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Foreword

Organ transplantation was one of the great surgical advances of the second half of 
the twentieth century and has become one of the greatest success stories in medical 
history. The University of Alabama at Birmingham was early into this field when 
Dr. Arnold Diethelm initiated our kidney transplant program in 1968. Subsequent 
programs of heart, liver, pancreas, and lung transplantation followed. We have now 
carried out almost 15,000 organ transplants at UAB.

Advances in immunosuppressive therapy have contributed to continuing 
improvement in the results of organ transplantation, but the field remains limited 
by the inadequate number of organs from deceased donors that become available 
each year. Xenotransplantation, using organs from genetically engineered pigs, 
offers a solution to the problem of donor organ availability. In collaboration with 
our colleagues at United Therapeutics and its subsidiary, Revivicor, UAB is play-
ing an active role in moving the field forward. In addition to the experimental 
work continuing in our laboratories, we have established a “clean” pig facility that 
we anticipate meets US Food and Drug Administration guidelines, which will 
enable us to initiate a clinical trial of pig kidney transplantation in the near future.

To review progress in xenotransplantation, and gain insight into current advances 
in clinical allotransplantation that may impact xenotransplantation, Herbert Chen, 
the chairman of the department of surgery at UAB, proposed a one-day conference 
that was held at UAB in March 2019. This brought together experts in most aspects 
of xenotransplantation research and leaders in the field of clinical allotransplanta-
tion. Topics discussed ranged from progress in experimental models, preparations to 
enable a clinical trial to proceed, and selection of patients for the first clinical trials 
to the impact of xenotransplantation on health-care economics. The conference 
attracted participates from around the globe and proved very successful in defining 
some of the parameters for a clinical trial.

Members of the UAB department of surgery have compiled edited versions of 
the presentations made at the conference together with other contributions relat-
ing to xenotransplantation, and these are published in this book as a source of 
information for those who are interested in the topic but were unable to attend the 
conference.
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My colleagues and I at UAB believe that xenotransplantation will have a major 
impact on medicine, and we are pleased to be playing a part in its development.

University of Alabama at Birmingham, School of Medicine Selwyn M. Vickers 
Birmingham, AL, USA

Foreword
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Welcome from the University of Alabama  
at Birmingham (UAB)

It is my privilege to welcome you to the University of Alabama at Birmingham 
(UAB), and to what we believe is the world’s first conference on advancing to clini-
cal trials of pig organ xenotransplantation.

I particularly wish to welcome the members of the US Food and Drug 
Administration (FDA) who are participating in this conference, and also those from 
the National Institute of Allergy and Infectious Diseases (NIAID) of the US NIH, 
who have joined us today. The NIAID has strongly supported the field of xenotrans-
plantation research for many years, and I know that the scientists in this field remain 
most indebted to the institute and its staff. The input of all of these scientific repre-
sentatives from the FDA and NIH will be most welcome. I also particularly wish to 
welcome our invited speakers, both those from UAB and those from other distin-
guished universities, who are all experts in fields that are important in one way or 
another to our goal of moving towards clinical xenotransplantation.

UAB has one of the busiest organ allotransplantation programs in the country, if 
not in the world. We also have one of the most active xenotransplantation research 
programs in the world. The grants that we have been awarded for xenotransplanta-
tion research have contributed to UAB’s rise in the ranking of US academic institu-
tions that receive federal funding. We are fortunate to have as our research partners 
the scientists of Revivicor and its parent company, United Therapeutics, and we 
welcome them here today. Without the advances that they and others have pioneered 
in the genetic engineering of pigs, we would not have advanced towards the clinic 
so quickly.

The potential clinical impact of xenotransplantation is immense, encompassing 
as it does not only organ transplantation, but tissue and cell transplantation. Although 
today’s conference concentrates attention largely on the transplantation of pig kid-
neys and hearts, clinical xenotransplantation may ultimately play a role in the treat-
ment of conditions as diverse as (i) diabetes, where pig pancreatic islet transplantation 
may be life-saving, (ii) Parkinson’s disease, where the transplantation of pig neuro-
nal cells may be largely curative, (iii) corneal blindness, where pig corneas will 
resolve the shortage of deceased human corneas for transplantation, and (iv) life- 
threatening trauma, where pig red blood cell transfusion is likely to become 
important.
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The topics we will discuss in the next two days will be of immense importance 
to the field of organ transplantation, and will throw light on how we and other 
groups should proceed in the future. We hope you will find the conference of great 
interest, and we encourage you to participate fully in the discussion sessions. All of 
the presentations and discussions will be recorded, and the proceedings of the con-
ference will be published in book form, and so your questions and comments are 
important.

Finally, it is our honor to have with us today Professor Leo Buhler from the 
University of Geneva, who is not only the current president of the International 
Xenotransplantation Association (IXA), but also the Editor-in-Chief of its official 
journal, ‘Xenotransplantation’. We greatly appreciate his personal support for this 
conference. I invite him to welcome you on behalf of the IXA.

Department of Surgery, University of Alabama at Birmingham Herbert Chen
Birmingham, AL, USA 
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Welcome from the President  
of the International Xenotransplantation 
Association

First, I would like to thank Dr. Chen and his colleagues at the University of Alabama 
at Birmingham (UAB) for organizing this conference, which is highly relevant and 
timely for our field. Indeed, we are on a pathway that will advance xenotransplanta-
tion to clinical reality, and this path will certainly bring new questions and problems 
that we have not yet faced. The UAB has become a key spot on the map of xeno-
transplantation and has concentrated a high density of specialists, both researchers 
and clinicians.

Recently, I discussed intensively with my son, Benjamin, who is 11 years-old, 
the progress that has been made in space exploration. Benjamin taught me a great 
deal about that topic. I learned that space exploration began just after the Second 
World War and that it took approximately 20 years to send humans to the moon. 
Benjamin also told me that the distance between our planet and the moon is exactly 
384,400 km, or 238.855 miles, which seems a long way.

So how come that, after almost 40 years of effort, xenotransplantation has not yet 
progressed into the clinic? Here, I think we should remember a point made by the 
late Claus Hammer, a pioneer in our field, who defined our research as a battle 
against evolution. We must fight millions of years of divergent evolution to over-
come all of the biological differences that have developed between pigs and humans 
during this period of time. So perhaps the passage of time is more difficult to over-
come than the distance of space.

Our field has benefited from more than four decades of research, involving many 
attempts and many failures, as well as from the collaboration of many scientists and 
clinicians of all continents and numerous specialties. In recent years, we have seen 
an acceleration of progress, mainly thanks to the development of new tools for 
genetic-engineering of organ-source animals and the introduction of novel forms of 
immunosuppressive therapy. The survival of porcine organs and tissues in nonhu-
man primates has been prolonged from days to months, or even years in some cases.

The initiation of clinical trials is around the corner, and we must anticipate prob-
lems that may arise, such as early acute humoral rejection and infectious complica-
tions. For example, what tests will be indicated if a pig heart recipient develops a 
fever on post-operative day 30? Today’'s conference is key to our preparation to 
initiate these new trials, and the uncertainties they will bring.
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I once again thank Dr. Chen and the UAB team for hosting this conference, and 
for inviting many of the top specialists in the field to participate. I am sure the con-
ference will be of interest to us all.

University of Geneva Leo Buhler
Geneva, Switzerland 
 

Welcome from the President of the International Xenotransplantation Association 
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Introduction

The first series of organ (kidney) transplants was carried out by Yu Yu Voronoy 
(Fig. 1) in the Ukraine in the 1930s and 1940s, without success. Further series were 
carried out in Paris (by the groups of René Küss (Fig.  2) and Jean Hamburger 
(Fig. 3)) and Boston (by the groups of David Hume (Fig. 4) and Joseph Murray 
(Fig. 5)) in the 1950s, with occasional success. The conditions under which these 
pioneering transplants were undertaken were primitive in the extreme. René Küss 

Fig. 1 Yu Yu Voronoy 
(1895–1961)
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Fig. 3 Jean Hamburger 
(1909–1992)

Fig. 2 René Küss 
(1913–2000)

Introduction
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Fig. 4 David Hume 
(1917–1972)

Fig. 5 Joseph Murray 
(1919–2012) Nobel 
Prize 1990

Introduction



xvi

Fig. 6 Roy Calne (1930–) 
Lasker Prize 2012

reported waiting in a Paris prison for a prisoner to be guillotined, and then removing 
the kidneys from the corpse on the prison floor. A few years later, Roy Calne in the 
UK remembers not being allowed to transfer a potential donor to the operating 
room, but having to remove the kidneys on the donor’s hospital bed, shielded only 
by curtains from the view of the other patients in the ward.

Progress began to be made with the introduction of pharmacologic immunosup-
pressive therapy in the form of azathioprine and corticosteroids, largely through the 
work of Roy Calne (Fig. 6) and Tom Starzl (Fig. 7) in the early 1960s. The subse-
quent introduction of cyclosporine (by Calne in the late 1970s) and tacrolimus (by 
Starzl in the 1990s) were major advances allowing 1-year kidney graft survival to 
increase from approximately 50% to >80%. Immunosuppressive regimens based on 
cyclosporine or tacrolimus also allowed more successful transplantation of livers 
(by Starzl and Calne), hearts (by Shumway (Fig. 8) and Barnard (Fig. 9)), and other 
organs. Further novel agents have improved graft survival even more.

The one major problem that remains is an inadequate supply of organs from 
deceased human donors, which severely limits the number of organ transplants that 
can be performed each year. In the USA alone, approximately 120,000 patients 

Introduction
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Fig. 7 Thomas Starzl 
(1926–2017) Lasker 
Prize 2012

Fig. 8 Norman Shumway 
(1923–2006)
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Fig. 9 Christiaan Barnard 
(1922–2001)

await an organ transplant, yet only approximately 40,000 transplants are carried out 
each year (with organs from approximately 20,000 deceased donors). This reflects 
the situation worldwide. Immense efforts have been made over the past 70 years to 
increase organ donation, with only partial success. The increase in the number of 
organs that become available each year has to some extent been related to a decision 
to accept organs of less-than-perfect “quality” (e.g., extended criteria donors, dona-
tion after cardiac death).

Xenotransplantation, using pigs as sources of organs, if successful, would resolve 
this continuing problem. However, the primate immune response to a pig organ 
proved to be rapid and severe, and overcoming this barrier has taken the combined 
efforts of many groups worldwide over approximately 35 years. Nevertheless, 
immense progress has been made, largely through the availability of increasingly 
sophisticated genetically engineered pigs and the introduction of novel immunosup-
pressive agents. The results in life-supporting pig-to-nonhuman primate models 
have steadily improved, and now pig kidney and heart graft survival is measured in 
many months rather than minutes or days.

This has encouraged preparations to be made to initiate clinical trials of organ 
xenotransplantation. This has necessitated attention to be directed to such widely 
differing topics as (i) the building of facilities that will house pigs under biosecure 
conditions to minimize the risk of infections in the pig that could be transferred to 

Introduction
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the human recipient, (ii) selection of potential patients for the first clinical trials, and 
(iii) the regulatory, ethical, legal, and financial aspects of xenotransplantation.

What is clearly obvious is that, when pig organ xenotransplantation is introduced 
into the clinic, the state of the science will be far in advance of that when organ 
allotransplantation was first attempted in the 1950s and 1960s. In those days, there 
was very limited experience in dogs before clinical attempts were made, and hardly 
any effective method of immune suppression. In contrast, today (i) we benefit from 
70 years of clinical experience with allotransplantation, (ii) we have more than three 
decades of experience of organ xenotransplantation in pig-to-nonhuman primate 
models, and (iii) we have a wide range of genetically engineered pigs and novel 
immunosuppressive agents available to us.

To consider many of these topics, the department of surgery at UAB organized a 
conference in March 2019, held in Birmingham, at which many experts were invited 
to present their data and opinions on how xenotransplantation can move forward into 
the clinic. Attention was concentrated on pig kidney and heart transplantation as it is 
in regard to these organs that most progress has been made. Pig liver and lung trans-
plantation, and cell transplantation, e.g., islets, neuronal cells, were not discussed.

Towards the end of the conference, the audience of approximately a hundred 
people was asked whether patients in need of a kidney or those in need of a heart 
should be the first to be included in a clinical trial. A point of considerable interest 
was that virtually 100% of the audience indicated that the first clinical trial should 
be of pig kidney transplantation. This was based on such considerations as the abil-
ity to resort to chronic dialysis if the pig kidney graft failed, thus providing life- 
saving support if the experiment was not successful. For patients receiving a cardiac 
xenotransplant, despite increasing experience with mechanical circulatory assist 
devices, in the event that the pig graft fails, there is no realistic life-supporting alter-
native similar to dialysis.

The presentations given at the conference have now been edited and are presented 
in this volume as a record of the conference. To provide information on topics that 
were not fully addressed at the conference, additional chapters have been added. We 
hope that this book provides an outline of how the field might progress from the 
experimental laboratory to the clinic, and thus make available the many advantages 
of xenotransplantation to patients with end-stage organ failure. In other words, we 
hope the collected papers constitute a pathway to clinical xenotransplantation.

 David K. C. Cooper Birmingham, AL, USA
 Guerard ByrneLondon, UK

Introduction
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Organ Xenotransplantation

David K. C. Cooper

 Introduction

The increasing demand for organs, tissues, and cells for purposes of clinical trans-
plantation, and the relative lack of improvement in the number of deceased human 
organs that become available each year have increased interest in the possibility of 
using organs and cells from an animal species [1, 2]. The concept of cross-species 
transplantation (or xenotransplantation) is not new, and there has been a surpris-
ingly large number of clinical attempts during the past 300 years or more [1, 3, 4]. 
The barriers to xenotransplantation are considerable, but are steadily being over-
come, largely by our ability to genetically engineer pigs to make their tissues more 
resistant to the human immune response.

 Xenotransplantation in Mythology

A review of Greek mythology and of religious tracts, particularly, for example, from 
the Hindu religion, draws attention to the fact that humans have been interested in 
the possibility of merging physical features from various animal species for hun-
dreds of years. For example, the chimera has been used to represent the allotrans-
plantation of organs and cells (transplantation between members of the same 
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species), and the lamassu (Fig. 1.1) was selected as the mythological beast to repre-
sent the International Xenotransplantation Association and its official scientific 
journal, Xenotransplantation.

The late Keith Reemtsma pointed out that possibly one of the earliest examples 
of xenotransplantation was the attempt by Daedalus and his son, Icarus, to fly across 
the sea from Crete to mainland Greece with the help of bird’s wings attached to their 
arms [5]. Icarus failed in the attempt, and Reemtsma (with tongue firmly in his 
cheek) put this forward as a possible case of hyperacute rejection (very rapid rejec-
tion of the graft), though he thought it was more likely to be related to failure of a 
thermo-labile adhesive. However, Daedalus successfully made the journey, which 
Reemtsma pointed out provided this pair with an enviable 50% success rate.

The first tissue xenograft was reputedly recorded in 1682, when a Russian noble-
man, who had lost part of his scalp and skull in battle, had the defect in his skull 
“successfully repaired by a surgeon with a piece of bone from the skull of a dog” [6, 
7]. The Russian church, however, believing that no man could be Christian if he had 
a dog bone in his head, threatened the nobleman with excommunication. Clearly, a 
God-fearing man, he chose to have the fragments of dog bone removed, thus pre-
sumably saving himself from a fate worse than death.

 Blood Xenotransfusion

If we look beyond the realm of mythology and legend, we come to the seventeenth 
century, when Jean Baptiste Denis (Fig. 1.2) began the clinical practice of blood 
transfusion from animals to humans (Fig.  1.3) [8]. Perhaps not surprisingly, the 
results were mixed. As a result, xenotransfusion was banned in France for a number 

Fig. 1.1 The lamassu – 
this mythological beast 
was adopted as the logo of 
the International 
Xenotransplantation 
Association and its official 
journal, 
Xenotransplantation
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Fig. 1.2 Jean-Baptiste 
Denis (c1635–1704)

Fig. 1.3 A blood transfusion being carried out from donkey to patient

1 A Brief History of Clinical Cross-Species Organ Xenotransplantation
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of years. Today, with the increasing risk of transfer of infectious agents with human 
blood transfusions, a strong case could be made for using an animal, for example, 
the pig (housed under ideal “clean” conditions and monitored at intervals to ensure 
that no infectious agent would be transferred) as the source of blood cells and blood 
products in the future. In fact, this approach has recently been explored again by 
several groups [9].

 Skin Xenotransplantation

According to skin graft pioneer, Thomas Gibson, the list of animal tissues that were 
transplanted into human subjects in the nineteenth century is extensive, with skin 
being the most common [6, 7]. But transplants of the urethra from a sheep and even 
the eye from a rabbit are recorded. Donors of skin included dogs, cats, rabbits, rats, 
pigs, chickens, cockerels, pigeons, and, most popular of all, frogs.

The fact that many of the species used as donors had hair, feathers, or fur grow-
ing from the skin did not appear to disconcert the surgeons involved, but the trend 
was to use animal species in which these accoutrements were not present. The ideal 
graft would appear to have been from frogs, which were sometimes “skinned alive.” 
It is possible that some of these grafts were “successful” in that, when used to cover 
a skin ulcer, they provided protection, at least for a number of days, while the ulcer 
healed beneath the graft. However, it is inconceivable that any of the grafts actually 
became permanent.

The grafts were either free skin grafts or pedicle skin grafts. Pedicle grafts were 
complicated because they required the donor, for example, a sheep, to be strapped 
immobile to the patient for several days, during which period of time the graft would 
reputedly be vascularized by the recipient. If this occurred, the graft could be dis-
connected from the donor. It is almost certain that none of these grafts was in any 
way successful, although some “successes” were reported.

 Corneal Xenotransplantation

Remarkably, in 1838 the first corneal xenotransplant (from a pig) was performed in 
a patient, whereas the first corneal allograft (human-to-human) was not carried out 
until more than 65 years later (in 1905). The field of corneal xenotransplantation has 
been reviewed elsewhere [10, 11].

 Alexis Carrel and Blood Vessel Anastomosis

More scientific efforts had to wait until the twentieth century, when the French 
experimental surgeon, Alexis Carrel [12] (Fig.  1.4), working first in France and 
subsequently in North America, developed surgical techniques for anastomosing 
blood vessels, which enabled organ transplantation to be carried out successfully for 
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the first time. It was for this work that he was awarded the Nobel Prize in 1912. He 
developed an interest in cross-species transplantation, at least from an experimental 
perspective, and in 1907 wrote these prophetic words:

The ideal method would be to transplant in man organs of animals easy to secure and oper-
ate on, such as hogs, for instance. But it would in all probability be necessary to immunize 
organs of the hog against the human serum. The future of transplantation of organs for 
therapeutic purposes depends on the feasibility of hetero (xeno) transplantation.

It is remarkable that, more than 100 years ago, Carrel indicated what we are now 
trying to do, which is to genetically modify pigs to make their tissues resistant to the 
human immune response. Carrel was clearly a man of vision.

 Serge Voronoff and “Rejuvenation” by Cell Xenotransplantation

A few years later, Serge Voronoff [13, 14] (Fig. 1.5), a Russian émigré working in 
Paris, developed the concept of transplanting cells that produced a hormone in 
which the recipient was deficient. This is another example of a visionary scientist 
who was ahead of his time. Today, we are doing exactly what he envisaged, namely 
transplanting human pancreatic islets that produce insulin in patients with severe 
type 1 diabetes. In view of the limited number of human pancreases that become 

Fig. 1.4 Alexis Carrel 
(1873–1944)
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available each year, there is a growing interest in using pig islets for this purpose 
(see below).

Voronoff’s main interest, however, was in reversing the effects of aging in elderly 
men who had lost their “zest for life.” He carried out a significant number of chim-
panzee or baboon testicular transplants in male human recipients [13–15]. His tech-
nique was to slice up the animal testicle and insert the slices into the recipient’s 
testicle. (It can be looked upon as the “Viagra” of the 1920s.) The procedure became 
popular on both sides of the Atlantic, and several hundreds of these operations were 
performed. It is inconceivable that any of them had any beneficial effect whatsoever 
except psychological, but there were reports of remarkable “rejuvenation” of men 
who reported much increased energy after the operation. The complications of the 
operations must have been significant because presumably on occasions the slices 
of donor testicle would have necrosed and set up inflammatory or infectious com-
plications. Surprisingly, reports of such complications appear to have been 
uncommon.

Voronoff was certainly a man ahead of his time because he also applied to the 
authorities in Paris to carry out what would have been the first clinical kidney allo-
transplant, using the kidneys from a criminal who was to be guillotined. His request 
was refused, and this allowed Yurii Voronoy to become the first surgeon to perform 
kidney allotransplantation in 1933 [16].

Fig. 1.5 Serge Voronoff 
(1866–1951)
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The concept of transplanting glandular tissue to produce hormones that would 
benefit the recipient was continued in the USA by a much less scientific doctor, John 
Brinkley, whose work was carried out largely in Kansas and Texas [17]. His chosen 
donor was the goat, as he had been convinced by a local farmer of its sexual potency. 
It would appear that Brinkley was a charlatan rather than a serious transplant sur-
geon, and, although it made him a fortune, his work fell into serious disrepute, and 
he was eventually driven out of business by the American Medical Association.

Nevertheless, this concept of cell xenotransplantation has been sustained until 
the present time, with the establishment of several clinics, particularly in Europe, in 
which animal tissue or serum is injected into patients for a variety of conditions. 
The results have been controversial [18].

Several clinical organ xenotransplants were carried out in the early part of the 
twentieth century (Tables 1.1a, 1.1b, and 1.1c).

Table 1.1a World experience in clinical renal xenotransplantation

Year Surgeon Donor n Patient survival (days)
1905 Princeteau Rabbit (kidney slices) 1 16
1906 Jaboulay Pig,

goat
1
1

3
3

1910 Unger Monkey 1 2
1913 Schonstadt Monkey 1 Not stated
1923 Neuhof Sheep 1 9
1964 Reemtsma Chimpanzee,

monkey
6
1

<9 months
10

1964 Hitchcock Baboon 1 5
1964 Starzl Baboon 6 <60
1964 Hume Chimpanzee 1 1
1964 Traeger Chimpanzee 3 <49
1965 Goldsmith Chimpanzee 2 <4 months
1966 Cortesini Chimpanzee 1 31
1966 Kuss Pig 1 2

Major source: Reference [3]

Table 1.1b World experience in clinical heart xenotransplantation

Year Surgeon Donor Type
Patient survival 
(days)

1964 Hardy Chimpanzee O <1
1968 Cooley Sheep O <1
1968 Ross Pig H <1
1968 Ross Pig Perfused with human blood but not 

transplanted
<1

1969 Marion Chimpanzee ?O <1
1977 Barnard Baboon H <1
1977 Barnard Chimpanzee H 4
1984 Bailey Baboon O 20
1992 Religa Pig O 1

Major source: Reference [3]
H heterotopic (auxiliary) heart transplantation, O orthotopic heart transplantation

1 A Brief History of Clinical Cross-Species Organ Xenotransplantation
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 Clinical Kidney Xenotransplantation

 Keith Reemtsma and Chimpanzee Kidney Xenotransplantation
By the 1960s, Keith Reemtsma (Fig. 1.6) – then at Tulane University in Louisiana – 
hypothesized that nonhuman primate kidneys might function in human recipients 
and thus be a successful treatment for renal failure. At that time, the concept of 
kidney transplantation had been established largely by French and American sur-
geons, but the availability of deceased human kidneys was extremely limited and 
chronic dialysis was not yet being undertaken. In Reemtsma’s opinion, therefore, 
there was little alternative to death for the patient unless organs could be made avail-
able from nonhuman species. He selected the chimpanzee as the source of organs 
because of its close evolutionary relationship to humans. He carried out six of these 
transplants, on each occasion transplanting both kidneys from the chimpanzee (that 
generally weigh significantly less than adult humans) into the recipient 
(Table 1.1a) [19].

The majority of these failed within 4–8 weeks, either from rejection (because of 
the limited immunosuppressive agents available at the time) or from an infectious 
complication (because of the over-administration of these agents). Nevertheless, 
one of Reemtsma’s patients lived for 9 months, returning to work as a schoolteacher, 
and evidently remaining in good health until she collapsed and died. At autopsy, the 
chimpanzee kidneys appeared normal and showed no signs of acute or chronic 
rejection (Fig. 1.7). It was suggested that she had died from an acute electrolyte 
disturbance. This is quite likely since the transplantation of nonhuman primate kid-
neys into patients was frequently associated with an immense diuresis in the early 
post-transplant period, often exceeding 20  liters in 24 hours, and it is likely that 
there were also later electrolyte imbalances. On one occasion, however, Reemtsma 
demonstrated that acute cellular rejection of a chimpanzee kidney could be reversed 
by a course of increased steroid therapy.

Table 1.1c World experience in clinical liver xenotransplantation

Year Surgeon Donor Type Patient survival (days)
1966 Starzl Chimpanzee H <1
1969 Starzl Chimpanzee

Chimpanzee
O
O

9
<2

1969 Bertoye Baboon H <1
1970 Leger Baboon H 3
1970 Marion Baboon H <1
1971 Poyet Baboon H <1
1971 Motin Baboon H 3
1974 Starzl Chimpanzee O 14
1992 Starzl Baboon O 70
1993 Starzl Baboon O 26
1993 Makowka Pig H <2

Major source: Reference [3]
H heterotopic (auxiliary) liver transplantation, O orthotopic liver transplantation

D. K. C. Cooper
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Fig. 1.6 Keith Reemtsma 
(1925–2000)

Fig. 1.7 Normal 
macroscopic appearance at 
autopsy of chimpanzee 
kidneys that had 
functioned well for a 
period of almost 9 months 
in a 23-year-old woman 
who had undergone renal 
xenotransplantation in 
1963. This operation was 
one of a small series of 
kidney xenotransplants 
performed by Keith 
Reemtsma and his 
colleagues at Tulane 
University in New Orleans
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Subsequent baboon kidney transplants, notably by Tom Starzl (Fig. 1.8) and his 
colleagues in Colorado [20], were rather less successful. Survival of patients with 
baboon kidneys ranged from 19 to 60 days. Subsequent chimpanzee kidney trans-
plants also provided very mixed results, except for one patient who survived for 
almost 4  months (Table  1.1a). The chimpanzee donor kidneys were, in general, 
rejected more slowly and by a cellular mechanism, whereas the baboon donor kid-
neys were rejected more aggressively.

French surgeon, René Küss, a pioneer in kidney allotransplantation, attempted a 
clinical pig kidney transplant in 1966, with immediate graft loss [21].

 Clinical Heart Xenotransplantation

 James Hardy and the First Heart Xenotransplant
James Hardy (Fig. 1.9), who had carried out the first human lung allotransplant in 
1963, visited Reemtsma and was impressed by the health of some of the patients 
with chimpanzee kidney transplants he examined. In 1964, he determined to carry 
out the first clinical heart transplantation and decided to acquire some chimpanzees 
as potential “donors” in case he could not identify a deceased human donor when 
needed (Table 1.1b). In the event, he had a less-than-ideal patient who would not be 
accepted for heart transplantation today, as he had widespread atheromatous vascu-
lar disease throughout his body – for which he had undergone amputations of both 
legs – and was in a semi-comatose state at the time the transplant was undertaken. 

Fig. 1.8 Tom Starzl 
(1926–2017)
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However, as the patient was rapidly dying, Hardy was stimulated to transplant a 
chimpanzee heart (Fig. 1.10) [22]. The chimpanzee heart was not large enough to 
support the circulation, and failed within a couple of hours. There was no histo-
pathological evidence of antibody-mediated rejection [23].

In contrast to the response to the attempted lung allotransplantation, the public 
and medical professional response to the heart xenotransplantation was adverse, and 
dissuaded Hardy and his colleagues from carrying out any further attempts. The 
procedure of cardiac allotransplantation was later established by Barnard and his 
colleagues in 1967 [24], who later also carried out two cardiac xenotransplants [25].

It is of interest to note that the consent form for Hardy’s operation (Fig. 1.11) – 
which, in view of the patient’s semi-comatose condition, was signed by a close rela-
tive  – stipulated that no heart transplant had ever been performed, but made no 
mention of the fact that an animal heart might be used for the procedure. Such was 
the medico-legal situation at that time that this “informed” consent was not consid-
ered in any way inadequate.

Two distinguished cardiac surgeons, Denton Cooley in the USA (Fig. 1.12) and 
Donald Ross in the UK (Fig.  1.13), carried out sheep and pig heart transplants, 
respectively, in patients that they could not wean from cardiopulmonary bypass 
after routine cardiac surgery (Table 1.1b). These attempts were rather misguided as 

Fig. 1.9 James Hardy 
(1918–2003)
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Fig. 1.11 The consent form signed by the patient’s family for the world’s first heart transplant 
(using a chimpanzee heart)

Fig. 1.10 The chimpanzee 
heart in the patient’s chest 
after the world’s first 
clinical heart transplant

D. K. C. Cooper
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there was no evidence to suggest that either a sheep or pig heart would function for 
a prolonged period of time after transplantation into a primate. Both surgeons admit-
ted to me that in retrospect, they were rather embarrassed by these attempts.

In 1977, Christiaan Barnard (Fig. 1.14) and his colleagues again attempted to 
support life of two patients who could not be weaned from cardiopulmonary bypass 
by attaching nonhuman primate hearts in the intra-thoracic heterotopic position [25] 
(Fig. 1.15). On the first occasion, they used a baboon heart which failed rapidly. On 
the second, they transplanted a chimpanzee heart, which functioned for 4  days 
before it failed. These attempts were made in an effort to support the patients until 
either the native heart recovered or a deceased human donor heart could become 
available for allotransplantation.

 Leonard Bailey and “Baby Fae”
Perhaps the best known clinical cardiac xenotransplantation since Hardy’s attempt 
was that by Leonard Bailey (Fig. 1.16) who transplanted a baboon heart into an 
infant girl, known as Baby Fae (Fig. 1.17), in 1983 [26]. At that time, it was almost 
impossible to obtain human organs from deceased infants, particularly those with 
anencephaly, for transplantation into infants with life-threatening congenital heart 

Fig. 1.12 Denton Cooley 
(1920–2016)
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Fig. 1.13 Donald Ross 
(1922–2014)

Fig. 1.14 Christiaan 
Barnard (1922–2001)
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Appendage
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Fig. 1.15 The operation 
of heterotopic heart 
transplantation, developed 
by Christiaan Barnard and 
Jacques Losman, which 
Barnard used in the two 
patients in which he 
transplanted a nonhuman 
primate heart

Fig. 1.16 Leonard Bailey 
(1942–2019)
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disease. The surgical procedure in Baby Fae was technically successful, but the 
graft underwent acute rejection and the patient died 20 days later. As the graft was 
necessarily taken from a baboon that was ABO incompatible with the recipient – as 
the O blood type is essentially not found in baboons – this might have added to the 
severity of rejection. Even though cyclosporine had become available by this time, 
the immunosuppressive therapy was not sufficient to prevent xenograft rejection.

This procedure did little to advance progress in xenotransplantation, but it did 
draw attention to the public and medical profession of the dearth of deceased human 
organs available for infants in need of a transplant. Following the procedure, par-
ticularly with the immense publicity associated with it, the situation with regard to 
donation of organs from infants became very much improved, and Bailey went on 
to develop an extremely successful cardiac allotransplantation program in infants 
and children at Loma Linda University (Fig. 1.18).

 Clinical Liver Xenotransplantation

 Thomas Starzl and Liver Xenotransplantation
Tom Starzl (Fig. 1.8), who was one of the greatest pioneers in the field of kidney and 
liver allotransplantation, performed a handful of liver transplants between nonhu-
man primates and young patients in Colorado in the 1960s, without lasting success 
(Table  1.1c) [27–30]. When the addition of tacrolimus had improved the 

Fig. 1.17 Baby Fae

D. K. C. Cooper



19

immunosuppressive armamentarium, he and his team in Pittsburgh performed two 
liver transplants from baboons in adult patients in the 1990s, with one patient sur-
viving for 70 days [31]. The first of these two cases can be considered a relative 
success in that there was little pathological evidence of rejection in the liver at any 
stage, but this was achieved probably at the expense of over-immunosuppression, 
the patient dying of overwhelming sepsis. The second case was less successful as 
the patient did not regain consciousness or renal function during the postoperative 
period, but again there was little histopathologic evidence of rejection in the trans-
planted liver. The results, however, were not successful enough to warrant continu-
ing this experimental clinical trial.

Makowka et al. attempted to use a pig liver as a “bridge” to allotransplantation 
without success [32, 33].

In addition to the liver xenotransplants reviewed above, there have also been 
attempts to bridge patients with fulminant liver failure by perfusing their blood 
ex vivo through an animal liver until their native liver either recovered or a deceased 
human donor liver became available for transplantation. These were usually baboon 
or pig livers, and there is some evidence that this did prolong life, though the results 
were generally disappointing [34].

 Comment

The data outlined above suggest that, if transplants were carried out today between 
nonhuman primates and humans, it is likely that, with the much-improved immuno-
suppressive drug therapy available to us now, relatively prolonged survival of these 
grafts would be obtained. However, it is extremely unlikely that nonhuman primates 
would be available in sufficient numbers to solve the shortage of donor organs today. 

Fig. 1.18 Leonard Bailey with some of his first patients to undergo cardiac allotransplantation
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Even with extensive breeding programs, the logistics would be such as to preclude 
the availability of these animals in large numbers. For example, baboons usually 
have only one or two offspring, and these take up to 9 years to grow to full size 
(Table 1.2). Furthermore, there is likely to be considerable ethical protest against the 
use of nonhuman primates for this purpose.

There is also the question of size (Table 1.2). Even chimpanzees do not grow to 
the same size as most adult humans, and therefore there may be restrictions on the 
function of organs, such as the heart, if transplanted into a large adult human. This 
problem would be exacerbated if the baboon or other Old World monkeys were 
utilized as the source of the organs. Even the largest baboon heart would not be of a 
size sufficient to support the circulation of a full-grown adult human. A pair of 
baboon kidneys or a baboon liver, however, may be sufficient to support life in adult 
humans, particularly with the well-known ability of the liver to hypertrophy rapidly 
under such circumstances, as was clearly demonstrated by the two Pittsburgh 
baboon-to-human liver transplants.

Table 1.2 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)a

Slow (9 years to reach 
maximum size)

Size of adult organs Adequate Inadequateb

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
aBreeds 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
bThe size of certain organs, for example, the heart, would be inadequate for transplantation into 
adult humans
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Most of the early attempts at clinical organ xenotransplantation used nonhuman 
primate species as sources of the organ, although there have been a few attempts 
using the pig and other non-primate mammals (Tables 1.1a, 1.1b, and 1.1c), but 
without significant success [3]. All of the early attempts at clinical xenotransplanta-
tion using widely disparate animal species, for example, pig and sheep, as sources 
of the organs were doomed to early failure. Histopathological examination of the 
rejected organ showed the typical features of hyperacute rejection, with massive 
capillary destruction with severe interstitial hemorrhage and edema.

 Carl-Gustav Groth and the First Islet Xenotransplantation

There are an estimated 1–2 million patients with type 1 diabetes in the USA alone, 
and the number worldwide must be very large indeed. As pig insulin differs from 
human insulin by only one amino acid, and pig insulin was administered success-
fully for the treatment of diabetic patients for decades until recombinant human 
insulin became available, it is reasonable to anticipate that successful pig islet trans-
plantation would result in normoglycemia. The Swedish group headed by Carl 
Groth (Fig. 1.19) was the first to attempt pig islet transplantation in patients with 
diabetes in 1993 [35]. Although porcine C-peptide was documented in the blood of 
some of the patients, indicating that some islets survived, no clinical benefit was 
obtained.

In recent years, there have been encouraging results from islet allotransplanta-
tion in patients with type 1 diabetes, but with such large numbers of patients suffer-
ing from the disease, the number of human pancreases that become available will 
never be sufficient to treat all of the potential patients, particularly as quite often two 
(or even three) human pancreases are required to provide enough islets to render a 
single recipient normoglycemic.

 Xenotransplantation Using Pigs as Sources of Organs and Cells

The advantages of xenotransplantation, particularly if we could use a readily avail-
able animal source, such as the pig, would be numerous (Table 1.2) [36]. First, there 
would be an unlimited supply of “donor” organs, which would resolve the current 
increasing and severe shortage of human organs.

Second, these organs would be available electively whenever required, which is 
an equally important point. Currently, a patient may wait several months in an inten-
sive care unit or supported by a left ventricular assist device while awaiting a heart 
transplant, or many years on chronic dialysis awaiting a kidney transplant. If trans-
plantation could be carried out as soon as the patient is in irreversible organ failure, 
then immediate transplantation would almost certainly result in significantly 
improved survival.

Third – a point that is generally overlooked – is that brain death has numerous 
adverse effects on the donor organs, particularly the heart, that may lead to primary 
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graft non-function or other injury [37, 38]. In the case of the xenotransplantation of 
pig organs, this would be avoided, as the organs would be excised from a healthy pig 
under anesthesia.

Fourth, almost no year passes without a novel microorganism being transferred 
from a deceased human donor to the recipient with the organ graft. In recent years, 
West Nile virus, rabies, and other microorganisms have been transferred with fatal 
results. There has been some concern that a porcine microorganism might be trans-
ferred with a pig organ [39–41]. The pig herd will be housed under ideal (designated 
pathogen-free) conditions and be monitored at regular intervals for infectious 
agents, providing a much greater chance that the “donor” animal will be free of all 
known pathogenic organisms than the average deceased human donor.

Fifth, in several countries, there are cultural barriers to deceased organ donation, 
for example, Japan, and yet there are no barriers to xenotransplantation. The number 
of transplants performed in these countries would be vastly increased. The lack of 
deceased human donors, particularly with regard to kidney and liver transplantation, 
has popularized living donor transplants. When liver transplantation is undertaken 

Fig. 1.19 Carl-Gustav 
Groth (1933–2014)
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in an adult recipient, this involves excision of almost two-thirds of the living donor 
liver which is then transferred to the adult recipient. This is a major surgical proce-
dure, and not without some (small) risk to the living donor. There have been a small 
number of deaths of donors after these procedures, and the postoperative complica-
tion rate is significant. These tragedies would be avoided if pig livers could be used 
for the purpose.

The immunological and pathophysiological problems associated with pig xeno-
transplantation, however, are significant, and probably reflect the fact that it is 
80 million years since the pig and human diverged on the evolutionary scale, and, 
therefore, in the words of Claus Hammer, what we are trying to do is to “outwit 
evolution.”

Nevertheless, very significant progress has been made since we began to develop 
the ability to genetically modify large animals, particularly the pig. The “creation” 
of “Dolly” the sheep, the first cloned mammal, opened the gates to the possibility of 
rendering pig tissues resistant to the human immune response. It is only through this 
route that we have overcome many of the remaining barriers. Most of the barriers 
have now been identified and overcome (Chap. 2).

The experimental results of cell xenotransplantation, for example, islet or neuro-
nal cells, were initially better than those of pig organ xenotransplantation. For 
example, pig islets have continued to function effectively in immunosuppressed 
nonhuman primates for periods in excess of a year [42–47]. Indeed, clinical trials of 
encapsulated pig islet transplantation have been carried out in diabetic patients in 
New Zealand [48] and Argentina.

There is also a great need for corneas, particularly in Asia and Africa. For exam-
ple, it is estimated there are 4 million patients in need of corneal transplantation in 
China alone [11]. Experimental corneal xenotransplantation has made significant 
progress in recent years, with survival of pig lamellar grafts in monkeys surviving 
for periods in excess of 1 year, with the recipient receiving only corticosteroid drops 
to the eyes. Partly because the risk to the recipient would be small, it is likely that 
corneas will be among the first xenotransplants to be carried out in clinical trials, 
perhaps followed soon after by islet cell transplantation.

There are an estimated 8 million patients in the USA with a neurogenerative dis-
ease, such as Parkinson’s disease. Human embryonic neural precursor cells can restore 
local motor activity in patients with Parkinson’s disease, but the use of human embryos 
is largely precluded on ethical grounds or on logistic grounds as too few become avail-
able. Genetically engineered pig embryos might provide an alternative source. Indeed, 
a European group has reported encouraging improvement for >1 year in  locomotor 
function in monkeys with a Parkinson-like condition after the transplantation of geneti-
cally modified pig dopamine-producing cells into the brain [49–51].

The words of George Orwell in “Animal Farm” will be apposite to organ trans-
plantation in humans.

The creatures outside looked from pig to man, and from man to pig, and from pig to man 
again; but already it was impossible to say which was which.
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The same will 1 day be said about the doctor examining a patient with an organ 
transplant – the doctor will not be able to determine whether the organ is an allograft 
or a xenograft. Eventually, allotransplantation will be of historic interest only.
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 Introduction

By the early 1960s, it was known from studies in pig-to-dog and dog-to-pig organ 
transplantation models that a xenograft would undergo an immediate immune 
response, known as hyperacute rejection (HAR) (reviewed in [1]). Subsequent stud-
ies in these models have added to our knowledge [2–7], but the pig-to-nonhuman 
primate (NHP) model is much more pertinent to the pig-to-human situation. Little 
was known about the pathobiology of pig-to-primate organ transplantation until 
studies were initiated in the clinically relevant wild-type (genetically unmodified) 
pig-to-baboon heart and kidney transplant models [8–11].

 Organ Xenotransplantation

 The Innate Immune Response

Following pig organ transplantation into a human [12, 13] or NHP [14, 15], HAR 
frequently occurs within minutes, although it has generally been defined as antibody- 
mediated complement activation leading to destruction of the graft within 24 hours. 
It is related to binding of primate natural (preformed) anti-pig antibodies to the 
vascular endothelial cells of the graft. Antibody deposition initiates complement- 
mediated injury of the endothelium, resulting in thrombosis, interstitial hemor-
rhage, and edema that disrupts graft function (Figs. 2.1 and 2.2), the histopathological 
features of which were initially described by Rose [16–18].

Before the nature of these natural preformed antibodies was known, an approach 
to prevent HAR was to administer an agent that depleted or inhibited complement, 
e.g., cobra venom factor or soluble complement receptor-1 (sCR-1), which extended 
graft survival significantly, but had only a temporary effect [19–23].

a b

Fig. 2.1 Macroscopic appearance of a wild-type pig kidney immediately after transplantation and 
reperfusion in a baboon (a) and 10 minutes later when hyperacute rejection had occurred (b)

D. K. C. Cooper et al.



29

 Pig Genetic Engineering
When genetic modification of the organ-source pig became possible, an approach to 
overcoming HAR was suggested by Dalmasso (in the USA) [24] and, indepen-
dently, by White (in the UK) [25–27] and their respective colleagues, and by others 
[28]. The presence of complement-regulatory proteins on the surface of human vas-
cular endothelial cells, e.g., decay accelerating factor (DAF, CD55), membrane 
cofactor protein (MCP, CD46), or membrane attack complex inhibitor protein 
(CD59) to some extent protects them from complement-mediated injury. Pig cells 
have equivalent complement-regulatory proteins, but these are less able to provide 
protection from the effects of human complement [29, 30]. In the mid-1990s, 
Dalmasso and White suggested introducing into the pig a transgene for a human 
complement-regulatory protein.

Several groups investigated this approach [25–27, 31–38]. As a consequence, the 
first genetically engineered pig directed toward xenotransplantation was produced 
by White and his colleagues in 1992 [26, 31, 39]. The expression of hCD55 pro-
vided considerable protection to the heart and kidney from HAR [15, 40, 41].

Fig. 2.2 Histopathology of hyperacute rejection in a wild-type pig heart graft. Complement- 
mediated injury associated with the binding of baboon natural preformed anti-pig antibodies to 
antigens expressed on the vascular endothelium of the pig organ results in intravascular thrombosis 
and interstitial hemorrhage. Acute humoral xenograft rejection (AHXR), a delayed antibody- 
mediated response, is often, but not always, associated with the production of elicited antibodies 
and has a similar histopathological appearance but possibly with the presence of rather more innate 
immune cells, e.g., macrophages, neutrophils. (Magnification ×400)
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 Anti-pig Antibodies
As the causative factors associated with HAR of a xenograft were seen to be similar 
to those of ABO-incompatible allograft rejection [42–45], a similar approach was 
taken to prevent rejection by depleting the potential recipient of anti-pig antibodies 
by plasmapheresis [11]. This prolonged graft survival beyond 24 hours and some-
times for a week or more, but the steady return of antibody resulted in graft failure, 
a phenomenon known variously as acute humoral xenograft rejection (AHXR), 
delayed xenograft rejection, or acute vascular rejection.

It was subsequently determined that the most important antibodies (IgM, IgG) 
directed against pig tissues bind to a carbohydrate epitope, galactose-α1,3-galactose 
(Gal) [46–52] reviewed in [53, 54]. This oligosaccharide is found on the surface of 
all pig vascular endothelial cells and some other tissues [55–58], and is also present 
in all other mammals, with the exception of humans and Old World NHPs (i.e., 
great apes, baboons, Old World monkeys) [55] reviewed in [59]. These primate spe-
cies lost expression of Gal several million years ago, probably from a genetic muta-
tion, and the absence of Gal resulted in primates making antibodies against this now 
“foreign” antigen [60].

These and other “natural” antibodies almost certainly develop as a response to 
Gal-expressing microorganisms and viruses that colonize the primate’s gastrointes-
tinal tract during neonatal life [61–65]. Of interest, baboons bred and housed in a 
specific pathogen-free facility have lower anti-pig antibody levels [66, 67]. 
Antibodies that develop in this way are known as “natural” or “preformed” antibod-
ies. They were initially believed to be T cell-independent (as opposed to elicited 
antibodies that are T cell-dependent and develop after direct exposure to an antigen, 
e.g., antibodies that develop after an organ transplant), but some studies suggest that 
natural antibodies may also be T cell-dependent [63, 68].

The identification of anti-Gal antibodies enabled them to be specifically depleted 
by one of two methods (reviewed in [69]). Again based on experience with ABO- 
incompatibility studies [70, 71], the intravenous infusion of natural or synthetic Gal 
oligosaccharides was tested, which were bound by anti-Gal antibodies followed by 
elimination of the antibody-antigen complexes [72–82]. Alternatively, perfusing the 
potential recipient’s blood or plasma through Gal immunoaffinity columns success-
fully depleted anti-Gal antibody [83–90]. However, even when combined with con-
ventional immunosuppressive therapy (e.g., cyclosporine-based), these approaches 
were only modestly successful; they delayed antibody-mediated rejection, but the 
graft was lost when antibody levels recovered (AHXR) (Fig. 2.3).

 α1, 3-Galactosyltransferase Gene-Knockout Pigs
When the importance of Gal antigens had first been established in 1992, it was sug-
gested that the gene responsible for the enzyme that attached Gal terminally on 
oligosaccharide chains, α1,3-galactosyltransferase, should be deleted or knocked- 
out [91]. At this time, this was possible in mice [92–94], but not in pigs. Insights 
into the molecular basis of evolutionary inactivation of Gal, as well as the 
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introduction of nuclear transfer/embryo transfer (cloning) technology in mammals 
[95–97], enabled α1,3-galactosyltransferase gene-knockout (GTKO) in pigs. The 
first GTKO pigs were reported in 2003 [98, 99].

Initial studies of the transplantation of organs from GTKO pigs in NHPs showed 
protection from HAR, with prolonged survival of pig heart and kidney grafts in 
some cases for weeks or months, though it should be noted that these studies were 
carried out in baboons selected for their low levels of anti-pig antibodies (i.e., in 
these cases, of anti-nonGal antibodies) [100–104]. However, in nonselected recipi-
ents [105] or when the immunosuppressive regimen was inadequate to prevent an 
adaptive immune response [106, 107], survival was limited.

When a GTKO pig organ is transplanted into a NHP, the natural antibodies 
involved in rejection of the graft are directed against nonGal antigens [90, 108–
111], the exact nature of which remained uncertain [112–114] until recently, 
although one had been identified [115] (see below). HAR has only rarely been 
described after the transplantation of organs from pigs in which the Gal antigen is 
not expressed (GTKO pigs), but its occasional occurrence indicates that it can be 
initiated by binding of high levels of anti-nonGal antibodies [116].

Fig. 2.3 Histopathology of acute humoral xenograft rejection (AHXR) in a GTKO heart trans-
planted into a baboon 12 days previously. Features of humoral rejection similar to those seen in 
hyperacute rejection (interstitial hemorrhage, edema) are present, but there is also a significant 
cellular infiltrate, mainly of polymorphonuclear neutrophils. (Magnification ×200). (Reprinted 
with permission from Ezzelarab et al. [375])
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The combination of GTKO and expression of a human complement-regulatory 
protein was even more successful in preventing early graft failure of a transplanted 
pig organ [117–120], as predicted by early studies in mice [121].

Nevertheless, even when HAR was prevented, AHXR could develop within a 
few days or weeks, almost certainly related to the binding of antibody and deposi-
tion of complement, and to the effect of innate immune cells (e.g., polymorphonu-
clear leukocytes, monocyte/macrophages, natural killer [NK] cells) and/or platelets 
that together activate the endothelium [105, 122, 123], resulting in graft injury.

 The Adaptive Immune Response

If the innate immune response is prevented or delayed by the approaches outlined 
above, but immunosuppressive therapy is inadequate, a T cell-dependent elicited 
antibody response develops, resulting in high levels of anti-pig IgG [107, 124, 125]. 
Binding of these antibodies (whether directed to Gal or nonGal antigens on the 
vascular endothelium) initiates histopathological changes indistinguishable from 
AHXR.  Surprisingly, histopathological features of pure acute cellular rejection 
(massive lymphocyte infiltration), as seen in the majority of inadequately immuno-
suppressed recipients of allografts, have virtually never been recorded after pig-to- 
NHP organ xenotransplantation, most probably because the innate response 
develops more rapidly and overwhelms the cellular response, though small numbers 
of T and B cells may be seen in the graft.

Activation of the adaptive response has been found to be more complex than 
after allotransplantation. For example, thrombin can induce porcine vascular endo-
thelial cell activation without upregulation of swine leukocyte antigens (SLA), 
resulting in an increased primate T-cell response [126].

 Immunosuppressive Therapy
Graft failure can be delayed by very high doses of conventional immunosuppressive 
therapy, e.g., tacrolimus, mycophenolate mofetil, and corticosteroids [127–129], 
but has been associated with a relatively high incidence of infectious complications 
[130]. Costimulation blockade-based immunosuppressive therapy, first introduced 
into xenotransplantation by Buhler in 2000 [124], has been more successful [66, 
105, 131–138].

Anti-CD154 monoclonal antibody (mAb) was the first costimulation-blockade 
agent that was found to be effective in xenotransplantation [100, 101, 105, 124, 139, 
140]. However, its administration is associated with thrombotic complications in 
both allogeneic [141, 142] and xenogeneic [143] organ and artery patch transplant 
models, and is currently not in clinical development. Its administration may well 
have contributed to the early development of thrombotic microangiopathy (see 
below), though it is clearly not the sole causative factor [135, 136].

Although blockade of the CD28/B7 pathway with CTLA4-Ig appears to potently 
suppress a T-cell response to pig cells in vitro [144, 145], it has been found to be 
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inadequate in inhibiting an anti-pig antibody response in vivo [131, 135, 137, 138]. 
This suggests that other mechanisms of inducing sensitization (other than the T cell- 
dependent adaptive immune response) may be involved [126, 146]. For example, 
evidence has been provided that indicates that soluble CD154 plays a significant 
role [147]. In this respect, anti-CD154 mAbs may reduce class switching of anti-pig 
antibodies by binding both T-cell surface CD154 and circulating soluble CD154, 
thus preventing subsequent stimulation of B cells and activation of lymphoid folli-
cles in secondary lymphoid tissues.

In contrast, blockade of the CD40/CD154 pathway with an anti-CD40mAb- 
based regimen (or a combined anti-CD40/CTLA4-Ig-based regimen) is effective 
in  vivo in pig heart, kidney, or artery patch transplant models [133, 135, 136]. 
Although in some studies B-cell depletion has been associated with increased infec-
tious complications [135], and although it does not immediately reduce anti-pig 
antibody levels [148], B-cell depletion using an anti-CD20mAb appears to be 
advantageous [129, 134].

Although not the original intention, genetic engineering of the organ-source pigs 
directed toward protection from the innate response in some cases also reduces the 
adaptive immune response [149, 150]. Deletion of Gal antigens [151] or expression 
of a human complement-regulatory protein [152–154] has been demonstrated to 
reduce the T-cell response to pig cells.

 Pig Genetic Engineering
Pigs transgenic for the T-cell costimulation blockade agent, CTLA4-Ig, have been 
produced successfully [155]. In vitro assays demonstrated the potent immunosup-
pressive effect on human T-cell activation [156]. However, blood levels of soluble 
CTLA4-Ig in these pigs significantly exceeded the therapeutic level in patients 
receiving the agent after organ allotransplantation. The high levels of CTLA4-Ig 
rendered the pigs immunocompromised, prohibiting their long-term survival and 
therefore reproduction. Local expression of CTLA4-Ig in selected tissues, e.g., the 
islet beta cells (using an insulin promoter), is not associated with health problems in 
the pigs. When the islets are isolated and transplanted into a recipient NHP, it is 
hoped they will contribute a local immunosuppressive effect, though it is difficult to 
detect this in in vivo models, especially when associated with multiple other genetic 
modifications [157].

A second approach has been to express a mutant human Major Histocompatibility 
Complex (MHC) class II transactivator transgene in the pig [158]. This mutation 
results in downregulation of swine leukocyte antigen (SLA) class II expression and 
inhibits upregulation of expression after activation of the pig endothelial cells, thus 
reducing the human T-cell response in vitro [158]. In vivo studies in a pig artery 
patch transplantation model have demonstrated a modest immunomodulatory 
effect [137].

MHC class I-knockout pigs are also now available, but their effect on graft sur-
vival in NHPs has not yet been assessed [159]. Several other genetic approaches to 
reduce the T-cell response have been suggested.
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 Natural Killer (NK) Cells
NK cells have been demonstrated to participate in the cellular response to a pig graft 
[160–164] (although this has been difficult to detect in vivo), and transgenic expres-
sion of human leukocyte antigen (HLA)-G and/or E and/or Cw3 may inhibit their 
response [165–171]. Pigs expressing HLA-E of HLA-G have been produced, but 
not yet fully tested when on the preferable GTKO/human complement-regulatory 
protein background [172–174]. Studies by Miyagawa’s group indicate that expres-
sion of these transgenes may also inhibit macrophage activity, which is likely to be 
important after organ, islet, and cell transplantation [173, 174].

 Coagulation Dysfunction

Coagulation/thrombosis within the vessels of the graft has been observed even when 
HAR, AHXR, and the T-cell response are successfully controlled and has played a 
significant role in graft failure. This was predicted by early work in vitro and in 
rodent models by the groups of Robson/Bach and Platt [175–181].

In the pig-to-NHP model, coagulation dysregulation was first definitively 
described by Ierino, Kozlowski, and their respective colleagues in the late 1990s 
[83, 88, 182–184]. It can result in the development of a thrombotic microangiopa-
thy, in which the vasculature of the organ is steadily occluded by thrombus, result-
ing in ischemic necrosis of the tissues (Fig. 2.4) [185]. The rapidity at which these 
pathologic changes develop varies, but they can occur within a few days or may be 
delayed for several weeks or months [100, 135, 136, 139, 186].

Small vessels in the graft become occluded by fibrin and platelet aggregation, 
leading to ischemic injury [103–105, 185, 187–191]. When thrombotic microan-
giopathy becomes advanced, the loss of platelets and clotting factors in the graft 
may result in the development of a consumptive coagulopathy in the recipient 
primate. The initiating cause of the thrombotic microangiopathy is almost cer-
tainly in part immune-related and probably results from activation of the graft 
vascular endothelial cells by antibody, complement, platelets, and innate immune 
cells, changing the phenotype of the vascular endothelial cells from anticoagulant 
to procoagulant. For example, the inducible procoagulant protein, fibrinogen-like 
protein 2 (fgl2), has been demonstrated to be upregulated on activated pig vascu-
lar endothelial cells in a pig-to-baboon kidney transplantation model, resulting in 
thrombin generation [192, 193].

However, other mechanisms play a role. For example, Lin and colleagues dem-
onstrated in vitro that, in the absence of antibody and complement, procoagulant 
tissue factor could be induced on human platelets and monocytes by contact with 
porcine vascular endothelial cells [194]. In vivo, after pig kidney transplantation, 
activation of baboon platelets to express tissue factor was associated with the initia-
tion of a consumptive coagulopathy in the relative absence of features of AHXR 
[186]. Furthermore, this upregulation of tissue factor on primate platelets occurs 
equally when exposed to GTKO, GTKO/CD46, or wild-type pig vascular endothe-
lial cells [195]. This is associated with concomitant expression of P-selectin and 
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P-selectin glycoprotein ligand-1 (PSGL-1), forming an auto-augmented loop of 
endothelial cells and platelet activation.

Almost certainly contributing to the coagulation dysregulation between graft and 
host are several known molecular incompatibilities in the coagulation/anticoagula-
tion factors between pig and primate (Table 2.1) [106, 196–204]. For example, pig 
tissue factor pathway inhibitor (TFPI) does not successfully inhibit primate factor 
Xa, pig thrombomodulin does not catalyze primate protein C, and pig von Willebrand 
factor is associated with excessive primate platelet aggregation. The mechanism is 
complicated in that not only do the activated porcine endothelial cells express high 
levels of tissue factor (a procoagulant molecule) and increased tissue factor activity, 
but direct exposure of primate platelets and monocytes to porcine endothelial cells 
results in increased tissue factor activity on these primate structures also [186, 194].

Spontaneous bleeding in the NHP recipient can be the end result of the consump-
tion of clotting factors [182, 183, 186]. If the organ graft is excised at the first sign 
of consumptive coagulopathy, then the condition can be rapidly reversed, confirm-
ing its association with the presence of the graft [124]. A consumptive coagulopathy 
appears to develop more rapidly in NHPs with pig kidney grafts, whereas a throm-
botic microangiopathy predominates after pig heart transplantation (followed 

a b

c

Fig. 2.4 Thrombotic microangiopathy in a GTKO pig heart graft. Fibrin deposition (a) and plate-
let aggregation (b) result in thrombosis within the vessels of the graft. Occlusion of small vessels 
results in ischemic injury with replacement fibrosis (c). (Magnification ×100)
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terminally by a consumptive coagulopathy) [100, 186]. This observation has been 
investigated at the molecular level by Knosalla et al. [205].

The administration of anticoagulants and/or anti-thrombotic agents to the recipi-
ent NHP met with only partial success in preventing this problem [100, 102, 103, 
105, 124, 187, 206, 207]. Heparin seemed beneficial, possibly because it also has 
anti-inflammatory properties. However, evidence has been presented indicating that 
increased immunosuppression may be more effective than anticoagulant agents, 
probably by suppressing the vascular endothelial-activating effect of the innate 
immune system [206–208]. The encouraging results achieved after pig heart [100, 
101] or kidney [102, 138] transplantation in NHPs with low anti-pig antibody levels 
is likely related to the absence of endothelial cell activation.

 Pig Genetic Engineering
This is one more pathobiological barrier that is being overcome by further genetic 
manipulation of the organ source pig, e.g., by the insertion of a human coagulation- 
regulatory gene (an “anticoagulant” or “anti-thrombotic” gene), such as thrombo-
modulin, endothelial protein C receptor (EPCR), TFPI, CD39, or CD73 [197, 
209–225] or by knockdown of tissue factor expression [226]. For example, the 
expression of thrombomodulin and/or EPCR in the pig graft appears to inhibit or 

Table 2.1 Major molecular incompatibilities relating to the coagulation system between pigs and 
primates

“Anticoagulant” genes Molecular incompatibilities Solution
von Willebrand factor 
(vWF)

Pig vWF spontaneously aggregates human 
platelets in the absence of shear stress, due 
to an aberrant interaction between the 
O-glycosylated A1 domain of pig vWF and 
human GPIb.

Replace pig vWF with 
human vWF in the pig 
vascular endothelial cells 
(EC) (by knockout- 
knockin technology)

Tissue factor pathway 
inhibitor (TFPI)

Pig TFPI does not effectively neutralize 
human factor Xa, although the recombinant 
forms expressed in primate cells have full 
anticoagulant activity.

Expression of human 
TFPI on pig EC

Thrombomodulin 
(TBM)

Pig TBM binds human thrombin, but is a 
poor cofactor for the activation of human 
protein C, with only 1–10% of the activity 
of human TBM.

Expression of human 
TBM on pig EC

Endothelial protein C 
receptor (EPCR)

Pig EPCR promotes activation of human 
protein C by human TBM, albeit less 
efficiently than human EPCR

Expression of human 
EPCR on pig EC

Ectonucleoside 
triphosphate 
diphosphohydrolase-1 
(CD39)

The loss of CD39 activity following EC 
activation and injury results in the 
generation of procoagulant

Expression of human 
CD39 on pig EC

Ecto-5′-nucleotidases 
(CD73)

The loss of CD73 activity following EC 
activation and injury results in the 
generation of procoagulant

Expression of human 
CD73 on pig EC

EC endothelial cells, EPCR endothelial protein C receptor, TBM thrombomodulin, TFPI tissue 
factor pathway inhibitor, vWF von Willebrand Factor
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delay the development of thrombotic microangiopathy [132] even in the absence of 
heparin therapy [135, 136], though the beneficial effect of a potent immunosuppres-
sive regimen cannot be excluded.

Most encouragingly, Mohiuddin et al. have reported >24 months survival of a 
heterotopic heart graft in a baboon in the absence of the development of thrombotic 
microangiopathy when a GTKO/hCD46 graft expressed thrombomodulin [132, 
134]. (There may be added protection if other transgenes are also expressed [135]). 
By suppressing tissue factor activity on the porcine endothelial cells, TFPI may 
prevent the change to a procoagulant phenotype and may also prevent activation of 
the recipient cells and platelets. CD39 is another critical thromboregulatory mole-
cule on endothelial cells that may limit platelet activation [227]. With the expression 
of several of these human transgenes, additional drug therapy to enhance an anti-
thrombotic state may not be required, although the administration of aspirin or other 
oral antiplatelet agent may prove advantageous [228].

Recent studies indicate that expression of human thrombomodulin is also par-
tially protective against complement activation, illustrating the complexity of the 
immune and coagulation responses [229].

One other factor must not be ignored, and that is that the presence of certain 
microorganisms in the organ-source pig, e.g., cytomegalovirus, may be associated 
with greater coagulation dysfunction (±rejection) [230–237]. Early weaning of pigs 
results in an absence of cytomegalovirus and reduces the development of consump-
tive coagulopathy after organ transplantation in NHPs. Indeed, this may have been 
a factor in the studies reported by Schirmer and Byrne [206–208] (see above) as 
their organ-source pigs were bred and housed under “clean” designated pathogen- 
free isolation conditions, whereas those used in most other studies were not.

 Inflammatory Response

Recently, attention has been directed to the inflammatory response that develops 
after pig organ transplantation in NHPs, a topic that was again previously investi-
gated in vitro and in rodent models. Evidence has been presented that inflammation 
precedes the development of coagulation dysfunction [146, 238], illustrating the 
inter-relationships between the immune, coagulation, and inflammatory responses, 
for which there is increasing evidence [239–242]. In particular, the potential role of 
interleukin-6 (IL-6) has been highlighted [146, 238], and the beneficial effect of an 
IL-6 receptor antagonist is being explored [136, 238]. Statin therapy may also prove 
beneficial by reducing both the T-cell response [243] and tissue factor activity on 
pig vascular endothelial cells [244].

In addition to pharmacological anti-inflammatory approaches, the infusion of 
mesenchymal stromal cells, derived from either primates of possibly isolated from 
the same genetically-engineered pigs that provide the organ or cells, is likely to have 
a beneficial anti-inflammatory effect (in addition to an immunomodulatory effect) 
[152, 245–247].
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 Pig Genetic Engineering
An alternate approach, of course, is to produce genetically engineered pigs that have 
some protection against the inflammatory response, e.g., pigs expressing human 
hemeoxygenase-1 (HO-1) or A20 [248–251]. Expression of these transgenes would 
likely have the added advantage of reducing the apoptosis of pig cells. These pigs 
are available, but not necessarily on a background of GTKO ± a human complement- 
regulatory protein ± a human coagulation-regulatory protein, and therefore the spe-
cific effect of the anti-inflammatory manipulation has not been determined in vivo. 
Nevertheless, initial ex  vivo perfusion experiments using human blood show 
encouraging results [252].

 Graft Vasculopathy (Chronic Rejection)

Graft vasculopathy (chronic rejection) has been documented in some pig cardiac 
xenografts that have functioned for >3 months in baboons and has a similar histo-
pathological appearance to that seen after allotransplantation (Fig. 2.5) [139]. Its 
pathogenesis in both allotransplantation and xenotransplantation remains poorly 
understood, but is almost certainly associated with a prolonged and continuing low-
grade immune response that induces chronic, low-grade activation of the graft 

Fig. 2.5 Graft vasculopathy (chronic rejection) in a hCD55 pig heart graft 3 months after trans-
plantation into an immunosuppressed baboon. Smooth muscle proliferation (black arrow) and neo-
intimal proliferation (white arrow) are indicated. (Magnification ×200)
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vascular endothelium. Some encouragement, however, is provided by the ongoing 
studies of Mohiuddin et al. [132] in which graft vasculopathy has not been reported 
in heart grafts from GTKO/hCD46 pigs expressing human thrombomodulin, with 
follow-up in one case for >2 years (Fig. 2.6).

 The Special Cases of Pig Liver or Lung Transplantation

The pathobiological problems associated with transplantation of pig livers and 
lungs are more complex and to date have limited graft survival to days rather than 
weeks, months, or years. A major problem, particularly with pig liver transplanta-
tion, is phagocytosis of recipient platelets and possibly erythrocytes by pig macro-
phages [253–255]. Overcoming these problems may require pigs with multiple 
genetic manipulations, as has been discussed elsewhere [14, 209, 256–270].

 Remaining Barriers to Pig Organ Xenotransplantation

Humans are known to have natural antibodies to at least one other antigen on pig 
cells, namely N-glycolylneuraminic acid (Neu5Gc) [271–275] reviewed in [276]. 

Fig. 2.6 Microscopic appearance of the myocardium of a GTKO/CD46/TBM pig heart trans-
planted heterotopically into an immunosuppressed baboon 1 year previously. No significant histo-
pathological changes are seen. (Magnification ×200). (Courtesy of Muhammad Mohiuddin MD, 
NHLBI, NIH, Bethesda, MD, USA)
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As most nonhuman mammals express this oligosaccharide, including Old World 
NHPs (even chimpanzees), it is not possible to investigate its effect in the standard 
in vivo experimental models, e.g., pig-to-baboon organ transplantation. The recent 
report that New World monkeys do not express Neu5Gc [277], and therefore are 
likely to produce anti-Neu5Gc antibodies, suggests that these monkeys might pro-
vide a model in which the effect on the immune system of the transplantation of a 
Neu5Gc-expressing pig organ (or tissues or cells) can be studied.

Most information to date has been obtained from staining of pig tissues for 
expression of Neu5Gc (Fig. 2.7), and laboratory assays, such as antibody binding by 
flow cytometry using human sera [278–280]. These indicate that Neu5Gc may be a 
significant barrier to clinical xenotransplantation There is increasing evidence, 
therefore, that this antibody–antigen interaction will need to be prevented if pig 
organs or cells are transplanted into human patients. The recent production of pigs 
in which the gene responsible for producing Neu5Gc has been deleted (as well as 
that for Gal) is a major step toward this goal [145, 279, 281].

A further pig antigen that may have importance in graft rejection, though this has 
not yet been confirmed in in  vivo experiments, is porcine β1,4 
N-acetylgalactosaminyltransferase [115]. Baboons have preformed antibodies to 
this glycan [115], as do most humans [280].

 Physiologic Considerations
If problems related to the immune response can be completely resolved, then atten-
tion can be directed to whether pig organs will function normally in primate hosts. 
The very few studies to date suggest that some problems that were initially per-
ceived to be related to physiological differences between pig and primate were in 
fact related to the effects of the immune response [136, 282, 283]. The high levels 
of proteinuria seen in the early baboons with pig kidney grafts [102, 282] have not 
been seen in recent experiments when protection from the immune response was 
increased by the genetic engineering of the pig [136] or when the NHP recipient 
was selected for low levels of anti-pig antibody [138]. Any true physiological differ-
ences that are identified are likely to be resolved by genetic manipulation of the pig, 
e.g., to replace a porcine metabolic product with a human one. Rapid growth of a 
pig organ may also be problematic [136, 284], and the rate of growth of a pig organ 
after transplantation into a NHP is as yet uncertain.

 Cell and Tissue Xenotransplantation

Pigs could also act as a source of other tissues, such as pancreatic islets (for the 
treatment of diabetes) [285, 286], neuronal cells (for the treatment of neurodegen-
erative conditions, such as Parkinson’s disease) [287, 288], corneas (for patients 
with corneal blindness) [289–294], and red blood cells (for clinical transfusion) 
[295–299]. Indeed, clinical trials of encapsulated pig islet [300, 301] and partial- 
thickness corneal [302] transplantation have already been undertaken.

The pathobiology of graft injury is similar to that seen in pig organs, though the 
absence of the vascular endothelium in some cases modifies the histopathological 
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appearances. A T-cell-induced response appears to play a more important role, as in 
allotransplantation [303, 304].

 Islet Xenotransplantation

Considerable attention has been paid to the transplantation of porcine islets of 
Langerhans as a potential means of providing a source of insulin in patients with Type 
1 diabetes [286]. Islets from adult wild-type (unmodified) pigs, if carefully isolated, 
express very low levels of the Gal epitope (though expression can be upregulated by an 
inflammatory response), and therefore the problem of anti-Gal antibodies is reduced 
[305]. In contrast, fetal and neonatal islets (that may prove preferable sources of islets 
for clinical transplantation [306–309]), express significant levels of Gal [310], and 
therefore GTKO pigs will likely be essential, or at least preferable [311].

Similarly, Neu5Gc will require deletion because humans have antibodies target-
ing Neu5Gc. However, preliminary data from in vitro studies show that human anti-
body binding to GTKO/CD46/CMAHKO (i.e., Neu5GcKO) pig islets is no less 
than to GTKO/CD46 islets [281], suggesting that additional antigens may need to 
be knocked-out to sustain islet function in this species combination [312–314].

Techniques are available, e.g., by the use of an insulin promoter, that enable a 
desired transgene to be expressed in the islet beta cells alone [315], thus negating any 
potential detrimental effects (e.g., systemic anticoagulation) that might be associated 
with widespread expression of a human coagulation-regulatory protein, e.g., TFPI 
[157, 316]. However, despite promising results in the wild-type pig-to-NHP model 
with islet graft function exceeding 600 days [317], experimental islet xenotransplanta-
tion has not yet been consistently successful [157], and further study is required.

As with pig organ grafts, the cellular immune response to porcine cells can be 
inhibited by the currently available immunosuppressive agents, particularly by 
those that result in blockade of T-cell costimulation [318]. Both genetically engi-
neered and wild-type adult porcine islets have been demonstrated to maintain nor-
moglycemia in diabetic monkeys for >6 months [319, 320] and even for >1 year 
(Fig. 2.8) [157, 317, 321]. Wild-type neonatal pig islets have maintained normogly-
cemia in diabetic monkeys for >6 months [311, 322, 323].

However, the immunosuppressive regimens utilized in most of these studies 
would currently not be clinically applicable (mainly because they included an 
anti- CD154mAb), and therefore present studies are aimed toward reducing the 
intensity of the regimen and ensuring that all agents administered are approved 
for clinical use. Genetic manipulation of the pig to increase the resistance of the 
islets to the primate T-cell response is a potential option, as is the cotransplanta-
tion of islets with mesenchymal stromal cells [152, 245–247, 324–326] or Sertoli 
cells [327–332].

 The Instant Blood-Mediated Inflammatory Reaction (IBMIR)
The current site of transplantation of both allogeneic islets and pig xenogeneic islets 
is into the portal vein, where the islets lodge in the liver. Direct contact between 
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islets (particularly xenogeneic islets) and blood leads to an immediate inflammatory 
response that destroys a large percentage of the infused islets; this is known as the 
instant blood-mediated inflammatory reaction (IBMIR) [333–338]; reviewed in 
[339]. It is a response to cells that are not normally present in the blood – in this 
case, the islets. Until relatively recently, it was thought to be primarily a nonspecific 
inflammatory response that involved activation of the coagulation and complement 
systems. Recent evidence suggests that the anti-pig immune response is playing a 
significant role and that IBMIR may even be a form of HAR [309, 340, 341] 
(Fig. 2.9). It can be reduced, though not completely prevented, by treatment of the 
recipient with anticoagulant and anticomplement agents, but genetic engineering of 
the pig will probably prove more beneficial [157, 315].

An alternative approach to avoid IBMIR is to transplant the islets in a site where 
they are not immediately exposed to blood, e.g., the gastric submucosal space [342, 
343], skeletal muscle [344], omental pouch [345], etc.
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Fig. 2.8 (a) Blood 
glucose and pig C-peptide 
levels in a streptozotocin- 
induced diabetic 
cynomolgus monkey 
before and after intraportal 
transplantation of islets 
from a pig expressing the 
human complement- 
regulatory protein, CD46. 
No exogenous insulin was 
administered after the 
transplant. The 
normoglycemic monkey 
was electively euthanized 
after 12 months. Tx = day 
of islet transplantation. (b) 
Insulin immunostaining (in 
red) of a liver section in a 
monkey recipient of islets 
from a pig transgenic for 
human CD46, showing a 
healthy pig islet 12 months 
after transplantation. 
(Magnification ×200)
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There have been some encouraging reports of prolonged islet graft survival in 
nonhuman primates in the absence of exogenous immunosuppressive therapy when 
the islets have been encapsulated [346], but it is unlikely this approach will be 
entirely successful. Any microcapsule that allows insulin to escape is almost certain 
to allow cytokines and chemokines to enter, with the risk of injury to the islets. 
Furthermore, it remains uncertain whether microcapsules allow sufficient nutrients 
and oxygen to access the islets, and so graft failure may result.

Physiologically, as pig insulin was administered to diabetic patients for many 
years, there is every evidence that pig insulin will function well in primates [347, 
348], and they may even have some advantages [349].

 Induction of Tolerance to Pig Organs and Cells

The ultimate goal in both allotransplantation and xenotransplantation is the induc-
tion of immunological “tolerance,” in which the immune system of the recipient is 
manipulated so that the transplanted organ or cells are accepted as “self” with no 
effort made to reject them, thus allowing immunosuppressive therapy to be tapered 

IgM xeno

IgM allo

IgG xeno

IgG allo

Insulin - red Nucleus - blue IgM/IgG - green

a b 0.1 mm

c d

Fig. 2.9 Binding of human IgM and IgG antibody to pig islets (xenogeneic) (a, b) and to human 
islets (allogeneic) (c, d). IgM (green, a, c), IgG (green, b, d), insulin (red), nucleus (DAPI/blue). 
Yellow indicates co-localization of insulin and IgM/IgG. There is much greater antibody binding 
(both of IgM and IgG) to the pig (xenogeneic) islets than to human (allogeneic) islets
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and discontinued. In xenotransplantation, the identification and availability of the 
“donor” prior to the transplant allows the immunologic manipulation to be accu-
rately “timed” and may facilitate the induction of tolerance to the transplanted 
organs or cells.

Efforts in this respect have been made through attempting to induce hematopoi-
etic cell chimerism [350–352] or by pig thymic transplantation [102, 353–356], but 
without complete success to date. A major problem has been the inability to prevent 
recipient macrophages from phagocytosing pig hematopoietic cells. Expression of 
human CD47 on the pig cells may reduce this problem [357]. It is likely that toler-
ance will only be achieved when the other barriers (discussed above) have been 
overcome.

 Conclusions

The technology of genetic engineering is steadily improving and new techniques have 
been introduced, such as zinc finger nucleases [358–363] and transcription activator-
like effector nucleases (TALENS) [364], which may lead to greater efficiency [365]. 
In particular, genome editing by RNA-guided endonucleases (also known as clustered 
regularly interspaced short palindromic repeat, CRISPR) significantly increases gene-
editing efficiency. The CRISPR/Cas9 system technology allows the rapid production 
of pigs with multiple genetic modifications [366–371], which is having an impact on 
the development of new pigs for xenotransplantation [280, 372].

Worldwide, there are currently at least 25 different genetic modifications 
expressed in pigs, with some pigs expressing six of these (Table 2.2) [157, 315, 373].

Table 2.2 Selected genetically modified pigs currently available for Xeno. 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)
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 cytotoxicity)
Human FAS ligand (CD95L)
Human GnT-III (N-acetylglucosaminyltransferase III) gene
Porcine CTLA4-Ig (Cytotoxic T-Lymphocyte Antigen 4 or CD152)
Human TRAIL (tumor necrosis factor-alpha-related apoptosis-inducing ligand)

(continued)
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There is a Native American proverb that states, “Timing has a lot to do with the 
success of a rain dance.” The availability of these multi-transgenic pigs, together 
with the novel immunosuppressive and anti-inflammatory agents now becoming 
available, is likely to overcome any remaining pathobiological problems that cur-
rently prevent xenotransplantation from being introduced successfully into clinical 
practice. For xenotransplantation, the timing appears to be right [374].
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NHP Nonhuman primate
SLA Swine leukocyte antigens
WT Wild type

 Introduction

There is a continuing shortage of organs from deceased human donors for the pur-
pose of transplantation into patients with end-stage organ failure [1]. 
Xenotransplantation could provide an alternative source of organs. Recently, there 
has been substantial progress in overcoming the barriers to xenotransplantation, 
especially through the transplantation of organs from genetically engineered pigs 
combined with effective immunosuppressive therapy [2].

Initial patients might receive a pig graft as a “bridge” to maintain life until a suit-
able allograft becomes available. Others might require allotransplantation in the 
event that a xenograft fails. If a pig xenograft were to fail, and a suitable allograft 
became available, could the patient undergo allotransplantation without a detrimen-
tal effect from the previous xenotransplant? In other words, do elicited xenoreactive 
antibodies cross-react with alloantigens? This important question has not yet been 
definitively answered. We have searched the literature, and identified a small num-
ber of studies of relevance.

We primarily limited our search to studies directly relevant to pig organ or cell 
transplantation in humans, which largely related to studies in pig-to-nonhuman pri-
mate (NHP) (discordant) models. However, some other experimental studies, 
including those relating to xenotransplantation between closely related NHP (con-
cordant) models, will be briefly summarized. We also searched for experience in 
clinical xenotransplantation.

 Experimental Secondary Allotransplantation After 
Xenosensitization in Discordant Models

“Discordant” relates to models in which transplantation is carried out between 
widely disparate species where hyperacute rejection usually results, for example, 
wild-type (WT, i.e., genetically unmodified) pig-to-NHP [3]. We identified only five 
relevant reports (Table 3.1). Within these reports were three in which in vitro studies 
were carried out after in vivo exposure to pig antigens, and three in which both 
in  vitro studies and additional allotransplantation were carried out. In addition, 
however, we have carried out a new in vitro study which we report below.

Ye et al. [4] were the first (in 1995) to investigate this topic. In immunosuppressed 
baboons that were sensitized by WT pig heart transplants (n = 2, with the grafts under-
going hyperacute rejection) or by pig erythrocytes (n = 1), subsequent baboon liver 
allografts survived without evidence of antibody-mediated or accelerated cellular 
rejection. No baboon developed antibodies that cross-reacted with alloantigens.
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This group also tested sera from baboons that had rejected a WT pig liver (n = 2) 
or heart (n = 1) graft against a panel of baboon lymphocytes (n = 6). No cytotoxicity 
of the baboon lymphocytes was documented, supporting a conclusion that sensitiza-
tion to pig antigens did not result in allosensitization.

In 2004, Baertschiger et al. [5] carried out in vitro studies using baboon serum 
and peripheral blood mononuclear cells (PBMC) exposed to WT pig antigens. 
Serum and PBMCs from four groups of baboons were studied: (i) naïve baboons 
(n = 4); (ii) baboons sensitized to galactose-α1,3-galactose (Gal) antigens (n = 2) by 
prior in vivo exposure to a pig heart or pig red blood cells; (iii) baboons sensitized 
to Gal+nonGal antigens (n  =  2) by prior in  vivo exposure to a pig heart or pig 
PBMC; and (iv) baboons sensitized to alloantigens (n = 2). In an antibody assay, 
baboon serum containing anti-pig xenoantibodies was cultured with baboon or pig 
PBMCs. There was no cross-reactivity between xenoantibodies and alloantigens. A 
complement-dependent cytotoxicity assay indicated no killing of baboon PBMC, 
and mixed lymphocyte reaction suggested no increased T-cell proliferative response 
to alloantigens. Although the study was limited, it produced no evidence that a pre-
vious pig xenograft would be detrimental to a secondary allograft.

Key et al. [6] studied 52 conventionally immunosuppressed cynomolgus mon-
keys that had received pig kidneys from hCD55 (human decay-accelerating factor; 
hDAF) transgenic pigs to investigate whether anti-swine leukocyte antigen (SLA) 
antibodies cross-reacted with human leukocyte antigens (HLA). Graft survival was 
for a mean of 20 days (range 1–53 days). Pretransplant and post-transplant serum 
from each monkey was incubated with “pooled, purified” HLA.  There was no 
detectable increase in anti-HLA IgG antibodies after pig kidney transplantation.

In a WT pig-to-Chinese rhesus monkey decellularized corneal xenotransplanta-
tion model, porcine corneal lamellar (anterior partial thickness) xenografts were 
followed by full-thickness corneal allografts (n  =  5) [7]. All recipients received 
immunosuppressive therapy (topical prednisolone acetate, subconjunctival dexa-
methasone, and systemic methylprednisolone). Only one of five pig corneal grafts 
was rejected, with four grafts surviving for 7–13 months, at which time the monkey 
received an allograft. On in vitro assays, there was no evidence that any humoral or 
cellular immune response to the xenograft adversely affected the survival of the 
allograft. However, the fact that 4 of the 5 xenografts were not rejected suggests that 
no xenoreactive antibodies developed, thus reducing the likelihood of an immune 
response to the allograft. Furthermore, there are differences in the mechanism of 
rejection between an organ and a cornea.

In a pig-to-baboon skin xenotransplantation model, Albritton et  al. [8] studied 
four groups: (i) a primary baboon skin allograft (survival for 12–13 days) followed 
by a secondary skin graft from an α1,3-galactosyltransferase gene-knockout (GTKO) 
pig (survival for 10–13 days); (ii) a primary GTKO pig skin xenograft (survival for 
11–13 days) followed by a secondary baboon skin allograft (survival for 10–14 days); 
(iii) a primary GTKO pig xenograft (survival for 7–11 days) followed by a secondary 
GTKO pig xenograft (survival for 1 day); and (iv) a primary allograft (survival for 
7–11 days) followed by a secondary allograft (survival for 4 days). These results sug-
gested that primary allograft or xenograft rejection did not accelerate the rejection of, 
respectively, a subsequent xenograft or allograft. However, initial sensitization to 
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xenoantigens or alloantigens accelerated rejection of, respectively, a subsequent 
xenograft or allograft. A primary skin allograft was associated with the production of 
anti-allogeneic antibody, but not anti-xenogeneic antibody, and a primary xenograft 
did not induce antibodies directed to an allograft. In the highly immunogenic skin 
transplant model, therefore, there was no cross- reactivity between xenoantibodies 
and alloantigens or between alloantibodies and xenoantigens.

In order to add to the experience on this topic, we have carried out a further in vitro 
experiment. Flow cytometry of serum IgM and IgG binding to CD3+T cells (gated 
from PBMC) from either a GTKO/CD46 pig or a baboon was carried out. Serum was 
taken from (i) naïve baboons (n = 8), (ii) baboons exposed to pig antigens (in the form 
of an organ or artery patch graft) that had not become sensitized (n = 4), and (iii) 
baboons exposed to pig antigens that had become sensitized (n = 4). Although there 
was minimal antibody binding of naïve and nonsensitized sera to GTKO/CD46 pig 
PBMCs, there was significant binding of sensitized serum (both IgM and IgG) to these 
cells (p < 0.05) (Fig. 3.1). In contrast, there was no significant binding of any baboon 
serum to baboon PBMCs. This small study strengthens the conclusion that prior sensi-
tization to a pig xenograft would not be detrimental to a subsequent allograft.

 Additional Study of Relevance

Recently (2016), Kim et al. [9] transplanted pig islets into mice that had previously been 
sensitized to either pig or mouse antigens. Survival of islet allografts in naïve mice 
(15.5 ± 2.38 days) was no different from that of islet allografts in mice previously sensi-
tized to pig antigens (14.4 ± 1.41 days). Furthermore, there was no difference in survival 
of pig islets in naïve mice (5.8 ± 2.04 days) or in allo-sensitized mice (6.4 ± 2.26 days). 
In vitro assays indicated that (i) xenosensitized mice did not induce anti-allogeneic anti-
body, and there was (ii) no cross-reactivity between xenoantibody and alloantigens, and 
(iii) no accelerated cellular response to a subsequent allotransplant.

 Experimental Secondary Allotransplantation After 
Xenosensitization in Concordant Models

Although today clinical concordant xenotransplantation, that is, between closely 
related species where hyperacute rejection would not be anticipated, for example, 
an NHP-to-human [3], is not being considered, there have been a few experimental 
studies of secondary allotransplantation in an NHP after an initial concordant xeno-
graft that are of interest. Given the closer evolutionary relationship between the 
initial donor and recipient species, with the likelihood of more conserved antigen 
structure, it might be anticipated that there would be greater cross-reactivity of anti-
bodies that develop after rejection of a concordant xenograft.

However, three groups provided evidence to suggest that primary concordant 
xenografts in immunosuppressed NHPs did not induce a humoral or an accelerated 
cell-mediated immune response that jeopardized the survival of a secondary 
allograft (Table 3.2) [4, 10, 11].
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 Additional Studies of Relevance

There have also been studies in other animal models that provide further evidence.
The groups of Gannedahl et al. [12], Chice et al. [13] and Di Stefano et al. [14], 

respectively using initial mouse-to-Lewis rat, hamster-to Lewis rat, and hamster-to 
Lewis rat models followed by allotransplantation, independently concluded that an 
initial xenograft was not detrimental to a subsequent allograft.

In contrast, two groups provided data to suggest that secondary allografts are at 
risk after transplantation into a recipient previously sensitized to a xenograft, though 
these studies were not in the clinically more relevant pig-to-NHP model.

Hammer et  al. [15] carried out allogeneic and xenogeneic heterotopic heart 
transplantation. Six dog recipients accepted primary allogeneic hearts (with immu-
nosuppressive therapy in the form of cyclosporine, azathioprine, and corticoste-
roids) with a mean allograft survival of 18  days. Heart xenotransplants between 
donor foxes and recipient dogs (under identical immunosuppressive therapy) were 
rejected in a mean of 10 days, and subsequent dog allograft hearts (under the same 
immunosuppressive regimen) were rejected in a mean of 5 days. Therefore, rejec-
tion of the concordant xenograft reduced survival of a subsequent allograft (from a 
mean of 18 days to 5 days).

In addition, Etheredge et al. [16] reported accelerated skin allograft rejection fol-
lowing xenogeneic sensitization in dog- (a distantly related species) and guinea 
pig- (a closely related species) to-rabbit models. Five rabbit recipients accepted a 
primary allogeneic skin graft with a mean survival of 10  days. Fifteen rabbits 
received an allograft after being sensitized to a guinea pig skin xenograft, with 
rejection occurring in a mean of 7 days. Eighteen rabbits received an allograft fol-
lowing a dog skin xenograft, with rejection in a mean of 7 days. It would therefore 
appear that, in these models, an initial skin xenograft (whether discordant or concor-
dant) was detrimental to survival of a subsequent skin allograft.

 Clinical Allotransplantation After (or Before) Exposure 
to Pig Antigens

Six clinical studies are of relevance. Three patients undergoing dialysis were 
exposed to pig kidneys that were inserted into the dialysis circuit, and there were 
three studies related to bridging a patient in hepatic failure to liver allotransplanta-
tion. In addition, there was one study in which patients with renal allografts were 
subsequently sensitized to pig antigens.

 Kidney Allotransplantation After Exposure to Pig Antigens 
(Table 3.3a)

After a course of plasmapheresis to remove anti-pig antibodies, Welsh and his 
colleagues exposed a patient undergoing dialysis to WT pig kidneys on two 
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occasions approximately 1 month apart [17, 18]. The patient received conven-
tional immunosuppressive therapy to cover the “experimental period.” The two 
pig kidneys were perfused for 6 and 1.5 hours, respectively. There was only a 
weak anti-pig immune response. The patient successfully underwent renal 
allotransplantation.

In 1996, Breimer, Rydberg, and colleagues [19–21] reported extracorporeal 
blood perfusion of WT pig kidneys (after plasmapheresis but in the absence of 
any immunosuppressive therapy) in two patients undergoing dialysis. Patient 1 
(HLA- sensitized with panel-reactive antibodies of 85%) was exposed to the pig 
kidney for 65 minutes (before hyperacute rejection occurred). The patient devel-
oped a high level of anti-pig antibodies [20, 21], but there was no change in 
anti-HLA antibodies (panel-reactive antibodies remaining at 85%) [20]. Three 
years later, the patient received a cadaveric renal allograft (with a negative cyto-
toxic crossmatch). Graft function was excellent for 2 years when, unexpectedly, 
function rapidly declined (for unclear reasons). Microscopy showed thrombotic 
microangiopathy, but chronic antibody-mediated rejection could not be 
excluded.

Patient 2 (HLA-nonsensitized) was exposed to a WT pig kidney for 15 min-
utes, when he developed anaphylaxis, necessitating discontinuation of the per-
fusion. He recovered quickly, and developed a weak anti-pig antibody response 
[20, 21]. No anti-HLA antibodies developed. Four years later, he received a 
cadaveric renal allograft, which had to be removed 18 days later for persistent 
bleeding associated with thrombocytopenia which had been problematic for 
years, even before exposure to the pig kidney [19]. It therefore did not appear to 
be a complication of sensitization to the pig kidney. Microscopy showed fea-
tures of cellular and vascular rejection.

Based on this, it can be concluded that the perfusion experiments were not detri-
mental to the patients in obtaining subsequent renal allografts, though there may be 
some doubt in the second patient. It should be borne in mind that a large number of 
passenger leukocytes are transferred from the organ to the recipient during ex vivo 
organ perfusion [25], increasing the risk of immunization to pig antigens.

Table 3.3a Clinical allotransplantation after (or before) exposure to pig antigens. Clinical allo-
transplantation after exposure to pig antigens

Author Year
Patients 
(n)

Primary 
perfusion

Primary 
tissue

Secondary 
allograft 
donor

Secondary 
organ/tissue/
cell Reference

Welsh 
et al.

1991 1 Pig Kidney Human Kidney [17, 18]

Breimer 
et al.

1996 2 Pig Kidney Human Kidney [19–21]

Chari et al. 1994 1 Pig Liver Human Liver [22]
Baquerizo 
et al.

1999 8 Pig Liver Human Liver [23]

Levy et al. 2000 2 Pig Liver Human Liver [24]
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 Liver Allotransplantation After Exposure to Pig Antigens 
(Table 3.3a)

In 1994, Chari et al. [22] reported a successful liver allotransplantation in a patient 
who had undergone ex vivo perfusion of five pig livers during the previous few 
days, though no details were given on the anti-pig or anti-HLA antibody responses.

Baquerizo et al. [23] provided data in 1999 from eight patients bridged by a bio-
artificial liver (BAL) that incorporated pig hepatocytes, who subsequently under-
went successful liver allotransplantation. When BAL treatment was performed only 
once, there was no increase in anti-pig antibody. After two or more BAL treatments, 
however, there was a significant increase in anti-Gal IgG antibody, though no anti-
bodies developed to non-Gal pig specificities. Sensitization to pig antigens appeared 
to have no detrimental effect on the outcome of the subsequent liver allografts.

In 2000, Levy et al. [24] reported bridging of two patients to successful liver 
allotransplantation by ex vivo extracorporeal blood perfusion through livers from 
pigs transgenic for the human complement-regulatory proteins CD55 and CD59. 
The periods of perfusion were only 6.5 and 10 hours, respectively, because deceased 
human donor livers became available. Nevertheless, despite treatment of the recipi-
ent with tacrolimus-based immunosuppressive therapy, the level of anti-Gal anti-
body initially markedly increased (IgM 10-fold, IgG 25-fold). At 60 days after the 
transplant, IgG remained 20% higher than the pretransplantation level. However, no 
anti-HLA antibodies developed.

Although the periods of organ perfusion were short in several of these reported 
cases, it should be remembered that livers and, perhaps to a less extent, kidneys 
contain large numbers of passenger leukocytes that enter the patient’s circulation, 
increasing the possibility of sensitization.

Exposure to Pig Antigens after, or at the Time of, Kidney 
Allotransplantation (Table 3.3b)

There is one other clinical study of relevance. Groth and coworkers [26] reported on 
10 patients with type 1 diabetes with long-standing renal allografts who received 
WT fetal pig islet-like cell clusters intraportally or under the kidney capsule 
(Table 3.3b). All patients developed xenoreactive antibodies against Gal antigens, 
which remained high for up to 6–8 years [27], but there was no increase in panel- 
reactive antibodies, and the kidney grafts continued to function well [28].

Table 3.3b Clinical allotransplantation after (or before) exposure to pig antigens. Exposure to pig 
antigens after clinical allotransplantation

Author Year
Patients 
(n)

Primary 
allograft 
donor

Primary 
organ

Secondary 
xenograft 
donor

Secondary 
organ/tissue/
cell Reference

Groth 
et al.

1994 10 Human Kidney Pig Islet [26]
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 Conclusions

The data from discordant experimental pig-to-NHP models of xenotransplantation 
indicated that a primary xenograft did not induce a humoral or accelerated cell- 
mediated immune response that jeopardized the survival of a secondary allograft. 
The clinical experience, though also very limited, supports this conclusion.

Patients with a high level of anti-HLA antibodies (calculated panel-reactive anti-
bodies) often wait many years before an organ from a deceased human donor 
becomes available. If there are no antibodies that cross-react between HLA and 
SLA, pig xenotransplantation would alleviate this problem. Several groups have 
investigated whether highly allosensitized human serum cross-reacts with SLA 
(reviewed in [29]) (Table 3.4). The majority of groups have concluded that human 
anti-HLA antibodies can cross-react with SLA and thus jeopardize the survival of a 
pig graft [30, 32, 41]. A smaller number of groups, however, have found no evi-
dence of cross-reactivity between antibodies directed to HLA and SLA (Table 3.4).

If, indeed, HLA-specific antibodies do recognize SLA, then the question needs 
to be asked as to why no groups have reported a detrimental effect of initial expo-
sure to SLA on the outcome of subsequent allotransplantation, as reviewed in the 
present report. HLA and SLA genes encode proteins on the cell surface (antigens), 
but the HLA genes are at least 100 kbp longer than SLA, and are greater than SLA 
in number [42]. As the HLA system is more complex than the SLA system, the 
greater number and complexity of anti-HLA antibodies might result in their recog-
nition of SLA. In contrast, anti-SLA antibodies may be insufficient in variety and 
number to recognize HLA. This hypothesis requires investigation.

The results of our review must be interpreted cautiously as not only are the num-
bers of reports very few, and in some cases almost anecdotal, but exposure to pig 

Table 3.4 Studies relating to 
cross-reactivity between the 
anti-HLA immune response 
and pig antigens to investi-
gate whether HLA sensitiza-
tion is detrimental to pig 
xenotransplantation

HLA sensitization is detrimental
Author/year Reference
Naziruddin et al. (1998) [30]
Taylor et al. (1998) [32]
Barreau et al. (2000) [34]
Popma et al. (2000) [36]
Mulder et al. (2000) [37]
Oostingh et al. (2002) [38]
Varela et al. (2003) [39]
Mulder et al. (2010) [40]
Martens et al. (2017) [41]

HLA sensitization is not detrimental
Author/year Reference
Bartholomew et al. (1997) [31]
Wong et al. (2006) [33]
Hara et al. (2006) [35]
Zhang et al. (2018) [29]
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antigens was at times relatively brief. There were also varying periods between 
developing sensitization to pig antigens and subsequent exposure to alloantigens. 
With initial clinical trials of pig organ transplantation drawing closer, more data 
from the important pig-to-NHP model are required to allow a deeper understanding 
of the topic.
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Abbreviations

CMAH  Cytidine monophosphate-N-acetylneuraminic acid hydroxylase
Gal Terminal galactose-α1,3-galactose glycans
GTKO GGTA-1 mutated
Neu5Gc N-glycolylneuraminic acid
Sda Glycans with terminal GalNAcβ1,4 (Neu5Ac α2,3) Gal β-R groups
SLA Swine leukocyte antigens
β4GalNT2 Beta-1,4-N-acetyl-galactosaminyltransferase 2

 Introduction

The classical major histocompatibility complex (MHC) molecules are highly poly-
morphic glycoproteins which play a central role in adaptive immunity by capturing 
and presenting peptide antigens to the T-cell receptor expressed on T lymphocytes 
[1]. There are two major classes of human MHC, the human leukocyte antigen 
(HLA) class I and class II proteins. The class I proteins are expressed widely on 
nucleated cells and present antigen in association with beta-2-microglobulin to 
T-cell receptors on CD8+T cells. The three major class I loci (A, B, and C) account 
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for over 12,000 alleles. The HLA class II proteins are expressed on antigen- 
presenting cells (B cells, dendritic cells, and macrophages) and present peptide anti-
gen to CD4+ T cells. There are fewer class II genes, with 4802 listed in the 
International Immunogenetics and HLA database (IMGT/HLA) [2].

Because of a high level of polymeric amino acid variation, human class I and 
II proteins have long been recognized as the major transplantation antigens that 
stimulate allograft organ rejection [3]. The majority of amino acid variations 
occur in the regions of the proteins which form the peptide-binding site for anti-
gen presentation [4]. This polymorphism allows for a high diversity of peptide 
presentation, but also creates antigenic diversity between individuals. 
Sensitization to HLA gene products occurs as an induced immune response when 
patients are challenged through blood transfusions, pregnancies, or failed organ 
transplants. For patients awaiting kidney transplantation, sensitization is com-
monly due to the relatively high frequency of dialysis-related blood transfusion. 
Highly sensitized patients remain longer on the transplant waiting list and, when 
they are transplanted, are at higher risk of early graft injury, rejection, and 
reduced graft survival [5, 6].

The efficacy of preclinical xenotransplantation has recently improved with 
heterotopic pig-to-nonhuman primate cardiac xenotransplantation [7–10] now 
measured in years, encouraging early success in orthotopic cardiac transplanta-
tion [11–13], and major improvements in life-supporting renal xenotransplanta-
tion [14, 15] with recipient survival beyond 1 year. These results are spurring 
renewed interest in moving toward clinical xenotransplantation. In addition to 
increasing the overall supply of organs for transplantation, successful clinical 
xenotransplantation may be particularly helpful to sensitized patients if increased 
antibody reactivity to human HLA antigens does not also increase antibody reac-
tivity to porcine donor organs. This review summarizes the literature which has 
examined the potential of anti-HLA antibody in allosensitized patients to cross-
react with porcine cells.

The body of evidence from these studies suggests that, at the current level of 
sensitivity, most transplant patients and patients with moderate allosensitization 
show minimal human antibody reactivity to pig cells when these cells lack the three 
known xenogeneic antigens, galactose-α1,3-galactose (Gal), N-glycolylneuraminic 
acid (Neu5Gc)-modified glycans, and porcine β4GalNT2-dependent SDa glycans 
[16, 17] (Table 4.1). For highly sensitized patients, there is often, but not always, an 

Table 4.1 Known carbohydrate xenoantigens expressed on pig cells

Glycan (abbreviation) Enzyme Gene-knockout pig
Galactose-α1,3-galactose (Gal) GGTA-1a GTKO
N-glycolylneuraminic acid (Neu5Gc) CMAHb CMAHKO
GalNAc-β1,4-(Neu5Ac α2,3)-Gal-β (SDa) B4GALNT2c β4GalNT2KO

aα-1,3-Galactosyltransferase
bCytidine monophosphate-N-acetylneuraminic acid hydroxylase
cβ-1,4-N-acetyl-galactosaminyltransferase 2
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increase in anti-pig antibody reactivity, which could affect xenotransplant survival. 
Recent analysis suggests that stringent patient cross-matching, and/or elimination 
of a limited set of specific porcine class I swine leukocyte antigen (SLA) alleles, can 
further minimize anti-pig reactivity such that future clinical xenotransplantation 
may be appropriate even for highly sensitized patients.

 Detecting HLA Sensitization and Allotransplantation

Early clinical transplantation programs screened donor and recipients for matching 
blood type, but did not routinely screen for evidence of sensitization to other donor 
antigens. In a landmark study [18], Patel and Terasaki demonstrated that a 
complement- dependent cytotoxicity (CDC) test of a patient’s serum against a panel 
of unrelated donor lymphocytes could be used to detect allosensitization. By ana-
lyzing 248 renal transplants, they showed that 80% of recipients with a positive- 
panel reactive antibody (PRA) had immediate graft failure compared to only 2.4% 
of recipients without a donor-specific antibody cross-match. Adoption of this assay 
almost completely eliminated hyperacute antibody-mediated allograft rejection and 
quickly became the early gold standard for detecting donor-specific HLA antibodies.

Technical improvements to the CDC assay and development of new assays using 
flow cytometry [19], solid phase ELISA, or single-antigen bead assays [20] based 
on HLA proteins and peptides, have further increased sensitivity and specificity for 
detecting allosensitization [21]. This led to the current calculated panel-reactive 
antibody (CPRA) score used in kidney allocation, which is an estimate of the per-
cent of deceased donors that would be cross-match-incompatible based on the iden-
tification of unacceptable HLA antigens and their frequency in a large regional pool 
of donors. In the Organ Procurement and Transplantation Network (OPTN) data-
base, there are currently 95,562 kidney transplant candidates on the waiting list 
(Fig. 4.1). Of these, 40% have some degree of sensitization with a CPRA >1. About 
31% of sensitized patients, however, have a CPRA >80%.

These advanced anti-HLA antibody detection methods have improved donor- 
recipient matching and provided more detailed monitoring and analysis of the 
immune response in transplant recipients. Most highly sensitized patients produce 
anti-HLA antibody which reacts with shared public epitopes present on a variety of 
HLA alleles. It is now clear that these antibodies are binding the defined peptide 
sequences and topographies shared between different HLA proteins. There is 
sequence homology between human and swine leukocyte antigens (SLA), and some 
anti-HLA monoclonal antibodies do cross-react with SLA [22].

So the question arises, do patients sensitized to HLA antigens also show increased 
antibody reactivity to porcine cells? If this is the case, then xenotransplantation may 
not be an advantageous source of organs for highly sensitized patients, but, if there 
is not a concomitant increase in anti-pig antibody in patients with HLA sensitiza-
tion, then xenotransplantation may be an important alternative source of organs for 
these patients.

4 Sensitization to Human Leukocyte Antigens and Xenotransplantation
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 Strategies for Detecting HLA Cross-Reactivity 
for Xenotransplantation

Xenograft rejection is recognized as an overwhelmingly antibody-driven process 
due to the very high level of anti-pig antibodies naturally present in human serum. 
The bulk of these antibodies are not directed to SLA, but bind to the major xenoge-
neic glycan, galactose-α1,3-galactose (Gal) [23]. With the advent of pigs engineered 
with a GGTA-1 mutation [24, 25], which eliminates Gal expression (α1,3-
galactosyltransfearse gene-knockout [GTKO] pigs), the impact of other antibodies 
directed to non-Gal antigens, including SLA-I, has become more apparent [16, 
26–28]. There have been a limited number of studies designed to determine whether 
sensitization to HLA results in enhanced antibody reactivity to pig cells [16, 29–
37]. These studies have been performed over a 20-year period and, as such, span a 
range of technological developments both for defining allosensitization and in tech-
nologies to detect xenoreactive antibody.

In this review, the studies are presented as four basic research strategies based on 
the use of whole serum (Type I), anti-Gal-depleted serum (Type II), and anti-Gal- 
and anti-Class I-depleted serum (Type III). The fourth study type largely used whole 
human serum, but measured patient antibody reactivity to genetically modified por-
cine cells lacking the three-known xenogeneic glycans (Gal, Neu5Gc modified gly-
cans, and SDa) with and without deletion of SLA-I genes.
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Fig. 4.1 UNOS data showing the number of kidney transplant candidates on the waiting list and 
the breakout of patients based on CPRA. There were 95,562 candidates for kidney transplantation 
listed in January 2018. The percentage values represent the total percentage for each CPRA group-
ing; 60% of candidates had a CPRC of zero. Within the sensitized patient group (n = 40,128), 31% 
(n = 12,532) have a CPRA >80%
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 Type I Studies

The earliest study [29] screened 105 wait-listed patient sera against Gal-expressing 
porcine peripheral blood lymphocytes representing the three known haplotypes for 
NIH miniature swine. They demonstrated that patient PRA, measured by CDC, was 
not correlated to the level of anti-pig antibody titer. Moreover, most human anti-pig 
reactivity was IgM, whereas anti-HLA was dominantly IgG.

Wong et al. [34] extended this type of analysis by comparing antibody binding of 
sensitized patient sera to Gal-positive wild-type and GTKO miniature swine periph-
eral blood mononuclear cells (PBMCs). There was a clear reduction in antibody 
reactivity and CDC to GTKO cells, consistent with the loss of the Gal antigen, but 
no correlation between antibody reactivity AND cytotoxicity to PRA level from 88 
wait-listed patient sera for either wild-type or GTKO cell type. Cytotoxicity to por-
cine GTKO cells was mainly mediated by IgM antibody, in contrast to anti-human 
cytotoxicity which was predominantly IgG-dependent. Similar results were found 
analyzing wild-type and GTKO pig cells from animals with a commercial agricul-
tural background (Large/White, Landrace, Duroc) [36]. A recent study using cells 
from GTKO and GTKO/CMAHKO pigs expressing human CD46 also failed to find 
enhanced antibody reactivity in 10 highly sensitized wait-listed patient serum 
 samples [37].

Collectively, these studies concluded that patients with high PRA sera do not 
necessarily produce a correspondingly high titer of anti-pig antibody or a high level 
of anti-pig cytotoxicity. Thus, allosensitized patients would not be at greater risk of 
xenograft rejection.

 Type II and III Studies

Type II studies used porcine red blood cells (RBCs), which do not express SLA-I, 
to deplete patient serum of anti-Gal antibody. Type III studies used a combination 
of porcine RBCs and porcine platelets, which do express SLA-I, to deplete both 
anti-Gal and anti-SLA antibody. When only anti-Gal antibody was depleted, 
Oostingh et al. [33] found that some highly sensitized patient sera showed a correla-
tion between serum PRA and anti-pig antibody reactivity. This study of 82 patient 
serum samples used both CDC and more sensitive flow cross-match with class I 
beads to define PRA levels, identifying 12 samples with 0% PRA, 50 samples with 
a PRA from 11% to 84%, and 20 samples with PRA >84%.

PBMCs from 23 Gal-positive pigs transgenic for human CD55 (decay accelerat-
ing factor) with known lineage, selected to represent a broad diversity of swine 
SLA-I, were used as target cells. In the 1884 cross-match combinations, about 20% 
retained antibody reactivity to porcine PBMCs after anti-Gal antibody depletion. 
When the serum samples were stratified for PRA, the majority of this Gal- 
independent cross-reactivity was present in serum with PRAs >64%. Similar results 
were shown by Varela et  al. using non transgenic pig cells [34]. These studies 
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concluded that human sera with broad panel reactivity (PRA >64%) can, but do not 
always, exhibit increased cross-reactivity to porcine PBMCs.

When allosensitized wait-listed patient serum is progressively absorbed with 
RBCs and porcine platelets to deplete both anti-Gal and anti-SLA-I, it is evident 
that the residual Gal-independent antibody reactivity present in some highly sensi-
tized patients reacts with SLA. Naziruddin et al. [30] demonstrated that affinity-
purified anti-Gal antibody binding to pig PBMCs was effectively blocked by 
saturating levels of the Gal-specific lectin, GSIB-4, but that antibody reactivity to 
pig PBMCs in patients with medium-to-high PRA was Gal-independent. This anti-
body reactivity was also depleted by porcine platelets, and reacted in Western blot 
to porcine SLA-1 heavy chain. Likewise, platelet depletion was shown by Taylor 
et  al. [31] to eliminate antibody reactivity to porcine cells in high PRA patient 
serum. Importantly, they demonstrated that the loss of antibody binding after plate-
let absorption was specific, as porcine platelet absorption did not affect allo- specific 
anti-HLA binding to human cells.

Similar results were observed in a unique study of ex vivo porcine kidney perfu-
sion where both anti-Gal and anti-SLA-I antibodies were recovered from the per-
fused organ of some, but not all, plasma samples [32]. These absorption studies 
clearly indicate that some high PRA patient sera exhibit cross-reactivity to porcine 
SLA-I, suggesting that at least some broadly reactive anti-HLA antibody cross- 
reacts to a restricted number of conserved serologic groups, shared between human 
and porcine MHC class I.  It is worth noting that porcine RBCs express the Gal 
antigen, but, unappreciated at the time of these studies, also express additional 
xenogeneic glycans. The depletion of additional anti-glycan antibody reactivity 
may have contributed to the success of detecting cross-reactive anti-SLA antibody.

 Type IV Studies

The most recent studies are based on a series of genetically modified pigs which 
progressively eliminate expression of the known xenogeneic glycans. Tector and 
colleagues developed a series of pigs with mutations in GGTA-1, eliminating Gal 
expression (single knockouts), GGTA-1 and cytidine monophosphate-N- 
acetylneuraminic acid hydroxylase (CMAH) eliminating both Gal and the synthesis 
of Neu5Gc (double-knockouts), and GGTA-1, CMAH, and β4GalNT2, eliminating 
expression of Gal, Neu5Gc modified glycans, and SDa glycans (triple-knockout) 
[16, 38, 39]. Human serum shows progressively less antibody reactivity to PBMCs 
from these pigs, with approximately 60% of 820 wait-listed samples negative for 
IgG binding and 30% showing only background reactivity for both IgM and IgG 
when tested on triple-knockout cells.

Serum samples with residual antibody reactivity were further analyzed by 
absorption with porcine RBCs and used to stain SLA-I-positive and SLA-I-negative 
porcine cells. A small subset of wait-listed sera (9 of 119) showed clear SLA-I- 
specific reactivity. A similar SLA-I-specific analysis of RBC-absorbed serum from 
patients with PRA >80% identified 13 of 22 with SLA class I-specific IgG, and 4 of 
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17 with SLA class-I-specific IgM. When an antibody from a highly sensitized serum 
bound to human and porcine PBMCs was recovered, single-antigen bead analysis 
demonstrated that porcine-specific IgG reactivity was limited to common epitope 
restricted targets present on a restricted set of HLA-I antigens.

These studies confirm earlier reports that some, but not all, highly sensitized 
patient sera contain SLA-I-reactive antibody. Importantly, these latest studies iden-
tify for the first time the MHC cross-reactive groups present on SLA-I, making 
possible further genetic modification or selection to eliminate these alleles and min-
imize antibody reactivity even for highly sensitized patients.

 Conclusions

The prospects for clinical xenotransplantation have improved significantly due to 
recent increases in preclinical nonhuman primate xenograft survival. While the 
ideal donor organ is not universally defined, and may be different for different 
organs, it seems likely that donor organs with minimal antigenicity (GGTA1/
CMAH/β4GalNT2), which minimize human antibody reactivity, will make a prom-
inent contribution. Additional genetic modifications to regulate complement and 
coagulation may also be used, but inclusion of these human transgenes should not 
affect antibody reactivity or tissue antigenicity. For most human sera and wait-listed 
patients with zero to moderate HLA sensitization, there appears to be minimal anti-
body reactivity to these triple-knockout pig cells, suggesting that future clinical 
xenotransplantation will be broadly applicable to most patients.

Highly sensitized patients (PRA >80%) can produce antibody that cross-reacts 
with SLA-I, but this is not an obligate condition. Whether the SLA-I cross-reactive 
antibody in highly sensitized patients has immediate impact on xenograft survival 
will depend on the antibody titer, affinity, and level of SLA-I expression. Since 
recent studies suggest that cross-reactive anti-HLA antibody is directed to a limited 
set of HLA antigens, modern genetic screening and modification methods may be 
used to select for pigs with minimal antibody reactivity even for highly sensitized 
patients. Patient cross-matching is a cornerstone of successful allotransplantation 
and will undoubtedly play no less of a role in future clinical xenotransplantation.
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 Introduction

The human immune response to a pig organ (a xenograft) is more complex than that 
to a human organ (an allograft). It involves binding of preformed (natural) anti-pig 
antibodies to the vascular endothelial cells of the graft, activation of the comple-
ment and coagulation cascades, activation of innate immune cells (e.g., polymor-
phonuclear leukocytes, monocytes/macrophages, natural killer [NK] cells), 
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inflammation, and activation of the adaptive immune response (T- and B-cell infil-
tration and elicited antibody formation) (reviewed in Chap. 2) [1]. Hyperacute 
rejection is common when a wild-type pig organ is transplanted into a nonhuman 
primate (NHP) [2–4].

Nevertheless, xenotransplantation provides us with our first real opportunity in 
transplantation to modify the ‘donor’, rather than just treat the recipient of an 
organ graft.

This is being achieved by genetic engineering of the organ-source pig. The two 
main approaches have been (i) deletion of known pig xenoantigens on the pig vas-
cular endothelial (and other) cells and (ii) introduction of human ‘protective’ trans-
genes into the same pig cells (Chap. 7) [5]. Over the past three decades, the 
techniques of genetic-engineering have steadily become simpler, cheaper, and more 
efficient, with CRISPR (clustered regularly interspaced short palindromic repeat) 
allowing multiple modifications to be made simultaneously (Table 5.1). There are 
now at least 25 different genetic manipulations that have been demonstrated to be of 
potential benefit to survival of a pig xenograft. Pigs are now available with nine 
genetic modifications, all aimed at protecting the cell from the human immune 
response [6, 7].

 Early Studies in Pig-to-Nonhuman Primate (NHP) Models

After transplantation into NHPs, organs from wild-type (i.e., genetically unmodi-
fied) pigs underwent hyperacute rejection (i.e., within 24 hours) in the majority of 
cases, even when intensive conventional pharmacologic immunosuppressive ther-
apy had been administered (e.g., cyclosporine- or tacrolimus-based). Furthermore, 
unless the therapy was very intensive, sensitization to pig antigens developed [8]. 
When therapy was with costimulation pathway (signal 2) blockade using an anti-
 CD154 monoclonal antibody (mAb), first tested in pig hematopoietic cell xeno-
transplantation by Buhler in 2000 [8], pig cell survival was minimally prolonged 
but, more importantly, sensitization to the pig cells was prevented.

The first xenotransplants using organs from genetically engineered pigs were those 
by White and his colleagues in the UK [9, 10] and by Fodor and his colleagues in the 
USA [11]. In both cases, the pig expressed a human complement-regulatory protein. 

Table 5.1 Timeline for application of evolving techniques for genetic engineering of pigs 
employed in xenotransplantation

Year Technique
1992 Microinjection of randomly integrating transgenes
2000 Somatic cell nuclear transfer (SCNT)
2002 Homologous recombination
2011 Zinc finger nucleases (ZFNs)
2013 Transcription activator-like effector nucleases (TALENs)
2014 CRISPR/Cas9a

aCRISPR/Cas9 clustered randomly interspaced short palindromic repeats and the associated 
protein 9
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Over a number of years, using intensive conventional immunosuppressive therapy, 
Cozzi and his colleagues extended CD55-transgenic pig kidney graft survival in NHPs 
to a maximum of 90 days, though mean survival remained at 24 days [12].

 Recent Progress in Pig-to-NHP Models

With improvements in the genetic engineering of pigs, e.g., knockout of xenoanti-
gens and introduction of additional complement- and coagulation-regulatory pro-
teins, survival of life-supporting pig kidneys, heterotopically placed 
(non-life-supporting) pig hearts and, more recently, orthotopically placed (life- 
supporting) pig hearts (see Chap. 6) has steadily increased, particularly during the 
past few years. However, these encouraging results have only been obtained when 
costimulation blockade has been employed and not when intensive conventional 
pharmacologic therapy has been administered (Fig. 5.1) [13]. Furthermore, block-
ade of the CD40-CD154 pathway is required, whereas blockade of the CD28-B7 
(CD80/86) pathway is insufficient [14–16].

The initial encouraging results of the transplantation of α1,3-galactosyltransferase 
gene-knockout (GTKO) pig organs were obtained in baboons selected for low anti- 
pig (nonGal) antibody levels [17–19]. Pig heterotopic heart transplant survival was 
extended to a maximum of 179 days [17, 18], and life-supporting pig kidney trans-
plantation to 83 days [19]. The importance of selecting recipients with low anti-pig 
antibody levels was confirmed more recently by Higginbotham [16]. A GTKO/
CD55 pig kidney survived for <1 week in a rhesus monkey selected for a high anti- 
pig antibody level, whereas survival was extended to >133 and > 126 days in two 
rhesus monkeys selected for low antibody levels. However, these good results could 
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only be achieved when an anti-CD154mAb formed the basis of the immunosuppres-
sive regimen, but not when CTLA4-Ig was administered to two rhesus monkeys 
(when graft survival was reduced to 14 and 21 days, respectively).

The importance of expression of a human coagulation-regulatory protein in kid-
ney xenotransplantation was illustrated by a study by Iwase et al. in baboons [20]. 
When the GTKO/CD46 pig kidney expressed a human coagulation-regulatory pro-
tein (endothelial protein C receptor [EPCR], tissue factor pathway inhibitor [TFPI]), 
graft survival exceeded 6 months (n = 2), whereas when there was no expression of 
these in the kidney, the grafts failed from a consumptive coagulopathy within 
2 weeks (Fig. 5.2).

In a more recent study of the transplantation of kidneys from GTKO pigs in 
which a second xenoantigen, Sda, had also been deleted (but with no expression of 
any human protective transgenes), graft survival in rhesus monkeys was <1 week in 
three cases (associated with IgM-mediated rejection), and 35, 100, and 435 days in 
three other cases, despite the fact that anti-CD154mAb-based immunosuppressive 
therapy had been administered [21]. These results suggest that expression of a 
human complement-regulatory protein (+/− a human coagulation-regulatory pro-
tein) contributes significantly to the success of xenografting in this model.

It therefore appears that relevant genetic engineering of the pig is required, e.g., 
expression of a human coagulation-regulatory protein, but also the administration of 
an agent that blocks the CD40-CD154 pathway. Yamamoto et  al. illustrated this 
point when they demonstrated that, in conventionally immunosuppressed baboons 
(even when CTLA4-Ig was administered in addition to pharmacologic immunosup-
pressive drugs), graft failure was associated with the development of a thrombotic 
microangiopathy [13] (Fig.  5.3). However, the outcome may be different when 
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Fig. 5.2 Rapid development of thrombocytopenia (consumptive coagulopathy, a reliable indica-
tor of graft rejection/failure) in two baboons with life-supporting GTKO/CD46 pig kidney grafts 
(indicated in red), and maintenance of normal platelet counts in two baboons (treated identically) 
with life-supporting GTKO/CD46/CD55/endothelial cell protein C receptor (EPCR)/tissue factor 
pathway inhibitor (TFPI)/CD47 pig kidney grafts (indicated in black). (Modified from refer-
ence [20])
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organs are transplanted from pigs in which all three xenoantigens have been deleted 
and in which additional human transgenes are expressed [6, 7], though we are not 
optimistic in this respect.

Much effort has been made to induce a state of immunological tolerance in the 
recipient NHP to the pig graft. Most efforts have been directed to establishing a state 
of hematopoietic cell chimerism in the recipient [22, 23] or by the concomitant 
transplantation of donor-specific thymus tissue [19]. Tolerance is clearly the ulti-
mate goal in both allotransplantation and xenotransplantation but, to date, no 
approach has proved successful in xenotransplantation in large animals. Although 

Fig. 5.3 Histopathology of thrombotic glomerulopathy in a pig kidney with conventional immu-
nosuppressive therapy. Glomerular histopathology included thrombotic microangiopathic glomer-
ulopathy, glomerular thrombi, mesangial thickening, and glomerular edema [expansion of 
Bowman’s space]. (H&E stain, original magnification ×400.) (Reproduced with permission from 
reference [13])
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the additional pretransplant immunosuppression required, e.g., total body irradia-
tion, may have contributed to suppression of the recipient’s immune system, conclu-
sive evidence of tolerance has not been achieved.

In summary the factors that have been demonstrated to contribute to successful 
pig organ graft survival in NHPs are (i) no or low anti-pig antibody levels in the 
recipient, (ii) an immunosuppressive regimen based on blockade of the CD40-CD154 
costimulation pathway, (iii) deletion of known carbohydrate xenoantigens in the 
pig, and (iv) expression of at least one human complement-regulatory protein and at 
least one coagulation-regulatory protein in the pig.

 Current and Future Developments

Almost all of the genetic manipulations carried out in the pigs to date have been 
aimed at reducing, or protecting from, the innate immune response. Fortunately, 
some of these also reduce the adaptive immune response [24, 25]. Future efforts will 
be directed to manipulations aimed at reducing the adaptive immune response. In 
this respect, there have already been pigs produced in which (i) expression of swine 
leukocyte antigens (SLA) has been inhibited, e.g., SLA class I-knockout [26, 27], 
SLA class II-knockdown [28], (ii) expression of PD-L1 has been downregulated 
[29–31], (iii) an immunosuppressive agent, e.g., CTLA4-Ig, has been expressed 
[32, 33], and (iv) HLA-E/G (that inhibits NK cell activity) has been expressed [34].

Ultimately, little or no exogenous immunosuppressive therapy will be required to 
prevent T-cell-mediated rejection. At that stage of development, the possibility of 
obtaining immunological tolerance to the pig graft, particularly in neonates and 
infants [35, 36], will increase considerably.

 Nonimmunological Barriers

In the pig-to-NHP model, there have been several observations made that appear to 
be unrelated to the immune response.

 Rapid Growth of the Pig Graft

The first has been a rapid growth of the pig organ in the first few weeks after transplan-
tation (Fig. 5.4a). It was first reported by Soin as early as 2000 [37]. Iwase et  al. 
observed rapid growth of a kidney [20, 38, 39], and this observation has subsequently 
been reported independently by others [40]. It appears that it has only been seen when 
kidneys from very young pigs (i.e., <2–3 months of age) have been transplanted, as it 
has not been reported when pigs >30 kg have been the sources of the organs (A. Adams, 
personal communication), though there may be differences in immunosuppressive 
therapy and management that may contribute to this discrepancy.

D. K. C. Cooper et al.



97

Rapid growth of the transplanted organ has also been reported in the Large 
White-to-miniature pig allotransplantation model [40], suggesting that it is not 
solely a phenomenon of xenotransplantation. As a young pig grows at a much 
faster rate than a young baboon, it has been suggested that this phenomenon 
relates to the presence of an intrinsic factor, such as the pig growth hormone. It 
may be that, when a ‘growth’ factor is no longer present in the graft, the organ 
now falls under the control of the recipient baboon growth hormone, and thus 
grows at the same rate as the recipient. The expansion of tissue in the kidney 
appears to involve only the interstitial tissues and does not lead to an increase in 
the number of glomeruli (Fig. 5.4b).
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Fig. 5.4 (a) Increases in 
the lengths of the kidneys 
in four baboons with 
genetically engineered pig 
kidney grafts that 
functioned for 90, >136, 
>237, and >260 days, 
respectively. (b) 
Microscopic appearance of 
a pig kidney 3 months after 
transplantation into a 
baboon. The expansion of 
interstitial tissue can be 
clearly seen. (Reproduced 
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reference [20])
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Rapid growth of a transplanted pig heart was not reported when the heart was 
transplanted heterotopically into the abdomen (and therefore was not supporting 
the circulation) [14, 41], but it has been reported after orthotopic heart transplan-
tation, where the heart supports the circulation [42]. In these cases, however, the 
growth has been mainly a hypertrophy of the ventricles, whereas the kidneys have 
doubled in length and mass. The mechanisms involved, therefore, may be differ-
ent. Treatment of the baboon recipient of a pig heart graft with antihypertensive 
agents has reduced the degree of hypertrophy, suggesting that it may be a response 
to the greater work required of the heart to support the circulation in an NHP 
where the peripheral vascular resistance is higher than in the pig [42]. There was 
some evidence that the administration of an mTOR inhibitor reduced the ‘growth’ 
of the heart.

Rapid growth of a transplanted pig kidney should not be problematic within the 
more ‘elastic’ confines of the abdomen, but rapid growth of the heart could well be 
detrimental within the more restricted confines of the chest. If the rapid rate of 
growth of the pig organ becomes a major barrier to successful xenotransplantation 
(which seems unlikely), then the pig could be genetically engineered to reduce the 
rate of growth [43], or a genetically engineered miniature pig (which grows more 
slowly) could be selected as the organ source.

 The Hypovolemia/Dehydration Syndrome

In several baboons with functioning pig kidneys in the absence of features of an 
immune response, we have observed a sudden increase in serum creatinine 
(Fig. 5.5) [44]. On occasion, to exclude rejection, we have taken the baboon to the 
operating room to take a needle biopsy of the kidney. Histological examination of 
the biopsy did not indicate any rejection or other pathology. While under 
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anesthesia, however, we noted very low central venous (<2 mm Hg) and arterial 
(systolic <50–60 mm Hg) blood pressures, indicating that the baboon was hypo-
volemic. We also observed that the tissues appeared to be dehydrated. After the 
intravenous (or subcutaneous) infusion of normal saline (in quite large quantities, 
e.g., 30–50  mL/kg), the serum creatinine immediately returned to the nor-
mal range.

Although the baboon appeared to have been maintaining a good fluid intake, and 
passing adequate amounts of urine, it was clearly unaware that it was becoming 
hypovolemic/dehydrated. In recent experiments, we have infused normal saline 
subcutaneously at weekly or twice weekly intervals, and we have observed a reduced 
incidence of this phenomenon.

The cause of the hypovolemia remains uncertain. However, pig renin is said to 
be unable to cleave human angiotensinogen [45], (and so possibly also baboon 
angiotensinogen). This may result in an inability for vasoconstriction, and an 
inability to retain fluid, resulting in hypovolemia and/or dehydration. Although 
we have no definitive evidence, we suggest, that the syndrome relates to an abnor-
mality of, or absence of, renin function. We are currently investigating this 
hypothesis.

In clinical kidney transplantation, the recipient’s native kidneys are usually left 
in situ, and therefore the complication may not develop. Even if the native kidneys 
are removed, this syndrome could be avoided by ensuring that the patient maintains 
a high oral fluid intake. If problematic, the organ-source pig could be genetically 
engineered to produce human renin as well as pig renin.

 The Current ‘Optimal’ Genetically Engineered Pig

We currently have available to us (from Revivicor, Blacksburg, VA) pigs with nine 
genetic manipulations. All three of the known xenoantigens (i.e., galactose-α1,3- 
galactose [Gal], N-glycolylneuraminic acid [Neu5Gc], and Sda) have been deleted 
(triple-knockout [TKO] pigs) (Table 5.2). In addition, the pigs express six human 
transgenic proteins  – two complement-regulatory proteins (CD46, CD55), two 
coagulation-regulatory proteins (thrombomodulin, endothelial protein C receptor) 

Table 5.2 Known carbohydrate xenoantigens expressed on pig cells

Carbohydrate pig Responsible enzyme Gene-knockout
1. Galactose-α1,3-galactose (Gal) α1,3-Galactosyltransferase GTKO
2. N-glycolylneuraminic acid (Neu5Gc) CMAH CMAHKO
3. Sda β4GalNT2 β4GalNT2KO

β4GalNT2 β-1,4N-acetylgalactosaminyltransferase [53, 54], CMAH cytidine monophosphate-N- 
acetylneuraminic acid hydroxylase [54–57], GTKO α1,3-galactosyltransferase gene- 
knockout [50–52]
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the anti-inflammatory gene, hemeoxygenase-1 (HO-1), and CD47 (that has some 
effect on the innate cellular response) [6, 7].

Many healthy human subjects demonstrate no serum IgM or IgG antibody bind-
ing to these ‘nine-gene’ pig cells (Fig. 5.6a) [7, 46, 47]. Indeed, antibody binding to 
TKO pig red blood cells (RBCs express only carbohydrate antigens) is no greater 
than to human blood type O-negative RBCs. Serum cytotoxicity is also not 
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statistically greater to these pig RBCs than to human O-negative RBCs (Fig. 5.6b). 
These pigs would therefore appear to be ideal as the sources of organs for the initial 
clinical trials.

However, there is one remaining experimental barrier. Although many humans 
have no antibody to TKO pig RBCs, all baboons do (Fig. 5.7a). As baboons and all 
Old World monkeys, e.g., rhesus monkeys, express Neu5Gc (like pigs), knockout of 
Neu5Gc in the pig appears to expose a new xenoantigen (sometimes referred to as 
the ‘fourth xenoantigen’) against which Old World NHPs have antibodies (Fig. 5.7b). 
The cytotoxicity associated with these antibodies is high (Fig. 5.8a). Although the 
nine-gene pigs might provide ideal organs for transplantation into humans, 
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eight-gene pigs (in which Neu5Gc is not deleted) would be preferable for baboons 
(Fig. 5.8b).

The transplantation of a TKO pig organ into an Old World NHP therefore does 
not mimic the situation in humans. It will be impossible to provide the national 
regulatory authorities, e.g., the Food and Drug Administration in the USA, with 
in vivo evidence in the pig-to-Old World NHP model that will be relevant to the 
pig- to-human model [46, 47].

Although New World monkeys more closely mimic humans in their response to 
TKO pig cells [48], they are generally too small to be recipients of pig organ grafts, 
although they will prove valuable in studies involving TKO pig cell (e.g., pancreatic 
islets) and tissue transplantation (e.g., skin, corneas).

One important observation is that if the recipient becomes sensitized to pig xeno-
antigens, this may not be detrimental to the success of a subsequent allotransplant 
(Chap. 3) [49].

 Conclusions

The currently available genetically engineered pigs would appear to be suitable as 
sources of organs for the first clinical trial in a small number of carefully selected 
patients with end-stage renal failure. However, because of species differences, it 
may be difficult to convince the national regulatory authorities of the genetically 
engineered pig’s suitability with evidence from experimental studies in pig-to-NHP 
models. Pig renal function in a primate host is largely satisfactory, but attention will 
need to be paid to maintaining a normal state of hydration.
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 Introduction

Approximately five million people in the United States suffer from heart failure, and 
approximately 400,000 new cases are added to this pool every year [1, 2]. 
Approximately half of these patients will die within 5 years [1]. Thus, many thou-
sands of patients might benefit from heart transplantation. However, at present only 
approximately 3000 cardiac transplants are performed annually in North America 
and less than 3000 in the remainder of the world (Fig. 6.1) [3]. The shortage in the 
availability of suitable deceased human donor hearts will almost certainly increase 
in the future. The limitation of organs for clinical transplantation has renewed inter-
est in the potential of xenotransplantation, particularly with the pig being the organ- 
source [4].
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 Historical Background

Interest in the field of xenotransplantation continued sporadically throughout the 
late twentieth century. In the majority of clinical xenotransplants, hearts from non-
human primates (NHPs) were selected, with a minority using hearts from other 
mammals (Chap. 1). In particular, well-known surgeons James Hardy, Donald Ross, 
Denton Cooley, Christiaan Barnard, and Leonard Bailey made unsuccessful attempts 
to provide animal hearts for dying patients (Chap. 1). There were two reports of pig 
hearts being transplanted [one in Poland [5] and one in India [6]], but details of the 
latter cases were scarce and are mainly available through the lay press.

From these early experiences, it was clear that the immune response to a nonpri-
mate mammalian heart, such as from a pig, was much stronger than to an NHP 
heart. Nevertheless, for a number of reasons, the pig was selected as the most likely 
source of organs for clinical transplantation (Chap. 1).

The early experience in pig-to-NHP heart transplantation models was exten-
sively reviewed by Lambrigts et al. [7]. Subsequent experimental experience has 
also been fully reviewed [8].

Significant milestones included (i) the first description of hyperacute rejection 
[9, 10], (ii) the identification that immunoadsorption of anti-pig antibody could 
delay rejection [11], but (iii) conventional immunosuppressive therapy alone had 
little or no effect [11], (iv) the demonstration that complement inhibition could 
delay rejection [12], (v) the first transplantation of a genetically modified pig heart 
(expressing the human complement-regulatory protein, CD55) with extended 
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survival (reviewed in [13]), (vi) the first relative success after orthotopic heart trans-
plantation [14], and (vii) the first transplant of hearts from α1,3-galactosyltransferase 
gene-knockout (GTKO) pigs [15, 16]. In addition, the first use of anti-CD154mAb 
[17] and anti- CD40mAb [18, 19] as immunosuppressive agents in pig heart xeno-
transplantation was noteworthy and advanced the field.

 Surgical Techniques of Experimental Heart Transplantation

The early development of these techniques in the laboratory has been reviewed 
previously [20]. Heterotopic transplantation indicates placing the heart in an ectopic 
position without removing the native heart. Heterotopic techniques can be catego-
rized as “working” or “nonworking” models. In orthotopic transplantation, the 
recipient’s own heart is removed and replaced by the donor heart.

 “Non-working” Heterotopic Heart Transplantation (HHT)

In non-working models, the donor heart is perfused and beats, but does not contrib-
ute support of the recipient’s circulation. These models have been applied exten-
sively for the study of the immunopathology of graft rejection and the efficacy of 
immunosuppressive therapies. The techniques have proved valuable in xenotrans-
plantation (when graft survival initially proved to be very short, i.e., minutes, rather 
than hours or days). The site of the graft can be in the abdomen or neck. Compared 
with orthotopic heart transplantation, the procedure is technically simpler, less 
expensive, allows better access for myocardial biopsies, and allows survival of the 
recipient even in the event of graft rejection. Excision of the graft allows continuing 
monitoring of the immune response to the graft.

When carried out in the abdomen, the donor aorta is anastomosed end-to-side to 
the host’s abdominal aorta (thus establishing a coronary circulation) and the donor 
pulmonary artery is anastomosed to the recipient inferior vena cava (IVC) (thus 
permitting emptying of the venous return of the coronary sinus) (Fig. 6.2a). This 
technique has formed the basis for many studies. An alternative site, if the recipient 
is large, is in the neck. The donor aorta is anastomosed to the common carotid artery 
and the pulmonary artery to the external jugular vein.

 Intrathoracic “Working” Heterotopic Heart Transplantation

The transplanted heart contributes to the cardiac output of the recipient. Several dif-
ferent techniques have been demonstrated, but the one in which there is most experi-
ence is that introduced by Losman and Barnard, which the Cape Town group utilized 
in the clinic for allotransplantation for several years (Fig. 6.2b) [21, 22]. Reichart 
and his colleagues in Germany attempted this technique in the pig-to-baboon model, 
but with poor results [23–25], largely because the pig heart enlarged rapidly through 
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either the effects of rejection, or ventricular hypertrophy, or abnormal growth (see 
below). This enlargement distorted the anatomy of the two hearts and disrupted the 
flow of blood through the heterotopic pig heart.

 Life-Supporting Orthotopic Heart Transplantation (OHT)

A more rigorous test of the function of a donor heart is OHTx [26] (Fig. 6.2c). There 
are no significant differences in the anatomy of the pig heart that would prove prob-
lematic using the current surgical techniques for OHTx. It is almost certain that the 
regulatory authorities will require evidence of the ability of a pig heart to support an 
NHP recipient for several months as a preliminary to a clinical trial. Three months’ 
survival was recommended by the International Society for Heart and Lung 
Transplantation (ISHLT) in 2000 [27], but it is likely the regulatory authorities may 
require a longer period of follow-up.

 The Immunobiological Barriers of Heart Xenotransplantation 
and Methods of Overcoming Them

The patterns of rejection of a pig heart graft are similar to those of a pig kidney graft 
(Chap. 2) and will not be described again here. Rejection can be largely antibody- 
mediated, e.g., hyperacute or acute (humoral, vascular, delayed) rejection. Acute 
cellular rejection, with intense cellular infiltration of the graft, is a common occur-
rence early after heart allotransplantation but, perhaps surprisingly, has relatively 
rarely been described after cardiac xenotransplantation. This is possibly because the 
humoral response occurs more rapidly and, if treated successfully, prevents an 

a b c

Fig. 6.2 Surgical techniques of heart transplantation used in the experimental laboratory. (a) 
Nonworking heterotopic heart transplantation in the abdomen. (b) Intrathoracic working hetero-
topic heart transplantation (technique described by Barnard and Losman [21] and [22]). (c) 
Orthotopic heart transplantation. (Reproduced with permission from reference [53])
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intense cellular response. Nevertheless, some T cells are often seen in the graft and, 
if the adaptive (T cell) response is not adequately controlled by immunosuppressive 
therapy, an elicited anti-pig antibody response can develop that almost always 
results in graft failure [28].

Pharmacologic immunosuppressive therapy alone (in the absence of a geneti-
cally engineered pig graft) has never proved sufficient to protect a pig graft from 
immune destruction [11]. Nevertheless, it is essential to prevent the T-cell response. 
Conventional immunosuppressive regimens, e.g., based on cyclosporine or tacroli-
mus, have been associated with relatively successful prolongation of graft function, 
but only if administered in higher dosages than are required for allotransplantation 
[29]. Not surprisingly, this has been associated with a high incidence of infectious 
and other complications.

More encouraging results were achieved when novel “costimulation-blockade” 
agents were introduced, first utilized in the pig-to NHP model by Buhler et al. in 
2000 [30]. The initial agent, an anti-CD154 monoclonal antibody (mAb), was 
highly effective at preventing a T-cell response, but was found to be thrombogenic 
and is currently not available for clinical use. However, an anti-CD40mAb, which 
also blocks the CD40/CD154 pathway, appears almost equally effective [19, 31]. 
Blockade of the CD28/B7 co-stimulation pathway with agents such as belatacept is 
insufficient [32].

In addition to induction therapy with an antithymocyte globulin to deplete T 
cells, additional induction therapy with an anti-CD20mAb to deplete B cells has 
been reported to be beneficial [18, 19, 29, 31]. There is no definitive evidence yet 
that agents that deplete antibody-producing plasma cells, e.g., bortezomib, are 
effective in xenotransplantation models.

The cellular response can also be inhibited by genetic manipulation of the pigs, 
e.g., by transgenic endogenous expression of an immunosuppressive agent [33] or 
by a mutant MHC class II gene [34]. Even the absence of expression of the major 
pig glycan (galactose-α1,3-galactose (Gal)), reduces the T-cell response to pig cells 
[35], as does the expression of a human complement-regulatory protein [36].

Coagulation dysfunction and a systemic inflammatory response have proved 
problematic, as they have after pig kidney xenotransplantation (Chap. 2), but have 
largely been resolved by genetic engineering of the pig (Chap. 7) and judicious drug 
therapy.

 Pig Heart Graft Survival in NHPs

Based on the above developments, and particularly on the genetically engineered 
pigs that became available, Murthy and his colleagues loosely divided progress in 
nonworking pig HHTx in NHPs into three eras (Table 6.1, Fig. 6.3). Graft survival 
in Era 1 reached a maximum of 99  days, whereas in Era 2 it was extended to 
179 days and in Era 3 to >2 years [reviewed in 7, 8, 37]. The maximum survival 
after heterotopic (working) thoracic heart transplantation has been reported to be 
50 days (see above) [24].
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The number of studies of pig OHTx in NHPs has been relatively small, but again 
graft and recipient survival have increased from a maximum of 39 days in Era 1 to 
6 months in Era 3 [7, 8, 37]. After OHTx, a high mortality within the first post- 
transplant 48 hours was reported by Byrne and his colleagues and was termed “peri-
operative cardiac xenograft dysfunction” (PCXD) [38–40]. This occurred in a 
reported 40%–60% of cases by Byrne and others [37]. The exact cause of PCXD 
remains uncertain, but the histological features in the graft indicate it is not from 
hyperacute rejection or, indeed, from any form of immune response. It appears to be 
related more to a sensitivity of the pig myocardium to ischemia or to other insult 

Table 6.1 Progress in the results of nonworking pig heterotopic heart transplantation (HHTx) in 
nonhuman primates, based on availability of genetically engineered pigs

Era 1 (1986–2003): Pre-α1,3-galactosyltrasferase gene-knockout (GTKO)
Era 2 (2004–2011): GTKO+/−human complement-regulatory protein expression (CRP), e.g., 
CD46, CD55
Era 3 (2012-present): GTKO/CRP + expression of one or more human coagulation-regulatory 
(antithrombotic) proteins, e.g., thrombomodulin (TBM), endothelial protein C receptor (EPCR)
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Fig. 6.3 Maximum pig nonworking heterotopic heart graft survival by year in
Era 1 – pre-GTKO (1986–2003), Era 2 – GTKO+/-hCRP (2004–2011), and Era 3 – GTKO/hCRP/
human coagulation-regulatory protein (2012–2014). In 2014, graft survival extended to >2 years. 
Since then, most attention has been directed to orthotopic heart transplantation. (Reproduced with 
permission from reference [53])
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during the transfer of the heart from donor to recipient. Mitochondrial dysfunction 
related to low triiodothyronine levels after cardiopulmonary bypass [41–43], and 
also seen after pig kidney xenotransplantation in NHPs [44, 45], is one possibility 
that might play a role. Limited data indicate that, if a mild form of PCXD occurs 
early after the heart transplant, it can recover within days [40]. Even though the 
exact causative factors remain poorly understood, PCXD has recently been over-
come by employing more effective methods of protecting the myocardium from 
ischemic insult.

The most important study in recent years was that by Langin et al. [46], who 
demonstrated life-supporting pig hearts that functioned well for up to 6 months, at 
which time the recipient baboons were electively euthanized. This group overcame 
the early graft dysfunction reported by themselves and others by utilizing a rather 
complex perfusion system to preserve the heart during transplantation [46, 47]. 
Although this proved a major breakthrough, whether this system is essential has 
been questioned by encouraging results by Cleveland and his colleagues at UAB 
using a much simpler system of cardiac graft protection (Cleveland D, et al., unpub-
lished data).

Langin and his colleagues used hearts from α1,3-galactosyltransferase gene- 
knockout (GTKO) pigs that expressed the human complement-regulatory protein, 
CD46, and the human coagulation-regulatory protein, thrombomodulin (GTKO.
CD46.TBM pigs). The fact that, if PCXD was avoided, these hearts supported the 
baboon’s circulation for elective periods of 3 or 6 months encourages us that clinical 
pig OHTx will be successful if the adaptive immune response is controlled by ade-
quate immunosuppressive therapy. The immunosuppressive regimen used by Langin 
and his colleagues was that introduced by Mohiuddin et al. [19]. However, there is 
some evidence that GTKO.CD46.TBM pigs are not the optimal sources of organs 
for transplantation into humans, as opposed to transplantation into NHPs [48].

The function of a life-supporting pig graft in a primate recipient has been dis-
cussed elsewhere [49, 50], but the above data indicate fairly conclusively that, when 
the immunological problems are successfully controlled, a pig heart will support 
life in a primate host. Nevertheless, there is one problem that requires further inves-
tigation and resolution, and that is the problem of rapid growth of the heart within 
the first few weeks after transplantation.

 Rapid Growth of Pig Heart Grafts After Transplantation 
into NHPs

The topic of rapid growth of a pig organ after transplantation into an NHP has been 
discussed in Chap. 5, and so details will not be repeated here. However, in contrast 
to the kidney, the heart is placed within the restricted confines of the chest. Rapid 
growth of the heart could therefore compress it significantly and thus impair its 
function (or possibly that of the lungs). As stated above, this was observed after 
intrathoracic HHT, in which case, of course, there are two hearts (donor pig and 
recipient baboon) within the confines of the chest.
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Rapid growth was not reported after pig HHTx in the abdomen [15, 16, 18, 19, 
31, 51]. Whether this was related to the fact that the heart was not carrying a work-
load, as it was not supporting the circulation of the recipient NHP, remains uncertain 
but seems likely. After intrathoracic HHTx and after OHTx, hypertrophy of the 
ventricular myocardium has been the major observation, and the mechanism by 
which this occurs may be different from that of growth after pig kidney transplanta-
tion. A higher peripheral vascular resistance in baboons than in pigs could result in 
the development of myocardial hypertrophy, as the pig heart struggles to work 
against this resistance.

Indeed, because of the higher systolic blood pressure observed in baboons 
(approximately 120 mm Hg) than in pigs (approximately 80 mm Hg), Langin et al. 
attempted to reduce the development of ventricular hypertrophy by administering 
antihypertensive therapy to the recipient baboons, with some – though not com-
plete – success [46]. The inclusion of rapamycin in the immunosuppressive regimen 
may be a factor in reducing growth of the organ [50, 52].

 Clinical Prospects

Before a clinical trial can be undertaken with a realistic chance of success (either as 
a bridge to allotransplantation or as destination therapy), Murthy et al. [53] sug-
gested that the following milestones need to be achieved.

 (i) Relatively consistent survival of the NHP recipient of an orthotopically trans-
planted pig heart for at least 3  months with some evidence of survival for 
6 months in the absence of major complications related to the intensity of the 
immunosuppressive regimen, e.g., infection [27].

 (ii) The availability of a facility in which genetically engineered pigs can be bred 
and housed under isolation conditions that will protect them from being 
exposed to infectious agents, including viruses, that could be transferred with 
the graft to the recipient (designated pathogen-free pigs) (Chap. 8).

 (iii) A continuing absence of evidence that the inevitable transfer of porcine endog-
enous retroviruses (that are present in the genome of every pig cell) will not 
prove to be a health risk to the recipient and, more importantly, to his/her close 
contacts, e.g., family, medical staff, and thus to the community (Chap. 17).

A final point to be considered is whether, in the event that a pig heart is trans-
planted as a bridge to allotransplantation, an immune response to the xenograft will 
sensitize the recipient to a subsequent allograft. The present very limited data sug-
gest that this will not occur [54, 55].

Although complications of ventricular assist devices are not uncommon, the 
results are steadily improving, and a question that needs to be addressed is which 
patients, if any, could be considered for an initial clinical trial of pig heart transplan-
tation, and what form the trial should take, i.e., should it be a bridging trial or 
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destination trial (Chaps. 15 and 16). A bridging trial would be more realistic and 
ethically justified.

Even if a pig graft does not survive as long as an allograft, there will be no limita-
tion on retransplantation, as there will be no ethical dilemma as to whether a patient 
should undergo retransplantation at the expense of another patient who awaits his/
her first transplant. Furthermore, patients will not languish in an intensive care unit 
for weeks waiting for a suitable allograft; the transplant will be carried out as soon 
as the decision to transplant has been made.
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 Introduction

The critical shortage of human organs for allotransplantation has led to intensive 
research into xenotransplantation, with the pig being the species of choice as an 
organ source. Early efforts to transplant wild-type pig organs into nonhuman pri-
mate (NHP) models were unsuccessful as the organs underwent nearly immediate 
hyperacute rejection (HAR) due to the presence of preformed anti-pig antibodies in 
the organ recipient’s blood [1]. A seminal discovery in the development of xeno-
transplantation was the identification of galactose-α1,3-galactose (Gal) as the prin-
cipal xenoantigen involved in HAR [2].

Gal is a carbohydrate moiety that decorates many glycoproteins, glycolipids, and 
proteoglycans in most mammalian species, with the exception of Old World NHPs 
and humans [3]. These species lack a functional gene for the enzyme α1,3 galacto-
syltransferase (GGTA1) that catalyzes the synthesis of Gal. Chronic exposure to 
Gal expressed by gut microflora stimulates production of anti-Gal antibodies in 
these species [4] to the extent that anti-Gal antibodies comprise a substantial pro-
portion of the antibody population (~1% of the total) and are the most abundant 
single species of antibody in the blood [5].

Hyperacute rejection of pig organs is initiated upon reperfusion of the trans-
planted organ with the recipient’s blood, and the subsequent binding of anti-pig 
antibodies to Gal and non-Gal xenoantigens on the endothelial lumen [2, 6]. This 
initial binding event is rapidly followed by complement activation and dissolution 
of the endothelium, leading to interstitial hemorrhage, coagulation, and necrosis. 
Early attempts to prevent HAR included transgenic expression of human 
complement- regulatory proteins (decay-accelerating factor, DAF) in porcine organs 
which prevented HAR and increased organ survival [7].

However, overcoming HAR by complement-inhibitor expression, and eventually 
by Gal-knockout, revealed other impediments to xenotransplantation, for example, 
coagulation dysregulation and inflammation. Much of the progress made to date 
toward successful xenotransplantation has stemmed from the generation of geneti-
cally modified pigs tailored to overcome these problems.

A major step forward in the generation of pigs as organ donors was the advent of 
somatic cell nuclear transfer (SCNT) [8, 9] (Fig. 7.1). In the pig, cultured fibroblasts 
were used as nuclear donors to replace the endogenous nuclei of porcine oocytes. 
Upon fusion with an enucleated oocyte, fibroblast nuclei were reprogrammed to 
totipotency by factors in oocyte cytoplasm. The newly reconstructed oocyte then 
developed into a new individual with the genetic constitution of the donor nucleus. 
SCNT technology opened the door for genetic modification of cultured somatic 
cells, which could be used to generate pigs bearing those modifications. Using this 
technology, Dai et al. [10] knocked out porcine GGTA1 by conventional homolo-
gous recombination and insertional mutagenesis. SCNT pigs made from these cells 
were GGTA1-knockouts by genotype and displayed a corresponding Gal-knockout 
(GTKO) phenotype. Importantly, organs from GTKO pigs did not undergo HAR 
when transplanted into NHPs (baboons), and posttransplant survival of GTKO 
organs increased from hours to weeks [6, 11].
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However, these transplants still suffered to some degree from binding of pre-
formed antibodies to non-Gal antigens, as well as inflammation resulting from isch-
emia–reperfusion injury, and thrombosis and coagulopathies [11, 12] due to 
molecular incompatibilities between the pig and human proteins that regulate the 
complement and coagulation cascades. These challenges are being addressed by 
expressing transgenes that encode the human counterparts of these proteins in 
organ-source pigs using various genetic modification technologies enabled 
by SCNT.

The GTKO genotype and phenotype just described have remained stable over 
11 generations of natural breeding, and a New Animal Drug Application for our 
GTKO pigs (“GalSafe” pigs) was granted by the US Food and Drug Administration 
(FDA) in 2018. These GTKO pigs are the foundational genotype in our labora-
tory on which all additional modifications are made. Recent advances in genetic 
modification technologies have facilitated the rapid and efficient generation of 
pigs bearing multiple knockouts of genes encoding xenoantigens and knock-ins 
of multiple transgenes encoding key human proteins. These modifications are 
designed to deal primarily with rejection issues due to innate immunity. Our aim 
here is to review our work on genotypes that have performed well in models of 
xenotransplantation, supported by corresponding functional evaluations of each 
modification in vitro.

Generation of fibroblast cell line

Transgenic fibroblast colonies

Somatic cell
nuclear transfer

Formation of
cloned embryos

Birth of
cloned
piglet

Genetically
modified cloned
pig

Transfection using
Electroporation by
Nucleofector

Donor cells
with high
expression
level of
transgene

Nuclear transfer
into enucleated
oocytes

Embryo
transfer

Enucleated oocytes

Matured oocyte

Sow ovaries
recovered at the
abattoir

Activation

Fig. 7.1 Somatic cell nuclear transfer
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 Enabling Technologies for Genetic Modification

 CRISPR/Cas9

CRISPR/Cas9 technology permits highly efficient modification of precise loci 
within the genome [13]. Based on a naturally occurring antiviral mechanism in 
bacteria, CRISPR/Cas9 has been cleverly adapted for editing mammalian genomes. 
A CRISPR (clustered regularly interspaced short palindromic repeat) is an RNA 
sequence consisting of a short “guide” with homology to a genomic target at the site 
of the desired modification and a nuclease-binding domain. The guide directs a 
CRISPR-associated (Cas) nuclease to the target site where it creates a double- 
stranded DNA break. The break is then “repaired” by the error-prone process of 
nonhomologous end joining, which results in the insertion or deletion of a few 
nucleotides (indels).

Indels that occur within an exon can result in a frameshift, leading to generation 
of a stop codon and translation of truncated, nonfunctional protein, thus creating a 
knockout. Alternatively, the DNA break may be repaired by homology-directed 
repair in the presence of a DNA vector flanked with sequences homologous (“homol-
ogy arms”) to those in the target region. During homology-directed repair, homolo-
gous recombination occurs between the vector’s homology arms and the host’s 
genomic sequences, enabling the incorporation of an intervening sequence, for 
example, a transgene vector, into the genome. CRISPR/Cas9 technology allows for 
very efficient gene targeting for creating knockouts, and, when coupled with 
homology- directed repair, allows for transgene insertion into predetermined “land-
ing pad” sites in the genome.

 Multicistronic Vectors (MCVs)

The ability to incorporate multiple transgenes into a single vector offers multiple 
advantages for making organ-source pigs. First, using homology-directed repair, the 
vector can be targeted to specific “landing pads” known to be permissive for trans-
gene expression. This ensures that each transgene within the vector can be expressed 
without interference from repressive chromatin that frequently affects randomly 
integrated transgenes. Second, by using self-cleaving “2A” sequences between 
transgene coding sequences, multiple transgenes can be expressed from a single 
promoter, which simplifies vector construction and keeps vector size within practi-
cal limits [14] (Fig. 7.2). Finally, all transgenes within the vector will be inherited 
as a single Mendelian locus to facilitate and simplify breeding and scale-up of 
organ-source herds.
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Fig. 7.2 Design and targeting strategy of multicistronic vectors (MCVs). CRISPR/Cas9 is 
designed to cut within an expression-permissive landing pad. Homology arms direct vector inser-
tion to the landing pad by homology-directed repair. The CAG promoter was used to drive ubiqui-
tous transgene expression (a and b) while one of several “Endo promoters” was used to obtain 
endothelial-specific expression (b). See text for additional details
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 Xenoantigen Knockouts

While Gal is the major xenoantigen in porcine tissues, other non-Gal antigens have 
also been identified, including N-glycolylneuraminic acid (Neu5Gc) [15] and the 
SDa antigen [16]. Residual binding of preformed antibodies to these antigens is 
likely responsible for organ rejection, albeit somewhat delayed, observed in GTKO 
organs after transplantation [2, 6]. Neu5Gc is not expressed in humans, but chronic 
dietary exposure stimulates production of anti-Neu5Gc antibodies [17]. Unlike 
humans, baboons express Neu5Gc, and thus do not have preformed anti-Neu5Gc 
antibodies, making them a less than ideal model for xenotransplantation in this 
respect. Complicating this issue further is evidence for a neoantigen exposed by 
Neu5Gc-knockout that is reactive to preformed antibodies in baboon serum [18].

SDa is a blood group antigen found in many mammals, but some humans and 
NHPs also express low levels of preformed anti-SDa antibody [16]. Binding studies 
have confirmed the presence of these antibodies in human sera and have also con-
firmed expression of SDa in pig vascular endothelium (Fig. 7.3). In addition to the 
preformed anti-SDa antibodies, induced anti-SD antibodies were detected in 
baboons 3–4 weeks after porcine organ transplantation. Anti-SDa antibodies have 
also been induced in humans by antitumor vaccines known to contain SDa. It is thus 
likely that anti-SDa antibodies contribute to both HAR and delayed antibody- 
mediated rejection in baboons, and possibly humans as well [16].

Like Gal, both of these antigens are terminal residues on sialylated glycans. The 
synthesis of Neu5Gc is catalyzed by cytidine monophosphate-N-acetylneuraminic 
acid hydroxylase (CMAH), encoded by the CMAH gene. SDa synthesis is cata-
lyzed by β-1,4-N-acetyl-galactosaminyltransferase 2 encoded by β4GalNT2. We 
sought to eliminate both antigens in pigs by knockout of the CMAH (CMAHKO) 
and β4GalNT2 genes (β4KO) using CRISPR/Cas9 in cultured GTKO fibroblasts, 
followed by SCNT to make pigs.

To assess the effect of each knockout on human serum antibody binding and 
complement-mediated cell lysis, porcine aortic endothelial cells (pAECs) were 
obtained from wild-type, GTKO, GTKO+β4KO, GTKO+CMAHKO, and 
GTKO+β4KO+CMAHKO (TKO) pigs. Human serum IgG and IgM antibody 

% bound immunoglobulin

Genotype IgG IgM

Wild type 96.7 96.2
GTKO 29.0 51.6
GTKO + β4KO 10.6 38.9
GTKO + CMAHKO 7.6 28.2
GTKO + β4KO + CMAHKO 4.6 21.6

Fig. 7.3 Human serum antibody binding to pAECs bearing various xenoantigen knockouts. Cells 
were incubated with sera from human donors (n = 3), probed with anti-IgG or IgM secondary 
antibody and counted by flow cytometry. Results are expressed as percent immunoglobulin bound 
relative to wild type
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binding was assessed by flow cytometry (Fig. 7.3). GTKO alone reduced IgG bind-
ing by 68%, followed by an additional 21% with CMAHKO or 18% with 
β4KO. Together, all three knockouts reduced total human serum IgG binding by 
92%. Thus, knockout of these three xenoantigens eliminated the majority of pre-
formed human serum antibody binding to porcine endothelial cells.

The functional cytoprotective effect of these knockouts was assessed in 
complement- dependent cytotoxicity (CDC) assays (an in  vitro proxy for HAR). 
Each successive knockout produced a significant reduction in CDC relative to wild- 
type pig cell. GTKO reduced the rate and level of cytotoxicity by 47%, the addition 
of CMAHKO by 61%, and with the addition of β4KO, by 74% (Fig. 7.4). While 
xenoantigen knockouts were clearly effective at reducing cytotoxicity in vitro, they 
alone did not offer complete protection against cytotoxicity, likely due to the exis-
tence of additional xenoantigens. Nevertheless, ex vivo lung perfusion experiments 
showed a survival benefit to genotypes that included β4KO [19]. Our own in vitro 
data showing vastly reduced binding of human serum antibodies to cells of 
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Fig. 7.4 Effect of xenoantigen knockout and expression of complement inhibitors on cytotoxicity 
as measured by image-based complement-dependent cytotoxicity assay. Assays were carried out 
using pAECs incubated with 30% pooled human serum (n = 3) for 30 minutes followed by expo-
sure to 5% rabbit complement for 120 minutes. Cytotox Red Reagent (IncuCyte) was used to stain 
dead cells, and total cell counts were determined by high-contrast brightfield imaging using a 
Cytation cell imager (BioTek). Data from three replicates were expressed as the percent cytotoxic-
ity after 90 minutes of incubation, and compared by ANOVA. Cytotoxicity decreased significantly 
from wild type with each additional knockout (columns with different superscripts, P < 0.05). 
Cytotoxicity was nearly eliminated altogether when complement inhibitors were expressed as 
either hCD46 alone from single-copy hCD46 transgene or multicopy hCD46 minigene, or from a 
single-copy bicistron composed of hCD46 and hDAF. All genotypes (except wild type) include a 
GTKO background
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CMAHKO and β4KO genotypes (Fig. 7.3) argues in favor of including them in pig 
organ transplant donors. Recently, kidneys transplanted from GTKO+β4KO pigs to 
rhesus monkeys survived longer (in one case up to 435 days) than previous trans-
plants with GTKO kidneys (2–3 weeks) [20]. In addition, the TKO genotype should 
eliminate delayed humoral rejection generated by an adaptive response to these 
antigens, as demonstrated for β4KO in baboons [16].

 Complement Inhibitors

Early on, it was observed that HAR could be reduced in ex vivo perfusions of por-
cine organs with human blood by de-complementation [21] or by administering a 
complement inhibitor like cobra venom factor to the transplant recipients [22]. 
These observations suggested that porcine complement-regulatory proteins were 
unable to inhibit primate complement. This led to the development of transgenic 
pigs engineered to express a human complement inhibitor, hCD55 (hDAF) [7]. 
Organs from hDAF-expressing pigs were protected from HAR after transplantation 
into baboons and survived longer than those from wild-type pigs. Similarly, pigs 
expressing another complement inhibitor (hCD46; membrane cofactor protein) pro-
tected transplanted kidneys from HAR in baboons with high titers of serum anti-Gal 
antibodies [23].

We introduced a hCD46 expression vector into a line of GTKO pigs to provide a 
dual level of protection against HAR. The GTKO.hCD46 combination led to longer 
survival times of transplanted hearts and kidneys compared to GTKO alone [24], 
reviewed in [25]. In these pigs, hCD46 was expressed from a randomly integrated, 
multicopy minigene driven by the human CD46 promoter [23]. The protection 
afforded by the GTKO.hCD46 combination in vivo was reflected in cytotoxicity 
assays in vitro where hCD46 nearly eliminated cytotoxicity in pAECs from GTKO.
hCD46 pigs [26] (Fig. 7.4).

To achieve consistent, predictable, and protective expression levels of 
complement- regulatory proteins, we built a suite of bicistronic vectors to express 
both hCD46 and hDAF from the CAG promoter using viral 2A technology 
(Fig. 7.2a). These vectors were flanked with homology arms to target integration of 
single copies into specific landing pads using homology-directed repair in porcine 
fibroblasts [18]. Single-cell clones bearing a single, targeted copy of the vector were 
then used in SCNT to generate pigs bearing the hCD46.hDAF transgenes on GTKO, 
GTKO+CMAHKO, and GTKO+CMAHKO+β4KO backgrounds. Expression of 
both hCD46 and hDAF was confirmed by Western blotting and immunohistochem-
istry (Fig. 7.5). Expression of hCD46 and hDAF was robust and comparable among 
individual pigs with vectors inserted at the same landing pads.

Within tissues, single-copy vectors expressed threefold to fourfold less hCD46 
vs. the randomly integrated, multicopy hCD46 minigene described above (data not 
shown). However, in complement-dependent cytotoxicity assays, the cytoprotective 
effect of the single-copy hCD46.hDAF transgene was equivalent to that of the mul-
ticopy CD46 minigene (Fig. 7.4) [26]. Similarly, in transplants, the hCD46.hDAF 
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Fig. 7.5 Expression of hCD46 and hDAF from the bicistronic vector (hCD46.hDAF) described in 
Fig. 7.2 compared to wild-type (WT) controls. (a) Western blot of hCD46 expression in porcine 
heart, lung, and kidney; (b) relative quantitation of hCD46 in the blot shown in (a); (c) immuno-
histochemistry (IHC) showing robust, ubiquitous expression of hCD46 (insets: WT controls; 
200×); (d) Western blot of hDAF expression; (e) relative quantitation of hDAF in the blot shown 
in (d); (e) IHC of hDAF expression in porcine tissues (insets: WT controls; 200×)
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bicistron prevented HAR when expressed on GTKO, DKO, and TKO backgrounds 
(Yamamoto T, et al. unpublished observations). In other experiments, a single copy 
of CAG-driven hCD46 alone (without hDAF) was expressed as the only comple-
ment inhibitor, and afforded the same level of protection against cytotoxicity in vitro 
as the single-copy hCD46.hDAF and multicopy hCD46 minigene (Fig. 7.4) [26]. 
The single-copy hCD46 genotype was also protective against HAR in transplanted 
organs. These results indicate that even a single copy of CAG-driven hCD46 could 
prevent HAR in vivo and blocked cytotoxicity in vitro at levels equivalent to vectors 
expressing multiple copies of hCD46 as well as a single copy of a vector expressing 
both hCD46 and hDAF.
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 Thrombosis Inhibitors

While knockout of xenoantigens and expression of human complement inhibitors 
overcome HAR, coagulation dysregulation is frequently observed in both function-
ing and failing transplants (reviewed in [27]). Coagulation dysregulation manifests 
as thrombotic microangiopathy within the transplanted organ and consumptive 
coagulopathy in the recipient. These can be independent of humoral and adaptive 
immunity and result from functional incompatibilities between porcine and human 
proteins that regulate the coagulation cascade.

Thrombomodulin (TBM) is a membrane-bound protein expressed in endothelial 
cells. Under normal hemostatic conditions, TBM binds circulating thrombin to form 
a TBM:thrombin complex that activates protein C to maintain an anticoagulant state. 
While porcine TBM (pTBM) can bind human thrombin, the pTBM:human thrombin 
complex is a poor activator of human protein C [28]. This generates a procoagulant 
state within xenotransplanted organs leading to thrombotic microangiopathy and con-
sumptive coagulopathy. To overcome this interspecific incompatibility, we and others 
have generated pigs expressing hTBM [29, 30]. Hearts from hTBM transgenic pigs, 
made on a GTKO.hCD46 background (GTKO.hCD46.hTBM), have survived more 
than 2 years after heterotopic transplantation [29] and 6 months after orthotopic trans-
plantation [31] without indications of coagulation dysregulation.

In these pigs, hTBM was expressed from a multicopy, randomly integrated vec-
tor composed of the hTBM coding sequence and a ~ 7.6 kb fragment of genomic pig 
sequence cloned from the region upstream of the pTBM gene. This fragment con-
tained the endothelial-specific pTBM promoter and other regulatory elements to 
ensure appropriate, physiological expression of hTBM in porcine tissues. 
Immunohistochemical evaluation of organs from transgenic pigs revealed that 
hTBM was endothelial-specific and closely resembled the pattern of endogenous 
TBM expression in human tissue (Fig. 7.6).

The bioactivity of hTBM expressed in porcine tissues was evaluated by testing 
its ability to complex with human thrombin and activate human protein C in vitro. 
In this assay, activated protein C cleaves a colorimetric substrate that is quantified 
by absorbance. As shown in Fig. 7.7, pAECs from the multicopy hTBM expressed 
relatively high levels of hTBM that was capable of activating protein C.

a b c

Fig. 7.6 Immunohistochemical detection of hTBM expression with human-specific TBM anti-
body. (a) Human heart expressing endogenous hTBM. (b) GTKO.hCD46.hTBM porcine heart 
expressing a randomly integrated, multicopy hTBM vector with a 7.6 kb porcine TBM promoter. 
(c) Wild-type porcine heart. hTBM expressed in an endothelial-specific manner in both human and 
transgenic porcine heart tissue. (Magnification, 200×)
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Fig. 7.7 Generation of activated protein C (APC) by cultured pAECs. (a) Western blot showing 
hTBM expression in pAECs with a multicopy hTBM minigene vector, single-copy MCV targeted 
to a landing pad, and control with no hTBM vector. (b) Relative quantitation of hTBM detected on 
Western blot in (a). (c) Activated protein C (APC) generated by the pAECs in (a) and (b). See text 
for assay details. APC levels tended to be higher in pAECs with the MCV, even though hTBM 
expression level was lower vs. the multicopy hTBM vector, likely due to augmentation of APC by 
hEPCR which is also expressed by the MCV
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In keeping with our aim of generating pigs with single-copy MCVs targeted to 
specific landing pads, we built another suite of vectors (Fig.  7.2b) designed to 
express both hTBM and the human endothelial protein C receptor (hEPCR) [18, 
32]. EPCR is a membrane protein that augments the activation of protein C by the 
TBM:thrombin complex to maintain an anticoagulant state [33]. This vector is com-
posed of two bicistrons, the first of which includes both hTBM and hEPCR sepa-
rated by a 2A sequence. Expression of both is driven by an endothelial-specific 
promoter. The second bicistron is separated by an insulator from the first and is 
composed of CAG-driven hCD47-2A-hHO1, the activities of which will be 
described below. This MCV is flanked with homology arms to guide its insertion as 
a single copy into a landing pad via homology-directed repair in a GTKO.CMAHKO 
cell line harboring the hCD46.hDAF vector described above and in Fig. 7.2a.

When transplanted into baboons, porcine kidneys of this genotype (GTKO.
CMAHKO + hCD46.hDAF + hTBM.hEPCR.hCD47.human hemeoxygenase-1 
[hHO1]) avoided HAR and thrombotic microangiopathy, and no consumptive coag-
ulopathy was observed in the recipients. As of this writing, kidneys in one baboon 
have functioned in a life-supporting manner for over 6 months, demonstrating that 
this particular genotype is consistent with long-term xenograft survival and func-
tion. Western blot and immunohistochemistry on tissues from organ-source pigs 
and from clonal littermates confirmed that all six transgenes were expressed in 
hearts, lungs, and kidneys (Figs. 7.5 and 7.8) [32]. In addition, immunohistochem-
istry revealed that expression of hTBM and hEPCR was endothelial-specific, while 
the expression of both CAG-driven transgenes was ubiquitous (Figs. 7.5c, f and 7.8).

Overall, these analyses confirmed the expression levels and patterns expected for 
the vectors used to make these pigs. Moreover, the patterns and levels of expression 
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observed should be indicative of those in the long-term, life-supporting transplanted 
kidneys, and thus can serve as an in vitro reference for expression consistent with 
successful performance in vivo.

Bioassays were conducted to confirm that functional proteins were expressed 
from each of the six transgenes in the GTKO.CMAHKO + hTBM.hEPCR.hCD47.
hHO1 genotype. As measured by cytotoxicity assay, complement activity was 
essentially inhibited altogether by hCD46 and hDAF (Fig.  7.4). The function of 
hTBM and hEPCR was evaluated in the activated protein C assay described above. 
In this case, hTBM, presumably with participation from hEPCR, increased the level 
of activated protein C almost tenfold above that of pAECs from controls (Fig. 7.7c). 
Interestingly, cells with the single-copy MCV generated more activated protein C 
than those with the multicopy hTBM vector (Fig.  7.7c) despite lower levels of 
hTBM expression from the MCV (Fig. 7.7b). Higher activated protein C production 
in the cells with the single-copy MCV was likely greater than that from the multi-
copy hTBM vector due to the presence of hEPCR in the MCV. These observations 
are consistent with the absence of coagulation dysregulation in the transplanted 
kidneys and baboon recipients.

Taken together, these observations indicate that transgenes expressing human 
complement and coagulation inhibitors, packaged within MCVs, and inserted as 
single copies at expression-permissive landing pads, can be used to generate func-
tional organ donors for successful xenotransplantation. These pigs should not only 
serve as reliable sources of organs, but also as good breeding stock, since all trans-
genes (six in this case) are confined to only two loci to facilitate efficient propaga-
tion of the genotype through conventional breeding.

 Inflammation and Apoptosis Inhibitors

Inflammation is an inevitable consequence of ischemia–reperfusion injury in both 
allo- and xenotransplantation and, in both cases, it likely exacerbates HAR and 
coagulation dysregulation [12]. In addition, the presence of a transplanted organ can 
lead to sustained systemic inflammation in the recipient. Inflammation can thus 
endanger the transplanted organ and recipient. While inflammation can be con-
trolled by systemic administration of anti-inflammatory agents, the transgenic 
expression of anti-inflammatory proteins in the transplanted organ has also been 
considered.

A number of genes are upregulated in organs after transplantation, including 
heme oxygenase-1 (HO1). HO1 is a ubiquitously expressed, stress-induced gene 
upregulated by the presence of heme that results from hemolysis associated with 
ischemia–reperfusion injury. While the primary function of HO1 is to catabolize 
heme, it has also been shown to limit the inflammatory response and prevent apop-
tosis and cytotoxicity after ischemia–reperfusion injury [34]. Human HO1 (hHO1) 
has been constitutively expressed in transgenic pigs [35]. When perfused with xeno-
geneic human blood for up to 6 hours, kidneys from hHO1-expressing pigs survived 
longer, were protected from increases in vascular resistance, expressed fewer 
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molecular markers of vascular damage, and did not develop thrombotic microangi-
opathy, compared to kidneys from wild-type control pigs.

Results such as these compelled us to express hHO1 in our organ-source pigs. 
Accordingly, hHO1 was added to the MCV described above (Fig. 7.2b), driven by 
the constitutive CAG promoter to ensure ubiquitous expression to emulate its natu-
ral expression pattern. hHO1 expression was verified by Western blotting (data not 
shown) and immunohistochemistry (Fig. 7.8). Upon transplantation into baboons, 
kidneys expressing hHO1 did not undergo HAR, coagulation dysregulation, or an 
overt inflammatory response, and as of this writing have provided life-supporting 
function for more than 6 months. However, the individual contribution of hHO1 
could not be assessed in vivo since it is not possible to isolate its effects from those 
of other transgenes in the MCV.  However, we did compare the antiapoptotic 
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Fig. 7.8 Immunohistochemical detection of transgenes expressed in pig tissues from a single-
copy MCV with targeted insertion at an expression-permissive landing pad. Human-specific anti-
bodies were used in each case. Insets: wild-type controls. (200× magnification)
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function pAECs expressing hHO1 vs. controls using a real-time Caspase 3 assay 
[36]. Briefly, pAECs were treated with staurosporine to induce apoptosis. Cells 
expressing hHO1 displayed a significant reduction in apoptotic cells, indicating a 
potential benefit to hHO1 in vitro (Fig. 7.9).

 Macrophage Inhibition

As part of the innate immune system, macrophages play an important role in the 
identification and elimination of foreign cells in the body. Autologous cells are pro-
tected from endogenous macrophages by CD47, a membrane protein expressed in 
all cells that binds and activates signal-regulatory protein alpha (SIRP-α) on macro-
phages to block phagocytosis [37]. Xenogeneic hematopoietic stem cells and pan-
creatic islets are particularly susceptible to macrophage phagocytosis due to the 
inability of porcine CD47 to bind primate SIRP-α [38]. This interspecies incompat-
ibility can be overcome by transgenic expression of human CD47 (hCD47) in por-
cine cells to protect them from macrophage attack [38, 39]. However, it is less clear 
whether macrophage phagocytosis plays a role in rejection of solid organs. 
Nevertheless, transgenic expression of hCD47  in porcine organs should confer 
some degree of protection against host macrophages.

For this reason, we have included hCD47 in the four-gene MCV described above 
(Fig. 7.2b). In this vector, hCD47 expression is driven by the CAG promoter as part 
of a 2A bicistron that includes hHO1 in the second position. While we have not 
specifically evaluated the function of hCD47 in recipient baboons after pig organ 
transplantation, we have tested its ability to reduce macrophage phagocytosis in an 
in vitro assay [18]. Briefly, pAECs were isolated from control and hCD47- expressing 
pigs and transfected with a constitutive green fluorescent protein marker, and then 
co-cultured with human macrophages tagged with red and blue fluorescent 

1.0

0.8

0.6

0.4

0.2

0
hHO1
(pig 2)

hHO1
(pig 1)

GTKO
control

R
at

io
 o

f a
po

pt
ot

ic
 c

el
ls

/to
ta

l

Fig. 7.9 Reduction of 
apoptosis in cultured 
pAECs expressing a hHO1 
vector (pig 1 and pig 2) vs. 
control with no hHO1 
vector. Apoptosis was 
induced by incubating cells 
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antibodies to Major Histocompatibility Complex class II and CD14, respectively. 
Cells were harvested after 4 hours, and cells displaying all three fluorescent markers 
were counted as having undergone phagocytosis. Assay results showed a modest, 
but significant, reduction of phagocytosis in the hCD47-expressing cells to justify 
the inclusion of the hCD47 transgene in porcine organ sources.

 Conclusion and Outlook

The path to xenotransplantation started with the disheartening observation that pig 
organs were rapidly and overtly rejected upon transplantation. However, the need 
for alternative sources of transplantable organs for patients suffering end-stage 
organ failure was (and still remains) great, so a prodigious, decades-long effort to 
understand and overcome the factors underlying organ rejection followed. These 
efforts have produced a number of effective strategies to meet the challenges of 
xenotransplantation. Among these are the genetic modifications to the donor organ 
described here, which deal primarily with the innate immune system. Others, 
including improved immunosuppressive protocols [40] and progress in the induc-
tion of immune tolerance to xeno organs [41], are focused on adaptive immunity.

Promising advances in all these areas are bringing clinical xenotransplantation 
closer to reality. In 2019, the FDA approved initiation of the first clinical xenotrans-
plantation trial, in this case porcine skin grafts from GTKO pigs [42]. Preliminary 
results showed good graft acceptance at the end of the 30-day trial period, with no 
evidence for transmission of zoonotic disease. Ongoing, long-term survivals of 
solid-organ xenotransplants of genetically modified kidneys and hearts in NHPs 
suggest that clinical trials for these organs could begin in the near future.
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 Regulatory Overview

Any xenotransplantation trial in the United States and the facility that houses the 
pigs and supplies the organs are regulated by two centers within the US Food and 
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and the Center for Biologics Evaluation and Research (CBER). Standard operating 
procedures (SOPs), facility design specifications, and the pathogen detection and 
response system must be reviewed and approved by the FDA prior to final approval 
to begin the clinical trial, along with reinspections or audits during the trial.

The primary FDA regulatory guidelines for clinical trials of xenotransplantation 
that guide the design, construction, and operation of the facilities are described below.

Source Animal, Product, Preclinical, and Clinical Issues Concerning the Use 
of Xenotransplantation Products in Humans (CBER16, also known as the 
Guideline) [1]
This document contains guidance for the content of an Investigational New Drug 
(IND) application for a xenotransplantation trial. It addresses the characterization of 
source animals, source-animal husbandry, characterization of xenotransplantation 
products, xenotransplantation product manufacturing facility, appropriate preclini-
cal models for xenotransplantation protocols, and monitoring of recipients of xeno-
transplantation products.

Guidance for Industry: Regulation of Genetically Engineered Animals 
Containing Heritable Recombinant DNA Constructs (CVM09/CVM17) [2]
This document describes the Investigational New Animal Drug (INAD) process for 
genetically engineered animals. The INAD must be filed with or before an IND for 
a clinical trial. The requirements for an INAD concern mainly shipping, labeling, 
and disposition of animals. All of these can be included in a default Material Transfer 
Agreement (MTA) for the pigs. Also described is a New Animal Drug Application 
(NADA), which will be needed in the future after the pilot trial and before applica-
tion for final approval from the FDA.

US Public Health Service (PHS) Guideline on Infectious Disease Issues in 
Xenotransplantation (PHS01) [3]
Although newer methods are suggested and allowed in CBER16, the PHS01 
Guideline contains recognized methods for pathogen detection. In general, FDA 
regulations covering the overall process of drug development, testing, and produc-
tion are contained in the Code of Federal Regulations (CFR) Title 21 Food and 
Drugs (21CFR) [4], although information from other sections of the CFR are refer-
enced throughout, including Title 9 Animals and Animal Products (9CFR) [5] and 
Title 42 Public Health (42CFR) [6].

The FDA has assigned CBER as the primary center with regulatory responsibil-
ity for the xenotransplantation product. CBER and CVM will likely work together 
regarding the regulation of the source-animal herd, animals for xenotransplantation, 
and xenotransplant product (organ). As a novel therapeutic, the IND application will 
be subjected to review by a review committee assembled by The Office of Tissues 
and Advanced Therapies (OTAT, formerly known as the Office of Cellular, Tissue 
and Gene Therapies, or OCTGT) within CBER. This team will include members of 
the xenotransplantation research community as indicated by the FDA in 2010 [7] 
(Tables 8.1 and 8.2).
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In September 2017, at the 14th Congress of the International Xenotransplantation 
Association (IXA), a joint symposium between the IXA and FDA was conducted. 
Scientists, clinicians, and regulators shared perspectives on recent advances, infec-
tion challenges, and regulatory considerations. During his presentation entitled 
“FDA Expectations for Source Animal Herds and Characterizations,” the Director, 
Division of Veterinary Services, John Dennis, DVM, MS, DACLAM, shared CBERs 
clarification of source-animal expectations, as follows:

 (i) Conventional – least clean
 (ii) Specific pathogen-free
 (iii) Designated pathogen-free
 (iv) Xenograft production (xenotransplantation product)
 (v) Gnotobiotic
 (vi) Germ-free – most clean

Locally, the University of Alabama at Birmingham (UAB) off-campus xeno-
transplantation pig facility is part of the Animal Resource Program accredited by 
the Association for Assessment and Accreditation of Laboratory Animal Care 
(AAALAC) [8] and governed by the University’s Animal Use and Care Committee 
(IACUC). Animals are accommodated according to the Guide for the Care and Use 
of Agricultural Animals in Research and Teaching [9]. Animal production processes 

Table 8.1 FDA CBER review organizational structure

OCTGT CBER FDA
Potential external 
consultant

Project manager
Chemistry, manufacturing, 
and controls (CMC)
Pharmacology/toxicology
Clinical
Virology

Compliance
Product quality
Clinical 
monitoring
Veterinary
Statistics
Epidemiology

Additional expert
Product specialist
Clinical specialist
Methodology expert
Unique policy expert
Expert on genetically 
engineered animals

Scientific expert 
(SGE)
Patient Advocate

Basic review team Extended review 
team

Potential consults or 
collaborators

Potential consults

Table 8.2 FDA xenotransplantation product oversight scope

Source herd Source animal Processing Physician/patient
Animal origin
Establishment and 
management of closed 
herd
Animal housing
Adventitious agent testing
Animal health and 
husbandry
Records sample retention

Quarantine
Transport (if 
applicable)
Organ harvest
Adventitious agent 
testing
Records/sample 
retention
Disposal and use of 
by-products

Process validation
Adventitious agent 
testing
Product 
characterization
Records/sample 
retention

Patient selection, 
consent, and 
education
Protocol review
Clinical site
Follow-up and 
screening
Records/sample 
retention
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and supporting facilities have been designed to meet the modest volume needed for 
a proposed pilot clinical trial with clinical-quality porcine kidneys that are free of 
disease. With success in clinical trials, it is expected that the production process 
used now will be translated and adapted in many ways to meet the larger number of 
pigs required for future clinical xenotransplantation.

 Facility Design

According to Schuurman [10], barrier facility biosecurity can be divided into two 
categories: (i) prevention of contamination from the outside, and (ii) maintenance of 
“clean” animals within the barrier (Table 8.3). As shown during his presentation 
called “Regulatory Aspects” at the WHO Global Consultation on Regulatory 

Table 8.3 A biosecure barrier facility

A. Preventing contamination from outside the barrier
  Physical
   Metal or stick-built outer building surrounding a concrete bunker
  Entry of materials/equipment
   Air filtration (high efficiency particulate air or HEPA) filter
   Reverse osmosis (RO) and/or ultra-violet (UV)-treated water
   Disinfection of materials (autoclave or vaporized hydrogen peroxide)
  Exit of waste
   Fluid waste – prevent reverse flow of any component to the inside
   Prevention of local ground water contamination
  People
   Intensive health screening prior to gaining barrier access
   Shower-in/shower-out; wearing of personal protective equipment (hats, masks, gloves, 

Tyvek suits over scrubs)
   Occupational Health Surveillance Program for the staff, involving a vaccination program, 

disease monitoring, and serum banking
B. Keeping animals “clean”
  Animals
   Population by Caesarean section and colostrum deprivation
   Closed herd production (potential for mixed genetics is possible)
   Husbandry following the “Guide for lab animals” (or Guide for agriculture animals?)
   Control by Institutional Animal Care and Use Committee
   Accreditation by AAALAC (Association for Assessment and Accreditation of Laboratory 

Animal Care)
  Feed
   Certified free of mammalian proteins, no herbicides or pesticides, irradiated
   Such feed for at least two generations
  Infectious control
   Disease monitoring and sentinel animal testing
   Barrier rooms swabbed regularly and tested for target microorganisms
  Alternatives?
   Is such a barrier required if “DPF-status” can be guaranteed in another way for a 

specified porcine xenotransplantation product, e.g., pancreatic islets?
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Requirements for Xenotransplantation Clinical Trials in Changsha, China, in 2019 
[10], Schuurman offered strategies for prevention of outside contamination and 
maintenance of “clean” animals. To a large extent, we have followed these strategies 
in planning the clean pig facility at the UAB.

The UAB off-campus xenotransplantation research facility was previously a 
large animal research facility and has been upgraded and renovated to serve as the 
primary facility to produce clinical-quality pig kidneys for a planned pilot clinical 
trial. Between April 2016 and June 2017, upgrades were designed and completed in 
phases. Occupancy was granted in May 2016 for laboratory activities and in July 
2017 for animal housing. A final list of minor tasks to be completed or corrected at 
the end of a project (punch list) and facility-wide decontamination were conducted 
by October 2017. Recipient gilts were populated into the facility in November of 
2017, and the first genetically modified, cloned swine were delivered in the facility 
in March of 2018.

The facility is remote from large population centers and agricultural activities, 
and access is physically restricted by layers of access control (including a final 
perimeter fence). Door entry key code access is granted only to the individuals 
directly responsible for producing the organ-source pigs. A separate office trailer is 
available for visits by others, as required. The main section of the research facility 
is a concrete block structure serviced by central utilities (central heating, ventila-
tion, and air conditioning [HVAC]), reverse osmosis water purification system [with 
local lab water deionizer], a local septic tank for sewage, and electrical service with 
a diesel back-up generator). The site has been prepared for future extension if 
needed, which could expand the existing ~6000  sq. ft. area to approximately 
20,000 sq. ft.

The pig research facility is currently separated into two primary areas: (i) the 
cloning laboratory and (ii) the animal area (Fig. 8.1). Workrooms are maintained 
with positive pressure to the adjacent corridor or to the exterior and provided with 
high-efficiency particulate air (HEPA) filter fan units, as required. Personnel enter 
the facility through a single outer door controlled by key card access. Once in the 
building, workers enter/exit the animal area through the shower and exit through the 
shower (Table 8.4). Within the barrier, personal protective clothing includes hats, 
masks, gloves, and Tyvek® suits. Dedicated protective clothing/footwear is available 
in each room.

The standards for animal accommodation and animal care are provided in accor-
dance with the Guide for the Care and Use of Laboratory Animals [9]. Animal hous-
ing is provided within custom-designed, raised-floor swine pens from Alternative 
Designs (Siloam Springs, AR). In-pen care (feeding, cleaning, and observation) is 
provided to the animals using established standard operating procedures, based on 
the type and number of animals within the facility. Animals are provided sterile, 
mammalian-byproduct-free feed. Gestating gilts receive LabDiet 5082 (LabDiet, 
St. Louis, MO), nursing piglets receive Esbilac (concentrated puppy milk replacer) 
(Pet-Ag, Inc., Hampshire, IL), and weaned piglets receive irradiated LabDiet 5080 
(LabDiet, St. Louis, MO).
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Fig. 8.1 Floorplan of the pig production barrier facility

Table 8.4 Individual room and content descriptions within the DPF pig facility

Room/function Room description Equipment Remarks
Cloning laboratory 
support

Cold storage, hazardous 
materials handling, and 
satellite workstation

Fume hood, liquid 
nitrogen storage tanks, 
−80 ° freezer, −20 ° 
freezer, 4 ° refrigerator 
(additional items listed in 
room 101 section)

Cell bank and 
supplies for 
cloning lab also 
stored here

Cloning – cell 
culture

Cell culture Biosafety cabinet (BSC), 
incubators, assistant 
work station, deionized 
water polisher

Cloning – 
micromanipulation 
station

Cellular manufacturing Micromanipulator, 
electroporator, 
microscopes

Restroom Unisex restroom
Interlock Negative space between 

barrier and laboratory
Shower Unisex shower In/out shower 

for all personnel 
entering the 
barrier 
facilities; In-use 
light system 
indicates the 
status

Data Electrical, networking and 
telecommunications closet
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Table 8.4 (continued)

Room/function Room description Equipment Remarks
Isolator holding Easy access to piglet 

husbandry isolators during 
first 30 days

Medical air and oxygen 
manifolds and tank 
storage

Climate- 
controlled space 
able to heat 
ambient 
temperature 
into the upper 
80s

Barrier entry The clean locker room, 
scrub sink, access to barrier 
mechanical room

HEPA fan-filtered space; 
medical air and oxygen 
alarm and emergency 
shut-off

Surgery preparation 
and instrument 
processing

A multipurpose room used 
for pre-procedure anesthesia 
induction, necropsies, 
instrument washing and 
sterilization, sterile 
pass-through to laboratory 
via interlocked cabinet or 
acrylic porthole

HEPA fan-filtered space; 
autoclave; lift table; 
anesthesia machine

Operating room Used for embryo transfer, 
piglet derivation, and organ 
harvest

HEPA fan-filtered space; 
anesthesia machine, 
powered operating table; 
operating room lights on 
swing arm; supply 
storage cabinets; 
electrocautery and 
suction

Fumigation room Chlorine dioxide 
sterilization of all supplies, 
equipment, feed, etc., 
entering the facility

Gas-tight 
dampers and 
gasketed doors; 
direct fan 
exhaust to 
outside via 
stainless steel 
duct

Supply room Storage and personnel 
workstation

HEPA fan-filtered space; 
ClorDiSys Minidox-M 
Chlorine Dioxide (ClO2) 
generator

Animal room Donor pig finishing/
isolation, gilt gestation

HEPA fan-filtered space; 
alternative designs (AD) 
custom swine 
accommodation; vinyl 
curtain for internal room 
division

Adjacent to the 
operating room, 
personnel flow 
to isolated 
animal via a 
door from the 
operating room

(continued)
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Piglets are derived through either surgical derivation or natural farrowing. For 
surgical derivation, piglets are maintained in self-contained isolators [designed 
and manufactured by ParkBioservices (Groveland, MA)] during weaning in the 
isolator- holding room. Access to the piglets is via gloved arm cuffs in the isola-
tor. Piglets are raised in a gnotobiotic fashion prior to the introduction into the 
barrier [11].

Piglets are also delivered via natural farrowing behind the barrier. Utilizing far-
rowing crates from Vittetoe (Keota, IA), gestating gilts are introduced 3 days prior 
to induction. Piglets are farrowed and then nursed directly by the surrogate sow. 
Milk replacer and probiotic are provided to the piglets when the sow stops 

Table 8.4 (continued)

Room/function Room description Equipment Remarks
Animal room Gilt isolation HEPA fan-filtered space; 

AD custom swine 
accommodation

7-day 
quarantine, 
accessible via 
door directly 
from receiving 
area

Animal room Gilt synchronization and 
gestation

HEPA fan-filtered space; 
AD custom swine 
accommodation

Animal room Gilt synchronization and 
gestation

HEPA fan-filtered space; 
AD custom swine 
accommodation

Dock Scissor lift added to 
facilitate transfer to/from 
various level vehicles

Receiving Reverse osmosis water 
filtration system, wash bay, 
backup freezer storage, 
chemical storage

Climate- 
controlled space

Cold room 4 °C cold storage for 
carcasses, on-site laundry 
equipment

Mechanical 
(outside)

Water heater, electrical 
service, transfer switch, 
building automation, roof 
access

Mechanical 
(barrier)

Vacuum pump, fire water 
plumbing, building 
automation controls, 
electrical panel

Corridor Access to animal rooms and 
procedural spaces, controls 
for mechanical dampers and 
variable speed HEPA filter 
fans, hand sink, light timer 
controls
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producing milk. A sterile solid feed is introduced 7–14 days after delivery to help 
facilitate weaning around day 28.

After weaning at 1 month of age and maturation to 4–6 months of age, pigs are 
relocated to a specially divided animal room immediately adjacent to the operating 
room. Isolated donor pig care is provided from the rear of the room, accessed 
through the operating room (OR) as an anteroom. Isolated donors are cared for first, 
followed by other pigs in the finishing room. Care continues for the pre-isolation 
cohort of animals that are housed on the other side of a curtain within the same room 
as the isolated donor (most clean to least clean within barrier facility). These ani-
mals are accessed via the main corridor, where the animal care staff don new per-
sonal protective equipment (PPE). After providing care for the animals, the staff 
exits to the hall and facility.

Surgical staff enter through the shower, complete preparations in the scrub room 
section of the barrier entry room, and directly enter the OR. Donor pigs are pre- 
anesthetized and prepped in the pre-harvest donor isolation area and transported via 
a lift table through the direct access door to the OR. Organ harvest is done within an 
International Standardization Organization (ISO) 5 or Class 100 Cleanroom condi-
tion curtained area. ISO 5/Class 100 conditions are defined by 240–360 air changes 
per hour (unidirectional airflow) and less than 100 particles per cubic foot of air [1]. 
After the surgery, the staff exit via the shower.

Materials, including feed, enter the barrier through the fume room or through the 
port between the laboratory and barrier sides of the facility. Chlorine dioxide gas is 
generated using a Minidox-M provided by ClorDiSys (Somerville, NJ). Items that 
are introduced via the interlocked pass-through are sprayed in with ethyl alcohol. 
An autoclave is present behind the barrier to reprocess any items that need to be 
sterilized but remain within the barrier. Materials exit through the fume-room, port, 
or via the interlock. All animal rooms have the ability to be isolated and decontami-
nated using the same chlorine dioxide generator as the fume-room. Doorplates 
facilitate the decontamination of individual rooms while the generator is housed in 
the common corridor. This allows for each room to be run as an independent envi-
ronment and populated using an “all-in/all-out” strategy.

In addition to the facility itself, staff must (i) complete a thorough health 
screening before gaining access to the barrier, (ii) verify that they are fever-free 
within the last 24 hours, (iii) have not been in contact with pigs within the last 
72  hours, and (iv) comply with a rigorous Occupational Health and Safety 
Surveillance Program [10].

Below is a description of the function and relevant equipment for each room 
within the facility.

 Pathogen Screening

In the decade since the publication of the Guideline, a large body of pathogen- 
related work has been published. Some potential infectious risks, such as 
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Transmissible spongiform encephalopathies (TSE) and porcine endogenous retrovi-
rus (PERV), have been better quantified, and new risks, such as Ebola generally and 
emerging porcine pathogens specifically, have arisen.

To construct a comprehensive list of “agents of concern,” three primary 
sources that represent (i) a global regulatory viewpoint, (ii) the technical view-
point of the industry association, and (iii) the practical viewpoint of an actual 
clinical trial, were reviewed. A fourth source to address emerging diseases asso-
ciated with swine was added. Finally, these sources were complemented by a 
fifth source specific to viral pathogens (a National Institutes of Health [NIH] 
intramural report on the host range of viral pathogens). These sources are listed 
in full in Table 8.5 [12–16].

Further expanding on the previously recommended pathogens of interest, 
Hartline et al., published a list of xenotransplantation pathogens of interest, along 
with PCR-based screening assays developed to quantitatively detect each pathogen 
(Table 8.6) [17].

Each pig involved (gestating gilts and organ-source pigs) will be tested for 
agents of concern as part of the pathogen-screening program. Pigs will be nec-
ropsied as a result of one of the following scenarios – (i) surrogate sow surgery 
after terminal delivery of piglets, (ii) selected sentinel animals from a litter, (iii) 
donor pigs after organ harvest, or (iv) any pig that dies unexpectedly. As per the 
Guideline, prospective organ donor pigs will be isolated for more than 3 weeks 
prior to organ procurement and subjected to pathogen screening during the isola-
tion period with an expected turnaround time of 1 week for results to become 
available. Samples taken after entry into the final isolation (before organ harvest-
ing) will also be tested by in vitro co-culture with human cell lines and in vivo 
inoculation into small mammals.

Table 8.5 Pathogenic “agents of concern” in pigs proposed for sources of organs and cells for 
clinical xenotransplantation: potential sources of infection

Title (year) Oversight/sponsorship
Second WHO global consultation on regulatory requirements 
for xenotransplantation clinical trials (2011) [12]

World Health Organization 
(WHO)

International Xenotransplantation Association consensus 
statement on conditions for undertaking clinical trials of 
porcine islet products in type 1 diabetes – Chapter 2: Source 
pigs. (2009) [13]

International 
Xenotransplantation 
Association (IXA)

Microbiological safety of the first clinical pig islet 
xenotransplantation trial in New Zealand (2014) [14]

New Zealand Ministry of 
Health

Trends in the emergence of swine pathogens (2012) [15] Food and Agriculture 
Organization of the United 
Nations (UN FAO)

Evaluation of the human host range of bovine and porcine 
viruses that may contaminate bovine serum and porcine trypsin 
used in the manufacture of biological products (2011) [16]

National Institute of Health 
(NIH)
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 Summary

In summary, the UAB off-campus xenotransplantation pig research facility is a 
single- purpose facility for producing a small number of genetically modified 
pigs for use in a pilot clinical trial. Previously, it was a large animal facility oper-
ated by the UAB Animal Resource Program that was upgraded in mid-2016 for 
the xenotransplantation program. Upgrades included (i) isolating the animal hus-
bandry and procedural space within the barrier area, (ii) creating entry–exit 
points for workers, materials, and pigs, and (iii) upgrading to HEPA filtration for 
air and reverse osmosis for water. Expansions completed in 2017 provided more 
space for animals.

Table 8.6 Pathogens of 
interest in pigs proposed as 
sources of organs and cells 
for clinical xenotransplanta-
tion by Hartline et al. 
2018 [17]

Target virus
Astrovirus
Bovine viral diarrhea virus
Chikungunya virus
Encephalomyocarditis virus
Hepatitis E virus
Influenza A virus
Influenza B virus
Lymphocytic choriomeningitis virus
Mycoplasma haemofelis group
Mycoplasma haemominutum group
Norovirus genogroup 2
Porcine adenovirus
Porcine cytomegalovirus
Porcine circovirus 2
Porcine circovirus 1
Porcine endogenous retrovirus C
Porcine hemagglutinating encephalomyelitis virus
Porcine lymphotropic herpesvirus 1
Porcine lymphotropic herpesvirus 2
Porcine lymphotropic herpesvirus 3
Porcine parvovirus
Porcine reproductive and respiratory syndrome 
virus
Rabies virus
Reovirus 1
Reovirus 2
Reovirus 3
Rotavirus
Sapovirus
Seneca valley A virus
Transmissible gastroenteritis virus
West Nile virus
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 Comment

Quality of the “product,” defined as a kidney with known genetics that is free from 
pathogenic agents of concern, is the primary concern in producing kidneys for use 
in humans. Cost and time are not insignificant concerns to the UAB program, which 
has an aggressive schedule and a budget that is not limitless. Past efforts elsewhere 
to construct and operate facilities to produce porcine tissues and cells for xenotrans-
plantation have been expensive, and these facilities either have been closed or are 
operating at substantially reduced levels and high operating costs. A flexible, adapt-
able design is the foundation of the vision for producing clinical-quality pig kid-
neys, as this is the first-in-human use of genetically modified pigs for organ 
transplantation. Adjustments in response to progress, accomplished in a timely and 
efficient manner, may make the difference between a successful program and a less 
successful program.

The basic principles of a pragmatic xenograft production approach are high-
lighted in Table 8.7.

References

 1. FDA, Center for Biologics Evaluation and Research. Source animal, product, preclini-
cal, and clinical issues concerning the use of xenotransplantation products in humans. 
Guidance for Industry. April, 2003, updated December, 2016. www.fda.gov/down-
loads/BiologicsBloodVaccines/GuidanceComplianceRegulatoryInformation/Guidances/
Xenotransplantation/UCM533036.pdf. Accessed 4 Sept 2017.

 2. FDA, Center for Veterinary Medicine. Regulation of intentionally altered genomic 
DNA in animals, guidance for industry. Draft Guidance. January, 2017 (revision of ear-
lier Guidance, January, 2009). https://www.fda.gov/downloads/AnimalVeterinary/

Table 8.7 Principles of production of designated pathogen-free pigs for xenotransplantation

1. All-in/all-out production
  (a) Single litter production, with varying genetics
  (b) To support cloned pigs or breeding approaches
2. Modular facility or design principles
  (a) More moderate investment, replicable for scale-up
  (b) Flexible for practical alterations and new techniques
  (c) Facilitate parallel architectural design and construction process (design-build approach)
3. Designated pathogen-free versus germ-free
  (a) Pathogen screening and response plan versus maintenance of the germ-free status
  (b) Animal health status confirmed at various screening time-points
  (c) Freedom from designated pathogens of interest
4. Challenging the paradigm with new technology and outside expertise
  (a) Genome sequencing for product identification
  (b) Rapid infectious disease screening for known and archive for unknown pathogen analysis 

in the future
  (c) Genomic and metagenomic sequencing for pathogen detection

K. Kraebber and E. Gray

http://www.fda.gov/downloads/BiologicsBloodVaccines/GuidanceComplianceRegulatoryInformation/Guidances/Xenotransplantation/UCM533036.pdf
http://www.fda.gov/downloads/BiologicsBloodVaccines/GuidanceComplianceRegulatoryInformation/Guidances/Xenotransplantation/UCM533036.pdf
http://www.fda.gov/downloads/BiologicsBloodVaccines/GuidanceComplianceRegulatoryInformation/Guidances/Xenotransplantation/UCM533036.pdf
https://www.fda.gov/downloads/AnimalVeterinary/GuidanceComplianceEnforcement/GuidanceforIndustry/UCM113903.pdf


153

GuidanceComplianceEnforcement/GuidanceforIndustry/UCM113903.pdf. Accessed 4 
Sept 2017.

 3. U.S.  Public Health Service Guideline on infectious disease issues in xenotransplantation. 
MMWR Recomm Rep. 2001;50:1–46.

 4. Food and drugs, 21 CFR. http://www.ecfr.gov/cgi-bin/text-idx?tpl=/ecfrbrowse/Title21/21tab_ 
02.tpl.

 5. Animals and animal products, 9 CFR. http://www.ecfr.gov/cgi-bin/text-idx?tpl=/ecfrbrowse/
Title09/9tab_02.tpl.

 6. Public health, 42 CFR. http://www.ecfr.gov/cgi-bin/text-idx?tpl=/ecfrbrowse/Title42/42tab_ 
02.tpl.

 7. Schuurman H. Xenotransplantation: from the lab to the clinic. Clin Transpl. 2011;25:E415–21. 
https://doi.org/10.1111/j.1399-0012.2011.01471.x.

 8. Association for Assessment and Accreditation of Laboratory Animal Care. http://www.aaalac.
org/about/index.cfm. Accessed 4 Sept 2017.

 9. Committee for the Update of the Guide for the Care and Use of Laboratory Animals, Institute 
of Laboratory Animal Research, Division on Earth and Life Studies, National Research 
Council. Guide for the care and use of laboratory animals. 8th ed. Washington, D.C.: The 
National Academies Press; 2011. https://grants.nih.gov/grants/olaw/guide-for-the-care-and-
use-of-laboratory-animals.pdf. Accessed 4 Sept 2017.

 10. Hawthorne WJ, Cowan PJ, Bühler LH, et al. Third WHO Global Consultation on regulatory 
requirements for xenotransplantation clinical trials, Changsha, Hunan, China. December 
12-14, 2018. Xenotransplantation. 2019;26:e12513. https://doi.org/10.1111/xen.12513.

 11. Yuan L, Jobst PM, Weiss M.  Chapter 5  - Gnotobiotic pigs: from establishing facility to 
modeling human infectious diseases. In: Schoeb TR, Eaton KA, editors. Gnotobiotics. 
London: Academic Press; 2017. p. 349–68, ISBN 9780128045619. https://doi.org/10.1016/
B978-0-12-804561-9.00005-0.

 12. WHO. Second WHO Global Consultation on regulatory requirements for xenotransplantation 
clinical trials. Geneva: WHO; 2011; October 17–19.

 13. Schuurman HJ. Microbiological safety of clinical xenotransplantation products: monitoring 
strategies and regulatory aspects. A commentary. Xenotransplantation. 2016;23:440–3.

 14. Wynyard S, Nathu D, Garkavenko O, et al. Microbiological safety of the first clinical pig islet 
xenotransplantation trial in New Zealand. Xenotransplantation. 2014;21:309–23.

 15. Fournie G, Kearsley-Fleet L, Otte J, Pfeiffer D. Trends in the emergence of swine pathogens. 
Animal Production and Health Commission for Asia and Pacific; 2012. 36 p.

 16. Marcus-Sekura C, Richardson JC, Harston RK, Sane N, Sheets RL. Evaluation of the human 
host range of bovine and porcine viruses that may contaminate bovine serum and porcine 
trypsin used in the manufacture of biological products. Biologicals. 2011;39:359–69.

 17. Hartline CB, Conner RL, James SH, et al. Xenotransplantation panel for the detection of infec-
tious agents in pigs. Xenotransplantation. 2018;25:e12427. https://doi.org/10.1111/xen.12427.

8 Addressing Regulatory Requirements for the Organ-Source Pig – A Pragmatic…

https://www.fda.gov/downloads/AnimalVeterinary/GuidanceComplianceEnforcement/GuidanceforIndustry/UCM113903.pdf
http://www.ecfr.gov/cgi-bin/text-idx?tpl=/ecfrbrowse/Title21/21tab_02.tpl
http://www.ecfr.gov/cgi-bin/text-idx?tpl=/ecfrbrowse/Title21/21tab_02.tpl
http://www.ecfr.gov/cgi-bin/text-idx?tpl=/ecfrbrowse/Title09/9tab_02.tpl
http://www.ecfr.gov/cgi-bin/text-idx?tpl=/ecfrbrowse/Title09/9tab_02.tpl
http://www.ecfr.gov/cgi-bin/text-idx?tpl=/ecfrbrowse/Title42/42tab_02.tpl
http://www.ecfr.gov/cgi-bin/text-idx?tpl=/ecfrbrowse/Title42/42tab_02.tpl
https://doi.org/10.1111/j.1399-0012.2011.01471.x
http://www.aaalac.org/about/index.cfm
http://www.aaalac.org/about/index.cfm
https://grants.nih.gov/grants/olaw/guide-for-the-care-and-use-of-laboratory-animals.pdf
https://grants.nih.gov/grants/olaw/guide-for-the-care-and-use-of-laboratory-animals.pdf
https://doi.org/10.1111/xen.12513
https://doi.org/10.1016/B978-0-12-804561-9.00005-0
https://doi.org/10.1016/B978-0-12-804561-9.00005-0
https://doi.org/10.1111/xen.12427


Part IV

Antibody-Mediated Allotransplant Rejection: 
Lessons for Xenotransplantation



157© Springer Nature Switzerland AG 2020
D. K. C. Cooper, G. Byrne (eds.), Clinical Xenotransplantation, 
https://doi.org/10.1007/978-3-030-49127-7_9

Antibody-Mediated Graft Rejection 
in Nonhuman Primate Models: 
Comparison of Sensitized Allotransplant 
and Xenotransplant Rejection

Stuart J. Knechtle, Jean Kwun, Brendon Lovasik, 
Alton B. Farris, A. Joseph Tector, and Andrew B. Adams

Abbreviations

AMR Antibody-mediated rejection
DSA Donor-specific alloantibody
NHP Nonhuman primate

 Introduction

Antibody-mediated rejection (AMR) remains more difficult to prevent and reverse 
than acute cellular rejection of allotransplants. Despite advances in immunosup-
pressive drug management of transplant recipients, AMR, whether associated with 
preexisting antibody or de novo alloantibody, increases the risk of graft loss. The 
timing, pathology, and clinical behavior of AMR are characteristic. Banff criteria 
have been developed and refined for AMR in human kidney transplantation. 
Xenotransplants are known to also include a strong component of antibody- mediated 
injury, and we sought to examine similarities in a non-human primate model of 
kidney transplantation between the pathology of rejection of xenogeneic pig to 
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rhesus monkey kidney transplants and allogeneic pre-sensitized rhesus-to-rhesus 
monkey kidney transplants. Our findings suggest considerable similarities between 
the histologic findings of these two different types of renal transplants with respect 
to the cardinal pathologic features of AMR and/or thrombotic microangiopathy, 
which include glomerular capillary loop fibrin, glomerulitis, peritubular capillaritis, 
and interstitial hemorrhage. The time to graft loss secondary to AMR is also similar 
in these outbred, MHC-mismatched, large animal models. We have not compared 
head-to-head therapeutic strategies, but based on the similarity of pathogenesis, our 
results suggest that principles learned from one model may apply to the other, per-
haps including therapeutic strategies.

 Methods

Rhesus macaques (Macaca mulatta) were purchased from Alphagenesis (Yemessee, 
SC) through the National Institutes of Health (NIH) Non-human Primate Transplant 
Consortium. Animals were selected based on prescreening for MHC disparity and 
(SIV) seronegative status. For xeno-kidney transplantation, genetically modified 
donor pigs (GGTA1KO/CD55Tg) were purchased from the National Swine 
Resource and Research Center (University of Missouri-Columbia, Columbia, MO) 
[1]. All animals were cared for at a dedicated research animal facility (either the 
Duke Laboratory Animals for Research facility or Yerkes Primate Center), and care 
supervised by experienced non-human primate veterinary staff under protocols 
reviewed and approved by the Duke and Emory Institutional Animal Care and Use 
Committees (IACUCs). Humane care was guided according to the current princi-
ples of Laboratory Animal Management. Surgical procedures were conducted under 
general anesthesia, and pain was managed using narcotic and non-narcotic analge-
sics. For allosensitization, rhesus macaques were sensitized or immunized using 
full-thickness skin grafts procured from the dorsal skin of donor monkeys and 
placed on the dorsal, inter-scapular location of recipients. Two successive skin 
grafts were used in some monkeys to boost sensitization, placing grafts at three- 
week intervals. Kidney transplantation was performed by swapping left kidneys 
between the same pairs chosen for skin graft exchange and removing the right native 
kidneys such that animals depended on renal transplant function for survival. 
Xenotransplantation was performed in the same manner, but without placing skin 
grafts and rather used pigs as kidney donors to rhesus monkey recipients. 
Postoperative pain management was conducted according to veterinary guidelines 
with three times daily surveillance and drug administration as needed. Anti-rejection 
medications were administered daily by veterinary staff. Animals were clinically 
examined daily, and laboratory studies performed according to approved protocols. 
Kidney biopsies were done as indicated by rising serum creatinine or according to 
pre-determined protocols. Animals were sacrificed when they met predetermined 
protocol endpoints. Tissues were submitted for pathological review after sacrifice 
and interpreted by a single transplant pathologist (ABF).

S. J. Knechtle et al.



159

 Results

Identical induction and maintenance immunosuppressive regimen were used in both 
allosensitized kidney transplantation and pig-to-rhesus xenotransplantation 
(Fig. 9.1). Briefly, all recipients received an anti-CD4mAb (50 mg/kg) and anti- 
CD8mAb (25 mg/kg) prior to kidney transplantation. Posttransplant maintenance 
immunosuppression included Tacrolimus (target trough: 8–12 ng/ml) and mycophe-
nolate mofetil (15 mg/kg s.c. or 30 mg/kg po BID). After skin grafting in the allo-
sensitized model, monkeys showed elevated levels of donor-specific alloantibody 
(DSA, with 21.4-, 8.2-, 6.2-, 2.9-, 16.1-, and 5.9-fold increase in six monkeys). 
Kidneys transplanted to sensitized recipients experienced graft rejection with a 
mean survival time (MST) of 21.7 ± 19.0 days. For xenotransplantation, animals 
with preformed donor-specific IgG were excluded. Xenografts were rejected with 
an MST of 13.2 ± 4.8 days. Interestingly, the mean graft survival time was not sig-
nificantly different between sensitized allo- and xenografts under treatment 
(p = 0.53) (Fig. 9.2). The same renal pathology specialist (ABF) assessed histology 
for both allosensitized- and xeno-kidney graft in a blinded fashion adopting the cur-
rent human Banff scoring system [2]. The results of the AMR scoring system are 
summarized in Table 9.1. Similar histologic features were seen by the same patholo-
gist in reviewing control, untreated pig-to-rhesus monkey xenografts (Fig. 9.3). The 
scores although variable from animal to animal were consistent with AMR and/or 
thrombotic microangiopathy. As shown in Fig. 9.4 and Table 9.1, both settings of 
transplantation showed a high incidence of thrombotic microangiopathy and 

Day 0 7–7

Kidney transplant

anti-CD4 anti-CD8

Steroid taper

MMF

Tacrolimus (trough level: 8–12 ng/ml)

Induction

Maintanance 
Immunosuppression

Xenotransplantation

Sensitized allotransplantation

Fig. 9.1 Schematic representation of immunosuppressive regimen for sensitized-allo vs. xeno- 
kidney transplantation
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Table 9.1 Histopathologic features of xeno-kidney (n = 5 and sensitized allo-kidney n = 7) trans-
plantations are shown, with rejection diagnoses according to the Banff criteria

ID
Graft survival 
(days) Histopathological features

ag + ptc score 
(0–6)

(A) Xenotransplantation (CD4/CD8 depletion + tacrolimus/MME/steroids)
RHU16 7 Congestion and hemorrhage. Negative for acute 

cellular rejection; cannot exclude AMR.
1

RYA16 11 Borderline changes suspicious for acute cellular 
rejection. Congestion and hemorrhage. Neutrophil 
casts suggest possible urinary tract infection.

5

RIU16 12 Thrombotic microangiopathy, suspicious for 
AMR. RBC congestion.

4

RHU14 17 Thrombotic angiopathy with fibrin in arterial 
walls, as well as glomerular capillary loops, 
peritubular capillaries, and arterioles (? AMR); 
subcapsular hemorrhage.

1

RPV16 19 Thrombotic microangiopathy, suspicious for 
AMR. Focal RBC congestion.

4

(B) Sensitized allotransplantation (CD4/CD8 depletion + tacrolimus/MMF/steroids)
DW03 1 Hyperacute rejection, thrombotic 

microangiopathy. No evidence of acute cellular 
rejection. Acute tubular injury/necrosis. 
Hemorrhage and tubular necrosis are prominent in 
the medulla. Findings are possibly consistent with 
AMR.

4

FA6M 3 No evidence of acute cellular rejection. Acute 
tubular injury/necrosis.

1

GB5C 7 Thrombotic microangiopathy. Glomerular 
thrombi.

3

FE42 8 Thrombotic microangiopathy. Glomerular 
congestion. Fibrin, and glomerulitis. Apoptotic 
and necrotic cells in glomeruli.

4

RGm13 28 Borderline changes suspicious for acute cellular 
rejection.

4

GB46 43 Acute cellular rejection 2B. 5
DP78 44 Borderline changes suspicious for acute cellular 

rejection. Oxalate crystals, neutrophil casts 
suspicious of a urinary tract infection.

3

ag glomerulitis, ptc peritubular capillaritis
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Fig. 9.4 Representative histology for common features of antibody-mediated rejection in sensi-
tized (a) allo- and (b) xeno-kidney transplantation, including interstitial hemorrhage, peritubular 
capillaritis, and glomerulitis
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interstitial hemorrhage (or glomerular fibrin) together with glomerulitis and peritu-
bular capillaritis, which are highly associated with antibody-mediated rejection. 
Consequently, both groups showed high g + ptc score (Fig. 9.5) and showed high 
levels of c4d deposition (for allosensitized) or IgM deposition (for xenotransplants) 
(data not shown). These observations demonstrate striking similarities between 
allo- and xeno-AMR and suggest that these similarities in histologic appearance 
reflect mechanistic similarities with respect to immune cell activation and the effec-
tor arm of AMR.

 Discussion

The contribution of antibody targeting alpha-1,3-galactosyltransferase to graft 
rejection in xenotransplantation is well described [3]. However, it is uncertain that 
antibody is the major immunologic barrier in xenotransplantation when α-gal is not 
present, as is the case when using transgenic pig donors lacking α-gal. Furthermore, 
the pathologic or histologic results of renal xenotransplantation have not been 
directly compared to allotransplantation. Different outbred nonhuman primate NHP 
recipients, induction therapy, maintenance immunosuppressive drugs, and rejection 
kinetics might make direct comparison difficult in a study. However, we sought to 
compare antibody-mediated rejection in allo- and xenotransplantation in rhesus 
recipients receiving very similar induction therapy and maintenance immunosup-
pressive agents, and who showed similar kinetics of graft rejection (Figs. 9.1 and 
9.2). A head-to-head comparison of histology from allosensitized- and xenotrans-
plantation strongly suggests that the rejection is mediated by antibodies either 

6

AMR related
(g+ptc)

2

4

S
co

re

0

3

2

AMR related
(t+v+i)

Xeno

Sensitized Allo

1S
co

re
0

Fig. 9.5 A comparable clustered BANFF gradings for AMR and ACR in sensitized allo- and 
xeno-kidney transplantation. AMR-related score was calculated by combining points for tubulitis 
(t), intimal arteritis (v), and mononuclear infiltration (i)

S. J. Knechtle et al.



163

preformed or de novo. It is interesting that both settings lead to similar kinetics of 
unmodified rejection with similar histology showing features typical of antibody- 
mediated rejection. Allosensitized monkeys had preformed antibodies and a primed 
immune response while xenotransplant recipients did not show antibodies before 
transplantation. Further investigation is required to determine which antibodies are 
responsible for rejection in xeno-AMR (perhaps de novo IgM/IgG or natural anti-
body). Nevertheless, these similarities suggest the possibility that therapeutic 
approaches to pretransplant desensitization and posttransplant immunosuppression 
in xenotransplantation and in the sensitized allotransplantation may apply to both of 
these types of transplant, and that research in one area may inform the other. Clearly, 
transplanting the highly sensitized patient with an allograft has survival benefits 
compared to dialysis but also raises the risk of rejection, particularly late graft loss. 
The explosion of therapeutics targeting either antibody or the B cell and plasma cell 
offers a new opportunity to impact the outcomes of the sensitized allotransplant and 
the xenotransplant recipient.

The goal of our NHP studies has been to develop therapeutic strategies to address 
AMR in either the pre- or posttransplant period, and we have described the benefits 
of several approaches, including BAFF blockade [4], anti-CD40 [5–7], CTLA4-Ig 
[5–7], anti-CD38 [8], and proteasome inhibition [9]. We reported that presensitized 
recipients of allogeneic NHP kidney transplants with combined costimulation 
blockade (belatacept with anti-CD40mAb or belatacept alone) and plasma cell-tar-
geted therapy (carfilzomib or bortezomib) resulted in significant lowering of the 
donor-specific antibody (DSA) level, prolonged survival, and less evidence of AMR 
by histology [6, 7]. It is quite intriguing that anti-CD154mAb (targeting the same 
costimulation signaling axis) in xenotransplantation showed superiority in control-
ling posttransplantation rejection or AMR [1].

For this reason, we suggest that increased scrutiny be given to approaches that 
show significant efficacy in the highly sensitized patient and that such approaches 
be considered for application to xenotransplantation. Evaluation of the safety and 
efficacy of such immunosuppressive strategies in a NHP model offers the benefits 
of highly controlled experiments that may appropriately precede human clinical tri-
als. An unanswered question in xenotransplantation is whether an allosensitized 
patient would have an increased risk of AMR following xenotransplantation. 
Another question is whether xenotransplantation to humans would render the recip-
ient allosensitized. In other words, does allosensitization cross-react with xenosen-
sitization? These questions could be addressed in our highly allosensitized NHP 
model with the expectation that the principle would apply to humans as well. An 
answer to these questions would guide the application of xenotransplantation and 
tell us whether we should consider the allosensitized patient as an indication for 
xenotransplantation or not.
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Management of Anti-HLA Antibodies 
and Acute Antibody-Mediated Rejection

Robert A. Montgomery

Abbreviations

AMR Antibody-mediated rejection
DSA Donor-specific antibody
HLA Human leukocyte antigen
IdeS IgG-degrading enzyme of streptococcus pyogenes
SLA Swine leukocyte antigen

 Introduction

In many ways, the immunologic barrier of a highly sensitized patient receiving an 
allograft is similar to that encountered in a pig-to-human xenotransplant. Patients 
who are sensitized to allo-human leukocyte antigen (HLA) have a primed humoral 
and cellular immune response and many will have preformed donor-specific anti-
body (DSA) [1]. Despite the success of editing out key glycans from the pig genome 
that are the targets of the bulk of human humoral xenoreactivity, there will still be 
preformed antibodies that will need to be managed in human xenograft trials. There 
are also HLA epitopes for which there appears to be cross-reactivity with antigens 
expressed on class I and II swine leukocyte antigens (SLA) [2]. The field of HLA 
typing and cross-matching is very advanced, and similar capabilities will need to be 
developed for xenotransplantation.

Preformed xenoreactive antibodies and anamnestic B-cell responses may pro-
duce early antibody-mediated rejection (AMR) of the kind seen in 40% of patients 
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transplanted across an HLA-incompatible barrier [3]. Among patients who have 
undergone previous transplants, we also see the development of de novo HLA and 
non-HLA antibodies that lead to chronic AMR and are responsible for about 40% of 
allograft failures [4]. These antibodies then put the patient at risk for accelerated 
AMR after subsequent transplants. In the xenograft setting, neoantigens are likely 
to trigger similar de novo antibody responses that could lead to acute or chronic 
xenograft injury. Thus, the AMR phenotypes encountered in allografts are likely to 
be recapitulated in human recipients of pig xenografts.

The field of desensitization and AMR treatment in allotransplantation has made 
a great progress over the last 25 years and has produced many effective treatment 
modalities that can be applied to xenotransplantation [5, 6]. In this review, we will 
discuss the diagnostic criteria of AMR, injury phenotypes, populations at risk, and 
established and emerging treatments. This information will inform the identification 
and management of immunologic responses to xenografts in humans.

 Banff Diagnostic Criteria for AMR

The Banff process has continued to refine the diagnostic criteria for AMR to accom-
modate dizzying advancements in the technology of HLA antibody detection, 
microarray characterization of archetypal molecular AMR transcription signatures, 
and our understanding of the pathophysiology of AMR and its distinct injury phe-
notypes. For instance, the Banff 2007 diagnostic criteria included the requirement 
of the presence of diffuse C4d deposition in the peritubular capillaries. It was later 
discovered that anti-HLA antibody injury can result from noncomplement- activating 
antibody [7, 8], requiring significant changes in the Banff criteria. Banff 2017 
defines two common subtypes of AMR – acute active and chronic active.

Acute active AMR has histologic evidence of acute tissue injury (glomerulitis, 
peritubular capillaritis [PTCitis], or vasculitis), evidence of current or recent anti-
body interaction with the vascular endothelium (C4d staining, microvascular 
inflammation, or gene transcripts of endothelial injury), and serologic evidence of 
DSA [9]. What differentiates chronic active AMR from acute AMR is biopsy evi-
dence of chronic tissue injury manifest by transplant glomerulopathy, peritubular 
capillary basement membrane multilayering, and/or arterial intimal fibrosis. Chronic 
active AMR shares the diagnostic features of antibody interaction with the vascular 
endothelium (C4d staining, microvascular inflammation, or gene transcripts of 
endothelial injury) and serologic evidence of DSA, with acute AMR.

It is becoming clear that acute active AMR is generally more responsive to cur-
rently available therapeutics. If treated rapidly and effectively, acute AMR is 
reversible and the tissue injury can heal without progression to a chronic pheno-
type. Chronic active AMR, on the other hand, is probably not reversible with 
available treatment, leads to a truncated allograft half-life, and the best one can 
hope for from therapy at this point is to convert chronic active AMR to chronic 
injured phenotype [10, 11].
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 AMR Injury Phenotypes

Acute active AMR is defined by specific histologic, immunohistologic, molecular, 
and serologic criteria that indicate that soluble DSA is in contact with and injuring 
the allograft vascular endothelium. However, it does not provide information about 
the immunologic origin or natural history of the antibody. Acute AMR can be the 
result of sublethal levels of preformed DSA, a recall or anamnestic immune response 
in a sensitized patient or from de novo DSA formation.

In the era of routine cross-matching and sensitive solid phase assays for detecting 
DSA, persistent preformed antibody is often what remains after incomplete desen-
sitization therapy. The source of this antibody is the long-lived plasma cells in the 
bone marrow produced in response to a previous alloantigen immunization. Because 
these antibodies are coming from preexisting plasma cells, this represents a rebound 
phenomenon or a failure of persistent DSA to disappear after transplantation. AMR 
from this source usually occurs in the first few months after transplantation and 
tends to be mild-to-moderate in severity and can be subclinical, discovered on pro-
tocol biopsies. A single center retrospective study by Orandi et al. showed improved 
allograft survival in patients with this phenotype who were treated with plasmapher-
esis compared to those who were observed [12]. Also, patients who had C4d- 
positive biopsies had a worse prognosis [3]. This AMR phenotype usually responds 
to antibody depletion therapy but can persist and cause chronic injury.

AMR from a B-cell recall or anamnestic response is generally early (within the first 
week after the transplant), severe, associated with a rapid rise in strong DSA, and can 
result in allograft loss without prompt intervention. It is the classic primed, memory 
immune response in a previously sensitized patient and rapidly produces high-affinity, 
complement-fixing IgG that causes graft dysfunction. Biopsies show the typical find-
ings of acute active AMR, but also frequently include glomerular fibrin thrombi, inter-
stitial hemorrhage, and scattered small infarcts associated with microvascular thrombi.

If aggressive therapy is delivered rapidly (including antibody depletion, splenec-
tomy, and complement inhibition), these organs can usually be salvaged with good 
function and the DSA completely eliminated [13]. However, there is a significant 
risk of immediate graft loss.

In general, the appearance of de novo DSA is associated with poor long-term 
allograft function [14]. It can occur at any time after a transplant. It may suddenly 
appear weeks after a cellular rejection, and de novo DSA that are detected in the first 
6 months to a year usually occur in this setting. Post-one year, de novo DSA is often 
associated with nonadherence or immunosuppression reduction and has a mixed 
cellular/AMR phenotype. It may be diagnosed late, is poorly responsive to standard 
of care antibody reduction protocols (such as plasmaphersis or IVIg), and typically 
becomes chronic active AMR.

Chronic AMR, whether active or inactive, is associated with poor allograft sur-
vival. This phenotype has been recalcitrant to standard-of-care antibody-depleting 
therapies. If there is a response to treatment, it is usually temporary and the DSA 
level returns to pretreatment levels. It is most frequently associated with class II 
DSA, which has been shown to more commonly persist long-term after treatment 
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and more rapidly lead to graft loss [15, 16]. There is no evidence that treatment 
changes the natural history of this phenotype.

 Populations at Risk

Sensitized patients with detectable DSA are at the highest risk for post-transplant 
AMR. Most studies suggest the rate of AMR in HLA-incompatible kidney trans-
plants is between 20% and 40% [17, 18]. Patients undergoing desensitization across 
a positive CDC cross-match are more likely to experience AMR than patients who 
have lower strength DSA. However, sensitized patients who do not have detectable 
DSA are at risk for anamnestic responses, although it has been difficult to measure 
the HLA-specific memory and assign risk, there are techniques that can allow the 
measurement of the frequencies of B cells of different HLA antibody specificities. 
There is some evidence that depleting memory B-cell pools with Rituximab (an 
anti-20 mAb) can reduce anamnestic responses in sensitized patients [19].

Wiebe et al. showed that the risk of developing de novo HLA antibody is greater 
for patients maintained on cyclosporine versus tacrolimus. Among patients treated 
with tacrolimus, trough levels <5  ng/ml were associated with a significantly 
increased risk of forming de novo DSA. Having fewer class II HLA-DR/DQ eplet 
mismatches also independently meant less risk of developing DSA, and a better 
match could positively modulate the alloimmune risk of lower tacrolimus levels 
[20]. This suggests that the risk of development of de novo DSA is predictable and 
can be modified; this information represents a major advance in this field.

 Prevention and Treatment of AMR

 Options Available to Highly Sensitized Patients

An unintended consequence of the historic breakthrough, complement-dependent 
cytotoxic (CDC) cross-match, has been the creation of an underclass of disenfran-
chised patients who have very limited access to transplantation [21]. The transplant 
rate for highly sensitized (PRA >85%) patients on the kidney waiting list has tradi-
tionally been dismal. Desensitization strategies, kidney paired donation, and 
deceased donor allocation changes are improving the landscape (Fig.  10.1). 
However, a generally poor understanding of the benefits and limitations of these 
options by the transplant community is resulting in missed opportunities to apply 
the principles of precision medicine and bring the best transplant solution to indi-
vidual donor/recipient phenotypes [22].

In a single high-volume center study, patients undergoing desensitization and 
transplantation with a live donor have been shown to have a significant survival 
benefit over remaining on dialysis or waiting for a compatible deceased donor kid-
ney [23]. These results were confirmed in a larger multicenter study involving 22 
US transplant programs [24]. Matched controls for strongly sensitized patients who 
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remained on dialysis during the study period had a mortality rate of 70% at 8 years, 
which is worse than most types of cancer. Similar data are available for sensitized 
patients receiving deceased donor transplants [25].

The concept of a chain of transplants initiated by an altruistic (nondirected) 
donor was introduced by Montgomery et al. [26] and further refined by Rees et al. 
to broaden chains to include nonsimultaneous extended donation in which chains 
would pause and be extended further at a later time [27]. Pools of incompatible pairs 
increase the range of HLA genotypes available to sensitized patients when com-
pared to the small number of donors, a sensitized patient may have available to 
them. This increases the likelihood of finding rare genotypes that are compatible 
with recipients who are sensitized to common HLA antigens [28].

However, kidney paired donation has its limitations and there are certain donor/
recipient phenotypes that are more or less likely to match in an incompatible pool. 
Clinicians need to understand matching probabilities in order to advise patients on 
the best option for them. For ultra-sensitized patients, paired donation pools can 
provide a donor for whom the recipient is not compatible, but has a lower level DSA 
that can be removed by desensitization [29]. Using these matching algorithms, one 
can determine whether paired donation, desensitization, or a combination of both 
provides the highest likelihood of a transplant for a particular donor/recipient phe-
notype [22].

High dose
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No liver donor available

Tx

Tx

Tx Tx

Tx Tx
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Allocation priority

Highly sensitized

Live donor available

IdeS

Desensitization
PP/IVIg/Anti-
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PP/IVIg or IVIg

Desensitization
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Kidney paired
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Fig. 10.1 Transplant options for highly sensitized patients. The fork in the algorithm is deter-
mined by whether or not there is a living donor available. If the answer is yes, then desensitization, 
kidney paired donation, and a hybrid between the two strategies can often lead to a successful 
transplant. Knowing which donor/recipient phenotypes benefit the most from each modality is 
critical to choosing the optimal transplant solution. If the patient does not have a living donor, then 
desensitization with high-dose IVIg or Imlifidase can be performed prior to the transplant, the 
patient can wait for a compatible donor enabled by allocation priority points, or they can receive 
post-transplant desensitization as long as the antibody strength at the time of the transplant is low
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 Desensitization

There are two standard-of-care methods of desensitization: high-dose IVIg and 
plasmapheresis combined with low-dose IVIg. High-dose IVIg (2 g/kg) is usually 
given as 4 monthly infusions. This has been shown to increase both deceased and 
living donor transplant rates although it cannot be attributed directly to lowering 
PRA since the effect of IVIg on PRA reduction is modest [30]. There is evidence 
that a protocol involving two doses of IVIg and two doses of anti-CD20 improves 
the outcomes of desensitization and transplantation when compared to IVIg alone 
(Fig. 10.2a) [31, 32]. However, anti-CD20 has not been shown to reduce DSA or 
improve graft survival when used for the treatment of AMR [33]. Still, rituximab is 
utilized widely for antibody reduction despite a lack of evidence of efficacy. 
Mechanistically, although depletion of B cells might be predicted to prevent or 
dampen anamnestic responses, plasma cells do not express CD20 and are not 
affected by rituximab.

Plasmapheresis reduces DSA in a predictable fashion, lowering DSA by about 
one dilution per treatment. However, it is not an efficient way of depleting DSA since 
it only removes IgG from the intravascular space. The vascular space must then re-
equilibrate with the larger interstitial compartment prior to the next treatment, a pro-
cess that is optimized in about 48 hours. Low-dose IVIg (100 mg/kg) reduces the 
rebound of endogenous IgG between plasmapheresis treatments. Generally, plasma-
pheresis (1 volume exchange) is performed every 48 hours prior to the planned date 
for the transplant. The number of treatments necessary to get DSA to a safe level can 
be predicted based on the starting antibody strength. With increasing levels of DSA, 
more treatments are required. If plasmapheresis is discontinued, DSA levels will 
rapidly increase, and for this reason, plasmapheresis has mainly been used for 
patients with live donors when the date of transplant is known [34, 35].

This protocol has been modified for the treatment of AMR (Fig. 10.2b). Therapy 
is usually stopped when clinical, histologic, and DSA resolution is achieved. There 
may be some residual DSA, but it should be below the strength that would yield a 
positive flow cytometric cross-match. There are protocols for DSA reduction after 
deceased donor transplantation, but only when the initial DSA strength is at or 
below a level that yields a positive flow cross-match [36]. At higher antibody levels 
of DSA, the risk of hyperacute rejection makes these protocols unwise.

 Established and Emerging Treatments

Complement Inhibition
Complement blockage has been used in both desensitization and AMR treatment 
regimens as “add-on” therapy to standard-of-care protocols.
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Fig. 10.2 (a) High-dose IVIg protocol for desensitization. Two doses of 2 g/kg and two doses of 
Rituximab have been shown to increase deceased donor transplant rates for highly sensitized 
patients and produce very good outcomes. IVIg infusions should be carefully coordinated around 
dialysis treatments, and products high in sucrose should be avoided. Cycles can be repeated, if 
necessary. (b) Treatment of AMR with plasmapheresis and low-dose IVIg. Once the diagnosis of 
AMR is confirmed by biopsy, alternate day plasmapheresis (pp) followed by 100 mg/kg of IVIg is 
performed. One volume exchange is replaced by albumin and normal saline. If an invasive proce-
dure has been performed within a 24-hour period, fresh frozen plasma should make up part of the 
replacement fluid to reduce the risk of bleeding. If the AMR is severe, daily treatments are an 
option, but close monitoring for coagulopathy is advised. Therapy is usually stopped when clini-
cal, histologic, and DSA resolution is achieved. There may be some residual DSA, but it should be 
below the strength that would yield a positive flow cytometric cross-match
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Eculizumab was the first reported complement inhibitor used in transplant patients 
undergoing severe acute AMR [37]. Eculizumab prevents the cleavage of C5 to C5a 
and C5b, preventing the formation of the membrane attack complex (MAC) (C5b–
C9) and cytolysis. It does not, however, prevent the upstream formation of inflamma-
tory factors (anaphylatoxin C3a, iC3b, C3dg opsonins) or the deposition of C4d in the 
peritubular capillaries. The drug is FDA-approved for the treatment of paroxysmal 
nocturnal hemoglobinuria and atypical hemolytic uremic syndrome.

A phase II desensitization trial was initially reported by the sponsor, Alexion, as 
having failed to achieve a composite primary end-point which included a reduction 
in the rate of AMR in the first 3 months after renal transplantation. However, post 
hoc analysis by two study groups demonstrated that the failure of the trial was 
related to design flaws, including (i) discordance in the diagnosis of AMR between 
central and local pathologists; (ii) changes in DSA strength inclusion criteria mid- 
study; (iii) unconventional diagnostic criteria defining AMR; and (iv) the inclusion 
of patients with C1q-negative DSA. Mitigating any one of these assumptions would 
have resulted in a positive study [38, 39].

C1 esterase inhibitor (C1-INH) is FDA-approved for hereditary angioedema. It 
is an endogenous serine protease inhibitor involved in multiple biologic pathways 
(including coagulation, kallikrein, and complement). Nano-filtered C1-INH plasma- 
derived products have been used to block C1q in the classical complement pathway 
to prevent and treat AMR in several phase I/II placebo-controlled and uncontrolled 
exploratory trials [40, 41]. There were no safety signals in the transplant population. 
Currently, there are two phase III multicenter randomized controlled trials deter-
mining the efficacy of two formulations of C1-INH for the treatment of AMR. The 
Takeda/Shire trial has been discontinued due to lack of evidence of efficacy during 
an interim analysis.

IgG-degrading enzyme of Streptococcus pyogenes (IdeS) (Imlifidase) is an 
enzyme that cleaves at a specific amino acid sequence in the hinge region of human 
IgG, creating an Fc and F(ab’)2 fragment [42]. IgG throughout the body is neutral-
ized within 4 hours of administration. For the first 7 days after the drug is given, 
both soluble IgG and the B-cell receptors are undetectable. Between days 7 and 10, 
IgG can rebound and return to predrug levels [43]. Unfortunately, most people 
develop anti-IdeS neutralizing antibody after one or two doses and this prevents 
repeated dosing when IgG rebounds. In an initial report of sensitized patients who 
received a single treatment of IdeS prior to transplantation, efficacy was demon-
strated in eliminating HLA antibody [44]. There was one hyperacute rejection 
(thought to be from IgM antibody) and 10 out of the remaining 24 patients had an 
episode of AMR associated with IgG rebound. All were successfully treated with 
standard-of-care therapy.

In a second report from Lonze et al., seven positive cross-match patients were 
converted to a negative cross-match and successfully transplanted with either living 
or deceased donors. Three of seven had DSA rebound with AMR, which resolved 
with standard-of-care treatment [45]. IdeS is the most rapid and potent method for 
eliminating HLA antibody, and is likely to play a key role in the future for the treat-
ment of AMR [46].
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There are many series and case reports of using splenectomy (or splenic emboli-
zation and splenic radiation) as a salvage procedure for severe early AMR, espe-
cially in highly sensitized patients [47–49]. The B-cell recall or anamnestic response 
phenotype seems to benefit the most from this intervention [13]. DSA rebound is 
profound and biopsies often demonstrate interstitial hemorrhage, glomerular fibrin 
thrombi, and focal necrosis. Plasmapheresis and IVIg do not effectively reduce 
DSA in this phenotype, and allograft loss occurs rapidly without source control of 
antibody production. Plasmablasts and plasma cells have been shown to traffic to 
the spleen under these circumstances and are accessible for elimination [50, 51]. 
The combination of plasmapheresis with splenectomy and complement inhibition 
has been shown to result in a high salvage rate and protection from transplant glo-
merulopathy [13].
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ADCC Antibody-dependent cellular cytotoxicity
AMR Antibody-mediated rejection
cAMR Chronic active antibody-mediated rejection
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IVIg Intravenous immunoglobulin
Tfh T follicular helper

 Introduction

 Mechanisms of Allosensitization

Sensitization to alloantigen (human leukocyte antigen [HLA] class I or class II), 
molecules derived from the allograft, occurs through a process of antigen presenta-
tion to naïve T cells that mature to T follicular helper (Tfh) cells in the regional 
lymph nodes or spleen (germinal centers) of allograft recipients. In the germinal 
center, Tfh cell activation is critical for generation of de novo alloantibody 
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production and is driven primarily by the production of interleukin (IL)-6 and IL-21. 
Naïve B cells subsequently become activated by Tfh cells, and the persistence of 
IL-6 enhances development of memory B cells and plasmablasts.

IL-6 production in plasmablasts enhances germinal center formation and termi-
nal development of donor-specific antibody (DSA)-producing plasma cells [1, 2]. 
Alloantibody migrates to the graft and initiates complement-dependent cytotoxicity 
(CDC) and antibody-dependent cellular cytotoxicity (ADCC), with resultant 
antibody- mediated rejection (AMR). DSA production usually results from inade-
quate immunosuppression or activation of established memory responses to alloan-
tigens in sensitized individuals. Regardless, once established, alloimmmune 
responses persist for the life of the allograft and beyond, creating a highly HLA- 
sensitized individual. For a more comprehensive overview of the etiology of allo-
sensitization and approaches to management, several recent papers are 
recommended [2–4].

 Antibody-Mediated Rejection (AMR)

AMR is an increasingly recognized, severe form of allograft rejection, character-
ized by several pathologic variants resistant to treatment with standard immunosup-
pressive agents. Significant advances have occurred to identify patients at risk for 
AMR and the pathologic features associated with this diagnosis [2–4]. The immu-
nopathology of AMR suggests an important role for antibodies, B cells, and plasma 
cells. Here, intravenous immune globulin (IVIg), rituximab, and/or plasmapheresis 
are commonly used for the treatment of acute AMR [5–9].

Despite successes, post-transplant AMR, chronic active AMR (cAMR), and 
transplant glomerulopathy remain significant problems that are only modestly ame-
nable to these therapies. Data from the Deterioration in Kidney Allograft Function 
(DeKAF) study show that in the current era of immunosuppression, most graft 
losses have evidence of cAMR with C4d+ staining [10]. It is estimated that 5000 
allografts are lost each year in the USA, primarily from cAMR [11]. The current 
treatment paradigms rely on reduction of antibody levels to prevent AMR.

AMR is often seen in patients who are noncompliant or receiving inadequate 
immunosuppressive therapy and those who receive HLA-incompatible transplants. 
Additionally, transplant glomerulopathy usually results from persistent DSA- 
positivity which dissipates allograft function, resulting in graft failure and return to 
dialysis with devastating emotional consequences for patients and their families, 
and financial consequences for the healthcare system [12–16]. No current therapy is 
approved by the US Food and Drug Administration (FDA), and patients are often 
treated with combination therapies making analysis of efficacy difficult. Thus, the 
scope of antibody-induced injury in the transplant population is significant and 
increasing [10]. Here, there is a large unmet clinical need.

One critical obstacle in the successful treatment of AMR is addressing the long- 
lived nature of plasma cells and persistent DSA, despite treatment strategies [17]. 
An “ideal” treatment option would eliminate circulating DSAs, inhibit CDC and 
ADCC, and rebound DSA generation.
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 Therapeutic Approaches to Treatment of AMR

 The Anti-CD20 Monoclonal Antibodies

 Rituximab
Rituximab is a chimeric monoclonal antibody (mAb) aimed at CD20, a cell surface 
antigen highly expressed on pre-B- and mature B-lymphocytes, but not differenti-
ated plasma cells. In a single center, double-blind, placebo-controlled study by van 
den Hoogen et al., patients were randomized to receive induction therapy with a 
single dose of rituximab or placebo, with standard immunotherapy. The primary 
endpoint was the incidence of biopsy-proven rejection 6  months post-transplant 
[18]. Induction with rituximab did not result in significant reductions in allograft 
rejection at 6 months versus placebo. However, in high-risk patients (retransplants, 
DSA+), a significant reduction in allograft rejection was seen with rituximab.

Our group has published a blinded, placebo-controlled study of IVIg + rituximab 
versus IVIg + placebo for desensitization which demonstrated an essential role of 
rituximab in prevention of DSA rebound, AMR/cAMR, transplant glomerulopathy, 
and improved post-transplant graft survival. The study was unblinded due to severe 
adverse events in the IVIg + placebo group, including AMR (n = 3) and graft loss 
(n = 2) (P = 0.06). Although no significant differences were seen in DSAs at trans-
plant, rapid DSA rebound associated with severe AMR occurred within 1 month 
post-transplant. DSAs trended downward in those who received IVIg + rituximab, 
and no cases of AMR were observed on for-cause and 6-month protocol biopsies. 
Additionally, the IVIg + rituximab group showed significant benefits in renal func-
tion at 6 and 12 months (P = 0.04) [19].

Zachary et  al. so elegantly demonstrated the ability of rituximab to prevent 
anamnestic responses to alloantigens post-transplant. In 24 patients sensitized to 
HLA antigens, who did not have HLA antibody before transplantation, no post- 
transplant antibody to HLA antigens was detected in 10 rituximab-treated patients. 
However, HLA antibody was detected in 13 of 16 cases without rituximab treatment 
(P = 0.00006). Thus, elimination of peripheral HLA-specific B cells in patients who 
are sensitized to HLA antigens, but lacking detectable antibody abrogates an anam-
nestic response and risk for AMR [20].

Kohei et al. showed the administration of rituximab in ABO-incompatible trans-
plant recipients (n = 57) resulted in long-term prevention of dnDSAs and low inci-
dence of AMR versus a cohort of ABO-compatible living donor transplants not 
receiving rituximab (n = 83). The 5-year graft survival rates were 98.1% with ritux-
imab versus 90.3% in the ABO-compatible group. At 2 years post-transplant, the 
incidence of AMR in the rituximab group was 3.5% versus 22.9% in the ABO- 
compatible patients [21].

Recent data from a randomized, placebo-controlled clinical trial showed that anti-
CD20mAb did not add benefit to treatment of AMR with plasmapheresis +  IVIg 
[22]. However, there were many troubling issues in this trial that likely limit the 
validity of the results. First, rituximab was given on the same day as IVIg. This likely 
limits the efficacy and half-life of rituximab due to IVIg blocking of the Fc neonatal 
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receptors (FcRn) on endothelium that are responsible for recycling IgG molecules 
and extending their half-life. The investigators also performed plasma exchange 
<24 hours after IVIg + rituximab, removing the majority of the drug [23, 24].

Another randomized, placebo-controlled study assessed the efficacy of ritux-
imab for treatment of AMR. This multicenter trial aimed to enroll 25 patients per 
arm but (due to cost) enrolled 25 in total (12 rituximab, 13 placebo). The authors 
found no difference in outcomes at 1 year. Despite good intentions, this study was 
not powered to formulate the conclusions put forward.

From our work in desensitization and that of others, rituximab shows benefits in 
removing memory B cells and limiting antibody rebound after other treatments (i.e., 
IVIg, plasmapheresis, IdeS) [19, 20].

 Obinutuzumab
Obinutuzumab is a humanized, type II, immunoglobulin-G1 anti-CD20mAb, FDA- 
approved for chronic lymphocytic leukemia. Obinutuzumab, unlike rituximab is a 
more powerful depleter of B cells, operating through ADCC and direct apoptosis, 
with little effect through CDC. This is important since the concomitant use of com-
plement inhibitors (i.e., eculizumab) with rituximab likely diminishes efficacy of 
rituximab, as its primary mode of B-cell depletion is through CDC.

In vitro obinutuzumab was twofold more efficient in reducing B-cell cytotoxic-
ity. Specifically, obinutuzumab exhibited a more potent activation of natural killer 
(NK) cells and neutrophils, and a more effective Fcγ receptor interaction [25–27].

A Phase Ib, open-label study of single and repeat doses of obinutuzumab to 
assess pharmacokinetics, pharmacodynamics, and safety in highly HLA-sensitized 
end-stage renal disease patients awaiting kidney transplantation did not show ben-
efit in reducing calculated panel-reactive antibody (cPRA) values, although ~50% 
of patients ultimately underwent transplantation [28]. Thus, obinutuzumab, a novel 
type 2 anti-CD20mAb with superior B-cell depletional activity and efficacy against 
plasmablasts, could be of benefit in prevention and treatment of AMR.

 Costimulation Blockade

 CTLA4Ig (Belatacept): An Inhibitor of T and B Cells

Recent studies have highlighted the importance of costimulatory blockade in con-
trolling B-cell-directed immune responses to allografts [29]. Post-transplant gener-
ation of dnDSA is recognized as a major cause for allograft failure. To date, the 
immunosuppressive regimen associated with low dnDSA development is a failure 
to maintain therapeutic levels of tacrolimus [30]. Recent clinical trials using the 
novel costimulatory-blocking IgG Fc fusion protein containing CTLA4 (CTLA4-Ig) 
show that kidney transplant recipients treated with belatacept have better graft sur-
vival, graft function, and a lower proportion of dnDSAs versus cyclosporine [31]. 
Chen et al. showed that CTLA4-Ig treatment of allosensitized mice resulted in sig-
nificant suppression of B memory cell responses [32].
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Our group conducted dosing experiments in a mouse model of allogeneic sensi-
tization to evaluate the efficacy of CTLA4-Ig treatment in DSA suppression. We 
found that CTLA4-Ig significantly inhibited dnDSA IgM and IgG production in 
mice sensitized to HLA-A2+ skin grafts. In longitudinal experiments, we found that 
CTLA4-Ig administered during T-cell priming 90  days after primary skin graft 
exposure had a long-lasting effect in reducing DSA IgG memory responses to HLA- 
A2+ skin grafts. The inhibitory effect of CTLA4-Ig in suppressing DSA memory 
responses was significantly enhanced by the addition of an anti-IL-6R antibody. We 
also demonstrated that dnDSA suppression by CTLA4-Ig is due to inhibition of 
T-dependent B-cell activation secondary to Tfh cell inhibition. In in vitro experi-
ments with alloreactive plasma cells, we found that CTLA4-Ig inhibited plasma cell 
proliferation and Ig production. This suggests that plasma cells may depend on 
costimulation through CD28/B7 as a mechanism of activation [33].

Leibler et  al. recently investigated the mechanisms involved in the control of 
humoral responses by analyzing the effect of belatacept on different steps of the B-cell-
mediated response in humans. In vitro belatacept reduced plasmablast differentiation, 
Ig production, and the expression of the major transcription factor involved in plasma 
cell function, Blimp-1, in a T-cell-independent manner. Belatacept reduced the expres-
sion of CD86 on antigen-presenting cells (APCs). Additionally, belatacept blocked 
CD28-mediated activation of Tfh in an autologous Tfh-memory B-cell model.

In kidney transplant recipients treated with belatacept, investigators demonstrated 
that patients treated with belatacept had reduced effector B cells and activated Tfh 
cells compared with calcineurin inhibitor-treated patients. They concluded that belata-
cept modulates B-cell function directly at the level of B cell–Tfh interaction and these 
interactions are likely responsible for the modulation of humoral immunity seen in 
belatacept-treated patients [34]. This paper is of great interest since belatacept may 
emerge as an important agent for prevention and treatment of AMR.

 Anti-plasma Cell Therapies

 Daratumumab

Daratumumab is an anti-CD38mAb which induces potent CDC and ADCC against 
CD38+ cells in patients with multiple myeloma. Daratumumab is the first anti- 
CD38mAb, and received FDA breakthrough status in 2015 [35]. CD38 is a type II trans-
membrane glycoprotein heavily involved in intracellular signaling via cell adhesion, 
calcium-dependent signal cascade, activation of NK cells, and IgG1 production from 
B- and T-cell signal transmission [36]. CD38 is more highly expressed on malignant 
cells and is present on the surface of short- and long-lived plasma cells. In a dose escala-
tion study for multiple myeloma, daratumumab significantly reduced bone marrow 
plasma cells. CD38+ T regulatory cells (Tregs) and CD38+ B regulatory cells (Bregs) 
were decreased by daratumumab administration. This mechanism may provide a poten-
tial treatment of plasma cell-induced AMR. Overall, the safety profile of daratumumab 
is acceptable [37]. However, the impact on depletion of Tregs/Bregs by daratumumab 
may be a concern for induction of cell- mediated rejection in HLA-sensitized patients.
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 Proteasome Inhibitors

 Bortezomib
Targeting antibody-producing plasma cells was felt to be a superior strategy to use 
of anti-CD20mAb in treating AMR. Several centers promoted the use of bortezo-
mib, a proteasome inhibitor approved for the treatment of multiple myeloma. Data 
supporting the use of bortezomib were limited to single centers, and evidence on 
efficacy and safety from a larger cohort of patients with AMR was lacking. However, 
two recent papers have addressed this issue.

First, Eskandary et  al. reported results of the first prospective, randomized, 
placebo- controlled trial of bortezomib in patients with late active AMR 
(BORTEJECT Trial) [38]. Of 744 patients, 44 met study criteria and were random-
ized to two cycles of bortezomib (n = 21) or placebo (n = 23). In direct contradiction 
to previous reports, these investigators found that bortezomib had no effect on out-
comes over 2 years of follow-up (GFR slope −4.7 versus −5.2 ml/min per 1.73 m2 
per year). Proteinuria, DSA and AMR histology, and molecular microscopic analy-
sis did not differ between the two groups. Bortezomib therapy was associated with 
more drug-related side effects [38].

Moreno Gonzales et al. recently reported that 32 doses of bortezomib for desen-
sitization were not well tolerated and had only a modest impact on anti-HLA anti-
bodies [39]. Thus, the role of bortezomib as a future therapeutic agent in treatment 
and prevention of AMR is questionable, and may be more effective when combined 
with other therapies.

 Carfilzomib
Ensor et al. reported on carfilzomib-based therapy for treatment of AMR in lung 
transplant recipients. Carfilzomib is a second-generation proteasome inhibitor that 
irreversibly binds the 26s proteasome and permanently inhibits activity. These 
investigators found that treatment with carfilzomib resulted in significant reductions 
in DSAs and improvement in lung allograft function during the treatment period in 
10 of 14 patients. However, seven deaths occurred in carfilzomib responders due to 
allograft failure. The authors suggest that severe AMR may not be amenable to 
intermittent carfilzomib therapy [40]. It is also likely that rebound DSA responses 
after cessation of carfilzomib accelerated the decline in allograft function. 
Carfilzomib + CTLA4-Ig may offer an excellent therapeutic approach for preven-
tion and treatment of AMR [41].

 IL-6 and IL-6R Inhibitors

IL-6 was first described as a multifunctional cytokine that directed the development 
and maturation of B cells to plasma cells and sustained antibody production [1, 
42–44]. In this regard, the role of IL-6 in induction of Tfh cells is critical for initia-
tion of adaptive immune responses, progression of naive B cells to plasma cells, and 
production of high-affinity antibodies [1, 44, 45]. Additionally, persistence of IL-6/
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IL-6R (IL-6 receptor) signaling inhibits Treg cell development, thus enhancing Tfh 
and Th17 pathogenic antibody and inflammatory functions. Importantly, anti-IL-6/
IL-6R therapies are known to have effects in reducing Th17 and Tfh cells, which 
block autoimmunity and reduce pathogenic antibody production. The ability of 
anti-IL-6/IL-6R therapy to inhibit Tfh activity and reduce alloreactive B cells, plas-
mablasts, and DSA production is a significant consideration in the prevention and 
treatment of alloantibody-induced injury.

IL-6 is a growth factor critical for B cells and plasma cells and is produced by 
plasmablasts, resulting in new germinal center formation. IL-6 inhibition signifi-
cantly reduces Th17 and Tfh cells, plasmablasts, and upregulates Treg cells. Clinical 
trials of anti-IL-6/IL-6R therapies have been completed or are now underway in 
kidney transplantation for the treatment and prevention of AMR [46–50]. Data on 
the two most important IL-6 inhibitors are below.

 Tocilizumab

Tocilizumab is a first-in-class mAb directed at the IL-6R. Tocilizumab was FDA- 
approved for treatment of rheumatoid arthritis and juvenile idiopathic arthritis in 
2011. Tocilizumab resulted in reductions in peripheral pre- and postswitch memory 
B cells, IgG+ and IgA+ B cells, and significantly reduced B-cell hyper-reactivity.

Our group conducted a single-center phase I/II open-label study in HLA- 
sensitized patients with end-stage renal disease who had failed desensitization with 
IVIg + rituximab ± plasmapheresis. All patients received IVIg 10% 2 g/kg on days 
1 and 30, and tocilizumab 8 mg/kg on day 15, then monthly for 6 months. Of the ten 
patients, five received transplants (two were withdrawn due to noncompliance with 
protocol pretransplant). Mean time to transplant from first desensitization decreased 
from 25  ±  10.5 to 8  ±  5.4  months with tocilizumab treatment. Reductions in 
immunodominant DSAs were seen in all transplanted patients at transplant 
(p = 0.024) and most significantly at 12 months (p = 0.0003). All patients received 
six tocilizumab doses post-transplant and 6-month protocol biopsies showed no evi-
dence of rejection. The estimated glomerular filtration rate (eGFR) at 12 months in 
transplanted patients was 60 ± 25 ml/min [51].

In another single center, open-label study conducted by our group, highly sensi-
tized patients with DSA+ cAMR, who failed IVIg +  rituximab ± plasmapheresis 
therapy, received tocilizumab 8  mg/kg monthly for 6–25 months. A total of 36 
patients were assessed (between 2011 and 2016) for allograft loss, patient survival, 
DSA reduction, and improvement in biopsy results. They were compared with a 
historical cohort treated with standard-of-care therapy (IVIG ± rituximab ± plasma-
pheresis) (n = 39). The median follow-up was 3.26 years (maximum 7 years). Four 
of 36 tocilizumab-treated patients had graft failure (11.1%). Repeat biopsies in 
tocilizumab-treated patients showed significant reductions in glomerulitis + peritu-
bular capillaritis and C4d+ scores. This contrasted to 21 of 39 graft losses (54%) in 
patients treated with standard-of-care therapy. At 6 years post-cAMR diagnosis, the 
tocilizumab-treated patients had a graft and patient survival probability of 80% and 
91%, respectively [52].
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 Clazakizumab

Clazakizumab is an immunoglobulin G1 (IgG1) mAb aimed at the IL-6 ligand. 
Clazakizumab has been evaluated extensively in patients with rheumatoid arthritis, 
but is not FDA-approved for any condition [53]. Our center has recently initiated 
two phase I/II, open-label, single-arm exploratory studies.

First, an AMR study (n = 10) will examine the safety and tolerability of clazaki-
zumab 25 mg subcutaneously every 4 weeks in DSA+ patients with cAMR transplant 
glomerulopathy on biopsy [NCT03380377] [48]. Second, a desensitization study 
will assess 10 highly sensitized patients with cPRA >50% awaiting either a living 
donor or deceased donor kidney transplant. Eligible patients will receive plasma-
pheresis + IVIg followed by 6 months of clazakizumab 25 mg subcutaneously until 
transplantation. If transplanted, patients will receive six additional doses 
[NCT03444103] [47]. An additional placebo-controlled study assessing the utility of 
clazakizumab for treatment of cABMR is being conducted in Vienna and Berlin [46]. 
A large blinded, placebo-controlled multicenter study in cAMR is set to start in 2019.

 IgG-Degrading Enzyme of Streptococcus pyogenes 
(IdeS, imlifidase)

Imlifidase is a novel drug that is being developed for desensitization and treatment 
of AMR in kidney transplant patients. Imlifidase is an immunomodulating enzyme 
that cleaves all four IgG antibody subclasses into F(ab’)2 and Fc fragments at the 
lower hinge region with high specificity. Other immunoglobulins, including IgA, 
IgM, IgE, and IgD, are not affected by the administration of imlifidase [54]. A criti-
cal observation in early assessments of IdeS in vitro is the inability of F(ab)’2 frag-
ments to mediate CDC and ADCC [55].

In 2015, a single-arm, single-center, Phase II dose-finding study was completed 
in Sweden using Imlifidase in HLA-sensitized patients awaiting kidney transplanta-
tion to evaluate safety, tolerability, pharmacokinetics, and efficacy of imlifidase. 
The results demonstrated that imlifidase treatment eliminated all HLA antibodies 
detected by Luminex single antigen bead assays 6 hours after infusion and, more 
importantly, eliminated all complement-activating (C1q+) HLA antibodies 1 hour 
postinfusion [56].

We have also shown that IdeS is a potent inhibitor of ADCC [limiting NK-cell 
γ-IFN (interferon) release induced by anti-HLA antibodies binding to target endo-
thelial cells] [57]. These initial observations led to the development of an open- 
label, Phase I/II study of imlifidase for desensitization in 25 highly sensitized 
patients with DSAs undergoing living and deceased donor kidney transplantation in 
Sweden and USA. All patients received imlifidase infusion prior to transplantation. 
The objective of the study was to assess the ability of imlifidase to eliminate DSAs 
in patients who were DSA+, with a positive crossmatch at time of transplantation. 
The patient group at Cedars-Sinai received desensitization therapy with IVIg 2 g/
kg + rituximab, while the patients in Uppsala did not receive desensitization.
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Of the 25 patients who received IdeS, 24 were successfully transplanted. AMR 
occurred at a mean of 2 weeks post-transplant in three patients in the Swedish arm 
due to rebound DSA, with C4d-positivity on for-cause biopsies. At Cedars-Sinai, 
AMR occurred in two patients at 2 and 5 months post-transplant, which correlated 
with an increase in DSA intensity and resolved with treatment. The differences in 
rebound times likely reflect the post-transplant use of IVIg + rituximab in the US 
patients. Long-term outcomes for these patients have been good [58]. A trial of 
imlifidase for treating AMR is now underway. In summary, imlifidase may represent 
an important breakthrough in prevention and treatment of AMR.

 Important Considerations When Administering Biologic 
Agents for AMR

 IdeS (imlifidase)

Imlifidase cleaves human and rabbit IgG at the hinge region creating F(ab)’2 and Fc 
fragments of all IgG molecules in the body in 4–6 hours after administration. The 
half-life of IdeS is approximately 8–12 hours, but IgG cleaving capacity may last 
for up to 4 days. This poses a problem for induction therapy post-transplant. Prior 
to performing the first clinical desensitization trials, we found that alemtuzumab 
was rapidly cleaved by imlifidase-treated sera up to 4 days post-transplant [58]. We 
altered our induction protocol to use high-dose steroids on days 1–4 and alemtu-
zumab on day 4. This gave similar T-cell depletion as seen in non-imlifidase-treated 
patients. Since thymoglobulin is also cleaved by IdeS, one should use a similar 
approach or consider horse anti-thymocyte globulin. Additionally, the post- 
transplant administration of IVIg + rituximab should be delayed for 4–5 days after 
IdeS administration.

 Neonatal Fc Receptors and Half-Life of IgG

A common characteristic of IgG molecules is their long serum half-life of 3–4 weeks. 
This is related to IgG’s interaction with the FcRn. The function of FcRn is twofold. 
First, FcRn binds to serum IgG that has been endocytosed into lysosomes by endo-
thelial cells or myeloid cells under low pH conditions. Here, the IgG is recycled 
back to the cell surface and, under neutral pH conditions, released back into the 
serum. Second, FcRn are expressed on the villi of placentas that are exposed to 
maternal blood and, after the 28th week of gestation, are responsible for endocytos-
ing and transporting IgG molecules at a high rate from mother to neonate [23, 24]. 
In animal models of FcRn-knockouts, there is a dramatic reduction in IgG half-life 
from weeks to a few days.

It is also known that IVIg can occupy FcRn and thus accelerate the turnover of 
pathogenic antibodies. This may explain why large amounts of IVIg are needed for 
therapeutic activity in autoimmune and alloimmune disorders. Here, the antibodies 
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in IVIg preparations compete with pathological autoantibodies and alloantibodies 
for FcRn binding. This explanation is supported by the observations that IVIg 
resulted in a reduction of approximately 50% in autoantibody half-life in a rat model 
of immune thrombocytopenic purpura (ITP) and in a neonatal mouse model of bul-
lous pemphigoid [24].

Although FcRn saturation by IVIg is likely important in accelerating the clear-
ance of pathogenic antibodies, it could also result in the rapid clearance of therapeu-
tic antibodies. Little information is available, although there is one report of 
accelerated clearance of eculizumab when given with high-dose IVIg for treatment 
of multiple sclerosis [59]. In this regard, it is critical to avoid dosing therapeutic 
mAbs in temporal proximity to high-dose IVIg. This is likely to rapidly diminish the 
therapeutic efficacy of the monoclonal antibodies. This is important since reports 
assessing the efficacy of rituximab in the treatment of AMR in a placebo-controlled 
trial concluded that rituximab added no benefit to IVIg and plasmapheresis. Here, 
rituximab was given immediately after IVIg, which likely diminished the half-life 
and efficacy of rituximab [25]. In our practice, we wait ~7 days after high-dose IVIg 
administration to proceed with any chimeric or humanized mAbs. We have recently 
completed a trial to more thoroughly assess the impact of concomitant IVIg treat-
ment on half-life of humanized mAb (anti-C5) therapy [NCT02878616] [60].

 Summary

Modification of alloimmunity and alloantibodies will have relevance to all solid 
organ allotransplantation and to xenotransplantation, where xenoantibodies present 
a formidable obstacle. The ease of administration of biologic agents will likely 
change our views of immunosuppression to one of immune modulation that will 
ultimately result in better, more effective, and less toxic allograft-sustaining thera-
pies, and also increase patient compliance. It is critical to advance transplant thera-
peutics to the next level where biologic agents are likely to play important roles in 
addressing the persisting barriers to successful transplantation created by 
alloimmunity.
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 Introduction

Management of severe cardiac failure in newborn infants represents the most ago-
nizing impact of the shortage of human hearts for transplantation. As we recently 
discussed [1], most newborn infants with severe cardiac failure owing to the hypo-
plastic left heart syndrome and related univentricular defects are offered palliative 
procedures rather than transplantation. This is because the few hearts of a size suit-
able for newborn infants are directed to patients with congenital cardiomyopathy, 
which is not amenable to palliation.

The shortage of human hearts also motivated the deliberate use of ABO- 
incompatible hearts for transplantation in young infants [2]. Similarities between 
the natural antibodies that recognize human blood group A and B antigens and natu-
ral xenoreactive antibodies, and similarities in the pathogenic consequences of 
binding of these antibodies to organ transplants, suggested to others and to us that 
ABO-incompatible organ transplants could model some aspects of the immune bar-
rier to xenotransplantation [3–7].
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The past 20 years has brought much more experience transplanting organs across 
blood group A and B barriers, especially in newborn recipients, and new insights 
into the barriers to xenotransplantation in nonhuman primate recipients. Here, we 
discuss how eventually lessons drawn from cardiac transplantation across ABO 
blood group barriers in newborn recipients might impact the clinical application of 
xenotransplantation.

 The Advent of ABO-Incompatible Transplantation

ABO-incompatible kidney transplants performed during the first decades of the era 
of clinical transplantation  often suffered immediate nonfunction (ischemia- 
reperfusion injury and/or hyperacute rejection) or early severe rejection and graft 
loss [8–11]. For example, Wildbrandt et al. [11] described the course of 12 ABO- 
incompatible kidney transplants – seven underwent severe rejection or thrombosis 
within 2  weeks, and ultimately all but one failed. Despite occasional success of 
individual transplants, the generally dismal outcome of ABO-incompatible kidney 
transplants led to the widely accepted view that ABO incompatibility of organ 
allografts should be avoided [12, 13].

The outcomes of ABO-incompatible kidney transplants improved dramatically 
in the 1980s when procedures, such as plasmapheresis, that remove natural antibod-
ies from graft recipients were used in conjunction with splenectomy [14]. This 
improvement was observed before [14] and after cyclosporine was available [15]. 
These manipulations together prevented hyperacute rejection and nearly averted 
early antibody-mediated rejection that previously had been found to cause the loss 
of most ABO-incompatible kidney transplants. Similar success was observed for 
transplantation of kidneys of blood group A2 into immunosuppressed, but other-
wise unmanipulated, recipients of blood group O, in which setting the antibody- 
antigen reaction is much diminished [16]. These observations together provided 
compelling evidence that early vulnerability of ABO-incompatible transplants 
resulted from the reaction of isohemagglutinins of the recipient with blood group 
antigen in the graft, a conclusion confirmed by analysis of the specificity-bound 
antibody [17, 18].

The early experience with ABO-incompatible transplants revealed a phenome-
non  potentially pertinent to xenotransplantation. When early rejection of ABO- 
incompatible kidney transplants was averted, antibodies against the blood group 
antigens expressed in the graft sometimes returned in the circulation without induc-
ing rejection and graft loss [18, 19]. Of various potential explanations for the 
absence of acute rejection, including (i) a change in graft antigen, or (ii) in the 
properties of the antibodies, or (iii) an acquired resistance of the graft to injury [5], 
acquired resistance emerged as the preferred and most broadly applicable mecha-
nism [7, 20, 21]. The phenomenon was named “accommodation” [5]. Accommodation 
was also found to occur in porcine organ xenografts in nonhuman primates treated 
with similar regimens [22–24].
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However, after  accommodation  began, ABO-incompatible kidney transplants 
and organ xenografts exhibited dramatic differences in outcome. ABO-incompatible 
transplants in which accommodation occurred could endure the intermittent or con-
tinuous presence of anti-blood group antibodies, i.e., accommodation persisted, and 
overall success approached the success of ABO-compatible transplants [25–27]. 
Organ xenografts, however, with accommodation might survive for days or weeks, 
but ultimately the xenografts developed the pathologic lesions characteristic of 
antibody- mediated rejection and failed [6, 28]. Thus, while  ABO-incompatible 
transplants could  model the inital  immune barrier to xenotransplantation, by the 
1990s it became apparent that  ABO-incompatible transplants drammatically dif-
fered from organ xenografts in long term outcome and this difference revealed the 
existence of distinct immunological or biological barriers to xenotransplantation.

 Immunity Versus Biochemical Incompatibility in the Failure 
of Organ Grafts

Why do xenografts fail under conditions in which ABO-incompatible transplants 
succeed? One or both of two explanations are commonly proposed. One explana-
tion is that xenografts may elicit more intense and destructive immune reactions 
than allografts. The other explanation is that biochemical incompatibility between 
the xenograft and the recipient causes xenografts to fail under conditions that 
allografts thrive. Addressing this question could have important implications for the 
clinical application of xenotransplantation.

If immunity poses the main barrier today, then more robust immunosuppression, 
and possibly tolerance, is probably needed to make the  outcome of xenografts 
approach the outcome of ABO-incompatible allografts. In the 1960s and 1970s, 
when immunosuppressive regimens were far less effective than today, efforts to 
improve the outcome of transplants by administration of agents that interfere with 
effector pathways led to no clinical advances. In contrast, better immunosuppres-
sive agents or regimens eventuated in progressive improvement in transplant out-
comes (see [29] as one example).

On the other hand, we showed years ago that partial, and even transient, correc-
tion of incompatibility between the complement system  of the recipient and the 
complement-regulatory proteins expressed  in a xenograft can have significant 
impact on the outcome of xenografts [30], well beyond what can be achieved with 
incremental improvement in immunosuppressive regimens.

As we discussed previously [5, 7], the greater diversity and abundance of foreign 
antigens in xenografts could fuel more powerful immune responses. On the other 
hand, incompatibilities between the co-receptors and cytokines of the graft and 
recipient could limit the ability of T cells to recognize xenogeneic cells and in this 
way suppress the intensity of immunity [31]. Still, regardless of whether molecular 
incompatibilities limit the initiation of immune responses to xenotransplantation, 
the immune responses that do occur have a greater impact on xenogeneic targets 
because of incompatibilities in the control of complement and coagulation between 
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species. Thus, the effector function systems responding  to xenografts, allografts, 
and infectious agents recruit complement and coagulation among other inflamma-
tory pathways to modify the physiology of blood vessels. However, incompatibility 
between the recipient and a xenograft limits the control of effector pathways, 
thereby amplifying the impact of effector pathways [32, 33].

Since current knowledge does not provide the full range of insights needed to 
engineer human system compatibility into pigs [34], the best possibility for weigh-
ing the importance of immunity and biochemical compatibility would involve 
induction of immunological tolerance to test residual incompatibility or is by coun-
tering incompatibilities in ways that allow analysis of the intensity of immunity to a 
xenograft [7].

 ABO-Incompatible Cardiac Transplantation in Infancy: 
An Experiment of Nature

For reasons that may be obvious, ABO-incompatible hearts are only occasionally 
used for transplantation in adults. Still, the outcomes of ABO-incompatible car-
diac transplants appear to mirror the outcomes (described above) for ABO-
incompatible kidney transplants. That is, notwithstanding a few cases of 
hyperacute and early acute antibody-mediated rejection in a relatively small 
numbers of cases, ABO- incompatible cardiac transplants in adult recipients 
exhibited the same frequency of cumulative graft failure as ABO-compatible 
transplants [35]. It is important to consider that all or nearly all ABO-incompatible 
cardiac transplants are performed across human leukocyte antigen (HLA) barri-
ers, that the circumstances leading to ABO-incompatible transplantation could 
sensitize some potential recipients to HLA, and that it is difficult or impossible 
to determine whether antibody-mediated rejection is caused by antibodies against 
allogeneic blood group antigens or HLA.

Although far fewer cardiac transplants are performed in infants and young chil-
dren, the experience with ABO-incompatible cardiac transplantation has been sig-
nificant and instructive [1, 36]. ABO-incompatible cardiac transplants in young 
recipients generate outcomes similar to those observed for ABO-compatible cardiac 
transplants in the same age group – similar overall survival, similar freedom from 
rejection, and absence of antibody-mediated rejection [36–38].

The unique characteristics of the immune system of newborn infants make the 
responses to ABO-incompatible transplants in this group of recipients especially 
illuminating. Most newborn infants lack or have only low concentrations of anti-
bodies against blood groups A and B and against galactose-α1,3-galactose (Gal) 
[39, 40]. Newborn infants are also less likely than mature individuals to be sensi-
tized to HLA or cross-reactive antigens. Therefore, the early rejection once charac-
teristic of ABO-incompatible transplants generally does not occur in 
ABO-incompatible cardiac transplants in newborn recipients. Consistent with these 
concepts and despite unique technical hurdles, ABO-incompatible and ABO- 
compatible cardiac allografts in newborn infants undergo fewer episodes of acute 
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rejection and achieve the same or better long-term success than cardiac allografts in 
older individuals [41–44].

Consistent with immunological immaturity, newborn recipients of ABO- 
incompatible cardiac allografts generally continue to lack detectable antibodies 
against donor-specific blood groups and may be less apt to produce antibodies 
against donor HLA [45] and to develop chronic vasculopathy than recipients that 
underwent transplantation in childhood or maturity [46, 47].

In addition, newborn infants with ABO-incompatible cardiac allografts can 
become tolerant to the allogeneic blood group antigens expressed in the graft [48]. 
The absence over time of antibodies directed against allogeneic blood groups 
expressed in cardiac allografts could reflect absorption of the antibodies to the graft 
or decreased production. However, ELISPOT analysis designed to enumerate B 
cells specific for blood group antigens reveals that at least some newborn recipients 
of ABO-incompatible cardiac transplants continue to lack B cells specific for the 
blood group antigen in the graft but to have B cells specific for allogeneic blood 
group antigens not present in the graft [48]. In short, these recipients developed B 
cell tolerance.

Given the similarities between antibodies specific for blood groups A and B and 
antibodies specific for Gal and some other xenogeneic saccharides, and in the delayed 
ontogeny of B cells specific for those saccharides, there is reason to think that new-
born recipients of grafts expressing Gal and other xenogeneic saccharides could 
develop tolerance to these antigens [49]. Although the recipients cannot be expected 
to develop tolerance to MHC-encoded antigens or other polypeptides with conven-
tional regimens of immunosuppression [1], production of such “elicited antibodies” 
might be limited, as observed in recipients of ABO-incompatible transplants [45].

Further, to the extent that newborn recipients have naive repertoires of B cells 
and T cells, the immunosuppressive regimen needs only to prevent primary B cell 
and T cell responses for which the threshold for response is relatively high. In con-
trast, mature recipients have immune memory for antigens that might cross-react 
with HLA [50] – the threshold for recruitment of which is much lower. Accordingly, 
newborn recipients may offer an ideal model in which to weigh the importance of 
the immune barrier to xenotransplantation and the barrier posed by biochemical 
incompatibility.

 Accommodation in Allografts and Xenografts

A puzzling observation regarding ABO-incompatible transplants led to the discov-
ery of accommodation. Frequent analysis of blood from the recipients of ABO- 
incompatible transplants revealed absolutely no relationship between the levels of 
antibodies against allogeneic blood group antigens in the graft and graft function 
[15, 18, 19]. In light of the clear dose-response relationship observed when varying 
concentrations of anti-blood group A or B antibodies are combined with standard 
numbers of erythrocytes plus complement, this inconsistency was striking. The 
range of responses of ABO-incompatible kidney transplants and organ xenografts to 
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the presence of graft-specific antibodies led to the idea that, unlike erythrocytes, 
transplanted organs might play an active role in determining whether, and to which 
extent, anti-graft antibodies induce injury. The observations also led to an initial 
operative definition of accommodation as a condition in which an organ graft con-
tinues to function without acute rejection despite the presence in the recipient of 
antibodies directed against the graft [5]. Based on this definition, nearly all ABO- 
incompatible kidney transplants in mature individuals, and most kidney transplants 
in pre-sensitized individuals, demonstrate accommodation at one time or another, if 
not persistently.

The need for accommodation to sustain graft integrity and function was sup-
ported by investigation of the response of cultured cells to binding by antibodies, 
activation of complement, and interaction with leukocytes. These lines of inquiry 
showed that very small amounts of bound antibodies, or interaction with only a few 
activated leukocytes, induce (in minutes to hours) the pathophysiologic changes in 
endothelium thought to underlie acute rejection [51–58]. Clearly, transplanted 
organs, and particularly the endothelial lining of blood vessels in transplanted 
organs, are protected from acute responses in ways cultured cells are not.

One mechanism of protection involves the diversion of reactants in the blood 
away from portions of the vascular network [59]. This mechanism explains some 
phenomena associated with accommodation [60], but the vessels into which reac-
tants flow are still susceptible, and hence cellular changes that increase resistance to 
injury must still occur.

Another mechanism that is surely essential for accommodation is acquired resis-
tance to cytotoxicity [61]. Binding of antibodies that induce expression of cytopro-
tective genes is an appealing example. The products of these genes protect against 
complement-mediated cytotoxicity, and, indeed, expression is essential to avoid 
severe ischemia-reperfusion injury. However, this explanation does not suffice. As 
we review elsewhere [21], heightened expression of cytoprotective genes does not 
necessarily prevent injury in transplants over time, and therefore more enduring 
processes are also needed. We shall soon offer a more comprehensive model, but for 
the present, we shall emphasize one pertinent feature.

Under physiologically normal conditions, cultured cells and living organs can 
take up and metabolize substantial amounts of antibody [62]. The ability of foreign 
organs to quantitatively remove antibodies from blood was observed more than 
50 years ago when clinicians and investigators began to explore the mechanisms of 
rejection (see [63, 64] as examples). Consequently, antibodies against graft antigens 
may not appear in the blood of a transplant recipient until rejection is advanced and 
the cellular injury compromises uptake. We have postulated further that one cellular 
change associated with accommodation is an increase in ability of cells to process 
bound antibody. Our preliminary work supports this concept.

The capacity of organ transplants to absorb antibodies from the blood has practi-
cal significance beyond the understanding of accommodation [65, 66]. To the extent 
that transplants deplete antibodies specific for the graft, the steady-state concentra-
tion of these antibodies in blood will be lower, and assays used to assess donor- 
specific antibodies before transplantation could miss or underestimate the levels of 
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antibodies after transplantation. Still more important is the impact absorption may 
have on conclusions regarding antigen specificity of donor-specific antibodies. 
After transplantation, antibodies of the highest affinity and/or against the most 
abundant antigens will be preferentially depleted.

To address these problems, and particularly to enable us to estimate the full 
scope of accommodation, we devised approaches to enumerate and characterize 
donor-specific B cells in transplant recipients [67]. We expect soon to report perti-
nent lessons in detail, but for the moment, we would suggest that accommodation 
might be more common than generally thought.

 Accommodation of the Newborn Heart

We would hypothesize that the heart in newborn infants is “naturally” accommo-
dated and, as such, might be poised to resist and/or repair ischemic injury that would 
irreversibly damage a mature heart. Although cardiac transplants in newborn recipi-
ents are potentially beset by technical and physiologic challenges, we suspect the 
“accommodation,” or greater ability than mature hearts to repair and regenerate 
after injury, may help to explain the better long-term outcomes discussed above.

Development of the heart with expansion and remodeling of myocardium, partu-
rition, changes in availability of oxygen, and the rapid change in cardiac circulation 
after birth impose significant stresses and demand for repair on the heart. How the 
fetal and newborn heart meets those stresses, resists and repairs damage, and regen-
erates damaged myocardium is incompletely understood [68–71]. Particularly 
important may be the capacity of newborn myocardium to regenerate by replication 
of progenitor cells [71]. Older hearts, having less capacity for self-renewal, may 
instead regenerate by cell fusion. Cell fusion causes DNA breaks that can resolve by 
recombination [72] or can induce apoptosis. The importance of cell fusion in the 
regeneration of the heart is suggested by the finding that the hearts of newborn mice 
contain relatively frequent mutations associated with DNA recombination (a conse-
quence of cell fusion) and recombination increases with age; by contrast, small 
intestine accumulates numerous point mutations (a consequence of mitosis), but 
fewer mutations owed to recombination [73]. Weighing these mechanisms in large 
animals or humans without labeling would be difficult or impossible. However, the 
fusion of cells of disparate species is readily detected and the implications of recom-
bination potentially deduced [74, 75]. Therefore, cardiac xenografts using newborn 
hearts might, in addition to treating cardiac insufficiency, offer the possibility of 
resolving important questions regarding repair and regeneration of myocardium.

 Concluding Remarks

The compelling challenge of developing physiologically optimal approaches to 
treatment of severe heart failure in newborn infants has fueled interest in xenotrans-
plantation for decades [1, 49, 76]. Yet, at this juncture, it may be difficult to know 
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when, or even if, xenotransplantation of the heart will be applied in newborn infants. 
It is not difficult, however, to envision the advances in knowledge that xenotrans-
plantation would bring and to begin to glimpse that knowledge from the experience 
of ABO-incompatible transplantation in the newborn.

Because ABO-incompatible transplantation expands, if only modestly, the avail-
ability of transplantation for infants with severe cardiac failure, such transplants hint 
at the potential benefit xenotransplantation could add. We recently discussed this 
subject in another communication [21].

Above, we suggest that cardiac xenotransplantation in newborn infants could 
help resolve questions about the relative contribution of immunity and incompati-
bility to the biological barrier to xenotransplantation. Although biochemical incom-
patibility has been considered mainly with respect to xenografts, research in our 
laboratories and others in recent years indicates that differences in biochemical net-
works likely influence the recovery and function of all transplants [77–79], although 
not to the extent observed in xenografts. The answers to those questions have pro-
found, but parochial, application.

Xenotransplantation in the newborn may also expand knowledge regarding the 
mechanisms of accommodation and or repair and regeneration of the heart. This 
knowledge has obvious application in transplantation, but it also has broad rele-
vance to health and disease. Thus, if addressing the urgent need to provide a physi-
ologically normal option for the occasional newborn infant with severe cardiac 
failure fuels interest in xenotransplantation, the benefits from successful application 
of xenotransplantation extend much further in fields of biology and medicine.
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Abbreviation

ESRD End-stage renal disease

 Introduction

Allotransplantation has been established as the gold standard for the treatment of 
end-stage renal disease (ESRD), in part because the survival benefit of transplanta-
tion compared to remaining on dialysis exists independent of donor quality (e.g., 
donor age, comorbid disease) and donor-recipient matching (e.g., human leukocyte 
antigen [HLA] and/or blood group incompatibility) [1–3]. Not surprisingly, the 
number of patients seeking this lifesaving therapy continues to grow, with more 
than 90,000 ESRD patients waiting for a kidney transplant in the USA alone [4]. 
This extraordinary medical and surgical feat requires a source of donor kidneys for 
transplantation. Donation is thus the cornerstone of transplantation. Despite global 
efforts to increase the number of donors, and therefore kidneys for transplant, 
deceased donation supplies <10% of the need, and thousands of patients die each 
year while waiting [4]. While efforts to increase living kidney donations have 
increased transplantation rates, this growth has been modest and falls short of the 
global need [4].

Similar to past generations, like that of Nobel Laureate Joseph Murray, who 
performed the first successful kidney transplant (between identical twins) in 1954, 
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the current generation of scientists find new and unique ways to innovate and solve 
the unimaginable while rewriting history in their own right [5]. This scientific evo-
lution, or some might say revolution, now stands on the threshold of solving the 
organ shortage through the development of xenotransplantation, in which modified/
humanized pig xenografts are utilized for transplantation into humans. No longer 
simply a grandiose idea, recent data suggest xenotransplantation is within arm’s 
reach of solving a global crisis.

 The First Xenotransplantation Patient?

So then, the next logical step is “who should be the first xenotransplant recipient?” 
The answer is elusive, as medical practitioners must weigh the risks, benefits, and 
alternatives to such an experiment – a task that on first glance seems larger than life 
and begs the cycle of “what if” questioning. What if the first recipient dies? What if 
the first recipient contracts a zoonosis (porcine-borne disease)? What if the xeno-
graft fails? The burden is seemingly so overwhelming that our paternalistic approach 
to medicine may result in a hard and emphatic “NO!” But should not the ESRD 
patient have some autonomy in decision-making? Imagine an ESRD patient’s cycle 
of “what if” questioning. What if I don’t live to see my children grow up? What if I 
can’t provide for my family? Shouldn’t these “what if” questions matter too? A bal-
ance between our paternalistic need to protect our patients and a patient’s autonomy 
in calculated risk-taking must be struck. Perhaps an “acceptable risk threshold” can 
be found among one of these three patient scenarios [6].

 Old Transplant Candidate

A 68-year-old male, blood group O, cPRA 3%, and ESRD secondary to polycystic 
kidney disease. He has no potential living kidney donor and is listed at a transplant 
center with a waiting time of greater than 10 years for blood group O candidates. 
His “what if” is “what if I am no longer medically suitable for transplant at 78 years 
of age?”

 Recurrent Disease Candidate

A 27-year-old female, blood group A, cPRA 87%, and ESRD secondary to focal 
sclerosing glomerulosclerosis (FSGS). She received her first transplant at the age of 
15 years, a living kidney from her mother, which failed 3 years later from recurrent 
FSGS. She received her second transplant at the age of 21 from her sister, which 
failed 2 years later from recurrent FSGS. She has since run out of dialysis access 
and undergoes dialysis through a transhepatic catheter. She has 100% risk of recur-
rent disease with re-transplant. Her “what if” questions are “what if I run out of 
dialysis access? What if just maybe my disease can’t recur in a pig kidney?”
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 No Access to Dialysis Candidate

A 25-year-old female, blood group B, cPRA 0%, and chronic kidney disease stage 
IV secondary to human immunodeficiency virus-associated nephropathy (HIVAN), 
living in a low-to-middle income country with limited dialysis facilities and HIV an 
absolute contraindication to offering a dialysis slot. Her “what if” question is “what 
if I die before my daughter is old enough to care for herself?”

 Comment

Balancing medical paternalism and patient autonomy to define an acceptable risk 
threshold will likely differ among key stakeholders  – US Food and Drug 
Administration (FDA), transplant centers, payers, xeno-companies – but nonethe-
less it is time to begin the conversation in anticipation of the first xeno kidney trans-
plant. After all, our patients in need are asking “what if they never try?”
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 Introduction

The incidence of end-stage renal disease (ESRD) is increasing worldwide. Old age, 
diabetes, hypertension, obesity, and cardiovascular disease all contribute to the 
development of chronic kidney disease [1]. Since the mid-1970s, hemodialysis has 
been life-sustaining for millions of patients with ESRD. Although it may be life- 
supporting, chronic dialysis is a suboptimal form of therapy for many patients with 
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ESRD, and their quality of life remains poor (reviewed in [2]). Renal transplanta-
tion offers a better quality of life [3–6]. However, there is a critical and continuing 
shortage of deceased human donor kidneys.

As a consequence of comorbidities or socioeconomic factors, most dialysis 
patients are not considered candidates for a kidney transplant, though the absolute 
number is debatable [7]. The benefit of a kidney transplant is most evident when the 
outcome is compared to that of dialysis in wait-listed patients thought reasonable 
candidates who did not receive an allograft. In comparison with approximately 
500,000 patients on chronic dialysis, there are currently >80,000 patients wait-listed 
for kidney transplantation in the USA [8, 9]. Therefore, less than 20% of the dialysis 
population is currently on transplant waiting lists.

The overall survival of patients on chronic hemodialysis in the USA is 78% at 
1 year, 57% at 3 years, and only 42% at 5 years (Fig. 14.1) [10]. Deaths are mainly 
related to comorbidities, e.g., congestive heart failure, malnutrition, or cancer, 
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Fig. 14.1 Percentage survival of ESRD patients by treatment modality in 2010. (Modified from 
Jagdale et  al. [2] and based on data from two sources: (i) USRDS 2017 [10] and (ii) Orandi 
et al. [11])
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accompanied by kidney failure. Mortality among patients >65 years of age is higher 
than in younger patients. Remarkably, patients with ESRD on dialysis have poorer 
survival and fewer remaining years of life than many with cancer, diabetes, and car-
diovascular disease [10]. These mortality rates, however, largely reflect outcomes 
among those who are not candidates for renal transplantation. Nevertheless, any pro-
cedure that might (i) delay the need for dialysis or (ii) reduce the period during which 
the patient is on dialysis while awaiting an allograft would be worthwhile.

On average, more than 20 patients are removed from the kidney wait-list each 
day, either because they die or because they become too sick to tolerate the trans-
plant procedure [8]. Forty percent of wait-listed patients are likely to die within 
5 years [10, 11] (Fig. 14.1). There is a great deal of geographic disparity, with some 
centers demonstrating greater wait-list mortality than transplant rates. Importantly, 
in one analysis, most of those who died on the wait-list had been excellent candi-
dates at the time of listing [12].

The very poor quality of life of some of these patients is illustrated by the fact 
that a significant percentage of them choose withdrawal of dialysis [13]. In the USA 
in 2014, approximately 13–17% did so. Remarkably, in New England, almost every 
third patient chooses to withdraw from treatment [10, 14]. Patients who withdraw 
from dialysis usually die within 10  days (median, 8  days) [14, 15]. However, it 
should again be emphasized that these patients are mainly not those who are on the 
waiting list for a kidney transplant.

Kidney allotransplantation can ameliorate many of the problems associated with 
ESRD and chronic dialysis [16–25], addressing both survival and quality of life 
issues. Survival of patients with renal allotransplants from deceased donors is 85% 
after 3 years and rises to 93% when a living donor kidney has been transplanted. At 
5 years, survival in these two groups is 76% and 88%, respectively [10]. However, 
if the patient is not carefully selected, renal allotransplantation can be associated 
with serious complications that impact the patient’s quality of life. This could be 
even more so in those undergoing the initial renal xenotransplants, and so very care-
ful patient selection will be essential.

The lack of deceased human donor kidneys could be resolved if kidneys from 
genetically engineered pigs offered an alternative with an acceptable clinical out-
come, e.g., a good quality of life in the absence of major morbidity. The potential 
advantages of xenotransplantation are several (Table 14.1) [26]. The results of genet-
ically engineered pig kidney transplantation in nonhuman primates (NHPs) have 
improved significantly in recent years (Chap. 5), sufficiently to encourage consider-
ation for initial clinical trials. It is reasonable to presume that clinical trials of kidney 
xenotransplantation will at least offer an outcome competitive with chronic dialysis.

 Selection of Patients for the First Clinical Trial

This topic has been considered and patients with various conditions have been dis-
cussed (Table 14.2) [2, 27]. An important point to bear in mind is that, for the simple 
reason that xenotransplantation will be offered to patients who are unable to receive 
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a timely allograft, the results of the initial pig kidney xenotransplants should be 
compared with those for comparable patients maintained on chronic dialysis, but 
not with those for patients receiving kidney allografts.

A second major point is that the patient’s general physical state should make him 
or her an acceptable candidate for allotransplantation. To select patients who are 
unlikely to survive after receiving an allograft, e.g., from general frailty, chronic 
infection, previous or current neoplasia, or other comorbidities, would not prove to 
be an adequate trial of xenotransplantation, as the patient would be equally unlikely 
to survive.

We suggest it would be ethical to offer a pig kidney transplant to selected 
patients whose life expectancy is less than the time it will take for them to obtain a 
deceased human donor organ. The median waiting period for a patient with ESRD 

Table 14.1 Advantages of xenotransplantation over allotransplantation

1.  Unlimited supply of “donor” organs. (This will be particularly important to the millions of 
patients with diabetes [+/− ESRD] in whom pig islet transplantation may control glycemia.)

2.  Organs available electively. (Patients with ESRD will no longer require chronic dialysis. 
Patients with acute failure of the liver or heart will no longer need prolonged intensive care 
or mechanical support.)

3. Avoids the detrimental effects on the donor organs of brain death.
4. The “donors” will be infection-free.
5.  “Borderline” transplant candidates, i.e., those with health problems that may be detrimental 

to prolonged patient survival, e.g., poorly controlled diabetes, peripheral or cerebrovascular 
disease, will be more acceptable (as they will no longer be competing for scarce organs with 
other potential transplant candidates).

6.  Avoids the “cultural” barriers to deceased human organ donation, e.g., in countries such as 
Japan.

Table 14.2 Potential conditions for which initial clinical trials of pig kidney xenotransplantation 
may be justified*

Elderly patients without significant concomitant disease
Patients of blood group B or O often wait for >5 years for a suitable donor. The mortality of 
wait-list patients is 40% at 5 years, and so many of these patients, particularly in the age range 
55–65 years, will not survive until a deceased human kidney becomes available
Recurrent kidney disease
  Recurrent focal segmental glomerulosclerosis (FSGS)
Recurrence can be very rapid in some patients. If recurrence occurs rapidly in the pig kidney, 
this may not be a valid test of xenotransplantation
  Other potentially recurrent diseases
Recurrence is slower in several other disease states, e.g., immunoglobulin A (IgA) nephropathy, 
membranoproliferative glomerulonephritis (MPGN) type II, and so these patients might 
possibly be candidates for a trial of pig kidney transplantation
High sensitization to HLA
There is evidence for some cross-reactivity between anti-HLA antibodies and SLA, suggesting 
that patients sensitized to HLA should be excluded from the first clinical trials
Loss of vascular access for dialysis
These patients have often been on dialysis for some time (years rather than months) and may 
have diseased blood vessels making kidney transplantation technically difficult. They are 
frequently less than ideal candidates even for allotransplantation

*Modified from Cooper et al. [27]
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to obtain a deceased human donor kidney is 3.9 years [10], by which time approxi-
mately 35% of transplant candidates may have died or been removed from the 
wait-list (Fig. 14.1). Approximately 50% of the patients therefore wait for a period 
significantly longer than 4 years. Those of blood group B or O may experience a 
wait of 7 or more years [10], with an average waiting time of almost 5 years, even 
when the patient has no antibodies directed to human leukocyte antigens (HLA) 
(Table 14.3).

Many of the patients might choose to receive a timely and life-supporting pig 
kidney as long as a reasonable period of graft function could be anticipated without 
the need for excessive immunosuppressive therapy (compared with that required to 
maintain an allograft). Other parameters that we believe may be important are listed 
in Table  14.4. Importantly, the patients undergoing xenotransplantation would 
remain on the wait-list for an allograft and so would not be penalized in this respect. 
For many, the period of support by the xenograft would be a welcome relief from 
the restrictions imposed by chronic dialysis, even if only for a year or so.

Table 14.3 Average waiting time (in years) for a deceased human kidney transplant by blood type 
and percentage panel-reactive antibodies (PRA), 1998–2010 [10]

PRA (%)
Blood group
A B AB O

0 2.9 4.8 2.0 4.7
>0 < 20 2.5 4.8 1.4 4.7
>20 < 80 2.5 3.7 1.4 4.3
>80 < 98 3.7 a 3.2 4.8
>98 < 100 a 5.9 a a

aAs the estimated time to the transplant probability had not reached 50% (median) at the end of 
follow-up, the median waiting time could not be calculated

Table 14.4 Factors considered in the selection of patients for the first clinical trials of pig kidney 
xenotransplantation

1.  Age 55–65 years. (As the anticipated period of pig graft survival remains uncertain, younger 
patients, who are more likely to survive until a suitable allograft becomes available, should 
perhaps be excluded from the initial trials.)

2.  No significant health problems except ESRD. (A patient with a pig xenograft may possibly 
(i) require more immunosuppressive therapy than one with an allograft and (ii) may need to 
return to chronic dialysis, which may be associated with a higher morbidity than initially. It 
is therefore important that the patient should have no other health problems except ESRD. A 
patient with isolated polycystic kidney disease might be a preferred candidate.)

3.  Blood type B or O, as these patients spend longer on the waiting list for a deceased human 
donor kidney.

4.  No anti-HLA antibodies (to avoid any risk of cross-reactivity of anti-HLA antibodies with 
SLA).

5.   Supported by dialysis, but for less than 12 months. (Initiation of dialysis will confirm to the 
patient and his/her family that ESRD has advanced sufficiently to warrant kidney 
transplantation, but the period of dialysis has not been so long to be associated with 
complications or general debility.)

6.  Fulfill all other criteria for allotransplantation, e.g., absence of potentially life-threatening 
infections or malignant disease.

7. Vascular access may be problematic or is likely to become limited.

14 Selection of Patients for the Initial Clinical Trials of Kidney Xenotransplantation
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Our understanding is that, at present, the FDA recommends that a patient should 
only be considered for a pig organ transplant if his/her life expectancy is anticipated 
to be less than 2 years. It may be difficult to predict the exact survival of a patient, 
and the guideline, if followed, might rule out many of the patients we have suggested 
above. Furthermore, some patients who are unlikely to survive for 2 years have 
already been supported by dialysis for several years and have developed comorbidi-
ties and are no longer ideal transplant candidates. In this case, patients in whom 
vascular access for dialysis is becoming difficult could be considered, but again 
many of these have been receiving dialysis for a prolonged period of time and, for 
this and other reasons, may not be suitable candidates for inclusion in a clinical trial. 
Selection of the initial patients, therefore, will require very careful consideration.

A second group of patients who could be considered as possible candidates for 
xenotransplantation is those with an underlying disease that has recurred in a second 
or even third allograft (Table 14.2) [27]. However, some of these patients will likely 
have developed antibodies to HLA and, therefore, if we follow our current criteria 
(see below), would be excluded. It is unknown whether any of these diseases will 
recur in a pig kidney, but, even if they do, the xenograft will have allowed for the 
allocation of an allograft to another recipient in whom it may have been better uti-
lized. For the first clinical trial, however, we suggest that these patients, particularly 
those in whom the disease might recur rapidly, e.g., focal segmental glomeruloscle-
rosis (FSGS), may not be ideal candidates.

At present, we would exclude patients with any sensitization to HLA. Although 
our own studies have repeatedly indicated that sensitization to HLA would not be 
detrimental to survival of a pig kidney graft [28–31], several other studies have 
indicated that there can be cross-reactivity between anti-HLA antibodies and some 
swine leukocyte antigens (SLA) ([31], reviewed in [32, 33]) (Chaps. 3, 4, and 18). 
Furthermore, HLA sensitization might be associated with T cell activation that 
might be detrimental to the survival of a pig graft. Methods are being developed to 
delete or replace specific SLA against which there might be cross-reactivity [34, 35] 
(Chap. 18). Although HLA-sensitized patients may be those who ultimately benefit 
most from pig kidney xenotransplantation, we submit that no risks in this respect 
should be taken in the first clinical trial.

In addition, the kidney allocation system (KAS) introduced in the USA in 
December 2014 prioritizes allocation of donor kidneys to HLA highly sensitized 
recipients if there are no preformed antibodies against that specific donor. This has 
resulted in increased rates of transplantation for highly sensitized patients, some of 
whom may now have a shorter wait-list time than less-sensitized patients [36]. 
There has been a 21% reduction in access, with greater dependence on lower- quality 
kidneys (i.e., those with a high kidney donor profile index [KDPI]), for wait-list 
candidates >65 years of age [37]. If they remain free of significant comorbidities, 
these patients might therefore benefit from renal xenotransplantation.

The results of preemptive kidney transplantation are superior to those of trans-
plantation after dialysis is underway [38, 39]. More than 50% of patients return to 
some form of paid work after preemptive kidney transplantation, whereas only 
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approximately 25% rejoin the workforce if hemodialysis precedes transplantation 
[40]. All pig kidney xenotransplants could be preemptive. Although a preemptive 
transplant might be most beneficial, for the first clinical trial, we suggest that recipi-
ent selection should be limited to those already on dialysis, as this removes the 
additional variable of native renal function from the interpretation of the study 
results. Furthermore, we suggest that, if the patient is already undergoing dialysis, 
there will be no doubt in the mind of the prospective patient or his/her family that 
ESRD is advanced enough to warrant a kidney transplant. However, we would rec-
ommend that the patients considered for the first clinical trial of pig kidney xeno-
transplantation should not have been on dialysis for more than a few months, as this 
will reduce the risks of comorbidities.

There were (and possibly still are) some hospitals that refused to undertake kid-
ney allotransplantation in patients >65 years of age, citing the adverse effect on 
survival of frailty and comorbidities. However, survival of patients in this age group 
on dialysis has been reported to be 81% at 1 year, but only 30% at 5 years, and 15% 
at 7 years, whereas after renal allotransplantation, survival was 93%, 70%, and 46% 
at the same time intervals [41, 42]. More recent data continue to indicate survival of 
patients >65 years of age after renal allotransplantation of approximately >90%, 
80–90%, and 70–80% at 1, 3, and 5 years, respectively [43, 44]. In a highly relevant 
study, Heldal et  al. compared survival after renal allotransplantation in patients 
>70 years of age with that of similar-aged patients on the waiting list for an allograft 
[45]. At 1, 3, and 5 years, survival was 89% (after transplantation) vs. 98% (on the 
wait-list), 74% vs. 56%, and 64% vs. 33%, suggesting that, if the patient survived 
the initial posttransplant period, transplantation offered better long-term outcome. 
Advancing age, therefore, should not be an absolute contraindication to kidney 
xenotransplantation.

The average remaining lifespan for a patient aged 65–69 years on dialysis is only 
4.6  years [46], whereas it is 11.4  years after a kidney transplant, approximately 
5 years less than the general population [10]. Once again, however, the patients on 
dialysis include many who have comorbidities rendering them unsuitable for trans-
plantation, and therefore they cannot be compared directly with those with function-
ing renal allografts.

In summary, therefore, because they are at greater risk of dying before a suitable 
renal allograft becomes available, we would suggest that older non-HLA-sensitized 
patients, e.g., 55 or older, particularly if of blood group B or O, who have recently 
begun chronic dialysis but who remain free of significant comorbidities, would be 
candidates who could be considered for the initial trials of pig kidney transplanta-
tion. It is these patients who might benefit most from undergoing pig kidney xeno-
transplantation, even if only to delay the need for chronic dialysis for a significant 
period of time while they await allotransplantation.

Although there are additional risks associated with retransplantation with 
allograft survival ranging from approximately 60–90% at 5 years [47–51], in our 
opinion an initial pig renal transplant could be justified because, in its absence, an 
older patient may not survive until an allograft becomes available.
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Importantly, the current (limited) evidence is that a failed pig xenograft, even if 
anti-pig antibodies developed, would not be detrimental to a subsequent allograft 
[32] (Chap. 3).

 Expenditure Related to Renal Replacement Therapy

According to data from the USRDS, in the USA in 2015, expenditure on patients 
with ESRD was $33.8 billion [10] and accounted for 7.1% of the overall costs of 
Medicare. In the same year, the total cost of care of patients with chronic kidney 
disease or ESRD was $98 billion. The cost of hemodialysis was $88,750 per person 
per year and of peritoneal dialysis was $75,140. In contrast, the cost after kidney 
allotransplantation was $34,084 per person per year [46]. In a detailed analysis of 
costs, Held and colleagues provided slightly different data [52]. From their data, it 
could be concluded that, if a patient with a functioning renal allograft survives for 
longer than 2 years, the procedure has been cost-effective.

Whether the costs of pig kidney xenotransplantation will be comparable to, or 
greater than, those associated with allotransplantation remains unknown. Many fac-
tors have to be taken into consideration. If the immunosuppressive therapy required 
is comparable (which is not yet certain), then the only major difference in costs may 
be the acquisition of the kidney. In the USA, the costs associated with retrieval of a 
single deceased human kidney are considerable [53] and generally vary from 
approximately $25,000–$40,000 (mean $33,000) but can be much greater, which is 
passed on to the recipient. When genetically engineered pig organs become com-
mercially available, it could well be that a pig kidney will be priced significantly 
higher than this, in part to defray the very considerable research and development 
expenditure that has been incurred during the past 20–30  years [54]. However, 
against this expense, the considerable savings in the cost of caring for a patient with 
kidney failure, including chronic dialysis, convenience of ready availability of the 
organ, etc., will need to be considered.

 The Future

The transplantation of organs, tissues, and cells from genetically engineered pigs 
has immense clinical therapeutic potential, not only with regard to whole-organ 
transplantation but also to pancreatic islet [55], corneal [56], neuronal cell [57], and 
skin [58] transplantation and as a source or red blood cells for transfusion [59].

The genetic manipulations that have been introduced in the pigs to date have 
largely been directed to overcome the innate immune response, for which effec-
tive drug therapy is very limited. In the future, however, the pigs will also be 
manipulated to control the adaptive immune response, thus enabling exogenous 
immunosuppressive therapy to be significantly reduced or, indeed, ultimately 
unnecessary.
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There are numerous other genetic manipulations in pigs that have been, or are 
currently being, explored, many of which may be beneficial to long-term pig graft 
survival. These include inactivation of porcine endogenous retroviruses (PERVs) 
[60, 61] or deletion of PERVs [62], though present opinion is that this will be unnec-
essary. Breeding and housing in a biosecure, designated pathogen-free environment 
should rid the pigs of all other potentially pathogenic microorganisms [63] (Chaps. 
8 and 17).

The early rapid growth of pig kidneys after transplantation into NHPs has been 
described (Chap. 5) but is unlikely to be problematic in clinical kidney xenotrans-
plantation, particularly in adult recipients. To date, pig kidney function in a NHP 
has not been comprehensively investigated, but the data available have indicated no 
definitive problems that would preclude a successful outcome.

The ultimate goal of both allotransplantation and xenotransplantation is the 
induction of a state of immunological tolerance to the graft, in which the recipient 
no longer attempts to reject the graft, even in the absence of exogenous immunosup-
pressive therapy. Although efforts in this respect in xenotransplantation have to date 
been unsuccessful, in view of the potential offered by genetic engineering of the 
donor, it would seem it is more likely to be achieved in xenotransplantation than in 
allotransplantation.

The clinical potential of xenotransplantation is enormous, and we suggest that 
eventually progress in the field will render allotransplantation to be of historic inter-
est only.
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 Introduction

A major limiting factor constraining the demonstrated efficacy of cardiac allotrans-
plantation remains the availability of organs from human donors. Each year, over 
150 of the ~4000 patients on the United Network for Organ Sharing (UNOS) wait-
ing list die resulting from the unavailability of a suitable human donor heart [1, 2]. 
Many additional patients are removed from consideration because of clinical dete-
rioration while waiting.

More than half of the 3500 North American patients fortunate enough to receive 
a heart transplant each year have previously required “bridging” with a mechanical 
circulatory support device (MCSD) to stabilize them until a suitable donor can be 
identified. In addition to the substantial added costs associated with MCSD, many 
device-treated patients experience major morbidities that complicate or prevent 
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subsequent transplantation. Use of hearts from “expanded criteria” donors or resus-
citated after “donation after cardiac death” is being investigated in clinical trials but 
appears unlikely to fill the gap between supply and demand [3]. If predictably 
healthy organs were dependably available when needed, many patients who are cur-
rently not offered heart transplantation might also benefit if cardiac xenotransplan-
tation is proven effective. These considerations justify efforts to develop pig cardiac 
xenotransplantation as a readily available alternative source of hearts for patients 
with life-threatening cardiac diseases [1].

Survival of nonhuman primate recipients of life-supporting porcine heart grafts 
for 6 months strongly suggests that clinical application of heart xenografts is likely 
to be successful [4]. For the purposes of argument, we presume that a combination 
of pig phenotype and clinically acceptable drug regimen will be defined that is suc-
cessful in the preclinical life-supporting orthotopic heart xenograft model [5–8]. If 
renal xenograft clinical trials advance more rapidly to the clinic, successful 
approaches and lessons learned will be useful to the implementation of the first 
heart efforts.

 Background

The use of pigs as a source of hearts for use as “xenografts” in humans (cardiac 
xenotransplantation) could potentially address the current donor heart shortfall. 
Substantial prolongation in survival of genetically modified pig organ grants in non-
human primates has recently been reported from a number of groups, with consis-
tent prevention of “delayed xenograft rejection” (“thrombotic microangiopathy” 
and “consumptive coagulopathy”) [6, 9]. The mechanistic causes of these phenom-
ena are addressed by a combination of innovations in genetic engineering of “donor” 
pigs [10–12] and development of several effective immunosuppressive strategies, 
primarily based on monoclonal antibodies that block key costimulation pathway 
molecules [7, 13].

For example, some recipients of life-supporting kidney xenografts have survived 
for over 1 year [13–15]. Nonlife-supporting heart xenografts continue to function in 
healthy recipients, with preserved myocardial histology, for >2  years as long as 
immunosuppression is continued [7]. Using a highly similar regimen, baboon recip-
ients of life-supporting orthotopic pig xenografts have survived to elective termina-
tion at 6  months [4]. Although the immunosuppressive regimens used in these 
examples are currently not clinically approved for use in humans, extensive pre-
clinical experience in our hands and by others suggests that they would likely have 
a favorable clinical safety profile. Based on these reports, we believe that it is rea-
sonable to assume that similar or equivalent biologics will become available or that 
further genetic engineering of the organ-source pig will allow conventional immu-
nosuppressive therapy to prevent the adaptive immune response.

Various currently available alternative approaches to mitigate the numerical dis-
parity between potential recipients and deceased donors are discussed below, 
including the use of extended criteria donors and ventricular device (VAD) 
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implantation either as a bridge to allotransplantation or as definitive (“destination”) 
therapy. For completeness, we recognize that repopulation of decellularized heart 
tissue scaffolds with autologous recipient cells has yielded organs that survive for 
short periods after implantation, but cannot yet generate clinically useful cardiac 
performance or durability [16, 17]. Growth of whole organs from stem cells is also 
being explored but is at a very early stage [18, 19]. Thus, despite important recent 
progress in each of these areas, these “tissue engineering” and “regenerative medi-
cine” approaches are unlikely to resolve the ongoing gap between supply and 
demand for allogeneic hearts in the foreseeable future.

 Selection of Initial Patients for Heart Xenotransplantation

Ethical concerns regarding design and conduct of clinical trials of xenotransplanta-
tion are substantial and have been discussed by others [20–22]. Cardiac xenograft 
recipient selection must be considered in the context of the several available MCSDs, 
including ventricular assist devices (LVADs, RVADs), total artificial heart (TAH), 
and venoarterial extracorporeal membrane oxygenator (VA ECMO) technology. 
These technologies are currently used effectively as alternative “destination” or 
“bridge-to-transplant” options for many patients with acute or chronic heart failure. 
However, a substantial number of heart failure patients are poorly served by current 
“device therapy” alternatives, because those approaches are either not feasible or 
have predictably poor results. Here we describe candidates from among those fac-
ing a grim prognosis with currently available options for whom ethical equipoise 
with respect to cardiac xenografting may be present.

It is important to remember that, even if proposed benchmarks for preclinical 
results are achieved [21], the predictive power of the pig-to-baboon model has never 
been tested. This fact should be considered in developing the informed consent 
process for the initial clinical attempt.

The US Food and Drug Administration (FDA) has recommended that xenotrans-
plantation should first be attempted in “patients with serious or life-threatening dis-
eases for whom adequately safe and effective alternative therapies are not available” 
and in subjects “who have potential for a clinically significant improvement with 
increased quality of life following the procedure” [23]. Initial subjects should be 
very unlikely to be allocated a human organ, but medically eligible for heart replace-
ment treatment, and reasonably expected to benefit if a heart xenograft works well. 
Of note, minors should probably be excluded from the initial clinical xenotransplan-
tation trials because international guidelines generally discourage inclusion of chil-
dren in “first-in-human” trials unless testing in adults is not feasible, particularly for 
high-risk studies.

Initial cardiac xenografting candidates should meet institutional heart transplant 
candidacy “listing” guidelines [24–26]. Accordingly, evaluation should include a 
current negative screen for active malignancy and for infectious diseases likely to be 
aggravated by immunosuppression, such as untreated or latent mycobacterial infec-
tion, untreated viral hepatitis, and chronic or recurrent lung, biliary, skin, or urinary 
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tract infections. The reversibility of systemic impairments such as renal insuffi-
ciency or hepatic congestion that might be attributable to the underlying cardiac 
disease should be plausible if the proposed procedure is technically successful and 
the associated treatment regimen is well-tolerated. Psychosocial factors and general 
condition should not be overlooked, because psychiatric disease, poor compliance, 
or inadequate family supports might not only interfere with determining the proce-
dures efficacy but also prevent the subject from realizing the benefits of a techni-
cally successful operation [26]. Public confidence would be quickly eroded if poor 
initial outcomes were associated with deviations from time-tested heart transplant 
candidate selection criteria.

Cardiac transplantation remains the most effective, durable therapeutic option 
for treatment of end-stage heart failure and has become firmly established as the 
standard-of-care for medically suitable patients. However, many patients are 
excluded from consideration (never referred) and succumb to acute cardiac decom-
pensation before referral to a transplant center can be accomplished. Emergence of 
VA ECMO and temporary percutaneous heart support technologies as effective and 
increasingly available rescue measures to stabilize patients in cardiogenic shock 
might be more broadly applied, and yield improved outcomes, if healthy pig organs 
provided a readily available ‘exit strategy’. However, these patients are critically ill, 
often with incipient or established failure of multiple other organ systems. Applying 
heart xenotransplantation in emergent circumstances is likely to fail for reasons 
independent of heart xenograft performance. Further, multisystem derangements 
typical of desperate clinical circumstances would complicate efforts to understand 
and address residual barriers to cardiac xenotransplantation that may not be revealed 
in preclinical models.

Patient selection criteria for initial xenotransplantation clinical trials were devel-
oped by experts convened under the auspices of the International Xenotransplantation 
Association (IXA) and World Health Organization (WHO) [21]. Their ethical 
guidelines include informing not only the initial trial participants but also their close 
contacts regarding known and possible unforeseen risks and doing so deliberately, 
alongside therapeutic alternatives, under noncoercive circumstances. When facing 
critical illness, and after exhausting currently available conventional treatment 
options, patients and their families are unlikely to perceive that they have a real 
choice. Thus, cardiac xenotransplantation should not be considered in emergent cir-
cumstances until proven feasible and reasonably successful in circumstances where 
existing ethical guidelines for obtaining informed consent can be followed. 
Similarly, candidates who are deemed ineligible based on medical conditions that 
would significantly reduce quality of life or predictably limit survival should prob-
ably not be included initially. On the other hand, those patients might be among 
those who most benefit from xenotransplantation of hearts, alone, or with other 
organs, once the field has been established.

Results with “destination therapy” VADs now approach those achieved follow-
ing heart transplant subpopulations of carefully selected patients [27–31], and VADs 
are also commonly used as a “bridge-to-transplant.” Indeed, over 50% of recent 
heart transplant recipients are previous VAD recipients [1, 2]. Among the 
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population of patients bridged with a VAD, some have (or develop) high levels of 
“panel- reactive antibodies” (PRA). High PRA levels are closely associated with 
long waiting times and poor outcomes after heart transplantation [32, 33]. Some of 
these patients might be eager to participate in a heart xenograft trial, particularly if 
they lack antibodies reactive with a possible pig donor and were otherwise facing 
risks associated with a different high-risk procedure (pump exchange for thrombo-
sis) or treatment alternative (alloantibody desensitization protocol).

 BiVAD or TAH Candidates

Several categories of patients exhibit relative or absolute contraindications to VAD 
implantation (listed in Table 15.1). Some of these patients are likely to perceive that 
participating in the initial cardiac xenotransplantation trial offers the significant 
advantage relative to their current available options, particularly those who are 
likely to acquire a temporary or permanent RVAD support. BiVAD recipients, par-
ticularly those who are highly sensitized to alloantigens, have a high mortality rate 
on the heart transplant waiting list. Current US Food and Drug Administration 
(FDA)-approved VADs that are deployed as RVADs are extracorporeal and not 
designed (or approved) for out-of-hospital use. Many BiVAD patients typically 
miss “windows of opportunity” between implantation and succumbing to device- 
related complications because a donor does not become available. During recupera-
tion after BiVAD surgery, education regarding a xenograft trial could be 
accomplished and the transplant procedure performed electively in a fully informed, 

Table 15.1 Criteria for initial pig heart xenotransplantation trial candidacy

1. High immunologic risk, rapidly progressive failure of prior heart allograft
  A. Rapid progression of cardiac allograft vasculopathy or myocardial fibrosis
  B. Broadly reactive, high-titer antibody against HLA antigens
   (i) Allosensitization by transfusion, prior pregnancy, or allograft implant
2. Absolute or relative contraindications to VAD implantation (rapidly deteriorating)
  A. Aortic valve insufficiency; aortic root aneurysmal disease
  B. Left ventricular thrombus
  C. Left-sided mechanical prosthetic valves
  D. Postinfarction ventricular septal defect
  E. Restrictive or hypertrophic cardiomyopathy
  F. Acute myocardial necrosis of the left ventricular apex
  G. Congenital or acquired single-ventricle physiology
3. Adult congenital heart disease (rapidly deteriorating)
  A. Single-ventricle physiology
  B. Declining reversibility of pulmonary vascular resistance (PVR) elevation (falling 

left-to-right shunt)
4. Severe biventricular failure without established end-organ failure
  A. Severe right ventricular failure in the context of left ventricular failure (BiVAD candidate)
  B. TAH candidate

Coexistence of multiple criteria is common in heart allograft candidates and would identify 
patients most likely to have a favorable risk/benefit profile from a novel, high-risk experimental 
intervention
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medically stabilized patient. Biventricular support using currently available TAH 
devices is constrained by sizing issues and is associated with a high complication 
rate and inferior bridge-to-transplant outcomes [30, 31]. These considerations iden-
tify BiVAD and TAH candidates as candidates for consideration in initial enroll-
ment in a clinical cardiac xenograft trial.

 Chronic Rejection After Prior Heart Transplant

Chronic rejection is prevalent among heart transplant recipients [2]. A minority 
receive a second (or third) allograft, in competition with those awaiting their first 
transplant. Particularly those with high PRA have substantial mortality while 
waiting for a “negative crossmatch” and inferior survival after transplant, even in 
the absence of “donor-specific” antibody [2, 34]. Patients with chronic rejection 
of their prior cardiac allograft, particularly those without preformed antibodies 
against the donor pig [35–40], might be willing participants in a heart xenotrans-
plantation trial.

 Congenital Heart Disease

Despite successful palliative procedures, adult patients with complex congenital 
heart disease remain vulnerable to late myocardial dysfunction and a variety of 
other complications [41, 42]. These patients are relatively disadvantaged by current 
heart allograft allocation criteria [2, 41, 42]. In addition, many have been sensitized 
to alloantigens by blood transfusion or tissue homograft exposures [43]. VAD 
implantation is frequently not feasible or effective in patients with Fontan failure 
where the development of complications, such as protein-losing enteropathy and 
desaturation secondary to intrapulmonary venoarterial shunts, occurs even in the 
setting of normal systolic function [42]. For some highly sensitized adult congenital 
patients with progressive heart failure or worsening arrhythmias, xenotransplanta-
tion could be an attractive alternative.

 Strategic and Technical Considerations

 Xenograft as a Bridge to Allotransplantation

The use of a heart xenograft as a temporary bridge to allotransplantation has been 
suggested, but would not ameliorate the donor organ shortage. Because immuno-
suppression would almost certainly be necessary to protect the heart xenograft, the 
patient would face higher risks of infection at the time of subsequent allotransplan-
tation. Clinical translation of heart xenografts is unlikely to be considered until 
durable life-supporting cardiac xenograft performance and a favorable safety profile 
are predicted by results in baboons. In this context, it might prove difficult to justify 

R. N. Pierson III et al.



227

removal of a well-functioning heart xenograft until and unless quality and length of 
life with the xenograft was predictably inferior to the added risks associated with 
another major transplant operation. Several investigators have shown that antibodies 
against human leukocyte antigens (HLA) are not usually elicited after exposure of 
humans to pig cells or tissues [44, 45]. However, design of a clinical heart xenograft 
trial should take the eventuality of incidental cross-sensitization to alloantigens into 
account, particularly if bridging to an allograft is anticipated, either as a planned 
strategy or a “bailout” option.

 Heterotopic Heart Transplantation

The use of the heterotopic heart transplant technique would reduce the recipients’ 
dependence on robust initial heart xenograft function, either initially after implanta-
tion or in case of later immune injury. Because this heterotopic technique is difficult 
and was associated with respiratory and embolic complications, this approach 
should probably be reserved for unusual cases (high pulmonary vascular resistance) 
where it would also be used for an available allograft.

 Facing “Unknown Unknowns”

The patient selection, education, and consenting process will need to be deliberate, 
rigorous, and transparent, acknowledging the many “unknown unknowns” facing 
trial participants and investigators and the implications of predictable as well as 
unforeseen complications not only for each trial participant but also for their family 
or close contacts.

 Multi-organ Xenotransplantation, Including the Heart

Patients who would otherwise die because they are not acceptable as candidates for 
heart-only allotransplantation, due to potentially reversible liver or kidney dysfunc-
tion, could be considered for heart xenotransplantation, using the pig heart to evalu-
ate whether these problems are reversible, with restoration of normal cardiac 
function (bridge-to-end-organ recovery). Adequate temporary support may provide 
time for sufficient recovery of native liver and/or kidney function to enable recu-
peration to proceed to heart allotransplantation and might be facilitated by co- 
transplantation of a kidney xenograft or an auxiliary liver xenograft from the same 
pig. However, as noted above, this strategy adds significant complexity to designing 
and evaluating results from an initial clinical trial and is likely to result in a high 
incidence of adverse outcomes, particularly if the liver or kidney dysfunction proves 
irreversible. Because of these considerations, we do not favor this “rescue” or 
“bridge-to-decision” approach for the initial clinical studies of cardiac 
xenotransplantation.
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 Combined Transplantation of the Heart and Lungs

Experimental pig lung xenotransplantation studies in ex vivo human blood perfu-
sion models and in vivo in nonhuman primates have revealed numerous obstacles to 
lung xenograft survival that do not usually limit graft or recipient survival after pig 
kidney or heart xenotransplantation [15, 46]. Although considerable progress has 
recently been reported [47], further progress will be required before a clinical trial 
of heart-lung or lung xenotransplantation will be seriously contemplated. 
Nevertheless, we believe it is valuable to consider what form a clinical trial would 
take once justified by consistently improved preclinical results.

Initial heart-lung clinical trials might include otherwise qualified heart transplant 
candidates excluded solely on fixed high pulmonary vascular resistance (PVR), par-
ticularly among adult congenital heart patients. Multiple patients with end-stage 
lung disease (e.g., chronic obstructive pulmonary disease [COPD], idiopathic pul-
monary fibrosis [IPF], sarcoidosis) are found to have severe atherosclerotic, valvu-
lar, or myopathic heart disease that currently disqualifies them from lung transplant 
candidacy. Lung and heart-lung patients with rapidly progressing chronic rejection 
(bronchiolitis obliterans syndrome) fare poorly after lung re-transplantation, par-
ticularly in the setting of the restrictive bronchiolitis obliterans syndrome (BOS) 
phenotype and in the setting of high PRA. Once safety and efficacy have been estab-
lished in non-emergent conditions, heart-lung xenotransplantation could be offered 
for patients who require prolonged VA ECMO support for disorders affecting both 
the heart and the lungs.

Current United Network for Organ Sharing (UNOS) policies are single organ- 
centered and intended to optimize efficacy of a scarce resource on a societal basis. 
In addition, those who might benefit from combined transplantation of the heart- 
lung block along with another organ, such as a kidney, are not prioritized by current 
donor allocation rules due to concerns regarding futility and organ scarcity. If multi- 
organ xenografts became available, not only might the allo- (and auto-)immune 
barrier be avoided and access to high-quality organs be facilitated, but the obstacles 
to organ access based on current allocation policies that adversely impact patients 
who are afflicted with simultaneous failure of multiple organs would become 
irrelevant.

 Conclusion

Recent preclinical results predict that pig hearts with a limited set of targeted genetic 
modifications will be protected from immune injury in humans using a clinically 
applicable calcineurin inhibitor-free immunosuppressive regimen, setting the stage 
for design of clinical pig-to-human heart xenotransplantation trials. Because of the 
broad variety among patients with end-stage heart failure and the availability of 
VADs, TAHs, and ECMO as temporizing or even durable therapeutic alternatives, 
selection of patients for the initial clinical application of heart xenotransplantation 
is not straightforward.
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Here we argue that clinical heart xenotransplantation should not be first attempted 
under emergent circumstances or in patients for whom allotransplantation is contra-
indicated. Rather, we identify multiple categories of patients who are currently 
awaiting heart transplantation, but whose timely access to a human heart is severely 
constrained by their clinical circumstances, and for whom participating in an initial 
exploratory study of heart xenotransplantation would satisfy ethical equipoise. 
Consistent demonstration of sustained life-supporting xenograft function in a pre-
clinical model, as stipulated by the International Society for Heart and Lung 
Transplantation (ISHLT) and WHO-convened international experts, should be suf-
ficient to establish this equipoise and to win necessary approval from institutional 
review boards and national regulatory authorities, affirming prior [48] and contem-
porary [21] consensus statements.

Once established as safe and effective in such carefully selected patients, we 
believe that pig heart xenotransplantation, alone and in conjunction with other organ 
xenografts, will be among the options offered to all patients with terminal heart 
failure. The recent accelerating rate of progress in pig-to-nonhuman primate kidney 
and heart transplantation gives us optimism that clinical heart xenotransplantation 
trials will be undertaken within the next 5 years.
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Abbreviations

ECMO Extracorporeal membrane oxygenator
HLHS Hypoplastic left heart syndrome
MCS Mechanical circulatory support

 Hierarchy

In December 2017, members of the transplant community gathered in Cape Town, 
South Africa, to celebrate the 50th anniversary of the first human-to-human heart 
transplant. On December 3, 1967, Christiaan Barnard electrified the world when he 
transplanted the heart of Denise Darvall, the victim of a hit-and-run motor vehicle 
accident, into Louis Washkansky, a former pugilist, dying from the ravages of mul-
tiple heart attacks. Three days later, Adrian Kantrowitz transplanted the heart of an 
anencephalic infant into a baby dying from Ebstein’s anomaly, only to see the trans-
planted heart fail several hours after the operation.

The next truly seminal event in pediatric heart transplantation, even though 
unsuccessful, occurred 17 years later when Leonard Bailey and his team at Loma 
Linda transplanted the heart of a baboon into Baby Fae, a newborn baby with 
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hypoplastic left heart syndrome (HLHS). Even though the baby died after 2 weeks, 
the absence of rejection offered hope to the transplant community regarding the 
possibilities of xenotransplantation. However, public outcry about the use of pri-
mates as organ donors was intense and personal, and Bailey never again ventured 
into the arena of xenotransplantation. But, he and his colleagues ushered in the era 
of infant heart transplantation [1], and Loma Linda became the world leader in 
transplanting hearts in small babies. His group demonstrated convincingly supe-
rior outcomes with neonatal heart transplantation, reporting 15-year survival of 
nearly 70% [2].

Today, with over two decades of orderly scientific progress in xenotrans-
plantation in general and within the specific domain of cardiac xenotransplan-
tation, investigators appear on the verge of optimizing genetically engineered 
triple-knockout (TKO) pigs suitable for heart transplantation in humans 
(Fig. 16.1) [3].

So, who would be the first candidates for pediatric heart transplantation? By 
virtue of being “the first,” short- or longer-term outcomes data with genetically 
engineered pig-to-human heart transplantation will not be available. Most likely, an 
initial experience with pig-to-human kidney transplantation will have emerged, so 
the early immunologic issues will have been recognized. The most logical first step 
in applying xenotransplantation to the first infant or child would be to consider 
patient groups for which heart transplantation would be desirable but is currently 
rarely achievable due to lack of available organs in a suitable time frame. This pri-
marily includes patients whose hemodynamic instability (and limited time window 
available before death) mandates a donor heart sooner than is currently feasible. In 
older children and adults, mechanical circulatory support (MCS) is generally an 
effective means of “bridging” to transplantation when hemodynamics are compro-
mised. So, we must also examine pediatric conditions for which no reliable MCS 
system is currently available. In the following discussion, if consistent 6 months’ 

•    Terminal Structures of human O, A and B blood
      group antigens and of the Gal antigen
•    Gal is the most important antigen expressed on the
      endothelium of pig cells that results in hyperacute
      rejection
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Fig. 16.1 Terminal structures of the human O, A, and B blood group antigens and of the Gal 
antigen. (Reproduced with permission from reference [3])
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survival in a genetically engineered pig-to-primate model could be demonstrated, a 
trial using xenotransplantation initially in a “bridge-to-allotransplantation” mode 
would be most likely.

 Hypoplastic Left Heart Syndrome: Heart Transplantation 
as Primary Therapy

During the late 1980s and much of the 1990s, heart transplantation was the favored 
therapy for HLHS in a number of institutions, despite the challenges of access to 
donors before deterioration occurred on prostaglandin support (to maintain ductal 
patency). However, as initial palliation with the Norwood operation showed 
improved early survival, most centers abandoned transplantation as the preferred 
therapy given the high mortality and morbidity while on the waiting list (Fig. 16.2) [4].

But what about the long-term outcomes in those babies with HLHS who did 
receive a heart transplant? A long-term study from Bailey’s group, as well as a multi-
institutional study from the Pediatric Heart Transplant Society (PHTS), reported 
15-year survival of 70–75% after primary heart transplantation for HLHS [2], which 
is clearly superior to survival after staged palliation resulting in the Fontan procedure 
for HLHS.  Unpublished data from the Congenital Heart Surgeons’ Society also 
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Fig. 16.2 The distribution of number of patients listed for heart transplantation in the Pediatric 
Heart Transplant Study in each year from 1993 to 2006 with cardiomyopathy, hypoplastic left 
heart syndrome (HLHS), and other congenital heart disease (non-HLHS), without previous sur-
gery. (Reproduced with permission from reference [4])
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showed a higher longer-term hazard of mortality after the Fontan operation for HLHS 
than after heart transplantation (personal communication, Stackhouse et al., 2019).

However, the argument for primary cardiac allotransplantation for HLHS 
(before even considering xenotransplantation) is not without controversy. In fact, 
ethicists have argued that, given the current more favorable outcomes with three-
stage palliation (even if inferior to primary heart transplant), a policy of primary 
transplant for HLHS is inappropriate…. “where issues of social justice must be 
considered, such allocation of a limited resource …. should be given to infants 
who cannot be treated by any means other than transplantation” [5]. Currently the 
number of patients who would not be considered for completion of the single 
ventricle pathway is low. The general criteria for elective transplantation are (i) 
poor systemic ventricular function and (ii) severe atrioventricular valve regurgita-
tion before or after initial palliation. However, the current very restrictive use of 
transplantation would be less persuasive if a considerably larger donor pool were 
available through xenotransplantation. This would create a potential space for 
triple gene-knockout (TKO) porcine heart donors if the demonstrated outcomes in 
the renal analog were sufficiently encouraging.

 Primary Transplantation for Other Selected High-Risk 
Neonatal Conditions

A few neonatal conditions remain for which current palliative or corrective opera-
tions in the setting of progressive circulatory deterioration carry a high hospital 
mortality. These include neonatal Ebstein’s anomaly not amenable to surgical repair 
with compromised hemodynamics and pulmonary atresia with intact ventricular 
septum complicated by sinusoids and severe proximal coronary artery stenosis or 
atresia [1]. Some centers might refer such patients for urgent heart transplantation if 
a suitable donor were immediately available. However, among non-HLHS patients 
without prior surgery who are listed for heart transplantation, the wait-list mortality 
approaches 30% by 3 months [4].

 Transplantation After Staged Palliation for Single Ventricle

The third and usually final stage of the three palliative operations for single ventricle 
is the Fontan operation, which generally occurs between ages 3 and 5 years. In the 
current era, the late risk of death after the Fontan operation for most forms of single 
ventricle is quite low. An analysis of the University of Alabama at Birmingham 
(UAB) experience identified no increase in the hazard, or risk of death, out to 
20 years (Fig. 16.3) [6]. However, when the hemodynamic condition deteriorates 
after the first or second stage of palliation, urgent transplantation or other forms of 
circulatory support may be the only options to salvage the patient.
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Another reality that must be recognized is the inferior outcome of transplantation 
when applied after initial palliative operations (compared to primary therapy). In 
contrast to the excellent late survival posttransplant for patients undergoing primary 
heart transplantation for HLHS, a long-term study from the Pediatric Heart 
Transplant Society revealed a 10-year survival of only 53% after transplantation for 
HLHS patients with prior palliative surgery [7].

Early graft dysfunction has been a challenge in experimental pig-to-nonhu-
man primate cardiac transplants, and the challenge would likely be magnified 
in patients with prior congenital heart surgery, as has been noted in prior stud-
ies from the International Society for Heart and Lung Transplantation [8]. 
Furthermore, neonates are at particularly high risk for early graft dysfunction. 
If xenotransplantation is going to be applied in the setting of prior complex 
cardiac operations or primarily in the neonatal period, experimental pig-to-
nonhuman primate transplants must demonstrate reproducible good early graft 
function.

 Human Leukocyte Antigen (HLA)-Sensitized Patients

High levels of preformed anti-HLA antibodies against human donors are a predictor 
of suboptimal outcomes [9]. This may be a pathway for initial xenotransplant appli-
cation if the likelihood of a suitably matched human donor is low.

Fontan operation (USB; 1988-2011 using internal or external PTFE tubes (N=207)
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Fig. 16.3 Actuarial and parametric survival after the Fontan operation using polytetrafluoroethyl-
ene (PTFE) tubes. The lower red line indicates the instantaneous risk (hazard) of death, in which 
the rapidly falling early phase merges with a constant phase within the first 3 months. The error 
bars represent ±1SE. The dashed lines enclose the 70% confidence limits. UAB, University of 
Alabama at Birmingham. (Reproduced with permission from reference [6])
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 Early Posttransplant Graft Failure

When severe early graft failure occurs after pediatric heart transplantation, the out-
comes are poor when extracorporeal membrane oxygenator (ECMO) or MCS is 
needed for circulatory support [8]. When there appears to be little hope for graft 
recovery, this would be another potential opportunity for xenotransplantation.

 Conditions with High Wait-List Mortality

Another avenue to consider is wait-list mortality. Are there situations or conditions 
in which survival to transplant is particularly dependent on a short time to trans-
plant? In other words, which patients are especially vulnerable to hemodynamic 
deterioration and death while waiting? Among patients with HLHS who are listed 
for heart transplant after an initial Norwood operation, the mortality while waiting 
is high, with nearly 30% of listed patients dying within 3 months without transplant 
[10]. Another Pediatric Heart Transplant Society study also noted a high wait-list 
mortality for non-HLHS congenital heart disease in infants [4].

 Patients at High Risk with Mechanical Circulatory 
Support (MCS)

In older children and adults, MCS is the standard therapy for patients who deterio-
rate while waiting. But there are some patient subsets for whom current methods of 
MCS are often unsuccessful. The development of suitable devices for infants and 
small children has been impaired by the relatively limited market for device applica-
tion compared to older patients and the challenges of miniaturization. Despite these 
challenges, MCS support plays a major role in supporting pediatric patients to trans-
plantation, with approximately 20% of pediatric patients coming to transplant on 
MCS [8]. For children older than about 3 years of age, especially with two ventri-
cles, who can receive a small adult continuous flow pump like the HeartWare ven-
tricular assist device (Medtronic), the survival on support is excellent (Fig. 16.4) 
[11]. Xenotransplantation is not likely to be initially competitive for this group of 
patients. Furthermore, the rate of transplant is quite high for children on devices 
[11]. One real opportunity for xenotransplantation, however, is patients who are 
placed on ECMO emergently and do not come off promptly. If they are also poor 
candidates for more durable MCS, their outcome is generally poor (Fig. 16.5) [8].

The Berlin Heart Excor is the primary ventricular assist device used in infants 
and children <3 years of age. Certain patient groups fare poorly with the Berlin 
heart [12]. The mortality among infants with congenital heart disease who require 
MCS, and especially with single ventricle, has been generally high and exceeds 
90% for neonatal single ventricle patients. Even in a contemporary analysis from a 
national database, the mortality remains high for congenital heart disease patients 
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Kaplan-Meier Survival- Pedimacs vs lntermacs (19-30 years) HVAD Patients
Coverage: September 19, 2012 to June 30, 2017
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Fig. 16.4 Survival of 193 children (n  =  192) (Pedimacs) compared with young adults (aged 
19–30  years; n  =  247) (Intermacs) implanted with the HeartWare HVAD (Medtronic) from 
September 19, 2012, to June 30, 2017. (Reproduced with permission from reference [11])
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who require MCS if they cannot be transplanted within a month (Fig. 16.6) [13]. 
Among infants with single ventricle who require MCS, the wait-list mortality 
exceeds 50% by 3 months.

The National Heart, Lung, and Blood Institute invested >$30 million on a pro-
gram to develop infant and pediatric durable MCS devices, but to date success has 
been limited. A multicenter trial to evaluate a pediatric implantable small axial flow 
pump is ongoing.

 Summary

With the considerations outlined above, the following patient cohorts could receive 
consideration for an initial pediatric xenotransplantation clinical trial, which ini-
tially would likely be designed as a “bridge trial” to subsequent human heart 
transplantation:

 (i) Primary heart transplant for HLHS with right ventricular dysfunction, severe 
atrioventricular valve regurgitation, or coronary anomalies with evidence of 
circulatory instability

 (ii) Primary transplant for high-risk subsets of neonatal Ebstein’s anomaly with 
hemodynamic instability and pulmonary atresia with intact ventricular septum 
and severe coronary anomalies
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 (iii) Transplantation after first-stage single ventricle palliation with subsequent 
poor ventricular function, severe atrioventricular valve regurgitation, and 
hemodynamic instability (higher risk)

 (iv) Congenital heart disease with prior cardiac surgery, severe heart failure, and 
high sensitization with poor prospects for negative crossmatch

 (v) Heart transplant graft failure with need for MCS
 (vi) Single ventricle or other congenital heart disease needing MCS in first 2 years 

of life or with high wait-list mortality

However, there are important barriers to overcome in the present experimental 
models for such a trial to occur:

 (i) Continuous-flow MCS suitable for small infants is under active development 
with one ongoing clinical trial.

 (ii) The results with staged palliation of single ventricle (including HLHS) are cur-
rently too good to carry out pig heart xenotransplantation unless major com-
promise of ventricular function is present.

 (iii) Neonates (<1 month of age) and infants with complex congenital heart disease 
and multiple prior operations are known to be at higher risk for early graft 
dysfunction, so excellent and reproducible xenograft function must be achieved 
in the orthotopic pig-to-nonhuman primate model.
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 Introduction: Infection in Transplantation

Infection and cancer are major complications of long-term immunosuppressive 
therapy used to prevent graft rejection. Infection is derived from environmental 
exposures in the hospital and the community, from organisms present, often as colo-
nizers or in latent form, in the organ recipient and from organisms carried with the 
transplanted organ [1–5]. In xenotransplantation, data regarding the microbiology 
of normal and genetically modified swine are limited. Approaches to the mitigation 
of the infectious risks of xenotransplantation are based on extrapolation from expe-
rience with infection following allotransplantation and on preclinical data devel-
oped in studies of immunosuppressed swine and primate xenograft recipients 
(Table 17.1).

Based on these data, creative strategies have been developed to minimize xeno-
geneic infectious exposures via screening of source animals and exclusion of poten-
tial pathogens (or animals) during animal husbandry. Routine monitoring of 
xenograft recipients for infection due to both known and unknown pathogens will 
be complemented, if infectious syndromes emerge, by standard paradigms for 
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management of immunocompromised hosts with infection. As for allotransplanta-
tion, there will always remain some irreducible infectious risk associated with trans-
plantation of viable xenograft tissues in graft recipients with organ dysfunction and 
other medical problems and who are undergoing complex surgical procedures and 
intensive immunosuppressive therapy.

The risk of infection in transplantation is determined by the semiquantitative 
relationship between two factors, the “epidemiologic exposures” and a conceptual 
measure of an individual’s susceptibility to infection termed the “net state of immu-
nosuppression.” The net state of immunosuppression is largely a function of the 
intensity of immunosuppressive therapy but also includes metabolic derangements, 
infection with immunomodulating herpes and other viruses, and technical compli-
cations (e.g., devitalized tissues, undrained fluid collections). A decreased risk of 
infection (e.g., due to donor screening or recipient prophylaxis) increases the toler-
ability of immunosuppression. The risk factors for allotransplantation have been 
reviewed elsewhere [1, 2]. The unique features of xenotransplantation result from 
the microbiology of the nonhuman organ donor and the possibility that greater-than- 
usual immunosuppressive therapy may be required to prevent graft rejection [5–8].

 Xenosis: Which Pathogens?

The term “xenosis” (also “direct zoonosis” or “xenozoonosis”) reflects the unique 
epidemiology of infection due to organisms from a nonhuman source species trans-
mitted with xenogeneic grafts [6, 8–10]. It must be emphasized that any organism 
can potentially cause infection in immunocompromised hosts, so discussion must 

Table 17.1 Categories of potential opportunistic infections resulting from clinical 
xenotransplantationa

Common pathogens: community or nosocomially acquired organisms causing infection (e.g., 
wound infection, pneumonia), specific diagnostic tests generally available, effective therapies 
available
Opportunistic infections of the immunocompromised host: well-characterized clinical 
syndromes in human allograft recipients (e.g., cytomegalovirus infection), specific diagnostic 
tests generally available, effective therapies available
“Traditional zoonosis”: well-characterized clinical syndromes in humans (e.g., T. gondii), 
specific diagnostic tests generally available, effective therapies available
“Species specific”: incapable of causing infection outside the xenograft (e.g., porcine CMV), 
some tests available, few standardized tests available for human use
“Potential pathogens”: organisms of broad “host range” which may spread beyond the 
xenograft (e.g., adenovirus), few specific tests available, some effective therapies available
“Unknown” pathogens: unknown clinical and microbiological characteristics in vivo in 
humans (e.g., porcine endogenous retrovirus, PERV), some tests available, some therapies 
available
  New virulence characteristics within the host (e.g., xenotropic viruses)
  Not known to be present or pathogenic (e.g., protozoa or retroviruses)
  Viral recombinants

aAssays must be validated for use in swine and in human samples
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focus on what are considered the likely pathogens based on experience with allo-
transplantation (Table 17.1). The microbiological behavior of animal-derived patho-
gens in the immunosuppressed human host cannot be predicted, and the clinical 
manifestations of infection are altered by immunosuppression. Various factors may 
increase the risk of infection in xenotransplantation:

 (i) Potential pathogens may be of microbial species previously unappreciated 
(porcine endogenous retroviruses, PERV) or unexamined (e.g., polyomavi-
ruses) in the source species [11–15].

 (ii) Novel clinical syndromes may result from infection with animal-derived 
pathogens.

 (iii) Clinical laboratory assays for organisms from nonhuman species may not be 
available for use in donor screening or in clinical diagnosis.

 (iv) Donor-derived organisms may be nonpathogenic in the native species but 
cause disease in the new host (“xenotropic organisms”) or acquire new charac-
teristics (genetic recombination or mutation) [16–21]. Virulence may increase 
with passage in a new host (evolutionary adaptation) while diminishing over 
time in the native host.

 (v) As in allotransplantation, incompatibility of transplantation antigens (i.e., 
MHC antigens) between species may reduce the efficacy of the host’s immune 
response to infection within the xenograft.

As for allotransplantation, keys to the management of infection derived from 
swine include:

 (i) Identification of “likely” pathogens based on experience with related organ-
isms in allotransplant recipients (Table 17.1). In the absence of clinical trials, 
such predictions are merely educated guesses.

 (ii) Development of sensitive and specific microbiological assays for use in breed-
ing, donor and organ screening, and diagnosis. Ideally, this would include 
serological tests and/or measures of T-lymphocyte immunity (e.g., pathogen- 
specific interferon-gamma release assays) to identify prior exposures and 
latent infections. In addition, culture systems, microscopic analyses (for para-
sites), and quantitative molecular assays for use in clinical diagnosis are 
needed. These must be validated for use with samples from swine and from 
human xenograft recipients as assays may perform differently in human and 
porcine sera. Thus far, serological testing for most animal-derived organisms 
in humans is generally unavailable or unreliable. Serological tests may also be 
falsely negative in the immunocompromised host. Such assays are available in 
small numbers of commercial or veterinary programs.

 (iii) Identification of therapies appropriate for each pathogen.

With these tools, an “exclusion list” of organisms thought to pose an unaccept-
able risk to xenograft recipients has been developed as a basis for testing in breeding 
colonies (“Designated Pathogen-Free Colonies” (Table 17.2) [9, 13, 22–24]). While 
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barrier facilities to prevent infection of breeding colonies are essential, it seems 
likely that it does not matter how such exclusion is achieved if the designated organ-
isms are demonstrably absent from the transplanted organ. Such lists must be 
dynamic – subject to revision based on experimental and clinical experience and the 
availability of new therapies.

 Source Animal Selection and Exclusion of Likely Pathogens

The need for herd isolation and continuous surveillance of source animals requires 
meticulous breeding records (including details of nuclear transfer and animal move-
ments) and archiving of specimens (cells and sera) for subsequent use in epidemio-
logical investigations. Microbiological assessments in breeding colonies will be 
needed for sentinel animals and from the specific animals selected for organ pro-
curement. Swine for xenotransplantation may be bred in “biosecure facilities” to 
prevent introduction of pig or human pathogens and isolated from other animals, 
including rodents, insects, and birds, often with care providers gowned and gloved.

We have developed two lists of organisms for consideration in breeding for 
xenotransplantation. Pig health is assured by standard veterinary practice includ-
ing routine vaccinations with microbially restricted and mammalian protein-free 
diets, filtered water, and special housing and avoidance of unnecessary antibiot-
ics (Table  17.3). With the availability of genetic modification of swine (e.g., 
CRISPR- Cas9) targeting graft rejection, metabolic incompatibilities, or to elimi-
nate endogenous retroviruses, transgenic methods with nuclear transfer are per-
formed in sterile environments, with subsequent embryo transfer to surrogate 
gilts [25–31].

Table 17.2 Exclusion list: porcine organisms to consider

Viruses
Porcine endogenous retrovirus (PERV) A, B, C, 
AC

Porcine lymphotropic herpesvirus (PLHV)

Porcine adenovirus Porcine teschovirus
Encephalomyocarditis virus Rabies virus
Hepatitis E virus Swine influenza virus
Porcine cytomegalovirus West Nile virus
Porcine hemagglutinating encephalomyelitis SARS-Cov-1 and 2
Bacteria
Mycobacteria spp. Shigella
Pathogenic E. coli Yersinia
Campylobacter Leptospira spp.
Salmonella (choleraesuis, typhimurium) Listeria spp.
Parasites
Toxoplasma gondii Echinococcus spp.
Cryptosporidium parvum Trichinella spiralis
Strongyloides Microsporidium
Trypanosoma species

Adapted from [8]
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Based on experience with infections in immunosuppressed human allotransplant 
recipients and with pig-to-primate xenotransplantation, a second “Designated 
Pathogen-Free Exclusion List” was developed (Table 17.2). Thus far, infections due 
to pig-derived pathogens have not been identified in immunosuppressed humans, 
except for hepatitis E virus (HEV). Regulatory guidance documents exist for clini-
cal trials [10, 32–35]. In practice, these documents require source animal screening 
to assure animal health and the absence, to the degree possible, of possible pig- 
derived human pathogens.

 Safety in Clinical Trials of Xenotransplantation

 Routine Monitoring for Xenogeneic Infection

In immunosuppressed organ recipients, the risks for infection and malignancy are 
lifelong. Standard pretransplant screening in advance of immunosuppressive ther-
apy is required (Table  17.4). While most donor-derived infections are identified 
early in the posttransplant course, some infections occur later, often due to immune 
perturbation by intercurrent viral infection (e.g., cytomegalovirus) or augmented 
immunosuppression for graft rejection [3, 4, 36–38]. Proof that the source of such 
infections is swine-derived vs. environmental may be impossible. Based on the 
technologies applied (e.g., molecular testing, next-generation sequencing), routine 
samples from recipients might be tested to assure the absence of potential pathogens 
(e.g., porcine endogenous retrovirus, porcine cytomegalovirus) (Tables 17.5 and 
17.6). Similar screens might be applied at times of symptomatic infection or of 

Table 17.3 Exclusion list: 
organisms important to swine 
health status

Viruses
Parvovirus
Porcine circovirus
Porcine delta coronavirus
Porcine diarrhea virus
Porcine reproductive and respiratory virus
Porcine respiratory coronavirus
Porcine sapelovirus 1
Pseudorabies or Aujeszky’s disease
Transmissible gastroenteritis virus
Bacteria
Brucella suis
Leptospira spp.
Mycoplasma hyopneumoniae
Salmonella spp.
Parasites
Ascaris suum
Cryptosporidia
Strongyloides ransomi

Adapted from [8]
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Table 17.5 Deployment of microbiological assays in xenotransplantation

Assay type

Screening 
source 
animals

Xenograft 
recipient 
monitoring

Xenograft recipients – 
symptomatic infection 
or increased riska

Healthy 
contacts of 
recipient

Cultures (active 
infection)

X X

Serology (past 
exposures)

X X +/− X

Molecular assay or 
antigen detection 
(active infection)

X X +/−

Next-generation 
sequencing (active 
infection)

X X

aIncreased risk may be associated with treatment of graft rejection or intercurrent viral infection

Table 17.6 Recipient testing (post-xenotransplantation routine)

Virus name – noncommercial 
testing Testing method
Porcine endogenous retrovirus 
(PERV) A, B, C, AC

Qualitative and quantitative (QNAT) nucleic acid testing 
(NAT); antibody-based tests (serology, ELISA, Western blot)

Porcine lymphotropic 
herpesvirus type 2 (PLHV-2)

QNAT

Porcine cytomegalovirus 
(PCMV)

NAT; antibody-based tests

Human cytomegalovirus 
(HCMV) – per protocol

QNAT

Human Epstein-Barr virus 
(EBV) – per protocol

QNAT

Adapted from [8]

Table 17.4 Pretransplant microbiological screening of human xenograft recipientsa

Name Testing method(s)
Human immunodeficiency virus, type 1 (HIV-1) ELISA
Human immunodeficiency virus, type 2 (HIV-2) ELISA
Hepatitis B virus Serology
Hepatitis C virus Serology
Treponema pallidum Serology
Human cytomegalovirus (CMV) Serology
Human herpes simplex virus Serology
Human varicella zoster virus Serology
Toxoplasma gondii Serology
Mycobacterium tuberculosis ELISA (T-spot)

aVaccine status up to date for hepatitis B; hepatitis A; influenza virus; Pneumovax/PCV13; tetanus 
(Tdap); MMR (measles, mumps, and rubella); varicella zoster virus; if required: meningococcal 
(including type B), H. influenzae; human papillomavirus
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increased risk (e.g., following treatment of graft rejection). In addition to recipient 
samples, social or sexual contacts of recipients and source-animal handlers may be 
considered for inclusion in any monitoring scheme. For this reason, sera and cells 
from these groups must be archived for future studies.

Recipients of xenografts should have blood samples (sera and cells) obtained and 
stored at regular intervals. A possible scheme might include serum and leukocyte 
samples (Table 17.6):

 (i) Pretransplant
 (ii) Weekly for 1 month postoperatively
 (iii) Monthly for 6 months postoperatively
 (iv) Quarterly for the first year
 (v) Annually for 5 years thereafter

Following periods of fever or of clinical infection (see below), monitoring would 
be increased to weekly for 1–2 months and then revert to the previous level of sur-
veillance. Samples could be stored on relatives, intimate contacts, and animal han-
dlers every 6 months, with more frequent monitoring (monthly) if the animals or 
recipients developed signs of infection or were determined to be infected with a 
xenograft-derived pathogen.

Samples will be used for (i) archiving for future epidemiologic studies (in appro-
priate storage media for RNA, DNA, cell, and antibody preservation); (ii) NAT 
testing for PERV (A, B, C, AC), PLHV, and PCMV (if present in donor) and for 
common human viruses; (iii) cocultivation of peripheral blood leukocytes with per-
missive human and porcine cell lines for viral detection (including PERV); and (iv) 
evaluation for any fevers or infectious syndrome per institutional protocols (Tables 
17.5 and 17.6).

With periods of fever or of clinical infection, monitoring could increase (e.g., to 
weekly for 1–2 months and then revert to the previous level of surveillance) depend-
ing on the diagnosis obtained. Samples should be stored from social contacts and 
animal handlers (e.g., every 6 months), with more frequent monitoring (monthly) if 
the animals or recipients develop signs of infection. Both serologic and molecular 
assays must be validated for human blood samples.

 Management of Xenograft Recipients with Signs of Infection

Organ transplant recipients frequently manifest signs of infection in the form of 
fever (often without clear source); unexplained leukocytosis; graft dysfunction; 
respiratory, gastrointestinal, or urinary tract symptoms; sepsis; or abnormal meta-
bolic testing (e.g., hepatitis). Graft rejection and malignancy may present similarly. 
Most often, these signs and symptoms reflect community-acquired infections or 
reactivation of latent infections. The risk of xenograft-derived infection requires 
approaches like those of allograft recipients:
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 (i) Full microbiological evaluation prior to the initiation of antimicrobial therapy 
(blood and urine cultures, sputum cultures)

 (ii) Radiologic studies and invasive diagnostic testing (needle or surgical biopsies) 
as appropriate

 (iii) Early empiric antimicrobial therapy directed at the most likely pathogens
 (iv) Hospital admission with isolation and infectious precautions until further data 

become available
 (v) Universal precautions for all blood samples
 (vi) Special testing based on data from the source animals with consideration of 

both pig-specific pathogen testing and nondirected sequencing of 
serum samples

 The First Recipients

Ideally, initial xenograft recipients would undergo transplantation in the absence of 
immunosuppression. These might be recipients of porcine skin grafts used for tran-
sient wound or burn coverage until sloughed. Such recipients could be assessed for 
xenogeneic infection locally (at the site of application) and systemically. Significant 
advances in preclinical studies have demonstrated good xenograft survival using 
clinically acceptable approaches to immunosuppression. Subsequent recipients 
requiring immunosuppressive therapy should be free of known infections and not be 
colonized with antimicrobial-resistant organisms. Infectious risk to the xenograft 
recipient might be increased by preexisting immunodeficiency states in candidates 
for xenotransplantation and may mitigate against using xenografts in prior allograft 
recipients or with underlying immunodeficiencies. Protocols for graft tolerance 
induction (e.g., stem cell plus organ grafts from the same donor) may avoid the 
intensive immunosuppression required to maintain graft function in primates but 
assume systemic spread of pig cells in the recipient with the associated risks of 
infection and graft-vs.-host disease.

In xenotransplantation, in the absence of human studies, the absolute risk for 
infections remains unknown. Approaches to production and modification of source 
animals and surveillance in recipients will require adjustment as clinical data 
emerge. New microbiological assays will be required to screen swine for potential 
human pathogens and for the diagnosis of pig-specific pathogens in humans. The 
application of next-generation sequencing technologies to xenograft recipient sam-
ples may provide valuable data and another layer of clinical safety. Infections occur-
ring in the xenograft recipient will require early diagnosis and therapy. However, it 
is unlikely that such opportunistic infections will pose a significant risk to immuno-
logically normal individuals. The recognition that novel organisms may infect xeno-
graft recipients should generate improvements in technologies for the screening of 
source animals and surveillance of recipients.
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Abbreviations

AMR Antibody-mediated rejection
Gal Galactose-α1,3-galactose
GTKO 1,3-Galactosyltransferase gene-knockout
HLA Human leukocyte antigens
Neu5Gc N-glycolylneuraminic acid
RBCs Red blood cells
SLA Swine leukocyte antigens
β4GalNT2 β1,4 N-acetylgalactosaminyltransferase

 Introduction

Antibody-mediated rejection occurs when cells or tissues are transplanted between 
disparate members of the same species or between members of different species. 
This immunological insult limits the ability of the donor organ or cells to effectively 
replace the function of a failing organ. In allotransplantation, e.g., human-to-human 
transplantation (e.g., blood transfusion and organ allotransplantation), matching the 
donor tissue to the recipient tissue, with no preformed antibodies in the recipient 
directed to the donor tissues, avoids rapid antibody-mediated rejection (AMR) of 
transplanted tissues. Failing to avoid the effect of pre-existing donor-specific anti-
bodies (DSA) often results in acute rejection by activating the complement cascade, 
resulting in destruction of the organ in minutes to hours.
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Once recognized as a problem in allotransplantation, a number of assays were 
developed to identify acceptable donor-recipient pairings based on the absence of 
DSA.  These assays mix donor cells with recipient antibodies to probe for 
complement- fixing IgG and IgM binding to, and killing, the cells through a 
complement- mediated pathway. These technologies were key in defining the ABO 
blood group as carbohydrate target antigens in blood and in identifying the human 
leukocyte antigens (HLA) as major protein antigens in the setting of solid-organ 
allotransplantation. More recent technological advances have enabled the develop-
ment of assays that utilize panels of recombinant HLA proteins, with increased 
sensitivity to detect specific anti-HLA antibodies in each recipient.

The initial problems encountered in the early years of allotransplantation are 
present in xenotransplantation. The transfer of cells from donor to recipient across 
the species barrier may result in the rapid AMR of the transplanted tissues. As the 
pig is the major candidate organ-source animal being pursued in the xenotransplant 
field, pig antigenicity will be the focus of the following discussion in the context of 
evaluating the success of genetic engineering in lowering humoral reactivity and in 
the ability to determine which individuals may be candidates for xenotransplanta-
tion as a therapy.

 The First Xenoantigens: Carbohydrates

Echoing the early allotransplantation experiments, the initial trials of pig xenotrans-
plantation into nonhuman primates were limited by hyperacute AMR [1–3]. It was 
eventually determined that carbohydrates containing galactose-α1,3-galactose (Gal) 
residues attached to glycoproteins or glycolipids via an α1,3 linkage were the first 
xenoantigens, to which nearly every human has preexisting antibodies [4–6]. The 
gene producing the galactosyltransferase responsible for producing Gal is nonfunc-
tional in humans, and, likely through exposure to bacterial and viral intestinal flora 
expressing the sugar, nearly all humans develop antibodies to this carbohydrate [7]. 
Eliminating Gal expression by disrupting the galactosyltransferase responsible for 
its production showed markedly reduced antibody binding and prolonged the sur-
vival of grafts from minutes to days, but ultimately the grafts would succumb to 
rejection, and the search continued for additional xenoantigens [8–11].

Further work demonstrated that additional xenoantigenicity could be attributed 
to a sialic acid variant, present in nearly all mammals except humans [12–15]. 
Similar to the galactosyltransferase responsible for the Gal linkage, the gene pro-
ducing the enzyme, cytidine monophosphate N-acetylneuraminic acid hydroxylase 
(CMAH) that adds Neu5Gc to the underlying carbohydrate structures, has been 
evolutionarily inactivated in humans, preventing Neu5Gc synthesis and rendering 
the sialic acid a foreign molecule (e.g., when expressed on pig tissues) to which 
most humans develop antibodies.

Though not specifically identified, a third major xenoantigen also appears to be 
carbohydrate-based, as expression of pig β1,4  N-acetylgalactosaminyltransferase 
(β4GalNT2) on human cells increases their antigenicity [16–19]. Despite humans 
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containing a functional β4GalNT2 gene, the vast majority of people appear to have 
antibodies to pig cells on which it is expressed. Deletion of all three genes (GT, 
CMAH, and β4GalNT2) eliminates expression of their corresponding glycans and 
has allowed the production of novel strains of pig to which approximately 30% of 
people lack natural antibodies [19].

Discussed at length below, the swine leukocyte antigens (SLA), homologs of the 
HLA that serve as key antigens in allotransplantation, are becoming increasingly 
appreciated as proteinac xenoantigens are recognized by potential pig xenograft 
recipients (Fig. 18.1).

The history of allotransplantation and recent pig-to-nonhuman primate xeno-
transplantation models suggest that the use of pigs with reduced humoral antigenic-
ity, and the identification of recipients with virtually no anti-pig antibodies, will be 
essential to the success of xenotransplantation. Pig organs that do not express these 
three carbohydrate xenoantigens are likely to form the basis of pig organ grafts that 
will be capable of functioning long term in humans. What follows is a brief review 
of several assays that have been used to screen human blood for the presence of 
anti- pig antibodies against a variety of xenoantigens and cell types.

 Human Antibodies Against Genetically Engineered Pig Red 
Blood Cells (RBCs)

RBCs are a convenient target with which to evaluate how genetic engineering may 
alter the expression of xenoantigens in a pig. Venipuncture and low-speed centrifu-
gation allow large numbers of RBCs to be easily isolated without euthanasia of the 
animal. Additionally, wild-type pig RBCs express the three major known 
carbohydrate- based xenoantigens (Gal, Neu5Gc, and Sda), and these antigens are 
eliminated upon inactivation of the appropriate genes. Flow cytometry has been 
used to examine antibody binding to pig RBCs where, following co-incubation of 
pig RBCs with heat-inactivated human sera, fluorescent anti-human immunoglobu-
lin secondary reagents enable bound antibodies to be detected [20, 21]. This assay 
has been used to demonstrate that gene-editing does reduce human IgM and IgG 
binding to pig cells.

These flow cytometric analyses have shown that approximately 30% of people 
exhibit humoral reactivity toward pig RBCs isolated from pigs lacking the GGTA1, 
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Fig. 18.1 A comparison of known allotransplant antigens and their xenoantigen counterparts
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CMAH, and B4GalNT2 genes that is as low or lower than their reactivity toward 
human allogeneic RBCs of blood group O [19]. This result indicates not only that it 
is possible to reduce or eliminate human antibody binding to pig cells through 
genetic engineering of the pig but that the assay is sufficiently sensitive to reveal 
additional xenoantigenicity of potential recipients to pig RBCs in the currently 
available antigen-knockout animals. Additional studies where bound antibodies 
were eluted and analyzed by mass spectroscopy demonstrated that multiple human 
immunoglobulin isotypes interacted with these cells, including IgM, IgG1, IgG2, 
IgG3, and IgG4 [20]. RBCs also enable simple evaluation of antibody-initiated 
cytotoxicity by measuring the release of hemoglobin into the medium following 
incubation of cells with human serum and exogenous complement.

Despite their utility, using RBCs to examine antibody reactivity with xenoan-
tigens presents two challenges: (i) ongoing access to pigs of the desired geno-
types is required, given that RBCs cannot be expanded in culture and do not 
tolerate frozen storage well, and (ii) being a relatively simple cell type, RBCs do 
not present all xenoantigens that may be expressed on other cells or tissues in the 
pig. For example, as discussed below, they do not express the potentially anti-
genic SLA molecules.

 Human Antibodies Against Pig Peripheral Blood Mononuclear 
Cells (PBMCs)

PBMCs have long been used as target cells in crossmatching assays in allotrans-
plantation to identify compatible donors and recipients. They have also been a key 
tool in the analysis of human and primate antibody reactivity with various geneti-
cally modified pigs. They suffer from many of the same benefits and drawbacks as 
RBCs in that they are easy to obtain from blood but require continued access to 
genetically modified pigs. PBMCs differ from RBCs in that they can be stored fro-
zen for the long term and express SLA in addition to Gal, Neu5Gc, and Sda-derived 
carbohydrates, though the freezing and thawing process of PBMCs increases the 
background levels of antibody binding compared to fresh cells for, at this time, 
unknown reasons. PBMCs have been used repeatedly in defining the contribution of 
all four xenoantigens to human-anti-pig humoral reactivity, typically with a flow 
cytometry-based assay where fluorescent anti-immunoglobulin reagents are used to 
detect binding to the target cells.

Similar to RBCs, PBMC-based crossmatch experiments suggest that approx-
imately 30% of people do not have antibodies that react with cells taken from 
pigs engineered to lack the three major glycan xenoantigens [19]. With careful 
selection of phenotyping reagents and fluorescent immunoglobulin-detecting 
reagents, analyzing PBMCs in flow cytometry-based experiments affords the 
opportunity to evaluate multiple cell populations (B cells, T cells, and mono-
cytes) for xenoantigenicity. PBMCs are also useful as targets in complement-
mediated cytotoxicity assays that can be used to probe for the presence of 
cytotoxic antibodies (Fig. 18.2).
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 Endothelial Cells as Targets in Crossmatching Assays

Endothelial cells are more challenging to isolate than either RBCs or PBMCs in that 
surgical access to the vasculature is required to isolate them. However, once 
obtained, they can be convenient cell targets because they express the major known 
xenoantigens and can be expanded in cell culture, frozen for future use, analyzed by 
flow cytometry and cytotoxicity assays, immortalized, and cloned to create homog-
enous cell populations. In contrast to RBCs and PBMCs, endothelial cells must be 
grown on solid supports, requiring assays such as ELISAs to monitor antibody 
binding while the cells remain attached, or they must be removed from the culture 
dish. SLA class II expression provides an additional caveat in that endothelial cells 
lose their class II expression during cell culture, though this can be restored with 
interferon-gamma treatment [22].

 Swine Leukocyte Antigens (SLA): A Protein Xenoantigen

In humans, the highly polymorphic nature of the major histocompatibility complex 
(MHC), including the HLA proteins, causes people to frequently develop anti-HLA 
antibodies following exposure and sensitization to transplanted organs, blood prod-
uct transfusions, and/or pregnancy [23]. Developing tests that evaluate the antibody 
repertoire of potential recipients for reactivity against HLA on potential donor 
organs/cells has been critical to the successful pairing of donors with recipients pos-
sessing low risks of acute AMR. As mentioned previously, SLA proteins are the 
homologs of HLA molecules, and consequently human and pig class I and class II 
molecules share approximately 75–80% amino acid sequence identity, and 

Complement dependent cytotoxicity

Donor PBMC

Donor PBMC

Fluorescence

C
ou

nt

Recipient sera

Flow
cytometric
crossmatch

Positive FCXM Negative FCXM
unacceptable         acceptable

Recipient sera

Flow cytometric crossmatch
lgG

Living
cell

Dead
cell

ASHI score >2
unacceptable

Fig. 18.2 Illustrations of 
the complement-dependent 
cytotoxicity assay and the 
flow cytometry crossmatch 
- two histocompatibility 
assays crucial to 
demonstrating the presence 
of a xenoantigen

18 Histocompatibility Testing for Xenotransplantation



258

structural analyses of class I HLA and SLA crystal structures are very similar (SLA 
class II molecular structures are not currently available for comparison) [24–26].

Given their similarities, it has been hypothesized that SLA and HLA will share 
common epitopes that can drive cross-species reactivity between human anti-HLA 
antibodies and their SLA counterparts. A number of studies provided evidence in 
support of this concept. Oostingh and colleagues examined reactivity of pig serum 
IgG with PBMCs from 23 different pigs [27]. Prior to examining the interaction, the 
sera were incubated with wild-type pig RBCs, which do not express SLA, in an 
effort to deplete anti-glycan antibodies and minimize the presence of non-SLA anti-
bodies (e.g., to the three known glycans) that could interfere with SLA antibody 
detection.

These experiments yielded several key observations. First, the presence of anti- 
HLA antibodies in a person’s serum increased the frequency with which that indi-
vidual demonstrated anti-pig reactivity. Second, anti-pig reactivity varied depending 
on which pig “donor” cells were tested, and a serum could demonstrate strong reac-
tivity against one pig while having little to no reactivity toward a second pig having 
different SLA alleles. This appears analogous to the situation in allotransplantation 
where reactivity of a recipient’s antibodies with donor cells can vary as the HLA 
haplotypes change.

Another study supporting the presence of SLA class I-reactive antibodies in 
human sera again used wild-type pig RBC absorption to minimize the assay back-
ground and again found evidence of SLA class I-specific IgG in patients who also 
expressed anti-HLA antibodies [28]. Serum samples were further absorbed on 
human platelets, which express SLA class I, but not class II, to reduce cross- 
reactivity with pig PBMCs, and further indicated that SLA class I was indeed the 
antigenic target [29]. Despite the findings of the described studies, the evidence 
supporting SLA as a xenoantigen was conflicting as, although some groups arrived 
at the same conclusions using similar assays, others demonstrated no evidence of 
human antibody binding to SLA proteins [30–34]. Given the diversity of pigs used 
among all of the studies and the polymorphic nature of SLA, it is theoretically pos-
sible that the lack of SLA reactivity in some studies arises from the varying SLA 
haplotypes analyzed. Given the high background of pig cells prior to the develop-
ment of double- and triple-gene knockout pigs, another potential explanation 
includes the signal of anti-glycan antibodies dwarfing or overwhelming the signal 
provided by anti-SLA antibodies, giving a false-negative correlation between anti- 
HLA antibodies and SLA. Several of the studies that showed a positive correlation 
attempted to diminish carbohydrate-reactive immunoglobulins through wild-type 
RBC absorption or other means as a method to unmask anti-SLA antibodies.

Further studies have been performed to examine SLA class I reactivity with 
increasing molecular detail. The first used human monoclonal antibodies, most of 
which were IgM with known reactivity against specific HLA class I proteins [35]. 
As was seen in the studies using RBC-depleted sera, these HLA-reactive antibodies 
showed variable reactivity with PBMCs expressing different SLA haplotypes. 
Because amino acid residues which comprise the HLA epitopes targeted by these 
monoclonal reagents were known, SLA sequence analyses were performed to deter-
mine if they contained the same or similar epitopes.
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Although many of the reactive SLA alleles seemed to share epitopes with the 
reactive HLA alleles, a shared epitope on SLA did not guarantee reactivity, suggest-
ing that additional amino acids in the pig proteins also contributed to various epit-
opes. The reactivity of human immunoglobulin with SLA class I has also been 
evaluated by comparing the reactivity of serum antibodies with pig PBMC that 
either expressed or lacked SLA class I proteins [19, 36]. This approach revealed the 
presence of IgG, and occasionally IgM, in patient sera that had been sensitized to 
HLA. Human sera from HLA-sensitized transplant wait-list patients were incubated 
with pig PBMCs and washed, and bound antibodies were eluted and re-probed on 
beads coated with single antigen HLA class I proteins (Fig.  18.3). This study 
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demonstrated that only a subset of HLA-specific IgG in a given serum reacted with 
pig cells. This supports the idea that common epitopes in HLA and SLA are respon-
sible for species cross-reactivity.

To extend these observations, cells expressing individual SLA class I alleles 
were mixed with sera from various HLA-sensitized patients. Amino acids which 
made up the epitope were predicted on the basis of HLA allele reactivity. Several 
sera were found with potential reactivity to the amino acid, lysine, at position 144 
(144 K). Mutating this amino acid in HLA-A3 to glutamine was used to demon-
strate that 144 K was responsible for some or all of the antibody reactivity with 
HLA-A3. Binding of this serum to SLA class I allele 1*12, which has a 144 K resi-
due, was also performed. In two of three sera, IgG interaction with the SLA mole-
cule was confirmed, and mutating 144 K to Q diminished this reactivity. In the third 
serum, despite HLA-A3 reactivity being strongly dependent on 144 K, no binding 
was observed against SLA-1*12 [37]. These data agree with the monoclonal anti-
body experiments described above – where shared epitopes appear to drive SLA 
class I reactivity with human antibodies. However, interspecies differences may 
complicate epitope identification for some patients.

SLA class II faces some unique complications compared to class I. The protein 
expression is more ubiquitous than HLA class II, being found on a greater variety of 
cells, but the level of expression is variable and diminishes with cellular culture and 
passage. As a result of these challenges, previous studies examining the potential 
cross-species reactivity of SLA class II-specific antibodies on pig PBMCs relied on 
indirect measurements [28, 29]. Given that SLA class II expression is more variable 
than class I in pigs, it is possible that the sensitivity of these indirect assays was 
insufficient to consistently identify reactivity on pig PBMCs.

This challenge was addressed initially by introducing the transcription regulator 
MHC Class II transactivator (CIITA) into fibroblasts, which normally do not express 
SLA class II [38]. CIITA drives transcription of class II genes and therefore made it pos-
sible to isolate SLA class II-positive fibroblasts, providing an assay to directly measure 
and compare human IgG binding on cells that were either uniformly class II-positive or 
negative. Using this assay, it was possible to detect IgG bound to SLA class II.

To extend these results and examine reactivity with single SLA class II proteins, 
class II-negative cells were transfected with cDNA expressing ten different SLA 
class II proteins [39]. Probing these ten cell lines with different human sera showed 
strong evidence of IgG and IgM directed to SLA proteins in human sera. In addi-
tion, similar to findings from allotransplantation and the SLA class I studies, most 
sera demonstrated allelic specificity even in the small number of SLA class II tested.

A putative epitope, based on the HLA class II reactivity pattern of the human 
serum, was determined to be an arginine at position 55 in the beta chain of class 
II. These sera cross-reacted with an SLA-DQ molecule containing this same amino 
acid, and mutations of that residue successfully reduced human antibody binding to 
the pig antigen.

While SLA class I and class II do appear to react with some human antibodies, 
the allelic specificity of the interaction suggests that it may be possible in many 
cases to find pig strains with SLA haplotypes that do not elicit anti-SLA humoral 
responses in people.

J. M. Ladowski and G. R. Martens



261

 Conclusion

The field has come a great distance from the initial xenotransplant experiments that 
largely resulted in acute graft failure. The organ survival time from in vivo pig-to- 
nonhuman primate studies utilizing organs from genetically engineered pigs with 
the three glycan gene disruptions is encouraging, and it is generally agreed that, on 
this background, pig-to-human trials can proceed. Careful patient selection, utiliz-
ing precise histocompatibility tests to screen potential recipients for preformed anti- 
pig antibodies, provides hope that the first trial will be a success and open the door 
to a new age in transplantation.

References

 1. Lexer G, Cooper DK, Rose AG, et al. Hyperacute rejection in a discordant (pig to baboon) 
cardiac xenograft model. J Heart Transplant. 1986;5:411–8.

 2. Cooper DK, Human PA, Lexer G, et al. Effects of cyclosporine and antibody adsorption on pig 
cardiac xenograft survival in the baboon. J Heart Transplant. 1988;7:238–46.

 3. Dalmasso AP, Vercellotti GM, Fischel RJ, Bolman RM, Bach FH, Platt JL. Mechanism of 
complement activation in the hyperacute rejection of porcine organs transplanted into primate 
recipients. Am J Pathol. 1992;140:1157.

 4. Good AH, Cooper DKC, Malcolm AJ, et al. Identification of carbohydrate structures that bind 
human antiporcine antibodies: implications for discordant xenografting in man. Transplant 
Proc. 1992;24:559–62.

 5. Oriol R, Ye Y, Koren E, Cooper DK. Carbohydrate antigens of pig tissues reacting with human 
natural antibodies as potential targets for hyperacute vascular rejection in pig-to-man organ 
xenotransplantation. Transplantation. 1993;56:1433.

 6. Galili U. The α-gal epitope (Galα1-3Galβ1-4GlcNAc-R) in xenotransplantation. Biochimie. 
2001;83:557.

 7. Damian RT. Molecular mimicry: antigen sharing by parasite and host and its consequences. 
Am Nat. 1964;98:129.

 8. Chen G, Qian H, Starzl T, et al. Acute rejection is associated with antibodies to nonGal anti-
gens in baboons using Gal-knockout pig kidneys. Nat Med. 2005;11:1295.

 9. Yamada K, Yazawa K, Shimizu A, et al. Marked prolongation of porcine renal xenograft sur-
vival in baboons through the use of alpha1,3-galactosyltransferase gene-knockout donors and 
the cotransplantation of vascularized thymic tissue. Nat Med. 2005;11:32.

 10. Kuwaki K, Tseng Y-L, Dor FJMF, et al. Heart transplantation in baboons using alpha1,3- 
galactosyltransferase gene-knockout pigs as donors: initial experience. Nat Med. 
2005;11:29.

 11. Tseng Y-L, Kuwaki K, Dor FJMF, et  al. Alpha1,3-Galactosyltransferase gene-knockout 
pig heart transplantation in baboons with survival approaching 6 months. Transplantation. 
2005;80:1493.

 12. Bouhours D, Pourcel C, Bouhours JE.  Simultaneous expression by porcine aorta endothe-
lial cells of glycosphingolipids bearing the major epitope for human xenoreactive antibod-
ies (gal alpha 1-3gal), blood group h determinant and n-glycolylneuraminic acid. Glycoconj 
J. 1996;13:947–53.

 13. Zhu A, Hurst R.  Anti-N-glycolylneuraminic acid antibodies identified in healthy human 
serum. Xenotransplantation. 2002;9:376–81.

 14. Burlak C, Wang ZY, Chihara RK, et al. Identification of human preformed antibody targets in 
GTKO pigs. Xenotransplantation. 2012;19:92.

 15. Burlak C, Paris LL, Lutz AJ, et al. Reduced binding of human antibodies to cells from GGTA1/
CMAH KO pigs. Am J Transplant. 2014;14:1895.

18 Histocompatibility Testing for Xenotransplantation



262

 16. Byrne GW, Stalboerger PG, Du Z, Davis TR, McGregor CGA.  Identification of new car-
bohydrate and membrane protein antigens in cardiac xenotransplantation. Transplantation. 
2011;91:287.

 17. Byrne GW, Du Z, Stalboerger P, Kogelberg H, McGregor CGA.  Cloning and expression 
of porcine β1,4 N-acetylgalactosaminyl transferase encoding a new xenoreactive antigen. 
Xenotransplantation. 2014;21:543.

 18. Estrada JL, Martens G, Li P, et al. Evaluation of human and non-human primate antibody bind-
ing to pig cells lacking GGTA1/CMAH/β4GalNT2 genes. Xenotransplantation. 2015;22:194.

 19. Martens GR, Reyes LM, Butler JR, et  al. Humoral reactivity of renal transplant- waitlisted 
patients to cells from GGTA1/CMAH/B4GalNT2, and SLA class I knockout pigs. 
Transplantation. 2017;101:e86.

 20. Wang ZY, Martens GR, Blankenship RL, et al. Eliminating xenoantigen expression on swine 
RBC. Transplantation. 2017;101:517.

 21. Wang ZY, Burlak C, Estrada JL, Li P, Tector MF, Tector AJ.  Erythrocytes from GGTA1/
CMAH knockout pigs: implications for xenotransfusion and testing in non-human primates. 
Xenotransplantation. 2014;21:376.

 22. Steimle V, Siegrist C, Mottet A, Lisowska-Grospierre B, Mach B. Regulation of MHC class 
II expression by interferon-gamma mediated by the transactivator gene CIITA.  Science. 
1994;265:106.

 23. Tinckam KJ, Chandraker A. Mechanisms and role of HLA and non-HLA alloantibodies. Clin 
J Am Soc Nephro. 2006;1:404.

 24. Pratt K, Sachs DH, Germana S, et al. Class II genes of miniature swine. II. Molecular iden-
tification and characterization of B (beta) genes from the SLAc haplotype. Immunogenetics. 
1990;31:1.

 25. Hirsch F, Germana S, Gustafsson K, Pratt K, Sachs DH, LeGuern C. Structure and expression 
of class II alpha genes in miniature swine. J Immunol. 1992;149:841.

 26. Lunney JK, Ho C-S, Wysocki M, Smith DM. Molecular genetics of the swine major histocom-
patibility complex, the SLA complex. Dev Comp Immunol. 2009;33:362.

 27. Oostingh GJ, Davies HFS, Tang KCG, Bradley JA, Taylor CJ.  Sensitisation to swine leu-
kocyte antigens in patients with broadly reactive HLA specific antibodies. Am J Transplant. 
2002;2:267.

 28. Varela ID, Mozo PS, Cortes AC, Blanco CA, Canedo FV. Cross-reactivity between swine leu-
kocyte antigen and human anti-HLA-specific antibodies in sensitized patients awaiting renal 
transplantation. J Am Soc Nephrol. 2003;14:2677.

 29. Taylor CJ, Tang KGC, Smith SI, White DJG, Davies HFS. HLA-specific antibodies in highly 
sensitized patients can cause a positive crossmatch against pig lymphocytes. Transplantation. 
1998;65:1634.

 30. Bartholomew A, Latinne D, Sachs DH, et al. Utility of xenografts: lack of correlation between 
PRA and natural antibodies to swine. Xenotransplantation. 1997;4:34.

 31. Wong BS, Yamada K, Okumi M, et al. Allosensitization does not increase the risk of xenoreac-
tivity to α1,3-galactosyltransferase gene-knockout miniature swine in patients on transplanta-
tion waiting lists. Transplantation. 2006;82:314.

 32. Hara H, Ezzelarab M, Rood PPM, et al. Allosensitized humans are at no greater risk of humoral 
rejection of GT-KO pig organs than other humans. Xenotransplantation. 2006;13:357.

 33. Naziruddin B, Durriya S, Phelan D, et al. HLA antibodies present in the sera of sensitized 
patients awaiting renal transplant are also reactive to swine leukocyte antigens. Transplantation. 
1998;66:1074.

 34. Zhang Z, Hara H, Long C, et  al. Immune responses of HLA-highly-sensitized and non- 
sensitized patients to genetically engineered pig cells. Transplantation. 2018;102:e195–204.

 35. Mulder A, Kardol MJ, Arn JS, et al. Human monoclonal HLA antibodies reveal interspecies 
crossreactive swine MHC class I epitopes relevant for xenotransplantation. Mol Immunol. 
2010;47:809.

 36. Reyes LM, Estrada JL, Wang ZY, et al. Creating class I MHC–null pigs using guide RNA and 
the Cas9 endonuclease. J Immunol. 2014;193:5751.

J. M. Ladowski and G. R. Martens



263

 37. Martens GR, Ladowski JM, Estrada J, et al. HLA Class I-sensitized renal transplant patients 
have antibody binding to SLA Class I epitopes. Transplantation. 2019;103:1620.

 38. Ladowski, J.M., Reyes, L.M., Martens, G.R., et al. Swine leukocyte antigen (SLA) class II is 
a xenoantigen. Transplantation. 2018;102(2):249–54.

 39. Ladowski JM, Martens GR, Reyes LM, et al. Examining the biosynthesis and xenoantigenicity 
of Class II swine leukocyte antigen proteins. J Immunol. 2018;200:2957.

18 Histocompatibility Testing for Xenotransplantation



Part VI

Regulatory, Economic, and Social Aspects  
of Clinical Trials of Xenotransplantation



267© Springer Nature Switzerland AG 2020
D. K. C. Cooper, G. Byrne (eds.), Clinical Xenotransplantation, 
https://doi.org/10.1007/978-3-030-49127-7_19

Xenotransplantation: The FDA 
Perspective

Winson W. Tang and Judith Arcidiacono

Abbreviations

FDA US Food and Drug Administration

 Introduction

The US Food and Drug Administration (FDA) is responsible for the regulatory 
oversight of a wide range of products, including cell and gene therapy products 
regulated by the Office of Tissues and Advanced Therapies (OTAT) in the Center for 
Biologics Evaluation and Research (CBER). FDA oversight of animal products 
including genetically altered animals resides within the Center for Veterinary 
Medicine (CVM). When genetically altered animals are used to produce human 
medical products, including xenotransplantation products, such as genetically mod-
ified or nongenetically modified xenografts, CBER and CVM collaborate on the 
assessment of source animals. The CVM review is focused on the safety of the regu-
lated article in the animals, whereas the CBER focuses its review on the safety and 
efficacy of the xenograft.

Guidance on the regulatory approaches for xenotransplantation products regu-
lated by CBER and genetically altered animals regulated by CVM can be found at 
https://www.fda.gov/downloads/BiologicsBloodVaccines/GuidanceCompliance 
RegulatoryInformation/Guidances/Xenotransplantation/UCM533036.pdf and 
https://www.fda.gov/downloads/AnimalVeterinary/GuidanceCompliance 
Enforcement/GuidanceforIndustry/UCM113903.pdf.
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The choice of pigs as a source animal for human xenotransplantation is because 
their organs, tissues, and cells are similar in size and function to those of humans. 
The meeting held at the University of Alabama at Birmingham (UAB) focused on 
pig-to-human kidney transplantation. To initiate a first-in-human clinical trial, an 
extensive clinical development program for the use of xenotransplantation products 
is needed to ensure patient and public safety and to ensure that the xenograft func-
tions as expected.

The development program for xenotransplantation products must address several 
key issues:

 (i) A consistent, reproducible, well-controlled, adequately scaled animal hus-
bandry and manufacturing process incorporating characterization of the prod-
uct’s critical quality attributes

 (ii) Preclinical testing incorporating proof-of-concept (POC) and toxicology stud-
ies that provide scientific rationale and support for the proposed use of 
the product

 (iii) Clinical evidence of effectiveness and clinical evidence of an acceptable safety 
profile weighed against the benefit of the therapy

Consideration of each of these key areas at an early stage may improve the over-
all efficiency of product development.

The public health risks to xenotransplantation can be mitigated by appropriate 
animal husbandry that includes animals bred from closed herds of known origin, 
maintenance of animal health, and facility maintenance. Procedures for quarantine 
and transport of source animals and a program for screening for infectious disease 
should be in place. Production of xenografts require Current Good Manufacturing 
Practices that include appropriate procedures, reagents, and test methods; controls 
for tracking, labeling, and cross contamination; and appropriate conditions for pro-
cessing, storage, and shipping. Process validation, adventitious agent testing, and 
product characterization are also required.

In cases where results of some testing for whole-organ xenografts may not be 
available prior to transplantation, some testing may be conducted prior to organ 
harvest. For example, identity testing and potency assay testing may be conducted 
on samples obtained from whole-organ biopsy or surrogate samples, such as adja-
cent tissue.

Prior to initiation of a clinical trial, a sponsor will need to provide adequate data 
generated from pharmacology and toxicology studies to establish that it is reason-
ably safe to conduct the proposed clinical investigation. The results of these studies 
provide data critical to (i) establish the scientific rationale and biologic plausibility 
of the proposed approach (i.e., demonstration of proof-of-concept); (ii) identify and 
characterize potential local and systemic toxicities, including the time frame for 
onset (i.e., acute vs. long term), incidence, severity, and transient or chronic nature 
of the findings; (iii) support subject eligibility criteria; and (iv) identify physiologic/
toxic parameters to help guide appropriate clinical monitoring. Some additional 
early considerations for preclinical development may include selecting a 
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biologically relevant animal model, the use of a clinically applicable immunosup-
pressive regimen, the use of appropriate control groups, and assessment of in vivo 
safety and activity. The preclinical studies should mimic the clinical situation as 
closely as possible to help guide the design of the clinical trials.

The primary objective of a Phase 1 first-in-human study is to assess the safety of 
the xenograft. However, co-primary or secondary objectives often include assess-
ments of biologic activity to help guide the subsequent development program. The 
sponsor should consider the target indication, interpretability issues, and the risk of 
the study procedure when selecting the study population for a first-in-human study. 
The risk of xenotransplantation is an unacceptable risk when administered to nor-
mal healthy volunteers, and thus the sponsor should enroll a study population of 
subjects with life-threatening disease for which there are no other therapeutic 
options.

When possible, first-in-human studies should be conducted in individuals who 
can understand and consent to the study procedures and risks and thus should 
exclude children. However, there may be potential exceptions, such as infants with 
congenital heart diseases associated with early mortality. The number of subjects in 
the first study should be limited to avoid exposing many subjects to the potential 
risk while allowing for collection of preliminary evidence of safety. At the same 
time, consideration should be given to the power of the sample size to rule out 
adverse events that occur at a clinically meaningful rate.

A first-in-human study should also include an intersubject staggering treatment 
interval to avoid concurrent exposure of multiple subjects to the xenograft. The 
staggering interval should be of sufficient duration to allow for the monitoring of 
acute and subacute. The study should also prospectively define stopping rules, usu-
ally based on a number or frequency of specific adverse events, that if triggered 
would temporarily halt the study, pending a safety review. It should include a safety 
monitoring plan that can capture early, intermediate, and delayed adverse events 
that may be expected, based on preclinical and clinical data, as well as on theoreti-
cal concerns.

Finally, the duration of follow-up for an individual subject prior to the assess-
ment of the primary efficacy and safety endpoints will also need to be determined.

There are additional physiologic incompatibilities that may render pig-to-human 
xenotransplantation impractical [1, 2]. These safety concerns are specific to the 
organ that will be transplanted, and the kidney will be used as the reference organ in 
this discussion. The kidney serves many important homeostatic functions, including 
the clearance of uremic toxins. For xenotransplantation to fulfill its promise, the 
porcine kidney must replace many if not all the functions of the normal kidney.

For example, the kidney is an important endocrine organ that secretes erythro-
poietin (EPO). However, porcine EPO is only 80% homologous to its nonhuman 
primate counterpart and does not support erythropoiesis in the nonhuman primate 
[1]. One potential solution is to administer recombinant human EPO. However, the 
presence of porcine EPO may engender an immune response that generates anti- 
EPO antibodies that have the potential to neutralize recombinant EPO and precipi-
tate aplastic anemia. Therefore, the development program should include a 
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monitoring and mitigation plan in the event of cross-reactive EPO antibody 
development.

The kidney is also an important organ for the acute control of calcium and phos-
phate balance via the parathyroid hormone (PTH)-vitamin D axis. The active form 
of vitamin D in humans, 1,25-dihydroxyvitamin D, depends upon 1-alpha hydrox-
ylation within the kidney. Therefore, it would be important to ascertain the effect of 
porcine 1-alpha-hydroxylase enzyme on the synthesis of human vitamin D. In addi-
tion, PTH promotes tubular reabsorption of calcium while inhibiting phosphate 
reabsorption. However, in a transgenic pig-to-cynomolgus monkey bilateral 
nephrectomy model, serum calcium levels were within the normal range although 
hypophosphatemia was noted suggesting that the activity of a nonhuman primate 
PTH may not be entirely normal within a porcine xenograft. Therefore, clinical 
studies should include rigorous protocol(s) for evaluating calcium and phosphate 
balance, including the need for long-term studies on their effect on bone metabolism.

Fluid and sodium balance are maintained by an interplay between dietary intake 
and bodily excretion. Although there are losses through the skin and gastrointestinal 
tract, the kidney is the major regulator of sodium and water balance. The kidney 
generates over 180 L of filtrate per day, and much of the filtered water and electro-
lyte must be resorbed. The maintenance of homeostasis is dependent upon the inter-
actions of three hormonal axes – aldosterone, natriuretic peptides, and vasopressin. 
The latter is secreted by the posterior hypothalamus in response to hyperosmolality 
and leads to the reabsorption of solute-free water through increased transcription of 
the water channel Aquaporin-2. By comparison, sodium balance depends upon the 
activity of the renin-angiotensin-aldosterone axis and a family of natriuretic 
peptides.

Simplistically, the two systems serve to counteract the effect of the other such 
that aldosterone increases sodium reabsorption while the natriuretic peptides pro-
mote natriuresis. The compatibilities between the porcine kidney and the human 
recipient are unknown, although there are reports to suggest that they may not be 
compatible. For example, porcine renin, which is normally produced by the juxta-
glomerular cells of the glomerulus in humans, does not cleave human angiotensino-
gen and thus would not be expected to promote aldosterone synthesis. Therefore, 
the preclinical and clinical development program should design studies to assess the 
intricacies of fluid and electrolyte homeostasis.

A nonselective urinary loss of protein has been reported in a transgenic pig-to- 
cynomolgus monkey bilateral nephrectomy model [1]. Both globulin and albumin 
were detected in the urine by electrophoresis suggesting protein loss via the 
glomerulus.

Although this may represent subacute/chronic rejection, it may also reflect the 
appropriate generation of an immune response to the foreign constituents of the 
porcine kidney. Thus, the potential exists for glomerular diseases that would be 
considered autoimmune in a “normal” human to develop via either direct binding of 
host antibodies to antigens present on the porcine kidney (in situ immune complex 
formation) or deposition of circulating immune complexes. However, under this 
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scenario, it would be an appropriate immune response to a foreign antigen. 
Therefore, care must be taken when assessing a renal biopsy, and the Banff classifi-
cation may not be appropriate for interpreting xenograft rejection.

Patients with end-stage renal disease often have comorbidities that require medi-
cal therapy. Some of these include medications that may affect proteins produced by 
the porcine kidney, for example, renin blockers. Others may act directly on the 
porcine kidney to exert their effect such as inhibitors of the sodium-glucose cotrans-
porter (SGLT2 inhibitors). Still other drugs are metabolized by the kidney, such as 
morphine and paracetamol. Finally, the clearance of many small molecule drugs is 
dependent on renal clearance. Thus, it is likely that pharmacokinetic/pharmacody-
namic studies may need to be conducted to demonstrate that the porcine kidney 
replicates these properties of the human kidney.

Finally, the immune response to infectious agents is a carefully orchestrated 
combination of innate and adaptive response to the invading pathogen. However, the 
latter depends upon antigen presentation in the context of HLA. The porcine kidney 
obviously lacks HLA. Therefore, in the event of an infection localized to the porcine 
kidney such as pyelonephritis, it is unclear if the human host will be able to mount 
an adaptive immune response to the pathogen.

The advancement of clinical xenotransplantation relies heavily on an appropriate 
clinical development plan that includes a robust preclinical program, the develop-
ment of suitable animal herds, and a clinical trial design with built-in protections for 
the xenograft recipient and the public. Developers of xenotransplantation products 
are encouraged to interact with the FDA early in the development process to ensure 
that regulatory requirements can be met. Developers may utilize the INTERACT 
Program to obtain preliminary informal advice (https://www.fda.gov/vaccines-
blood-biologics/industry-biologics/interact-meetings-initial-targeted-engagement-
regulatory-advice-cber-products). It is recommended that early consultations with 
the FDA include both CBER and CVM.
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 Introduction

There are two major cost drivers for patients with end-stage organ disease who need 
a lifesaving organ transplant. The first is the anticipated cost of the medical expense 
of maintaining the patient on the wait-list (e.g., expenses associated with hemodi-
alysis or ventricular assist devices) and of the transplant itself. The second is the 
unexpected cost of treating the complications and hospitalizations associated with 
pretransplant care.

 High Costs of Transplants and Wait-List Maintenance

There is a high cost to maintaining transplant patients on a wait-list. In a commer-
cial population, the cost of pre-kidney transplant maintenance hemodialysis can 
easily approach $260,000 per year per covered life. An even more impactful exam-
ple is the bridge-to-heart transplant implantation of a ventricular assist device 
(VAD) with an average cost of roughly $700,000 (not including an additional 
$30,000–580,000 per year for maintenance) [1].

In kidney transplantation, the cost of the evaluation and wait-list phases exceeds 
the cost of the actual transplant, especially in deceased donor transplants (driven 
mostly by dialysis costs, as noted above and in Fig. 20.1). Compared to the high cost 
of maintenance dialysis, renal transplantation is a more cost-effective treatment for 
end-stage renal disease.
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 Strategies for Reducing Transplant Costs

Any procedure, medication, or intervention that helps avoid these high mainte-
nance costs and promotes earlier transplantation should be attractive to the payer 
and patient communities. The number of recipients needing a transplant far 
exceeds the available number of human donor organs, which drives up overall cost 
in this population. However, because of the increasing donor pool and higher 
transplantation rates, preemptive transplants are becoming a cost-reduction strat-
egy for payers.

Another cost-reduction strategy that could help payers avoid or eliminate wait- 
list maintenance costs is the use of xenografts. Xenotransplantation could contrib-
ute significantly to achieving improved outcomes (quality) at a better unit cost 
(value).

If xenotransplantation becomes a mainstream therapy for end-stage organ fail-
ure, the xenograft could be used in a role similar to a “living donor” organ as a 
preemptive renal transplant in patients with no identified living human donors. 
Compared to the potentially long wait times for a deceased donor transplant, this 
strategy could avoid all or most of the costs of hemodialysis.

A preemptive renal transplant reduces overall healthcare costs in an end-stage 
renal disease patient by approximately $504,000, inclusive of the transplant 
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(Anderson, D., Optum Insight Natural History of Disease internal data). Most of the 
savings are generated by eliminating costs in the evaluation and wait-list phases, 
plus avoidance of “crash and burn” uremic admissions (Fig. 20.2).

 Potential Impact of Xenotransplantation

In summary, xenotransplantation has the potential to positively impact transplant 
outcomes and costs. Clinically, xenotransplantation can shorten wait times and thus 
ensure that the patient undergoes kidney transplantation while still in good health 
(except for renal failure), which can lead to a reduction in adverse posttransplant 
clinical outcomes and thus improve survival rates. Financially, xenotransplantation 
can favorably affect multiple factors involved in total cost of care.

Xenotransplantation is one of many possible solutions that could improve trans-
plant clinical and fiscal outcomes. Other possible advances include expanding the 
organ supply by accepting HCV+ donors and using bariatric surgery as a bridge to 
transplantation in the end-stage renal disease population with obesity.

Given the sheer number of possible pig organs, xenotransplantation has the 
potential to make a large impact in the field of transplantation. However, there is still 
a need for well-designed clinical trials with conclusive findings of long-term safety 
and efficacy to gain general acceptance of xenotransplantation and to obtain possi-
ble coverage by payers.
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 Introduction

Given the increasing possibility of clinical trials, it is important to fully explore and 
understand how psychosocial concerns and theological beliefs might influence the 
public’s acceptance of xenotransplantation (XTx) as a clinical therapy. The 
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importance of psychosocial factors in allotransplantation has been well-established 
[1]. The theological and ethical questions that XTx raises for society and future 
recipients have also been partially addressed [2]. The questions yet to be answered 
are whether our current level of psychosocial and theological knowledge is ade-
quate and whether public support is strong enough for XTx to be considered as a 
realistic clinical therapy when a transplant is needed.

The potential psychosocial problems that may be associated with XTx should be 
identified to the extent possible. A failure to do so now increases the chances that they 
cannot or will not be addressed adequately when clinical trials begin. Just as an under-
standing of theological perspectives is important in preparation for moving XTx from 
the laboratory into the clinic, so too is the broader question of whether or not the 
“public” is supportive of the prospect of pig-to-human organ transplantation. There is 
little or no point in continuing scientific advancement if the public will never accept 
XTx as a possible bridge to allotransplantation or as a definitive alternative.

In an attempt to address these matters, in this brief chapter, we will review the 
World Health Organization (WHO) guidelines for programs preparing for clinical 
trials and provide a brief analysis of the published psychosocial and theological 
literature in relation to XTx.

 Public Attitudes Toward Xenotransplantation

The importance of public comment and understanding toward XTx cannot be over-
estimated. Tallacchini reported that, through the efforts of the Health Canada 2000 
project, Canadian citizens introduced a new strategy to deal with the scientific 
uncertainties of XTx and its unknown risks [3]. In her view:

…the Canadian public consultation took a critical stance towards the so-called “knowledge 
deficit model” (Wynne, 1992), according to which citizens are afraid of science and tech-
nology because they do not know enough, and they tend to agree with scientists when they 
learn more. Instead, the Canadian consultation showed that citizens who were unaware of 
xenotransplantation tended to accept it, and they became more scared and reluctant the 
more knowledge they were acquiring about the procedures and risks.

The WHO has contributed to the conversation (about what defines “relevant 
voices” that need to be heard in regulating XTx) through the 2008 Changsha 
Communiqué [4], the Geneva Report on the Second WHO Global Consultation of 
Regulatory Requirements for XTx [5], and the recent 2019 Changsha Communiqué 
[6]. This does not mean that exploring public attitudes and beliefs is a “one-size-fits- 
all” legitimization process. Rather, to be fully aware of the level of the public’s risk 
acceptance prior to initiation of clinical XTx, local “relevant voices” need to be 
consulted through a multilevel process that includes patients; health professionals; 
religious, business, and academic leaders; lay citizens; etc. This allows those poten-
tially affected by the proposed technology to have an opportunity to present their 
views, question or challenge the views of others, and have their questions or chal-
lenges answered prior to initiation of any clinical trial [7].
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The importance of a failure to fully engage the public has historical prece-
dent. In 2002 and 2004, public consultations in Australia were flawed in both 
their design and process. By preemptively suggesting a desired outcome for 
XTx to be “allowed to proceed,” they failed in their ability to meaningfully 
engage and involve the citizens [8]. This approach resulted in a complete mora-
torium on clinical trials of animal- to-human organ transplantation in Australia 
until 2009.

This does not suggest that relevant involvement of the public is not without dif-
ficulties. Clearly, the issues and questions raised by XTx require a certain level of 
sophistication and experience by the public at large to be fully appreciated.

What Cook suggested in 2011 [8] remains relevant today:

While difficulties remain with public consultation and participation processes, and tense 
relations between the public and science continue, these should not be reasons to abandon 
meaningful two-way dialogue. In public consultation, we need to move away from an 
imposed, standardized and top-down model of privileging scientific knowledge over all 
other forms of knowledge and towards consultation that genuinely includes and engages the 
public, and values their input on an equal status with the scientific point of view. These dif-
ferent positions and viewpoints need to be respected.

 Recent Surveys at the University of Alabama 
at Birmingham (UAB)

The challenges associated with serious public engagement have proven to be ger-
mane to the current experience at UAB. As part of a multilevel assessment (e.g., 
patient, physician, nurse, and public attitudes) consistent with WHO guidelines, it 
was determined that non-Caucasian UAB patients were almost six times less likely 
to support XTx than Caucasian patients [9]. Given that (i) most of the non- Caucasian 
patients in the survey were African-American and (ii) approximately two-thirds of 
patients awaiting kidney transplantation at UAB are African-American and (iii) in 
the historical context of the US Public Health Service Tuskegee (Alabama) Syphilis 
Study [10], this finding necessitates an additional level of exploration and research 
prior to initiation of clinical trials.

Simply stated, this observation highlights the need for an additional level of exper-
tise, in this case to be provided by inclusion of the National Center for Bioethics in 
Research and Health Care at Tuskegee University, to further explore this subject and 
help the medical team to better understand the African-American patients’ concerns 
about participating in “experimental medicine.” This observation regarding non- 
Caucasian attitudes to XTx was not anticipated but clearly reflects the importance of 
a program’s commitment to WHO expectations in regard to inclusion of the public’s 
opinion, which is a necessary part of planning before initiating a clinical trial.

The significance of being aware of the public’s opinion can also be illustrated 
through a brief review of the historical context of the “psychosocial” literature 
regarding XTx. In 2004, Hagelin described public opinion survey results [11] as 
follows:
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Overall, there was no overwhelming support for xenotransplantation, but over time it 
seemed as if lower proportions oppose it. Proportional differences in support and opposi-
tion between geographical regions remain. Opinions to xenotransplantation depend on 
many socio-economic factors. The influence of gender, education, and religion on opinions 
about xenotransplantation were similar as to what is usually the case with other related 
issues, like the use of animals in biomedical research and other biotechnology/genetic engi-
neering application.

One observation from our surveys and focus groups is that, although the public 
at large is supportive of XTx, patients awaiting organ transplantation and those who 
have a close family member awaiting transplantation, e.g., mothers of infants with 
complex congenital heart disease, were especially positive and pragmatic in their 
attitudes to XTx. If there was no realistic therapeutic alternative, a pig organ trans-
plant would be welcomed.

 Is Our Understanding of the Factors that Influence the Public 
Any More Definitive Today?

In an attempt to answer this question, the UAB XTx program is in the process of 
conducting a meta-analysis of the “psychosocial” literature relating to XTx 
(1985–2019). Meta-analysis is a well-known tool to insure that medical treatments 
are based on the best available empirical data, but it can also prove to be helpful to 
establish the relationship between two variables  – in this case, the differences 
between those who are or are not in favor of XTx.

PubMed and Cumulative Index of Nursing and Allied Health databases were 
searched from 1985 through 2019 for studies specifically related to patient, nursing, 
and physician attitudes to XTx. A total of 51 studies were identified. Of these, 41 
surveyed patients, 9 surveyed nurses, and 1 surveyed physicians. After excluding 
abstracts, articles published in foreign languages, and those that could not be located 
through the university online library services, a total of 19 papers were available for 
meta-analysis.

In a preliminary meta-analysis of the studies being reviewed, cross-sectional 
designs with considerable independent variable heterogeneity were employed [12–
31]. The majority of studies reported that >50% of those surveyed supported XTx 
[13–15, 17–21, 24–28, 30, 31], with a range from a low of 37% [16] to a maximum 
of 83% [24].

Several variables were found to be associated with a more favorable attitude 
toward XTx, as measured by odds ratio (OR; the statistic that quantifies the strength 
of the association between two events) (Table 21.1). These included (i) a subject’s 
personal experience with transplantation (e.g., through a family member or friend), 
(ii) the perceived benefit from the procedure, (iii) a partner’s positive attitude toward 
medical treatment, (iv) the subject’s engagement with, and acceptance of, biotech-
nology, (v) a higher level of education, (vi) a positive attitude toward deceased 
human organ donation, and (vii) a younger age [32].
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 Factors Influencing Attitudes to Xenotransplantation

Given a lack of available statistical data for comparison by meta-analysis, the roles 
that theological beliefs, a knowledge of genetic engineering of pigs, and certain 
other factors may play in determining a willingness to consider XTx are difficult to 
evaluate, and the above results should be considered preliminary. In general, the 
literature reports a majority of those surveyed are supportive of the procedure, but 
there is pronounced variability in attitudes, influenced by such factors as country of 
origin, religious beliefs, and potential concern about the risks to the public 
health [30].

At best, our understanding of the potential influence of numerous factors is rudi-
mentary in nature. For example, after soliciting the opinions of Jewish, Christian, 
and Muslim theologians, one recent report [33] concluded:

The consideration of theological beliefs presents XTx programs with serious and complex 
views to consider. As evidenced by the existing literature, theologian opinions are not 
always consistent with those of potential patients…. theologians themselves do not always 
agree as to the viability of XTx, or as to the rationale appropriate to making the decision 
about the procedure. Nevertheless, the important takeaway is that a theologically informed 
XTx program is one that has the greatest potential to maximize the benefit to their future 
patients, and more likely to have broad public support.

From this report [33], however, it would seem that the Christian and Jewish reli-
gions accept the concept of XTx, though the Moslem community may have some 
reservations, though these are modest and would not automatically exclude XTx as 
a form of lifesaving therapy. The views of adherents of other religions vary consid-
erably. To some Buddhists, the belief that animals should be protected would pre-
vent them from availing themselves of the procedure [34]. Hinduism is a 
decentralized religion absent one standard set of beliefs; and research has shown 
that some are totally opposed to the use of animals or animal products for the treat-
ment of human disease which would preclude XTx, while others do allow the dona-
tion and receipt of human tissue and would potentially be amenable to the procedure 
[35]. For non-monotheistic religions practiced in some parts of the world, e.g., 
Japan, allotransplantation is limited due to the lack of widespread public acceptance 

Table 21.1 Preliminary meta-analysis of factors found to increase support for XTx

Factors Odds ratio Significance
Personal experience with transplantation 16.8 p < 0.00
Perceived benefit of the procedure 9.8 p < 0.00
Partners’ positive attitude toward medical 
treatment

5.6 p < 0.00

Engagement with biotechnology 2.6 p < 0.00
Higher education level 2.4 p < 0.00
Positive attitude toward deceased human organ 
donation

2.2 p < 0.00

Younger age 1.2 P < 0.02
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of organ donation after brain death. Although Japanese organ donation rates have 
gradually been increasing since the 1997 law (and amended in 2009), allowing for 
organ retrieval from brain-dead heart-beating donors was implemented [36]. 
Presently the majority of allotransplants performed in Japan are from living related 
donors. The progress of basic XTx research within the experimental laboratory has 
recently been recognized by increasing the level of research funding for islet XTx, 
although there has not been a corresponding willingness of the Japanese govern-
ment to regulate or implement clinical trials [37].

The complexity of attitudes toward XTx was further addressed by Amin and col-
leagues [30] when they summarized their findings as follows:

…stakeholders’ attitudes to xenotransplantation as a means of treating human disease and 
restoring critical functions in untreatable patients is complex and thus should be viewed as 
a multi-dimensional process. Attitudes to xenotransplantation were determined predomi-
nantly by two direct predictors: the specific application-linked perceptions of their benefits 
and perceived moral concerns. Stakeholders’ attitudes to xenotransplantation also involved 
intricate relationships between other factors, such as perceived risk, engagement, attitude to 
nature, and religiosity.

Unfortunately, to measure the strength of association between a specific factor 
and willingness to consider XTx (or not) is complicated by the innumerable ways in 
which the questions have been asked. For example, the role of religious beliefs was 
asked three different ways (i.e., religious attitudes, religious affiliation, and whether 
the subject’s religion supported XTx). These questions result in answers that are not 
directly comparable. Researchers would facilitate our ability to develop a clearer 
profile of who does, or does not, support XTx by reporting statistics that allow com-
putation of the results (e.g., means, standard deviations, sample sizes, correlation 
matrices, etc.). At best, based on the above analysis, all one can report is that there 
is great variability about the role that religious beliefs, attitudes to genetic engineer-
ing of pigs, and other factors play within individual patient populations.

 Comment

The reality is that the views and beliefs of potential XTx recipients and families, and 
the staff that will be caring for them, have not been widely explored to the extent 
necessary for individual programs to initiate clinical trials. For potential patients, 
the procedure raises individual religious, cultural, or psychological issues that need 
to be better understood. The broader question about XTx is what it means to be 
“human” from the perspective of the patient, family, and community, rather than 
from that of the medical profession [2]. The current literature is limited in its ability 
to provide a clear impression of the psychosocial factors that need to be considered 
for an individual program to have an appropriate level of understanding.

The preponderance of the existing literature is primarily from an individual pro-
fessional, cultural, geographic, or philosophical perspective and, although helpful, 
does not provide the breadth of understanding necessary to fully appreciate the 
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attitudes toward XTx of patients and of the broader community. The closer we come 
to the clinical application of XTx, the more important it is to incorporate and fully 
analyze local opinions and attitudes toward the procedure, as outlined by the WHO 
guidelines.
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 Introduction

The Department of Surgery at the University of Alabama at Birmingham (UAB) has 
attracted several leaders in the field of xenotransplantation research to its faculty. 
Laboratory studies have progressed rapidly to the point where serious consideration 
is being given to initial clinical trials, particularly of genetically engineered pig 
kidney transplantation in patients with end-stage renal disease. Members of the 
Xenotransplantation Program at UAB thought that progress had advanced to the 
point where bringing together scientists and researchers in the field was required to 
(i) determine the next steps necessary to initiate a clinical trial, (ii) determine how 
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patients would be selected, and (iii) suggest what appropriate monitoring for rejec-
tion and infection would be necessary. Thus, the Pathway to Clinical 
Xenotransplantation Workshop was held at UAB on March 21 and 22, 2019.

The purpose was to discuss the current status of xenotransplantation research and 
to consider what steps are required to safely initiate a clinical trial. More than 100 
scientists and physicians attended, with speakers from UAB and other distinguished 
academic institutions, as well as participants from the US Food and Drug 
Administration (FDA, which regulates such trials) and the National Institutes of 
Health (NIH, which has funded some of the research). The invited speakers gave 
stimulating and thought-provoking talks ranging from kidney xenotransplantation 
to the economics of xenotransplantation.

The potential impact of xenotransplantation is immense, not only in organ trans-
plantation but in tissue and cell transplantation. The conference focused primarily 
on the transplantation of pig kidneys and hearts, but xenotransplantation may ulti-
mately play a role in the treatment of diverse conditions that include diabetes (where 
pig islet transplantation may be lifesaving) and Parkinson’s disease (where trans-
plantation of pig neuronal cells could alleviate many of the symptoms). At the close 
of the symposium, there was enthusiasm among the attendees for beginning a clini-
cal trial.

Obstacles still existing before conducting a clinical trial include (i) determin-
ing the potential for disease transmission and reactivation, (ii) defining the opti-
mal genetically engineered pig source, (iii) the appropriate histocompatibility 
testing of patients, and (iv) the selection of the appropriate candidates for a pilot 
trial. The chapters in this book were written by experts who presented at the 
Workshop (augmented by other experts who did not) and include discussions of 
xenotransplantation immunology, genetic engineering of pigs, biosecure pig 
housing, potential infectious risks, and social, religious, and economic aspects of 
xenotransplantation.

 Summary and Conclusions for the Workshop on Pathways 
to Clinical Xenotransplantation

The Workshop was organized into five sessions covering major topics in xenotrans-
plantation. After each major session, the presenters, and sometimes other invited 
experts, held an open panel discussion with the audience. These discussions ranged 
across many of the challenges faced with bringing xenotransplantation into the 
clinic. Most notable were the panel discussions following the presentations on (i) 
patient evaluation and selection and (ii) the regulatory and economic aspects of 
clinical xenotransplantation.

The opening session was devoted to a review of the current status of xenotrans-
plantation research and focused on primate studies, presented by three UAB fac-
ulty members  – A.  Joseph Tector, David K.C.  Cooper, and Christopher 
G.A. McGregor.
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 Session 1: Xenotransplantation in Nonhuman Primates – 
The Present Position

Joe Tector, MD, PhD, presented his personal view of the steps needed to take xeno-
transplantation into the clinic. He highlighted that xenotransplantation has the 
potential to alleviate the organ donation shortage. The primary immunologic barrier 
has been determined to be xeno-reactive antibodies. Advances in genetic engineer-
ing now provide a means of eliminating the xenoantigens on the endothelial surface 
of the pig organ, thus removing the antibody barrier. There are three primary anti-
gens – galactose-α1,3-galactose [Gal], N-glycolylneuraminic acid [Neu5Gc], and 
Sda [encoded by β1,4Nacetylgalactosylaminyl transferase] – that have been identi-
fied and deleted from pigs (triple-knockout [TKO] pigs). Many humans have no or 
minimal antibody binding or serum cytotoxicity to TKO pigs. Kidneys transplanted 
from these pigs, in combination with T cell costimulation blockade targeting the 
CD40/CD154 pathway, have resulted in prolonged survival in nonhuman primate 
recipients.

David Cooper, MD, PhD, emphasized that the barriers to clinical xenotransplan-
tation not only are antibody-mediated but also involve complement and coagulation 
dysfunction, inflammation, and innate and adaptive immune cell activity. He stated 
that over the last 5 years, there has been a significant improvement in the overall 
success of pig-to-nonhuman primate kidney transplantation with survival frequently 
reaching over 200 days. The keys to success have been the incorporation of costim-
ulation blockade targeting the CD40/CD154 pathway and utilizing TKO pigs with 
additional insertion of “protective” human transgenes targeting differences in com-
plement, coagulation, and inflammation between pigs and primates.

He also presented data showing that there could be problems with overgrowth of 
transplanted pig kidneys, which could be inhibited by deleting the gene for growth 
hormone receptors. Sometimes the primates develop a hypovolemia-dehydration 
syndrome, where the serum creatinine increases and which is associated with low 
arterial and venous pressures. The syndrome can be reversed simply by the intrave-
nous infusion of normal saline. The cause of the syndrome remains uncertain but 
may be associated with an inability of pig renin to cleave primate angiotensinogen. 
This may impair vasoconstriction and fluid retention. Theoretically, if this hypoth-
esis is correct and the condition is problematic, the syndrome could be corrected by 
insertion into the pig of the gene for human renin.

Christopher McGregor, MB, BS, gave a synopsis of the remaining barriers to 
successful pig cardiac xenotransplantation. Some of the similarities of the ideal 
“donor” are shared both by kidney and cardiac xenotransplantation. Genetic engi-
neering of the organ-source pigs has the potential to remove most of these barriers. 
He drew attention to the difficulties in obtaining adequate function of pig hearts in 
the hours immediately following orthotopic transplantation in nonhuman primates, 
a condition termed “perioperative cardiac xenograft dysfunction” (PCXD), the 
cause of which remains uncertain, though it does not appear to be associated with 
the immune response.

22 What Did the Workshop Achieve?



292

Additionally, it was discussed that cardiac transplantation is a lifesaving organ 
transplant and, unlike renal transplantation, there is no bridge, like dialysis, to 
support cardiac patients. Ventricular assist devices can serve as a bridge in selected 
patients but make the transplants technically more challenging and have the 
potential for sensitization to human leukocyte antigens (HLA). Thus, finding clin-
ically appropriate patients may be more difficult in the case of cardiac 
xenotransplantation.

 Session 2: Donor Genetics and Potential Infectious Risks

This session focused on three main areas in developing and monitoring genetically 
engineered pigs and in compatability testing. David L. Ayares, PhD, CEO and CSO 
of Revivicor, a biotechnology company, discussed genetic engineering of the organ- 
source pigs. Jay Fishman, MD, discussed consideration of the organ-source pig’s 
health status and potential infectious risks associated with xenotransplantation. 
Matthew Tector, PhD, covered the potential relationship between histocompatibility 
testing and xenotransplantation.

Dr. Ayares discussed the several techniques he has developed or used to produce 
genetically modified pigs. Currently, pigs are now available in which expression of 
the three known xenoantigens against which humans have natural (or preformed) 
antibodies has been deleted. This has greatly reduced the risk of graft rejection after 
pig organ transplantation into nonhuman primates. In addition, the pigs may express 
up to six “protective” human transgenes, such as human complement- and/or 
coagulation- regulatory genes. When bred and housed in an isolated, biosecure facil-
ity, the potential organ-source pigs should be free of all potentially pathogenic 
microorganisms. Although the potential risks associated with the transfer of porcine 
endogenous retroviruses will remain uncertain until clinical trials are initiated, the 
data available to date from in vitro and in vivo studies in humans and animals sug-
gests that the risks are small.

Dr. Fishman emphasized that the diagnosis of infection is more difficult in an 
immunocompromised host because of diminished signs of inflammation. Dual 
infections or even multiple infections are common. There is a potential broader 
range of pathogens, and the toxicity of drugs used in xenotransplantation may be 
undetermined. Because of its unique potential risk, xenotransplantation will require 
the archiving of blood and tissues from both the organ-source pig and the human 
recipient. Dr. Fishman concluded that the likely infectious risk is not greater than 
following allotransplantation, but is not negligible.

Dr. Matthew Tector discussed the immunologic barriers to xenotransplantation 
and how appropriate histocompatibility testing can be used to minimize the risk of 
immunologic graft loss. There was some discussion over whether patients who are 
highly sensitized to human leukocyte antigens (HLA) should be excluded from the 
initial clinical trial (because there is some evidence of cross-reactivity between anti- 
HLA antibodies with swine leukocyte antigens [SLA]). It was suggested that HLA- 
sensitized patients, in whom the T cell response to a pig organ might be increased, 
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should be avoided, though others believed that, if a negative crossmatch was 
obtained, there would be no greater risk.

It was agreed, however, that these patients, for whom a suitable allograft is often 
difficult to identify, may ultimately benefit most from the opportunity to receive a 
pig xenograft. Studies are progressing in which the expression of SLA in the organ- 
source pig can be modified by genetic engineering that may allow every HLA- 
sensitized patient to receive a pig graft against which he/she expresses no antibodies.

 Session 3: Antibody-Mediated Allotransplant Rejection – Lessons 
for Xenotransplantation

Drs. Stuart Knechtle, Robert Montgomery, Stanley Jordan, and Jeffrey Platt dis-
cussed their perspectives on how lessons learned from antibody-mediated rejection 
(AMR) of an allograft, associated with either HLA or ABO incompatibility, might 
impact xenotransplantation.

Stuart Knechtle, MD, has developed and characterized a primate preclinical 
model of allosensitization. His model of allosensitized monkey kidney allotrans-
plantation shared many similarities to pig-to-nonhuman primate kidney xenotrans-
plantation. The genetically engineered pig offers an opportunity to select pigs that 
do not express antigens against which humans have natural (preformed) antibodies. 
This is in contrast to AMR of an allograft that is associated with the presence of 
donor-specific anti-HLA antibodies present in the recipient before the transplant. To 
prevent T cell-dependent de novo antibody formation, it will be essential to admin-
ister sufficient immunosuppressive therapy to prevent new antibodies from develop-
ing. In this respect, the novel agents that inhibit the secondary signal of T cell 
activation (known as costimulation blockade, specifically of the CD40/CD154 path-
way) appear to be more efficacious than conventional immunosuppressive agents.

Robert Montgomery, MD, discussed the prevention and treatment of acute AMR 
in allotransplantation and the importance of crossmatching in HLA highly sensi-
tized patients. He discussed the three types of AMR – (i) the anamnestic response 
that occurs in pre-sensitized patients in the first 3 months tends to be severe; (ii) the 
second type of AMR is associated with persistent preformed antibody after desensi-
tization where donor-specific antibodies are present before transplantation, and that 
occurs in the first 3 months and tends to be mild or moderate; and (iii) lastly, there 
is AMR from the development of de novo donor-specific antibodies in unsensitized 
patients. This can occur at any time posttransplantation and can be mild-to- moderate. 
The first two types of AMR respond well to current therapies, but the third form 
does not and tends to be chronic.

Stanley Jordan, MD, discussed the various treatments used for AMR, including 
intravenous immunoglobulin (IVIg) therapy, plasma exchange, rituximab, comple-
ment inhibitors, e.g., eculizumab, and the novel use of IgG-degrading enzymes 
derived from Streptococcus pyogenes (IdeS) for HLA highly sensitized patients. It 
is thought that the lessons learned from desensitization could be directly applicable 
to AMR occurring in xenotransplantation.

22 What Did the Workshop Achieve?



294

Jeffrey Platt, MD, pointed out that several components of the immune barrier to 
xenotransplantation are similar to those relevant to ABO-incompatible allografts. 
He proceeded to provide insights drawn from the successful transplantation of 
ABO-incompatible hearts in newborn infants, which he suggested were particularly 
pertinent to the application of xenotransplantation in infants or, indeed, in all human 
recipients.

Although many of the approaches summarized by the speakers in this session 
have proved invaluable in organ allotransplantation, in xenotransplantation, we have 
the ability to genetically modify the organ “donor” rather than just “treat” the recipi-
ent. The problem of natural antibody has largely been resolved by depletion of the 
relevant glycan xenoantigens from the pig. The presence in the recipient of anti- 
HLA antibodies that cross-react with SLA is likely to be resolved by deleting and 
replacing (i.e., mutating) the target antigens in the pig. For example, modifying 
SLA expression has been demonstrated by Tector’s group to have potential to over-
come the problem of cross-reactivity. An organ-source pig with minimal preformed 
reactivity, suitable for the broadest range of potential patients, including those with 
HLA sensitization, would be one that includes glycan elimination and site-specific 
SLA mutation. This would be a preferable approach to eliminating SLA expression 
in the pig, which would render it immunocompromised, possibly resulting in a risk 
of infectious complications and/or decreased survival.

 Session 4: Patient Evaluation and Selection for First Clinical Trials 
of Kidney or Heart Xenotransplantation

The selection of candidates for the first clinical trial of xenotransplantation was the 
focus on the second day of the workshop. Jayme Locke, MD, PhD, discussed the 
pros and cons of kidney transplantation, and Christopher McGregor and James 
K. Kirklin, MD, discussed heart transplantation, with input from transplant nephrol-
ogist, Robert Gaston, MD. Dr. Jay Fishman discussed potential infectious risks to 
the xenograft recipient.

Dr. Locke emphasized the magnitude of the organ donor shortage and that efforts 
to increase the supply of deceased human organs are not keeping up with the 
demand. There are several classes of candidates that would potentially benefit from 
participating in a clinical trial of xenotransplantation. Patients with end-stage renal 
disease who are likely to die before a kidney from a deceased human donor becomes 
available were considered to be the optimal group who might be offered xenotrans-
plantation. However, patients with diseases known to recur quite rapidly in a kidney 
allograft, e.g., focal segmental glomerulosclerosis, were also a group that might 
benefit from xenotransplantation, though there is currently no evidence whether the 
disease will or will not recur in a pig kidney graft. A third group discussed was 
patients with renal failure in countries where the resources are insufficient to pro-
vide chronic dialysis for all patients and yet the expertise to carry out kidney trans-
plantation successfully is available. South Africa was given as an example of such a 
country, but there are many others. Without a kidney from a deceased or living 
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human donor, many patients face an early death. The logistics of carrying out an 
initial clinical trial in such a country, however, could be challenging.

Dr. Locke indicated her preference that the first candidate be an older patient in 
generally good health, except for renal failure, but with a predictably long wait-
time and little real prospect of obtaining a deceased human donor organ. This type 
of patient (i) would be viewed as an acceptable candidate with a potentially good 
outcome, (ii) would benefit from receiving a xenograft when an allograft was 
unlikely, and (iii) would still have the option of returning to dialysis if the xeno-
graft should fail. There was some support for this view, but others indicated that, at 
their own institutions, aggressive use of deceased human donor kidneys had 
reduced the waiting period for this sort of older patient and that an allograft would 
be preferred.

Dr. McGregor discussed the similar problem of an inadequate availability of 
human hearts. This was currently partially being addressed by the implantation of 
ventricular assist devices (VADs), but pig heart transplantation might be preferable. 
He suggested that patients with amyloid disease might be those who might first be 
considered for pig cardiac transplantation because they were unsuitable for VAD 
support.

Dr. Kirklin discussed the progress that has been made in recent years in the func-
tion of VADs and other forms of mechanical support of a failing heart. Because of 
the availability of these devices, the selection of patients for a pig heart transplant is 
possibly more difficult than of those for pig kidney transplantation. Nevertheless, 
VADs are still associated with considerable morbidity, and there are no forms of 
mechanical support that are truly effective in babies and small children. Thus, xeno-
transplantation may well be justified in the pediatric age group.

A straw poll of the audience clearly favored kidney xenotransplantation as the 
first clinical application.

Dr. Fishman emphasized that the potential infectious risks to a patient with a 
xenograft would be those seen commonly in patients will allografts (primarily asso-
ciated with the detrimental effects of immunosuppressive therapy), rather than those 
that might be related to transfer of a microorganism with the pig organ. Physicians 
in the field of infectious disease have considerable experience in the management of 
immunosuppressed patients with allografts and should be well-qualified to treat 
similar infectious complications in patients with pig xenografts.

 Session 5: Regulatory, Economic, and Social Aspects of Clinical 
Trials of Xenotransplantation

Karl Kraebber, MS, discussed the regulatory aspects of xenotransplantation and the 
requirements for a facility for the breeding and housing of the genetically modified 
pigs that will be used for the first clinical trial. Much progress has been made in 
building such a biosecure facility in Birmingham, and this should meet the US Food 
and Drug Administration (FDA) requirements for a clinical trial. He briefly sum-
marized how this facility would function.
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Winson Tang, MD, of the US FDA drew attention to the need in any clinical trial 
to ensure patient and public safety. In regard to xenotransplantation, this clearly 
related to the potential for infection. He also stressed that the sponsor of a trial 
should demonstrate that the xenograft would function as expected.

The FDA concurred that kidney xenotransplantation was likely to be the first 
clinical application and that several companies were already in pre-pre-IND discus-
sion with the FDA. He emphasized that the first-in-human studies were primarily 
safety trials and that the FDA’s current risk-benefit analysis would limit selection of 
the first patients to those who were very ill, at risk of imminent death, and unlikely 
to receive an allograft. Using the kidney as an example, he stressed the several 
potential physiologic incompatibilities between pigs and humans.

For cardiac xenotransplantation, adult patients with amyloid disease, and pediat-
ric patients with severe congenital heart disease not suitable for three-stage pallia-
tion, were discussed as potential first candidates for xenotransplantation. For each 
type of patient, especially pediatric patients with complex malformations who had 
possibly undergone previous operations, there was concern that primary cardiac 
xenograft function would need to be optimized before a clinical study could be 
considered. Dr. Tang indicated that, in general, the FDA preferred that any new 
therapy is first shown to be safe and effective in adults, who can understand and 
consent to the required procedures and potential risks, before being applied to 
younger patients. Therefore, the trial should not include children unless a special 
case can be made for their participation. Nevertheless, there may be an exception to 
this for diseases, such as hypoplastic left heart syndrome, not suitable for three- 
stage palliation, which occur only in children and are likely to be fatal. Early con-
sultation with the FDA was recommended.

There was an extended discussion about the required interval between treating 
the first and second patients. Currently, regulators set this interval at 1 year for any 
individual study. This interval, which was perceived as excessive by most of the 
researchers present, might be shortened if data, such as patient perception of risk, 
could be provided.

It was clear throughout these discussions that the regulatory perspective for 
xenotransplantation was enthusiastic but that the risk-benefit analysis of the first 
clinical trial would be focused on the patient.

Jon Friedman, MD, the chief medical officer of Medical Benefit Management, 
Optum Specialty Management, a company involved in facilitating the financing of 
healthcare, gave the final presentation. In view of the relative “unknowns” of xeno-
transplantation, e.g., cost of the pig organs and future immunosuppressive drug 
therapy, etc., predictions of the cost associated with organ xenotransplantation are 
difficult. Nevertheless, he provided data indicating that, when organ xenotransplan-
tation became commonplace, it would probably reduce the costs of healthcare of 
patients with end-stage organ failure, particularly, for example, those requiring 
chronic dialysis.
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 Summary: How Close Are We to Clinical Xenotransplantation

The Pathways to Clinical Xenotransplantation Workshop explored the logistic, reg-
ulatory, immunologic, and ethical barriers to the first clinical trial in xenotransplan-
tation. Experts from throughout the USA attended and participated in spirited and 
productive debate. The advances that have been made in understanding AMR and 
the tools that have been developed to produce genetically modified pigs have pro-
ceeded at a rapid pace. Significant work has been carried out on minimizing the 
infectious risk, and, with proper monitoring, xenotransplantation should present a 
similar risk to allotransplantation. The requirements for the facilities to house the 
pigs, and monitoring both the animals and the human recipients, have been rigor-
ously defined. The preclinical work in nonhuman primates shows survival of life- 
supporting pig kidneys frequently functioning for more than 200 days.

Although more preclinical work could always be done, workshop participants 
felt that the primary barrier will be to meet the regulatory requirements by the 
FDA. The general and enthusiastic consensus was that this could be achieved within 
the next several years.
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