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SUMMARY

The future clinical application of animal-to-human transplantation (xeno-
transplantation) is of importance to society as a whole. Favourable preclin-
ical data relevant to cell, tissue and solid organ xenotransplants have been
obtained from many animal models utilizing genetic engineering and pro-
tocols of pathogen-free husbandry. Findings have reached a tipping point,
and xenotransplantation of solid organs is approaching clinical evaluation,
the process of which now requires close deliberation. Such discussions
include considering when there is sufficient evidence from preclinical ani-
mal studies to start first-in-human xenotransplantation trials. The present
article is based on evidence and opinions formulated by members of the
European Society for Organ Transplantation who are involved in the
Transplantation Learning Journey project. The article includes a brief over-
view of preclinical concepts and biology of solid organ xenotransplanta-
tion, discusses the selection of candidates for first-in-human studies and
considers requirements for study design and conduct. In addition, the
paper emphasizes the need for a regulatory framework for xenotransplanta-
tion of solid organs and the essential requirement for input from public
and patient stakeholders.
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Introduction

Despite initiatives to improve access to transplantation,

the worldwide demand for donor organs by far exceeds

the current supply [1]. Without new approaches to trans-

plantation, it is likely that a growing number of patients

will continue to wait a very long time before receiving an

organ, will remain on dialysis if they experience kidney

failure or will die while waiting for a first or repeat solid

organ transplant. Despite widespread use of expanded-

criteria donors, donations after circulatory death, virus-

positive donors and recipients, acceptable blood-group

incompatibilities and desensitization protocols, trans-

plant candidates – many of whom are broadly sensitized –
accumulate on waiting lists, and the numbers of people

listed (or delisted) have changed little over many years

(Figs. 1 and 2) [2,3]. This is not only because of lack of

supply: many candidate organs are discarded at evalua-

tion, often because of impaired quality [2]. Although a

key goal of national presumed consent schemes has been

to increase the number of allografts, such strategies can-

not fulfil the demand for organs [4]. Unfortunately, opt-

in schemes may also have had unintended consequences,

including a reduction in live donors and little improve-

ment in public awareness of organ donation [5]. In addi-

tion, the COVID-19 pandemic has substantially

disrupted transplantation programmes and lengthened

waiting lists in many countries [6–8].
Undoubtedly, several innovations in technology and

service delivery will be required if outcomes are to

improve for patients with advanced-stage organ failure,

including the development of artificial organs [9,10];

some relatively new processes are already in clinical use.

For example, machine reperfusion is optimizing organ

preservation, viability assessment and reconditioning

[11–15]. Innovations in preclinical development have

the potential to expand the donor-organ pool, improve

graft function or increase the range of patients who are

suitable for transplantation. Emerging technologies

include recellularization of poorly functioning organs

(for which proof of concept has been demonstrated

[16]) and tissue generation, using pluripotent stem cells

to create organoids with the structure (and, ultimately,

we hope, the function) of solid organs, suitable for

replacement [17,18]. These technologies, however, lie

outside the scope of this article.

The present article discusses xenotransplantation,

with a focus on heart and kidney xenotransplantation,

both of which have a large evidence base in preclinical

settings. We believe that the conceptual considerations,

regulatory framework, clinical trial design and societal

implications evident with xenotransplantation also apply

to other technologies approaching clinical application in

transplantation medicine [19–21]. The content is based

on evidence and opinions formulated by participants

who have discussed xenotransplantation as a work-

stream within the Transplantation Learning Journey

(TLJ) project, which is an initiative from the European

Society for Organ Transplantation (ESOT) [see Box 1].

ESOT initiatives evaluate innovations in transplantation

research in preparation for their journey through pre-

clinical, clinical and regulatory review. As TLJ and the

workstream on xenotransplantation are ongoing pro-

jects, this article aims to stimulate further discussions

and contributions from any interested stakeholders.

There are many factors to evaluate, including (but not

limited to) how clinical development might be struc-

tured to address the most informative questions, and

investigate endpoints using the most appropriate

cohorts for solid organ xenotransplantation. It is essen-

tial to involve patients and the general public in discus-

sions about organ transplants of the future.
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Xenotransplantation: history and current state
of development

Xenotransplantation is defined as ‘any procedure that

involves the transplantation, implantation or infusion

into a human recipient of live cells, tissues or organs

from an animal source. It also includes human body

fluids, cells, tissues or organs that have had ex vivo con-

tact with live animal cells, tissues or organs’ [22].

Previous attempts

Solid organ xenotransplantation is not a new concept:

primate-to-human kidney, heart or liver transplants

were performed from the 1960s until the 1980s [23–29],

but generally failed soon after surgery. For example, a

chimpanzee heart transplant failed in 1964 because of

size mismatch between the primate and the adult [28];

chimpanzee and baboon xenotransplants conducted by

Christian Barnard were unsuccessful, possibly because

of heterotopic positioning of the xenotransplants [28].

As late as 1984, the case of Baby Fae was widely

reported: she was a neonate with hypoplastic left-heart

syndrome, who lived for 20 days after receiving a

baboon heart. Again, the procedure failed, probably

because of rejection [29]. However, 9 months’ survival

was reported for a female teacher who received a chim-

panzee kidney in the 1960s [25], and in 1992, a patient

lived for 70 days after receiving a baboon liver [26].
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Figure 1 Eurotransplant data (2011–2020) for kidney transplantation [3]: (a) changes in waiting list, (b) active waiting list.
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Revisiting xenotransplantation

Lack of clinical and immunological success, concerns

relating to supply and use of non-human organs and

risk of zoonoses, together with advances in allograft

transplantation, meant that xenotransplantation has

been less of a focus for medical research in the past

20 years. However, the severe ongoing shortage of

human donor organs, the continued (and largely

increasing) waiting lists of patients in end-stage organ

failure, advances in genetic engineering and our growing

understanding of immunology [30] have rekindled

interest and activity in preclinical xenotransplantation

research.

Processes broadly applied to xenotransplantation now

have the potential to provide animal-derived cells, tissues

(e.g. islet or neuroendocrine grafts) and solid organs (e.g.

kidney, heart, lung and liver) for clinical application.

Rather than primates, which were initially utilized, donor

animals are now expected to be defined pathogen-free

(DPF) pigs [31] that are genetically modified [32,33], as

outlined below. Organ supply from DPF pigs could effec-

tively be unlimited, given their short gestation period,

multiparity and rapid maturation that achieves organs of

an appropriate size for human recipients (i.e., pigs

weighing 70–90 kg); furthermore, donor organs could be

procured on demand [20]. DPF pigs are reared in high-

welfare conditions [29,34,35] where, unlike most human

donors, there is low risk of illness or transmission of

known human pathogens, and procured organs do not

undergo the physiological stresses associated with trauma

or brain death [36–39].
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Figure 2 Eurotransplant data (2011–2020) for heart transplantation [3]: (a) changes in waiting list, (b) active waiting list.
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Preclinical ‘proof of concept’

Genome editing

Until 2018, the longest survival of a solid organ xeno-

transplant in a genetically modified knockout pig-to-

primate model was ˜180 days [40–43]. Subsequent

improvements in genome editing make use of the pro-

grammable synthetic endonuclease system CRISPR/

Cas9, which allows any gene to be inactivated or intro-

duced; this has enabled pig lines with multiple genetic

modifications to be created [44]. The Third WHO Glo-

bal Consultation on Regulatory Requirements for Xeno-

transplantation Clinical Trials suggested that donor pigs

should have a minimum number of ‘essential’ genetic

modifications [33], a view that is supported by others

[45]. Although the most appropriate combination of

genetic modifications has yet to be defined, the most

successful pig models developed to date lack the major

swine carbohydrate xenoantigen Gal 1-3aGal (for

humans, Neu5Gc, b4Gal or even swine leukocyte anti-

gen (SLA) class I may also have to be omitted); they

also express additional human genes that address cross-

species physiological incompatibilities (at least one

human complement regulator protein plus human

thrombomodulin; Table 1) [44,46]. This combination

of modifications apparently reduces the risk of post-

transplant organ dysfunction [44,46–49].

Survival

Together with emerging therapeutic strategies for induc-

tion or maintenance immunosuppression [44,50–52]

and donor-organ conditioning, genome editing has sub-

stantially improved long-term graft outcomes in primate

recipient models [42,46,53,54]. For example, survival of

(non-life-sustaining) abdominal heterotopic pig hearts

(from a1,3-galactosyltransferase gene knockout pigs,

with two genetic modifications) transplanted into

baboons has reached up to 945 days, with grafts failing

only after immunosuppression was diminished or dis-

continued [41]. To the authors’ knowledge, to date,

there has been no evidence that insurmountable physio-

logical incompatibilities may preclude the successful

clinical application of xenotransplantation.

Survival beyond 1 year was also reported following

transplantation of life-supporting genetically modified

kidney xenografts into macaques with low levels of pre-

existing anti-pig antibodies, treated with anti-CD4 and

anti-CD154 therapy [43]. In this study, xenografts were

obtained from genetically engineered donor pigs lacking

expression of Gal 1,3aGal and transgenic for a gene

protective against the complement cascade [43].

Minimizing infection risk

Another study in the GalTKO.hCD46.hTBM pig-to-

baboon life-supporting orthotopic heart transplantation

model [40,50] reported consistent survival (6/8 baboons)

for up to 6 months postoperatively. The two deaths were

because of porcine cytomegalovirus (PCMV) infection, a

complication that could have been avoided through the

use of PCMV-negative donors. Therefore, it will be

important to use pathogen-free animals in future [46,55].

In DPF-environments, infection avoidance is achieved

primarily through good animal husbandry, and selecting

Box 1 European Society for Organ Transplantation (ESOT) and the Transplantation Learning Journey (TLJ)
project.

Workstreams within the TLJ project help to achieve the primary aim of ESOT – to improve patient access to (and outcomes
in) transplantation. TLJ workstreams facilitate objective discussion of scientific and clinical research, and expert opinion, to
ensure that all perspectives on a topic are considered, with clinically relevant end goals in mind.

ESOT seeks to progress transplantation research, practice and education, and to collaborate with other international
bodies, to ensure that policies and regulations are globally consistent and relevant, and based on strong scientific, ethical
and clinical foundations.

2010 Transplant International 2021; 34: 2006–2018
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donor strains at low risk for porcine endogenous retro-

virus (PERV) transmission (pigs that carry low loads of

PERV subgroups A and B, and no subgroup C), rather

than via donor gene-editing strategies or prophylactic use

of anti-infective therapies [34,35].

It is of interest that other investigators have proposed

targeted inactivation of PERV-proviruses present in

donor animals [48] – a strategy that might be associated

with a high risk of genomic rearrangements [56]. How-

ever, confidence can be extrapolated from the lack of

evidence of PERV and/or pathogen infection, or indeed

other adverse events, in human recipients of cellular

and skin xenotransplants [57–59]. It can be argued that

solid organ xenotransplants could be considered a

higher risk because of function and site; while no single

method can fully eliminate the theoretical risk that

PERV presents, a matrix of preventive monitoring and

therapeutic measures is a powerful rational basis to now

support the clinical application of solid organ xeno-

transplantation [60,61].

In addition, it is important to note that, in the case

of cardiac xenotransplantation, survival data in animal

models [40,41,44,50] now generally exceed the interna-

tionally suggested threshold for considering a research

transition into clinical development (namely 60%

survival for ≥3 months, with ≥10 animals surviving for

this minimum period) [32,62].

It is now time to examine whether these achieve-

ments allow human trials that align with current clinical

outcomes and expectations to begin.

Regulations and guidelines

In the European Union (EU), clinical trials are autho-

rized at the national level [63]; similarly, the US Food

and Drug Administration (FDA) approves studies con-

ducted in the United States [64]. The European Medici-

nes Agency (EMA) and FDA websites provide guidance

on the conduct of first-in-human studies and are

responsible for marketing authorization, once a drug or

device completes preregistration trials, and data review

[64,65]. The process is collaborative, offering many

opportunities for investigators to seek guidance from

the agencies about any aspect of a study or its data

analysis prior to submission [66].

Many influential bodies have drafted guidance on

safety, quality, processing, record-keeping, monitoring

and traceability relating to the clinical application of

animal-derived technologies [33,36,67–74]. These initia-

tives address xenotransplantation guidance, according to

Table 1. Possible genetic modifications of the porcine genome, including gene knockouts and transgenes, have
increased the potential for pig-to-human xenotransplantation by reducing the risk of rejection, thrombotic

microangiopathy or inflammatory reactions post procedure [44,46]; for successful preclinical heart xenotransplantations,

only three modifications were needed: a-1,3-galactosyltransferase knockout and overexpression of human CD46 and

human thrombomodulin [42].

Pathophysiological target Modification/mechanism of action

Elimination of porcine aGal (Neu5Gc
and Sd(a)) epitopes, against which
preformed antibodies exist in
non-human primates (humans)

Disruption of genes encoding a-1,3-galactosyltransferase, cytidine monophosphate-
N-acetylneuraminic acid hydroxylase and b-1,4-N-acetyl-galactosaminyl transferase 2

Complement regulation (inhibition
of activation)

Transgenic expression of human complement regulatory proteins (hCD46, hCD55
and hCD59)

Anticoagulation (preventing
thrombotic microangiopathy)

Transgenic expression of human coagulation regulatory proteins (thrombomodulin,
tissue factor pathway inhibitor, EPCR, hCD39 and siRNA-mediated knockdown of
tissue factor expression)

Anti-inflammation/anti-apoptosis Transgenic expression of human TNFa-induced protein 3 (A20) and human heme
oxygenase 1

Inhibition of T-cell activation Transgenic expression of CTLA4-Ig, to block CD28-CD80/CD86 co-stimulatory
pathway; expression of membrane-bound human PD-L1 inhibiting T-cell activation
via the inhibitory PD1 receptor

Inhibition of NK cell activation HLA-E or HLA-E/human b expression
Inhibition of macrophage activation Transgenic expression of hCD47 and inhibition of macrophage activation via SIRP-a
Downregulation of MHC molecules
(e.g. swine leukocyte antigen)

Strategies include CRISPR/cas-mediated mutagenesis of SLA class I heavy chain
coding sequences or mutagenesis of the b2-microglobulin gene; SLA class II
expression can be reduced by expression of a human dominant-negative class II
transactivator transgene, mutagenesis of the CIITA gene or by expression of siRNA

Transplant International 2021; 34: 2006–2018 2011
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its widest definition. For example, the EMA and EU

define cells, tissues and organs, including any compo-

nents that are genetically modified, as advanced therapy

medicinal products (ATMPs) [73]. The EMA’s Commit-

tee for Advanced Therapies already conducts scientific

assessment of ATMPs, and numerous EU-funded

research projects involving tissue or cell therapies (out-

side the solid organ transplant field) have been carried

out or are in progress [75,76]. However, different

regions use different terminology. For example, the term

‘ATMP’ is only used in Europe [77]. In the United

States, a xenotransplantation product is considered a

biological product, but a xenograft (e.g. a xenogeneic

heart valve) is described as an acellular or decellularized

product, regardless of process. In contrast, the equiva-

lent of a xenograft in Europe is considered a medical

device and subsequently an ATMP, according to the

regulations [77,78].

Clinical development planning for xenotransplanta-

tion will undoubtedly have such publications at its

foundation, although new guidance could aim for global

harmonization of the terminology, particularly with

respect to the definition of the product.

Predictable risks

From the initial stages of clinical trial planning, regula-

tory guidance focuses on how to minimize the pre-

dictable risks of using a new technology, rather than the

technology itself or its mode of action. This approach

aims to meet the end goals of improving patient out-

comes and achieving alignment between regulatory guid-

ance and later stages of the data review process [66].

Predictable risks relate to aspects covered in international

guidelines, including how the source herd was managed

and monitored; traceability; procedures for quarantine

and transport of animals and organs; organ procurement

(including preparation, characterization and microbio-

logical status); how the recipient was selected, educated,

consented, treated and followed up; and record-keeping

throughout the process [79,80]. All such factors impact

on clinical trial design and conduct (Fig. 3). Fortunately,

Figure 3 Key factors and processes to be considered to achieve clinical xenotransplantation. Summary organization of data flow required for a

clinical trial application. Definition of the product is paramount and varies according to location. It is important to categorize accurately in

order to follow the correct regulatory process. Advice from the regulatory body must be sought prior to application, to ensure that the defini-

tions and data submitted meet all the criteria specified. Traceability and record-keeping should be key points throughout the entire process

and preparation. Once the trial has received approval, it is important to list on the global inventory https://www.humanxenotransplant.org/.

2012 Transplant International 2021; 34: 2006–2018
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these challenges are not that difficult to overcome. They

are, however, time consuming.

Public and patient stakeholder contributions

The need to build trust and awareness of xenotransplan-

tation among the general public [81] is just as impor-

tant as collaborative approaches for nonclinical and

first-in-human trials. Building this trust requires early

engagement and ongoing dialogue throughout clinical

development.

Public opinion

Research investigating attitudes to xenotransplantation

reveals a heterogeneous landscape. In many cases, xeno-

transplantation is cautiously welcomed [82–85]; the

most positive findings emerged from studies conducted

in health professionals or students [82,84,85]. Research

conducted in German citizens who initially were rather

critical of xenotransplantation, identifying more risks

than opportunities, illustrated how opinions could

change over time [86]. Following appropriate education

and deliberation on the subject (involving xenotrans-

plantation experts), most participants changed their

views and concurred that the expected benefits of xeno-

transplantation outweighed the potential risks. Eventu-

ally, most participants considered xenotransplantation, a

reasonable treatment option, and recommended to con-

tinue research and development in the field [86].

Importantly, these findings suggest that, although public

surveys exploring attitudes to xenotransplantation pro-

vide useful information, such findings are misleading if

they permit misinterpretation of the information pro-

vided; measures to prevent misinterpretation must be

considered.

Public engagement

Certainly, engaging and involving all public and patient

stakeholders in xenotransplantation – from the earliest

stages of clinical planning – is of critical importance.

Studies will need to include adequate numbers of par-

ticipants, with each subject, their caregivers and close

contacts properly informed and consented. Again, xeno-

transplantation can learn from (and adapt) existing

strategies for participant engagement. For example, the

Kidney Health Initiative (KHI) has created frameworks

that help to build trust across communities through

multistakeholder collaboration, review and endorsement

of projects [87,88]. Patient and public engagement in

novel procedures can be addressed systematically, with

the process stratified into four levels: at level 1, the

patient is disengaged and overwhelmed; at level 2, the

patient becomes aware of the concept, but struggles

with it; at level 3, the patient is ready for ‘action’, and

at level 4, the patient maintains the behaviours (or

beliefs) and pushes the concept further [89]. A similar

systematic approach could be beneficial for patient and

public engagement in relation to xenotransplantation.

Components of xenotransplantation clinical
trials

The xenotransplantation workstream outlined several

aspects for consideration in clinical trials, detailed

below. The next phase aims to identify areas for expan-

sion and crystallize the discussion points.

Animal welfare/husbandry

The goal was to maintain the highest possible standards

of animal welfare and hygiene, while minimizing the

use of prophylactic drug regimens. Facilities for rearing

specific pathogen-free (SPF) or DPF pigs follow high

welfare and safety standards and have the potential to

provide solid organs, including hearts and kidneys, for

early clinical trials [34]. To maintain levels of animal

husbandry that incorporate biosecurity, quality, safety

and traceability when production is upscaled for larger

studies and beyond, animals must be reared in central-

ized facilities, with organs distributed rapidly across

countries or even an entire continent. Specialized farms

that are capable of this shift in delivery are being devel-

oped [34,90]. Guidance, consensus statements and doc-

umented evidence of operation of these facilities are

available [33,34,64,91–93].

Patient selection for first-in-human trials

Although preclinical xenotransplantation models consis-

tently demonstrate reproducible long-term graft sur-

vival, the implementation of animal-to-human

procedures presents specific challenges and obligations.

First-in-human studies should be conducted in

patients who have a very high risk of poor outcomes

without timely organ transplantation. For cardiac xeno-

transplantations, initial candidates would be patients in

terminal heart failure [94,95] who are not suitable for

mechanical assist devices, or adolescents with congenital

cardiac lesions and a persisting single (right) heart cir-

culation. For end-stage kidney disease, the co-authors of

Transplant International 2021; 34: 2006–2018 2013
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this paper cannot presently reach consensus as to who

would be prime candidates for first-in-human xeno-

transplantations. Some co-authors suggest that candi-

dates could include high-risk haemodialysis patients

(e.g. people with poor predicted 1-year survival) or

patients with dialysis access problems, although others

argue that human kidneys would usually be available to

such patients. The option of selecting extremely sensi-

tized patients (i.e., cPRA >99%) seems at first sight to

be logical, as these people have little to no chance of

receiving HLA-compatible human organs. Some co-

authors argue, however, that selecting such recipients

could increase immunological risks after xenotransplan-

tation, linked to the development of cross-reactive anti-

bodies that would injure the xenograft. It should be

noted, however, that the risk of HLA-I/SLA-I cross-

reactivity could be mitigated by generating donor

organs lacking SLA class I expression on a swine carbo-

hydrate triple-knockout background. In theory, such

organs could be acceptable for transplantation even in

extremely sensitized human recipients (Table 1).

Informed consent

Given the complexity and potential risks of participa-

tion in clinical trials, patients and advocates should be

involved throughout the planning of each study. The

processes of defining and obtaining informed con-

sent should be determined in clinical trial protocols,

but before consent can be ‘informed’, public- and

patient-focused programmes should build awareness

and knowledge of solid organ xenotransplantation

across the community [77,83,86–88,96].
Providing informed consent to first-in-human xeno-

transplantation studies will require detailed consulta-

tions with participants because of remaining

uncertainties regarding the unintended effects of xeno-

transplantation, such as the potentially serious conse-

quences of incompatibility, or emerging zoonoses

[97,98]. Participants should receive up-to-date informa-

tion about preclinical and clinical experiences and be

supported in balancing the expected benefits, burdens

and risks of participating in an early xenotransplanta-

tion trial based on their own individual values. Safe-

guarding the participants’ free and voluntary informed

consent is especially important, given the difficult cir-

cumstances created by life-threatening illness, absence of

good treatment alternatives and uncertain outcomes

with experimental xenograft technology. Consequently,

study participants should be sufficiently able to under-

stand the concept of xenotransplantation and its

expected benefits and potential burdens and risks,

including the unavoidable uncertainties.

Endpoints for clinical studies

The co-authors of this paper have a range of opinions

as to the possible structure and endpoints for first-in-

human clinical trials in solid organ xenotransplantation.

The following are speculative concepts that reflect our

collective views, and other options will likely emerge.

Endpoints will be standard survival (patient and graft),

short- and long-term safety, documentation of adverse

events, tolerability (drug interactions, infections, includ-

ing adventitious agent’s assays) and patient-reported out-

comes, including health-related quality of life.

Although noninferiority trials appear to represent the

ideal clinical studies for comparing any novel therapy in

transplantation with current clinical outcomes, the

cohorts needed to report clinically or statistically mean-

ingful data would be so large that they are unlikely to

be feasible in practice. For breakthrough innovations

such as xenotransplantation, first-in-human pilot studies

will be required. After achieving success in such trials,

noninferiority trials might be possible, although it is

unclear what the best control group(s) would be.

Several co-authors of this paper indicate that initial

xenotransplantation studies could involve organ recipi-

ents who are extremely sensitized, as discussed above.

The most likely comparators could be outcomes for

current standards of care in allogeneic transplantation

(e.g., extremely sensitized patients on dialysis, waitlisted

for allotransplantation). Alternatively, parameters could

compare the xenograft recipient’s pre- and post-

transplant state of health and well-being.

Some co-authors of this paper express concern about

using extremely sensitized patients as the first candidates

when clinical xenotransplantation trials restart. They con-

sider that this strategy could compromise the fair evalua-

tion of xenotransplantation, because of issues relating to

heightened risk of cross-reactivity of antibodies against

human and porcine MHC, as mentioned above [52,99].

At the beginning of clinical development, when few donor

animals will be available, and the choice of immunother-

apy regimens will be experimental [44,50–52], finding

matching porcine organs will be a cumbersome process.

Over the longer term, however, the challenges of cross-

reactive antibodies will be resolvable by scaling up the ani-

mal rearing and husbandry processes, and by genetic elimi-

nation of SLA, as previously discussed.

All that can be confirmed at present is that xeno-

transplantation study design will require detailed
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consideration by stakeholders, in particular collabora-

tion between regulatory bodies and research groups.

Studies must include the participant groups, evaluations

and endpoints that are clinically meaningful and also

appropriate for market authorization applications.

Characterizing the first patients for inclusion in clinical

trials of xenotransplantation will be a decisive step, in

order to balance ethical acceptability with immunologi-

cal risk. This is particularly important if trials start with

extremely sensitized patients, not least because of the

risk that clinical xenotransplantation might end before

it has really begun, similar to the situation that

occurred with early human heart transplantation in the

late 1960s.

Final considerations

Restarting clinical trials in animal-to-human organ

transplantation raises questions of importance to soci-

ety, science and clinical practice. Taking a transparent,

patient-centred, protocol- and data-driven approach,

from the earliest phase of clinical trial planning, is a

good starting point that helps to ensure that evaluations

of xenotransplantation remain fair. Clinical trials will be

complex and not risk free, given their pioneering nat-

ure, and will require high levels of trust, engagement

and openness among all stakeholders. By identifying

and acknowledging points of uncertainty or potential

conflict, different perspectives can be understood. Col-

laborative approaches overcome hurdles.

Advances in gene-editing and high-throughput tech-

nologies increase the chance of success for clinical xeno-

transplantation of solid organs. Xenotransplantation

offers the potential to improve health outcomes for

thousands of people worldwide who require donor

organs, but whose needs cannot be met by current prac-

tices. The alternatives for these people are further dete-

rioration of their health (and health-related quality of

life) while they continue on dialysis, or a high risk of

dying if they have terminal heart failure. Xenotransplan-

tation might not be a panacea, but it is a rapidly pro-

gressing approach that shows great clinical potential for

treating people with end-stage organ failure.

We encourage all groups with an interest in the clini-

cal application of solid organ xenotransplantation to

reflect on the end goals of preclinical research. Animal-

to-human transplantation is a concept for society to

consider at levels far deeper than whether it is clinically

feasible. It is a matter of balancing risks and benefits,

and ensuring that the benefits outweigh the risks. If the

risks of acute rejection of the xenogeneic organ and the

transmission of zoonoses are low, the net benefit of

xenotransplantation will rise. In addition, the risks of

the transplantation procedure itself must be taken into

account. However, such risks should be similar (or even

lower) than those associated with standard allotrans-

plantation procedures, because of optimum planning

and preparation of the novel surgery. Prerequisites are

stable genetic modification, donor-organ treatment

(perfusion), donor growth control and immunosuppres-

sion with co-stimulation blockade. This article opens

discussions for everyone with an interest in transplanta-

tion, to optimize information sharing and education,

and clinical development planning. Much more detail is

required, with contributions from ethicists, clinical trial

experts, health authority representatives, patients, advo-

cates, academia, engineers and industry bodies; in other

words, society at large. Very wide and open interactions

should begin immediately. Good planning and collabo-

ration will help establish a pathway for clinical research

– one that is ready to address any needs that emerge as

the innovative area of xenotransplantation develops.

Authorship

This article has been developed following two webinars

conducted by the European Society for Organ Trans-

plantation (ESOT), Workstream (WS)01, The promise of

xenotransplantation (6 July 2020; https://www.youtube.c

om/watch?v=Eed4BxANPls) and Solving the hurdles for

disruptive technologies (26 October 2020; https://www.

youtube.com/watch?v=rh1J-Qdgpyo), together with

related presentations at the ESOT TLJ2.0 online con-

gress in November 2020.

Aspects of access to donor organs and organ quality

assessment, and emerging technologies in transplanta-

tion, were considered. PubMed literature was searched

from 1900 to 2021 to obtain articles relating to xeno-

transplantation for evidence and review. In addition,

input into the opinions and content was provided from

all ESOT WS01 members, via e-mail and virtual discus-

sions at webinars and ESOT teleconferences. All WS01

members have considerable expertise and interest in the

study and application of new technologies in transplant

research and clinical practice; discussions relating to this

WS also included representatives from international reg-

ulatory and patient organizations.

The fully written and referenced article was circulated

to all WS members and other co-authors for review by

e-mail and teleconference. The document was finalized
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