsive negative charges of the SDS 

molecules, the proteins become elongated, and their intrinsic charge is compensated. This 

results in the formation of a complex, which moves through the gel at a speed proportional to 

the protein's mass. By applying a voltage, the protein mixture can be separated, with smaller 

proteins migrating faster than larger ones towards the anode. The separation of the proteins 

occurs in two steps. First, the samples are passed through a coarse-pored collecting gel with 

low acrylamide concentration to focus them on a narrow range. Then the proteins are separated 

by size in a separation gel with a higher acrylamide concentration. 

The SDS-PAGE investigations were carried out using the Miniprotean Tetra Cell IV system 

according to Laemmli's method. After pouring the separating gels into the appropriately 

prepared mini-gel glass plates, Isopropanol was carefully applied to coat the plates. After 

polymerization for 60 min, the isopropanol was removed, and the separating gel was overlaid 

with a 5% collecting gel. The combs were placed in the liquid collecting gel. After 

polymerization of the collection gel at RT for at least 60 min, the SDS-PAGE was carried out. 

Table 13: Composition of the separating gel (12%, 4 gels) 

Aqua bidest. 6.7 ml 

1.5 M Tris-HCl (pH 8.8) 5 ml 

30% Acrylamid/Bis Solution (29:1) 8.0 ml 

10% SDS 200 μl 

Temed 10 μl 

10% APS 100 μl 
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Table 14: Composition of the collection gel (4 gels) 

Aqua bidest. 7 ml 

0.5 M Tris-HCl (pH 6.8) 1.25 ml 

30% Acrylamid/Bis Solution (29:1) 1.5 ml 

10% SDS 100 μl 

Temed 5.5 μl 

10% APS 125 μl 

After assembling the Miniprotean system and filling it with 1x SDS-PAGE running buffer, the 

gel pockets were rinsed with running buffer after removing the combs to remove 

non-polymerized acrylamide residues. Prior to sample application, sample preparation was 

performed for 60 min at 55 °C, followed by cooling on ice and centrifugation to remove 

condensate from the lid. A protein molecular weight marker was applied to the gel. The gel 

electrophoresis was conducted using the Miniprotean Tetra Cell IV system, starting at 100 V 

until the separation gel was reached, and then increasing to 160 V.  

3.5.6. “Semi-dry blot” method 

Following gel electrophoresis, the proteins were transferred from the SDS polyacrylamide gel 

to a protein-binding Immobilon P-PVDF membrane using the semi-dry blot method with the 

Bio-Rad Trans-Blot® Turbo™ transfer system. To prepare, two thick Whatman filter papers 

and one PVDF membrane were cut to the appropriate size for each gel. The PVDF membrane 

was activated by soaking it in 100% methanol for 10 min, followed by equilibration in transfer 

buffer for 30 min. The blot was then assembled under semi-dry conditions, free of air bubbles, 

on the lower blotting unit (anode) as follows: Blot sandwich (details for one blot): • one 

Whatman filter paper soaked in transfer buffer • PVDF membrane, labelled with a marker pen 

• Gel • one Whatman filter paper soaked in transfer buffer. The upper graphite blotting unit 

(cathode) was then applied with slight pressure to transfer the proteins onto the membrane. The 

transfer occurred from the cathode towards the anode at 25 V 1.0 A/cm2 for 30 minutes. After 

completing the transfer, the proteins bound to the PVDF membrane were stained with 

Ponceau S solution for 2 to 5 min, followed by background destaining through washing with 

distilled water. Once the membrane was dried on an absorbent gel blotting paper, molecular 

weight markers were labelled on the blot using a marker pen. The membrane was stored at 4 °C 

until further use. 
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3.5.7. Western Immunoblot 

Western immunoblot was used to specifically detect proteins through antigen-antibody 

coupling. After transferring the PVDF membrane into a 50 ml plastic tube and activating it with 

7 ml of methanol (100 %) for 1 min, the membrane was washed with TBS-T (0.1%) three times 

for 5 min. Subsequently, the membrane was blocked with TBS-T milk (5%) for 60 min at RT 

in a hybridization oven. This step saturates excess protein binding sites on the membrane and 

prevents non-specific binding of the detection reagents. The membrane was washed three times 

with TBS-T (0.1%) at RT (1x 15 min and 2x 5 min followed by overnight incubation with the 

first antibody diluted in BSA (5%) at 4°C. Afterward, the membrane was washed three times 

with TBS-T (0.1%) at RT for 1x 15 min and 2x 5 min, and the second peroxidase-conjugated 

antibody in TBS-T milk (5%) was added for 60 min at RT. All antibodies used are listed in 

Chapter 2.8., Table 3. This was followed by three washes at RT with TBS-T (0.1%) for 

1x 15 min and 2x 5 min. Signal detection was performed using an enhanced chemiluminescence 

(ECL) detection solution and the ChemoStar Touch 21.5. 

3.5.8. Stripping of the membrane 

To reuse the membrane for further Western immunoblotting, the bound antibodies were eluted 

from the blot. The blot membrane was transferred to a hybridization tube, rinsed briefly in 

TBS-T (0.1%), and then incubated in elution buffer for 30 min at 70 °C in a hybridization oven. 

Subsequently, the membrane was then incubated at RT twice for 10 min with distilled water 

and then once for 10 min with TBS-T (0.1%) in large volumes. If repeating the immunoblot, 

the membrane was transferred into a new 50 ml plastic tube. 

3.5.9. Expression analysis by immunohistochemistry 

For histological analysis to determine the protein expression pattern, tissue samples were fixed 

in either PBS-buffered 4% paraformaldehyde (pH 7.4) for 48 h at 4 °C or in methacarn solution 

for 48 h at 4 °C. The samples were then dehydrated in an ascending ethanol series and xylene 

before being embedded in paraffin.  

Immunohistochemical analyses were conducted on various organ samples including the tail, 

skin, skeletal muscle, spleen, kidney, heart, liver, lung, and pancreas. WT animals and animals 

from preexisting lines, if available, were used as controls. 

The 3 µm slides were deparaffinized in xylene (twice for 20 min) and then rehydrated through 

a sequential process of decreasing alcohol concentrations (2x 100%, 2x 96%, 1x 70% alcohol, 

2x distilled water). Table 15 outlines the steps, their purpose, and conditions of the 

immunohistochemistry protocol. 
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Details of the immunohistochemistry protocol for each primary antibody used are provided in 

Chapter 2.8., Table 4. Finally, the slides underwent an increasing alcohol series (distilled water, 

70%, 2x 96%, 2x 99% ethanol), were cleaned with xylene, and ultimately sealed with coverslips 

using Histokitt. 

Table 15: Immunohistochemistry protocol for PFA-fixed paraffin embedded slides 

Step Purpose Time, Temperature 

Heat-induced antigen retrieval 

(HIAR)* 
Renaturation of antigen 

Boiling, followed by subboiling 

temperature for 15 min (Citrat pH 6.0 

HIAR) or 18 min (Tris-EDTA pH 9.0 

HIAR) 

Cooling Cool down 30 min, RT 

TBS buffer Washing 10 min, RT 

Hydrogen peroxide (1%) Blocking of endogenous peroxidase 15 min, RT 

TBS buffer Washing 10 min, RT 

Biotin blocking (liver & kidney): 

Avidin 

TBS buffer 

Biotin 

TBS buffer 

Prevention of unspecific binding 

Blocking 

Washing 

Blocking 

Washing 

 

15 min, RT 

10 min, RT 

15 min, RT 

10 min, RT 

Goat serum 5% Prevention of unspecific binding 60 min, RT 

Primary antibody* Primary antibody Overnight, 4 °C 

TBS buffer Washing 10 min, RT 

Secondary antibody* Secondary antibody 60 min, RT 

TBS buffer Washing 10 min, RT 

Avidin-biotin-complex,  

dilution 1:100 

Amplification of targeted antibody 

signal 
30 min, RT 

TBS buffer Washing 10 min, RT 

DAB Substrate, color reaction Up to 15min, RT 

Cold running tap water Washing 5 min 

Distilled water Washing Short dip, RT 

Mayer’s hemalaun solution, 

1:10 dilution with distilled water 
Counterstaining Up to 5 min, RT 

Cold running tap water Hemalaun reaction and washing 5 min 

*All used antibodies and HIAR are listed in Table 4. 
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3.6. NPI isolation and culture 

To isolate NPIs, four distinct washing solutions are prepared, each in separate trays. Initially, 

the pancreas is carefully transferred to the primary washing tray, where meticulous removal of 

connective tissue and vessels is carried out, followed by sequential washing in trays 2 through 4. 

Subsequently, the tissue is minced into approximately 1 mm pieces using scissors and 

transferred to a 50 ml Falcon tube. To ensure cleanliness, the dish is rinsed at least twice with 

fresh washing solution. The Falcon tube is filled with washing solution, inverted, left to stand 

for 1-2 min, and excess fluid and binding tissue are aspirated with a 25 ml serological pipette 

until the supernatant is clear. Following centrifugation for 2 min at 54 rcf, the supernatant is 

aspirated. The resultant pellet is resuspended in 4-5 ml of collagen solution and transferred to 

a collagen vessel, securely sealed with Parafilm. The sample is digested in a water bath set to 

37°C for 7 minutes with periodic swirling and inversion to ensure thorough mixing. The 

digestion process is then continued for an additional 7 minutes at approximately 60 rpm. The 

digestion process is stopped by adding ice-cold stop solution. Subsequently, digest supernatant 

is evenly distributed onto a sieve net using a 10 ml pipette, followed by washing with wash 

solution. The suspension is divided equally into two Falcon tubes using a 25 ml pipette, and the 

beaker is rinsed twice with wash solution. After centrifugation for 2 min at 54 rcf, the 

supernatant is aspirated and combined with fresh wash solution in one Falcon tube before being 

centrifuged once more. Finally, the supernatant is aspirated, and the suspension is resuspended 

in medium (25 ml for seeding on 5 trays) using a 25 ml serological pipette. It is then evenly 

distributed onto the trays and washed with fresh medium to ensure a total volume of 15 ml per 

tray. Microscopic evaluation and quality assessment are conducted. Finally, the cells are 

cultured in the incubator. 
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3.7. Xenotransplantation into diabetic mice 

The transplantation of in vitro matured NPIs into immunocompromised nonobese diabetic-scid 

IL2rγnull (NSG) mice was carried out by our cooperation partner WG Prof. Jochen Seißler 

(Medizinische Klink und Poliklink IV, Ludwig-Maximilians-Universität, Munich) according to 

their specific protocols. 

Briefly, neonatal porcine islets were isolated from pancreata of piglets aged up to 3 days and 

transplanted into diabetic NSG mice. The isolation involved collagenase digestion of piglet 

pancreata, followed by culturing the cell clusters in a in RPMI 1640 (PAN-Biotech, Aidenbach, 

Germany), 2% human serum albumin (Takeda, Konstanz, Germany), 10 mM nicotinamide, 

20 ng/mL exendin-4 (Merck, Darmstadt, Germany) and 1% antibiotic-antimycotic (Thermo 

Fisher Scientific, Germering, Germany) for 5 to 6 days. NSG mice were made diabetic by 

intraperitoneal injection of 180 mg/kg streptozotocin and transplanted with either 3000 IEQ 

wild-type NPIs or 3000 IEQ transgene-expressing NPIs under the left kidney capsule without 

immunosuppression. The mice were monitored for blood glucose levels, and the observation 

period lasted up to 12 weeks (Figure 7). 

The study evaluated graft function via intraperitoneal glucose tolerance test (IPGTT) performed 

with 2 g glucose/kg body weight. Graft function was assessed at the end of the observation 

period by measuring porcine plasma insulin levels at 0 and 10 min during IPGTT (Mercordia 

ELISA). Immunohistochemistry was performed on graft-bearing kidney sections to evaluate 

insulin-positive β-cells. 

 

Figure 7: Illustration of islet transplantation under the left kidney capsule. 

Created with BioRender.com (modified from WOLF et al., 2022). 
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3.8. Transplantation into the anterior chamber of the eye for in vivo imaging 

The pancreata of the neonate offspring were used for NPI isolation. The transplantation of in 

vitro matured NPIs into NOD.CB17-Prkdcscid/J mice was carried out by our cooperation 

partner Dr. Christian Cohrs (Institute of Physiology, TU Dresden, Germany) according to their 

specific protocols.  

Briefly, the isolated islets were cultivated in culture media. During transplantation at day 9 

post-isolation, up to 15 isolated islets were infused into the anterior chamber of the eye (ACE) 

of a mouse that had previously been placed under anesthesia. For in vivo imaging, the mouse 

was anesthetized and intubated to minimize movement artifacts. In vitro and in vivo imaging of 

the islets was performed at different time points before and after transplantation using 

fluorescence live cell microscopy under a glucose-stimulated insulin secretion (GSIS) test 

system (Figure 8). 

 

Figure 8: Illustration of islet transplantation into the anterior chamber of the eye and non-invasive in vivo 

imaging (SPEIER et al., 2008). 
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V. RESULTS 

1. Generation of optimized gm donor pigs with immunoprotective properties of islet 

xenograft 

In the pursuit of generating optimized genetically modified donor pigs with immunoprotective 

properties for islet xenograft, two distinct approaches were employed. The first approach 

involved the generation of gm pigs derived from a bulk cell population. In the second approach, 

gm pigs were produced using targeted knock-in strategies, followed by the verification and 

selection of single-cell clones for somatic cell nuclear transfer. Subsequently, both approaches 

engaged in the characterization of the resulting founder animals, focusing on their transgene 

expression pattern and functionality as islet xenograft donors. 

1.1. Generation of gm pigs derived from bulk cell population 

First, an approach was applied involving the use of two linearized and excised expression 

cassettes. Site-directed integration into the genome was forced by CRISPR/Cas9-driven 

double-strand breaks in both the GGTA1 and CCL2 genes (Figure 9). As donor cells for SCNT, 

a bulk population was used, which was selected by flow cytometry-based sorting of cells with 

cell surface expression of the immunomodulatory transgenes and absence of α-Gal sugar 

epitopes. 

 

Figure 9: Key stages in the generation of transgenic pigs derived from bulk cell population. 
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In detail, two expression cassettes were generated. Cassette 1 carries the INS-LEA29Y 

expression cassette, which was previously used to generate the preexisting INS-LEA29Y pig 

line. In this preexisting INS-LEA29Y cassette, the cDNA sequence of LEA29Y was placed 

under the control of the 1.3 kb porcine insulin (INS) promoter and combined with a neomycin 

antibiotic resistance expression cassette (see also Chapter 1.1.4.). In this project objective, the 

INS-LEA29Y expression cassette was additionally combined with an expression cassette for 

ubiquitous expression of human PD-L1. The cDNA sequence of hPD-L1 was placed under the 

control of the chicken β-actin (CAG) promoter. Both expression constructs were oriented in the 

antisense direction. Between both 5' promoter elements, the chromatin opening element 

pA2UCOE was placed. This chromatin opening element should function bidirectionally to 

enhance accessibility of adjacent promoter sequences, resulting in more reliable transgene 

expression. Additionally, it should protect the promoter sequences from silencing. In total, the 

linearized purified construct of the combined (INS-LEA29Y, CAG-PD-L1)-2xtg expression 

cassette had a total length of 10.3 kb. Cassette 2 carried the cDNA sequence of human CD47, 

also under the control of the CAG promoter and the pA2UCOE element. Additionally, an 

appended 3' long UTR sequence was included, which is required for translational processing of 

hCD47. The total length of cassette 2 amounted to 9.5 kb. 

For the nucleofection of primary kidney cells obtained from a wild-type boar, 1.7 µg of the 

linearized cassette 1 and 1.5 µg of the linearized cassette 2 were used, along with circular 

plasmids containing the expression cassettes for GGTA1 gRNAs, CCL2 gRNAs, and Cas9 

protein. The target sites of the gRNAs used were exon 10 of the GGTA1 gene for GGTA1-1 

gRNA and GGTA1-2 gRNA, and exon 1 and exon 2 of the CCL2 gene for CCL2-1 gRNA and 

CCL2-2 gRNA, respectively (Figure 10 A). The efficiency of the gRNA/Cas9 complexes used 

for cutting was previously tested. 

Flow cytometry was performed five days post-nucleofection to collect a bulk cell population 

that was negative for α-Gal epitopes (representing 61.3% of the total cell population) and 

strongly positive for hPD-L1 [723 cells collected (representing 0.9% of the total cell 

population)], or both hPD-L1 and hCD47 [851 cells collected (representing 1.0% of the total 

cell population] cell surface expression (Figure 10 B). Both collected bulk cell populations 

were cultured for a few days before cryopreservation and further usage took place. 

After an additional week of culture, immunofluorescence staining of the FACS-sorted cell 

population demonstrated dual expression of both hCD47 and hPD-L1 (Figure 10 C).  
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Figure 10: Targeting strategy and flow cytometry-based cell sorting for bulk cell SCNT approach. 

(A) Targeting strategy for de novo generation of genetically multi-modified (GGTA1/CCL2)-2xKO, 

[(INS-LEA29Y, hPD-L1), hCD47]-3xtg pigs. Targeting sites of gRNAs in GGTA1 and CCL2 genes are shown, 

along with the graphical composition of both expression cassettes used. Positions of primers used for genotyping 
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of gm pigs are marked. (B) Dot blots of flow-cytometry-based cell sorting for collection of cells for subsequent 

SCNT. The cell selection criteria included the absence of α-Gal epitopes (left), as indicated by FITC-labelled IB 4 

lectin staining, and the high cell surface expression of hPD-L1 and hCD47 (middle and right), both represented by 

gate P6. Cells of gates P5 and P6 were collected. (C) Immunofluorescence staining of the FACS-sorted cell 

population. Staining for hCD47 (left), staining for hPD-L1 (middle), and overlay of hPD-L1/hCD47 confirming 

dual positivity in the cells (right). Scale bars = 40µm. Nuclei were stained with Hoechst 33342 (blue color). 

Scale bars = 40 µm. 

The embryo transfer from SCNT-derived embryos into five cycles-synchronized sows resulted 

in four pregnancies. One pregnancy was terminated on day 67 to obtain two fetuses for 

integration and organ expression analysis. The other three sows went to term and delivered a 

total of 11 piglets. Among these piglets, seven were observed to have no abnormalities in health 

status and habitus, while four were stillborn, as detailed in Table 16. 

Table 16: Overview of conducted SCNTs using bulk cell populations.  

SCNT 

No. 

Bulk cell 

ID 
FACS 

Date of 

SCNT 

No. of 

SCNT 

embryos 

Pregnancy 

(%) 

Fetuses 

collected 

Piglets 

born 

alive 

Stillborn 

piglets 

1 F11 6/8 

α-Gal neg 

hPD-L1 pos 

hCD47 pos 

16-07-21 232 + 2 - - 

2 F11 7 
α-Gal neg  

hPD-L1 pos  
23-07-21 158 - - - - 

3 F11 7 
α-Gal neg  

hPD-L1 pos 
23-07-21 154 + - 2 2 

4 F11 6/8 

α-Gal neg  

hPD-L1 pos 

hCD47 pos 

06-08-21 180 + - 3 1 

5 F11 6/8 

α-Gal neg  

hPD-L1 pos 

hCD47pos 

06-08-21 175 + - 2 1 

Total    899 
4/5 

(80%) 
2 7 4 

 

All of the piglets were male, as expected from the donor cells. PCR and Sanger sequencing 

were used to detect the genetic modifications of the SCNT-derived piglets. The results are listed 

in Table 17. 

Targeted inactivation of both GGTA1 and CCL2 genes was successfully achieved in all 13 

SCNT-derived piglets. Furthermore, integration of the hPD-L1 transgene construct was 

detected in all offspring. However, three piglets lacked the presence of the LEA29Y coding 

sequence, indicating the absence of the full-length construct in these animals. Out of the 13 

piglets, nine exhibited successful integration of the hCD47 transgene expression cassette. 
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1.1.1. Characterization of transgene expression patterns in gm founder pigs 

The expression pattern and abundance of the transgenes were validated using tissue samples 

obtained from stillborn or sacrificed piglets, as well as tail samples from live-born piglets. 

Kidney cells were isolated from all founder piglets that were sacrificed but failed in three 

stillborn animals. 

1.1.1.1. Depletion of α-Gal epitope by targeting GGTA1 gene  

Immunohistochemistry and FACS analysis demonstrated the successful depletion of the α-Gal 

epitope in all organs by targeting the GGTA1 gene in all animals (see Figure 11).  

 

Figure 11: Absence of α-Gal epitopes in multi-gm founder piglets derived from bulk cell population. 

(A, B) Representative α-Gal immunohistochemistry of heart tissue from one founder animal demonstrates the 

complete absence of α-Gal epitopes in the GGTA1-KO pig (A) in comparison to a WT control (B). DAB: brown 

color. Cell nuclei were stained in blue. Scale bars = 100µm. (C, D) FACS analysis confirmed the absence of α-Gal 

epitopes in 100% of the analyzed kidney cells of the GGTA1-KO pig (C) in comparison to a WT control (D). 
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1.1.1.2. Depletion of MCP1 by targeting CCL2 gene 

Biallelic frame-shift mutations of the CCL2 gene were present in all SCNT offspring, as 

displayed in Table 17. Nine distinct antibodies were tested for specificity towards porcine 

MCP1 protein in immunohistochemistry, but all of them failed the specificity control 

(not shown). 

1.1.1.3. pA2UCOE-CAG promoter driven ubiquitous expression of hCD47 and hPD-L1 

Immunohistochemistry was used to analyze the transgene expression pattern in tail tissue 

samples obtained shortly after birth for genotyping and in organ tissue samples collected 

ex vivo. Based on the results obtained from the immunohistochemistry analysis of tail samples 

from piglets born alive from SCNT#4 and #5 (refer to Table 16), two piglets were raised to 

establish a breeding herd.  

Due to three F0 piglets not being hCD47-transgenic (refer to Table 17), the IHC results were 

negative, as expected. Among the 10 piglets carrying the hCD47 transgene, five exhibited a 

diffuse homogeneous membrane staining across all examined tissues. Four piglets displayed 

varying degrees of a mosaic staining pattern. While founder pig #12482 and #12557 showed 

approximately 80% positive cells, pig #12346 and #12561 exhibited only about 50% 

hCD47-positive cells. Figure 12 (A-F) shows representative immunohistochemical stainings 

of pancreatic and tail tissues from one F0 founder animal with homogeneous hCD47 transgene 

expression, contrasting with another SCNT-derived F0 animal showing a mosaic pattern of 

hCD47 transgene expression. The observed expression patterns in the tail sample were highly 

similar to those in other organ tissue samples. 

The FACS analyses conducted on PKCs revealed that the animals had either a homogeneous or 

a mosaic pattern of the hCD47 transgene, which is consistent with the previous findings from 

IHC analysis. In addition, the FACS analysis results were useful for quantifying and comparing 

of transgene protein abundance intensities between the different animals. Analysis of F0 pig 

#12346 demonstrated a ratio of negative to positive cells of 34% to 66%. #12561 displayed a 

lower mosaic pattern with 80% positive cells and 20% negative cells. Animal #12557 showed 

a very low percentage of negative cells, totaling only 1%. All other hCD47 transgenic F0 pigs 

examined exhibited 100% hCD47-positive cells, as representatively shown in Figure 12 (G-I). 
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Figure 12: Notable differences in the hCD47 expression pattern in the F0 pigs derived from the bulk cell 

population. 

(A – F) Representative immunohistochemistry stainings for hCD47 demonstrate consistency of staining pattern in 

different tissues of hCD47 transgenic SCNT offspring. (A & D) Homogeneous staining pattern; (B & E) 

mosaic-like staining pattern; (C & F) wild-type negative control. (A – C) Pancreatic tissue; (D – F) the 

corresponding tail tissue of the same animals as for pancreatic tissue. DAB: brown color. Cell nuclei were stained 

in blue. Scale bars = 100µm. (G – I) Representative FACS analysis shows 100% transgene positivity of all cells 

analyzed in one F0 animal (G), mosaic pattern with a negative (19.7%) and positive fraction (80.3%) of the 

analyzed cells in another F0 animal (H), as well as the negative result for hCD47 seen in cells of a WT control (I). 
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Of note, founder pig #12558 exhibited a nuclear membrane-forced staining pattern of hCD47 

that differed from the cell membrane-forced staining pattern of all other hCD47-tg founder pigs 

in IHC analysis (Figure 13 A). To confirm the IHC findings, we compared permeabilized and 

non-permeabilized PKCs in the FACS analysis. This revealed a pronounced rightward shift of 

hCD47-positive cells upon cell permeabilization (non-permeabilized: 54.3% positive cells vs. 

permeabilized: 98.4% positive cells), thus confirming a particularly high transgene abundance 

within the cell (Figure 13 B). As the 3’ UTR sequence of CD47 was described to be essential 

for post-translational processing of the CD47 protein and correct translocation to the cell 

membrane, we next analyzed the presence of the 3’ UTR sequence of the hCD47 expression 

cassette integrated into the genome of the F0 founder pigs. For the PCR analyses, two distinct 

primer pairs were used: one for amplify the middle region of the long UTR and the other one 

for confirming the presence of the polyA tail sequence region. However, in the case of founder 

animal #12558, the PCR to detect the middle 3’ UTR sequence did not yield any discernible 

PCR band (Figure 13 C). 

 

Figure 13: Defective hCD47 post-translational processing by absence of 3’LU sequence in SCNT offspring 

#12558. 

(A) IHC staining of hCD47 revealed a nuclear-membrane staining pattern in founder pig #12558. DAB: brown 

color. Cell nuclei were stained in blue. Scale bars = 40µm. (B) Histogram of FACS analysis comparing 

permeabilized and non-permeabilized cell stains revealed a distinct right shift in positive cells of the permeabilized 

approach. (C) PCR results for the LU tail in the middle of the long UTR with a missing band in F0 animal #12558. 
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All F0 pigs carrying the hPD-L1 transgene (Table 17) exhibited a cell membrane-forced 

staining pattern of hPD-L1. While nine piglets exhibited a strong and homogeneous hPD-L1 

expression in all cells of all organs studied, four F0 pigs showed a mosaic-like staining pattern 

of varying degrees. Founder animal #12557 showed the strongest mosaic pattern staining, with 

only about 30% of cells positive for expressing hPD-L1. Founder #12346 had approximately 

50% hPD-L1-positive cells, while founder #12480 had around 80%. The selected breeding 

boar, #12560, also exhibited a slight mosaic pattern in a tail tissue sample, with roughly 90% 

positive cells. Figure 14 (A-F) provides representative illustrations of the 

immunohistochemical staining of pancreatic and tail tissues of the founder animals, with highly 

comparable findings between the tail sample and all other examined organ tissues. 

Further FACS analyses were performed to determine the hPD-L1 transgene protein abundance. 

Founder #12346 had the highest proportion of hPD-L1 negative cells at 80%. Animal #12557 

also exhibited a mosaic pattern with a 62% negative cell fraction. Founder #12480 had a 

negative fraction of approximately 3% in the kidney cells (Figure 14 G-I). 
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Figure 14: Notable differences in the hPD-L1 expression pattern in the F0 pigs derived from bulk cell 

population. 

(A – F) Representative immunohistochemistry stains for hPD-L1 demonstrate consistency of staining pattern in 

different tissues of hPD-L1 transgenic SCNT offspring. (A & D) Homogeneous staining pattern; (B & E) 

mosaic-like staining pattern; (C & F) wild-type negative control. (A – C) Pancreatic tissue; (D – F) the 

corresponding tail tissue of the same animals as for pancreatic tissue. DAB: brown color. Cell nuclei were stained 

in blue. Scale bars = 100µm. (G – I) Representative FACS analysis shows 100% transgene positivity of all 

analyzed cells in one F0 pig (G) and a mosaic pattern with a negative (3%) and positive fraction (97%) of the 

analyzed cells in another F0 pig (H) in comparison to a WT control (I). 
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Table 18: Summary of the expression patterns of the F0 pigs derived from bulk cell population. 

# 
α-Gal CCL2 hCD47 hPD-L1 LEA29Y 

IHC FACS  IHC FACS IHC FACS IHC 

12346 

100% 

absence 

 

100% 

negative 

n.a. 

mosaic 

(50% pos) 66% pos mosaic 

(50% pos) 20% pos 100% 

negative 

12347 
100% 

negative 
homogenous 

(100% pos) 100% pos homogenous 

(100% pos) 100% pos 100% 

negative 

12480 
100% 

negative 
homogenous 

(100% pos) 100% pos mosaic 

(80% pos) 97% pos 100% 

negative 

12481 
100% 

negative 0% pos 0% pos homogenous

100% pos 100% pos 100% 

negative 

12482 n.a. mosaic 

(80% pos) n.a. mosaic 

(95% pos) n.a. 100% 

negative 

12483 
100% 

negative 0% pos 0% pos homogenous 

(100% pos) 100% pos 100% 

negative 

12556 
100% 

negative 
homogenous 

(100% pos) 100% pos homogenous 

(100% pos) 100% pos 100% 

negative 

12557 
100% 

negative 
mosaic 

(80% pos) 99% pos mosaic 

(30% pos) 38% pos 100% 

negative 

12558 
100% 

negative 

mosaic 

(80% pos) 

nuclear -

membrane! 

non-perm: 23%  

perm: 98%  

pos  

homogenous 

(100% pos) 100% pos 100% 

negative 

12559 n.a. 0% pos n.a. homogenous 

(100% pos) n.a. 100% 

negative 

12560 n.a. homogenous 

(100% pos) n.a. mosaic 

(90% pos) n.a. 100% 

negative 

12561 
100% 

negative 
mosaic 

(50% pos) 80% pos homogenous 

(100% pos) 100% pos slightly 

positive 

12562 n.a. homogenous 

(100% pos) 
n.a. homogenous 

(100% pos) 
n.a. 

100% 

negative 

1.1.1.4. pA2UCOE-INS promoter driven β-cell-specific expression of LEA29Y 

Whereas the promoter pA2UCOE-CAG, as described and shown above, promises ubiquitous 

transgene expression, the porcine insulin (INS) promoter was chosen for β-cell-specific 

expression of the secreted transgene LEA29Y, to ensure site-specific expression of the 

transgene without any systemic immunosuppressive effects. PCR analysis detected the coding 

region of LEA29Y in 10 out of 13 F0 pigs resulting from SCNT of the bulk cell approach. 

However, this region was absent in three F0 pigs, although carrying the coding region of the 

hPD-L1 transgene. Among the 10 F0 pigs that harbored the pA2UCOE-INS-LEA29Y transgene 

as a fusion expression cassette with CAG-hPD-L1, LEA29Y expression was studied in 

pancreatic tissue in nine F0 pigs using immunohistochemistry. No LEA29Y protein was 

detected in any of the eight F0 animals, except for the pancreas tissue from animal #12561. 

Comparing the transgene protein abundance in the pancreas of #12561 with that of animals 

from the preexisting INS-LEA29Y pig line, the LEA29Y protein expression was weaker in the 

islets of founder #12561, and a lower proportion of cells exhibited compared to the preexisting 

transgenic line (Figure 15). 
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Figure 15: Distinct lower transgene protein abundance of LEA29Y in the F0 pigs derived from the bulk cell 

population compared to the preexisting transgenic line. 

(A - C) LEA29Y IHC results of exemplary founder animals showing representative non-expression (A) and weak 

LEA29Y expression of founder animal #12561 (B) in comparison to the preexisting high expressing 

LEA29Y line (C) on pancreatic tissue. DAB: brown color. Cell nuclei were stained in blue. Scale bars = 100µm. 

 

1.1.2. Characterization of breeding properties and gm robustness in F1 offspring 

Based on the findings of immunohistochemical evaluation of expression patterns of hCD47 and 

hPD-L1 in tail samples, two 5x gm male F0 pigs, #12560 and #12561, were raised to establish 

breeding lines. Using boar #12560, numerous pregnancies were obtained resulting in the birth 

of genetically multi-modified offspring. In contrast, #12561 turned out to be infertile. 

The F1 offspring of F0 boar #12560 were used for further transgene expression investigations, 

pancreatic isolations for mouse xenotransplantation experiments, and for the establishment of 

a gm breeding herd. Throughout this doctoral thesis, 13 matings occurred. All piglets underwent 

genotyping by PCR to determine their genomic status.  

In the context of the (GGTA1/CCL2)-2xKO genotype, where the father carries recessive 

mutations on both alleles, it was expected that all offspring would inherit one defective allele 

for both GGTA1 and CCL2. This expectation was confirmed by the observation that all 

offspring were heterozygous for both genes, except when the sire was paired with sows that 

were already GGTA1-KO or -het, or CCL2-KO or -het, resulting in knockout offspring 

(Figure 16). 
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Figure 16: Complete absence or less α-Gal epitopes in the offspring of founder boar #12560. 

Representative FACS analysis confirmed the complete absence of α-Gal epitopes in GGTA1-KO offspring 

(dark blue) or reduced α-Gal epitopes in GGTA1-het offspring (light blue) compared to a WT control (grey). 

 

Regarding the transgene cassettes (INS-LEA29Y/hPD-L1)-2xtg and (hCD47)-tg, representing 

a heterozygous combination on one allele, are expected to be passed on to 50% of the offspring. 

Notably, despite the presence of two independent transgene expression cassettes, hPD-L1 and 

hCD47 were consistently co-inherited, whereas LEA29Y was absent in a few offspring. The 

transgene expression pattern of F1 offspring of F0 founder pig #12560 was studied for all three 

transgenes, comparing it to other F1 offspring and those of other F0 pigs derived from the bulk 

cell approach.  

Immunohistochemical staining of various organs and FACS analysis of PKCs from a 

representative selection of offspring derived from the founder animal #12560 revealed the 

inheritance of the high transgene expression pattern as observed in the sire's tail sample.  

Specifically hCD47 exhibited a remarkably strong and homogeneous expression pattern across 

all examined tissues, as demonstrated in Figure 17 (A-D). The FACS analyses also confirmed 

the reliable and robust inheritance of the hCD47 transgene in the offspring, with all offspring 

showing 100% positive cells and similar mean fluorescence intensity (MFI) levels 

(Figure 17 E-F). 
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Figure 17: Robust high expression of the hCD47 transgene in the offspring of founder #12560. 

(A – D) IHC staining of hCD47: (A) Homogeneous staining pattern in the tail sample of founder #12560 compared 

to (B) wild-type tail control. (C) Homogeneous staining pattern in the pancreatic tissue of an exemplary offspring 

from founder #12560 compared to (D) wild-type pancreatic control. DAB: brown color. Cell nuclei were stained 

in blue. Scale bars = 100µm. (E – F) FACS analyses of the offspring showed 100% positive cells with similar MFI 

levels (C) in comparison to a WT control (D).  
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Similarly, a subtle mosaic pattern was observed across all examined organs of the offspring, 

consistent with the hPD-L1 immunohistochemical findings of the sire's tail sample 

(Figure 18 A-D). The FACS analyses of PKCs from randomly selected offspring further 

revealed variation in the number of non-hPD-L1-expressing cells among the offspring. 

Nevertheless, all examined offspring showed well over 90% positive cells with similar MFI 

rates (Figure 18 E-F).  

 

Figure 18: Despite slight mosaic pattern, the offspring of founder #12560 exhibited high expression of the 

hPD-L1 transgene.   
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(A – D) IHC staining of hPD-L1: (A) Subtle mosaic pattern in the tail sample of founder #12560 compared to 

(B) wild-type tail control. (C) Subtle pattern in the pancreatic tissue of an exemplary offspring from founder 

#12560 compared to (D) a wild-type pancreatic control. DAB: brown color. Cell nuclei were stained in blue. 

Scale bars = 100µm (E, F) FACS analyses of the offspring showed variation in the number of negative cells but 

were consistently below 10%. The positive cells reached similar MFI levels (E). WT control for comparison (F). 

 

Interestingly, one examined descendant, #13445, exhibited weak LEA29Y expression. 

However, even in this case, the expression was considerably weaker than in the already existing 

line. Additionally, matings was carried out involving the founder boar #12560 and transgenic 

sows from the preexisting INS-LEA29Y line (Figure 19), resulting in offspring that inherited 

robust expression of hPD-L1 and hCD47 from the sire, as well as high LEA29Y expression 

from the dam. 

 

Figure 19: LEA29Y expression found in offspring from founder #12560. 

(A-C) LEA29Y IHC results of exemplary offspring from founder #12560 showing weak LEA29Y expression in 

animal #12445 (A) compared to offspring resulting from mating (B) with a LEA29Y-transgenic sow from the 

preexisting high-expressing LEA29Y line (C). DAB: brown color. Cell nuclei were stained in blue. 

Scale bars = 100µm. 

1.1.3. Limitations of bulk cell approach in the generation of multi-gm islet donor pigs 

Reflecting on the results obtained from the bulk cell approach in the de novo generation of 

multi-gm islet donor pigs, several new bottlenecks were identified that must be addressed to 

achieve the objective goal of a multi-gm optimized islet donor pig line with reliable and robust 

transgene expression and combined heritability. The most prominent limitations identified are: 

(I) The porcine INS promoter was found to be unreliable in enabling β-cell-specific 

robust transgene expression, despite the presence of a chromatin opening element.  

(II) A low degree of mosaic pattern expression of the transgenes was observed, despite 

the presence of a chromatin opening element and the CAG promoter. 

(III) Error-prone integration of transgene expression cassettes occurred, resulting in 

unpredictable alterations and fragmentations of these cassettes. 
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1.2. Generation of gm pigs with targeted knock-in validation strategy 

Based on the findings of the bulk cell approach and the identification of the bottleneck to 

achieve the objectives, a second approach was developed. This approach involved a targeted 

knock-in strategy, which integrated single expression cassettes into three defined gene loci: 

exon 7 and exon 10 of the GGTA1 gene, and 1 kb distal of the INS-LEA29Y transgene 

integration site on SSC6 of the preexisting INS-LEA29Y transgenic line. The aim of this 

approach was to achieve gm pigs with the following genetic modifications:  

(1) B2M-KO/GGTA1-KO_pA2UCOE-CAG-hPD-L1-tg (in exon 7 of GGTA1),  

(2) GGTA1-KO_pA2UCOE-CAG-hCD47-LU-tg (in exon 10 of GGTA1),  

(3) GGTA1-KO/ (INS-LEA29Y, pA2UCOE-CAG-hPD-L1)-2xtg (in SSC6).  

Therefore, WT cells were used to obtain de novo gm pigs for settings (1) and (2), whereas 

GGTA1-het/INS-LEA29Y-tg (SSC6) cells were used for nucleofection to obtain gm pigs for 

setting (3).  

Each expression cassette was flanked by homologous arms ranging from 600 to 860 bp in 

length, corresponding to the gene integration sites. A gRNA target sequence specific to the 

corresponding targeted genomic region was placed between each flanking region of 

homologous arms and the plasmid backbone. Circular plasmids containing the large expression 

cassettes were used for nucleofection without prior linearization. Similar to the bulk cell 

approach, a strategy of CRISPR-Cas9-driven double-strand break of the genomic region of 

interest was applied, which should favor targeted integration of the transgene expression 

cassette. Nucleofection was performed using circular expression cassette plasmids containing 

the gRNA target regions. 

Similar to the design of the first approach, flow cytometry was used to select cells that were 

negative for α-Gal epitopes and positive for a ubiquitously expressed cell membrane-anchored 

transgenes. However, in contrast to the first approach, flow cytometry-based cell sorting was 

performed on day 3 post-nucleofection instead of day 5. The selected cells were then directly 

seeded on 96-well plates at a low density of one or two cells per well on average to propagate 

SCCs. PCR analyses were then used to screen the SCCs and confirm the correct integration of 

the transgene in the specific gene locus. Figure 20 provides an overview of the individual steps 

of this new approach. 
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Figure 20: Key stages of the targeted knock-in validation strategy to generate multi-gm pigs. 

 

1.2.1. Locus-specific integration of the pA2UCOE-CAG-hPD-L1 transgene nearby the 

INS-LEA29Y SSC6 site of preexisting gm pig line 

In this approach, kidney cells from two gm pigs from the preexisting pig line were used, taking 

advantage of the robust LEA29Y expression. Specifically, cells isolated from two 

GGTA1-het/hCD46-tg/INS-LEA29Y-tg male animals, #7697 and #7700, were used. To prevent 

segregation of the transgenes during breeding, the pA2UCOE-CAG-hPD-L1 expression cassette 

was positioned nearby the INS-LEA29Y expression site on SSC6 (Figure 21 A). 

Using the CRISPOR tool, three gRNAs targeting SSC6 gDNA 1 kb distal to the INS-LEA29Y 

transgene integration site were selected for cloning into the pX458M-53BP1-DN1S plasmid. 

The efficiency of the plasmid-based gRNA/Cas9 induction of a double-strand break after 

nucleofection of porcine kidney cells was tested using the TIDE analysis tool. The TIDE 

analysis showed that the best cutting efficiency of the gRNAs was achieved with 48.6% by 

gRNA Chr6-2 (Figure 21 B). 

Three days after nucleofection with circular plasmids containing the pA2UCOE-CAG-hPD-L1 

SSC6-HA expression cassette, and transient expression of gRNA and Sniper-Cas9 in cells from 

animals #7697 and #7700, a total of 8,977 cells (1.2% of total cells) from cell line #7697 and 

9,975 cells (1.6% of total cells) from cell line #7700 were collected via flow cytometry. These 

cells exhibited the absence of the α-Gal epitope and the highest hPD-L1 protein surface 

expression (Figure 21 C).  
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Figure 21: Construct design and pre-selection of cells with targeted hPD-L1 integration into the SSC6 locus. 
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(A) Construct design. The CAG-hPD-L1 expression cassette should be integrated nearby the INS-LEA29Y 

transgene integration site on SSC6. Therefore, the pA2UCOE-CAG-hPD-L1 construct was flanked with SSC6 

homologous arms. The position of primers that were used for genotyping of gm pigs is marked. (B) Highest cutting 

efficiency of gRNA was achieved with 48.6% by Chr6-2 gRNA, as shown by TIDE analysis. Shown is the 

proportion of frameshift events and the gRNA cutting site, which were expected to lead to frameshift mutations 

through NHEJ, along with the overall efficiency of gene editing (top). Genome editing in the SSC6 locus was 

analyzed using the TIDE online tool, showing the editing position by the blue arrow (bottom). (C) Dot blots of 

flow-cytometry-based cell sorting for the collection of hPD-L1 positive cells (gate P4) for subsequent SCC 

propagation. 

Subsequently, six 96-well plates were seeded with a cell density of one cell per well from each 

cell line immediately after cell sorting. The remaining cells were plated as a bulk population. 

In total, 61 SCCs were harvested and screened for the correct integration of the transgene 

expression cassette. Among them, 47 cell clones had integrated the hPD-L1 transgene, with 27 

cells also integrating the transgene at the intended gene location (refer to Table 19). 

1.2.2. Generation of de novo B2M-KO/GGTA1-KO_pA2UCOE-CAG-hPD-L1-tg (in 

exon 7 of GGTA1) multi-gm pigs 

In this targeted knock-in approach, the pA2UCOE-CAG-hPD-L1 expression cassette was 

inserted into exon 7 of the GGTA1 gene. To achieve this, a circular plasmid was designed, 

carrying the pA2UCOE-CAG-hPD-L1 construct flanked by homologous arms from exon 7 of 

the GGTA1 gene (Figure 22 A). Two different RNP complexes were utilized: one for editing 

the GGTA1 gene in exon 7 and the other for editing the B2M gene (not shown). 

The CRISPOR tool was used to select two gRNAs targeting GGTA1 gDNA in exon 7. The best 

cutting efficiencies of gDNA were achieved with 67% by GGTA1-5 gRNA in combination 

with Cas9 v2 protein, as demonstrated by TIDE analysis (Figure 22 B). For targeting the B2M 

gene, gRNA B2M-1 was selected, achieving a cutting efficiency of 50.2% in combination with 

HiFi Cas9 protein (Figure 22 C). 

Porcine kidney cells from a German Landrace WT boar, which were free of Perv C integrants 

and carrying blood group 0, were used for nucleofection. Three days after nucleofection, a total 

of 60,941 cells (3.4% of the total cells) were selected via flow cytometry, exhibiting the highest 

hPD-L1 surface expression and the absence of α-Gal epitopes (Figure 22 D). 
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Figure 22: Construct design and pre-selection of cells with targeted hPD-L1 integration into exon 7 of 

GGTA1 gene. 

(A) Construct design. A circular plasmid was designed, carrying the pA2UCOE-CAG-hPD-L1 construct flanked 

by homologous arms from exon 7 of the GGTA1 gene. The position of primers used for genotyping of gm pigs is 

marked. (B) TIDE analysis. Best cutting efficiencies of gRNA were achieved with 67% by GGTA1-5 gRNA, as 

demonstrated by TIDE analysis. Shown is the proportion of frameshift events and the gRNA cutting site, which 

were expected to lead to frameshift mutations through NHEJ, along with the overall efficiency of gene editing 

(top). Genome editing in the GGTA1 locus was analyzed using the TIDE online tool, showing the editing position 

by the blue arrow (bottom). (C) For targeting the B2M gene, gRNA B2M-1 was selected, which achieved a cutting 

efficiency of 50.2%. (D) Dot blots of flow-cytometry-based cell sorting for collection of cells without α-Gal 

epitopes (gate P4) and positive for hPD-L1 (gate Q4).  

Subsequently, ten 96-well plates were seeded with a cell density of two cells per well 

immediately after cell sorting, while the remaining cells were plated as a bulk population. 

A total of 206 SCCs were collected, of which 31 underwent screening for the correct transgene 

integration. Of these, 30 cell clones had integrated the hPD-L1 transgene, with seven integrating 

the transgene at the intended location in exon 7 of the GGTA1 gene (refer to Table 19). 
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1.2.3. Targeted integration of pA2UCOE-CAG-hCD47-LU expression cassette in 

exon 10 of GGTA1 gene 

In order to achieve co-expression of hPD-L1 and hCD47 in subsequent breeding while avoiding 

segregation, the CAG-hCD47 expression cassette was inserted into exon 10 of the GGTA1 gene. 

For this purpose, the pA2UCOE-CAG-hCD47-LU construct was flanked with homologous arms 

specific for the transgene integration site (Figure 23 A). Porcine kidney cells from a German 

Landrace wild-type (WT) boar, as utilized in Chapter 1.2.2., were subjected to electroporation 

using the previously established GGTA1-1 gRNA. Three days after nucleofection, a total of 

90,609 cells (3.6% of the total cells) were selected via flow cytometry, exhibiting the highest 

hCD47 surface expression and the absence of α-Gal epitopes (Figure 23 B). 

 

Figure 23: Construct design and pre-selection of cells with targeted hCD47 integration into exon 10 of 

GGTA1 gene. 

(A) Construct design. The pA2UCOE-CAG-hCD47-LU construct was flanked by homologous arms from exon 10 

of the GGTA1 gene. Positions of primers used for genotyping of gm pigs are marked. The previously established 

gRNA for integration into exon 10 of the GGTA1 gene was employed. (B) Dot blots of flow cytometry-based cell 

sorting for collection of cells lacking α-Gal epitopes (gate P4) and positive for hCD47 (gate Q4).  
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Subsequently, ten 96-well plates were seeded immediately after cell sorting, with each well 

containing a cell density of two cells, while the remaining cells were plated as a bulk population. 

In total, 221 SCCs were collected. Of these, 93 SCCs underwent screening for the correct 

transgene integration. Among them, 54 cell clones had integrated the hPD-L1 transgene, with 

45 of them integrating the transgene at the intended site in exon 10 of the GGTA1 gene (refer 

to Table 19). 

Table 19: Overview of validation results from SCC screening for targeted transgene integration. 

Transfection 

No. cells 

transfected 

(in mio) 

FACS 

No. of cells 

plated per 

well 

No. of 

SCCs 

harvested 

No of SCCs 

analyzed 

Transgene 

integrated 

(% of 

analyzed) 

Transgene in 

correct 

position (% 

of analyzed) 

F36 

#7679 0.7 hPD-L1pos 
1 cell/well 

6 plates 
61 61 (100%) 47 (77%) 27 (44%) 

#7700 0.7 hPD-L1pos 
1 cell/well 

6 plates 

F38 0.5 
α-Gal neg 

hCD47pos 

2 cells/well 

10 plates 
221 93 (42%) 54 (58%) 45 (48%) 

F39 0.5 
α-Gal neg 

hPD-L1pos 

2 cells/well 

10 plates 
206 31 (15%) 30 (97%) 7 (23%) 

Total    488 185 (38%) 131 (71%) 79 (43%) 
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1.2.4. Generation of F0 gm pigs with targeted knock-in validation strategy by SCNT 

A total of 10 SCCs were selected for mixed somatic cell nuclear transfers (SCNTs). Clones 

containing the genetic modifications pA2UCOE-CAG-hPD-L1 in SSC6, pA2UCOE-CAG-

hPD-L1 in exon 7 of GGTA1, and pA2UCOE-CAG-hCD47-LU in exon 10 of GGTA1, as 

described previously, were used. Six SCNTs were performed, resulting in four pregnancies and 

the birth of 13 piglets. Among them, nine piglets were born alive without any discernible 

abnormalities in health status and morphology, while four were stillbirths, as detailed in 

Table 20.  

Table 20: Overview of conducted SCNTs using SCCs. 

SCNT 

no. 
ID of SCCs used 

Date of 

SCNT 

No. of SCNT 

embryos 

transferred 

Pregnancy 

(%) 

Liveborn 

piglets 

Stillborn 

piglets 

1 

F36 13/29/40 

F38 25/27/28 

F39 11/31 

31-03-23 159 + 2 - 

2 31-03-23 164 - - - 

3 31-03-23 153 - - - 

4 

F36 11 

F38 22/40/45 

F39 12/16/31 

26-05-23 143 + - 2 

5 26-05-23 142 + 4 1 

6 26-05-23 142 + 3 1 

Total   903 
4/6 

(66.7%) 
9 4 

 

The genomic status of the founder animals was initially assessed through genotyping PCRs and 

Sanger sequencing. The acquired genotypes are shown in Table 21. 
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1.2.5. Characterization of transgene expression pattern of SCNT offspring 

Tissue samples were collected for expression analysis from both stillborn piglets and offspring 

born alive who were either sacrificed or died in the postnatal period, in addition to the tail 

samples obtained for genotyping. Furthermore, kidney cells were isolated from piglets derived 

from all used SCCs. 

1.2.5.1. GGTA1-KO_pA2UCOE-CAG-hCD47-LU-tg (in exon 10 of GGTA1) 

Figure 24 (A-B) displays the immunohistochemical staining of pancreatic tissue from the 

founder animals. All piglets, which carry the hCD47 transgene targeted and integrated into 

exon 10 of the GGTA1 gene, showed a strong and homogeneous cell membrane-forced staining 

in all examined organs. No mosaic-like expression patterns were observed. FACS analyses 

confirmed these findings, with 100% of hCD47-positive cells in all hCD47-transgenic F0 pigs 

(Figure 24 C-D). In addition, the complete absence of α-Gal epitopes was confirmed, indicating 

a knockout of the GGTA1 gene (not shown). 
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Figure 24: High homogeneous cell membrane-localized transgene expression of hCD47 integrated in 

exon 10 of the GGTA1 gene. 

(A, B) hCD47 IHC results of an exemplary founder animal showing strong homogeneous staining (A) in 

comparison to a wild-type control (B) of pancreatic tissue. DAB: brown color. Cell nuclei were stained in blue. 

Scale bars = 100µm. (C, D) Representative FACS analysis histogram shows 100% transgene positivity of all 

analyzed PKCs of a transgenic F0 founder animal (C) in comparison to a WT control (D). 

1.2.5.2. B2M-KO/GGTA1-KO_pA2UCOE-CAG-hPD-L1-tg (in exon 7 of GGTA1) 

The hPD-L1 transgene, targeted-integrated into exon 7 of the GGTA1 gene, consistently 

exhibited robust and homogeneous expression across all examined organs as confirmed by 

immunohistochemistry staining. This was observed in animals with both monoallelic and 

biallelic expression cassette integration, as shown in Figure 25 (A-D). Moreover, precise 

quantification through FACS analyses demonstrated that cells with biallelic integration of the 

hPD-L1 transgene had a slight rightward shift in expression intensity, as measured by mean 

fluorescence intensity (MFI) (Figure 25 E-F). Additionally, the complete absence of α-Gal 

epitopes was confirmed, indicating a knockout of the GGTA1 gene (not shown). 
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Figure 25: High homogeneous membrane-localized transgene expression of hPD-L1 integrated in exon 7 of 

the GGTA1 gene. 

(A – D) hPD-L1 IHC results of exemplary founder animals showing a strong homogeneous expression pattern of 

bi- (A) and monoallelic (B) hPD-L1 integration in comparison to wild-type controls (C, D) of pancreatic tissue. 

DAB: brown color. Cell nuclei were stained in blue. Scale bars = 100 µm. (E) Representative FACS analysis 

histograms showing a rightward shift in expression intensity (measured by MFI) of homozygous hPD-L1 

integration compared to monoallelic transgene integration in the GGTA1 gene. (F) FACS histogram of a wild-type 

control for comparison. 
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1.2.5.3. GGTA1-KO_(INS-LEA29Y, pA2UCOE-CAG-hPD-L1)-2xtg (in SSC6) 

The integrated hPD-L1 expression cassette, positioned approximately 1 kb downstream from 

the INS-LEA29Y integration site on SSC6, resulted in a similar robust and homogeneous 

hPD-L1 expression pattern as detected in gm animals with targeted integration of the hPD-L1 

expression cassette in exon 7 of the GGTA1 gene (Fig. 26 A-B). Furthermore, the integration 

of a large cassette nearby the preexisting transgene integration site of the INS-LEA29Y 

transgene did not show any negative effect on the expression of LEA29Y, as demonstrated by 

immunohistochemistry (Figure 26 C-D).  

PKCs derived from animals that have integrated the hPD-L1 transgene into the SSC6 locus 

reached an expression level that ranks between those of PKCs from animals with mono- and 

biallelic hPD-L1 integration in exon 7 of the GGTA1 gene, as demonstrated by FACS analysis 

histograms (Figure 26 E-F). Furthermore, the absence of α-Gal epitopes confirms a knockout 

of the GGTA1 gene (not shown). 
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Figure 26 High homogeneous cell membrane-localized transgene expression of hPD-L1 integrated 1 kb 

downstream form the INS-LEA29 integration site on SSC6. 

(A – D) Strong homogeneous hPD-L1 (A) and β-cell-specific LEA29Y (C) expression pattern of the co-expressing 

founder animals in comparison to a wild-type control (B, D) of pancreatic tissue. DAB: brown color. Cell nuclei 

were stained in blue. Scale bars = 100 µm. (E, F) Representative FACS analysis histograms demonstrate an 

intermediate expression intensity (measured by MFI) of cells with hPD-L1 integration near the LEA29Y 

integration site, which ranks between that of PKCs from animals with mono- and biallelic hPD-L1 integration in 

exon 7 of the GGTA1 gene (E) in comparison to a WT control (F). 
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1.3. Comparison of transgene expression level in regard of genomic integration site 

To evaluate the transgene protein abundance across different gm F0 founder pigs, Western 

immunoblot analyses were conducted using pancreatic tissue samples. Considerable variations 

in transgene expression intensity were observed among the different F0 pigs derived from the 

bulk cell population approach. In Western blot assays, the hCD47 protein was identified with 

an approximate molecular weight of 50 kDa in all hCD47-transgenic F0 pigs. In animals 

#12481, #12483, and #12559, no hCD47 protein could be detected, which is in line with the 

absence of hCD47 transgene integration in these F0 pigs. Founder animals #12346, #12347, 

#12480, and #12482 exhibited less than 25% transgene protein abundance compared to founder 

#12557, which displayed the highest protein abundance. F0 pigs #12556, #12562, and #12558 

demonstrated intermediate levels, ranging around ±50%. F0 pig #12558 presented a noticeably 

lower band. In that animal, hCD47 protein with a size of 30 kDa was detected (Figure 27). 

There were also notable differences in hPD-L1 expression levels among the analyzed F0 pigs. 

In all F0 pigs, a protein band corresponding to hPD-L1 with a size of 50 kDa was detected in 

the analyzed pancreatic tissue lysates. Founder animals #12346, #12347, #12480, #12559, and 

#12557 showed transgene protein abundances of less than 25% compared to founder #12558, 

which exhibited the highest protein abundance. F0 pigs #12481, #12482, #12483, #12556, and 

#12562 demonstrated intermediary levels, with abundances ranging approximately ±50% 

(Figure 27).  
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Figure 27: Western blot analyses showing distinct variations in the expression level of hCD47 and hPD-L1. 

in the F0 pigs derived from bulk cell population. 

Western blot analyses of pancreatic tissue showing protein abundance of hCD47 and hPD-L1 in percent of F0 pigs 

derived from the bulk cell population, in comparison to a WT control. 

The Western blot analyses findings were confirmed by FACS analyses. Figure 28 shows the 

measured MFI levels in percentage (excluding negative cells) of the F0 pigs derived from the 

bulk cell population approach and the offspring of founder #12560. 

The F0 pigs derived from the bulk cell population approach showed significant differences in 

expression levels. Particularly noteworthy is the finding of high expression levels of hCD47 

found in founder animal #12557, which were even surpassed by the offspring of founder 

#12560, consistently showing an MFI of over 80%. F0 pigs #12346, #12347, and #12480 

achieved levels below 25% MFI. The remaining analyzed founders attained intermediate levels. 

Similarly, substantial variations were observed in hPD-L1 expression levels, with founder 

#12561 recording the highest measured MFI. Founders #12346, #12347, #12480, and #12557 

achieved levels below 25%. The remaining founder animals fell in between. The offspring 

resulting from breeding founder #12560 consistently exhibited levels over 75%. 
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Figure 28: MFI level of F0 pigs derived from the bulk cell population showing grand variations, while 

offspring exhibited consistent MFI levels.  

FACS analyses showing MFI in percent of F0 pigs derived from the bulk cell population in comparison to offspring 

of founder pig #12560 and WT control. 

To compare the protein abundance between the F0 pigs derived from the bulk cell population 

approach and those derived from targeted transgene integration, additional Western blot and 

FACS analyses were conducted. Within the Western blot assays, the hCD47 protein was 

detected in all hCD47-transgenic F0 pigs, exhibiting an approximate molecular weight of 

50 kDa. As demonstrated previously, high variations in transgene expression intensity were 

observed among the F0 founder pigs derived from the bulk cell population. In contrast, F0 pigs 

#14277, #14281, and #14278, harboring the integrated hCD47 transgene targeted in exon 10 of 

the GGTA1 gene, displayed only minimal differences in the protein abundance. Collectively, 

they maintained a consistent level, exceeding 80%, albeit slightly less than founder animal 

#12557. Variations in molecular weights, as observed in F0 pig #12558, were not detected 

among the newer founder animals (Figure 29). 



V. Results 108 

 

Figure 29: Western blot analyses revealed a consistently high level of hCD47 protein abundance inF0 pigs 

derived from targeted transgene integration. 

Western blot analyses of pancreatic tissue showing protein abundance in percent of F0 pigs derived from the bulk 

cell population, in comparison to F0 pigs derived from targeted hCD47-tg integration in exon 10 of the GGTA1 

gene, and a WT control. 

In line with the observations on the hCD47 transgene, all F0 pigs with targeted integration of 

the hPD-L1 showed only slight differences in protein abundance The presence of the 50 kDa 

hPD-L1 protein band was detected of pancreatic tissue in all F0 pigs. Distinct variations in 

protein abundance were observed for hPD-L1 among the different F0 pigs analyzed. These 

variations were previously detailed and were not found in the F0 pigs derived from targeted 

transgene integration. Additionally, the pigs derived from targeted transgene integration 

displayed even higher levels of protein abundance (80-100%) compared to those derived from 

the bulk cell approach. Notable differences between founder animals with targeted hPD-L1 

integration in exon 7 of the GGTA1 gene (#14282, #14279, #14274, and #14061) and those 

with targeted hPD-L1 integration in the SSC6 locus (#14273 and #14272) were not observed 

(Figure 30). 



V. Results 109 

 

Figure 30: Western blot analyses revealed a consistently high level of hPD-L1 protein abundance in F0 pigs 

derived from targeted transgene integration. 

Western blot analyses of pancreatic tissue showing protein abundance in percent of F0 pigs derived from the bulk 

cell population in comparison to F0 pigs derived from targeted hPD-L1-tg integration in exon 7 of the GGTA1 

gene and WT control. 

The results regarding the differences in transgene expression intensities between the different 

F0 founder pigs obtained in the Western blot analyses were confirmed by FACS analyses. 

Figure 31 shows a comparison of the measured MFI levels in flow cytometry analyses, 

expressed as a percentage (excluding negative cells), between the F0 pigs derived from the bulk 

cell population approach and those derived from targeted transgene integration. Although 

founder animals derived from the bulk cell population showed significant variations in MFI 

levels, as described in the Western Blot analyses findings, the MFI levels of F0 pigs from 

targeted transgene integration showed only minor differences. In terms of hCD47 expression 

levels, the F0 founder animals resulting from the targeted transgene integration approach 

consistently exhibited MFI levels exceeding 90%. These levels were even slightly higher than 

those of the best-performing offspring #13699 from the bulk cell population. 
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Similarly, the MFI levels of the hPD-L1 expression on PKCs of F0 pigs derived from the 

targeted transgene integration approach were within a similar range of ± 80%. However, they 

were lower compared to the best-performing founder #12561 from the bulk cell population. No 

significant differences in MFI levels were detected between the two hPD-L1 transgene 

integration sites, GGTA1 and SSC6. 

 

Figure 31: FACS analyses revealed a consistently high MFI level of hCD47 and hPD-L1 in F0 pigs derived 

from targeted transgene integration.  

FACS analysis histograms comparing transgene expression levels of both, hCD47 (A) and hPD-L1 (B) of pigs 

derived from the bulk cell approach vs. pigs derived from targeted tg integration. (C) MFI levels of F0 pigs derived 

from targeted tg integration in comparison to F0 pigs derived from bulk cell population and WT control. 
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1.4. Validation of functionality of gm NPIs in vivo  

The functionality of the NPIs from the gm pig line was tested in a preclinical transplantation 

model. In this model, NPIs were transplanted under the kidney capsule in immunodeficient 

streptozotocin-induced diabetic NSG mice. One group of mice received NPIs derived from 

pancreata of WT piglets (NPIwt Tx group), whereas the other group of mice received NPIs 

derived from pancreata of gm F1 offspring (NPIgm Tx group), which were obtained from 

matings with the F0 founder boar #12560. Of note, strong expression of both hCD47 and 

hPD-L1was confirmed on isolated NPIs prior to transplantation (not shown), as well as on the 

graft after explantation by immunohistochemistry (Figure 32 A-C). Mice of both NPI 

transplant groups were similar in their capability to attain normoglycemia (NPIwt vs. NPIgm Tx 

group p>0.05) (Figure 32 D). To assess whether the grafts functioned similarly between the 

two NPI recipient groups, an intraperitoneal glucose tolerance test was conducted on 

graft-bearing mice after achieving a normoglycemic status. The blood glucose response and 

insulin secretion in response to the glucose challenge were similar in both NPI graft recipient 

groups (NPIwt vs. NPIgm Tx group p>0.05 for all parameters) (Figure 32 E-F). These results 

show that the genetic modifications and transgene expression on the NPIs did not have a 

negative impact on engraftment and graft function. 
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Figure 32: Transgenic expression hCD47 and hPD-L1 did not adversely affect NPI graft function. 

(A-C) Representative images of the (hPD-L1, hCD47)-2xtg NPI graft after transplantation stained for insulin (A), 

hCD47 (B), and hPD-L1 (C). DAB: brown color. Cell nuclei were stained in blue. (D) Development of 

normoglycemia after transplantation in a monitoring period of 220 days. (E-F) Normoglycemic mice harboring a 

(hPD-L1, hCD47)-2xtg NPI graft had a similar response upon intraperitoneal glucose tolerance test as the NIP 

transplant group that received WT NPIs. Glucose clearance (E) and glucose-stimulated insulin secretion at 0 and 

10 minutes (F) during intraperitoneal (i.p.) glucose tolerance test were comparable in mice transplanted with 

(hPD-L1, hCD47)-2xtg (squares, black bars) to mice transplanted with WT (cycles, open bars) NPIs. 

Data provided by Prof. Dr. Jochen Seißler, (Medizinische Klink und Poliklink IV, Ludwig-Maximilians-

Universität, Munich). 
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2. Calcium sensor reporter pigs 

2.1. Generation of calcium sensor reporter pigs 

For the establishment of reporter pigs with a green fluorescent calcium sensor protein expressed 

ubiquitously, a linearized CAG-GCaMP6 expression cassette was used for nucleofection of 

male PKCs derived from a male German Landrace pig. Site-directed integration into the 

genome was intended to be facilitated through CRISPR/Cas9-driven double-strand breaks in 

the Rosa26 gene. For SCNT, a bulk population of donor cells was selected using flow cytometry 

of green fluorescent signal-positive cells based on spontaneous intracellular calcium flows in 

GCaMP6 protein-containing cells. 

In detail, the GCaMP6 expression sequence, which is codon-optimized for improved expression 

in mammalian cells, was placed under the control of a ubiquitous CAG promoter. Preceding the 

promoter sequence, the chromatin opening element pA2UCOE was positioned, resulting in a 

linearized purified construct with a total length of 5.2kb. By nucleofection of PKCs obtained 

from a wild-type boar, 2.5 µg of the linearized pA2UCOE-CAG-GCaMP6 expression cassette 

along with circular plasmids for R26 gRNA and Sniper-Cas9 protein were introduced into the 

cells. The previously established gRNA R26 was designed to induce a double-strand break in 

the non-coding safe harbor Rosa26 gene, as illustrated in Figure 33 (A). 

Five days after electroporation, a total of 593 green fluorescent cells (1.2% of the total cells) 

were selected by flow cytometry (Figure 33 B-C). 
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Figure 33: Targeting strategy and flow cytometry-based cell sorting of GCaMP6 expressing cells. 

(A) Targeting strategy for de novo generation of GCaMP6 transgenic pigs. Targeting site of the gRNA that is used 

to induce a double-strand break in the Rosa26 gene is shown. Graphical composition of the GCaMP6-carrying 

expression cassette is shown. Positions of the primers used for genotyping of gm pigs are indicated. (B) GCaMP6, 

a synthetic fusion of green fluorescent protein (GFP), calmodulin (CaM), and M13, a peptide sequence from 

myosin light-chain kinase, bound to Ca2+(AKERBOOM et al., 2009). (C) Dot blots of flow-cytometry based cell 

sorting for collection of cells for subsequent SCNT. The cell selection criteria included green fluorescent signals, 

based on spontaneous intracellular calcium flows in GCaMP6 protein-containing cells. 
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The subsequent SCNTs resulted in one pregnancy and the birth of two male piglets (#12068 

and #12069), of which one was stillborn (Table 22). To confirm the integration of the GCaMP6 

transgene, a genotyping PCR was performed, confirming the presence of transgene integration 

in the genome of both piglets. Nanopore sequencing was used to verify the integration of 

GCaMP6 into the Rosa26 locus from founder #12068 (not shown). 

Table 22: Overview of conducted SCNTs of flow cytometry preselected bulk cell population of 

pA2UCOE-CAG-GCaMP6 transfected cells. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

SCNT 

No. 
Epo ID FACS 

Date of 

SCNT 

No. of SCNT 

embryos 

Pregnancy 

(%) 

Piglets 

born alive 

Stillborn 

piglets 

1 

F1 

green 

fluorescence 

positive 

19-03-21 164 + 1 1 

2 19-03-21 110 - - - 

Total    274 1 (50%) 1 1 
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2.2. Characterization of the pA2UCOE-CAG-GCaMP6 F0 pigs 

Expression analysis of the GCaMP6 protein was performed on a tail sample from the F0 piglet, 

#12068, which was born alive, as well as on tissue samples from the stillborn piglet #12069.  

Immunohistochemistry was conducted using a GFP antibody with epitope binding in the 

conserved eGFP protein region. The tail sample of the founder pig #12068 born alive showed 

a strong cytoplasmic expression of the GCaMP6 transgene that was homogeneously detected 

in all cells. In contrast, a mosaic-like transgene expression pattern of the transgene was observed 

in the tissues of the stillborn piglet #12069, with approximately 50% of the cells exhibiting 

positive staining. 

Considering the promising transgene expression pattern observed in the tail sample, F0 pig 

#12068 was raised to establish a GCaMP6-tg breeding herd. 

 

Figure 34: IHC analysis of GFP expression in GCaMP6 transgenic founder animals. 

GFP IHC showing a homogeneous staining in the tail sample of founder animal #12068 (A) and a mosaic-like 

staining pattern in pancreatic tissue of founder animal #12069 (C), both in comparison to a wild-type control 

(B, D). DAB: brown color. Cell nuclei were stained in blue. Scale bars = 100 µm. 
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2.3. Characterization of breeding properties and gm robustness in F1 offspring 

Founder #12068 successfully mated several sows. The offspring were used for additional 

studies on transgene expression, isolating pancreas for in vitro and in vivo mouse transplantation 

experiments, and for establishing a transgenic breeding population. Throughout this doctoral 

thesis, five matings took place, resulting in a total of 61 piglets. As the GCaMP6 transgene is 

heterozygous in one allele of the sire, it is expected that 50% of the transgene will be passed on 

to the offspring. Indeed, 33 out of the 61 piglets born were transgenic (54%). 

The performed GFP immunohistochemistry performed showed a robust, homogeneous, and 

ubiquitous staining of all examined tissue samples, including the pancreas of the offspring 

(see Figure 35).  

 

Figure 35: High, homogeneous cytoplasmic transgene expression across all tested organs in GCaMP6-tg 

F1 offspring. 

Representative tissues of GFP immunohistochemistry from a GCaMP6-tg F1 offspring from founder #12068 

(A-D) and from an age-matched wild-type control animal (E-H) are shown. DAB: brown color. Cell nuclei were 

stained in blue. Scale bars = 100 µm.  
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Furthermore, Western blot analyses demonstrated consistent protein abundance of the transgene 

in tissue lysates of GCaMP6 transgenic F1 offspring, indicating robust transgene expression 

(Figure 36). GFP was identified in Western blot assays with an approximate molecular weight 

of 40 kDa. Of note, relative expression levels varied depending on the organ being investigated. 

Notably, pancreatic tissue demonstrated exceptionally high transgene abundance in relation to 

the equal protein amount used from tissue lysates of various organs Heart, lung, liver, and 

muscle tissues showed moderate expression levels, while the kidney exhibited relatively weaker 

transgene expression levels.  

 

Figure 36: Western blot analyses confirm high protein abundance in pancreatic tissue compared to other 

organs. 

Western blot analyses showing protein abundance in different organ tissues of two representative offspring of 

founder boar #12068. 
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2.4. In vitro imaging of Ca2+ flows in NPIs 

After isolation of NPIs from neonate offspring, a strong, ubiquitous GCaMP6 expression of the 

NPIs was detected. In vitro GSIS showed a glucose-induced Ca2+-induced response, 

represented by a wave of increased measured fluorescence intensity in a few cells of in vitro 

matured NPIs in culture. Upon potassium chloride challenge, most cells of NPIs showed the 

highest fluorescence response (Figure 37). 

 

Figure 37: In vitro imaging of Ca2+ flows in NPIs. 

(A) Ubiquitous GCaMP6 expression upon different stimuli. (B) In vitro GSIS showed a glucose induced Ca2+ response in a 

few cells (orange trace). Data provided by Dr. Christian Cohrs, Institute of Physiology, TU Dresden, Germany. 
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2.5. In vivo imaging of NPI grafts in the ACE transplant model 

NPIs engrafted in the mouse ACE for 8 weeks did not show a Ca2+ reporter response upon 

glucose challenge due to the inhibitory effect of isoflurane anesthetic on glucose-induced ATP 

and Ca2+ increase. In contrast, a β-cell characteristic oscillatory Ca2+ reporter response in 

numerous cells was measured upon glucose stimulus on NPI grafts of ACE ex vivo, with the 

highest response observed upon the final potassium chloride stimulus. Immunohistochemical 

staining of the NPI grafts of ACE confirmed a high proportion of β-cells in the grafts 

(Figure 38). 

 

Figure 38: In vivo and ex vivo imaging of NPI grafts in the ACE transplant model. 

(A) Delayed response upon iv glucose injection. (B) Multiple oscillations but no synchronous response of β-cells ex vivo. 

(C) Maximum intensity projections of an explanted iris stained for insulin (green); Zoomed view on one islet on the iris stained 

for insulin (green), somatostatin (yellow), glucagon (red), and DAPI (blue); Scale bars = 50 µm. Data provided by 

Dr. Christian Cohrs, Institute of Physiology, TU Dresden, Germany. 
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VI. DISCUSSION 

To successfully translate islet xenotransplantation into clinical practice as a cure for diabetic 

patients and to address the shortage of organs and tissues in human allotransplantation, it is 

crucial to ensure the stability and robustness of genetic modifications and their expression 

patterns in the transplant. Therefore, a very detailed characterization of the organ and tissue 

donor source pig line is essential. Furthermore, a practical need essentially for breeding of the 

xenodonor pigs, is gene recombineering. This is because not only one but various genetic 

modifications in the donor pig might be required for local graft-derived immune protection, and 

the segregation of multiple transgene expression cassettes during breeding must be prevented. 

In this study, several approaches were employed to validate and fulfil the prerequisites 

necessary for the transition of xenotransplantation to clinical application. 

1. Generation of optimized gm pigs with robust transgene expression 

Over the past 20 years, gene editing technologies have undergone significant development, 

particularly in modifying the pig genome to generate gm pigs. Key milestones include the birth 

of piglets through somatic cell nuclear transfer (SCNT) in 2002, and the discovery of the 

CRISPR/Cas system, along with its application in pig gene modifications in 2014 

(DMOCHEWITZ & WOLF, 2015). Since then, the generation of gm pigs with nearly every 

kind of genetic modification has become feasible in principle. Today, a plethora of 

CRISPR/Cas9 technology variants has emerged, ranging from basic non-homologous end 

joining (NHEJ)-mediated disruption of target genes to the precise introduction of modifications 

via homology-directed repair (HDR), utilizing various methods such as single-stranded 

overhangs, conventional targeting vectors, or bacterial artificial chromosomes (BACs) as 

recombination templates (MANI et al., 2021). While NHEJ is used specifically to inactivate 

genes, HDR can be employed to insert defined mutations or entire DNA segments into the 

genome. With this toolbox, gm pigs with edits to 13 genes and 42 alleles were generated 

de novo as organ donors for xenotransplantation in 2019 (YUE et al., 2021b). 

Although generating gm pig models may appear straightforward nowadays, achieving robust 

and reliable transgene expression still relies on numerous factors that need to be identified, and 

strategies to be developed. There are several tools available to enhance transgene expression 

robustness. 
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Role of promoter, chromatin opening elements and transgene integration site for robust 

transgene expression in gm pigs 

Promoters are specific genetic sequences that control the expression of transgenes, acting as 

regulatory elements that determine when and where the transgene is expressed in the host 

organism. By strategically selecting promoters, the desired expression levels of the transgene 

can be achieved. To date, numerous transgenic pig lines have been produced using viral, 

chicken, mouse, human, and porcine promoter sequences with ubiquitous or cell type-specific 

activity (AIGNER et al., 2010). 

Although useful for expression of transgenes in cells in vitro, the usage of viral promoters such 

as the cytomegalovirus (CMV) promoter is not recommended for transgene expression in 

animals due to high susceptibility to promoter silencing (MEHTA et al., 2009). The CAG 

promoter used in our study is a chimeric promoter consisting of a CMV enhancer element and 

the β-actin promoter sequence from chicken. The CAG promoter is widely used for 

constitutively high and ubiquitous expression of the target genes in both  in vitro culture systems 

and in gm animals, including gm pig models (FISCHER et al., 2016; BUERMANN et al., 2018; 

YUE et al., 2021a). To achieve high and ubiquitous expression levels, the cDNA sequences of 

the transgenes such as hPD-L1, hCD47, and GCaMP6 were placed under the control of the 

CAG promoter. Although most of the F0 pigs harboring such a transgene expression cassette 

under the control of this promoter, the different F0 pig lines exhibited variations in their 

expression pattern and expression levels of the transgenes, ranging from ubiquitous expression 

across all examined organs to high levels of promoter silencing resulting in a strong mosaic 

pattern. This was especially evident in pig lines derived from the bulk cell population approach. 

This variation might be attributed to differences in the number of integrations, transgene 

silencing, or positional effects from the host genome (BESTOR, 2000; BRUNETTI et al., 

2008). The chromatin environment surrounding the integration site may affect both the 

transgenic and the host gene expression patterns, potentially causing ectopic, weak, or even 

undetectable gene expression (GIRALDO & MONTOLIU, 2001; HE et al., 2005). Although 

we used CRISPR/Cas9-based gene scissors for promoting integration of the transgene 

expression cassette at predefined genomic sites, it is important to note that this approach only 

increases the likelihood of transgene integration at these sites. It does not prevent the possibility 

of multiple transgenes integrating in a random orientation at these sites or at other locations 

within the host genome. If the expression cassette is integrated into a transcriptionally inactive 

region of DNA, such as constitutive heterochromatin, the transgene can become inactivated. It 

has been observed that a transgene may initially be expressed for a short period of time before 
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decreasing to undetectable levels (BESTOR, 2000). DNA methylation and chromatin 

modifications are key epigenetic changes that lead to transgene silencing (HE et al., 2005; HSU 

et al., 2010; ZHOU et al., 2014). High copy numbers of the transgene can induce transgenic 

silencing by modifying the promoter 's methylation pattern (GARRICK et al., 1998). In other 

cases, the transcriptional silencing of the transgene occurs due to the formation of repressive 

heterochromatin on the plasmid DNA backbone, with no involvement of promoter methylation 

(CHEN et al., 2008). This is in line with the findings of this study, which demonstrate that 

transgene expression occurred more predictably and robustly when one single copy of the 

transgene expression cassette was targeted for integration by HDR at predefined sites in the 

genome, such as the GGTA1 gene locus or the safe harbor locus Rosa26. 

Although the integration sites of the combined INS-LEA29Y_CAG-hPD-L1 expression cassette 

in most of our F0 pigs obtained from the bulk cell approach enabled hPD-L1 transgene 

expression under the control of the CAG promoter, LEA29Y transgene expression was not 

detectable. As this INS-LEA29Y expression cassette had already been used for the generation 

of the preexisting INS-LEA29Y pig line, the functionality of the porcine INS promoter sequence 

used to drive β-cell specific expression of the transgene was proven. The porcine INS promoter 

has been used for the generation of various gm pig lines in the past, such as the diabetic INSC94Y 

pig line or the INS-eGFP pig line, both models generated by additive gene transfer approach 

with random integration (RENNER et al., 2013; KEMTER et al., 2017). Common findings in 

these studies were that the SCNT-derived F0 offspring varied in their β-cell specific expression 

of the transgene from high expression to no detectable expression. In a study by Nottle et al. 

(2017), a targeted integration approach into the GGTA1 gene was employed for a porcine INS 

promoter containing expression cassette aimed at CD2 transgene expression. However, nearly 

no transgene expression was achieved in the gm pigs. These findings suggest that the 

functionality of promoters heavily relies on the integration site. Therefore, the use of a targeted 

knock-in strategies is preferable to random integration strategies. In addition, the prerequisites 

for robust transgene expression at the integration site could differ for different promoters. In 

consequence, the suitability of the genomic integration site for each promoter to sustain stable 

transgene expression should be validated for each promoter. 

Chromatin opening elements such as A2UCOE have been reported to increase the accessibility 

of adjunct promoter sequences to the transcription machinery (SIZER & WHITE, 2023). 

Incorporating enhancer elements can boost the activity of promoters, leading to more robust 

and sustained transgene expression. Studies have demonstrated that A2UCOE functions as a 

dominant chromatin remodeling domain, effectively preventing transcriptional silencing or 
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variegated expression, even if the transgene becomes integrated within centromeric 

heterochromatin (ZHANG et al., 2017). To exclude species incompatibility for the functionality 

of the A2UCOE element, we used the porcine A2UCOE sequence. However, even with the 

introduction of this chromatin opening element preceding the INS promoter, it was insufficient 

to achieve robust high β-cell-specific expression. This new finding highlights the importance 

of the site of transgene integration into the genome of pigs and highly likely of all (higher) 

mammals in determining the accessibility of the promoter sequence used to drive the 

transcription of the transgene in a cell-type regulated manner. Identification of genomic regions 

that enable porcine INS promoter-driven robust high β-cell-specific transgene expression could 

be achieved by identifying the transgene integration sites of all preexisting gm pig lines in 

which the INS promoter was demonstrated to induce cell type-specific transgene expression. 

Tools such as so-called third-generation sequencing, like LRT sequencing and nanopore 

sequencing, are now available, enabling the identification of the transgene integration sites into 

the genome without the requirement for PCR amplification or chemical labelling of the sample 

(NIEDRINGHAUS et al., 2011; AMARASINGHE et al., 2020). 

To address these site-specific challenges, transgene integration could be performed at 

designated safe harbor loci. Safe harbor loci are specific genomic regions known to tolerate the 

insertion of exogenous DNA without disrupting endogenous gene function or causing 

detrimental effects to the host organism, promising predictable transgene expression (KLATT 

et al., 2020). The utilization of safe harbor loci offers several advantages in the generation of 

transgenic animal models. By targeting these specific genomic regions, the risk of unintended 

genomic disruptions can be minimized, ensuring stable transgene expression over multiple 

generations. Furthermore, the well-defined regulatory elements and chromatin structure 

surrounding safe harbor loci contribute to consistent and predictable transgene expression 

patterns (MA et al., 2022). The Rosa26 gene, in particular, has been extensively studied and 

characterized as a safe harbor locus in various organisms, including mice and pigs (LI et al., 

2014). 

To date, only a few safe harbor loci have been identified in pigs. In addition to the Rosa26 gene, 

other examples of safe harbor loci include the pH11 (Hipp11) locus, the CEP112 (centrosomal 

protein 112) locus, the AAVS1 (adeno-associated virus integration site 1) locus, the COL1A1 

(collagen type I alpha 1 chain) locus, and the housekeeping genes ACTB (beta-actin) and 

GAPDH (glyceraldehyde-3-phosphate dehydrogenase). These loci have been identified for 

stable and permissive exogenous DNA integration in pigs (XIANG et al., 2023). 
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The methodology employed in our study involved forcing site-directed integration into the 

Rosa26 gene using CRISPR/Cas9-driven double-strand breaks. The transgene cassette of CAG-

GCaMP6 founder animal #12068 was integrated into the Rosa26 locus, as confirmed by 

nanopore sequencing. Transgene expression of the green fluorescent calcium sensor protein 

was homogeneous and robust both in the F0 and F1 animals, demonstrating the reliability and 

consistency of transgene expression across generations. Moreover, pigs originating from the 

preexisting, well-expressing line, in which the INS-LEA29Y construct was randomly integrated 

into the SCC6 locus, continued to exhibit high levels of expression in the β-cells, even with the 

additional integration of the hPD-L1 transgene, which also achieved substantial expression. No 

adverse effects were detected on the gm animals or on the islet graft function of the preexisting 

INS-LEA29Y islet donor pig line (KLYMIUK et al., 2012). These results suggest that the SCC6 

locus may be a promising candidate for transgene integration, especially if INS promoter-driven 

β-cell-specific transgene expression will be required, resembling a safe harbor locus, and merits 

further investigation. 

Role of regulatory elements of the expression vector for robust transgene expression and 

correct transgene protein processing 

The findings of altered transgene protein processing in F0 pig #12558, which exhibited 

predominantly nuclear membrane localization of the hCD47 transgene instead of the expected 

cell membrane localization, raises important questions regarding post-transcriptional 

processing and modifications. Flow cytometry analysis comparing non-permeabilized and 

permeabilized cells stained for hCD47 revealed that all PKCs of animal #12558 exhibited 

hCD47 transgene expression, but only half of them were localized at the cell membrane where 

functional activity is expected. Additionally, alterations in the molecular weight of the hCD47 

protein were observed, indicating potential post-transcriptional processing differences 

compared to correctly processed transgene proteins in all other hCD47 transgenic pig lines. 

In the past, other research groups have also generated gm pig lines expressing the hCD47 

transgene. Previous studies by Dr. Hawley's group in 2014 (TENA et al., 2014) generated gm 

pig lines, where the hCD47 expression cassette, consisting of the human EF1a promoter and 

coding sequences for splice form 1 of the hCD47 gene, was integrated using a knock-in 

targeting vector into the GGTA1gene. While FACS and RT-PCR analysis confirmed a 

widespread uniform cell surface expression of hCD47 in the first pig (TENA et al., 2014), a 

recloned second transgenic pig showed only low cell surface hCD47 expression (TENA et al., 

2017). The underlying mechanism for this phenomenon remained unclear, but it may 

potentially result from gene silencing, as discussed previously. 
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The second group, led by Dr. Burlak (HOSNY et al., 2021), utilized hCD47 constructs with and 

without modified 3′UTR, which were inserted into the GGTA1 locus in porcine fetal fibroblasts 

using CRISPR (HOSNY et al., 2021). The sequence of the 3′UTR was designed as a modified 

version of the proposed uridine-rich binding site sequence used by Berkovits et al. In this study 

by Berkovits et al., the transcribed but not translated 3’UTR sequence was identified as essential 

for proper and efficient trafficking of the CD47 protein to the cell membrane (BERKOVITS & 

MAYR, 2015). Since in that study the extracellular domain of CD47 was replaced by GFP, it 

was speculated whether disturbed cell membrane trafficking would also occur with WT CD47, 

as the extracellular domain itself should favor correct membrane trafficking. Hosny et al. used 

a synthetic 3’UTR in their hCD47 expression cassette, designed by aligning both hCD47 and 

sus scrofa CD47 3′UTR and selecting the uridine-rich element that acts as a scaffold for binding 

proteins to promote CD47 surface membrane processing (HOSNY et al., 2021). In addition, the 

proximal polyadenylation site in the 3′UTR was mutated from AAUAAA to ACUCAA in their 

expression cassette. Their in vitro study demonstrated that cells transfected with the construct 

lacking the 3′UTR (hCD47(3′UTR−)) predominantly exhibited intracellular expression of 

hCD47. These cells showed evidence of ER stress, dysregulated mitochondrial biogenesis, 

oxidative stress, and autophagy. Conversely, the inclusion of the 3′UTR (hCD47(3′UTR+)) 

reduced intracellular expression of hCD47 by 36% and increased cell surface expression by 

53%. This was correlated with a significant decrease in cellular stress markers and a heightened 

level of protection against phagocytosis by human macrophages. 

In this study, we employed the hCD47 3’UTR sequence previously investigated by 

Berkovits et al. Based on our findings of F0 pig #12558, we examined the presence of the 

3' UTR sequence of the hCD47 expression cassette integrated into the genome of the F0 founder 

pigs. However, PCR analysis targeting the middle 3' UTR sequence in the case of founder 

animal #12558 did not yield any discernible PCR band, despite detecting the polyA tail 

sequence region, indicating a faulty integration of the expression cassette in that genome. This 

underscores the potential advantages of utilizing hCD47 constructs containing the 3′UTR 

sequence. 

 

Gene stacking and combineering technology for generation of multi-gm donor pigs for 

xenotransplantation 

The final optimal combination of gene modifications in donor pigs for xenotransplantation is 

yet to be determined (KEMTER et al., 2020). This combination will likely involve gene 

deletions and transgene expression, with some transgenes needing to be expressed in a 
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cell-type-specific manner. If two transgenes are integrated into different genomic regions and 

both are monoallelic in the breeding animal, the probability of both transgenes being inherited 

by the offspring is 25%. With the addition of each transgene integrated into a separate 

independent genomic region, the likelihood of obtaining offspring with the desired multi-gm 

constellation drastically decreases. Therefore, integrating numerous transgenes at one transgene 

integration site and combining transgene integration sites with gene deletions can circumvent 

the segregation of genetic modifications through breeding. Another option to avoid the 

segregation of multiple transgenes is gene stacking using polycistronic vectors. These 

constructs contain cDNA from two to three different transgenes, coupled by a 2A linker 

sequence, enabling the expression of all transgenes simultaneously in a single mRNA transcript 

(LIU et al., 2017). 

Yue et al. (YUE et al., 2021b) generated 12-fold multi-gm pigs by assembling three 

polycistronic expression cassettes into a single transgene integration cassette placed within the 

GGTA1 gene locus. In addition to GGTA1, the B4GALNT2 and CMAH genes were depleted 

using gRNA-guided CRISPR/Cas9. Genetic analysis revealed the integration of the 

multi-transgene vector into one allele of the GGTA1 locus, with Mendelian segregation of the 

9-transgene array en bloc observed upon breeding. Expression comparisons between 

3xKO/9xtg pig umbilical vein endothelial cells and human cells showed similar levels for most 

proteins, except for hTHBD. Several factors are known to affect the reliability and intensity of 

transgene expression, including which transgene is expressed, the position of the transgene's 

cDNA, and the choice of promoter. Therefore, combining smaller components e.g. cDNAs, 

such as 2A peptide or IRES-based polycistronic systems, could carry a risk of poor or variable 

expression (FISCHER et al., 2016). Factors such as distance from regulatory elements, 

neighboring transgenes, and chromatin context can contribute to differential expression patterns 

for each transgene (JEONG et al., 2013; WANG & GUO, 2020). Consequently, the impact of 

the transgene position within a polycistronic vector may vary for each transgene. While 

polycistronic systems are therefore useful for some purposes, they might not be suitable for the 

expression of a whole set of transgenes in a pig organ where abundant and/or tissue-specific 

expression is essential for immune protection and function (FISCHER et al., 2018).  

Alternative means is the use of separate expression constructs to ensure independent expression 

(FISCHER et al., 2016). In our project, we combined two separate expression cassettes: the 

INS-LEA29Y expression cassette and an additional cassette for ubiquitous expression of 

hPD-L1, where the cDNA sequence of hPD-L1 was placed under the control of the CAG 

promoter. Both expression constructs were oriented in the antisense direction and separated by 
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the pA2UCOE, which should act bidirectionally as a chromatin opening element. The linearized 

purified construct of the combined (INS-LEA29Y, CAG-PD-L1)-2xtg expression cassette had 

a total length of 10.3 kb. Site-directed integration into the genome was intended to be induced 

by CRISPR/Cas9-mediated double-strand breaks in both the GGTA1 and CCL2 genes. 

However, we observed that the INS promoter lacked functionality, as discussed previously. 

Based on these findings, we opted for targeted integration techniques into predefined loci, such 

as integrating nearby a preexisting transgene integration site or inserting expression cassettes 

into a gene that needs to be depleted. For this, we integrated the hPD-L1 cassette 1 kb distal to 

the INS-LEA29Y transgene integration site on SSC6 of the preexisting INS-LEA29Y transgenic 

line, to combine both transgenes within the same locus. Furthermore, we targeted integrated 

single expression cassettes for both hCD47 in exon 7 and hPD-L1 in exon 10 of the GGTA1 

locus. This not only resulted in a knockout of the GGTA1 locus but also facilitated the 

combination of both transgenes through mating. 

Targeted integration thus helped make the breeding process more effective and predictable. 

However, there is a potential risk of inducing genome instability in that genomic region. There 

is a possibility that both the original and newly integrated transgenes could be negatively 

affected (CABRERA et al., 2022). Therefore, special care must be taken in validating transgene 

expression. In our study, we observed no negative impact in this setting. 

 

2. Optimizing the workflow for de novo multi-modified gm donor cells for SCNT 

Due to limited success with random integration of transgenes, as our founder animals exhibited 

mosaic patterns or even lacked transgene expression in some cases, we opted for site-specific 

integration in the genome in the next step. However, this required more complex expression 

cassette design and the usage of recently developed plasmid technologies in the wet lab. For 

almost half a century, more than 37 methods have been researched in the development of 

plasmid constructs (LI et al., 2022b). These can be categorized into three main groups of 

methods: 1) single-strand overhang cloning, 2) recombining homology arms, and 3) replacing 

amplified inserts as mega-primers. 

We opted for single-strand overhang cloning, which includes the Gibson Assembly method. As 

reviewed by Li et al. (2022b), this method utilizes T5 DNA exonuclease to generate 3′ -ss 

overhangs, Phusion DNA polymerase for gap filling, and Taq DNA ligase for ligation, 

facilitating the assembly of overlapping DNAs with sizes ranging from 300 to 583 kb (GIBSON 

et al., 2009). With an error rate lower than 1/50 DNA molecules, this technique enables genome 

synthesis (GIBSON et al., 2008). In Hot Fusion, vector purification becomes unnecessary due 
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to the absence of Taq DNA ligase ligation (FU et al., 2015). The accuracy rates for cloning 

junctions, multiple inserts, and RNAi stand at 90–95%, respectively. TEDA (T5 exonuclease 

DNA assembly) employs solely a T5 DNA exonuclease reaction (XIA et al., 2019). Gibson 

assembly evolves from three enzyme reactions using DNAs with 17–30 bp overlaps to a single 

enzyme reaction using DNAs with 9–20 bp overlaps. Nonetheless, efficiency decreases when 

cloning three or more inserts, and sporadic frame shift mutations arise in the coding region 

(ACEVEDO-ROCHA et al., 2018). As also described by Hsieh & Vaisvila (2013), this method 

enables the simultaneous modification of multiple nucleotides, saving both time and reagents 

compared to conventional mutagenesis methods. Using the technology of Gibson cloning, we 

successfully generated three different transgene constructs with site-specific homologous arms 

within a few days, which were confirmed as correct through Sanger sequencing. 

A further challenge in optimizing the workflow for de novo generation of multi-modified donor 

cells for SCNT is to increase the efficiency of targeted integration into predefined genome loci 

and to enhance the efficiency of preselecting cells. However, it is acknowledged that achieving 

knock-in efficiency in primary mammalian cells is constrained. This limitation arises because 

the donor DNA needs to be introduced at precise timing, and homology-directed repair (HDR) 

is confined to particular cell cycle phases, particularly the late S/G2 phase. Additionally, HDR 

encounters competition from another pathway for repairing double-strand breaks, known as 

non-homologous end joining (NHEJ), which is often linked with unwanted insertions or 

deletions (BANAN, 2020). Of note, as the gm primary cells have to be used for subsequent 

SCNT, quality criteria of the SCNT donor cells must be maintained, such as low passage 

number or chromosomal stability. PKCs are recognized as ideal donor cells for SCNT because 

of their elevated proliferation rate and resilience to stress during transfection (RICHTER et al., 

2012; BANAN, 2020).  

By using gene editing tools such as the CRISPR/Cas9 system, double-strand breaks can be 

induced in the genome at preselected sites, increasing the probability of targeted integration of 

a transgene expression site. However, a significant challenge in mammalian genome editing is 

the occurrence of off-target events (FU et al., 2013; PATTANAYAK et al., 2013). 

Double-strand breaks outside the target site can happen if there are more than three mismatched 

nucleotides between the gRNA and the genomic DNA. This can lead to indels, inversions, or 

large chromosomal translocations, causing unwanted gene knockouts, genomic instability, or 

activation of oncogenes (CHO et al., 2014; LI et al., 2020; NAEEM et al., 2020). Strategies to 

prevent off-target events and enhancing the efficiency of gene integration include selecting 

gRNAs and Cas9 variants with a low number of potential off-targets and high cutting efficiency, 
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which can be predicted by design tools such as CRISPOR and TIDE (Target Identification by 

Deletion, a tool for efficiency improvements). Using these tools, we have successfully selected 

site-specific gRNA/Cas combinations to achieve cutting efficiency within the range of 48-67%. 

Thereby, Cas9 variants such as sniper-Cas9, which are less prone to off-target-site cutting 

efficiency (AU - LEE et al., 2019), were used. Continuous improvements in cutting specificity 

of newer generation Cas9 variants and in silico prediction tools are ongoing (LI et al., 2024).  

With the introduction of a foreign DNA into the cell, there is the possibility of genome 

integration, regardless of whether it is a precisely excised expression cassette intended for 

integration or if it is vector backbones or plasmids used for transient expression of 

CRISPR/Cas9 complex products. Another strategy, aside from plasmid-based CRISPR/Cas9 

delivery system, is the usage of RNPs. The use of RNPs not only shortens the timeframe for 

edits compared to Cas9 delivery via plasmids (NAEEM et al., 2020), but also mitigates the 

potential for arbitrary vector integration (KIM & KIM, 2014; NORRIS et al., 2020). Another 

foreign DNA that is viewed critically in gm organ donor pigs for xenotransplantation, are 

expression cassettes for antibiotic resistance, such as the neomycin selection cassette, required 

for cell preselection in vitro (VALERA et al., 1994). By flanking such antibiotic resistance 

cassettes with loxP sites for Cre recombinase-based excision, these undesired genetic elements 

could be removed, and this approach has been applied in several gm pig lines (RIEBLINGER 

et al., 2018; HUANG et al., 2020). Additional approaches have emerged to identify cells that 

have stably integrated the transgene expression cassette into their genome without the usage of 

antibiotic preselection steps, streamlining the process. Fluorescence-Activated Cell Sorting 

(FACS) allows for the selection of cells depending on the expression of a reporter gene within 

the cell or linked to antibodies binding to cell surface proteins. Such methods have been 

demonstrated in various models (COLOSIMO et al., 2000), and were also very successfully 

applied in our study. Immunofluorescence staining of FACS-sorted cells showed dual 

expression of hCD47 and hPD-L1, demonstrating the effectiveness of flow cytometry-based 

cell selection without the need for antibiotic selection. However, it is still essential to screen for 

correct transgene integration at the intended site for reliable expression. Our results indicate a 

high success rate, with 71% of analyzed cells exhibiting transgene integration and 43% 

positioned correctly. 
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Validation tools for detailed characterization of gm donor pigs for xenotransplantation 

Homogeneous, robust, and reliable expression of transgenes and their correct processing in the 

xenograft are crucial for the success of xenotransplantation in clinical applications. Genetically 

modified donor pigs must undergo meticulous characterization to ensure the reliability and 

consistency of transgene expression.  

In some studies where gm pigs for xenotransplantation were generated, transgene expression 

was analyzed using tissue lysates or blood analysis. However, results of such bulk sample 

analyses have to be interpreted with care. For instance, the transgene expression of 

MHCIP-diliximab pigs, in which the CD2 mAb was intended to be expressed ubiquitously 

under the control of a murine MHC class I promoter for use in islet transplantation, was initially 

examined in serum, revealing high abundance, suggesting robust ubiquitous transgene 

expression (SALVARIS et al., 2023). At the transcript level, the highest transcript abundance 

of the transgene was measured in the pancreas, followed by spleen and heart, and low levels in 

kidney and liver. However, in immunohistochemistry, the transgene expression pattern differed 

from the results at the transcript level, showing strong expression in spleen and lung, moderate 

expression in heart and kidney, low expression in the liver, and a strong but patchy expression 

in the pancreas. The islets themselves exhibited only very weak staining intensity against 

CD2 mAb. Mosaic-like expression patterns are common findings in gm animals, with 

variations not only evident among different transgenic lines but also within tissues of the same 

line (DEPPENMEIER et al., 2006). The findings in our study, where we identified gm pig lines 

with the occurrence of mosaic patterns or incorrect transgene processing, strongly recommend 

analyzing the transgene expression pattern also at a cellular level, especially in organs 

designated for transplantation purposes. 

Additionally, genomic characterization is essential to ensure error-free integration of the 

transgene and to exclude off-target site errors. An example of incorrect transgene integration 

was provided by our F0 pig #12558, whose 3’UTR sequence was improperly integrated into its 

genome. In another study, next-generation sequencing technologies revealed the integration of 

transgenes occurring in multiple copies, fragments, and/or within intron regions of genes in gm 

pig lines used in preclinical xenotransplantation trials (HINRICHS et al., 2021). Given the 

potential for off-target effects by gene scissors (FU et al., 2013; PATTANAYAK et al., 2013), 

it is imperative to ensure that no undesired DNA fragments have been inserted. With previous 

tools such as PCR and Sanger sequencing, detailed knowledge of genomic modifications and 

allele variants is essential before applying these methods. However, since undesired incorrect 

modifications in the genome are, in most cases, not targeted, a comprehensive untargeted 
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approach has to be employed to identify these errors. Nowadays, emerging technologies such 

as nanopore sequencing offer the advantage of long reads, enabling the capture of changes in 

the transgene integration site (KEMTER et al., 2021). 

A further important aspect of characterizing gm donor pigs is to confirm their transgene 

expression pattern in the living animal, which must be easily accessible and enable reliable 

information about the transgene in the target organ. This enables the animal to be kept alive for 

later use as a breeding or donor animal. In our study, we selected tail samples as easily 

accessible tissues with heterogeneous cell composition, and we demonstrated that homogenous 

CAG-promoter driven transgene expression in this tissue sample reflected very well the 

transgene expression patterns of internal organs and tissues. Therefore, expression analyses of 

such samples could serve as valuable indicators for understanding expression patterns without 

sacrificing the founder animal. These learnings are relevant, because re-cloning animals 

sacrificed for expression analysis delays the rearing of breeding animals. However, sometimes 

transgenes need to be expressed in a site-specific manner. In order to examine F0 pigs for the 

INS-LEA29Y transgene, some animals needed to be sacrificed, as it was expected that the 

expression of the transgene would be restricted to pancreatic β-cells, which would not be 

achievable from living pigs.  

 

Validation of maintained cell and organ function of gm donor pigs 

Expression of an exogenous gene, particularly if it is expressed in high abundance or if the 

transgene can activate or inhibit intracellular pathways, has the potential to negatively influence 

the cell or organ function of a gm animal, and – in the setting of xenotransplantation – the graft 

function. Recently, it was reported by Ghimire et. al (2023) that CD47 transgene expression in 

β-cells could have a negative effect on β-cell function. Both mouse and human islets with added 

or depleted CD47 expression were examined. Superior efficacy of CD47-/- islets in normalizing 

blood glucose levels was demonstrated in a preclinical islet transplant model. These results 

were replicated by blocking CD47 signaling in islets prior to transplantation or through 

systemic blockade in recipients post-transplantation. Furthermore, their experiments revealed 

that an increased CD47 expression in diabetes-prone NOD mice progressed to overt diabetes. 

CD47 blockade effectively delayed the onset of overt diabetes in NOD mice without impacting 

insulitis, suggesting that improved insulin secretion, rather than modification of inflammation, 

was the primary driver of glucose homeostatic benefits. These findings indicate that CD47 

receptor antagonism may optimize islet transplant function by enhancing insulin secretion 

(GHIMIRE et al., 2023).  
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In our study, we demonstrated that NPI grafts exhibited similar engraftment and maturation 

behavior irrespective of whether they were derived from hCD47-hPD-L1-2xtg or wild-type 

donor pancreas. Mice from both NPI transplant groups exhibited similar abilities to achieve 

normoglycemia. 

 

3. Monitoring calcium flows on porcine islet grafts to assess β-cell function 

Ca2+ influx into β-cells is an important driver of insulin secretion (FRIDLYAND et al., 2013), 

and monitoring of pulses provides therefore an important readout for the maturation of NPIs. 

Conventional small compound Ca2+-sensor dyes are difficult to use for monitoring Ca2+ flows 

in compact cell clusters both in vitro and in vivo since they are fragile, and their three-

dimensional structure prevents uniform loading of all cells. Moreover, in situ monitoring of 

islet grafts depends on the steady abundance of the sensor dye. 

The utilization of reporter pigs expressing GCaMP6 provides a valuable tool for studying 

various biological processes, owing to the strong and ubiquitous expression driven by the CAG 

promoter. This ubiquitous expression allows for the visualization of calcium dynamics not only 

in pancreatic islet cells but also in other cell types, including cardiomyocytes. The ability to 

monitor calcium signaling in different cell types opens up new avenues for research, enabling 

a deeper understanding of physiological and pathological processes. 

The in vitro experiments conducted with isolated NPIs from the GCaMP6 reporter pigs 

demonstrated a glucose-induced calcium response, as evidenced by an increase in fluorescence 

intensity in cultured NPIs upon glucose stimulation. Additionally, the response to potassium 

chloride challenge further validated the functionality of the GCaMP6 reporter in detecting 

changes in intracellular calcium levels. However, many β-cells in the in vitro cultured NPIs 

exhibited spontaneous Ca2+ flow, indicating that these cells were still not fully functionally 

matured. Furthermore, technical considerations for imaging Ca2+ dynamics in β-cells need to 

be addressed. For instance, the lack of calcium reporter response observed in NPIs engrafted in 

the ACE upon glucose challenge in vivo could be attributed to the use of isoflurane anesthesia. 

It is described that isoflurane has an inhibitory effect on intracellular ATP increase, which is 

essential for inducing Ca2+ influx into β-cells upon high glucose challenge in the insulin 

secretion signaling loop (TANAKA et al., 2009). In consequence, alternatives such as 

intravenous anesthetics must be used for imaging Ca2+ dynamics in β-cells. 
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Ex vivo experiments conducted with NPI grafts in the ACE of the mouse demonstrated multiple 

pulsatile calcium reporter responses in numerous cells upon glucose stimulus, indicating that 

β-cells in the NPI graft were functionally mature. These results highlight the potential of this 

new reporter pig model for studying dynamic calcium signaling processes under controlled 

experimental conditions. Additionally, this reporter pig line with ubiquitous expression of 

GCaMP6 offers a versatile tool for studying calcium signaling dynamics in various cell types, 

including pancreatic β-cells and cardiomyocytes. 

 

4. Final conclusion and outlook 

The field of genetic modifications in porcine genomes has undergone significant growth since 

the introduction of somatic cell nuclear transfer. The use of genome editing techniques has 

revolutionized the process, allowing for the creation of novel pig lines with multiple knockouts 

in a single step. Additionally, there are now various methods available to construct arrays of 

xenoprotective transgenes with efficiency and reliable expression. Although progress has been 

made, the ideal genotype for xenopigs is still undefined. It is possible that the most appropriate 

combination may differ depending on the targeted organ. The promising outcomes so far inspire 

confidence in the future of xeno-organ transplantation. With each advancement, the possibility 

of successful xenotransplantation becomes increasingly likely. 
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VII. SUMMARY 

The efficient production of genetically modified (gm) donor pig lines for application in 

xenotransplantation necessitates a detailed design of transgenic approaches and comprehensive 

evaluations. State-of-the-art tools for designing, generating, and characterizing multi-gm 

animals can be used to develop optimal donor pigs tailored for xenotransplantation, fulfilling 

the prerequisites for advancing towards clinical application. 

This study employed different strategies in two consecutive approaches for the de novo 

generation of multi-gm xenoislet donor pig lines. The genetic modifications entailed integrating 

transgene cassettes containing three immunomodulatory molecules. The INS promoter was used 

to selectively express LEA29Y on β-cells, while the remaining transgenes were placed under 

the control of the strong ubiquitous CAG promoter. Simultaneously, gene expression of GGTA1 

and either CCL2 or B2M needed to be depleted. Additionally, a novel Ca2+ sensor reporter pig 

was developed, facilitating monitoring of β-cell function in islet xenografts. The study also 

assessed the impact of expression cassette components, such as chromatin opening elements, 

which hold promise for enhancing accessibility for transcription of the integrated cassette into 

the genome, or 3' long UTR sequences for intracellular protein processing. Furthermore, gene 

combineering, gene stacking, and gene editing strategies were applied. Subsequently, a 

comprehensive characterization was focused on molecular, cellular, histological, and 

physiological levels. 

The initial strategy entailed employing a 'bulk cell approach' to generate 5-fold gm 

(GGTA1/CCL2)-2xKO, [(INS-LEA29Y, hPD-L1), hCD47]-3xtg pigs de novo. This involved 

using two linearized transgene expression cassettes: one for LEA29Y and hPD-L1 expression, 

and another for hCD47 expression. Both cassettes were equipped with the chromatin opening 

element A2UCOE upstream of the promoters, while the cDNA of hCD47 was followed by a 

3' long UTR. CRISPR/Cas9 gene scissors were applied to target both GGTA1 and CCL2 genes 

for gene depletion and to facilitate site-specific transgene integration into the genome. 

Subsequently, an antibiotic-free cell selection process was adopted, based on flow 

cytometry-based sorting of cells expressing the immunomodulatory transgenes hPD-L1 and 

hCD47 on their cell surface, while lacking α-Gal sugar epitopes. These cells were used for 

somatic cell nuclear transfer (SCNT) and the resulting embryos were transferred into five foster 

sows, yielding four pregnancies and 13 F0 pigs. Upon detailed characterization of these 13 pig 

lines, it was observed that all were (GGTA1, CCL2)-2xKO, however, they differed in the 

genome integration pattern of the expression cassettes and the transgene expression pattern. In 
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three pig lines, both hPD-L1 and hCD47 were expressed homogeneously and ubiquitously on 

the cell surface. However, although expressed in the majority of their cells, the other piglets 

displayed varying degrees of mosaic pattern expression, indicating that the A2UCOE element 

was not sufficient to prevent gene silencing. Another important finding was that the genome 

integration site may play a crucial role in porcine INS promoter-driven β-cell-specific 

expression, as the LEA29Y transgene was not expressed across most lines, while the CAG 

promoter worked well at the same sites, resulting in intense hPD-L1 transgene expression. This 

study further evaluated the correctness of full integration of expression cassettes, correct 

intracellular transgene processing, and evidence of maintained graft functionality despite the 

multi-genetic modifications. Based on the pitfalls identified in the first approach, we developed 

a second strategy. This entailed employing gene stacking and targeted knock-in methods to 

integrate separate expression cassettes into specific gene loci. These loci were either nearby the 

INS-LEA29Y transgene integration site on SSC6 of a preexisting INS-LEA29Y transgenic line 

or in exon 7 and exon 10 of the GGTA1 gene. Additional modifications included employing 

circular plasmids instead of linearized ones, flanking of expression cassettes with homologous 

arms containing gRNA recognition sites, using ribonucleoprotein complexes instead of a 

plasmid-based CRISPR/Cas9 system, and validating correct targeted integration through 

processing, screening, and selection of suitable single-cell clones, subsequently used for SCNT. 

In contrast to the initial approach, all 13 SCNT offspring from the second strategy exhibited a 

homogeneous and ubiquitous transgene expression pattern. Gene stacking near the preexisting 

INS-LEA29Y transgene integration site did not induce genomic instability and led to robust co-

expression of LEA29Y and hPD-L1. 

Another key objective of this study was the generation and characterization of a novel 

Ca2+ sensor reporter pig. Robust and ubiquitous transgene expression of GCaMP6 was attained 

by integrating the CAG-GCaMP6 expression cassette into the safe harbor gene locus Rosa26. 

In vitro experiments with isolated NPIs from reporter pigs and ex vivo experiments with NPI 

transplants in mice showed a glucose-induced calcium response, indicating functional maturity 

of β-cells. These findings highlight the potential of this reporter pig model for invastigating 

dynamic calcium signaling processes under controlled conditions. Moreover, this tool offers 

versatility for studying calcium signaling dynamics across diverse cell types, such as pancreatic 

β-cells and cardiomyocytes. 

In summary, we have successfully developed novel genetically modified pigs, which hold 

promise in advancing the efficacy and safety in the application of porcine islet 

xenotransplantation as a viable therapeutic option for individuals with type 1 diabetes. 
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VIII. ZUSAMMENFASSUNG 

Die effiziente Generierung von genetisch modifizierten (gm) Spenderschweinelinien zur 

Verwendung in der Xenotransplantation erfordert eine detaillierte Planung und umfassende 

Evaluierung der gentechnischen Methoden. Durch den Einsatz modernster Techniken für das 

Design, die Erzeugung und die Charakterisierung von mehrfach gm Tieren können optimale 

Spenderschweine für die Xenotransplantation erzeugt werden, die den Anforderungen für die 

klinische Anwendung entsprechen. 

In dieser Studie wurden unterschiedliche Strategien zur de novo Generierung von mehrfach gm 

Spenderschweinelinien für die Inselzelltransplantation verwendet. Die genetischen 

Modifikationen umfassten die Integration von Transgenkassetten mit drei 

immunmodulatorischen Molekülen. Dabei sollte LEA29Y über den INS-Promotor selektiv auf 

Betazellen exprimiert werden, während die anderen Transgene unter der Kontrolle des starken 

ubiquitären CAG-Promotors stehen. Parallel dazu sollte die Genexpression von zwei Genen, 

GGTA1 und entweder CCL2 oder B2M, gehemmt werden. Darüber hinaus wurde ein neues 

Calciumsensor-Reporterschwein generiert, das das Monitoring der Betazellfunktion in 

transplantierten Pankreasinseln erleichtert. Infolgedessen wurde die Auswirkungen von 

Expressionskassettenelementen, wie chromatinöffnenden Elementen, die die Zugänglichkeit 

für die Transkription der integrierten Kassette in das Genom verbessern können, oder 3'long 

UTR-Sequenzen, für optimierte intrazelluläre Proteinverarbeitung, untersucht. Außerdem 

wurden verschiedene Genkombinationen, Gen-Stacking und Gen-Editing Strategien 

angewendet. Anschließend erfolgte eine umfassende Charakterisierung auf molekularer, 

zellulärer, histologischer und physiologischer Ebene. 

Die erste Strategie umfasste den Einsatz eines "Bulk-Zellansatz" für die de novo Generierung 

von fünffach genetisch modifizierten (GGTA1/CCL2)-2xKO, [(INS-LEA29Y, hPD-L1), 

hCD47]-3xtg Schweinen. Hierfür wurden zwei linearisierte Transgenexpressionskassetten 

eingesetzt: eine Kombinationskassette für die LEA29Y- und hPD-L1-Expression sowie eine 

weitere für die hCD47-Expression. In beiden Kassetten wurde stromaufwärts des Promotors 

das chromatinöffnende Element A2UCOE eingefügt. Auf die cDNA von hCD47 folgte eine 

3'long UTR. Zusätzlich wurde eine CRISPR/Cas9-Genschere verwendet, um gezielt die Gene 

GGTA1 und CCL2 auszuschalten und die ortsspezifische Integration des Transgens in das 

Genom zu fördern. Anschließend wurde ein antibiotikafreies Zellselektionsverfahren 

angewendet, das auf einer durchflusszytometrischen Sortierung von Zellen mit einer 
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Zelloberflächenexpression der immunmodulatorischen Transgene hPD-L1 und hCD47 bei 

gleichzeitigem Fehlen von α-Gal-Epitopen, basierte. Diese Zellen wurden für den somatischen 

Zellkerntransfer und den Transfer der Embryonen in fünf Empfängersauen verwendet, was zu 

vier Trächtigkeiten und 13 F0-Schweinen führte. Die detaillierte Charakterisierung dieser 

13 Schweinelinien ergab, dass alle Schweine (GGTA1, CCL2)-2xKO waren, sich aber im 

Genomintegration der Expressionskassetten und im Expressionsmuster der Transgene 

unterschieden. Bei drei Schweinelinien wurde eine homogene, ubiquitäre Expression von 

hPD-L1 und hCD47 auf der Zellmembran festgestellt. Die übrigen Ferkel wiesen, obwohl die 

Transgene auf der Mehrzahl der Zellen exprimiert wurden, einen unterschiedlichen Grad an 

Mosaikmustern auf. Dies deutet darauf hin, dass das A2UCOE-Element nicht ausreicht, um 

Gen-Silencing zu vermeiden. Eine weitere wichtige Erkenntnis ist, dass die 

Genomintegrationsstelle des INS-Promoters für die betazellspezifische Expression von großer 

Bedeutung sein könnte, da das LEA29Y-Transgen in fast keiner Linie exprimiert wurde, 

obwohl der CAG-Promotor an denselben Stellen gut funktionierte und zu einer starken 

hPD-L1-Transgenexpression führte. Zusätzlich wurden weitere wichtige Aspekte untersucht, 

wie die korrekte Integration der vollständigen Expressionskassetten, die korrekte intrazelluläre 

Verarbeitung des Transgens und der Nachweis, dass die Transplantatfunktionalität trotz 

mehrfacher genetischer Modifikationen erhalten bleibt. 

Um die Schwierigkeiten des ersten Ansatzes zu umgehen, haben wir eine zweite Strategie 

entwickelt. Hierbei haben wir das Verfahren des "Gen-Stacking" verwendet und gezielte 

Knock-in-Methoden angewendet. Dabei wurden separate Expressionskassetten an spezifischen 

Genorten integriert. Zum einen in der Nähe der Integrationsstelle des INS-LEA29Y-Transgens 

im SSC6-Lokus einer bereits vorhandenen INS-LEA29Y-Linie, zum anderen in Exon 7 und 

Exon 10 des GGTA1-Gens. Weitere Anpassungen waren die Verwendung von zirkulären 

anstelle von linearisierten Plasmiden und die Flankierung der Expressionskassetten mit 

homologen Armen mit gRNA-Erkennungsstellen. Außerdem wurde anstelle des 

plasmidbasierten CRISPR/Cas9-Systems die Verwendung von Ribonukleoproteinkomplexen 

gewählt und die korrekte Transgenintegration durch Screeningverfahren validiert. Geeignete 

Einzelzellklone wurden ausgewählt und für den somatischen Zellkerntransfer verwendet. Im 

Gegensatz zum ersten Ansatz wiesen alle 13 Nachkommen des zweiten Ansatzes ein 

homogenes und ubiquitäres Transgenexpressionsmuster auf. Das Gene-Stacking in der Nähe 

der bereits vorhandenen INS-LEA29Y-Transgenintegrationsstelle führte nicht zu genomischer 

Instabilität und ergab eine robuste Koexpression von LEA29Y und hPD-L1. 
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Ein weiteres Ziel dieser Arbeit war die Generierung und Charakterisierung eines neuen 

Calciumsensor-Reporterschweins. Eine robuste ubiquitäre Transgenexpression von GCaMP6 

wurde erreicht, indem die CAG-GCaMP6-Expressionskassette in den Safe-Harbor-Genlokus 

Rosa26 integriert wurde. In-vitro Experimente mit isolierten NPIs von Reporterschweinen, 

sowie ex vivo Experimente mit NPI-Transplantaten in Mäusen zeigten eine glukoseinduzierte 

Calciumreaktion, was auf eine funktionelle Reife der β-Zellen hinweist. Diese Ergebnisse 

zeigen das Potenzial dieses Reporter-Schwein-Modells für die Untersuchung dynamischer 

Calciumsignalprozesse unter kontrollierten Bedingungen. Außerdem bietet die ubiquitäre 

Expression ein vielseitiges Instrument zur Untersuchung der Calciumsignaldynamik in 

verschiedenen Zelltypen, einschließlich der β-Zellen des Pankreas und Kardiomyozyten. 

Zusammenfassend ist festzuhalten, dass wir erfolgreich neue genetisch veränderte Schweine 

generiert haben, die hoffentlich dazu beitragen werden, den Weg für eine verbesserte 

Wirksamkeit und Sicherheit bei der Anwendung der Xenotransplantation von Pankreasinseln 

als praktikable Therapieoption für Menschen mit Typ-1-Diabetes zu ebnen. 
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