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The recent transplantation of a genetically modified pig heart into a human, performed at the University
of Maryland in early 2022, indicates that xenotransplantation research is at a key juncture. As a successful
alternative to allotransplantation, xenotransplantation would offer an immediate solution to the current
organ shortage. The Maryland transplantation is a culmination of approximately six decades of research,
beginning with the earliest xenotransplantation attempts in the 1960s, concurrent with the first
allotransplants. In recent studies, porcine renal and cardiac xenografts have been maintained in primate
models for months to years. However, the possible initiation of xenotransplantation clinical trials
involves multiple ethical quandaries, especially regarding the risk of infectious disease and the selection
of patients for future clinical trials. This review traces the early history of xenotransplantation to the
current state of the field and explores the myriad of associated ethical questions.

INTRODUCTION performed (24,670) was approximately 27%
In the United States, 17 people on the waiting of the total number of people on the waiting
list for an organ transplant die each day (1). list (90,483) (1). As 02020, 17.6% of people
In 2021, the number of kidney transplants on the heart transplant list and 31.1% of
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people on the kidney transplant list had been
waiting for three years or more (2, 3).
Therefore, there is a significant shortage of
organs available for transplantation.

Xenotransplantation has been
suggested to be the most feasible and
promising answer to the organ shortage (4-6).
Instead of relying on human donors,
genetically engineered pigs can theoretically
provide an unlimited source of organs,
greatly reducing or even solving the organ
shortage. It would also eliminate the
morbidity and mortality associated with long
stays on transplant waiting lists and decrease
healthcare costs associated with sustaining
patients waiting for transplant (6). However,
xenotransplantation is still a technology in
development, with great aspirations, but
minimal clinical success thus far. Recent
advances suggest that xenotransplantation is
poised to make the jump into clinical trials,
but controversies about the logistics and
ethics of such trials abound. This review will
survey the history, recent advances, and
ethical controversies surrounding
xenotransplantation, with a focus on cardiac
and renal xenotransplantation.

HISTORY OF XENOTRANSPLANTS

Early xenotransplantation was intertwined
with  the initial  development  of
allotransplantation. In the 1960s, when renal
allotransplantation was in its infancy, Keith
Reemstma and Thomas Starzl both attempted
renal xenotransplantation using chimpanzee
and baboon, respectively, as donors (7, 8).
These transplants were largely unsuccessful,
with most patients dying within days of the
transplant. The limited methods of
immunosuppression available — azathioprine,
prednisone, actinomycin C, and local
irradiation — were insufficient in some
patients to prevent rejection and caused
severe infections in others (7, 8). In 1964,
three years before the first modern human
heart allotransplant, James Hardy attempted

the xenotransplantation of a chimpanzee
heart, which survived for less than an hour.
In 1985, xenotransplantation came to
increased public attention with the transplant
of a baboon heart into neonate with
hypoplastic left heart syndrome, “Baby Fae”.
Treated with cyclosporine, she survived for
20 days post-transplant, dying due to graft
necrosis as well as lung and kidney failure
(10).

By the 1990s, xenotransplantation
research mainly focused on pigs as the
optimal donors, because of their easy
availability for breeding and reasonably
concordant size and physiology (11, 12).
While xenotransplants sourced from non-
human  primates posed a  lower
immunological risk of rejection, practicality
concerns about breeding primates in large
numbers, potentially discordant organ size,
and public acceptance of breeding primates
to harvest organs prevented their use (11, 12).
Pigs were easily bred and appropriately sized
alternatives that were already farmed in large
numbers for human use.

When initially attempted, early pig
xenotransplants in the 1990s led to
immediate hyperacute rejection as a reaction
to xenoantigens present on porcine cells (12).
Around this time, Uri Galili discovered the o-
galactosyl epitope (a-gal), which was
determined to be the main xenoantigen
responsible for hyperacute rejection (13, 14).
Humans, apes, and Old World monkeys do
not produce a-gal, while New World
monkeys and non-primate mammals do (13).
Approximately 1% of human B cells produce
antibodies against a-gal (anti-Gal) and the
IgG anti-Gal titer increases 100-fold in the
two weeks following exposure to a xenograft
(13). This strong immunological response
made controlling hyperacute rejection by
immunosuppression very difficult, and thus
attention turned to the genetic modification
of pig donors to minimize the issue. The first
a-1,3-galactosyltransferase homozygous
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knockout pigs (GTKO) were developed in
2003 using nuclear transfer cloning
technology (15, 16). Early experiments using
GTKO pigs as donors for xenotransplantation
in a primate model showed significantly
improved success, with xenografts surviving
for a median time of 78 days (17). In
comparison, xenografts from pigs engineered
to express low levels of a-gal were
universally rejected within 20 minutes (17).
The development of GTKO pigs was a major
advancement and ushered in the modern era
of xenotransplantation research.

RECENT ADVANCES

Animal Models

In the two decades since the development of
GTKO pigs, modern xenotransplantation
research has focused on further genetic
modification of porcine donors, as well as
optimizing the immunosuppression regime
necessary to maintain graft survival in
primate models. The use of CRISPR/Cas9
allows researchers to insert a large number of
modifications into the genome with much
greater speed and precision (18). This has
facilitated the proliferation of multiple
genetic modifications tested in animal
models of xenotransplantation. The wide
variety of genetic modifications attempted
has been reviewed elsewhere (19). In brief,
while GTKO pigs greatly improved the risk
of hyperacute rejection, complement
activation and dysregulation of the
coagulation cascade still impaired graft
survival, even in the absence of antibody
binding  (19-22). Common  genetic
modifications to address these issues include
the insertion of human complement
regulatory transgenes, such as CD46 or
CDS55, and human coagulation regulatory
transgenes, such as thrombomodulin (19-23).
Two additional xenoantigens have been
discovered to also play an important role in
the immunological reaction to xenografts: N-
glycolylneuraminic acid and the Sda blood

group antigen (19).

Genetic modification of donor
animals is only one aspect of efforts to sustain
a xenograft. While the eventual goal would
be sufficient genetic modification to
eliminate the need for immunosuppression
post-transplant, currently significant
immunosuppression is necessary. Recent
experiments in animal models have
employed a combination of conventional
immunosuppressants used in allotransplants,
including anti-thymocyte globulin,
rapamycin, corticosteroids, mycophenolate
mofetil, and anti-CD20 antibody (21, 24-29).
The addition of a costimulation blockade via
anti-CD40 or anti-CD154  antibodies
significantly improves graft survival along
with the conventional regimen (21, 24-29).

These innovations have allowed for
the prolonged survival of xenografts in
primate models. Kim et al. regularly
sustained renal xenografts for a year, with
several surviving for up to 400 days using
monoclonal antibody depletion of CD4+ T
cells (30). In other experiments, renal
xenografts repeatedly lasted over 120 days,
with the longest survival times of 7, 8, and 10
months  (32-34).  Heterotopic  cardiac
xenografts have a median survival of 298
days, with the longest survival being 945
days (29). Orthotopic cardiac xenografts,
which are a more challenging model to
sustain, have repeatedly lasted up to three
months, with the longest survival of 195 days
(23). These results demonstrate that research
has begun to reach the standards for clinical
trial initiation set by the Xenotransplantation
Advisory Committee of the International
Society for Heart and Lung Transplantation

(6).

Human Models

Given these promising results in animal
models, initial attempts have been made at
solid organ xenotransplantation in humans.
In three instances, porcine kidneys were
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transplanted into human recipients who were
declared brain-dead and who were ineligible
to serve as organ donors (31, 32). The model
of a brain-dead human recipient is limited,
because the environment created by brain
death may affect xenograft function, and the
nature of the experiment prevents long-term
follow-up (31, 32). In particular, these
experiments were criticized because of their
time-limited nature and the difficulty of
interpreting physiologic parameters post-
transplant because the recipients’ kidneys
were not removeds. However, this work can
still provide valuable initial data as a stepping
stone to a clinical trial, without many of the
risks and ethical quandaries of a clinical trial.
In all three instances, the kidneys remained
viable and produced urine throughout the 54-
or 72-hour follow-up period, with no
evidence of hyperacute rejection or antibody
mediated injury (31, 32).

In early 2022, researchers at the
University of Maryland performed the first
transplant of a genetically modified pig heart
into a living human with the possibility of
recovery (33, 34). While the UMD team was
denied authorization for a full clinical trial of
cardiac xenotransplantation, the Food and
Drug Administration granted an
authorization for compassionate use in the
case of a 57-year-old man who was ineligible
for mechanical support devices or an
allotransplant and had been dependent on
venoarterial ~ extracorporeal = membrane
oxygenation (ECMO) for two months (33,
34). The transplanted pig heart had 10 genetic
modifications: knockout of the three main pig
xenoantigens and 6 modifications to
minimize the immune response. The patient
received B- and T-cell depleting therapies,
anti-CD40, and additional immune-
suppressive therapies (34).

The xenograft showed normal cardiac
function, and the patient demonstrated
clinical improvement in the first seven weeks
post-transplant. At the seven-week mark, the

patient started to deteriorate significantly,
and the graft showed diastolic failure and
myocardial thickening, although the systolic
function was preserved (34). Supportive care
was withdrawn 60 days after transplantation.
Throughout this process, no evidence of
acute cellular or antibody-mediated graft
rejection was observed. The mechanism for
the pathologic changes observed in the graft
are unexplained at this time. This is
additionally complicated by the detection of
porcine  cytomegalovirus and human
herpesvirus 6 in the patient’s later tests,
although the donor animal initially screened
negative for cytomegalovirus (34). Overall,
the patient’s initial progress and recovery, as
well as the life-sustaining nature of the
porcine graft are promising results for the
field of xenotransplantation. However, this
experience also emphasizes that there are still
important gaps in the knowledge about
xenotransplantation.

ETHICAL CONTROVERSIES

Xenotransplantation sparks a multitude of
ethical questions, including but not limited to
the appropriate use of animals, acceptability
from a religious perspective, the utility of
investing in xenotransplant, the infectious
disease risk, and the design of an eventual
clinical trial. The choice of pigs as the source
animals for xenografts effectively minimizes
concerns regarding animal use and animal
rights. Pigs are farmed by millions as a food
source and are already used in medical
settings as sources of heart valves and insulin
(35, 36). Individuals or communities may
object to the use of pigs in this manner. As
this is not a widely held belief, it does not
constitute a sufficiently strong objection to
impede  further progress in  xeno-
transplantation research (35, 36). Regarding
religion, Christian, Jewish, and Muslim
theologians have written about the
acceptability of xenotransplant (37-40).
While teachings of Judaism and Islam
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prevent the consumption of pork, theologians
have deemed porcine xenotransplant
acceptable given the primacy of preserving
human life in both religions (37-40).
However, this does not exclude the
possibility that individuals may decide
against a xenotransplant on these grounds.
Thus, in both the case of animal use and the
question  of  religious  acceptability,
overarching systemic beliefs  support
xenotransplant. However, individual beliefs
about these topics may affect the choices
made by future patients regarding whether to
accept a xenotransplant.

The significant resource investment
necessary to develop any new technology
such as xenotransplantation should be
examined carefully to ensure its worth. The
dedication of resources towards
xenotransplant  research  compared to
prevention, nonsurgical treatments, or other
emerging technologies for organ replacement
is a decision to be made by governments
individually, based on societal and cultural
beliefs and standards. However, as described
earlier in this review, there is a clear and
pressing need to address the shortage of
organs, and xenotransplantation is one of the
technologies closest to clinical application
that could remedy this issue. In the ideal
future, transplant surgery would be nearly
obsolete, because prevention measures and
medical treatments will have advanced to the
point that very few patients end up in organ
failure. However, this utopia is likely to be
unobtainable for decades, if ever. Recent
trends, such as the 243% increase in patients
on transplant waiting lists from 1991 to 2001,
suggest that the pressing organ shortage is
more likely to worsen than improve (4). In
addition, improvements in medical care that
improve lifespan may also increase the need
for organ transplants to address age-related
decline in organ function (18). There may
also always be cases that require transplants,
such as congenital organ defects. The

potential benefit of xenotransplantation in
providing an unlimited source of organs in
these cases should not be overlooked (41).
Infectious disease risk and the design
of future xenotransplant clinical trials are
more complicated ethical questions. In a
world still reeling from the COVID-19
pandemic, the risk of spreading new zoonotic
infections via xenotransplantation should not
be underestimated. Potential culprits include
porcine cytomegalovirus, porcine
endogenous retroviruses (PERVs), and other
porcine microbes. Much of the concern
around zoonotic transmission centers on
PERVs, because the risk of other infections
can be minimized, but not eliminated, by
raising donor animals in specific pathogen
free environments, repeated testing, and other
infection control measures (35, 42, 43). In
addition, there are concerns that PERVs, like
other retroviruses, could cause malignancies
or immunodeficiency when introduced to
human hosts. However, the evidence thus far
in primate models as well as the monitoring
of humans exposed to pig tissues suggests
that the risk of PERV transmission is
extremely low (44-47). This evidence does
not entirely ameliorate concerns, as it is
possible that immunosuppressed conditions
of solid organ xenotransplantation in humans
could increase the likelihood of PERV
transmission and replication. One possibility
is to use animals in which PERVs were
inactivated in the genotype (48). However, it
is not clear whether investment in developing
these animals with the necessary genetic
modifications is worthwhile given the
seemingly low risk. There is also the
additional concern of introducing genomic
instability by inactivating all PERVs in the
genotype, given that there are approximately
25 copies of PERV in genomic DNA (48).
Each government needs to make its
own determination about the severity of the
infection risk inherent in xenotransplantation.
However, given the large stake that society
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has in preventing new zoonotic infections,
evaluation of this issue warrants special care.
Citizen panels and public discussion after
education on the topic should be considered
so that a wide variety of opinions are weighed
and to ensure that this decision is not made in
an ivory tower (49). In addition, the COVID-
19 pandemic has clearly demonstrated the
inherent global interest in preventing the
spread of new zoonotic infections. As such,
even though it is reasonable that different
nations may have varying levels of risk
tolerance regarding the infection risk, it is
critical that all nations  pursuing
xenotransplantation research do so while
following  accepted  guidelines  for
minimizing infection risk. International
bodies such as the World Health
Organization can help encourage adherence
to such practices, even if there is no way to
mandate it.

One practice that has been proposed
to minimize infection risk is to require that all
participants in a future xenotransplant
clinical trial be closely evaluated for
infection for the rest of their lives (50, 51).
This is a troubling requirement from an
ethical perspective, as it violates a
fundamental right of clinical trial participants
outlined in the Declaration of Helsinki — to
withdraw from the trial at any time (49, 52).
The necessity of lifelong surveillance has
been challenged recently, but remains a
consensus guideline for future clinical trials
(53). Ultimately, it is reasonable that early
xenotransplantation clinical trials begin with
the intention of lifetime surveillance, a
requirement that could then be reduced or
increased depending on the new data
collected. Building this lifetime surveillance
into future clinical trials means that the
Declaration of Helsinki cannot be applied to
its fullest extent (52). This should be clarified
to any potential participant as part of the
informed consent process. In addition, this
may preclude early trials of pediatric

xenotransplantation. Even though neonatal
heart xenotransplantation may be one of the
most promising early applications of clinical
xenotransplantation, committing pediatric
patients to lifetime monitoring would be
overly problematic from an ethical
perspective (41, 54, 55).

Much has been written about the
design of a potential xenotransplant clinical
trial, specifically on the appropriate patient
population (35, 41, 52, 54-56). The specific
indications favored for trial inclusion vary,
but the consensus is that initial trial
participation should be limited to those who
are highly wunlikely to receive an
allotransplant and who are both medically
and psychosocially healthy enough to
maximize the chances of a successful
transplant (35, 41, 52, 54-56). However, it
remains a challenging task to balance the
need for xenotransplantation research done in
humans with the risk of taking advantage of
vulnerable and desperate patient populations,
especially given that there is no guarantee
that initial trials of xenotransplantation will
have significant clinical success.

DISCUSSION

Xenotransplantation research appears to be at
an important crossroads, as it teeters from
preclinical models into clinical trials. Recent
advances in preclinical models have
demonstrated significant success, and the
potential ~ benefits of clinical xeno-
transplantation are tremendous. However,
transitioning into clinical trials is an
especially difficult proposition, given that so
much remains unknown about this
technology. Recent attempts at xeno-
transplantation in humans highlight that there
are still major gaps in our knowledge. Fully
addressing these gaps will require clinical
trials. Additionally, a clinical trial, rather than
additional case studies, would be better
poised to address ethical concerns and
produce generalizable data on the genetic

Harvard Medical Student Review Issue 9 | Summer 2024 57



modifications and  immunosuppression
regimen necessary to sustain a xenograft.
Therefore, it is reasonable to proceed with
small early clinical trials in the near future,
and reports from the Food and Drug
Administration in July 2022 suggest that
these trials may soon be on the horizon in the
United States=. However, the regulation of
these trials may require modification of
existing standards. For example, adapting the
standards  for approval of genetic
modifications may be necessary, as many of
these transgenes have only been tested in
combination, which makes determining the
individual benefit of each construct difficults.
In addition, requirements for lifetime
monitoring for infectious disease risk
threaten long-held ethical standards, but a
shift in these standards may be necessary to
pursue the incredible benefit offered by
xenotransplantation in the clinical world.
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