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I. INTRODUCTION 

Type 1 diabetes (T1D) is a chronic autoimmune disease, which is characterized by 

the destruction of insulin-producing beta cells in the pancreatic islets of Langerhans 

(reviewed in ZAJEC et al., 2022). Although there has been a great increase in 

knowledge about the pathophysiology of the disease and significant improvements 

in treatment and management, T1D remains a serious burden for those affected 

(reviewed in QUATTRIN, MASTRANDREA & WALKER, 2023). T1D patients 

are dependent on a lifelong supply of exogenous insulin (reviewed in KATSAROU 

et al., 2017). While exogenous insulin therapy can prevent hyperglycemia and slow 

the onset of complications, it is not a curative treatment for T1D and cannot fully 

restore glucose homeostasis, which is why diabetes-associated complications 

cannot be completely prevented (reviewed in RICHARDS et al., 2020). As a result, 

T1D patients still have a lower life expectancy compared to the general population 

(reviewed in PIEMONTI, 2022).  

In recent years, transplantation of pancreatic islets (ITx) has emerged as a promising 

strategy for curing insulin-dependent diabetes by providing a beta-cell replacement 

(reviewed in RICKELS & ROBERTSON, 2019). ITx is primarily aimed at T1D 

patients affected by repeated, severe hypoglycemic episodes in combination with 

impaired hypoglycemic awareness, or for those suffering from high glycemic 

instability (reviewed in VANTYGHEM et al., 2019). The portal vein represents the 

standard transplantation site for ITx and can be accessed in a minimally invasive 

procedure using imaging techniques and interventional radiology (reviewed in 

DELAUNE et al., 2017; reviewed in VENTURINI et al., 2018). Despite the great 

potential of ITx as a curative treatment for T1D, several hurdles limit its broad 

clinical application, in particular the shortage of donor organs and a pronounced 

loss of islet graft mass after transplantation (reviewed in WALKER, APPARI & 

FORBES, 2022).  

The fate of the transplanted islets after ITx can so far only be determined indirectly 

based on functional parameters, which do not allow reliable conclusions to be 

drawn about the viable beta-cell mass (BCM). However, detecting changes in the 

viable BCM is crucial for timely therapeutic intervention in the event of graft loss 
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and thus for optimizing the ITx outcome. This results in an urgent need for non-

invasive monitoring procedures for the quantitative recording of BCM (reviewed in 

RICHARDS et al., 2020). Biomedical imaging such as positron emission 

tomography/computed tomography (PET/CT) represents a highly promising 

approach in this context (JANSEN et al., 2023). 

Animal models are a valuable tool in research to gain a better understanding of the 

pathophysiology of human diseases and to develop novel therapeutic strategies 

(reviewed in ROBINSON et al., 2019). ITx research requires diabetic animal 

models, which can be generated based on genetic modification, chemical induction 

or surgical intervention (reviewed in SAKATA et al., 2012). Pigs share many 

anatomical, physiological and pathophysiological similarities with humans, which 

is why porcine models have a high translational value (reviewed in WOLF et al., 

2014). Transgenic INSC94Y pigs develop a stable, insulin-dependent diabetic 

phenotype without further intervention due to a mutation in the insulin gene, 

making them particularly suitable for ITx studies (RENNER et al., 2013). Neonatal 

porcine islets (NPIs) are of great interest for xenotransplantation, which explains 

the great research efforts in this field (reviewed in COE, MARKMANN & 

RICKERT, 2020). NPIs are characterized by the fact that they are immature when 

isolated, so that in vitro and in vivo maturation is required to achieve full 

functionality (reviewed in KEMTER & WOLF, 2018). 

In this study, wildtype (WT) pigs received an intraportal islet transplant consisting 

of NPIs to establish a pig islet allotransplantation model. Subsequently, an 

intraportal ITx with NPIs was performed in diabetic, transgenic INSC94Y pigs to 

evaluate the effect of NPI transplantation on their blood glucose levels. An 

observation period of these pigs of up to four months was aimed for, in order to 

take into account the need for in vivo maturation of the NPIs. ITx was accompanied 

by daily immunosuppressive and antithrombotic treatment. Non-invasive 

longitudinal [68Ga]Ga-DOTA-Exendin-4 PET/CT imaging was performed to 

evaluate the feasibility of this approach for morphological imaging of viable BCM. 

This was followed by a detailed histological analysis of the transplant-containing 

liver to determine graft distribution and properties and to investigate immunological 

processes after ITx.  
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II. REVIEW OF THE LITERATURE 

1. Type 1 diabetes 

T1D is an autoimmune disease and is considered one of the most common 

metabolic and endocrinological diseases in children and young adults. For instance, 

in Germany about 3,100 patients between the ages of 0 and 17 years are newly 

diagnosed with T1D every year (reviewed in SHOJAEIAN & MEHRI-

GHAHFARROKHI, 2018; DANIEL, 2019). There are currently about 373,000 

diagnosed T1D cases in Germany, which corresponds to about 0.4% of the total 

German population. Around 32,000 of these are children and adolescents 

(DANIEL, 2019). Worldwide, 8.75 million people were affected by T1D in 2022, 

with 530,000 new diagnosed cases. One fifth of those affected come from low-

income and low-middle income countries. 17% of T1D patients are younger than 

20 years, 64% are between 20 and 59 years old and 19.9% are 60 years or older. In 

2022, there were 182,000 deaths caused by T1D (OGLE et al., 2022). Of note, there 

was a continuous increase of T1D incidence in the past years and a further increase 

of 60-107% in prevalent T1D cases is predicted by 2040 (GREGORY et al., 2022). 

Several environmental factors are linked to the development of T1D, including for 

example early childhood contact with viruses that cause islet inflammation (such as 

enteroviruses), infant and adult dietary patterns, vitamin D supply, overweight and 

composition of gut microbiome (reviewed in REWERS & LUDVIGSSON, 2016; 

reviewed in DIMEGLIO, EVANS-MOLINA & ORAM, 2018). Genetic factors also 

play an important role in the development of the disease, where the highest genetic 

risk is associated with genes encoding Human Leukocyte Antigens (HLA), 

especially the HLA haplotypes DR3 and DR4 for white people (reviewed in 

NOBLE, 2015; reviewed in DIMEGLIO, EVANS-MOLINA & ORAM, 2018). 

T1D is mainly caused by autoimmune mediated destruction of pancreatic beta cells 

leading to insufficient insulin production (type 1a), only < 10% of patients are 

classified as idiopathic without autoimmune mechanisms (type 1b). The 

development of hyperglycemia and onset of diabetic symptoms typically emerges 

after a considerable latency phase, due to the substantial percentage of beta cells, 

that first has to be destroyed or impaired (reviewed in PASCHOU et al., 2018). The 

more prevalent type 2 diabetes (T2D) results from resistance to secreted insulin 
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accompanied by an insufficient compensatory insulin secretion response (reviewed 

in MAAHS et al., 2010). T1D is the consequence of an insulitis that is based on 

innate immune mechanisms. This involves the activation of pattern recognition 

receptors by endogenous and exogenous ligands, followed by production of 

interferons by beta cells and other islet cells, finally resulting in the recruitment of 

immune cells (ZAJEC et al., 2022). Macrophages are the first infiltrating cell type 

present in the inflamed islets. As the insulitis progresses, they are supplemented by 

CD8+ T cells, and to a lesser extent by CD20+ B cells and CD4+ T cells. As a result, 

beta cells are destroyed by immunological cascades, mediated by immune cells 

infiltrating in and around the islets (reviewed in RODRIGUEZ-CALVO, 

RICHARDSON & PUGLIESE, 2018; reviewed in ZAJEC et al., 2022). In addition, 

beta cells themselves are seen as contributors to the pathogenetic processes of T1D, 

making them accomplices rather than victims of the immune system (reviewed in 

SAHIN, LEE & ENGIN, 2021). This observation results from the fact that islet 

autoreactive CD8+ T cells also exist in healthy individuals, which implicates, that 

autoimmune processes are activated in the targeted tissue (reviewed in MALLONE 

& EIZIRIK, 2020; reviewed in ROEP et al., 2021). Characteristic for beta cells of 

T1D patients are elevated STAT1 levels and overexpression of HLA class I, 

promoting the immigration of CD8+ T cells and thus amplifying their vulnerability 

to autoimmune-driven destruction (RICHARDSON et al., 2016; reviewed in 

DIMEGLIO, EVANS-MOLINA & ORAM, 2018). In addition to these beta-cell 

abnormalities, beta-cell endoplasmic reticulum (ER) stress and a misguided 

unfolded protein response (UPR) are seen as main initiators and drivers in the 

pathogenesis of T1D (reviewed in BROZZI & EIZIRIK, 2016; reviewed in SAHIN, 

LEE & ENGIN, 2021). Beta cells require a complex ER system based on their 

synthesis and secretion function of insulin and are per se susceptible to biosynthetic 

stress (reviewed in ROEP et al., 2021; reviewed in SAHIN, LEE & ENGIN, 2021). 

When exposed to stressors (e.g. viral infection, oxidative stress, etc.), the synthesis 

and folding performance of ER is disturbed, leading to accumulation of misfolded 

protein in the ER, and thus to activation of the UPR (reviewed in CAO et al., 2020). 

While being an important mechanism for relieving ER stress and preventing cell 

death in the physiological state, a misdirected UPR can promote cell death in the 
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event of chronic, excessive ER stress (reviewed in ENGIN, 2016; reviewed in CAO 

et al., 2020).  

The clinical manifestation of T1D occurs in a first minor epidemiological peak at 

about five years of age and then mainly before the onset of puberty. In general, 

however, T1D can occur in any age group. Classic symptoms include polyuria, 

polydipsia and weight loss over a period of 2-6 weeks (KORDONOURI & 

KERNER, 2021). The following clinical parameters are used as a standard for the 

diagnosis of (pre-)diabetes: (A) fasted blood glucose (FBG) increased at two days 

(physiological: < 100 mg/dl), (B) non-fasting blood glucose (‘random glucose’) 

increased (≥ 200 mg/dl) at two days or associated with typical diabetes mellitus 

symptoms, (C) oral glucose tolerance test (OGTT) altered (2-h-glucose after 75g 

glucose intake ≥ 140 mg/dl), and (D) hemoglobin A1c (HbA1c) increased (indicates 

averaged blood glucose levels over several weeks; diagnostic: ³ 6.5%) 

(HARREITER & RODEN, 2023). If there is a first-degree relative affected by T1D, 

screening for diabetes-associated autoantibodies (IAA, GADA, IA-2A, ZnT8A) is 

recommended (reviewed in YU, ZHAO & STECK, 2017; HARREITER & 

RODEN, 2023). If at least two of these autoantibodies are present, this indicates a 

> 80% risk of developing T1D within 15 years. Antibodies against IAA are usually 

the first to be detected in young children, while antibodies against GADA appear 

mainly first in adolescents and young adults (reviewed in YU, ZHAO & STECK, 

2017; HARREITER & RODEN, 2023). 

T1D leads to absolute insulin deficiency (reviewed in KATSAROU et al., 2017). 

In order to treat insulin deficiency and to prevent acute (hyper- and hypoglycemic 

events) and long-term complications of T1D (secondary diabetic lesions of the 

cardiovascular, cerebrovascular, and renal system, diabetic retinopathy, for 

instance), lifelong replacement therapy with an exogenous insulin source is required 

(reviewed in MALIK & TAPLIN, 2014; DE BEAUFORT, BESANÇON & 

BALDE, 2018). If diabetes remains untreated, there is a risk of potentially life-

threatening diabetic ketoacidosis (MAGLIANO, BOYKO & BALKAU, 2021). 

Depending on the chemical structure, a distinction is made between human insulin 

and insulin analogs and, depending on the pharmacokinetic properties, between 

long-acting (basal), short-acting (bolus) and premixed preparations 

(BIRKENFELD et al., 2021). Intensified insulin therapy, consisting of at least three 
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insulin injections per day and use of long-acting and short-acting insulin to mimic 

basal and prandial insulin secretion, should be the standard therapy for T1D to slow 

the progression of diabetes-associated long-term complications (HAAK et al., 

2018). So far, the most common method for administering insulin has been through 

subcutaneous injection, using e.g. syringes, pens and pumps (reviewed in SHAH et 

al., 2016). Despite continuous refinement of insulin replacement therapy, there are 

patients with poor control of glucose levels that are suffering from unaware events 

of life threatening hypoglycemic episodes, a state that is also called Brittle diabetes 

(see section 2.2). These patients are candidates for allogeneic ITx (reviewed in 

VANTYGHEM et al., 2019; reviewed in DUAN et al., 2023). 

2. Pancreatic islet transplantation 

2.1. Islet transplantation - past till present  

The first beta-cell replacement therapy was carried out in 1893 by Watson-Williams 

and Harsant in Bristol, who xenotransplanted sheep pancreatic tissue into a patient 

with acute ketoacidosis. The patient died three days after the procedure (SHAPIRO, 

2002; reviewed in GAMBLE et al., 2018). ITx studies were re-initiated in 1972 by 

Paul E. Lacy, who achieved glycemic control in chemically induced diabetic rats 

by allogeneic intraperitoneal and intramuscular (i.m.) ITx (BALLINGER & LACY, 

1972; reviewed in GAMBLE et al., 2018). In 1973, ITx induced normoglycemia in 

chemically induced diabetic mice and the hepatic portal vein was first used as 

transplantation (Tx) site in rodent models (RECKARD & BARKER, 1973; 

reviewed in CZARNECKA et al., 2023). In 1980, successful intraportal auto-ITx 

after (near-)total pancreatectomy was performed in ten human patients suffering 

from chronic pancreatitis, with three achieving insulin independence for one, nine 

and 38 months, respectively (NAJARIAN et al., 1980; reviewed in GAMBLE et 

al., 2018). 

The introduction of the “Automated Method” for human islet isolation by Dr. 

Camillo Ricordi represents a next turning point in clinical ITx and remains the gold 

standard for human islet isolation till today (RICORDI, LACY & SCHARP, 1989; 

reviewed in GAMBLE et al., 2018). This approach involves mechanically improved 

enzymatic degradation of the pancreatic tissue through the use of a 
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dissociation/filtration chamber. This ensures that pancreatic islets are removed 

directly from the digestion system, preventing overdigestion and maintaining the 

integrity of the endocrine cell clusters (reviewed in PIEMONTI & PILEGGI, 2013).  

A total of 267 ITx procedures were performed in patients from 1980-1999, 

however, less than 8% of these led to insulin independence for more than one year. 

With the Edmonton protocol, introduced by Shapiro et al. in 2000, ITx became a 

clinical feasible procedure (reviewed in GAMBLE et al., 2018). Until 2000, 

immunosuppression after ITx mainly involved the use of antilymphocyte drugs 

combined with cyclosporine, azathioprine and glucocorticoids (SHAPIRO et al., 

2000). Steroids are known for their diabetogenic effect and prednisolone appears to 

have at least a toxic long-term effect on islet engraftment and function (ZENG et 

al., 1993; SHAPIRO et al., 2000). The Edmonton protocol therefore dispenses with 

the use of glucocorticoids. Instead, immunosuppressive treatment is based on 

sirolimus, low-dose tacrolimus (TAC) and daclizumab (SHAPIRO et al., 2000; 

reviewed in GAMBLE et al., 2018). This new immunosuppressive regime in 

combination with an adequate islet graft mass (mean 11,547 ± 1,604 islet 

equivalents (IEQs)/kg body weight (BW)) was able to achieve stable insulin 

independence (follow-up: 4.4 – 14.9 months) in seven T1D patients and reliably 

prevent hypoglycemic episodes after intraportal ITx (SHAPIRO et al., 2000).  

Since the publication of the Edmonton protocol, numerous countries worldwide 

have progressed in utilizing allogeneic ITx as a treatment for T1D patients facing 

severe hypoglycemia, hypoglycemia unawareness, or significant glycemic 

instability (reviewed in RICKELS & ROBERTSON, 2019). Hering and coworkers 

were able to achieve insulin independence for at least one year in eight out of eight 

patients through improvements in perioperative management (strong induction 

immunotherapy and less diabetogenic maintenance immunosuppression). In this 

study an islet graft was based on only one donor organ per ITx recipient, as opposed 

to the 2-4 donor pancreata per recipient used in the Edmonton protocol (HERING 

et al., 2005; reviewed in RICKELS & ROBERTSON, 2019).  

In 2001, the Collaborative Islet Transplant Registry (CITR) was established to 

compile data from the majority of human-to-human ITx programs in North America 

(period 1999-2020) and additionally from Europe and Australia (period 2006-2015) 
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(reviewed in GAMBLE et al., 2018; CITR, 2022). The latest report of 2022 

postulates a total of 1,399 allo-ITx patients in the period of 1999-2020, thereof 

1,108 islet transplant alone (ITA) recipients and 291 islet-after-kidney (IAK), 

simultaneous-islet-kidney (SIK) or kidney-after-islet (KAI) transplant recipients. 

Within the ITA patients, 19.6% are insulin independent, 29% insulin dependent 

with preserved graft function and 19.7% without graft function. No data is available 

for 31.7% (CITR, 2022).  

Over the past years, advancements in ITx have been considerable, marked by 

numerous enhancements such as improved islet preparation methods, refined 

culture techniques, safer transplant procedures and more potent anti-inflammatory 

and immune-modulating interventions (reviewed in GAMBLE et al., 2018). In 

2022, the largest single-center cohort study on long-term outcomes after ITx was 

published by Marfil-Garza et al. with 255 patients from Edmonton, Canada 

(MARFIL-GARZA et al., 2022; reviewed in CZARNECKA et al., 2023). This 

study illustrates the long-term safety of ITx therapy despite chronic 

immunosuppression (reviewed in CZARNECKA et al., 2023).  

Launched in 2008, the University Hospital of Dresden currently hosts the only 

active clinical ITx program in Germany. This is attributed to a highly complex 

regulatory situation (LUDWIG et al., 2015; DGFG, 2022).  

An overview about important discoveries and landmarks of clinical ITx history is 

provided in Figure 1. 



II. Review of the literature  

  

 
 

9 

 

Figure 1: Selected important discoveries and landmarks of clinical ITx history.  

Author’s own figure, adapted from Czarnecka et al., 2023; 
Additional information from Gamble et al., 2018 and DGFG, 2022. 

2.2. Indications for islet transplantation 

Currently, the main indication for an allogeneic ITx is T1D (reviewed in 

PIEMONTI, 2022). Although patients with T1D can be treated symptomatically 

with exogenous insulin therapy, insulin injections cannot replace the physiologic 

pancreatic secretion patterns of insulin, glucagon and somatostatin required for 

proper glucose homeostasis (reviewed in JOHNSON & JONES, 2012). This is 

clinically highly relevant, as studies have shown that there is a close correlation 

between the quality of glucose control and the development of diabetic 

complications (NATHAN et al., 1993; reviewed in JOHNSON & JONES, 2012; 

LAITEERAPONG et al., 2019). 

1893: Xenotransplantation of sheep pancreatic tissue in human patient 
(Watson-Williams & Harsant)

1972/73: 
ITx restores normoglycemia in chemically-induced diabetic rodent models 
(Lacy; Reckard & Barker)

1973: 
Portal vein is used as Tx site for the first time in a rodent model (Scharp)

1989: 
Development of the Ricordi Chamber and invention of the “Automated method” for 
human islet isolation (Ricordi)

2000: 
Establishment of the Edmonton protocol as glucocorticoid-free immunosuppressive 
regimen (Shapiro)

2008: 
Launch of the first German clinical ITx program at the Dresden diabetes center
(Ludwig)

1980: 
Insulin-independence after auto-ITx in 10 patients with chronic pancreatitis 
(Najarian & Sutherland)

2022: 
20-year outcomes of the Edmonton protocol published by the Lancet 
(Marfil-Garza)

2001: 
Establishment of Collaborative Islet Transplant Registry (CITR)
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However, intensive insulin therapy required to counteract this, increases the risk of 

life-threatening hypoglycemic events (DCCT, 1997; reviewed in JOHNSON & 

JONES, 2012). ITx as beta-cell replacement therapy can overcome these limitations 

of insulin therapy (NOGUCHI, 2009).  

ITx is also a very effective measure to correct hypoglycemia and is therefore 

primarily aimed at T1D patients with events of severe recurrent hypoglycemia that 

cannot be prevented even with intensive medical care (reviewed in OTHONOS & 

CHOUDHARY, 2017), also known as brittle diabetes (GANGEMI et al., 2008; 

RICORDI & JAPOUR, 2019). The current valid classification of hypoglycemia as 

mild or severe is not determined by precise blood glucose thresholds, but rather by 

an individual's capacity for self-treatment (HAAK et al., 2019). A severe 

hypoglycemic state is characterized by severe cognitive dysfunction (convulsion or 

coma), which requires external intervention and the administration of glucose, 

glucagon, or other corrective measures (reviewed in URAKAMI, 2020). In addition 

to coma and seizures, severely low blood sugar can also lead to heart attacks and 

even death. The primary goal of ITx is therefore to address a heightened 

vulnerability to severe hypoglycemia and irregularities in glycemic control, which 

lead to a mortality of 8% (reviewed in PIEMONTI, 2022).  

ITx can also be performed as IAK or SIK transplantation in uremic T1D patients 

affected by chronic kidney failure (reviewed in VENTURINI et al., 2018; 

MARKMANN et al., 2021; reviewed in PIEMONTI, 2022). For IAK 

transplantation, patient selection is not as strict as for ITA recipients as these 

patients already undergo chronic immunosuppressive treatment due to the kidney 

graft (reviewed in SHAPIRO, POKRYWCZYNSKA & RICORDI, 2017). 

Apart from T1D, pancreatogenic types of diabetes (caused by e.g. chronic 

pancreatitis, tumors or pancreatectomy), cystic fibrosis-related diabetes or 

advanced insulinopenic T2D may also be indications for ITx. This is indicated when 

these patients suffer from glycemic instability and therapy-resistant hypo- and 

hyperglycemia caused by beta-cell failure (reviewed in RICKELS et al., 2018; 

reviewed in RICKELS & ROBERTSON, 2019; reviewed in PIEMONTI, 2022). If 

the transplanted islets are the patient's own islets obtained after pancreatectomy, 

this is referred to as autologous ITx (reviewed in PIEMONTI, 2022). 
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2.3. Procedure of clinical islet transplantation in T1D patients 

2.3.1. Pancreas procurement and islet isolation 

Human islet grafts for allogeneic ITx are currently derived from pancreata that are 

obtained from deceased organ donors (reviewed in SHAPIRO, 

POKRYWCZYNSKA & RICORDI, 2017). The implementation of certain criteria 

when selecting the donor, such as the use of steroids, vasopressors (pitressin), male 

gender, BMI > 25 kg/m2, minimum glycemia < 150 mg/dl and local explantation 

team, has a decisive influence on the success and outcome of the ITx procedure 

(PONTE et al., 2007; reviewed in SHAPIRO, POKRYWCZYNSKA & RICORDI, 

2017). The collection of donor pancreas requires the utmost care to preserve the 

integrity of the pancreatic capsule while minimizing processing time and 

maximizing the flow of oxygenated blood in the pancreas prior to clamping the 

aorta, referred to as warm ischemia time (reviewed in SHAPIRO, 

POKRYWCZYNSKA & RICORDI, 2017; DE PAEP et al., 2021). Removal of the 

pancreas is usually performed en bloc with the duodenum and spleen. Subsequently 

the organ is transferred to an islet isolation facility, preserved in University of 

Wisconsin or histidine-tryptophan ketoglutarate (HTK) solution at 4°C (reviewed 

in KIN & SHAPIRO, 2010; reviewed in SHAPIRO, POKRYWCZYNSKA & 

RICORDI, 2017). The islet isolation facility for clinical ITx has to be accredited 

according to Current Good Manufacturing Practices. The cold ischemia time of the 

donor pancreas during collection, preservation and transport should be reduced to 

a minimum and be less than eight hours (reviewed in RICKELS & ROBERTSON, 

2019). In the islet isolation facility, the following steps are taken to obtain 

transplantable islets from donor pancreas: (1) intraductal distention of the pancreas 

by injection of collagenase solution into the cannulated pancreatic duct (reviewed 

in KIN & SHAPIRO, 2010), (2) enzymatic digestion and mechanically separation 

of pancreatic tissue by using the Ricordi method (RICORDI et al., 1988; reviewed 

in RICKELS & ROBERTSON, 2019), (3) purification of islets by centrifugation 

and (4) finally cultivation of islets for 36-72h before ITx, to reduce immunogenic 

and inflammatory properties of the islet graft by increasing purity of islets 

(reviewed in SHAPIRO, POKRYWCZYNSKA & RICORDI, 2017; reviewed in 

RICKELS & ROBERTSON, 2019) (Fig. 2). 
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The minimum amount of IEQs should be 5,000 IEQs/kg BW for each islet allograft 

and > 6,000-7,000 if a single donor organ is used (reviewed in SHAPIRO, 2012; 

reviewed in SHAPIRO, POKRYWCZYNSKA & RICORDI, 2017). 

 

Figure 2: From donor organ to islet graft. 

(1) Distention of pancreas by intraductal administration of collagenase solution. (2) Digestion of 
pancreatic tissue in Ricordi chamber. (3) Digest before purification (islets stained red by dithizone 
dye). (4) Purification of islets by centrifugation. (5) Islet cultivation. (6) Purified human islets 
(staining: dithizone-red) ready for clinical use. (7) Intraportal ITx. 

Image source: Shapiro et al., 2017; Figure legend: Adapted from Shapiro et al., 2017. 

Reproduced with permission from Springer Nature. 

2.3.2. Percutaneous intraportal pancreatic islet transplantation (PIPIT) 

The islet graft is resuspended in transplantation medium, transferred in a sterile 

infusion bag containing 70 IU/kg BW heparin and administered into the 

percutaneously catheterized portal vein (reviewed in SHAPIRO, 

POKRYWCZYNSKA & RICORDI, 2017). Percutaneous transhepatic 

catheterization of the portal vein for ITx using a combined CT- and fluoroscopy-

guided technique was described in 1999 (WEIMAR et al., 1999). Since then it has 

been further developed and is considered a safe, effective transplantation method 

(VENTURINI et al., 2005; reviewed in SHAPIRO, POKRYWCZYNSKA & 

RICORDI, 2017). Compared to pancreas transplantation, PIPIT is a minimally 

invasive procedure that involves distinct less surgical risk (reviewed in 

WOJTUSCISZYN et al., 2019; reviewed in BERNEY et al., 2022).  



II. Review of the literature  

  

 
 

13 

Prior to PIPIT, the patient undergoes radiological, clinical and biochemical 

examinations to determine whether the inclusion and exclusion criteria for the 

procedure are met (reviewed in VENTURINI et al., 2018) (Table 1).  

PIPIT inclusion criteria PIPIT exclusion criteria 

Diabetes duration ³ 5 years Diabetes duration £ 5 years 
No endogenous C-peptide secretion (insulin 
biosynthesis and secretion marker) 

C-peptide secretion (stimulated C-peptide 
level > 0.5 ng/dL)  

Therapy-resistant severe glycemic instability 
with frequent episodes of undetected 
hypoglycemia, progression of diabetic 
complications despite exogenous insulin 
therapy  

Untreated proliferative diabetic retinopathy 

 Portal hypertension 
 Cardiovascular disease 
 Active infection (incl. hepatitis C, hepatitis B, 

HIV, tuberculosis) 
 Abuse of alcohol or substance 
 Pregnancy, intent of future pregnancy 

Table 1: Inclusion and exclusion criteria for PIPIT as ITA.  

Adapted from Venturini et al., 2018. 

Interventional radiology plays a key role in PIPIT, as it enables minimally invasive 

access to the portal vein, which therefore does not have to be opened up surgically 

(reviewed in GABA, GARCIA-ROCA & OBERHOLZER, 2012). Before PIPIT, 

patients are usually given antimicrobial and antiviral therapy, as contaminated islets 

can potentially cause septicemia and because of immunosuppression leading to an 

increased sensitivity to pathogens (TAYLOR et al., 1994; reviewed in 

VENTURINI et al., 2018; reviewed in PIEMONTI, 2022). PIPIT is usually carried 

out in an angiographic facility under sterile conditions and moderate intravenous 

sedation. Cardiac and hemodynamic parameters and oxygen saturation are recorded 

during the procedure (reviewed in VENTURINI et al., 2018). The hepatic portal 

vein is currently the clinically state-of-the-art transplantation site for islets. This is 

due to the fact that the portal vein is easily and minimally invasively accessible and 

insulin secretion from the transplanted islets occurs into the portal vein, which 

prevents systemic hyperinsulinemia (reviewed in RAJAB, 2010; reviewed in 

VENTURINI et al., 2018). In addition, this ITx site recapitulates the physiological 

route of insulin secretion from the pancreatic islets of Langerhans into the portal 
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vein, with hepatocytes being the initial targeted structure for insulin (EDGERTON 

et al., 2021; reviewed in CALDARA et al., 2023). 

The ITx process is carried out in the following steps: (1) Ultrasound or fluoroscopy 

guided percutaneous puncture of a portal vein branch, approaching intercostal from 

the right side, using 22G needle and providing local anesthesia. (2) Advancing a 

0.018-inch guidewire through the needle into the main branch of the portal vein and 

positioning a straight end-hole 4-F catheter. (3) Portography to check the position 

of the catheter and to determine the pressure (normally 6-12 mmHg) and patency 

of the portal vein. (4) Gentle islet infusion either by gravity or by syringe injection 

(20-30 min). (5) Repetition of the portal pressure measurement (increase normally 

1-2 mmHg) and final portography. (6) Retraction of the catheter under fluoroscopic 

guidance and embolization of the puncture tract with hemostatic agents, e.g. 

gelfoam torpedoes, to reduce the hemorrhagic risk (OWEN et al., 2003; 

VENTURINI et al., 2005; reviewed in VENTURINI et al., 2018). 

If percutaneous access to the portal vein is not possible, e.g. in the case of a large 

hepatic hemangioma, an open ITx procedure can be performed as an alternative 

(SHAPIRO & RICORDI, 2014). 

PIPIT requires anticoagulant measures to prevent acute thrombosis of the portal 

vein. This can be achieved for example by administration of 1,500 - 2,000 IU 

heparin with islet infusion and subsequently 6,000 IU/day enoxaparin 

subcutaneously (s.c.) for seven days (reviewed in VENTURINI et al., 2005; 

VENTURINI et al., 2018). 

2.3.3. Posttransplant management 

Posttransplant management includes an immediate-post-PIPIT imaging with 

ultrasound to rule out early bleeding. Doppler ultrasound examinations are usually 

carried out on day one, three and seven post ITx (reviewed in VENTURINI et al., 

2018). In this way, the two main acute complications, bleeding and, more rarely, 

portal vein thrombosis, can be diagnosed (RYAN et al., 2005; reviewed in 

VENTURINI et al., 2018). Late-post-PIPIT imaging is used to detect long-term 

effects of PIPIT induced by the islet transplant or immunosuppression (reviewed in 

VENTURINI et al., 2018). 
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For example, chronic immunosuppression can promote neoplasia and infections, 

e.g. with the cytomegalovirus (CMV), the consequences of which can be detected 

in CT scans, e.g. pneumonitis or myocarditis. This is clinically relevant as CMV 

infections can also damage the islet transplant (ECKHARD et al., 2002; reviewed 

in VENTURINI et al., 2018). Another long-term effect may be hepatic steatosis, 

which can be detected from six months post-PIPIT onwards by magnet resonance 

imaging (MRI) and ultrasound (reviewed in VENTURINI et al., 2018). It is caused 

by local insulin production of engrafted islets, which promotes lipogenesis and 

inhibits lipolysis, leading to fat deposition (KILWORTH, CRANE & MASTERS, 

1985; reviewed in VENTURINI et al., 2018). Hepatic steatosis diagnosed by 

ultrasound may be an indicator of islet graft exhaustion, although a negative 

ultrasound does not rule this out and the connection between hepatic steatosis and 

graft function is not fully known (VENTURINI et al., 2015; reviewed in 

VENTURINI et al., 2018). 

Other clinical parameters that are regularly evaluated after PIPIT, e.g. to detect 

unfavorable effects of immunosuppressants or general effects of ITx on the 

organism, are hematological parameters (cell blood counts), kidney function, liver 

function and immune monitoring (reviewed in PIEMONTI, 2022). 

2.4. Immunosuppressive treatment 

To avoid allograft rejection after ITx, immunosuppressive treatment of the recipient 

is required (VAN BELLE & VON HERRATH, 2008). No official standard therapy 

for immunosuppression after ITx is currently available and CITR data show a 

dynamic-variable approach to immunosuppression during the last years, with 

different combinations of agents (BARTON et al., 2012; CITR, 2022; reviewed in 

PIEMONTI, 2022). Since the establishment of the glucocorticoid-free 

immunosuppression regimen in the Edmonton protocol, several adjustments have 

been made to improve the tolerability of immunosuppression and minimize adverse 

effects on the islet graft, e.g. by substituting sirolimus with mycophenolate mofetil 

(MMF) (reviewed in SHAPIRO, 2011).  

In general, immunosuppressant therapies are classified as induction or maintenance 

regime (reviewed in PARLAKPINAR & GUNATA, 2021).  
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Table 2 provides an overview of the most commonly used immunosuppressant 

drugs in terms of ITx. Currently, most ITx immunosuppression regimens include 

induction therapy for T-lymphocyte depletion, e.g. with antithymocyte globulin 

(ATG), anti-CD52-monoclonal antibody (mAb) (alemtuzumab) or IL-2 receptor 

antagonists (e.g. basiliximab) (MATSUMOTO et al., 2011; BROOKS et al., 2013; 

NIJHOFF et al., 2016; reviewed in RICKELS & ROBERTSON, 2019). 

Immunosuppression via T-lymphocyte depletion is more effective than via IL-2 

receptor antagonists (BRENNAN & SCHNITZLER, 2008; HAYNES et al., 2014; 

reviewed in RICKELS & ROBERTSON, 2019). In addition, the combination of 

anti-T-lymphocyte agents with a TNF-α inhibitor, such as etanercept has a positive 

effect on the long-term insulin independence in contrast to when IL-2 inhibitors are 

used (BELLIN et al., 2012; reviewed in RICKELS & ROBERTSON, 2019). IL-2 

antagonists are the agents of choice for repeated infusions to minimize adverse 

effects of immunosuppression and in case of allergy to T cell depleting agents 

(SOLEIMANPOUR et al., 2011; HERING et al., 2016; reviewed in RICKELS & 

ROBERTSON, 2019). For the maintenance of immunosuppression, a combination 

of a calcineurin inhibitor (CNI), mainly TAC, and MMF is used as standard. This 

combination has largely replaced the mammalian target of rapamycin (mTOR) 

inhibitor sirolimus, which was originally combined with TAC in the Edmonton 

protocol (CITR, 2022; reviewed in WALKER, APPARI & FORBES, 2022).  

Overall, complications of immunosuppression in ITx, such as malignant 

degenerations and infections, occur relatively rarely (reviewed in REID, BAXTER 

& FORBES, 2021). The CITR report documents the correlation between 

immunosuppression and the occurrence of complications such as neoplasia and 

mortality. By 2022, for example, 12.2% of all neoplasms that occurred in all ITx 

patients were definitely linked to immunosuppression and ten out of 77 reported 

deaths post-ITx were possibly or certainly related to immunosuppression (CITR, 

2022). Nevertheless, there are still considerable side effects of 

immunosuppressants, such as nephrotoxicity, cardiovascular diseases or 

neuropathies that can be triggered especially by CNIs (ARNOLD et al., 2013; 

reviewed in BAMOULID et al., 2015; reviewed in REID, BAXTER & FORBES, 

2021). This is why the potential risks of chronic immunosuppression must always 

be weighed against the benefits of ITx therapy and this assessment must be adapted 
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to the latest developments in the field of both diabetes therapy and 

immunosuppression (reviewed in SHAPIRO, 2011). In addition, alternative 

immunosuppressants such as everolimus or belatacept should also be considered 

and further researched (POSSELT et al., 2010; SAGESHIMA et al., 2014; reviewed 

in WALKER, APPARI & FORBES, 2022). 

Category Agent Mechanism of action Use 

Induction Daclizumab IL-2 inhibitor, mAb Early induction agent 
Alemtuzumab Anti-CD52, mAb Main induction agent 

currently used for first 
ITx 

Basiliximab IL-2 receptor 
antagonist, mAb 

Potential induction 
agent for ITx 

Antithymocyte 
globulin (ATG) 

Anti-T-cell antibody 
preparation 

Induction agent; used 
combined with 
etanercept 

Etanercept TNF-α inhibitor As combination with 
alemtuzumab or ATG 
for initial induction  

Maintenance  Tacrolimus Calcineurin inhibitor 
à reduction of IL-2 
up-regulation 

Main maintenance 
immunosuppression 
agent  

Mycophenolate 
mofetil 

Inhibition of inosine 
monophosphate 
dehydrogenase 

Main maintenance 
adjunct to TAC 

Sirolimus mTOR inhibitor 
à inhibition of IL-2 

Alternative to MMF; 
alternative to TAC in 
patients with declining 
renal function  

Table 2: Most commonly used immunosuppressive agents in ITx.  

Adapted from Reid et al., 2021. 

2.5. Monitoring of the islet graft  

Regular evaluations of the islet graft function are crucial after ITx to determine if 

further islet loading (second or third transplant) is required or if there are signs of 

graft rejection (reviewed in CANTLEY et al., 2023).  

There are several metabolic parameters that allow conclusions to be drawn about 

islet graft function. This includes standard parameters like fasted and postprandial 

blood glucose, basal and stimulated C-peptide as a marker for insulin production, 

HbA1c levels, development of exogenous insulin need, as well as stimulated 

parameters, e.g. response on Mixed Meal, intravenous glucose or 
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intravenous arginine. In addition, indices like the BETA2 score derived from a 

combination of several parameters are useful for clinical evaluation. However, there 

is no standardized method for determining islet graft function and clinical outcome, 

which is a weakness of beta-cell replacement therapy, that reduces its acceptance 

as a treatment method (reviewed in PIEMONTI, 2022). 

To fill this gap, in 2017, IPITA and EPITA jointly introduced the Igls Score 

(Table 3), to standardize the evaluation of beta-cell replacement therapy success, 

which includes the parameters HbA1c, severe hypoglycemic episodes, insulin 

requirement and C-peptide (reviewed in RICKELS et al., 2018; reviewed in 

PIEMONTI, 2022). 

Beta cell 
functional 
status 

HbA1c % 
(mmol/mol) 

Severe 
hypoglycemia 
(events/year) 

Insulin 
requirements 
(U·kg-1d-1) 

C-peptide Treatment 
success 

Optimal ≤ 6.5 (48) None None > Baseline 
and  
> 0.5 ng/ml 
fasting or 
stimulated 

Yes 

Good < 7.0 (53) None < 50% 
Baseline  
and  
< 0.5U·kg-1d-1 

> Baseline 
and  
> 0.5 ng/ml 
fasting or 
stimulated 

Yes 

Marginal Baseline < Baseline ≥ 50% 
Baseline 

> Baseline 
and  
> 0.5 ng/ml 
fasting or 
stimulated 

No 

Failure Baseline Baseline Baseline Baseline No 

Table 3: Igls definition for functional and clinical outcome of beta-cell replacement therapies. 

Adapted from Rickels et al., 2018 and Piemonti, 2022. 

Assessments of the islet graft function, as with C-peptide and HbA1c, is limited to 

an indirect representation of BCM, since function does not allow direct 

quantification of BCM (reviewed in ORAM, SIMS & EVANS-MOLINA, 2019; 

JANSEN et al., 2023). Furthermore, metabolic tests can only indicate adverse 

changes in the transplant with a delay and as a consequence of beta-cell loss, when 

the time frame for therapeutic countermeasures has already been exceeded 

(reviewed in BERNEY & TOSO, 2006; reviewed in ERIKSSON & ALAVI, 2012).  
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Biomedical imaging is a promising approach for the quantification of BCM and 

could therefore provide important insights into the survival of islets after ITx 

(JANSEN et al., 2023). Imaging techniques that are of interest in this context are 

mainly MRI, PET and single photon emission computed tomography (SPECT) 

(reviewed in ERIKSSON & ALAVI, 2012). 

PET as a highly sensitive molecular imaging technique is based on the simultaneous 

detection of annihilation photons following positron decay (reviewed in 

ZATCEPIN & ZIEGLER, 2023) (Fig. 3). It enables to visualize, characterize, and 

quantify biological processes at cellular and molecular levels in a noninvasive way 

(reviewed in JIN et al., 2022). PET imaging is supplemented by a CT or MRI to 

obtain additional anatomical information (reviewed in ARIFIN & BULTE, 2021). 

Since specific targets can be visualized, this imaging modality is particularly 

attractive for longitudinal quantification of BCM (reviewed in ERIKSSON & 

ALAVI, 2012). Molecular detection is based on the use of radiopharmaceuticals, 

consisting of a targeting ligand (e.g. a small molecule, peptide, antibody, or 

nanoparticle), that are linked with a radionuclide. This linkage is sometimes 

mediated by a connecting piece (reviewed in JIN et al., 2022) (Fig. 3).  

Radionuclides for labeling islet-targeting-ligands are for example 125In, 99mTc, 68Ga, 

or 18F (reviewed in ARIFIN & BULTE, 2021). When labeling islets, there are 

various approaches that provide information about the islet graft at different 

transplantation phases and timepoints, e.g. ex vivo labeling or in vivo targeting of 

islets (reviewed in ERIKSSON & ALAVI, 2012). A promising approach to image 

beta cells and thus transplanted islets by in vivo targeting is the use of glucagon-

like peptide-1 (GLP-1) receptor analogs, such as exendin-3 or exendin-4 (reviewed 

in ERIKSSON & ALAVI, 2012; BROM et al., 2014; BOSS et al., 2020; JANSEN 

et al., 2023; LINDHEIMER et al., 2023). The GLP-1 receptor (GLP-1R) is 

specifically and highly expressed on pancreatic beta cells of humans, mice, rats and 

pigs (TORNEHAVE et al., 2008; RENNER et al., 2010; reviewed in ERIKSSON 

& ALAVI, 2012). Endogenous GLP-1 is postprandial secreted by intestinal L-cells. 

Receptor binding leads to stimulated, glucose-dependent insulin synthesis and 

release (reviewed in LEECH et al., 2011; reviewed in MELONI et al., 2013). 
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Since endogenous GLP-1 is degraded to a biologically inactive form within 

minutes, synthetic GLP-1 analogs such as exendin are used for nuclear medical 

imaging (VILSBØLL et al., 2003; GOTTHARDT et al., 2006; WILD et al., 2010; 

NALIN et al., 2014). 

Depending on the radionuclide selected, in vivo imaging of islets can be carried out 

with PET or SPECT. Of note, PET has a 2-3 times higher sensitivity and spatial 

resolution than SPECT and the PET radiotracers have a shorter decay time. On the 

other hand, SPECT is lower in costs (reviewed in RAHMIM & ZAIDI, 2008; 

reviewed in ARIFIN & BULTE, 2021).  

 

Figure 3: Basic principles of PET molecular imaging. 

Author’s own figure, adapted from Jin et al., 2022; Created with Biorender.com. 
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2.6. Challenges and future directions in islet transplantation 

ITx faces a number of challenges that currently limit its potential as a curative 

therapy for T1D, including low transplant availability due to the lack of human 

donor organs and sparse islet yield, inflammation, auto-, and allogenic immune 

rejection, toxic effects of chronic immunosuppression, hypoxia and 

ischemia/reperfusion injury (reviewed in WALKER, APPARI & FORBES, 2022) 

(Fig. 5). Despite the many advances that have been made, 50-70% of the islets are 

still lost in the early phase after ITx (reviewed in DELAUNE et al., 2017). 

2.6.1. Oxidative stress, ischemia/reperfusion injury, hypoxia 

In general, the transplanted islets are exposed to dynamic changes in structure and 

function in the first few days after ITx. This is associated with islet graft dysfunction 

and substantial islet loss before tissue remodeling and engraftment occur, with T1D 

or hyperglycemia having a negative effect on islet survival (DAVALLI et al., 1996; 

BIARNÉS et al., 2002; reviewed in WALKER, APPARI & FORBES, 2022).  

In addition, islets are exposed to oxidative stress during the entire ITx process, 

which negatively affects islet viability and function. Therefore the use of 

antioxidants, such as metallothionein and glutathione peroxidase, in the ITx process 

(e.g. during islet graft preparation and islet infusion) might represent an important 

starting point for improving the ITx outcome (CHEN et al., 2001; LI, CHEN & 

EPSTEIN, 2004; MYSORE et al., 2005; reviewed in EGUCHI et al., 2022; 

reviewed in WALKER, APPARI & FORBES, 2022). 

Another key factor contributing to islet mass loss is ischemia/reperfusion injury, 

which is due to the restoration of blood flow to a transiently oxygen deprived graft 

(DU et al., 2013; reviewed in DELAUNE et al., 2017). Therefore, agents such as 

adiponectin or diazoxide are being researched for their protective effect against 

ischemia/reperfusion injury (DU et al., 2013; WANG et al., 2015; WANG et al., 

2022).  

Hypoxia represents a further challenge in ITx (reviewed in WALKER, APPARI & 

FORBES, 2022). This is based on the discrepancy that naive islets in the pancreas 

have a very high oxygenation need (5-15% of the pancreatic blood volume is used 
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by the islets, oxygen tension 40 mmHg), but at the time of ITx they are avascular 

and are therefore initially only supplied with oxygen via diffusion (CARLSSON et 

al., 2001; reviewed in DELAUNE et al., 2017). Revascularization starts a few days 

after ITx. 10-14 days after ITx, the islets are considered to be fully revascularized 

(MENGER et al., 1989; VAJKOCZY et al., 1995a; VAJKOCZY et al., 1995b; 

reviewed in JANSSON & CARLSSON, 2002; JONES et al., 2007; reviewed in 

DELAUNE et al., 2017). 

In addition, the portal vein system is characterized by a low oxygen tension 

(reviewed in VAN DER WINDT et al., 2008; reviewed in DELAUNE et al., 2017). 

Hypoxia is a well-known apoptosis trigger in beta cells and therefore contribute to 

islet loss after ITx (EMAMAULLEE et al., 2005; reviewed in VAN DER WINDT 

et al., 2008). This is one of the reasons why the portal vein is being questioned as 

the current standard ITx site and why intensive research for evaluation of alternative 

ITx sites, like the omentum or the gastric submucosa are ongoing (ECHEVERRI et 

al., 2009; DE MESQUITA et al., 2018; LU et al., 2019; reviewed in DAMYAR et 

al., 2021; reviewed in WALKER, APPARI & FORBES, 2022). 

2.6.2. Immunological challenges – IBMIR 

Immunological challenges pose additional obstacles to the success of ITx, 

encompassing issues such as allo- and autogenic graft rejection, as well as the 

instant blood-mediated inflammatory reaction (IBMIR) (reviewed in WALKER, 

APPARI & FORBES, 2022).  

As known from other organ transplantations, immune-mediated graft rejection can 

also occur after ITx, representing a significant factor contributing to the loss of 

function of transplanted islets (reviewed in CHEN et al., 2023; LANDSTRA et al., 

2023). This is due to pre-ITx or ITx-induced auto- and allo-specific cellular immune 

responses (CAMPBELL et al., 2007; HILBRANDS et al., 2009; PIEMONTI et al., 

2013; reviewed in PIEMONTI, 2022), accompanied by non-specific, innate 

immune mechanisms (CITRO et al., 2012; reviewed in CITRO, CANTARELLI & 

PIEMONTI, 2013; reviewed in PIEMONTI, 2022). The main cell types involved 

in immune-mediated rejection after ITx are macrophages, CD4+ T helper cells, 

CD8+ cytotoxic T cells and B cells. In addition to these effector cells, regulatory 
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immune cells, e.g. regulatory T cells, are involved in the immune process to regulate 

and limit the extent of immunological and inflammatory processes and prevent 

autoimmunity (reviewed in CHEN et al., 2023). 

Allo-rejection is due to incompatibility of the recipient with the donor HLA, a 

phenomenon that is particularly explosive in the case of multiple donors (reviewed 

in RICKELS & ROBERTSON, 2019). Allo-rejection can occur acutely if pre-

sensitization to the donor HLA has already occurred with the formation of 

alloantibodies, or chronically if de novo alloantibodies are formed after ITx (LOBO 

et al., 2005; MOHANAKUMAR et al., 2006; reviewed in RICKELS & 

ROBERTSON, 2019). In T1D patients, reoccurrence of autoreactivity against islet 

autoantigens even under immunosuppression can also potentially lead to rejection 

of the islet graft (STEGALL et al., 1996; TYDÉN et al., 1996; ROEP et al., 1999; 

VENDRAME et al., 2010; reviewed in RICKELS & ROBERTSON, 2019).  

IBMIR is an inflammatory process occurring in the first days after intraportal ITx 

(reviewed in KOURTZELIS et al., 2015). When islets were exposed to allogeneic 

blood in vitro and in vivo, Bennet and coworkers observed platelet activation, 

recruitment of immune cells and activation of the coagulation and complement 

system, respectively (BENNET et al., 1999; reviewed in KANAK et al., 2014). In 

addition, they found that the cascade can be attenuated by the use of heparin and a 

soluble complement receptor, which is why they proposed these agents for clinical 

use (BENNET et al., 1999). The main initiator of IBMIR is tissue factor (TF), which 

is expressed on the surface of the islets, inducing platelet binding and activation and 

leading to a clot reaction and intensive recruitment of immune cells (reviewed in 

KANAK et al., 2014; reviewed in GAMBLE et al., 2018). The driver of this 

coagulative reaction is thrombin, which is initially formed on the basis of the islet-

expressed TF and later amplified by the activated platelets, resulting in the 

formation of a fibrin capsule around the islets (MOBERG et al., 2002; OZMEN et 

al., 2002). In addition to coagulation, complement activation and secretion of 

chemokines contribute to IBMIR, leading to infiltration of the islets with leukocytes 

(mainly polymorphonuclear leukocytes (PMNs)), which release proinflammatory 

cytokines. 
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This results in a disruption of islet integrity and ultimately islet loss (MOBERG, 

KORSGREN & NILSSON, 2005; reviewed in NILSSON, EKDAHL & 

KORSGREN, 2011; reviewed in KANAK et al., 2014) (Fig. 4). It is assumed that 

more than 50% of the transplanted islet mass is lost in the first period directly after 

ITx, whereby the innate IBMIR is significantly involved (KOSINOVA et al., 2019). 

Similar to the allogeneic setting, IBMIR also leads to tissue loss in xenogeneic 

settings, which has been demonstrated both in vitro and in vivo in transplantation 

of porcine islets to mice and to non-human primates (NHPs) (BENNET et al., 2000; 

GOTO et al., 2004; reviewed in NILSSON, EKDAHL & KORSGREN, 2011; 

LIUWANTARA et al., 2016). 

Therefore, intensive research has been conducted to overcome IBMIR. These 

approaches encompass the use of heparin or thrombin-inhibitors such as 

melagatran, knocking down TF or using engineered pancreatic islets expressing 

streptavidin-thrombomodulin (OZMEN et al., 2002; KOH et al., 2010; MA et al., 

2012; reviewed in WALKER, APPARI & FORBES, 2022; ZHANG et al., 2022; 

TURAN et al., 2023). In order to reduce inflammation in general, ITx should be 

accompanied by administration of anti-inflammatory agents, e.g. infliximab, 

anakinra, etanercept or a combination thereof (reviewed in SZEMPRUCH et al., 

2019; reviewed in WALKER, APPARI & FORBES, 2022). 
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Figure 4: Simplified schema of IBMIR.  

(a, b) Complement activation by binding of IgG and IgM to surface structures of the islets, such as 
collagen. (c) Deposition of complement factor C3b. Platelet activation by formation of thrombin due 
to islet expressed TF. Amplification of thrombin formation by activated platelets. (d) Binding of 
activated platelets to islets. Formation of fibrin. (e) Complement activation and formation of C3a 
and C5a due to activated platelets with subsequent recruitment and activation of monocytes and 
PMNs. (f) Encapsulation of islets by fibrin, entrapment of platelets, monocytes, PMNs, infiltration 
of islets by monocytes and PMNs resulting in disruption of islet integrity and islet loss. 

Author’s own figure, adapted from Nilsson et al., 2011; 
Figure legend: Adapted from Nilsson et al., 2011; Created with Biorender.com. 

There are several approaches to counter immunological hurdles of ITx (reviewed 

in WALKER, APPARI & FORBES, 2022). One example are encapsulation 

technologies (reviewed in DIMITRIOGLOU et al., 2019; reviewed in WALKER, 

APPARI & FORBES, 2022). These devices create a semi-permeable barrier 

between the host and the therapeutic tissue, providing it with immunological 

protection and therefore preventing graft rejection (reviewed in DESAI & SHEA, 

2017; reviewed in ERNST, WANG & MA, 2018). Other approaches to overcome 

immunological hurdles are e.g. HLA silencing, the use of regulatory T cells or the 

co-culture/co-transplantation of islets with mesenchymal stromal cells (MSCs), due 

to their anti-inflammatory and angiogenesis-promoting effects (HACKE et al., 

2009; GOŁĄB et al., 2014; reviewed in KEMTER & WOLF, 2018; FORBES et 

al., 2020; reviewed in WALKER, APPARI & FORBES, 2022).  
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2.6.3. Organ donor shortage & alternative islet sources 

A major limitation of ITx is that human donor organs are currently required for ITx, 

and the supply of donor organs cannot meet the demand (reviewed in 

MATSUMOTO & SHIMODA, 2020). This is further exacerbated by low islet 

yield, as the islet isolation processes cause a reduction of the estimated one million 

islets of a donor pancreas by more than 50% (reviewed in WALKER, APPARI & 

FORBES, 2022).  

There are various approaches to overcoming the organ donor shortage, e.g. the 

improvement of the human islet yield through non-thermic pancreas perfusion or 

an expansion of the criteria for organ donor selection (BTS, 2019; reviewed in 

WALKER, APPARI & FORBES, 2022; ROODEN et al., 2023). The main focus, 

however, is on the development of alternative islet sources such as stem-cell derived 

islets or xenogeneic porcine islets (reviewed in COE, MARKMANN & RICKERT, 

2020; reviewed in WALKER, APPARI & FORBES, 2022; reviewed in 

CZARNECKA et al., 2023). 

Stem-cell-derived islet-like cells can be generated based on human embryonic stem 

cells or induced pluripotent stem cells (D'AMOUR et al., 2006; TAKAHASHI & 

YAMANAKA, 2006; KROON et al., 2008; PAGLIUCA et al., 2014; reviewed in 

CZARNECKA et al., 2023). Fully functional pancreatic beta cells derived from 

human pluripotent stem cells were generated in vitro by Pagliuca and coworkers in 

2014 and formed the basis for clinical transplantation studies in humans 

(PAGLIUCA et al., 2014; reviewed in CZARNECKA et al., 2023).  

Another promising approach to overcome organ donor shortage is porcine islet 

xenotransplantation. The progress in genetic editing technology has paved the way 

for creating porcine islet donors with multiple genetic modifications. These 

modifications involve genetic depletion of certain carbohydrate xeno-antigens 

(αGal, Neu5Gc, and Sd(a)), whose presence are associated with complement and 

coagulation activation in humans. In addition, genetically modifying islet donor 

pigs to express human immune regulatory proteins lead to enhanced immunological 

compatibility to overcome cellular rejection (reviewed in KEMTER, DENNER & 

WOLF, 2018; reviewed in COE, MARKMANN & RICKERT, 2020).  
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Porcine islets have different characteristics depending on the age of the donor pig, 

so that a distinction is proposed between NPIs (1-3 days), juvenile (18-21 days) and 

adult (> 2 years) porcine islets (JPIs, APIs). Insulin secretion rates are higher in 

APIs than in NPIs (SMITH et al., 2018; VANDERSCHELDEN et al., 2019). NPIs 

consist of immature islet-like cell cluster in which insulin production is low 

compared to mature islets, which implies that in vitro or in vivo maturation is 

necessary to reach their full functionality (KORSGREN, CHRISTOFFERSON & 

JANSSON, 1999; reviewed in KEMTER & WOLF, 2018; VANDERSCHELDEN 

et al., 2019). However, NPIs are characterized by several advantages over APIs, 

which include higher resistance to hypoxia, lower immunogenicity, increased in 

vitro stability and enhanced in vivo cell proliferation capacity post ITx (BLOCH et 

al., 1999; YOON et al., 1999; TRIVEDI et al., 2001; reviewed in KEMTER & 

WOLF, 2018; VANDERSCHELDEN et al., 2019). In addition, NPIs are the most 

cost-efficient option (US$ per islet API vs. JPI and NPI: $0.09 vs. $0.04 and $0.02, 

respectively) (reviewed in KEMTER & WOLF, 2018; VANDERSCHELDEN et 

al., 2019). The efficacy of transplanted NPIs to restore normoglycemia has been 

demonstrated in mice and NHPs (YOON et al., 1999; HAWTHORNE et al., 2022). 

Some studies with porcine xenotransplantation in humans have already been carried 

out, using e.g. encapsulated WT islets, but although some improvements in 

glycemic control have been seen, a breakthrough has not yet been achieved 

(GROTH et al., 1994; ELLIOTT et al., 2000; VALDÉS-GONZÁLEZ et al., 2005; 

WANG et al., 2011; MATSUMOTO et al., 2014; MOROZOV et al., 2017; 

reviewed in COE, MARKMANN & RICKERT, 2020). In order to bring islet 

xenotransplantation to the clinic, a number of persistent barriers still need to be 

overcome, with the main focus being on further genetic optimization of donor pigs 

and development of long-term functioning islets in the presence of clinically 

relevant immunosuppression (reviewed in COE, MARKMANN & RICKERT, 

2020).  
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Figure 5: Challenges and future directions of ITx. 

Author’s own figure, adapted from Walker et al., 2022; 
Additional information: Ma et al., 2012; Turan et al., 2023; Created with Biorender.com. 

3. Animal models in diabetes research - Selecting the most 

suitable ITx recipient model  

Animal models play a very important role in preclinical research of diabetes 

mellitus and ITx. Most work in this field is performed on rodents, but also in large 

animal models such as NHPs and increasingly also in pigs (reviewed in REES & 

ALCOLADO, 2005; LUDWIG et al., 2020; reviewed in BERGEN, 2022). 

Animal models are used in this context to gain a better understanding of the 

pathophysiological processes of the disease, but also to develop new therapeutic 

agents and treatment methods (reviewed in AL-AWAR et al., 2016). T1D 

symptomatology can be achieved by genetic background (spontaneous mutation or 

genetic modification), chemical induction or surgical intervention 

(pancreatectomy) (reviewed in WOLF et al., 2014; reviewed in AL-AWAR et al., 

2016; LUDWIG et al., 2020) (Fig. 6). 
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Models for diet-induced metabolic disorders of glucose metabolism are not relevant 

as recipients for ITx and therefore not mentioned below. 

 

Figure 6: Overview of animal models for diabetes mellitus.  

Author’s own figure, adapted from Al-Awar et al., 2016 and Renner et al., 2020; 
Additional information: King et al., 2012, Wolf et al. 2014, Ludwig et al., 2020; 
Created with Biorender.com. 

3.1. Chemical diabetes induction  

Diabetes can be induced chemically by streptozotocin (STZ) and alloxan (ALX) 

(reviewed in AL-AWAR et al., 2016). These two agents are toxic glucose analogs, 

primarily accumulating in pancreatic beta cells through the uptake via glucose 

transporter 2 (GLUT2) (reviewed in LENZEN, 2008).  

STZ is an antibiotic agent obtained from Streptomyces achromogenes var. 

streptozoticus with additional antitumor, mutagenic and diabetogenic properties 

(REUSSER, 1971). The diabetogenic effect of STZ is based on its predominant 

uptake by and subsequent destruction of pancreatic beta cells (FURMAN, 2021). 

Of note, STZ can also have a dose-dependent toxic effect on other cell types than 

beta cells (reviewed in DEEDS et al., 2011; reviewed in GOYAL et al., 2016; 

NØRGAARD et al., 2020). STZ is toxic for beta cells primarily due to its alkylating 
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properties, leading to fragmentation of the DNA, and to a lesser extent by formation 

of DNA-damaging nitric oxide (NO) and radical oxygen species (ROS) (reviewed 

in SZKUDELSKI, 2001) (Fig. 7).  

Chemical diabetes induction can be achieved either by a single high-dose 

administration of the beta-cell toxin or by multiple low-dose injections (reviewed 

in KING, 2012) (Fig. 8). STZ diabetes induction is applicable in various species, 

e.g. in mice (ZHENG et al., 2019; ZHONG et al., 2022), rats (PAMIDI & 

SATHEESHA NAYAK, 2012; HAO et al., 2021), rabbits (JAVADI, ASRI-

REZAEI & ALLAHVERDIZADEH, 2014; DING et al., 2022), dogs (JAVED et 

al., 2014; AL HEZAIMI et al., 2021), guinea pigs (CELLINI, ZAURA JUKIC & 

LEPARD, 2011; PODELL et al., 2017), pigs (LI, CUI & YANG, 2020; NIU et al., 

2020) and NHPs (FROST et al., 2015; HAWTHORNE et al., 2022). However, its 

robustness varies between species as it is dependent on GLUT2 abundance on beta 

cells (reviewed in GOYAL et al., 2016). Consequently, a strong diabetogenic effect 

occurs for instance in rodents due to a high GLUT2 density on beta cells, while 

humans and also pigs are largely resistant to the diabetogenic effect of STZ due to 

sparse/absent GLUT2 expression on their beta cells (DUFRANE et al., 2006; 

reviewed in LENZEN, 2008; reviewed in GOYAL et al., 2016; reviewed in 

RENNER et al., 2020).  

ALX has a diabetogenic effect through two mechanisms: firstly, it inhibits 

glucokinase, leading to reduced ATP production and thus decreasing glucose-

induced insulin secretion (MEGLASSON et al., 1986; LENZEN, FREYTAG & 

PANTEN, 1988; reviewed in LENZEN, 2008). Secondly, in the presence of 

intracellular thiols, especially glutathione, ALX induces the formation of ROS 

(superoxide radicals, hydrogen peroxide, hydroxyl radicals) as part of a cyclic redox 

reaction, whereby hydroxyl radicals finally cause the selective destruction of beta 

cells (reviewed in SZKUDELSKI, 2001; reviewed in LENZEN, 2008) (Fig. 7). The 

diabetogenic effect of ALX is species-dependent, among the sensitive species, rats 

are the most commonly used (reviewed in RADENKOVIĆ, STOJANOVIĆ & 

PROSTRAN, 2016). ALX-induced diabetes can also be achieved in mice 

(MILLMAN et al., 2016; OU et al., 2016), rabbits (FU et al., 2016; JEONG et al., 

2018), pigs (KING et al., 2011; BADIN et al., 2018) and dogs (ESIEVO et al., 2021; 

HAN et al., 2022). Cats are resistant to the diabetogenic effect of ALX, but ALX-
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induced kidney damage also occurs in this species. A dose-dependent (< 40 mM) 

resistance to ALX has also been reported in guinea pigs (GORRAY & FUJIMOTO, 

1983; HATCHELL et al., 1986; reviewed in RADENKOVIĆ, STOJANOVIĆ & 

PROSTRAN, 2016). The low GLUT2 expression on beta cells in pigs limits the use 

of GLUT2-dependent beta-cell toxins for diabetes induction in this species 

(DUFRANE et al., 2006; reviewed in RENNER et al., 2020) 

The advantages of chemical diabetes induction are that it is low in costs, easy to 

perform, and a non-invasive procedure (reviewed in RENNER et al., 2020). In 

general, STZ is the more commonly used agent for chemical diabetes induction. 

However, there are scenarios in which ALX is preferred, for example because of its 

lower mortality rate. The toxic effect of ALX on beta cells may be partially 

reversible, therefore, ALX should be considered for short-term studies only, while 

STZ, with its more stable effect on beta-cell destruction, can be used for short-term 

and long-term experiments (reviewed in RADENKOVIĆ, STOJANOVIĆ & 

PROSTRAN, 2016). Nevertheless, the possibility of beta-cell regeneration 

represents a decisive limitation of chemically induced diabetes models (reviewed 

in KING, 2012; reviewed in GRAHAM & SCHUURMAN, 2015). ALX and STZ 

both have toxic effects on organs other than the pancreas. In this context, the liver 

and kidneys are particularly affected, as these organs also express GLUT2 

transporters (reviewed in RADENKOVIĆ, STOJANOVIĆ & PROSTRAN, 2016).  
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Figure 7: Mode of action of ALX and STZ.  

H2O2: hydrogen peroxide; O2
.-: superoxide radicals; OH 

.
: hydroxyl radicals (Lenzen, 2008); 

Author’s own figure, adapted from Radencović et al., 2016; Created with Biorender.com. 
 

 

Figure 8: Exemplary illustration of chemical diabetes induction with ALX and STZ in a susceptible 
species.  

Author’s own figure, adapted from Radencović et al., 2016. 
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3.2. Diabetes induction by surgical intervention 

Diabetes can be induced surgically by removal of the pancreas (pancreatectomy) 

(reviewed in SAKATA et al., 2012). In addition to the removal of the entire 

pancreas (total pancreatectomy), there is also partial pancreatectomy combined 

with the administration of STZ (WISE, GORDON & JOHNSON, 1985; HE et al., 

2011; reviewed in KING, 2012). Surgical diabetes induction is mainly performed 

in large animal models such as pigs and NHPs (MOREL et al., 1991; MELLERT 

et al., 1998; reviewed in KING, 2012; LUDWIG et al., 2020). In pigs, a 

simultaneous splenectomy can facilitate the access to the pancreas. Pancreatectomy 

addresses the limitations of chemical diabetes induction in large animals, such as 

uncertain efficacy, potential beta-cell regeneration and toxic side effects (HEINKE 

et al., 2016). However, its use is technically demanding and is an invasive procedure 

for the animal that requires intensive post-operative care. Furthermore, 

pancreatectomy can lead to severe hypoglycemia due to a combined insulin and 

glucagon shortage and is also associated with exocrine pancreatic insufficiency (HE 

et al., 2011; reviewed in KING, 2012; HEINKE et al., 2016; reviewed in RENNER 

et al., 2020). 

3.3. Genetically diabetic rodent models 

There are plentiful genetically modified rodent models described in the field of 

diabetes research, based on either spontaneous mutation and selective breeding or 

on targeted genetic modifications (reviewed in KING, 2012). Examples of insulin-

deficient diabetes models are described below. 

The BB rat model, as the most thoroughly investigated diabetes rat model, 

originates from a Canadian population of outbred Wistar rats. It is based on 

pancreatic insulitis, that occurred spontaneously in founder rats, leading to 

destruction of beta cells and therefore to hyperglycemia and ketoacidosis (reviewed 

in MORDES et al., 2004). 

The LEW.1AR1/Ztm-iddm rat model exhibits autoimmune-mediated destruction of 

beta cells due to a spontaneous mutation that appeared in a congenic Lewis rat strain 

with a defined major histocompatibility complex (MHC) 
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haplotype (RT1.Aa B/Du Cu). The mutation caused diabetic symptoms with an 

incidence of 20% (LENZEN et al., 2001). 

The NOD mouse model originally goes back to a cataract mouse line with a JcI-ICR 

background and was established through selective breeding methods (reviewed in 

HANAFUSA et al., 1994). It was first described by Makino and coworkers 

(MAKINO et al., 1980). In this model, diabetes emerged spontaneously, caused by 

autoimmune processes, with the pathophysiology being comparable to that of T1D 

in humans. Similar to humans, the MHC locus is a decisive factor for susceptibility 

to autoimmune diabetes in the mouse model as well, with a shared amino acid 

substitution located in an MHC class II gene (CHEN, MATHEWS & DRIVER, 

2018; reviewed in AUBIN et al., 2022). 

The Akita mouse model emerged from a spontaneous arisen Ins2+/C96Y mutation in 

the insulin (Ins) 2 gene in a C57BL/6NSIc mouse (reviewed in AL-AWAR et al., 

2016). This mutation leads to the exchange of a nucleotide, thereby disrupting the 

disulfide bridge between the A chain and the B chain of the insulin protein 

(YOSHINAGA et al., 2005). In consequence, mutant insulin undergoes improper 

proinsulin processing, leading to aggregation of misfolded proteins in the ER and 

triggering ER stress. As a result, beta-cell apoptosis occurs, resulting in onset of 

insulin-dependent diabetes at an age of 3-4 weeks (reviewed in AL-AWAR et al., 

2016). As there is no beta-cell autoimmunity in this model and the mice are still 

insulin sensitive, it is particularly suitable for research into ITx (MATHEWS, 

LANGLEY & LEITER, 2002).  

3.4. Genetically diabetic pig models 

Pigs are recognized as a primary animal species employed in translational research. 

The distinct benefits of using pigs stem from their anatomical and physiological 

traits in areas such as cardiovascular, urinary, integumentary and digestive systems, 

which closely resemble those of humans (reviewed in SWINDLE et al., 2012). With 

regard to the pancreas organ, there are largely anatomic similarities between 

humans and pigs, although there are differences in the efferent pancreatic duct 

system (reviewed in WOLF et al., 2014). 
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Of note, islet anatomy, development and islet cell properties have a higher 

similarity between humans and pigs compared to that between humans and rodents 

(reviewed in ARROJO E DRIGO et al., 2015; KIM et al., 2020c; TRITSCHLER et 

al., 2022). In addition, pigs show an early onset of sexual maturity at an age between 

five and eight months, a brief generation interval of 12 months, high numbers of 

offspring (10-12 piglets/litter) and are all season breeders, which make them an 

attractive animal model for translational research. Further, genetic modifications 

can be performed in pigs by default (reviewed in AIGNER et al., 2010; reviewed 

in WOLF et al., 2014).  

To study the pathophysiology of diabetes in a large animal model, several 

genetically modified pig models were developed (reviewed in WOLF et al., 2014; 

reviewed in RENNER et al., 2020). One example is the GIPRdn model (RENNER 

et al., 2010). These pigs express a beta cell specific dominant-negative glucose-

dependent insulinotropic polypeptide (GIP) receptor that can bind the incretin 

hormone GIP with the same affinity as the WT GIP receptor. This results in a 

reduced insulinotropic action of GIP, which leads to the development of a 

prediabetic state (reviewed in WOLF et al., 2014). 

Transgenic pigs, characterized by the expression of a dominant-negative human 

hepatocyte nuclear factor 1a were generated as a model for Maturity Onset 

Diabetes of the Young 3 (UMEYAMA et al., 2009; reviewed in WOLF et al., 2014).  

Another example for genetically diabetic pigs is the INSC94Y transgenic pig model 

for permanent neonatal diabetes mellitus (PNDM) according to Renner et al. 

(RENNER et al., 2013). PNDM in human patients is defined as diabetes that occurs 

at the age of £ six months and persists for life (reviewed in HUANG et al., 2014). 

A significant number of PNDM cases are caused by mutations in the INS gene, 

which are then referred to as mutant INS gene-induced diabetes of youth (MIDY) 

(reviewed in WOLF et al., 2014; KIM et al., 2015). MIDY in humans is defined as 

autosomal dominant diabetes with early onset, insulin deficiency and absence of 

autoantibodies against pancreatic beta cells (reviewed in LIU et al., 2010). 

MIDY/PNDM is caused by at least 26 missense mutations in the INS gene (STØY 

et al., 2007; AHAMED et al., 2008; COLOMBO et al., 2008; EDGHILL et al., 

2008; MOLVEN et al., 2008; POLAK et al., 2008; reviewed in LIU et al., 2010). 
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INSC94Y transgenic pigs (MIDY pigs) were generated by a guanine-arginine base 

exchange in the porcine INS gene, resulting in an exchange from cysteine to tyrosine 

at amino acid position 94 (RENNER et al., 2013) (Fig. 9). Porcine INSC94Y matches 

human INSC96Y, a mutation variant that occurs in MIDY, because the human C-

peptide comprises two more amino acids compared to porcine C-peptide. Analogue 

to murine Ins2+/C96Y in the Akita mouse model, porcine INSC94Y and human INSC96Y 

provoke an impaired proinsulin folding due to an abolished B-A interchain disulfide 

bridge within the insulin molecule. This interferes with proinsulin trafficking, since 

WT proinsulin and mutant proinsulin build high molecular complexes. As a 

consequence, misfolded insulin accumulates in the ER, triggering ER stress and 

ultimately resulting in beta-cell demise (reviewed in LIU et al., 2010; reviewed in 

WOLF et al., 2014; reviewed in LIU et al., 2015).  

MIDY pigs have significantly increased random blood glucose values, which are 

already detectable within the first 24 hours after birth. FBG values are also 

continuously and significantly increased in MIDY pigs compared to WT pigs. 

Furthermore, they show the following characteristics compared to their littermates 

at an age of 4.5 months: A 41% reduced BW, 72% decreased BCM, equivalent to 

approximately 53% when normalized to BW, along with a 60% decrease in fasting 

insulin levels. According to the reduced growth rate from two months of age, MIDY 

pigs exhibit proportionally reduced weights of most organs, including the pancreas. 

This does not include kidney weight, which is only reduced by 15% and therefore 

significantly increased in relative terms. Beta cells from MIDY pigs show reduced 

insulin secretory granules and a greatly expanded ER. Cataract emerges from eight 

days of age onwards. No pathological changes associated with diabetes in the 

kidney or nervous system are present within one year. The MIDY pig model is 

characterized by a stable diabetic phenotype that can be treated symptomatically 

with exogenous insulin, making it attractive for example for insulin therapy or ITx 

studies (RENNER et al., 2013; reviewed in WOLF et al., 2014).  
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Figure 9: INSC94Ytransgenic pig as a porcine MIDY model. 

Cysteine à Tyrosine mutation in the insulin gene at amino acid position 94 (Renner et al. 2013); 

Author’s own figure, adapted from Renner et al., 2020; Created with BioRender.com. 
 

Genetic diabetes models are characterized by a homogeneous, stable phenotype, are 

non-invasive and allow the implementation of multiple genetic modifications. On 

the other hand, genetic modifications are associated with high financial outlay, are 

technically demanding procedures and can lead to unplanned side effects (reviewed 

in RENNER et al., 2020) 

3.5. Diabetic animal models used for ITx studies 

As with ITx in humans, protection of the transplant against immunological rejection 

is also required in animal models for ITx. Suppression of the immune system in ITx 

studies can be achieved either by usage of genetically modified immunodeficient 

animal models as recipients, as the NOD-scid gamma (NSG) mouse model, or by 

application of an immunosuppressive therapeutic regime (ESTIL LES et al., 2018; 

KIM et al., 2019; BERTERA et al., 2020; HAWTHORNE et al., 2022; reviewed in 

WAGNER et al., 2022; LINDHEIMER et al., 2023). Currently, ITx studies are 

mostly conducted in mice and NHPs, pigs have been sporadically utilized as 

recipient species so far (LAMPE, SUTHERLAND & NAJARIAM, 1976; 

MELLERT et al., 1998; reviewed in SAKATA et al., 2012; reviewed in GRAHAM 

& SCHUURMAN, 2015) (Table 4). 
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Species Immunosuppression Diabetes 
induction 

References 

Mouse - Genetic 
  immunodeficiency 
- Immunosuppressive 
  regime 
 

- Chemical 
  induction (STZ)  
- Genetic 
  background 
  (spontaneous) 

• NOD  
• Akita  

(MATHEWS, LANGLEY & 
LEITER, 2002; reviewed in 
SAKATA et al., 2012; reviewed 
in CANTARELLI et al., 2013; 
KIKAWA et al., 2014; 
BUERCK et al., 2017; reviewed 
in NAGAYA et al., 2021; 
reviewed in WAGNER et al., 
2022; LINDHEIMER et al., 
2023; LEI et al., 2024) 

NHPs Immunosuppressive 
regime 

- Chemical 
  induction (STZ) 
- Surgical 
  induction 

(SAKATA et al., 2012; SHIN et 
al., 2017; reviewed in 
BERTERA et al., 2020; KIM et 
al., 2020a; GRAHAM et al., 
2022; HAWTHORNE et al., 
2022) 

Table 4: Commonly used diabetic animal models in ITx research. 
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III. OBJECTIVES 

This study focuses on the following objectives: 

1. Establishment of a novel intraportal islet allotransplantation model of NPIs in a 

group of three WT pigs. 

2. Implementation of intraportal islet allotransplantation in four diabetic transgenic 

INSC94Y pigs to assess in vivo maturation and long-term functionality of the islet 

graft. 

3. Evaluation of the feasibility of [68Ga]Ga-DOTA-Exendin-4 PET/CT imaging for 

in vivo monitoring of intraportal islet grafts in genetically diabetic ITx recipient 

pigs.  

The establishment of [68Ga]Ga-DOTA-Exendin-4 PET/CT imaging of endogenous 

beta cells in pigs as prerequisite for imaging of intraportal islet grafts was the focus 

of the scientific work of the dissertation of Ms. Nicol Gloddek. 

4. Histological validation of ITx outcome by assessment of islet transplant 

distribution and properties 

5. Characterization and quantification of immunological processes in the graft-

bearing livers.  

The study was designed as an orientation study. Parts of this dissertation are also 

described in (PILZ et al., 2024). 
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IV. ANIMALS, MATERIALS AND METHODS 

1. Animals 

All animal experiments were performed according to the German Animal Welfare 

Act and Directive 2010/63/EU on the protection of animals used for scientific 

purposes and were approved by the responsible animal welfare authority 

(Government of Upper Bavaria, ROB-55.2-2532.Vet_02-20-45). 

Neonatal WT piglets between one and seven days of age served as NPI donors for 

ITx. The establishment of the ITx method was carried out in two male and one 

female WT pigs (age: 88-134 days, BW: 28-55 kg), referred to as WT group. The 

long-term experiments were performed with four female transgenic INSC94Y pigs 

with diabetic phenotype (age: 81-137 days, BW: 18-48.5 kg), referred to as MIDY 

group. Observation period in the WT group was 7-31 days and in the MIDY group 

71-103 days. Properties of graft recipient pigs are provided in Table 5. Breeding 

and rearing until at least ten weeks of age took place at the Center for Innovative 

Medical Models, Chair for Molecular Animal Breeding and Biotechnology, LMU 

Munich in conventional pig indoor housing under designated pathogen free hygiene 

conditions. The ITx experiments were carried out at the Walter-Brendel-Center, 

LMU Munich, where the pigs had access to a littered stable and a covered run 

including enrichment material. Access to the animal housing was available through 

a hygiene gate.  

Animal-ID Genotype Sex BW  
(kg) 

Age at ITx  
(days) 

Observation 
period 

11821 WT ♂  55 134 7 days 
11822 WT ♂ 28 88 7 days 
12401 WT ♀ 47  109 31 days 
12580 INSC94Y ♀ 29 116 103 days 
12582 INSC94Y ♀ 48.5 137 83 days 
13062 INSC94Y ♀ 24.5 95 100 days 
13064 INSC94Y ♀ 18 81 71 days 

Table 5: Properties of experimental animals. 

Weaning took place at the age of four weeks. WT pigs were offered then with ad 

libitum feeding, to the diabetic pigs a restrictive feeding regimen (Table 6) was 

applied.  
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The animals were fed with a commercial pig feed (Breeding-feed-LMU; 

Vilstalmühle). Pigs were fed once per day from the start of experiments and had 

free access to tap water at all times. 

Age (weeks) Amount of feed (kg/day) 
4 - 7 0.5 
8 - 9 0.8 

10 - 11 1 
12 - 13 1.4 
14 - 15 1.75 

> 16 2 

Table 6: Feeding regime of diabetic pigs. 

In addition, existing blood samples from WT pig #11855 (Table 7) and one male 

transgenic INSC94Y pig (Animal-ID: #13057, age at necropsy: 121 days) served as 

controls for alanine aminotransferase (ALT) and C-reactive protein (CRP) 

measurements. Neither pig underwent ITx. 

For histological analysis of the hepatic macrophage abundance after ITx, existing 

samples from two WT and three diabetic pigs, none of which received ITx, were 

used as controls (Table 7). 

Animal ID Genotype Sex Age at necropsy 
(days) 

11855 WT ♀ 138 
12224 WT ♂ 197 
11985 INSC94Y ♀ 144 
12348 INSC94Y ♂ 148 
11863 INSC94Y/INS-eGFP-2760 ♀ 92 

Table 7: Properties of control animals for histological analysis of hepatic macrophage abundance. 
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2. Materials 

2.1. Devices 

Accu-jet® pro pipette controller  Brand; Germany 

AvantiTM 30 Centrifuge Beckman Coulter; 
USA 

Axioscan 7 Microscope Slide Scanner  Zeiss; Germany 

Biograph True-Point 64 PET/CT   Siemens; Germany 

Combimag RCH magnetic stirrer   IKA-Works Inc.; USA 

CoMo-170/-300M  NuviaTech 
Instruments; France 

Embedding molds premium Medite Medical 
GmbH; Germany 

Excelsior AS A82310100  Thermo Fisher 
Scientific; USA 

Five Easy F20 pH meter  Mettler Toledo; USA 

FreeStyle Freedom Lite system   Abott; USA 

Grant Sub 14 water bath   CLF; Germany 

Heating Thermal Pet Pad (MHP-E1220)  Anpan; China 

Incubator ED056-230V  Binder GmbH; 
 Germany  

Leica microscope type DMC4500 (12730517)  Leica Microsystems; 
Switzerland 

Microm HM 325 rotary microtome Thermo Fisher 
Scientific; USA 

Microwave MS-196VUT  LG; South Korea 

Milli-Q® water system  Millipore; USA 

MJ-3000 scale  Chyo; country 
information not 
available 

MyLabTM X8VET ultrasound  Esaote; Italy 

NanoZoomer S60, model C13210-04  Hammatsu Photonics 
K. K.; Japan 

Olympus microscope model BX43F  Olympus; Japan 

Pipets Pipetman  Gilson; USA 
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SC 9000XL patient monitor  Siemens; Germany 

Servo Ventilator 900C  Siemens-Elema; 
Sweden 

TES 99 modular paraffin embedding system Medite Medical 
GmbH; Germany 

Tissue cool plate COP 30 Medite Medical 
GmbH; Germany 

Tissue float bath 1052  GFL; Germany 

Veterinary Pulse Oximeter Henry Schein Inc.; 
USA 

Vortexer MS1 minishaker   IKA-Works Inc.; USA 

Ziehm vision mobile C-arm #91554 Ziehm Imaging; 
Germany 

 

2.2. Consumables 

Aquasonic 100 ultrasound transmission gel Parker Laboratories; 
USA 

BD Micro-Fine UltraTM needles, 12.7 mm Becton Dickinson; 
USA 

Braunol®, Antiseptic solution    Braun; Germany 

Cobra (C2) 4F catheter, 65 cm   Cordis; USA 

Cover cloth Foliodrape®   Hartmann Group; 
  Germany 

Cover slips 24 x 40 mm   Epredia; USA 

Embedding cassettes UniLink  Engelbrecht Medizin- 
& Labortechnik; 
Germany 

Endotracheal tubes, single-use (3.0 – 4.5) Henry Schein Inc.; 
USA 

EV3 N180801, Nitrex Guidewire, 0.018 inch Medical Cart; Hungary 

Falcon® 50 ml Greiner Holding; 
Austria 

Feather® Stitch scalpel No. 11 FEATHER® Safety 
Razor Co Ltd.; Japan 

Glidewire®, 180 cm    Terumo; Japan 
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Heidelberg extension line 75 cm   Covetrus; USA 

Histoplast PE Paraffin    Epredia; Netherlands 

Microtome blades S35  FEATHER® Safety 
Razor Co Ltd.; Japan 

Microvette® 200 EDTA K3E Sarstedt AG & Co. 
KG; Germany 

Needles (18G, 20G)  Braun; Germany 

Neff Percutaneous Access Set  COOK® Medical; USA 

Imeron® 300 M  Bracco Imaging 
Deutschland GmbH; 
Germany 

Intrafix® SafeSet  Braun; Germany 

Parafilm®  Bemis; USA 

Pipette tips (10 µl, 200 µl, 1000 µl)  Sarstedt AG & Co. 
KG; Germany 

Safe-Lock reaction tubes  Eppendorf; Germany 

Serological pipettes (5 ml, 10 ml)  Sarstedt AG & Co. 
KG; Germany 

Single-use razors  Wilkinson Sword; UK 

S-Monovette® (K3 EDTA, Serum)  Sarstedt AG & Co. 
KG; Germany 

Solofix® blood lancets  Braun; Germany 

Spongostan®  Ferrosan Medical 
devices; Denmark 

StarFrost® microscope slides Engelbrecht Medizin- 
& Labortechnik; 
Germany 

Syringes (1 ml, 5 ml, 10 ml, 20 ml)  Braun; Germany 

Tape 4651, 50 mm  Tesa; Germany 

TissueTek Disposable Molds  Sakura Finetek; USA 
(25 mm x 20 mm x 5 mm) 

TissueTek O.C.T.TM     Sakura Finetek; USA 

Tourniquet Stripp-Quick  KaWe Medizintechnik; 
Germany 

Vasofix® Braunüle (G20, G22)  Braun; Germany 
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2.3. Drugs 

Aspirin® 100 mg, (acetylsalicylic acid)  Bayer AG; Germany 

Azaporc® 40 mg/ml, (azaperone)  Serumwerk 
BernburgAG; Germany 

CellCept® 1 g/5 ml (mycophenolate mofetil)  Roche; Switzerland 

Enerlyte® Plus    Virbac; France 

Fentadon® 50 µg/ml (fentanyl)    Dechra; UK 

Heparin-Natrium® 5,000 IU/ml (heparin)  Braun; Germany 

Ketamidor® 100 mg/ml (ketamine)   WDT; Germany 

Lantus® 100 IU/ml (long-acting insulin analog) Sanofi; France 

Metacam® 20 mg/ml (meloxicam)  Boehringer Ingelheim; 
Germany 

Morphasol® 4 mg/ml (butorphanol)  Livisto; Germany 

Narcoren®16 g/100 ml (pentobarbital)  Boehringer Ingelheim; 
Germany 

NaCl 0.9% (physiological saline solution)  Braun; Germany 

Novorapid® 100 IU/ml (short-acting insulin analog)  NovoNordisk; 
Denmark 

Perenterol® forte 250 mg Medice; Germany 

Prograf® 5 mg (tacrolimus) Astellas Pharma 
GmbH; Germany 

Rompun® 2% (xylazine)   Bayer AG; Germany  

Sevorane® 100% (sevoflurane)   Abbvie; USA 

Stresnil® 40 mg/ml, (azaperone)   Elanco; USA 

Ursotamin® 100 mg/ml (ketamine)  Serumwerk Bernburg 
AG; Germany 

 

2.4. Chemicals and reagents 

Acetic (glacial) acid, 100%   Carl Roth; Germany 

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

Chloroform, 100%    Merck; Germany  

Collagenase V #C9263    Sigma-Aldrich; USA 
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4’,6-diamidino-2-phenylindole (DAPI)  Biotium; USA 

Disodium hydrogen phosphate (Na2HPO4), water free Carl Roth; Germany 

Eosin, 2%     Morphisto; Germany 

Ethanol denatured, >99.8% (EtOH)  Carl Roth; Germany 

Ethylenediaminetetraacetic acid (EDTA)  VWR; USA 

Giemsa stock solution    Sigma-Aldrich; USA 

Hematoxylin    Morphisto; Germany 

Histokitt     Hecht Assistant®; 
    Austria 

Hydrochloric acid 25% (HCl)   Carl Roth; Germany 

Hydrogen peroxide 35% (H2O2)   Carl Roth; Germany 

Kernechtrot 0.1%    Morphisto; Germany 

Methanol, 100%    Carl Roth; Germany 

Meyer’s Hemalum    Sigma-Aldrich; USA 

Natrium chloride (NaCl)   Carl Roth; Germany 

Neutral serum    Biozol; Germany 

Paraformaldehyde    Carl Roth; Germany 

Potassium chloride (KCl)   Merck; USA 

Potassium dihydrogen phosphate (KH2PO4)  Carl Roth; Germany 

Proteinase K    Dako; Denmark 

RNAlaterTM solution    Invitrogen; USA 

Tris (C4H11NO3)    Carl Roth; Germany 

Tri-sodium citrate dihydrate (C6H5Na3O7)  Carl Roth; Germany 

Triton X100    Carl Roth; Germany 

Tween®20     Carl Roth; Germany 

Xylol     VWR; USA 
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2.5. Kits 

Avidin/Biotin Blocking Kit  Vector Laboratories 
Inc.; USA 

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

BCIP/NBT Substrate (AP)   Vector Laboratories 
  Inc.; USA 

3,3’-diaminobenzidine (DAB) Substrate Kit (HRP),  Vector Laboratories 
with Nickel     Inc.; USA 

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

True View® Autofluorescence Quenching  Vector Laboratories 
     Inc.; USA 

Vectashield Vibrance®    Vector Laboratories 
     Inc.; USA 

 

2.6. Buffers, media and solutions 

2.6.1. Pancreas procurement and NPI culture 

Transport solution pancreas 

25 ml HTK (Custodol®)  Dr. Franz Köhler 
Chemie GmbH; 
Germany 

250 µl 1x penicillin/streptomycin #15140-122 Gibco, Thermo Fisher 
Scientific; USA 

250 µl 1x amphotericin #15290-026 Gibco,Thermo Fisher 
Scientific; USA 

 
Recovery medium of NPI culture (day 0, 1 and 2 of culture) 

1:1 mixture of Ham’s F12 and medium 199  Sigma-Aldrich; USA 
#N6658 and #M4530 

0.5% BSA #A9418    Sigma-Aldrich; USA 

10 mmol/l glucose #G7021   Sigma-Aldrich; USA 

10 mmol/l L-glutamine #G8540   Sigma-Aldrich; USA 
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10 mmol/l HEPES #15630-056  Gibco, Thermo Fisher 
Scientific; USA 

10 mmol/l nicotinamide #N0636   Sigma-Aldrich; USA 

0.062% glutathione #G6013   Sigma-Aldrich; USA 

1x penicillin/streptomycin #15140-122  Gibco, Thermo Fisher 
Scientific; USA 

1x amphotericin #15290-026  Gibco, Thermo Fisher 
Scientific; USA 

25 U/ml heparin #H3149   Sigma-Aldrich; USA 

0.5 mmol/l Pefabloc #0031682.02   Serva; Germany 

100 KIU aprotinin #A3428   Sigma-Aldrich; USA 

10 μmol/l TroloxTM #238813   Sigma-Aldrich; USA 

1x BME vitamins #B6891   Sigma-Aldrich; USA 

15.2 μmol/l zinc sulphate #Z0251   Sigma-Aldrich; USA 

1 μmol/l Victoza® 6mg/ml (liraglutide)  Novo Nordisk; 
Denmark 

1x ITS supplement #41400-045   Invitrogen; USA 

 
Maturation medium of NPI culture (day 3 of culture onwards) 

Ham’s F10 #N6908    Sigma-Aldrich; USA 

0.5% BSA #A9418    Sigma-Aldrich; USA 

10 mmol/l glucose #G7021   Sigma-Aldrich; USA 

10 mmol/l L-glutamine #G8540   Sigma-Aldrich; USA 

10 μmol/l IBMX #I5879   Sigma-Aldrich; USA 

10 mmol/l nicotinamide #N0636   Sigma-Aldrich; USA 

1x penicillin/streptomycin #15140-122  Gibco, Thermo Fisher 
Scientific; USA 

1.6 mmol/l CaCl2 #C7902   Sigma-Aldrich; USA 

1 μmol/l Victoza® 6mg/ml (liraglutide)  Novo Nordisk; 
Denmark  
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1 μmol/l T3 analog #5552   Tocris; UK 

50 nmol/l retinoic acid #0695   Tocris; UK 

 
Transplantation medium  

CMRL-1066 #P04-84600  PAN Biotech; 
Germany 

0.5% Alburex®20 (human albumin) CSL Behring; 
Germany 

70 U/kg Heparin-Natrium 5.000 I.E./ml  Braun; Germany 

 

2.6.2. Fixatives, histology, immunohistochemistry, immunofluorescence 

Modified Carnoy fixative (Methacarn) 

100 ml acetic acid (100%) 

300 ml chloroform 

600 ml methanol 

Store dark at 4°C, use within one week. 

PBS-buffered 4% Paraformaldehyde (PFA), pH 7.4: 

40 g Paraformaldehyde 

100 ml 10x PBS 

950 ml Aqua bidistilled (bidist).  

200 µl 5 M NaOH 

Mix and solve at 50°C in water bath. Adjust pH to 7.4. Add Aqua bidist. to 1 l. 

Store at 4°C. 

Phosphate buffer A for Giemsa staining: 

3.61 g KH2PO4 

1000 ml Aqua bidist. 

Store at 4°C. 
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Phosphate buffer B for Giemsa staining: 

3.55 g Na2HPO4, water free 

250 ml Aqua bidist. 

Store at 4°C. 

Giemsa-working-solution: 

390 ml  phosphate buffer A 

10 ml phosphate buffer B 

28 ml Giemsa stock solution 

Mix buffer A and B and heat to 70-80°C before adding Giemsa stock solution. 

Adjust pH to 5.0 and filter before use. 

Citrate-0.5% Tween®20 buffer (CITRAT), pH 6.0 for immunohistochemistry/ 
immunofluorescence 

2.94 g Tri-sodium citrate dihydrate 

0.5 ml Tween®20 

950 ml Aqua bidist. 

HCl for adjusting pH to 6.0 

Add Aqua bidist. to 1000 ml. 

Tris-EDTA-0.5% Tween®20 buffer, pH 9.0 for immunohistochemistry (TRIS) 

1.21 g Tris 

2 ml 0.5 M EDTA (pH 8.0) 

0.5 ml Tween®20 

HCl for adjusting pH to 9.0 

Add Aqua bidist. to 1000 ml. 

10x Phosphate-buffered salt solution (PBS), pH 7.4 

79.5 g NaCl 

14.4 g Na2HPO4 (*2 H2O) 

2.0 g KCl 

2.0 g KH2PO4 

Mixed in 2,000 ml Aqua bidist. 
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Working-solution: stock solution was diluted 1:10 with Aqua bidist. 

10x Tris-buffered salt solution (TBS), pH 7.6 

83.33 g NaCl 

60.57 g Tris 

1 l Aqua bidist. 

HCl for adjusting pH to 7.6 

Working-solution: stock solution was diluted 1:10 with Aqua bidist. 

 

2.7. Antibodies 

Immunohistochemistry primary antibodies 

Mouse-anti-human-CD3 mAb #M725401-02  Dako; Denmark 

Mouse-anti-CD45 mAb #60287-1-Ig  Proteintech; USA 

Mouse-anti-human-Macrophages mAb #MCA874GA Bio-Rad Laboratories; 
USA 

Mouse-anti-Insulin mAb #I2018  Sigma-Aldrich; USA 

Rabbit-anti-Glucagon polyclonal antibody (pAb)  Proteintech; USA 
#15954-1-AP 

Rabbit-anti-Synaptophysin pAb #17785-1-AP  Proteintech; USA 

Rat-anti-FoxP3 mAb #14-5773-82  Thermo Fisher 

Scientific; USA 

Immunofluorescence primary antibodies 

Alexa FluorTM 488-anti-Insulin mAb #53-5769-82 Invitrogen; USA 

Guinea pig-anti-Glucagon pAb #M182  Takara Bio; Japan 

Mouse-anti-Somatostatin mAb #sc-55565  Santa Cruz 
Biotechnology; USA 

Rabbit-anti-Synaptophysin pAb #17785-1-A  Proteintech; USA 

Immunohistochemistry secondary antibodies 

Biotinylated donkey-anti-rat IgG (H+L) pAb  Jackson 
#712-065-153  ImmunoResearch; 

USA 
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Biotinylated goat-anti-mouse IgG (H+L) pAb Jackson 
#115-065-146 ImmunoResearch; 

USA 

Goat-anti-mouse-IgG/HRP pAb #PO447  Dako; Denmark 

Goat-anti-rabbit IgG/HRP pAb #PO448  Dako; Denmark 

Immunofluorescence secondary antibodies 

AlexaFluorTM 555 donkey-anti-mouse IgG (H+L) pAb Thermo Fisher 
#A32773  Scientific; USA 

AlexaFluorTM F647 donkey-anti-guinea pig IgG  Jackson 
(H+L) pAb #706-605-148  ImmunoResearch; 

USA 

DyLight755 donkey-anti-rabbit IgG (H+L) pAb  Thermo Fisher  
#SA5-10043  Scientific; USA 

 

2.8. Software 

CellSens Dimension    Olympus; Japan 

ChatGPT 3.5 (used for translation & grammar check) Open AI; USA 

DeepL version 24.1.2756848  DeepL GmbH; 
Germany 

Leica Application Suite V4.12.0 Leica Microsystems; 
Switzerland 

GraphPad Prism 5, 10 Graphpad Software; 
USA 

Microsoft Office version 16.82 Microsoft Corporation; 
USA 

PMOD version 4.005 PMOD Technologies 
GmbH; Switzerland 

PROC MIXED SAS 9.4   SAS Institute; USA 

QuPath-0.4.2  The University of 
Edinburgh; Scotland 
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3. Methods 

3.1. Preparation of the islet graft 

NPIs were used as islet transplant. Preparation procedure of the islet graft included 

pancreas procurement, NPI isolation and NPI in vitro maturation and started 6-7 

days before ITx. 

Pancreas donor animals were anaesthetized by intramuscular (i.m.) injection of 

azaperone (0.05 ml/kg BW; Azaporc® 40 mg/ml; Serumwerk Bernburg AG) and 

ketamine (0.2 ml/kg BW; Ursotamin® 100mg/ml; Serumwerk Bernburg AG). 

Analgesia was performed with i.m. administration of fentanyl (0.5 ml/10 kg; 

Fentadon® 50µg/ml; Dechra). The death was caused by exsanguation, to avoid 

detrimental impact of erythrocyte containing islets. Pancreas procurement was 

performed post mortem within ten minutes (warm ischemia time) under sterile 

conditions. Then, the organ was transferred immediately to cold HTK transport 

solution at 4°C. Cold ischemia time was three hours in maximum. 

After mechanical shredding of the pancreas with scissors, tissue cell clusters were 

isolated by enzymatic pancreas digestion using collagenase-V (Sigma-Aldrich) and 

sieved trough a 500 µm mesh. After subsequent washing steps, isolates were then 

cultured for three days in recovery medium with full medium change at culture day 

one. From culture day three onwards, NPIs were cultured in maturation medium, 

with full medium change at day three, followed by half medium change every 

second day (KEMTER et al., 2017). NPI isolations and culture were carried out by 

Ms. Christina Blechinger and Ms. Florentine Stotz. At culture day six or seven, in 

vitro matured NPIs were used for allogeneic ITx. Shortly before the ITx, NPIs were 

transferred into islet transplantation medium. From there, a representative aliquot 

was taken to determine the total IEQ yield. The determination of IEQ yield was 

carried out by Mr. Martin Kraetzl.  
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3.2. Percutaneous intraportal pancreatic islet transplantation 

ITx was carried out by PIPIT procedure as previously described elsewhere 

(VENTURINI et al., 2018) by Dr. Daniel Puhr-Westerheide from the Department 

of Radiology, LMU Munich, University Hospital. 

3.2.1. Anesthesia and transplantation procedure 

Following a 12-hour preoperative food abstinence, anesthesia of the ITx recipient 

pig was induced by i.m. injection of azaperone (0.05 ml/kg BW; Stresnil®; Elanco 

Animal Health) and ketamine (0.2 ml/kg BW; Ketamidor®; WDT) in the pig stable 

housing box. On the anesthetized animal a venous catheter (Vasofix® Braunüle 

(G20, G22); Braun) was placed in one of the ear veins for intravenous 

administration of medication. Anesthesia was deepened as needed with a mixture 

of ketamine and xylazine (3 ml xylazine (Rompun® 2%; Bayer Vital GmbH) + 7 

ml ketamine). After being transferred to the animal surgery room, the pig was 

placed on a heating mat (Thermal Pet Pad Thermal MHP-E1220; Anpan) and 

connected to devices for monitoring anesthesia (SC 9000XL patient monitor; 

Siemens). Inhalation anesthesia with sevoflurane (1-2%; Sevorane®; Abbvie), 

provided by Servo Ventilator 900C (Siemens-Elema), was used to maintain 

anesthesia and was delivered via an endotracheal tube (3.0 – 4.5; Henry Schein Inc.) 

or alternatively, via an inhalation mask. The animal was connected to volume-

controlled mechanical ventilation. During the entire procedure the animal was 

supplied with physiological saline solution (NaCl 0.9%; Braun) via an intravenous 

continuous drip for volume replenishment and the following parameters were 

continuously measured: ECG, O2 saturation, respiratory rate, body temperature and, 

especially in diabetic animals, blood glucose. 

The operating field was prepared with antiseptic solution (Braunol®; Braun) and 

covered with sterile drapes (Foliodrape®; Hartmann Group). First, the portal vein 

was visualized with ultrasound (MyLabTM X8VET; Esaote) and the right portal vein 

branch was percutaneously accessed under ultrasound guidance (transhepatic 

access) after a small skin incision (scalpel no. 11; Feather®) with a Neff 

Percutaneous Access Set (COOK® Medical) (Fig. 10a). The access of the portal 

vein was confirmed by aspiration of blood and subsequent contrast agent 
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administration (approximately 3 ml; Imeron® 300M; Bracco) (Fig. 10b). After 

placing a guide wire (EV3 Nitrex, diameter 0,018 inch; Medical ecart) into the 

portal vein under X-ray control (Ziehm vision mobile C-arm; Ziehm imaging) (Fig. 

10c), the Neff Set Sheath was advanced into the portal vein and the wire was 

exchanged to a 0,035 inch wire (Glidewire® 180cm; Terumo). Subsequently, a 

Cobra (C2) 4F catheter (65cm; Cordis) or the Neff set sheath was advanced (Fig. 

10d) into the left main portal vein branch (or in the main portal vein) under 

fluoroscopy control, followed by an X-ray angiographic position control with a 

contrast agent run (approximately 10 ml; Imeron® 300M; Bracco) (Fig. 10e). The 

NPIs were slowly injected with a 20 ml syringe (Braun) over a period of around 20 

minutes into a portal vein branch of the left liver lobe in all animals except one (Fig. 

10f). In animal #13062, the islets were administered in the main branch of the portal 

vein. After NPI administration, the catheter was retracted and the puncture channel 

was closed with gelfoam sludge (Spongostan®; Ferrosan Medical devices; mixed 

with saline). An ultrasound and Doppler ultrasound were performed to visualize the 

intraportal islet graft, to rule out bleeding and to confirm the patency of the portal 

vein. 

After completion of ITx, inhalation anesthesia was terminated and the pig was 

monitored during the recovery phase. 
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Figure 10: Procedural steps during PIPIT. 

(a) Ultrasound-guided puncture of the portal vein. (b) Aspiration of blood and administration of 
contrast agent to control the correct position of the catheter in the portal vein. (c) Advancement of 
guide wire under X-ray control. (d) Placement of the catheter in the left portal vein branch under 
fluoroscopy control. (e) X-ray angiographic position control. (f) Injection of islet graft. 

3.2.2. Concomitant drug therapy of the graft recipient pigs 

ITx was accompanied by antithrombotic and immunosuppressive treatment. Oral 

immunosuppression started one day before ITx and consisted of TAC (0.25 mg/kg 

BW; Prograf® 5 mg; Astellas Pharma GmbH) and MMF (20 mg/kg BW; CellCept® 

1g/5 ml; Roche) twice daily, as previously suggested elsewhere (JENSEN-

WAERN, KRUSE & LUNDGREN, 2012). Of note, MMF is characterized by its 

bitter taste. TAC has to be absorbed by the small intestinal tract and can be degraded 

by the gastric environment. Therefore, it is formulated as a capsule, which should 

be swallowed directly. Thus, to ensure that the pigs absorbed the required amount 

of the active substance, the TAC dose was increased by up to 5 mg/day depending 

on the intake behavior, e.g. if the pigs chewed heavily on the capsules. To increase 

the oral intake of less palatable immunosuppressants, drugs where administered 

a b

d e f
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together with palatable food, such as banana, based on the individual preferences 

of each pig. It should be noted that the dosage of immunosuppressants, in particular 

TAC, refers to the next decade in relation to BW, as finer dosage adjustments were 

only possible to a limited extent due to the formulation of the oral medication (TAC 

dosage form: 5mg/capsule). For antithrombotic prophylaxis the pigs received in 

total four injections of heparin (36 U/kg BW; Heparin-Natrium® 5,000 IU/ml; 

Braun), thereof one intravenously (i.v.) during PIPIT and three s.c. every 12 hours 

after PIPIT and additionally a daily dose of acetylsalicylic acid (ASA) (100 mg, 

Aspirin®; Bayer) orally, starting on transplantation day (Txd) one. Analgesia at 

PIPIT consisted of preemptive i.v. administration of butorphanol (0.01 ml/kg BW; 

Morphasol® 4mg/ml; Livisto) and i.m. administration of meloxicam (0.4 mg/kg 

BW; Metacam® 20 mg/ml; Boehringer Ingelheim). Postoperative analgesia was 

ensured with two doses of meloxicam (0.4 mg/kg BW; Metacam® 20 mg/ml; 

Boehringer Ingelheim) at 24-hour intervals. In case of diabetic recipient pigs, 

exogenous insulin replacement therapy was carried out to lower the FBG levels 

below 200 mg/dl. A combination of long-acting (Lantus®; Sanofi) and short-acting 

(Novorapid®; NovoNordisk) insulin analogs (LAIA and SAIA) was used for this 

purpose, with the dose being adjusted to the measured FBG values. The insulin 

preparations were administered s.c. (BD Micro-Fine UltraTM needles, 12,7 mm; 

Becton Dickinson GmbH). The insulin therapy was started when the FBG values 

stably exceeded 200 mg/dl. 

3.3. Observation period post islet transplantation 

During the observation period, the animals underwent daily veterinary assessments 

and their general condition was recorded. The observation period in the WT group 

lasted between seven days and 31 days post ITx (Table 5). The objective in this 

group was mainly to establish transplantation method, drug supply, and sampling 

procedure. The aim in the MIDY group was the long-term observation of in vivo 

maturation and function of the islet graft and the longitudinal islet graft [68Ga]Ga-

DOTA-Exendin-4 PET/CT imaging, so that this observation phase lasted between 

71 and 103 days (Table 5). The endpoint of the experiment in the MIDY group was 

determined based on the achieved results and considering animal welfare aspects, 
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including the overall health state of the animal. The study design is provided in 

Figure 11. 

 

Figure 11: Study design.  

(1) Isolation and in vitro maturation of NPIs. (2) Intraportal transplantation of NPIs in WT and 
MIDY pigs. MIDY pigs underwent a baseline [68Ga]Ga-DOTA-Exendin-4 PET/CT imaging prior to 
ITx. (3) Only in MIDY pigs: Longitudinal [68Ga]Ga-DOTA-Exendin-4 PET/CT imaging up to three 
times, accompanied by daily immunosuppressive treatment and regular measurement of blood 
glucose levels. (4) Necropsy with systematic liver sampling and subsequent detailed histological 
analysis of graft bearing livers. 

Adapted from Pilz et al., 2024; Created with Biorender.com. 

3.3.1. Clinical-chemical analyses of blood samples 

In the MIDY group, FBG values were measured on a regular basis in the morning 

before feeding by puncturing the ear vein with a blood lancet (Solofix®; Braun), 

using the FreeStyle Freedom Lite system (Abott). 

In addition, in WT and MIDY group, TAC levels were regularly examined 

(Table 8) based on EDTA-blood collected in Microvette® 200 EDTA K3E 

(Sarstedt). To determine TAC blood levels, trough levels are required, which are 

obtained by taking a blood sample when the TAC level is at its lowest, i.e. 

immediately before TAC administration (JENSEN-WAERN, KRUSE & 
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LUNDGREN, 2012). TAC blood concentration analysis was performed by the 

Institute for Laboratory Medicine, LMU Munich, University Hospital under 

supervision of Prof. Daniel Teupser. It was only partially possible to determine 

trough levels, especially when sampling had to be carried out on the awake, non-

fixed animal. Nevertheless, non-trough samples were also submitted for analysis to 

obtain orientation values of TAC levels. Values obtained during the day in general 

anesthesia were also classified as trough levels since medication was omitted due 

to pre-anesthetic food abstinence. 

In all ITx recipient animals, a clinical blood chemistry profile including liver 

enzymes, as well as CRP values were determined at several time points after ITx 

using serum or EDTA samples, collected in S-Monovette® Serum/K3 EDTA 

(Sarstedt). Clinical blood chemistry analysis was carried out by the Laboratory of 

the Clinic for Ruminants, LMU Munich. CRP and ALT values were measured by 

Dr. Birgit Rathkolb from Helmholtz Center Munich. The sampling times were 

mainly based on the performance of general anesthesia for PET/CT imaging (Table 

8). 

Animal-ID Blood sample for 
TAC measurement 

(ITx day) 

Blood sample for CRP 
measurement 

(ITx day) 

Blood sample for 
clinical-chemical 

blood profile 
(ITx day) 

11821 0, 2, 7 7 2, 7 
11822 - 7 7 
12401 0, 15, 29 15, 29, 31 0, 15, 31 
12580 Baseline, 0, 6, 13, 23, 

27, 38, 76, 98, 103 
103 0, 38, 76, 98, 103 

12582 Baseline, 0, 6, 21 0, 52, 83 0, 52, 77, 83 
13062 0, 7, 13, 21, 54, 89, 

100 
0, 54, 100 0, 100 

13064 0, 6, 14, 21, 41, 71 0, 41, 71 0, 41, 71 

Table 8: Timepoints of blood sample collection. 

3.3.2. Longitudinal [68Ga]Ga-DOTA-Exendin-4 PET/CT imaging 

Longitudinal [68Ga]Ga-DOTA-Exendin-4 PET/CT imaging in MIDY group was 

performed once prior to ITx (baseline) and up to three times post ITx. Radiotracer 

was synthesized as previously described (LINDHEIMER et al., 2023). 
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The radiotracer synthesis was carried out by Mr. Felix Lindheimer, Department of 

Nuclear Medicine, LMU Munich, University Hospital.  

3.3.2.1. PET/CT imaging procedure 

Prior to PET/CT imaging a food abstinence of at least six hours was performed. 

Anesthesia was induced with azaperone (0.05 ml/kg BW; Stresnil®; Elanco Animal 

Health) and ketamine (0.2 ml/kg BW; Ketamidor®; WDT) i.m.. Afterwards a 

catheter was placed in an ear vein of both ears (Vasofix® Braunüle (G20, G22); 

Braun). One catheter was used for the administration of anesthetic medication, 

while the other catheter was used for the injection of the radiotracer. A mixture of 

ketamine and xylazine (3 ml xylazine (Rompun® 2%; Bayer Vital GmbH) + 7 ml 

ketamine (Ketamidor®;WDT)) was given as needed to deepen the anesthesia. 

Placed on a heating mat (Thermal Pet Pad Thermal MHP-E1220; Anpan) the animal 

was connected to an ECG, a pulse oximeter (Veterinary Pulse Oximeter; Henry 

Schein Inc.) and a continuous drip infusion (NaCl 0.9%; Braun). Heart rate, 

respiratory rate, oxygen saturation, body temperature and blood glucose were 

continuously monitored. The radiotracer was injected intravenously (injected 

activity: 24.66 – 91.37 MBq; amount of peptide: 0.02 ± 0.005 µg/kg). Time interval 

between synthesis and injection was 34 minutes on average. For image acquisition, 

a Biograph True-Point 64 PET/CT device (Siemens) was used. The imaging 

included a dynamic PET scan with the axial field-of-view (21.6 cm) on the region 

of the liver, followed by a whole-body PET scan (20 min). Dynamic PET 

acquisition was initiated one minute before tracer injection. List-mode data were 

acquired over 60 minutes, sorted into 24 frames (11 x 1 min, 10 x 2 min, 3 x 10 

min) and reconstructed using the software provided by Siemens: TrueX algorithm 

with 3 iterations and 21 subsets (voxel size (x, y, z): 2.67, 2.67, 3.0 [mm3]), 

including corrections for scattered radiation and attenuation. The reconstructed data 

were filtered using a Gaussian filter with 5 mm full with at half maximum. For 

anatomical information and scatter as well as attenuation correction, low-dose CT 

scans without contrast agent were recorded for the axial field-of-view and whole-

body regions. The animals were monitored during the recovery period after 

anesthesia, during which they were kept in a recovery box. The experimental 

procedure of PET/CT imaging in pigs is provided in Figure 12. The radioactivity 
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levels of the animals were checked the next day for radiation protection reasons, 

using CoMo-170/-300M (NuviaTech Instruments). 

 

Figure 12: Experimental procedure of [68Ga]Ga-DOTA-Exendin-4 PET/CT imaging in pigs. 

WBC: Walter-Brendel-Center. Created with Biorender.com. 

3.3.2.2. [68Ga]Ga-DOTA-Exendin-4 PET/CT image analysis 

The analysis of the reconstructed PET/CT data was performed with PMOD 

software (version 4.005; PMOD Technologies). As measuring unit for activity 

concentration, the standard uptake value (SUV) was used. To determine this, the 

activity concentration values were normalized to the injected radioactivity and the 

BW. 

For the baseline scans, a spherical volume of interest (VOI) (Æ5mm) was used to 

measure the dynamic of SUVs in several organs (pancreas, kidney, liver and 

longissimus dorsi muscle) during the PET acquisition for reference and as proof-

of-concept. Time-activity curves were created based on the measured SUVs.  

Furthermore, whole-liver SUVs were measured in each MIDY pig before ITx (= 

baseline) and up to three times after ITx. For this purpose, the whole liver was 

manually plotted as a VOI in each data set (Fig. 13). The whole-liver SUVs refer 

to the time point 55 minutes after tracer injection.  

In addition, a hotspot analysis, as previously suggested elsewhere (JANSEN et al., 

2023), was carried out in the manually plotted whole-liver volume. For this purpose, 

the mean value of the baseline whole-liver SUVs and twice their standard deviation 

(SD) were added, to determine a threshold value. By implementing this threshold, 

all liver regions with higher activity values were marked as VOI using the PMOD 
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iso-contouring function and their SUVs (= hotspot-liver SUVs) were determined at 

55 minutes after tracer injection. Hotspot-SUVs were determined analogous to the 

whole-liver SUVs for each MIDY pig at baseline scan and for each PET/CT scan 

after ITx. Imaging time points are provided in Table 9.  

 

Figure 13: Example of whole-liver VOI in coronal, axial and sagittal PET/CT images. 

Animal ID Imaging timepoints (ITx days) 
12580 Baseline, 38, 76, 98 
12582 Baseline, 52, 77 
13062 Baseline, 54, 89 
13064 Baseline, 41, 71 

Table 9: Imaging time points of ITx MIDY pigs.  

3.4. Necropsy, sampling procedure and tissue processing 

At the end of the observation period, in MIDY group within one week after the last 

PET/CT scan, the anaesthetized pigs were euthanized by an intravenous injection 

of pentobarbital (60 mg/kg; Narcoren®; Boehringer Ingelheim). Afterwards, the 

abdominal cavity was opened with a medial laparotomy and organ removal took 

place with special focus on the liver as graft bearing organ. Tissue sampling of the 

liver was performed according to a detailed sampling protocol. The liver sampling 

procedure was documented in a liver graph (Fig. 14A) (COURT et al., 2003). 

Before further processing, the liver was photographed from the cranial and caudal 

sides and for better orientation labeled with number tags according to liver sections 

(I-VIII) (Fig. 14B). 
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Figure 14: Anatomical classification of the liver segments. 

(A) Liver documentation graph according to Court et al., 2003. (B) Liver segments labelled 
according to liver documentation graph, MIDY pig #12582. 

Liver sampling was carried out according to the following scheme (Fig. 15): 

1. Starting at the left side of the liver, parallel, equivalent slices 

(thickness: ~ 2-3 cm) were cut from the organ from liver base to liver edge, 

numbered 1 to e.g. 17 (depending on the size of the organ). 

2. The parallel slices were then cut into small pieces (size: ~ 2 cm x 2 cm x 

1 cm), numbered a to e.g. f (depending on the size of the slice) starting from 

the base moving forward to the edge. 

3. For every letter, e.g. “a”, one piece was taken for 4% PFA, methacarn and 

RNAlater® (Invitrogen) fixation, one piece was snap-frozen on dry ice and 

one piece was snap-frozen in Tissue-Tek® Cryomold (Sakura). The same 

order of fixation methods was applied to each piece. 

4. At regular intervals, depending on the size of the organ, reserve strips were 

taken for 4% PFA fixation, e.g., every third strip. 

 

2 cm

A B
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Figure 15: Liver sampling procedure. 

(A) Cranial view of the liver of MIDY pig #12582. (B) Caudal view of the liver of MIDY pig #12582. 
(C) Production of longitudinal strips labeled e.g. “1-17”. (D) Subdivision into pieces labeled e.g. 
“a-f”. (E) Preservation in various fixative solutions or as frozen samples. 

From Pilz et al., 2024. 

In addition, samples were also taken from the pancreas, the heart, the lungs, the 

spleen and the kidneys. The tissue was preserved depending on the organ in the 

following solutions: 4% PFA, methacarn, and RNAlater® (Invitrogen). 

Furthermore, some tissue was frozen either directly on dry ice or in TissueTek® 

Cryomold (Sakura). Following the necropsy, the tissue remained for two hours in 

fixative solutions for initial fixation. Afterwards, it was cut into pieces 

(approximately 1.5 cm x 2 cm x 0.5 cm), that were put into labelled embedding 

cassettes (UniLink; Engelbrecht Medizin- & Labortechnik) which were then 

returned to new fixation solution at 4°C. Dry ice and TissueTek® samples were 

immediately stored at -80°C. 

After 48 hour fixation in PFA and ME at 4°C, the fixed samples were prepared for 

paraffin-embedding. For this purpose, PFA-fixed samples were washed with tap 

water and ME-fixed samples with 70% Ethanol. Then they were further processed 

in the Excelsior AS A82310100 (Thermo Fisher Scientific) (Table 10).  
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Reagent Group Reagent Time 

Dehydrant Group EtOH 70% 2x 1.5 h 

EtOH 90% 1.5 h 

EtOH 90% 1 h 

EtOH 100% 2x 1 h 

Clearent Group Xylol 3x 1 h 

Infiltration Group Paraffin 2x 1.75 h 

 Paraffin 2 h 

Table 10: Worksteps of Excelsior AS A82310100. 

Adapted from (HORNASCHEWITZ, 2023). 

Subsequently, paraffin (Histoplast PE; Epredia) embedding was performed with the 

TES 99 modular paraffin embedding system (Medite). 3 µm slices of the paraffin-

embedded tissue were cut, using Microm HM 325 rotary microtome (Thermo 

Fisher Scientific). The slices were collected with microscope slides (StarFrost®; 

Engelbrecht) and stored at an incubator (ED056-230V; Binder GmbH) at 37°C. 

Cutting was carried out by Ms. Florentine Stotz and Ms. Christina Blechinger.  

3.5. Histological and immunohistological analyses 

Detailed histological examination of the islet graft-recipient organ liver were 

performed, including hematoxylin & eosin (H&E) (Table 11) and Giemsa staining 

(Table 12), as well as immunohistochemistry (IHC) (Table 13-15) and 

immunofluorescence (IF) (Table 16). 
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3.5.1. H&E staining 

Procedure Reagent Time 

Deparaffination Xylol 20 min 

Rehydration 100% EtOH 2x 
96% EtOH 2x 
70% EtOH 

2 min  
(30 sec first cuvette, 90 sec 
second cuvette) 

Washing Aqua bidist. 10 sec 

Staining Hematoxylin 5 min 

Washing Tap water (floating) 5 min 

Differentiation 0.5% HCl-EtOH 2 sec 

Washing  Tap water (floating) 5 min 

Counterstaining 2% Eosin 2 min 

Washing  Aqua bidist. 10 sec 

Dehydration 70% EtOH 
96% EtOH 2x 
100% EtOH 2x 

2 min  
(30 sec first cuvette, 90 sec 
second cuvette) 

Clearing Xylol Min. 5 min 

Mounting Histokitt  

Table 11: Protocol for H&E staining. 

Adapted from Hornaschewitz, 2023. 

3.5.2. Giemsa staining 

Procedure Reagent Time 

Deparaffination Xylol 10 min 

Rehydration 100% EtOH 2x 
96% EtOH 2x 
70% EtOH 

2 min 
(30 sec first cuvette, 90 sec 
cuvette) 

Washing Aqua bidist. 10 sec 

Staining Giemsa working-solution 1 h at 65°C 

Washing Aqua bidist. 10 sec 

Differentiation 0.5% acetic acid 1 sec (till color change) 

Dehydration 96% EtOH 2x 
100% EtOH 2x 

2 min 
(30 sec first cuvette 90 sec 
second cuvette) 

Clearing Xylol ≥ 5 min 

Mounting Histokitt  

Table 12: Protocol for Giemsa staining. 
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3.5.3. Immunohistochemistry 

Procedure  Reagent Time 

Deparaffination Xylol 2x 2x 20 min 

Rehydration 100% EtOH 2x 
96% EtOH 2x 
70% EtOH 

10 sec each 

Washing Aqua bidist. 10 sec 

Antigen retrieval Heat-induced antigen 
retrieval (HIAR):  
TRIS or CITRAT buffer 

TRIS:  
18 min sub-boiling; 
CITRAT:  
15 min sub-boiling 

Enzymatic antigen retrieval: 
Proteinase K 

10 min 

Cooling Only after HIAR 30 min 

Washing 1x TBS 10 min 

Blocking 1% H202 in 1x TBS 15 min 

Washing 1x TBS 10 min 

Biotin blocking  

(only liver tissue) 

Avidin 15 min 
1x TBS 10 min 
Biotin 15 min 
1x TBS 10 min 

Blocking 5% Neutral serum (NS)  
in 1x TBS 

1 h at room temperature 
(RT) 

Primary antibody Antibody in 1x TBS Overnight at 4°C 

Washing 1x TBS 10 min 

Secondary antibody Antibody in 1x TBS 1 h at RT 

Washing 1x TBS 10 min 
Signal amplification Avidin-biotin-complex (only 

when biotinylated secondary 
antibody is used) 1:100 

30 min 

Washing 1x TBS 10 min 
Staining DAB Depending on antibody 

reactivity 
Washing Floating tap water 5 min 
Counterstaining Meyer’s Hemalum ~ 30 sec  
Washing Floating tap water 5 min 
Washing Aqua bidist. 10 sec 
Dehydration 70% EtOH 

96% EtOH 2x 
100% EtOH 2x 

10 sec 

Clearing Xylol ≥ 5 min 
Mounting Histokitt  

Table 13: Immunohistochemistry basic protocol. 
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Primary antibody Secondary antibody Antigen 
retrieval 

Neutral serum 

Rabbit-anti-
Synaptophysin 
1:6,000 

Goat anti-rabbit IgG/HRP  
1:150 

TRIS Goat 

Mouse-anti-Insulin 
1:3,000 

Biotinylated goat anti-mouse 
IgG 
1:250 + 2% NS Pig 

CITRAT Goat 

Rabbit-anti-Glucagon  
1:12,000 

Goat anti-rabbit IgG/HRP 
1:150 

CITRAT Goat 

Mouse-anti-human-
Macrophages 
1:200 

Biotinylated goat anti-mouse 
IgG 
1:250 + 2% NS Pig 

Proteinase K Goat 

Mouse-anti-human-CD3  
1:900 

Biotinylated goat anti-mouse 
IgG 
1:250 + 2% NS Pig 

TRIS Goat 

Rat-anti-FoxP3 
1:150 

Biotinylated donkey anti-rat IgG 
1:150 

CITRAT Donkey 

Mouse-anti-CD45 
1:1,200 

Goat-anti-mouse-IgG/HRP 
1:100 + 2% NS Pig 

TRIS Goat 

Table 14: Adaptions of basic IHC protocol to individual antibodies. 

 

1st antibody 2nd antibody HIAR NS Staining Counterstaining 

Rabbit-anti-
Synaptophysin 
1:6,000 

Goat-anti-rabbit 
IgG/AP  
1:300 

TRIS 
 

Goat 
 

BCIP Kernecht-Rot 

Mouse-anti-
human-CD3  
1:1,200 

Goat-anti-mouse-
IgG/HRP 1:100 +  
2% NS pig 

DAB 

Table 15: Adaptions of basic IHC protocol for immunohistochemical co-staining of synaptophysin 
and CD3. 
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3.5.4. Immunofluorescence 

Procedure  Reagent Time 

Deparaffination Xylol 2x 2x 20 min 
Rehydration 100% EtOH 2x 

96% EtOH 2x 
70% EtOH 

10 sec each 

Washing Aqua bidist. 10 sec 
Antigen 
retrieval 

HIAR: CITRAT buffer 15 min 

Cooling  30 min 
Washing 1x PBS 10 min 
Washing PBS-Triton X100 0.1% 10 min 
Washing 1x PBS 5 min 
Blocking 5% NS donkey in PBS- Tween®20 0.05% 1 h at RT 
Primary 
antibody in  
1x PBS 

Guinea pig-anti-Glucagon 1:3,000 

Rabbit-anti-Synaptophysin 1:4,000 

Mouse-anti-Somatostatin 1:400 

Overnight at 4°C 

Washing 1x PBS-Tween®20 0.1% 2x 5min 
Washing 1x PBS 5 min 
Secondary 
antibody in 
1x PBS 

AF647 donkey-anti-guinea pig IgG 1:500 

DyLight755 donkey-anti-rabbit IgG 1:1,200 

AF555 donkey-anti-mouse IgG 1:1,000 

1 h at RT 

Washing 1x PBS-Tween®20 0.1% 2x 5 min 
Washing 1x PBS 5 min 
Antibody in 
1x PBS 

AF 488-anti-Insulin 1:350 2 h at RT 

Washing 1x PBS-Tween®20 0.1% 2x 5 min 
Washing 1x PBS 2x 5 min 
Nuclear staining DAPI 10 min 
Washing 1x PBS 3x 5 min 
Suppression of 
autofluorescence 

Vector TrueView 5 min 

Washing 1x PBS 2x 5 min 
Mounting Vectashield Vibrance + IF coverslip  

Table 16: 4-color IF staining protocol. 

 

 

 

 



IV. Animals, materials and methods  

  

 
 

71 

3.6. Microscopic evaluation of ITx livers 

Microscopic analyses and image acquisition of the stained livers were carried out 

with Leica type DMC4500 and Olympus model BX43F microscope, using Leica 

Application Suite V4.12.0 and Olympus CellSens Software, respectively. For IF, 

image acquisition was performed with Axioscan 7 device (Zeiss) and 20x objective 

by the Core Facility Pathology & Tissue Analytics at the Helmholtz Center Munich. 

The IHC slides stained for macrophages were scanned using the NanoZoomer S60 

(Hammatsu Photonics K. K.) with the 20x objective at the Institute for Veterinary 

Pathology at the Center for Clinical Veterinary Medicine, LMU Munich by Mrs. 

Lisa Pichl under the supervision of Prof. Andreas Parzefall. 

3.6.1. Analysis of graft localization and graft properties 

Islet graft containing liver segments were identified by performance of 

synaptophysin (SYP) IHC and subsequent microscopic evaluation, which was 

performed with every PFA liver segment and formed the basis for the selection of 

liver segments for further histological examinations (Table 17). The proportion of 

SYP, insulin (INS) and glucagon (GCG) positive (+) liver segments within all liver 

segments was determined by microscopic evaluation of the immunohistochemically 

stained liver segments. The occurrence of SYP+ (excluding nerves and neuronal 

cells), INS+ and GCG + islet cell clusters (ICCs) in every liver segment was graded 

in four scores (none (0) vs. 1-5 ICCs (I) vs. 6-15 ICCs (II) vs. > 15 ICCs (III) per 

slide). Representative sections were investigated by 4-color IF staining of SYP, 

INS, GCG and somatostatin (SST). 

Target antigen Target cell Analyzed liver segments 

Synaptophysin Neuroendocrine cells All PFA samples   

Insulin Beta cells Graft bearing liver segments 

Glucagon Alpha cells Graft bearing liver segments 

Table 17: Immunohistochemical analyses of graft distribution and function. 
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3.6.2. Characterization of immunoreaction in the graft-bearing livers 

In order to characterize the cells involved in the post-ITx immune response, a 

stepwise identification of individual cell types was performed. IHC against CD3 of 

graft-bearing livers was used to select representative liver segments for further 

evaluation with a high incidence of graft-infiltrating immune cell clusters (Table 

18). 

Target antigen Target cell Analyzed liver segments 

CD3 T cells Graft bearing liver segments 

CD45 Leukocytes Representative liver segments 

Fox P3 Regulatory T cells Graft bearing liver segments 

L1/Calprotectin Macrophages Graft bearing liver segments 

5 liver segments without islet 

graft/animal 

Table 18: Immunohistochemical analyses of immunological processes in graft bearing livers. 

Periportal clusters of numerous CD3+ cells were considered as infiltrates. The 

occurrence of CD3+ cell infiltrates in the graft-containing livers was categorized 

into four grades (none (-) vs. 1-5 infiltrates (+) vs. 6-15 infiltrates (++) vs. >15 

infiltrates (+++) per slide). 

3.6.3. Morphometric analysis of macrophage abundance in ITx livers 

For morphometric analysis of macrophage abundance in ITx livers, five islet-

containing regions and five regions without islet transplant were chosen for each 

animal. Additionally, five liver sections of control pigs (Table 7), that didn’t 

receive an islet transplant were selected. It should be noted that the terms 

“macrophages” and “positive cells”, which are used in the rest of this work, refer 

to cell cross-sectional profiles and do not indicate absolute numbers of cells. For 

identification of macrophages, calprotectin was immunohistochemically detected 

in the selected livers. The quantitative evaluation was carried out using QuPath 

software (The University of Edinburgh). First, the whole liver section was marked 

as the analysis area in the scans using the polygon function and refined by Wand 

tool. Larger vessel lumina were excluded from the analysis area (Fig. 16). Then, a 

positive cell detection was performed (for technical details see Table 19). By using 

a triple intensity threshold, a distinction was made between weak, medium and 
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strong positive cells, based on the mean nucleus DAB optical density (OD). 

Strongly positive cells with mean OD > 0.6 per mm2 were used as comparative 

value.  

 

Figure 16: Example for liver analysis area for positive cell detection. 

 

Setup parameters Detection image  Optical density sum 

Requested pixel size 0.4404 

Nucleus parameters  Background radius 8 µm 

Median filter radius 0 µm 

Sigma 1.5 µm 

Minimum area 8 µm2 

Maximum area 100 µm2 

Intensity parameters Threshold 0.1 

Max background intensity 2 

Cell parameters Cell expansion 0.03 

Intensity threshold 

parameters 

(score compartment: Nucleus 

DAB OD mean) 

Threshold 1+ 0.2 

Threshold 2+ 0.4 

Threshold 3+ 0.6 

Table 19: Technical settings for QuPath positive cell detection.  

3.7. Graphics and statistical analyses 

The graphics were created with Prism 5 and Prism 10 (GraphPad Software). For 

group plots, the mean and standard error of the mean (SEM) is shown, unless 

otherwise indicated in the graph.  
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For statistical analysis of whole-liver SUV and hotspot-liver SUV data PROC 

MIXED (SAS 9.4; SAS Institute) was used, considering both the effect of time after 

ITx and the random effect of individual recipient. QuPath results were analyzed 

with two-tailed Mann-Whitney-U tests. One Mann-Whitney-U test was carried out 

to compare the control group with the WT group and a second Mann-Whitney-U 

test was carried out to compare the control group with the MIDY group. 

Additionally, the islet-containing regions were compared to regions without islet 

transplant for both the WT group and the MIDY group using the Mann-Whitney U 

test. 

Significance levels were set at p < 0.05 (*), p < 0.01 (**) and p < 0.001 (***). 
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V. RESULTS 

1. Establishment of PIPIT in pigs 

Isolation and in vitro maturation of the NPIs obtained from 9-15 donor pancreata 

resulted in an islet yield of 140,000 – 310,000 IEQs per batch (Table 20). The NPIs 

were round and compact after the in vitro maturation period when used for PIPIT 

(Fig. 17). The amount of transplanted IEQs ranged between 2,979 and 15,000 

IEQs/kg BW. The left main branch of the portal vein was targeted as ITx site in 

order to have the right side of the liver available as a control. PIPIT was successfully 

performed in all seven pigs, with the transplantation site being the left main branch 

of the portal vein in six pigs and the main portal vein branch in pig #13062 (Table 

20). Evaluation of the liver by ultrasound after islet graft injection confirmed the 

presence of ICCs in the portal vein (Fig. 18A). No ultrasonographical detectable 

signs of bleeding were observed. Doppler ultrasound analysis post-PIPIT confirmed 

the patency of the portal vein and a physiological hepatopetal (Fig. 18B). Pig 

#11821 experienced anesthesia-induced respiratory depression and delayed 

awakening. There were no PIPIT-associated complications in the remaining pigs. 

Animal ID Number of 
donor organs 

Islet yield in total 
[IEQs] 

Transplanted 
IEQs/kg BW 

Intraportal 
catheter position 

11821 12 310,000 5,636 left main portal 
vein branch 

11822 9 140,000 5,000 left main portal 
vein branch 

12401 12 140,000 2,979 left main portal 
vein branch 

12580 15 174,000 5,800 left main portal 
vein branch 

12582 12 161,000 3,320 left main portal 
vein branch 

13062 15 238,000 9,714 main portal vein 
branch 

13064 14 300,000 15,000 left main portal 
vein branch 

Table 20: Number of donor organs, total islet yield, transplanted IEQs/kg BW and transplantation 
site. 
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Figure 17: Two examples of round, compact ICCs after in vitro maturation. 

 

Figure 18: Ultrasound control directly after ITx. 

(A) Intravascular hyperechogenic spots confirmed the presence of ICCs in the portal vein system. 
No signs for bleeding were noted. (B) Doppler ultrasound confirmed the patency of the portal vein 
and physiological hepatopetal. 

150 µm 150 µm

A B
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2. Clinical outcome of islet transplantation 

2.1. Overview of clinical ITx outcome 

 

Table 21: Overview of clinical ITx outcome. 

2.2. General health state 

In the WT group, there were no effects of ITx on the general health state of the 

recipient pigs. #11821 and #11822 reached the planned endpoint. In #12401, the 

trial was terminated due to refusal of immunosuppressants. In the MIDY group, 

intermittent diarrhea occurred mainly in #12580, #12582 and #13062. The animals 

Animal 
ID

Survival
(days)

General 
health state

Acceptance 
of oral 
drug intake

Blood 
parameters

Normo-
glycemia 
achieved 

Independence 
from 
exogenous 
insulin 

Increase
of liver 
signal in 
PET/CT
imaging

Fate

11821 7 Un-
remarkable

TAC and 
ASA 
accepted,
MMF 
refused

Elevated 
AST and 
GGT value 
on 
Txd 2

-/- -/- -/- Reached
planned 
endpoint

11822 7 Un-
remarkable

Refused all Un-
remarkable

-/- -/- -/- Reached
planned 
endpoint

12401 31 Un-
remarkable

Irregular 
acceptance 
of TAC and 
MMF, ASA 
accepted

Elevated 
AST values 
from Txd 15 
onwards

-/- -/- -/- Monitoring 
period 
stopped due 
to rejection 
of
immuno-
suppression

12580 103 Intermittent 
diarrhea 
from 
Txd 31 
onwards

TAC mostly 
accepted,
MMF 
irregular,
ASA 
accepted

Elevated 
TAC trough 
level and 
AST value 
on Txd 103

Yes Yes Yes Monitoring 
period 
stopped due 
to
weight loss 
prior end

12582 83 Intermittent 
diarrhea 
from 
Txd 18 
onwards

TAC mostly 
accepted,
MMF 
irregular,
ASA 
accepted

Elevated 
GGT and 
AP values 
on Txd 0;
Increased 
TAC trough 
level and 
AST value 
on 
Txd 83

Near-
normo-
glycemic 
range

No Yes Monitoring 
period 
stopped due 
to
weight loss 
prior end

13062 100 Intermittent 
diarrhea 
from Txd 8 
onwards

TAC mostly 
accepted,
MMF 
irregular,
ASA 
accepted

Elevated AP 
value on 
Txd 0 

Yes Yes Yes Monitoring 
period 
stopped due 
to
weight loss 
prior end

13064 71 Occasional 
diarrhea, 
mostly un-
remarkable 

TAC mostly 
accepted,
MMF 
irregular,
ASA 
accepted

Elevated 
AST value 
on Txd 0;
Increased 
CRP values 
from Txd 41 
onwards

No No No Gastro-
intestinal 
emergency 
in 
anesthesia, 
not related 
to ITx
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were treated symptomatically with electrolytes (Enerlyte®; Virbac) and probiotics 

(Perenterol®; Medice) when diarrhea symptoms occurred. The general condition of 

the animals was undisturbed and the body temperature was constantly in the 

physiological range. Parasitological and bacteriological examinations remained 

unremarkable. In #13064, diarrhea symptoms occurred only sporadically. In 

#12580, #12582 and #13062 the experiments were stopped for animal welfare 

reasons due to weight loss. #13064 died due to a gastrointestinal emergency 

unrelated to ITx. 

2.3. Immunosuppressive treatment regime and blood tacrolimus levels 

For reduction of animal distress, both immunosuppressive drugs, TAC and MMF, 

as well as ASA were orally administered to the pigs. TAC trough levels of 5-15 

ng/ml were targeted, as described elsewhere (JENSEN-WAERN, KRUSE & 

LUNDGREN, 2012). Measurements of #12580 and #12582 before starting 

immunosuppressive treatment served as control values and were < 2.5 ng/ml. 

Establishment of PIPIT protocol was started with the animals of the WT group. 

#11822 refused consistently oral intake of both immunosuppressants. Therefore, 

there was no need to analyze the TAC levels in this animal and no graphs could be 

generated. #11821 refused MMF intake completely (Fig. 19A1) and accepted TAC 

intake constantly at a dosage of 30 mg/day (Fig. 19A2). Two trough levels were 

determined for #11821: 4.8 ng/ml on medication day one and 15.4 ng/ml on 

medication day eight. On medication day two, 4.2 ng/ml was determined as non-

trough level ~ 7 hours after administration of TAC. The values of #11821 were 

therefore largely within the target reference range (Fig. 19A3). #12401 showed an 

irregular intake of MMF, with the targeted dose being reached on 16/31 (≙ 50%) 

treatment days (Fig. 19B1). TAC uptake was even more inconsistent with the 

targeted dosage being reached on ten out of 32 days (≙ 31%) (Fig. 19B2). In 

#12401, a trough level was measured on medication day one (4.8 ng/ml) and two 

non-trough values were measured on medication day 16 (8 ng/ml) and 30 (6.4 

ng/ml), 7 and 7.5 hours after TAC administration, respectively. The values of 

#12401 were therefore in the lower reference range and it can be assumed that the 

lower limit was rather undercut (Fig. 19B3). 
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Figure 19: Intake of MMF (1) and TAC (2), and TAC blood levels (3) in WT group.  

(A1-3) #11821, refused intake of MMF completely, accepted constantly the targeted dosage of TAC 
and trough- and non-trough levels were largely within reference range. (B1-3) #12401 showed 
irregular intake of both immunosuppressants. One trough level undercut the reference frame, non-
trough-levels were in the lower range of reference frame. 

In the MIDY group,  #12580 took the full MMF dose on 75/103 (≙ 73%)	treatment 

days (Fig. 20A1). This pig reached at least the targeted dosage of TAC on 82/103 

(≙ 80%)	treatment days. As it chewed heavily on the capsules, the dose of TAC 

was increased by 5 mg/day (Fig. 20A2). TAC values were determined for #12580 

on ten medication days. Of these, two measurements on day seven and 13 remained 

without value because the sample coagulated, four measurements on day 24 (27.9 

ng/ml), day 28 (18.4 ng/ml), day 77 (34.6 ng/ml), and day 99 (34.8 ng/ml) do not 

correspond trough values and were measured 5-9.5 hours after TAC intake. Trough 

levels exist for medication day one (8.2 ng/ml), 39 (10 ng/ml) and 104 (22 ng/ml). 

In this animal, the reference limit was therefore exceeded by 7 ng/ml in one 

measurement (medication day 104) (Fig. 20A3). #12582 completely accepted 

MMF on 38/83 (≙ 46%)	 treatment days (Fig. 20B1) and took up the minimum 

required dose of TAC on 68/83 (≙ 82%) treatment days. Chewing of the capsules 

was also observed in this animal, which explains the increase in dose by up to 5 mg 

(Fig. 20B2). For #12582, seven TAC measurements were taken, five of which were 

non-trough levels on medication day seven (14.9 ng/ml), 22 (11.8 ng/ml), 29 (25.6 

ng/ml), 53 (29.7 ng/ml) and 78 (18.5 ng/ml), which were measured 4.5-5.5 hours 

after TAC intake, and two trough levels on day one (8.7 ng/ml) and day 84 

(23.3 ng/ml). Initially in the middle-upper reference range, the animal showed an 
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exceedance of the upper reference value by 8.3 ng/ml at its final trough level (Fig. 

20B3). In #13062, MMF was fully absorbed on 45/100 (≙ 45%)	days (Fig. 20C1) 

and TAC on 94/100 (≙ 94%)	days, on two days a dose adjustment was necessary 

(Fig. 20C2). There were six TAC measurements for #13062. Non-trough levels in 

this animal were collected on medication day eight (36.7 ng/ml), 14 (15.2 ng/ml), 

22 (20.1 ng/ml) and 55 (16 ng/ml), 5-6.5 hours after TAC intake. The trough values 

on day one (5.5 ng/ml) and 90 (10.5 ng/ml) were within the target reference range 

(Fig. 20C3). MMF uptake in #13064, was irregular and was achieved on 31/71 

(≙ 44%) treatment days (Fig. 20D1). This pig showed a constant TAC intake, so 

that the minimum required amount could be achieved on 65/71 (≙ 91%) treatment 

days (Fig. 20D2). For #13064, three TAC values could be determined in total, as 

the sample material on days seven, 15 and 42 was quantitatively insufficient for a 

measurement. One trough value was determined on day one (4.3 ng/ml), two non-

trough levels were determined on day 22 (18.2 ng/ml) and day 72 (13.1 ng/ml) five 

and seven hours after TAC administration. Overall, this animal was therefore once 

confirmed slightly below the reference range and otherwise at least presumably 

within the reference range (Fig. 20D4). 

ASA was administered consistently to all pigs except #11822, which refused to take 

it in. 
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Figure 20: Intake of MMF (1) and TAC (2), and TAC blood levels (3) in MIDY group. 

(A1-3) #12580, MMF uptake was irregular, targeted TAC dose was reached and slightly exceeded 
in most cases, two trough levels were within the reference frame, one trough level and non-trough 
levels exceeded reference frame. (B1-3) #12582, MMF uptake was irregular, ingested TAC dose 
exceeded targeted dose in most cases, one trough-level and two non-trough levels ranged in the 
reference frame, after the third measurement the levels were above the upper limit. (C1-3) #13062, 
inconstant MMF intake, ingested TAC dosage corresponded to targeted dosage in most cases, 
trough levels were within reference frame, non-trough levels were > 15 ng/ml. (D1-3) #13064, 
irregular MMF intake, ingested TAC dosage mostly matched targeted dosage, one trough level was 
slightly lower than bottom limit, the other values were (almost) in reference frame. 

In total, the WT pigs accepted the targeted dosage of TAC on 44% ± 29 of the 

medication days. In the MIDY pigs, the targeted dosage was ingested on 87% ± 3 

of the medication days and thus almost twice as often (Fig. 21A). Complete MMF 

uptake occurred in the WT pigs on 17% ± 17 of the medication days and in the 

MIDY pigs on 52% ± 7 of the medication days. Thus, the MIDY pigs were three 

times more likely to take up MMF completely than the WT pigs (Fig. 21B). 
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Both groups took up TAC more consistently than MMF (factor difference WT: 2.6, 

factor difference MIDY: 1.7) 

 

Figure 21: Intake of immunosuppressants in WT group and MIDY group. 

(A) Intake of TAC. (B) Intake of MMF. MIDY group showed distinct higher intake of 
immunosuppressants than WT group. MMF less absorbed than TAC in both groups. 

2.4. Influence of islet transplantation on liver function and inflammation 

parameters 

Clinical-chemical analyses, with a particular focus on liver enzymes, were 

performed to determine whether liver damage occurred as a result of the islet graft 

infusion or in the post-transplant period. In addition, the effects of long-term 

immunosuppression on liver function were investigated and systemic inflammation 

was ruled out. The reference range for the liver enzymes in pigs were taken from 

Moritz & Kraft, 2014 (MORITZ & KRAFT, 2014). 

2.4.1. Short-term effect of islet transplantation on liver function 

Blood samples for the investigation of the short-term effect of ITx on liver function 

were obtained directly after the islet infusion (Txd 0) and included samples from 

#12401 #12580, #12582, #13062 and #13064. Aspartate aminotransferase (AST), 

gamma-glutamyl transferase (GGT), alkaline phosphatase (AP) and ALT levels 

were determined as liver function parameters. A WT control, and additionally, a 

MIDY control in the case of ALT from pigs that didn’t receive an ITx were 
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measured for reference. ALT values of Txd 0 could only be determined for #12582, 

#13062, #13064 due to insufficient sample material in the other ITx animals. 

The AST value of the WT control was 35.6 U/l. In ITx pigs, an exceedance of the 

upper limit of the normal (ULN) (up to 35 U/l) was detected in animal #13064 (63.7 

U/I) (Fig. 22A).  

The GGT reference range goes up to 45 U/l. The value of the WT control was 11.5 

U/l. An increased value was measured in #12582 (81.9 U/l) (Fig. 22B).  

The AP value of the WT control was 25 U/l. In the ITx group, there were two values 

that exceeded the ULN (up to 170 U/l) clearly: 211 U/l (#12582) and 227 U/l 

(#13062). One value (172 U/l; #13064) was only slightly increased (Fig. 22C).  

ALT control values of WT and MIDY pig were 51.4 U/l and 33.8 U/l, respectively. 

In the ITx pigs, if measured, the ULN of 68 U/l was not exceeded (Fig. 22D). 

 

Figure 22: Liver enzymes on Txd 0. 

(A) AST levels, increased value in #13064. (B) GGT levels, increased value in #12582. (C) AP levels, 
clearly increased values in #12582 and #13062, slightly elevated value in #13064. (D) ALT levels, 
no increased values. 
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2.4.2. Long-term effect of islet transplantation on liver function and 

inflammation parameters 

Longitudinal analysis of AST values revealed that in #13064, the elevated AST 

value (63.7 U/I) directly post-ITx returned to the reference frame from Txd 41 (22.8 

U/l) onwards. #11821 had an increased AST level on Txd 2 (61.5 U/l), which 

dropped to a physiological level until Txd 7 (32.1 U/l). In #12401 the AST level 

exceeded the ULN at Txd 15 (37.1 U/l) and rose again to Txd 31 (39.52 U/l). The 

values of #12580 and #12582 showed a continuous increase beginning on Txd 38 

and Txd 52, respectively and exceeding the ULN at Txd 103 for #12580 (38.7 U/l) 

and at Txd 83 for #12582 (45.1 U/l). #11822 and #13062 had physiological AST 

values (Fig. 23A). 

#11821 had an increased GGT level on Txd 2 (75.2 U/l), which normalized until 

Txd 7 (34.8 U/l). In #12582 the increased GGT value on Txd 0 fell consistently 

back into the physiological range from Txd 52 onwards (33.3 U/l). The GGT levels 

of #11822, #12401, #12580, #13062 and #13064 were physiological at all times 

(Fig. 23B). 

The elevated AP values on Txd 0 of #12582, #13062 and #13064 normalized during 

the observation period. For #12582, the value on Txd 52 was 111 U/l and therefore 

in the physiological range, dropping further to 61 U/l at Txd 77 and 50 U/l at Txd 

83. #13062 showed a physiological value of 38 U/l at Txd 100. #13064 had a value 

of 116 U/l on Txd 41 and 83 U/l on Txd 71. #11822, #12401 and #12580 had 

physiological AP values (Fig. 23C).  

There was a single elevated ALT value in #11821 (90.6 U/l). Since only this value 

was measured in this animal, there is no information on how ALT values developed. 

No ALT values deviating from the norm were measured in the other ITx pigs  (Fig. 

23D). 
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Figure 23: Longitudinal development of liver function parameters. 

(A) AST levels; #11821 and #12401 had a decreasing trend from initially elevated values. #12401, 
#12580 and #12582 showed increasing values, that exceeded the ULN at later time points. (B) GGT 
levels; Initially elevated values in #11821 and #12582 normalized over time. (C) AP levels; Elevated 
values were seen in #12582, #13062 and to a lesser extent in #13064. All values dropped to a 
physiological level over time. (D) ALT levels; The only increased value was measured in #11821, 
for which there is no information on the development. 

CRP values were determined in order to obtain information about a possible 

inflammatory process in the ITx recipients. There are no official reference values 

for CRP in pigs. Therefore, in addition to blood samples collected in the observation 

period after ITx, control values were measured. These consisted of a WT control, a 

MIDY control and Txd 0 samples from #12582, #13064 and #13062, collected 

directly after ITx. The values measured in the control group were between 3.3 µg/ml 

and 7.2 µg/ml. The measurements in the observation period after ITx revealed that 

most of the values were clustered, with a range of 0.6 µg/ml - 4.6 µg/ml. Two values 

that fall outside this range were striking, 11.9 µg/ml and 16.1 µg/ml. These values 

were both measured in pig #13064 (Fig. 24A). The course of the CRP values of 

#13064 showed an increase from 3.3 µg/ml, measured directly after ITx, to 16.1 

µg/ml at Txd 71, i.e. there was an increase by a factor of 4.9 (Fig. 24B). #13064 is 

the only pig for which the values have risen continuously after ITx. The mean value 
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of the >Txd 1 group (4.1 µg/ml ± 1.1) was even lower than the mean value (5.6 

µg/ml ± 0.8) of the control group (Fig. 20A). 

 

Figure 24: CRP values. 

(A) CRP measurements divided into control group and >Txd 1 group. CRP levels cluster in both 
groups with a total range of 0.6 µg/ml – 7.2 µg/ml. Two values in the >Txd 1 group fell out of the 
clustered distribution scheme, being strikingly higher. Both measurements stem from pig #13064. 
(B) Development of CRP values over time. There was a distinct increase of CRP levels in pig 
#13064. The other values showed a constant trend, with decreasing tendencies. For #11821, #11822 
and #12580, there was only one measurement and therefore no information of the CRP courses. 

2.5. Impact of islet transplantation on diabetic phenotype of MIDY pigs 

2.5.1. Diabetic phenotype of MIDY pigs prior to islet transplantation 

All pigs in the MIDY group exhibited hyperglycemia at least 3-7 weeks before ITx 

was performed. Insulin therapy was started 1-4 weeks before ITx. In detail, in 

#12580, hyperglycemia was recorded 29 days prior to ITx, and insulin therapy 

commenced eleven days before ITx (Fig. 25A). In #12582, hyperglycemia was 

observed 50 days before ITx, and insulin therapy was initiated 28 days prior to ITx 

(Fig. 25B). In #13062, hyperglycemia was noted 30 days before ITx, and insulin 

therapy was started 16 days prior to ITx (Fig. 25C). In #13064, hyperglycemia was 

recorded 23 days before ITx, and insulin therapy commenced six days before ITx 

(Fig. 25D). 

On the day of ITx, the MIDY pigs exhibited a hyperglycemic FBG and reached a 

dose of exogenous insulin consisting of LAIA and SAIA of 5-2 (#12580), 30-15 

(#12582), 8-4 (#13062) and 2-1 (#13064) (Table 22). It should be noted that no 
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insulin (#12580 and #13062) or a reduced insulin dose (#12582 and #13064) was 

administered on the day of the ITx itself due to the food restriction that was 

necessary because of the anesthesia. 

 

Figure 25: FBG levels and exogenous insulin therapy of MIDY pigs prior to ITx. 

(A) #12580, hyperglycemia recorded 29 days prior to ITx, insulin therapy started 11 days before 
ITx. (B) #12582, hyperglycemia recorded 50 days before ITx, insulin therapy started 28 days before 
ITx. (C) #13062, hyperglycemia recorded 30 days prior to ITx, insulin therapy started 16 days before 
ITx. (D) #13064, hyperglycemia recorded 23 days prior to ITx, insulin therapy started 6 days before 
ITx. 

 

Animal ID FBG value at ITx day Dose of LAIA Dose of SAIA 

12580 311 5 2 

12582 291 30 15 

13062 200 8 4 

13064 242 4 1 

Table 22: FBG values of MIDY pigs at day of ITx and dose of exogenous insulin reached. 
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2.5.2. Development of diabetic state of MIDY pigs after islet transplantation 

In three out of four MIDY pigs, normoglycemic levels were first achieved within 

18-47 days post-ITx and were constantly obtained from 37-72 days post-ITx 

onwards. Within 16-45 days, SAIA could be discontinued, LAIA was omitted 

between day 54 and 100 after ITx, or continuously reduced to 2 IU until Txd 61. 

In detail, the first normoglycemic value in pig #12580 was measured at Txd 47, 

constant normoglycemia persisted from Txd 72. A single elevated value was 

measured at Txd 94 (132 mg/dl). SAIA was dispensed with from Txd 45 and LAIA 

from Txd 100 (Fig. 26A). In #12582, a normoglycemic value was detected for the 

first time at Txd 23. After that, the values remained in a near-normoglycemic range 

(110-141 mg/dl) from Txd 37 onwards. From day 16, the animal no longer received 

SAIA. It was constantly treated with LAIA, whereby the dose could be 

continuously reduced to 2 IU (Fig. 26B). A first normoglycemic value in #13062 

was reached at Txd 18. Constant normoglycemia occurred in this animal from Txd 

64 onwards. Therapy with SAIA was discontinued at Txd 32 and with LAIA at Txd 

54 (Fig. 26C). In pig #13064, FBG levels <200 mg/dl were mostly observed from 

week four post ITx, normoglycemia did not occur. The insulin dose showed a 

plateau from Txd 29 of 10-11 IU LAIA and 3 IU SAIA per day (Fig. 26D). 
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Figure 26: FBG levels and exogenous insulin therapy of MIDY pigs after ITx. 

(A) #12580, first normoglycemic value at Txd 47, constant normoglycemia from Txd 72, except one 
elevated value at Txd 94, omission of SAIA from Txd 45, omission of LAIA from Txd 100. (B) #12582, 
first normoglycemic value at Txd 23, subsequently near-normoglycemic values from Txd 37, 
omission of SAIA from Txd 16, continuous reduction of LAIA to 2 IU. (C) #13062, first 
normoglycemic value at Txd 18, constant normoglycemia from Txd 64, omission of SAIA at Txd 32, 
omission of LAIA at Txd 54. (D) #13064, mainly FBG levels <200 mg/dl from week 4 post ITx, no 
normoglycemic values recorded, plateau of insulin dose from Txd 29. Adapted from Pilz et al., 2024. 
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2.6. Longitudinal in vivo monitoring of islet grafts in ITx recipient pigs by 

[68Ga]Ga-DOTA-Exendin-4 PET/CT imaging  

The non-invasive in vivo monitoring of endogenous pancreatic BCM in pigs using 

[68Ga]Ga-DOTA-Exendin-4-PET/CT imaging with histological validation is 

addressed in the scientific work and dissertation of Ms. Nicol Gloddek. The results 

of this study are also relevant for the present study. Therefore, a summary of the 

results is presented in the "proof-of-concept" section.  

The i.v. injection of [68Ga]Ga-DOTA-Exendin-4 did not cause any noticeable side 

effects. The pigs' vital parameters were stable during anesthesia. The recovery 

phase after anesthesia was undisturbed. An exception to this occurred in #13064, 

that died in the recovery phase after the third PET/CT scan due to a gastrointestinal 

emergency. Tachycardia (> 100 beats/minute) already occurred during the PET/CT 

examination.  

2.6.1. Proof-of-concept study for imaging of endogenous pancreatic beta 

cells in pigs by [68Ga]Ga-DOTA-Exendin-4 PET/CT 

The time-activity curves of the baseline scans showed a rapid increase of SUV in 

kidney, pancreas and liver within the first 3.5 minutes. The strongest tracer 

accumulation in the entire scan with a plateau from minute 20 onwards was detected 

in the kidneys, through which the tracer was excreted (LINDHEIMER et al., 2023). 

The mean SUV of the kidneys was 17.5 ± 5.7. There was also a clear accumulation 

of [68Ga]Ga-DOTA-Exendin-4 in the pancreas, which reached a SUV plateau with 

a range of 2.5 - 5.2 after 36 minutes. The mean SUV in the pancreas was 2.8 ± 0.75. 

For the liver, the SUV first ranged between 2.5 and 3.9 and had a mean SUV of 1.5 

± 0.9. After 30 minutes it dropped to values <1. There was no increase in SUV in 

the longissimus dorsi muscle, the values remained constantly at a low background 

level (mean: 0.2 ± 0.06) (Fig. 27).  
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Figure 27: Proof-of-concept: Imaging of endogenous, pancreatic beta cells by [68Ga]Ga-DOTA-
Exendin-4 PET/CT in MIDY pigs.  

Time-activity curves within 60 minutes post injection. Shown are the mean SUVs of the pigs #12580, 
#12582, #13062, #13064 measured in the baseline scans. Mean SUVs were determined in kidneys, 
liver, pancreas and longissimus dorsi muscle. This graph shows the SD of mean values.  

Rapid and strongest uptake of radiotracer in kidney. Distinct radiotracer uptake with plateau in the 
pancreas. Decreasing SUVs in liver after a first increase. Constant background levels in longissimus 
dorsi muscle. 

From Pilz et al., 2024 

The dynamic distribution of the radiotracer was visualized in axial and coronal 

images, showing that [68Ga]Ga-DOTA-Exendin-4 was initially mainly located in 

the blood vessels (aorta, organs) and then accumulated in the target organs, mainly 

the kidney and the pancreas, where it caused a distinct signal. The kidney signal 

was clearly visible during the entire scan, whereas a clear signal appeared in the 

pancreas from minute 20 onwards, which intensified up to minute 50 (Fig. 28). 
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Figure 28: Examples of axial and coronal [68Ga]Ga-DOTA-Exendin-4 PET/CT images. 

 (A) Pig #13062, shown are axial images at minute 1 (A: aorta), 10, 20 and 50 post injection, 
normalized to SUV=3. (B) Pig #13062, maximum intensity projection in coronal images at minute 
1, 10, 20 and 50 post injection. Images visualize the dynamic distribution of the radiotracer, which 
quickly accumulated from the bloodstream in the kidneys and from minute 20 visibly in the pancreas. 

Adapted from Pilz et al., 2024.  

2.6.2. Dynamic development of liver SUV in ITx recipient pigs in 

longitudinal [68Ga]Ga-DOTA-Exendin-4 PET/CT imaging 

A total of three PET/CT examinations were performed for #12580 and #13064 after 

ITx and two PET/CT examinations each for #12582 and #13062. On average, the 

whole-liver SUV of the baseline scans was 0.46 (range: 0.39 - 0.52). This 

corresponds to the background accumulation of [68Ga]Ga-DOTA-Exendin-4 in the 

liver. 

After the ITx, a continuous and significant increase in the whole-liver SUV could 

be determined in the longitudinal [68Ga]Ga-DOTA-Exendin-4 PET/CT imaging. 

Pig #12580 showed a consistent elevation of whole-liver SUV, reaching a total 

increase of 115% at the last PET/CT scan compared to the baseline scan (Baseline: 

0.44, Txd 98: 0.95). In pig #12582, a 111% increase in whole-liver SUV was 

observed between the baseline scan (0.39) and the first imaging post-ITx (0.82), 

after which the value plateaued. #13062 exhibited consistently increasing whole-

liver SUVs with a 66% increase from the baseline scan to the last PET/CT scan 

(Baseline: 0.52, Txd 89: 0.86). In #13064, only a slight increase of 12% in whole-

liver SUV was observed between baseline scan (0.47) and Txd 71 (0.53). No liver 

SUV data exist for the second PET/CT measurement at Txd 41 in this animal due 

to a setting error (Fig. 29A). 
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The mean of the baseline whole-liver SUVs added with the twofold SD resulted in 

a threshold of 0.47, which was implemented for the hotspot analysis. The hotspot 

analysis revealed a continuous increase in hotspot-liver SUVs for pigs #12580, 

#12582 and #13062. In detail, the value increased for #12580 from 0.64 to 0.96 

(50%), for #12582 from 0.66 to 1.50 (127%) and for #13062 from 0.63 to 0.91 

(42%). In contrast, there was hardly any increase in the hotspot-liver SUV of 

#13064 from 0.65 to 0.66, which corresponds to 2% (Fig. 29B). 

Overall, #12580 had the strongest intensification in the whole-liver SUV and 

#12582 in the hotspot-liver SUV. #13064 had the weakest effect on the SUV. The 

p-value of the whole-liver SUV analysis was 0.008 and that of the hotspot-liver 

SUV analysis 0.0197, which is why both developments can be classified as 

significant. 

 

Figure 29: Development of liver SUV in MIDY pigs post-ITx. 

(A) Development of whole-liver SUV in MIDY pigs after ITx. (B) Development of hotspot-liver SUV 
in MIDY pigs after ITx. Both graphs show significantly increasing SUVs over time in #12580, 
#12582 and #13062 and hardly any increase in SUV in #13064. 

Adapted from Pilz et al., 2024. 

Coronal PET/CT images of ITx recipient pigs indicated diffuse, multifocal increase 

in liver signal from baseline scan to the last scans, which was particularly 

pronounced in #13062 (Fig. 30). 
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Figure 30: Coronal [68Ga]Ga-DOTA-Exendin-4 PET/CT images. 

Pig #13062; (1) Baseline scan, (2) Txd 54, (3) Txd 89. To enable direct comparison, coronal images 
are normalized to SUV=3. (L = liver; Lu = lung; S = stomach). Images show diffuse, multifocal  
increase in liver SUV. 

From Pilz et al., 2024. 

3. Validation of islet graft properties in the liver in situ 

The sampling procedure was individually adapted for each animal, e.g. to liver size, 

length of the observation period and circumstances of the dissection. RNAlater® 

samples were only taken in the MIDY group. An average of 125 samples/liver were 

obtained in the WT group. In the MIDY group, an average of 258 samples/liver 

were generated. For this study, histological examinations were carried out using 

PFA-fixed, paraffin-embedded samples. The distribution and total amount of PFA-

fixed samples is considered representative of the entire liver and is hereinafter 

referred to as "all liver segments". Table 23 shows an overview of the number of 

the liver samples obtained for each fixative or storage method.  

Animal ID PFA ME -80°C TissueTek® RNAlater® 

11821 54 53 47 48 0 

11822 37 30 19 0 0 

12401 42 12 0 34 0 

12580 65 47 51 48 46 

12582 67 55 54 53 55 

13062 88 76 70 71 68 

13064 68 0 49 0 0 

Table 23: Overview of liver samples collected from ITx recipient pigs. 
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3.1. Overview of histological ITx outcome 

 

Table 24: Overview of histological ITx outcome. 

Animal ID Main findings 
of overview 
stainings

Linear 
connection 
between 
number of 
IEQs/kg BW 
and ICC+ 
liver 
segments

Localization 
of ICCs

Distribution 
pattern of 
ICCs

In vivo 
maturation 
into alpha, 
beta and 
delta cells

Occurrence 
of alpha 
and beta 
cells 
according 
to ICCs 
distribution

Extent of 
immune 
response

11821 Engraftment 
and re-
endothelization

Yes Periportal,
left liver 
lobes

Broad 
distribution, 
<50% of 
liver 
segments 
ICC+, 
mainly 1-5 
ICCs/slide

-/- Yes Mild -
moderate 
T-cell 
response

11822 Lymphocytic 
cell infiltrations

Yes Periportal,
left liver 
lobes

Broad 
distribution, 
<50% of 
liver 
segments 
ICC+, 
mainly 1-5 
ICCs/slide

-/- Yes Strong 
T-cell 
response

12401 Lymphocytic 
cell infiltrations

Yes Periportal, 
left-centered, 
slight right 
tendency

Broad 
distribution, 
<50% of 
liver 
segments 
ICC+, 
mainly 1-5 
ICCs/slide

-/- Yes Moderate- 
strong 
T-cell 
response

12580 Engraftment 
and re-
endothelization

Yes Periportal,
left liver 
lobes

Broad 
distribution, 
<50% of 
liver 
segments 
ICC+, 
mainly 1-5 
ICCs/slide

Yes Yes Mild 
T-cell 
response

12582 Engraftment 
and re-
endothelization

No, 
comparable 
lower 
number of 
ICC+ liver 
segments

Periportal,
left liver 
lobes

Broad 
distribution, 
<50% of 
liver 
segments 
ICC+, 
mainly 1-5 
ICCs/slide, 
sporadically 
>15 
ICCs/slide

Increased 
proportion 
of liver 
segments 
with 6-15 
alpha cell 
clusters

Yes Mild 
T-cell 
response

13062 Engraftment 
and re-
endothelization

Yes Periportal,
whole liver

Broad 
distribution, 
>50% of 
liver 
segments 
ICC+, 
mainly 1-5 
ICCs/slide

Yes Yes Mild 
T-cell 
response

13064 Engraftment 
and re-
endothelization

No, 
comparable 
lower 
number of 
ICC+ liver 
segments

Periportal,
left liver 
lobes

Broad 
distribution, 
<50% of 
liver 
segments 
ICC+, 
mainly 1-5 
ICCs/slide, 
sporadically 
>15 
ICCs/slide

Yes Yes Mild 
T-cell 
response, 
strikingly 
high 
abundance 
of macro-
phages
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3.2. H&E and Giemsa stains for first assessment of graft-bearing livers 

H&E stainings were performed on all PFA-fixed liver samples for each animal as 

an initial overview stain. The liver parenchyma was unsuspicious in all animals, 

exhibiting no abnormalities, except for areas with islet-graft-associated 

mononuclear cell infiltration, that were predominantly found in #11822 and 

#12401. ICCs could occasionally be identified in the periportal region, exhibiting 

signs of reendothelialization during the early islet engraftment process. 

Reendothelialization was detectable as early as seven days post-ITx and persisted 

throughout the long-term experiment. However, H&E staining did not reliably 

enable the identification of ICCs in the portal vein system, particularly in cases 

where engraftment and graft maturation occurred. The identification of ICCs in 

H&E staining was therefore facilitated by comparing conspicuous sites with serial 

liver sections immunohistochemically stained with the neuroendocrine marker 

protein SYP, detecting ICCs. Well engrafted and revascularized ICCs were found 

in the periportal area mainly in animals #11821, #12580, #12582, #13062, and 

#13064 (Fig. 31). 
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Figure 31: H&E staining of ITx livers.  

(Upper row) Representative liver sections of #11821 and #12582 showing reendothelization at early 
and late time points during islet engraftment process. Arrows point to ICCs surrounding 
endothelium, for which a zoomed view is provided in the left picture corner.  

(Lower row) Representative liver sections of animals #11822 and #12401 showing periportal 
regions with intense mononuclear cell infiltrates. Time points of tissue sampling post-ITx are 
indicated as Txd. Bars = 50 µm. 

Giemsa staining was performed on a small subset of liver sections displaying areas 

of cellular infiltrations for each animal. The infiltrating cells turned out to be dark 

blue stained, round cells, indicating lymphocytes. These infiltrates were particularly 

prominent in the livers of #11822 and #12401 (Fig. 32). 

 

Figure 32: Giemsa staining of ITx livers. 

Lymphocyte infiltrations in representative liver sections of #11822 and #12401. Time points of tissue 
sampling post-ITx are indicated as Txd. Bars = 50 µm. 

#11821, Txd7 #12582, Txd83

#11822, Txd7 #12401, Txd31

#11822, Txd7 #12401, Txd31
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3.3. Abundance and distribution of islet grafts in the liver 

ICCs in the portal vein system were reliably identified by immunohistochemical 

detection of the neuroendocrine marker protein synaptophysin, that is expressed in 

pancreatic islets (WIEDENMANN et al., 1986). With the exception of nerves that 

innervated the liver, no other hepatic cell types showed a positive stain for SYP. It 

was possible to reliably distinguish the neuronal structures from pancreatic islets 

based on staining intensity and staining pattern. On this basis, islet-containing liver 

segments, referred to as “SYP + liver segments”, could be distinguished from liver 

segments without an islet transplant. The ICCs were characterized by a 

heterogeneous size, with an average cross-sectional area range between 19 µm x 

44 µm – 250 µm x 453 µm (Fig. 33).  
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Figure 33: Immunohistochemical staining of ICCs (SYP). 

Shown are representative liver sections of each ITx pig containing periportal ICCs. Pancreatic islets 
are shown for reference. SYP was stained in brown color, whereas nuclei were stained in purple 
color. Time points of tissue sampling post-ITx are indicated as Txd. Bars = 50 µm. 

Overall, the ITx recipients of the WT pigs had the following proportion of SYP+ 

slides within all liver segments: 41% (#11821 and #11822) and 23% (#12401) (Fig. 

34A). In the MIDY group, the percentage of SYP+ slides was 42% (#12580), 20% 

#12401, Txd31

#11821, Txd7

#12580, Txd103 #12582, Txd83

#13064, Txd71#13062, Txd100

#11822, Txd7

Pancreatic islets
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(#12582), 64% (#13062) and 38% (#13064) (Fig. 34B). On average, 35% of all 

liver slides analyzed in the WT group and 40% of the liver slides of the MIDY 

group contained SYP+ ICCs, indicating a broad distribution of ICCs upon 

intraportal infusion. Of note, #11821 and #11822 had a 1.8x higher proportion of 

SYP+ liver segments than #12401. In the MIDY pigs, #13062 had the highest 

proportion of SYP+ liver segments and #12582 the lowest, differing by a factor of 

3.2. 

 

Figure 34: Proportion of SYP+ liver segments within all liver segments. 

(A) Proportion of SYP+ liver segments within all analyzed liver segments in WT group. 
(B) Proportion of SYP+ liver segments within all analyzed liver segments in MIDY group. 

The greater the number of IEQs/kg BW transplanted, the higher the percentage of 

SYP+ liver segments in animals #11821, #11822, #12401, #12580 and #13062. 

#12582 and #13064 had a lower percentage of SYP+ liver segments with 

comparatively more IEQs/kg BW transplanted (Fig. 35). Of note, catheter position 

at NPI transplant infusion into the liver differed between the animals (see Table 

20). 
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Figure 35: Connection between transplanted IEQs/kg BW and percentage of SYP+ liver segments. 

In principle, a higher number of transplanted IEQs/kg BW resulted in a higher number of SYP+ 
liver segments. Exceptions are #12582 and #13064. 

In the WT group, ICCs were enriched in the left liver lobes of pigs #11821 and 

#11822. In pig #12401 the islets were mostly left-centered, with some ICCs 

showing a slight rightward tendency. In the MIDY group, ICCs were localized in 

the left liver lobes of pigs #12580, #12582 and #13064. In pig #13062, ICCs were 

distributed over the whole liver (Fig. 36).  
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Figure 36: Distribution and incidence of ICCs in livers of ITx pigs.  

ICCs located in left liver lobes of pigs #11821, #11822, #12580, #12582 and #13064. #12401 
showed left-centered ICCs with slight right tendency. In #13062, ICCs were distributed throughout 
the entire liver.  

Adapted from Pilz et al., 2024. 
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In the WT pigs, 65% ± 5.6 of the liver segments did not contain any ICCs (score 

0), 30% ± 5.7 of the liver segments contained 1-5 ICCs/slide (score I) and 5% ± 0.5 

of the liver segments contained 6-15 ICCs/slide (score II). No segment contained > 

15 ICCs/slide (score III) (Fig. 37A). In the MIDY group, 59% ± 9.0 of the liver 

segments had no ICCs, 31% ± 8.6 of the liver segments were classified as score I, 

8% ± 1.3 as score II and 1% ± 0.7 as score III (Fig. 37B). The proportion of score 

0 segments was highest in both groups, although it was 1.1 times lower in the MIDY 

pigs. Score 0 occurred twice as often as the following score I, that was the most 

frequent score within the cluster-containing segments in both groups. It showed an 

almost identical proportion in the two groups. Reduced by a factor of 6 (WT) or 4 

(MIDY) this was followed by score II slides, that were slightly more frequent in the 

MIDY pigs (factor 1.6). Score III only occurred in the MIDY pigs and had the 

lowest proportion overall. 

 

Figure 37: Scoring of SYP+ ICCs within all liver segments.. 

(A) Scoring of SYP+ ICCs within all analyzed liver segments in WT group. (B) Scoring of SYP+ 
ICCs within all analyzed liver segments in MIDY group. Liver segments without ICCs were most 
common in both groups (0), followed by segments with 1-5 ICCs (I) and then segments with 6-15 
ICCs (II). Liver segments with > 15 ICCs occurred only sporadically and only in the MIDY group. 
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3.4. In vivo maturation of NPIs into pancreatic endocrine cell types  

In vivo maturation of NPIs, still immature at the time of ITx, was investigated by 

4-color IF staining on representative graft-bearing liver segments of the MIDY 

group. This staining included SYP for identification of the islet graft, INS-staining 

for beta cells, GCG staining for alpha cells and SST staining for delta cells. The IF 

stainings revealed INS+ beta cells, GCG+ alpha cells and SST+ delta cells within 

the individual ICCs, identified by SYP (Fig. 38). This observation was true for the 

ICCs of all MIDY pigs in the liver sections examined. The INS+ beta cells occupied 

the largest area, followed by the GCG+ alpha cells and then the SST+ delta cells. 

 

Figure 38: 4-color IF staining of INS, GCG, SST and SYP.  

Shown is a representative ICC of MIDY pig #13064. Identification of ICC by SYP staining. ICC 
consisted of beta cells, alpha cells and delta cells. Beta cells occupied the largest area. 
Bars = 50 µm.  

From Pilz et al., 2024. 
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3.5. Abundance and distribution of beta and alpha cells in the liver 

To evaluate in more detail the distribution and abundance of endocrine cells of the 

islet graft in WT and MIDY group, immunohistochemical detection of INS+ and 

GCG+ positive cells within SYP+ slides was performed and systematically 

evaluated.  

INS+ beta cells were detected in varying intensity in all animals. #11821, #11822, 

#12580, #12582, #13062 and #13064 showed strong INS+ beta cells. With #12401 

only a very weak DAB signal was obtained in a few positive cells for INS (Fig. 39). 
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Figure 39: Immunohistochemical staining of beta cells (INS). 

 Shown are representative liver sections of each ITx pig, containing INS+ ICCs. Pancreatic beta 
cells are shown for reference. INS was stained in brown color, whereas nuclei were stained in purple 
color. Time points of tissue sampling post-ITx are indicated as Txd. Bars = 50 µm. 

In the WT group, the following percentages of INS+ liver slides were found within 

the SYP+ liver segments: 95% (#11821), 80% (#11822), 30% (#12401) (Fig. 40A). 

This corresponds to an average of 68% INS+ slides. In the MIDY group, there were 

#11822, Txd7 #12401, Txd31

#12582, Txd83

#11821, Txd7

#12580, Txd103

#13064, Txd71#13062, Txd100

Pancreatic beta cells
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65% (#12580), 46% (#12582), 84% (#13062) and 81% (#13064) INS+ slides within 

the SYP+ segments, corresponding to an average of 69% (Fig. 40B). In the WT 

group, #11821 had the highest proportion of INS+ slides within the SYP+ segments 

and #12401 the lowest, with a factor difference of 3.2. Among the MIDY pigs, the 

most INS+ slides were found in pig #13062 and the least in pig #12582 (factor 

difference: 1.8).  

 

Figure 40: Proportion of INS+ liver segments within SYP+ liver segments. 

(A) Proportion of INS+ liver segments within SYP+ liver segments in WT group. (B) Proportion of 
INS+ liver segments within SYP+ liver segments in MIDY group. 

In the WT group, 31% ± 19.7 of the SYP+ segments contained no INS+ ICCs. 55% 

± 15 contained 1-5 INS+ ICCs and 13% ± 7.7 contained 6-15 INS+ ICCs. Score III 

did not occur in this group (Fig. 41A). In the MIDY group, 30% ± 9.0 of the slides 

were classified as score 0, 53% ± 9.0 as score I, 14% ± 0.8 as score II and 2% ± 1.9 

as score III (Fig. 41B). The sequence of the individual scores according to 

frequency was identical for both groups: Within the SYP+ liver segments, most 

slides examined for INS had score I, occurring with almost identical percentages in 

both groups. Next was score 0, also with almost identical percentages. This was 

followed by score II, again with almost the same percentage in both groups. Score 

III was only recorded in the MIDY group. 
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Figure 41: Scoring of INS+ ICCs in SYP+ liver segments. 

(A) Scoring of INS+ ICCs within SYP+ liver segments in WT group. (B) Scoring of INS+ ICCs 
within SYP+ liver segments in MIDY group. 

The immunohistochemical staining against GCG in the SYP+ liver segments 

identified alpha cells in all animals, showing strong staining intensity (Fig. 42).  
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Figure 42: Immunohistochemical staining of alpha cells (GCG). 

 Shown are representative liver sections of each ITx pig, containing GCG+ ICCs. Pancreatic alpha 
cells are shown for reference. GCG was stained in brown color, whereas nuclei were stained in 
purple color. Time points of tissue sampling post-ITx are indicated as Txd. Bars = 50 µm. 

The alpha cells occurred with a frequency of 95% (#11821), 87% (#11822) and 

60% (#12401) within SYP+ liver segments in the WT pigs (Fig. 43A), 

corresponding to an average of 81%. In the MIDY pigs, this was 69% in #12580 

Pancreatic alpha cells

#12580, Txd103 #12582, Txd83

#13064, Txd71#13062, Txd100

#11822, Txd7

#11821, Txd7

#12401, Txd31
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and #12582, 81% in #13062 and 77% in #13064 (Fig. 43B), which corresponds to 

an average of 74%. The highest proportion of GCG+ slides within SYP+ liver 

segments was found in the WT group in the liver of pig #11821 and the lowest in 

#12401 (factor difference: 1.6). In the MIDY pig group, #13062 had the highest 

proportion of GCG+ slides compared to #12580 and #12582 with the lowest 

proportion (factor difference: 1.2). 

 

Figure 43: Proportion of GCG+ liver segments within SYP+ liver segments. 

(A) Proportion of GCG+ liver segments within SYP+ liver segments in WT group. (B) Proportion 
of GCG+ liver segments within SYP+ liver segments in MIDY  group. 

The GCG+ clusters within the SYP+ liver segments were distributed as follows: in 

the WT pigs, 19% ± 10.7 score 0, 60% ± 15.1 score I and 20% ± 4.9 score II. There 

were no slides that belonged to score III (Fig. 44A). In the MIDY pigs, 26% ± 2.3 

score 0, 52% ± 10.9 score I, 20% ± 9.2 score II, and 2% ± 1.9 score III could be 

assigned (Fig. 44B). Score I slides occurred most frequently in both groups. This 

score occurred 1.1 times more frequently in the WT pigs. In the WT pigs, score II 

came next, with almost the same proportion as the following score 0. In the MIDY 

pigs, score 0 was the second most frequent score, followed by score II and then 

score III. 
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Figure 44: Scoring of GCG+ ICCs within SYP+ liver segments. 

(A) Scoring of GCG+ ICCs within SYP+ liver segments in WT group. (B) Scoring of GCG+ ICCs 
within SYP+ liver segments in MIDY group. 

Overall, the distribution pattern of endocrine cell types in islet transplant-containing 

liver segments was similar for beta cells and alpha cells and corresponded to islet 

occurrence in general. The only exception is #12582, in which the percentage of 

liver segments with 6-15 alpha cell clusters was increased. On average, GCG+ 

segments were slightly more common than INS+ segments in both groups (WT: 

81% vs. 68%, MIDY 74% vs. 69%). 

4. Characterization and quantification of the immune 

response in graft-bearing livers 

A stepwise characterization of immune cells revealed that within the periportal cell 

infiltrates of the ITx pigs almost all cells stained positive for CD45 and therefore 

consisted mainly of leukocytes. In addition to the periportal cell infiltrates, isolated 

cells in the liver sinusoids also stained positive for CD45. Within the periportal 

CD45+ cell infiltrates, a large proportion of the cells stained positive for CD3, 

which is why the majority of the immune cells were identified as T cells. A smaller 

proportion of the CD45+ cells did not stain for CD3, which is why these cells are 

to be classified as other leukocytes. In addition to the periportal infiltrates, there 
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were also isolated CD3+ cells in the liver sinusoids (Fig. 45). These staining 

patterns could be detected for all animals. 

 

Figure 45: Immunohistochemical staining of leukocytes (CD45) and T cells (CD3). 

Shown are identical and representative liver sections of #11821 and #11822. Majority of CD45+ 
leukocytes consisted of CD3+ T cells. CD45 and CD3 were stained in brown color, whereas nuclei 
were stained in purple color. Bars = 100µm. 

The association between the appearance of CD3+ cell infiltrates and occurrence of 

the islet graft was investigated by immunohistochemical co-staining of CD3 and 

SYP in representative liver segments with high levels of SYP+ cell clusters and 

CD3+ cell infiltrates. The following staining patterns were identified in the 

analysis: (A) mostly SYP+ cells, associated with isolated CD3+ cells (Fig. 46A) , 

(B) mixed SYP/CD3 cell cluster with strong SYP staining intensity (Fig. 46B), (C) 

mixed SYP/CD3 cell cluster with weak SYP staining intensity (Fig. 46C), (D) 

strictly CD3+ cell cluster (Fig. 46D). The staining intensity of CD3 was uniform. 

CD45 - 11822 CD3 - 11822

CD45 - 11821 CD3 - 11821
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Figure 46: Immunohistochemical co-staining of islet graft (SYP) and T cells (CD3).  

Shown are exemplary liver sections. (A) SYP+ cell cluster with sporadic occurrence of CD3+ cells 
(#13064). (B) Mixed CD3+/SYP+ cells, strong SYP staining intensity (#11822). (C) Mixed 
CD3+/SYP+ cells, weak SYP staining intensity (#12401). (D) Strictly CD3+ cell infiltrate (#11822). 
SYP was stained in blue color, whereas CD3 was stained in brown color. Cell nuclei were stained 
in red color. Bars (A-C)= 50µm; Bar (D) = 100µm. 

The distribution of the staining pattern in the individual animals was as follows: In 

#11821, CD3+/weakly SYP+ cell clusters dominated. In #11822, the majority of 

cell infiltrates were stained exclusively for CD3, although some mixed CD3+/SYP+ 

cell clusters were detected, mainly weakly SYP+. In #12401, there was a balanced 

proportion of strictly CD3+ infiltrates and SYP+ clusters with mild CD3+ 

infiltration. In addition mixed CD3+/weakly SYP+ cell clusters were found. #12580 

showed mainly SYP+ cell cluster including sporadic CD3+ cells. In addition, pure 

CD3+ cell infiltrates were sporadically seen. #12582 had mainly SYP+ clusters 

with mild infiltration of CD3+ cells. In addition mixed CD3+/SYP+ clusters 

occurred sporadically. Mainly strict SYP+ clusters including single CD3+ cells also 

occurred in #13062, in addition to two pure CD3+ accumulations. In #13064, 

mainly SYP+ clusters including single CD3+ cells were identified. A mixed cluster 

of CD3+/strong SYP+ and a pure CD3+ infiltrate were also found (Table 25). 

 

D

A B
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Animal ID Predominant staining pattern of SYP/CD3 
according to Fig. 46 

11821 C 
11822 D 
12401 Mixed, no predominant staining pattern 
12580 A 
12582 A 
13062 A 
13064 A 

Table 25: Predominant staining pattern of SYP/CD3 co-staining in ITx pigs. 

50% (#11821), 87% (#11822), and 80% (#12401) of the SYP+ liver segments in 

the WT group contained CD3+ cell infiltrates (Fig. 47A). Thus, on average, 72% 

of SYP+ liver segments were CD3+. #11822 had the highest proportion and 1.7x 

more CD3+ cell infiltrate containing liver segments than #11821 with the lowest 

proportion. The MIDY pigs had 46% (#12580), 38% (#12582), 67% (#13062) and 

58% (#13064) CD3+ cell infiltrate containing slides within the SYP+ liver 

segments, respectively (Fig. 47B). This corresponds to an average of 52%. The 

highest percentage was found in #13062 and the lowest in #12582 (factor 

difference: 1.8). 

Overall, the WT pigs had on average a 1.4-fold higher incidence of CD3+ cell 

infiltrate containing liver segments than the MIDY pigs. 
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Figure 47: Proportion of CD3+ liver segments within SYP+ liver segments.  

(A) Proportion of CD3+ liver segments within SYP+ liver segments in WT group. (B) Proportion 
of CD3+ liver segments within SYP+ liver segments in MIDY group. 

In WT pigs, 28% ± 11.3 of SYP+ segments contained no CD3+ cell infiltrates (-), 

39% ± 6.7 contained 1-5 cell infiltrates/slide (+), 24% ± 12.4 contained 6-15 cell 

infiltrates/slide (++) and 9% ± 8.9 contained >15% cell infiltrates/slide (+++) (Fig. 

48A). In the MIDY group, the distribution was as follows: 48% ± 6.1 (-), 51% ± 

5.5 (+), 1% ± 0.9 (++) and 0% (+++) (Fig. 48B). In both groups, (+) slides occurred 

most frequently, followed by (-) slides, (++) slides and (+++) slides only in the WT 

group. The gradation from (+) slides to (++) slides occurred in the WT group by a 

factor of 1.6 and to (+++) slides by a factor of 2.7. In contrast, in the MIDY group, 

(+) slides occurred on average 51 times more frequently than (++) slides. 
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Figure 48: Degree of infiltration with CD3+ cell infiltrates. 

(A) Degree of infiltration with CD3+ cell infiltrates in SYP+ liver segments in WT group. 
(B)  Degree of infiltration with CD3+ cell infiltrates in SYP+ liver segments in MIDY group. 

FoxP3+ cells as a marker for regulatory T cells occurred, if then, sporadically in 

association with cell infiltrates. They occurred most strongly in #11822 and #12401 

(Fig. 49). 

 

Figure 49: Immunohistochemical staining of regulatory T cells (FoxP3). 

Sporadic occurrence of Fox P3+ cells in representative liver segments of #11822 and #12401. 
FoxP3+ cells were stained in brown color, whereas nuclei were stained in purple color. 
Bars = 50µm. 

L1/Calprotectin+ cells were identified as macrophages. The macrophages occurred 

mostly locally independent of the ICCs and were heterogeneously distributed in the 

liver sinusoids. Macrophages were found in association with CD45+ cell infiltrates 

only sporadically. Of note, an apparently different overall intensity of macrophages 

between individual liver segments and different animals was observed. #11821, for 

FoxP3 - 11822 FoxP3 - 12401
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example, showed a sporadic occurrence of macrophages in the liver sinusoids. A 

particularly high incidence of macrophages was observed in pig #13064 (Fig. 50).  

 

Figure 50: Immunohistochemical staining of macrophages (L1/Calprotectin).  

(Upper row) Mild infiltration of cell infiltrates with macrophages in representative liver segments 
of pig #11822. 

(Lower row) Examples for minor presence of macrophages in liver sinusoids of liver segment 10b 
(#11821) and for high incidence of macrophages in liver sinusoids of liver segment 4d (#13064). 
L1/Calprotectin+ cells were stained in brown color, whereas nuclei were stained in purple color. 
Bars = 50µm. 

Macrophage detection in the WT group revealed 73 ± 6 (#11821), 134 ± 15 

(#11822) and 118 ± 8 (#12401) macrophagesOD>0.6/mm2 within the analyzed liver 

segments (Fig. 51A). Within the analyzed liver segments of the MIDY group, there 

were 111 ± 8 (#12580), 146 ± 9 (#12582), 111 ± 6 (#13062), and 861 ± 80 (#13064) 

macrophagesOD>0.6/mm2, respectively (Fig. 51B). The mean value of 13064 

deviated significantly from the mean values of the other pigs, that showed a range 

of 73-146 macrophagesOD>0.6/mm2. 

Calprotectin - 11822 Calprotectin - 11822

Calprotectin - 11821 Calprotectin - 13064
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Figure 51: Quantitative assessment of macrophages incidence. 

(A) MacrophagesOD>0.6/mm2 in representative liver segments of WT pigs. 
(B) MacrophagesOD>0.6/mm2 in representative liver segments of MIDY pigs. Strikingly elevated 
macrophages abundance in pig #13064. 

The control group of pigs without islet transplant (n=5) had 36 ± 10 

macrophagesOD>0.6/mm2 on average, whereby the values between control WT and 

control MIDY pigs were all < 100 and comparable, ranging from 16 to 75. The ITx 

WT group had an average of 108 ± 7 macrophagesOD>0.6/mm2 and the ITx MIDY 

group had an average of 307 ± 55 macrophagesOD>0.6/mm2. Thus, the WT group had 

a 3-fold higher incidence of macrophagesOD>0.6/mm2 than the control group which 

resulted in a P-value of 0.0015. The MIDY group had an 8-fold higher incidence of 

macrophagesOD>0.6/mm2 than the control group with a p-value of 0.0003 and a 3-

fold higher incidence of macrophagesOD>0.6/mm2 than the WT group. Accordingly, 

the occurrence of macrophages in the liver sinusoids was significantly increased in 

pigs that received ITx compared to pigs without ITx. This applies to both the WT 

and the MIDY group, with the effect being stronger in the MIDY group. (Fig. 52A).  

Within the WT group, the liver sections with islet transplant had 95 ± 11 

macrophagesOD>0.6/mm2 and the liver sections without islet transplant had 121 ± 9 

macrophagesOD>0.6/mm2. Therefore, the sections without islet transplant had a 

slightly higher incidence of macrophagesOD>0.6/mm2 by a factor of 1.3 (Fig. 52B). 

The difference was not significant (p-value: 0.1). 

In the MIDY group, the liver segments with islet transplant contained 263 ± 58 

macrophagesOD>0.6/mm2, while the liver segments without islet transplant contained 
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351 ± 94 macrophagesOD>0.6/mm2. Thus, as in the WT group, the liver segments 

without islet transplant had 1.3x more macrophagesOD>0.6/mm2 than the liver 

segments with islet transplant. The difference was not significant (p-value: 0.7) 

(Fig. 52C).  

 

Figure 52: Comparison of macrophages incidence. 

(A) Occurrence of macrophagesOD>0.6/mm2 in representative liver sections of control group, WT 
group and MIDY group. Significantly increased macrophages number in WT and MIDY group 
compared to control group without ITx. Stronger effect in MIDY group. (B) Incidence of 
macrophagesOD>0.6/mm2 in representative liver sections with islet transplant (islets (+)) and without 
islet transplant (islets (-)) from WT pigs. No significant difference. (C) Incidence of 
macrophagesOD>0.6/mm2 in representative liver sections with islet graft (islets (+)) and without islet 
graft (islets (-)) from MIDY pigs. No significant difference. 
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VI. DISCUSSION 

T1D represents a public health crisis and is increasing at an alarming rate in many 

nations, especially in low- and middle-income countries (GREGORY et al., 2022; 

GUO & SHAO, 2022). Medical and economic burden for those affected remain 

high, despite increased knowledge of the pathophysiology and progress in disease 

management and treatment (SUSSMAN et al., 2020; GUO & SHAO, 2022; 

reviewed in QUATTRIN, MASTRANDREA & WALKER, 2023). Intraportal ITx 

is an effective treatment option for restoring insulin independence and preventing 

severe hypoglycemic episodes in selected T1D patients. Nevertheless, there are still 

major challenges to this therapeutic approach that prevent its widespread clinical 

application, in particular the substantial loss of islet graft mass in the early phase 

after ITx, but also in the long term course (reviewed in GAMBLE et al., 2018; 

reviewed in WALKER, APPARI & FORBES, 2022).  

The aim of the present study was to address this obstacle by establishing a 

genetically diabetic large animal model for intraportal transplantation and 

longitudinal monitoring of NPIs with high comparability to human ITx. 

1. The pig as a suitable ITx animal model 

Preclinical research in the field of ITx is mostly performed in rodent or NHP 

models, although their transferability to humans is limited (PILZ et al., 2023). 

Morphology, physiology and pathology of pancreatic islets in rodents differ from 

those in humans (CABRERA et al., 2006; RODRIGUEZ-DIAZ et al., 2011b; 

RODRIGUEZ-DIAZ et al., 2011a; reviewed in ARROJO E DRIGO et al., 2015). 

In addition, rodent models are of limited value when it comes to the development 

of clinically applicable imaging techniques of islet grafts, due to their small body 

size. NHPs largely show similarities with humans in terms of the structure and 

function of pancreatic islets (reviewed in ARROJO E DRIGO et al., 2015). 

However, they have a considerably higher insulin requirement/kg BW for proper 

glycemic control compared to humans, due to different eating habits and dietary 

energy requirements (GRAHAM et al., 2011; reviewed in COE, MARKMANN & 

RICKERT, 2020).  
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The pig is particularly well suited as an animal model for ITx, as it shares many 

similarities with humans in terms of anatomy and physiology, as well as having a 

similar pancreatic system and similar glucose metabolism. Furthermore, porcine 

insulin varies from human insulin by just a single amino acid (reviewed in WOLF 

et al., 2014; reviewed in ZETTLER et al., 2020). In addition, the adequate body 

size enables research into imaging procedures with great translational value. 

Resembling MIDY in humans, transgenic INSC94Y pigs show a stable diabetic 

phenotype without further intervention, which is why they are particularly well 

suited for ITx studies (RENNER et al., 2013). 

2. Establishment of intraportal allotransplantation of NPIs 

The first objective of the present study was to establish a novel intraportal 

allotransplantation model in pigs using NPIs.  

PIPIT was successfully performed in all recipient pigs of the present study. Since 

the minimally invasive transplantation procedure overall did not lead to any 

undesirable side effects, PIPIT turned out to be a safe and reproducible method. It 

is remarkable, that relatively small IEQ quantities of ~3.0k-15k IEQs NPIs/kg BW 

were used for ITx, with the majority of the pigs receiving clearly below 10k 

IEQs/kg BW. For comparison, >300 IEQs of adult mouse islets are used for 

intrahepatic allotransplantation in mouse models (reviewed in CANTARELLI et 

al., 2013), corresponding to at least 10k IEQs/kg BW, assuming a mouse BW of 

30g. 25k IEQs/kg BW are usually used for allotransplantations in NHPs (reviewed 

in COE, MARKMANN & RICKERT, 2020). In xenotransplantation studies, 100k 

IEQs/kg BW APIs and a range of 9.6k-115k IEQs/kg BW NPIs are reported to be 

used for NHP trials (SHIN et al., 2017; GAO et al., 2021; HAWTHORNE et al., 

2022). These differences in the amount of IEQs required can be attributed to the 

different metabolic demands, with pigs having the lowest glucose-induced insulin 

response compared to humans and especially compared to NHPs (GRAHAM et al., 

2011). An ITx animal model in which smaller quantities of IEQs are required, is to 

be welcomed, as this can reduce the number of animals used for the experiments in 

line with the 3Rs (Replacement, Reduction, Refinement) (reviewed in LEWIS, 

2019). The range of transplanted IEQs used for ITx in this study results from the 

variation in the recipient pigs BW and variable NPI yield in the individual 
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isolations. Since intraportal ITx in pigs had never been tested before, the amount of 

NPI IEQs/kg BW was not standardized. Instead, a broader range of islet dosages 

was tested to assess efficacy in normalizing blood glucose. In this context, it was 

encouraging, that in a NHP ITx study a range of 9.6k-56.9k IEQs NPIs/kg BW led 

to reliable glycemic control (HAWTHORNE et al., 2022). 

The animals showed no disturbances in their general condition after the procedure. 

However, intermittent diarrhea occurred in the MIDY group in three pigs, which 

were subjected to long-term observation, finally leading to weight loss. This could 

not be observed in the WT group, which only had a short experiment duration. 

Weight loss and diarrhea are known to be one of the main side effects associated 

with chronic immunosuppressive treatment in ITx studies in humans and NHPs 

(HIRSHBERG et al., 2003; GRAHAM et al., 2022; HAWTHORNE et al., 2022). 

Compared to the WT group, the MIDY group showed a higher degree of 

compliance with oral immunosuppressant intake, particularly with TAC. The 

considerably more reliable drug intake by the MIDY pigs was helped by the fact 

that two ITx recipient pigs were kept in parallel in one group, which promoted drug 

intake due to feed envy. In addition, the MIDY pigs are more accustomed to human 

handling and therefore more trusting than WT pigs due to the blood glucose 

measurements that begin at piglet age. TAC levels of 5-15 µg/ml (trough levels) are 

considered suitable target concentrations for effective immunosuppression in pigs 

(equivalent to 5-15 ng/ml) (JENSEN-WAERN, KRUSE & LUNDGREN, 2012). 

The two pigs most affected by diarrhea had final trough levels of TAC that exceeded 

the recommended serum concentration of 5-15 ng/ml. A connection between the 

symptoms and chronic immunosuppression is therefore plausible. However, 

diarrhea in pigs is considered a multifactorial symptom, so that, for example, 

pathogens, dietary factors or stress may also have been involved in the pathogenesis 

(reviewed in PANAH et al., 2021). Interestingly, pig #13064, which had a very 

reliable TAC intake, was not affected by chronic diarrhea or weight loss. However, 

there is no final TAC trough value available for this animal, making it challenging 

to definitively assess whether it reached a sufficient therapeutic level, given the 

distinct inter- and intraindividual differences in TAC pharmacokinetics 

(THONGPRAYOON et al., 2020). This underlines the importance of close 

monitoring of TAC trough levels in order to ensure the drug’s efficacy and at the 
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same time to prevent overdosing. This could only be implemented to a limited 

extent in this study, as successful blood sampling was challenging with awake and 

non-fixed pigs; thus, it was primarily conducted on anesthetized animals. However, 

the timepoint of anesthesia, required for PET/CT assessments did not necessarily 

allow trough levels to be obtained. 

A short-term effect of PIPIT on the liver function parameters could be observed in 

some of the pigs, likely indicating hepatocyte damage during ITx. Zhang et al. 

reported in this context, that the increase in AST after ITx in human patients 

depended on the volume of the transplanted islet tissue and therefore also on the 

purity of the islets, since they influenced the extent of the liver injury (ZHANG et 

al., 2019). This is in line with the observation that pig #13064, which received the 

highest graft mass within a comparable restricted liver area, was the only one with 

an increased blood AST value after PIPIT. In this pig an increased AST level 

seemed to be associated with diminished ITx outcome, probably attributed to liver 

injury that impaired engraftment. However, there were no reference values taken 

before the procedure that would definitively confirm PIPIT as the cause of the 

elevated liver parameters. Increased AST, AP, and GGT values observed in blood 

samples taken shortly after the intervention, normalized spontaneously during the 

post-ITx observation period. 

A long-term impact of ITx on liver function parameters was mainly evident in the 

AST levels. An increase in AST within four weeks post-ITX occurred in two WT 

pigs, one of them with spontaneous recovery; this pig also exhibited an increased 

ALT and GGT level. After more than one month post-ITx, two MIDY pigs showed 

a continuous increase in AST. Rafael and coworkers investigated the development 

of liver enzymes in 42 ITx patients within 40 days after ITx. It can be summarized, 

that there was a significant increase in AST and ALT levels in > 50% of the patients 

within the first four weeks post ITx. AP increased to a lesser extent (12% of the 

transplantations). In 90% of the recipients, the values normalized spontaneously 

within the first four weeks and no correlation with graft characteristics and function 

was found (RAFAEL et al., 2003). An increase in AST and ALT with spontaneous 

recovery within one month post-ITx was also reported in other human ITx studies 

(MALOSIO et al., 2015; AHN et al., 2018). The transient increase in liver enzymes 

may be attributed to hypoxic injury of presinusoidal hepatocytes following islet 
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infusion, as well as to cell damage caused by local inflammatory reactions, 

particularly involving innate immunity (IBMIR). Furthermore, a possible 

explanation for elevated transaminase levels that do not recover spontaneously 

could be indirect damage to the hepatocytes due to the toxicity of 

immunosuppressive drugs (RAFAEL et al., 2003; AHN et al., 2018). Because of  

the different time courses and development of AST increases in the WT and MIDY 

group, different pathogenetic mechanisms appear to be involved. The WT pigs had 

a short-term, partially self-limiting transaminitis, which indicates a hypoxic and/or 

inflammatory damage to the hepatocytes early after ITx. In contrast, the MIDY pigs 

had a delayed but progressive increase in AST levels. Therefore, in this case, 

chronic, progressive damage to the hepatocytes, e.g. by the immunosuppressants, 

is more likely, especially in view of the final elevated trough levels of TAC in these 

two pigs. 

The interpretation of the CRP values is complicated by the fact that there is no 

official CRP reference frame for pigs. Previous studies in human patients with 

allogeneic ITx and in NHPs after xenogeneic ITx of porcine islets have described 

that CRP as a standard marker for inflammatory processes can increase transiently 

in the blood after ITx or can be detected immunohistochemically (MALOSIO et al., 

2015; MAFFI et al., 2019; MIN et al., 2018; GRAHAM et al., 2022). In the case of 

immunohistochemical detection of CRP, this was not limited to the xenograft but 

could also be detected in the kidney, from which it was concluded that a systemic 

inflammatory process was present. CRP levels correlated with the occurrence of 

severe side effects, like weight loss and diarrhea, while liver enzymes remarkably 

remained within a range of twice the baseline value (GRAHAM et al., 2022). In the 

present study, there were two outliers in the measured CRP values, both in pig 

#13064, indicating the presence of a chronic, systemic inflammatory process. 

Contrary to the results from the study of Graham and coworkers no correlation 

between elevated CRP levels and severe side effects was found in this pig. At the 

same time, the pigs in which side effects occurred did not show any striking CRP 

values. The exact cause of the elevated CRP levels in pig #13064 remained unclear. 

Overall, the analysis of the blood samples provided important initial insights into 

the influence of ITx and drug treatment regime on liver function and inflammation 

parameters in pigs. Systematic and more intensive sampling would have been 
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important for more in-depth findings, a consideration that should be taken into 

account in future studies. 

3. Intraportal transplantation of NPIs cures diabetes of 

genetically diabetic pigs 

The second objective of the present study was to implement the novel established 

porcine islet allotransplantation model in genetically diabetic INSC94Y transgenic 

pigs. 

All MIDY pigs developed insulin-dependent diabetes mellitus before ITx. In three 

pigs, a quantity of 3.3k-9.7k IEQs NPIs/kg BW was sufficient to cure the diabetic 

symptoms and lower the need for exogenous insulin after 5-10 weeks. Two pigs 

reached complete independence from exogenous insulin. Therefore, the range of 

3k-10k IEQs/kg BW appeared to be an effective amount of NPIs for reliable 

glycemic control in this allotransplantation model. 

Transplantation of APIs led to immediate normalization of blood glucose levels in 

STZ-induced diabetic NHPs (SHIN et al., 2015). In contrast, the NPIs were not yet 

mature at the time of transplantation, so in vivo maturation and volume expansion 

was essential to achieve critical mass of the islet graft before the recipients' blood 

glucose levels normalized. The time span in which effects on blood glucose and 

finally normoglycemia occurred and the amount of exogenous insulin was reduced 

varied between the pigs. A maturation period until the onset of glycemic control 

with individual variation between recipients was also observed when NPIs were 

transplanted into STZ-induced NHPs. NHPs showed a comparable range of days to 

discontinue insulin (20-189 days) as observed in the pigs in the present study (16-

100 days) (HAWTHORNE et al., 2022). Remarkably, in pig #13064, which 

received the highest amount of IEQs, neither normoglycemia occurred nor could 

the exogenous insulin dose be reduced. It can therefore be concluded that, similar 

to observations in NHP ITx models, there is no direct correlation between the 

amount of IEQs NPI/API transplanted and the achievement and maintenance of 

glycemic control (SHIN et al., 2015; GAO et al., 2021; HAWTHORNE et al., 

2022). This can be attributed to the fact that many factors can interfere with proper 

engraftment, e.g. inflammation, especially IBMIR, hypoxic graft damage or 
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allogeneic immune rejection (reviewed in SUSZYNSKI, AVGOUSTINIATOS & 

PAPAS, 2014; reviewed in WALKER, APPARI & FORBES, 2022). Inflammation 

is generally considered an important cause of islet damage and loss in the pre-, peri-, 

and post-ITx period (reviewed in KANAK et al., 2014). Although elevated CRP 

levels after diagnosis of T1D do not appear to have an aggravating effect on islet 

destruction and beta-cell loss, but rather reflect insulin resistance (SCHÖLIN et al., 

2004) the chronic inflammatory state of pig #13064 might have had a negative 

impact on engraftment and thus prevented the development of normoglycemia. 

However, the exact effect of elevated CRP levels on the function of intraportal islet 

grafts has not yet been researched. 

4. Increased hepatic uptake of [68Ga]Ga-DOTA-Exendin-4 in 

PET/CT imaging after islet transplantation 

The third objective of the present study was to test the feasibility of [68Ga]Ga-

DOTA-Exendin-4 PET/CT imaging for longitudinal, morphological imaging of 

intraportal islet grafts.  

The fate of intraportal islet cell grafts after transplantation remains largely unclear, 

and is limited to functional parameters, that can only indirectly illustrate BCM 

(JANSEN et al., 2023). Therefore, there is an urgent need to establish non-invasive 

longitudinal imaging procedures of the islet graft. To date, there are only a few 

clinical studies on islet graft imaging in human patients. Malosio and coworkers 

conducted MRI on four human patients who received superparamagnetic iron oxide 

(SPIO)-labelled islets intrahepatically. The islet graft appeared as hypointense areas 

distributed within the liver parenchyma on MRI. There was a significant decrease 

of hypointense spots in the early post-ITx phase, indicating early graft loss, also 

described by Saudek and coworkers (SAUDEK et al., 2010). Although slowing 

down, the amount of detectable hypointense spots decreased further from one 

month post-ITx, while functionality of the islet graft was preserved, questioning its 

suitability for long-term islet graft monitoring (MALOSIO et al., 2015). A MRI 

study by Toso and coworkers also found no correlation between islet graft function 

and MRI signal. Furthermore, concomitant i.v. iron therapy or a spontaneous high 

liver iron content hindered the MRI signal and a high inter-individual variability of 

the hypointense spots counted was reported (TOSO et al., 2008). There was also no 
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correlation between the number of transplanted islets and the appearance of 

hypointense spots (TOSO et al., 2008; SAUDEK et al., 2010). Another limitation 

of the MRI imaging approach is, that SPIO-MRI cannot distinguish between viable 

and dying cells nor between single islets or multiple islet clusters (reviewed in 

ARIFIN & BULTE, 2021), limiting its potential for quantification of BCM. 

Furthermore, islets have to be labelled with SPIO prior to ITx and therefore the 

application for long-term monitoring of islet graft fate by SPIO-MRI is limited. 

Tracing of islets by PET/CT can be achieved e.g. by [18F]-fluorodeoxyglucose 

([18F]FDG)-labelling of islets shortly prior to ITx, followed by dynamic PET/CT 

after ITx (ERIKSSON et al., 2009). This approach provides important information 

about the islet distribution within the liver, as well as the actual amount of islet mass 

transplanted, based on the comparison of administered radioactivity and 

radioactivity detected directly after ITx. In this way, it was found that islets were 

distributed broadly and heterogeneously in the liver and accumulated multifocally. 

Furthermore, it was demonstrated that the radioactivity directly after ITx 

corresponded to only 53% of administered radioactivity or didn’t reach the expected 

level. From this it can be concluded that approximately half of the transplanted islets 

were lost within minutes (EICH, ERIKSSON & LUNDGREN, 2007; ERIKSSON 

et al., 2009). Pre-labeling of islets with subsequent PET/CT examination can 

therefore be an important tool for real-time measurement of islet survival and 

distribution. However, it cannot provide information about long-term survival of 

islet grafts due to the half-life of [18F]FDG (109.8 min) (ERIKSSON et al., 2009).  

Another PET/CT radiotracer tested by Eriksson and coworkers in a clinical study 

with eight ITx patients, is the serotonin precursor [11C]5-hydroxytryptophan 

([11C]5-HTP), that can be used as a clinical routine marker for beta cells. In this 

study, a correlation between hepatic uptake of [11C]5-HTP and islet graft 

functionality was established, confirming the potential of in vivo targeting of islet 

grafts with beta-cell specific PET/CT radiotracers (ERIKSSON et al., 2016).  

Since GLP-1R analogs such as exendin-4 bind specifically to the GLP-1R, which 

is highly enriched on beta cells, their use promises to be a valuable tool for in vivo 

nuclear medicine imaging of transplanted islets and quantification of BCM 

(TORNEHAVE et al., 2008; reviewed in CHEN et al., 2022). In rodent models 
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using Indium-111-exendin, in vivo SPECT imaging demonstrated the binding of 

radiolabeled exendin to pancreatic beta cells with a high correlation between 

pancreatic tracer uptake and BCM (BROM et al., 2014). Furthermore, a correlation 

between Indium-111-exendin tracer uptake of i.m. allo-transplanted islets and BCM 

of the islet graft could be confirmed by in vivo SPECT imaging in mice (ETER et 

al., 2017). Gallium-labelled exendin-4 can also bind to porcine GLP-1R which was 

recently demonstrated in the study of Lindheimer and coworkers (LINDHEIMER 

et al., 2023). In this study, porcine islet grafts were successfully imaged in mice by 

[68Ga]Ga-Exendin-4 PET/CT. Imaging was performed at the time point when STZ-

induced diabetic NSG mice reached normalization of blood glucose levels after i.m. 

xenotransplantation of WT NPIs. The high clinical relevance of targeting the GLP-

1R for PET/CT imaging of transplanted islets was also demonstrated in a recently 

published proof-of-concept-study by Jansen and coworkers (JANSEN et al., 2023). 

In this study the hepatic uptake of [68Ga]Ga-NODAGA-Exendin-4 in hotspot 

regions was significantly increased in T1D patients with a functional islet graft 

(n=9), compared to a T1D control group without islet transplant (n=4) (median 0.55 

vs. 0.43). No correlation between tracer uptake and transplanted IEQ quantity or 

functional parameters was found in this study.  

In the present study, longitudinal PET/CT imaging of intraportal islet cell 

transplants was performed for the first time in a genetically diabetic pig model. In 

contrast to the proof-of-concept study by Jansen et al., which included one PET/CT 

assessment per ITx recipient, up to four [68Ga]Ga-DOTA-Exendin-4 PET/CT 

examinations per ITx recipient pig were performed in the present study, including 

a baseline measurement. In this way, it was possible to obtain information about 

development and changes of the PET/CT signal within a recipient over time. An 

increase in the hepatic uptake of [68Ga]Ga-DOTA-Exendin-4 with the onset of 

glycemic control as an indicator for in vivo maturation of the NPIs was expected.  

The baseline imaging of the ITx recipient pigs confirmed a low liver signal at 

background levels and showed a distinct signal in the pancreas. The strong signal 

in the kidneys as excretory organs illustrates the need for a large animal model when 

abdominal organs are the imaging target, as otherwise signal overlaps can occur 

(LINDHEIMER et al., 2023). The binding of [68Ga]Ga-DOTA-Exendin-4 to 
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porcine pancreatic beta cells with only weak background signal in the liver was an 

important prerequisite for the imaging of the intraportal islet graft. 

Imaging of MIDY pigs after ITx revealed a gradual intensification in liver signal 

over time, manifesting as a multifocal hotspot pattern, consistent with observations 

from SPIO-MRI, [18F]FDG PET/CT, and [68Ga]Ga-NODAGA-Exendin-4 PET/CT 

studies mentioned above. In addition, there was a constant and significant increase 

in both the whole-liver SUV and the hotspot-liver SUV for three pigs. In other 

studies (ERIKSSON et al., 2016; JANSEN et al., 2023), the hotspot-liver SUV 

analysis was preferred to the whole-liver SUV analysis in order to avoid a "dilution 

effect" of the liver tissue on the signal generated by the islet transplant. In contrast, 

the findings of the present study demonstrated that the increasing trend of SUV over 

time was clearly pronounced and largely comparable for both evaluation methods. 

Furthermore, a clear temporal and qualitative association was observed between the 

increase in liver SUV and the extent of glycemic control. This also applies to the 

pig #13064, which showed practically no increase in SUV and was the only one 

that did not exhibit a reduction in blood glucose, indicating insufficient 

engraftment. Similar to the study of Jansen et al., no correlation between the amount 

of IEQ transplanted and the hepatic uptake of the radiotracer was observed in this 

study either, which corresponds to the findings from the [18F]FDG PET/CT study, 

confirming high graft loss in the early post-transplant period.  

The main limitation of the PET/CT imaging approach in general is that the spatial 

resolution of clinical PET/CT devices is usually 3-4 mm, which is why imaging of 

individual ICCs that are at least ten times smaller is not possible due to technical 

limitations. With regard to the present study, the identification of ICCs was 

complicated by the fact, that the total volume of islet graft required to cure diabetes 

was vanishingly small compared to the volume of the entire liver. Another 

limitation is, that although the SUVs harmonized with the clinical development of 

the ITx recipients, no direct correlation between SUV and BCM could be 

established in this study. In this context, the present study would have benefited 

from detailed analysis of the cell surface GLP-1R abundance of the transplanted 

islets, which was not possible due to the lack of species reactivity of numerous anti-

GLP-1R antibodies tested. An antibody that was used in the past to detect GLP-1R 

on porcine beta cells is no longer available (RENNER et al., 2010). However, 
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preclinical validation studies confirmed, that exendin uptake linearly correlates 

with BCM without being impacted by inflammatory conditions (BROM et al., 

2014; BROM et al., 2015; BROM et al., 2018; JOOSTEN et al., 2019; JANSEN et 

al., 2023). This emphasizes, that the changes in the pigs’ liver SUVs harmonized 

with changes in viable BCM. 

5. In vivo maturation of NPIs into all pancreatic endocrine cell 

types required for glycemic control 

The fourth objective of the present study was to histologically prove clinical ITx 

outcome by characterization of islet graft properties. 

Histologic examinations confirmed the presence of well-engrafted ICCs in the 

livers of all ITx recipient pigs, and there was largely a link between the amount of 

IEQs/kg BW transplanted and the proportion of ICC-containing liver segments. 

Interestingly, the two animals in which this linear relationship did not apply had the 

most condensed distribution of ICCs and, in contrast to the other pigs, had liver 

segments with more than 15 ICCs/slide. This could explain the relatively lower 

proportion of liver segments containing ICCs. Of note, the combination of a very 

low relative amount of islet graft in the large recipient's liver and the heterogeneous 

distribution of ICCs complicates the absolute quantification of graft mass through 

stereological analyses. The broad distribution of transplanted islets throughout the 

liver was consistent with observations from other ITx studies (EICH, ERIKSSON 

& LUNDGREN, 2007; ERIKSSON et al., 2009). Final engraftment localization of 

ICCs was depended on the Tx site. When islet grafts were identified within liver 

segments, the majority contained a maximum of five ICCs per slide. This illustrates 

the heterogeneous, sporadic occurrence of ICCs and at the same time proves the 

difficulty of histologic examination of ICCs in human patients obtained by liver 

needle biopsy, that is complicated by low pick-up rates (TOSO et al., 2009; KIM et 

al., 2020b). Remarkably, liver segments with more than 15 ICCs occurred only in 

the long-term group, emphasizing the in vivo proliferation capacity of NPIs at 

appropriate maturation time (KLYMIUK et al., 2016). Of note, in vivo maturation 

of the transplanted NPIs occurred into beta, alpha, and delta cells within individual 

ICCs, resembling the mature islets of Langerhans in the pancreas. This is of great 

importance as proper glycemic control requires a fine interplay of the hormones 
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INS, GCG and SST, produced by these endocrine cell types (reviewed in 

JOHNSON & JONES, 2012).  

The considerable proportion of INS+ liver segments within the islet graft containing 

liver segments confirmed insulin secretion by transplanted beta cells and 

harmonizes with the restoration of glycemic control in three diabetic recipient pigs. 

The occurrence of INS+ beta cells also in the short-term experiment group can be 

explained by the fact, that ICCs already contain insulin producing beta cells at the 

time of ITx (KORBUTT et al., 1996). The progressive increase of glycemic control 

in the MIDY pigs reflects in vivo proliferation, differentiation and maturation of 

beta cells, till a critical BCM for curing diabetes is achieved. The differentiation 

and maturation of the NPI graft might have been promoted by the initially present 

hyperglycemic status in the pigs (KIN & KORBUTT, 2007; LI et al., 2018). 

Remarkably, #13064 showed an above-average proportion of insulin-positive liver 

segments without achieving glycemic control. It can therefore be concluded that the 

presence of viable beta cells alone does not necessarily guarantee their proper 

functionality, as described also in other studies (KEENAN et al., 2010; YU et al., 

2019; JANSEN et al., 2023). It is also possible that the BCM critical for curing the 

pig’s diabetes has not been reached. The distribution pattern of INS+ ICCs 

harmonized with the distribution of ICCs in general, indicating homogenous 

differentiation and maturation of ICCs.  

Within islet containing liver segments, GCG+ liver segments were slightly more 

common than INS+ liver segments, suggesting that alpha cells occurred moderately 

more often than beta cells. One possible explanation could be that alpha cells 

differentiated at a higher rate than beta cells. This observation differs from the 

composition of human pancreatic islets and human islet cell transplants, which 

consist mainly of beta cells (TOSO et al., 2009; reviewed in ARROJO E DRIGO et 

al., 2015). On the other hand, this could also be due to different probabilities with 

which the cell types were present on the individual tissue sections. In total, the 

distribution pattern of GCG+ ICCs were largely comparable to INS+ ICCs, which 

allow the assumption that different pancreatic cell types differentiated 

homogenously within individual ICCs.  
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The main limitation in this context is that only the proportion of GCG+ and INS+ 

segments within the islet-containing segments was recorded, but no area 

determination of the respective cell types was carried out, which is why the area-

related proportion of alpha and beta cells within the ICCs cannot be commented on. 

6. Peri- and posttransplant treatment regime is essential for 

ITx outcome and to prevent graft rejection 

The final objective of the present study was to characterize and quantify the immune 

response in graft-bearing livers.  

Histological markers for leukocytes, T cells, regulatory T cells and macrophages 

are commonly used in ITx studies, since these cell types are known to be involved 

in immunological rejection of islet grafts (TOSO et al., 2009; GRAHAM et al., 

2022; HAWTHORNE et al., 2022; reviewed in CHEN et al., 2023; LEI et al., 2024). 

In line with findings from the literature (reviewed in CHEN et al., 2023), 

inflammatory cell infiltrates in the present study turned out to be leukocytes, 

consisting largely of T cells. They occurred either in islet graft surrounding or 

infiltrative within the islet graft, whereby the latter can be interpreted as allogeneic 

transplant rejection. Of note, strong T-cell infiltration with up to complete 

displacement of the islet graft occurred much more pronounced in the WT group, 

in line with insufficient uptake of immunosuppressive drugs. In contrast, in the 

MIDY group with a more solid uptake of the immunosuppressants, T cells were 

detected rather sporadically in the islet graft surrounding. It can therefore be 

concluded that the combination of TAC and MMF, when adequately absorbed, was 

able to reliably attenuate T cell mediated rejection of the islet transplants. Given the 

mild immune response recorded despite irregular MMF intake but consistent TAC 

intake, it appears that TAC played a decisive role in T-cell suppression. However, 

since a constant, complete uptake of both drugs in their full dose could not be 

realized in any pig, the presence of T cells in all recipient pigs could be explained. 

Remarkably, regulatory T cells appeared in low numbers only in association with 

strong T-cell graft infiltration, so their presence could be an indicator of 

pronounced, destructive immune processes, as also described by Graham and 

coworkers (GRAHAM et al., 2022). An important difference of the present study 

compared to immunosuppressive regime in human ITx is that no induction therapy 
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was performed in the ITx recipient pigs. This was dispensed with as the available 

agents have a human-specific effect due to their antibody-based action and are not 

species-compatible with pigs. The fact that the animals therefore had a potentially 

activated immune system is a further limitation of this study. 

The analysis of the macrophage abundance in ITx livers was interesting in order to 

shed light on the involvement of the innate immune system, especially since 

macrophages are known as main contributor to IBMIR and immune rejection after 

ITx (reviewed in CHEN et al., 2023; reviewed in DUAN et al., 2023). Liver resident 

macrophages (Kupffer cells) and inflammatory macrophages contribute to the 

demise of the islet graft by secreting proinflammatory cytokines (GOU et al., 2021). 

Macrophages infiltrated ICCs only to a minor degree. However, they were present 

in significantly increased amounts in livers of animals with islet transplants 

compared to animals that did not receive ITx, highlighting their pivotal role in 

immune response after ITx. The increased occurrence of macrophages was not 

associated with islet-containing liver segments, so that the effect is rather to be 

classified as a global phenomenon of the entire islet graft containing liver. Contrary 

to the T cell based immune response, this phenomenon was more pronounced in the 

MIDY pigs. This is mainly due to the outlier of #13064, which had a substantially 

higher proportion of macrophages than the remaining MIDY pigs. This emphasizes 

that an inflammatory process was present in #13064, which is also reflected in the 

elevated CRP values. The presence of massive inflammation, systemic but also 

localized in the liver, driven by innate immunity, could also be an explanation for 

the lack of glycemic control and SUV increase in this pig, since innate immune 

response creates an adverse environment for islet graft survival (reviewed in 

HUANG et al., 2008). The example of this pig also shows that reliable suppression 

of T cell mediated immune response by immunosuppression does not necessarily 

suppress systemic inflammation, as also described by Graham and coworkers 

(GRAHAM et al., 2022). The fact that innate immune reactions based on monocyte 

signaling pathway occur after organ transplantation despite immunosuppression 

with TAC and MMF is also described by Kannegieter and coworkers 

(KANNEGIETER et al., 2017). 

The characterization of the immune response in the present study is limited to the 

detection of leukocytes in general and T cells, regulatory T cells and macrophages 
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in particular. Further characterization of the T cells into CD4+ T helper cells and 

CD8+ cytotoxic T cells was attempted, but was not achievable due to the lack of 

species reactivity of numerous antibodies tested. A limitation of the statistical 

comparison of macrophage abundance is the low number of analyzed livers from 

pigs without ITx, which are therefore underrepresented compared to the livers of 

pigs with ITx.  

7. Conclusion and outlook 

Summarizing the findings of this study, a novel large animal model for allogenic 

intraportal ITx in genetically diabetic pigs was established, exhibiting a high 

translational value to human ITx. Remarkably, a relatively small NPI graft volume 

was sufficient to restore normoglycemia in the diabetic recipient pigs. In addition, 

longitudinal monitoring of intraportal islet grafts by [68Ga]Ga-DOTA-Exendin-4 

PET/CT imaging was successfully performed for the first time in a large animal 

model, emphasizing its high clinical relevance. Clinical findings were confirmed 

by histological proof of mature and fully functional ICCs, consisting of all 

endocrine cell types required for proper glycemic control. ITx led to the activation 

of innate and acquired immunity, with adequate and sufficient immune suppressive 

regime proving to be a key criterion for suppressing T cell mediated transplant 

rejection also in the pig model. 

As this study was designed as an orientation study to establish an allogenic 

intraportal ITx model in pigs and to assess the feasibility of non-invasive 

monitoring of the islet graft fate by PET/CT, all objectives were successfully 

achieved. 

There is room for improvement. One example is the optimization of the 

immunosuppressive regime, which as in humans and other animal models, poses a 

significant challenge. The model could also benefit from characterization of the 

graft prior to ITx, such as determination of viability, metabolic capacity or cell 

composition, as graft properties before transplantation impact the ITx outcome. 

Further, in vivo functional testing, e.g. by IVGTT with C-peptide determination, 

would also be valuable for further evaluation of the graft condition. With regard to 

PET/CT imaging, further insights into the GLP-1R expression of the transplanted 
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beta cells would be of great importance in order to be able to establish a correlation 

between hepatic tracer uptake and BCM. 

In conclusion, based on the established porcine allo-ITx model including 

longitudinal, non-invasive islet graft imaging, more important insights can be 

gained in the future with the aim of further expanding the clinical success of ITx as 

a curative therapy for T1D. 
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VII. SUMMARY 

Establishment of intraportal islet allotransplantation in a diabetic pig model 

Type 1 diabetes (T1D) is one of the most common metabolic and endocrinological 

diseases in children and adolescents worldwide. The development of the disease is 

based on an autoimmune-mediated destruction of pancreatic beta cells, which leads 

to an absolute insulin deficiency and therefore to a derailment of glycemic control. 

A diagnosis of T1D requires lifelong therapy with exogenous insulin to slow the 

onset of long-term diabetic complications. However, intensified insulin therapy as 

the current standard of care cannot fully mimic pancreatic insulin secretion pattern 

and increases the risk of severe hypoglycemia, which particularly affects patients 

with Brittle diabetes. Since the establishment of the Edmonton protocol, intraportal 

islet transplantation (ITx) as a beta-cell replacement therapy is a potentially curative 

treatment option for T1D. However, its clinical use is currently limited due to 

several hurdles, especially the multifactorial significant loss of islet graft mass after 

ITx. Therefore there is a great need for non-invasive imaging techniques for 

morphological long-term monitoring of the graft, for timely therapeutic 

intervention in the event islet graft loss. A promising approach in this context is 

PET/CT imaging of the GLP-1 receptor (GLP-1R), which is highly enriched on beta 

cells and can be visualized using exendin analogues as GLP-1R agonists. 

The animal models used to date in ITx research have limited transferability to 

humans due to considerable anatomical and metabolic differences. The pig, on the 

other hand, is considered to be an animal model of high translational value due to 

its great anatomical and physiological similarity to humans. Transgenic INSC94Y 

pigs, which represent a model for human mutant INS gene-induced diabetes of 

youth (MIDY), are particularly suitable for ITx studies due to their stable diabetic 

phenotype. 

To address current limitations of ITx research, the aim of this study was to establish 

a large animal model for intraportal ITx with high transferability to human ITx and 

to test a non-invasive imaging technique based on PET/CT for the visualization of 

intraportal islet cell grafts.  
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For this purpose, neonatal porcine islets (NPI) were first transplanted intraportally 

into immunosuppressed wildtype (WT) pigs and, after successful establishment of 

the transplantation method, into immunosuppressed, insulin-dependent transgenic 

INSC94Y pigs (MIDY pigs). This was followed by an observation period of up to 

three months, during which blood parameters and blood glucose levels were 

measured regularly. In addition, longitudinal [68Ga]Ga-DOTA-Exendin-4 PET/CT 

imaging was performed to visualize the islet graft and to quantify changes in the 

hepatic uptake of a beta cell specific radiotracer (unit of measurement: standard 

uptake value (SUV)). The results were compared with a baseline PET/CT before 

ITx. Finally, the liver was extensively sampled. The subsequent detailed 

histological examination focused on graft distribution and properties as well as on 

a characterization of immunological processes 

The intraportal transplantation of NPIs in a diabetic pig model was successfully 

established. In the largely unremarkable clinical course, transiently elevated liver 

enzymes and, to some extent, presumably immunosuppression-related side effects 

were noted. In three out of four MIDY pigs, normalization of blood glucose with 

(almost) complete independence from an exogenous insulin source was observed. 

PET/CT examination showed a diffuse, multifocal increase in liver signal over time 

as well as a significant increase in SUV in the whole liver and in hepatic hotspot 

regions. Histologic analysis revealed islet cell clusters (ICCs) widely distributed 

throughout the portal system that consisted of beta cells, alpha cells and delta cells, 

resembling mature islets of Langerhans in the pancreas. ITx activated innate and 

acquired immunity, which was reflected by increased macrophage abundance and 

islet-associated T-cell infiltrates in graft-bearing livers. The quality of the immune 

suppressive regime proved to be a decisive criterion for the suppression of T cell 

mediated transplant rejection. 

Taken together, the results show that transplantation of NPIs led to the recovery of 

diabetic symptoms in transgenic INSC94Y pigs. The development of glycemic 

control was associated with a significant increase in hepatic uptake of a beta cell-

specific radiotracer, emphasizing the clinical relevance of GLP-1R imaging by 

PET/CT for morphological assessment of transplanted beta cells. The clinical 

findings could be confirmed by the detection of mature, functional ICCs. 
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The large animal model established in this study bridges the gap between preclinical 

research and clinical application, both in questions of ITx and in terms of 

morphological, non-invasive long-term monitoring of islet grafts. It could therefore 

play an important role in the optimization of ITx as a curative therapy for T1D, 

especially due to its high transferability to human ITx. 
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VIII. ZUSAMMENFASSUNG 

Etablierung der intraportalen Allotransplantation von Inselzellen in einem 

diabetischen Schweinemodell 

Typ 1 Diabetes (T1D) kommt weltweit als eine der häufigsten metabolischen und 

endokrinologischen Erkrankungen von Kindern und Jugendlichen vor. Die 

Entstehung der Krankheit beruht auf einer autoimmun-vermittelten Zerstörung der 

pankreatischen Betazellen, welche zu absoluten Insulinmangel und damit zur 

Entgleisung der glykämische Kontrolle führt. Eine Diagnose mit T1D macht eine 

lebenslange Therapie mit exogenem Insulin erforderlich, um das Auftreten von 

diabetischen Langzeitkomplikationen zu verlangsamen. Die intensivierte 

Insulintherapie als aktueller Behandlungsstandard kann die Insulin-

Sekretionsmuster des Pankreas jedoch nicht vollständig imitieren, außerdem 

steigert sie das Risiko für schwere Hypoglykämien, von denen besonders Patienten 

mit Brittle Diabetes betroffen sind. Seit der Etablierung des Edmonton-Protokolls 

stellt die intraportale Inselzelltransplantation (ITx) als Betazellersatztherapie 

potentiell eine kurative Behandlungsmöglichkeit für T1D dar. Ihr klinischer Einsatz 

ist aktuell jedoch aufgrund mehrerer Hürden, v.a. dem multifaktoriell bedingten 

erheblichen Verlust an Inseltransplantatmasse nach ITx, begrenzt. Daher besteht 

ein großer Bedarf an nicht-invasiven bildgebenden Verfahren zur morphologischen 

Langzeitüberwachung des Transplantats, um im Falle eines Verlustes von 

Inseltransplantat rechtzeitig therapeutisch eingreifen zu können. Ein 

vielversprechender Ansatz in diesem Zusammenhang ist die PET/CT-Bildgebung 

des GLP-1 Rezeptors (GLP-1R), der auf Betazellen stark angereichert ist, und unter 

Verwendung von Exendin-Analoga als GLP-1R Agonisten dargestellt werden 

kann. 

Die bisher in der ITx Forschung eingesetzten Tiermodelle weisen aufgrund teils 

erheblicher anatomischer und metabolischer Unterschiede eine limitierte 

Übertragbarkeit auf den Menschen auf. Das Schwein hingegen gilt aufgrund seiner 

großen anatomischen und physiologischen Ähnlichkeit mit dem Menschen als ein 

Tiermodell von hohem translationalem Wert. 
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Aufgrund ihres stabilen diabetischen Phänotyps sind transgene INSC94Y Schweine, 

die ein Modell für „mutant INS gene-induced diabetes of youth (MIDY)“ des 

Menschen darstellen, besonders geeignet für ITx Studien. 

Um aktuell bestehende Limitationen der ITx Forschung zu adressieren, war das Ziel 

dieser Studie, ein Großtiermodell für intraportale ITx mit hoher Übertragbarkeit zur 

menschlichen ITx zu etablieren. Außerdem sollte ein nichtinvasives PET/CT 

Bildgebungsverfahren für die Darstellung von intraportalen Inselzelltransplantaten 

getestet werden.  

Dazu wurden neonatale porzine Inselzellen (NPI) zunächst in immunsupprimierte 

Wildtyp (WT) Schweine und nach erfolgreicher Etablierung der 

Transplantationsmethodik in immunsupprimierte, insulinpflichtige transgene 

INSC94Y Schweine (MIDY Schweine) intraportal transplantiert. Anschließend folgte 

ein Beobachtungszeitraum von bis zu drei Monaten, in denen Blutparameter und 

Blut Glucosespiegel regelmäßig ermittelt wurden. Zusätzlich wurde longitudinales 

[68Ga]Ga-DOTA-Exendin-4 PET/CT Imaging zur Darstellung des 

Inseltransplantates und zur Quantifizierung von Veränderungen der hepatischen 

Aufnahme eines Beta Zell spezifischen Radiotracers durchgeführt (Messeinheit: 

Standard uptake value (SUV)). Die Ergebnisse wurden mit einem Baseline PET/CT 

vor ITx verglichen. Schließlich erfolgte eine ausführliche Beprobung der Leber. 

Die anschließende detaillierte histologische Untersuchung fokussierte sich auf 

Transplantat Verteilung und Eigenschaften sowie auf eine Charakterisierung von 

immunologischen Vorgängen.  

Die intraportale Transplantation von NPIs im diabetischen Schweine Modell konnte 

erfolgreich etabliert werden. Im weitgehend unauffälligen klinischen Verlauf fielen 

transient erhöhte Leberwerte sowie in gewissem Umfang wahrscheinlich 

immunsuppressionsbedingte Nebeneffekte auf. In drei von vier MIDY Schweinen 

konnte eine Normalisierung der Blutglukose mit (beinahe) vollständiger 

Unabhängigkeit von einer exogenen Insulinquelle festgestellt werden. Die PET/CT 

Untersuchung zeigte über die Zeit eine diffuse, multifokale Zunahme des 

Lebersignals sowie einen signifikanten Anstieg des SUV in der Gesamtleber und in 

hepatischen Hotspot Regionen. Die histologische Analyse ergab weit über das 

Pfortader System verteilte Inselzellcluster (ICCs), die wie reife Langerhans’sche 
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Inseln im Pankreas aus Betazellen, Alphazellen und Deltazellen bestanden. Die ITx 

aktivierte die angeborene und erworbene Immunität, was sich in einem erhöhten 

Makrophagen Aufkommen und inselassoziierten T-Zell-Infiltraten in den 

Transplantat-haltigen Lebern äußerte. Die Qualität des immunsuppressiven 

Regimes erwies sich hierbei als entscheidendes Kriterium für die Unterdrückung 

der T-Zell-vermittelten Transplantatabstoßung. 

Zusammengefasst zeigen die Ergebnisse, dass die Transplantation von NPIs zur 

Heilung der diabetischen Symptomatik von transgenen INSC94Y Schweinen führte. 

Die Entwicklung der glykämischen Kontrolle war verbunden mit einem 

signifikanten Anstieg der hepatischen Aufnahme eines betazell-spezifischen 

Radiotracers, was die klinische Relevanz der Darstellung des GLP-1R mittels 

PET/CT zur morphologischen Abbildung von transplantierten Betazellen 

unterstreicht. Die klinischen Befunde konnten durch den Nachweis von reifen, 

funktionsfähigen ICCs bestätigt werden. 

Das in dieser Studie etablierte Großtiermodell schließt eine Lücke zwischen 

präklinischer Forschung und klinischer Anwendung in Hinblick auf ITx generell 

sowie auf morphologische, nicht-invasive Langzeitüberwachung von 

Inselzelltransplantaten. Ihm könnte daher, vor allem aufgrund seiner großen 

Übertragbarkeit zur menschlichen ITx, eine bedeutende Rolle bei der Optimierung 

der ITx als kurative Therapie von T1D zukommen.  
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