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The reduced availability of human donor hearts compared with the needs of patients 
with advanced heart failure refractory to medical therapy has promoted the search for 
therapeutic alternatives to cardiac allografts. Porcine heart xenotransplantation re-
presents one of the most promising frontiers in this field today. From the first re-
searches in the 1960s to today, the numerous advances achieved in the field of 
surgical techniques, genetic engineering and immunosuppression have made it pos-
sible at the beginning of 2022 to carry out the first swine-to-human heart transplant, 
attaining a survival of 2 months after surgery. The main intellectual and experimental 
stages that have marked the history of xenotransplantation, the latest acquisitions in 
terms of genetic editing, as well as the improvement of immunosuppressive therapy 
are discussed analytically in this article in order to illustrate the underlying complexity 
of this therapeutic model.
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Introduction

Heart transplantation (HTx) is the treatment of choice 
for refractory advanced heart failure (HF), ensuring a 
median survival of 10–15 years.1 Advanced age and the 
coexistence of multiple comorbidities exclude most pa-
tients with advanced HF from this therapeutic option. 
Considering the limited number of hearts available from 
donors and the growing number of patients needing 
HTx, a rigorous selection of patients on the basis of eligi-
bility and exclusion criteria, in accordance with inter-
national guidelines, appears essential.2 Mechanical 
circulatory supports such as left ventricular assist devices 
(LVADs) have progressively established themselves as a 
valid therapeutic alternative to HTx in those patients 
who are not candidates for HTx (destination therapy) or 

as a temporary measure while waiting for the appropriate 
organ (bridge to transplant), or to become HTx candidate 
(bridge to candidacy). These mechanical devices have 
been shown to offer survival at 1, 2, and 5 years compar-
able with HTx, albeit with a different quality of life and 
complications which must be considered.3 A significant 
discrepancy persists between the needs of patients with 
advanced HF and the therapies actually available.

To meet the demand for HTx, new approaches have 
been proposed to expand the donor pool, including 
the use of hearts from marginal donors, donation after 
circulatory death, ex vivo cardiac perfusion and 
xenotransplantation.

Heart transplantation in Italy

In 2021, 251 hearts were transplanted in Italy, a slightly 
higher number compared to the three-year period 
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2018–2020. According to the latest available report (year 
2020), 50% of the patients who received an HTx were 
aged between 41 and 60 years, while about 28% were 
over 60 years old (compared to the previous 25%, average 
calculated on the 2000–2018), demonstrating a tendency 
to include older patients on the HTx list than in the past. 
Twenty five percent of heart transplants were carried out 
in national emergency, a sharp decline compared to pre-
vious data (44% in 2019). However, it should be consid-
ered that from 9 March 2020 the new protocol on the 
procedures for assigning the heart became operational, 
which divides the urgencies into two levels: the grade 1 
urgency which provides for the access to the national 
list of donors, and the grade 2 urgency that refers to do-
nors in the relevant macro-area. The new allocation cri-
teria recognize the LVAD as a ‘strategy of clinical 
stabilization and prolongation of survival’ and they em-
phasize the importance of evaluating each patient for 
LVAD before placing it on the HTx urgency list. This stand-
point was to fill the gap that separates donors from po-
tential recipients. Actually, in the year 2020 the total 
number of enrolments in the HTx list was 992 (including 
2019 untreated patients and new entries in 2020), com-
pared to a total number of transplanted patients of 
238, corresponding to a list fulfilling index of 24%. The 
mortality rate while on the list was ∼4%, with an average 
waiting time of ∼3 years and 7 months for patients on the 
Standard list and 8 months for patients on the Emergency 
list.4

Xenograft: the story

Among the possible strategies to reduce the gap between 
the number of patients on the transplant list and the or-
gans available, xenotransplantation appears promising.

The first xenotransplant attempt in humans was per-
formed in 1964 by James Hardy, who implanted a chim-
panzee heart in the chest of the 64-year-old Body Rush, 
who died two hours after the operation. Subsequently, 
other attempts were made at xenograft, both orthotopic 
and heterotopic, using hearts of different animal species 
(including chimpanzees, sheep, baboons, and pigs). 
However, all these attempts failed within hours or days 
mainly due to hyperacute rejection, microvascular 
thrombosis, or excessive discrepancy between the size 
of the donor and recipient heart.5

Since then, in order to understand the reasons for xeno-
transplant failure and find possible solutions, numerous 
preclinical studies have been performed, mostly exploit-
ing HTx from pigs to non-human primates.5 In fact, al-
though there is a greater similarity between non-human 
and human primates, a transplant between non-human 
and human primates carries an excessive infectious risk 
linked to the easy passage of animal viruses from the pri-
mate to the human species, with the risk of generating 
pandemics. For this reason, the Food and Drug 
Administration has banned xenotransplantation between 
non-human primates and humans.6 On the other hand, 
the hearts of pigs have numerous advantages: in addition 
to having a lower infectious risk, they are easily available, 

they have an adequate size to replace the human heart, 
and they are susceptible to genetic modifications. 
Nonetheless, non-human primates continue to be em-
ployed as receptor animals in preclinical studies due to 
their high similarity to humans. Table 1 summarizes the 
various types of pig to non-human primate transplants 
that have been performed and their rationale.7

The main barriers to the success of xenograft in the 
above-mentioned preclinical studies were immunological 
rejection and coagulation problems.5 The immunological 
barrier represents the greatest limitation to xenotrans-
plantation, and it can lead to hyperacute, acute or chron-
ic rejection. This immunological incompatibility was 
partially resolved thanks to the use of genetically modi-
fied pigs and the recipient’s immunosuppression.5,8

Gene editing

Thanks to genetic engineering techniques it is possible to 
add, remove, or modify genetic material at certain sites 
of the deoxyribonucleic acid (DNA). With the recent cre-
ation of the CRISPR/Cas9 technique by E. Charpentier 
and J.A. Doudna, the genome editing process has be-
come widely accessible. In the context of HTx, and in 
particular of xenotransplantation, these techniques 
have made it possible to optimize the survival of the 
graft and therefore to make xenotransplantation a real 
alternative to heart allograft.

Hyperacute rejection of the transplanted pig heart 
(minutes–hours) is due to the presence of preformed 
antibodies directed against carbohydrates present on 
pig epithelial cells. These carbohydrates, expressed on 
the membrane of intestinal bacteria and in the tissues 
of mammals, including pigs, are absent in humans and 
primates,9 which are therefore provided with an anti-
body response against them. The first of these antigens 
to be discovered was α-1,3-Galactose (α-Gal). Two other 
important antigens involved in hyperacute rejection 
are Neu5GC (N-glycolylneuraminic acid) and Sda (Sid 
antigen, named after the discoverer Sidney Smith). 
Through genomic editing techniques, it is possible to 
generate knock-out pigs for the genes of the mentioned 
antigens (respectively GGTA1, CMAH, and β4GalNT2) in 
order to obtain hearts that do not express α-Gal, 
Neu5GC, and Sda, thus minimizing the probability of hy-
peracute rejection of the organ.5,9

In addition to silencing certain genes, it is possible to 
induce the expression of proteins/enzymes useful for 
modulating different molecular processes in the recipi-
ent animal.5,8 In fact, there is an incompatibility be-
tween species that does not allow a correct interaction 
between the complement molecules and the coagulation 
factors of the recipient with the regulatory proteins of 
the donor and which contributes to acute organ rejection 
(days–weeks).9 The transgenic expression of human pro-
teins regulating the coagulation cascade and comple-
ment in the donor pig [such as thrombomodulin, 
endothelial receptor for protein c, tissue factor inhibi-
tor, and cluster of differentiation (CD) 39] seems effect-
ive in modulating the prothrombotic phenomena that are 
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triggered after xenograft and increase the resistance of 
the transplanted organ to complement mediated 
damage.5,8

Gene editing has also enabled to address a further 
problem in xenotransplantation, that of the overgrowth 
of the donor organ in the recipient organism, resulting 
in dysfunction of the xenograft within one month of sur-
gery. This phenomenon is supposed to be partly due to re-
jection phenomena, partly to hemodynamic differences 
between the different species and, above all, to the fact 
that the donor pig, for the same weight, is an organism 
still growing compared with the recipient baboon which 
has almost reached its target weight (Figure 1). A pos-
sible solution to this problem is represented by the 
knock-out of the growth hormone receptor in the donor’s 
heart, which has been shown to reduce the growth of the 
xenograft in the recipient without the need for addition-
al drugs.10

Finally, the inactivation by genetic engineering techni-
ques of endogenous porcine retroviruses, which are inte-
grated into the pig genome, has reduced the risk of 
transmission of potentially pathogenic viruses to humans.5

Currently, the main challenge lies in identifying the 
best combination of genetic modifications to reduce 
the risk of xenotransplantation failure.

Immunosuppression

The development over the years of an effective immuno-
suppression regimen has further improved the survival of 
animal xenograft models. As in cardiac allograft, immuno-
suppression involves two stages: induction and mainten-
ance. For the induction, antithymocyte globulins and 

the anti-CD20 monoclonal antibody are used to suppress 
the response of T and B lymphocytes, respectively. 
Maintenance, on the other hand, involves the use of 
lymphocyte suppressants such as mycophenolate mofetil 
and, in the first two to three months, the use of corticos-
teroids and monoclonal antibodies that antagonize 
interleukin-6 and tumour necrosis factor-alpha.10

An innovative molecule introduced in this field is a 
monoclonal antibody that antagonizes CD40. CD40 is a 
costimulatory protein present on antigen-presenting 
cells and its interaction with CD154 in T lymphocytes is 
necessary to develop an effective immune response. 
Initially, a monoclonal antibody against CD154 was devel-
oped but its use resulted in an increased incidence of 
thromboembolic complications. Subsequently, the use 
of a monoclonal antibody against CD40, both during in-
duction and maintenance, proved to increase the sur-
vival of the transplanted organ.10

It should also be considered that immunosuppressive 
therapy has been shown to be more effective than anti-
coagulant/antiplatelet drugs in reducing post-HTx pro-
coagulative and prothrombotic phenomena, suggesting 
that the immune response is the main mechanism of co-
agulation alterations after transplantation.5,8

The necessary lifetime administration of immunosup-
pressive therapy carries an increased risk of infectious 
and neoplastic complications and direct toxicity induced 
by these drugs. A strategy to solve this problem could be 
represented by the induction of an immunological toler-
ance, whereby the recipient’s immune system is modified 
to recognize the donor’s antigens as ‘self’.5,8 A further 
strategy could be carrying out a knock in or a knock-out 
of porcine leukocyte antigens or immune system regula-
tory molecules in the donor animal. This would lead to a 

Table 1 Pig to non-human primate xenograft models

Xenograft 
model

Description Features Accepted 
for clinical 

trials

Scientific rationale

Abdominal 
heterotopic

System with two 
anastomoses: the 
infrarenal aorta supports 
the coronary arteries of 
the donor’s heart while 
the recipient’s inferior 
vena cava drains blood 
from the donor’s 
pulmonary artery

The pig’s heart is contractile 
but cannot support the 
recipient’s circulation

No To study the mechanisms of 
rejection and the possible 
patterns of immunosuppression.

Orthotopic The recipient’s heart is 
replaced with that of the 
pig.

It can support circulation but 
with difficulty.

Yes To study the mechanisms of 
rejection and the possible 
patterns of immunosuppression. 
Evaluate the hemodynamic 
efficacy of the transplant.

Intrathoracic 
heterotopic

The pig’s heart is placed on 
the right side of the 
recipient’s chest and 
supports circulation.

It combines the safety of 
heterotopic 
transplantation with the 
fact of having a heart 
capable of supporting 
circulation.

Yes To study the mechanisms of 
rejection and the possible 
patterns of immunosuppression. 
Evaluate the hemodynamic 
efficacy of the transplant.
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reduction in the adaptive immune response, but it could 
induce an immunodeficiency in the pig and make it more 
susceptible to infectious complications.11

The results of the xenograft experiments

The survival of hearts transplanted from pig to non-human 
primate is significantly increased thanks to genetic modifi-
cations of the donor heart and the improvement of im-
munosuppressive therapy in the recipient, reaching 945 
days in the heterotopic transplant and 264 days in the 
orthotopic model.10 Limited to the available follow-up, 
late xenograft dysfunction due to vasculopathy has been 
rarely reported,5 unlike what happens in human allografts.

These advances in animal models were preparatory to 
the first pig-to-human compassionate use xenograft on 7 
January 2022. The recipient was the 57-year-old David 
Bennett, who was placed in extracorporeal circulation 
for cardiogenic shock in the course of incessant ventricu-
lar tachycardia, but then he was judged unsuitable ei-
ther for HTx or long-term mechanical support. The 
transplanted organ was obtained by modifying 10 genes, 
including the deletion of three porcine surface antigens 
to which humans have performed antibodies, the dele-
tion of the gene coding for growth hormone and the 
introduction of six human genes involved in the immune 
response12 (of which, specifically, two genes with regula-
tory action on complement, two on coagulation, and 

two on inflammation). Immunosuppression induction 
and maintenance regimens were based on rituximab, 
anti-CD40, antithymocyte globulin, C1 esterase 
inhibitor, mycophenolate, and corticosteroids. The 
post-operative course was characterized by multiple 
complications, including suppurative peritonitis and 
generalized sepsis and inflammation requiring general 
surgery and intravenous immunoglobulin administration. 
The subsequent development of dilation and pseudohy-
pertrophy of the graft with diastolic dysfunction and 
irreversible heart damage led to the suspension of vital 
supports with death two months after surgery. The xeno-
graft, on post-mortem examination, was markedly oe-
dematous with infarct areas and endothelial damage,13

albeit in the absence of thrombosis which is usually pre-
sent in allograft rejection. However, a new form of rejec-
tion with cellular and biohumoral mechanisms still to be 
studied cannot be excluded. Furthermore, death could 
have been favoured by the administration of intravenous 
immunoglobulins, as well as by the presence, probably in 
latent form, of porcine cytomegalovirus in the trans-
planted organ, although all donor pigs are routinely 
screened to identify and remove this virus.14

Future prospects and innovations

Several obstacles still limit the affirmation and diffusion 
of xenotransplantation as an alternative to allograft. At 

Figure 1 Potential pathophysiological mechanisms underlying the excessive growth of the pig heart transplanted into the baboon (orthotopic transplant). 
Possible causes include an immunological response against xenograft, a discrepancy in physiological parameters, and a discordant growth potential be-
tween donor and recipient species.10
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the same time, other therapeutic options are being ex-
plored to provide useful solutions to address the growing 
needs of HTx, including total artificial heart, myocardial 
regeneration and gene therapy. ‘Artificial heart’ devices 
have been already designed and tested on humans. The 
best results were obtained with SynCardia, a device con-
sisting of artificial ventricles and mechanical valves, 
which guaranteed survival beyond one year up to trans-
plantation in 72% of the 42 patients supported with 
SynCardia with only two deaths attributable to the de-
vice, however at price of a high rate of ischaemic, haem-
orrhagic, and infectious complications.15 In the field of 
myocardial regeneration, the bioartificial heart is the 
most ambitious project, aimed at building the entire or-
gan in vivo starting from a decellularized porcine heart 
scaffold transplanted in a heterotopic site with the aim 
of being repopulated by human cells which, under ad-
equate mechanical and electrical stimulation, can ma-
ture and organize themselves in parenchyma and 
vessels.16 Complete removal of porcine cells, the main 
source of tissue immunogenicity, could minimize or elim-
inate the need for immunosuppressive therapy. Another 
frontier in the treatment of advanced HF is gene therapy; 
the possibility of inducing angiogenesis in the ischaemic 
heart or modulating cardiac function in HF through small 
ribonucleic acids (RNAs) causing targeted modifications 
of myocardial cells’ gene expression could obviate the 
need to resort to HTx.17

Conclusions

Heart xenograft poses complex issues of advanced sur-
gery, molecular biology, gene therapy, and immunosup-
pression. Advances in genetic engineering have made 
this approach a promising alternative to cardiac allo-
graft. Although at the moment there are major limita-
tions to its structured use, among the main ones the 
infectious risk (linked to the transmission of porcine 
viruses) and late rejection (not yet explored in humans), 
heart xenotransplantation heralds the possibility of con-
tributing to the needs of those patients with advanced HF 
who still lack treatment options today.
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