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Summary

Organ allotransplantation remains the gold standard for
treating end-stage organ failure, yet the chronic shortage
of donor organs limits access to life-saving therapy. Xeno-
transplantation, particularly the use of genetically modified
pigs as organ donors, has emerged as a viable alternative,
supported by decades of preclinical research and recent
breakthroughs in gene editing and immunosuppressive
protocols.

The current era of solid organ xenotransplantation began
in 2021 with studies involving human recipients who were
brain dead and has since progressed to the transplanta-
tion of porcine hearts, kidneys, and a liver into living pa-
tients. While initial cases were complicated by significant
comorbidities and short-term survival, recent xenotrans-
plants in carefully selected patients have yielded improved
outcomes. Notably, one recipient of a porcine kidney re-
cently passed the six-month post-transplant mark, an im-
portant milestone for the field. Regulatory momentum is
also building. In 2025, the U.S. Food and Drug Admin-
istration approved clinical trials led by United Therapeu-
tics and eGenesis targeting patients with end-stage kidney
disease.

The upcoming 18" Congress of the International Xeno-
transplantation Association, to be held in Geneva, Switzer-
land, from 30 September to 3 October 2025, underscores
the global relevance of the current breakthrough. Geneva
has historic ties to the field, having hosted key early policy
discussions and managed the International Human Xeno-
transplantation Inventory for over a decade. As xenotrans-
plantation moves into a new clinical era, continued collab-

oration as well as ethical and regulatory oversight will be
essential to guide its safe and effective implementation.

Introduction

Organ allotransplantation remains the definitive treatment
for end-stage organ failure, yet the persistent shortage of
human donor organs leads to prolonged waiting times and
significant mortality among patients on transplant waiting
lists. In 2024, 75 patients died while awaiting transplan-
tation in Switzerland, and 1,331 patients were still on the
waiting list at the end of the year [1]. Although the princi-
ple of presumed consent is scheduled to be implemented in
Switzerland in 2027 [2], the shortage of donor organs is ex-
pected to remain a major barrier to meeting the needs of an
ageing population. This imbalance between organ supply
and demand is exacerbated by the increasing prevalence of
chronic diseases, which increases the need for transplanta-
tion and reduces the number of medically suitable donors

[3].

ABBREVIATIONS

AMR antibody-mediated rejection

EKSD end-stage kidney disease

FDA Food and Drug Administration

GE gene-edited

IXA International Xenotransplantation Association
NHP nonhuman primate

pCMV porcine cytomegalovirus

TTS the Transplantation Society

WHO World Health Organization
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In this context, xenotransplantation, particularly the use of
gene-edited (GE) pigs as organ sources, has emerged as
a promising alternative to human donation [4-7]. A more
readily available organ supply could allow transplantation
at earlier stages of organ failure, improving patients’ qual-
ity of life and long-term outcomes [8]. Nevertheless, the
clinical application of xenotransplantation faces consider-
able challenges, primarily due to pronounced immunolog-
ical and haematological incompatibilities between species.
In addition, concerns persist regarding the perceived risk
of zoonosis (the transmission of infectious diseases from
animals to humans), especially given the immunosuppres-
sive therapies required to prevent graft rejection.

After decades of preclinical research in nonhuman pri-
mates (NHPs), significant progress in gene editing and
novel immunosuppressive strategies has led to a series of
landmark studies. These achievements have brought xeno-
transplantation into the spotlight, particularly following the
first transplants of gene-edited porcine hearts and kidneys
into living human recipients in recent years [9].

Recent advances and the current state of xeno-
transplantation

According to data from the International Human Xeno-
transplantation Inventory, a registry that collects informa-
tion on all xenotransplantation procedures in humans
worldwide, cellular and tissue-based xenotransplantation
has represented the majority of clinical activity over the
past two decades. These procedures primarily involve islet
of Langerhans transplantation trials and other cell types
[10]. Building on encouraging preclinical results from pig-
to-NHP models, the first porcine kidney xenotransplanta-
tion study in a human was conducted in 2021 in the USA.
It involved the transplantation of genetically modified kid-
neys with a single gene knockout into two recipients who
were brain-dead and maintained on circulatory and respi-
ratory support (table 1) [11, 12].
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This study confirmed the absence of hyperacute rejection
over a 54-hour observation period and marked the begin-
ning of clinical trials in solid organ xenotransplantation.
Over the past three years, a total of two hearts, five kid-
neys, and one liver from genetically modified pigs have
been transplanted into living human recipients, making
solid organ xenotransplantation the main current clinical
xenotransplantation activity (figure 1).

Many experts anticipated that a kidney xenograft would be
the first to receive clinical approval from the U.S. Food
and Drug Administration (FDA), as kidney failure is not
immediately life-threatening and patients can return to
dialysis in case of xenograft failure. However, the FDA
approved a porcine heart xenotransplantation in 2022 un-
der a compassionate use authorisation. This first case, per-
formed at the University of Maryland in Baltimore, in-
volved a 57-year-old patient with end-stage heart failure
who was ineligible for allotransplantation. The patient re-
ceived a 10-GE porcine heart along with a novel immuno-
suppressive regimen based on an anti-CD40 agent. The
graft initially functioned well and showed no signs of hy-
peracute rejection. However, acute diastolic dysfunction
occurred on day 49 following administration of intra-

Table 1:

Current gene edits in pigs for xenotransplantation.
GE type
1-GE

Description of genetic modifications

Knockout of the main carbohydrate xenoantigen
present in pigs, similar to the human ABO blood
group antigen

Knockout of three major carbohydrate xenoanti-
gens; insertion of one human coagulation inhibitory
gene and two complement regulatory genes

6-GE

10-GE Same three carbohydrate knockouts as in 6-GE,
plus knockout of the porcine growth hormone re-
ceptor. Transgenic expression of two human coag-
ulation inhibitory genes, two human complement
regulatory genes, one anti-inflammatory agent, and

one innate immunity regulator

As in 10-GE, with additional inactivation of 59
porcine endogenous retrovirus sequences

69-GE
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Figure 1: Type of transplantation, by year, from 1990 to July 2025. Data from the International Human Xenotransplantation Inventory.
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venous immunoglobulin (IVIg) for suspected porcine cy-
tomegalovirus (pCMV) reactivation. Life support was
withdrawn on day 60. Autopsy findings did not suggest
classical acute rejection but revealed antibody-mediated
endothelial injury [13].

The following year, the same institution performed a sec-
ond porcine heart xenotransplantation in a 58-year-old pa-
tient with end-stage heart failure who was also deemed
ineligible for conventional treatment. This patient also re-
ceived a 10-GE porcine heart under compassionate use ap-
proval. The immunosuppressive protocol included an anti-
CD154 agent, which has shown superior efficacy in NHP
models [14], and enhanced screening of source animals
was conducted to minimise the risk of zoonotic infection.
Although the graft initially functioned well, signs of an-
tibody-mediated rejection (AMR) appeared on biopsy by
day 13. The clinical course was complicated by an episode
of cardiorespiratory arrest and noninfectious diarrhoea re-
quiring total parenteral nutrition. Rapid deterioration of
cardiac function occurred on day 29, and the patient died
on day 40. Biopsies did not show evidence of pCMV in-
volvement, but AMR was again implicated in the graft fail-
ure [15].

Following additional studies in human recipients who were
brain-dead, five porcine kidney xenotransplants have been
performed in living patients since March 2024. The first
was carried out at Massachusetts General Hospital in
Boston in a 62-year-old patient with end-stage kidney dis-
ease (ESKD) and a history of failed allotransplantation.
The patient received a 69-GE porcine kidney with an in-
tensified immunosuppressive protocol including T- and B-
cell depletion, terminal complement blockade, and an anti-
CD154 agent. The graft functioned well and eliminated the
need for haemodialysis until the patient, who had a history
of coronary artery disease, experienced an unexpected fa-
tal cardiac event on day 52 [16].

One month later, a team at New York University performed
a kidney xenotransplant in a 54-year-old patient with com-
bined end-stage heart and kidney failure who had received
a left ventricular assist device (LVAD) one week earlier.
The patient received a 1-GE porcine kidney with conven-
tional immunosuppression, and the graft was removed on
day 47 due to complications related to complex haemody-
namics associated with the LVAD [17]. Several months lat-
er, the same team transplanted a 10-GE porcine kidney into
a 53-year-old patient ineligible for allotransplantation due
to HLA hypersensitisation. Despite conventional immuno-
suppression, the graft showed progressive dysfunction and
was explanted after 130 days, representing the longest du-
ration of a porcine kidney in a living human at the time
[18]. The cause of graft failure appeared to be rejection
precipitated by lowered immunosuppression in the setting
of a bacterial infection [19].

At the time of writing, three patients worldwide are living
with porcine kidney xenografts, all derived from genetical-
ly modified pigs: (1) a patient at Massachusetts General
Hospital in Boston, USA, who received a 69-GE kidney
on January 25, 2025 [20]; (2) a patient at Xijing Hospital
in Xi’an, China, who received a 6-GE kidney on March 6,
2025 [21]; and (3) a patient at Massachusetts General Hos-
pital who received a 69-GE kidney on June 14, 2025 [22].
In addition to classical tacrolimus—mycophenolate—pred-
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nisone-based triple immunosuppression, both American
patients are maintained on an anti-CD154 regimen, which
appears to be a key component of immunosuppressive
strategies in xenotransplantation [14, 23]. Details regard-
ing the immunosuppressive treatment of the Chinese pa-
tient are not yet available.

A single case of porcine liver xenotransplantation has been
reported, involving the transplantation of a 10-GE liver in-
to a 71-year-old patient following a right lobectomy for
hepatocellular carcinoma. Early reports mention normali-
sation of hepatic function and no signs of rejection after
13 days, but no further updates on the patient’s course are
available [24].

Future development

The first cases of clinical xenotransplantation have been
limited by the significant comorbidities of the recipients,
which considerably complicated their overall medical
management due to issues unrelated to the transplantation
itself. The first heart transplant recipient was on
haemodialysis, the second developed ventricular fibrillato-
ry arrest 12 hours before the surgery requiring cardiopul-
monary resuscitation and defibrillation, and the initial kid-
ney transplant recipients also had cardiac conditions. At
the current stage of clinical xenotransplantation develop-
ment, managing advanced multi-organ dysfunction is an
avoidable challenge and should be considered during pa-
tient selection. In comparison, the current surviving recip-
ients have fewer serious comorbidities and low levels of
sensitisation, which optimise clinical management of the
xenograft.

In early 2025, Revivicor and eGenesis, two American
companies developing genetically modified pigs, received
FDA approval to initiate clinical trials for kidney failure.
Revivicor’s trial will begin with six patients aged 55 to 70
who have ESKD and are either ineligible for allotransplan-
tation or unlikely to receive a transplant within five years
despite being on the waiting list. eGenesis plans to include
three patients in its trial [25]. Following its successful kid-
ney xenotransplantation in March 2025, the Chinese com-
pany ClonOrgan Biotechnology has also expressed inter-
est in expanding its clinical xenotransplantation program
within China.

This phase represents a critical moment for clinical xeno-
transplantation, as attention shifts from short-term feasi-
bility to medium-term graft survival. With better-selected
recipients and improved protocols, ongoing cases will pro-
vide essential insight into xenograft longevity in humans.
Notably, the longest surviving patient has now passed the
six-month mark, a milestone that will help define the future
direction of the field.

Upcoming International Xenotransplantation
Congress in Geneva, Switzerland

Amid significant progress and growing public interest in
xenotransplantation, the 18" Congress of the International
Xenotransplantation Association (IXA) will be held in
Geneva, Switzerland, from 30 September to 3 October
2025 [26]. The Swiss city, home to the headquarters of
the World Health Organization (WHO), has long-standing
ties to the field. In 2004, in the early stages of modern
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xenotransplantation research, the WHO adopted resolution
WHAS57.18 on human organ and tissue transplantation,
which included pioneering recommendations on xeno-
transplantation. This led to the gathering of an expert panel
in Geneva in 2005, where a framework for the safe and
ethical implementation of clinical xenotransplantation was
proposed. The following year, in collaboration with the
WHO and the Transplantation Society (TTS), the Inter-
national Human Xenotransplantation Inventory was estab-
lished and managed by Geneva University Hospitals until
2020. Now, two decades later, hosting the IXA Congress
in Geneva marks both a symbolic and practical milestone,
at a time when clinical applications are beginning to show
real-world potential.

Conclusion

Clinical xenotransplantation has entered a critical phase,
moving from proof-of-concept cases to more structured
and prospective upcoming trials. The progress over the
past three years, particularly in kidney xenotransplantation,
demonstrates the growing feasibility of this approach. With
refined immunosuppressive strategies and patient selec-
tion, longer graft survival is within reach, and the focus is
shifting towards assessing mid- and long-term outcomes.
Ongoing trials in the USA and potentially China will pro-
vide valuable insight into the safety, durability, and scala-
bility of xenotransplantation as a clinical solution to organ
shortage. The upcoming IXA Congress in Geneva is well
timed to serve as a forum for coordination and scientific
exchange as xenotransplantation moves closer to clinical
reality.
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