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XENOTRANSPLANTATION 12
“People are entitled to disagree with xenotransplantation, but then they should register as organ donors.”

The above statement was made by Guido Persijn, former Medical Director of the Eurotransplant Foundation, 
an international organisation that coordinates organ donation and transplantation. Xenotransplantation is 
the transplantation of organs, tissues or cells from one species of animal to another. This chapter will look at 
transplantations between animal and humans. Xenotransplantation is one possible solution for the organ donor 
shortage in the area of transplant medicine77. However, there is still a ban on this type of procedure because of 
the lack of clarity about the sort of risks entailed. The natural rejection responses to cross-species components still 
create insurmountable problems. The transfer of viral DNA with, as yet, unpredictable consequences is also another 
matter that requires due attention. The various facets of this topic will be discussed in this chapter, as will the question 
of whether or not xenotransplantation is ethically responsible. We’ll begin with the history of xenotransplantation, 
which has its origins in a dark past.

XENOTRANSPLANTATION IS GREAT
STUFF FOR BACHELOR PARTIES

I THOUGHT A BUNNY SUIT
WOULD BE ENOUGH!
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12.1. THE HISTORY OF 
XENOTRANSPLANTATION: A SHOCKING PAST

Don’t take your organs to heaven; heaven knows we 
need them here.

This quotation, whose origins are unknown to me (JT), 
hangs on the wall in my sister’s bathroom. For more than 
ten years, she has been hosting one of my brother’s 
kidneys (see Textbox 12.6). It was a perfect match! So 
you’ll understand my particular interest in this topic. I 
wrote the first draft of the Dutch version of this chapter in 
2001 during a sabbatical in Lausanne. It lay untouched 
until 2007 when in December of that year my co-author 
(YZ) updated it. On 28 October 2008 I began the final 
revision of the Dutch version by reading an article on the 
history of xenotransplantation, written by Deschamps et 

al. (Deschamps, Roux, Sai, & Gouin, 2005). Because of 
my personal interest in the subject of organ donation, the 
article read as a real horror story, so incredibly thrilling, 
that I felt almost guilty for reading it ‘in the boss’s time’. It 
became the most important source of information for this 
chapter. The Dutch book was published in November 
2009. Although we did quite a bit of revision, it remains 
also one of the main sources for this English version.
Long before there was any insight into 
xenotransplantations of whatever kind, there were stories 
in folklore about creatures that were half-man, half-beast 
(chimeras). Pre-historic cave drawings seldom showed 
people, but in the Lascaux caves in France there is 
a drawing of a man with a bird’s head (circa 15,000 
BC). The first description of what can be defined as 
xenotransplantation comes from Indian mythology, in a 
Sanskrit text from the 12th century BC (Textbox 12.1).

TEXTBOX 12.1. 
The first xenotransplantation.

Shiva and Parvati are two Gods from Indian mythology. 
According to the legend, their child Ganesha was born 
while Shiva was out hunting. As in so many myths, 
Ganesha was born a giant. When Shiva returned home 
and saw his wife with this gigantic ‘stranger’, he beheaded 
him. Parvati informed him that he had just killed his own 
son, and threatened to destroy the universe if Ganesha 
was not resurrected. Shiva, who wasn’t able to re-attach 
Ganesha’s head, ordered his servants to bring him the 
head of the first living creature they encountered. And so 
Ganesha was given new life with the head of an elephant.

Source: Shutterstock
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clearly show is that the idea of extending or enhancing 
life, by replacing failing or missing organs with organs 
from a human donor, was already around a long time 
ago.

The first xenotransplantations were carried out at 
the beginning of the sixteenth century with cells and 
tissues from bone, skin, and testicles, etc., the latter 
playing a particularly important role (Textbox 12.2). 
Organs were only used much later on, because for a 
long time there was no technique to keep the bleeding 
under control once the diseased organ had been cut 
out, and no way to restore blood circulation after the 
transplant.
In 1668 the Dutchman Job van Meekeren reported a 
successful xenotransplantation with bone, performed 
by a Russian who used a piece of dog skull to repair a 
human skull. His claim that this had never been done 
before was later refuted. In 1501 the Iranian physician 
Muhammad Baha’ al-Dawla published medical notes in 
The Quintessence of Experience. In it he described the 
surgical removal of a piece of skull that was infected 
and replaced by a piece of dog bone, the brain being 
protected by a piece of cucumber. He also reported 
that in Herat, Afghanistan, the Indian surgeon Ala-ul-
Din had used fresh canine skin to replace all the skin 
on the head of a patient suffering from eczema. These 
early experiences were followed by many other similar 
primitive experiments. The first person to describe it 
as a transplantation was the Scottish surgeon John 
Hunter in 1778, when he wrote of a transplantation of a 
human tooth to the comb of a cockerel.

Going back many centuries before Christ there were 
already descriptions of transplantation experiments 
with people. For example, Susrata, an Indian 
surgeon, was said to have used pieces of skin, about 
600 years before the calendar era, to replace noses 
that had been cut off (often as a punishment). The 
most notorious example of early transplantations is 
probably ‘the miracle of the black leg’ from the 3rd 
century AD. In Rome two Syrian doctors, Cosmas and 
Damian, amputated the gangrenous leg of a verger. 
They attached in its place the leg of a dead black 
man. All these early attempts were transplantations 
from human to human (allotransplantation); all were 
probably not very successful, even though the species 
barrier had not been crossed. However, what they 

SOMETHING WENT WRONG

YOU’RE SORRY?

I’M SORRY, THERE WAS A SMALL MIX UP
WITH YOUR ALLOTRANSPLANTATION.
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Xenotransfusions are also centuries old. The 
transfusion of lamb’s blood to a 15-year old boy on 15 
June 1667 is the first documented account of such a 
procedure. This was performed by the French doctor 
Jean-Baptiste Denis, King Louis XIV’s physician, and 
the surgeon Paul Emmerez in Paris. Less than half 
a year later, on 23 November, Richard Lower carried 
out the same experiment in London on the 22-year-
old Arthur Coga, also successfully. Several other 
transplantations followed, but with less success, and 
on 10 January 1670 they were banned by the French 

parliament, quickly followed by the English parliament 
and then by the Pope. Despite this ban, documents 
describing xenotransfusions continued to appear, 
even until quite recently. In 2000 the Indian Dhani 
Ram Baruah administered more than quarter of a litre 
of pig’s blood to the 22-year-old Hussan Ali, who was 
suffering from severe anaemia. Ali was discharged 
from hospital four weeks later. Tests confirmed that he 
had non-human blood cells in his bloodstream. A few 
years ago, fresh blood shortages also led to calls to 
reconsider xenotransfusions. Artificial oxygen carriers 

TEXTBOX 12.2. 
Human rejuvenation transplants.

In 1889 the French-American doctor and physiologist 
Charles-Edouard Brown-Séquard injected himself 
subcutaneously with an aqueous extract of crushed 
testicles from dogs and Guinea pigs. These injections 
were intended to restore his physical strength and 
capacities that were diminishing due to the ageing 
process. In so doing the 72-year-old Brown-Séquard 
invented opotherapy, a treatment using bodily fluids 
and a forerunner to endocrinology. Since then, 
numerous medicines based on crushed animal 
organs have come onto the market; extract of thyroid 
and pancreas are still available. Serge Voronoff 
turned this therapy into a surgical procedure. Born in 
Russia in 1866, Voronoff acquired French citizenship 
in 1895. He wanted to rejuvenate men by means of 
xenotransplantation with the testicles of chimpanzees 
and baboons. On 12 June 1920 he carried out the 

first procedure on a man, using the testicles of a 
chimpanzee; slithers of testicle were inserted into the 
scrotum. Three years later 43 men had undergone this 
operation and in 1930 that figure rose to 500. Women 
received an ovary from female apes for the treatment 
of menopause. Yet more shocking is the fact that he 
inserted a human ovary into a female chimpanzee 
(Nora) and inseminated her with human sperm; so 
much for ethics!? The insemination was unsuccessful, 
but Nora did get the leading role in the 1929 novel 
“Nora the she-monkey becomes a woman”.
During his career Voronoff was concerned about 
the adequate supply of donors (monkeys), and 
considered setting up monkey farms in French 
Guyana in which to breed monkeys for export. Vilified 
by the scientific community and the public, Voronoff 
stopped performing after 2000 xenotransplantations. 
He died in 1951. It should, however, be noted that he 
was the first person to draw attention to the problem 
of donor shortages.
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received a kidney from a chimpanzee. When she died 
nine months later, an autopsy revealed the only cause 
of death to be an acute imbalance of electrolytes. 
Nine months surviving without rejection of the liver 
delivered proof that xenotransplantation was possible 
in principle. Yet the results remain unimpressive 
and this nine-month survival is still a record. In 
1976 the Swiss Jean-François Borel discovered 
cyclosporin A, a drug which was also expected to 
be capable of suppressing rejection reactions in 
xenotransplantations.
On 26 October 1984 the American Leonard Bailey 
carried out the operation that would become the most 
famous xenotransplantation in history. It concerned 
the premature twelve-day old Baby Fae who had a 
heart defect. She was given a baboon heart. The 
conditions seemed optimal, including the fact that 
cyclosporin A was now available. In addition, of the 
six available baboons, the one chosen gave the 
weakest response with white blood cells and would 
probably cause the least rejection reactions as a 
result. After eleven stable days, however, the first 
rejection symptoms were observed and 20 days after 
the xenotransplantation Baby Fae died. Much of the 
hope vested in xenotransplantation died with her and 
a moratorium followed de facto. The new anti-rejection 
drug, Tacrolimus, which was brought onto the market 
in 1992, did little to change this situation. The arrival 
of transgenic pigs the same year, however, did seem 
to herald change and a new era.

for blood transfusions have also been attracting 
attention in research circles in recent years.
The most important criterion for successful organ 
transplantation is the restoration of the vascular 
tissue of the organ in question by the stitching 
together of the arteries. More than a century ago, 
the Frenchman Mathieu Jaboulay and his student 
Alexis Carrel pioneered this technique, using mainly 
kidneys. Kidneys were preferred because it was easy 
to prove the success of the operation: you just had to 
wait until the patient urinated! 
In January 1906, they attached the kidney of a pig, 
slaughtered three hours before, to the inside of 
a woman’s elbow. In the next day and a half they 
collected one and a half litres of urine, but on the third 
day they were forced to remove the kidney because 
of thrombotic symptoms. Three months later they 
repeated the same operation with the same result 
in a different woman, this time with a goat’s kidney. 
These transplantations are often regarded as the first 
real xenotransplantation experiments, even as the 
first organ transplantations. In 1909, 1913 and 1923 
other researchers carried out a xenotransplantation 
with a kidney from a macaque, a Japanese monkey 
and a lamb, respectively, but the results weren’t 
much better. There then followed a period of 40 years 
without further attempts.
The failure of these first experiments was the direct 
result of a lack of means to prevent rejection by the 
immune system. When these means came in the 
early 1960s, the interest in (xeno)transplantations 
was reawakened. In 1964 a 23-year-old woman 
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12.2. THE TRANSGENIC ‘SPARE-PART PIG’

“The creatures outside looked from pig to man,
and from man to pig,
and from pig to man again;
but already it was impossible to say which was which.”

George Orwell: Animal Farm; 1945

Anyone looking at animals to solve the shortage of 
transplant organs, should actually focus on those 
species that are evolutionarily most closely related, 
e.g. primates (mammal group that includes monkeys, 
apes and human beings). Apes are therefore the 
recommended organ donors, especially since it now 
appears that there is a less than 1% difference in 
genetic make-up between chimpanzee and man. That 
would seem to imply that there would be few rejection 
symptoms and only slight differences in the organ 

functions. But, after several kidney transplants in the 
1960s from chimpanzee to human, the entire medical 
community has agreed that ape organs are not a real 
option. This has to do with anatomical differences, 
animal ethics and practical problems with breeding, but 
probably more to do with the growing understanding 
that non-human primates are a source of viruses that 
can be or can become very dangerous for humans.

Pigs are now the animal of choice. The anatomy of 
their internal organs shows major similarities to those 
of humans. They are also available in abundance and 
have a relatively short reproduction cycle with big 
litters. Years of experience also show that pigs are 
relatively easy to breed in germ-free conditions. But 
from an evolutionary point of view, pigs are a lot further 
away from humans. This results in all kinds of acute and 
chronic rejection symptoms. Genetic modification of 
the pig and immune suppression in the organ recipient 
should overcome that. But even in the absence of 
these obstacles, there still remains the question of 
whether the physiology of the pig is similar enough 
to that of humans. It is, as yet, a largely unexplored 
area of xenotransplantation: the comparison of 
physiological and biochemical characteristics of man 
and pig; the subtle differences in hormone regulation, 
mineral concentrations and blood pressure. 
The size of hearts, kidneys, lungs, liver and blood 
vessels in pigs are a good match with those of 
humans, making pigs ideal organ donors. But without 
special precautionary measures, xenotransplantation 
is guaranteed to fail. The rejection reaction is so 

Animal Farm

George Orwell

Source: Identim



Chapter 12: Xenotransplantation 213

strong, that the animal organ can be irreparably 
damaged within a few minutes. This sort of hyperacute 
organ rejection also occurs if a patient gets a human 

already have an antibody. This may be because we are 
confronted early on in life with bacteria which have the 
same sugar chain on the cell surface (Prather, 2007). 

Galactose N-acetylgalactosamine L-fucose

O A B AB

Pig sugar side chain

Anti body

Rejection1

2 No
rejection

3 No
rejection

Figure 12.1. The fight of the blood groups, adapted from Van Zundert (1998).

organ from a donor with a different blood group. Blood 
groups are determined by the nature of the sugar chain 
of the red blood cells (Figure 12.1). However, these 
blood group determinants are not only found in red 
blood cells; they are also present in most organs, cells 
and tissues in the body. In pig organs, as well as in the 
pig cells that line the inside of the pig’s arteries, there 
are blood group determinants, which are recognised 
by our immune system as foreign, and for which we 

So our blood reacts directly to the pig organ, resulting 
in hyperacute rejection (Reaction 1).
Up until the turn of the century, getting around this 
immune reaction by modifying the blood group 
determinants in the pig was more of a theoretical 
than a practical or feasible solution. That’s why, at 
the beginning of the 1990s, Imutran, a subsidiary of 
the pharmaceutical giant Novartis, tried a different 
approach. Researchers there succeeded in genetically 
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modifying pigs so that they produced a human protein 
that could block the immune reaction between pigs’ 
organs and human blood (Reaction 3). Testing with 
apes showed that the hyperacute rejection did indeed 
fail to occur. And yet, the pig organs failed in the long 
run. Preventing a hyperacute immune reaction was 
clearly not the only challenge. At a later stage the body 
throws in a whole army of antibodies and different 
processes into the fight to take out the ‘intruders’.
Even when there is a “perfect match” between human 
donor and recipient (Textbox 12.6), a transplant only 
succeeds by at least temporarily suppressing the 
immune system with medication. However, it is still not 
known whether this medication is effective enough in 
the case of a xenotransplantation. Which is why there 
is lots of research taking place into these complicated 

immune processes, in order to better understand them 
so that more effective means to combat them can be 
developed. In 2007 recent progress, the state of affairs 
and future possibilities were looked at by Yang and 
Sykes (Yang & Sykes, 2007a, 2007b) in two leading 
journals. These data are not easy to summarise, but 
suffice it to say, there is still a long way to go. On the 
website78 of Cytos Biotechnology we found a short 
and simple summary of the immune system (Textbox 
12.3). Cytos Biotechnology is a Swiss company that 
is developing and commercialising a novel class of 
medicines – called Immunodrugs™. Immunodrugs™ 
are therapeutic vaccines intended for use in the 
treatment and prevention of common chronic diseases 
which afflict millions of people worldwide.

TEXTBOX 12.3. 
The immune system – some basic facts.
 
The immune system is a remarkably adaptable 
defence system that has evolved to protect the body 
from invading microorganisms such as bacteria and 
viruses. It vigorously fights such pathogens with an 
armada of specialised cells and molecules, including 
the antibody-producing B cells and the T cells. B 
cells and T cells are the main effectors of the immune 
system to establish effective and long-lasting immune 
responses and they are also the cell types that need 
to be targeted for successful vaccination strategies.    
While B and T cells respond efficiently to foreign 
invading viruses or bacteria, they usually don’t react 

to the body’s own proteins or cells. This phenomenon 
is called self-tolerance. One reason for the strong 
immune responses induced by viruses, for example, 
is their particulate and repetitive structure. Viruses 
have small genomes and only a few different proteins 
available to build up a viral particle. The proteins 
are therefore arranged in a highly repetitive and 
highly organised format. There exists no comparable 
structure within the human body where a body cell 
always has a few hundred to a few thousand different 
proteins on its surface. During human evolution, the 
immune system appears to have learned to recognise 
such highly repetitive structures as foreign and 
potentially harmful, and it reacts accordingly with a 
potent immune response. 

78 www.cytos.com

www.cytos.com
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So to start with, a successful xenotransplantation 
involves preventing hyperacute rejection (Reaction 1). 
The most obvious solution is to give the pig the sugar 
chain that corresponds to the determinant of our blood 
group ‘O’, because there are no antibodies for this sugar 
chain (Reaction 2). This means that only the extremity 
of the sugar chain, the galactose α-1,3-galactose 
epitope (an epitope is the location on the antigen which 
can be specifically recognised by antibodies that will 
bind to it) in the blood group determinant of the pig, will 
have to be changed: a fucose in place of a galactose. 
The enzyme that links the latter sugar unit (galactose), 
α-1,3-galactosyltransferase or α-1,3-GalT for short, 
must be deactivated and an extra enzyme must be 
‘incorporated’ to ensure that the fucose attaches to the 
right location. Deactivating a gene entirely is always 
a complicated process, which until recently only had 
a reasonable chance of success in less complex 
animals such as mice, resulting in so-called “knock-
out” mice. Since 1992, however, researchers have 
been working hard on the genetic modification of 
pigs for the purposes of xenotransplantation. In their 
review ‘Xenotransplantation: The next generation 
of engineered animals’ d’Apice and Cowan (2009) 
address the questions: What to remove? What to 
add? And how to do it? In their final section “Horses 
for courses?” they end with: “Sounds familiar … so 
maybe a hurdler can run on the flat? Our approach is 
to try to build a multitalented pig and put him over a few 
different courses.”
As mentioned previously, the English company 
Imutran (Cambridge) began research in the early 

1990s on the genetic modification of pigs with a 
human gene. The gene in question codes for the 
protein hDAF (human decay-accelerating factor), one 
of the proteins that inhibits the so-called complement 
activation in humans (Siegert, Van Es, & Daha, 1996). 
Complement activation is the result of the cascade-like 
interaction of plasma proteins and membrane-bound 
proteins. There is a total of approximately 30 proteins 
in the complement system. The complement system 
traces intruders in the bloodstream and destroys 
them by drilling through their cell membranes. In a 
transplanted organ they bind to the endothelial cells, 
the ‘inner lining’ of the blood vessels. These cells are 
immediately destroyed. As a result coagulation factors 
are released from the underlying cell layers, causing 
the blood vessels to be blocked within minutes. Pierson 
III et al. (2009) have nicely pictured and described 
this process in their invited review article “Current 
status of xenotransplantation and prospects for 
clinical application” (Textbox 12.4). The complement 
system has a number of safety markers where the 
induced reaction can be stopped (this is necessary if a 
complement factor binds to the body’s own structure); 
hDAF marks one of these points. This also applies to 
proteins coded as CD59 and MCP, as well as hDAF 
membrane-bound proteins79.

On 23 December 1992 the first hDAF transgenic pig 
was born; it was named Astrid. Three years later the 
American company Nextran produced transgenic 
pigs that expressed two of this type of protein, hDAF 

79 www.ntvg.nl/node/290588/print

www.ntvg.nl/node/290588/print
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Figure 12.2. Dysregulated coagulation in pig-to-primate xenotransplantation, reproduced with permission (Pierson III et al., 2009).

TEXTBOX 12.4. 
Dysregulated coagulation in pig-to-primate 
xenotransplantation. 

Coagulation is occurring continuously within the 
bloodstream, but is normally restrained by a network 
of inhibitory pathways involving endothelial proteins 
such as thrombomodulin and tissue factor pathway 
inhibitor (TFPI) (Panel A). Increased coagulation 
is normally initiated when endothelium retracts or 
becomes ‘activated’ by injury, in part because von 
Willebrand factor (vWF) is expressed and tissue factor 
(TF) is liberated into the circulation. The coagulation 
cascade then becomes amplified by the factors shown 
(VIIa/TF complex, IXa, and Xa) which in turn activate 

thrombin. Thrombin amplifies the clotting cascade by 
(a) activating XIa (not shown), (b) activating platelets, 
(c) cleaving fibrinogen into fibrin monomers that form 
the primary clot matrix, and (d) activating factor XIIIa 
(not shown), which cross-links fibrin monomers into 
an insoluble clot. TFPI and thrombomodulin normally 
inhibit coagulation on healthy endothelium, while 
soluble antithrombins inhibit thrombin by forming a 
complex with its active site. 
Porcine EC activation – whether by xenoantibodies, 
complement, or other factors – results in loss of 
natural anticoagulant proteins (TFPI, thrombomodulin) 
and acquisition of a procoagulant phenotype (Panel 
B). In addition functional incompatibilities in the 
coagulation system between pigs and humans cause 
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and CD59, with an even greater chance of stopping 
rejection. The Texan Robert Pennington owes his life 
to one of these pigs. In autumn 1997 the liver of this 
man, who was 17 at the time, suddenly failed. There 
was no donor available at the time. Dr. Marlon Levy, 
a transplant surgeon at Baylor University Medical 
Center in Dallas, offered to pump his blood outside 
his body through a transgenic pig’s liver until a donor 
liver became available. One of the Nextran transgenic 
pigs, a sow later named Sweetie Pie by Robert, was 
transported to Dallas and slaughtered; its liver was 
connected outside Robert’s body to his bloodstream. 
For nearly seven hours spread over three days until 
a donor liver was found, the pig’s liver detoxified 
Robert’s blood thereby saving his life80.
The next major step forward was made in 2001, 
when two different groups announced that they had 
created transgenic α-1,3-GalT knock-out pigs and 
then cloned them. A year later, on 25 July 2002, the 
first four double knock-out pig clones (with both gene 
copies deactivated) were born at PPL Therapeutics, 
the company that created Dolly the Sheep. Since 

then there have been many more promising 
examples. For instance, a group at the University 
of Missouri-Columbia joined forces with Immerge 
Biotherapeutics to make an α-1,3-GalT knock-out of 
the Imutran pigs with an hDAF gene (Prather, 2007). 
This transgenic pig model was disseminated by the 
‘National Swine Resource and Research Center’81. 
Further modifications are still necessary before pigs’ 
organs can be successfully transplanted to humans. 
The review of Klymiuk et al. (Klymiuk, Aigner, Brem, 
& Wolf, 2010) provides an overview of the transgenic 
approaches that have been used so far to generate 
donor pigs for xenotransplantation, as well as their 
biological effects in in vitro tests and in preclinical 
transplantation studies. As a future challenge they 
see the combination of the most important and 
efficient genetic modifications in multi-transgenic 
pigs for clinical xenotransplantation. Aigner et al. 
(Aigner, Klymiuk, & Wolf, 2010) review the selection 
of promoter sequences for reliable transgene 
expression for this purpose.
Xenotransplantation is still a very experimental 

both inappropriate or accelerated thrombin formation 
and inefficient restraint of clot activation. Our current 
hypothesis is that xenografts succumb to an otherwise 
insignificant humoral or cellular immune response 
which amplifies endothelial injury and intravascular 
thrombosis, and becomes manifest as thrombotic 
microangiopathy. The blue arrows designate cascade 
amplification steps, while the red lines identify loci of 

inhibition. The relative intensity of clot formation, the 
net product of coagulation pathway enzyme effects, 
is symbolised by arrow weight at the thrombin and 
fibrin steps. Pathways where pig endothelial proteins 
inefficiently dampen coagulation are indicated with 
hatchmarked red lines in Panel B. For simplicity, only 
the activated clotting factor intermediaries and key 
points at which regulation occurs are shown.

80 www.pbs.org/wgbh/pages/frontline/shows/organfarm 81 www.nsrrc.missouri.edu

http://www.pbs.org/wgbh/pages/frontline/shows/organfarm/
http://www.nsrrc.missouri.edu
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procedure and no creature has yet survived a 
xenotransplanted pig organ for any length of time, 
not even a monkey. However, developments in 
recent years have been such that, particularly with 
transgenic pigs, pre-clinical studies with “pig-to-other-
animal” xenotransplantations are running in various 
countries to further investigate the feasibility, and 
‘pig-to-human’ xenotransplantations are starting to 
appear on the agenda again. Xenotransplantation of 
the insulin-producing islets of Langerhans from the 
pancreas is in particular expected to proceed quickly 
from pre-clinical to clinical phase (Schuurman, 
2008). One reason for this is that less than five 
percent of the islets of Langerhans in pigs have the 
Gal epitope, meaning that the risk of hyperacute 
rejection is smaller than in other pig organs (Prather, 
2007). Consequently, no α-1,3-GalT knock-out pigs 
are expected to be needed, in contrast to other pig 
organs. Rajotte (2008) states that, according to clinical 
research, the preparation and transplantation of the 
islets must be SAS - Safe, Affordable and Simple: 
(1) safe with regard to the transfer of pathogens (see 
following section), (2) affordable within our health-
care parameters, and (3) simple and reproducible 
production of transplantable islets with a minimum of 
regulatory control.
Transgenic pig clones clearly signal the first breach 
of the rejection barriers. Yet there are still no clinical 
trials involving humans. There is still too little data 
available on the extent of the risk of transferring 
potentially very infectious viral DNA. Concerns about 
this are huge.

12.3. PANDEMIC RISKS

The last few decades have seen the spread of new 
infectious diseases such as Ebola, HIV, Creutzfeldt-
Jakob, SARS and Mexican flu. These were probably 
animal diseases by origin, which have now become 
infectious for humans. This has raised great fears that 
xenotransplantation would exacerbate such mutations. 
Xenotransplantation is therefore regarded as a serious 
risk for public health, because it brings with it the 
risk of transferring swine pathogens, in particular 
viruses that are not endemic to humans (Louz, 
Bergmans, Loos, & Hoeben, 2008). If patients receive 
immune suppressants and still have no immunity, 
xenotransplantation can, in the worst-case scenario, 
lead to a global pandemic with a new life-threatening 
virus. Many exogenous viruses can be eliminated by 
pathogen-free breeding, by selection and vaccination 
of the donor animals and by adequate screening of the 
organs for xenotransplantation. However, O’Connell 
(2008) concludes that suitable facilities for looking 
after donor pigs still need to be designed. These will 
require lots of money for investment and maintenance 
and it will be a considerable time before donor pigs 
from a suitable facility are made viable for clinical use. 
In short, there’s still a long way to go just with regard to 
facilities and protocols.
The biggest concern is about the pig endogenous 
retrovirus (PERV), of which there are several copies 
in the pig genome. This concern goes back to 1997 
when it was shown that PERV could infect human cells 
if they were grown in a test-tube. Further indications 
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were demonstrated in 2000 by means of experiments 
with mouse models. PERV was transmitted when islets 
of Langerhans were transplanted from a pig’s pancreas 
to an NOD/SCID (non-obese diabetic/severe combined 
immune-deficient) mouse; NOD/SCID mice are mouse 
models that are diabetic and have a defective immune 
system. This proves that animal viruses can be 
potentially transferred during xenotransplantation to 
humans. Since then this has been a subject of concern 
and discussion, not only among health authorities. 
It has given rise to a precautionary approach, strict 
regulation and even a moratorium in many countries 
on clinical trials, at least with humans82. It is crucial that 
we remain aware of the fact that xenotransplantation 
combines possible advantages for the individual 
patient along with the risk of serious, large-scale, new 
infectious diseases (pandemics). Basically, PERV 
requires and is undergoing a thorough risk assessment 
at this time.

12.4. SOCIAL AND ETHICAL ASPECTS

In 1998 about two and a half million Dutch people 
registered their organs for transplant after their death. 
However, this generous gesture is a drop in the ocean. 
On the global level the supply of donor hearts, kidneys, 
livers and lungs has for years met only a fraction of the 
demand. In 2002, the number of people across the world 
registered as waiting for an organ was over 250,000. 
Less than a third of those waiting received a transplant83. 

And despite all the ‘moped drivers without helmets’ 
and major donor events, it doesn’t look as though this 
situation will change any time soon. In Europe in 2005 
only 3,540 kidney transplants were carried out, and the 
average waiting time was three years. The picture was 
no different in 2008. At that moment there were about 
75,000 and 11,300 patients on the waiting list for kidneys 
in the US and Europe respectively (Sprangers, Waer, & 
Billiau, 2008). There have been no drastic changes since 
then and from what we know now, xenotransplantation is 
unlikely to change this scene for the time being.
The transplantation of animal organs to humans is 
ethically acceptable, according to a Dutch committee of 
the Health Council in its published opinion in January 
1998 to the Minister of Public Health. But the committee 
also concluded that, before surgeons can routinely 
proceed to xenotransplants, problems with rejection 
and infection must first be resolved. The committee’s 
opinion was largely consistent with those that had 
appeared earlier in the United Kingdom and the US. 
The British Nuffield Council of Bioethics stated that 
the breeding of pigs was the most acceptable solution 
for xenotransplantation. Breeding monkeys for this 
purpose was deemed unacceptable, mainly because of 
the greater risk of infection. Monkeys are more closely 
related to humans than pigs. Pathogens in monkeys can 
more easily adapt when they enter a human body, than 
bacteria and viruses from pigs. And yet there is still a risk 
of infection from pigs’ organs, as we saw earlier in this 
chapter.

82 www.fda.gov/BiologicsBloodVaccines/Xenotransplantation/default.htm
83 www.eurotransplant.org/?id=xeno

www.fda.gov/BiologicsBloodVaccines/Xenotransplantation/default.htm
www.eurotransplant.org/?id=xeno
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In an interview in 2000, Maaike Werner, the press 
officer for the Dutch Society for the Protection of 
Animals until 2005, gave the following answer to the 
question of whether xenotransplantation is ethically 
responsible or not: “The Society for the Protection of 
Animals doesn’t think xenotransplantation is ethically 
acceptable. We are worried about the emergence of 
a new bio-industry for organs. Just because the meat 
industry is accepted, doesn’t mean that the organ 
industry should automatically be allowed. The meat 
industry has to meet certain criteria on animal welfare, 
the organ industry is very different. Just imagine a 
genetically modified pig living in a sterile room without 
daylight or straw before it has its throat slit. And many 
laboratory animals have already gone the same way. A 
pig’s heart has a smaller capacity than a human heart, 
so they want to make a donor pig do conditioning 
exercises. Don’t you think that’s absurd?”

Faced with the same question, the virologist Ab 
Osterhaus (Erasmus University Rotterdam) said: “I 
can’t give a yes/no answer to that question. In terms 
of animal welfare, I think xenotransplantation should 
proceed under the right conditions. We breed pigs for 
meat already. But if I look at the risk of infection in the 
future, I’m not sure about it. It may be that we create 
new viruses using this technique; then I predict a 
doom scenario like AIDS. Xenotransplantation should 
only proceed very gradually under strict conditions. 
For example, you can start transplanting parts of 
organs and test them for viral infections. Either way, 
developments in this area cannot be stopped. So we’d 
better adopt the right approach and make sure that 
there’s a plan in place should anything go wrong.”
In an interview in the same year, Jan IJzermans, a 
transplant surgeon at the Erasmus University Medical 
Centre in Rotterdam, summarised the facts: “The 
problem is that the discussion is still vague, because 
there’s no real idea of how great the dangers are. We 
have to weigh up the interests of the individual patient 
who could be saved with a donor organ, and the risk of 
a new epidemic. In contrast to many other controversial 
medical procedures, however, xenotransplantation 
cannot be dealt with simply as a personal choice, if 
the possibilities are there. Anyone with a pig’s heart 
or kidney may constitute a risk for the entire health of 
the public.”
At the turn of the last century, the Dutch Foundation for 
the Consumer and Biotechnology used a subsidy from 
the Ministry of Public Health, Welfare and Sport (VWS) 
to organise a public debate on xenotransplantation. 

EXERCISES FOR PIGS...
ONE OF THE ABSURD ASPECTS
OF XENOTRANSPLANTATION?
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The aim of the debate was three-fold: to give the 
public information, let them form an opinion on 
the basis of this information, and then assess the 
opinion. On 10 November 2000 the bioethicist Egbert 
Schroten (University of Utrecht) and the then VWS 
minister Mrs Els Borst, opened this debate called 
Should xenotransplantation be allowed? It followed 
an information campaign on xenotransplantation that 
began in December 1999. During that time the press 
also devoted a lot of attention to this subject. In the first 
months of 2001 citizens were able to go and discuss 
xenotransplantation in various locations around the 
country. In addition, the science theatre Pandemonia 
staged the play “Dierbaar Leven” (loosely translated 
this means ‘life is precious’, but there is a double 
meaning in the Dutch since “dier” means animal) 
about xenotransplantation. The idea behind this was 
to get young people interested in the topic. There was 
a website (no longer available) allowing for a debate 
on the subject. The public debate was concluded at 
the end of April 2001 with a final meeting. In mid-
2001 the final report was published by the foundation. 
The summary and conclusions are available online84, 
unfortunately only in Dutch, but the gist of these is as 
follows. About half the people who interactively took 
part in the debate had no particular opinion for or 
against xenotransplantation. Proponents point mainly 
to the possibility of saving human lives and solving the 
problem of donor shortages. Opponents place more 
emphasis on the “makeability” of the body - the extent 
to which we are ready to interfere with the body. The 

unnaturalness of the procedure, the crossing of human 
and animal, and possible adverse consequences for 
quality of life, were also important considerations. 
Compared with other forms of organ replacement 
(existing and experimental), xenotransplantation was 
found to be the least acceptable.
Many believed that xenotransplantation should only 
be allowed if there were no other ways of solving the 
donor shortage problem. The risk of infection was 
the most important concern, but for the majority of 
people this was not a defining enough reason to reject 
xenotransplantation. In any case, people didn’t expect 
xenotransplantation to be used as long as there were 
still uncertainties about the risks. Opponents objected 
to the consequences for animals with regard to 
animal welfare, genetic modification and the fact that 
xenotransplantation is a new use of animals. Others 
found these consequences problematic too, but for 
them the purpose of the use (saving human lives) was 
more important. Nor did the latter group see any basic 
difference between this and using animals for other 
purposes, such as eating them. 
Young people were much more concerned about 
surviving than adults. While adults were more inclined 
to accept the end of their lives, young people were 
more willing to calculate in certain downsides of 
xenotransplantation. In conclusion, we would like 
to mention that people also indicated the desire to 
be able to vote in the future as to whether or not 
xenotransplantation goes ahead. Crucial in this regard 
was clarity on the criteria used by the government and 
doctors when deciding on who gets which treatment. 

84 www.weten.nl/webzine/nummer4_2001/pdf/bruikbaar.pdf

www.weten.nl/webzine/nummer4_2001/pdf/bruikbaar.pdf
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That, then, was the final report on the public debate.
A Dutch website that is constantly concerned with this 
theme is that of the working group on transplantation 
questions, which critically analyses all the medical, 
moral and risk aspects of transplantation85. There 
is also a lot of relevant information to be found 
abroad, for example, from Canadian supporters86 and 
American87 and British88 opponents. 
Little has happened in the Netherlands since the big 
debate. Xenotransplantation has received very little 
attention and not much has changed as regards 
the thorny points. The global picture is very similar. 
What we do see is that there are still many scientific 
publications and review articles appearing. George 
(2006) concludes in his article that xenotransplantation 
will probably remain controversial because of the 
complex nature of the medical, ethical and legal 
questions. If the scientific problems were to be solved, 
the decision to proceed with the clinical application 
of this technique would depend, in his view, on a 
collective decision based on ethical, regulatory and 
legal frameworks arising from a consensus. What is 
clear is that there is still much opposition. Googling 
Frankenstein in combination with xenotransplantation 
yields thousands of hits, generally not very friendly 
with respect to this topic.
In recent reviews, Professor Mariachiara Tallacchini 
(Tallacchini, 2008; Tallacchini & Beloucif, 2009) 
defines what she sees as a suitable ethical, 

social and regulatory framework for clinical 
xenotransplantation. She does so on the basis of an 
analysis of recent literature on regulatory questions 
concerning xenotransplantation. She concludes 
that the global scale on which the research is 
currently taking place, requires that some aspects 
of xenotransplantation should be reconsidered. 
Inadequacies and weaknesses in national legislation 
can, in her opinion, not only have undesirable 
local effects, but international implications as well. 
Conversely, the lack of international implementation 
of rules or “loose” interpretation of standards has a 
negative impact on groups and populations who are 
already disadvantaged, and may result in potential 
risks worldwide. Although specific subjects such as 
animal welfare and rights continue to be discussed, 
the most important aspect of the regulatory questions 
concerning xenotransplantation is increasingly 
shifting to the multi-faceted aspects of locality and 
globality, where space, as well as formal legislation, is 
created for non-governmental networks as potentially 
flexible and normative instruments. In short, if we the 
authors understand it correctly, there’s still a long way 
to go.
So far, the religious angle has received little attention 
in the press and scientific literature. We have only 
been able to find one recent article on this (Bruzzone, 
2008), which basically concludes that no religion has 
an official ban on xenotransplantation! 

85 www.stelling.nl/xeno
86 www.islet.org 
87 www.crt-online.org
88 www.uncaged.co.uk

http://www.stelling.nl/xeno
http://www.uncaged.co.uk
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12.5. IN CONCLUSION

Xenotransplantation clearly stirs society’s conscience. 
This social anxiety is mainly to do with the risk that 
transplanting an animal organ to a human body may 
wake a sleeping virus. The pig genome may contain 
viruses that are harmless to the pig. All they do is sit in 
the DNA and replicate. Nothing more. It could be, with 
the emphasis on ‘could’, because nobody knows for 
sure, that these viruses mutate in a human environment 
into a variant that is harmful to humans. It would be 
unlucky indeed to have created with our own hands a 
brand-new viral infection to rival, for example, HIV.

No government, minister, doctor or patient would 
care to have that on their conscience. On the other 
hand, how can you gain more insight into the risks 

surrounding xenotransplantation if you completely ban 
research in this area? And even with research, there 
is still the question of how science can acquire real 
insight into the risks without exposure to those risks. 
It’s not always possible to rationalise. It is fortunate that 
the decision rests not only on scientists’ shoulders, but 
also on those of the whole of society.
Companies are also wrestling with this problem. 
Geron Bio-Med in Roslin, Scotland, a company trying 
in various ways to apply the cloning technique used 
to “make” Dolly the Sheep and to make money out 
of it, reported in mid-2000 that it was getting rid of its 
potential donor pigs. The company was planning to 
focus on embryonic stem cells that can be converted 
in the laboratory into specialised human cells and 
tissues for all sorts of medical applications (Chapter 
14). The hope is that whole organs can be made in 
this way. Human, not animal, organs - from our own 
stem cells. But that’s still in the future. In an interview in 
2005, leading stem cell researcher Christine Mummery 
said that she wouldn’t bet all her money on stem cell 
research being successful in this area. “If you need 
whole organs, xenotransplantation will be the only 
option for a long time to come”, she predicted. 
Yang and Sykes (Yang & Sykes, 2007b) say in their 
review article that considerable money and effort is 
being invested in alternatives to xenotransplantation. 
Artificial organs (Textbox 12.5) and mechanical devices 
may offer a potential solution for some organ failures, 
but in the near future they don’t have the potential 
to supplant transplantation as a long-term curative 
therapy. Likewise organ and tissue regeneration on 

CAN I GET A GOAT HEART
TRANSPLANT? I’M A MUSLIM!

THERE ALSO ARE SOME UNEXPECTED COMPLAINTS
AGAINST XENOTRANSPLANTATION

?
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the basis of stem cells is very promising, but according 
to Yang and Sykes a good many years of research will 
be needed before the clinical phase can start. They 
therefore conclude that xenotransplantation may well 
be the current solution for the lack of donors.

This chapter has demonstrated that xenotransplantation 
is still a tricky business, both technically and ethically. 
The technical problems around rejection can probably 
be overcome in the relatively short term, but we 
certainly haven’t read or heard the last word on the 
ethics and the risk of new viruses. Only when the 
most serious rejection hurdles and viral risks have 
been eliminated, can the practice really show whether 
complete pig organs can fulfil their replacement 
function as desired, or whether they will simply act as 
a short-term transition for the transplantation of human 

organs. This will obviously vary according to the organ 
in question: the heart has a less complex biochemical 
interaction with the body than the kidneys or liver. But 
this doesn’t detract from the fact that more research is 
definitely needed in the area of xenotransplantation, 
however much the opinions of opponents and 
proponents differ. Maybe other options, such as organ 
breeding using stem cells, will catch up with the “spare 
pig parts” possibility before it comes into practice. 
This is surely more likely now that we have come to 
the end of the Bush era, when ethical considerations 
got in the way of federal financing for most research 
involving human embryonic stem cells. With the arrival 
of President Obama, change is in the air. Than again, 
maybe the xenotransplantation cynics will be right after 
all: “Xenotransplantation is the future and always will 
be.” Only time will tell if they are right.

TEXTBOX 12.5. 
Willem Kolff89.

Willem Johan Kolff (1911-2009) was a Dutch internist 
who emigrated to the United States. Kolff was best 
known for his invention of the artificial kidney (in 1942 
in Kampen) and his life’s work on all kinds of other 
artificial organs, such as a heart-lung machine in 1956 
and the artificial heart in 1957. After 1950 he lived and 
worked as a professor in the US. In 1990 the American 
journal “Life” listed him as one of the hundred most 

important people of the twentieth century. In 2004 
Kolff received similar acclaim in the Netherlands: 
he finished in 47th place in public elections for De 
Grootste Nederlander (the greatest Dutch man/
woman), a list of the hundred most important people 
in the country’s history. The American National 
Academy of Engineering calculated in 2003 that 
more than 20 million people owed their lives to this 
invention of Kolff. Every year hundreds of thousands 
of people undergo medical treatment that would not 
have been possible without his work.

89 www.willemkolffstichting.nl/index.php?phm=1 
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TEXTBOX 12.6. 
The “perfect match”!

As I (JT) mentioned previously, in mid-1997 my sister 
suffered acute renal failure in both kidneys when she 
was just 50. This was followed by a long and miserable 
period, in which her close family repeatedly feared for 
her life. After more than a year, her condition stabilised 
and she had to undergo dialysis five times a day at 
equal intervals. Apart from all the other complaints, this 
was hardly an appealing state to be in. So the thought 
of a transplant wasn’t far from our thoughts. In the first 

instance, the specialists thoroughly investigated the 
possibility of using a family member as a donor. My 
brother seemed to be the best “match” for my sister; 
in fact, the perfect match. Without thinking twice 
he donated one of his kidneys to my sister. By the 
beginning of 1999 it was a ‘fait accompli’. The transplant 
had proceeded successfully and for more than ten years 
now my sister has been able to lead a relatively normal 
life with minimum use of medication; all because of a 
perfect match! It all makes you think differently about the 
alternatives. Not everyone who’s on a donor waiting list 
is fortunate enough to have such a brother!
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