II. Setting the Stage: The Science and the Need
Scientists and physicians generally agree that transplantation is an established and effective form of therapy for end stage organ failure.  Recent Breakthroughs in medicine have led to longer survival rates and a greater number organ-types deemed suitable for transplantation. These developments, together with the growing indication for transplantation, create a concomitant rise in the demand for organs.  In Canada alone, nearly 4% of kidney patients awaiting transplant will die whereas the mortalities among prospective heart and liver graft recipients are approximately 8% and 11% respectively.
 Canada is not the only country facing this tragic scarcity. For example Japan and the United States report nearly 5 and 10 persons on waiting lists die every day, respectively, because of the organ donor shortfall.

One solution to address the imbalance between the supply and demand of human donor organs is xenotransplantation--the transplantation of healthy organs from animal species into humans. Pigs are an especially attractive source for donor organs since their organ size and physiology are in many ways similar to humans. Moreover, pigs are relatively easy to breed; they mature early, and can be bred in large quantities in highly controlled environments.

Notwithstanding the similarities between porcine and human organs, there remain some significant physiological and immunological barriers associated with all types of xenotransplantation. Physiology includes all vital mechanisms that are also related to anatomical aspects such as gravity, species differences in blood and its properties, and drug metabolism.
 Early efforts to treat epilepsy, Parkinson's and Huntington's diseases with xenogeneic cells and tissues have shown some success in cross-species compatibility, but these clinical applications do not present the same problems associated with solid organs. For instance, while we know that porcine insulin can regulate blood sugar levels in humans, there are reports that some primates surviving with porcine kidney transplants develop anemia.
 There may also be other discordant signals between pigs and humans because we do not yet know which tissues will function properly in the cross-species setting: some functions of xenogeneic organs will remain intact while others may not.
 Cross-species compatibility is especially difficult to evaluate because so few xenotransplants have survived for prolonged periods of time. It is reasonable, however, to expect significant deficiencies if complex organs, such as the liver, are used for transplantation.

An organ that satisfies the necessary physiological criteria will still have to surmount immunological hurdles to be of any use. The body's immune system is very effective in identifying foreign surface proteins so that when an organ is transplanted, no matter how closely it is matched, rejection will occur at some level. The immunological barriers to xenografts differ from those to allografts
 (intraspecies organ transplants) because of the greater molecular incompatibility between host and donor tissue. 

Three immunological rejections present the greatest challenges to xenotransplantation. The most violent of these rejections in transplants involving very discordant species is hyperacute rejection. It results from antibodies in the host attacking foreign antigens from the xenograft. One of the major findings in recent years is that pigs express a blood group antigen lacking in humans, galactose-((1-3)galactose [(Gal].
  Natural human antibodies bind to the foreign (Gal sugar on a pig organ and destroy the organ within minutes of exposure to human blood.  Secondly, even between similar species, acute rejection is common and a vigorous rejection typically occurs within two to three days--much faster than most forms of allogeneic transplants.
 Little is known about this acute rejection because while it is similar to hyperacute rejection in that it mainly results from human (Gal antibodies, it involves a distinctly different process. Finally, cell-mediated rejection must also be overcome to make xenotransplantation a viable therapeutic alternative. While common to allograft rejections, cell-mediated rejection is much stronger between humans and pigs. It arises from the fact that antigens on the surface of the engrafted cells are perceived as foreign and are attacked by human T-cells.

Traditional means to circumvent these hurdles have shown some success, but are still problematic. For example, the use of immunosuppressants to control cell-mediated rejection present undesirable risks to the recipient that ought to be avoided, if possible. Consuming large doses of these drugs is toxic and leaves the patient at risk of infection from viruses normally controlled by T-cell immunity.
 Alternative techniques include transplanting a larger number of donor cells to overwhelm the human antibody attack
 and creating transplant tolerance through a mixed bone marrow chimerism approach.
 The theory behind these approaches is that by flushing certain tissues of the recipient's system with donor cells or bone marrow before the transplant occurs, we can reeducate the recipient’s immune system to accept the donor organ as self.
 Yet another method of inducing tolerance is to breed transgenic pigs that resemble humans in lacking the enzyme that synthesizes (Gal or possess human genes for certain cell membrane proteins that inhibit the chain of events leading to rejection.

Recent scientific developments suggest that the technology and means to affect these techniques may soon be possible. Evidence from one study involving mice showed that immunization with chimeric peptides blocked the strong T-cell immune response and prolonged the survival of porcine islet grafts in vivo, thus supporting a chimerism approach in immunotherapy. 
 Further, the hope of breeding transgenic pigs for xenografts is encouraged by the successful production of cloned piglets.
 Coupled with this cloning achievement was the recent report of a cell-grafting approach designed to overcome the immunological problems of xenografting for axonal regeneration of spinal cord injuries. Scientists reportedly developed transgenic pigs armed with the gene encoding a human complement-inhibitory protein (hCD59) that shows hope in addressing the problem of natural antibody reactivity.
 These breakthroughs promise a way to clone genetically modified pigs with great precision. Knock out the -1,3-galactosyl transferase gene, for example, and the pigs would lack the galactose sugar on their cell surfaces that is the principal cause of acute rejection of pig organs in humans.
 

It is not unreasonable to conclude that scientists will soon likely be able to solve many of the immunological issues and extend survival times enough to make xenotransplantation a genuinely practical alternative treatment. The above achievements and other recent immunological breakthroughs illustrate that xenotransplantation efforts can already be measured in weeks rather than hours.
 The excitement generated by this technology and the possibility of transplantation becoming available to all patients who need it is indeed difficult to contain. Yet consideration of the problems associated with xenotransplantation are not limited to physiological and immunological barriers. 

While work to combat immune rejection of animal organs is progressing, concerns remain as to the risks of disease transmission. Xenotransplantation may afford easy passage for animal viruses to infect human recipients and consequently enter the human population.
 Evidence already exists that infectious agents in the form of porcine endogenous retroviruses (PERVs) can infect human cells in culture and that transplanting pig pancreatic islets into immunosuppressed mice may lead to widespread infection by PERVs.
 Although infections are common even in allotransplantation and blood transfusions,
 the infectious concerns are more severe with xenotransplantation. The spread of these xenozoonotic infections may introduce entirely novel diseases that the human population has never before encountered and consequently, has no means to combat. Not only would we not have the ability to treat the infectious diseases, but also the procedures necessary to make xenotransplantation effective arguably serve only to aid these potential viruses.  First, the immune suppression needed to prevent rejection by the host will help viruses propagate and adapt. Secondly, human genes bred into transgenic donor pigs could promote preadaptation of animal viruses for human infection.

The risk of transferring microorganisms from animal donor to human recipient is a major concern in xenotransplantation. Moreover, the safety of xenotransplantation transcends the individual recipient and geographical, cultural and personal borders. Whether society should bear the risk of this new technology ought to be evaluated with respect to the probability of the infectious event and the severity of its consequences. Unfortunately, risk assessment is demanding and involves some inherent uncertainty. Indeed, while the PERV study ought to serve as an important caution to the threat of cross-species transmission of pathogens, the method for detecting infection is not clear cut
 and the risk still remains largely unquantified. 

Of course beyond the microbiological concerns, xenotransplantation also has profound ethical and social implications that further threaten its viability. What is clear, however, is that the benefit to the individual recipient should be offset by the potential risk of a new infection to the entire human population. Managing the risks associated with this new technology should involve international cooperation because its consequences could have significant global implications. It is desirable then to address the scientific, ethical and social objections to xenotransplantation and to balance these interests against its potential benefits before we proceed to apply the technology. We therefore need appropriate national and international fora to focus dialogue and reconcile the competing interests at stake in the exploitation of xenotransplantation.
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