
Recent Advances in Understanding Xenotransplantation: 
Implications for the Clinic

David K. C. Cooper(1) and Rita Bottino(2)

(1)Thomas E. Starzl Transplantation Institute, University of Pittsburgh, Pittsburgh, PA

(2)Institute of Cellular Therapeutics, Allegheny-Singer Research Institute, Pittsburgh, PA

Summary

The results of organ and cell allotransplantation continue to improve, but the field remains limited 

by a lack of deceased donor organs. Xenotransplantation, e.g., between pig and human, offers 

unlimited organs and cells for clinical transplantation. The immune barriers include a strong innate 

immune response in addition to the adaptive T cell response. The innate response has largely been 

overcome by the transplantation of organs from pigs with genetic modifications that protect their 

tissues from this response. T cell-mediated rejection can be controlled by immunosuppressive 

agents that inhibit costimulation. Coagulation dysfunction between the pig and primate remains 

problematic but is being overcome by the transplantation of organs from pigs that express human 

coagulation-regulatory proteins. The remaining barriers will be resolved by the introduction of 

novel genetically-engineered pigs. Limited clinical trials of pig islet and corneal transplantation 

are already underway.
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Introduction

Organ allotransplantation is one of the great success stories of the latter part of the 20th 

century. The results continue to improve, but the field remains strictly limited by the number 

of deceased donor organs that become available each year (Figure 1). In the relatively new 

field of pancreatic islet allotransplantation, the results are improving significantly, but again 

the major limitation will be access to pancreases from deceased human donors, particularly 

as two or more pancreases are often required to provide sufficient islets to maintain 

normoglycemia in the recipient. Although there are sufficient numbers of deceased donor 

corneas available for the purpose of corneal transplantation in the U.S. and in some other 

western countries, worldwide there is a major shortage of corneas for the treatment of 

patients with corneal blindness [1,2].
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Xenotransplantation, i.e., cross-species transplantation, e.g., between pig and human, offers 

the prospect of unlimited organs and cells for clinical transplantation [3-5]. The history of 

this experimental field has been reviewed elsewhere and will not be reviewed again except to 

state that kidney transplants from nonhuman primates (NHPs) into humans in the 1960s 

demonstrated that the immune response was greater than to an allograft [6,7]. Nevertheless, 

relatively prolonged survival (weeks or occasionally months) could be achieved in 

occasional patients with the primitive immunosuppressive therapy available at that time [8].

For a number of reasons, NHPs are no longer being considered as potential organ donors for 

humans (Table 1). Attention is being directed toward the pig as a potential source of organs 

and cells, and considerable progress has been made during the past 30 years [9,10].

Pig-to-primate organ transplantation

Immune barriers and their resolution

The innate immune response—The immune barriers are much greater than when a 

NHP organ is transplanted or in the case of allotransplantation. These barriers include the 

almost immediate destruction of the graft by antibody-mediated complement activation 

(hyperacute rejection), although this has largely been overcome by the development of pigs 

with genetic modifications that protect their tissues from the human immune response. In 

this respect, two key modifications have been made.

One is the deletion of the gene for the enzyme, α1,3-galactosyltransferase, which led to the 

generation of α1,3-galactosyltransferase gene knock-out pigs [11]. This enzyme is 

responsible for adding galactose-α1,3-galactose (Gal) epitopes (that are the major target for 

primate anti-pig antibodies) to pig cells [12]. When these antibodies bind to the Gal 

antigens, they activate complement. This results in rapid graft failure through hyperacute 

rejection. This and a delayed form of antibody-mediated rejection, known variously as acute 

humoral xenograft rejection, delayed xenograft rejection, or acute vascular rejection, have 

largely been overcome by the transplantation of organs from pigs that do not express Gal 

(GTKO pigs) [13,14].

The second is the transgenic expression of one or more human complement-regulatory 

proteins, e.g., CD46, CD55, and CD59. Human complement is rarely damaging to a 

subject's own tissues as these tissues express species-specific (e.g., human) complement-

regulatory proteins. Pig complement-regulatory proteins protect pig tissues from pig 

complement, but are relatively ineffective against human complement. Therefore, the 

expression of a human complement-regulatory protein in a pig largely protects against the 

effect of primate complement (whether this is human or NHP).

The innate response, however, includes a cellular component, e.g., natural killer cells [15] 

and macrophages [16,17]. Several groups have demonstrated that transgenic expression of 

human leukocyte antigen (HLA)-E and/or G in the ‘donor’ pig organ inhibits the NK cell 

response [18]. More recently, studies by Miyagawa's group indicate that expression of these 

transgenes may also inhibit macrophage activity, which is likely to be important after organ, 

islet, and cell transplantation [19,20].
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The adaptive immune response—The combination, therefore, of a graft from a pig that 

does not express the important Gal epitopes, but does express one or more human 

complement-regulatory proteins provides considerable protection against the primate innate 

immune response [21,22]. If, in addition, an effective immunosuppressive regimen is 

administered that prevents a T cell response to the graft, then prolonged graft survival has 

been obtained [23-29]. Inadequate immunosuppressive therapy, however, can result in the 

development of elicited anti-pig antibodies that result in graft failure.

The T cell response to an allograft or xenograft consists of a response to the antigens in the 

graft, but also requires a second response, known as costimulation, that is essential if the T 

cells are to respond adequately. Prevention of costimulation results in inhibition of the T cell 

response. The immunosuppressive regimens that have been tested in xenotransplantation 

models have demonstrated that the relatively new agents that are directed towards 

costimulation blockade are more effective than conventional immunosuppressive therapies 

(e.g., based on tacrolimus or cyclosporine) [30,31].

Genetic engineering of the donor pig can also contribute to reducing the T cell response 

[30]. For example, the absence of Gal expression reduces the T cell response [32], as does 

expression of CTLA4-Ig [33] or of a mutant MHC class II transactivator [34,35].

NonGal antigenic targets—Even when the innate and adaptive responses have been 

controlled by a combination of genetic engineering and immunosuppressive therapy, there 

remains a low-grade, but continuing, activation of the vascular endothelial cells of the graft 

related to the binding of other primate anti-pig (i.e., anti-nonGal) antibodies, complement 

deposition, and the activity of innate immune cells (e.g., neutrophils, monocytes). The 

targets for these anti-nonGal antibodies are generally unknown although two definitive 

antigen targets have been identified.

The first, N-glycolylneuraminic acid (NeuGc), has been known for some years and is present 

on pig and NHP tissues, but not on human tissues, and therefore humans develop anti-

NeuGc antibodies [36,37]. NeuGc will therefore be a target when clinical 

xenotransplantation is undertaken, but is not relevant in pig-to-NHP models. Pigs that 

express neither Gal nor NeuGc have recently been produced [38], and initial in vitro testing 

is underway [39,40].

The second potential target for primate anti-nonGal antibodies is porcine β1,4 N-

acetylgalactosaminyltransferase [41]. Its importance remains uncertain, but preliminary data 

suggest that, if it is depleted from the organ-source pig, primate antibody binding is reduced.

Coagulation dysregulation—The activation of the vascular endothelium changes its 

normal anticoagulant state to procoagulant, and this process is exaggerated by the presence 

of several coagulation discrepancies between pig and primate [42]. For example, pig tissue 

factor pathway inhibitor is inadequate in preventing primate tissue factor activation. The 

normal anticoagulant state in the blood vessels of the pig organ graft is lost, and a 

procoagulant state develops. In heart transplant models this results in the development of a 

thrombotic microangiopathy in the graft, demonstrated by platelet aggregation and fibrin 
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deposition, which ultimately leads to widespread myocardial ischemic injury (Figure 2A) 

[43,44]. When this is advanced and coagulation factors are depleted, a consumptive 

coagulopathy can develop in the recipient that can be fatal [45]. Rapid excision of the graft 

can inhibit further consumption of coagulation factors and result in survival of the recipient, 

indicating that the initiating problem for the development of consumptive coagulopathy is in 

the graft.

This problem is being resolved by the development of pigs that express one or more human 

coagulation-regulatory proteins, e.g., thrombomodulin (TBM), endothelial protein C-

receptor, CD39, or tissue factor pathway inhibitor, thus balancing procoagulation and 

anticoagulation in the graft [46,47].

Inflammatory response—Increasing attention is being paid to an inflammatory response 

that develops after the transplantation of a pig organ into a NHP [48-50]. The inflammatory 

response can augment the immune response and the coagulation discrepancies [51]. The 

administration of anti-inflammatory agents, therefore, may further prolong graft survival or 

allow less intensive immunosuppressive therapy. In particular, interleukin (IL)-6 is being 

targeted as a potential proinflammatory cytokine [50].

Pig organ graft survival in nonhuman primates

The transplantation of hearts from GTKO/CD46/TBM pigs into baboons has resulted in 

survival of heterotopic (non-life supporting) grafts for periods >1 year, with normal function 

(demonstrated by echocardiography) and histology (Figure 2B) recorded at that time 

[23-26]. Indeed in one case, graft survival extended for >2 years. These encouraging results 

were obtained using an immunosuppressive regimen based on costimulation blockade with 

an anti-CD40 monoclonal antibody (mAb).

Using similar pigs as sources of kidneys and a similar immunosuppressive regimen, kidney 

graft survival has extended to almost five months in one baboon [29]. Even in the absence of 

a human coagulation-regulatory protein, if recipient baboons are selected that have 

extremely low levels of anti-pig antibody (therefore reducing the activation of the vascular 

endothelium of the graft), graft survival has extended to >6 months [27].

Transplantation of pig lungs or livers has been associated with significantly greater 

problems, largely from problems related to coagulation dysfunction and platelet 

consumption. To date, graft (or recipient) survival in NHPs has extended to only a few days 

[52-55]. More extensive genetic manipulation of the source-pigs will be required [56].

Pig-to-primate cell transplantation

Pancreatic islet transplantation

In the field of cell xenotransplantation, e.g., of pancreatic islets, similar approaches are 

leading to improving results.

For many compelling reasons, the pig would be a suitable donor for islets intended for 

transplantation as a treatment of patients with diabetes. One of the most important 
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advantages is the structural similarity between pig and human insulin, which differs at only 

one amino acid. Porcine insulin was used clinically for several decades before recombinant 

human insulin became available.

The ideal ‘donor’ pig age is still under debate [57]. Adult (>2 years of age) pigs provide 

higher islet yields and improved functional performance in terms of insulin release, but 

neonatal islets (from pigs <1 month old) are less expensive and easier to isolate, more 

resistant to ischemic injury, and proliferate in vivo after transplantation. There is therefore a 

strong interest in the use of neonatal pigs as islet donors [57].

The genetic modifications that have been found valuable in pig organ xenotransplantation 

have also proven helpful in pig-to-NHP islet transplantation, especially GTKO (which is 

particularly important for neonatal islets where Gal is more highly expressed), and 

expression of human complement and coagulation modulators. Transgenes can be 

ubiquitously expressed in all tissues, but specific expression in select cells (e.g., β cells, with 

expression driven under an insulin promoter) is possible [58].

One major barrier to islet xenotransplantation is the early loss of a large number of islets 

after their infusion into the blood of the portal vein of the recipient (the standard current 

approach in allotransplantation), a condition known as the instant blood-mediated 

inflammatory reaction (IBMIR) [59]. This was initially believed to be a nonspecific response 

involving complement and coagulation activation related to the direct exposure of the islets 

to blood. More recent evidence suggests that an immune-mediated response (antibody, 

complement, and innate immune cells) may be playing a much greater role than originally 

anticipated, and that indeed it may be a form of hyperacute rejection [60]. Overcoming this 

barrier is proving difficult, although genetic modification of the pigs may prove helpful [61]. 

An alternative would be the transplantation of the islets in sites other than the liver, such as 

the gastric submucosal space, where the islets are not immediately exposed directly to blood, 

but still receive a good supply of oxygen and nutrients [62,63]. An ideal site should feature 

portal delivery of insulin, but be accessible by a minimally-invasive procedure associated 

with minimal complications. While other sites are being investigated, the liver, despite its 

limitation, remains the primary transplantation site.

The T cell response plays an important role in islet rejection, but can be efficiently 

controlled by costimulation blockade-directed therapy [61,64-69].

Pig islet graft survival in nonhuman primates

Several groups have independently demonstrated maintenance of normoglycemia by pig islet 

transplantation in diabetic NHPs for >6 months in the absence of exogenous insulin. These 

studies have included islets from various types and ages of pigs and various 

immunosuppressive regimens. Normalization of blood glucose has been reported after the 

transplantation of encapsulated adult pig islets [70], but free (non-encapsulated) islets 

infused intraportally have been associated with greater success. Genetically-unmodified pig 

islets from adult donors [66,71,72], fetal cells [73], neonatal islet-like cell clusters [65,69], 

genetically-engineered pig islets (both adult [67] and neonatal [68]) and, finally, adult pig 

islets with multiple genetic modifications [61] have all achieved successful outcomes. Islets 
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from genetically-engineered pigs have functioned in diabetic monkeys for >1 year under an 

anti-CD154mAb-based immunosuppressive therapy (Figure 3) [58,61,67].

It remains to be determined which approach will provide the greatest benefit. When 

encapsulation of islets in alginate has been utilized, no immunosuppressive therapy has been 

administered, clearly a major advantage. However, encapsulation techniques are limited by 

the biocompatibility of the membrane, the duration of capsule integrity, volume and size of 

the capsules, and difficulties in establishing long-term pig insulin release.

In our opinion, it is unlikely that any form of encapsulation will lead to greatly prolonged 

graft survival. It is essential that the capsules allow insulin produced by the islets to escape, 

but this will also enable cytokines and chemokines, as well as possibly antibodies and 

complement to enter the capsules to injure the islets. Furthermore, even if this does not 

occur, it is uncertain that encapsulation allows oxygen and other nutrients to continue to 

reach the islets, which may result in graft failure.

Free (non-encapsulated) islets require immunosuppressive therapy. Protocols including 

costimulation blockade with anti-CD154mAb have been associated with the best results, 

with prolongation of islet graft survival from both wild-type as well as genetically-modified 

pig donors. Although in these studies anti-CD154mAb did not lead to secondary 

complications, such as thrombosis, this drug is unlikely to be clinically applicable due to 

conflicting reports on its thromboembolic effects. It is expected that the anti-CD40mAb 

therapy that has proved effective after pig organ transplantation will prove equally effective 

in islet xenotransplantation.

Transplantation of pig neuronal cells and corneas

Although less emphasis has been directed to the transplantation of pig neuronal cells in 

monkeys with a Parkinson-like state, encouraging results have been reported [74]. Similar 

encouraging results have been reported following pig corneal transplantation in monkeys 

[75,76].

Clinical trials of xenotransplantation

There have been no scientific clinical trials of pig organ transplantation even though there 

have been historic efforts that all resulted in early graft failure [6,7]. The risks of cell 

transplantation are clearly less than the risks of whole organ transplantation, largely because 

consumptive coagulopathy does not develop. Therefore, there have already been a number of 

small trials of pig islet and corneal transplantation. To date, all of the islet 

xenotransplantation trials (with the exception of the original trial by Groth et al [77], have 

involved encapsulation of the islets using various techniques aimed to protect them from the 

human immune response. The results have not always been fully reported, but it would 

appear that they have not been entirely satisfactory in protecting the islets [78,79].

Pig corneal transplants are being assessed in clinical trials in China [80], where there are an 

estimated several million people with corneal blindness who might benefit from corneal 
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transplantation [2]. There are limited published data, but these have been moderately 

encouraging.

Potential impact on clinical medicine

If the immune barriers to clinical pig organ transplantation can be completely overcome, the 

impact that xenotransplantation will have on clinical medicine will be immense [3-5]. There 

are a number of advantages of pig organ transplantation over allotransplantation (Table 2). 

When it is considered that there is a significant mortality of patients waiting for human 

organs, the potential impact of xenotransplantation is obvious. Furthermore, because of the 

limited number of pancreases from deceased human donors, allotransplantation (of the 

pancreas or islets) will never offer therapy for the estimated 30 million or more patients (in 

the USA alone) with Type I or Type II diabetes. In the pig, the absence of brain death 

[81,82], with its associated metabolic derangements will provide an advantage over human 

islets. Because of differences in amino acid composition between human and pig islet 

amyloid polypeptide, pig islets do not accumulate amyloid, a feature typically associated 

with β cell dysfunction [83].

Potential alternatives to xenotransplantation

The potential of xenotransplantation has surprisingly not been fully realized by a majority of 

those involved in medical research or clinical medicine. Other potential approaches have 

perhaps received more attention and more funding even though progress in most of these 

fields still lags well behind that in xenotransplantation.

These alternative approaches include mechanical devices that support the failing heart, e.g., 

ventricular assist devices, which are now relatively successful over periods of months or 

even years [84]. Even so, ventricular assist devices are still problematic in respect of 

thromboembolic and infectious complications (largely related to the necessity of having a 

power source external to the body with a driveline connecting the device percutaneously 

with the power source). Furthermore, ventricular assist devices can result in sensitization to 

human leukocyte antigens (HLA), which might preclude or reduce the possibility of a 

subsequent heart allotransplant. (Current limited evidence is that even a failed pig organ 

graft does not sensitize to HLA antigens, and therefore would not place the patient at risk of 

not being able to obtain an allograft [85].) Nevertheless, these devices are playing a 

significant role in bridging patients to cardiac allotransplantation and in supporting patients 

who are not candidates for allotransplantation. There are, however, currently no implantable 

mechanical devices that will realistically support patients with renal, hepatic, or pulmonary 

failure.

A second potential alternative to xenotransplantation is based on tissue engineering and 

regenerative medicine [86]. Regenerative medicine techniques include, in particular, using a 

decellularized organ, e.g., a lung (obtained from a deceased human or a pig), and 

recellularizing the remaining matrix with pluripotent progenitor (stem) cells from a potential 

human recipient. Progress in this field is far behind that of xenotransplantation, and to our 

knowledge there is no experience in the transplantation of such an organ into a NHP.
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The development of a whole organ from pluripotent progenitor cells is also very much in its 

infancy, although progenitor cell-derived β islet cells may possibly resolve the problem of 

diabetes [87]. However, there remains concern with regard to possible development of 

teratomas from embryonic stem cells, and there is also the risk that, in patients with 

autoimmune diabetes, autoantibodies may damage the transplanted β cells. Furthermore, it 

remains uncertain whether the transplantation of pancreatic β cells alone (in the absence of 

the other cells found in islets) will be sufficient to maintain normoglycemia.

A final potential alternative to xenotransplantation lies with blastocyst complementation, 

though it is also in its relative infancy [88-91]. In this highly-innovative approach, the genes 

for an organ, e.g., the lung, are deleted in the pig, which then in embryonic life receives 

human pluripotent cells from which a human lung is generated. If these cells are taken from 

the specific human who will receive the lung transplant, there will be only a weak immune 

response against the graft. However, the organ would have to be generated on a case-by-case 

basis and so fulfilling the needs of those thousands or millions who need organ or cell 

transplants would be a time-consuming and very costly process.

Expert commentary

Pig organ xenotransplantation in NHPs has progressed far more than any alternative 

approach (with the exception of cardiac mechanical devices), and could well resolve the 

major problem of lack of suitable deceased human organs for purposes of transplantation. 

Nevertheless, further progress needs to be made before a clinical trial can be undertaken.

In view of the success of ventricular assist devices in supporting patients with heart failure, it 

is likely that the first clinical trials of whole organ xenotransplantation will be in patients 

with kidney failure. These patients might be selected on the basis of a high degree of HLA 

sensitization, precluding them from readily obtaining an allograft, but also may include 

those who no longer have any suitable access sites for continuing dialysis. In such patients, 

an attempt at pig kidney xenotransplantation may be ethically acceptable and potentially 

life-saving.

Progress with liver and lung xenotransplantation has been limited to date, and clinical trials 

may therefore be some way in the future. However, as there is no effective method of 

supporting a patient with acute liver failure who is a candidate for a liver allotransplant, if a 

pig liver could function satisfactorily in a NHP for a period of 1-2 weeks (in the absence of 

thrombocytopenia and other complications), then pig liver transplantation (or ex vivo liver 

perfusion) as a bridge to allotransplantation may be ethically justified and successful.

As the numbers of deceased human pancreases that become available are so limited, a case 

could be made for the transplantation of pig islets into severely diabetic patients, particularly 

those who experience life-threatening hypoglycemic attacks. The risk to the patient would 

be small because graft failure would be unlikely to be associated with life-threatening 

complications. If islet allotransplantation into the gastric submucosal space, for example, 

proves effective and therapeutic, then a trial could be considered of introducing pig islets 
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into this site (although the immunosuppressive regimen would probably need to be different 

from that used in allotransplantation).

One topic that has attracted much interest is whether pig organ or cell transplantation will be 

safe from the perspective of infectious complications [92]. In particular, will a porcine 

infectious microorganism be transferred to the patient with the graft and, of greater 

importance, could that microorganism be transferred to the human contacts of the recipient, 

e.g., medical and nursing staff, family, etc., and thus become a health hazard to the 

community. Most attention has been directed to the risk of transfer of porcine endogenous 

retroviruses that are present in the genome of every pig cell. Current opinion is that the risks 

are very small, and that their inevitable transfer will not preclude clinical 

xenotransplantation from proceeding [93]. Nevertheless, the regulatory authorities will insist 

on long-term monitoring of the patient for any signs of disease transmission.

When all of the pathobiological barriers have been overcome, it will be much easier to 

investigate whether there are physiological differences that limit the efficacy of 

xenotransplantation [94,95]. For example, even though some of the products of the pig liver 

seem to function adequately in NHPs [96], it is unlikely that the multiple products of the pig 

liver will fulfill all of the metabolic needs of the human recipient. Here again, in selected 

instances where it is essential to correct a deficiency, genetic manipulation of the source-pig 

may enable any discrepancies to be overcome. For example, if porcine albumin proves 

insufficient in a human recipient, the pig could be genetically-engineered to produce human 

albumin.

If xenotransplantation could be made fully successful, the implications for clinical medicine 

would be truly immense. The numbers of patients undergoing organ transplantation would 

increase significantly, particularly in countries where deceased organ donation is not 

embraced culturally (Table 2). Cures for diabetes, certain neurodegenerative diseases, e.g., 

Parkinson's disease, and corneal blindness would revolutionize the management of patients 

with these conditions.

Five-year view

The remaining barriers are likely to be resolved within the next 5 years by the introduction 

of novel genetically-engineered pigs, particularly as the speed and ease by which these 

modifications can be made have been greatly facilitated by new techniques that have been 

introduced recently, e.g., TALENS (transcription activator-like effector nucleases) [97], and 

CRISPR/Cas9 (clustered regularly interspaced short palindromic repeat-associated system) 

[98-101]. There are now an estimated 40 different genetically-engineered pigs worldwide 

(Table 3), with some expressing 5 or 6 manipulations [29,58,61,102]. Furthermore, the 

number and efficiency of novel immunosuppressive and anti-inflammatory agents are also 

rapidly increasing.

There is a relative lack of enthusiasm for clinical islet xenotransplantation unless a method 

can be introduced that allows the patient to avoid replacement of insulin with 

immunosuppressive agents. We are not enthusiastic that encapsulation techniques will allow 
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successful islet xenotransplantation in the absence of exogenous immunosuppression, and 

tolerance to pig cells is likely to take longer than 5 years to achieve. However, the ability to 

express an immunosuppressive agent in the pig islets, e.g., one that inhibits costimulation, 

may allow islet transplantation to be carried out without the need for intensive systemic 

immunosuppressive therapy.

Similarly, many physicians would be reluctant to recommend corneal xenotransplantation 

because of the long-term potentially detrimental effects of immunosuppressive therapy, even 

though blindness is such major disability that we believe many of those afflicted would be 

prepared to take some long-term risks in exchange for being able to see again. Here again, 

the ability to provide local immunosuppression may allow pig corneal transplantation with 

minimal or no systemic therapy. The ability to genetically engineer pigs opens possibilities 

that those in transplantation have never considered previously.

As with many other fields of medical research, the major factor inhibiting progress is lack of 

sufficient funding from governmental agencies, medical charitable foundations, and industry 

(discussed in [5]). Perhaps, as the field progresses towards clinical trials of solid organs, 

pharmaceutical and biotechnology companies will begin to take a serious interest again. 

Nevertheless, we believe there will be major progress towards clinical trials within 5 years.

Key issues

• It will be necessary to demonstrate consistent 6-month recipient survival (with 

evidence that some recipients survive for 12 months) after life-supporting organ 

(heart or kidney) transplantation in 5-10 consecutive pig-to-NHP experiments 

before a clinical trial could be justified.

• This must be achieved in the absence of the development of graft atherosclerosis or 

other severe histopathological injury and without major complications related to the 

need for intensive systemic immunosuppressive therapy.

• Perhaps less stringent milestones are necessary to warrant a clinical trial of pig islet 

transplantation.

• A bridging clinical trial of pig liver transplantation might be justified if life-

supporting pig livers could consistently support NHPs for periods of 10-14 days in 

the absence of major complications, e.g., severe thrombocytopenia, and with 

evidence of adequate pig hepatic function. Recipient and graft survival for 10-14 

days would be sufficient to indicate that a patient in fulminant hepatic failure is 

likely to be supported by the pig liver long enough for a liver from a deceased 

human donor to be obtained.

• Even though NHPs provide a very poor model for the study of transfer of porcine 

endogenous retroviruses, there must be no evidence from studies in humans or 

NHPs that a clinical trial would be associated with a definitive risk of any other 

porcine infectious agent spreading into the human community.
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Figure 1. 
UNOS data showing the number of patients on the waiting list for organ transplantation, 

number of transplants carried out, and number of deceased human donors who become 

available each year (for the years 1991-2013).
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Figure 2. 
(A) Microscopic appearance of the myocardium of a GTKO pig heart transplanted 

heterotopically into an immunosuppressed baboon almost 6 months previously, showing 

advanced features of thrombotic microangiopathy, with numerous vessels occluded by 

thrombus with surrounding areas of ischemic fibrosis. Reproduced from The Lancet, Vol .

379, Ekser et al, Clinical xenotransplantation: the next medical revolution?, pp672-83, 

Copyright 2012, with permission from Elsevier [3].
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(B) Microscopic appearance of the myocardium of a GTKO/CD46/TBM pig heart 

transplanted heterotopically into an immunosuppressed baboon one year previously. No 

significant histopathological changes are seen. (Courtesy Muhammad Mohiuddin MD, 

NHLBI, NIH, Bethesda, MD, USA.)
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Figure 3. 
(A) Blood glucose (blue) in a streptozotocin-induced diabetic cynomolgus monkey that 

remained insulin-independent and normoglycemic for more than one year after adult porcine 

islet xenotransplantation (using a GTKO pig transgenic for the human complement-

regulatory protein CD46, the human coagulation-regulatory protein tissue factor pathway 

inhibitor, and the immunosuppressive agent CTLA4-Ig) at the University of Pittsburgh. 

NHP= nonhuman primate; GE= genetically-engineered.
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(B) Histopathology with insulin immunostaining of the liver 12 months after porcine islet 

xenotransplantation into the portal vein in the same cynomolgus monkey as in (A). Left 

panel shows insulin immuno-staining in paraffin-embedded liver tissue. Right panel shows 

green fluorescent insulin immuno-reactive cells in paraformaldehyde-fixed liver tissue. Islet 

morphology is well preserved. No islets were detectable in the monkey's native pancreas.
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Table 1
The advantages and disadvantages of the pig as a potential source of organs and cells for 
humans, in contrast with those of the baboon in this role

Pig Baboon

Availability Unlimited Limited

Breeding potential Good Poor

Period to reproductive maturity 4-8 months 3-5 years

Length of pregnancy 114 ± 2 days 173-193 days

Number of offspring 5-12 1-2

Growth Rapid (adult human size within 6 months)** Slow (9 years to reach maximum size)

Size of adult organs Adequate Inadequate*

Cost of maintenance Significantly lower High

Anatomical similarity to humans Moderately close Close

Physiological similarity to humans Moderately close Close

Relationship of immune system to humans Distant Close

Knowledge of tissue typing Considerable (in selected herds) Limited

Necessity for blood type compatibility with humans Probably unimportant Important

Experience with genetic engineering Considerable None

Risk of transfer of infection (xenozoonosis) Low High

Availability of specific pathogen-free animals Yes No

Public opinion More in favor Mixed

*
The size of certain organs, e.g., the heart, would be inadequate for transplantation into adult humans.

**
Breeds of miniature swine are approximately 50% of the weight of domestic pigs at birth and sexual maturity, and reach a maximum weight of 

approximately 30% of standard breeds.
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Table 2
Major advantages of xenotransplantation over allotransplantation

1 Unlimited supply of organs, tissues, and cells

 Unlimited supply will allow transplantation procedures in ‘borderline’ candidates who might otherwise be declined

2 Organs available electively

 Will avoid the need for chronic dialysis in patients with renal failure and for mechanical device support in patients with heart 
failure

3 Avoids the detrimental effects of brain death on donor organs

 The process of undergoing brain death can cause structural injury of the myocardium and result in depletion of the body's energy 
stores

4 Provides exogenous infection-free sources of organs, tissues, and cells

5 Obviates the ‘cultural’ barriers to deceased human donation present in somecountries, e.g., Japan
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Table 3
Selected genetically-modified pigs currently available for xenotransplantation research

Complement regulation by human complement-regulatory gene expression

CD46 (membrane cofactor protein)

CD55 (decay-accelerating factor)

CD59 (protectin or membrane inhibitor of reactive lysis)

Gal or nonGal antigen ‘masking’ or deletion

Human H-transferase gene expression (expression of blood type O antigen)

Endo-beta-galactosidase C (reduction of Gal antigen expression)

α1,3-galactosyltransferase gene-knockout (GTKO)

Cytidine monophosphate-N-acetylneuraminic acid hydroxylase (CMAH) gene-knockout (NeuGcKO)

β4GalNT2 (β1,4 N-acetylgalactosaminyltransferase) gene-knockout (β4GalNT2KO)

Human GnT-III (N-acetylglucosaminyltransferase III) gene

Human tumor necrosis factor-α receptor 1

Suppression of cellular immune response by gene expression or downregulation

CIITA-DN (MHC class II transactivator knockdown, resulting in swine leukocyte antigen class II knockdown)

Class I MHC-knockout (MHC-IKO)

HLA-E/human β2-microglobulin (inhibits human natural killer cell and macrophage cytotoxicity)

Human FAS ligand (CD95L)

Porcine CTLA4-Ig (Cytotoxic T-Lymphocyte Antigen 4 or CD152)

Human TRAIL (tumor necrosis factor-alpha-related apoptosis-inducing ligand)

Anticoagulation and anti-inflammatory gene expression or deletion

von Willebrand factor (vWF)-deficient (natural mutant)

Human tissue factor pathway inhibitor (TFPI)

Human thrombomodulin

Human endothelial protein C receptor (EPCR)

Human CD39 (ectonucleoside triphosphate diphosphohydrolase-1)

Anticoagulation, anti-inflammatory, and anti-apoptotic gene expression

Human A20 (tumor necrosis factor-alpha-induced protein 3)

Human heme oxygenase-1 (HO-1)

Human CD47 (species-specific interaction with SIRP-α inhibits phagocytosis)

Porcine asialoglycoprotein receptor 1 gene-knockout (ASGR1-KO) (decreases platelet phagocytosis)

Human signal regulatory protein α (SIRPα) (decreases platelet phagocytosis by ‘self’ recognition)

Prevention of porcine endogenous retrovirus (PERV) activation

PERV siRNA

*
Based on a table published in J Pathol (Cooper DKC, et al, 2015, in press), courtesy of Burcin Ekser MD, PhD.
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