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Abstract 

Xenotransplantation refers to the transfer of animal tissues or organs to humans. This 

procedure is being explored as a potential solution to address the shortage of human organs 

available for transplantation. In the UK, there are currently around 7,000 individuals waiting 

for a transplant, and sadly, over 430 people have lost their lives while waiting as of 2023. 

However, the NHS has facilitated 4,600 transplants so far, saving many lives and improving 

the quality of life for countless others29. In the US, as of 2019, the situation is far worse, with 

115,000 people on the waiting list and 20 people dying every day. Every 10 minutes, an 

additional person joins the list10. Xenotransplantation offers a solution. 

Keywords: MHC class I, Non-HLA, Organ donation, Pig, Transplantation, Genetic 

engineering, Xenotransplantation. 

 

Brief History of Xenotransplantation: 

During the early 1900s, medical professionals tried to perform xenotransplantation by 

replacing damaged human organs with organs obtained from frogs, pigs, or primates. 

However, these initial procedures were unsuccessful, and further research was halted until 

the reason for the failed transplants could be determined4,9. In 1944, Peter Medawar made a 

significant discovery that post-transplantation, the recipient's immune system identifies organs 

as foreign and attacks them, resulting in transplant rejection and failure34. In 1954, Dr Joseph 

Murray accomplished the first successful kidney human-to-human transplant between 

identical twin brothers. Due to genetic similarity, the receiving twin accepted the organ without 

immune suppression. Nonetheless, successful transplants between non-identical donors were 

difficult to achieve until antirejection measures were developed34. In the early 1960s, scientists 

discovered the first immunosuppressive drugs. Researchers then set out to determine whether 

these drugs could also prevent the rejection of xenotransplants34. In 1963, Dr Thomas Starzl 

transplanted baboon kidneys into six human recipients with survival periods ranging from 19 
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to 98 days. Despite further attempts over the following decades, success rates remained non-

existent34. Since the mid-1990s, scientists have focused on genetically modifying donor 

animals to prevent organ rejection, which brings us closer to the possibility of 

xenotransplantation5,34. 

 

What is Organ Rejection and the Types of Organ Rejection 

Organ rejection can be defined as a biological process whereby the recipient's immune system 

recognises the transplanted organ as a foreign tissue and initiates an immune response to 

eliminate it. This process is akin to an immune response directed against an unwanted 

infection. Organ rejection (organ failure) is a significant challenge that limits the success of 

organ transplantation procedures and is a subject of ongoing research in the field of transplant 

immunology14,17. 

In the case of a transplant, hyperacute rejection can occur within minutes if the antigens are 

incompatible. Immediate removal of the tissue is crucial to prevent fatality. Acute rejection can 

take place within the first week to three months, as the recipient's immune system is activated 

against the donor tissue. Chronic rejection is a gradual process that occurs over years as the 

recipient's immune system slowly damages the donor tissue17,18. No organ rejection and 

prevention of organ failure are the main objectives of xenotransplantation. 

The cellular plasma membrane is coated with multiple unique molecules, providing the cells 

with a unique fingerprint. The immune system therefore can capably distinguish whether a cell 

is ‘self,’ ‘foreign,’ or cancerous. The surface molecules central to this role are human leukocyte 

antigens HLA, specifically the MHC class I and its antigen-presenting pathway3. Non-HLA 

molecules play a less critical role yet contribute to cell recognition22.  

All nucleated cells present small fragments of digested glycoproteins via the Major 

Histocompatibility Complex (MHC) class I at the cell surface. The displayed proteins in MHC 

class I are receptors for CD8+ T cells, ensuring appropriate cell functions in signalling when 

encountering a compromised state15,27. 

The larger proteins are broken down into peptides by proteasome enzymes in the cytoplasm. 

Only peptides sized 8 to 9 amino acids long are transferred into the lumen of the Endoplasmic 

Reticulum (ER) via Transporter Associated with antigen Presentation (TAP). In the lumen of 
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the ER, those peptides are loaded onto MHC class I molecules, forming peptide-MHC class I 

complexes. Finally, peptide-MHC class I complexes are transported out of ER by the Golgi 

apparatus to fuse with the cells' plasma membrane for CD8+ T cell receptors (TCR)27. 

 

Figure 1.1. MHC class I antigen-presenting pathway27. 

 

There are 20 naturally used amino acids26. This means that a peptide, presented on the cell 

plasma membrane can potentially have 208 (= 25,600,000,000) to 209 (=512,000,000,000) 

possible combinations, allowing CD8+ T cells to discriminate against cells of its own, same 

species and different species. 

 

Non-HLA antibodies and Xenotransplants 

Non-HLA antibodies can be classified into two categories, alloantibodies, and autoantibodies. 

Alloantibodies specifically target polymorphic antigens that differ between the donor and 

recipient, while autoantibodies recognise self-antigens44. The development of antibodies 
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against non-HLA autoantigens is associated with rejection and reduced long-term graft 

survival. Immunological recognition of cells is mainly governed by the MHC molecules. The 

immune system also recognises specific molecules on the cell surface unrelated to the MHC 

class I receptors like perlecan, angiotensin type 1 receptor, and collagen which play a 

significant role in the process of antibody-mediated acute and chronic rejection44.  The role of 

non-HLA antibodies in antigen presentation and immune surveillance has been extensively 

researched in immunology and organ transplantation, but the knowledge remains 

incomplete44. 

 

Role of genetic engineering in Xenotransplantation 

Genetic engineering has revolutionised how we understand and manipulate living organisms. 

Altering the genes involved in cell surface molecules within the animal organ of choice can 

trick the immune system into believing the cell is ‘self.’ This is the essence of 

xenotransplantation. 

Two major real-life cases have involved heart xenotransplantation: David Bennet, Sr, who 

lived two months after xenotransplantation, and Lawrence Faucette, who lived six weeks after 

xenotransplantation19,35. Genetically engineered pig hearts were used in both cases, but why 

were pig hearts used instead of the hearts of chimpanzees or baboons? Which are more 

genetically similar to us1,20,30,39? 

The domesticated pig, scientifically known as Sus scrofa domesticus, lives up to 20 years and 

can reach up to 240cm. Pig organs, especially the heart, have a striking similarity to their 

human counterparts16,41,42. Unlike our primate cousins, pigs have a higher breeding potential, 

are widely available, and are not endangered. The low maintenance costs and extensive 

genetic engineering experience with pig cells make them an attractive alternative. 

Furthermore, using pig organs for medical research and transplantation poses fewer ethical 

objections, as pigs are commonly raised as farm animals.  This introduces interest in 

developing pig-to-human organ transplantation to address the shortage of human organs 

available for transplantation12,43. 

In the case of Mr Bennet’s heart xenotransplantation, four genes were removed, and six genes 

were added. Three genes (GGTA1, CMAH, and β4GalNT2) involved in adding carbohydrate 
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molecules to the plasma membrane have been knocked out to prevent hyperacute 

rejection6,32,40. The growth hormone receptor (GHR) gene was removed from the pig's heart 

to ensure it would grow to an adequate size for human recipients during xenotransplantation 

to prevent fatal compression of the heart2,13,16. 

Six genes have been introduced for the heart to be recognised as less foreign to the immune 

system. The Human CD55 and Human CD46 genes mimicked the necessary surface signals 

to prevent humoral xenograft rejection and arterial blood clots through eliminating antibody 

binding and natural killer cell adhesion. Furthermore, human thrombomodulin and human 

endothelial C receptors were added to prevent thrombotic microangiopathy, as pig 

thrombomodulin does not bind well to human thrombomodulin. Finally, the inclusion of the 

Human heme oxygenase-1 gene helped to reduce inflammation and apoptosis. At the same 

time, the human CD47 gene aided the suppression of T cells and macrophages by human 

phagocytes. This improves the compatibility of the organ with the recipient's body32. 

 

The good and the bad: 

Despite its potential, xenotransplantation still presents numerous challenges. 

Xenotransplantation advocates argue that the procedure can provide an efficient organ pool, 

hence saving lives and reducing suffering. However, assuming that xenotransplantation is 

successful, the patient will likely have to take long-term immunosuppressants with unclear 

long-term effects. Human-to-human organ transplant studies have observed that missing a 

single dose of medication can increase the risk of rejection via reactivating the immune 

system. Furthermore, patients who use immunosuppressants are at a higher risk of infections, 

cancer, and high blood pressure. Some patients also experience digestive issues like 

Gastrointestinal discomfort as a side effect7,25,38. Using immunosuppressants means that 

zoonotic infections can potentially worsen long-term health outcomes. Microorganisms like the 

porcine endogenous retrovirus (PERV) can infect both human and pig cells as well as cause 

cancer8. This highlights the need for continued research like CRISPR genetic engineering 

PERV virus out of pigs and vigilant monitoring technologies such as PCR, droplet digital PCR, 

DNA and RNA analysis to prevent the spread of such infections and mitigate their impact on 

human health23,24,31. 
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There is an indication that some individuals who receive animal organs may experience a shift 

in their self-perception, potentially impacting their identity. While this phenomenon can occur 

with human organ transplants as well, it may be a more significant issue with animal organs, 

given the recipient's awareness that they are receiving a non-human organ. This loss of 

identity threatens the fundamental principle of autonomy that underlies all medical 

interventions11,21,31,33. 

Additionally, animal welfare is a crucial concern regarding genetic modification and 

xenotransplantation. These practices often involve subjecting animals to various forms of 

suffering, such as isolation, monitoring, and invasive investigations. Additionally, the long-term 

effects of genetic modifications on animals are not yet fully understood. There is also the 

potential for many animals to be subjected to cloning, which raises ethical concerns. For 

instance, a disease could be highly effective at damaging or killing a specific clone line of 

Xeno-pig-organs. This could pose a problem for both the patient's health and the pigs as some 

may have already received xenotransplants from these pigs. Infected pigs are usually 

subjected to euthanasia. As such, it is essential to carefully consider the impacts of genetic 

modification on animal welfare and take steps to mitigate any adverse effects21,31. 

Accurately estimating the risk of zoonosis to both the recipient and society is challenging, 

making vigilant post-operative monitoring necessary. As a precaution against the potential risk 

of zoonosis to the broader public, recipients may need to restrict physical relationships, daily 

activities, and socialisation. These limitations could even involve staying home, resulting in 

temporary detention. By consenting to xenotransplantation, the individual would enter a 

binding contract for a lengthy period, potentially without the ability to withdraw. This contract 

could include restrictions or even deprivation of human rights, impeding the ability to give fully 

informed consent, even for an informed patient. It is difficult to anticipate future limitations on 

one's freedom, further restricting the ability to provide informed consent21,31. 

For example, Jewish and Islamic individuals may exhibit a lower acceptance rate of pig organs 

due to religious beliefs. As a result, alternative sources of organs may need to be explored for 

these communities to ensure equitable access to life-saving medical procedures.  

Xenotransplantation regulations are evolving globally, with the US, Japan, EU, and the UK 

having specific regulations37. Academic groups and biotechnology companies, for example, 

United Therapeutics Corporation, are actively researching and developing genetically 



 
 

 
4This article is CC BY 4.0 7 Bioscientist, Issue 5 
DOI: 
https://doi.org/10.57898/biosci.191 

  

 
 

modified pigs to provide compatible organs for human transplantation28,36. Researchers are 

addressing safety, efficacy, immune responses, infection transmission, and long-term survival 

and function of xenotransplants through clinical trials28,36. 

Xenotransplantation is a promising solution to address the shortage of human organs available 

for transplantation. With thousands of people waiting for transplants in the UK and the US, the 

need for viable organ donors is critical. Though initial attempts at xenotransplantation were 

unsuccessful, advances in medical research and genetic engineering have brought us closer 

to making this a viable option. The immune system plays a crucial role in organ rejection, 

which limits the success of transplant procedures. However, by genetically modifying donor 

animals, we may be able to prevent organ rejection and save countless lives. It is worth 

reemphasising that the longest an organ has survived following xenotransplantation in 

humans is two months, indicating the tremendous amount of further research and practical 

applications to consider it a standard healthcare procedure sustaining humanity. 
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