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Abstract 
The global prevalence of diabetes mellitus and other metabolic diseases is rapidly increasing. Animal 
models play pivotal roles in unravelling disease mechanisms and developing and testing therapeutic 
strategies. Rodents are the most widely used animal models but may have limitations in their resemblance 
to human disease mechanisms and phenotypes. Findings in rodent models are consequently often 
difficult to extrapolate to human clinical trials. To overcome this ‘translational gap’, we and other groups 
are developing porcine disease models. Pigs share many anatomical and physiological traits with humans 
and thus hold great promise as translational animal models. Importantly, the toolbox for genetic 
engineering of pigs is rapidly expanding. Human disease mechanisms and targets can therefore be 
reproduced in pigs on a molecular level, resulting in precise and predictive porcine (PPP) models. In this 
short review, we summarize our work on the development of genetically (pre)diabetic pig models and how 
they have been used to study disease mechanisms and test therapeutic strategies. This includes the 
generation of reporter pigs for studying beta-cell maturation and physiology. Furthermore, genetically 
engineered pigs are promising donors of pancreatic islets for xenotransplantation. In summary, 
genetically tailored pig models have become an important link in the chain of translational diabetes and 
metabolic research. 

Keywords: pig model, diabetes, biobank, xenotransplantation. 

Introduction 

Diabetes mellitus (DM), which is characterized by chronic hyperglycemia, has a high 
prevalence worldwide. In 2019, the International Diabetes Federation (IDF, 2019) estimated 
that there are 463 million DM cases worldwide in the age group 20-79 years. DM is estimated 
to increase to 700 million in 2045 (IDF, 2019). DM is a heterogeneous disease that has been 
categorized by the American Diabetes Association into four types: 
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i) Type 1 diabetes (T1D), characterized by irreversible autoimmune destruction of insulin-producing 
beta cells; 

ii) Type 2 diabetes (T2D), the most prevalent form of DM, often associated with obesity and 
characterized by insulin resistance and relative insulin deficiency; 

iii) Gestational diabetes (GD), which usually occurs after 24 weeks of pregnancy; 
iv) Other specific causes of diabetes. 

Recently, refined classification systems have been introduced to cover sub-phenotypes of 
prediabetes and of adult onset diabetes and to facilitate more personalized diabetes 
treatments (reviewed in Renner et al., 2020). 

The progressive course of most categories of diabetes cannot be stopped with current 
treatment options and carries a high risk of secondary alterations, such as diabetic 
nephropathy, neuropathy, retinopathy and cardiovascular complications. 

Translational diabetes research is dedicated to improving and developing new diagnostic 
and therapeutic concepts. In this context, pigs are promising animal models due to many 
anatomical and physiological similarities with humans (Figure 1; reviewed in Aigner et al., 2010; 
Renner et al., 2016b). Like humans, pigs are omnivores and their gastrointestinal tract (GIT) is 
comparable to the human GIT. Porcine insulin differs from human insulin in only one amino 
acid. The insulin-producing beta cells as well as the overall structure of the pancreas (islets and 
vascularization) show many similarities to the human pancreas (reviewed in Hoang et al., 2014; 
Bakhti et al., 2019; Kim et al., 2020; Renner et al., 2020). There is a high degree of agreement 
with the human cardiovascular system (reviewed in Clauss et al., 2019) and kidneys (reviewed 
in Renner et al., 2020), which is why pigs are considered as promising donors for organ 
xenotransplantation (Längin et al., 2018; reviewed in Wolf et al., 2019). Moreover, the anatomy 
of the porcine skin (reviewed in Schneider and Wolf, 2016) and the structure of their eyes 
(Kleinwort et al., 2017) are similar to the human organs. In comparison to other large animal 
species used in diabetes research, such as dogs and non-human primates (reviewed in 
Kleinert et al., 2018; Ludwig et al., 2020), pigs have the advantage of better ethical acceptance, 
relatively low-cost reproduction and maintenance, and the existence of well-established 
methods for genetic modification (reviewed in Renner et al., 2016b). Finally, the body size of 
this species provides sufficient amounts of tissue and blood samples to easily carry out 
downstream experiments and analyses. 

 
Figure 1. Anatomical and physiological similarities of pigs with humans. 

Traditionally, diabetic pig models have been generated by partial or total pancreatectomy, 
or by chemical destruction of the pancreatic beta cells using streptozotocin or alloxan. 
The advantages and problems of these treatments have been extensively reviewed recently 
(Renner et al., 2020). Feeding pigs with high-fat/high-energy diet results in obesity and insulin 
resistance (Renner et al., 2018), but rarely in clinical diabetes without further interventions. 
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Combinations of several techniques are thus being used to mimic the multifactorial 
pathogenesis of T2D (reviewed in Renner et al., 2016b, 2020). 

Genetic engineering provides important additional means for generating pig models for 
diabetes and metabolic research (Wolf et al., 2014). Over the past decades, the toolbox for 
genetic engineering of pigs has been continuously expanded (reviewed in Dmochewitz and 
Wolf, 2015; Whitelaw et al., 2016). Our lab has generated genetically (pre)diabetic pig models, 
but also transgenic pigs expressing reporter genes in islet cells for developmental studies of 
the endocrine pancreas or the optimization of islet culture. The latter is important for the 
clinical development of porcine islet xenotransplantation to restore beta-cell function in T1D 
patients (reviewed in Klymiuk et al., 2016; Kemter and Wolf, 2018). For free islet 
transplantation, the donor pigs are genetically modified to reduce or prevent their rejection by 
the recipients’ immune system (reviewed in Kemter et al., 2018). 

In this short review, we summarize our own experiences with genetically engineered pigs 
used as models for diabetes and metabolic research or as donors for islet xenotransplantation. 
More comprehensive reviews on these topics have been published recently (Kemter et al., 
2018; Kleinert et al., 2018; Renner et al., 2020). In addition, there are interesting attempts to 
generate human tissues in animal hosts (Wu et al., 2017), which have been discussed 
elsewhere (Wu et al., 2016a,b; Suchy and Nakauchi, 2018; Suchy et al., 2018). 

The GIPRdn transgenic pig as a model for prediabetes 

Insulin secretion is much greater in response to oral glucose compared to the same quantity 
of glucose administered intravenously. This phenomenon is attributed to the so-called ‘incretin 
effect’. The incretin hormones glucose-dependent insulinotropic polypeptide (GIP) and 
glucagon-like peptide-1 (GLP1) are secreted upon nutrient ingestion by specific endocrine cells 
in the small intestine. Among other functions, incretins bind to specific receptors of beta cells 
and potentiate insulin secretion (Figure 2A; reviewed in Renner et al., 2016a). This incretin 
effect is reduced in T2D patients as a consequence of impaired GIP function. To mimic this 
condition in a large animal model, we generated transgenic pigs expressing a dominant-negative 
GIP receptor (GIPRdn) under the control of a rat Ins2 promoter sequence (Renner et al., 2010). 
These pigs were generated by injecting lentiviral vectors into the perivitelline space of zygotes 
(Hofmann et al., 2003). GIPRdn binds GIP with similar affinity as the intact GIPR (a classical seven 
transmembrane domain G-protein coupled receptor), but has a deletion of 8 amino acids and 
an additional amino acid exchange in the third intracellular domain abolishing its signaling 
capacity (Renner et al., 2016a). The use of a rat Ins2 promoter sequence facilitates expression 
of GIPRdn in the beta cells. The GIPRdn transgenic pig model resembles important aspects of 
prediabetes, including a reduced incretin effect, impaired glucose tolerance, initially delayed 
and in later stages quantitatively reduced insulin secretion (Figure 2B), and a progressive 
reduction of beta-cell mass (Renner et al., 2010). The reproducible and progressive phenotype 
of the GIPRdn transgenic pig model was used in a targeted metabolomics approach to identify 
biomarker candidates, which exhibit changes in plasma concentration that correlate with the 
progression of the phenotype in the prediabetic period. In particular, it was possible to identify 
metabolomic signatures of amino acids and lipids that showed a high correlation with beta-cell 
mass (Renner et al., 2012). Moreover, the GIPRdn transgenic pig model was used to characterize 
the effects of the GLP1 receptor agonist liraglutide, which is clinically approved for treatment 
of adult type 2 diabetics, in juvenile organisms. Specifically, it was possible to clarify whether 
the impaired function of the GIP/GIPR axis can be compensated by additional stimulation of 
the GLP1 receptor. Treatment of adolescent GIPRdn transgenic pigs with liraglutide resulted in 
marked decreases in food intake and body weight gain and led to reduced postprandial 
circulating glucose and insulin levels compared to placebo-treated GIPRdn transgenic pigs. This 
was probably due to an inhibitory effect of liraglutide on gastric emptying. Total alpha- and 
beta-cell mass was reduced in the liraglutide-treated group, but not when normalized for body 
weight. The 90-day liraglutide treatment had no effect on beta-cell proliferation nor on acinus-cell 
proliferation (Streckel et al., 2015). 
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Figure 2. (A) Actions of the incretion hormones GIP and GLP1 on different organs; (B) Progressive 
deterioration of oral glucose tolerance in prediabetic GIPRdn transgenic (tg) pigs compared to wild-type (wt) 
pigs (from Renner et al., 2010). 

The INSC94Y transgenic pig: a clinically diabetic large animal model 

The expression of mutant insulin may – depending on the type of mutation and the 
expression level – lead to permanent neonatal DM (now termed mutant INS gene induced 
diabetes of youth – MIDY, also known as maturity-onset diabetes of the young 10 – MODY10). 
In humans more than 50 different mutations of the INS gene are known (reviewed in 
Renner et al., 2016b). We generated transgenic pigs that express mutant insulin C94Y 
(Renner et al., 2013). A corresponding mutation was also found in MIDY patients. The MIDY pigs 
were generated by random insertion of an expression cassette including the porcine INS gene 
with the Cys→Tyr exchange at amino acid position 94 and essential regulatory elements into 
porcine fetal fibroblast cells. Pools of stable transfected cell clones were used for somatic cell 
nuclear transfer (SCNT) to produce transgenic founder piglets, and the line with the highest 
INSC94Y transgene expression was selected for further experiments (Renner et al., 2013). 
The C94Y mutation in our pig model disrupts one of the two disulfide bonds between the 
A and B chains of the insulin molecule, resulting in misfolded insulin, accumulation of 
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proinsulin in the endoplasmic reticulum (ER), and chronic ER stress that cannot be solved by 
intrinsic repair mechanisms (the so-called “unfolded protein response” (UPR)). The cumulative 
effect results in beta-cell apoptosis. MIDY piglets get diabetic within the first week after birth. 
Since beta-cell mass is unaltered at this stage, a deficit in insulin secretion seems to be the 
primary cause. With increasing age, a loss of beta-cell mass is observed. At age 4.5 months, the 
beta-cell mass of MIDY pigs is 70% reduced compared to wild-type (WT) littermates and the 
beta cells show morphological hallmarks of ER stress (Figure 3). We thus developed an insulin 
substitution therapy, which resulted in restored normoglycemia and almost normal growth 
(Renner et al., 2013). 

 
Figure 3. Consequences of expression of mutant insulin C94Y in mutant INS gene induced diabetes of 
youth (MIDY) pigs. (A) Permanently elevated fasting blood glucose levels; (B) Decreasing plasma C-peptide 
concentrations indicating perturbed insulin secretion and a decrease in beta-cell mass; 
(C, D) Immunofluorescence staining of pancreas sections for insulin (green) and glucagon (red). In islets of 
wild-type (WT) pigs, the majority of islet cells are beta cells (C), whereas in MIDY pigs the majority of beta 
cells are lost and alpha cells dominate (D; from Blutke et al., 2017); (E, F) Ultrastructural changes of beta 
cells from MIDY pigs (age: 4.5 months), which are indicative of ER stress. Beta cells of WT pigs (E) show 
multiple insulin granules (blue arrows). In beta cells from MIDY pigs, the number of insulin granules is 
markedly reduced and characteristic dilations of the endoplasmic reticulum are visible (E; red arrows; 
from Renner et al., 2013). *p < 0.05; **p < 0.01; ***p < 0.001. 
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MIDY pigs are an interesting model for a broad range of applications, such as the preclinical 
testing of novel treatments or diagnostics (e.g. new insulin formulations, continuous glucose 
monitoring systems, insulin pumps, artificial pancreas), or the evaluation of early stages of 
diabetic complications in the kidneys, eyes, or microvasculature. Already at an age of 5 months, 
reduced capillarization and pericyte investment was observed in myocardium of MIDY pigs 
compared to age-matched controls. After experimental induction of an ischemic lesion, the 
myocardium responded with increased fibrosis. Local gene therapy with thymosin B4 markedly 
improved capillarization and pericyte investment in WT pigs, but only to a lesser extent in MIDY 
pigs (Hinkel et al., 2017). These findings are clinically relevant since reduced capillarization and 
pericyte investment is also observed in myocardium from diabetic patients. 

To study the consequences of insulin insufficiency and chronic hyperglycemia in a multi-organ, 
multi-omics approach, we established a comprehensive biobank from four 2-year-old MIDY 
pigs and five age-matched WT controls (Blutke et al., 2017). In this context, the first 
standardized protocol for systematic sampling and processing of a broad spectrum of organs 
and tissues from porcine biomedical models was established (Albl et al., 2016; Blutke and 
Wanke, 2018). The Munich MIDY Pig Biobank harbors more than 20,000 redundant samples of 
different body fluids and of ~50 different organs and tissues. Tissue samples were preserved 
to facilitate holistic molecular profiling studies (e.g. of transcriptome, proteome, lipidome, 
metabolome), transcript and protein localization studies, and qualitative and quantitative 
pathohistological investigations. 

To study the molecular consequences of chronic insulin deficiency for the liver, we analyzed 
liver samples of MIDY and WT pigs by RNA sequencing, proteomics, and targeted 
metabolomics/lipidomics. Multi-omics analyses revealed increased activities in amino acid 
metabolism, oxidation of fatty acids, ketogenesis, and gluconeogenesis in the MIDY samples. 
In particular, the concentrations of the ketogenic enzyme 3-hydroxy-3-methylglutaryl-CoA 
synthase 2 (HMGCS2) and of retinol dehydrogenase 16 (RDH16), which catalyzes the first step 
in retinoic acid biogenesis, were highly increased. Elevated levels of retinoic acid, which 
stimulates the expression of the gluconeogenic enzyme phosphoenolpyruvate carboxykinase 
(PCK1), were measured in the MIDY samples. In contrast, pathways related to the extracellular 
matrix and inflammation/pathogen defense response were less active than in the WT samples. 
This first multi-omics study of a clinically relevant diabetic large animal model revealed 
molecular signatures and key drivers of functional alterations of the liver in insulin-deficient 
diabetes mellitus (Backman et al., 2019). 

A recent proteome study of immune cells from MIDY and WT pigs found distinct differences, 
in particular a significantly increased abundance of myosin regulatory light chain 9 (MLC-2C), 
which affects cell contractility by regulating myosin ATPase activity, in the MIDY samples 
(Weigand et al., 2020). 

Molecular profiling studies of other tissues/cell types are ongoing. Particularly interesting is 
the retina of 2-year-old MIDY pigs, which showed diabetes-associated alterations with some 
similarities to diabetic retinopathy in human patients (Kleinwort et al., 2017). 

INSC93S transgenic pigs developing a milder diabetic phenotype 

In addition to the INSC94Y transgenic model, we developed with a similar strategy transgenic 
pig lines expressing INSC93S, giving rise to misfolded insulin due to disruption of an intrachain 
disulfide bond within the A-chain. INSC93S transgenic pigs showed impaired glucose tolerance 
due to reduced insulin secretion and mild fasting hyperglycemia. The milder phenotype of 
INSC93S vs. INSC94Y transgenic pigs is in line with lower expression of the mutant INS transgene 
(Renner et al., 2019). During pregnancy, insulin sensitivity decreased in both INSC93S transgenic 
and WT sows, but only the WT sows were able to compensate for the increased insulin demand 
with sufficiently increased insulin production to maintain normoglycemia. In contrast, INSC93S 
transgenic sows showed little compensatory capacity and maintained the mild fasting 
hyperglycemic level throughout pregnancy. This facilitated the study of potential metabolic 
programming effects of mild maternal hyperglycemia in the offspring. To separate direct 
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effects of transgene expression from maternal effects, only WT offspring were investigated. 
Compared to offspring from WT sows, neonatal WT offspring from INSC93S transgenic sows 
revealed impaired glucose tolerance and insulin resistance with females being more severely 
affected than males. In addition, distinct changes in amino acid and lipid metabolism were 
observed, indicating that even mild maternal hyperglycemia can have significant metabolic 
programming effects in neonatal offspring (Renner et al., 2019). 

Metabolic alterations in GHR deficient pigs 

Loss-of-function mutations of the growth hormone receptor (GHR) gene cause the rare 
autosomal recessive hereditary disease Laron syndrome (LS), which is characterized by short 
stature, obesity, and transient juvenile hypoglycemia. Moreover, a reduced incidence of diabetes 
mellitus in LS patients compared to controls was reported (Guevara-Aguirre et al., 2011), making 
this condition an interesting model for diabetes and metabolic research. For studies of the 
underlying mechanisms, we developed GHR deficient (GHR-KO) pigs as a large animal model for 
the human LS (Hinrichs et al., 2018). Frameshift mutations in the GHR gene were introduced by 
CRISPR-Cas9 in porcine zygotes. GHR-KO pigs show important hallmarks of the human disease, 
including reduced levels of insulin-like growth factor 1 (IGF1) and IGF-binding protein 3 (IGFBP3), 
increased serum GH concentrations, postnatal growth retardation, juvenile hypoglycemia, and a 
progressive increase in total body fat (Hinrichs et al., 2018). 

To study the consequences of lacking GH action in the liver, a central target organ of GH, we 
performed holistic proteome and targeted metabolome analyses of liver samples from 6-month-old 
GHR-KO and control pigs (Riedel et al., 2020). GHR deficiency resulted in an increased abundance of 
enzymes involved in amino acid degradation, in the urea cycle, and in the tricarboxylic acid cycle. 
A decreased ratio of long-chain acylcarnitines to free carnitine suggested reduced activity of carnitine 
palmitoyltransferase 1A and thus reduced mitochondrial import of fatty acids for beta-oxidation. 
Increased levels of short-chain acylcarnitines in the liver and in the circulation of GHR-KO pigs may 
result from impaired beta-oxidation of short-chain fatty acids or from increased degradation of 
specific amino acids. The concentration of mono-unsaturated glycerophosphocholines was 
significantly increased in the liver of GHR-KO pigs without morphological signs of steatosis. 
The abundances of several proteins functionally linked to non-alcoholic fatty liver disease (fetuin B, 
retinol binding protein 4, several mitochondrial proteins) were, however, increased. Moreover, GHR 
deficient liver samples revealed distinct changes in the methionine and glutathione metabolic 
pathways. In particular, a significantly increased level of glycine N-methyltransferase and increased 
concentrations of total and free glutathione were observed. Several proteins revealed a sex-related 
abundance difference in the control group but not in the GHR-KO group, providing new insights into 
the role of GH in the sex-related specification of liver functions (Riedel et al., 2020). 

Transgenic pigs expressing reporter genes in the pancreatic islets 

Functional studies of the endocrine cells in the islets of Langerhans are a prerequisite for 
better understanding the various forms of DM. Since access to human islets from healthy or 
diabetic subjects is limited, islets from rodent models are often used for in vitro studies. These 
rodent studies have revealed important knowledge on beta-cell function. Several therapeutic 
concepts for DM are based on the idea of generating additional beta cells, either via activating 
the regeneration of beta cells or by causing a transdifferentiation of pancreatic progenitor cells 
or other endocrine cell types into beta cells (reviewed in Zhou and Melton, 2018). Due to 
structural (e.g. distribution of the various endocrine cell types) and molecular differences 
(e.g. transcription factors of endocrine cells) between rodent and human islets of Langerhans, 
findings in rodent islets may not adequately resemble the situation in human islets. 
Alternatively, porcine islets of Langerhans can be used as a model. Islets of adult pigs are 
structurally similar to human islets (reviewed in Bakhti et al., 2019), but their isolation is difficult 
and expensive. In contrast, the isolation of neonatal islet-like cell clusters (NICCs) from piglets 
is less difficult, but NICCs are immature and require maturation in vitro (reviewed in Kemter 
and Wolf, 2018). To facilitate monitoring of this process in living cells, we generated transgenic 
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pigs expressing enhanced green fluorescent protein (eGFP) under the control of the porcine 
INS promoter (Kemter et al., 2017). Transgenic pigs were generated by SCNT from INS-eGFP 
transfected cell clones. The use of this model facilitates in vitro and in vivo maturation studies 
of NICCs (Figure 4A) and molecular analyses of FACS-sorted beta cells (reviewed in 
Kemter et al., 2018). Recently, the distribution and structure of pancreatic islets in situ was 
revealed in total cleared pancreas from INS-eGFP transgenic pigs (Figure 4B; Zhao et al., 2020). 

 
Figure 4. Neonatal islet-like cell clusters (NICCs) from INS-eGFP transgenic pigs can be used to study cell 
proliferation and maturation of NICCs in vitro and in vivo. (A) Maturation, expansion and vascularization of 
NICCs after transplantation into the anterior chamber of the mouse eye (from Kemter et al., 2017); 
(B) Visualization of pancreatic islets in total cleared porcine pancreas (from Zhao et al., 2020). 

Genetically modified pig islets for clinical xenotransplantation 

T1D patients in very labile metabolic conditions are difficult to treat with insulin and may 
suffer from frequent episodes of severe unaware hypoglycemia. While islet allotransplantation 
would be the treatment of choice, human donor organs are limited. As a source for xenogeneic 
replacement of beta cells, either islets from adult donor pigs or NICCs may be used (reviewed 
in Klymiuk et al., 2016). Adult pig islets are difficult to isolate, and the donor pigs must be 
maintained under designated pathogen-free conditions for a long time. The isolation of NICCs 
is less problematic, but they are immature upon isolation and require time in vitro or in vivo to 
mature and become fully functional (reviewed in Kemter and Wolf, 2018). By using NICCs from 
INS-eGFP transgenic pigs this maturation process can be monitored in vitro (see above) 
and – after transplantation – in vivo (Cohrs et al., 2017; Kemter et al., 2017). To facilitate 
functional imaging studies using advanced modalities, such as multispectral optoacoustic 
tomography (MSOT) of transplanted islets or other tissues, we are in the process of generating 
and characterizing transgenic pigs that express near-infrared fluorescent protein 
(Dinnyes et al., 2020). 

Rejection of xenografted porcine islets can be prevented by micro- or macroencapsulation 
(reviewed in Cooper et al., 2016; Klymiuk et al., 2016), or by genetic modification of the islet 
donor pigs (reviewed in Reichart et al., 2015; Kemter et al., 2018, 2020). The genetic 
modifications required depend on the transplantation site. Intraportal infusion of islets into 
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the liver is so far the preferred application route, but intraperitoneal, subcutaneous, 
intramuscular islet delivery, and transplantation into the bone marrow have also been tested 
(reviewed in Kemter and Wolf, 2018). 

An important hurdle to successfully carry out clinical xenotransplantation of porcine islets is their 
T-cell mediated rejection. This can be overcome by preventing the co-stimulation of T cells. Activation 
of T cells involves the interaction of a T-cell receptor with a peptide-loaded MHC (major 
histocompatibility complex) molecule on an antigen-presenting cell (APC). In addition, a second signal 
that is induced by the interaction of co-stimulatory molecules on T cells and APCs is required. A 
prominent pair of co-stimulatory molecules is CD28 on T cells and CD80/CD86 on APCs (Figure 5A). 
Their interaction can be blocked by soluble molecules, such as CTLA4-Ig or LEA29Y, a variant with 
higher affinity for CD80/CD86, thus inhibiting T-cell activation. While these co-stimulation blocking 
agents are usually applied systemically, genetic engineering of the donor pigs facilitates their local 
expression in the xenograft, potentially preventing its T-cell mediated rejection without systemically 
blocking T-cell activation. To test this hypothesis for islet xenotransplantation, we generated by SCNT 
from transfected cells transgenic pigs expressing LEA29Y under the control of the porcine INS 
promoter specifically in the pancreatic beta cells (Figure 5B; Klymiuk et al., 2012). After transplantation 
into diabetic immunodeficient mice, LEA29Y transgenic and WT pig islets were able to restore glucose 
homeostasis. Subsequent application of human immune cells resulted in the rejection of the WT pig 
islets, whereas the LEA29Y transgenic islets were protected (Figure 5C, D). Interestingly, only very low 
concentrations of LEA29Y were detected in the circulation of the islet-grafted mice, supporting the 
concept of local suppression of T-cell mediated xenograft rejection (Klymiuk et al., 2012). A second 
study demonstrated that INS-LEA29Y transgenic pig islets can control glucose homeostasis of beta-
cell deficient mice with a humanized immune system for many months (Wolf-van Buerck et al., 2017). 

 
Figure 5. Protection of xenografted porcine pancreatic islets against T-cell mediated rejection by local 
expression of LEA29Y. (A) Principle of co-stimulation blockade of T cells. Activation of T cells requires 
interaction between the T-cell receptor (TCR) and a peptide-loaded major histocompatibility complex 
(MHC) on an antigen-presenting cell (APC). In addition, a second signal such as the interaction between 
CD28 und CD80/CD86 is required. The interaction of CTLA4 and CD80/CD86 blocks T-cell activation. 
The latter can also be achieved by the soluble molecule CTLA4-Ig or its affinity-optimized version LEA29Y; 
(B) Immunohistochemical staining of LEA29Y in pancreas sections; (C) Scheme for testing the efficacy of 
LEA29Y expression in xenotransplantation experiments of porcine islets into immunodeficient mice (NSG) 
transplanted with human immune cells (adapted from Wolf et al., 2019). Xenotransplantation (XT) of 
neonatal islet-like cell clusters (NICCs) from wild-type (WT) or INS-LEA29Y transgenic pigs (LEA29Y) into 
immunodeficient streptozotocin (STZ)-induced diabetic mice results in an insulin-positive cell mass that is 
able to normalize their blood glucose level. If the mice are subsequently reconstituted with human 
peripheral blood mononuclear cells (PBMCs), the WT islets are rejected while the LEA29Y transgenic islets 
are protected ((D); from Klymiuk et al., 2012). CD45 labels infiltrating T cells. 
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Conclusions and perspectives 

During the past decade, multiple genetically tailored pig models for diabetes and obesity 
research have been generated, characterized, and implemented in preclinical research 
projects (reviewed in Renner et al., 2020). Improvements in porcine whole genome resources 
(Walters et al., 2012) and molecular profiling techniques further increase the value of these 
translational animal models for addressing unresolved questions in diabetes research, such as 
the role of organ crosstalk in the development of diabetic complications. In this context, the 
integration of mouse, pig, and human data appears to be particularly promising (Vogel et al., 
2018). 

Pigs are, however, not only interesting disease models, but also promising donors of cells, 
tissues, and organs for xenotransplantation. Genetic modification of the donor pigs (reviewed 
in Kemter et al., 2018) can overcome the need for physical immune isolation 
(e.g. encapsulation) of transplanted islets and thus allow their immediate contact with the 
recipients’ blood vessels, ensuring that transplanted islets function in a manner that more 
closely mirrors standard human physiology. Guidelines for the clinical translation of porcine 
islet xenotransplantation have been established (Cowan et al., 2016). Genetically modified 
porcine islets are thus a realistic future option to overcome the lack of islet allotransplants for 
the treatment of T1D. 
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