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ABSTRACT: Xenotransplantation is an approach which will be able to support the increasing demand of organ donation since the
organ does not need to come from humans. Up till now, xenotransplantation is still barely performed since its risk and chance of
success are still not proven to be safe. One of the biggest obstacles is rejection which may lead to xenograft failure and can occur in
certain types and from certain causes. However, the risk of rejection can be minimized by the process of genetic engineering and
applying anti-rejection drugs in which scientists and researchers are developing so that the procedure becomes safer in the future.
Although the patient who was considered as the first successful xenotransplantation in human case had died a few months after the
surgery and the cause of death still remains unsolved, the field of xenotransplantation still keeps developing by researchers, medical
universities, and biotechnology companies since they all agree that xenotransplantation will produce lots of advantages and will be
a big step of the medical treatment field. Despite the fact that xenotransplantation is a procedure that is risky and raises public
concerns and ethical issues, the procedure is still believed to give more benefits towards the patient and medical development since
serious problems like organ shortage and high number of deaths on the waiting list will be solved.
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INTRODUCTION

Over the past decade, the demand for donated organs, which are used in transplantation, is increasing significantly all over the world
[1, 2]. This is due to the improvement in the medical field, the higher chance of success, and the better outcome after the transplantation
[3]. However, the number of organs donated are not able to support the increasing demand [4]. As a consequence, the organ shortage
crisis became one of the biggest obstacles of a successful transplantation field [5, 6]. Although the crisis still remains in the modern
day, xenotransplantation might be a promising solution to match the supply with the increasing demand [1, 2]. Although the limitations
of heart transplantation are the restricted availability of donated organs and have been a major obstacle, Cardiac xenotransplantation
(CXTx) might be a promising way to match the supply with the increasing demand Xenotransplantation is any procedure that involves
the transplantation, implantation or infusion of live organs, cells, or tissues from a nonhuman animal source into a human recipient
[1, 7, 8]. The field of xenotransplantation has experienced a great development in the past decade, as a result of a combination of
several breakthroughs such as the improvement of immunosuppression, genetic engineering, and understanding of cross-species
incompatibilities [4, 9]. The objective of this article is to summarize the process, development, and advantages and disadvantages and
to publish the information for further development of heart xenotransplantation.

A. The problem of xenotransplantation

Despite the fact that xenotransplantation is an approach that produces a considerable amount of benefits, it also raises concerns on
the possibility of harmful consequences such as the risk of infectious disease and immunological barriers which is the main cause
of rejections that may lead to xenograft failure [10, 11]. Rejection after the xenotransplantation can occur in certain types including
hyperacute rejection, acute vascular rejection, cellular rejection, and chronic rejection [12-14]. The 2 stages that are mediated by
antibodies against oligosaccharide determinants, which can be found on vascular endothelium of pig, are hyperacute rejection and
acute vascular rejection [15].

Hyperacute reaction is a type of humoral rejection and occurs when there is a binding of preformed antibodies to the xeno antigenic
epitopes which are located on porcine endothelial cells and will cause the activation of complement proteins [5, 10]. The activation
of the proteins causes lysis of endothelial cells which leads to the destruction of the graft vascular, a surgical procedure that redirects
blood flow, and vascular integrity failure [11]. However, hyperacute reaction can be avoided by removing the anti pig antibodies or
inhibiting complement activation in the recipient by plasmapheresis. The major xenoantigen is galactose-al,3-galactose (a-Gal),
which is expressed by al,3-galactosyltransferase that is functional in most mammals, including pigs, but not in humans [5, 16].
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Acute vascular rejection, also can be referred as acute humoral infection, is a type of rejection that occurs when there is a combination
between cellular immune response and endothelial [13]. After the combination, the possible effects are massive interstitial
hemorrhage, infarction, necrosis, thrombosis, and deposition of immunoglobulin IgG, IgM, C3, C4d, and platelets [17, 18]. Although
this type of rejection could not be controlled currently, the development of new immunosuppressive drugs and genetically
engineering pigs are still in progress [3, 19].

Cellular xenograft rejection is different to the hyperacute reaction and acute vascular rejection as this type of rejection is associated
with both whole organ grafts and cellular grafts [10]. Cellular rejection can be mediated by innate and adaptive immune response
which consist of varieties of immune cells including NK cells, macrophages, neutrophils, dendritic cells, T cells, and B cells [10,
11]. In this type of rejection, the rejection may occur days to weeks after the transplantation. In order to overcome this type of
rejection, a great deal of immunosuppressive drugs and scientific breakthroughs in human immunology will be required in the future
[13, 19]. The risk of xenotransplantation does not only include the rejection in each patient, but it also puts the public health at risk
too since xenotransplantation might produce a new infectious disease that may lead to a pandemic [20, 21].

B. Solution to solve the problem

In the modern day, pigs are considered as the best donor for xenotransplantation since its anatomy and physiology are similar to
humans [10, 11]. Moreover, pig breeding is highly developed, cost-effective, and the variety of breeding allows the size of the
organs harvested to be able to match with the recipient [22]. However, the molecular incompatibility between the donor and the
recipient is the main obstacle as it would result in a rejection and finally lead to xenograft failure [23]. Although the immunological
barrier which leads to the rejection still remains as the main obstacle, advances in genetic engineering create the possibility to modify
the genome of donor animals in a way that will prevent the human recipient’s immune system from recognizing its organs and
inhibiting the processes which lead to xenograft rejection [24]. Many useful methods for genetically modifying animals can be made
[25]. This includes pronuclear and cytoplasmic microinjection, somatic cell nuclear transfer (SCNT) and viral transduction of DNA
[26]. In order to tackle the molecular incompatible problem, the Gala(1,3)Gal antigen in the donor organ must be removed from
xenograft cell surfaces. This antigen is also the main cause of the hyperacute rejection as the rejection will occur when the preformed
antibodies recognize it [24]. The best technique to prevent the formation of Gala(1,3)Gal epitopes is to inactivate the gene encoding
GGTA1, which catalyzes the Gala(1,3)Gal epitope forming reaction [27]. GGTAL or alpha 1,3 galactosyltransferasel gene can be
found in all mammals except humans, apes, and old world monkeys [25]. Knocking out the GGTA 1 gene will not only significantly
increase the survival length of the patients after the transplantation up to 6 months, but will also highly reduce the hyperacute
rejections, as studies of xenotransplantation in baboons suggested [28, 29]. Moreover, hyperacute rejection can be further reduced
by expression of human complement regulatory proteins such as CD46, CD55, or CD59 together with the GGTA1 deletion [30-32].
A more advanced method which is to remove two xeno antigens which are a-Gal and N-glycolylneuraminic acid also can be
combined, as it will further reduce the humoral activity compared to a GGTAL knockout alone [16]. The fast development of genetic
engineering techniques in recent years has made it possible to perform virtually any kind of genetic manipulation in vitro [24].
Therefore, the prospect of producing multi transgenic pigs whose organs would resist rejection after transplantation is becoming
increasingly realistic [30, 33].

C. First Successful Case

On 7th January 2022, the first successful heart xenotransplantation was made to help a 57-year-old patient with terminal heart
disease named David Bennett [34]. The surgery was performed by University of Maryland School of Medicine (UMSOM) faculty
at the University of Maryland Medical Center (UMMC) [23]. Before the surgery was performed, the surgical team had spent more
than five years developing the surgical technique for transplantation of pig hearts into non-human primates [34]. In this surgery, the
patient received a successful transplant of a genetically-modified pig heart [34]. After the transplantation, the surgery marked the
first time that the genetically-modified heart from an animal donor showed that it can function like a human heart [35]. In addition,
the sign or response of rejection also does not present immediately after the transplantation [34]. Before the surgery, Mr. Bennett
had been admitted to the hospital for more than six weeks with life-threatening arrhythmia and a heart-lung bypass machine, called
extracorporeal membrane oxygenation (ECMO) [34]. Moreover, he had been fully informed of the risk of the procedure, and that
the surgery was experimental with unknown risks and benefits [34]. In detail to the process, the genetically-modified pig heart for
the xenotransplantation was provided by Revivicor, a regenerative medicine company based in Blacksburg. In the process of
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modifying the pig’s heart, three genes in the donor organ were knocked out to prevent the hyperacute rejection and six human genes
which are responsible for immune acceptance of the pig heart were also inserted into the genome [23, 34]. Additionally, one
additional gene in the pig was knocked out to prevent excessive growth of the pig heart tissue [23, 34]. On the morning of the
surgery, the surgical team, led by Dr. Griffith and Dr. Mohiuddin prepared the process by first removing the pig’s heart and placing
it in the XVIVO Heart Box which is a machine that keeps the heart preserved until surgery comes [36]. The physician-scientists
also used a new drug, which was made by Kiniksa Pharmaceuticals, together with conventional anti-rejection drugs, which are
designed to suppress the immune system and prevent the body from rejecting the foreign organ [34]. Despite the fact that the surgery
was successful as the pig’s heart was completely transplanted into the patient, functions normally, and shows no sign of rejection,
Mr. Bennett was reported dead on 8 March 2022 [23, 34]. The doctor admitted that the cause for the death was not clear [23, 34].
However, further investigations will be made to determine the ways to solve the xenotransplantation failure and the global shortage
of transplant organs [23, 34].

D. Development of Xenotransplantation

As xenotransplantation provides a way out for the shortage of organs, which has become one the biggest problems in medical
treatment, many medical universities and biotechnology companies are increasingly interested in developing the procedure [35,
37]. For instance, in January 2022, the University of Alabama at Birmingham Marnix E [37]. Heersink School of Medicine or UAB
has announced that they have made the first peer-reviewed research outlining the successful transplant of genetically modified pig
kidneys into a brain-dead human by replacing the recipient’s kidneys after significant investments in the xenotransplantation field
for almost a decade [37, 38]. In this study, the UAB researchers transplanted the genetically modified pig’s kidneys in order to test
the first human preclinical model [37]. The pig’s kidneys were modified with 10 major genes edited, 4 pig’s genes were knocked
out and 6 human genes inserted [37]. The modification was provided by Revivicor,a subsidiary of United Therapeutics. The study
also proposed the 4 steps that could be taken in a Phase 1 xenotransplantation [37]. The first step was storing and processing the
genetically modified pig’s kidney for the implantation. Afterwards, the brain-dead recipient and donated organ undergent a
crossmatch, which was developed and first used at the UAB compatibility test, to prevent the occurrence of rejections [37]. When
the implantation performed, the pig kidneys were placed in the exact anatomic locations used for human donor kidneys and
connected to the renal artery, renal vein, and the ureter. In the last step, the brain-dead recipient received an immune-suppression
therapy which was also used in human to human kidney transplantation [37]. After the transplantation, the kidneys’ function and
sign of rejection were observed, the results were that the transplanted pig’s kidneys were able to filter blood, produce urine, and do
not show any signs of rejection during the 77 hours period of observation [37].

The preclinical model research of xenotransplantation made by the UAB is such a significant study as it identifies points that new
knowledge is still needed to develop the outcomes of the xenotransplantation humans [37]. Moreover, the research also provides
information about the preclinical human model which can be used for further study in the xenotransplantation field as it is the best
solution to the organ shortage crisis and give patients a better life [37].

E. Advantages and disadvantages

Despite the fact that the first successful case of xenotransplantation from animal to human has just been made in the beginning of
the year 2022 and the patient of the case also has only survived for only 2 months after the transplantation, xenotransplantation still
remains as a significant goal for researchers and surgical fields since the approach can produce huge advantages [39]. Once
xenotransplantation becomes available and reliable, organ shortages which is one of the major problems in the transplantation field
will be either mitigated or even solved as the source of organ donated does not need to rely on only humans [39]. This means that
the death on the waiting list for transplantation will dramatically decrease as the source of organ donated does not only rely on
humans only [3, 40]. Furthermore, with access to xenotransplantation, a commonly developing animal donor which is pig, allows
the elderly patients to be able to receive the organ that is compatible to them since the donated organ from pig will solve the age
limits the transplantation [34]. A further advantage of xenotransplantation is that the procedure can be pre-scheduled which will
allow patients to have pre-treatment of receiving immunosuppressive agents to prevent the rejection after the surgery [4, 41,
42]. Apart from medical terms, xenotransplantation will also produce two significant benefits to patients and donors [43]. One is
that it will allow people to avoid ethical issues, which are related to the donor, such as selling organs which is an unlawful act [43-
45]. Another benefit is that xenotransplantation will allow patients to have significant cost savings because of the need for costly
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and intensive treatment such as chronic dialysis treatment and end-stage liver, heart, and lung disease [46]. However, although
xenotransplantation can bring significant benefits, disadvantages which are microbiological risks and ethical issues still remain [44].
In xenotransplantation, there is a risk of transmitting infectious agents from animal to the human recipient [47]. The porcine
endogenous retrovirus or PERV is a permanent part of the genome in all mammals which means that not only all recipients will be
exposed to the virus, but the risk of transferring the virus to the recipient also cannot be minimized by just selecting the animal from
strictly controlled herds [24, 37, 48]. Although the virus cannot replicate itself or cause disease under physiological conditions, the
transmission can occur after the cells of the transplanted organ were co-cultured with human cells [3, 13].

Ethical issues are also one of the biggest disadvantages and obstacles [44]. One such controversial issue is whether
xenotransplantation does more good than harm or not [44]. The issue was raised from the fact that the procedure is complicated and
the patients will need to be monitored for possible infectious diseases for a long period of time or possibly for their whole life [20].
Moreover, there is a considerable public health concern on the possible transmission and activation of PERV over the recent years
[2, 24]. Nowadays, a number of countries such as the USA and the UK already have guidelines for clinical trials with
xenotransplantation, while some countries are still far behind [3, 48, 49]. This also raises concern that countries might take advantage
of attracting desperate patients who need transplantation by creating xenotransplantation programs [7, 30, 47].

F. Conclusion

In conclusion, xenotransplantation is a significant approach in medical treatment since it will address the scarcity of organs and save
patients’ lives as they will no longer be required to wait for the donated organ from humans. In the modern-day, immunological
rejection, risk of the procedure, and other problems remain the main challenge for the xenotransplantation to be performed safely
and widely. However, with the improvement of medical technologies and advance in medical research will be considerable keys for
success in xenotransplantation.
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