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In this state-of-the-art review we detail the journey of xenotransplantation from

its infancy, detailing one of the first published cases and the subsequent journey

the field took in its inception and development. With a focus on the science,

technological advances, precautions required along with the potential limitations

in application, the ethics, guidance’s, and legislative advances that are required to

reach the safe and efficacious clinical application of xenotransplantation. Along

with a view over the past several decades with the overall significant

advancements in pre-clinical study outcomes particularly in islet, kidney, and

heart xenotransplantation, to ultimately reach the pinnacle of successful clinical

heart and kidney xenotransplants. It outlines the importance for the appropriate

guidance’s required to have been developed by experts, scientists, clinicians, and

other players who helped develop the field over the past decades. It also touches

upon patient advocacy along with perspectives and expectations of patients,

along with public opinion and media influence on the understanding and

perception of xenotransplantation. It discusses the legislative environment in

different jurisdictions which are reviewed in line with current clinical practices. All

of which are ultimately based upon the guidance’s developed from a strong

long-term collaboration between the International Xenotransplantation

Association, the World Health Organisation and The Transplantation Society;

each having constantly undertaken consultation and outreach to help develop

best practice for clinical xenotransplantation application. These clearly helped

forge the legislative frameworks required along with harmonization and

standardization of regulations which are detailed here. Also, in relation to the

significant advances in the context of initial xeno-kidney trials and the even

greater potential for clinical xeno-islet trials to commence we discuss the

significant advantages of xenotransplantation and the ultimate benefit to

our patients.
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1 Introduction

Xenotransplantation, the latest frontier in transplantation is the

process of retrieving organs, tissues or cells from one species and

transplanting them into another. It has long been heralded as the

ultimate solution to the overwhelming shortage of human organs

available for transplantation (1). The concept of utilizing non-

human organ and tissue sources to meet the overwhelming

demand on conventional donors has captured the attention of

clinicians, scientists, healthcare providers, and patients alike for

many decades but has also been a concept for hundreds of years

(Figure 1). As can be seen in Figure 1, which is a timeline of some of

the major landmarks in the journey of xenotransplantation. The

first published attempts of xenotransplantation occurred with xeno-

transfusion occurring in the 1600’s then in the 1800’s xeno-skin

transplants were attempted prior to more ambitious attempts at

kidney xenotransplantation. There has been a long line of endeavor

as advancements in medical science and technology have brought

the prospect of xenotransplantation closer to reality. Importantly

the ethical and legislative landscape surrounding this pioneering

field has undertaken renewed and ever-increasing attention but still

requires ongoing updates (2–4). A large effort from the

International Xenotransplantation Association (IXA) in

conjunction with others such as the World Health Organisation

(WHO) and the Transplantation Society (TTS) have been

constantly undertaken, however as the field progresses more

needs to be done from a broader international and national

regulatory perspective.

Xenotransplantation offers us the potential to save countless

lives by providing a readily available supply of organs, tissues and

cells, significantly reducing the waiting time for transplants, and

alleviating the suffering of patients on transplant wait lists. It is also

a major means by which we can actively abolish the trade in

trafficked organs and organ transplant tourism. However, with

this promise comes a complex web of ethical considerations and

legal frameworks that must be carefully navigated to ensure the

responsible and ethical translation of xenotransplantation from the

laboratory to the clinic. With this we must ensure that the same

endemic issues do not occur with xenotransplantation that have

occurred with human organ transplantation such as xenotransplant

tourism (5) and unethical processes used to make profits at the

expense of the animals used and the patients that may be misled

into undertaking unapproved procedures (6).

Historically, xenotransplantation has faced significant

challenges, including the perceived/potential for the transmission

of diseases from animals to humans (xenozoonosis) (7), concerns

over animal welfare (when breeding and producing the donor

animals) (8), cultural and religious issues particularly the notion

of crossing species boundaries in the use of their tissues for

transplantation (6). These challenges led to the imposition of
Abbreviations: aGal, galactose-a1,3-galactose; BD, brain-dead; DPF, designated

pathogen free; IXA, International Xenotransplantation Association; NHP, non-

human-primates; PERV, porcine endogenous retroviruses; TTS, the

Transplantation Society; FDA, Food and Drug Administration; WHO, World

Health Organisation; WT, wild-type.
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strict regulations along with embargos and a nuanced ethical

debate that continues to shape the direction of the field. In recent

years, ground-breaking advancements in genetic engineering has

rapidly accelerated the field which offers new hope, massively

advancing the creation of genetically modified pigs with organs

engineered for compatibility with the human immune system (9).

These developments have paved the way for the initiation of trials in

humans involving xeno-hearts approved under “compassionate

use” for live patients (10) along with xeno-hearts and kidneys

being studied clinically in a new model using “Brain Dead”

recipients (11, 12) along with very successful preclinical trials

using transgenic pig islet cells (13).

In this review, we explore the ethical and legislative advances

that are underpinning xenotransplantation as it moves toward

broadly accepted clinical translation. We delve into the ethical

considerations surrounding xenotransplantation, examining

questions related to the potential risks of xenozoonotic disease

transmission, animal rights, their use, and the public’s perception of

this innovative medical approach. We also survey the changes in

legislative frameworks governing xenotransplantation, charting

their evolution over time, and highlighting the necessity of

harmonization and standardisation in regulations worldwide.

With a focus on what has been undertaken from the peak

governing bodies of the WHO, TTS and the IXA (4)

As the initial clinical trials of xeno-kidneys (12) and hearts (14)

bring us closer to the long-awaited reality of xenotransplantation, it

is imperative to reflect on the ethical and legislative progress that

has brought us to this pivotal moment (4). The careful balance

between scientific innovation, human health, and ethical

responsibility is at the heart of this transformational journey, and

it is through a comprehensive understanding of these advances that

we can move forward confidently, ethically and legislatively with the

world focusing on xenotransplantation (6).
2 Historical perspective

Xenotransplantation has long been heralded as a potential

solution to the overwhelming shortage of human organs, tissues

and cells available for transplantation (1). The concept of utilizing

non-human sources to meet the organ demand has captured the

imagination of scientists, healthcare providers, and patients alike.

As advancements in science and technology have brought the

prospect of xenotransplantation closer to reality, the ethical and

legislative landscape surrounding this pioneering field has gained

increasing attention especially with the last few years of accelerated

progress and commencement of limited life-saving heart and

kidney xenotransplantation which have been approved under

special compassionate use authorization (i.e., a specific treatment

for patients with immediate life-threatening conditions to have

access to investigational products outside of an U.S Food and Drug

Administration (FDA) -approved clinical trial when no comparable

or alternative therapeutic treatment exists to treat the patient’s life

threatening illness) (10–12, 15).

Historically, xenotransplantation’s journey has been marked by

both hope and challenge. As seen in Figure 1. Xenotransplantation has
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been attempted in many and various settings with many unusual

attempts from rather bizarre initial concepts and treatments to now

becoming clinical reality. The first published attempt of

xenotransplantation took place in the early 17th century when xeno-

transfusion was first attempted in June of 1667, in Paris. Jean-Baptiste

Denis, a French physician, doctor of King Louis XIV, and Paul

Emmerez, surgeon, transfused what we assume to be a small amount

of blood from a lamb into a 15-yr-old boy (16). Unfortunately, on the

second attempted use of xeno-transfusion it proved unsuccessful and

resulted in the death of the patient after which xeno-transfusion was

outlawed by the French government (16).

In 1906 the first reported successful kidney xenotransplant was

carried out by Mathieu Jaboulay after he and Alexis Carrel perfected

the technique of vascular anastomosis. Jaboulay used the vascular

technique to transplant a pig kidney onto the brachial artery and

cephalic vein of a 48-yr-old woman. Immediately and for the first

day and a half he saw significant urine output, but on the third day,

he was forced to remove the kidney because of vascular thrombosis

(17). Sadly, a lack of understanding of immunology, hematology

and any of the intricacies of transplantation, let alone the issues of

cross-species xenotransplantation prevented any chance of longer-

term success. These early attempts were characterized by a lack of

ethical and scientific groundwork, and the risks and consequences

of such procedures were often not well understood.

The ensuing centuries saw sporadic and largely unsuccessful

attempts at xenotransplantation, with frequent instances of graft

rejection and infections that further tempered enthusiasm for the

field (18–20). Moreover, as medical ethics evolved and animal

welfare concerns gained prominence, the scientific community

was challenged to grapple with the significant ethical implications

of these procedures, especially when it came to the use of animals

involved in the pre-clinical trials and as a source of organs, tissues

and cells for transplantation into humans (6).

In the latter half of the 20th century, with the advent of organ

transplantation and the increasing demand for donor organs, the

potential of xenotransplantation was revisited with renewed

enthusiasm pushing the field forward. The discovery of alpha Gal

as the mechanism responsible for causing hyperacute rejection

(HAR) (21) and the concept of utilizing specifically designed

genetically modified pigs (9, 13, 22), capable of providing organs

less immunogenic to the human immune system, marked a
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significant turning point in xenotransplantation’s history. These

developments paved the way for the initiation of initial clinical trials

involving xeno-kidneys and soon to be islet cell xenotransplants.

As we explore the ethical and legislative advances propelling

xenotransplantation toward clinical translation, we must

acknowledge the lessons of history. The historical backdrop of

early, less-informed attempts, coupled with ethical concerns, has

played an instrumental role in shaping the ethical and legislative

frameworks we see today (23). The careful balance between scientific

innovation, human health, and ethical responsibility is at the heart of

this transformational journey. It is through an understanding of these

historical challenges that we can appreciate the significance of the

ethical and legislative advances discussed in this review, as they

propel us closer to the long-awaited reality of xenotransplantation

that now seems to be underway (11, 14).
3 Major ethical considerations

The remarkable potential of xenotransplantation to address the

critical shortage of human organs has been met with considerable

ethical scrutiny, raising profound questions and dilemmas that

must be thoughtfully addressed. A number of the core areas of

ethical concern that have been central to the discourse surrounding

xenotransplantation are: the potential for xenozoonosis, public and

regulatory issues, crossing of species boundaries and ensuring

appropriate animal ethics. However, these must be balanced

against the absolute positive gains for the overwhelming number

of potential patients that can benefit from xenotransplantation

when there are so many medical, financial and social issues for

these patients. As can be seen in Figure 2, the balance between the

negative aspects of their disease versus receiving a cure from the

transplant is overwhelmingly weighted to the positive. This is

because the benefits far outweigh the problems of ongoing and

increasing ill health, secondary complications, invalidity and

ultimately death. However, there are not enough human donor

organs available for transplantation and using this single example,

the case of patients suffering from type 1 diabetes, there are

innumerable patients that could benefit from islet cell

xenotransplantation with it being life changing and lifesaving.
FIGURE 1

A concise timeline of some of the major developments that have occurred in the field of xenotransplantation. From the first recorded attempt of a
xeno-blood transfusion to the current advent of successful clinical xenotransplants of transgenic pig organs to humans.
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3.1 Potential xenozoonosis

One ethical concern intrinsic to xenotransplantation relates to

the potential for the transmission of diseases from animals to

humans, a phenomenon known as xenozoonosis. The concept of

transmission although theoretical is not unfounded, as various

pathogens, including retroviruses, have been identified in pigs

could be potential threats in immunocompromised transplant

recipients and then theoretically spread to direct close contacts

and the broader community (24, 25).

As such this raises potential ethical dilemmas. The duty to

protect the broader community and prevent the spread of

theoretically potential infectious diseases must be weighed against

the need to explore novel medical solutions to help these patients

suffering from end stage organ failure and other diseases (6). The

possibility of creating animals free from such pathogens as porcine

endogenous retroviruses (PERV) through genetic engineering (26)

has already been shown to be possible along with raising donor

animals in designated pathogen free (DPF) facilities. Along with

pigs that have limited pathogens including restricted PERV (27) or

where studies have shown no potential for transmission (28, 29).

Despite best intensions and even following screening of donor

animals we have seen that donor pig organs can still potentially

have undetectable porcine viruses such as cytomegalovirus or

porcine roseolovirus (PCMV/PRV) detected posttransplant in the

donor tissue by plasma microbial cell-free DNA (30). This occurred

despite pre-transplant screening and following transplantation into

a patient (25).

From a patient and community perspective it is therefore

essential for the patients, their family and immediate direct

contacts along with the community to understand that if there

were in fact a positive case of transmission of a xenozoonosis into a

xenotransplant patient that there may well be serious implications

to all involved. These implications are potentially as severe as life-

long restriction and quarantine of the recipient and may extend to

their direct close contacts (25). As part of all Xenotransplantation

trial participation it has been advised by the WHO and IXA

“Changsha Communique” that all xenograft recipients’ commit to

lifelong xenozoonotic monitoring, including agreement to

quarantine as a measure to prevent any serious potential spread

of infection if detected or suspected (4, 31). As part of the enlistment
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and education process of patients, patients should be advised of

these requirements at the time of prospective trial participation and

informed consent process. If the participants choose to they should

have the right to withdraw from a xenotransplant trial prior to

transplantation. However, once they have been informed, consented

and commenced in the trial having undergone xenotransplantation,

recipients would be subject to the regulations governing infection

containment at a National and International level. Most countries

have in place legislation that enforces such quarantinable

regulations in relation to communicable diseases (8, 32, 33).

As additional safeguards we also have significant arrays of new

antiviral agents capable of eliminating or treating such disease

potential (34). Yet, it is essential to ensure that the risk of

transmission is minimized and that robust safety measures are in

place to protect recipients. This however, does require further

address by responsible organizations (WHO, TTS, IXA) and

legislators in the many and various international jurisdictions (2–4).
3.2 Public and regulatory support

Addressing these ethical concerns is not only a moral

imperative but also crucial for gaining public and regulatory

support for xenotransplantation. Public perception of the ethics

surrounding xenotransplantation can significantly influence its

acceptance and, consequently, the regulatory environment. As

such there has been significant engagement with both societal and

religious organizations to ensure robust understanding of the key

concepts and garner opinion and support (6, 35, 36).

The IXA has endeavored to undertake public engagement with

ongoing dialogue which are essential to fostering trust with

transparency and acceptance. It is incumbent on the broader

scientific community and policymakers to communicate the steps

taken to mitigate ethical concerns and to provide evidence of the

rigorous ethical oversight and animal welfare standards applied in

xenotransplantation research. Furthermore the governing

organization of xenotransplantation the IXA is maintaining its

mission to promote xenotransplantation as a safe, ethical, and

effective therapeutic modality by; fostering the science of

xenotransplantation through promotion of ethical clinical and

pre-clinical research, productive discourse, and collaboration;
FIGURE 2

Diagram detailing the conundrum faced by patients suffering from Type 1 diabetes. From the impactful, negative factors affecting them resulting
from their disease. To the positive outcomes achieved by having a transplant and the capacity for xenotransplantation to offer more patients a cure.
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along with further educating health care providers and lay persons

through broad, representative participation in interactive public

debate; and also guiding the development of scientifically sound,

internationally consistent public policy that is responsive to new

developments in the field and acknowledges varying social, ethical

and legal frameworks (37). Along with ongoing engagement with

regulatory bodies and other agencies to ensure they balance the

advancement of science but safeguarding the ethical principles. This

is actively being undertaken with a strong push from the IXA to

engage numerous agencies globally to ensure this continues to occur

and keep pace with the rapidly developing technologies (8).
3.3 Crossing species boundaries

Xenotransplantation challenges the traditional conceptual

boundaries that separate humans from animals. It poses profound

philosophical and ethical questions about the nature of different

species and the moral obligation we owe to different species. As we

engage in practices that involve genetic modification and the use of

animals for human benefit, the ethical boundaries are changing with

increasing pressure on ethics committees and legislators to keep

track with the pace of change, and we have a moral imperative to

ensure that we do keep pace and provide adequate oversight (6).

Some ethicists argue that xenotransplantation exemplifies the

Anthropocentric approach (38), emphasizing human interests over

those of animals, while others advocate for a more inclusive

biocentric perspective that values all forms of life equally (39).

The challenge is to find a balance between medical innovation and

ethical responsibility to both animal and man (6).
3.4 Animal welfare

Xenotransplantation necessitates the use of animals as organ

donors. Pigs being primarily used due to their physiological

compatibility with humans, their ability to be bred in large

numbers at a rapid rate, and their ability to be readily genetically

altered. This along with their longstanding acceptance as a source of

medical products such as drugs and heart valves and other

decellularized tissues. With by far the strongest reason being there

acceptance as a major food supply and source of products for man

for as long as they have been domesticated should ensure their ease

of use ethically (6). However, the welfare of these animals is of

paramount concern. As some organizations push the principal that

pigs are not merely commodities but sentient beings with the

capacity to experience pain and suffering.

The major issues raised are to ensure the donor pigs are being

ethically and humanely cared for and ensure the process of genetic

manipulation does not cause them any health issues. One could

argue that the facilities and conditions that these animals are housed

and the care they receive is of a superior level to a normal

commercial piggery due to the highly controlled and run facilities

including the need for donor animals to be in DPF facilities.

Underpinning this is the fact that all animal research projects

including the breeding of, care and handling of the animals are
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undertaken in strict compliance under animal ethics legislation and

under scrutiny of ethics committees (6). The genetic modifications

required for these donor animals have been carefully designed to

ensure they do not affect the health of the source pigs at all. Therefor

from an ethical standpoint the level of suffering could be perceived

as minimal or negligible. On the other hand, the potential benefit

for patients is very high, being lifesaving and life changing (6).

There are also the ethical concerns for pre-clinical study

recipients the various animals used and especially the non-human-

primates (NHP) which are the benchmark for preclinical trials. Their

use is highly recommended prior to acceptance of any program

moving to the clinic, and has been advised in many guidance’s such as

the “Changsha Communique” that recommend their use to provide

safe and efficacious treatment regimen and modalities prior to

commencement of any clinical trials (4). So much so that the

United States, Food and Drug Administration (FDA) reviewed the

NHP preclinical data prior to granting permission for the Baltimore,

MD, USA XenoHeart team at the University of Maryland School of

Medicine approval for the first pig-to-human heart transplant to be

granted (40). The strictest of compliance on ethical grounds is

required for any animal study let alone the massive scrutiny

undertaken by authorities for NHP research related projects. In

most jurisdictions special permission is required, even following

appropriate animal ethics approval. Researchers are only allowed to

undertake any study with NHPs once accredited and specifically

approved due to community concern for their care as they are viewed

as so similar to humans.

Scholars and ethicists have explored various strategies to

mitigate these concerns. The concept of “minimum moral

standing,” as proposed by Rollin, asserts that pigs raised for

xenotransplantation should be provided with living conditions

and treatment that accord them a minimum level of moral

consideration (41). This includes efforts to reduce suffering and

enhance the overall welfare of the animals. Ethical guidelines and

regulations often inspired by principles of animal welfare, have been

developed to ensure humane treatment throughout the animals’

lives and the very best moral and ethical care for all animals.
4 Legislative frameworks

Xenotransplantation stands at the intersection of cutting-edge medical

science and a complex regulatory landscape. The ethical and safety

concerns surrounding xenotransplantation have led to the development

of a multifaceted legislative framework designed to ensure both the

advancement of this field and the protection of public health.
4.1 Existing legislative frameworks

Legislative oversight of xenotransplantation varies across

different countries and regions. In the United States (USA), the

Food and Drug Administration (FDA) and the Centres for

Medicare and Medicaid Services (CMS) (8, 42) are the primary

regulatory bodies tasked with overseeing xenotransplantation

research and clinical trials. While in China it is the Chinese FDA,
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Korea (Korean FDA), Argentina (AFDA) whilst in Europe it is the

European Medicines Agency (EMA) (43) and in Australia the

Therapeutics Goods Administration (TGA) that are charged with

establishing regulations and underpinning legislation to

support this.

These existing frameworks typically encompass some updates to

their regulations, including safety assessments, informed consent,

monitoring for xenozoonotic diseases, and research and clinical trial

oversight. Such legislation should ideally aim to strike a balance

between encouraging scientific innovation and ensuring that risks are

rigorously assessed and mitigated with a background based upon

preclinical trials, some requiring or suggestive of non-human primate

trials as a lead-in to proof of concept for clinical trials (4, 8, 42).
4.2 Evolution of legislative frameworks

The legislative landscape for xenotransplantation has evolved

significantly over the years. As science has advanced, the regulations

have been adapted to keep pace with the changing landscape in

transplantation but it still lacks the oversight and ability to completely

control all that occurs. Despite the best policies and guidance’s more

universal legislation is required to outlaw and prevent organ

trafficking and ongoing issues associated with unscrupulous

operators (44). The early years of xenotransplantation were

characterized by limited regulatory oversight and fragmented

approaches to the management of potential risks due to limited

legislation to this new field. However, significant oversight was

established early on by the WHO, TTS and IXA to ensure there

were guidance’s developed to underpin the field (2–4).

However, high-profile setbacks and scientific developments

have prompted a revaluation of regulatory frameworks. An

example of this was the identification of porcine endogenous

retroviruses (PERVs) which raised concerns by government

legislators about the potential transmission of these retroviruses

to immunocompromised transplant recipients (45). As a result,

several jurisdictions-initiated moratorium preventing any clinical

xenotransplantation trials from commencing and as such a stronger

focus was placed on the assessment and management of this risk in

regulatory guidelines (46).

Recently, regulatory bodies have intensified their efforts to provide

comprehensive guidelines for xenotransplantation, reflecting a growing

recognition of the field’s incredible potential with a balance against the

risks. Some guidance’s such as from the USA FDA have addressed

issues such as genetic modifications in source animals, monitoring for

infectious agents, and the ethical treatment of donor animals (42). And

the USA government and other jurisdictions legislating and licensing

biological products such as xenografts, tissues and cells under specific

biological products legislation (47).
4.3 Harmonization and standardization
of regulations

One of the most pressing needs in the field of xenotransplantation

is the harmonization and standardization of regulations on an
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international basis. Currently, different countries jurisdictions have

distinct legislative frameworks, which can create challenges for

researchers and clinicians working in the field. These disparities can

hinder the progress of clinical trials and create unnecessary hurdles for

advancing this promising technology. Harmonization and

standardization are essential for streamlining the path from research

to clinical application. By establishing consistent regulations that are

internationally recognized and harmonized, xenotransplantation can

transcend geographical boundaries, allowing for more efficient and

effective collaboration among researchers and acceptance of

international clinical trials and also their results (48). As such the

IXA in conjunction with the TTS and WHO have for the past decades

have been undertaking significant engagement since they combined

efforts to establish guidance’s and a xenotransplant registry (49). A

significant amount of work has been done by these organizations to

ensure there has been expert consultation at an international level. A

number of high-level consultations have resulted in the design and

development of internationally established guidance’s published under

the IXA, TTS, and WHO frameworks with the first published in 2008

with the “Changsha Communique” being drafted and guidance’s now

update by multiple panels of international experts on multiple

occasions (2–4).
5 Clinical xenotransplant studies

The transition from laboratory research to clinical practice is a

pivotal phase in the journey of xenotransplantation, and it is

marked by the initiation of clinical studies of various kind. These

have to date involved the transplantation of organs or tissues from

genetically modified pigs into human recipients. In recent years, two

types of clinical studies have gained prominence: xeno-heart and

kidney transplantation (50–52).
5.1 Overview of initial xeno-cardiac, kidney
and islet cell trials

5.1.1 Xeno-cardiac and kidney clinical programs
Current clinical studies involving xeno-heart and kidney

transplantation have sought to address the critical shortage of

available human organs for transplantation. These studies have

used specifically developed transgenic pigs that have been

genetically modified to be less immunogenic, coagulopathic and

prevent hyperacute xenograft rejection.

To date two successful long-term transgenic pig heart

xenotransplants into live human patients have been undertaken

(40). They have been defined as successful on multiple levels. Firstly,

and most importantly they did not undergo hyperacute xenograft

rejection, the primary and most significant barrier to xenograft

success. Secondly, on the ground of function, these hearts were

functional and life supporting for several months. Lastly, the

patients were off VA-ECMO, extubated and on no supportive

inotropic agents with normal cardiac index and normal

biventricular function as demonstrated by echocardiography (14).

It is important to understand that both pig-to-human heart
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xenotransplants were performed following permission for the

procedures being granted under Expanded Access authorization

by the United Stated, FDA (also known as “compassionate

use”) (40).

There have also been several transgenic pig kidney and heart

xenotransplants performed in a new clinical recipient research

modality. These few early attempts have utilized brain-dead (BD)

recipients for transplantation studies and are in their very early

stages, having faced various challenges from an ethical perspective.

These studies have once again utilized transgenic pigs as the source

of donor organs. They have been specifically produced to avoid

hyperacute xenograft rejection and provide function in human

patients. The first of these kidney studies were taken to only 74

hours posttransplant due to strict ethical constraints. Despite this

no hyperacute rejection was observed, and the kidneys remained

viable until termination with no chimerism or transmission of

porcine retroviruses detected (11). There were two transgenic pig

heart xenotransplants also performed in two recently deceased BD

recipients. These were only able to be run to 66 hours

posttransplant again due to ethical constraints of this model. For

both hearts, they also found no evidence of cellular or antibody-

mediated rejection, as assessed using histology, flow cytometry and

a cytotoxic crossmatch assay. Moreover, they found no evidence of

zoonotic transmission from the donor pigs to the human

recipients (52).

The transgenic pig kidney xenotransplant studies have

continued with several others being undertaken in the same

modality in BD recipients. The most recent having been taken

out as far as 61 days posttransplant. Despite favorable short-term

outcomes and absence of hyperacute injuries, their findings suggest

that antibody-mediated rejection in transgenic pig-to-human

kidney xenografts might be occurring. The caveat here being the

limited transgenesis of these particular donor pig organs playing a

significant role (53).

Despite these initial issues and the question of validity of testing

the xeno-kidneys in BD recipients due to their altered metabolic

state, they represent a promising approach to expand the way to test

the safety and efficacy of xeno-organs prior to undertaking

xenotransplants in clinical trials. These studies have the potential

to increase the data to support the use of xeno-organs to increase

the pool of available organs for patients with end-stage renal disease

(11, 54).
5.1.2 Islet cell trials
Islet cells, clusters of cells in the pancreas that produce insulin,

have been the focus of many pre-clinical trials aiming to provide a

treatment for type 1 diabetes. In these studies, islet cells from

genetically engineered pigs have been transplanted into various

animal models where they have had diabetes induced and are

transplanted to potentially restore insulin production. For decades

there have also been a significant number of early attempts with

both free and encapsulated islets to treat human patients suffering

from Type 1 diabetes (55, 56). These have had variable results and

no study to date has shown significant change or complete

resolution of the recipient’s diabetic state. This has been due to
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the use in the most part of wild type pig islets rather than purpose

developed and bred transgenic pigs (55, 56). However, results from

preclinical xeno-islet trials have shown great promise in improving

glucose control in non-human-primates establishing it as a

potential therapeutic modality for treating diabetic patients (13).

5.2 Significance of clinical trials in
advancing xenotransplantation

The significance of clinical xeno-heart, kidney and islet cell

trials in moving xenotransplantation towards clinical reality cannot

be overstated. These trials mark a crucial step in the validation of

the safety and efficacy of xenotransplantation in humans. Their

outcomes will inform researchers, healthcare providers, regulatory

bodies, and the public about the feasibility of this innovative

medical approach (57, 58).

Successful trials may also pave the way for wider acceptance of

xenotransplantation as a viable solution to the organ shortage crisis.

By demonstrating the effectiveness of modified pig organs and

addressing safety concerns, clinical trials can build the case for

regulatory approval and wider adoption (46, 59).
6 Patient perspectives

The success and acceptance of xenotransplantation hinge not

only on scientific progress but also on the perspectives and

expectations of patients who may ultimately benefit from this

innovative medical approach. Understanding the views of

prospective recipients and incorporating their voices is essential

for the responsible advancement of xenotransplantation (60).

6.1 Perspectives and expectations of patients
Patients facing organ failure or debilitating medical conditions

have high expectations for xenotransplantation. They see it as a

beacon of hope, offering the prospect of a healthier and more

fulfilling life. For patients on waiting lists for human organs,

xenotransplantation represents a potential lifeline, providing the

promise of shorter waiting times and increased access

to transplantation.

However, it’s crucial to recognize that patients also have

concerns and uncertainties, including the long-term outcomes of

xenotransplantation, potential health risks, and the implications of

receiving an organ from another species. Patient perspectives

encompass a range of emotions, from hope and optimism to

apprehension and caution. Addressing these concerns and

providing accurate information is paramount in ensuring patient

engagement and consent (61).

6.2 Informed consent and patient advocacy
In the realm of clinical trials for xenotransplantation, informed

consent is a cornerstone of ethical practice. Patients must be fully

informed about the experimental nature of the procedure, the

potential risks, and the expected benefits. Informed consent

allows patients to make autonomous decisions and plays a vital

role in respecting their autonomy (39).
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Patient advocacy organizations and support networks also play

a crucial role in ensuring that patient perspectives are heard and

addressed. These organizations work to protect patients’ rights,

advocate for transparency, and provide a platform for patients to

voice their concerns and expectations. Their role in the

xenotransplantation landscape is pivotal in safeguarding the

interests of patients.

Patient perspectives and informed consent are not only ethical

imperatives but also contribute to the overall success and

sustainability of xenotransplantation. By ensuring patients are

well-informed and actively engaged in the decision-making

process, the field can progress responsibly and ethically,

addressing the hopes and concerns of those it aims to benefit (13).
7 Public opinion and media influence

Public opinion and media coverage play a pivotal role in

shaping the trajectory of xenotransplantation, influencing public

perception, regulatory decisions, and the overall direction of this

ground-breaking field.

7.1 Shaping the future of xenotransplantation
Public opinion wields a considerable impact on the acceptance

and progress of xenotransplantation. As a novel medical approach

with ethical and scientific complexities, xenotransplantation has the

potential to stir both excitement and apprehension among the

public. Positive public sentiment can foster support for research,

funding, and regulatory approvals, whereas negative perceptions

may hinder its advancement (62).

Media coverage significantly influences public opinion by serving

as a primary source of information and shaping public discourse.

Journalistic narratives can frame xenotransplantation as a ground-

breaking medical solution or alternatively in a negative way posing it

as a scary and risky endeavor, impacting how it is perceived by the

masses (63). It is therefore imperative that the media provides

balanced, accurate, and accessible information and in doing so will

be vital in shaping the future of xenotransplantation.

7.2 Disseminating information and
potential misconceptions

Media outlets serve as conduits for disseminating information

about xenotransplantation. The media plays an important role in

educating the public about the science, ethics, and potential benefits

of xenotransplantation. However, the media can also perpetuate

misconceptions, oversimplify complex issues, or sensationalize

scientific advancements, which may lead to unwarranted public

fears and concerns.

The responsible dissemination of information is paramount.

Accurate, balanced, and well-informed media coverage is essential in

fostering a constructive public dialogue, minimizing misconceptions,

and ensuring that public sentiment is based on sound knowledge.

Scientists, healthcare providers, and the xenotransplantation

community have a shared responsibility to engage with the media to

provide accurate and clear information (63, 64).
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Public opinion and media influence are pivotal factors in the

development of xenotransplantation, influencing the degree of

support, funding, and public acceptance. The media’s role in

accurately disseminating information and minimizing

misconceptions is key to ensuring that public opinion is well-

informed and that decis ions regarding the future of

xenotransplantation are made based on a balanced understanding

of the risks and benefits (65).
8 International collaboration
for xenotransplantation

In t e rna t i ona l co l l abora t i on i s a co rne r s tone o f

xenotransplantation research, and its significance extends to the

establishment of common standards, guidelines, and best practices.

This global cooperation is crucial for the responsible advancement

of the field and the harmonization of regulatory and

ethical frameworks.

8.1 Importance of global collaboration
Xenotransplantation is not limited by geographic boundaries as

seen in the geographical makeup of the broad membership of the

IXA and of the significant publications from various units around

the world. Researchers, scientists, and healthcare providers

contribute their expertise and insights to propel this innovative

field forward and the pre-clinical and novel and new use of models

such as the BD recipient are synergistic and provide novel

information that is perceived to not able to be achieved in NHP.

The sharing of knowledge, data, and research findings fosters a

collective understanding of the complexities involved in

xenotransplantation (66).

Global collaboration is essential in harnessing diverse

perspectives and experiences to address common challenges, such

as the prevention of zoonotic diseases, the ethical treatment of

animals, and the assessment of safety and efficacy (67, 68). This

collective effort accelerates the translation of xenotransplantation

from research to clinical practice and ensures that there is minimal

risk of xenozoonosis or other potential issues (48).

8.2 Establishing common standards
and guidelines

International collaboration in xenotransplantation research also

enables the establishment of common standards, guidelines, and

best practices. As the field progresses, consensus on regulatory,

ethical, and scientific parameters becomes increasingly vital. Such

harmonization streamlines the path from research to

clinical application.

Common standards ensure that xenotransplantation research

adheres to shared principles, such as animal welfare, patient safety,

and ethical practices. International cooperation allows for the

identification of gaps and discrepancies in current regulatory

frameworks, enabling the development of more comprehensive

and universally applicable guidelines such as the “Changsha

Communique” (4).
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Global collaboration in xenotransplantation research is not

merely a choice but a necessity. By pooling resources, knowledge,

and expertise from diverse regions, the field can progress with a

unified vision. International cooperation helps establish common

standards and guidelines, facilitating the responsible and ethical

advancement of xenotransplantation and its translation to clinical

reality (31) along with ensuring the registries are supported to be

able to capture and report on the fields clinical efforts (69).
9 Conclusion

The journey of xenotransplantation, the transplantation of

organs or tissues from one species to another, has witnessed

significant advancements and encountered ethical, legislative, and

scientific challenges. This review has delved into various facets of

xenotransplantation, emphasizing its potential to address the

critical organ shortage crisis while highlighting the essential

elements required for its responsible and successful translation to

clinical reality.

9.1 Take home messages
9.1.1 Ethical and legislative advances

The historical context, ethical considerations, and legislative

frameworks have been pivotal in shaping the path of

xenotransplantation. From early attempts at cross-species

transplantation to the contemporary emphasis on animal welfare

and informed consent, the field has evolved significantly.

9.1.2 Advancements in genetic engineering

Genetic engineering has ushered in a new era for

xenotransplantation, allowing for the creation of genetically

modified pigs with organs more compatible with human

recipients. These “designer pigs” represent a breakthrough in

reducing immunological barriers.

9.1.3 Clinical xenotransplant trials

The initiation of clinical studies involving xeno-hearts, kidneys

and islet cells marks a critical step in validating the safety and

efficacy of xenotransplantation in humans. These studies can move

forward to trials which hold the potential to significantly expand the

pool of available organs and improve treatment options for many

diseases and conditions.

9.1.4 Patient perspectives

Patients eagerly anticipate the prospects of xenotransplantation,

viewing it as a lifeline for lifesaving or life-improving interventions.

Understanding and addressing their perspectives and expectations

are essential for responsible clinical progress.

9.1.5 Public opinion and media influence

Public opinion and media coverage play a substantial role in

shaping the future of xenotransplantation. The media’s role in

disseminating accurate and balanced information is critical in

fostering constructive public dialogue and minimizing misconceptions.
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9.2 Continuing ethical and
legislative advancements

Ethical and legislative advancements are indispensable as

xenotransplantation moves closer to clinical translation. The

responsible treatment of animals, transparent informed consent,

and comprehensive regulatory frameworks are fundamental to

ensuring ethical and safe practices.
9.3 Alleviating the organ shortage crisis

The potential of xenotransplantation to alleviate the organ

shortage crisis cannot be overstated. As clinical trials progress and

demonstrate the viability of xenotransplantation, it stands as a

beacon of hope for those awaiting life-saving organ transplants.
9.4 Promising future
for xenotransplantation

The promising future for xenotransplantation lies in its

potential to bridge the gap between the demand for organs and

their limited supply. With continued collaboration, ethical

diligence, and advancements in science, xenotransplantation can

move from the realm of theoretical possibility to practical reality.

To bring xenotransplantation to the clinic, the scientific

community, regulatory bodies, and the media must work in

harmony. International collaboration is essential to continue to

establish common standards and guidelines, enabling the field to

progress responsibly and ethically in a universal fashion on an

international stage.

As we navigate the uncharted frontiers of xenotransplantation

and further clinical application, ethical decisions and legislation that

accompany it, the future looks promising, provided we remain

steadfast in our commitment to science, ethics, and the well-being

of both humans and animals. This review underscores the

remarkable potential of xenotransplantation while recognizing the

importance of treading the path to the clinic with care, diligence,

empathy, and informed action including harmonization of

guidance’s’ and legislation internationally.
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Changsha communiqué. Xenotransplantation (2020) 27(3):e12604. doi: 10.1111/
xen.12604
frontiersin.org

https://doi.org/10.1111/j.1399-3089.2009.00520.x
https://doi.org/10.1111/j.1399-3089.2009.00520.x
https://iris.who.int/bitstream/handle/10665/341817/WHO-HTP-EHT-CPR-2011.01-eng.pdf?sequence=1&isAllowed=y
https://iris.who.int/bitstream/handle/10665/341817/WHO-HTP-EHT-CPR-2011.01-eng.pdf?sequence=1&isAllowed=y
https://doi.org/10.1111/xen.12513
https://doi.org/10.1016/j.semnephrol.2022.151288
https://doi.org/10.1016/j.semnephrol.2022.151288
https://doi.org/10.1038/s41587-021-01148-3
https://doi.org/10.7326/m23-1823%m37903363
https://doi.org/10.1111/xen.12836
https://doi.org/10.1111/xen.12836
https://doi.org/10.1056/NEJMoa2201422
https://doi.org/10.1111/ajt.16930
https://doi.org/10.1056/NEJMoa2120238
https://doi.org/10.3389/fimmu.2022.898948
https://doi.org/10.1016/S0140-6736(23)00775-4
https://doi.org/10.1016/S0140-6736(23)00775-4
https://doi.org/10.1007/s11934-023-01156-7
https://gallica.bnf.fr/ark:/12148/bpt6k326277d
https://gallica.bnf.fr/ark:/12148/bpt6k326277d
https://doi.org/10.1111/xen.12582
https://doi.org/10.1111/xen.12582
https://doi.org/10.3389/fimmu.2022.893985
https://doi.org/10.3389/fimmu.2022.900594
https://doi.org/10.3389/fimmu.2022.900594
https://doi.org/10.1016/j.ijsu.2015.06.068
https://doi.org/10.1126/science.abo7935
https://doi.org/10.1016/j.ijsu.2015.06.060
https://doi.org/10.3390/v14091926
https://doi.org/10.1111/xen.12815
https://doi.org/10.1126/science.aan4187
https://doi.org/10.24272/j.issn.2095-8137.2021.379
https://doi.org/10.1038/s41598-020-73150-9
https://doi.org/10.1016/j.virusres.2016.08.012
https://doi.org/10.1111/tid.14206
https://doi.org/10.1111/xen.12604
https://doi.org/10.1111/xen.12604
https://doi.org/10.3389/fimmu.2024.1355609
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Hawthorne 10.3389/fimmu.2024.1355609
32. Europe Co. Explanatory Report to recommendation Rec (2003) 10 of the Committee
of Ministers to Member States on xenotransplantation, Article 21 (2003). Available at:
https://www.coe.int/t/dg3/healthbioethic/Activities/06_Xenotransplantation_en/INF_
2003_12exenoER.pdf (Accessed 17/01/2024).

33. Code US. PART 70 - INTERSTATE QUARANTINE. In: Title 42 - public
health (2012). Available at: https://www.govinfo.gov/content/pkg/CFR-2013-title42-
vol1/xml/CFR-2013-title42-vol1-part70.xml (Accessed 17/01/2024).

34. Denner J. Can antiretroviral drugs be used to treat porcine endogenous
retrovirus (PERV) infection after xenotransplantation? Viruses (2017) 9(8):213.
doi: 10.3390/v9080213

35. Gyngell C, Munsie M, Fujita M, Thiessen C, Savulescu J, Konstantinov IE.
Ethical analysis of the first porcine cardiac xenotransplantation. J Med Ethics (2023)
jme-2022:108685. doi: 10.1136/jme-2022-108685

36. Hurst DJ, Padilla L, Paris WD. Xenotransplantation ethical, regulatory, and
social aspects. New York, USA: Springer Cham (2023). doi: 10.1007/978-3-031-29071-8

37. (IXA) TTS. Regulatory documents and guidelines, in: The Transplantation Society .
Available at: https://tts.org/79-ixa/ixa-resources/123-ixa-reg-guidelines (Accessed 20/11/2023).

38. Goralnik L, Nelson MP. Anthropocentrism. In: Encyclopedia of Applied Ethics,
2nd ed. Chadwick R, editor. (2012). Academic Press. p. 145–55. doi: 10.1016/B978-0-
12-373932-2.00349-5

39. Shaw D, Dondorp W, De Wert G. Ethical issues surrounding the transplantation
of organs from animals into humans. Rev scientifique technique (International Office
Epizootics) (2018) 37(1):123–9. doi: 10.20506/rst.37.1.2745

40. Hawthorne WJ. World first pig-to-human cardiac xenotransplantation.
Xenotransplantation (2022) 29(1):e12733. doi: 10.1111/xen.12733

41. Rollin BE. Ethical and societal issues occasioned by xenotransplantation. Anim
(Basel) (2020) 10(9):1695. doi: 10.3390/ani10091695

42. FDA. Source Animal, Product, Preclinical, and Clinical Issues Concerning the Use
of Xenotransplantation Products in Humans (2016). Available at: https://www.fda.gov/
files/vaccines,%20blood%20&%20biologics/published/Source-Animal–Product–
Preclinical–and-Clinical-Issues-Concerning-the-Use-of-Xenotransplantation-
Products-in-Humans–Guidance-for-Industry.pdf (Accessed 20/11/2023).

43. (EMA) EMA. GUIDELINE ON XENOGENEIC CELL-BASED MEDICINAL
PRODUCTS (2009) (Accessed 20/11/2023).

44. TTS-ISN. The declaration of Istanbul on organ trafficking and transplant tourism
(2018 Edition). Transplantation (2019) 103(2):218-9. doi: 10.1097/TP.0000000000002540

45. Fishman JA, Scobie L, Takeuchi Y. Xenotransplantation-associated infectious
risk: a WHO consultation. Xenotransplantation (2012) 19(2):72–81. doi: 10.1111/
j.1399-3089.2012.00693.x

46. Hawthorne WJ, Cowan PJ. Xenotransplantation in Australia: Development of the
regulatory process. Xenotransplantation (2020) 27(3):e12603. doi: 10.1111/xen.12603

47. Code US. Sec. 262 - Regulation of biological products. (2010);Title 42 - THE
PUBLIC HEALTH AND WELFARE. CHAPTER 6A - PUBLIC HEALTH SERVICE.
SUBCHAPTER II - GENERAL POWERS AND DUTIES. Part F - Licensing of Biological
Products and Clinical Laboratories. subpart 1 - biological products . Available at: https://
www.govinfo.gov/content/pkg/USCODE-2010-title42/html/USCODE-2010-title42-
chap46.htm (Accessed 17/01/2024).

48. Denner J. Recent progress in xenotransplantation, with emphasis on virological
safety. Ann Transplant (2016) 21:717–27. doi: 10.12659/aot.900531

49. Buhler L, Hawthorne WJ. International xenotransplantation association (IXA)
25th anniversary. Xenotransplantation (2023) 30(4):e12821. doi: 10.1111/xen.12821

50. Mohiuddin MM, Singh AK, Goerlich CE. Preclinical rationale and current
pathways to support the first human clinical trials in cardiac xenotransplantation. Hum
Immunol (2023) 84(1):34–42. doi: 10.1016/j.humimm.2022.07.001

51. Locke JE, Kumar V, Anderson D, Porrett PM. Normal graft function after pig-
to-human kidney xenotransplant. JAMA Surg (2023) 158(10):1106–8. doi: 10.1001/
jamasurg.2023.2774
Frontiers in Immunology 11
52. Moazami N, Stern JM, Khalil K, Kim JI, Narula N, Mangiola M, et al. Pig-to-
human heart xenotransplantation in two recently deceased human recipients. Nat Med
(2023) 29(8):1989–97. doi: 10.1038/s41591-023-02471-9

53. Loupy A, Goutaudier V, Giarraputo A, Mezine F, Morgand E, Robin B, et al.
Immune response after pig-to-human kidney xenotransplantation: a multimodal
phenotyping study. Lancet (2023) 402(10408):1158–69. doi: 10.1016/S0140-6736(23)
01349-1

54. Tector AJ, Adams AB, Tector M. Current status of renal xenotransplantation
and next steps. Kidney360 (2023) 4(2):278–84. doi: 10.34067/kid.0007152021

55. Heneine W, Tibell A, Switzer WM, Sandstrom P, Rosales GV, Mathews A, et al.
No evidence of infection with porcine endogenous retrovirus in recipients of porcine
islet-cell xenografts. Lancet (London England) (1998) 352(9129):695–9. doi: 10.1016/
s0140-6736(98)07145-1

56. Wang W, Mo Z, Ye B, Hu P, Liu S, Yi S. A clinical trial of xenotransplantation of
neonatal pig islets for diabetic patients. Zhong nan da xue xue bao Yi xue ban = J Cent
South Univ Med Sci (2011) 36(12):1134–40. doi: 10.3969/j.issn.1672-7347.2011.12.002

57. Ekser B, Cooper DK. Overcoming the barriers to xenotransplantation: prospects
for the future. Expert Rev Clin Immunol (2010) 6(2):219–30. doi: 10.1586/eci.09.81

58. Rayat GR, Gazda LS, Hawthorne WJ, Hering BJ, Hosking P, Matsumoto S, et al.
First update of the International Xenotransplantation Association consensus statement
on conditions for undertaking clinical trials of porcine islet products in type 1 diabetes–
Chapter 3: Porcine islet product manufacturing and release testing criteria.
Xenotransplantation (2016) 23(1):38–45. doi: 10.1111/xen.12225

59. Arefanian H, Ramji Q, Gupta N, Spigelman AF, Grynoch D, MacDonald PE,
et al. Yield, cell composition, and function of islets isolated from different ages of
neonatal pigs. Front Endocrinol (Lausanne) (2022) 13:1032906. doi: 10.3389/
fendo.2022.1032906

60. Baliker M, VR G. Patient perspective on xenotransplantation. Kidney360 (2022)
3(11):1953–4. doi: 10.34067/kid.0003542022

61. Paris W, Seidler RJH, FitzGerald K, Padela AI, Cozzi E, Cooper DKC. Jewish,
Christian and Muslim theological perspectives about xenotransplantation.
Xenotransplantation (2018) 25(3):e12400. doi: 10.1111/xen.12400

62. Kreis J, Schmidt H. Public engagement in health technology assessment and
coverage decisions: a study of experiences in France, Germany, and the United
Kingdom. J Health politics Policy Law (2013) 38(1):89–122. doi: 10.1215/03616878-
1898812

63. Henderson ML, Adler JT, Van Pilsum Rasmussen SE, Thomas AG, Herron PD,
Waldram MM, et al. How should social media be used in transplantation? A survey of
the american society of transplant surgeons. Transplantation (2019) 103(3):573–80.
doi: 10.1097/tp.0000000000002243

64. Cooper DK, Ekser B, Ramsoondar J, Phelps C, Ayares D. The role of genetically
engineered pigs in xenotransplantation research. J Pathol (2016) 238(2):288–99.
doi: 10.1002/path.4635

65. Xi J, Zheng W, Chen M, Zou Q, Tang C, Zhou X. Genetically engineered pigs for
xenotransplantation: Hopes and challenges. Front Cell Dev Biol (2023) 10:1093534.
doi: 10.3389/fcell.2022.1093534
66. Cozzi E, Bosio E, Seveso M, Rubello D, Ancona E. Xenotransplantation as a

model of integrated, multidisciplinary research. Organogenesis (2009) 5(1):14–22.
doi: 10.4161/org.7578

67. WHO. Strengthening global health security at the human-animal interface .
Available at: https://www.who.int/activities/strengthening-global-health-security-at-
the-human-animal-interface (Accessed 20/11/2023).

68. Cooper DKC, Pierson RN3rd, Hering BJ, Mohiuddin MM, Fishman JA, Denner
J, et al. Regulation of clinical xenotransplantation-time for a reappraisal.
Transplantation (2017) 101(8):1766–9. doi: 10.1097/tp.0000000000001683

69. Hu X, Geng Z, Gonelle-Gispert C, Hawthrone WJ, Deng S, Buhler L.
International human xenotransplantation inventory: A 10-year follow-up.
Transplantation (2022) 106(9):1713–6. doi: 10.1097/tp.0000000000004016
frontiersin.org

https://www.coe.int/t/dg3/healthbioethic/Activities/06_Xenotransplantation_en/INF_2003_12exenoER.pdf
https://www.coe.int/t/dg3/healthbioethic/Activities/06_Xenotransplantation_en/INF_2003_12exenoER.pdf
https://www.govinfo.gov/content/pkg/CFR-2013-title42-vol1/xml/CFR-2013-title42-vol1-part70.xml
https://www.govinfo.gov/content/pkg/CFR-2013-title42-vol1/xml/CFR-2013-title42-vol1-part70.xml
https://doi.org/10.3390/v9080213
https://doi.org/10.1136/jme-2022-108685
https://doi.org/10.1007/978-3-031-29071-8
https://tts.org/79-ixa/ixa-resources/123-ixa-reg-guidelines
https://doi.org/10.1016/B978-0-12-373932-2.00349-5
https://doi.org/10.1016/B978-0-12-373932-2.00349-5
https://doi.org/10.20506/rst.37.1.2745
https://doi.org/10.1111/xen.12733
https://doi.org/10.3390/ani10091695
https://www.fda.gov/files/vaccines,%20blood%20&%20biologics/published/Source-Animal&ndash;Product&ndash;Preclinical&ndash;and-Clinical-Issues-Concerning-the-Use-of-Xenotransplantation-Products-in-Humans&ndash;Guidance-for-Industry.pdf
https://www.fda.gov/files/vaccines,%20blood%20&%20biologics/published/Source-Animal&ndash;Product&ndash;Preclinical&ndash;and-Clinical-Issues-Concerning-the-Use-of-Xenotransplantation-Products-in-Humans&ndash;Guidance-for-Industry.pdf
https://www.fda.gov/files/vaccines,%20blood%20&%20biologics/published/Source-Animal&ndash;Product&ndash;Preclinical&ndash;and-Clinical-Issues-Concerning-the-Use-of-Xenotransplantation-Products-in-Humans&ndash;Guidance-for-Industry.pdf
https://www.fda.gov/files/vaccines,%20blood%20&%20biologics/published/Source-Animal&ndash;Product&ndash;Preclinical&ndash;and-Clinical-Issues-Concerning-the-Use-of-Xenotransplantation-Products-in-Humans&ndash;Guidance-for-Industry.pdf
https://doi.org/10.1097/TP.0000000000002540
https://doi.org/10.1111/j.1399-3089.2012.00693.x
https://doi.org/10.1111/j.1399-3089.2012.00693.x
https://doi.org/10.1111/xen.12603
https://www.govinfo.gov/content/pkg/USCODE-2010-title42/html/USCODE-2010-title42-chap46.htm
https://www.govinfo.gov/content/pkg/USCODE-2010-title42/html/USCODE-2010-title42-chap46.htm
https://www.govinfo.gov/content/pkg/USCODE-2010-title42/html/USCODE-2010-title42-chap46.htm
https://doi.org/10.12659/aot.900531
https://doi.org/10.1111/xen.12821
https://doi.org/10.1016/j.humimm.2022.07.001
https://doi.org/10.1001/jamasurg.2023.2774
https://doi.org/10.1001/jamasurg.2023.2774
https://doi.org/10.1038/s41591-023-02471-9
https://doi.org/10.1016/S0140-6736(23)01349-1
https://doi.org/10.1016/S0140-6736(23)01349-1
https://doi.org/10.34067/kid.0007152021
https://doi.org/10.1016/s0140-6736(98)07145-1
https://doi.org/10.1016/s0140-6736(98)07145-1
https://doi.org/10.3969/j.issn.1672-7347.2011.12.002
https://doi.org/10.1586/eci.09.81
https://doi.org/10.1111/xen.12225
https://doi.org/10.3389/fendo.2022.1032906
https://doi.org/10.3389/fendo.2022.1032906
https://doi.org/10.34067/kid.0003542022
https://doi.org/10.1111/xen.12400
https://doi.org/10.1215/03616878-1898812
https://doi.org/10.1215/03616878-1898812
https://doi.org/10.1097/tp.0000000000002243
https://doi.org/10.1002/path.4635
https://doi.org/10.3389/fcell.2022.1093534
https://doi.org/10.4161/org.7578
https://www.who.int/activities/strengthening-global-health-security-at-the-human-animal-interface
https://www.who.int/activities/strengthening-global-health-security-at-the-human-animal-interface
https://doi.org/10.1097/tp.0000000000001683
https://doi.org/10.1097/tp.0000000000004016
https://doi.org/10.3389/fimmu.2024.1355609
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	Ethical and legislative advances in xenotransplantation for clinical translation: focusing on cardiac, kidney and islet cell xenotransplantation
	1 Introduction
	2 Historical perspective
	3 Major ethical considerations
	3.1 Potential xenozoonosis
	3.2 Public and regulatory support
	3.3 Crossing species boundaries
	3.4 Animal welfare

	4 Legislative frameworks
	4.1 Existing legislative frameworks
	4.2 Evolution of legislative frameworks
	4.3 Harmonization and standardization of regulations

	5 Clinical xenotransplant studies
	5.1 Overview of initial xeno-cardiac, kidney and islet cell trials
	5.1.1 Xeno-cardiac and kidney clinical programs
	5.1.2 Islet cell trials
	5.2 Significance of clinical trials in advancing xenotransplantation

	6 Patient perspectives
	6.1 Perspectives and expectations of patients
	6.2 Informed consent and patient advocacy

	7 Public opinion and media influence
	7.1 Shaping the future of xenotransplantation
	7.2 Disseminating information and potential misconceptions

	8 International collaboration for xenotransplantation
	8.1 Importance of global collaboration
	8.2 Establishing common standards and guidelines

	9 Conclusion
	9.1 Take home messages
	9.1.1 Ethical and legislative advances
	9.1.2 Advancements in genetic engineering
	9.1.3 Clinical xenotransplant trials
	9.1.4 Patient perspectives
	9.1.5 Public opinion and media influence


	9.2 Continuing ethical and legislative advancements
	9.3 Alleviating the organ shortage crisis
	9.4 Promising future for xenotransplantation

	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher’s note
	References


