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Isabel Ralle. Quantitative analysis of the antigenicity of xenogeneic heart valve 

matrices using individual human sera 

 

Decellularized allografts represent the state of the art in terms of pulmonary heart 

valve substitutes for children. However, the allografts are short in supply. Thus, 

xenografts represent an appealing alternative once the problem of antigenicity is 

solved. The strong antigenicity is caused by xenoantigens which attract preformed 

and induced antibodies, triggering immune responses that can lead to graft rejection.  

In terms of reducing immunogenic epitopes on xenografts, new concepts of 

decellularization and methods for the generation of genetically modified pigs as heart 

valve donors are increasingly yielding promising results. The hyperacute rejection 

can be prevented by elimination of the best known xenoantigen a-gal. It is assumed, 

that most xenoantigens remain as yet unidentified, which can lead to acute graft 

rejection. A method detecting preformed antibody binding to matrices in vitro is 

required to evaluate the reduction of xenoantigens after applying different treatments 

and to predict immunological reactions prior to transplantation. The development of 

such a method was the aim of this thesis. In order to detect preformed antibody 

binding, decellularized porcine heart valve material was solubilized and loaded on a 

membrane which was incubated with different human sera. Preformed antibody 

binding was detected using a secondary antibody specific for human 

immunoglobulins. The test system revealed significant differences of preformed 

antibody binding and allowed to detect high binding to decellularized porcine WT 

heart valves compared to low binding to decellularized matrices from GGTA1 

knockout pigs. The quantity of preformed antibody binding was dependent on the 

individual heart valve matrices and the individual human sera. This indicates that the 

amount of preformed antibodies varies in humans and could be dependent on 

individual pre-exposure to certain xenoantigens.  

Testing human allograft matrices was hampered by secondary antibody binding to 

the matrix which impeded the interpretation of the measured signal intensity.  
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The developed method cannot only be used to measure the reduction of antigenicity 

in a laboratory setting, it can also be used as a preselection tool for in vivo studies. In 

order to reduce the numbers of experimental animals needed, animal sera of 

recipient animals could be exposed to donor tissue of another species as a 

preselection tool, in order to prevent acute graft rejection. The test can also be 

employed as a monitoring tool during in vivo studies, using blood samples at different 

time points to detect changes in antibody titers of the recipient. When the prediction 

outcome is verified by animal studies, it may also be used in a clinical setting as a 

pre-transplantation tool to preselect a xenogeneic donor heart valve for each human 

recipient in need of a donor organ, to prevent graft rejection caused by preformed 

antibodies.  
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Isabel Ralle. Quantitative Analyse zur Bestimmung der Antigenität von xenogenen 

Herzklappenmatrices mittels individuellen humanen Seren. 

 

Dezellularisierte Allografts stellen derzeit die beste Herzklappenprothese in der 

Kinderherzchirurgie dar. Aufgrund der eingeschränkten Verfügbarkeit der humanen 

Spenderklappen, stellen Xenografts eine attraktive Alternative dar, vorausgesetzt die 

erhöhte Antigenität der xenogenen Klappen kann umgangen werden. Die starke 

Antigenität wird durch Xenoantigene ausgelöst, welche sowohl präformierte, als auch 

induzierte Antikörper binden können. Diese Antikörper lösen Immunreaktionen aus, 

die bis zur Abstoßung des Implantates führen können.  

Um die immunogenen Epitope zu reduzieren, werden neue Konzepte der 

Dezellularisierung und der genetischen Modifizierung von Schweinen als 

Organspender entwickelt. Dadurch konnte bereits das bekannte Xenoantigen a-gal 

eliminiert werden und damit die hyperakute Abstoßreaktion vermieden werden. Es 

wird allerdings davon ausgegangen, dass die meisten anderen Xenoantigene, die zu 

einer akuten Abstoßreaktion führen können, bislang noch nicht identifiziert werden 

konnten. Ein Test, der die Bindung von präformierten Antikörpern an diese 

Xenoantigene detektieren kann, um die Reduktion der Antigenität von Transplantaten 

zu ermitteln und um Immunreaktionen vor einer Transplantation vorhersagen zu 

können, ist daher wünschenswert. Die Entwicklung eines solchen Tests war das Ziel 

der vorliegenden Arbeit. Um die Bindung von präformierten Antikörpern zu ermitteln, 

wurde porcines, dezellularisiertes Herzklappengewebe in Lösung gebracht, um damit 

eine Membran zu beladen, die mit menschlichem Serum inkubiert wurde. Die 

Bindung präformierter Antikörper wurde daraufhin mittels sekundärer Antikörper 

spezifisch für humane Immunglobuline detektiert. Bei der Verwendung von 

dezellularisiertem Wildtyp (WT) oder GGTA1 knockout (KO) Herzklappenmaterial 

konnte mit dem Test ein signifikanter Unterschied in der Bindung präformierter 

Antikörper festgestellt werden. In WT Gewebe führte das vorhandene a-gal Epitop 

trotz vorheriger Dezellularisierung der Herzklappen zu einer erheblichen 
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Antikörperbindung. Bei a-gal defizienten Schweineklappen wurden im Vergleich 

erheblich weniger Antikörper gebunden. Die Menge der gebundenen präformierten 

Antikörper war abhängig sowohl von der individuellen Herzklappe, als auch vom 

individuellen humanen Serum. Dies deutet darauf hin, dass die Menge der 

präformierten Antikörper in menschlichen Seren individuell unterschiedlich ist und 

von der vorangegangenen Exposition zu den jeweiligen Epitopen abhängt. 

Die Testung von humanen Allografts wurde durch die Bindung vom sekundären 

Antikörper erschwert, so dass die Signalstärke der humanen Proben und damit die 

Bindung von präformierten Antikörpern, nicht ausgewertet und interpretiert werden 

konnte.  

Die hier entwickelte Methode kann nicht nur für die Messung der Reduktion der 

Antigenität von Herzklappengewebe im Labor verwendet werden, sondern auch für 

die Selektion von Versuchstieren für in vivo Experimente. Die Zahl der Versuchstiere 

könnte reduziert werden, indem Serum von Empfängertieren an verschiedenen 

Spenderklappen anderer Spezies getestet wird. Darüber hinaus kann mit Hilfe dieses 

Tests eine Verlaufskontrolle bei Tierversuchen erfolgen, indem die Menge der 

Antikörper der Empfängertiere zu unterschiedlichen Zeitpunkten kontrolliert wird. 

Wenn die Aussagekraft der Vorhersagen mit diesem Test durch Tierexperimente 

bestätigt werden kann, dann könnte dieser Test in Zukunft auch dafür genutzt 

werden, die am besten geeignete Herzklappenprothese tierischen Ursprungs für 

Menschen auszusuchen. Herzklappen gegen die der Empfänger bereits präformierte 

Antikörper aufweist, könnten dann ausgeschlossen und das Risiko einer Abstoßung 

vermindert oder sogar verhindert werden. 
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1 Introduction 
 

In the sixth week of pregnancy, when the human fetus is only a few millimetres long, 

the heart starts beating for the first time. From this point on, this beat does not stop 

until the person dies. The muscular organ, in an adult body not much bigger than a 

fist, beats more that 2.8 billion times in the course of an average human life of 67 

years, based on the average heart beat rate of 80 beats per minute. Every single day 

it pumps ~ 8,000l of blood through a network of blood vessels that extend to around 

96,000km (Aird, 2005). In doing so, it supplies the whole body with blood to ensure 

constant oxygenation and nutrition of each individual part of the body. Any severe 

damage to this organ is instantly life-threatening.  

 

1.1 Anatomy and Physiology of the heart 

The average human heart weighs about 300g. It is situated in the chest between the 

lungs and behind the sternum, approximately 1.5cm to the left of the midsagittal 

plane. The heart lies within the pericardium, which is a double layered sack with 

pericardial fluid within the enclosed pericardial cavity. This structure ensures that the 

heart encounters very little friction from the surrounding tissue.  

The wall of the heart consists of three layers including the outer epicardium, which is 

the inner layer of the pericardium. The epicardium consists of squamous epithelium, 

fat tissue and connective tissue, embedding the coronary arteries which provide the 

heart itself with oxygenated blood. Underneath the epicardium a complex layer of 

cardiomyocytes forms the myocardium. These muscle cells are aligned in a spiral 

pattern, allowing the heart to pump blood efficiently, and constitutes most of the 

thickness of the heart wall. The left side is thicker than the right one, because the left 

part of the heart has to create much higher blood pressure. The inner part of the 

heart wall consists of endothelial cells that form the endocardium. This layer also 
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forms the four heart valves. Its’ smooth surface prevents clotting of the blood and 

ensures regular blood flow.  

The heart of mammals and birds is divided into four separated chambers, the left and 

right ventricle and the left and right atrium (Figure 1). The two left chambers work 

together to supply the body with oxygenated blood, whereas the two right chambers 

send blood to the lung for the exchange of carbon dioxide with O2. Both parts of the 

heart are directly connected to each other but are still completely separated units that 

work in a synchronized way.  

The ventricles are separated from the atria by the two atrioventricular valves. The left 

ventricle and atrium are divided by the mitral valve, which has two leaflets, and the 

two cavities on the right are separated by the tricuspid valve with three leaflets 

(Figure 1). The leaflets of both atrioventricular valves are attached to the papillary 

muscles of the ventricles by the chordae tendineae. These are tendinous strings that 

prevent the eversion of the atrioventricular valves into the atria when they close. The 

semilunar valves are located between the ventricles and the great vessels at the 

base of the heart (Figure 1). The aortic valve separates the left ventricle from the 

aorta and the pulmonary valve separates the pulmonary artery from the right 

ventricle. The anatomy of the semilunar valves differs from that of the atrioventricular 

valves. There exists a mechanism that comprises three cusps to act as bags, which 

give way to the blood that flows out of the heart into the big vessels and collect blood 

that flows in the opposite direction when the pressure reverses, closing the valves 

and preventing a backflow of blood.  

The heart contracts rhythmically, creating a pulsatile blood flow. This constantly 

alternating blood pressure works as the underlying mechanism of the heart valve 

function, which is to ensure unidirectional blood flow.  
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Figure 1: Anterior view of a longitudinally cut heart. (adapted from www.health.harvard.edu/heart-
heart/heart-valve-problems 04.01.2018)  

 

When the blood pressure in the relaxed ventricles sinks below the pressure in the 

atria, the atrioventricular valves open and the blood flows into the ventricles, where 

the relaxed myocardium is stretched by the volume of the blood (ventricular diastole). 

The myocardium of the atria completes this process by contracting to press the blood 

into the ventricles. When the ventricular myocardium starts to contract, the pressure 

inside the ventricles presses the blood in the direction of the atria and closes the 

atrioventricular valves. When the pressure within the ventricles is high enough, it 

opens the semilunar valves and the blood flows into the great vessels (ventricular 

systole). During contraction of the ventricular myocardium, which decreases the size 

of this part of the heart, the atria are stretched and fill with blood that has been 

transported to the heart in the veins. When the pressure within the ventricles is lower 

than in the great vessels, the semilunar valves close and block the way for back 
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flowing blood. This circle of events is a never ending, rhythmic way of maintaining 

constant pulsatile blood pressure that keeps the body oxygenated, regulates the 

temperature, transports waste products and distributes important metabolic products 

within the body. When this harmonious system fails, it leads to dramatic 

consequences for the individuals.  

 

1.2 Heart valve pathophysiology 

Many research groups world-wide dedicate their work to understand heart diseases 

and to develop effective treatments. The demand for knowledge is high. The world 

health organisation stated in May 2017 that the most frequent cause of death 

worldwide are cardiovascular diseases. In 2015, 31% of all deaths globally were due 

to cardiovascular diseases (WHO fact sheet – cardiovascular diseases May 2017 

http://www.who.int/mediacentre/factsheets/fs317/en/). Diseases of the pulmonary 

and aortic heart valves are included in the statistics for cardiovascular diseases. In 

2003, 290,000 patients were in need of a heart valve replacement. Due to the 

increasing size and age of the world population, it is estimated that the need for heart 

valve replacements will triple to about 850,000 by 2050 (Yacoub et al., 2005). There 

are two major categories into which diseased heart valves can be separated, 

stenosis and regurgitation (Figure 2). 

 

Figure 2: Schematic image of heart valve malfunction (adapted from www.health.harvard.edu/heart-
heart/heart-valve-problems 04.01.2018) 



Introduction  
 

 
9 

Stenosis describes a decrease of the effective orifice area of a heart valve, which 

implies that with the same pressure, less blood can pass through. This happens for 

example when the leaflets of a heart valve thicken, stiffen or fuse together. The 

increased pressure that has to be applied by the heart to push the needed amount of 

blood through a stenotic valve, leads to hypertrophy of the heart muscle. In the 

course of pathophysiology, the myocardium thickens, dilates and becomes fibrotic. 

Heart failure due to ventricular dysfunction is the ultimate result.  

Regurgitation (also known as insufficiency) describes when the valve is not able to 

completely prevent the backflow of blood. To compensate this backflow of blood, the 

stroke volume has to be increased leading to eccentric hypertrophy. Heart failure 

occurs when the heart fails to manage the increased stroke volume.  

 

The underlying reasons why people suffer from pulmonary heart valve diseases are 

manifold. The most common reason is congenital malfunction/malformation. 

According to the Texas Heart Institute, 1 in 8,000 babies (in the USA) is born with 

pulmonary valve stenosis (texasheart.org). The second most prominent reason is 

rheumatic fever, which is usually caused by an abnormal response of the body to an 

infection with streptococcal bacteria, leading to inflammation and scarring of the heart 

muscle tissue (Zilla et al., 2008). Heart valve disease due to rheumatic fever 

accounts for 2% of the deaths caused by cardiovascular diseases. Mostly children 

living in developing countries are affected (WHO fact sheet – cardiovascular 

diseases May 2017).  

In many cases, drugs or non-invasive surgery are not effective in saving the patients’ 

lives. In these cases, the only life-saving treatment is heart valve replacement 

surgery (Sanz-Garcia et al., 2015).  
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1.3 Heart valve replacement 

In the case of heart valve replacement, there are two principal types of substitutes 

currently available in clinical use. These are mechanical and biological heart valve 

prostheses.  

Mechanical heart valves are composed of carbonic, metallic or polymeric 

components. Their advantages include an unlimited availability and the long-term 

function of more than 20 years (Akhyari et al., 2011). The drawbacks however, 

include absence of physiological hemodynamics and high risk of blood clotting which 

forces patients into a lifelong anticoagulation therapy with all the associated risks and 

restrictions. Longterm anticoagulation therapy is unfeasible in children and women 

who wish to become pregnant (Akhyari et al., 2011). Due to the enhanced risk of 

bleeding, for elderly patients who are prone to falls, or patients who are very active, 

anticoagulation therapy is also not a good option. Additionally, there is a risk of 

infection of the surrounding tissue due to biofilm formation on the material of the 

heart valves.  

Biological heart valves can either be of human origin (allografts) or of animal origin 

(xenografts). Available allografts are usually cryopreserved and do not show any 

remodelling or growth capacity and have a limited function of 5-15 years (Akhyari et 

al., 2011). Additionally, they are limited in supply and variety of sizes because of the 

low number of donors. Clinically used xenografts are chemically fixed and mostly of 

bovine or porcine tissue. They are fixed with either glutaraldehyde, carbodiimide or 

photo oxidizing reagents to minimize antigenicity (Akhyari et al., 2011). These 

procedures lead to crosslinking of the collagen fibres within the tissue which changes 

the biomechanical properties, inhibits growth and remodelling potential and can also 

result in malformation of the valve (Sanz-Garcia et al., 2015). Additionally, residual 

chemicals can be cytotoxic, leading to calcification and antibody reaction (Delgado et 

al., 2015). Overall, the durability is limited to around 15 years in adults and only to 

around 5 years in children due to their more competent immune system (Akhyari et 

al., 2011; Sanz-Garcia et al., 2015). The benefits of bioprosthetic heart valves 
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however, are the better biocompatibility and increased physiological hemodynamics 

compared to mechanical heart valves, which avoids lifelong anticoagulation.  

Taken together, the existing heart valve replacements are all non-viable, meaning 

that they do not show any potential to grow, repair or remodel (Liao et al., 2008). 

They also all have additional drawbacks which make them far from ideal. An ideal 

heart valve replacement would be non-thrombogenic, non-immunogenic, with little 

infectious risk, would have physiological hemodynamics and long durability, and 

would be able to remodel and display adaptive growth (Mirensky et al., 2008; Goecke 

et al., 2015). 

In order to overcome the existing drawbacks of the available grafts, a new approach 

was developed which was inspired by autografts, which are heart valves from the 

same individual. They are used in a surgical intervention of aortic valve stenosis 

known as the Ross-procedure. In this technique, the diseased aortic valve is 

exchanged with the pulmonary heart valve of the same patient. This pulmonary valve 

is then replaced by a prosthesis. Apart from the disadvantage of having two valve 

substitutions for only one diseased heart valve, the aortic valve replacement with an 

autologous pulmonary valve provides excellent hemodynamics, has no 

thrombogenicity, has limited infectious potential and no immunological reactivity. 

Additionally, the exchanged heart valve grows at the same rate as the patient does 

(Mirensky et al., 2008). Overall, this autograft shows the features of an ideal heart 

valve replacement.  

To come closer to the ideal heart valve, efforts have been made to create viable 

tissue that has the potential to grow and can be remodelled by the host. This was 

achieved by decellularizing donor heart valves without the use of cryopreservation or 

chemical fixation. The first patent appeared in 1988 (Patent No.: US 4776853 A) 

(Klement, 1988) and since then this method has been improved by many research 

groups, including groups from the Hanover Medical School. After encouraging results 

from in vivo animal experiments, where decellularized allogenic heart valves that had 

been reseeded in vitro with myofibroblasts and endothelial cells had been implanted 

(Steinhoff et al., 2000), the first two tissue engineered heart valves were implanted 
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into patients in 2002, showing excellent performance, including considerable growth 

potential (Cebotari et al., 2006). Further research led to the strategy of implanting 

unseeded decellularized matrices to be reseeded in the living body (in vivo). After 

successful studies on animals (Lichtenberg et al., 2006; Baraki et al., 2009), two 

clinical trials came were initiated, where pulmonary (ESPOIR) or aortic (ARISE) 

decellularized heart valves were successfully implanted into mostly paediatric 

patients (Sarikouch et al., 2016). 

These decellularized allografts seemed to be the best heart valve replacement so far, 

especially for young patients who are still growing. When comparing freshly 

decellularized allografts with cryopreserved allografts and bovine jugular vein 

conduits that were fixed with glutaraldehyde, the freshly decellularized allografts 

showed the best results, not only due to decreased immunogenicity and the absence 

of degeneration within this group, but also due to the repopulation of the arterial wall 

and initial evidence for adaptive growth (Sarikouch et al., 2016). Despite all these 

encouraging findings, the biggest disadvantage is the dependency on human donor 

valves. The shortage of organ donors has an especially strong impact on paediatric 

patients waiting for a suitable organ, as small sized heart valves are extremely rare.  

In order to overcome this limitation, research groups have dedicated their work to 

achieving similar results using decellularized animal-derived heart valves 

(decellularized xenografts). Porcine heart valves have similar features in terms of 

hemodynamics and biomechanics as human allografts. However, the main problem 

concerning xenograft tissues is their antigenicity created by xenoantigens (Platt, 

2002). 
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1.4 Xenoantigens and immunology in xenotransplantation 

 

1.4.1 Hyperacute Rejection (HAR) 

Pig-to-non-human-primate studies revealed that live porcine tissue is usually rejected 

extremely quickly in a so-called hyperacute rejection (HAR) (Cooper et al., 1994; 

Ezzelarab et al., 2005). 

HAR starts within minutes after transplantation and results in graft destruction within 

hours. Macroscopically it is characterized by thrombosis, inflammation and bleeding 

into the graft (Cascalho et al., 2001). In vascularized xenografts, HAR is mainly 

initiated by the binding of preformed antibodies to a-gal epitopes resulting in 

complement activation (Galili, 2005) (Figure 3). This leads to the formation of 

membrane attack complexes and to the activation of the coagulation cascade, 

ultimately resulting in bleeding and thrombosis. The result is the loss of function of 

the graft only hours after transplantation.  

The a-gal (Gala1-3Galb1-4GlcNAc-R) antigen is the best known and the most potent 

xenoantigen. As a carbohydrate, it terminates N- and O-linked oligosaccharides as 

well as glycolipids and is therefore part of the glycocalyx in most mammals, as well 

as it is present in many bacteria and viruses.  
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The reason for the immunogenicity in humans and Old World monkeys is the loss of 

function of the enzyme a1-3galactosyltransferase (GGTA1) several million years ago, 

leading to the lack of a-gal (Bishop et al., 2007). Thus, humans and Old World 

monkeys identify the a-gal epitopes as non-self-antigens, which leads to antibody 

production. A chronical stimulation induced by a-gal expressing gut flora bacteria 

seems to be the reason why almost all humans carry preformed a-gal antibodies 

(Wiener, 1951). In humans, around 1% of all circulating immunoglobulins are specific 

for a-gal (Galili, 2005). Antibodies of all isotypes (IgG, IgA, IgM) are known to have 

a-gal specificity (Avila, 1999). Interestingly, Galili and Avila in 1991 found that there 

are differences between different blood groups of humans in the amounts of 

antibodies that bind to the a-gal epitope. The structure of the a-gal epitope (Figure 4) 

resembles the blood group B antigen (Figure 5), except for a fucose linked to the 

second but last galactose of the blood group B antigen (Avila, 1999). 

 

Figure 3: Schematic illustration of mechanisms taking place in hyperacute rejection. Reprinted by 
permission from Nature Publishing Group. Confirmation number: 11694324; published by Yang, Y.-
G. and Sykes, M. in Nature Reviews Immunology, 2007, Volume 7, page 520 
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Figure 5: Structural formula of blood group B antigen (Gala1-3(Fuca1-2)Galb1-4GlcNAc-R). 

 

This similarity leads to an overlapping specificity of anti-a-gal and anti-blood group B 

antibodies in individuals of blood groups A and 0. Because anti-a-gal antibodies are 

polyclonal, it is estimated that around 85% of them can bind to the a-gal epitope 

regardless of whether there is a fucose linked to it or not (Macher et al., 2008). In 

other words, both the a-gal antibodies and most of the anti-blood group B antibodies 

in blood groups A and 0 individuals can detect a-gal epitopes. On the other hand, 

Figure 4: Structural formula of a-gal epitope (Gala1-3Galb1-4GlcNAc-R). 
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humans with blood groups B and AB only produce anti-a-gal antibodies that are 

specific for non-fucosylated a-gal epitopes (Avila, 1999).  

 

1.4.2 Acute vascular rejection (AVR)  

If HAR is prevented, acute vascular rejection (AVR), also called delayed xenograft 

rejection or acute humoral xenograft rejection, is the next hurdle to be overcome 

(Figure 6). This immune reaction can take place between several days to weeks after 

transplantation. It is caused mainly by (preformed) antibody binding to non-a-gal 

xenoantigens or by very low levels of a-gal epitopes, by attraction of innate immune 

cells or by activation of coagulation pathways (Cooper et al., 2016). The main 

features of AVR are thrombotic microangiopathy and disseminated intravascular 

coagulation (DIC) which are caused by activation of coagulation pathways (Yang et 

al., 2007). Along with the antibody binding that results in complement activation, 

neutrophils, macrophages and natural killer cells are recruited, leading to cell-

mediated cytotoxicity which is antibody dependent and results in a loss of vascular 

integrity with the usual consequence of platelet activation and thrombus formation 

(Cascalho et al., 2001; Yang et al., 2007). Apart from that, molecular incompatibilities 

in the coagulation/anticoagulation factors between graft and host lead to coagulation 

(Cooper et al., 2016). Porcine thrombomodulin for example is not able to catalyse 

protein C of primates, resulting in loss of anticoagulant properties and thus leading to 

graft related coagulation dysregulation. 
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One of the non-a-gal xenoantigens that can lead to AVR is N-glycolylneuraminic acid 

(Neu5Gc), which is absent in humans and birds but present in most vertebrates. 

Neu5Gc is a sialic acid. Sialic acids are monosaccharides that are found within the 

glycocalyx. One of the most common sialic acids is N-acetylneuraminic acid 

(Neu5Ac) which is converted by the CMP-Neu5Ac-hydrolase into Neu5Gc. This 

enzyme is encoded by the cytodine monophosphate-N-acetylneuraminic acid 

hydrolase gene (CMAH) which was deactivated by an evolutionary mutation in 

humans and birds (French et al., 2017). Interestingly, even though humans are not 

capable of synthesizing Neu5Gc, this structure is still found on some glycolipids or on 

N-and O-linked glycoproteins in humans. It has been hypothesized that this sialic 

acid is recycled by the human cell after digestion of milk or red meat and is therefore 

incorporated in the human body (Bardor et al., 2005; Padler-Karavani et al., 2008). 

Nevertheless, many authors claim that the majority of humans have preformed 

antibodies against Neu5Gc (Estrada et al., 2015; French et al., 2017) but that the 

Figure 6: Schematic illustration of mechanisms taking place in acute humoral xenograft rejection. 
Reprinted by permission from Nature Publishing Group. Confirmation number: 11694324; published 
by Yang, Y.-G. and Sykes, M. in Nature Reviews Immunology, 2007, Volume 7, page 520 
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antibody reaction to this xenoantigen is polyclonal and diverse, with antibody titers 

ranging from zero to very high (Padler-Karavani et al., 2008). 

Many studies have shown that there are numerous other unknown or not well known 

xenoantigens beyond a-gal and Neu5Gc (Byrne et al., 2011; Boer et al., 2015; 

Estrada et al., 2015). For example, a glycan is produced by the porcine b1,4 N-

acetylgalactosaminyl transferase which is encoded by the b4GalNT2 gene. It is 

estimated that around 5% of all humans have an inactive b4GalNT2 gene and are 

able to produce antibodies against the SDa antigens (Byrne et al., 2014; Estrada et 

al., 2015).  

In vitro methods have shown that beside the three xenoantigens mentioned above, 

other epitopes are bound by human antibodies (Griffiths et al., 2008; Boer et al., 

2015). If or how many of these so far unidentified xenoantigens lead to preformed 

antibodies however, remains unknown.  

 

1.4.3 Chronic Rejection/ Cellular Rejection 

Data on the chronic rejection of xenografts are still scarce because the AVR has to 

be overcome in order to evaluate it. It is hypothesized that the chronic rejection is 

mainly characterized by T-cell mediated immune reactions (Yang et al., 2007). T-

cells can identify antigens by their T-cell receptor and may affect the endothelium of 

the organ either directly through cytotoxic T-cells or indirectly by activation of 

macrophages and neutrophils or by recruitment of B-cells to produce antibodies 

against xenoantigens on the transplant.  

  

1.5 Genome engineering 

The first successful genetic knockout of a1,3-galactosyltransferase (GGTA1) in 2002 

(Lai et al., 2002) improved the acceptance of porcine or other xenogeneic 

transplants. It became apparent however, that even though the use of these a-gal-
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deficient animals allowed the prevention of HAR, an acute vascular rejection 

including inflammation and coagulation took place when implanted into non-human 

primates. This implies that the generation of pigs with multiple modifications is 

necessary in order to allow long-term survival (Niemann et al., 2016).  

As mentioned above, the three known carbohydrate structures (a-gal, Neu5Gc and 

SDa) were found to trigger immune responses which impede the successful use of 

porcine heart valve matrices as replacement in heart valve transplantation. The 

identification of the genes GGTA1, CMAH and B4GalNT2, which encode for the 

enzymes that produce these antigenic structures, enabled the use of genetic 

modification strategies to inactivate these genes. In 2015, Estrada et al. succeeded 

in generating a biallelic triple knockout pig (GGTA1-/CMAH/B4GalNT2-KO). When 

peripheral blood mononuclear cells (PBMCs) from pigs with either only one (GGTA1), 

two (GGTA1 and CMAH) or all three gene knockouts (GGTA1, CMAH and 

B4GalNT2) were incubated with human antibodies, a progressive reduction of 

antibody binding to the cells was observed that was dependent upon the number of 

knockouts (Estrada et al., 2015). This finding supports the hypothesis that all three 

epitopes provoke immune reactions and that knocking out the genes that encode for 

these antigens is critically involved in the intensity of the immunogenicity of the graft.  

Another strategy for reducing the immune reactions after transplantation of a porcine 

tissue to a human is to modify the donor animal genetically to express human 

complement regulatory proteins such as hCD46 (Loveland et al., 2004), hCD55 

(Fujimura et al., 2004) or hCD59 (Niemann et al., 2001) which control the hyperacute 

rejection of a given xenograft. Additionally, efforts have been made to produce 

transgenic pigs that express human anti-inflammatory, anti-apoptotic  (Petersen et 

al., 2011) and/or anti-coagulant (Petersen et al., 2009; Ahrens et al., 2015) genes in 

the pig in order to reduce or abolish the AVR.  

Currently, genome-editing strategies are evolving rapidly which will contribute to lines 

of donor pigs with new genetic modifications that may better combat the rejection 

response to the porcine xenograft. The tools to create homozygous mutations with a 

high frequency and specificity are rather new. In these approaches, nucleases are 
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used that induce double-strand breaks at a specific position in the DNA. This 

enhances the effect of homologous recombination which causes targeted genomic 

modification by endogenous DNA repair systems (Kim et al., 2014). Genomic 

engineering includes three different techniques that all share the above mentioned 

mechanism of targeted double-strand breaks of the DNA including Zinc-Finger 

nucleases (ZFNs), Transcription activator-like effector nucleases (TALENs) and 

Clustered Regularly Interspaced Short Palindromic Repeats/Cas (CRISPR 

associated) nucleases (CRISPR/Cas) (Niemann et al., 2016). Each of these 

nucleases has its own advantages and disadvantages (Kim et al., 2014). However, 

due to its high frequency of homozygous mutations and its high specificity, the 

CRISPR/Cas9 system is best suited for the generation of multi-transgenic pigs, which 

are anticipated to be the future organ donors in xenotransplantation.  

 

1.6 Decellularization 

The antigenicity of heart valves is believed to be mainly related to cells within the 

tissue. This cellular antigenicity leads to graft calcification and rejection (Liao et al., 

2008). In order to reduce this threat, heart valves were exposed to chemical, physical 

and enzymatical treatments that can lyse the cell membrane to remove all cellular 

components from the tissue (Gilbert et al., 2006). Along with the improved reduction 

of antigenicity (Sarikouch et al., 2016), the main advantage of decellularized heart 

valves compared to fixed valves is the ability to be repopulated by cells of the 

recipient and thus to be remodelled and to grow (Liao et al., 2008; Akhyari et al., 

2011), as mentioned above. 

Orthotopic implantation of decellularized allogeneic pulmonary heart valves in 

growing sheep (Lichtenberg et al., 2006; Tudorache et al., 2016) and in children 

(Cebotari et al., 2006) proved to be successful. However, to overcome the greatest 

limitation of allografts, which is the very limited availability of donor organs, the 

decellularization of xenografts has become a new focus of research. The major 

obstacle in this field is the remaining antigenicity of xenografts, even after 
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decellularization. When allogenic and xenogeneic tissues were decellularized with 

the same protocol, the antigenicity was still much higher in xenografts than in 

allografts (Lichtenberg, unpublished data).  

As the process of decellularization is a compromise between the effective removal of 

cellular components and the conservation of physiological biomechanics and 

extracellular matrix integrity, new decellularization protocols and different techniques 

are being tested using various detergents or enzymes in combination with the use of 

genetically modified organ donors.  

 

1.6.1 Extracellular matrix 

The primary objective of decellularization is to remove all cells and cellular 

components while preserving the mechanical and biological properties of the 

extracellular matrix (ECM) (Badylak et al., 2009). ECMs are degradable biological 

scaffolds that are secretion products from cells that form the tissue (Keane et al., 

2014). They are composed of a three-dimensional arrangement of collagen, 

fibronectin, laminin, elastin, glycosaminoglycans (GAGs), glycoproteins and fibrin 

structures (Badylak, 2004). This composition affects cell growth and behavior and is 

said to be in a ‘dynamic equilibrium’ with the cells (Badylak, 2004). This means that 

tissue-specific ECM provides perfect support for cellular processes and ensures the 

optimal function of the tissue in question. When implanted into another individual, the 

native, degradable ECM provokes an adaptive immune response with the recruitment 

of Th2 effector cells. These are associated with a regulatory response that includes 

anti-inflammatory, wound-healing and constructive remodeling features (Keane et al., 

2014). The innate immune response to native ECM is dominated by anti-

inflammatory M2 macrophages, which also provokes tissue repair and remodeling by 

the host (Keane et al., 2014). In contrast, crosslinked or insufficiently decellularized 

ECMs provoke a foreign body reaction including fibrous encapsulation and chronic 

inflammation combined with a completely inhibited or at least delayed scaffold 

degradation (Badylak, 2004). The associated immune response includes Th1 effector 
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cells and M1 macrophages, which induce a pro-inflammatory immune response via 

secretion of pro-inflammatory cytokines (Keane et al., 2014). In xenotransplantation, 

the antigenic a-gal epitopes were found even within completely acellular porcine 

ECM, which also leads to the immune reactions (Keane et al., 2014) described 

above. 

 

 

1.6.2 Decellularization agents used in this study 

 

Anionic detergents:  

Sodium Dodecyl Sulphate (SDS) is the monoester of sulphuric acid. It consists of a 

hydrophobic chain and a charged head group, which enables it to lyse cell 

membranes, to denature proteins, to disrupt protein-protein interactions and to 

extract lipids (Gilbert et al., 2006; Crapo et al., 2011). SDS is a very effective 

decellularization agent and a cytotoxic substance that can compromise the structural 

integrity of the extracellular matrix when used in high concentrations (Gilbert et al., 

2006). Additionally, due to its cytotoxicity it can interfere with the cells of the recipient 

if residues remain on implanted grafts (Crapo et al., 2011; Andree et al., 2014; Fu et 

al., 2014).  

Sodium deoxycholate (SD) is a detergent derived from bile acid. Like SDS, it is an 

anionic acid that consists of a hydrophobic chain and a charged head group. It is 

usually only used in the addition to other agents for decellularization (Tudorache et 

al., 2007).  

 

Non-ionic detergents: 

Polyethylenglycol-[4-(1,1,3,3-tetramethylbutyl)phenyl]-ether (Triton X-100) is a non-

ionic detergent that consists of polyoxyethylene and an alkylphenyl hydrophobic 

group. It can lyse bonds between two lipids or between a lipid and a protein but is 
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non-denaturing (Crapo et al., 2011). It can lyse lipid membranes while conserving the 

basal membrane (Faulk et al., 2014). Nevertheless, if used in high concentrations, 

Triton X-100 can interfere with the extracellular matrix by removing GAGs, laminin 

and fibronectin (Gilbert et al., 2006; Fu et al., 2014) 

 

Enzymes: 

Trypsin is an endopeptidase of the gastrointestinal tract. This enzyme is a potent 

agent for decellularization by cleaving peptide bonds of basic amino acids, thereby 

breaking protein-protein bonds (Crapo et al., 2011; Fu et al., 2014). 

Moreover, trypsin loosens the structure of the extracellular matrix, which helps to 

wash out the cells. It can only be used with limited incubation time, because it can 

destroy the extracellular matrix by digesting components such as collagen, laminin, 

fibrin, elastin and/or glycosaminoglycans (GAGs) (Crapo et al., 2011; Fu et al., 2014). 

 

 

1.6.3 Decellularized xenografts in the clinic 

Even though some of the antigens had been identified on the cells of grafts, recent 

studies suggested that decellularization is not able to eliminate all of the antigens in 

xenografts  (Kasimir, 2006; Keane et al., 2014; Wong et al., 2014). As the detection 

of a-gal is well established using either staining with M86 anti-a-gal antibody or 

isolectin B4, it was possible to determine the effects of decellularization on the 

reduction of a-gal epitopes in tissues. The study of Ramm et al. revealed that 

dezellularization reduces a-gal by up to 70% compared to non-decellularized heart 

valves. The remaining a-gal epitopes were localized on the subendothelial 

extracellular matrix (Ramm et al., 2016). Immunological studies had revealed that 

even low amounts of antibodies can lead to graft failure (Manji et al., 2006). It can be 

hypothesized that the decellularization of wild-type porcine tissue will not be sufficient 

to create a heart valve replacement which is not attacked by the recipients’ immune 

system.  
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This hypothesis is in accordance with the results revealed by the first decellularized 

porcine xenografts in humans. These decellularized porcine heart valves were 

produced by the company Cryolife Inc. in the U.S.A., which developed a protocol for 

treating heart valves including cryopreservation and decellularization prior to 

implantation to create the Synergraftä valves. Initial in vivo testing of porcine heart 

valves in the growing sheep model revealed encouraging results as there was no 

detectable difference in the outcome between ovine allografts and Synergraftä 

treated porcine heart valves during the 150 days of the study (Goldstein et al., 2000). 

Because of this excellent performance in the animal study, four boys between 2.5 

and 11 years of age received a porcine pulmonary heart valve that was 

decellularized using the Synergraftä protocol. Three out of the four patients died due 

to valve degeneration days to months after implantation, whereas the graft in the 

fourth child was explanted only two days after implantation in order to prevent graft 

failure. The retrieved grafts showed signs of severe inflammation leading to structural 

failure in the form of graft rupture or to advanced degeneration including infiltration by 

neutrophil granulocytes and macrophages. Later analysis of the grafts revealed 

incomplete decellularization and even calcific deposits prior to implantation (Simon et 

al., 2003). Obviously, the lack of complete decellularization played a major role in the 

dramatic outcome of this study. Therefore, it cannot provide any information about 

the immunological reaction to completely cell-free grafts. 

 

Another study with porcine heart valves in human patients was performed by the 

German company AutoTissue GmbH, which produces decellularized porcine heart 

valves called Matrix Pä or Matrix P Plusä. Their protocol is not publicly available, but 

in the patent application, they claimed to further reduce the antigenicity of the 

decellularized heart valves through sterilization with 60% of ethanol (Patent No.: 

PCT/DE01/04616) (Konertz, 2004). However, it was not discussed that the 

disinfection achieved by ethanol is due to the denaturation and fixation of proteins 

and that this treatment does not lead to a naturally decellularized ECM. Similar to the 

Synergraftä valves, Matrix Pä valves showed excellent results in an in vivo animal 
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experiment, where porcine heart valves were implanted into juvenile sheep for 6 

months (Knight et al., 2008). In clinical trials however, the results were less 

convincing. Between 2006 and 2010, 93 patients with a median age of 20 months 

received Matrix Pä or Matrix P Plusä valves of xenogeneic origin. 29% of these 

showed dysfunction and 35.5% showed graft failure due to either valve stenosis or 

dilatation or stenosis of the distal anastomosis (Perri et al., 2012). Even though 

Matrix Pä valves showed less dramatic results than Synergraftä, there was still a 

higher incidence of failure compared to other available heart valve replacements 

(Ruffer et al., 2010; Perri et al., 2012). 

  

1.7 Detection and prediction of immune reactions in 
xenotransplantation 

Most likely, the deaths associated to the Synergraftä valves resulted from immune 

reactions triggered by preformed antibodies. In order to prevent such fatal outcomes, 

a test is needed that can predict the immune reaction prior to implantation.  

Results from previous studies of successful in vivo animal studies may have caused 

a false sense of security and made clear that it is necessary to use human sera to 

determine the total amount of preformed antibodies. Several studies in which porcine 

cells were incubated with human sera to test for antibody binding using either 

immunofluorescence staining (Banz et al., 2005) or flow cytometry (Estrada et al., 

2015; Wang et al., 2017) have been reported. However, these tests did not provide 

any information on the residual antigenicity of decellularized heart valves. Two recent 

studies have addressed this question by using the ELISA technique. In one of these, 

decellularized porcine heart valves were homogenized and their soluble components 

were extracted. These extracts were then used as solid-phase antigens in an ELISA 

experiment to detect tissue-specific antibodies within human sera (Boer et al., 2015). 

The major limitation of this technique however, is the preselection of antigens as part 

of the generation of extracts. The method only includes components of the matrix 
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that are soluble in water. Additionally, the proportions of the different antigens within 

the extracts could be different to the natural proportions on the heart valves in situ.  

Another study made a different approach towards measuring preformed antibodies. 

In order to enhance the level of antibodies that are specific against porcine tissue, 

antibodies in human sera were affinity purified by perfusion of porcine kidneys. 

Bound antibodies were diluted from the kidneys, before being used in additional 

experiments. One part was used in an ELISA that tested for the amount of human 

IgGs, the other part was incubated with homogenized decellularized porcine heart 

valve matrices in order to use the fraction of unbound antibodies in the same human 

IgG ELISA. Both quantities of antibodies were finally subtracted to yield the level of 

antibodies that had bound to the decellularized porcine heart valve matrix (Ramm et 

al., 2016). In contrast to the previous study, the antigenetic epitopes were not 

preselected in this case. Nevertheless, preselection took place on the antibodies 

when these were affinity purified by binding to the kidney’s endothelial cells. It is not 

known whether antigens exist in decellularized heart valve tissue that are non-

existent on endothelial cells in the kidney.  

Very recently, a dot blot method was used for the evaluation of immunogenic 

potential of decellularized xenografts (Daugs et al., 2018). Here as well, a 

preselection of antigens had taken place by using extracts produced by 

homogenization of heart valve material.  

In summary, at present, in vitro testing systems for detecting preformed antibodies 

show major limitations. It is necessary to find a way of using full human sera to detect 

antibody binding to the epitopes on heart valves in physiological proportions.  
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2 Aim of the Study 
Prior to clinical use, xenotransplantation must yet overcome the hurdle of enhanced 

immunogenicity. Rapid improvements in the production of transgenic donor pigs and 

advances in tissue engineering strategies have managed to avoid the hyperacute 

rejection, but so far there is no protection against the binding of preformed non-gal 

antibodies (Niemann et al., 2016). Previous studies showed that the results gained 

from in vivo studies using large animal models cannot always be directly translated 

into the situation with human patients, as seen in the examples of Synergraftä and 

Matrix Pä (Simon et al., 2003; Perri et al., 2012). This is why an in vitro test could be 

useful to prevent graft rejection due to preformed antibodies. 

 

The goal of this study was to develop a method for the detection and quantification of 

preformed antibodies against decellularized porcine pulmonary heart valve matrices 

in human serum. 
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3 Materials 

 

3.1 Equipment 

 

Equipment     Manufacturer 

Analytical Balance MC210S Sartorius, Göttingen, DE 

Autoclave Sartorius, Göttingen, DE 

BioPulverizer MHH, Hannover, DE 

Chemi Doc MP Imaging Systems BioRad Laboratories, California, USA 

Cell culture dishes 145x20mm Greiner Bio One, Kremsmünster, AU 

Centrifuge Thermo Scientific, Dreieich, DE 

Cryotom HM 500 OM Microm, Walldorf, DE 

Dishwasher G 7783 Miele, Gütersloh, DE 

Eight-channel pipette Eppendorf AG, Hamburg, DE 

Electrophoresis Power Supply Gibco Invitrogen, Paisley, UK 
ST 606T 

Embedding station Shandon Histocentre 

Erlenmeyer flask  Simax, Sazavar, CZE 

Freezer (-20°C) Liebherr, Biberach, DE 

Freezer (-80°C) SANYO, San Diego, CA, USA  

Glass beaker  Schott AG, Mainz, DE 
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Glass bottles  Schott AG, Mainz, DE 

Graduated cylinder     Schott AG, Mainz, DE 

Ice machine      Ziegra, Isernhagen, DE 

Incubator     GFL, Burgwedel, DE  

Lamin Air HB2472     Heraeus, Hanau, DE 
(Laminar Flow Hood) 

Liquid nitrogen tank    Linde AG, Pullach, DE 

Liquid nitrogen transport vessel  KGW Isotherm, Karlsruhe, DE 

Microscope BX40    Olympus, Hamburg, DE 

Rotation microtome    Leica, Wetzlar, DE 

Minifold I 96 well Dot-Blot System GE Healthcare Life Sciences, Little Chalfont, 

UK 

Nitrogen tank CBS2300  Custum Biogenic Systems, Van Dyke, Bruce, 

Twp., MI, USA 

Orbital Shaker WT 16 and 17 Biometra, Göttingen, DE 

pH meter, Microprocessor PH539 WTW, Giessen, DE 

Pipette help „Pipetus“  Hirschmann, Eberstadt, DE 

Refrigerator (4°C)    Liebherr, Biberach, DE  

Semi-enclosed Benchtop Tissue   Leica, Wetzlar, DE 
Processor TP1020 

SpeedVac RVC 2-18   Omnilab, Bremen, DE 

Staining cuvette Carl Roth, Karlsruhe, DE 
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Surgical forceps B.Braun, Tuttlingen, DE 

Surgical scissors  B.Braun, Tuttlingen, DE 

Thermomixer  Eppendorf AG, Hamburg, DE 

Tissue Floating Bath  Leica, Wetzlar, DE 

Ultra Turrax T8 Ika Labortechnik, Staufen, DE 

Vacuum pump PC 2002 VARIO Vacuumbrand GmbH &Co. KG  

Vortexer  Scientific Industries, Bohemia, USA 

 

3.2 Consumables 

 

Consumables    Manufacturer 

Aluminium foils    Carl Roth, Karlsruhe, DE 

BioDot SF filter paper   BioRad Laboratories, California, USA 

Bottle top filter    Omnilab, Bremen, DE 

Cover slips 24 x 60mm   Menzel-Gläser, Braunschweig, DE 

Disposal bag     Carl Roth, Karlsruhe, DE 

Eppendorf Combi tips 5ml   Eppendorf, Hamburg, DE 

Eppendorf tubes 1, 1.5, 2ml  Eppendorf, Hamburg, DE 

Kimtech tissue    Kimberly-Clark, Brüssel, BE 

Latex gloves     Kimberly-Clark, Brüssel, DE 
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Microscopic slides    Carl Roth, Münster, DE 

Nitrocellulose Blotting Membrane  GE Healthcare Life Sciences, Little Chalfont, 
UK  

Nunc Plates 96-well   Thermo Fisher Scientific, Waltham, USA 

Parafilm     Carl Roth, Karlsruhe, DE 

Pasteur Pipettes    Th. Geyer GmbH ,6 Co. KG, Remmingen, 

DE 

Pipette tips (0.5-10µl, 10-100µl,   Sarstedt, Nümbrecht, DE 

100-1000µl) 

Staining cuvette    Carl Roth, Münster, DE 

Sterile gloves    Biogel, SSL, Cannute Court, UK 

Serological pipettes    Sarstedt, Nümbrecht, DE 

Spacer Plates     Invitrogen, Eugene, Oregon, US 

Sponge Pad     Invitrogen, Eugene, Oregon, US 

SUPERFROST ULTRA PLUS®   Gerhard Menzel GmbH, Braunschweig, DE 
Slides 

Surgical drape (45 x 74cm)  Mölynlcke, Erkrath, DE 

Square turbulence bottles   Duran Group, Mainz, DE  

Tube 15 and 50ml    Th. Geyer GmbH & Co. KG, Remmingen, DE 
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3.3 Chemicals 

 

Chemicals  Manufacturer 

a-gal BSA  MoBiTec, Sandy, USA 

Aceton  J.T. Baker, Deventer, NL 

AB-Kit Vectastain PK 6100 Standard Vector Laboratories, Inc., Burlingame, CA 

AMPUWAâ     Fresenius Kabi GmbH, Langenhagen, DE 

Animal-Free™ blocking solution BIOZOL, Eching, DE 

Bovine serum albumin (BSA)  AppliChem GmbH, Darmstadt, DE 

Braunolâ disinfect B.Braun Melsungen AG, DE 

Braunoderm B.Braun Melsungen AG, DE 

Carbo-Free™ blocking soluton BIOZOL, Eching, DE 

CASO Bouillon    Carl Roth, Münster, DE 

Coomassie® Blue    Serva, Heidelberg, DE 

Corbit Balsam    Hecht, Kiel-Hassee, DE 

Eosin      Merck, Darmstadt, DE 

Ethanol (ca. 100% denatured)  J.T. Baker, Griesheim 

Formalin 3,5%    Carl Roth, Münster, DE 

Gentamycin     Biochrom, Berlin, DE 

Glutaraldehyde    Merck Schuchardt OHG, Hohenbrunn, DE 
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Human serum albumin (HSA)  Sigma-Aldrich, Steinheim, DE 

Isolectin B4     BIOZOL, Eching, DE 

Liquid nitrogen    Linde AG, Pullach, DE 

Methanol     J.T. Baker, Griesheim 

Mayer’s Hemalum    Merck, Darmstadt, DE 

Nonfat dried milk powder    AppliChem GmbH, Darmstadt, DE 

Normal Goat Serum    BIOZOL, Eching, DE 

Paraffin     Carl Roth, Karlsruhe, DE 

Penicillin/Streptomycin   Biochrom AG, Berlin, DE 

Phosphate Buffered Saline (PBS) 10x Biochrom AG, Berlin, DE 

Ponceau S      Carl Roth, Karlsruhe, DE 

Roticlear®     Carl Roth, Karlsruhe, DE 

Rotiphorese Gel 30    Carl Roth, Karlsruhe, DE 

Sodium chloride    Carl Roth, Karlsruhe, DE 

Sodium Deoxycholate (SD)  Sigma-Aldrich, Steinheim, DE 

Sodium Dodecyl Sulfate (SDS)  Carl Roth, Karlsruhe, DE 

TMB ELISA substrate solution  Thermo Fisher Scientific, Waltham, USA 

Tris(hydroxymethyl)aminomethane Merck, Darmstadt, DE 

Tris/Glycine/SDS Buffer   BioRad Laboratories, California, USA 

Triton X-100     Sigma-Aldrich, Steinheim, DE 
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Tween 20     AppliChem, Darmstadt, DE 

Western Lightening Plus ECL  Perkin Elmer Inc., Waltham, USA 

Xylol      Carl Roth, Karlsruhe, DE 

 

3.4 Antibodies 

 

Antibodies  Manufacturer 

Donkey anti-human IgG – HRP  antikörper-online.de ABIN: 101491 

Goat anti-human IgG   antikörper-online.de ABIN: 101491 

Goat anti-human IgG, IgA, IgM – HRP antikörper-online.de ABIN: 117312 

Rabbit anti-human IgG, IgA, IgM –  antikörper-online.de ABIN: 301917 

HRP 

 

3.5 Enzymes 

 

Enzymes  Manufacturer 

Collagenase Type 2 (260 U/mg)  Worthington, Troisdorf, DE 

Liberase™ TH     Sigma-Aldrich, Steinheim, DE 

PNGase F      New England Biolabs, Ipswich, USA 

Trypsin-EDTA     PAA, Pasching, DE 
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3.6 Species 

 

Species  Manufacturer 

German Landrace pigs, 6 months old Slaughterhouse in Celle, DE  

GGTA1 knockout pigs Friedrich Loeffler Institut, Institut für 

Nutztiergenetik in Mariensee 

 

3.7 Software 

 

Software  Manufacturer 

AxioVision Ver. 4.8.2. Zeiss, Göttingen, DE 

EndNote X7 Clarivate Analytics, Philadelphia, USA 

Graph Pad Prism for Mac  Graphpad Software, La Jolla, CA, USA 

Image Lab 5.0    BioRad Laboratories, California, USA 

Microsoft Office 2011 Mac  Microsoft, Redmont, WA, USA 

NanoDrop Spectrophotometer Coleman Technologies, Wilmington, USA 

ND-1000 Ver. 3,5.2. 

  

 



Methods  
 

 
36 

4 Methods 
 

4.1 Heart Valve Samples 

Wild-type (WT) pig heart valves were obtained from the local slaughterhouse in 

Celle, Germany. Immediately after slaughter, the hearts were collected and 

transported to the laboratory in sterile phosphate-buffered saline (PBS). The donor 

pigs were on average six months old and weighed 100kg. GGTA1 knockout pigs 

were cloned and bred at the Friedrich Loeffler Institute of Farm Animal Genetics in 

Mariensee, Germany. The heart valves were collected in case of death of an animal 

or sacrificing due to specific animal experiments.  

Parts of human pulmonary artery samples were recovered after lung transplantation 

at the Medical School in Hanover. Tissue of both donors and recipients of the lungs, 

which had to be removed in the surgical procedure, were used. Additionally, a human 

pulmonary heart valve was received from the Belgian tissue bank, because it did not 

meet the high standards set in the internal safety controls. 

 

4.2 Decellularization 

The pulmonary heart valve and pulmonary artery were dissected from the heart, 

leaving only a small ring of heart muscle of the sample. After removal of surrounding 

fat tissue and loose connective tissue (Figure 7 A and B), the heart valves were 

placed in square turbulence bottles. Throughout all steps the bottles were placed on 

an orbital shaker, running at 20rpm at room temperature. The employed liquids were 

always used in the amount of 150ml. The valves were disinfected in Braunol for 5min 

and washed in a sterile PBS solution for 20min. All liquids used in the 

decellularization process were changed every 12h under sterile conditions. For 

decellularization of the heart valve tissue, three different protocols were used: 
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Decellularization 
protocol 

SDS/SD TX-100 + SDS Trypsin + TX-100 

Detergent/Enzyme 2 x 12h 0.5% 

sodium dodecyl 

sulphate (SDS) 

and 0.5% sodium 

deoxycholate (SD) 

2 x 12h 0.5% 

Triton-X100 

2 x 12h 0.5% SDS 

1.5h 0.125% 

Trypsin/EDTA 

4 x 12h 0.5% 

Triton-X100 

Washing steps 2 x 12h Ampuwa® 

water 

2 x 12h Ampuwa® 

water 

2 x 12h Ampuwa® 

water 

  12 x 12h 

phosphate-

buffered saline 

(PBS) 

12 x 12h 

phosphate-

buffered saline 

(PBS) 

12 x 12h 

phosphate-

buffered saline 

(PBS) 

 

After decellularization, the tissue appeared faded in color (Figure 7 C). 

To verify the sterility of the samples, 1ml of the last PBS solution was mixed with 4ml 

of Caso Bouillon and incubated at 37°C for 72h under shaking conditions. All 

samples were stored in PBS⁺ (500IU penicillin/streptomycin and 500IU gentamycin) 

at 4°C until use. 
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Figure 7: Macroscopical overview of the pulmonary heart valve with pulmonary artery and a ring of 
muscle tissue before (A) and after removal of fat tissue (B) and after decellularization (C) 

 

4.3 Decellularization control 

 

4.3.1 Paraffin embedding 

After decellularization, small pieces of tissue were dissected under sterile conditions 

and fixed in 3.5% formaldehyde for at least 48h at 4°C. The tissue sample was 

dehydrated and infiltrated with paraffin using the Leica Tissue Processor running the 

following protocol: 

 Liquid time 

Orbital shaker 100% nonionic water 2 x 30min 

25% ethanol in water 2 x 30min 

50% ethanol in water 2 x 30min 
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 75% ethanol in water 1 x 30min 

Leica TP1020 

Tissue Processor 

75% ethanol in water 1 x 30min 

80% ethanol in water 1 x 30min 

85% ethanol in water 1 x 30min 

90% ethanol in water 1 x 30min 

95% ethanol in water 1 x 30min 

100% ethanol 1 x 30min 

Isopropanol 2 x 45min  

Roti-clear 2 x 45min 

Paraffin 6h 

Paraffin 24h 

 

The samples were further embedded in paraffin using the Shandon Histocentre 

embedding centre. Sections of 5µm were prepared using the Reichert-Jung 

Microtom. Dried on object slides, it was possible to store the sections until use for 

staining. 
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4.3.2 Hematoxylin & Eosin staining 

Prior to staining, the slides were incubated at 60°C for 30min. After removing the 

paraffin by exposing the slides to xylol for ten minutes twice, the sections were 

rehydrated using decreasing concentrations of ethanol, followed by a short washing 

step in distilled water. The first staining was conducted by incubating the slides in 

Meyer’s Hemalaun solution for 8min before washing the slides carefully under 

running water for another 10min and then rinsing with distilled water. The slides were 

dipped in 95% ethanol ten times before staining for 20sec in eosin solution (0.25% 

eosin, 75% ethanol and 0.5% acetic acid). In order to dehydrate the sections, they 

were incubated in 95% and 100% ethanol for 5min each, followed by xylol twice for 

5min. The stained object slides were then mounted with glass cover slips using 

Corbit balsam. 

 

Figure 8: Histology of native and decellularized pulmonary artery stained with Hematoxylin and Eosin 
for decellularization control. A) native porcine pulmonary artery B) decellularized porcine pulmonary 
artery. Decellularization protocol: Tx-100 + SDS. Decellularized matrix displayed loose tissue structure 
compared to native pulmonary artery and absence of cell nuclei (blue) 

 

4.4 Heart valve preparation for Dot Blot method 

Decellularized heart valves were cut into small pieces. These pieces and the 

biopulverizer (Figure 9) were cooled to approximately -195°C with liquid nitrogen. By 

placing the frozen matrices into the biopulverizer and repeatedly forcing the bolt 

down, the tissue was transformed into powder. 
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This powder was stored at -80°C or used directly for enzymatic digestion. For the 

digestion process, 0.01g of wet tissue was weighed using an analytical balance. In 

combination with 80µl of tris-buffered saline (TBS) and 20µl of collagenase type 2 

(260u/mg) (Worthington) with the concentration of 5mg/ml, the tissue was incubated 

over night at 37°C under constant shaking at 1000rpm. Macroscopically, all parts of 

the tissue were dissolved but after using the centrifuge at 17000xg at 4°C for 40min, 

a small pellet was formed. The supernatant was transferred into a fresh tube, and the 

protein concentration in µg/µl (𝑎µg) was measured using the NanoDrop™ method. 

As a blank for this method, an aliquot of 20µl collagenase type 2 combined with 80µl 

TBS was used, which was treated the same way as the samples. It was necessary to 

evaluate the required volume of each solution in order to use the same amount of 

protein for every sample. The following mathematical formula was used to calculate 

the volume of each solution to be able to load the membrane with 10µg per dot: 

'(((µ)
*µ+

 =	 -
'(µ+

 

These calculated volumes were diluted with TBS to receive 200µl volume with 10µg 

protein per well.  

 

Figure 9: Biopulverizer 
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4.5 Dot Blot method 

The aim of this method was to expose the antigens of heart valve matrices to human 

serum to quantify antibody-antigen binding. The development of this method was the 

primary objective of this thesis. Many different set-ups were tested in ‘results part I: 

development of a Dot Blot method’ but the following protocol showed the best results 

and was used in ‘results part II: implementation of the Dot Blot method’. 

The nitrocellulose membrane and the filter paper were both equilibrated in tris-

buffered saline (TBS) for 15min before being placed in the dot blot machine with the 

filter paper on top of the filter support plate (Figure 10) and the nitrocellulose 

membrane on top of it, before applying moderate pressure with a serological pipette 

to remove any pockets of air.  

The sample plate was adjusted on top of the membrane with the four clamps being 

closed one after the other in a diagonal order. For further equilibration of the 

membrane, 100µl of TBS solution was pipetted into each well using a multichannel 

pipette. When loaded, the vacuum was turned on to suck out the liquid through the 

membrane and filter into the vacuum plenum. This equilibration was repeated twice 

before the samples were loaded in a volume of 200µl in each well. While pipetting, it 

was crucial to avoid any air bubbles in the wells. After all liquid had been sucked 

through the system, the clamps were detached and the membrane was removed 

from the device using rounded plastic forceps.  
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Figure 10: Minifold I 96 well Dot-Blot System, the sample plate leaning against the machine. A filter is 
in place on the filter support plate. 

 

All of the subsequent incubation steps took place in a fume hood at room 

temperature and on an orbital shaker at 10rpm. The proteins were fixed on the 

membrane by incubating the freshly loaded membrane in 0.5% glutaraldehyde for 

20min followed by three washing steps in TBS for 5min each and an incubation in 

50mM glycine/PBS solution for another 5min to block free aldehyde groups. After a 

further washing step in TBS for 5min, the membrane was ready to be incubated for 

one hour in Animal-Free™ blocking solution. The same blocking solution was used to 

dilute the serum in a ratio of 24.5:1. The membrane was transferred into a closed 

incubation container together with 14.1ml blocking solution and 600µl human serum 

overnight on an orbital shaker at 10rpm and 4°C. The membrane was washed three 

times for 5min and twice for 10min in tris-buffered saline with 0.05% Tween® 20 

(TBST), followed by incubation with the secondary antibody for an hour at room 
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temperature. The secondary antibody: ‘goat anti-human IgG, IgA and IgM-HRP’ was 

used in a dilution of 1:80,000 in TBST. To avoid an excess of secondary antibody, 

the washing procedure included three 5min iterations with TBST followed by two with 

TBS for 10min, before the antibody-antigen binding could be visualized. As the 

secondary antibody had already been conjugated with horseradish peroxidase 

(HRP), it was possible to use an enhanced chemiluminescence (ECL) kit to receive a 

signal. Two ml of each solution A & B was mixed for each membrane using a falcon 

and a pasteur pipette. The solution was distributed quickly and evenly over the 

membrane and then incubated for 1min. The membrane was then ready to be 

imaged, using a ChemiDoc® imager from Bio Rad, which can digitally capture the 

chemiluminescence distributed by the ECL. Signal intensity was dependent on the 

amount of bound antibody and was translated into color, letting stronger bound dots 

appear darker than the others. This color code was converted densitometrically into 

an arbitrary signal intensity using the LabImage software.  

 

4.6 Western Blot 

The western blot is a frequently used technique to detect and separate proteins 

according to their molecular weight.  

As the western blot method works only with soluble proteins, an extract of the 

decellularized and pulverized heart valve tissue had to be created beforehand. For 

0.02g of wet tissue, 200µl of TBS was used for extraction. The samples were 

incubated under agitation for 18h at 37°C and 1000rpm. Afterwards, each 

suspension was mixed three times on full speed for 1min using the ultra turrax device 

cooling the mixture on ice after each step. The procedure was completed with a 

centrifugation of the samples at 17000xg for 20min at 4°C and transferring the 

supernatant into a new tube. To concentrate the proteins in the solution, the 

Eppendorf tubes were placed with an open lid in the SpeedVac® apparatus for 2h at 

37°C. The SpeedVac® is a centrifuge that works with vacuum and heat to evaporate 
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water from a solution. The concentration of proteins was then measured using the 

NanoDrop™ method with TBS solution as the blank.  

Every sample was then diluted with RIPA buffer to create a uniform protein 

concentration of 50µg in a total volume of 15µl. After addition of another 15µl of 

Laemmli Sample Buffer that contained b-mercaptoethanol, the samples were heated 

to 95°C for 5min to denature their structure before being cooled down on ice and 

centrifuged for 1min at 4°C at 17000xg. SDS polyacrylamide gels with 12% 

concentration of acrylamide were loaded with 30µl of each sample to visualize 

proteins with a low molecular weight of about 10-70kDa. For comparison, a molecular 

weight marker (8µl) was loaded on the gel. The chamber was filled with running 

buffer and electrophoresis was started using 50mA and a voltage of 60V. When the 

voltage was applied to the gel, the denatured proteins moved through the acrylamide 

mesh at different speeds according to their molecular mass. Before the loading buffer 

reached the bottom of the gel, the procedure was stopped and the transfer to a 

nitrocellulose membrane was prepared. To be able to use electric current to transfer 

the proteins from the gel onto a membrane, the following equipment was arranged in 

a ‘sandwich’ setup (Figure 11).  

 

Figure 11: Schematic illustration of the transfer of the proteins, adapted with permission from: 
www.bosterbio.com  
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To ensure an even distribution of the transferred proteins, any pockets of air had to 

be carefully removed. For transfer a voltage of 320mA was applied. The proteins 

migrated from the SDS-PAGE gel to the nitrocellulose membrane. To avoid 

overheating during the process, it was important to use cooling units to maintain 

moderate temperatures.  

After transfer, the membrane was washed under shaking conditions in TBST twice 

for 5min at room temperature. The membrane was blocked in 5% bovine serum 

albumin (BSA) for 1 hour. According to the question addressed, the membrane was 

either incubated in TBS or 300µl of human serum diluted in 15ml of TBST and was 

used as the primary antibody. The incubation took place overnight at 4°C under 

shaking conditions. The membrane was washed twice for 10min in TBST before the 

secondary antibody was applied in a dilution of 1:80,000 in TBST. The secondary 

antibody was visualized using ECL in the same way as for the dot blot method.  

 

4.7 Anti-a-gal antibody ELISA 

For relative quantification of anti-a-gal antibodies in human sera, MaxiSorp 96-well 

plates (Nunc) were coated with 100µl of 3µg/ml bovine serum albumin which was 

conjugated with the a-gal epitope (a-gal BSA) in phosphate buffered saline (PBS) to 

be left overnight at 4°C. These pre-coated well plates were washed three times using 

PBS/0.05% Tween® 20 before blocking the plates with 1% BSA/PBS for 1h at room 

temperature. After removal of the blocking solution, the sample solution was applied 

in duplicates of 100µl per well, diluted in 1% BSA/PBS. In order to compare the final 

results, a standard curve was additionally loaded in a dilution row of 1:2. Purified 

antibodies or serum were used as standard, prepared in 1% BSA/PBS. After two 

hours of incubation, the 96-well plates were washed again three times in 

PBS/Tween® 20. Goat anti-human IgG, IgA and IgM-HRP antibody was used as 

secondary antibody in 100µl per well for 90min at room temperature. Three washing 

steps with PBS/0.05% Tween® 20 followed. Finally, 100µl ready-to-use 3,3’,5,5’-

Tetramethylbenzidine (TMB) was used to perform the color development which was 
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stopped by addition of 50µl 0.5M sulphuric acid. A 96-well plate reader was used to 

read the absorption at 450nm. The dilution rows enabled the calculation of the 

relative amount of anti-a-gal antibodies. 

 

4.8 Stripping of the membrane 

In the case that a membrane that had been used to detect antibody-antigen binding 

needed to be used for another staining technique, the primary and secondary 

antibodies had to be removed from the membrane. This is called stripping.  

To achieve this, the membrane was first incubated in Ponceau S for 15min, before 

being washed three times for 5min in TBS and twice for 10min in TBST. All 

incubation steps took place in a fume hood at room temperature and on an orbital 

shaker at 10rpm. 

 

4.9 Isolectin B 4 staining 

Isolectin B4 is a lectin that binds specifically to the a-gal epitope. In this thesis, it was 

used as a control for the presence of a-gal on the decellularized wild-type porcine 

heart valves. The membrane was loaded with solubilized heart valve tissue and the 

subsequent incubation steps, including glutaraldehyde and glycine, were performed 

as detailed in the description of the dot blot method. Subsequently, the membrane 

was blocked using 5% BSA in TBS+ for one hour at room temperature on an orbital 

shaker. TBS+ is tris-buffered saline mixed with 1% 1M calcium chloride and 1% 1M 

magnesium chloride. Following blocking, the membrane was incubated in 40µl 

isolectin B4 in 20ml 5% BSA/TBS+ overnight at 4°C. After four washing steps in 

TBST for 5min each, the membrane was incubated in 5% non-fat dried milk powder 

in TBS+ for another 5min. This incubation was again followed by washing steps 

including three times for 5min in TBST and twice for 10min in TBS. After washing, 

another incubation step followed for 30min in 5% BSA/TBS+ with one drop of each 

solution of the AB kit (Vector). Again, this was followed by three washing steps for 
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5min each in TBST and twice for 10min in TBS before 1ml of ECL solution A and B 

were mixed and directly applied to the membrane. The signal was then measured 

using the imager. 

 

4.10  Statistical Analysis 

In all dot blots, the samples were applied in technical triplicates (if not stated 

otherwise) to evaluate the mean ± standard deviation (SD). All raw data were 

generated using the Image Lab 5.0 software and the statistical analysis was 

performed using GraphPad Prism software.  

For comparison of the results obtained by experiments using several membranes, 

each membrane was normalized to the values of the human allograft matrix in case 

of the quantitative comparison of preformed antibodies in different blood groups in 

5.2.3 and the comparison of the antibody content of different human heart valve 

donors in 5.2.6.  

To further calculate the significance of differences between groups of sera or heart 

valve origin, a one-way analysis of variance (ANOVA) was performed with addition of 

the Bonferroni post-test. When only two parameters were compared, an unpaired 

student’s t-test was conducted. Results were considered to be statistically significant 

with p<0.05, very significant with p<0.01 and highly significant with p<0.001. 
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5 Results 
 

5.1 Development of a Dot Blot method to quantify antibody 
binding to membrane bound matrix components 

 

5.1.1 Main Challenge 

The protocol of a dot blot method to measure the amount of a-gal had been 

previously developed by Tobias Goecke (unpublished data). In this protocol, 

decellularized heart valve matrices were solubilized and loaded onto a membrane to 

stain for a-gal using labeled isolectin B4. This approach of solubilizing decellularized 

matrices before loading the proteins on a membrane was also used in the current 

study in order to detect antibodies in human sera that bind to matrix based epitopes. 

However, as human serum interacts with many components leading to a high level of 

non-specific binding, many adaptions were required in order to enable reproducible 

detection of antigens. 

 

5.1.2 Background binding 

To test for specific binding, a membrane was loaded with porcine wild-type heart 

valve matrices in nine of the 96 different wells (Figure 12 A), the other wells were 

loaded with buffer (BU) only. For blocking the membrane 5% normal goat serum was 

used. 

The reversible Ponceau S staining was used as loading control. This sodium salt of a 

diazo dye labels proteins in red without any effect on the protein itself. This dye 

exhibits a signal that relates to the amount of protein. When Ponceau S was applied 

to the membrane, a red stain was observed for wells loaded with heart valve 

components, whereas regions of the membrane without heart valve components 

showed no staining (Figure 12 B). 
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After washing off the Ponceau S stain, the same membrane was exposed to human 

serum and secondary anti-human antibody. Binding of the HRP conjugated 

secondary antibody was visualized by adding enhanced chemiluminescence (ECL). 

Binding of antibodies to all wells either loaded with matrix or buffer was displayed 

(Figure 12 C), which indicates a strong background binding to the membrane (Figure 

12 C). After stripping the membrane and subsequent staining with isolectin B4 the 

same pattern as with Ponceau S was displayed (Figure 12 D), in agreement with the 

loading pattern (Figure 12 A).  

 

Figure 12: Background binding of antibodies to the membrane. A) Loading pattern: the nine wells 
loaded with 10µg porcine wild-type heart valve matrices in 200µl buffer	each, are labeled with X, wells 
loaded with 200µl buffer only, are labeled with BU. For comparison the same membrane was stained 
using different staining methods including B) Ponceau S, C) primary and secondary antibody and D) 
Isolectin B4. Staining with primary and secondary antibody (C) revealed stains of parts of the 
membrane loaded only with buffer. 

 

Therefore, alternative blocking strategies were tested to improve the 

background/signal ratio and to enable the measurement of the amount of antibody 

binding to the deposited matrix in the wells. Four different reagents were tested, 

including 8% normal goat serum, 1% human serum albumin, Animal Free™ (dilution 

1:5) and Carbo-Free™ (dilution 1:10). Animal-Free™ and Carbo-Free™ are two 

commercially available blocking solutions with unknown ingredients. In order to 

evaluate the effects of the blocking technique on the sensitivity of the staining, 

solubilized porcine wild-type tissue was loaded alongside porcine GGTA1 knockout 

and human tissue samples (Figure 13). Samples and serum used for this experiment 
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were the same for all membranes ensuring that differences in background staining 

are caused by different blocking solutions.  

After visualizing the signal, major differences were detected when using different 

blocking reagents (Figure 13). Blocking with normal goat serum (NGS) showed no 

major difference between binding of the serum to porcine wild-type and GGTA1 

knockout or human matrices (Figure 13 A). In order to provide a reference value, the 

binding to WT was defined as 100%. When blocked with NGS, the signal intensity of 

the KO samples was reduced by 49% when compared to WT.  

 

Figure 13: Analysis of different blocking agents. A) normal goat serum (NGS), B) human serum 
albumin (HSA), C) loading pattern (L. pattern), D) Carbo-Free™, E) Animal-Free™. Matrices were 
loaded in biological (vertical) and technical (horizontal) duplicates with 10µg in 200µl buffer in each 
well. WT: porcine wild-type tissue, KO: porcine GGTA1 knockout tissue, H: human tissue. The 
remaining wells were loaded with 200µl buffer only (BU). Animal-FreeÔ blocking agent showed the 
best results in terms of blocking non-specific binding and visualizing specific differences between 
binding to different heart valve matrices. 

 

In contrast, the use of human serum albumin (HSA) enabled visualization of 

differences in antibody binding to the different matrices (69% reduction). However, 

blocking with HSA did not lead to sufficient suppression of non-specific binding to 
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parts of the membrane that only had been loaded with buffer (Figure 13 B). Blocking 

with Carbo-Free™ led to only moderate visualization of the differences between the 

different matrix materials (63% reduction) but led to a clear reduction of non-specific 

binding (Figure 13 D). Animal-Free™ showed the best results regarding the 

combination of visualization of differences (69% reduction) and blocking of non-

specific binding compared to all other reagents used (Figure 13 E).  

 

To test for further reduction of background binding, Animal-Freeä blocking solution 

was added to human serum during incubation of the membrane (Figure 14). A visible 

reduction of background binding was observed (Figure 14 A) compared to the 

incubation of serum diluted in buffer (Figure 14 B). 

 

Figure 14: Addition of blocking solution to primary antibody reduces background. A) loading pattern 
(Load. pattern), B) serum diluted in Animal-Free™ (Serum + AF), C) serum diluted in buffer (Serum + 
BU). Matrices were loaded in biological duplicates (vertical) and technical triplicates (horizontal) with 
10µg in 200µl buffer in each well. BU: buffer, WT: porcine wild-type, KO: porcine GGTA1 knockout, H: 
human 
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5.1.3 Optimization of enzymatic matrix digestion  

Heart valve matrices are made out of extracellular matrix (ECM) and are therefore by 

definition insoluble. Through proteolytic digestion, ECM is split into small molecules 

that are soluble in aqueous solutions which can be dotted on nitrocellulose 

membranes. Different digestion enzymes were tested for expression of a-gal by 

Tobias Goecke in the context of his doctoral thesis (unpublished data). Only 

collagenase type 2 from Worthington did not contain a-gal which is one essential 

prerequisite for the use in the here described dot blot method. Therefore, 

collagenase type 2 from Worthington and Liberaseä from Sigma Aldrich, which is a 

highly purified collagenase equivalent, were tested for tissue digestion. Collagenase-

digested tissue resulted in a much higher signal intensity than the tissue digested 

with Liberaseä (Figure 15). The mean signal intensity of the technical triplicates was 

reduced by 63% after digestion with Liberaseä compared to collagenase. This 

indicates that Liberaseä is less suitable for digestion of the tissue for this method. 

 

Figure 15: Reduced signal intensity was seen for samples digested with Liberaseä compared to 
collagenase. Comparison of signal intensity of 5µg and 10µg of porcine wild-type heart valve matrices 
digested with these enzymes in technical triplicates (horizontal). 

 

To investigate if any background staining of collagenase itself occurs in the dot blot 

system, collagenase-digested heart valve tissue was loaded onto a membrane 

together with collagenase alone. This collagenase was treated in the same way as 

the tissue in terms of incubation, centrifugation and dilution in buffer (Figure 16). In 

contrast to the parts of the membrane that were loaded with buffer only, the parts 
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containing collagenase exhibited a visible signal indicating that collagenase itself is 

bound by antibodies even though it is a-gal negative (Figure 16). 

 

 

Figure 16: Collagenase gives rise to signal by itself. Matrices were loaded in biological duplicates 
(vertical) and technical triplicates (horizontal) with 10µg in 200µl buffer in each well, buffer was loaded 
in 200µl and collagenase was loaded in the same amount as used for the digestion of the tissue in 
200µl buffer. BU: buffer, WT: porcine wild-type, KO: porcine GGTA1 knockout, H: human, Coll: 
collagenase 

 

In order to investigate the reason why collagenase caused a signal in the test 

system, the collagenase itself was digested using Peptide:N-Glycosidase F (PNGase 

F), which is an amidase that splits the innermost GlcNAc and asparagine residues 

from N-linked glycoproteins and glycopeptides. Three different test solutions – 

collagenase, collagenase digested with PNGase F, PNGase F - were exposed to four 

different human sera (Figure 17). All four sera exhibited binding to collagenase in 

different intensities depending on the serum. Serum 1 displayed a 93% reduction in 

signal intensity for PNGase F digested collagenase compared to non-digested 
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collagenase. Serum 2 and 4 showed a reduction of 95% and 75%, respectively. In 

contrast, serum 3 showed only a slight reduction in signal intensity, which was about 

6% less with the digested than the non-digested collagenase. No binding to PNGase 

F alone was observed with any of the sera (Figure 17). 

 

Figure 17: PNGase F digestion of collagenase leads to strong reduction of the antibody binding in 
three out of four tested sera. Four sera (A-D) were exposed to collagenase, collagenase that had been 
digested with PNGase F and PNGase F alone in technical triplicates (horizontal). 

 

A statistical evaluation of the reduction of signal intensity between collagenase and 

collagenase digested with PNGase F revealed no statistically significant difference 

for serum 3, whereas all other sera displayed a statistically significant difference 

(p<0.01 and p<0.001) between non-digested collagenase and collagenase digested 

with PNGase F (Figure 18). 



Results  
 

 
56 

 

Figure 18: Evaluation of statistical significance in the reduction of signal intensity of collagenase after 
digestion with PNGase F. Four sera were exposed to collagenase, collagenase that had been 
digested with PNGase F and PNGase F alone. Coll.: collagenase, ** = p<0.01, *** = p<0.001 

 

As PNGase F digested collagenase cannot be used to digest heart valve matrices, 

the background level due to collagenase itself had to be reduced by decreasing the 

amount of collagenase used for the digestion. In order to determine the lowest 

amount of collagenase possible for solubilization of heart valve matrices, different 

concentrations of collagenase were used to digest 10mg of porcine wild-type heart 

valve tissue for further evaluation. Results of the NanoDrop™ protein measurements 

revealed that each concentration of collagenase tested was able to digest the tissue 

to the same extent resulting in a similar protein concentration, except for the lowest 

dilution containing 130U of collagenase, which led to a lower protein concentration 
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than in the other samples. The solutions were dotted onto a membrane together with 

the according dilutions of collagenase without addition of sample tissue to evaluate 

the background staining of the collagenase. The signal intensity of the digested wild-

type sample only varied between the lowest concentration of collagenase and all 

other samples (Figure 19), although this difference was not statistically significant. In 

contrast, the signal intensity of collagenase alone was at least two times higher for 

the highest concentration of 1040U than for the others. This difference was 

statistically significant (for concentration 520U, 390U and 260U: p<0.05; for 

concentration of 130U: p<0.01) (Figure 19). 

 

 

Figure 19: Evaluation of collagenase concentration. Y-axis: arbitrary signal intensity, x-axis: left: wild-
type samples (WT) digested with differently concentrated collagenase solutions starting with130U to 
1040U, right: signal intensity of differently concentrated collagenase solutions (Coll) without sample 
tissue, * = p<0.05, ** = p<0.01 
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5.1.4 Secondary Antibody 

In the experiments (Figure 14 and Figure 16) shown above, the human samples 

exhibited a higher signal than the porcine GGTA1 knockout samples. These results 

contradict the hypothesis that human samples would show the lowest signal. To 

exclude technical reasons for this observation, the secondary antibody was analyzed 

with regard to potential background staining. Two membranes were identically loaded 

with heart valve material (wild-type, GGTA1 knockout and human) in a dilution series 

starting with 10µg tissue per well. The resulting membranes were exposed to human 

serum and secondary antibody (Figure 20 A) or secondary antibody alone (Figure 20 

B). Interestingly, when exposed to secondary antibody alone, a signal for each 

human sample was detectable but not for porcine tissue. Additionally, the intensity of 

the signal varied between the three independent human samples (Figure 20 B).  

 

Figure 20: Incubation with secondary anti-human antibody only results in staining of the human heart 
valve samples but not of porcine samples A) Membrane stained with primary (serum) and secondary 
(goat anti-human IgG, IgA and IgM) antibody, B) Membrane stained with secondary antibody only; 
membrane was loaded with tissue in dilution series starting with 10µg; WT: porcine wild-type (n=1), H: 
human (n=3), KO: porcine GGTA1 knockout (n=2) 
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Several secondary antibodies were tested, but all created similar effects (Figure 21).  

 

Figure 21: All secondary anti-human antibodies that were screened created a signal for human 
samples but not for porcine tissue. A) goat anti-human IgG, IgM & IgA, B) goat anti-human IgG, C) 
rabbit anti-human IgG, IgM & IgA, D) donkey anti-human IgG; 1) incubated with primary and 
secondary antibody, 2) exposure to secondary antibody alone, tissue was loaded in dilution series 
starting with 10µg in 200µl buffer per well, WT: porcine wild-type; H: human 

 

In order to gain more information about the epitopes that the secondary antibodies 

bind to when the exposure to primary antibody was omitted, a western blot was 

performed to evaluate the size of the proteins detected by the secondary antibody. 

Different tissue samples (wild-type, GGTA1 knockout and human) digested with 

collagenase and extracts of these tissues were loaded onto two SDS polyacrylamide 

gels, separated by electrophoresis and transferred to nitrocellulose membranes. The 

extracts were generated to avoid an overlapping of the signal created by collagenase 

with the signal of the proteins that were supposed to be detected. One of the two 

membranes was exposed to both the primary and secondary antibody (Figure 22 A), 

whereas the second one was exposed to the secondary antibody alone (Figure 22 

B). When exposed to the secondary antibody alone, protein bands at 50kDa were 

detected in human samples which were not observed in the other tissue samples 
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(Figure 22 B). When applying primary and secondary antibody, only a slight signal 

could be detected for protein bands of this size (Figure 22 A). The same observation  

was made for a very faint band at 25kDa for human samples.
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Figure 22: Two bands were detected in a western blot that had been stained by the secondary 
antibody only at 50kDa and 25kDa for human tissue samples (black arrows). Two nitrocellulose 
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membranes were loaded with extracts and collagenase digested heart valve matrixes alongside with 
collagenase in a western blot experiment. A) Membrane incubated with primary and secondary 
antibody, B) Membrane incubated in secondary antibody only; WT: porcine wild type, KO: porcine 
GGTA1 knockout, H: human; digest.: tissue was digested with collagenase. The image in A has been 
slightly modified to remove background. 

 

 

5.2 Implementation of the Dot Blot method 

The methodology of the dot blot developed in chapter 5.1 was used to analyze the 

reaction of individual human sera against decellularized heart valve matrix material. 

The exact protocol can be summarized as follows: 

 

1. Digestion of 0.01g (wet tissue) pulverized heart valve matrix with 20µl of 

collagenase type 2 (260U/mg) in 80µl of tris-buffered saline (TBS) overnight at 

37°C under constant shaking at 1000rpm 

2. Centrifugation at 17000xg at 4°C for 40min 

3. Measurement of protein concentration in the supernatant with NanoDrop™ 

method and 20µl collagenase type 2 in 80µl TBS as blank 

4. Calculation of necessary dilutions to equalize the protein concentrations in 

every sample 

5. Equilibration of nitrocellulose membrane and filter paper in TBS for 15min 

6. Assembling of filter paper and nitrocellulose membrane between the filter 

support plate and the sample plate of the dot blot machine 

7. Removal of air pockets under the nitrocellulose membrane using a serological 

pipette 

8. Closure of the dot blot machine by closing four clamps in a diagonal order 

9. Transfer of 100µl of TBS solution into each well and application of vacuum to 

suck the liquid through the membrane into the vacuum plenum (repeated 

twice) 
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10. Loading the membrane with 10µg of digested tissue in 200µl TBS for all wells 

containing tissue samples or with 200µl TBS for wells containing buffer only 

depending on the loading pattern  

11. Application of vacuum to suck the liquid through the membrane 

12. Detachment of the clamps and removal of the membrane into an incubation 

dish in a fume hood at room temperature on an orbital shaker at 10rpm for all 

following incubation steps except for incubation in human serum 

13. Incubation in 0.5% glutaraldehyde for 20min 

14. Washing in TBS for 5min each (3x) 

15. Incubation in 50mM glycine/phosphate-buffered saline (PBS) solution for 5min 

16. Washing in TBS for 5min 

17. Blocking in 10ml Animal-Free™ blocking solution diluted in 40ml AMPUWAâ 

for 1h 

18. Incubation with 600µl human serum in 5.64ml Animal-Free™ blocking solution 

diluted in 22.56ml AMPUWAâ overnight at 4°C on an orbital shaker at 10rpm 

19. Washing in tris-buffered saline with 0.05% Tween® 20 (TBST) 3x for 5min 

each and 2x for 10min each 

20. Incubation with 1.25µl goat anti-human IgG, IgA and IgM-HRP secondary 

antibody in 100ml TBST for 1h  

21. Washing with TBST 3x for 5min each and 2x washing with TBS for 10min 

each 

22. Distribution of 4ml pre-mixed enhanced chemiluminescence (ECL) solutions A 

& B (1:1) on the membrane and incubation for 1min 

23. Imaging the chemiluminescence signal with ChemiDoc® imager  

24. Densitometrical conversion of color code from ChemiDoc® imager into 

arbitrary signal intensity using LabImage software 
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5.2.1 Comparison of different human sera 

Nine human sera of healthy volunteers were tested for their reaction against heart 

valve material of three porcine wild-type, three porcine GGTA1 knockout and one 

human sample (Figure 23). Six sera out of nine showed an intense signal with 

porcine wild-type tissue compared to a faint signal with porcine GGTA1 knockout or 

human matrices (Figure 23 B, D, F, G, I, J), indicating a higher level of antibody-

binding to WT material. When calculating the relative reduction in signal intensity 

between WT and KO tissue, the binding to WT was defined as 100%. Compared to 

this value, the reduction in signal intensity varied between 82% and 59% for these 

sera (serum 1: 78%, serum 3: 79%, serum 5: 82%, serum 6: 59%, serum 8: 71% and 

serum 9: 64%). For three out of the nine sera, the signal intensities with WT tissue 

were visibly lower (Figure 23 C, E, H), resulting in less difference in the signal 

intensities between WT and KO material (serum 2: 57%, serum 4: 35% and serum 7: 

48%). This indicates that there are differences in the quantity of preformed antibodies 

between individual human sera.  
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Figure 23: Exposure of different heart valve matrices (3x WT, 3x KO, 1x H) to nine human sera (B - J). 
Individual differences between sera regarding antibody binding to different heart valves matrices could 
be detected. All samples were loaded in technical triplicates (horizontal). Detection of primary antibody 
(serum) binding was performed with HRP conjugated secondary anti-human antibody. A) loading 
pattern; WT: porcine wild-type, KO: porcine GGTA1 knockout, H: human 

 

Statistical analysis revealed, that even though the signal intensities to WT tissue 

varied between the sera, all tested sera showed a statistically significant stronger 

binding to WT tissue compared to KO and human tissue. (serum donors 1, 3, 5, 6, 7, 
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8 and 9: p<0.001; serum donors 2 and 4: varying p-values of <0.05, p<0.01 and 

p<0.001) (Figure 24). 

 

Figure 24: Evaluation of statistical significances of differences between signal intensities of each heart 
valve for each serum that were displayed in Figure 22. Each column represents the mean and 
standard deviation (SD) of technical triplicates, WT: porcine wild-type, KO: porcine GGTA1 knockout, 
H: human, * = p<0.05, ** = p<0.01, *** = p<0.001 

 

5.2.2 Detection of a-gal antibody titer using ELISA 

 

An enzyme-linked immunosorbent assay (ELISA) was performed in order to quantify 

preformed antibodies against a-gal epitopes in human sera. In order to select the 
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anti-a-gal antibodies, a 96-well plate was pre-coated with BSA conjugated with a-gal. 

This procedure was first published in 1998 (Galili et al., 1998). 

The results of the ELISA were compared to results from the dot blot with porcine 

heart valve matrices using the same serum samples (Figure 25). Even though the dot 

blot method includes the antibody binding to all epitopes on a decellularized matrix, 

the difference in signal intensity between porcine wild-type and GGTA1-KO matrices 

accounts for the signal derived from a-gal epitopes and can therefore be correlated 

to the results from the ELISA detecting a-gal epitopes only. 

 

Figure 25: Comparable results obtained by dot blot method (A) n= 3 and a-gal ELISA (B) n=1 using 
the same human sera for analysis. Each dot depicts the mean of technical triplicates. WT: porcine 
wild-type, KO: porcine GGTA1 knockout, blue boxes mark the wild-type dots and black boxes mark 
the KO dots, the value calculated by subtracting KO from WT tissue in the dot blot method was taken 
for the comparison to the ELISA results. 

 

In order to compare the results created by the different methods, the signal 

intensities had to be put into relation to each other in terms of percentage. 

In both the dot blot method and the ELISA, serum donor 3 showed the strongest 

signal intensity compared to other sera. When defining this signal intensity as 100%, 

serum donor 2 showed 80% less binding in the dot blot method and serum donor 1 
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displayed 17% less binding than serum donor 3 (Figure 25 A). A very similar result 

was obtained by quantifying the preformed antibodies against a-gal using the ELISA 

method (Figure 25 B). Here, serum donor 2 exhibited 79% less binding to a-gal 

epitopes, and serum donor 1 displayed 5% less binding compared to serum donor 3. 

 

5.2.3 The amount of preformed anti-a-gal antibodies in human sera is 
dependent on the blood group 

In order to evaluate the reasons for the individual differences between human sera 

with regard to binding to porcine wild-type matrices, three different human sera of 

each blood group (A, B, AB and 0) were tested in a dot blot where they were 

exposed to 7 WT and 7 KO heart valves. As described above, blood groups B and 

AB have less preformed antibodies against a-gal because the a-gal structure is quite 

similar to blood group B epitopes (Avila, 1999). A significant difference (p < 0.05) 

between the binding to wild-type and GGTA1 knockout matrices for blood groups A 

and 0 was observed (Figure 26), although there was a large standard deviation (SD) 

for blood group 0 and the wild-type material. In blood groups B and AB, no statistical 

significance between signals for wild-type and GGTA1 knockout matrices was 

detected.  
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Figure 26: Reaction to a-gal is dependent on the blood group. Each column represents the mean and 
standard deviation of the signal intensity from a dot blot of three different human sera for each blood 
group (n=12) to seven individual porcine GGTA1 knockout and seven porcine wild-type heart valves 
that were tested in technical triplicates (3 sera of each blood group on 7 heart valves for each group, 3 
times), * = p-value < 0.05 

 

 

5.2.4 Comparison of GGTA1 knockout heart valve matrices  

After observing that humans have individual amounts of preformed antibodies 

against the a-gal epitope associated with their blood group, human sera were tested 

for individual immune reactions to non-a-gal xenoantigens. The antibody binding of 

nine human sera was tested on nine GGTA1 knockout heart valve matrices (Figure 

27).  

Each serum displayed a unique pattern of antibody binding to the different GGTA1 

knockout (KO) heart valve matrices. Serum donor 3 displayed no significant 

differences regarding the binding to the 9 KO heart valves, whereas serum donors 1, 

8 and 9 showed a significantly (p<0.001) higher amount of antibody binding to KO 

valve Nr. 8 than to all other valves but displayed no other differences between the 

other heart valves. Other sera (serum donors 2, 4, 5, 6 and 7) displayed an individual 
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pattern of antibody binding to the GGTA1 knockout valves, showing significant 

differences regarding the binding to the different KO valves. Interestingly, to GGTA1 

knockout Nr. 1, only serum donor 5 displayed a significantly higher signal than to the 

other valves, whereas almost all sera showed elevated signal intensity to GGTA1 

knockout 8, except for serum 3 (Figure 27).  

 

Figure 27: Binding of nine human sera (A-I) to nine different GGTA1 knockout heart valve matrices. 
Each column represents the mean and standard deviation (SD) of one GGTA1 knockout heart valve 
tested in technical triplicates. KO: porcine GGTA1 knockout. * = p<0.05, ** = p<0.01, *** = p<0.001 
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5.2.5 The Effects of different decellularization methods on antibody 
binding 

To achieve efficient decellularization and reduction of xenogeneic antigens on 

xenogeneic heart valve matrices, different decellularization methods had been 

developed at the Leibniz Research Laboratories for Biotechnology and Artificial 

Organs (LEBAO). In order to test putative reduction of antigens after decellularization 

with the dot blot method, the established protocols were used to decellularize five 

porcine wild-type and four porcine GGTA1 knockout heart valves which were then 

exposed to four different human sera. To reduce variability each heart valve used in 

this test was cut into three pieces to be decellularized with the three tested protocols. 

However, no significant difference was detected in the antibody binding between 

differently decellularized matrices within the two groups (wild-type and GGTA1 

knockout) (Figure 28).  

 

Figure 28: Comparison of antibody binding of four different human sera (A-D) to wild-type (WT) and 
GGTA1 knockout (KO) porcine heart valves decellularized with three different protocols (SDS/SD, TX 
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+ SDS and Trp + TX). Each column represents the mean and standard deviation (SD) of technical 
triplicates of five porcine wild-type and four porcine GGTA1 knockout heart valves. TX: Triton X-100, 
Trp: Trypsin 

 

5.2.6 Differences between human heart valve donors (allografts) 

During the development of the method, the secondary antibody itself was found to 

bind to human tissue (Figure 20 B). Surprisingly, the three different human tissues 

used for the experiment showed different signal intensities. In order to clarify this 

intriguing observation, pulmonary artery tissue from nine different donors and four 

recipients of lung transplantations were exposed to the secondary antibody. 

Interestingly, tissues from the pulmonary arteries of lung recipients exhibited 

significantly higher signal intensities than the tissue from the lung donors (p<0.01) 

(Figure 29).  

 

 

Figure 29: Comparison of the binding of secondary goat anti-human IgG, IgA and IgM antibody to 
tissues of donors (n=9) and recipients (n=4) of lung transplantations. Each dot represents the mean of 
technical triplicates. **= p<0.01
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6 Discussion 
The transplantation of organs, tissues and cells is often the only option in the 

treatment of terminal organ failure. The first documented transplantation experiments 

took place as early as in the eighteenth century. However, the lack of knowledge on 

immunology led to many transplantation-related deaths. A major breakthrough was 

achieved by Karl Landsteiner, who discovered the A, B and 0 blood groups in 1901. 

The AB0 system describes carbohydrate antigens on the surface of red blood cells. 

The presence or absence of these antigens determines the compatibility of the blood 

of two individuals. This new insight into basic immunological mechanisms formed the 

basis for the development of the crossmatch test (Obermann, 1982). This simple test 

was the first method allowing to match donor and recipient prior to blood transfusion, 

making it a safe procedure. Nowadays, blood transfusion is routinely performed in 

order to help patients around the globe.  

A similar development occurred in the field of solid organ transplantation. In the 

1950s, Peter Medewar and Macfarland Burnet discovered the existence of self and 

non-self-antigens that are recognized by the immune system. This finding initiated a 

field of research dedicated to the understanding of the HLA (Human Leukocyte 

Antigen) system, which describes a gene complex that encodes for major 

histocompatibility complex (MHC) proteins that discriminate cells from different 

individuals. Being able to match donor and recipient with HLA analysis paved the 

way for successful allotransplantation. These days, the transplantation of kidneys, 

hearts, lungs, livers and bone marrow are routinely performed on the basis of pre-

transplantation compatibility tests. 

A comparable test has yet to be established for xenotransplantation in a clinical 

setting. Similar immune reactions to those that were observed in allotransplantation 

before compatibility matching was established, occurs in xenotransplantation (Galili, 

1993). The production of genetically modified donor pigs allowed control of 

hyperacute rejection, albeit it has not been possible thus far to avoid binding of 

preformed non-a-gal antibodies (Niemann et al., 2016) which can lead to acute graft 

rejection (Yang et al., 2007). Many non-a-gal xenoantigens are still unknown and 
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need to be identified (Griffiths et al., 2008; Byrne et al., 2011). For 

xenotransplantation, animal experiments are commonly utilized to test for immune 

reactions. Previous studies however, showed that the results obtained by in vivo 

studies in animals cannot be translated directly to human patients, as seen in the 

examples of Synergraftä and Matrix Pä heart valves (Simon et al., 2003; Perri et al., 

2012). It is known that the presence of preformed antibodies to a-gal and Neu5Gc 

differs between species (Bishop et al., 2007; French et al., 2017). Therefore, it is 

possible that additional, as yet unknown, antigens on xenogeneic tissue lead to 

different immunological reactions in different species. Thus, it is questionable 

whether it would be safe to use the immune reaction of one species to a certain 

transplant to draw conclusions on the reaction of another species to the very same 

transplant. An in vitro test system is needed that could be used to match donor tissue 

with recipients prior to transplantation to prevent the type of devastating outcome 

seen in the clinical trials of Synergraftä valves (Helder et al., 2017).  

Efforts have been made to develop such a method, but so far these tests have 

included a preselection of either antigens (Boer et al., 2015; Daugs et al., 2018) or 

antibodies (Ramm et al., 2016) in order to search for any evidence of immune 

reactions. This preselection could, however, lead to a loss of information and should 

be avoided. As a result, the goal of this study was to develop a test that can detect 

and quantify preformed antibodies against decellularized porcine pulmonary heart 

valve matrices in human serum. 

The major challenges addressed in this study were:  

A) Most of the antigens were unknown. Therefore, no specific and established 

antibodies for detection were available. 

B) The result should not only show antigen-antibody binding, but also allow 

quantification of the amount of binding. This is a reason why simple staining 

methods or the use of whole pieces of xenogeneic material for the method 

were not appropriate. 
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C) The method itself should not alter the antigens in their tertiary structure but 

instead should preserve the epitopes so that antibody binding could still take 

place. Denaturation caused by high temperature or chemical exposure had to 

be avoided.  

D) Antigens should neither be lost nor selected as part of the process. For this 

reason, it is not possible to work with extracts generated by mechanical 

treatment because this would only select for soluble components of the 

matrices.  

E) The unspecific binding of human serum is extremely high and has to be 

differentiated from specific binding to antigens. 

In accordance with these objectives, solubilization of fresh decellularized heart valve 

matrices was achieved by means of digestion with an endoprotease that only cuts 

specific parts of collagen, thereby preserving the native structure of the epitopes. 

This solution was then dotted on a membrane, before being incubated in human 

serum. The serum was not processed in any way, in order to remain as similar to the 

recipients’ immune response as possible.  

 

Serum is the liquid part of the blood after coagulation that includes antibodies and 

other proteins. Nitrocellulose membranes are hydrophobic membranes that allow 

liquid to pass due to the addition of hydrophilic components in the production process 

(Wong, 2009). Proteins are known to bind to nitrocellulose membranes (Wong, 

2009). This is also true for the heart valve matrix components which are transferred 

to the membrane according to the dot blot protocol, as well as for all proteins within 

the serum, including antibodies. These antibodies bind non-specifically to the 

nitrocellulose membrane. Secondary anti-human antibodies cannot differentiate 

between serum antibodies that bind non-specifically to the membrane and those that 

bind specifically to the heart valve epitopes. This leads to false-positive signals and a 

bad ‘signal-to-noise’ ratio. In order to improve this ratio, other proteins are usually 

used to block the protein binding parts of the membrane. 



Discussion  

 
76 

During the development of the dot blot method it became apparent that even though 

blocking with goat serum was conducted, the parts of the membrane placed beneath 

the wells of the sample plate during the loading process exhibited particularly strong 

staining (Figure 12). This suggests that this non-specific binding is caused by 

mechanical stress that alters the microstructure of the nitrocellulose membrane, 

leading to an even higher potential to bind proteins. During the blotting process, the 

membrane is pressed between the sample plate and the filter which lies on top of the 

filter support plate (Figure 10). The sample plate presses the membrane from above 

during the loading process, leaving only the areas below the circular openings of the 

sample plate free from this pressure. These parts of the nitrocellulose membrane are 

pressed upwards by the filter from below, creating a visible circular elevation of the 

membrane. It can only be assumed that this mechanical stress, together with the 

physical strain created by the vacuum that sucks the liquid through the meshes of the 

membrane, lead to structural damage of the membrane and thus to unspecific 

binding. Moreover, surfactants and polymers which were added to the nitrocellulose 

in the production process, in order to inhibit strong binding to proteins, could be 

affected by these stress factors, leading to high non-specific binding of serum 

components to the membrane in these circular areas.  

 

In accordance with the hypothesis that mechanical stress increases non-specific 

binding, it was necessary to find a potent blocking technique to prevent any non-

specific binding of the serum. As it has been reported that all serum proteins can bind 

to the nitrocellulose membrane (Wong, 2009), human serum albumin (HSA) was 

employed as a competing serum protein. The immunoglobulins of the analyzed 

serum sample compete with large amounts of HSA for binding, meaning that only a 

minority of proteins from the serum sample are able to bind non-specifically. By 

applying HSA as blocking-agent, the first good results were achieved (Figure 13 B). 

Even better results were obtained using Animal-Free™, which is a commercially 

available blocking-agent with unknown contents (Figure 13 E). In a final step to 

optimize blocking, the blocking-agent was added to serum in the incubation of 
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primary antibody overnight analogous to competitive binding (Figure 14 B). This 

procedure further reduced non-specific binding, both on the parts of the membrane 

that were exposed to the vacuum and those that were not (Figure 14 B). With these 

modifications, it was possible to use whole serum as the primary antibody and 

thereby not excluding any antibodies of human blood in the test system.  

 

Another important requirement of the new method was the preservation and 

representation of all antigens in the test solution. Solubilization of all antigens could 

only be achieved through enzymatic digestion. The only enzyme that presented itself 

as free of a-gal epitopes was collagenase type 2 from Worthington. Collagenase is 

an endoprotease that breaks peptide bonds of collagen and other proteins present in 

the ECM, and generates hydrolyzed peptides (Mookhtiar et al., 1985). Even though it 

is free of a-gal epitopes, the collagenase itself caused slight staining when loaded 

onto the membrane and exposed to human serum (Figure 16). When collagenase 

was digested using Peptide:N-Glycosidase F (PNGase F), which cleaves and 

removes N-linked glycans from proteins (Roth, 2012), this signal was significantly 

reduced (p<0.01 and p<0.001) in three out of four sera (Figure 17), indicating that 

components of collagenase itself contain N-linked glycans that lead to human 

antibody binding. 

As one of the four sera still showed considerable binding to PNGase F digested 

collagenase, additional antigens could be present on the surface of collagen (O-

linked glycoproteins for example) that are not removed by PNGase F and this might 

trigger individual immune responses. Another hypothesis would be, that the reduction 

of N-linked glycans by PNGase F may not be sufficient to prevent antibody binding of 

some sera, which may contain an extremely high level of preformed antibodies that 

bind to the few N-linked glycans left on the collagenase. A further possible 

explanation is that the collagenase is contaminated with endotoxins (Vargas et al., 

1998).  
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In the search for an alternative, Liberaseä, a highly purified collagenase equivalent, 

was tested for digestion of heart valve matrices. Unexpectedly, the digested tissue 

exhibited a 63% reduced signal intensity compared to collagenase digested tissue 

(Figure 15). Whether this result was produced because Liberaseä digestion 

interferes with epitopes or because it creates pieces too small to stick on the 

nitrocellulose membrane, remains unknown.  

The final protocol for quantification of preformed antibodies to xenogeneic heart valve 

material thus involved improved blocking of non-specific binding utilizing competitive 

binding between proteins and a 75% reduction in the amount of collagenase used for 

the enzymatic digestion, among other improvements.  

A first screening of several sera revealed that the test could detect significantly 

stronger antibody binding to tissue derived from a-gal positive heart valves (porcine 

wild-type) compared to tissue devoid of a-gal (porcine GGTA1 knockout) for each of 

the tested human sera (Figure 24). This result is in accordance with published data 

which showed that around 1% of all circulatory IgGs are specific for a-gal epitopes 

(Galili, 2005), thus being the most prominent preformed antibody population. 

However, the difference between binding to WT and GGTA1 KO tissue varied among 

sera from different individuals depending on the blood group. For blood groups A and 

0 the difference in binding to WT and GGTA1 KO tissue was significant, while for 

individuals with blood groups B and AB this difference did not reach statistical 

significance (Figure 26). This finding is in accordance with published data, which 

states that there is a blood-group-dependent difference in the number of preformed 

antibodies that can bind to a-gal epitopes caused by considerable structural similarity 

of the anti-blood group B antibody and the a-gal epitope (Avila, 1999). Anti-blood 

group B antibodies can bind to a-gal epitopes as well (Macher et al., 2008) thereby 

enhancing the signal on WT tissue with sera from A and 0 blood group individuals 

containing anti-blood group B antibodies. It is noticeable, that in 5.2.1, all nine sera 

exhibited statistically significant differences in the binding to WT compared to KO 

tissue, albeit to different extents (p<0.001 to p<0.05). In contrast, in 5.2.3, only sera 

of blood groups A and 0 showed statistically significant differences between the two 



Discussion  

 
79 

matrices with a p-value of 0.05. This could be explained by the number of different 

heart valves that the calculations were based on. In 5.2.1, the calculation for the 

binding of each serum to each heart valve was done individually, whereas in 5.2.3 

the value for binding of three sera of each blood group to seven heart valve matrices 

of each genetic background was combined, in order to make a more general 

statement. Individual differences in the number of preformed antibodies between 

sera and individual differences in the antigenicity of different heart valves led to larger 

variances in standard deviation in 5.2.1 and thus reduced the statistical significance 

of the results.  

A comparison of signal intensity of samples from human tissue and porcine GGTA1 

knockout material in this study revealed a higher signal intensity for human tissue in 

most experiments (Figure 14 and Figure 16). This was surprising, taking into account 

that the existence of non-a-gal xenoantigens on porcine tissue and the presence of 

preformed antibodies against them has been reported (Byrne et al., 2014; Estrada et 

al., 2015; French et al., 2017). It was hypothesized that these antigens still would be 

present on decellularized heart valve matrices as shown for the a-gal epitope (Wong 

et al., 2014). This would lead to the expectation that the signal for porcine GGTA1 

knockout tissue would be more intense when compared to that of human tissue.  

The test system had to be modified to search for technical reasons behind the 

unexpected increased signal intensity for human samples compared to porcine 

GGTA1 knockout tissue. Incubating the tissue loaded membrane in secondary anti-

human antibody without prior exposure to primary antibody revealed that the 

secondary antibody led to a signal on human tissue (Figure 20). This phenomenon 

could not only be seen by using the secondary antibody (goat anti-human IgG, IgA 

and IgM) but also for all other secondary anti-human immunoglobulin antibodies that 

were tested for this purpose (Figure 21). When tissue of several humans derived 

from lung donation surgery was screened, it also became clear that signal intensity, 

created by the goat anti-human IgG, IgA and IgM secondary antibody, differs 

between the tissue samples. A significantly higher signal intensity from tissue of lung 

recipients than from tissue of lung donors was detected (Figure 29). Western blotting 
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was employed using porcine and human tissues either in enzymatically digested form 

or as extracts to exploit all water-soluble components. Bands at 50kDa and 25kDa 

could be detected with the secondary antibody in human samples which were absent 

in porcine tissue samples (Figure 22). Interestingly, the two detected proteins had the 

same molecular weight as heavy chains (50kDa) and light chains (25kDa) of 

immunoglobulins respectively, indicating that epitopes that are bound by anti-human 

immunoglobulin antibodies are actually tissue harbored antibodies still present even 

after decellularization. The higher binding to tissue of lung recipients compared to the 

lung donors suggests that the number of antibodies in pulmonary artery tissue is 

increased in diseased patients compared to healthy individuals. 

Taken together, it is tempting to speculate that immunoglobulins from tissue donors 

are situated within the heart valve or pulmonary artery and are not removed by the 

decellularization process. This is a new hypothesis and represents an important 

insight into the limitations of decellularization. 

While these findings represent an interesting discovery, the interference of the 

secondary antibody also presents a limitation of the method. Human allografts are 

already established as heart valve replacements in heart valve transplantation 

surgery that do not lead to hyperacute or acute graft rejection (Sarikouch et al., 

2016). In other studies, human tissue is used to define a threshold for acceptance 

which xenografts can be compared to (Ramm et al., 2016; Wang et al., 2017). One of 

these studies showed that decellularized porcine GGTA1-KO tissue led to the same 

amount of antibody binding or even less when compared to human tissue, indicating 

that non-a-gal xenoantigens are eliminated by decellularization (Ramm et al., 2016). 

In the present study, more or equal amounts of antibodies were bound to human 

tissue when compared to GGTA1 KO tissue. Here, it is not known how much the 

binding of the secondary antibody itself contributes to the overall signal.  It is 

therefore not possible to determine the signal intensity created by the serum binding 

to the human tissue. Thus, a threshold for acceptance on the basis of signal intensity 

to human tissue cannot be defined. In order to address the important question of 

whether non-a-gal xenoantibodies bind to decellularized tissue, it would be possible 
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to test porcine double (GGTA1/CMAH) or triple KO (GGTA1/CMAH/B4GalNT2) using 

the dot blot method and compare these results to the signal intensity derived from 

GGTA1 KO matrices. Alternatively, decellularized GGTA1 KO matrices could be 

treated with neuraminidase which removes Neu5Gc, in order to investigate whether 

differences can be detected when compared to non-treated decellularized GGTA1 

KO material.  

 

Decellularization methods are being constantly improved and new protocols 

developed. So far, decellularization of tissues has been evaluated in vitro using 

staining techniques such as DAPI for visualizing residual DNA, H&E for absence of 

cells, Movat’s pentachrome to monitor the extracellular matrix composition or 

isolectin B4 for visualizing the elimination of a-gal epitopes. It is also possible to 

determine the amount of DNA remaining in the matrix using Hoechst 33258. This can 

be used as an indirect evaluation of the removal of cellular debris. All these 

techniques provide insight into the effect of the decellularization, but only offer 

indirect information regarding a putative impact on the recipients’ immune response. 

To evaluate a possible immune response, this developed method can be used to 

give information about preformed antibodies to dezellularized tissue in human sera.  

Studies using tissue extracts showed that decellularization is sufficient to eliminate or 

almost completely inactivate antigenicity of xenogeneic wild-type material (Naso et 

al., 2017; Daugs et al., 2018). For example, the only other study using a dot blot 

experiment for example, claimed that xenoantigens are eliminated by 

decellularization to an extent that no antigenicity is detectable for porcine wild-type 

material when compared to non-decellularized porcine tissue (Daugs et al., 2018). By 

using extracts of tissue homogenates however, the non-soluble matrix components, 

such as the highly glycosylated fibronectin, were excluded from this investigation. 

This preselection of antigens most probably impaired and biased the results in the 

studies mentioned above. In this present study, the dot blot method was developed 

with the criterion of including all xenoantigens by solubilizing the tissue enzymatically, 

to also include the non-soluble components of extracellular matrix. Thereby it was 
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possible to contradict the observation that decellularization leads to elimination of 

xenoantigens. Furthermore, the method even allowed the detection of individual 

differences in the antigenicity of decellularized heart valve matrices (Figure 27) as 

well as in the amount of preformed xenoantibodies in individual human sera (Figure 

23).  

 

Additionally, the developed method could be used to evaluate the effects of different 

decellularization methods on the immunogenicity of decellularized matrices. The 

above mentioned in vitro methods such as DAPI or H&E staining techniques, showed 

decellularization success in the following order: Trypsin + Triton X-100 > Triton X-100 

+ SDS > SDS/SD (unpublished data). When heart valve tissue of wild-type pigs, 

decellularized with the three protocols, was compared using the dot blot method, the 

same order of signal intensity was observed, but no significant differences were 

detected (Figure 28). This can be explained either by a lack of differences in 

decellularization efficiency as measured by the binding of preformed antibodies or by 

a lack of sensitivity of the dot blot method. It would be useful to compare the dot blot 

results with results obtained by another method that can evaluate immune reactions 

to tissue decellularized with different protocols. An in vivo study in which ovine and 

porcine wild-type heart valves were decellularized using the above-mentioned 

protocols were transplanted into GGTA1 knockout pigs is ongoing. So far, no 

significant differences could be detected in this in vivo study (unpublished data), 

which would be in accordance with the results obtained by the dot blot method. 

 

Decellularized heart valves derived from GGTA1 knockout pigs are a promising 

future alternative for heart valve prostheses. To successfully apply these valves in 

the clinic, it is crucial to know if there are differences with regard to preformed non-a-

gal xenoantibodies in individual human sera which could potentially be relevant for 

graft rejection.  



Discussion  

 
83 

When nine different human sera were tested on heart valve tissue from nine GGTA1 

knockout pigs, the individual sera showed statistically significantly different levels of 

preformed antibodies against the GGTA1 knockout samples (Figure 27). The signal 

intensity to GGTA1 knockout matrices depended on the individual blood donors and 

also on individual GGTA1 knockout heart valves, as each serum displayed an 

individual pattern of antibody binding to the GGTA1 knockout valves (Figure 27). 

Even though the individual GGTA1 knockout valves displayed different quantities of 

antibody binding, all of these signal intensities were significantly lower than signal 

intensities derived from exposure of human sera to porcine wild-type matrices. These 

low signal intensities make it questionable whether the differences between binding 

to GGTA1 KO heart valve matrices seen with the dot blot, would translate in a 

different immune response in vivo. As has already been described in the literature 

however, humans possess different amounts of preformed antibodies to non-a-gal 

xenoantigens, such as Neu5Gc (Padler-Karavani et al., 2008), which can lead to 

acute graft rejection (Yang et al., 2007). This suggests that even though signal 

intensity might be low compared to signal intensity with porcine wild-type matrices, 

graft rejection due to preformed antibodies cannot be excluded.  

A threshold for signal intensity leading to graft rejection would be useful but could not 

be determined in this study. Therefore, the dot blot analysis could not provide a 

definitive prognosis with regard to the rejection of a certain heart valve. However, it 

can be used to compare heart valves to one another for each serum and 

subsequently predict which would be the least likely to result in hyperacute or acute 

rejection after implantation in xenotransplantation. Under clinical conditions, the test 

could also exclude individual patients as recipients for specific donor material, if 

strong antibody binding is detected. The GGTA1 knockout heart valve 8, for example, 

displayed considerably higher antibody binding in almost all of the nine sera (Figure 

27). It can be assumed that the strong signal is caused by high levels of antigens, i.e. 

incomplete decellularization for example, or by expression of certain antigens that 

are not present in other valve matrices. Incomplete decellularization of the heart 

valve, however, is unlikely, as all valves used in this experiment were decellularized 

using the same protocol. A heart valve such as this could be excluded as a potential 
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heart valve prosthesis. The GGTA1 knockout heart valve 1, on the other hand, 

caused a considerably high signal intensity for only one out of nine sera (Figure 27 

E), indicating an individual mismatch between one donor and one recipient. It would 

be very interesting to investigate those individual mismatches further, particularly to 

identify new xenoantigens.  

An obvious limitation of the dot blot method developed in this thesis is the restriction 

to the detection of preformed antibodies. The test can only be used to predict 

immune reactions on the basis of antibodies that are already present in the blood 

system prior to transplantation, as a result of prior exposure to the respective 

antigens.  

Due to the impact of the incubation time of the enhanced chemiluminescence on the 

signal intensity, it would be useful to integrate a standard to which the results can be 

normalized in order to compare signal intensity values obtained by several 

experiments. 

Regardless of the above-mentioned limitations, the method developed here can be 

used for numerous applications. As decellularized xenogeneic heart valves are not 

yet being transplanted under clinical conditions, the test can be employed to evaluate 

new approaches toward reducing antigenicity of xenogeneic tissue with additional 

knock outs in the donor pig or the use of additional substances for decellularization. 

When it is used with animal serum as the primary antibody, the dot blot method can 

also be used as a pre-transplantation tool to match donor and recipient for in vivo 

animal studies in order to reduce the number of animals. Currently, the dot blot 

method is being adopted for use in order to prevent or predict rejection i.e. to improve 

matching of donor and recipient in human allograft transplantation. 
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7 Conclusions 
 

In this doctoral thesis, a method has been developed that can detect and quantify the 

binding of preformed antibodies to xenogeneic heart valve matrices. The results 

obtained by this test are reproducible in technical replications and resemble the same 

tendency as results obtained by other methods. In accordance with published data, 

the test revealed the presence of a-gal epitopes on heart valve matrices even after 

decellularization and the majority of preformed antibodies having been specifically 

directed against a-gal epitopes. Furthermore, the existence of preformed antibodies 

against non-a-gal xenoantigens and reduction of preformed antibodies that bind to a-

gal in sera of the blood groups B and AB compared to blood groups A and 0 was 

demonstrated by the test. 

A new finding was that antibody binding to GGTA1 KO heart valve matrices is 

dependent on the individual porcine donor matrix as well as on individual human 

sera. Furthermore, tissue harbored antibodies seem to be retained within the heart 

valve matrix even after decellularization. 

This new observation of individual differences confirms the assumption that the 

method developed here will be useful as a tool for matching donor and recipient prior 

to transplantation. Moreover, the dot blot method meets the requirements for use as 

a screening test in order to search for the best donor valve for each patient. Only a 

few micrograms of donor tissue are necessary to perform the detection, preserving 

the heart valves being tested so that they can still be used for implantation into 

patients. 

The biggest limitation, however, is that this test can only make predictions on 

immune reactions that are caused by preformed antibodies found within the 

recipients’ blood prior to implantation. This limits the usability of this test to preventing 

hyperacute or acute graft rejection caused by preformed antibodies in 
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xenotransplantation. At present, the test can be used to evaluate the reduction of 

antigenicity of xenogeneic heart valves using newly developed laboratory techniques 

 or with additional genetic modifications to donor animals. 
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8 Appendix 
 

 

8.1 List of Abbreviations 

 

%    Percent 

µg    Microgram 

µl    Microliter 

a    Alpha 

a-gal    Galα1-3Galβ1-4GlcNAc-R 

AHXR    Acute humoral xenograft rejection  

ANOVA   Analysis of variance 

ARISE Aortic Valve Replacement using Individualised 
Regenerative allografts 

b4GalNT2   b1,4 N-acetylgalactosaminyl transferase 

BSA     Bovine serum albumin 

BU    Buffer 

°C    Degree Celsius 

CaCl2    Calcium chloride 

CH2OH   Hydroxymethyl radical 

CH3    Methyl radical 

cm    Centimeter 

CMAH Cytidine monophosphate-N-acetylneuraminic acid 
hydroxylase 

coll.    Collagenase 
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CRISPR/Cas Clustered Regularly Interspaced Short Palindromic 
Repeats/Cas 

DAPI    4´,6-Diamidin-2-phenylindol 

DIC    Disseminated intravascular coagulation 

digest.   digested 

DNA    Deoxyribonucleic acid 

ECM     Extracellular matrix 

ELISA    Enzyme linked immunosorbent assay 

e.g.    exempli gratia 

et al.    Et alia 

ESPOIR European Clinical Study for the Application of 
Regenerative Heart Valves 

Fig.     Figure 

Fuc    Fucose 

g    Gram 

GAG    Glycosaminoglycan 

GGTA1   a1-3galactosyltransferase 

GlcNAc   N-acetylglucosamine 

H    Human 

h    Hour 

HAR    Hyperacute rejection 

H&E    Hemalaun/Eosin 

HLA    Human leukocyte antigen 

HSA    Human serum albumin 

i.e.    id est 

IU    International Units 
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kDa    Kilodalton 

km    Kilometer 

KO    Knockout 

Load. Pattern  Loading Pattern 

mg    Milligram 

ml    Milliliter 

l    Liter 

LEBAO Leibniz Research Laboratories for Biotechnology and 
Artificial Organs 

Ig    Immunoglobuline 

M    Molar concentration 

mM    Millimolar 

MHC    Major histocompatibility complex 

min    Minute 

MgCl2    Magnesium chloride 

Neu5Ac   N-acetylneuraminic acid 

Neu5Gc   N-glycolylneuraminic acid 

NHCOCH3   Acetamide 

No.     Number 

O    Oxygen 

OH    Hydroxy group 

PBMC    Peripheral blood mononuclear cells 

PBS    Phosphate-buffered saline 

PBS+ Phosphate-buffered saline + 500IU penicillin/streptomycin 
+ 500IU gentamycin 

PNGase F    Peptide:N-Glycosidase F 
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SD    Sodium deoxycholate 

SDS    Sodium Dodecyl Sulphate 

TALEN   Transcription activator-like effector nuclease 

TBS    Tris-buffered saline 

TBST    TBS + Tween 20 

TBS+    TBS + CaCl2 + MgCl2 

Tris    Tris(hydroxymethyl)aminomethane 

Triton X-100 Polyethylenglycol-[4-(1,1,3,3-tetramethylbutyl)phenyl]-
ether 

Trp Trypsin 

U    Units 

WHO    World Health Organization 

WT    wild-type 

xg    Gravitational acceleration  

ZFN    Zinc-Finger Nuclease 
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