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Abstract
For many patients with terminal/advanced cardiac failure, heart transplantation is the most effective, durable treatment option, and offers the best pro
spects for a high quality of life. The number of potentially life-saving donated human organs is far fewer than the population who could benefit from a 
new heart, resulting in increasing numbers of patients awaiting replacement of their failing heart, high waitlist mortality, and frequent reliance on interim 
mechanical support for many of those deemed among the best candidates but who are deteriorating as they wait. Currently, mechanical assist devices 
supporting left ventricular or biventricular heart function are the only alternative to heart transplant that is in clinical use. Unfortunately, the complication 
rate with mechanical assistance remains high despite advances in device design and patient selection and management, and the quality of life of the patients 
even with good outcomes is only moderately improved. Cardiac xenotransplantation from genetically multi-modified (GM) organ-source pigs is an emer
ging new option as demonstrated by the consistent long-term success of heterotopic (non-life-supporting) abdominal and life-supporting orthotopic por
cine heart transplantation in baboons, and by a recent ‘compassionate use’ transplant of the heart from a GM pig with 10 modifications into a terminally ill 
patient who survived for 2 months. In this review, we discuss pig heart xenotransplantation as a concept, including pathobiological aspects related to im
mune rejection, coagulation dysregulation, and detrimental overgrowth of the heart, as well as GM strategies in pigs to prevent or minimize these problems. 
Additional topics discussed include relevant results of heterotopic and orthotopic heart transplantation experiments in the pig-to-baboon model, micro
biological and virologic safety concepts, and efficacy requirements for initiating formal clinical trials. An adequate regulatory and ethical framework as well as 
stringent criteria for the selection of patients will be critical for the safe clinical development of cardiac xenotransplantation, which we expect will be clin
ically tested during the next few years.
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This article is part of the Spotlight Issue on Heart Failure

1. Introduction
While state-of-the-art medical treatment for advanced heart failure is very 
effective,1,2 heart transplantation (HTx) may remain the last option for pa
tients with end-stage heart disease (reviewed previously3–6). However, the 
number of available human organs is far below the need. In 2021, 571 pa
tients in the Eurotransplant region received a heart transplant, but 1 150 
were on the active waiting list at the end of the year7 and 126 died in 
2021 while waiting for a heart.8 In the United States, 3 817 heart 

transplants were performed in 2021, but 3 502 patients were still on the 
waiting list at year’s end and 248 died waiting, whereas 946 were removed 
without receiving a transplant.9

As an option for patients who cannot receive a human heart in time, left 
ventricular assist devices (LVADs) or biventricular assist devices (BiVADs) 
have been developed. VADs have emerged as a viable ‘bridge to transplant
ation’, and as ‘destination therapy’ in patients who have contraindications 
to transplant or choose not to proceed to transplant; 78.1% of VAD reci
pients do not subsequently undergo heart transplants.10 A recent 
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systematic review revealed excellent short-term outcomes after implant
ation of continuous-flow (cf) LVADs (1- and 2-year survival of 83 and 
74%, respectively) but long-term survival remained limited due to the inci
dence of post-implantation adverse events. Particularly troublesome com
plications include bleeding and infection, which occur in up to 35 and 55% 
of patients, respectively.11 Bleeding is related to the requirement for life- 
long aggressive anti-coagulation in order to avoid thrombotic sequelae 
like cerebral emboli,12,13 coupled with acquired von Willebrand factor de
ficiency that causes very troublesome gastrointestinal bleeding in a sub
stantial minority of patients. Infection at the site where the electrical 
drive line traverses the skin of the abdominal wall can become resistant 
to treatment; when chronic, drive line infection greatly impairs quality of 
life and contributes to long-term mortality.

Right ventricular failure occurs in 40% of patients treated with an LVAD 
and is difficult to predict accurately. It contributes significantly to short- 
term mortality as well as a long-term reduction in quality and length of 
life among those surviving hospital discharge. Temporary additional right 
ventricular support systems, like Centrimag14 or Impella,15 are meant as 
a ‘bridge to decision’ and of course, these high-risk patients have to remain 
hospitalized during their treatment.

A retrospective study of 93 patients with totally implanted biventricular 
systems (BiVADs; which means the deployment of two separate implanted 
durable VADs, one for each side) reported 1-year and 2-year survival rates 
of 56 and 47%, results inferior to those after LVAD implantation or HTx. 
The most frequent adverse effect was again bleeding (35.5%), followed by 
infection (25.8%) and respiratory failure (20.4%).16 In a more recent review 
of various BiVAD devices (including HeartWare which was withdrawn 
from the market17 and the still available HeartMate 3), the median 
1-year survival was 58.5%; a median rate of 31% pump thrombosis (mainly 
right-sided) was observed.18

Results after implantation of total artificial heart devices are inferior to 
those after implantation of BiVADs in most individual centre series and 
in registry reports.19

Cardiac tissue engineering is currently used in drug discovery science 
and human disease modelling (reviewed previously20). Moreover, cardio
vascular constructs (vascular substitutes, heart valves, myocardium) with 
discrete structures and functions have been successfully produced, e.g. 
by 3D bioprinting.21 However, the fabrication of a fully functional heart 
has yet to be achieved and seems perhaps decades from realization.

Therefore, xenotransplantation (XTx)—the use of animal hearts—is 
currently the alternative to allotransplantation that will most likely enter 
the clinic soon. The history of clinical cardiac XTx attempts has been re
viewed recently.22 Hearts from non-human primates (chimpanzees or ba
boons) survived for only few days. An exception was the transplantation of 
a baboon heart into an infant girl (Baby Fae) surviving for 20 days.23

Although pigs are an immunologically discordant species relative to hu
mans, they are the donor species of choice for a number of reasons24: 

(1) Similar heart size and function as in humans.
(2) Availability of efficient and precise techniques for genetic engineer

ing to overcome rejection mechanisms and physiological limitations.
(3) High fecundity and short time of development to sexual maturity 

and adult size, allowing the prospect of efficient propagation by 
breeding of an optimized donor pig.

(4) Natural life expectancy of 15–20 years, suggesting that clinically use
ful organ longevity is likely.

(5) Low risk of disease transmission when maintained under designated 
pathogen-free (DPF) conditions.

(6) Ethical acceptance for use as a source of potentially life-saving or
gans for humans.

During the last decade, remarkable progress in pig-to-primate cardiac XTx 
was made due to (i) an improved understanding of the underlying pathobiol
ogy; (ii) the availability of genetically tailored donor pigs with multiple genetic 
modifications (GMs); (iii) the introduction of perfusion preservation of the 
donor hearts to prevent ischemia-reperfusion injury; (iv) the optimization 
of pre-clinical transplantation models in baboons; (v) the development of 

efficacious non-nephrotoxic immunosuppressive regimens; and (vi) the devel
opment of strategies for post-implantation growth control of the xeno-heart. 
Based on these developments, consistent long-term function of GM pig 
hearts after orthotopic transplantation into baboons for up to 6 months25,26

and recently for up to 9 months27 has been achieved.
In January 2022, the first compassionate use of a heart from a 10-fold GM 

cloned donor pig for a patient with terminal heart failure was announced 
(highlighted previously28). The patient died after 2 months and it remained 
unclear to which extent elicited anti-pig antibodies, anti-pig antibodies con
tained in the intravenous immunoglobulin (IVIg) preparations administered, 
and graft endothelial injury associated with porcine cytomegalovirus activa
tion in the graft may have contributed to this patient’s demise (29; discussed 
previously30). Nevertheless, demonstration of life-supporting heart function 
for over 45 days is generally accepted as a proof-of-principle that clinical car
diac XTx is feasible. In this overview, we summarize the background and add
itional steps we feel will be required to accomplish consistent long-term 
success and make ‘destination’ xenogeneic HTx a reality.

2. Pathobiology of pig organ XTx  
and concepts for GM of donor pigs
The pathobiology of organ XTx is more complex than that of allotrans
plantation, with the innate immune response playing a greater role. The 
factors that contribute to xenograft destruction have been comprehen
sively reviewed previously31 and so will only be summarized briefly here 
to provide context for the choices being discussed for pig design and recipi
ent management.

All humans and non-human primates (NHPs) develop antibodies during in
fancy that cross-react with antigens present on the cell surfaces of wild-type 
pig cells (i.e. cells from a genetically unmodified pig). Thus, when a wild-type 
pig organ transplant is carried out in a human or baboon, these antibodies 
immediately bind to the graft vascular endothelial cells. Some bound anti
bodies activate the complement cascade, and others attract leucocytes which 
adhere and infiltrate through Fc-receptor-mediated and Fc-independent me
chanisms; the graft is usually rejected within minutes to hours.32 By gen
eral consensus, if graft failure occurs within 24 h, the phenomenon is 
termed ‘hyperacute rejection’, the histopathological features of which in
clude venous thrombosis, loss of vascular integrity, interstitial haemorrhage, 
oedema, and innate immune cell infiltration (Figure 1).33–35 Hyperacute or 
‘early’ (within a few days) antibody-mediated rejection (AMR) can be delayed, 
but not prevented, by prior removal of anti-pig antibodies using one of several 
approaches: (i) by plasmapheresis, to non-specifically remove anti-pig anti
bodies, typically replacing lost serum proteins with plasma depleted of anti-pig 
antibody; (ii) by immunoadsorption against a ‘sponge’ organ, or a column ex
pressing target pig donor antigens; or (iii) by infusing one or more donor anti
gens, to adsorb preformed anti-pig antibody. Hyperacute rejection can also 
be delayed or prevented by complement depletion or blockade of 
complement-dependent cytotoxicity, either without or, more commonly, 
in conjunction with addressing antibody-driven mechanisms.

Hyperacute xenograft rejection of pig organs by humans or non-human 
primates is mainly triggered by antibodies against galactose-α(1,3)-galactose 
(αGal). In addition, humans have natural antibodies against 
N-glycolylneuraminic acid (Neu5Gc) and a glycan corresponding to the human 
Sd(a) blood group antigen (often termed β4Gal). In contrast, NHPs have only 
anti-αGal and anti-Sd(a) antibodies (reviewed previously36,37). Infant primates 
are believed to develop antibodies to carbohydrate antigens that they do not 
express when their gastrointestinal tract is colonized by microorganisms ex
pressing carbohydrate antigens which happen to be the same as those ex
pressed on pig cells (Figure 2A and B).38 To eliminate the αGal, Neu5Gc, and 
Sd(a) epitopes as anti-xenograft target antigens, pigs with inactivated 
α-1,3-galactosyltransferase (GGTA1), cytidine monophosphate-N-acetylneura
minic acid hydroxylase (CMAH), and β-1,4-N-acetyl-galactosaminyl transferase 
2 (B4GALNT2)/B4GALNT2L genes, so-called triple-knockout (TKO) pigs were 
generated as candidate pig organ donors for humans (Table 1, Figure 3A). 
Importantly in infant primates (including humans), the level of antibodies 
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directed against TKO pig cells is very low relative to WT or GGTA1-KO cells 
(Figure 2C and D). Similarly, many adult humans do not have antibodies against 
TKO pig cells. Based on this observation, some investigators believe that or
gans from TKO pigs could be sufficient to initiate clinical trials of XTx in hu
mans with a negative CDC crossmatch against TKO pig cells.

However, complement can be activated by pathways that do not involve 
antibody binding, e.g. consequent to ischemia-reperfusion injury. For this 
reason, and to minimize the consequences of any anti-pig antibody that 
is either preformed in the recipient or elicited after transplantation, we be
lieve that additional protection of the pig organ from complement- 
mediated injury is likely to prove beneficial to reduce xenograft injury. 
Protection of pig organs from complement-mediated injury has been 
achieved by the transgenic expression of human complement pathway 
regulatory proteins (CPRPs), i.e. CD46, CD55, and CD59, to inhibit the ac
tivation of the complement cascade (Figure 3A). Organs from pigs transgen
ic for one or more human CPRPs have a high degree of protection from 
human complement-mediated injury.45,75 The combination of TKO and 
expression of human CPRPs greatly reduces pig cell injury (Figure 4).76

Elimination of the targets of anti-pig antibodies also reduces antibody- 
dependent cellular cytotoxicity (ADCC) by natural killer (NK) cells. 
Since swine leucocyte antigen (SLA)-I cannot effectively bind inhibitory 
NK cell receptors, there is also a direct human NK cell cytotoxicity against 
porcine cells. Expression of human leucocyte antigen (HLA)-E/ 
β2-microglobulin (B2M) in transgenic pigs is a strategy to inhibit the 

activation of human NK cells carrying the inhibitory receptor CD94/ 
NKG2A48 (Figure 3B). Also, macrophages are activated by porcine cells, 
since porcine CD47 does not bind the ‘don’t eat me’ signal regulatory pro
tein alpha (SIRPα) on human macrophages. Therefore, transgenic pigs ex
pressing human CD47 have been generated (Figure 3B), and their cells are 
protected from human monocyte- or macrophage-mediated cellular 
cytotoxicity.49,78

Activation of human/NHP T cells against porcine xenotransplants oc
curs directly via the presentation of porcine peptides by porcine antigen- 
presenting cells (APCs) or indirectly via human/NHP APCs. Several 
costimulatory and coinhibitory signals are involved in this process 
(Figure 3C). The direct activation of T cells can be reduced by the elimin
ation or down-regulation of SLA molecules (reviewed previously24,79,80). 
The CD40–CD40L (CD154) costimulatory signal can be blocked by treat
ment with antibodies (see Section 3). In addition, transgenic pigs expressing 
CTLA4-Ig or its higher-affinity derivative LEA29Y50,51 have been developed 
to block the CD28-CD80/CD86 costimulatory pathway. A complemen
tary approach is the expression of membrane-bound human PD-L1 on 
pig cells to activate the inhibitory PD1 receptor on infiltrating human or 
NHP leucocytes.81 In addition, transgenic pigs harbouring a secreted 
monoclonal anti-human CD2 antibody construct to deplete and inhibit T 
cells and NK cells have been produced.82 For LEA29Y, PD-L1, or 
CD2-expressing pigs, local expression is being explored as an approach 
to down-modulate pathogenic immunity against the organ or cellular 

Figure 1 Histopathological features of hyperacute rejection of a wild-type pig heart after transplantation into a baboon—interstitial haemorrhage, oedema, 
capillary occlusion; haematoxylin & eosin (HE); bar = 50 µm.
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xenograft, and to reduce or replace the requirement for systemic 
immunosuppression.

Another facet of the pathobiology of pig organ XTx is coagulation path
way dysregulation (reviewed previously83,84). The contributing mechan
isms include the immune responses described above, which trigger 
inflammation, vascular injury, and a procoagulant surface on the porcine 
endothelium, and molecular incompatibilities between porcine and hu
man/NHP regulators of coagulation. While a systemic life-threatening con
sumptive coagulopathy can be avoided by the measures used to prevent 
hyperacute xenograft rejection, pig hearts after heterotopic abdominal 
transplantation in baboons showed microvascular thrombosis, or throm
botic microangiopathy (TM), even though the recipients received 
anti-coagulation therapy.85,86 TM could be avoided by transgenic expres
sion of human thrombomodulin (TBM) in the donor pigs (e.g.87,88), thereby 

overcoming the inability of porcine TBM in complex with human thrombin 
to promote the activation of human protein C in the anticoagulant path
way. This reaction is enhanced by the additional expression of endothelial 
protein C receptor (EPCR), and—while porcine EPCR appears to be func
tionally compatible with the human protein C pathway89—transgenic pigs 
expressing human EPCR have been produced that are expected to express 
higher EPCR levels and thus enhance protective thromboregulation.

Other GMs targeting coagulation dysregulation include the expression 
of human tissue factor (TF) pathway inhibitor (TFPI) to inhibit TF–factor 
VIIa complexes that initiate blood coagulation, the expression of human ec
tonucleoside triphosphate diphosphohydrolase 1 (CD39) that inhibits 
platelet aggregation and thrombus formation (reviewed previously83), 
and the siRNA-mediated knockdown of porcine TF expression.90 In add
ition, transgenic pigs expressing anti-inflammatory proteins such as human 

Figure 2 (A and B) Geometric mean (GM) binding and age correlation of human serum IgM (A) and IgG (B) antibodies to wild-type (WT) pig red blood cells 
(RBCs). There is a steady increase in IgM and IgG during the first year of life. (C and D) GM binding and age correlation of human serum IgM (C ) and IgG (D) 
antibodies to TKO pig RBCs. There is virtually no increase in IgM or IgG antibodies during the first year of life. (Note the great difference in the scale on the 
Y-axis between top and bottom. The dotted lines indicate no IgM or IgG binding) (reproduced with permission from Li et al.39).
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TNF-alpha-induced protein 3 (TNFAIP3 alias A20)65 or human haeme oxy
genase 1 (HMOX1)66 have been produced, hoping to prevent or diminish 
inflammation escaping control by other mechanism-directed GMs to the 
pig.

A consistent observation in pre-clinical cardiac XTx studies was a detri
mental overgrowth of the xeno-heart (e.g.25). One idea to solve this prob
lem was the generation of donor pigs with loss-of-function mutations of 
the growth hormone receptor (GHR) gene, which reduced their body 
and organ weights by about 50% without causing major metabolic distur
bances (91,92; discussed previously68). A holistic proteome analysis of 
GHR-deficient pig hearts did not reveal signs of major molecular abnormal
ities.69 Recent studies demonstrated that GHR-deficiency—among other 
GMs—facilitated the survival of orthotopic porcine cardiac xenografts be
yond 6 months.27,70

A summary of GMs proposed for xeno-organ donor pigs is provided in 
Table 1. Progress in gene editing technologies facilitated the generation of 
pigs carrying several of these GMs (reviewed previously93), in some cases 
up to 1194 or 12.95 We focus here on the combinations that have been 
tested in heterotopic or orthotopic HTx experiments in baboons 
(Section 3).

3. Relevant results of heterotopic 
and orthotopic HTx in the 
pig-to-NHP model
The early results of pig HTx in NHPs (1968–2013) were comprehensively 
reviewed previously.96,97 The most widely used recipient species for pre- 
clinical porcine cardiac XTx is the baboon (Papio anubis or hamadryas). 
In these animals, three different transplantation models have been estab
lished (reviewed previously98).

In the abdominal heterotopic cardiac XTx technique, the porcine pul
monary artery is anastomosed to the recipient inferior vena cava and 
the pig aorta to the recipient abdominal aorta (Figure 5A). After opening 
the vascular clamps, the transplanted heart is perfused via the coronary 
arteries and starts pumping, the coronary venous blood finally leaves 
the heart through the pulmonary artery trunk. Since there is no system
ic venous return, the transplant’s ventricles are not subjected to volume 
loading: the heart beats, but is empty except for coronary venous re
turn, and does not support the recipient circulation. The recipient sur
vives on his native heart, which is left untouched. This model is mainly 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Table 1 Comprehensive list of GMs of donor pigs designed for, and potentially useful to enable, cardiac xenotransplantation

Aim/Genetic modification Ref.

Deletion of specific carbohydrate antigens

α-1,3-galactosyltransferase knockout (GGTA1-KO) 40

cytidine monophosphate-N-acetylneuraminic acid hydroxylase knockout (CMAH-KO) 41,42

β-1,4-N-acetyl-galactosaminyl transferase 2 knockout (B4GALNT2/B4GALNT2L-KO) 43

Expression of human complement-regulatory proteins
human membrane cofactor protein transgenic (hCD46-tg) 44

human decay-accelerating factor transgenic (hCD55-tg) 45

human membrane inhibitor of reactive lysis transgenic (hCD59-tg) 46

human complement-regulatory protein C1 inhibitor transgenic (hC1-INH-tg) 47

Prevention of NK cell and macrophage activation

HLA-E/human beta2-microglobulin transgenic (HLA-E/B2M-tg) 48

human signal regulatory protein alpha transgenic (hCD47-tg) 49

Prevention of T-cell activation

human LEA29Y transgenic (LEA29Y-tg) 50,51

human CTLA4-Ig transgenic (hCTLA4-Ig-tg) 52

porcine CTLA4-Ig transgenic (pCTLA4-Ig-tg) 53

SLA class I KO or B2M KO 54–57

human dominant-negative mutant class II transactivator transgenic (CIITA-DN-tg) or CIITA mutant to reduce SLA class II expression 58,59

Expression of human coagulation-regulatory proteins

human thrombomodulin transgenic (hTBM-tg) 60

human endothelial protein C receptor transgenic (hEPCR-tg) 61

human tissue factor pathway inhibitor transgenic (hTFPI-tg) 62

human ectonucleoside triphosphate diphosphohydrolase-1 transgenic (hCD39-tg) 63

human ecto-5′-nucleotidase transgenic (hCD73-tg) 64

Expression of anti-inflammatory proteins

human tumour necrosis factor α–induced protein 3 (TNFAIP3) transgenic (A20-tg) 65

human haeme oxygenase 1 transgenic (hHMOX1-tg) 66

soluble human TNFRI-Fc transgenic (shTNFRI-Fc-tg) 67

Prevention of excessive growth
Growth hormone receptor knockout (GHR-KO) 68–70

Reduction/elimination of the risk of PERV transmission

Knockdown of PERV expression 71–73

Genome-wide inactivation of PERV pol gene 74

KO, knockout; tg, transgenic; PERV, porcine endogenous retrovirus.
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Figure 3 Mechanisms of xenograft rejection and strategies to overcome them. (A) Hyperacute rejection of pig-to-primate xenografts (HAR) is triggered by the 
binding of recipient’s preformed natural antibodies to specific carbohydrate antigens [αGal, Neu5Gc, Sd(a)] on the surface of pig cells and subsequent activation of the 
complement system. In addition, bound antibodies activate natural killer (NK) cells via Fc-receptors (FcR) causing antibody-dependent cellular cytotoxicity (ADCC) by 
the release of lytic granules. In order to overcome HXR, donor pigs are genetically multi-modified to lack specific glycosyltransferases [α-1,3-galactosyltransferase 
(GGTA1), cytidine monophosphate-N-acetylneuraminic acid hydroxylase (CMAH), β-1,4-N-acetyl-galactosaminyl transferase 2 (B4GALNT2), and a recently discov
ered B4GALNT2-like (B4GALNT2L) enzyme] and to express one or several human (h) complement-regulatory proteins [membrane cofactor protein (CD46), 
decay-accelerating factor (CD55), membrane inhibitor of reactive lysis (CD59)] to prevent complement-mediated cell lysis via formation of membrane attack com
plexes (MACs). (B) Responses of NK cells and macrophages. In addition to ADCC, NK cells exhibit direct cytotoxicity of pig cells because swine leucocyte antigens 
(SLAs) do not effectively bind to inhibitor receptors of human/NHP NK cells (KIRs) to prevent their activation. Additionally, activating signals, resulting from activating 
NK cell ligands (ALs) on pig cells with their corresponding activating receptors (ARs) on primate NK cells may be involved. NK cell activation may be prevented by 
expressing HLA-E/beta2-microglobulin (B2M) in transgenic pigs. HLA-E binds the inhibitory NK cell receptor CD94/NKG2. Macrophages are activated by FcRs bind
ing the Fc portion of anti-pig antibodies. In addition, they are activated by galectin-3 binding αGal on pig cells. Porcine (p) CD47 does not activate the ‘don’t eat me’ 
receptor signal regulatory protein-α (SIRPα) on human macrophages. Therefore, transgenic pigs expressing hCD47 were generated to inhibit macrophage activity 
against xenogeneic cells. (C) Activation of T cells against xenotransplants may occur directly via porcine antigen-presenting cells (APCs) or indirectly via human/primate 
APCs presenting porcine peptides. In addition to the interaction of the peptide-presenting major histocompatibility complex (MHC) with the T-cell receptor (TCR), 
costimulatory signals are required, most importantly CD40—CD40L (CD154), which can be blocked by treatment with anti-CD40 and/or anti-CD40L antibodies to 
prevent T-cell activation. Another costimulatory pathway, CD80/CD86—CD28, can be blocked by treatment with CTLA4-Ig or its affinity-optimized variant LEA29Y. 
Another strategy is the involvement of the coinhibitory pathway PD1—PD-L1 expressing hPD-L1 in transgenic pigs. Finally, pigs lacking SLAs or expressing SLAs with 
reduced activating capacity have been produced to reduce T-cell activation via the direct pathway.
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used to evaluate the efficacy of immunosuppressive regimens and new 
combinations of GMs. With appropriate immunosuppressive therapy, 
pig hearts lacking αGal and expressing hCD46 and hTBM have survived 
for up to 945 days (median 298 days) in this model (87; reviewed 
previously99).

In the intrathoracic heterotopic cardiac XTx technique, the xenograft is 
connected to the recipient heart in the right thoracic cavity, thus com
pressing parts of the upper and middle lobes of the right lung. Four anas
tomoses are performed to allow partial or complete life-supporting 
circulation: between the respective left and right atria to provide 
physiologically appropriate bi-atrial ‘inflow’; and end-to-side ‘outflow’ 
connections of the graft to the ascending aorta and pulmonary artery 
trunks, the latter requiring an extension using an interposition 
Dacron- or Gore-Tex graft; Figure 5B). In this ‘piggyback’ position, the 
xeno-heart can partly or fully support the recipient’s organ perfusion 
requirements. This technique—clinically introduced by Christiaan 
Barnard and his team100–102—has been discussed as a possible scenario 
for the clinical translation of cardiac XTx as the recipient’s native heart 
can provide at least partial support as a back-up in case of xeno-heart 
failure.24

The most stringent model is the orthotopic cardiac XTx technique, in 
which the baboon heart is replaced by a pig heart using a surgical procedure 
identical to that of cardiac allotransplantation (Figure 5C).103 This model 
rigorously tests the life-supporting function of the xeno-heart, and consist
ent success in this model is considered a prerequisite before entering clin
ical cardiac XTx studies.104 Since the first orthotopic transplantation of GM 
pig hearts in baboons,105 a remarkable series of additional experiments has 
been performed in different laboratories to optimize all remaining aspects: 
a consistent and well-defined phenotype of GM donor pigs; non-ischemic 

preservation of the heart using ex vivo perfusion; non-nephrotoxic im
munosuppression; and post-implantation growth control of the xeno- 
heart (Table 2).

In our estimation, four major factors were essential to achieve consist
ent long-term survival in the orthotopic heart XTx model: 

(1) GM pig hearts which are protected against hyperacute rejection and 
TM

While the inactivation of GGTA1 along with expression of hCD46 and 
hTBM has proven sufficient to achieve intermediate-term survival in the 
orthotopic NHP model, the combination of inactivation of GGTA1, 
CMAH, and B4GALNT2/B4GALNT2L plus transgenic expression of one or 
several complement-regulatory proteins and human TBM is our preferred 
minimal set of GMs for clinical cardiac XTx studies. Testing this combin
ation in baboons is complicated by a significant difference in the innate im
mune response between humans and NHPs. In contrast to humans, all 
Old-World monkeys, including baboons, express Neu5Gc, as do pigs. 
When Neu5Gc is deleted in TKO pigs, it appears that another xenoantigen 
(sometimes known as the ‘4th xenoantigen’, presumed a glycan) is ex
posed. The structure and identity of the ‘4th xenoantigen’ remains un
known, but most NHPs have natural antibodies against CMAH-KO or 
TKO cells.43 Binding of these antibodies to the TKO pig graft is associated 
with a high level of complement-dependent cytotoxicity111–113 and re
duced graft survival in heart27 and kidney114 XTx models. This clinically ir
relevant phenomenon has proved to be a major barrier to using NHPs to 
model how a TKO pig organ transplanted into a human recipient would 
behave.114,115 We conclude that inactivation of the CMAH gene reduces 
the antigenicity of pig cells to human serum, as expected, and should be 

Figure 4 Effect of xenoantigen knockout and expression of comple
ment inhibitors on serum cytotoxicity as measured by image-based 
complement-dependent cytotoxicity assay. Cytotoxicity decreased sig
nificantly from wild type with each additional knockout (columns with dif
ferent superscripts, P < 0.05). Cytotoxicity was nearly eliminated when 
CRPs were expressed as either hCD46 alone or multi-copy hCD46, or 
from a single-copy bicistron composed of hCD46 and hCD55. All geno
types, except wild type, include a GGTA1-KO background (reproduced 
with permission from Eyestone et al.77).

Figure 5 Models of pig-to-baboon cardiac xenotransplantation: (A) 
heterotopic abdominal, (B) heterotopic thoracic, (C ) orthotopic techni
ques, (D) donor, and (R) recipient (modified with permission from 
Mohiuddin et al.98).
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included in pigs intended for clinical use, but should be avoided for pre- 
clinical trials (43,113; reviewed previously116).

Based on the observations after orthotopic cardiac XTx in baboons, 
consistent expression of one complement and one coagulation pathway 
regulatory protein appears to be sufficient, and there is no clear evidence 
of a requirement to include hEPCR, hCD47, and hHMOX1, although they 
may turn out to be valuable. 

(2) Development of a non-nephrotoxic immunosuppressive regimen 
involving CD40–CD154 co-stimulation blockade

Initial pig-to-baboon cardiac XTx studies used conventional immuno
suppressive regimens including cyclophosphamide, cyclosporine A or ta
crolimus, mycophenolate mofetil, and corticosteroids. Since 2000, 
co-stimulation blockade—first with anti-CD154 mAb—was used in 
heterotopic HTx experiments (117; reviewed previously118). Since 
anti-CD154 mAb was found to be thrombogenic in humans, anti-CD40 
mAb-based regimens were established and have contributed to the longest 
reported xenograft survivals of pig hearts after heterotopic87 and orthoto
pic transplantation in baboons.25,27 The anti-CD40 antibody KPL-404 
(Kiniksa Pharmaceuticals) was used in the recent compassionate trans
plantation of a GM pig heart in a patient.29 It is important to note that 
CD40 and CD154 are differently expressed by the cell types involved in 
xenograft rejection: Dendritic cells, B cells, macrophages, and endothelial 
cells constitutively express CD40; only activated CD4+ T helper cells, 
CD8 + cytotoxic T cells, monocytes, and non-activated platelets express 
CD154 (reviewed previously119). New antibodies, including structurally 
modified, non-thrombogenic versions of anti-CD154,120 are in clinical de
velopment (reviewed previously121,122).

Importantly, although blockade of the CD80/CD86-CD28 pathway 
using CTLA4-Ig or related molecules had some effect in vitro, it was insuf
ficient in vivo in the pig-to-baboon model.88,123 Since 2000, therefore, al
most all successful in vivo studies have been based on an 
anti-CD4025,27,87 or anti-CD154 agent.120,124 Although only tested in 
one baboon to date, the important role of these agents (in this case 
anti-CD40 mAb 2C10) in maintaining a GM organ graft was demonstrated 
recently by prolonged graft survival from 2 to 4 months after XTx when all 
other immunosuppressive therapy was discontinued.125

(3) Perfusion preservation of the donor heart

Initially, the results of orthotopic xenogeneic HTx in baboons were in
consistent and unpredictable with 40–60% perioperative mortality, despite 
the use of clinically approved preservation techniques (reviewed previous
ly99). This phenomenon was termed ‘Perioperative Cardiac Xenograft 
Dysfunction’ (PCXD) and was thought to be due to ischaemia reperfusion 
injury.98,126 PCXD has been consistently prevented by perfusing the grafts 
with an 8°C hyperoncotic cardioplegic solution containing erythrocytes, 
nutrition, and hormones127,128; perfusion was intermittently continued 
during implantation.25,26,128 Perfusion preservation of the donor heart to 
minimize graft ischaemia was also employed in the first compassionate 
use of a GM pig heart for a terminally ill patient.29

(4) Post-implantation growth control of the xeno-heart.

Domestic pig breeds used for XTx experiments, such as Landrace or 
Large White, attain total body weight (TBW) of 200–300 kg when fully 
grown. Organ sizes increase proportionally to TBW, although a recent 
study suggests cardiac sizes become disproportionally smaller once a 
TBW of 150 kg is surpassed.129 Having reached 150 kg TBW, a porcine 
heart is twice as large as that of an adult human and 6 times as large as 
that of an adult baboon (600 vs. 300 vs. 100 g). This size mismatch is of 
great importance both for pre-clinical experiments as well as the clinical 
application of cardiac XTx.

For many years, it was believed that after xenogeneic transplantation, 
the graft would adapt to the growth regulation of the recipient under 
the influence of extrinsic (recipient-dependent) factors such as hormones 
and growth factors (reviewed previously130,131). Yet some 90 years ago, 

Twitty and colleagues demonstrated that the growth of organs after inter
species transplantation is (mostly) defined by intrinsic factors, i.e. genetic 
determination.132 In their experiments, the transplanted organs attained 
sizes characteristic of the donor species. Intrinsic organ growth regulation 
was also observed in allogeneic and xenogeneic kidney transplantation 
experiments.133,134

After pig-to-baboon heart XTx, graft overgrowth caused a reduction in 
pulmonary function in the heterotopic thoracic model,102 and diastolic 
pump failure and subsequent congestive liver damage in the orthotopic 
model.25 In a recent study, physiological differences in afterload parameters 
(arterial blood pressure, systemic vascular resistance) have been described 
to be additionally responsible for myocardial hypertrophy and diastolic 
heart failure besides the obvious size mismatch of swine and NHPs.135

Cardiac overgrowth was successfully prevented by decreasing the blood 
pressure (baboons have a higher blood pressure than pigs), early weaning 
from cortisone, and treatment with Sirolimus or the prodrug 
Temsirolimus, which inhibit activation of the mechanistic target of rapamy
cin (mTOR) and thereby cardiomyocyte hypertrophy.25 An alternative is 
the use of donor pigs with a GHR knockout, which reduces body and organ 
sizes (except brain) to roughly 50% of wild type.69,91 Hearts from GHR 
knockout pigs did not show the characteristic hypertrophic changes after 
orthotopic transplantation in baboons.27 An alternative, of course, is to use 
a miniature swine, e.g. Yucatan, as the basis for genetic manipulation.120

Another option is Auckland Island pigs, which have adult organ sizes match
ing those of humans. Moreover, this breed includes animals free of porcine 
endogenous retrovirus type C (PERV-C; Olga Garkavenko and Joachim 
Denner, personal communication), a proposed regulatory requirement 
for clinical XTx studies (reviewed previously136).

4. Monitoring of pig heart function 
after orthotopic XTx
4.1 How does a healthy pig heart function 
compared with a healthy human/baboon 
heart?
The porcine heart is similar to the human heart in most anatomical aspects, 
but not identical.137 There are several specific differences important for 
XTx surgery: in swine, a prominent left azygous vein exists and is drained 
via the coronary sinus; the left atrium receives 5–7 pulmonary veins138 in
stead of four as observed in man; the porcine superior and inferior caval 
veins open into the atrium in right angles, whereas in man the orifices 
are in line.139 Regarding function, the heart of a healthy swine is mostly 
comparable with that of a healthy human. Thein and Hammer140 reported 
that cardiac output, stroke volume, heart rate, and myocardial flow are al
most identical in adult pigs and humans. Also, the mean arterial blood pres
sure and oxygen-binding capacity of the blood are similar. The main 
differences between the two species are their systemic vascular resistance 
(SVR) and pulmonary vascular resistance (PVR), which are twice as high in 
full-grown pigs as in humans. This might facilitate the porcine heart’s func
tion after transplantation into the upright human, where the heart would 
need to keep up blood circulation over a height of approximately 1.50 m 
compared with 0.50 m in the horizontally postured pig.140 However, 
Thein and Hammer compared individuals of different sizes; when taking 
the body surface into account, the systemic vascular resistance index 
(SVRI) would approximately be the same in pigs and men.

For pre-clinical studies, NHPs (such as Papio sp.) are typically used as re
cipients for XTx experiments.104 Bert et al.141 found high structural and 
quantitative similarities between the healthy baboon and human hearts 
in echocardiography studies; specific exceptions are an elevated left ven
tricular mass in baboons, low pulmonary vascular resistance, thickened 
walls of pulmonary artery and aorta, an oversized mitral valve orifice and 
a very large left coronary artery. As baboons are much smaller than hu
mans (20 vs. 75 kg), juvenile swine must be used as organ donors for 
XTx experiments. Baboons have comparable cardiac outputs, stroke 
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volumes, and heart rates, but 60% higher arterial pressures than size- 
matched piglets135; the SVRI of a healthy baboon is comparable with 
that of a man, but more than twice as high as compared with piglets. 
Apparently, the SVRI is lower in juvenile pigs and increases with age, similar 
to men.142 Volumetric parameters of cardiac load derived by transpulmon
ary thermodilution, such as global end-diastolic volume, are different be
tween the two species and do not fall into human reference values,135

thus they need to be used with caution for perioperative goal-directed 
therapy.

4.2 Indicators of rejection
In the early days of XTx research, a fall in the platelet count and in serum 
fibrinogen in the NHP recipient indicated the development of a TM within 
the graft and consumptive coagulopathy in the recipient.143 With the trans
genic expression of human coagulation-regulatory proteins in the organ- 
source pig, this complication is now rarely seen, but these parameters 
should still be monitored. (On occasions, when the pig organ inadvertently 
does not express all of the human ‘protective’ proteins, which can occur 
after cloning, then reductions in platelet count and serum fibrinogen may 
well be seen.) Today, however, rejection or impending graft failure is 
more likely to be indicated by an increase in troponin (suggesting throm
botic complications within the graft) and/or a deterioration of graft func
tion as seen in transthoracic echocardiography.109

Immune monitoring has been disappointing in predicting or even con
firming rejection.144 There may be no increase in serum anti-pig antibody 
levels because the antibodies are binding to the graft. However, if a signifi
cant increase in antibody levels is documented, this would support a diag
nosis of AMR. The T- and B-cell counts may remain unchanged. To our 
knowledge, changes in serum cytokine levels have not been carefully 
studied.

Several new diagnostic approaches based on the detection of cell-free 
nucleic acids from the transplant in the recipient’s circulation are currently 
being investigated in allotransplantation.145–147 This approach should also 
work for XTx with the advantage that the origin of circulating nucleic acids 
from the transplant can be identified more easily due to the higher degree 
of sequence divergence.

4.3 Prospects for treatment of acute AMR
AMR can develop rapidly over the course of just 2 or 3 days. In our experi
ence, attempts to reverse AMR using high-dose steroid therapy have pro
ven uniformly unsuccessful. We suggest, therefore, that attention must be 
directed to safely prevent AMR (see chapter 2, Figure 3) as well as towards 
development and testing in pre-clinical models of potential AMR treatment 
options. These topics have been explored in allosensitized patients under
going kidney allotransplantation,148 and we will continue to learn from this 
increasing experience. Plasmapheresis and the administration of IVIg play 
important roles in the allosensitized patient, but plasmapheresis and immu
noadsorption are difficult, though not impossible,149 to test in small NHPs. 
IVIg therapy carries the risk of infusing the recipient with anti-pig antibodies 
unless the product is adsorbed against donor cells or through a donor- 
phenotype organ prior to infusion.150 The application of these approaches 
will prove much easier in human patients than in experimental NHPs.

Jordan and his colleagues148 have explored several approaches to pre
vent and/or treat AMR: (i) anti-plasma cell therapy (e.g. proteasome inhibi
tors), (ii) IL6 and IL6R inhibitors, (iii) complement inhibition, and (iv) 
IgG-degrading enzymes. These approaches have not yet been fully ex
plored in XTx. It is likely that a combination of these approaches may be 
required to prevent and/or reverse AMR of a pig xenograft.

5. What experimental results would 
justify a formal clinical trial?
National regulatory bodies have the authority to determine what experi
mental benchmarks in pre-clinical studies are appropriate as the basis for 
approving clinical trials of XTx. However, with regard to cardiac XTx, 

we would suggest that the expectation from experimental studies in 
pig-to-NHP models should not be too high, based on these considerations: 

(1) Some patient populations are unlikely to have timely access to a hu
man organ donor, considering the number of potentially suitable or
gans that become available each year for that disease category, 
blood type, anti-human antibody sensitization level, and other re
cipient demographics.

(2) Expected outcomes (survival duration, likely complications, and ex
pected quality of life) associated with ‘destination therapy’ or ‘bridge 
to transplant’ with a mechanical circulatory device are very poor for 
some patient populations, including infants with congenital heart 
disease.

(3) The ‘4th xenoantigen’ greatly complicates interpretation of experi
ments using the pig-to-NHP experimental model to test organs 
from pigs including the TKO genotype.111,112

Given that numerous patients who can be expected to die on the waitlist 
might benefit from a successful organ xenograft and based on our current 
knowledge and available tools, we feel that a strong case can be made for 
the ‘compassionate’ implantation of a GM pig heart in a few well-selected 
candidates.

In 2000, the ad hoc Xenotransplantation Advisory Committee of the 
International Society for Heart and Lung Transplantation (of which two 
of us were members) recommended that consistent survival of NHPs sup
ported by pig orthotopic heart transplants for 3 months would be suffi
cient to warrant moving to a clinical trial.104 That recommendation was 
made at a time when, because of the unavailability of pigs with adequate 
GMs and the inadequacy of the immunosuppressive therapy available to 
us, achieving even 3-month survival had been unobtainable. The state of sci
ence has changed dramatically since those pioneering days, and conse
quently the experimental evidence suggesting the likely success of a 
clinical trial needs to be stronger, and indeed is already being ap
proached.25–27

We therefore suggest that (allowing for complications that are inevitably 
met in the pig-to-NHP model) consistent survival of up to 6 months, in the 
absence of features of irreversible rejection or infection, would be suffi
cient to warrant moving towards a clinical trial in carefully selected patients. 
Achieving survival for longer durations, with at least one or two recipients 
being followed for at least 9 or even 12 months, would be reassuring to 
investigators, potential recipients, and regulators, but is not a substitute 
for clinical experience to inform future directions. Evidence for the absence 
of graft injury could be confirmed by low serum troponin measurements, 
absence of circulating pig cell-free DNA, preserved graft morphology and 
function by transthoracic echocardiography, and evaluation of heart 
morphology and histology on post-mortem examinations. A ‘clinically ac
ceptable’ immunosuppressive regimen would be expected to yield good 
clinical condition of the NHP recipients (i.e. normal activity, appetite, and 
age-appropriate weight gain as well as preserved biochemical and histologic 
indices of end-organ function) in the absence of serious non-cardiac com
plications or comorbidities.

Studies in an experimental model that (in view of the ‘4th xenoantigen’) 
does not accurately reflect the clinical situation are likely to overestimate 
the remaining barriers to clinical success,151,152 and managing immunosup
pressed NHPs under laboratory conditions is significantly more difficult 
than managing a human patient in a hospital setting.

Based on our very encouraging pre-clinical results, we firmly believe that 
the time has come to move into the clinic. We feel we are at a stage when 
truly significant progress can be made in small, carefully conducted clinical 
trials. However, we would emphasize that any clinical trial should be car
ried out by a team with both experiences of clinical HTx and of orthotopic 
HTx in the pig-to-NHP model.

Intrathoracic heterotopic HTx (Figure 5B) is one possible choice in the 
early stages of clinical xenogeneic HTx, since the patient´s own heart 
may keep a recipient alive in case the xenograft exhibits transient dysfunc
tion or fails. This technique was clinically introduced100,153 when primary 
allograft failure was a common problem. Under those clinical conditions, 

D
ow

nloaded from
 https://academ

ic.oup.com
/cardiovascres/article/118/18/3499/6869130 by guest on 11 D

ecem
ber 2025



3510                                                                                                                                                                                                  B. Reichart et al.

the transplanted left ventricle typically supported on average 73% of the 
total cardiac output.154 Long-term results were good for that era, although 
post-operative anti-coagulation was mandatory to avoid clot formation 
within the recipient left ventricle and systemic thromboembolism.155

Our group (B.R., M.L., and E.W.) carried out consecutive pig-to-baboon 
heterotopic heart xenograft experiments between 2009 and 2013. 
Short-term results (recipient survival, initial xenograft function) were ex
cellent, but long-term results were limited due to the toxic immunosup
pressive therapy under study at that time (before co-stimulation 
blockade was available),102 and before the problem of intrinsic donor organ 
overgrowth was identified and controlled. In our view, based on the recent 
Maryland experience orthotopic trials are equally justifiable and technically 
simpler.

6. Selection of patients
It should be noted that, to date, no NHP has survived longer than 9 months 
after being supported by an orthotopic pig heart transplant.25,27

Consequently, regulatory authorities like the FDA or EMA may be of the 
opinion that pig HTx should initially be offered as a bridge, e.g. for several 
months, when a cardiac allotransplantation could subsequently be per
formed if clinically indicated. Initial candidates could include patients who 
are poor candidates for mechanical circulatory support (hypertrophic car
diomyopathy, prior mechanical valve replacements, deteriorated aortic 
bioprothesis, post-infarct VSD). Such patients might become candidates 
for a xenograft ‘bridge’ to allotransplantation due to the high risk of death 
before an allograft becomes available due to increasingly unstable arryth
mia burden or inotrope requirement, especially those with a high panel- 
reactive antibody (PRA). Some patients with a relatively recently treated 
malignancy might also be bridged to future consideration of an allograft. 
Among elderly patients with high PRA, particularly those with risk factors 
for poor outcomes after heart allotransplantation (reoperative status, po
tentially reversible renal or liver dysfunction, progressive debility likely at
tributable primarily to heart failure), the consent process should anticipate 
that the xenograft is intended as a definitive (‘destination’) transplantation 
option without necessarily excluding reconsideration of candidacy for a 
subsequent allograft. With the experience gained from bridging, the poten
tial for destination therapy will become clearer. The majority of us, how
ever, advocate for testing heart xenografts as ‘destination therapy’ in 
recipients for whom an allograft is unlikely to be feasible, including patients 
who are highly sensitized against human alloantigens but lack anti-pig anti
bodies reactive to the intended source pig.

The first patients for clinical cardiac XTx trials must be carefully selected 
to justify this intervention and ensure favourable outcomes. In general, in
tensive care unit (ICU)-dependent patients with end-stage heart failure 

requiring continuous intravenous catecholamines are good candidates; sec
ondary liver and kidney damage must be considered likely reversible, and 
pulmonary hypertension medically treatable (reviewed previously24). 
Potential indications for the initial clinical trials of pig HTx are summarized 
in Table 3.

Of these, we have a special enthusiasm for using heart xenografts to ad
dress the unmet needs of paediatric patients with complex congenital heart 
disease, particularly those with single right ventricular physiology. Although 
palliative surgical techniques (Norwood, Fontan) provide adequate palli
ation in some patients, survival and quality of life are limited, particularly 
in patients with high-risk anatomic lesions or complex arrhythmias. In 
contradistinction, these high-risk patients do well after allotransplanta
tion,156 but have a high mortality while waiting for a suitably-sized heart 
from a deceased human donor, particularly if they are sensitized to alloan
tigens after implantation of a homograft for reconstruction of their original 
cardiac pathology.157 In addition, mechanical circulatory assist for small 
children is associated with little success, particularly in patients with single- 
ventricle physiology.158 The fact that human infants rarely have anti-TKO 
pig antibodies (Figure 2C and D),39 and the observation that the administra
tion of an anti-CD154 mAb prevents the development of even natural 
anti-pig antibodies (as well of elicited antibodies)159 strongly suggests 
that a cardiac xenotransplant in this age group would likely be life- 
supporting until a suitable allograft became available.

An important question is whether, if the recipient becomes sensitized to 
the pig organ graft, this will be detrimental to the outcome of subsequent 
cardiac allotransplantation. The current, and increasing, evidence is that 
sensitization to a pig xenograft will not be detrimental to a subsequent allo
graft.160–162 This is in contrast to the evidence that indicates that prior al
losensitization may be detrimental to a subsequent allograft whereas it has 
been clearly documented that the anti-HLA alloantibodies do not cross- 
react with pig antigens.162,163

Attempting cardiac XTx as a bridge in paediatric patients who are at high 
risk of death while awaiting allotransplantation would seem ethically justi
fied, with little risk of causing (additional) sensitization to alloantigens.160– 

162,164

Finally, yet importantly, how should such studies be planned? In the be
ginning, only a few patients would be included in a pivotal or pilot study. 
Assuming their successful long-term outcome, the up-scaling of a herd of 
safe source pigs will then be next (Figure 6). One big central production 
unit (or farm) per continent would probably be enough to serve the needy 
patients: with the porcine hearts perfused, they will be transported to the 
various cardio-surgical clinics located all over, e.g. Europe. Regulatory au
thorities will demand strict biobanking and data collection, an ideal oppor
tunity to test their success vs. implantation of mechanical assist devices.

7. Safety of XTx (potential infectious 
complications)
The microbiological and virologic safety profile of porcine xenotransplants 
is very high since GM donor pigs can and must be maintained in designated 
pathogen-free (DPF) barrier facilities ensuring the absence of zoonotic 
pathogens (reviewed previously165,166). Successful concepts for the design 
of DPF facilities are in place (e.g.167). In addition, highly sensitive and specific 
assays have been established for specific pathogens which must be absent 
from the donor pigs.168 Some of them, e.g. the porcine cytomegalovirus, 
had a significant negative effect on cardiac xenograft survival in pre-clinical 
transplantation experiments169 and may have contributed to the Maryland 
heart xenograft recipient’s demise.29 It is thus mandatory to use strictly 
DPF donor pigs and confirm the absence of porcine cytomegalovirus using 
sensitive PCR assays170 and serological methods. In addition to the tar
geted screening approach, next-generation sequencing offers the oppor
tunity to screen donor pigs in a holistic manner, potentially even 
detecting currently unknown infectious agents.171

Of special importance are the porcine endogenous retroviruses 
(PERVs). PERVs are integrated in the genome of pigs: PERV-A and 
PERV-B are present in the genome of all pigs, whereas PERV-C is in the 

Table 3 Potential indications for the initial clinical trials of 
pig heart transplantationa

1. Relative or absolute contraindications to mechanical circulatory support, 

e.g. 
(a) restrictive or hypertrophic cardiomyopathy 

(b) presence of a dysfunctional mechanical valve prosthesis or 

degenerated bioprosthesis 
(c) atrial or ventricular septal defect

2. High titres of broadly panel-reactive anti-HLA antibodies (high PRA) that 

do not cross-react with swine leucocyte antigens (SLA)
3. Chronic rejection after cardiac allotransplantation

4. Infants and children with complex congenital heart disease, e.g. after atrial 

correction of a transposition of the great arteries, single-ventricle 
circulation after right ventricular Fontan procedures

aBased on Chaban et al.22

D
ow

nloaded from
 https://academ

ic.oup.com
/cardiovascres/article/118/18/3499/6869130 by guest on 11 D

ecem
ber 2025



Cardiac xenotransplantation                                                                                                                                                                                 3511

genome of most, but not all, pigs. PERV-A and PERV-B are polytropic and 
can infect human cells in vitro, whereas PERV-C is ecotropic and infects only 
pig cells.172 Recombinants between PERV-A and PERV-C infect human 
cells in vitro and are characterized by higher replication rates compared 
with PERV-A.173,174 PERV-A, PERV-B, and PERV-A/C have been shown 
to infect mostly human tumour and immortalized cells, but rarely primary 
cells. To date, PERV transmission has not been detected in numerous XTx 
pre-clinical trials in NHPs and other species, in in vivo infection experiments 
in different species,175 nor in the clinical XTx of pig islet cells in diabetic 
patients.176,177

Several strategies have been proposed to prevent PERV transmission: 
(i) selection of pigs with low expression of PERV and therefore a low prob
ability to release infectious particles; (ii) selection of PERV-C-negative ani
mals to prevent PERV-A/C recombination; (iii) vaccination of the recipient 

before transplantation; (iv) use of anti-retroviral drugs; and (v) inhibition of 
PERV expression by RNA interference.172 In addition, pigs with inactivated 
PERVs have been generated using CRISPR/Cas9 technology.74 Since this 
strategy may be associated with several problems, such as severe off-target 
effects178,179 and reduced viability of the pigs,74 and to date no PERV trans
mission has been observed in pre-clinical and clinical XTx trials,176,180 the 
question arises whether this strategy is required for safe XTx.181

8. Ethical considerations and 
regulatory aspects
The ethical aspects of XTx have been discussed extensively in several re
views and commentaries.182–186 Many are similar to those raised regarding 

Figure 6 Stepwise clinical translation of cardiac xenotransplantation. After the first compassionate use of a 10 × GM pig heart for a patient, ongoing pre- 
clinical studies need to be finalized and the donor pigs need to be transferred to a designated pathogen-free (DPF) status to get approval for a clinical pilot trial. 
After successful completion, stepwise expansion to routine clinical use can be envisaged.
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allotransplantation, and others relate to animal welfare or the biotechnol
ogy industry. However, the significant benefits of XTx must not be over
looked, e.g. negating the illegal trade in organs from living human donors, 
and eliminating the (small) risk associated with the excision of kidneys 
from healthy altruistic living donors. The question of whether the recipient 
of a pig organ, who will need to be monitored for potential pig-related 
complications throughout life, can withdraw from a clinical trial has been 
raised.

There will always be those who object to the use of animals, but the fact 
that in the USA alone more than 100 million pigs are slaughtered each year 
for food reduces the concern for using pigs for these life-saving proce
dures. Organ-source pigs will be housed under ideal conditions and will 
be euthanized under anaesthesia after the surgical removal of the organs. 
This will be much more humane than the methods of killing pigs in indus
trial farming facilities and will ensure that the detrimental effects of brain 
death are not present in the organs.

In summary, there are no general ethical or religious objections against 
clinical XTx trial as long as effective concepts for informed consent and 
proper regulations are in place.136,187

The regulatory framework for XTx in the United States has been sum
marized in a recent letter.188 In brief, the US Food and Drug Administration 
(FDA) has a well-established paradigm for the regulation of XTx products. 
The Center for Veterinary Medicine (CVM) is responsible for assessing in
tentional genomic alterations (IGAs) in the source pigs. The Center for 
Biologics Evaluation and Research (CBER) is responsible for ensuring the 
safety and effectiveness of biologics, including XTx products (defined as 
‘the transplantation, implantation, or infusion into a human recipient of ei
ther live cells, tissues, or organs from a non-human animal source; or hu
man body fluids, cells, tissues, or organs that have had ex vivo contact 
with live non-human animal cells, tissues, or organs’). CVM and CBER col
laborate on their assessments of animals used for XTx. Marketing of an IGA 
in an animal, including its use as a source of organs, tissues, or fluids in XTx, 
requires that the CVM approves an application for the IGA. Multiple IGAs 
in source pigs for XTx are considered under a single application for approv
al. Clinical trials require the submission of an Investigational New Drug 
(IND) application. Introduction of a XTx product into interstate com
merce requires an approved Biologics License Application (BLA). For the 
product to receive approval, the clinical trial data submitted to the FDA 
must demonstrate the safety and effectiveness of its intended use.

In the European Union (EU), ordinances and guidelines on Advanced 
Therapy Medicinal Products (ATMP; EC/1394/2007), pharmacovigilance 
(2010/84/EU and EC/1235/2010) as well as clinical trials (EU/536/2014) 
have created a regulatory framework that is relevant for XTx. 
Principally, the existing regulatory framework for XTx is suitable to protect 
the fundamental rights of both human participants and animal subjects. In 
addition, in the 27 EU member states, national laws such as on medicinal 
products, genetic engineering, and protection against infection may be 
implemented.

The ATMP regulation on XTx has some limitations since animal organs 
are not explicitly mentioned, even though they may be derived from GM 
animals and thus be substantially manipulated compared with organs de
rived from wild-type animals.

In the guideline, the definition of somatic cell therapeutics as well as the 
definition of tissue-engineered products of animal origin is based on tissues 
or cells but excludes organs. Nonetheless, organs derived from GM animals 
contain tissues and cells. For specificity, the European Medicines Agency 
(EMA) has published the guideline on Xenogeneic Cell-Based Medicinal 
Products (EMEA/CHMP/CPWP/83508/2009).

Central elements of ATMP regulation EC/1394/2007 include (i) designa
tion of the EMA to authorize or grant marketing designation for XTx pro
ducts within the EU, (ii) requirement for xenograft traceability from 
creation through clinical use and ultimate disposition, and (iii) hospital ex
emption for medicinal products that are not routinely prepared.

In the EU, regulatory paths to yield marketing authorizations for medi
cinal products, including ATMP, are based on data that cover product qual
ity, non-clinical assessment (i.e. pre-clinical trials), and clinical trials. Data 
must be summarized by the applicant, often the pharmaceutical 

entrepreneur working in partnership with clinical investigators and their 
medical institution(s), in dossiers including a standardized set of 
Common Technical Documents (CTD), which are expected to show con
sistent data on product quality, safety, and efficacy. EMA offers scientific 
recommendation on the classification of ATMP according to Article 17, 
EC/1394/2007.

Most likely, regulatory requirements in the EU and in the member states 
will be adapted according to the scientific and technical progress in XTx.

9. What do we predict the future of 
cardiac XTx will be during the next 
5–10 years?
Allografts will always be preferable for humans with advanced (end-stage, 
terminal) myocardial disease after all other conventional treatments fail, 
like medical therapies and electrophysiology procedures. Methods that ex
pand the existing donor pool will be needed, like heart procurements after 
circulatory death189 or/and improved graft function using innovative perfu
sion techniques.127 Unfortunately, even then there will be not enough or
gans. After decades of thorough research, a cardiac XTx is now a realistic 
option and the approval given by the US FDA to the University of Maryland 
group for the performance of a single pig heart transplant in January 2022 is 
greatly encouraging.28 The FDA recognized the need for XTx and accepted 
that (i) pigs with multiple GMs would be required; (ii) cloned pigs could be 
used for the initial studies; (iii) complete inactivation of PERVs was not re
quired; and (iv) a co-stimulation pathway blocking agent was administered 
even though it was not yet approved by the FDA.

On the basis of these observations, we suggest that bridging with a pig 
heart xenograft will be introduced into the clinic within the next year or 
two, possibly initially again on an individual compassionate basis, but pref
erably as part of a formal clinical trial. We expect that trials in both infant 
and adult patients will be approved. With successful longer-term experi
ence, we predict that cardiac XTx as destination therapy will soon be an 
accepted treatment form.

In regard to offering a treatment option for patients with terminal heart 
disease, we firmly anticipate that the advances that will be made in the field 
of XTx during the next decade will far surpass those that can be anticipated 
in the development of mechanical devices, stem cell technology, and regen
erative medicine.

Funding
This work was supported by the Deutsche Forschungsgemeinschaft (DFG; 
CRC/TR 127 to B.R., M.L., R.R.T., E.W.); by the Swiss National Science 
Foundation (SNSF; Sinergia grant CRSII5_198577/1 to E.W.); and by grants 
from the National Institutes of Health (U19 AI090959 to D.K.C.C. and 
R.N.P. and UO1 RO1 AI153612 to R.N.P.).

Conflict of interest: B.R., M.L., and E.W. are cofounders of XTransplant 
GmbH, Starnberg, Germany. D.K.C.C. is a paid consultant to eGenesis. 
D.K.C.C. and R.N.P. have previously received research support from 
Revivicor, Lung Bioengineering PBC, and United Therapeutics; R.N.P. re
ceives research support from eGenesis and Tonix.

References
1. Murphy SP, Ibrahim NE, Januzzi JL Jr. Heart failure with reduced ejection fraction: A review. 

JAMA 2020;324:488–504.
2. Bauersachs J. Heart failure drug treatment: the fantastic four. Eur Heart J 2021;42:681–683.
3. Khush KK, Potena L, Cherikh WS, Chambers DC, Harhay MO, Hayes D Jr, Hsich E, 

Sadavarte A, Singh TP, Zuckermann A, Stehlik J. The international thoracic organ transplant 
registry of the international society for heart and lung transplantation: 37th adult heart 
transplantation report-2020; focus on deceased donor characteristics. J Heart Lung 
Transplant 2020;39:1003–1015.

4. Stehlik J, Kobashigawa J, Hunt SA, Reichenspurner H, Kirklin JK. Honoring 50 years of clin
ical heart transplantation in circulation: in-depth state-of-the-art review. Circulation 2018; 
137:71–87.

D
ow

nloaded from
 https://academ

ic.oup.com
/cardiovascres/article/118/18/3499/6869130 by guest on 11 D

ecem
ber 2025



Cardiac xenotransplantation                                                                                                                                                                                 3513

5. Kittleson MM, Kobashigawa JA. Cardiac transplantation: current outcomes and contem
porary controversies. JACC Heart Fail 2017;5:857–868.

6. Singh TP, Cherikh WS, Hsich E, Chambers DC, Harhay MO, Hayes D Jr, Khush KK, Perch 
M, Potena L, Sadavarte A, Toll AE, Zuckermann A, Stehlik J. The international thoracic or
gan transplant registry of the international society for heart and lung transplantation: 
twenty-fourth pediatric heart transplantation report - 2021; focus on recipient character
istics. J Heart Lung Transplant 2021;40:1050–1059.

7. Eurotransplant. Yearly statistics overview eurotransplant, 2021. Leiden, The Netherlands: 
Eurotransplant; 2022.

8. Statista. Number of individuals who were removed from eurotransplant waiting list due to death 
or unfit for transplant in 2021, by organ. New York, NY, USA:  Statistica, Inc.; 2022.

9. Administration HRS. Organ donation statistics. Rockville, MD, USA: Health Resources and 
Services Administration; 2022.

10. Shah P, Yuzefpolskaya M, Hickey GW, Breathett K, Wever-Pinzon O, Khue-Ton V, 
Hiesinger W, Koehl D, Kirklin JK, Cantor RS, Jacobs JP, Habib RH, Pagani FD, Goldstein 
DJ. Twelfth interagency registry for mechanically assisted circulatory support report: read
missions after left ventricular assist device. Ann Thorac Surg 2022;113:722–737.

11. McNamara N, Narroway H, Williams M, Brookes J, Farag J, Cistulli D, Bannon P, Marasco S, 
Potapov E, Loforte A. Contemporary outcomes of continuous-flow left ventricular assist 
devices-a systematic review. Ann Cardiothorac Surg 2021;10:186–208.

12. Loyaga-Rendon RY, Kazui T, Acharya D. Antiplatelet and anticoagulation strategies for left 
ventricular assist devices. Ann Transl Med 2021;9:521.

13. Goldstein DJ, Aaronson KD, Tatooles AJ, Silvestry SC, Jeevanandam V, Gordon R, 
Hathaway DR, Najarian KB, Slaughter MS. Gastrointestinal bleeding in recipients of the 
HeartWare ventricular assist system. JACC Heart Fail 2015;3:303–313.

14. Takeda K, Garan AR, Ando M, Han J, Topkara VK, Kurlansky P, Yuzefpolskaya M, Farr MA, 
Colombo PC, Naka Y, Takayama H. Minimally invasive CentriMag ventricular assist device 
support integrated with extracorporeal membrane oxygenation in cardiogenic shock pa
tients: a comparison with conventional CentriMag biventricular support configuration. 
Eur J Cardiothorac Surg 2017;52:1055–1061.

15. Hsi B, Joseph D, Trachtenberg B, Bhimaraj A, Suarez EE, Xu J, Guha A, Kim JH. Degree of 
change in right ventricular adaptation measures during axillary impella support informs risk 
stratification for early, severe right heart failure following durable LVAD implantation. J 
Heart Lung Transplant 2022;41:279–282.

16. Marasco S, Simon AR, Tsui S, Schramm R, Eifert S, Hagl CM, Paç M, Kervan Ü, Fiane AE, 
Wagner FM, Garbade J, Özbaran M, Hayward CS, Zimpfer D, Schmitto JD. International 
experience using a durable, centrifugal-flow ventricular assist device for biventricular sup
port. J Heart Lung Transplant 2020;39:1372–1379.

17. Cowger JA, Goldstein DJ. An opportunity to begin again. J Heart Lung Transplant 2021;40: 
1073–1075.

18. Farag J, Woldendorp K, McNamara N, Bannon PG, Marasco SF, Loforte A, Potapov EV. 
Contemporary outcomes of continuous-flow biventricular assist devices. Ann 
Cardiothorac Surg 2021;10:311–328.

19. Arabía FA, Cantor RS, Koehl DA, Kasirajan V, Gregoric I, Moriguchi JD, Esmailian F, Ramzy 
D, Chung JS, Czer LS, Kobashigawa JA, Smith RG, Kirklin JK. Interagency registry for mech
anically assisted circulatory support report on the total artificial heart. J Heart Lung 
Transplant 2018;37:1304–1312.

20. Tenreiro MF, Louro AF, Alves PM, Serra M. Next generation of heart regenerative therap
ies: progress and promise of cardiac tissue engineering. NPJ Regen Med 2021;6:30.

21. Chingale M, Cheng K, Huang K. 3D Bioprinting technology – one step closer towards car
diac tissue regeneration. Frontiers in Materials 2022;8:804130.

22. Chaban R, Cooper DKC, Pierson RN III. Pig heart and lung xenotransplantation: present 
status. J Heart Lung Transplant 2022;41:1014–1022.

23. Bailey LL, Nehlsen-Cannarella SL, Concepcion W, Jolley WB. Baboon-to-human cardiac 
xenotransplantation in a neonate. Jama 1985;254:3321–3329.

24. Reichart B, Längin M, Denner J, Schwinzer R, Cowan PJ, Wolf E. Pathways to clinical cardiac 
Xenotransplantation. Transplantation 2021;105:1930–1943.

25. Längin M, Mayr T, Reichart B, Michel S, Buchholz S, Guethoff S, Dashkevich A, Baehr A, 
Egerer S, Bauer A, Mihalj M, Panelli A, Issl L, Ying J, Fresch AK, Buttgereit I, Mokelke M, 
Radan J, Werner F, Lutzmann I, Steen S, Sjoberg T, Paskevicius A, Qiuming L, Sfriso R, 
Rieben R, Dahlhoff M, Kessler B, Kemter E, Kurome M, Zakhartchenko V, Klett K, 
Hinkel R, Kupatt C, Falkenau A, Reu S, Ellgass R, Herzog R, Binder U, Wich G, Skerra A, 
Ayares D, Kind A, Schonmann U, Kaup FJ, Hagl C, Wolf E, Klymiuk N, Brenner P, 
Abicht JM. Consistent success in life-supporting porcine cardiac xenotransplantation. 
Nature 2018;564:430–433.

26. Reichart B, Längin M, Radan J, Mokelke M, Buttgereit I, Ying J, Fresch AK, Mayr T, Issl L, 
Buchholz S, Michel S, Ellgass R, Mihalj M, Egerer S, Baehr A, Kessler B, Kemter E, 
Kurome M, Zakhartchenko V, Steen S, Sjöberg T, Paskevicius A, Krüger L, Fiebig U, 
Denner J, Godehardt AW, Tönjes RR, Milusev A, Rieben R, Sfriso R, Walz C, Kirchner 
T, Ayares D, Lampe K, Schönmann U, Hagl C, Wolf E, Klymiuk N, Abicht JM, Brenner P. 
Pig-to-non-human primate heart transplantation: the final step toward clinical xenotrans
plantation? J Heart Lung Transplant 2020;39:751–757.

27. Mohiuddin MM, Goerlich CE, Singh AK, Zhang T, Tatarov I, Lewis B, Sentz F, Hershfeld A, 
Braileanu G, Odonkor P, Strauss E, Williams B, Burke A, Hittman J, Bhutta A, Tabatabai A, 
Gupta A, Vaught T, Sorrells L, Kuravi K, Dandro A, Eyestone W, Kaczorowski DJ, Ayares D, 
Griffith BP. Progressive genetic modifications of porcine cardiac xenografts extend survival 
to 9 months. Xenotransplantation 2022;29:e12744.

28. Reardon S. First pig-to-human heart transplant: what can scientists learn? Nature 2022;601: 
305–306.

29. Griffith BP, Goerlich CE, Singh AK, Rothblatt M, Lau CL, Shah A, Lorber M, Grazioli A, 
Saharia KK, Hong SN, Joseph SM, Ayares D, Mohiuddin MM. Genetically modified 
porcine-to-human cardiac Xenotransplantation. N Engl J Med 2022;387:35–44.

30. Cooper DKC, Yamamoto T, Hara H, Pierson RN III. The first clinical pig heart transplant: 
was IVIg or pig cytomegalovirus detrimental to the outcome? Xenotransplantation 2022;29: 
e12771.

31. Cooper DK, Ezzelarab MB, Hara H, Iwase H, Lee W, Wijkstrom M, Bottino R. The patho
biology of pig-to-primate xenotransplantation: a historical review. Xenotransplantation 
2016;23:83–105.

32. Lexer G, Cooper DK, Rose AG, Wicomb WN, Rees J, Keraan M, Du Toit E. Hyperacute 
rejection in a discordant (pig to baboon) cardiac xenograft model. J Heart Transplant 1986; 
5:411–418.

33. Rose AG, Cooper DK, Human PA, Reichenspurner H, Reichart B. Histopathology of hy
peracute rejection of the heart: experimental and clinical observations in allografts and xe
nografts. J Heart Lung Transplant 1991;10:223–234.

34. Rose AG, Cooper DK. A histopathologic grading system of hyperacute (humoral, antibody- 
mediated) cardiac xenograft and allograft rejection. J Heart Lung Transplant 1996;15: 
804–817.

35. Rose AG, Cooper DK. Venular thrombosis is the key event in the pathogenesis of 
antibody-mediated cardiac rejection. Xenotransplantation 2000;7:31–41.

36. Byrne G, Ahmad-Villiers S, Du Z, McGregor C. B4GALNT2 and xenotransplantation: A 
newly appreciated xenogeneic antigen. Xenotransplantation 2018;25:e12394.

37. Sykes M, Sachs DH. Transplanting organs from pigs to humans. Sci Immunol 2019;4: 
eaau6298.

38. Galili U, Mandrell RE, Hamadeh RM, Shohet SB, Griffiss JM. Interaction between human 
natural anti-alpha-galactosyl immunoglobulin G and bacteria of the human flora. Infect 
Immun 1988;56:1730–1737.

39. Li Q, Hara H, Banks CA, Yamamoto T, Ayares D, Mauchley DC, Dabal RJ, Padilla L, Carlo 
WF, Rhodes LA, Cooper DKC, Cleveland DC. Anti-Pig antibody in infants: can a genetically 
engineered pig heart bridge to allotransplantation? Ann Thorac Surg 2020;109:1268–1273.

40. Phelps CJ, Koike C, Vaught TD, Boone J, Wells KD, Chen SH, Ball S, Specht SM, Polejaeva 
IA, Monahan JA, Jobst PM, Sharma SB, Lamborn AE, Garst AS, Moore M, Demetris AJ, 
Rudert WA, Bottino R, Bertera S, Trucco M, Starzl TE, Dai Y, Ayares DL. Production of 
alpha 1,3-galactosyltransferase-deficient pigs. Science 2003;299:411–414.

41. Kwon DN, Lee K, Kang MJ, Choi YJ, Park C, Whyte JJ, Brown AN, Kim JH, Samuel M, Mao J, 
Park KW, Murphy CN, Prather RS, Kim JH. Production of biallelic CMP-Neu5Ac hydroxy
lase knock-out pigs. Sci Rep 2013;3:1981.

42. Lutz AJ, Li P, Estrada JL, Sidner RA, Chihara RK, Downey SM, Burlak C, Wang ZY, Reyes 
LM, Ivary B, Yin F, Blankenship RL, Paris LL, Tector AJ. Double knockout pigs deficient in 
N-glycolylneuraminic acid and galactose alpha-1,3-galactose reduce the humoral barrier 
to xenotransplantation. Xenotransplantation 2013;20:27–35.

43. Estrada JL, Martens G, Li P, Adams A, Newell KA, Ford ML, Butler JR, Sidner R, Tector M, 
Tector J. Evaluation of human and non-human primate antibody binding to pig cells lacking 
GGTA1/CMAH/beta4GalNT2 genes. Xenotransplantation 2015;22:194–202.

44. Diamond LE, Quinn CM, Martin MJ, Lawson J, Platt JL, Logan JS. A human CD46 transgenic 
pig model system for the study of discordant xenotransplantation. Transplantation 2001;71: 
132–142.

45. Cozzi E, White DJ. The generation of transgenic pigs as potential organ donors for humans. 
Nat Med 1995;1:964–966.

46. Fodor WL, Williams BL, Matis LA, Madri JA, Rollins SA, Knight JW, Velander W, Squinto SP. 
Expression of a functional human complement inhibitor in a transgenic pig as a model for 
the prevention of xenogeneic hyperacute organ rejection. Proc Natl Acad Sci USA 1994;91: 
11153–11157.

47. Kwon DJ, Kim DH, Hwang IS, Kim DE, Kim HJ, Kim JS, Lee K, Im GS, Lee JW, Hwang S. 
Generation of alpha-1,3-galactosyltransferase knocked-out transgenic cloned pigs with 
knocked-in five human genes. Transgenic Res 2017;26:153–163.

48. Weiss EH, Lilienfeld BG, Müller S, Müller E, Herbach N, Kessler B, Wanke R, Schwinzer R, 
Seebach JD, Wolf E, Brem G. HLA-E/human beta2-microglobulin transgenic pigs: protec
tion against xenogeneic human anti-pig natural killer cell cytotoxicity. Transplantation 2009; 
87:35–43.

49. Tena A, Kurtz J, Leonard DA, Dobrinsky JR, Terlouw SL, Mtango N, Verstegen J, Germana 
S, Mallard C, Arn JS, Sachs DH, Hawley RJ. Transgenic expression of human CD47 mark
edly increases engraftment in a murine model of pig-to-human hematopoietic cell trans
plantation. Am J Transplant 2014;14:2713–2722.

50. Klymiuk N, van Buerck L, Bahr A, Offers M, Kessler B, Wuensch A, Kurome M, Thormann 
M, Lochner K, Nagashima H, Herbach N, Wanke R, Seissler J, Wolf E. Xenografted islet cell 
clusters from INSLEA29Y transgenic pigs rescue diabetes and prevent immune rejection in 
humanized mice. Diabetes 2012;61:1527–1532.

51. Bähr A, Kaser T, Kemter E, Gerner W, Kurome M, Baars W, Herbach N, Witter K, 
Wunsch A, Talker SC, Kessler B, Nagashima H, Saalmuller A, Schwinzer R, Wolf E, 
Klymiuk N. Ubiquitous LEA29Y expression blocks T cell co-stimulation but permits sexual 
reproduction in genetically modified pigs. PLoS One 2016;11:e0155676.

52. Martin C, Plat M, Nerriere-Daguin V, Coulon F, Uzbekova S, Venturi E, Conde F, Hermel 
JM, Hantraye P, Tesson L, Anegon I, Melchior B, Peschanski M, Le Mauff B, Boeffard F, 
Sergent-Tanguy S, Neveu I, Naveilhan P, Soulillou JP, Terqui M, Brachet P, Vanhove B. 

D
ow

nloaded from
 https://academ

ic.oup.com
/cardiovascres/article/118/18/3499/6869130 by guest on 11 D

ecem
ber 2025



3514                                                                                                                                                                                                  B. Reichart et al.

Transgenic expression of CTLA4-ig by fetal pig neurons for xenotransplantation. 
Transgenic Res 2005;14:373–384.

53. Phelps CJ, Ball SF, Vaught TD, Vance AM, Mendicino M, Monahan JA, Walters AH, Wells 
KD, Dandro AS, Ramsoondar JJ, Cooper DK, Ayares DL. Production and characterization 
of transgenic pigs expressing porcine CTLA4-ig. Xenotransplantation 2009;16:477–485.

54. Reyes LM, Estrada JL, Wang ZY, Blosser RJ, Smith RF, Sidner RA, Paris LL, Blankenship RL, 
Ray CN, Miner AC, Tector M, Tector AJ. Creating class I MHC-null pigs using guide RNA 
and the Cas9 endonuclease. J Immunol 2014;193:5751–5757.

55. Fischer K, Rieblinger B, Hein R, Sfriso R, Zuber J, Fischer A, Klinger B, Liang W, Flisikowski K, 
Kurome M, Zakhartchenko V, Kessler B, Wolf E, Rieben R, Schwinzer R, Kind A, Schnieke 
A. Viable pigs after simultaneous inactivation of porcine MHC class I and three xenoreac
tive antigen genes GGTA1, CMAH and B4GALNT2. Xenotransplantation 2020;27:e12560.

56. Wang Y, Du Y, Zhou X, Wang L, Li J, Wang F, Huang Z, Huang X, Wei H. Efficient gener
ation of B2m-null pigs via injection of zygote with TALENs. Sci Rep 2016;6:38854.

57. Sake HJ, Frenzel A, Lucas-Hahn A, Nowak-Imialek M, Hassel P, Hadeler KG, Hermann D, 
Becker R, Eylers H, Hein R, Baars W, Brinkmann A, Schwinzer R, Niemann H, Petersen B. 
Possible detrimental effects of beta-2-microglobulin knockout in pigs. Xenotransplantation 
2019;26:e12525.

58. Hara H, Witt W, Crossley T, Long C, Isse K, Fan L, Phelps CJ, Ayares D, Cooper DK, Dai Y, 
Starzl TE. Human dominant-negative class II transactivator transgenic pigs - effect on the 
human anti-pig T-cell immune response and immune status. Immunology 2013;140:39–46.

59. Fu R, Fang M, Xu K, Ren J, Zou J, Su L, Chen X, An P, Yu D, Ka M, Hai T, Li Z, Li W, Yang Y, 
Zhou Q, Hu Z. Generation of GGTA1-/-β2M-/-CIITA-/- pigs using CRISPR/Cas9 technol
ogy to alleviate Xenogeneic immune reactions. Transplantation 2020;104:1566–1573.

60. Wuensch A, Baehr A, Bongoni AK, Kemter E, Blutke A, Baars W, Haertle S, Zakhartchenko 
V, Kurome M, Kessler B, Faber C, Abicht JM, Reichart B, Wanke R, Schwinzer R, Nagashima 
H, Rieben R, Ayares D, Wolf E, Klymiuk N. Regulatory sequences of the porcine THBD 
gene facilitate endothelial-specific expression of bioactive human thrombomodulin in 
single- and multitransgenic pigs. Transplantation 2014;97:138–147.

61. Iwase H, Ekser B, Hara H, Phelps C, Ayares D, Cooper DK, Ezzelarab MB. Regulation of 
human platelet aggregation by genetically modified pig endothelial cells and thrombin inhib
ition. Xenotransplantation 2014;21:72–83.

62. Lin CC, Ezzelarab M, Hara H, Long C, Lin CW, Dorling A, Cooper DK. Atorvastatin or 
transgenic expression of TFPI inhibits coagulation initiated by anti-nonGal IgG binding to 
porcine aortic endothelial cells. Journal of thrombosis and haemostasis: JTH 2010;8: 
2001–2010.

63. Wheeler DG, Joseph ME, Mahamud SD, Aurand WL, Mohler PJ, Pompili VJ, Dwyer KM, 
Nottle MB, Harrison SJ, d’Apice AJ, Robson SC, Cowan PJ, Gumina RJ. Transgenic swine: 
expression of human CD39 protects against myocardial injury. J Mol Cell Cardiol 2012;52: 
958–961.

64. Lee SC, Lee H, Oh KB, Hwang IS, Yang H, Park MR, Ock SA, Woo JS, Im GS, Hwang S. 
Production and breeding of transgenic cloned pigs expressing human CD73. 
Development & reproduction 2017;21:157–165.

65. Oropeza M, Petersen B, Carnwath JW, Lucas-Hahn A, Lemme E, Hassel P, Herrmann D, 
Barg-Kues B, Holler S, Queisser AL, Schwinzer R, Hinkel R, Kupatt C, Niemann H. 
Transgenic expression of the human A20 gene in cloned pigs provides protection against 
apoptotic and inflammatory stimuli. Xenotransplantation 2009;16:522–534.

66. Petersen B, Ramackers W, Lucas-Hahn A, Lemme E, Hassel P, Queisser AL, Herrmann D, 
Barg-Kues B, Carnwath JW, Klose J, Tiede A, Friedrich L, Baars W, Schwinzer R, Winkler M, 
Niemann H. Transgenic expression of human heme oxygenase-1 in pigs confers resistance 
against xenograft rejection during ex vivo perfusion of porcine kidneys. Xenotransplantation 
2011;18:355–368.

67. Yan JJ, Yeom HJ, Jeong JC, Lee JG, Lee EW, Cho B, Lee HS, Kim SJ, Hwang JI, Kim SJ, Lee BC, 
Ahn C, Yang J. Beneficial effects of the transgenic expression of human sTNF-alphaR-fc and 
HO-1 on pig-to-mouse islet xenograft survival. Transpl Immunol 2016;34:25–32.

68. Iwase H, Ball S, Adams K, Eyestone W, Walters A, Cooper DKC. Growth hormone recep
tor knockout: relevance to xenotransplantation. Xenotransplantation 2021;28:e12652.

69. Hinrichs A, Riedel EO, Klymiuk N, Blutke A, Kemter E, Längin M, Dahlhoff M, Keßler B, 
Kurome M, Zakhartchenko V, Jemiller EM, Ayares D, Bidlingmaier M, Flenkenthaler F, 
Hrabĕ de Angelis M, Arnold GJ, Reichart B, Fröhlich T, Wolf E. Growth hormone receptor 
knockout to reduce the size of donor pigs for preclinical xenotransplantation studies. 
Xenotransplantation 2021;28:e12664.

70. Goerlich CE, Griffith B, Hanna P, Hong SN, Ayares D, Singh AK, Mohiuddin MM. The 
growth of xenotransplanted hearts can be reduced with growth hormone receptor knock
out pig donors. J Thorac Cardiovasc Surg 2021:S0022-5223(21)01261-7.

71. Miyagawa S, Nakatsu S, Nakagawa T, Kondo A, Matsunami K, Hazama K, Yamada J, 
Tomonaga K, Miyazawa T, Shirakura R. Prevention of PERV infections in pig to human 
xenotransplantation by the RNA interference silences gene. J Biochem 2005;137:503–508.

72. Dieckhoff B, Petersen B, Kues WA, Kurth R, Niemann H, Denner J. Knockdown of porcine 
endogenous retrovirus (PERV) expression by PERV-specific shRNA in transgenic pigs. 
Xenotransplantation 2008;15:36–45.

73. Ramsoondar J, Vaught T, Ball S, Mendicino M, Monahan J, Jobst P, Vance A, Duncan J, Wells 
K, Ayares D. Production of transgenic pigs that express porcine endogenous retrovirus 
small interfering RNAs. Xenotransplantation 2009;16:164–180.

74. Niu D, Wei HJ, Lin L, George H, Wang T, Lee IH, Zhao HY, Wang Y, Kan Y, Shrock E, Lesha 
E, Wang G, Luo Y, Qing Y, Jiao D, Zhao H, Zhou X, Wang S, Wei H, Guell M, Church GM, 
Yang L. Inactivation of porcine endogenous retrovirus in pigs using CRISPR-Cas9. Science 
2017;357:1303–1307.

75. White DJG, Langford G, Cozzi E, Young VK. Production of pigs transgenic for human DAF: 
A strategy for xenotransplantation. Xenotransplantation 1995;2:213–217.

76. Yamamoto T, Hara H, Ayares D, Cooper DKC. The problem of the “4th xenoantigen” 
after pig organ transplantation in non-human primates may be overcome by expression 
of human “protective” proteins. Xenotransplantation 2021;28:e12658.

77. Eyestone W, Adams K, Ball S, Bianchi J, Butler S, Dandro A, Kuravi K, Kokkinaki M, Fazio AL, 
Monahan J. Gene-edited pigs for xenotransplantation. In: Cooper DKC and Byrne G (eds.), 
Clinical Xenotransplantation. Heidelberg, Germany: Springer; 2020. p121–140.

78. Maeda A, Lo PC, Sakai R, Noguchi Y, Kodama T, Yoneyama T, Toyama C, Wang HT, 
Esquivel E, Jiaravuthisan P, Choi TV, Takakura C, Eguchi H, Tazuke Y, Watanabe M, 
Nagashima H, Okuyama H, Miyagawa S. A strategy for suppressing macrophage-mediated 
rejection in Xenotransplantation. Transplantation 2020;104:675–681.

79. Hammer SE, Ho CS, Ando A, Rogel-Gaillard C, Charles M, Tector M, Tector AJ, Lunney JK. 
Importance of the Major histocompatibility Complex (swine leukocyte antigen) in swine 
health and biomedical research. Annu Rev Anim Biosci 2020;8:171–198.

80. Ladowski JM, Hara H, Cooper DKC. The role of SLAs in Xenotransplantation. 
Transplantation 2021;105:300–307.

81. Buermann A, Petkov S, Petersen B, Hein R, Lucas-Hahn A, Baars W, Brinkmann A, 
Niemann H, Schwinzer R. Pigs expressing the human inhibitory ligand PD-L1 (CD 274) 
provide a new source of xenogeneic cells and tissues with low immunogenic properties. 
Xenotransplantation 2018;25:e12387.

82. Nottle MB, Salvaris EJ, Fisicaro N, McIlfatrick S, Vassiliev I, Hawthorne WJ, O’Connell PJ, 
Brady JL, Lew AM, Cowan PJ. Targeted insertion of an anti-CD2 monoclonal antibody 
transgene into the GGTA1 locus in pigs using FokI-dCas9. Sci Rep 2017;7:8383.

83. Cowan PJ, Robson SC. Progress towards overcoming coagulopathy and hemostatic dys
function associated with xenotransplantation. Int J Surg 2015;23:296–300.

84. Pierson RN III, Fishman JA, Lewis GD, D’Alessandro DA, Connolly MR, Burdorf L, Madsen 
JC, Azimzadeh AM. Progress toward cardiac Xenotransplantation. Circulation 2020;142: 
1389–1398.

85. Mohiuddin MM, Corcoran PC, Singh AK, Azimzadeh A, Hoyt RF Jr, Thomas ML, Eckhaus 
MA, Seavey C, Ayares D, Pierson RN III, Horvath KA. B-cell depletion extends the survival 
of GTKO.hCD46Tg pig heart xenografts in baboons for up to 8 months. Am J Transplant 
2012;12:763–771.

86. Shimizu A, Hisashi Y, Kuwaki K, Tseng YL, Dor FJ, Houser SL, Robson SC, Schuurman HJ, 
Cooper DK, Sachs DH, Yamada K, Colvin RB. Thrombotic microangiopathy associated 
with humoral rejection of cardiac xenografts from alpha1,3-galactosyltransferase gene- 
knockout pigs in baboons. Am J Pathol 2008;172:1471–1481.

87. Mohiuddin MM, Singh AK, Corcoran PC, Thomas Iii ML, Clark T, Lewis BG, Hoyt RF, 
Eckhaus M, Pierson Iii RN, Belli AJ, Wolf E, Klymiuk N, Phelps C, Reimann KA, Ayares 
D, Horvath KA. Chimeric 2C10R4 anti-CD40 antibody therapy is critical for long-term sur
vival of GTKO.hCD46.hTBM pig-to-primate cardiac xenograft. Nat Commun 2016;7: 
11138.

88. Iwase H, Ekser B, Satyananda V, Bhama J, Hara H, Ezzelarab M, Klein E, Wagner R, Long C, 
Thacker J, Li J, Zhou H, Jiang M, Nagaraju S, Zhou H, Veroux M, Bajona P, Wijkstrom M, 
Wang Y, Phelps C, Klymiuk N, Wolf E, Ayares D, Cooper DK. Pig-to-baboon heterotopic 
heart transplantation–exploratory preliminary experience with pigs transgenic for human 
thrombomodulin and comparison of three costimulation blockade-based regimens. 
Xenotransplantation 2015;22:211–220.

89. Salvaris EJ, Moran CJ, Roussel JC, Fisicaro N, Robson SC, Cowan PJ. Pig endothelial protein 
C receptor is functionally compatible with the human protein C pathway. 
Xenotransplantation 2020;27:e12557.

90. Ahrens HE, Petersen B, Herrmann D, Lucas-Hahn A, Hassel P, Ziegler M, Kues WA, Baulain 
U, Baars W, Schwinzer R, Denner J, Rataj D, Werwitzke S, Tiede A, Bongoni AK, Garimella 
PS, Despont A, Rieben R, Niemann H. siRNA mediated knockdown of tissue factor expres
sion in pigs for xenotransplantation. Am J Transplant 2015;15:1407–1414.

91. Hinrichs A, Kessler B, Kurome M, Blutke A, Kemter E, Bernau M, Scholz AM, Rathkolb B, 
Renner S, Bultmann S, Leonhardt H, de Angelis MH, Nagashima H, Hoeflich A, Blum WF, 
Bidlingmaier M, Wanke R, Dahlhoff M, Wolf E. Growth hormone receptor-deficient pigs 
resemble the pathophysiology of human laron syndrome and reveal altered activation of 
signaling cascades in the liver. Mol Metab 2018;11:113–128.

92. Riedel EO, Hinrichs A, Kemter E, Dahlhoff M, Backman M, Rathkolb B, Prehn C, Adamski J, 
Renner S, Blutke A, de Angelis MH, Bidlingmaier M, Schopohl J, Arnold GJ, Fröhlich T, Wolf 
E. Functional changes of the liver in the absence of growth hormone (GH) action - prote
omic and metabolomic insights from a GH receptor deficient pig model. Mol Metab 2020; 
36:100978.

93. Kemter E, Schnieke A, Fischer K, Cowan PJ, Wolf E. Xeno-organ donor pigs with multiple 
genetic modifications - the more the better? Curr Opin Genet Dev 2020;64:60–65.

94. Zou L, Zhang Y, He Y, Yu H, Chen J, Liu D, Lin S, Gao M, Zhong G, Lei W, Zhou G, Zou X, 
Li K, Yu Y, Zha G, Li L, Zeng Y, Wang J, Wang G. Selective germline genome edited pigs and 
their long immune tolerance in non human primates. bioRxiv 2020. 
2020.2001.2020.912105.

95. Yue Y, Xu W, Kan Y, Zhao HY, Zhou Y, Song X, Wu J, Xiong J, Goswami D, Yang M, 
Lamriben L, Xu M, Zhang Q, Luo Y, Guo J, Mao S, Jiao D, Nguyen TD, Li Z, Layer JV, Li 
M, Paragas V, Youd ME, Sun Z, Ding Y, Wang W, Dou H, Song L, Wang X, Le L, Fang 
X, George H, Anand R, Wang SY, Westlin WF, Güell M, Markmann J, Qin W, Gao Y, 
Wei HJ, Church GM, Yang L. Extensive germline genome engineering in pigs. Nat Biomed 
Eng 2021;5:134–143.

D
ow

nloaded from
 https://academ

ic.oup.com
/cardiovascres/article/118/18/3499/6869130 by guest on 11 D

ecem
ber 2025



Cardiac xenotransplantation                                                                                                                                                                                 3515

96. Lambrigts D, Sachs DH, Cooper DK. Discordant organ xenotransplantation in primates: 
world experience and current status. Transplantation 1998;66:547–561.

97. Cooper DK, Satyananda V, Ekser B, van der Windt DJ, Hara H, Ezzelarab MB, Schuurman 
HJ. Progress in pig-to-non-human primate transplantation models (1998-2013): a compre
hensive review of the literature. Xenotransplantation 2014;21:397–419.

98. Mohiuddin MM, Reichart B, Byrne GW, McGregor CGA. Current status of pig heart xeno
transplantation. Int J Surg 2015;23:234–239.

99. Shu S, Ren J, Song J. Cardiac xenotransplantation: a promising way to treat advanced heart 
failure. Heart Fail Rev 2022;27:71–91.

100. Barnard CN, Losman JG, Curcio CA, Sanchez HE, Wolpowitz A, Barnard MS. The advan
tage of heterotopic cardiac transplantation over orthotopic cardiac transplantation in the 
management of severe acute rejection. J Thorac Cardiovasc Surg 1977;74:918–924.

101. Cooper DK, Novitzky D, Becerra E, Reichart B. Are there indications for heterotopic heart 
transplantation in 1986? A 2- to 11-year follow-up of 49 consecutive patients undergoing 
heterotopic heart transplantation. Thorac Cardiovasc Surg 1986;34:300–304.

102. Abicht JM, Mayr T, Reichart B, Buchholz S, Werner F, Lutzmann I, Schmoeckel M, Bauer A, 
Thormann M, Langenmayer M, Herbach N, Pohla H, Herzog R, McGregor CG, Ayares D, 
Wolf E, Klymiuk N, Baehr A, Kind A, Hagl C, Ganswindt U, Belka C, Guethoff S, Brenner P. 
Pre-clinical heterotopic intrathoracic heart xenotransplantation: a possibly useful clinical 
technique. Xenotransplantation 2015;22:427–442.

103. Lower RR, Shumway NE. Studies on orthotopic homotransplantation of the canine heart. 
Surg Forum 1960;11:18–19.

104. Cooper DK, Keogh AM, Brink J, Corris PA, Klepetko W, Pierson RN, Schmoeckel M, 
Shirakura R, Warner Stevenson L. Report of the Xenotransplantation advisory committee 
of the international society for heart and lung transplantation: the present status of xeno
transplantation and its potential role in the treatment of end-stage cardiac and pulmonary 
diseases. J Heart Lung Transplant 2000;19:1125–1165.

105. Waterworth PD, Dunning J, Tolan M, Cozzi E, Langford G, Chavez G, White D, Wallwork 
J. Life-supporting pig-to-baboon heart xenotransplantation. J Heart Lung Transplant 1998; 
17:1201–1207.

106. Schmoeckel M, Bhatti FN, Zaidi A, Cozzi E, Waterworth PD, Tolan MJ, Pino-Chavez G, 
Goddard M, Warner RG, Langford GA, Dunning JJ, Wallwork J, White DJ. Orthotopic 
heart transplantation in a transgenic pig-to-primate model. Transplantation 1998;65: 
1570–1577.

107. Vial CM, Ostlie DJ, Bhatti FN, Cozzi E, Goddard M, Chavez GP, Wallwork J, White DJ, 
Dunning JJ. Life supporting function for over one month of a transgenic porcine heart in 
a baboon. J Heart Lung Transplant 2000;19:224–229.

108. Byrne GW, Du Z, Sun Z, Asmann YW, McGregor CG. Changes in cardiac gene expression 
after pig-to-primate orthotopic xenotransplantation. Xenotransplantation 2011;18:14–27.

109. Cleveland DC, Jagdale A, Carlo WF, Iwase H, Crawford J, Walcott GP, Dabal RJ, Sorabella 
RA, Rhodes L, Timpa J, Litovsky S, O’Meara C, Padilla LA, Foote J, Mauchley D, Bikhet M, 
Ayares D, Yamamoto T, Hara H, Cooper DKC. The genetically engineered heart as a 
bridge to allotransplantation in infants just around the corner? Ann Thorac Surg 2022; 
114:536–544.

110. Litovsky SH, Foote JB, Jagdale A, Walcott G, Iwase H, Bikhet MH, Yamamoto T, 
Hansen-Estruch C, Ezzelarab MB, Ayares D, Carlo WF, Rhodes LA, Crawford JH, 
Borasino S, Dabal RJ, Padilla LA, Hara H, Cooper DKC, Cleveland DC. Cardiac and pul
monary histopathology in baboons following genetically-engineered pig orthotopic heart 
transplantation. Ann Transplant 2022;27:e935338.

111. Yamamoto T, Iwase H, Patel D, Jagdale A, Ayares D, Anderson D, Eckhoff DE, Cooper 
DKC, Hara H. Old world monkeys are less than ideal transplantation models for testing 
pig organs lacking three carbohydrate antigens (triple-knockout). Sci Rep 2020;10:9771.

112. Yamamoto T, Hara H, Iwase H, Jagdale A, Bikhet MH, Morsi MA, Cui Y, Nguyen HQ, Wang 
ZY, Anderson DJ, Foote J, Schuurman HJ, Ayares D, Eckhoff DE, Cooper DKC. The final 
obstacle to successful pre-clinical xenotransplantation? Xenotransplantation 2020;27: 
e12596.

113. Cui Y, Yamamoto T, Raza SS, Morsi M, Nguyen HQ, Ayares D, Cooper DKC, Hara H. 
Evidence for GTKO/β4GalNT2KO pigs as the preferred organ-source for old world non
human primates as a preclinical model of Xenotransplantation. Transplant Direct 2020;6: 
e590.

114. Iwase H, Jagdale A, Yamamoto T, Bikhet MH, Nguyen HQ, Ezzelarab M, Ayares D, 
Anderson DJ, Eckhoff DE, Foote JB, Fatima H, Schuurman HJ, Hara H, Cooper DKC. 
Evidence suggesting that deletion of expression of N-glycolylneuraminic acid (Neu5Gc) 
in the organ-source pig is associated with increased antibody-mediated rejection of kidney 
transplants in baboons. Xenotransplantation 2021;28:e12700.

115. Foote JB, Jagdale A, Yamamoto T, Hara H, Bikhet MH, Schuurman HJ, Nguyen HQ, 
Ezzelarab M, Ayares D, Anderson DJ, Fatima H, Eckhoff DE, Cooper DKC, Iwase H. 
Histopathology of pig kidney grafts with/without expression of the carbohydrate 
Neu5Gc in immunosuppressed baboons. Xenotransplantation 2021;28:e12715.

116. Cooper DKC, Hara H, Iwase H, Yamamoto T, Li Q, Ezzelarab M, Federzoni E, Dandro A, 
Ayares D. Justification of specific genetic modifications in pigs for clinical organ xenotrans
plantation. Xenotransplantation 2019;26:e12516.

117. Bühler L, Basker M, Alwayn IP, Goepfert C, Kitamura H, Kawai T, Gojo S, Kozlowski T, 
Ierino FL, Awwad M, Sachs DH, Sackstein R, Robson SC, Cooper DK. Coagulation and 
thrombotic disorders associated with pig organ and hematopoietic cell transplantation 
in nonhuman primates. Transplantation 2000;70:1323–1331.

118. Samy KP, Butler JR, Li P, Cooper DKC, Ekser B. The role of costimulation blockade in solid 
organ and islet Xenotransplantation. J Immunol Res 2017;2017:8415205.

119. Zhang T, Pierson RN III, Azimzadeh AM. Update on CD40 and CD154 blockade in trans
plant models. Immunotherapy 2015;7:899–911.

120. Ma D, Hirose T, Lassiter G, Sasaki H, Rosales I, Coe TM, Rickert CG, Matheson R, Colvin 
RB, Qin W, Kan Y, Layer JV, Paragas VB, Stiede K, Hall KC, Youd ME, Queiroz LM, Westlin 
WF, Curtis M, Yang L, Markmann JF, Kawai T. Kidney transplantation from triple-knockout 
pigs expressing multiple human proteins in cynomolgus macaques. Am J Transplant 2022;22: 
46–57.

121. Karnell JL, Rieder SA, Ettinger R, Kolbeck R. Targeting the CD40-CD40L pathway in auto
immune diseases: humoral immunity and beyond. Adv Drug Deliv Rev 2019;141:92–103.

122. Schroder PM, Fitch ZW, Schmitz R, Choi AY, Kwun J, Knechtle SJ. The past, present, and 
future of costimulation blockade in organ transplantation. Curr Opin Organ Transplant 2019; 
24:391–401.

123. Ezzelarab MB, Ekser B, Echeverri G, Hara H, Ezzelarab C, Long C, Bajona P, Garcia B, 
Murase N, Ayares D, Cooper DK. Costimulation blockade in pig artery patch xenotrans
plantation - a simple model to monitor the adaptive immune response in nonhuman pri
mates. Xenotransplantation 2012;19:221–232.

124. Adams AB, Lovasik BP, Faber DA, Burlak C, Breeden C, Estrada JL, Reyes LM, Vianna RM, 
Tector MF, Tector AJ. Anti-C5 antibody tesidolumab reduces early antibody-mediated re
jection and prolongs survival in renal Xenotransplantation. Ann Surg 2021;274:473–480.

125. Cooper DKC, Foote JB, Javed M, Nguyen HQ, Bikhet MH, Hansen-Estruch C, Ayares D, 
Hara H. Initial evidence that blockade of the CD40/CD154 costimulation pathway alone 
is sufficient as maintenance therapy in xenotransplantation. Xenotransplantation 2021;28: 
e12721.

126. Byrne GW, McGregor CG. Cardiac xenotransplantation: progress and challenges. Curr 
Opin Organ Transplant 2012;17:148–154.

127. Steen S, Paskevicius A, Liao Q, Sjöberg T. Safe orthotopic transplantation of hearts har
vested 24 hours after brain death and preserved for 24 hours. Scand Cardiovasc J 2016; 
50:193–200.

128. Längin M, Reichart B, Steen S, Sjöberg T, Paskevicius A, Liao Q, Qin G, Mokelke M, Mayr T, 
Radan J, Issl L, Buttgereit I, Ying J, Fresch AK, Panelli A, Egerer S, Bähr A, Kessler B, Milusev 
A, Sfriso R, Rieben R, Ayares D, Murray PJ, Ellgass R, Walz C, Klymiuk N, Wolf E, Abicht 
J-M, Brenner P. Cold non-ischemic heart preservation with continuous perfusion prevents 
early graft failure in orthotopic pig-to-baboon xenotransplantation. Xenotransplantation 
2021;28:e12636.

129. van Essen GJ, Te Lintel Hekkert M, Sorop O, Heinonen I, van der Velden J, Merkus D, 
Duncker DJ. Cardiovascular function of modern pigs does not comply with allometric scal
ing laws. Sci Rep 2018;8:792.

130. Lui JC, Baron J. Mechanisms limiting body growth in mammals. Endocr Rev 2011;32: 
422–440.

131. Penzo-Méndez AI, Stanger BZ. Organ-Size regulation in mammals. Cold Spring Harb 
Perspect Biol 2015;7:a019240.

132. Twitty VC, Schwind JL. The growth of eyes and limbs transplanted heteroplastically be
tween two species of amblystoma. Journal of Experimental Zoology 1931;59:61–86.

133. Soin B, Ostlie D, Cozzi E, Smith KG, Bradley JR, Vial C, Masroor S, Lancaster R, White DJ, 
Friend PJ. Growth of porcine kidneys in their native and xenograft environment. 
Xenotransplantation 2000;7:96–100.

134. Tanabe T, Watanabe H, Shah JA, Sahara H, Shimizu A, Nomura S, Asfour A, Danton M, 
Boyd L, Dardenne Meyers A, Ekanayake-Alper DK, Sachs DH, Yamada K. Role of intrinsic 
(graft) versus extrinsic (host) factors in the growth of transplanted organs following allo
geneic and xenogeneic transplantation. Am J Transplant 2017;17:1778–1790.

135. Längin M, Konrad M, Reichart B, Mayr T, Vandewiele S, Postrach J, Mokelke M, Radan J, 
Brenner P, Bauer A, Abicht JM. Hemodynamic evaluation of anesthetized baboons and pig
lets by transpulmonary thermodilution: Normal values and interspecies differences with re
spect to xenotransplantation. Xenotransplantation 2020;27:e12576.

136. Hawthorne WJ, Cowan PJ, Buhler LH, Yi S, Bottino R, Pierson RN III, Ahn C, Azimzadeh A, 
Cozzi E, Gianello P, Lakey JRT, Luo M, Miyagawa S, Mohiuddin MM, Park CG, Schuurman 
HJ, Scobie L, Sykes M, Tector J, Tonjes RR, Wolf E, Nunez JR, Wang W. Third WHO global 
consultation on regulatory requirements for Xenotransplantation clinical trials, Changsha, 
hunan, China December 12-14, 2018: “the 2018 Changsha communique” the 10-year an
niversary of the international consultation on Xenotransplantation. Xenotransplantation 
2019;26:e12513.

137. Ibrahim Z, Busch J, Awwad M, Wagner R, Wells K, Cooper DK. Selected physiologic com
patibilities and incompatibilities between human and porcine organ systems. 
Xenotransplantation 2006;13:488–499.

138. Vandecasteele T, Vandevelde K, Doom M, Van Mulken E, Simoens P, Cornillie P. The pul
monary veins of the pig as an anatomical model for the development of a new treatment 
for atrial fibrillation. Anat Histol Embryol 2015;44:1–12.

139. Crick SJ, Sheppard MN, Ho SY, Gebstein L, Anderson RH. Anatomy of the pig heart: com
parisons with Normal human cardiac structure. J Anat 1998;193(Pt 1):105–119.

140. Thein E, Hammer C. Physiologic barriers to xenotransplantation. Curr Opin Organ 
Transplant 2004;9:186–189.

141. Bert AA, Drake WB, Quinn RW, Brasky KM, O’Brien JE Jr, Lofland GK, Hopkins RA. 
Transesophageal echocardiography in healthy young adult Male baboons (papio hamadryas 
anubis): Normal cardiac anatomy and function in subhuman primates compared to hu
mans. Prog Pediatr Cardiol 2013;35:109–120.

142. Cattermole GN, Leung PY, Ho GY, Lau PW, Chan CP, Chan SS, Smith BE, Graham CA, 
Rainer TH. The Normal ranges of cardiovascular parameters measured using the ultrasonic 
cardiac output monitor. Physiol Rep 2017;5:e13195.

D
ow

nloaded from
 https://academ

ic.oup.com
/cardiovascres/article/118/18/3499/6869130 by guest on 11 D

ecem
ber 2025



3516                                                                                                                                                                                                  B. Reichart et al.

143. Knosalla C, Gollackner B, Bühler L, Mueller NJ, Houser S, Mauiyyedi S, Sachs DH, Robson 
SC, Fishman J, Schuurman HJ, Awwad M, Cooper DK. Correlation of biochemical and 
hematological changes with graft failure following pig heart and kidney transplantation in 
baboons. Am J Transplant 2003;3:1510–1519.

144. Lucander ACK, Nguyen H, Foote JB, Cooper DKC, Hara H. Immunological selection and 
monitoring of patients undergoing pig kidney transplantation. Xenotransplantation 2021;28: 
e12686.

145. Zhou M, Hara H, Dai Y, Mou L, Cooper DK, Wu C, Cai Z. Circulating organ-specific 
MicroRNAs serve as biomarkers in organ-specific diseases: implications for organ allo- 
and Xeno-transplantation. Int J Mol Sci 2016;17:1232.

146. Keller M, Agbor-Enoh S. Donor-Derived cell-free DNA for acute rejection monitoring in 
heart and lung transplantation. Curr Transplant Rep 2021;8:351–358.

147. Khush KK. Clinical utility of donor-derived cell-free DNA testing in cardiac transplantation. 
J Heart Lung Transplant 2021;40:397–404.

148. Jordan SC, Ammerman N, Choi J, Huang E, Peng A, Sethi S, Najjar R, Kim I, Toyoda M, 
Kumar S, Lim K, Vo A. The role of novel therapeutic approaches for prevention of allosen
sitization and antibody-mediated rejection. Am J Transplant 2020;20(Suppl 4):42–56.

149. Watts A, Foley A, Awwad M, Treter S, Lambrigts D, Buhler L, Gojo S, Basker M, Oravec G, 
Sachs DH, Andrews D, Cooper DK. Plasma perfusion by apheresis through a gal immu
noaffinity column successfully depletes anti-gal antibody: experience with 275 aphereses 
in baboons. Transplant Proc 2000;32:860.

150. Yamamoto T, Cui Y, Patel D, Jagdale A, Iwase H, Ayares D, Cooper DKC, Hara H. Effect of 
intravenous immunoglobulin (IVIg) on primate complement-dependent cytotoxicity of 
genetically engineered pig cells: relevance to clinical xenotransplantation. Sci Rep 2020; 
10:11747.

151. Cooper DKC. The 2021 IXA keith reemtsma lecture: moving xenotransplantation to the 
clinic. Xenotransplantation 2022;29:e12723.

152. Cooper DKC. Advancing Xenotransplantation to the clinic: how relevant is the 
pig-to-nonhuman primate kidney transplantation model today? Transplantation 2022; 
106:1717–1719.

153. Novitzky D, Cooper DK, Barnard CN. The surgical technique of heterotopic heart trans
plantation. Ann Thorac Surg 1983;36:476–482.

154. Hildebrandt A, Reichenspurner H, Gordon GD, Horak AR, Odell JA, Reichart B. 
Heterotopic heart transplantation: mid-term hemodynamic and echocardiographic ana
lysis–the concern of arteriovenous-valve incompetence. J Heart Transplant 1990;9: 
675–681; discussion 682.

155. Reichenspurner H, Odell JA, Cooper DK, Novitzky D, Human PA, Von Oppell U, Becerra 
E, Boehm DH, Rose A, Fasol R. Twenty years of heart transplantation at groote schuur hos
pital. J Heart Transplant 1987;6:317–323.

156. John M, Bailey LL. Neonatal heart transplantation. Ann Cardiothorac Surg 2018;7:118–125.
157. Denfield SW, Azeka E, Das B, Garcia-Guereta L, Irving C, Kemna M, Reinhardt Z, Thul J, 

Dipchand AI, Kirk R, Davies RR, Miera O. Pediatric cardiac waitlist mortality-still too 
high. Pediatr Transplant 2020;24:e13671.

158. Morales DLS, Rossano JW, VanderPluym C, Lorts A, Cantor R, St Louis JD, Koeh D, 
Sutcliffe DL, Adachi I, Kirklin JK, Rosenthal DN, Blume ED. Third annual pediatric inter
agency registry for mechanical circulatory support (pedimacs) report: preimplant charac
teristics and outcomes. Ann Thorac Surg 2019;107:993–1004.

159. Dons EM, Montoya C, Long CE, Hara H, Echeverri GJ, Ekser B, Ezzelarab C, Medellin DR, 
van der Windt DJ, Murase N, Rigatti LH, Wagner R, Wolf RF, Ezzelarab M, West LJ, 
Ijzermans JN, Cooper DK. T-cell-based immunosuppressive therapy inhibits the develop
ment of natural antibodies in infant baboons. Transplantation 2012;93:769–776.

160. Li Q, Hara H, Zhang Z, Breimer ME, Wang Y, Cooper DKC. Is sensitization to pig antigens 
detrimental to subsequent allotransplantation? Xenotransplantation 2018;25:e12393.

161. Hara H, Nguyen H, Wang ZY, Jagdale A, Bikhet M, Yamamoto T, Iwase H, Ayares D, 
Cooper DKC. Evidence that sensitization to triple-knockout pig cells will not be detrimen
tal to subsequent allotransplantation. Xenotransplantation 2021;28:e12701.

162. Cooper DKC, Habibabady Z, Kinoshita K, Hara H, Pierson R III. The respective relevance of 
sensitization to alloantigens and xenoantigens in pig organ xenotransplantation. Hum 
Immunol 2022:S0198-8859(22)00134-3.

163. Byrne GW. Does human leukocyte antigens sensitization matter for xenotransplantation? 
Xenotransplantation 2018;25:e12411.

164. Cooper DKC, Pierson RN III. The future of cardiac xenotransplantation. Nat Rev Cardiol 
2022;19:281–282.

165. Fishman JA. Infectious disease risks in xenotransplantation. Am J Transplant 2018;18: 
1857–1864.

166. Fishman JA. Prevention of infection in xenotransplantation: designated pathogen-free 
swine in the safety equation. Xenotransplantation 2020;27:e12595.

167. Noordergraaf J, Schucker A, Martin M, Schuurman HJ, Ordway B, Cooley K, Sheffler M, 
Theis K, Armstrong C, Klein L, Hansen D, Olson M, Schlechter L, Spizzo T. Pathogen elim
ination and prevention within a regulated, designated pathogen free, closed pig herd for 
long-term breeding and production of xenotransplantation materials. 
Xenotransplantation 2018;25:e12428.

168. Denner J. Sensitive detection systems for infectious agents in xenotransplantation. 
Xenotransplantation 2020;e12594.

169. Denner J, Längin M, Reichart B, Krüger L, Fiebig U, Mokelke M, Radan J, Mayr T, Milusev A, 
Luther F, Sorvillo N, Rieben R, Brenner P, Walz C, Wolf E, Roshani B, Stahl-Hennig C, 
Abicht JM. Impact of porcine cytomegalovirus on long-term orthotopic cardiac xenotrans
plant survival. Sci Rep 2020;10:17531.

170. Morozov VA, Heinrichs G, Denner J. Effective detection of porcine cytomegalovirus using 
non-invasively taken samples from piglets. Viruses 2017;9:9.

171. Gwinn M, MacCannell D, Armstrong GL. Next-Generation sequencing of infectious patho
gens. Jama 2019;321:893–894.

172. Denner J, Tönjes RR. Infection barriers to successful xenotransplantation focusing on por
cine endogenous retroviruses. Clin Microbiol Rev 2012;25:318–343.

173. Harrison I, Takeuchi Y, Bartosch B, Stoye JP. Determinants of high titer in recombinant por
cine endogenous retroviruses. J Virol 2004;78:13871–13879.

174. Denner J, Specke V, Thiesen U, Karlas A, Kurth R. Genetic alterations of the long terminal 
repeat of an ecotropic porcine endogenous retrovirus during passage in human cells. 
Virology 2003;314:125–133.

175. Denner J. Why was PERV not transmitted during preclinical and clinical xenotransplant
ation trials and after inoculation of animals? Retrovirology 2018;15:28.

176. Wynyard S, Nathu D, Garkavenko O, Denner J, Elliott R. Microbiological safety of the first 
clinical pig islet xenotransplantation trial in New Zealand. Xenotransplantation 2014;21: 
309–323.

177. Morozov VA, Wynyard S, Matsumoto S, Abalovich A, Denner J, Elliott R. No PERV trans
mission during a clinical trial of pig islet cell transplantation. Virus Res 2017;227:34–40.

178. Fu Y, Foden JA, Khayter C, Maeder ML, Reyon D, Joung JK, Sander JD. High-frequency off- 
target mutagenesis induced by CRISPR-cas nucleases in human cells. Nat Biotechnol 2013; 
31:822–826.

179. Thomas M, Burgio G, Adams DJ, Iyer V. Collateral damage and CRISPR genome editing. 
PLoS Genet 2019;15:e1007994.

180. Denner J. The porcine virome and xenotransplantation. Virol J 2017;14:171.
181. Scobie L, Denner J, Schuurman HJ. Inactivation of porcine endogenous retrovirus in pigs 

using CRISPR-Cas9, editorial commentary. Xenotransplantation 2017;24:12363.
182. Loike JD, Kadish A. Ethical rejections of xenotransplantation? The potential and challenges 

of using human-pig chimeras to create organs for transplantation. EMBO Rep 2018;19: 
e46337.

183. Ebner K, Ostheimer J, Sautermeister J. The role of religious beliefs for the acceptance of 
xenotransplantation. Exploring dimensions of xenotransplantation in the field of hospital 
chaplaincy. Xenotransplantation 2020;27:e12579.

184. Kögel J, Marckmann G. Xenotransplantation challenges us as a society”: what well-informed 
citizens think about xenotransplantation. EMBO Rep 2020;21:e50274.

185. Cooper DK. Ethical aspects of xenotransplantation of current importance. 
Xenotransplantation 1996;3:264–274.

186. Smetanka C, Cooper D. The ethics debate in relation to xenotransplantation. Revue scien
tifique et technique (International Office of Epizootics) 2005;24:335–342.

187. Cozzi E, Schneeberger S, Bellini MI, Berglund E, Böhmig G, Fowler K, Hoogduijn M, 
Jochmans I, Marckmann G, Marson L, Neuberger J, Oberbauer R, Pierson RN III, 
Reichart B, Scobie L, White C, Naesens M. Organ transplants of the future: planning for 
innovations including xenotransplantation. Transpl Int 2021;34:2006–2018.

188. Marks P, Solomon S. Clarifying US regulations on xenotransplantation. Nat Biotechnol 2021; 
39:1500–1501.

189. Scheuer SE, Jansz PC, Macdonald PS. Heart transplantation following donation after circu
latory death: expanding the donor pool. J Heart Lung Transplant 2021;40:882–889.

D
ow

nloaded from
 https://academ

ic.oup.com
/cardiovascres/article/118/18/3499/6869130 by guest on 11 D

ecem
ber 2025


	Cardiac xenotransplantation: from concept �to clinic
	1. Introduction
	2. Pathobiology of pig organ XTx �and concepts for GM of donor pigs
	3. Relevant results of heterotopic and orthotopic HTx in the pig-to-NHP model
	4. Monitoring of pig heart function after orthotopic XTx
	4.1 How does a healthy pig heart function compared with a healthy human/baboon heart?
	4.2 Indicators of rejection
	4.3 Prospects for treatment of acute AMR

	5. What experimental results would justify a formal clinical trial?
	6. Selection of patients
	7. Safety of XTx (potential infectious complications)
	8. Ethical considerations and regulatory aspects
	9. What do we predict the future of cardiac XTx will be during the next 5–10 years?
	Funding
	Conflict of interest
	References




