
The 2021 IXA Keith Reemtsma Lecture: MOVING 
XENOTRANSPLANTATION TO THE CLINIC

David K.C. Cooper, MD, PhD, FRCS
Center for Transplantation Sciences, Department of Surgery, Massachusetts General Hospital/
Harvard Medical School, Boston, MA, USA

Abstract

Keith Reemtsma was a pioneer in xenotransplantation, the Honorary Founding President of the 

IXA (in 1998), and a wonderful personality. It is a privilege to be invited to give this lecture in his 

memory.

If he were alive today, he would be delighted to see the progress that has been made in pig organ 

transplantation into nonhuman primate recipients. This progress has largely resulted from two 

major advances – (i) the increasing availability of pigs with multiple genetic manipulations aimed 

at protecting the cells of the organ from the primate immune response, and (ii) the introduction of 

novel immunosuppressive agents that block the CD40/CD154 costimulation pathway.

There is strong evidence from numerous in vitro studies that the transplantation of a triple-

knockout pig organ, particularly if expressing several human protective proteins, into a patient is 

likely to be significantly more successful than if that same organ is transplanted into a nonhuman 

primate recipient. With this fact in mind, and in view of the advances currently being made, the 

time has surely come when we need to consider moving from the laboratory to the clinic.

However, there are still questions we need to definitively resolve – (i) what exact genetic 

modifications do we need in the organ-source pig? (ii) what exact immunosuppressive regimen 

will we choose? (iii) how will we monitor the immune response and diagnose and treat rejection? 

and (iv) how do we plan to prevent or treat potential infectious complications? Furthermore, when 

these matters have been resolved, which patients will be offered a pig organ in the first trial? We 

have suggested that patients who are very unlikely to survive until a suitable deceased human 

donor kidney becomes available are those who should be considered for the initial trials. Assessing 

public attitudes to xenotransplantation is also important before embarking on a clinical trial.

I suggest that progress is much more likely to be made from a small clinical trial than if we persist 

in carrying out experiments in an animal model that no longer mimics the clinical situation.
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Introduction

It is a great privilege for me to be invited by the International Xenotransplantation 

Association (IXA) to give this lecture in memory of Keith Reemtsma (Figure1), who was 

a pioneer in xenotransplantation, the Honorary Founding President of the IXA (in 1998), 

and a wonderful personality. He had a great sense of humor, and personal interaction with 

him was always stimulating and enjoyable. It has often been said that, on the basis of his 

experience as a US Navy surgeon during the Korean War, the character of ‘Hawkeye’ in the 

long-running television series, ‘Mash’, was based on Keith.

Keith Reemtsma – pioneering clinical xenotransplantation

Keith is particularly remembered for the 6 kidney transplants he carried out from 

chimpanzees to patients in terminal renal failure in the early 1960s (1,2). He believed that 

this experimental approach was ethically justified because, at that time, chronic dialysis was 

available to only a small number of patients in the USA, and the number of deceased human 

donor kidneys that became available was very limited. Because of the much smaller size of 

the chimpanzees compared with that of the human recipients, he transplanted both kidneys 

from one chimpanzee into a single patient. The only effective immunosuppressive therapy 

available to him was azathioprine and corticosteroids.

Five of Keith’s 6 patients did not do well, dying of either rejection or infection within 

approximately 10 weeks. One patient, however, lived for 9 months, returning to work as 

a schoolteacher for a period of time, before dying rather suddenly from what was thought 

to be an electrolyte disturbance. At autopsy, the chimpanzee kidneys showed no features 

of rejection (Figure2), and the patient’s native kidneys were clearly very diseased. It is 

perhaps remarkable that even this one patient did so relatively well with the primitive 

immunosuppressive therapy available at the time. Other surgeons soon followed Keith’s 

lead, carrying out clinical kidney, liver, and heart transplantation from nonhuman primates 

(NHPs) (3,4).

I suggest that, if we transplanted organs from chimpanzees or other NHPs into human 

patients today, with the greatly increased variety and potency of immunosuppressive agents 

available to us, some patients would survive for clinically-useful periods of time, e.g., years, 

rather than days or weeks.

Keith Reemtsma – later career

Keith carried out these pioneering clinical trials while on the faculty of Tulane University in 

New Orleans. He went on to become chairman of the department of surgery at the University 

of Utah (1966–1971) and subsequently at his alma mater, Columbia-Presbyterian Medical 

Center in New York City (1971–1994). At Columbia, he established a heart transplantation 
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program (with his junior colleague, Eric Rose) that soon became one of the busiest programs 

in the world.

Although he did not continue to pursue the transplantation of organs from NHPs, Keith 

maintained an interest in xenotransplantation throughout his career, particularly in relation 

to islet xenotransplantation (2), and encouraged others to pursue the goal of introducing pig 

organ xenotransplantation as a form of clinical therapy. Serious exploration of the use of 

pigs (rather than NHPs) as sources of organs began approximately 20 years after Keith’s 

initial studies (5–7).

Progress in pig-to-NHP preclinical models

Although it has been a long and arduous investigation – much longer than I anticipated in 

the 1980s - great progress in pig organ and tissue transplantation has been made. Progress 

has largely resulted from two major advances – (i) the increasing availability of pigs with 

multiple genetic manipulations aimed at protecting the cells of the organ from the primate 

immune response, and (ii) the introduction of novel immunosuppressive agents that block 

the CD40/CD154 costimulation pathway. These advances have led to prolonged survival of 

pig kidney grafts in NHPs (Figure3), and today survival is being recorded in years (by the 

Minneapolis/Emory group) (8).

The selection of NHP recipients with low serum anti-pig antibody levels clearly increases 

the likelihood of long-term graft survival (9,10), particularly if an anti-CD154 agent (rather 

than an anti-CD40 agent) is administered (8,11). However, despite these very encouraging 

results, consistent long-term success is proving difficult to achieve.

Although progress in pig liver and lung xenotransplantation in NHPs has been slow, pig 

heart xenotransplantation has also made considerable progress, largely through the work of 

Bruno Reichart and David Cleveland and their respective colleagues (12,13). Because there 

are some advantages in selecting pig kidneys, rather than hearts, for the first clinical trials 

of xenotransplantation, e.g., the availability of dialysis to support the patient if the organ 

fails or has to be excised (14), attention in this review will be directed largely to pig kidney 

transplantation.

What is the aim of preclinical studies in the pig-to-NHP model?

It is surely to prepare for clinical trials of xenotransplantation. Why else would we put 

so much effort into our research if we did not aim for it to advance medical therapy and 

thus benefit our patients? Most of us would agree that our immediate (minimum) goal 

is to demonstrate that relatively consistent ‘complication-free’ survival of a NHP with a 

life-supporting pig organ can be achieved for periods of at least 6 months in a series of 

at least 6 experiments. ‘Complication-free’ indicates an absence of irreversible rejection or 

life-threatening infection, with maintenance of satisfactory graft function. At necropsy at 6 

months or later, there would need to be no significant histopathological features of rejection 

and no evidence of infectious or other serious complications.
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Six months survival of graft and recipient may not appear long enough as preparation for 

a clinical trial, but most of us with experience in both the animal laboratory and clinical 

transplantation will confirm that it is much more difficult to manage an immunosuppressed 

NHP than a human patient. I believe, therefore, that, if 6 months survival can be achieved 

(almost) consistently, this may be sufficient to suggest longer-term survival in a clinical trial. 

A recent meta-analysis by Firl and Markmann suggests that this would be the case (15).

Comparison with the initial attempts at clinical kidney allotransplantation

We are far more advanced in kidney xenotransplantation than our predecessors were in 

regard to allotransplantation when they began their first clinical attempts. Yu Yu Voronoy, a 

Ukrainian, carried out the first series of clinical kidney transplants beginning in 1933 (16). 

Although he correctly surmised that graft loss was from an immune response, he appeared to 

have no concept of the effects of warm ischemia on the donor kidney, some of them being 

excised from the donor several hours or even days after death of the donor.

The primitive beginnings of organ allotransplantation

When I had the privilege to meet with one of the very early pioneers of kidney 

transplantation, French surgeon René Küss - then in his nineties - (who by the way carried 

out a very unsuccessful pig kidney transplant in a patient in 1966 [17]), he described to 

me the primitive conditions when he performed his first clinical kidney allotransplants in 

the 1950s. He and a colleague from another Parisian hospital would go to the local prison 

where a criminal was due to be guillotined, and would wait outside the execution room. The 

headless body would be brought out and placed on the floor. On their knees, the surgeons 

would open the abdomen and remove the kidneys, the surgical field illuminated by the light 

from a single lamp bulb. Without the use of any form of cold storage, they would each 

transport one kidney to their respective hospitals and transplant the kidney into the recipient. 

There was no form of immunosuppressive therapy – not even irradiation. It is no wonder that 

the results of these pioneering efforts were so poor.

Compare these efforts with what we have already learned about xenotransplantation 

in the experimental laboratory and from 70 years of experience with clinical kidney 

allotransplantation. Our first clinical attempts of pig organ transplantation should be far 

more successful than the first allotransplants.

Moving from the laboratory to the clinic

What do we need to do before initiating a clinical trial of xenotransplantation? I suggest 

there are 4 major topics we need to consider.

The genetics of the organ-source pig

Until very recently, most groups have been transplanting organs from whatever genetically-

engineered pigs became available to them, but not necessarily from the pigs they would 

select for the first clinical trial. We have enough experience now to know what pig 

we believe will be optimal (at least for this early stage in the development of clinical 

xenotransplantation) (18). It does not need to be – indeed, will certainly not be – the ultimate 

Cooper Page 4

Xenotransplantation. Author manuscript; available in PMC 2023 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



or “perfect’ organ-source pig, but we need to remind ourselves that ‘perfect’ is often the 

enemy of ‘good’. We just need a pig that has sufficient genetic modifications to protect its 

tissues from the human innate immune response.

Although there are those who believe that a triple-knockout (TKO) pig, i.e., a pig in which 

expression of all three known carbohydrate xenoantigens has been deleted (Table1), will be 

sufficient as the organ-source, I would suggest that a TKO pig with 6 or more added human 

‘protective’ transgenes would be preferable. These human transgenes would include one or 

more for complement-regulatory proteins, e.g., CD46, CD55, one or more for coagulation-

regulatory proteins, e.g., thrombomodulin, endothelial protein C receptor (EPCR), one or 

more for ‘anti-inflammatory (apoptotic) proteins, e.g., hemeoxygenase-1, A20, and possibly 

for CD47 that, among other effects, may inhibit human macrophage function (18).

Although a TKO pig (+/− human transgenes) may be the optimal source of organs for 

transplantation into a human recipient, there is an abundance of studies indicating that it is 

not optimal for NHPs. To my knowledge, this observation was first made by José Estrada 

and his colleagues (19), who produced the first TKO pigs, and has subsequently been 

investigated by others, particularly by my colleagues Takayuki Yamamoto and Hidetaka 

Hara (20–23). I will only summarize the problem here.

The problem of the ‘4th’ xenoantigen

Knockout of CMAH (Table1), which is the enzyme responsible for the expression of 

N-glycolylneuraminic acid (Neu5Gc) in the pig, appears to result in exposure of another 

antigen – sometimes known as the 4th xenoantigen – against which all NHPs, but not 
all humans, have natural antibodies (Figure4). When these NHP serum antibodies bind 

to a pig cell, they have been found to be associated with a remarkably high level of 

complement-mediated cytotoxicity (Figure5). After pig-to-NHP organ transplantation, this 

has been demonstrated to result in a high incidence of early graft failure (24).

Although a TKO pig organ is preferred for clinical xenotransplantation, the transplantation 

of a GTKO pig organ may be associated with much better results in NHP recipients, and 

this is because galactose-α1,3-galactose (Gal) plays a much greater role as a target for the 

immune response in NHPs than in humans (Figure6) (25).

NHP serum antibody binding to pig cells in which only expression of Neu5Gc remains 

expressed (i.e., GTKO/β4GalNT2-KO [or double-knockout, DKO] pigs) is significantly 

reduced, but organs from these DKO pigs do not exactly mimic the results that might be 

achieved after TKO pig organ transplantation in humans. Despite low antibody binding to 

DKO pig cells, many NHPs have high levels of serum cytotoxicity to these cells (Figure5).

This suggests to me that the 4th xenoantigen expressed after deletion of Neu5Gc may 

not be the only remaining xenoantigen (or other aspect of the immune response) that is 

complicating pig-to-NHP organ transplantation. This ‘final’ barrier to consistent success in 

the pig-to-NHP model, therefore, remains unresolved, although it would appear that the 

administration of an anti-CD154 costimulation blockade agent can overcome the problem in 

some cases (8,11).
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There are many other genetic manipulations that have been successfully achieved in pigs, 

several of them related to reduction of the adaptive immune response, e.g., knockdown or 

knockout of swine leukocyte antigens (SLA) I and/or II, but these are not essential at present 

because we have immunosuppressive agents that may suffice.

Accumulation of data for the regulatory authorities

The exact phenotype of the pig should be confirmed in vitro before the in vivo transplant 

is carried out. If in a series of experiments the organs are derived from pigs of different 

phenotypes, this is not contributing to the accumulation of the specific information we 

need to satisfy the regulatory authorities. At this stage, we should not be spending valuable 

resources and time on experiments that are not aimed at providing data to support a clinical 

trial.

The regulatory authorities will expect us to provide some justification (either from in vitro 

or in vivo observations) for each genetic manipulation in the pig. They will also expect us 

to demonstrate that expression of each transgenic protein is consistently sufficient to have 

the desired effect, but not excessive. Weak expression of a human transgenic protein may be 

detrimental to outcome, but over-expression can be equally detrimental. For example, over-

expression of human coagulation-regulatory proteins can be associated with a spontaneous 

bleeding tendency in the pig that is detrimental to the health of the pig. Therefore, it may 

be that the fewer the number of genetic manipulations (as long as they are effective in 

protecting the organ graft from the human innate immune response), the more likely that 

success will follow.

Porcine endogenous retroviruses (PERVs)

Inhibition of expression of PERVs by their inactivation (26) would be an advantage by 

reducing the possibility of any potential complication associated with their presence, but 

may not be considered essential by the regulatory authorities. The observation that there has 

been no evidence of transmission of PERVs or of any associated complication in in vivo 

models in NHPs may in part be associated with difficulties in transmitting the virus to NHPs 

(27). A decision will therefore need to be made as to whether inhibition of the expression of 

PERVs is necessary for the first clinical trial.

The immunosuppressive regimen

The current evidence is that conventional therapy, as used clinically today in organ 

allotransplantation, e.g., tacrolimus-based, is inadequate in pig organ xenotransplantation, 

and that only blockade of the CD40/CD154 costimulation pathway prevents the adaptive 

immune response. These observations were first reported more than 20 years ago by Buhler 

and his colleagues (28), and have since been confirmed by others (Figure7) (29). In this 

respect, there is increasing evidence that an anti-CD154 agent is more effective than an anti-

CD40 agent (8,30,31). Importantly, the current evidence is that blockade of the CD28/B7 

pathway alone is not effective (32).

The immunosuppressive regimen that has been followed by many groups to date (and that 

has proved moderately successful) has included both induction therapy and at least triple-
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drug maintenance therapy (Table2) (11,33). However, to my knowledge, when blockade of 

the CD40/CD154 pathway forms the basis of the regimen, there is no experimental study 

that has investigated whether either (i) induction therapy or (b) additional maintenance 

therapy is essential. In one of our recent experiments, monotherapy with only an anti-

CD40mAb maintained excellent function of a pig kidney in a baboon for 2 months (until 

electively euthanized) without the need for any additional agents (34).

Simplifying the immunosuppressive regimen

In view of this observation and the encouraging results of Fc-modified anti-CD154 

monotherapy in NHP models of organ allotransplantation (Tatsuo Kawai and Robin 

Pierson 2021, personal communications), this approach should be explored in a pig-to-

NHP xenotransplantation model. Several anti-CD154 agents are currently in clinical trials 

for diseases such as rheumatoid arthritis (33). If the intensity and complexity of the 

immunosuppressive/adjunctive regimen could be significantly reduced, this would likely 

reduce the potential risk of exogenous infectious complications, and would render a clinical 

trial more attractive to patients, medical teams, and the regulatory authorities.

Similarly, with the improved pigs and agents we have available today, there is no definitive 

evidence that anti-inflammatory or anticoagulant/anti-platelet agents are essential or even 

beneficial.

Immune monitoring and the diagnosis and treatment of rejection

In the early days of xenotransplantation research – until pigs became available that 

expressed human coagulation-regulatory proteins - rejection of a pig organ graft in a NHP 

was always associated with rapid reductions in the platelet count and in plasma fibrinogen, 

which were features of the thrombotic microangiopathy and consumptive coagulopathy 

that developed (35–38). These features often presented before a rise in serum creatinine 

occurred.

Today, however, a diagnosis of rejection can be made on the same basis as that in 

clinical kidney allotransplantation – a rise in serum creatinine (if it is not associated with 

dehydration and/or hypovolemia [39]), an increase in proteinuria (which indicates rejection 

rather than dehydration), and a reduction in renal blood flow on ultrasound examination. 

The transplant nephrologist caring for the first patients with pig kidney grafts will therefore 

not be required to think differently from his/her previous experience, which should greatly 

facilitate management of the patient. However, at least in the early clinical trials, it is likely 

that more frequent needle biopsies of the graft may be required than in patients with kidney 

allotransplants today.

When it occurs, rejection of a pig kidney graft can develop rapidly, and the graft can be lost 

within a few days. The histopathological features are almost always those of acute antibody-

mediated rejection, even if rejection is occurring some months after transplantation, with 

some features of thrombotic microangiopathy (40). Monitoring by immune assays, e.g., anti-

pig antibody levels, is frequently non-informative because the antibodies may be absorbed 

on to the graft (41). It may only be when a rejected graft is excised (if this is possible, e.g., 

in the case of a heterotopic heart transplant) that the true increase in anti-pig antibody can 
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be measured. In our experience, during antibody-mediated rejection the number of T and B 

cells in the blood may remain unchanged.

To my knowledge, successful reversal of biopsy-proven severe antibody-mediated rejection 

of a xenograft has never been reported. Our own experience with high-dose corticosteroid 

therapy has been uniformly unsuccessful, though additional therapy with an anti-TNF mAb 

(etanercept) appeared to delay graft failure for a month in one case (24). It will therefore 

be important to ensure sufficient maintenance immunosuppressive therapy is administered. 

Histopathological evidence of predominantly T cell-mediated rejection has been rare.

Prevention or treatment of infectious complications

We also need to provide details of (i) how and where the pigs will be bred and housed (in a 

biosecure facility [42], with regular sentinel pig testing to assess the microbiological status 

of the cohort), (ii) whether the pigs will receive vaccines and, if so, which ones, and (iii) 

the prophylactic and treatment plans in relation to potential infectious complications in the 

recipients.

In this latter respect, expert opinion is that the anticipated infections will largely be those 

seen in immunosuppressed patients with allografts (or with immunodeficiency conditions) 

and, fortunately, are likely to be successfully prevented or treated in the majority of cases 

(43). There is even therapy available that might successfully treat an infection associated 

with PERVs, if this ever occurs.

We therefore have several important decisions to make, e.g., selecting the phenotype of 

the organ-source pig and the exact immunosuppressive regimen, before we can provide 

the regulatory authorities with definitive data to support a clinical trial of pig kidney 

xenotransplantation.

Selection of patients for the initial clinical trials

This topic has been discussed elsewhere (44) and will only be summarized here. There is 

a significant mortality of patients on the kidney waitlist in most countries. For example, 

in the USA, within 5 years approximately 45% of patients have either died or have been 

removed from the waitlist because they were no longer considered acceptable candidates for 

the procedure (Figure8). It must be borne in mind that all of these patients were considered 

acceptable candidates when initially added to the waitlist, and it is only the delay caused 

by the critical shortage of human organs for transplantation that resulted in their change 

in status. We, and others, have suggested that patients who are very unlikely to survive 

until a suitable deceased human donor kidney becomes available are those who should be 

considered for the initial trials of pig kidney xenotransplantation (44).

These are largely older patients, e.g., 55–65 years-old, whose general health status is likely 

to deteriorate before an allograft becomes available. Younger patients are more likely to 

remain acceptable candidates for many years, and so perhaps should not be considered for 

the first clinical trials. Patients of blood groups O and B may wait longer than others and, in 

the USA, patients in certain geographic regions may also be at a disadvantage in this respect. 
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There is evidence that patients with diabetes are more likely to be removed from the waitlist 

than others, and at a younger age, and so should be given special consideration, but this 

comorbidity might increase the risk of post-transplant complications. We suggest that the 

patients included in the first clinical trials of xenotransplantation should be fully acceptable 

for allotransplantation, with no serious comorbidities. Only in this way will the potential of 

xenotransplantation be able to be accurately assessed.

Should allosensitized patients be included in the first clinical trial?

Although allosensitized patients with high panel-reactive antibodies are likely to benefit 

significantly from the availability of pig organs in the future, we suggest that they should 

not be included in the initial clinical trials because there is some evidence that prior 

allosensitization may be detrimental to the outcome of xenotransplantation (45,46). This 

is likely a result of anti-HLA antibodies that cross-react with swine leukocyte antigens 

(SLA). A recent in vivo study by Jean Kwun and his colleagues in allosensitized monkeys 

indicated that pig graft survival was significantly reduced when compared to survival in a 

non-allosensitized recipient (46). However, if the pig expressed multiple human protective 

proteins, graft survival was significantly improved. There is hope, therefore, that selected 

genetic engineering of the organ-source pig may overcome this problem. In this respect, Joe 

Ladowski, Greg Martens, and their colleagues have demonstrated that genetic modification 

of the amino acids on the surface of a pig cell, e.g., by mutating an arginine to proline, can 

result in a reduction in antibody binding to the cell (47).

One factor to be considered in planning a clinical trial is that all of the (admittedly limited) 

evidence to date indicates that sensitization to pig antigens will not be detrimental to the 

outcome of a subsequent allotransplant, even if antibodies have developed to TKO pig 

antigens (48,49). Failure of a xenograft would therefore not impact the patient’s prospect of 

subsequent successful allotransplantation. This would enable patients on the waitlist for an 

allograft to maintain their status and opt for allotransplantation if and when the opportunity 

arose.

Assessing public attitudes to xenotransplantation

When organ allotransplantation was initiated in the 1950s and 1960s, there was considerable 

resistance and even antagonism from some members of society, particularly to heart 

transplantation, and there is likely to be as much, or even more, to pig organ 

xenotransplantation. Therefore, before initiating a clinical trial of xenotransplantation, it 

would be wise to determine the attitudes of patients, healthcare professionals, and the public 

to this new form of therapy.

A number of surveys and focus group interviews by Wayne Paris and his colleagues 

have indicated a general support for xenotransplantation - if the results are likely to be 

comparable to those of allotransplantation (50–57). Of course, this cannot be guaranteed 

and, indeed, is not likely to be achieved in the initial clinical trials. Patients awaiting 

a kidney transplant and their families had a more positive attitude than others in the 

community, though African-Americans were more cautious, probably as a result of some 

unethical trials to which they were exposed in the past. Pig organ xenotransplantation was 
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acceptable to the major religious groups (Christian Jewish, Moslem), as the maintenance of 

human life takes precedence over other factors.

More such surveys and focus group studies need to be carried out, and reservations about 

clinical organ xenotransplantation discussed and resolved.

Conclusions

There is strong evidence from numerous in vitro studies that the transplantation of a 

TKO pig organ, particularly if expressing several human protective proteins, is likely to 

be significantly more successful if transplanted into a human recipient than into a NHP 

recipient. In view of the advances being made, the time has surely come when we need to 

consider moving from the laboratory to the clinic. Progress is much more likely to be made 

from a small clinical trial than if we persist in carrying out experiments in an animal model 

that no longer mimics the clinical situation. However, several important decisions need to 

be made before completing the preclinical studies that will provide the regulatory authorities 

with sufficient evidence to approve such a trial.

I leave you with the advice I received many years ago from one of my early mentors in 

cardiac transplantation, Christiaan Barnard, the surgeon who carried out the world’s first 

clinical cardiac allotransplant – “You cannot stay in the laboratory forever.” I suggest we 

should consider this advice today.
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IXA International Xenotransplantation Association
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Figure 1: 
Keith Reemtsma (1925–2000)
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Figure 2: 
Macroscopic appearance of the two chimpanzee kidneys (top) and the two native kidneys 

(bottom) at necropsy 9 months after transplantation. The chimpanzee kidneys were 

macroscopically normal, and microscopically showed no features of rejection.
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Figure 3: 
Maximal survival each year of NHPs with pig kidney grafts between 1989 and 2019. Since 

then, maximal survival has increased to more than 3 years (see Adams AB, reference 8).
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Figure 4: 
(A) Human serum (n=14) IgM (left) and IgG (right) antibody binding to wild-type (WT), 

GTKO, double-knockout (i.e., deletion of expression of Gal and Sda), and triple-knockout 

(TKO, i.e., with additional deletion of expression of Neu5Gc) pig red blood cells (RBCs). 

Human serum antibody binding to pRBCs was measured by flow cytometry using the 

relative geometric mean (rGM), which was calculated by dividing the GM value for each 

sample by the negative control. Negative controls were obtained by incubating the cells with 

secondary anti-human antibodies only (with no serum). Human IgM and IgG binding to 

GTKO/β4GalKO/CMAHKO (TKO) pig RBCs was almost at the level of binding to human 

RBCs, and there was no detectable IgM or IgG binding to TKO RBCs. Binding to TKO pig 
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RBCs was not significantly different from human IgM and IgG binding to human RBCs of 

blood type O. (*p<0.05, **p<0.01; ns = not significant).

(B) Baboon (an Old World NHP, n=14) IgM and IgG antibody binding to WT, GTKO, DKO, 

and TKO pig RBCs. (Note that deletion of Neu5Gc [CMAH-KO] in pig cells appears to 

expose a fourth xenoantigen against which baboons have natural antibodies. Note also that 

the data support the observation that the deletion of expression of Gal has less effect in 

reducing antigenicity of human serum (70% reduction) (Figure1A), when compared with 

baboon serum (90% reduction) (*p<0.05, **p<0.01; ns = not significant).

(Reproduced in part with permission from Cooper DKC et al. Xenotransplantation 2019; 

Apr 15:e12516. doi: 10.1111/xen.12516, reference 18).
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Figure 5: 
IgM (left) and IgG (middle) binding and complement-dependent cytotoxicity (right) of 

baboon sera to GTKO, GTKO/β4GalNT2KO (DKO), and TKO pig peripheral blood 

mononuclear cells (PBMCs). IgM and IgG binding and serum cytotoxicity to TKO cells 

were higher or comparable to binding to GTKO cells. Although mean IgM and IgG binding 

and mean serum cytotoxicity to DKO cells were less than to TKO cells, many baboons had 

a high level of cytotoxicity to DKO cells. (**p<0.01). (Reproduced with permission from 

Yamamoto T et al, Xenotransplantation. 2020; Jun 25:e12596, reference 21).
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Figure 6: 
Rejection-free survival of GTKO pig kidneys in baboons (Group 1, in black) was 

significantly longer that that of TKO pig kidneys (Group 2, in red). (Reproduced with 

permission from Iwase H, et al, Xenotransplantation. 2021. 25 May. e12700, reference 24)
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Figure 7: 
GTKO pig kidney survival in baboons receiving US FDA-approved immunosuppressive 

agents (Group A, in red) was much shorter than in those receiving an anti-CD40mAb-based 

regimen (Group B, in black). (Reproduced with permission from Yamamoto T, et al, 

Transplantation. 2019;103:2090–2104, reference 29)
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Figure 8: 
Survival of patients with a living donor kidney (top), a deceased donor kidney (second from 

top), on the waitlist while on dialysis (second from bottom), and while on dialysis but not 

waitlisted for a kidney transplant (bottom). Approximately 45% of patients receiving chronic 

dialysis while on the waitlist for a deceased human donor kidney either die or are removed 

from the waitlist (as considered no longer acceptable candidates for the procedure) within 5 

years. (Reproduced with permission from Jagdale A, et al, Transplantation. 2021;105:1904–

1908, reference 44)
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Table 1:

Known carbohydrate xenoantigens expressed on pig cells.

Carbohydrate (Abbreviation) Responsible enzyme Gene-knockout pig

1.Galactose-α1,3-galactose (Gal). α1,3-galactosyltransferase GTKO

2.N-glycolylneuraminic acid (Neu5Gc). CMAH CMAH-KO

3.Sda β−1,4N-acetylgalactosaminyltransferase. β4GalNT2-KO

CMAH = Cytidine monophosphate-N-acetylneuraminic acid hydroxylase (CMAH).
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Table 2:

Example of the complex immunosuppressive, anti-inflammatory, and adjunctive therapy used in pig-to-baboon 

kidney transplantation experiments during the past several years.

Agent Dose (duration)

Induction

Thymoglobulin (ATG) (Genzyme, Cambridge, MA) 10 mg/kg i.v. (day −3) (to reduce the CD3+T cell count to <500/mm3)

Anti-CD20mAb (rituximab) (Genentech, South San 
Francisco, CA) 10 mg/kg i.v. (day −2)

Cobra venom factor (CVF) (Complement Technology, Tyler, 
TX)
OR
C1-esterase inhibitor (Berinert, CSL Behring, King of 
Prussia, PA)

100 U/kg (days −1 and 0)
17.5 U/kg i.v. (days 0, 1, 7 and 14)

Maintenance

Anti-CD40 monoclonal antibody (mAb) (2C10R4, a chimeric 
rhesus IgG4) (NIH NHP Resource Center, Boston, MA) 50 mg/kg (days −1, 0, 4, 7, 14, and weekly)

Rapamycin (Rapa) (LC Laboratories, Woburn, MA) 0.01–0.04 mg/kg i.m. ×2/d (target trough 6–10 ng/ml), beginning on day −4.

Methylprednisolone (Astellas, Deerfield, IL) 5 mg/kg/d on day 0, tapering to 0.125 mg/kg/d by day 7.

Anti-inflammatory

Etanercept (TNF-α antagonist) (Amgen, Thousand Oaks, 
CA) 1 mg/kg (day 0), 0.5 mg/kg i.v. (days 3, 7, 10)

Adjunctive

Triiodothyronine (levothyroxine) (Xgen, Big Flats, NY, USA)
Aspirin (Bayer, Deland, FL)

4μg i.v. x2/day on days 0–5.
40 mg p.o. (alternate days), beginning on day 4.

Low molecular weight heparin (LMWH) (Eisai, Woodcliff 
Lake, NJ) 700 IU/d s.c., beginning of day 1.

Famotidine (APP Pharmaceuticals, Schaumburg, IL) 0.25 mg/kg/d ×2 (days −7 to 14)

Erythropoietin (Amgen) 500 U i.v. x2-3 weekly, beginning on day −4

Ganciclovir (Genentech) 5 mg/kg/d i.v., from day −4 to day 14 and when the baboon is sedated for 
blood draws (x2 weekly).

Valganciclovir (Genentech) 15 mg/kg/d p.o., beginning on day 15

Sulfamethoxazole and trimethoprim (Teva, North Wales, PA) 10 mg/kg i.v. daily, on days 4–14

Sulfamethoxazole and trimethoprim oral suspension (Akorn, 
Lake Forest, IL) 75 mg/m2 p.o x2/day. x3 weekly, beginning on day 15.
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