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Abstract 

Worldwide, the critical and growing shortage of human donor organs represents a 

major concern which needs alternative solutions. Xenotransplantation – the 

transplantation of cells, tissues and organs between different species – has a long 

history and aims to provide a solution to the high demand of donor organs. Pigs are 

considered a suitable donor candidate, however organs from wildtype pigs are 

rapidly rejected by a process called hyperacute rejection. This consists of a massive 

antibody binding and subsequent complement activation with an inevitable graft 

destruction. Nowadays, hyperacute rejection can be overcome by genetic 

manipulation of the donor. However, a delayed rejection still occurs. It is defined as 

acute vascular rejection and is characterized by coagulation dysregulation resulting 

in thrombotic microangiopathy and leading to graft failure within days. Cellular 

rejection mediated by T cells as well as innate immune cells, including NK cells, 

macrophages and neutrophils is another hurdle which needs to be overcome in order 

to bring xenotransplantation closer to the clinical application. Advanced genetic 

engineering techniques such as the CRISPR-Cas9 technology allow to delete 

antigens from the porcine genome or to introduce human transgenes with the aim of 

reducing the molecular incompatibilities as well as the immunogenicity of the 

xenograft. The use of pigs with new multiple genetic modifications, including 

expression of human thrombomodulin, complement regulatory proteins and knock-

out of xeno-antigens are now available for testing in nonhuman primates.  

This thesis focuses on the study of the vascular endothelium, as this is the first tissue 

to come in contact with the recipient blood after transplantation. A novel in vitro 3D 

microfluidic system has been developed and used to explore the effects of multiple 

transgenes in a xenotransplantation setting. Endothelial cells cultured on the luminal 

surface of circular microchannels were exposed to shear stress and pulsatile flow, so 

that they experience a microenvironment similar to the in vivo situation. Perfusion of 

porcine endothelial cells with human serum allowed to study the effects of transgenes 

on prevention of complement and antibody mediated cytotoxicity. This thesis 

comprises of interesting and fruitful collaborations which gave light to real 

breakthroughs in the field of xenotransplantation. 
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Introduction 

Organ shortage: the situation of allogeneic organ transplantation 

Allogeneic organ transplantation – the transplantation between two genetically non-

identical individuals from the same species – is, nowadays, a globally accepted life-

saving medical treatment for end-stage organ failure. However, worldwide, the 

demand for organs largely exceeds their availability. On average, 20 people die each 

day in the U.S while waiting for a transplant and every 10 minutes a new person is 

added to the waiting list. At the end of 2015, there were 122,071 patients waiting for 

a donor organ, 30,975 transplants performed, and 15,068 donors recovered (Figure 

1). Currently (August 2018) in the U.S, 114,400 people need a lifesaving organ 

transplant and 21,000 transplantations have been performed so far. 

(https://optn.transplant.hrsa.gov/).  

According to the non-profit Swisstransplant Foundation, by the end of 2017, there 

were 1,480 Swiss residents waiting for a transplant, which represents a 38% increase 

as compare to 2010 (https://www.swissinfo.ch). In Switzerland, a patient in need of a 

kidney – the most requested organ – must wait on average 1,109 days. The shortage 

is likely to be exacerbated by Switzerland’s policy of explicit consent, known as ‘opt 

in’ system, according to which organs can be donated only with the patient’s 

permission, or the one of their next of kin. The majority of European countries adopt 

the policy of “presumed consent”, known as ‘opt out’ system, meaning that a 

deceased individual is classified as a potential donor in absence of explicit opposition 

to donation before death. In practice, regardless of the type of legislation, in most 

countries families are allowed to have the last word. A study carried out by Queen 

Mary University of London revealed that ‘the next of kin are more likely to quash a 

donation if their deceased relative has not given explicit consent’.1 Indeed, 

approximately half of the families that are asked to decide for a donation refuse it in 

the U.S. and Great Britain, compared to around 20% in Spain and around 30% in 

France.2-4 
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Spain is considered the world leader in organ donation and transplantation. A 

leadership which was maintained for 26 years reaching a total of 2,183 donors in 2017 

(49.9 donors per million population). This success derives from a specific 

organizational approach. In 1989 the Spanish Government created the Organización 

Nacional de Trasplantes (ONT), an organism responsible for overseeing and 

coordinating donation and transplant activities in Spain. The Spanish model relies on 

the designation of specialized professionals (transplant coordinators) with the aim of 

making donation happen when a patient dies in conditions that allow organ donation, 

not only after cerebral death but also after circulatory death.5 Following this approach, 

Italy was able to significantly increase the donation rate.6 Very recently, Italy and 

Spain carried out the first international paired kidney exchange in Southern Europe 

(http://www.ont.es). The countries adhering to the paired exchange program offer the 

possibility to exchange living kidney donors between 2 or more pairs despite the fact 

that their partner or relative, who would like to make the donation, is incompatible. 

One patient in Spain and another in Italy received a living-donor kidney transplant 

thanks to the exchange of organs from their respective donors. Despite the manifold 

efforts aiming at increasing the donor pool, the need for solid organ transplantation 

Figure 1 The organ shortage increases and the gap between organ demand and supply widen. 

(Data from United Network for Organ Sharing, https://unos.org/bucketlist/) 
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keeps growing, with rises in the number of patients on the waiting lists. Alternative 

solutions are therefore needed. 

Xenotransplantation: a possible solution to organ shortage? 

Alternatives to allotransplantation include artificial organs, stem cell therapy and 

xenotransplantation. Despite the recent advances in stem cell biology and tissue 

engineering their clinical application remains in the far future.  

Xenotransplantation, from the Greek ‘xeno’ meaning ‘foreign’, is a cross-species 

transplantation aiming to resolve the shortage of human organs. It has the potential 

to offer virtually unlimited supply of organs and cells for clinical transplantation.7 In 

addition to the unrestricted availability of organs, xenotransplantation offers 

additional advantages: Genetic manipulation of the donor organ/animal to improve 

molecular compatibility with the recipient; the organs would be available electively, 

allowing the planning of a pretreatment to enhance the acceptance of the graft. 

Lastly, donor organs would not be potentially damaged after brain death as they 

would be explanted from healthy anesthetized animals.8  

 

Xenotransplantation has a long history since there have been a number of clinical 

attempts during the past 350 years. The first one known from the literature goes back 

to 1667, when Jean-Baptiste Denis, a French physician, performed lamb-to-human 

blood transfusion.9 At that time, scientists believed that by transfusing blood from an 

animal that was considered innocent and pure, the lamb or a calf for instance, they 

would have been able to replace bad blood with a good one. Several transfusions 

were then performed in Europe until a patient called Antony Mauroy dying after being 

repeatedly transfused with calf blood to cure his mental illness. Even though the 

cause of the death was later found to be arsenic poisoning, a French court decided 

to ban transfusions. Since then, no one attempted to do it again until the 19th 

century.10 

 

The first xenotransplantation of body parts was performed in 1682 when physicians 

successfully repaired a damaged skull of a Russian nobleman with a piece of bone 

retrieved from a dog’s skull. In 19th century, Serge Voronoff, a famous French 

physician, performed several xenotransplantation using testicles of chimpanzee or 
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baboon aiming at rejuvenating men.11 During the early 1900’s many 

xenotransplantation attempts miserably failed. To mention few of them: In 1905, in 

France, Princeteau transplanted slices of rabbit kidney into a child with signs of renal 

failure who succumbed after 16 days of lung congestion. In 1906, after perfecting the 

anastomosis technique, Mathieu Jaboulay carried out two distinct heterotopic 

transplantations of a pig and goat kidneys to the bend of the elbow of a 48-year and 

50-year old women, respectively. Both the patients died on the third day because of 

thrombosis. Lastly, there was a remarkable attempt of Harold Neuhof (USA) in 1923, 

consisting in the transplantation of a lamb kidney to a man with mercury poisoning. 

The patient survived for 9 days. Following these striking failures, for the next 40 years 

no other attempt was to be done.  

 

The arrival of the first immunosuppressive drugs reawoke interest in transplantation. 

The modern history of clinical xenotransplantation is generally thought to begin in 

1963 when Dr. Keith Reemtsma transplanted chimpanzee kidneys into 13 patients 

using immunosuppressive treatment.12-14 Remarkably, one patient returned to work 

for almost 9 months before suddenly dying from electrolyte imbalance. Dr. Hardy in 

1964 performed the first heart transplant in a human using a chimpanzee heart. 

However, the patient died within two hours as the heart proved too small to support 

the patient's circulation.15 The first chimpanzee-to-human liver transplantation was 

carried out 1966 by Dr. Starzl.16 Between 1966 and 1974 he performed one ex vivo 

chimpanzee liver perfusion and three chimpanzee liver transplants in humans with a 

maximum of 14 days of graft function. After that, Dr. Starzl did not use chimpanzees 

anymore as organ donors. Following the introduction of cyclosporine, in 1981, Dr. 

Starzl’s group performed more than 600 transplantations in a year establishing what 

was considered the busiest transplant program in the world (nicely reviewed by Dr. 

Cooper17). In 1984, the most famous xenotransplantation so far was realized by 

Leonard Bailey. He transplanted a neonate (‘Baby Fae’) with an ABO-mismatched 

baboon heart to cure her hypoplastic left-heart syndrome.18 Even though the 

conditions for the success were present: match in the organ size, immunological 

immaturity of the recipient, availability of cyclosporine, unfortunately, the baby 

recipient died 20 days after surgery. After this latest failure, xenotransplantation faced 
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a stalemate. Only in 1992, when FK506 (tacrolimus) became available, Dr. Starzl 

obtained patient survival for 70 days following a baboon liver transplant.19  

 

Concordant or discordant xenotransplantation? 

Promising results were obtained in the past by using organs from concordant species 

(chimpanzee or baboons). However, the availability of great apes closely related to 

humans is poor. Even though the baboon is available in the wild in relatively large 

numbers, its usability is reduced due to several compelling ethical and practical 

reasons. Non-human primates are more likely than other animals to carry viruses 

which could infect humans (e.g., the HIV virus originated in chimpanzees)20. Besides 

that, the baboon’s organ size would restrict transplantation to pediatric patients. 

Another practical issue is represented by the low breeding potential which consists 

of long pregnancies, very few offspring and their slow growth. Last but not least, the 

ethical concern: The public is reluctant to exploit animals sharing many features with 

humans as organ reservoir for transplantation.  

 

The early attempts at clinical xenotransplantation using discordant donors (e.g., pigs) 

were all characterized by early failure. Even though the usage of pigs as organ donors 

would guarantee several advantages over the non-human primates (Table 1)21, it 

appeared to be less desirable from an immunological point of view reflecting the fact 

that pigs and humans are phylogenetically distant. This results in a very very strong 

response to pig organs by the human immune system. Nevertheless, given the 

numerous advantages (Table 1), the pig is generally accepted as ‘the’ discordant 

species of choice for xenotransplantation.7,22  
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Table 1. The advantages and disadvantages of the pig vs baboon as a potential 

source of organs and cells for humans21  
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The hurdles to xenotransplantation. Organ rejection: pig organs are seen 

as ‘dangerous’ and ‘foreign’ by the human immune system 

 

Hyperacute rejection 

Early experimental xenotransplantation studies in 1960s suggested that 

transplantation of vascularized xenografts between widely disparate species, such as 

pig-to-human, results in immediate destruction of the graft by hyperacute rejection 

(HAR). This type of reaction, occurring within minutes to hours, was recognized to be 

similar to the one occurring in ABO-incompatible allograft23 and characterized by 

extensive intravascular thrombosis and extravascular hemorrhage.24,25 Later on, 

during the 1990s, it was shown that HAR results predominantly from complement 

activation, through both the classical and alternative pathways26, following preformed 

antibody binding to specific carbohydrate antigens present on the graft endothelium. 

 

An important finding in the past 20 years was that pigs, as all the other mammals 

except apes, Old-World monkeys and humans, express an epitope, Gal-α1,3-Gal 

(αGal), synthesized by the enzyme α-1,3galactosyltransferase, which is responsible 

for the binding of a large portion of preformed human natural antibodies.27,28 Such 

antibodies are not present at birth29, but they are thought to arise as a result of 

exposure to environmental bacteria expressing the same antigen (e.g., the 

microorganisms of the intestinal flora). It is estimated that these antibodies constitute 

1% of total immunoglobulins in the circulation.30 Activation of complement and rapid 

destruction of the graft have been observed within the first hours after 

xenotransplantation.24,31 Molecular incompatibilities between porcine complement 

regulatory proteins expressed on the surface of porcine endothelium and human 

complement components result in a lack of regulation and blockage of the 

complement activation.  

 

Endothelial cells (EC) are the primary target of host immunity during HAR.32,33 Under 

normal physiological conditions EC express an anti-inflammatory, anticoagulant and 

pro-fibrinolytic phenotype which is partly due to the presence of the endothelial 

glycocalyx consisting of proteoglycans and associated glycosaminoglycans (mostly 
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heparan sulfates). Activation of the vascular endothelium, following the binding of 

xenoreactive natural antibodies and deposition of complement, results in a 

phenotype transition of EC due to a loss of anticoagulants, such as thrombomodulin 

(TBM), tissue factor pathway inhibitor (TFPI)34 and vascular ATP diphosphohydrolase 

(ATPDase)35. Furthermore, plasma proteins such as antithrombin III, superoxide 

dismutase, C1 inhibitor, etc. normally bound to the heparan sulfate are also lost 

following glycocalyx shedding32,36-38 This type of EC activation is defined as type I as 

it does not involve de novo protein synthesis and it is responsible for the 

manifestation of HAR. 

 

Acute vascular rejection 

Early destruction of the xenografts could be prevented by depletion of complement 

using complement inhibitors such as cobra venom factor39,40 or by removal of 

xenoreactive natural antibodies from the circulation by plasmapheresis, perfusion 

through immunoaffinity columns41,42 or swine organs (e.g., liver, kidney). This 

reinforced the idea that antibodies and complement play a critical role in rejection of 

xenografts. However, further experiments revealed that rejection still occurred, but it 

was delayed by hours or some days because of the anti-complement therapy. This 

delayed rejection process was named acute vascular rejection (AVR) or delayed 

xenograft rejection.43,44 It is the first form of rejection occurring when a transplantation 

between concordant species is performed. To study in detail AVR, transplantations 

between concordant species (e.g., hamster-to-rat45, or mouse-to-rat46) were 

performed since HAR does not occur due to the absence of preformed xenoreactive 

natural antibodies. Even though AVR might be seen as a delayed form of HAR47 there 

was evidence that it is pathogenetically distinct from HAR. 44 The histopathology of 

AVR is characterized by EC swelling, focal ischemia, and fibrin deposition resulting in 

diffuse microvascular thrombosis.43 The immunopathology of xenogeneic organs 

undergoing AVR reveals that immunoglobulin of recipient origin bound to the 

endothelial lining of graft blood vessels.24,43,48 In addition, increased synthesis of anti-

donor antibodies was found following exposure to the xenogeneic organ.49,50 Also 

complement was shown to be involved in AVR though less prominent that in HAR.51 
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Antibodies alone, or together with a low level of complement activation, may be able 

to induce pathophysiological changes in the EC leading to their activation.52 The kind 

of EC activation underlying AVR involve de novo protein synthesis and is called type 

II. It consists of activation of cytokine genes, expression of adhesion molecules (e.g., 

selectins) which allows adhesion of immune cells, and changes from an anticoagulant 

to a procoagulant phenotype on the endothelial surface due to shedding of heparan 

sulfate from the cell surface.  

 

Beside activation of EC, also NK cells have been demonstrated to play an important 

role in the delayed xenograft rejection. Evidence of the involvement of natural killer 

cells in AVR was provided in 1994 by Hancock et al.53 using a discordant guinea pig-

to-rat heart transplantation model. It was noticed that in AVR an intense cellular 

infiltrate was seen resulting from accumulation of activated macrophages and NK 

cells. Inverardi et al. demonstrated ex vivo and in vitro that NK cells adhered rapidly 

and led to lysis of the xenogeneic endothelium by two distinct pathways, one 

dependent (antibody dependent cellular cytotoxicity, ADCC) and the other 

independent from IgG presence, since the selective removal of human IgG from the 

perfusion buffer markedly reduces but does not completely abrogate NK cell 

adhesion.54,55 Later on, Seebach et al. demonstrated in vitro that unstimulated NK 

cells provide little or no xenogeneic cytotoxicity in serum free medium whereas IL-2 

stimulated NK cells result in porcine EC destruction.56 Morphologic changes and 

appearance of gaps between EC as well as the induction of a procoagulant state by 

human NK cells has also been observed in vitro.57 

 

HAR and AVR represent the ways through which the recipient immune system 

responds to ‘dangerous’ signals provided by the xenograft. 

 

T-cell mediated rejection 

T cell mediated rejection represent the result of the recipient’s adaptive immune 

response to the ‘foreign’ donor xenograft. T cells in xenotransplantation are activated 

through direct and indirect pathways similarly to the allogeneic response. Direct 

activation means that recipient (non-human primate or human) T cell receptors bind 
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swine leukocyte antigen class I and class II on porcine antigen-presenting cells (APC). 

Porcine dendritic cells or endothelial cells function as APC.58 This interaction results 

in T cell-mediated cytotoxicity directed against the xenograft endothelium. The 

indirect pathway of T cell activation refers to the recognition by recipient T cells of 

porcine donor peptide presented on recipient major histocompatibility complex 

(MHC) class II. This leads to CD4+ T cell stimulation followed by B cell activation with 

consequent de novo antibody production resulting in humoral xenograft rejection. 

Furthermore, activated T cells produce cytokines that prime the innate immune 

system, including macrophages and NK cells, ultimately leading to xenograft 

dysfunction.59,60 The CD4+ T cell subset, in particular, is of central importance in 

xenograft rejection. It was demonstrated in vivo that CD4-specific, but not CD8-

specific immunosuppression significantly prolonged xenogeneic skin graft survival in 

the mouse.61 

T-cell response to a xenograft is believed to be stronger than the alloresponse in 

allotransplantation as the xenograft bears more antigens, and molecular 

incompatibilities between species cause disordered regulation of cell-mediated 

responses.62,63 This is possibly because T-cell activation leads to a rapid antibody 

response that results in AVR before significant T-cell infiltration occurs in the graft. 

Cell mediated rejection is therefore typically not seen with intense 

immunosuppressive drug regimens.50,64,65 Activation of T cell requires both binding of 

the T cell receptor to an MHC-peptide complex on the APC as well as a second 

costimulatory signal. Blocking these second signals through fusion proteins or 

antibodies is nowadays an established strategy to prevent both allogeneic and 

xenogeneic T cell responses. One of the first studies using the fusion protein CTLA4-

Ig which impedes CD28-CD80/86 interactions, was a xenogeneic human-to-mouse 

islet model. The blockage of the CD28-CD80/86 resulted in a prolonged islet survival. 

66 Recent xenotransplantation studies have focused on the usage of antibodies 

targeting the CD40-CD154 pathway (reviewed by Cooper et al.67). These potent 

costimulation blockage agents, together with genetic modification of the donor 

organ, led to significantly prolonged xenograft survival: Kidney xenograft  > 400 days 

with anti-CD154mAb68, heterotopic heart xenograft  > 900 days69 and orthotopic heart 

xenograft 150 days (oral communication by Dr. Paolo Brenner at the international 
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meeting TTS 2018, both with anti-CD40mAb70). Liver xenografts survived up to 29 

days with anti-CD40mAb71 and in xeno-islets >600 days with anti-CD154mAb72. 

 

Genetic modification of the donor 

Together with the immunosuppression strategies to prevent cell-mediated rejection, 

genetic manipulations of the donor pig have made it possible to prevent complement-

mediated rejection, and thus markedly prolong graft survival in pig-to-non human 

primate xenotransplantation. The first transgenic pig goes back to 1992 when the 

company Imutran (Cambridge, UK) produced pigs transgenic for human decay-

accelerating factor (hDAF, hCD55), a protein that inhibits complement activation in 

man. Ex vivo perfusion of hearts and livers explanted from such transgenic pigs were 

performed in order to assess the hypothetical resistance towards human complement 

activation. 73 Indeed, the heart showed resistance to HAR.74-76 This has been 

confirmed also in vivo in a pig-to-baboon heart transplantation model.77 In 1995, the 

company Nextran (Princeton, NJ, USA) produced transgenic pigs expressing both 

human DAF and human CD59.78 Following the advent of the cloning technology 

(nuclear transfer)79,80, which made it possible to delete genes from the pig genome, 

efforts were made to delete GGTA1, the gene encoding for the galctosyltransferase 

enzyme that attaches the terminal Gal saccharides to the underlying carbohydrates 

on the pig vascular endothelium. In 2001, combining nuclear transfer with 

homologous recombination technology, pigs with heterozygous inactivation of the 

GGTA1, were produced81, and 1 year later, piglets with homozygous inactivation of 

the gene (GTKO) became available.82 Heart and kidney transplantations were 

performed using baboons selected for low levels of the remaining anti-pig antibodies 

(anti-nonGal antibodies). GTKO pig hearts and kidneys prolonged graft survival 

significantly.83-87  

 

Later, the transplantation of organs from GTKO pigs transgenic for human 

complement regulatory proteins (CD46, CD55, CD59) showed improved outcomes 

compared to GTKO or complement regulatory proteins alone.88,89 However, 

thrombotic microangiopathy within the graft and frequently also consumptive 

coagulopathy in the recipients developed. In parallel endothelial cell activation due to 
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the increases in complement deposition and antibody binding followed by graft failure 

was the typical outcome.83,90,91 Already in the 1990s both in vitro and in vivo studies 

suggested that the generation of activated protein C (APC), an important 

anticoagulant factor, may be significantly compromised by cross-species 

incompatibilities.92,93 This was later on confirmed by a molecular analysis showing 

that porcine thrombomodulin binds human thrombin but is a poor cofactor for 

activation of the human protein C.94 In addition, pig tissue factor pathway inhibitor 

does not successfully inhibit primate factor Xa34,95, and pig von Willebrand factor is 

associated with excessive primate platelet aggregation.96 To compensate for these 

molecular incompatibilities and to neutralize thrombin generated by TF-dependent 

and -independent mechanisms as well as to exploit its potent anti-inflammatory 

effects97,98, human thrombomodulin (hTBM) has been expressed in transgenic pigs. 

Petersen et al. successfully generated hTBM transgenic pigs by somatic cell nuclear 

transfer. They demonstrated that its expression on porcine fibroblasts led to an 

elevated activated protein C production.99 

 

The advent of the CRISPR/Cas9 technology (clustered regularly interspaced short 

palindromic repeats/CRISPR associate systems) which is an adaptable immune 

mechanism used by many bacteria to protect themselves from foreign nucleic acids, 

has made it possible to perform virtually any kind of genetic manipulation in vitro and 

therefore the prospect of producing multitransgenic pigs for xenotransplantation. The 

technology is characterized by simplicity and high efficiency and at the same time is 

able to shorten the process of generation of multitransgenic pigs. Using such 

technique, Yang and colleagues successfully inactivated the porcine endogenous 

retroviruses (PERV), which could potentially infect human cells, from the porcine 

genome first using PK15 cells, an immortalized kidney epithelial cell line (PK15)100 and 

later on using a porcine primary cell line. This allowed for the generation of PERV-

inactivated pigs via somatic cell nuclear transfer.101 Petersen et al. were able to obtain 

biallelic knockouts of GGTA1 gene in three pigs out of six by microinjection of 

CRISPR/Cas9 into zygotes.102 
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With the aim of producing pigs resistant to antibody mediated rejection, further 

xenoantigens were studied and deleted from the pig genome. One of these is the 

Neu5Gc (N-glycolylneuraminic acid) which is not expressed in humans but is found 

on cell surfaces in Old World monkeys. Pigs lacking GGTA1 as well as the gene 

encoding CMAH (cytidine monophosphate-N-acetylneuraminic acid hydroxylase), 

which is responsible for catalyzing the reaction leading to the formation of the 

Neu5Gc antigen, were produced and the cells showed better protection against 

human serum.103 Another porcine xenoantigen, to which humans and non-human 

primates have antibodies, is an immunogenic non-Gal glycan produced by the 

enzymatic activity of the porcine β1,4-N-acetylgalactosaminyltransferase 

(β4GalNT2).104 Pigs with triple knockouts (GGTA1, CMAH and β4GalNT2) were 

produced by Estrada et al. and showed reduced IgM and IgG binding to PBMC 

compared to cells from pigs lacking Gal and Neu5Gc.105 However, the possibility to 

test these pig organs in established pig-to-NHP models is hampered by the 

expression of Neu5Gc – and thus the lack of anti-Neu5Gc – in non-human 

primates.106,107 

 

Anti-inflammatory and antiapoptotic genes to inhibit delayed xenograft rejection were 

also introduced and tested. Heme oxygenase 1 (HO-1) is an enzyme degrading heme 

into iron, carbon monoxide and biliverdin. These degradation products are important 

biologically active compounds contributing to the protection of cells against 

apoptosis, free radical formation and inflammation.108 It has been shown that porcine 

aortic endothelial cells overexpressing human HO-1 are protected against TNF-α-

dependent apoptosis. Furthermore, in an ex vivo kidney perfusion model HO-1 

overexpression increased the survival of transgenic organs compared to non-

transgenic controls.109 Another protein, which has been shown to provide significant 

protection from apoptosis and inflammation by inhibiting NF-kB signaling, is called 

A20 (tumor necrosis factor α-induced protein 3).110,111 The protective effects provided 

by the expression of HO-1 and A20 were confirmed by Fischer et al. which produced 

multitransgenic pigs expressing human HO-1, A20, CD46, CD55 and CD59 genes. 

The multiple xenoprotective transgenes were collocated at a single genomic locus; 
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this permits to avoid segregation when these genes are transmitted to the next 

generation.112 

 

The transgenic modifications mentioned above were directed towards the protection 

of the xenograft from HAR as well as AVR. Strategies to provide protection against 

cellular rejection were also studied. Indeed, following the study by Sullivan and 

colleagues describing the inability of porcine MHC (swine leukocyte antigens, SLA) 

to inhibit lysis by human NK cells, the HLA-E gene was introduced in the pig genome. 

Expression of HLA-E on porcine endothelial cells has been shown to partially protect 

the cells in vitro against NK cell cytotoxicity.113 Furthermore, limb xenoperfusion 

studies, in which amputated pig forelimbs were perfused with human blood, showed 

encouraging results with reduced complement activation, inflammatory cytokines, 

and NK cell infiltration in HLA-E transgenic pigs compared to wild-type controls.114 

Laird et al. as well as Abicht et al. showed that additional expression of HLA-E 

together with GTKO/hCD46 led to a reduced recruitment and activation of NK cells 

after ex vivo perfusions with human blood.115,116 

A recent review by Meier et al. provides a nice overview of the genetic modifications 

available so far as shown here in Table 2. This long list of genetic modifications does 

not assume that all of them must coexist in the pig genome, instead it is important to 

find the right organ-specific combination. 
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Current preclinical survival of xenografts in non-human primate models 

Meier et al. also exhaustively describe the progresses made in solid organ 

xenotransplantation.117 The following table (Table 3) shows recent advances and 

combinations of genetic modifications tested so far. 

 

 

Table 2. Genetically modified pigs available for xenotransplantation117 
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Table 3. Longest survival times of porcine organs in non-human primate recipients 

and respective genetic modifications (modified from Meier et al.117) 

 

Year Organ Recipient Donor (pig) 

Longest 

survival 

(days) 

References 

2014 

2016 

Heterotopic 

heart 
Baboon GTKO/hCD46/hTBM# 

146, 616, 550, 

945 

 

69,118,119  

2018 

2011 

Orthotopic 

heart 
Baboon 

 

hCD46  

or 

GTKO/hCD46/hTBM 

 

 

34, 40, 57, 90, 

180 

 

 

70,120 

2017 Kidney Baboon GTKO/hCD46/CD55/EPCR/TFPI/CD47 

 

260, 237 

 

 

121 

2017 Kidney 
Rhesus 

monkey 
GTKO/hCD55 

 

499 

 

 

68 

2017 Kidney 
Rhesus 

monkey 
GTKO/ B4GALNT2-KO 

 

435 

 

 

122 

2017 Liver Baboon GTKO 

 

5, 8, 25, 29  

 

 

71 

2017 Lung Baboon 

GTKO/hCD46/hvWF 

or 

GTKO/hCD46/hCD47/HO-1/EPCR/hTBM 

or 

GTKO/hCD46/hCD47/hCD55/EPCR/TFPI 

 

 

 

7-9 

 

 

 

 

 

123 

#Abbreviations: GTKO – alpha-galactosyl transferase knockout, hCD46 – human membrane co-

factor protein, hTBM – human thrombomodulin, CD55 – (human) decay accelerating factor, 

EPCR – endothelial protein C receptor, TFPI – tissue factor pathway inhibitor, CD47 – integrin 

associated protein, B4GALNT2-KO – beta 1,4 N-acetyl-galactosaminyl-transferase 1 knockout, 

hvWF – human von Willebrand factor, HO-1 – hemoxygenase-1. 

 

The complement system and its regulation 

Because the vascular endothelium of the xenograft is the first to come in contact with 

the recipient blood, thus with the recipient’s complement, this section will focus on 
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the role of the complement system in graft rejection and will describe strategies to 

overcome its unwanted activation. 

 

Overview of the complement system 

The complement system is an effector mechanism part of the innate immunity. It was 

first identified in 1890s as a heat-labile principle in serum that “complemented” 

antibodies in the killing of bacteria.124 It consists of more than 30 proteins in plasma 

and on cell surfaces. The complement system has three main physiologic activities: 

Early defense against bacterial infections125, it bridges the innate and the adaptive 

immunity126 and it is responsible for the waste disposal, meaning clearance of immune 

complexes as well as apoptotic cells.127 As part of the innate immunity, its role is 

paramount to fight pathogenic invasion. As such the complement system must be 

able to discriminate the self from non-self and it accomplishes this using the ‘missing 

self’ strategy.128,129 Basically, anything not recognized as self is considered non-self 

and destroyed. The three pathways of the complement system are the ways through 

which this discrimination occurs: The classical, the lectin and the alternative 

pathway.(Figure 2124) Each pathways has its own mechanism of activation that results 

in the activation of the central factor C3, followed by common terminal complement 

pathway leading to the formation of the C5b-9 — the membrane attack complex 

(MAC). 

 

The classical pathway 

The classical pathway was the first to be discovered. It begins when antibodies (IgM 

or IgG) recognize and bind to a cell surface antigen and ends with the lysis of the 

target cell. C1, a multimeric complex which comprises C1q, C1r and C1s molecules, 

recognizes and adheres to the antigen-antibody complex bound to pathogenic 

surfaces. The C1q adherence to the Fc region of the IgG or IgM activates C1s and 

C1r. C1s cleaves C4 and C2, resulting in the cleavage of C4 and C2 into C4a, C4b, 

C2a and C2b126,130. The larger fragments (C2a and C4b) build the C4bC2a complex, 

called C3 convertase of the classical pathway. This enzyme cleaves cleave C3 to 

release C3a and C3b. At this point all the different pathways converge. C3b acts as 

an opsonin leading to enhanced phagocytosis and further amplification of the 
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complement activation. The C3b fragment can also adhere to the C3 convertase to 

produce the C4bC2aC3b, the C5 convertase. C5 gets cleaved by the C5 convertase 

leading to the formation of C5a and C5b. C5b binds to the target cell surface followed 

by C6 and C7. C8 and several C9 molecules bind to the C5bC6C7 complex to build 

the MAC. Cell lysis is achieved by the formation of a pore (MAC) into the cell 

membrane. C3a and C5a produced along the cascade are called anaphylatoxins and 

act as chemoattractants for cells such as phagocytes (neutrophils, monocytes) to the 

site of injury or inflammation. 

 

The lectin pathway 

 The lectin pathway functions in a similar way but it is immunoglobulin-independent. 

It employs pattern-recognition receptors (PRR), i.e. mannose-binding lectin (MBL) 

and ficolins, to perform non-self recognition. In contrast to antigen-recognition 

receptors (antibodies or T-cell receptors) which hypothetically can recognize every 

possible antigen thanks to their diversity, PRR specifically scan for highly conserved 

structures expressed in large groups of microorganisms called pathogen-associated 

molecular patterns (PAMPs). MBL, a well characterize receptor of the collectin family, 

is able to bind to carbohydrate moieties on surfaces of pathogens including yeast, 

bacteria, parasites and viruses. Both MBL and Ficolin circulate in the serum in form 

of complexes with MBL-associated proteins (MASPs) which are similar in many 

aspects to C1s and C1r of the classical pathway. Four structurally related MASPs are 

known so far: MASP1, MASP2, MASP3 and a truncated MASP2 called MAP19131. 

Binding to pathogens results in activation of MASP2 which in turns cleaves C4 into 

C4a and C4b. C4b is able to stick to the surface of pathogens and gather C2 to bind 

to it. The C2 is then cleaved by MASP2 and lead to the formation of the C2b and C2a 

fragments. C4b and C2a converge and build the lectin pathway C3 convertase also 

known as C4bC2a The role of the other MASPs is still under investigation although 

MASP1 can cleave C2 but not C4.132. 

 

The alternative pathway 

Carbohydrates, lipids and proteins found on foreign and non-self surfaces are 

responsible for the activation of the alternative pathway. It does not only represent 
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an individual recognition pathway, but also functions as an amplification loop of both 

the classical and lectin pathways. It has been shown in vivo that the alternative 

pathway alone can contribute up to >80% of the total activation induced by either 

pathways.133 C3 is constantly hydrolyzed at a low level (“tick over”) to form C3b, which 

binds to bacteria for instance. Factor B, a protein homologous to C2, is then recruited 

to the cell-bound C3b. Factor D cleaves Factor B resulting in the C3 convertase 

C3bBb. The convertase is stabilized by the presence of plasma properdin which is 

released by activated neutrophils and binds to C3b. Properdin prevents C3b cleavage 

by Factors H and I. The C3bBb represents the core of the amplification loop 

converting C3 into C3b and C3a in a similar way C3 convertase of the classical and 

lectin pathways.  

 

C3 independent pathways 

In addition to the activation by the above-mentioned pathways, complement 

activation products can be generated by immune cells (neutrophils and 

macrophages)134,135 as well as by factors involved in other plasma cascade systems 

such as kallikrein, plasmin, factor XIIa. Thrombin, for instance, has been shown to be 

able to generate C5a in vivo in C3 deficient mice.136 This evidences indicate a strict 

interconnection between the plasma cascade systems. 

 

Regulation of the complement system 

Under physiological conditions, the activation of complement cascade is tightly 

controlled by a series of soluble and membrane-bound complement regulatory 

proteins. Their presence ensures that autologous complement activation is prevented 

protecting host cells from accidental complement attack. Molecular incompatibilities 

between pigs and humans are known to be responsible for the loss of complement 

regulation leading to HAR and AVR episodes. Decay accelerating factors (DAF, CD55) 

and membrane co-factor proteins (MCP, CD46) inhibit complement activation at the 

C3 convertase step, while CD59 prevents formation of MAC. The phlogistic potential 

of both C3a and C5a is quickly reduced by plasma carboxypeptidases which cleaves 

the C-terminal Arginine leading to C3a des-Arg and C5a des-Arg, resulting in a 

reduction of 90% of their biological activity.130 C3b and C4b are quickly inactivated 
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by proteolytic cleavage into fragments iC3b, C3dg, C3c, C4c, C4d by Factor I in the 

presence of cofactors: CD46 and complement receptor 1 (CR1, CD35) and Factor H 

bound to host surfaces. Furthermore, there is a series of serum phase complement 

regulatory factors, which include C1 inhibitor, C4 binding protein, factor H, clusterin 

(apo-J) and S protein (vitronectin). The fluid-phase regulators prevent uncontrolled 

activation of complement in the fluid phase, whereas the membrane-bound 

regulators directly protect the host cell from complement attack.137 
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Figure 2 The complement pathways - Overview of the three different pathways, classical pathway, lectin pathway and 

alternative pathway.124 
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The coagulation system 

Blood coagulation is a vital mechanism responsible for the normal hemostatic 

response to vascular injury. Under physiological circumstances, anticoagulation is 

maintained thanks to the expression of numerous inhibitors on the endothelial 

surface. Coagulation is a dynamic process subjected to a fine and meticulous 

regulation provided by the endothelium, the platelets and the fibrinolytic system. This 

delicate equilibrium is disturbed when the procoagulant activity of the coagulation 

factors is somehow enhanced or the inhibitory capabilities of the inhibitors is 

diminished.  

 

The coagulation system consists of a series of inactive proteins that circulate in the 

blood. The majority of them circulate as precursors of proteolytic enzymes 

(zymogens). They are the core components of the coagulation system that lead to a 

cascade reaction resulting in the final conversion of soluble fibrinogen into insoluble 

fibrin strands. Zymogens undergo a vitamin K dependent post translational 

modification that enables them to bind calcium and other divalent cations and 

participate in clotting cascade.138  

 

The coagulation cascade (fig. 3) is traditionally divided into the intrinsic and extrinsic 

pathways both of them converging at the level of factor X activation. The extrinsic 

pathway, also known as tissue factor pathway, is activated by tissue factor (TF) which 

is expressed by activated EC in the presence of trauma or any vascular insult.139 The 

exposed TF interacts with factor VIIa and calcium to convert factor X into the active 

form Xa.140 The tissue factor-factor VIIa complex also activates factor IX in the intrinsic 

pathway resulting in a positive feedback amplification loop.141,142 The intrinsic 

pathway, also known as contact activation pathway, starts by contact activation of 

factor XII (Hageman factor), high molecular weight kininogen (HMWK) and 

prekallikrein into active factor XIIa. Factor XIIa converts factor XI into the active form 

XIa followed by activation of factors IX and X in the presence of the co-factor VIIIa to 

form the active factor Xa. The extrinsic pathway is believed to play a minor role in 

initiating clot formation as patients with deficiencies of factor XII, HMWK and 

prekallikrein do not experience bleeding disorders.143 Both intrinsic and extrinsic 



 

 23 

pathways share a common pathway that starts with active factor Xa. Factor Xa, in the 

presence of its co-factor (factor V), platelets and calcium for the prothrombinase 

complex which converts prothrombin into thrombin. The generated thrombin in turn 

cleaves soluble fibrinogen into insoluble fibrin and activates factor XIII which 

crosslinks fibrin polymers incorporated in the platelet plug resulting in clot formation. 

 

  
Figure 3 Overview of the coagulation system. 144 
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The vascular endothelium: a key player in rejection 

In a (xeno)transplantation setting the endothelium lies at the interface between the 

recipient’s blood and the transplanted donor organ. EC form the inner layer of blood 

vessels and, when quiescent, they are responsible for the maintenance of an anti-

inflammatory, anti-coagulant and pro-fibrinolytic environment within the vascular 

lumen.145,146 The endothelial surface layer, the glycocalyx, is a brush-like structure 

composed of glycoproteins, proteoglycans and associated glycosaminoglycans. It 

functions as a barrier to transvascular exchange of macromolecules as well as to 

leukocyte adhesion.147,148 Heparan sulfate proteoglycans (HSPG) with a varying 

number of glycosaminoglycan (GAG) side chains (mainly heparan sulfate on EC) 

represents the majority of proteoglycans (50-90%) associated with the endothelium. 

Heparan sulfate, attached to the EC surface, provides anti-oxidant, anti-inflammatory 

and anti-coagulant effects via binding and activation of anti-thrombin III, superoxide 

dismutase, C1 inhibitor and other plasma proteins via their heparin binding 

domain.149-151. In response to inflammatory mediators (interleukins, TNF, C5b-9), the 

endothelium switches to a proinflammatory, procoagulant and anti-fibrinolytic state 

by expressing tissue factor, enhancing prothrombinase assembly, attenuating 

thrombin inhibition as well as overproducing plasminogen activator inhibitor-1 (PAI-

1), an inhibitor of fibrinolysis. These changes are also associated with the secretion 

of cytokines and the increased expression of adhesion molecules, such as E-selectin, 

vascular cell adhesion molecule (VCAM-1) on the endothelium. As mentioned above 

in the chapter describing the rejection mechanisms, this process of profound 

changes is defined as EC activation and it is a prominent feature of rejecting 

xenografts. EC activation can be divided into two phases: An early phase of which is 

independent of protein synthesis (type I EC activation) and a later phase, type II 

activation which is associated with de novo protein synthesis.(Table 4)152 
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Flow and shear stress 

In vivo EC are constantly exposed to shear stress as a consequence of the frictional 

forces created by the blood flow. Hemodynamic forces and chemical signals are 

sensed by the endothelium and influence its functional properties.153,154 Pulsatile or 

steady unidirectional laminar flow stimulate EC production of factors that support 

their survival, quiescence and barrier function and at the same time suppress 

coagulation, leucocyte adhesion/extravasation and proliferation of vascular smooth 

muscle cells.155 In contrast, sustained changes in hemodynamic forces, i.e. perturbed 

flow in atheroprone regions, challenge EC which consequently respond by altering 

Table 4. Classification and biological consequences of endothelial 

cell (EC) activation.152 
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gene expression and cell morphology as well as undergo structural remodeling 

resulting in an increased permeability for plasma macromolecules, increased 

adhesion properties for monocytes and enhanced turnover (proliferation and 

apoptosis).156,157 Mechanotransduction is a process through which EC are able to 

convert mechanical (physical) stimuli into intracellular biochemical mechanisms. 

Mechanosensing molecules present on EC include junctional proteins (VE-cadherin, 

occludin), receptor kinases (vascular endothelial growth factor (VEGF) receptor 

2(VEGFR2) and others), integrins, focal adhesions (FAs), G-proteins, G-protein-

coupled receptors (GPCRs), ion carriers and, last but not least the glycocalyx.157  

 

The endothelial glycocalyx 

The endothelial glycocalyx (EG) has been briefly introduced in the previous sections. 

Here it will be described more in detail since it plays an important role in many crucial 

biological processes such as regulation of blood flow, prevention of coagulation, and 

modulation of inflammatory responses. The presence of this important layer was first 

observed 50 years ago in the microcirculation by perfusing the vasculature with a 

cationic dye (ruthenium red) which bound to the glycated proteins on the endothelial 

surface.158 It is composed of proteoglycans and glycoproteins.159 Its composition and 

thickness fluctuate as it continuously replaces material sheared by flowing plasma. 

160 So far, the observed thickness varies between 0.1 and 4.5 µm.159,161,162 and changes 

throughout the body depending on the vessel type and the local shear stress. The EG 

is overall negatively charged and this is due to the sulfation of the 

glycosaminoglycans (GAG) side chains attached to the membrane bound 

proteoglycans. The net negative charge pushes away negatively charged molecules, 

white blood cells, red blood cells and platelets – essentially because they also carry 

a glycocalyx which is negatively charged.163 

Proteoglycans consist of a core protein with one or more GAG chains linked to it. 

Syndecans and glypicans, two groups of core proteins, have a tight connection to 

the cell membrane through a membrane-spanning domain or a 

glycosylphosphatidylinositol anchor, respectively. Other proteoglycans, like perlecan, 

mimecan and biglycan are secreted after being assembled and modified in their GAG 

chains. The secreted soluble proteoglycans can either stay in the glycocalyx or 
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diffuse into the blood stream. Among the proteoglycans, hyaluronic acid is the only 

one to be synthesized on the cell surface and is not covalently attached to a core 

protein. GAG chains are composed of heparan sulfate, chondroitin sulfate, dermatan 

sulfate, keratan sulfate and hyaluronic acid. Heparan sulfate counts for the 50-90% 

of the total amount of proteoglycans in the glycocalyx.  

 

Glycoproteins acts as adhesion molecules and can be grouped in three families: 

selectins, integrins and immunoglobulins.161 Selectins that are mainly expressed on 

the activated vascular endothelium are E- and P-selectin which are responsible for 

the interaction with leukocytes and EC. Integrins are able to bind to collagen, 

fibronectin and laminin in the subendothelial matrix and play an important role in the 

interaction of platelets with EC. Intercellular adhesion molecules 1 and 2 (ICAM-1 and 

ICAM-2), vascular cell adhesion molecule 1 (VCAM-1) and platelet/endothelial cell 

adhesion molecule 1 (PECAM-1) belong to the immunoglobulin superfamily. These 

are ligands for integrins on leucocytes and platelets and are crucial for their adhesion 

to the endothelium and diapedesis.162 All the known glycoproteins bound to the EG 

have an influence on coagulation, fibrinolysis and hemostasis. 

 

It is well known that shear stress is sensed by the endothelial glycocalyx which 

transmit the hemodynamic forces acting as mechanotransducer and influencing 

vascular remodeling.164 It has been shown that human umbilical vein endothelial cells 

under shear stress doubled their amount of hyaluronic acid in the glycocalyx and this 

could be a mechanism to control shear.165 When the endothelial glycocalyx is 

degraded, for instance in atheroprone vessel regions, it deregulates vascular tone, by 

causing EC to lose their expression of endothelial nitric oxide synthase, antithrombin-

III, superoxide dismutase and other important plasma proteins. Damage to the EG 

compromises these mechanisms and the response of the endothelium to shear 

stress. Treatment of EC with degrading enzymes such as heparanases led to the loss 

of response to shear stress suggesting a role of the glycocalyx in 

mechanotransduction.163 
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Different important factors can bind to the glycocalyx through their heparin binding 

domain (Figure 4).166 For instance, antithrombin III, the thrombin inhibitor and activator 

of factors IX and X, binds to heparan sulfate and this enhances its anti-coagulant 

activity. The presence of plasma proteins on the glycocalyx supports the 

thromboresistant and antiflogistic nature of the healthy endothelium. Superoxide 

dismutase is also bound to the glycocalyx contributing to reduce the oxidative stress 

and to maintain nitric oxide bioavailability to prevent endothelial dysfunction. 
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Figure 4 Schematic representation of the endothelial glycocalyx. Panel A shows the situation of a healthy 

quiescent endothelium with an intact glycocalyx and plasma proteins bound to it. Panel B shows the shedding 

of the glycocalyx with consequent loss of plasma proteins which expose the endothelial surface.  Adapted from: 

Myburgh JA, Mythen MG. Resuscitation fluids. N Engl J Med 2013; 369 (13): 1243-51.(7) 
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Microfluidic system 

Culturing cells using microfluidic systems is becoming more and more common 

nowadays. Microfluidics describes the science and technology of systems that use a 

small amount of fluids (in the order of µL, nL or pL) and work with channels in a range 

of tens to hundreds of micrometers. Microfluidics allows to create a 

microenvironment that is closer to the in vivo natural environment that cells are used 

to experience.  

 

Polydimethylsiloxane (PDMS) is a widely used polymer for the fabrication of 

microfluidic chips and it brings several advantages. It has a high flexibility, is 

convenient (cost-effective), and allows the design of complex microfluidic systems. 

Furthermore, it is optically clear which allows real-time, high-resolution optical 

imaging, it can be polymerized and cross-linked (cured) to form a solid PDMS 

structure and it is permeable enough to gas167 which makes it suitable for on-chip 

cells culture.168  

 

Standard in vitro culture systems hardly mimic the physiological architecture of 

human organs or vessels. Microfluidic systems allow reproducing designs that are 

similar to the complex structures of human organs and vessels. It is possible to 

design microfluidic systems as perfusion systems. Medium will continuously flow 

through the system and this setup allows the removal of waste products and supplies 

the cells with fresh medium. 

 

Moving cells from a macroscopic culture environment to a microscopic culture is a 

big change. Most of the culturing protocols are designed for macroscopic system 

and need therefore revision or extensive trials on the microscale culture system. 

On Macroscale cell culture level, oxygen and CO2 diffuses from the air inside of the 

incubator into the culture medium and provide enough supply of oxygen for cell 

growth and proliferation, as well as CO2 for medium buffering. It is crucial to control 

the levels of oxygen and CO2 in microscale cell culturing because even minor changes 

have a huge impact on the condition of the cells because of the lower cell-to-media 
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ratio. Aerobic respiration and buffering of the medium pH is necessary and can be 

affected by low levels of CO2 and O2. 

Macroscopic cell cultures usually have medium unmoved and in excess to ensure a 

high amount of nutrients for the culture to feed over several days. Microscale systems 

rely on a regular exchange of medium to provide enough nutrients for the number of 

cells because, like mentioned above, the cell surface-to-volume ratio is lower. 
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Hypothesis and Aim of the thesis 

The overall aim of this thesis is to provide both basic fundamental research as well 

as important pre-clinical data which can support the clinical application of 

xenotransplantation. The specific aims are summarized below and follow the order of 

the publications reported in the results section.  

 

1. The study of anti-inflammatory and anticoagulant properties of EC in vitro is 

fundamental not only in xenotransplantation research but also in other clinical 

conditions. Current in vitro models for the study of whole blood coagulation share 

the common limitation of using anticoagulants and overlook the important 

physiological anti-coagulant contribution of quiescent EC. The first aim was to 

provide a detailed and standardized methodology for the assessment of the anti-

inflammatory and anti-coagulant properties of EC by using whole non-

anticoagulated blood.  

 

2. Reliable and high-throughput in vitro models mimicking the microenvironment 

present in vivo are required both to reduce avoidable animal experimentation (3R 

regulations: reduce, replace and refine) as well as to assess the hypothetical 

effects of transgenes before transgenic pigs are actually produced and pre-

clinical pig-to-baboon xenotransplantation experiments are performed. Thus, the 

present study aimed at developing a novel in vitro 3D microfluidic model which 

include important parameters such as fluid flow, shear stress, recirculation. 

 

3. Detailed experimental protocols are often missing in the scientific literature. A 

book chapter dedicated to 3D cell culture models for the assessment of 

endothelial cell function in xenotransplantation aims to provide the scientific 

community with a detailed and standardized protocol allowing the reproducibility 

of our state-of-the-art assays in 3D cell culture. 

 

4. When hyperacute rejection is overcome by genetic manipulation of the donor or 

by complement inhibition, other mechanisms leading to acute vascular rejection 

play a crucial role in xenograft survival. Particularly NK cells-mediated graft 
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damage cannot be avoided using organs from GTKO/hCD46 pigs. NK cell 

activation is prevented by the binding of inhibitory NK receptors to MHC class I 

antigens on healthy, autologous cells. Porcine cells lack the human leucocyte 

antigen E (HLA-E) and are therefore recognized as ‘dangerous’ by human NK cells 

and lysed. Transgenic (over)expression of HLA-E on porcine endothelial cells 

might help to improve the xenograft survival. In this study, the potential of a 

combined overexpression of human CD46 and HLA-E to prevent both 

complement- and NK cell-mediated rejection was tested in an ex vivo perfusion 

system of pig limbs with human blood. 

 

5. Following the rationale provided under aim 3 this study aims to assess the 

potential of a combined overexpression of hCD46/HLA-E to prevent both 

complement- and NK cell-mediated xenograft rejection in a pig-to-human ex vivo 

cardiac xenoperfusion model. 

 

6. Heart transplantation is still the treatment of choice for patients with terminal 

cardiac failure, but the need for donated human organs far exceeds supply and 

alternatives are urgently required. Genetically multi-modified pig hearts lacking α

Gal epitopes (GTKO) and expressing human membrane cofactor protein (hCD46) 

and human thrombomodulin (hTM) have survived for up to 945 days (median 298 

days) after heterotopic abdominal transplantation in baboons. 69 However, the 

maximum survival of an orthotopic life-supporting porcine xeno-heart is so far 

only 57 days and this was achieved only once. This study aims to prolong the 

survival of baboons transplanted with GTKO/hCD46/hTM pig hearts. 
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Paper I 

Assessment of the Anticoagulant and Anti-inflammatory Properties of 

Endothelial Cells Using 3D Cell Culture and Non-anticoagulated Whole Blood. 

 

Riccardo Sfriso, Anjan Bongoni, Yara Banz, Nikolai Klymiuk, Eckhard Wolf, Robert Rieben  

 

Status: Published in Journal of Visualized Experiments, 2017 May 9 (127), e56227 

 

Contribution: All experiments and graphs were performed and made by Riccardo 

Sfriso. 

 

Background: Culturing endothelial cells on the surface of microcarrier beads allows 

to increase the endothelial surface allowing to explore their natural anticoagulant 

properties without the necessity of anticoagulants. 

 

Aim: To provide a detailed video-protocol through 

which the effects of advanced genetic modifications 

on porcine endothelial cells can be tested using 

whole non-anticoagulated human blood. 

 

Conclusion: The in vitro model successfully 

provided interesting data on the capability of 

transgenic cells to prolong the clotting time of 

human blood. 

  
Figure: Confocal image of EC coated 

microcarrier beads. CD31 staining showing the 

membrane of EC (red). Nuceli are stained with 

DAPI (blue). 
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Paper II 

3D artificial round section micro-vessels to investigate endothelial cells under 

physiological flow conditions. 

 

Riccardo Sfriso, Shengye Zhang, Colette Andrea Bichsel, Oliver Steck, Alain Despont, Olivier Thierry 

Guenat & Robert Rieben 

 

Status: Published in Nature Scientific Reports, 2018 April 12; 8:5898 

 

Contribution: Figure 1, figure 3, figure 4, figure 6, figure 7, figure 8, and all the 

supplementary data.  

 

Background: In vivo endothelial cells, the cell type lining the luminal side of blood 

vessels, live in a 3D microenvironment and experience shear stress caused by the 

flowing blood. According to the 3R regulations (reduce, replace and refine animal 

experimentation) we developed a closed circuit microfluidic in vitro system in which 

endothelial cells are cultured in 3D round section microchannels and subjected to 

physiological, pulsatile flow. 

 

Aim: To establish an in vitro model able to mimic 

as close as possible the in vivo situation where 

endothelial cells grown in artificial cylindrical 

microchannels experience pulsatile laminar flow 

and shear stress. 

 

Conclusion: The microfluidic in vitro system 

revealed to be able to reproduce the structure of 

a 3D microvessel formed by a monolayer of 

elongated endothelial cells. Furthermore, we 

provided interesting data on the feasibility of 

drug testing. 

  

Figure: Complement activation fragments (C3b/c 

and C4b/c) deposited on porcine cells after 

perfusion with allogeneic porcine serum. 
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Paper III (Book Chapter) 

3D cell culture models for the assessment of anticoagulant and anti-

inflammatory properties of endothelial cells 

Riccardo Sfriso, Robert Rieben 

 

Status: Accepted for publication in Methods in Molecular Biology, published by 

Springer Nature. 

 

Contribution: Written the book and contributed to the development of the in vitro 

microfluidic assay. 

 

Aim: The aim of the present book chapter is to provide detailed protocols of state-

of-the-art 3D cell culture in vitro models to study EC function in xenotransplantation 

setting. 

 

 

Figure: 3D rendering (Imaris software) of EC coated microchannel. The endothelial cells are stained for VE-

cadherin (green) and the nuclei are stained with DAPI (blue).  
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Abstract  

Endothelial cells (EC) play a crucial role in the pathophysiology of cardiovascular diseases, 

ischemia/reperfusion injury and graft rejection in (xeno-)transplantation. In such non-physiological 

conditions EC are known to lose their quiescent phenotype and switch into an actively pro-

inflammatory, pro-coagulant and anti-fibrinolytic state. This happens essentially because the 

endothelial glycocalyx – a layer of proteoglycans and glycoproteins covering the luminal surface of 

the endothelium – is shed. Heparan sulfate, one of the main components of the endothelial 

glycocalyx, contributes to its negative charge. In addition, many plasma proteins such as 

antithrombin III, superoxide dismutase, C1 inhibitor as well as growth factors and cytokines bind to 

heparan sulfate and by this contribute to the establishment of an anticoagulant and anti-

inflammatory endothelial surface. Shedding of the glycocalyx results in a loss of plasma proteins 

from the endothelial surface and this causes the switch in phenotype. Particularly in 

xenotransplantation, both hyperacute and acute vascular rejection are characterized by coagulation 

dysregulation, a situation in which EC are the main players. 

Since many years EC have been used in vitro in 2D flatbed cell culture models, with or without the 

application of shear stress. Such models have also been used to assess the effect of human 

transgenes on complement- and coagulation-mediated damage of porcine EC in the context of 

xenotransplantation. The methods described in this chapter include the analysis of endothelial cell-

blood interactions without the necessity of using anticoagulants as the increased EC surface-to 

volume ratio allows for natural anticoagulation of blood. Furthermore, the chapter contains the 

description of a novel microfluidic in vitro model carrying important features of small blood vessels, 

such as a 3D round-section geometry, shear stress, and pulsatile flow – all this in a closed circuit, 

recirculating system aiming at reproducing closely the in vivo situation in small vessels. 

 

Key Words 3D cell culture, Coagulation, Complement, Endothelial cells, Genetic modifications, 

Microcarrier beads, Microfluidics, Vascular biology, Xenotransplantation 
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1. Introduction  

The endothelium consists of a monolayer of endothelial cells (EC) which constitute the inner lining of 

blood vessels. Given their location, EC are directly in contact with blood and circulating cells. Blood 

fluidity, the vascular tone and platelet aggregation are all actively regulated by EC which carry also a 

physical semi-selective barrier function and are responsible for the maintenance of blood vessel 

homeostasis by surface expression and secretion of different key molecules (1, 2). The endothelial 

glycocalyx – a carbohydrate-rich layer covering the endothelial surface – serves several functions 

acting as a mechanotransducer and influencing blood-EC interactions (3).  

EC activation is characterized by a change of the endothelial phenotype which loses its anti-

inflammatory, anticoagulant and pro-fibrinolytic features as a consequence of endothelial glycocalyx 

shedding. Coagulation dysregulation is a hallmark of acute vascular rejection in xenotransplantation, 

leading to thrombotic microangiopathy as well as systemic consumptive coagulopathy which 

culminate in organ failure (4). This is mainly due to genetic differences between the donor and 

recipient.  

Recent developments in genetic engineering techniques (CRISPR-Cas9) paved the way to quick and 

efficient production of new, multi-transgenic source pigs (over)expressing human regulators of both 

the complement and coagulation systems (5). The effects of different combinations of transgenes 

and knockouts in preventing rejection need to be tested before pre-clinical pig to non-human 

primate xenotransplantation experiments are performed. Since the graft endothelium is the first site 

in contact with the recipient blood, many in vitro models use porcine endothelial cells to analyze the 

effect of human transgenes on complement and coagulation. However, the majority of in vitro 

experiments involving EC are still carried out in flat bed tissue culture systems, which are far from 

the physiological environment of EC and have only limited validity for the assessment of the 

anticoagulant, anti-inflammatory and pro-fibrinolytic functions of EC. We therefore developed a 3D 

cell culture model of EC on microcarrier beads, in which the increased cell surface-to-volume ratio 

allows for the study of the natural anticoagulant properties of EC (6, 7). In addition, culturing of 

porcine EC on the inner surface of cylindrical microchannels (Fig. 1) and exposing them to pulsatile 

flow of cell culture medium (or human serum/plasma during the experiments) allows to assess the 

function of anticoagulant and anti-inflammatory properties of the EC under near-natural conditions.  
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This chapter focuses on the description of 3D cell culture techniques to assess anti-coagulant and 

anti-inflammatory properties of EC. It does not directly cover techniques for measuring coagulation 

markers in blood samples since most of them have been extensively described in the previous book 

by Bulato C. et al (8). However, the whole blood collected after incubation of EC coated microcarrier 

beads as well as the perfusate (plasma) collected from the microfluidic system can be easily 

analyzed to detect coagulation activation markers such as thrombin-antithrombin complex (TAT), 

prothrombin fragments (F1+F2) as well as tPA-PAI-1 complexes using commercial ELISA kits. 
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2. Materials 

2.1 Microcarrier bead assay 

2.1.1 Coating of microcarrier beads  

The following materials must be of cell culture grade. A cell culture laminar flow hood is required. 

1. Microcarrier beads (Biosilon, polystyrene beads with a diameter of 160-300 µm, a density of 1.05 

g/cm3 and carry a negative surface charge). 

2. Ultra-pure water. 

3. 0.2% acetic acid solution (prepared in a 50 mL falcon tube by adding 57 µl of acetic acid (60.05 

g/mol) in 50 mL of sterile ultrapure water). 

4. 100 µg/mL bovine collagen I in 0.2% acetic acid. 

5. Phosphate-buffered saline (PBS): 137 mM NaCl, 2.6 mM KCl, 8 mM Na2HPO4, 1.4 mM KH2PO4, 

pH 7.4. 

6. Medium 199 

7. Endothelial cell growth medium supplement mix and 25 µL of heparin (5000 IU/mL). 

2.1.2 Collecting cells 

The following materials must be of cell culture grade. A cell culture laminar flow hood is required. 

8. Subconfluent (85-90%) T175 flask with EC. 

9. PBS 1X at 37°C.  

10. Trypsin-0.05% EDTA. 

11. Cell culture incubator at 37°C with 5% CO2 in a humid atmosphere.  

12. Medium 199 supplemented with 10% FBS, 1% penicillin/streptomycin, 0.4% endothelial cell 

growth medium supplement mix. 

13. 50 mL falcon tube. 

2.1.3 Seeding cells into the spinner flask 

The following materials must be of cell culture grade. A cell culture laminar flow hood is required. 

14. Subconfluent (85-90%) T175 flask with EC. 

15. 500 mL spinner flasks. 

16. 10 mL and 25 mL serological pipettes. 
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17. Medium 199  

18. Colorless RPMI medium supplemented with 10% FBS, 1% penicillin/streptomycin, 1% L-

glutamine, 0.4% endothelial cell growth medium supplement mix and 25 µL of heparin. 

2.1.4 Confluence verification 

The following materials do not need to be of cell culture grade unless otherwise specified. 

19. 200 µL pipette. 

20. PBS 1x at room temperature. 

21. Fixative: Parapicric acid. 

22. Nuclear labeling solution: 1 μg/ mL of 4,6’-diamidino-2-phenylindole (DAPI) in PBS 1x. 

23. Glass slides. 

24. Mounting media (Glycergel). 

25. Confocal microscope. 

2.1.5 Experimental procedure 

26. 10 mL serological pipette and pipetboy. 

27. Colorless RPMI not supplemented. 

2.1.6 Incubation with non-anticoagulated blood 

28. Butterfly sterile syringe needle. 

29. 9 mL neutral polypropylene tubes (see Note 1). 

30. 10 mL sterile serological pipette. 

31. 12 mL polypropylene tubes. 

32. Parafilm. 

33. Horizontal tilting table. 

34. 37°C incubator. 

35. Timer. 

36. 2 mL tubes for serum/plasma collection. 

2.1.7 Immunofluorescence staining of EC-coated microcarrier beads 

37. PBS at room temperature. 

38. PBS containing 3% BSA. 
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39. Fixative: Parapicric acid. 

40. Antibody dilution buffer: 1% BSA in PBS (see Note 2). 

41. 1 μg/ mL of 4,6’-diamidino-2-phenylindole (DAPI) in PBS. 

42. Mounting medium: Glycergel. 

43. Microscope slides (26×76 mm) and sterile coverslips. 

44. Confocal microscope. 

2.2 Microfluidic Model 

2.2.1 Microfluidic chip preparation  

1. PDMS silicon elastomer. 

2. Curing agent. 

3. Ø 90mm Petri Dish. 

4. Supporting needles (Ø 120µm). 

5. Mold needles (Ø 550µm). 

6. Vacuum chamber. 

7. 60°C incubator. 

8. Ø 2mm biopsy punch. 

9. Scalpel. 

2.2.2  PDMS-glass bonding 

10. Scotch tape. 

11. Plasma oxygen cleaner. 

12. 100% Isopropanol. 

13. Soap water. 

14. Ultrapure water. 

15. Nitrogen gun. 

16. Glass slides (24x60mm). 
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2.2.3 Coating of microchannels 

The following materials must be of cell culture grade. A cell culture laminar flow hood is required. 

1. Ultrapure water. 

2. 5% (3-Aminopropyl)triethoxysilane (APTES) (prepared by adding 250 µL of APTES to 4.75 mL of 

ultrapure water, corresponding to a 1:20 dilution, in a 5 mL tube and mixing well). 

3. 0.1% glutaraldehyde in ultrapure water (prepared by diluting 40 µL of the 25% glutaraldehyde 

stock solution in 9’960 µL of ultrapure water, corresponding to a 1:250 dilution). 

4. 15 mL falcon tubes. 

5. 50 µg/mL human fibronectin in PBS (dilute 75 µL of the 1mg/mL fibronectin stock solution in 1425 

µL of sterile PBS 1x). The volume of this solution is calculated for the coating of 4 microchannels. 

Please adjust the volume accordingly if more microchannels need to be coated. 

6. 100 µg/mL bovine collagen I in 0.2% acetic acid. 

7. DMEM Glutamax supplemented with 10% FBS, 1% penicillin/streptomycin, 0.4% endothelial cell 

growth medium supplement mix. 

2.2.4 Cell seeding 

The following materials must be of cell culture grade. A cell culture laminar flow hood is required. 

17. DMEM Glutamax supplemented with 10% FBS, 1% penicillin/streptomycin, 0.4% endothelial cell 

growth medium supplement mix and 4% dextran. 

18. Subconfluent (85-90%) T75 flask with EC. 

19. Trypsin-0.05% EDTA. 

20. Phosphate-buffered saline (PBS): 137 mM NaCl, 2.6 mM KCl, 8 mM Na2HPO4, 1.4 mM 

KH2PO4, pH 7.4. 

2.2.5 Peristaltic pump connection 

The following materials must be of cell culture grade. A cell culture laminar flow hood is required. 

21. Peristaltic pump. 

22. Silicon extension tubings (inner diameter 1 mm). 

23. Silicon pump head tubings with stoppers (Gilson). 

24. Adapters (Bio-Rad). 
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25. Autoclaved ultra pure water. 

26. Autoclaved PBS 1x. 

27. DMEM Glutamax supplemented with 10% FBS, 1% penicillin/streptomycin, 0.4% endothelial cell 

growth medium supplement mix and 4% dextran. 

15 mL falcon tubes (reservoir tubes) with two holes in the cap (Ø 2mm made with a driller). 
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3. Methods 

Carry out all procedures under cell culture laminar flow hood unless otherwise specified. 

3.1 Microcarrier bead assay ([6]) 

3.1.1 Coating of microcarrier beads 

28. Mix 7 mL of microcarrier beads with 42 mL of the 100 μg/mL collagen solution in a 50 mL tube 

and incubate for 1 h at room temperature. 

29. Wash beads two times with 25 mL of PBS pH 7.4 (add 25 mL of PBS, mix well with the pipet and 

wait until the beads are settled down then discard the supernatant and repeat) and one time with 

25 mL of medium 199. 

30. Cover the beads in the 50 mL tube with 10 mL of the supplemented medium 199 and allow 

equilibration for 10 min before further use. 

3.1.2 Collecting cells 

31. Remove the cell culture medium from the T175 flask containing PAEC and add 5 mL of PBS. 

32. Remove PBS from the T175 flask. 

33. Add 5 mL of Trypsin-0.05% EDTA and incubate for 3-4 min at 37 °C. 

34. Collect the cells by rinsing the flask with 15 mL of cell culture medium and transfer the suspension 

to a 50 mL tube. 

35. Centrifuge cells at 1200 ´ g for 8 min at room temperature, remove excess medium and resuspend 

the pellet in 5 mL of cell culture medium. 

3.1.3  Seeding cells into the spinner flask 

36. Add 20 mL of cell culture medium to the cell suspension and resuspend. 

37. Add 20 mL of cell culture medium (w/o cells) into the 500 mL magnetic spinner flask. 

38. Add the cells to the washed microcarrier beads and mix carefully with a 25 mL serological pipette. 

39. Transfer the beads/cell mixture into the magnetic spinner flask. 

40. Rinse the 50 mL tube with 10 mL of cell culture medium to collect the remaining cells. 

41. Add an additional 85 mL of cell culture medium into the spinner flask and place it into the incubator 

overnight at 37 °C on a shaker (100 ´ g, mixing interval: 3 min every 45 min). 
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42. Add 50 mL of cell culture medium (total volume 200 mL) and continue stirring for an additional 24 

h at 37 °C on a shaker (100 ´ g, mixing interval: 3 min every 45 min). 

43. Add the colorless supplemented RPMI medium up to 320 mL of total volume. 

44. Replace the medium every 48 h: Remove 100 mL of old medium and add 100 mL of fresh 

supplemented colorless RPMI. 

45. Culture the cells for 5 to 7 days. The time depends on the confluence state of the cell-coated 

beads. 

3.1.4  Confluence verification 

46. Collect 200 μL of cell-coated beads using a pipette and transfer them into a polypropylene tube 

(see Note 3). 

47. Wash the beads 3 times with 600 μL of PBS (add PBS, tilt the tube and mix gently to avoid 

detachment of the cells from the beads, wait for the beads to settle down, discard the PBS and 

repeat). 

48. Fix the beads for 10 min by adding 200 μL of parapicric acid. 

49. Wash 3 times with 600 μL of PBS as in step 2. 

50. Add DAPI diluted in PBS and incubate for 10 min. 

51. Transfer the beads on a glass slide and apply a coverslip using glycerol based mounting medium 

(see Note 4). 

52. Visualize the beads under a confocal microscope. (Fig. 2) 

3.1.5 Experimental procedure 

53. Remove the cell-coated beads from the magnetic spinner flask with a 10 mL serological pipette 

and transfer them into 12 mL round-bottom polypropylene tubes. 

54. Let the beads settle down (around 1-2 mins) and remove excess medium. 

55. Add more beads to the tubes until every tube contains exactly 2 mL of beads (see Note 5). 

56. Add 5 mL of clear RPMI to each tube and mix carefully using a 10 mL serological pipette. 

57. Let the beads settle down and remove excess medium. 

58. Repeat the washing procedure one more time with RPMI and remove all excess medium. 
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3.1.6 Incubation with non-anticoagulated blood 

59. Carefully and slowly (using neither jet nor vacutainers) draw blood from a healthy volunteer and 

collect it in 9 mL neutral polypropylene tubes (without anticoagulant). 

60. Slowly transfer 8 mL of blood with a 10 mL serological pipette into each of the polypropylene tubes 

containing 2 mL of cell-coated beads (the total volume will be 10 mL). Always avoid rough handling 

of blood or beads to avoid premature EC activation. The procedure takes 1- 2 min. 

61. Carefully tilt the blood/bead mixture to ensure equal mixing and seal the cap with paraffin film. 

62. Place the tubes on a horizontal tilting table (with gentle tilting settings only) inside a 37 °C incubator 

and record clotting times. 

63. At set time intervals, e.g. after 10, 20, 30, 50, 70, 90 min, remove 1.5 - 2 mL of blood-bead mixture 

for serum or plasma analysis (see Note 6). 

64. For collection of serum, leave the blood to coagulate (see Note 7). To collect the plasma, add 

EDTA or citrate to 2 mL tubes before adding blood samples. 

3.1.7 Immunofluorescence staining of EC-coated microcarrier beads 

1.  Collect 200 μL of cell-coated beads using a pipette and transfer them into a polypropylene tube 

(see Note 3). 

2. Wash the beads 3 times with 600 μL of PBS (add PBS, tilt the tube and mix gently to avoid 

detachment of the cells from the beads, wait for the beads to settle down, discard the PBS and 

repeat). 

3. Fix the beads for 10 min by adding 200 μL of parapicric acid. 

4. Wash 3 times with 600 μL of PBS as in step 2. 

5. Block using 600 µL of PBS-3% BSA for 30 min at room temperature. 

6. Add primary antibodies diluted in PBS-1%BSA and incubate for 1 h at room temperature. 

7. Wash 3 times with 600 μL of PBS as in step 2. 

8. Add fluorescent secondary antibodies diluted in PBS-1% BSA and incubate for 1 h at room 

temperature. 

9. Wash 3 times with 600 μL of PBS as in step 2. 

10. Add DAPI diluted in PBS and incubate for 10 min. 

11. Wash 3 times with 600 μL of PBS as in step 2. 



Functional analysis of endothelial cells in 3D culture 
 

 
 91 

12. Transfer the beads on a glass slide and apply a coverslip using glycerol based mounting medium 

(see Note 4). 

13. Visualize the beads under a confocal microscope. 

3.2 Microfluidic Model  

3.2.1 Microfluidic chip preparation 

1. Mix silicon elastomer and curing agent in proportion 10:1 (see Note 8). 

2. Mix well the two components with a plastic spoon for 3 - 5 min. 

3. Apply vacuum to remove air bubbles. 

4. Clean the needles (Ø 550 µm and Ø 120 µm) with isopropanol and leave them to dry on a tissue. 

5. Transfer liquid PDMS into a Petri dish (Ø 90 mm, see Note 9) and vacuum it to remove further 

air bubbles. 

6. Place support needles (Ø 120 µm) on the bottom of the Petri dish. 

7. Place mold needles (Ø 550 µm) orthogonally on top of support needles (Figure 3) 

8. Carefully transfer the Petri dish into the incubator (60°C). 

9. Cure overnight at 60°C. 

10. Remove the solidified PDMS and cut four equal chips. 

11. Remove the needles with forceps (Ø 550 µm and Ø 120 µm). Store the 550-µm needles 

(reusable) and discard the small needles. 

12. Punch holes, distance 1 cm (use a ruler), as inlets and outlets using a Ø 2.0 mm biopsy 

puncher. 

13. Seal the side holes left by the needles with liquid PDMS (see Note 10). 

14. Cure at 60°C for at least 2 h. 

15. Chips can be stored at this point, tape the structures to protect them from dust. 

3.2.2 PDMS-glass bonding (Figure 4) 

1. Cut a chip in four parts with a scalpel. Every single part must contain a microchannel. 

2. Tape a PDMS chip with scotch tape on the bottom side while keeping the channel side on top 

and leave a small space between the channels. 

3. Clean a glass slide with 70% Ethanol, soap water and rinse with ultrapure water. 



Functional analysis of endothelial cells in 3D culture 
 

 
 92 

4. Dry the glass slide with a nitrogen gun (see Note 11). 

5. Place PDMS-chip & glass slide into the oxygen plasma cleaner. 

6. Turn on the oxygen tank, the pressure Indicator, the plasma cleaner and the vacuum pump. 

7. Wait the pressure decreases until ca. 300 mTorr, turn the O2 valve into position. 

8. Wait until the pressure stabilizes at ca. 650 mTorr. 

9. Turn on plasma to a high level for glass-PDMS bonding. Leave 3 min under oxygen plasma. 

10. Open the valve to let the pressure normalize by room air (see Note 12). 

11. Place the PDMS chip in the center of the glass slide and gently press them together to allow a 

covalent bonding formation. 

3.2.3 Coating of microchannels (Figure 5) 

1. After oxygen-plasma bonding, modify the PDMS surface immediately by filling the 

microchannels with 5% APTES (the shorter the time between plasma oxygen treatment and 

APTES, the more APTES-groups will bind to the surface), and leave 20 min (see Note 13). 

2. Wash channels 3 times with distilled water. 

3. Replace the water with 0.1% glutaraldehyde 3 times. Leave it for 30 min. 

4. Wash 3 times with distilled water. 

5. Replace the water with 50 µg/mL fibronectin (3 times), incubate 60 min at 37°C, or place it in the 

laminar flow overnight at room temperature under UV light.  

6. Fill the channels with the 100 µg/mL collagen-I solution (3 times) and leave it in the laminar flow 

at room temperature for 1.5 h. 

7. Add cell culture medium and place the Petri dish with the chip in the 37°C incubator for 30 min 

or longer before cell seeding. 

3.2.4 Cell seeding 

1. Harvest the cells of interest and adjust cell density at 106 /mL by adding cell culture medium 

supplemented with dextran (4% final dextran concentration).  

2. Inject 106 cells/mL into the channels from both ends using 200 µL pipette (make sure using a 

single cell suspension, avoid cell clumps!). 

3. Place the microfluidic chip upside down in the incubator and leave it for 15 min. The cells 

should have enough time to attach to the surface (block the glass slide with a tape to the Petri 
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dish). 

4. Aspirate the unattached cells and add new cells. Incubate the microfluidic chip upright for 30 

minutes. 

5. Verify cell attachment using a microscope. 

6. Wash the channels with 4% dextran medium to get rid of unattached cells. 

7. Wait until the cells are confluent (normally the next day) and change the medium regularly (every 

2 hours). 

3.2.5 Peristaltic pump connection (4 channels) 

1. Connect the peristaltic pump only when the endothelial cells are confluent. 

2. Flush tubings with 30 mL of autoclaved ultrapure water then with 30 mL of autoclaved PBS. 

3. Check the tubings for leakage and continue flushing with 20 mL 4% dextran medium. 

4. Be sure that the medium runs through all the channels with the same speed. If not, adjust the 

flow with the screws on the back of the pump. 

5. Fill 15 mL falcon tubes (reservoir tubes) with 10 mL of 4% dextran medium and insert the inlet 

and outlet of the tubings through the cap. Adjust the inlet at the level of 8 ml and the outlet at 2 

mL so that mixing of the medium is ensured. 

6. Insert the ends with the adapters in the inlet and outlet of the microchannels. 

7. Start the pump at 7 rpm (flow 600 µL/min). 

8. Increase to desired rpm or leave the cells at 7 rpm. 

9. Keep the desired rpm for 48 h or longer if you change medium reservoir every 2 days. 

 

4. Notes 

1. For example Sarstedt blood collection system – do not use open systems to reduce blood-air 

contact and don’t use vacutainers because of blood activation due to formation of a blood jet. 

2. Always use fresh PBS - 1% BSA solution for antibody dilution. Since it does not contain antibiotics 

contamination may occur if stored for long time. 

3. Carefully pipet and handle the cell coated microbeads to avoid cell detachment and/or activation. 

4. Use a tissue to absorb excess PBS after pipetting the microbeads on the glass slide. Afterwards 

apply the mounting medium and place the coverslip without applying excessive pressure. 
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5. Pipet the cell-coated microbeads carefully into the polypropylene tubes without stirring them to 

prevent cell detachment. 

6. For 6 time points we suggest having at least 3 replicates within each group of cells, as the blood 

sampling will be done in different tubes. 

7. Appropriate collection of serum samples is necessary to prevent complement degradation. The 

blood must be allowed to coagulate at room temperature for 30 minutes. Immediately after 

placing the tubes in a 4°C centrifuge and centrifuging the samples at 2000 ´ g for 10 minutes. 

After centrifugation, place the tubes on ice and collect the serum in 1.5 mL tubes and store them 

immediately at -80°C for further analysis. 

8. Example for 1 Petri dish (4 microchips): 35 g of silicon elastomer, 3.5 g of curing agent. 

9. Use a nitrogen gun to clean the surface of the Petri dish before pouring the PDMS. 

10. Prepare 5 g of PDMS: 5 g of silicon elastomer, 0.5 g of curing agent.  

11. Clean the glass slide carefully and extensively. If not properly cleaned, a good bonding cannot be 

achieved and the microchannels will leak. 

12. Slowly open the valve letting the pressure to normalize. Avoid opening the valve too fast, the 

microchips and the glass slides might be blown against the walls of the plasma oxygen cleaner 

chamber. After oxygen plasma treatment, the PDMS and the glass slide are strongly reactive and 

if they come in contact with other surfaces inside the chamber they could stick to them. 

13. Fill the microchannel by pipetting the solution on the inlet until it reaches the outlet. Remove the 

excess solution from the outlet with a pipet paying attention not to dry the channel. Add more 

solution on the inlet and repeat the partial removal from the outlet two times more. This step has 

to be followed throughout the whole coating protocol. 
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6. Figure Captions 

Fig. 1. Confocal images of EC coated microchannels. (a) 3D rendering of the 120 µm round section 

channel. EC monolayer was stained for VE-cadherin (green) and F-Actin (red). Nuclei were stained 

with DAPI (blue). (b) 3D z-stack of the 550 µm round section channel. EC monolayer was stained for 

VE-cadherin (green). Nuclei were stained with DAPI (blue). (c) 3D rendering of the 550 µm round 

section channel, detail. EC were stained or VE-cadherin (green). Nuclei were stained with DAPI 

(blue). 

Fig. 2. Confluence verification of endothelial cells grown on microcarrier beads. Confocal 

microscopy picture of endothelial cell nuclei (stained with DAPI, blue) after 7 days of culture. 



Functional analysis of endothelial cells in 3D culture 
 

 
 96 

Fig. 3. Position of supporting needles and mold needles. 

Fig. 4. Schematic representation of the bonding procedure. The plasma oxygen treatment removes 

hydrocarbon groups (CxHy) leaving behind silanol groups on the PDMS and OH groups on the glass 

substrate, respectively. This allows strong Si – O – Si covalent bonds to form between the two 

materials. 

Fig. 5. Schematic representation of PDMS surface modification to crosslink extracellular matrix 

proteins. GA: glutaraldehyde. 

 

7. Figures 

Figure 1 
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Figure 2 

 

Figure 3 

 

Figure 4 
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Figure 5 
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Paper IV 

Release of pig leukocytes and reduced human NK cell recruitment during ex 

vivo perfusion of HLA-E/human CD46 double-transgenic pig limbs with human 

blood. 

 

Gisella Puga Yung, Anjan K. Bongoni, Amandine Pradier, Natacha Madelon, Maria Papaserafeim, 

Riccardo Sfriso, David L. Ayares, Eckhard Wolf, Nikolai Klymiuk, Andrea Bähr, Mihai A. 

Constantinescu, Esther Voegelin, David Kiermeir, Hansjörg Jenni, Robert Rieben, Jörg D. Seebach 

 

Status: Published in Xenotransplantation, 2017 Sep 1;e12357 

 

Contribution: Performed immunofluorescence staining of NKp46 on muscle 

biopsies, imaging and relative quantification. 

 

Background: In pig‐to‐human 

xenotransplantation, 

interactions between human 

natural killer cells and porcine 

endothelial cells result in 

cytotoxicity. Protection from 

xenogeneic NK cytotoxicity can 

be achieved in vitro by the 

expression of the non‐classical 

human leukocyte antigen‐E 

(HLA‐E) on porcine endothelial 

cells. 

 

Aim: To analyze NK cell responses to vascularized xenografts using an ex vivo 

perfusion system of pig limbs with whole human blood. 

 

Conclusion: Transgenic expression of HLA‐E/hCD46 in pig limbs provides partial 

protection from human NK cell‐mediated xeno responses. Furthermore, we could 

show the emergence of a pig cell population during xenoperfusions with evident 

implications for the immunogenicity of xenografts. 

Figure: NKp46 staining (red) on pig limb muscle tissue. The figure shows 

reduced NK cells presence on the xeno-perfused transgenic porcine limbs 

compared to wild-type controls. 
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Paper V 

Multiple genetically modified GTKO/hCD46/HLA‐E/hβ2−mg porcine hearts are 

protected from complement activation and natural killer cell infiltration during 

ex vivo perfusion with human blood.  

 

Jan-Michael Abicht, Riccardo Sfriso, Bruno Reichart, Matthias Längin, Katja Gahle, Gisella L. Puga 

Yung, Jörg D. Seebach, Robert Rieben, David Ayares, Eckhard Wolf, Nikolai Klymiuk, Andrea Baehr, 

Alexander Kind, Tanja Mayr, Andreas Bauer 

 

Status: Published in Xenotransplantation, 2018 Feb 8;e12390 

 

Contribution: Performed histological analysis, immunofluorescence staining, and 

data analysis. 

 

Background: In pig‐to‐human xenotransplantation, interactions between human 

natural killer cells and porcine endothelial cells result in cytotoxicity. Protection from 

xenogeneic NK cytotoxicity can be achieved in vitro by the expression of the non‐

classical human leukocyte antigen‐E (HLA‐E) on porcine endothelial cells. 

 

Aim: To test the effect of GTKO/hCD46/HLA-E expression on xenogeneic, and in 

particular human NK cell response, using an ex vivo perfusion model of pig hearts 

with human blood.  

 

Conclusion: Co-expression of hCD46 and 

HLA-E on GTKO background in porcine 

hearts reduced complement deposition, 

complement dependent injury, and 

myocardial NK cell infiltration during 

perfusion with human blood. This tested 

combination of genetic modifications may 

minimize damage from acute human-anti-pig 

rejection reactions and improve myocardial 

function after xenotransplantation.  
Figure: Detail of NKp46 (red) immunofluorescence 

staining of myocardial tissue. 
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Paper VI 

Consistent success in life supporting porcine cardiac xenotransplantation 

 

Matthias Längin, Tanja Mayr, Bruno Reichart, Sebastian Michel, Stefan Buchholz, 

Sonja Guethoff, Alexey Dashkevich, Andrea Baehr, Stefanie Egerer, Andreas Bauer, 

Maks Mihalj, Alessandro Panelli, Lara Issl, Jiawei Ying, Ann Kathrin Fresch, Fabian Werner, Isabelle 

Lutzmann, Stig Steen, Trygve Sjöberg, Audrius Paskevicius, Liao 

Qiuming, Riccardo Sfriso, Robert Rieben, Maik Dahlhoff, Barbara Kessler, Elisabeth 

Kemter, Katharina Klett, Rabea Hinkel, Christian Kupatt, Almuth Falkenau, Simone Reu, Reinhard 

Ellgass, Rudolf Herzog, Uli Binder, Günter Wich, Arne Skerra, David Ayares, Alexander Kind, Uwe 

Schönmann, Franz-Josef Kaup, Christian Hagl, Eckhard Wolf, Nikolai Klymiuk, Paolo Brenner, Jan-

Michael Abicht 

 

Status: Accepted for publication in Nature 

 

Contribution: Performed immunofluorescence and anti-nonGal antibody analysis 

 

Background: Heart transplantation is the only cure for patients with terminal 

cardiac failure, but the supply of allogeneic donor organs falls far short of the 

clinical need. For the last 25 years, xenotransplantation of genetically modified pig 

hearts has been discussed as a potential alternative, but consistent long-term life 

supporting function of porcine cardiac xenografts in non-human primates has not 

been achieved. 

 

Figure: Complement deposition (C3b/c and C4b/c) on myocardial tissue. Group I (left) and Group III 

(right). 
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Aim: To achieve long term survival (>90 days) of GTKO/hCD46/hTM transgenic 

porcine heart transplanted orthotopically into baboons and bring 

xenotransplantation closer to the clinical application. 

 

Conclusion: Non-ischemic cold perfusion of the hearts combined with effective 

counteraction of post-transplantation growth ensured long-term orthotopic 

xenograft function in baboons, the most stringent preclinical xenotransplantation 

model. Consistent life-supporting function of xeno-hearts for up to five months is a 

milestone on the way to clinical cardiac xenotransplantation. 
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Heart transplantation is the only cure for patients with terminal cardiac failure, but the 47 

supply of allogeneic donor organs falls far short of the clinical need 
1-3

. 48 

Xenotransplantation of genetically modified pig hearts has been discussed as a potential 49 

alternative 
4
. Genetically multi-modified pig hearts lacking αGal epitopes (GTKO) and 50 

expressing human membrane cofactor protein (hCD46) and human thrombomodulin 51 

(hTM) have survived for up to 945 days after heterotopic abdominal transplantation in 52 

baboons 
5
. This model demonstrated long-term acceptance of discordant xenografts with 53 

safe immunosuppression but did not predict their life supporting function. In spite of 25 54 

years of extensive research, the maximum survival of a baboon after heart replacement 55 

with a porcine xenograft was only 57 days and this was achieved only once 
6
. Here we 56 

show that GTKO/hCD46/hTM pig hearts require specific perfusion preservation and 57 

post-transplantation growth control to ensure long-term orthotopic xenograft function 58 

in baboons, the most stringent preclinical xenotransplantation model. Consistent life-59 

supporting function of xeno-hearts for up to 195 days is a milestone on the way to 60 

clinical cardiac xenotransplantation 
7
.  61 

 62 

Xenotransplantation of genetically multi-modified pig hearts (GTKO/hCD46/hTM; blood 63 

group 0) was performed using the clinically approved “Shumway´s” orthotopic technique 
8
. 64 

Fourteen captive-bred baboons (Papio anubis, blood groups B and AB) served as recipients. 65 

All recipients received basic immunosuppression, similar to that described by Mohiuddin 
5
: 66 

induction therapy included mycophenolate-mofetil (MMF), methylprednisolone (MP), anti-67 

CD20 Ab, anti-thymocyte-globulin, and the monkey-specific anti-CD40 mouse/rhesus 68 

chimeric IgG4 mAb (clone 2C10R4) 
9
 or our own humanized anti-CD40L PASylated Fab 

10
. 69 

Maintenance therapy consisted of MMF and MP tapered down, and anti-CD40 mAb or anti-70 
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CD40L PASylated Fab (Extended Data Table 1). Post-operative treatment of the recipients 71 

has been described elsewhere 
11

.   72 

In group I (n = 5), donor organs were preserved with two clinically approved crystalloid 73 

solutions (4°C Custodiol HTK or Belzer´s UW solution), each given once after cross-74 

clamping the ascending aorta and before excision of the porcine donor organ. The hearts were 75 

kept in plastic bags filled with ice-cold solution and surrounded by ice cubes (static 76 

preservation).  77 

The results of group I were disappointing. Despite short ischemic preservation times (123 ± 7 78 

min), survival times were only one day (n = 3), 3 days and 30 days (Fig. 1a). The four short-79 

term survivors were successfully weaned from cardiopulmonary bypass (CPB), and three 80 

extubated, but all were lost due to severe systolic left heart failure in spite of high dose 81 

intravenous catecholamines (Extended Data Fig. 1). This so-called “perioperative cardiac 82 

xenograft dysfunction (PCXD)” 
12

 has been observed in 40 to 60 % of the orthotopic cardiac 83 

xenotransplantation experiments described in the literature 
4
. The only 30-day survivor 84 

(cardiac preservation with Belzer’s UW-solution) gradually developed left ventricular (LV) 85 

myocardial hypertrophy and stiffening, resulting in progressive diastolic LV failure associated 86 

with increased serum levels of troponin T, an indicator of myocardial damage (Fig. 1b). 87 

Increased serum bilirubin levels (Fig. 1c) and several other clinical-chemical parameters 88 

(Table 1) indicated associated terminal liver disease. Upon necropsy, marked cardiac 89 

hypertrophy (Fig. 1e) with thickened LV myocardium and a decreased LV cavity became 90 

evident (Fig. 1f).  91 

To reduce the incidence of PCXD observed in group I, we explored new ways to improve 92 

xenograft preservation. In group II (n = 4), the same IS regime as in group I was used, but the 93 

pig hearts were preserved with an 8°C oxygenated albumin-containing hyperoncotic 94 

cardioplegic solution containing nutrition, hormones and erythrocytes 
13

. From explantation 95 
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until transplantation, the organs were continuously perfused and oxygenated by a heart 96 

perfusion system. During implantation surgery, the hearts were intermittently perfused every 97 

15 minutes until the aortic clamp was opened at the end of transplantation 
13

.  98 

After non-ischemic continuous organ perfusion (206 ± 43 min), all four baboons in group II 99 

could easily be weaned from CPB, showing graft function superior to group I, and required 100 

less catecholamine support (Extended Data Fig. 1). No organ was lost due to PCXD. One 101 

experiment had to be terminated on the fourth postoperative day due to a technical failure; the 102 

other three animals lived for 18, 27 and 40 days (Fig. 1a). Echocardiography during the 103 

experiments revealed increasing hypertrophy of the LV myocardium as measured by LV mass 104 

14,15
 (Fig. 1d), LV stiffening and decreasing LV filling volumes (Extended Data Fig. 2a). Graft 105 

function remained normal throughout the experiments, but diastolic relaxation gradually 106 

deteriorated (Supplementary Video 1a). Troponin T levels were consistently above normal 107 

range and increased markedly at the end of each experiment (Table 1; Fig. 1b); 108 

simultaneously platelet counts decreased while LDH increased (Table 1; Extended Data Fig. 3 109 

a, b), suggesting thrombotic microangiopathy as described for heterotopic abdominal cardiac 110 

xenotransplantation 
5,16

. In addition, secondary liver failure developed: increasing serum 111 

bilirubin concentrations (Fig. 1c) and decreased prothrombin-ratio and cholinesterase 112 

indicated reduced liver function, while increased serum activities of alanine-aminotransferase 113 

(ALT) and aspartate-aminotransferase (AST) pointed to liver damage (Table 1). At necropsy, 114 

the weight of group II hearts had more than doubled (on average 259%) compared to the time 115 

point of transplantation. Histology confirmed myocardial cell hypertrophy (Fig. 1j, k) and 116 

revealed multifocal myocardial necrosis, thromboses, and immune cell infiltration (Fig. 1h 117 

left); in the liver, multifocal cell necroses were observed (Fig. 1h right). Taken together, these 118 

alterations are consistent with diastolic pump failure and subsequent congestive liver damage 119 

resulting from massive cardiac overgrowth. Immunofluorescence analyses of the myocardium 120 
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and plasma levels of non-Gal xenoreactive antibodies 
17

 did not indicate humoral graft 121 

rejection (Fig. 2, Extended Data Fig. 4).  122 

To prevent diastolic heart failure, we investigated means of preventing cardiac hypertrophy. 123 

The following modifications were made for group III (n = 5): recipients were weaned from 124 

cortisone at an early stage and received antihypertensive treatment (pigs have a lower systolic 125 

pressure than baboons, ~80 vs. ~120 mmHg) and additional temsirolimus medication to 126 

counteract cardiac overgrowth. After heart perfusion times of 219 ± 30 min, all five animals 127 

were easily weaned from CPB, comparable to group II (Extended Data Fig. 1). None of the 128 

recipients in group III showed PCXD, all reached a steady state with good heart function after 129 

four weeks. One recipient (#10) developed recalcitrant pleural effusions due to occlusion of 130 

the thoracic lymph duct and was thus euthanized after 51 days. Two recipients (#11, #12) 131 

lived in good health for three months until euthanasia, according to the study protocol. In 132 

these three recipients, echocardiography revealed no increase in LV mass (Fig. 1d); graft 133 

function remained normal with no signs of diastolic dysfunction (Extended Data Fig. 2b; 134 

Supplementary Video 1b). Biochemical parameters of heart and liver functions, as well as 135 

LDH levels and platelet counts, were normal or only slightly altered throughout the 136 

experiments (Table 1, Fig. 1b, c; Extended Data Fig. 3a,b), consistent with normal histology 137 

(Fig. 1i). Histology of LV myocardium showed no signs of hypertrophy (Fig. 1j, k), and 138 

Western blot analysis of myocardium revealed phosphorylation levels of mTOR lower than 139 

non-transplanted age-matched control hearts (Fig. 1l). Similar to group II, there were no signs 140 

of humoral graft rejection in group III (Fig. 2, Extended Data Fig. 4).  141 

The study protocol for group III was extended aiming at a graft survival of 6 months. The last 142 

two recipients in this group (#13, #14) were allowed to survive in good general condition for 143 

195 and 182 days, with no major changes of platelet counts, and serum LDH and bilirubin 144 

levels (Fig. 1a; Extended Data Fig. 3a, b). Intravenous temsirolimus treatment was 145 
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discontinued on day 175 and on day 161. Up to this point, systolic and diastolic heart function 146 

was normal (Supplementary Video 1c). Thereafter, increased growth of the cardiac graft was 147 

observed in both recipients (Fig. 1d), emphasising the importance of mTOR inhibition in the 148 

orthotopic xenogeneic heart xenotransplantation model. Similar to the changes observed in 149 

group II, the smaller recipient #13 developed signs of diastolic dysfunction associated with 150 

elevated serum levels of troponin T and beginning congestive liver damage (increased serum 151 

ALT and AST levels, decreased prothrombin-ratio and cholinesterase); platelet counts 152 

remained within normal ranges (Table 1, Fig. 1b, c; Extended Data Fig. 3a, b). Histology 153 

confirmed hepatic congestion and revealed multifocal myocardial necroses without immune 154 

cell infiltrations or signs of thrombotic microangiopathy. In the larger recipient #14, who had 155 

to be euthanized simultaneously with companion #13, the consequences of cardiac 156 

overgrowth were minimal. 157 

Consistent survival of life-supporting pig hearts in non-human primates for at least three 158 

months meets for the first time preclinical efficacy requirements for the initiation of clinical 159 

xenotransplantation trials as suggested by an advisory report of the International Society of 160 

Heart and Lung Transplantation 
7
. 161 

Two steps were key to success: 162 

(1) Non-ischemic porcine heart preservation. Group I xeno-hearts that underwent ischemic 163 

static myocardial preservation with crystalloid solutions (as used for clinical allogeneic 164 

procedures) showed PCXD in four of five cases, necessitating large amounts of 165 

catecholamines. This phenomenon is clearly similar to “cardiac stunning”, known since the 166 

early days of cardiac surgery, and does not represent hyperacute rejection 
4
. In contrast, in 167 

groups II and III (non-ischemic porcine heart preservation by perfusion) 
13

, all nine recipients 168 

came off CPB easily since their cardiac outputs remained unchanged compared to baseline. 169 

The short-term results achieved in these groups were excellent even by clinical standards.  170 
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(2) Prevention of detrimental xenograft overgrowth. Previous pig-to-baboon kidney and 171 

lung transplantation experiments have suggested that growth of the graft depends more on 172 

intrinsic factors than on stimuli from the recipient such as growth hormones 
18

. The massive 173 

cardiac hypertrophy in our group II recipients indicates a more complex situation. Notably, a 174 

transplanted heart in this group showed 62% greater weight gain than the non-transplanted 175 

heart of a sibling in the same time span (Extended Data Fig. 2c).     176 

In group III, cardiac overgrowth was successfully counteracted by a combination of 177 

treatments: i) decreasing the baboon’s blood pressure to match the lower porcine levels; ii) 178 

tapering cortisone at an early stage - it can cause hypertrophic cardiomyopathy in early life in 179 

humans 
19

; and iii) using the sirolimus prodrug temsirolimus to mitigate myocardial 180 

hypertrophy. Sirolimus compounds are known to control the complex network of cell growth 181 

by inhibiting both mTOR kinases 
20

. There is clinical evidence that sirolimus treatment can 182 

attenuate myocardial hypertrophy, and improve diastolic pump function 
21,22

, and also 183 

ameliorate rare genetic overgrowth syndromes in humans 
23

. In addition to the effects of 184 

human thrombomodulin expression in the graft 
5,24

, temsirolimus treatment may prevent the 185 

formation of thrombotic microangiopathic lesions even further by reducing collagen induced 186 

platelet aggregation and by destabilizing platelet aggregates formed under shear stress 187 

conditions 
25

. 188 

In summary, our study demonstrates that consistent long-term life-supporting orthotopic 189 

xenogeneic heart transplantation in the most relevant preclinical model is feasible, paving the 190 

way to clinical translation of xenogeneic heart transplantation. 191 

 192 

  193 
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Tables 307 

Group I

Experiment  # 3 # 6 # 8 # 9 # 10 # 11 # 12 #13 #14 Reference

Bilirubin (mg/dl) 1.2 0.9 2.7 4.5 0.3 0.2 0.2 0.2 0.2 ≤ 1.2

AST (U/I) 646 896 792 354 101 27 23 63 28 ≤ 49

PR (%) 30 6 6 6 101 96 117 26 99 70 - 130

CHE (kU/I) 1.6 1.6 1.4 1.1 2.1 9.4 14.4 7.3 7.2 4.6 - 11.5

Trop T (hs) (ng/ml) 0.233 0.660 1.460 1.470 0.218 0.037 0.018 0.556 0.140 ≤ 0.014

CK total (U/I) 654 636 1017 953 3053 143 66 461 96 ≤ 189

LDH (U/I) 3252 6853 2842 1627 436 311 511 962 497 ≤ 249

Platelets (G/L) 99 101 65 29 216 202 128 271 303 150 - 300

Survival (d) 30 18 27 40 51 90 90 195 182

Causes of death
heart and 

liver failure

heart and 

liver failure

heart and 

liver failure

heart and 

liver failure

SCV 

thrombosis, 

thoracic duct 

occlusion

elective 

euthanasia

elective 

euthanasia

elective 

euthanasia

elective 

euthanasia

Group II Group III

 308 

Table 1: Serum levels of liver and heart enzymes, platelet counts and prothrombin ratio 309 

at the end of experiments that lasted longer than two weeks (right column: normal 310 

reference values). Group I and II animals exhibited pathological biochemical findings 311 

corresponding to heart and liver failure; platelet counts were low and LDH was elevated. By 312 

contrast, most parameters remained close to, or within, normal ranges in animals of group III. 313 

The baboon in experiment #10 had to be euthanized because of severe pleural effusions due to 314 

superior caval vein (SCV) thrombosis and thoracic lymph duct occlusion. The animals in 315 

experiments #11 and #12 were electively terminated after reaching the study endpoint of 90 316 

days but showed no signs of cardiac or liver dysfunction. Experiments #13 and #14 were 317 

electively terminated after six months; recipient #13 showed signs of beginning heart and 318 

liver dysfunction. 319 

 320 

  321 
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Figures 322 

Figure 1: Laboratory parameters, survival, necropsy and histology after orthotopic 323 

xenotransplantation. a, Kaplan-Meier curve of survival of groups I (black; n = 5 animals), II 324 

(red; n = 4 animals) and III (magenta; n = 5 animals); two-sided log-rank test, p = 0.0007. b - 325 

c, Serum concentrations of high sensitive cardiac troponin T (b) and bilirubin (c). d, LV 326 

masses of xeno-hearts #9 (group II), #11 and #13 (both group III); note increased graft growth 327 

after discontinuation of temsirolimus (arrow). e-g, Front view of #3 (group I, e) and transverse 328 

cuts of the porcine donor (left) and the baboons’ own hearts (right) of #3 (f) and #11 (g). Note 329 

extensive LV hypertrophy and reduction of LV cavity of the donor organ of #3 in contrast to 330 

#11. h-i, HE stainings of donor LV myocardium (left) and recipient liver (right); scale bars = 331 

100 µm. #9 (h) myocardium: multifocal cell necroses with hypereosinophilia, small vessel 332 

thromboses, moderate interstitial infiltration of lymphocytes, neutrophils and macrophages; 333 

liver: multifocal centrolobular cell vacuolisations and necroses, multifocal intralesional 334 

haemorrhages. #11 (i) myocardium: sporadic infiltrations of lymphocytes, multifocal minor 335 

interstitial oedema; liver: small vacuolar degeneration of hepatocytes (lipid type. j, WGA-336 

stained myocardial sections of a sham operated porcine heart (co, left), #9 (centre) and #11 337 

(right); scale bar = 50 µm. e-j, n = 4, groups I/II; n = 3, group III; n = 1, control; one 338 

representative biological sample for group I/II, group III and control (l) is shown. k, 339 

Quantitative analysis of myocyte cross-sectional areas; mean±s.d., p values as indicated, one-340 

way ANOVA with Holm-Sidak’s multiple comparisons test (n = 3 biologically independent 341 

samples with 5-8 measurements each). l, Western blot analysis of myocardium from #11 and 342 

#12: reduced mTOR phosphorylation compared with age-matched control samples. n = 2, 343 

group III; n = 2, controls. For gel source data, see Supplementary Figure 1. 344 

 345 

 346 
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Figure 2: Quantitative evaluation of antibodies, complement and fibrin in myocardial 347 

tissue and serum levels of non-Gal xenoreactive antibodies. a-e, Quantitative evaluation of 348 

fluorescence intensities (n = 9 biologically independent samples with 5-10 measurements per 349 

experiment; for representative images see Extended Data Figure 3). IgM (a), IgG (b), C3b/c 350 

(c), C4b/c (d), and fibrin (e). Colour code: group I (#3), black; group II (#6, #8, #9), red; 351 

group III (#11-#14), magenta. C3b/c and C4b/c values are compared to those of controls (co) 352 

measured in a healthy pig heart; bars indicate mean±s.d. j, k, Levels of xenoreactive non-Gal 353 

IgM and IgG antibodies in baboon plasma; antibody binding to GTKO/hCD46/hTM porcine 354 

aortic endothelial cells (PAEC) was analysed by FACS. Values are expressed as median 355 

fluorescence intensity. #4, #6, #9, and #10 had received anti-CD40L PASylated Fab, the 356 

others anti-CD40 mAb. Plasma from a baboon who rejected a heterotopically intrathoracic 357 

transplanted pig heart served as positive control (co, grey).  358 

 359 

 360 
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Methods 361 

Animals: Experiments were carried out between February 2015 and August 2018. Fourteen 362 

juvenile pigs of cross-bred genetic background (German Landrace and Large White, blood 363 

group 0) served as donors for heart xenotransplantation. All organs were homozygous for 364 

alpha 1,3-galactosyltransferase knockout (GTKO), and heterozygous transgenic for hCD46 365 

and human thrombomodulin (hTM) 
24

 (Revivicor, Blacksburg, VA, USA and Institute of 366 

Molecular Animal Breeding and Biotechnology, LMU Munich, Munich, Germany). 367 

Localisation and stability of hCD46/hTM expression were verified post-mortem by 368 

immunohistochemistry (Extended Data Fig. 5). Donor heart function and absence of valvular 369 

defects were evaluated 7 days prior to transplantation by echocardiography. Fourteen male 370 

captive-bred baboons (Papio anubis, blood groups B and AB) were used as recipients 371 

(German Primate Centre, Göttingen, Germany).  372 

The study was approved by the local authorities and the Government of Upper Bavaria. All 373 

animals were treated in compliance with the Guide for the Care and Use of Laboratory 374 

Animals (US National Institutes of Health and German Legislation). 375 

Anaesthesia and Analgesia: Baboons were premedicated by intramuscular injection of 376 

ketamine hydrochloride 6-8 mg/kg (Ketavet
®

 100 mg/mL; Pfizer Deutschland GmbH, Berlin, 377 

Germany) and 0.3-0.5 mg/kg midazolam (Midazolam-ratiopharm
®

; ratiopharm GmbH, Ulm, 378 

Germany). General anaesthesia was induced with an intravenous bolus of 2.0-2.5 mg/kg 379 

propofol (Propofol
®

-Lipuro 2%; B. Braun Melsungen AG, Melsungen, Germany) and 0.05 380 

mg fentanyl (Fentanyl-Janssen 0.5 mg; Janssen-Cilag GmbH, Neuss, Germany), and 381 

maintained with propofol (0.16±0.06 mg/kg/min) or sevoflurane (1-2 Vol% endexpiratory; 382 

Sevorane, AbbVie Germany GmbH & Co. KG, Wiesbaden, Germany) and bolus 383 

administrations of fentanyl (6-8 µg/kg, repeated every 45 min) as described elsewhere 
11

. 384 

Continuous infusion of fentanyl, ketamine hydrochloride and metamizole (Novaminsulfon-385 
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ratiopharm
®

 1 g/2 mL; ratiopharm GmbH, Ulm, Germany) was applied post-operatively to 386 

ensure analgesia.  387 

Donor heart explantation and preservation: Pigs were premedicated by intramuscular injection 388 

of ketamine hydrochloride 10-20 mg/kg, azaperone 10 mg/kg (Stresnil
®

 40 mg/ml; Lilly 389 

Deutschland GmbH, Bad Homburg, Germany) and atropine sulphate (Atropinsulfat B. Braun 390 

0.5 mg; B. Braun Melsungen AG, Melsungen, Germany). General anaesthesia was induced 391 

with an intravenous bolus of 20 mg propofol and 0.05 mg fentanyl and maintained with 392 

propofol (0.12 mg/kg/min) and bolus administrations of fentanyl (2.5 µg/kg, repeated every 393 

30 min).  394 

After median sternotomy and heparinisation (500 IU/kg), a small cannula was inserted into 395 

the ascending aorta, which was then cross-clamped distal of the cannula. In group I, the heart 396 

was cardiopleged with a single dose of 20 ml/kg crystalloid cardioplegic solution at 4°C: 397 

experiments #2, #4 and #5 received Custodiol HTK solution (Dr. F. Köhler Chemie GmbH, 398 

Bernsheim, Germany), experiments #1 and #3 Belzer’s UW solution (Preservation Solutions 399 

Inc., Elkhorn, WI, USA). The appendices of the right and left atrium were opened for 400 

decompression. The heart was then excised, submersed in cardioplegic solution and stored on 401 

ice. 402 

In groups II and III, hearts were preserved as described by Steen et al. 
13

, using 3.5 L of an 403 

oxygenated albumin-containing hyperoncotic cardioplegic nutrition solution with hormones 404 

and erythrocytes at a temperature of 8°C in a portable extracorporeal heart preservation 405 

system consisting of a pressure- and flow-controlled roller pump, an O2/CO2 exchanger, a 406 

leukocyte filter, an arterial filter and a cooler/heater unit. 407 

After aortic cross-clamping, the heart was perfused with 600 ml preservation medium, then 408 

excised and moved into the cardiac preservation system. A large cannula was introduced into 409 

the ascending aorta and the mitral valve made temporarily incompetent to prevent left 410 
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ventricular dilation; the superior caval vein was ligated, inferior caval vein, pulmonary artery 411 

and pulmonary veins were however left open for free outlet of perfusate. The heart was 412 

submersed in a reservoir filled with cold perfusion medium and antegrade coronary perfusion 413 

commenced via the already placed aortic cannula. The perfusion pressure was regulated at 414 

precisely 20 mmHg. During implantation, the heart was intermittently perfused for 2 min 415 

every 15 min. 416 

Implantation technique: The recipient’s thorax was opened at the midline. Unfractionated 417 

heparin (500 IU/kg; Heparin-Natrium-25000-ratiopharm, ratiopharm GmbH) was given and 418 

the heart-lung machine connected, using both caval veins and the ascending aorta. CBP 419 

commenced and the recipient cooled (30°C in group I, 34°C in groups II and III). After cross-420 

clamping the ascending aorta, the recipient’s heart was excised at the atrial levels, both large 421 

vessels were cut. The porcine donor heart was transplanted applying Shumway’s and Lower’s 422 

technique 
8
.  423 

A wireless telemetric transmitter (Data Sciences International, St. Paul, MN, USA) was 424 

implanted in a subcutaneous pouch in the right medioclavicular line between the 5th and 6th 425 

rib. Pressure probes were inserted into the ascending aorta and the apex of the left ventricle, 426 

an ECG lead was placed in the right ventricular wall. 427 

Immunosuppressive regimen, anti-inflammatory and additive therapy: Immunosuppression 428 

was based on Mohiuddin’s regimen 
5
, with C1 esterase inhibitor instead of cobra venom 429 

factor for complement inhibition (Extended Data Table 1). Induction consisted of anti-CD20 430 

Ab (Mabthera; Roche Pharma AG, Grenzach-Wyhlen, Germany), ATG (Thymoglobuline, 431 

Sanofi-Aventis Germany GmbH, Frankfurt, Germany), and either anti-CD40 mAb 432 

(mouse/rhesus chimeric IgG4 clone 2C10R4, NIH Non-human Primate Reagent Resource, 433 

Mass Biologicals, Boston, MA, USA; courtesy of Keith Reimann; experiments #1-3, #5, #7, 434 

#8, #11-14) or humanised anti-CD40L PASylated Fab (XL-protein GmbH, Freising, Germany 435 
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and Wacker-Chemie, München, Germany; experiments #4, #6, #9, #10). Maintenance 436 

immunosuppression consisted of MMF (CellCept, Roche, Basle, Switzerland; trough level 2-437 

3 µg/ml), either anti-CD40 mAb (experiments #1-3, #5, #7, #8, #11-14) or anti-CD40L 438 

PASylated Fab (experiments #4, #6, #9, #10), and methylprednisolone (Urbasone soluble, 439 

Sanofi-Aventis Germany GmbH, Frankfurt, Germany). Anti-inflammatory therapy included 440 

IL6-receptor antagonist (RoActemra, Roche Pharma AG, Grenzach-Wyhlen, Germany), TNF-441 

alpha inhibitor (Enbrel, Pfizer Pharma GmbH, Berlin, Germany) and IL1-receptor antagonist 442 

(Kineret, Swedish Orphan Biovitrum GmbH, Martinsried, Germany). Additive therapy: 443 

acetylsalicylic acid (Aspirin, Bayer Vital GmbH, Leverkusen, Germany), unfractionated 444 

heparin (Heparin-Natrium-25000-ratiopharm, ratiopharm GmbH, Ulm, Germany), C1 esterase 445 

inhibitor (Berinert, CSL Behring GmbH, Hattersheim, Germany), ganciclovir (Cymevene, 446 

Roche Pharma AG, Grenzach-Wyhlen, Germany), cefuroxime (Cefuroxim Hikma, Hikma 447 

Pharma GmbH, Martinsried, Germany) and epoetin beta (NeoRecormon 5000IU, Roche 448 

Pharma AG, Grenzach-Wyhlen, Germany). 449 

Starting from 10 mg/kg/d, methylprednisolone was tapered down 1 mg/kg every 10 days in 450 

group I and II; in group III, methylprednisolone was tapered down to 0.1 mg/kg within 19 451 

days. Also in group III, temsirolimus (Torisel, Pfizer Pharma GmbH, Berlin, Germany) was 452 

added to the maintenance immunosuppression, administered as daily i.v. short infusions 453 

aiming at rapamycin trough levels of 5-10 ng/ml. Group III also received continuous i.v. 454 

antihypertensive medication with enalapril (Enahexal, Hexal AG, Holzkirchen, Germany) and 455 

metoprolol tartrate (Beloc i.v., AstraZeneca GmbH, Wedel, Germany), aiming at mean 456 

arterial pressures of 80 mmHg and a heart rate of 100 bpm. 457 

Haemodynamic measurements: After induction of general anaesthesia, a central venous 458 

catheter (Arrow International, Reading, PA, USA) was inserted in the left jugular vein and an 459 

arterial catheter (Thermodilution Pulsiocath; Pulsion Medical Systems, Munich, Germany) in 460 
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the right femoral artery. Cardiac output and stroke volume were assessed by transpulmonary 461 

thermodilution and indexed to the body surface area of the recipient using the formula 462 

0.083*kgbody weight
0.639

. Measurements were taken after induction of anaesthesia and 60 463 

minutes after termination of CPB in steady state and recorded with PiCCOWin software 464 

(Pulsion Medical Systems, Munich, Germany). All data were processed with Excel 465 

(Microsoft, Redmond, Washington, USA) and analysed with GraphPad Prism 7.0 (GraphPad 466 

Software Inc., San Diego, California, USA).  467 

Quantification of LV mass, LV mass increase and FS: Transthoracic echocardiographic 468 

examinations were carried out under analgosedation at regular intervals using an HP Sonos 469 

7500 (HP Inc., Palo Alto, CA, USA) and a Siemens Acuson X300 (Siemens AG, Munich, 470 

Germany); midpapillary short axis views were recorded. At end-diastole and end-systole, LV 471 

diameters (LVEDD, LVESD), diastolic and systolic interventricular (IVSd, IVSs), posterior 472 

wall thicknesses (PWd, PWs) were measured; the mean of three measurements was used for 473 

further calculations and visualisation (Excel and PowerPoint, Microsoft, Redmond, 474 

Washington, USA). 475 

LV mass was calculated using formula 1, relative LV mass increase and LV FS using 476 

formulas 2 and 3 
14,15

. 477 

(1) LV mass (g) = 0.8(1.04([LVEDD+IVSd+PWd]
3
-[LVEDD]

3
)) + 0.6 478 

(2) LV mass increase (%) = ([LV massend/LV massstart] – 1)100 479 

(3) FS (%) = ([LVEDD – LVESD]/LVEDD)100 480 

Necropsy and histology: Necropsies and histology were performed at the Institute of 481 

Veterinary Pathology and the Institute of Pathology (LMU Munich). Specimen were fixed in 482 

formalin, embedded in paraffin and plastic, sectioned and haematoxylin-eosin (HE) stained. 483 
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Histochemical analysis: Cryosections (8 µm) were generated using standard histological 484 

techniques. Myocyte size was quantified as cross-sectional area. 8 µm thick cardiac sections 485 

of the left ventricle were stained with Alexafluor647-conjugated wheat germ agglutinin (Life 486 

Technologies) and the nuclear dye 4´,6-diamidino-2-phenylindole (DAPI, Life Technologies). 487 

Images were acquired with a 63x objective using a Leica TCS SP8 confocal microscope; 488 

SMASH software (MATLAB, https://de.mathworks.com/products/matlab.html) was used to 489 

determine the average cross-sectional area of cardiomyocytes in one section (200-300 cells 490 

per section and 5-8 sections per heart). 491 

Immunofluorescence staining: Myocardial tissue biopsies were embedded in Tissue-Tek 492 

(Sakura Finetek, Zoeterwoude, The Netherlands) and stored frozen at -80°C. For 493 

immunofluorescence staining, 5 μm cryosections were cut, air dried for 30 to 60 min and 494 

stored at -20°C until further analysis. The cryosections were fixed with ice-cold acetone, 495 

hydrated and stained using either one-step direct or two-step indirect immunofluorescence 496 

techniques. The following antibodies were used: rabbit anti-human C3b/c (Dako, Glostrup, 497 

Denmark), rabbit anti-human C4b/c-FITC (Dako), goat anti-pig IgM (AbD Serotec, Hercules 498 

CA, USA), goat anti-human IgG-FITC (Sigma Aldrich, St.Louis, MO, USA), rabbit anti-499 

human fibrinogen-FITC (Dako). Secondary antibodies were donkey anti-goat IgG-Alexa 488 500 

(Thermo Fischer Scientific, MA, USA), sheep anti-rabbit Cy3 (Sigma-Aldrich). Nuclear 501 

staining was performed using DAPI (Boehringer, Roche Diagnostics, Indianapolis, IN, USA). 502 

The slides were analysed using a fluorescence microscope (DM14000B; Leica, Wetzlar, 503 

Germany). Five to ten immunofluorescence pictures per each marker were acquired randomly 504 

and the fluorescence intensity was quantified using ImageJ software, version 1.50i 505 

(https://imagej.nih.gov/ij/), on unmanipulated TIFF images. All pictures were taken under the 506 

same conditions to allow correct quantification and comparison of fluorescence intensities. 507 
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Assessment of anti-non-Gal antibody levels: Plasma levels of anti-non-Gal baboon IgM and 508 

IgG antibodies were measured by flow cytometry following the consensus protocol published 509 

by Azimzadeh et al. 
17

. Briefly, GTKO/hCD46/hTM porcine aortic endothelial cells (PAEC) 510 

were harvested and suspended at 2×10
6
 cells/ml in staining buffer (PBS+1%BSA). Plasma 511 

samples were heat-inactivated at 56°C for 30 min and diluted 1/20 in staining buffer. PAEC 512 

were incubated with diluted baboon plasma for 45 minutes at 4°C. Cells were then washed 513 

with cold staining buffer and incubated with goat anti-human IgM-RPE (Southern Biotech, 514 

Birmingham, USA) or goat anti-human IgG-FITC (Thermo Fischer) for 30 minutes at 4°C. 515 

After rewashing with cold staining buffer, cells were resuspended in PBS, acquired on FACS 516 

LSRII (BD Biosciences, New Jersey, USA) and analysed using FlowJo analysis software for 517 

detection of mean fluorescence intensity (MFI) in the FITC channel or in the RPE channel. 518 

Data were then plotted using Prism 7 (Graphpad software, Inc.). 519 

Western blot analysis: For protein extraction, heart samples were homogenised in Laemmli 520 

sample buffer, and protein content estimated using the bicinchoninic acid (BCA, Merck, 521 

Darmstadt, Germany) protein assay. 20 µg total protein was separated by 10% SDS-PAGE 522 

and transferred to PDVF membranes (Millipore, Billerica, USA) by electroblotting. 523 

Membranes were washed in Tris-buffered saline solution with 0.1% Tween-20 (Merck) (TBS-524 

T) and blocked in 5% w/v fat-free milk powder (Roth, Karlsruhe, Germany) for 1 h at room 525 

temperature. Membranes were then washed again in TBS-T and incubated in 5% w/v BSA 526 

(Roth) of the appropriate primary antibody overnight at 4°C. The following antibodies were 527 

used: rabbit anti-human pmTOR (#5536; Cell Signaling, Frankfurt, Germany), rabbit anti-528 

human mTOR (#2983; Cell Signaling), and rabbit anti-human GAPDH (#2118; Cell 529 

Signaling). After washing, membranes were incubated in 5% w/v fat-free milk powder with a 530 

horseradish peroxidase labelled secondary antibody (goat anti-rabbit IgG; #7074; Cell 531 

Signaling) for 1 h at room temperature. Bound antibodies were detected using an enhanced 532 

chemiluminescence detection reagent (ECL Advance Western Blotting Detection Kit, GE 533 
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Healthcare, Munich, Germany) and appropriate X-ray films (GE Healthcare). After detection, 534 

membranes were stripped (2% SDS, 62.5 mM Tris/HCl, pH 6.7, 100 mM β-mercaptoethanol) 535 

for 30 min at 70°C and incubated with an appropriate second antibody. 536 

Immunohistochemical staining: Myocardial tissue was fixed with 4% formalin overnight, 537 

paraffin embedded and 3 µm sections were cut and dried. Heat-induced antigen retrieval was 538 

performed in Target Retrieval solution (#S1699, Dako) in boiling water bath for 20 min for 539 

hCD46 and in citrate buffer, pH 6.0, in a streamer for 45 min for hTM, respectively. 540 

Immunohistochemistry was performed using the following primary antibodies: mouse anti-541 

human CD46 monoclonal antibody (#HM2103, Hycult Biotech, Plymouth Meeting, PA, 542 

USA) and mouse anti-human thrombomodulin monoclonal antibody (sc-13164, Santa Cruz, 543 

Dallas, Texas, USA). Secondary antibody was biotinylated AffiniPure goat anti-mouse IgG 544 

(#115-065-146, Jackson ImmunoResearch, West Grove, PA, USA). Immunoreactivity was 545 

visualized using 3,3-diaminobenzidine tetrahydrochloride dihydrate (DAB) (brown colour). 546 

Nuclear counterstaining was done with haemalum (blue colour). 547 

Statistical analysis: For survival data, Kaplan-Meier curves were plotted and the Mantel-Cox 548 

log-rank test used to determine significant differences between groups. For haemodynamic 549 

data, statistical significance was determined using unpaired and paired two-sided Student’s t-550 

test as indicated; data presented as single measurements with bars as group medians. For 551 

histochemical analysis, one-way ANOVA with Holm-Sidak’s multiple comparisons was used 552 

to determine statistical significance; data presented as mean±s.d.; p < 0.05 was considered 553 

significant. 554 

Data availability statement: The data that support the findings of this study are available from 555 

the corresponding author upon reasonable request.  556 

 557 
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Extended Data Tables 558 

Extended Data Table 1: Immunosuppressive regimen, anti-inflammatory and additive 559 

therapy with corresponding doses and timing intervals. Immunosuppression was based on 560 

Mohiuddin’s regimen
5
, with C1 esterase inhibitor instead of cobra venom factor for 561 

complement inhibition. Starting from 10 mg/kg/d, methylprednisolone was tapered down 1 562 

mg/kg every 10 days in group I and II; in group III, methylprednisolone was tapered down to 563 

0.1 mg/kg within 19 days. In group III, temsirolimus was added to the maintenance 564 

immunosuppression, administered as daily infusions (rapamycin trough levels: 5-10 ng/ml). 565 

Group III animals also received continuous antihypertensive medication (enalapril, 566 

metoprolol tartrate). Ab, antibody; mAb, monoclonal Ab; ATG, anti-thymocyte globulin; 567 

CMV, Cytomegalovirus; Fab, fragment antigen binding; IgG4, immunoglobulin G4; IL, 568 

interleukin; i.v., intravenous; MMF, mycophenolate mofetil; PASylated, conjugated with a 569 

long structurally disordered Pro/Ala/Ser amino acid chain; s.c., subcutaneous; TNFα, tumour 570 

necrosis factor α. 571 

 572 

Extended Data Figures 573 

Extended Data Figure 1: Haemodynamic data, measured by transpulmonary 574 

thermodilution and post-operative catecholamine support. Measurements were taken after 575 

induction of anaesthesia (before CPB) and 60 minutes after termination of CPB (after CPB). 576 

Donor hearts of group I (black) received crystalloid cardioplegia, donor hearts of groups II 577 

(red) and III (magenta) were preserved with continuous cold hyperoncotic perfusion; data 578 

presented as scatter plots with mean±s.d.; n = 14 animals, two-sided paired and unpaired t-579 

tests, p-values as indicated. a, stroke volume index and b, cardiac index before and after CPB. 580 

Both parameters decreased in group I and were lower in group I after CPB than in group II 581 

and III. c, Dosages of catecholamines 60 minutes after termination of CPB and d, durations of 582 
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post-operative vasopressive and inotropic support. Animals in group I required more 583 

noradrenaline and epinephrine than those in group II and III.  Animals in group I required 584 

inotropic support with epinephrine for a longer time.  585 

 586 

Extended Data Figure 2: Graphics of LV sizes during diastole (left) and systole (right), 587 

derived from transthoracic echocardiography. a, Experiment #9 (group II, survival 40 588 

days): LV mass had increased by 303% on day 38, LV function was severely impaired due to 589 

myocardial hypertrophy and decreased LV filling volume. LV FS were 32% and 14% on day 590 

1 and 38. b, Experiment #11 (group III, survival 90 days): in contrast to experiment #9, LV 591 

mass had increased by only 22% on day 82, LV function was preserved. LV FS were 27% and 592 

34% on day 1 and 82. c, Pig 5157 (control, donor sibling of experiment #9): LV mass had 593 

increased by 187% on day 33, LV Function was preserved. LV FS were 32% and 41% on day 594 

1 and 33. Compared to experiment #9 (a), the LV had grown less in size, and showed no 595 

hypertrophy. 596 

 597 

Extended Data Figure 3: Additional laboratory parameters. a - b, Serum concentrations 598 

of lactate dehydrogenase (a) and platelet counts (b) in animals of groups I (black), II (red) and 599 

III (magenta). At the end of experiments in groups I and II, platelet counts decreased while 600 

LDH increased. Group III animals did not show these alterations. 601 

 602 

Extended Data Figure 4: Immunofluorescent staining of myocardial tissue. a-d, 603 

Immunofluorescent stainings of myocardial sections from group I (#3; left row), group II (#9; 604 

middle row), and group III (#11, right row) for IgM (a), IgG (b), C3b/c (c; red), C4b/c (c; 605 

green), and fibrin (d); nuclei stained with DAPI (blue); scale bars = 25 µm. n = 1, group I; n = 606 
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3, group II; n = 5, group III; one representative biological sample per group is shown. 607 

 608 

Extended Data Figure 5: Immunohistochemistry of post-mortem myocardial specimen 609 

(experiments #1-14). a-b, Expression of human membrane cofactor protein (hCD46) (a) and 610 

human thrombomodulin (hTM) (b) was consistent in all donor organs; scale bar = 50µm. n = 611 

14, GTKO/hCD46/hTM pigs; n = 1, wild-type pig (control). Biological samples from all 612 

animals are shown. 613 

 614 

Supplementary Information 615 

Supplementary Video 1: Transthoracic echocardiographic midpapillary short axis views 616 

of porcine grafts after cardiac xenotransplantation. a, Experiment #9 (group II, day 30): 617 

increased LV wall thickness and reduced LV filling volume indicating myocardial 618 

hypertrophy. LV function was impaired.  b, Experiment #11 (group III, day 57): normal LV 619 

wall thickness and normal LV filling volume. LV function was preserved. c, Experiment #14 620 

(group III, day 180): increased LV wall thickness, but normal LV filling volume. LV function 621 

was preserved.  a-c, n = 4, groups I/II; n = 5, group III; one representative video from groups 622 

I/II and two representative videos from animals of group III at different time points are 623 

shown. 624 

 625 

Supplementary Figure 1: Gel Source data 626 

 627 
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Figure 1 
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Figure 2 
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Extended Data Table 1 
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Extended Data Figure 1 
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Extended Data Figure 2 

 

 

 

 

 

 

 

 



 

 
 159 

Extended Data Figure 3 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 
 160 

Extended Data Figure 4 
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Extended Data Figure 5 
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Overall discussion and outlook 

Pig-to-human xenotransplantation may provide a solution to the shortage of organ 

donors. However, molecular incompatibilities and immunological mechanisms 

responsible for xenograft rejection need to be understood and overcome in order to 

pave the way for clinical application. Genetic manipulations of the organ donor 

together with a clinically compatible immunosuppressive regimen are leading to 

considerable advancements in the prolongation of graft survival in pre-clinical pig to 

non-human primate models. However, endothelial cell activation followed by graft 

intravascular thrombosis, thrombocytopenia and consumptive coagulopathy in the 

recipient are typical outcomes of acute vascular rejection which currently represents 

a major obstacle. 

 

In vitro models which allow to mimic (xenogeneic) activation of EC as well as to study 

their natural anti-inflammatory and anticoagulant properties are fundamental not only 

in xenotransplantation research but also in other clinical conditions.  

Culturing porcine EC on the surface of microcarrier beads (Paper I) permitted to 

increase the surface-to-volume ratio allowing to exploit the physiological properties 

of EC when incubated with non-anticoagulated human blood. Furthermore, a novel 

in vitro microfluidic model (Paper II) was established. EC were cultured in round 

section microchannels and exposed to physiological flow and shear stress in a closed 

recirculating system. A time- and volume-dependent increase of EC activation (E-

selectin) and complement deposition (C3b/c) was observed. Complement inhibitors 

such as C1 INH, APT070, and DXS showed to prevent activation of complement and 

EC in a xenotransplantation setting. 

 

Other studies (Paper IV and Paper V) showed that combined overexpression of 

hCD46 and HLA-E guaranteed protective effects when pig limbs or porcine hearts 

were ex vivo perfused with heparinized, whole human blood. No hyperacute rejection 

was observed in both studies. Furthermore, inhibition of the terminal pathway of 

complement by blocking the central complement proteins C3b and C4b and a greater 

protection against NK cells binding to xenogeneic tissue was demonstrated. The 

model allowed to assess NK cell migration after 8 hours of perfusion and it might be 
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a helpful tool to further assess the role of other transgenes in preventing delayed 

cellular rejection.  

 

In collaboration with Munich, pre-clinical orthotopic pig-to-baboon cardiac 

xenotransplantation experiments were performed using GTKO/hCD46/hTM 

transgenic pigs (Paper VI). Increase of plasma anti-nonGal antibody levels due to 

rejection was not observed. The complement and coagulation activation were 

efficiently controlled by the genetic modification of donor pigs. This, combined with 

the optimized non-ischemic organ preservation techniques, the immunosuppressive 

regimen and the anti-inflammatory treatments contributed to the prolonged survival 

of the transplanted porcine organs beyond 180 days. 

 

The extremely rapid development of genetically engineered pigs will probably bring 

clinical xenotransplantation closer to reality in the near future. However, it is hard to 

estimate the exact number and combination of genetic modifications necessary for a 

successful xenotransplantation. In this view, we propose to use our in vitro 

microfluidic model for testing of genetically modified EC and to provide fundamental 

data which can help to identify the best, organ-specific combination of transgenes to 

be used in the future pre-clinical pig-to-baboon experiments. 

 

Besides that, the study of the endothelial glycocalyx and the interactions with 

important plasma proteins – such as C1 inhibitor, superoxide dismutase, antithrombin 

III, fibroblast growth factor, vascular endothelial growth factor – might reveal 

interesting molecular insights into the compatibility or incompatibility between 

porcine endothelial cell glycocalyx and human plasma proteins allowing for a better 

understanding of its role in acute vascular rejection. Preliminary results showed that 

in our in vitro microfluidic system normal humans serum induces strong shedding of 

the endothelial glycocalyx38 and as a consequence the anti-coagulant and anti-

inflammatory properties of the EC are lost. Prevention of glycocalyx shedding in 

xenotransplantation will certainly help to prevent endothelial cell activation and the 

consequent inflammation and coagulation activation which are typical hallmarks of 

the acute vascular rejection. 
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