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Summary
Heart transplantation is widely regarded as the most effective and durable 
treatment option for patients with advanced/terminal cardiac failure. Howev-
er, the need for organs by far surmounts the donations and the correspond-
ing long waiting lists carry a considerable mortality. Currently, mechanical 
assist devices are the major alternative, but they come with a high complica-
tion rate and only moderate improvements in patients’ quality of life. 
An emerging and promising solution is xenotransplantation of genetically 
multi-modified (GM) pig hearts. Recent studies have shown long-term suc-
cess in baboons with both heterotopic (non-life-supporting) abdominal and 
life-supporting orthotopic porcine heart transplants. Notably, in a recent case 
of compassionate use, a pig heart with ten genetic modifications was im-
planted into a terminally ill patient, who survived for two months. 
This review examines the concept of pig heart xenotransplantation, focus-
ing on challenges such as immune rejection, coagulation dysregulation, and 
detrimental overgrowth of the transplanted heart; GM strategies and non-
nephrotoxic immunosuppression are discussed to minimize or prevent these 
issues. This review covers also microbiological (virologic) safety considera-
tions and further requirements for initiating clinical studies.

Key words: xenotransplantation, heart, pig, nonhuman primate, terminal 
heart failure

Abbreviations
aGal: galactose-a(1,3)-galactose
ADCC: antibody-dependent cellular cytotoxicity
APC: antigen-presenting cell 
ATMP: advanced therapy medicinal product
B2M: b2-microglobulin
B4GALNT2: b-1,4-N-acetyl-galactosaminyl transferase
BCL2: BCL2 apoptosis regulator
CD39: ectonucleoside triphosphate diphosphohydrolase 1
CD46: membrane cofactor protein (MCP)
CD47: leukocyte surface antigen CD47
CD55: complement decay-accelerating factor (DAF)
CD59: membrane inhibitor of reactive lysis (MIRL)
CMAH: cytidine monophosphate-N-acetylneuraminic acid hydroxylase
CPRP: complement pathway regulatory protein
CRISPR/Cas9: clustered regularly interspaced short palindromic repeats/
CRISPR-associated protein 9
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CTLA4-Ig: cytotoxic T lymphocyte-associated antigen-4-immunoglobulin (abatacept)
DCD: donation after circulatory death
DPF: designated pathogen-free 
EMA: European Medicines Agency
EPCR: endothelial protein C receptor (CD201)
ETV2: ETS variant transcription factor 2
FDA: US Food and Drug Administration
GGTA1: a-1,3-galactosyltransferase
GHR: growth hormone receptor
GM: genetically (multi)modified
hiPSC: human induced pluripotent stem cell
HLA: human leukocyte antigen
HMOX1: haeme oxygenase 1
HTx: heart transplantation
ICU: intensive care unit
IGF1R: insulin-like growth factor 1 receptor
IL6R: interleukin 6 receptor
KDR: kinase insert domain receptor
KO: knockout
LEA29Y: affinity optimized CTLA4-Ig (belatacept)
mAb: monoclonal antibody
MMF: mycophenolate mofetil
mTOR: mechanistic target of rapamycin
MYF5/6: myogenic factor 5/6
MYOD: myogenic differentiation
Neu5Gc: N-glycolylneuraminic acid
NHP: nonhuman primate
NK cell: natural killer cell
PCMV: porcine cytomegalovirus
PCR: polymerase chain reaction
PCXD: perioperative xenograft dysfunction
PD-L1: programmed death-ligand 1
PEI: Paul-Ehrlich-Institute
PERV: porcine endogenous retrovirus
PRA: panel reactive antibodies
Sd(a): blood group antigen
SIRPα: signal regulatory protein alpha 
SLA: swine leukocyte antigen
TBM: thrombomodulin (CD141)
TF: tissue factor
TFPI: tissue factor pathway inhibitor
tg: transgenic
TKO: triple-knockout
TM: thrombotic microangiopathy
TNFAIP3: TNF alpha induced protein 3 (A20) 
TP53: tumour protein P53
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INTRODUCTION

Current medical treatments for advanced heart failure are 
highly effective (reviewed in Bauersachs, 2021 1). However, 
when all options fail, heart transplantation (HTx) remains 
the gold standard for patients with end-stage heart dis-
ease, offering a high probability level of an extended life 
time in good general condition. The world-wide shortage 
of donated human organs results in waiting lists (Tab. I) 
with annual numbers being twice as high when compared 
to those of actually done transplants. Long waiting lists 
carry a considerable mortality; furthermore, additional 
patients need to be withdrawn due to severe side effects, 
which make future transplantations impossible. 
Taking extended risks in donor selection is one alterna-
tive solution 2, donations after circulatory death (DCD) are 
another 3-5; DCD is, however, not permitted in Germany.
Currently, mechanic assist devices are the major alter-
native, but they come with a high complication rate and 
only moderate improvements in patients’ quality of life. 
The one- and five-year survival rates are 83 and 52 per-
cent, respectively, and, when compared with autologous 
transplantations, are significantly worse after the longer 
observation time. The hospital readmission rates, mainly 
due to infections and bleeding events, are high after three 
and twelve postoperative months (36 and 68 percent, re-
spectively); withdrawal of care is the main cause of death 6. 
Significant progress has been made in pig-to-primate car-
diac xenotransplantation, using GM donor pigs, improved 
preservation techniques, optimized transplantation mod-
els, and effective immunosuppressive regimens 7-10, dem-
onstrating the potential for clinical application. 
In January 2022, the first compassionate use xenotrans-
plantation of a 10xGM pig heart into a patient with 

terminal heart failure was done at Maryland University, 
Baltimore 11. The patient died after 2 months due to mul-
tiple pre-operative risk factors and portentous compli-
cations such as intra-operative acute aortic dissection 
involving the renal and mesenteric artery branches and 
their end-organs; a porcine cytomegalovirus (PCMV) in-
fection caused endothelial damage of the transplant and 
may also have contributed to the patient’s demise after 
two post-operative months 11. However, the ability to sus-
tain normal heart function for more than 45 days is widely 
regarded as a crucial demonstration that clinical cardiac 
xenotransplantation is feasible. 
In this overview, we provide a summary of the background 
and outline additional steps that we believe are necessary 
to achieve consistent long-term success and finally trans-
late xenogeneic heart transplantation into clinical reality. 

GENETIC MODIFICATION OF 
SOURCE PIGS TO ALLEVIATE THE 
PATHOBIOLOGY OF PIG HEART 
XENOTRANSPLANTATION

Xenogeneic rejection reactions
The intricate nature of organ xenotransplantation’s 
pathobiology surpasses that of allotransplantation, as the 
innate immune responses assume a more significant role. 
The factors contributing to xenograft destruction have 
been comprehensively reviewed by Cooper et al. 12 in this 
issue. In brief: during infancy, both humans and nonhu-
man primates (NHPs) develop antibodies that cross-react 
with carbohydrate antigens found on the surfaces of ge-
netically unmodified pig cells. Hence, when a wild-type 
pig organ is transplanted into a human or baboon, these 

Table I. Active waiting lists for a heart transplant in Europe.
Region Year Size of waiting list Deaths on waiting list
Eurotransplant 2022 1044 116
France 2017 874 43
Spain 2021 495 12
Italy 2022 706 71*
Poland 2017 691 79
United Kingdom 2022 320 22
Austria 2021 112 3
Portugal 2021 93 7
Sweden 2021 90 1
Finland 2021 82 1
Czech Republic 2021 56 20
Denmark 2021 46 1
Ireland 2021 9 1

Source: https://www.statista.com/statistics/; *number in 2021.

https://www.statista.com/statistics/
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antibodies swiftly bind to the graft’s vascular endothelial 
cells. In a next quick step, the complement cascade is 
activated, leukocytes are attracted and infiltrate the por-
cine heart through (antibody) Fc-receptor-mediated and 
Fc-independent mechanisms. Consequently, the graft is 
typically rejected within minutes to hours. This antibody 
dependent “hyperacute rejection” is characterized by his-
topathological features such as venous thrombosis, loss 
of vascular integrity, interstitial haemorrhage, oedema, 
and infiltration of innate immune cells.
Hyperacute (and later acute vascular) rejections of pig 
organs in humans or NHPs primarily occur due to (pre-
formed) antibodies targeting galactose a-(1,3)-galactose 
(aGal). Humans possess additional natural antibodies 
against N-glycolylneuraminic acid (Neu5Gc) and a glycan 
resembling the human Sd(a) blood group antigen (often 
referred to as b4Gal). In contrast, NHPs only exhibit anti-
aGal and anti-Sd(a) antibodies (reviewed in Byrne et al., 
2018; Sykes and Sachs, 2019) 13,14.
To eliminate the aGal, Neu5Gc, and Sd(a) epitopes as 
target antigens for xenograft rejection in humans, pigs 
with inactivated a-1,3-galactosyltransferase (GGTA1)  15, 
cytidine monophosphate-N-acetylneuraminic acid hy-
droxylase (CMAH) 16,17, and b-1,4-N-acetyl-galactosaminyl 
transferase 2 (B4GALNT2)/B4GALNT2-like (B4GAL-
NT2L)  18 genes – so-called triple-knockout (TKO) pigs 
– were generated. However, complement activation can 
also occur through pathways unrelated to antibody bind-
ing, such as ischaemia-reperfusion injury. Therefore, 
transgenic pigs expressing human complement pathway 
regulatory (inhibitory) proteins (CPRPs), namely CD46 19, 
CD55 20, and CD59 21 have been generated; organs derived 
from animals with transgenic expression of one or more 
human CPRPs exhibit a significant level of safeguarding 
against human/NHP complement-mediated injury. In 
combination with the TKO animals, cell injury is remark-
ably diminished in these “humanized” porcine organs 
(reviewed in Galli, 2023 22).
Reducing additional detrimental targets diminishes an-
tibody-dependent cellular cytotoxicity (ADCC) by natural 
killer (NK) cells: since swine leukocyte antigen (SLA)-I has 
limited ability to bind inhibitory NK cell receptors, human/
NHP NK cells directly exhibit cytotoxicity against porcine 
cells. To counter this, transgenic pigs expressing human 
leukocyte antigen (HLA)-E/b2-microglobulin (B2M) have 
been generated as a strategy 23. 
Furthermore, porcine cells activate macrophages since 
porcine CD47 fails to bind the “don’t eat me” signal regu-
latory protein alpha (SIRPa) on human macrophages. 
Consequently, transgenic pigs expressing human CD47 
have been developed 24. 
The activation of human/NHP T cells against porcine 
xenotransplants occurs either directly through porcine 
antigen-presenting cells (APCs) presenting porcine 

peptides or indirectly via human/NHP counterparts. 
These processes involve several co-stimulatory and co-
inhibitory signals; direct T cell activation can be reduced 
by eliminating or downregulating SLA molecules (as re-
viewed in Ladowski et al., 2021 25) or by blocking the CD40-
CD40L (CD154) costimulatory signal with antibodies (see 
below). Additionally, transgenic pigs expressing CTLA4-
Ig, or its high-affinity derivative LEA29Y  26,27, have been 
developed to block the CD28-CD80/CD86 co-stimulatory 
pathway. In another approach, membrane-bound human 
PD-L1 is expressed on pig cells to activate the inhibitory 
PD1 receptor on infiltrating human/NHP leukocytes 28. To 
deplete and inhibit T and NK cells, transgenic pigs have 
been generated which express a monoclonal anti-human 
CD2 antibody construct 29.
For LEA29Y, PD-L1 and CD2 transgenic pigs, effective lo-
cal expression is being investigated as a means to attenu-
ate immune reactions and thus to reduce or even replace 
the need for systemic immunosuppression.

Xenogeneic coagulation disorders
Coagulation pathway dysregulation is another aspect of 
the pathobiology associated with pig organ xenotrans-
plantation (as reviewed in Cowan, Robson, 2015; Pierson 
et al., 2020 30,31). Contributing factors include the immune 
responses mentioned earlier, which propagate inflamma-
tion, vascular damage, and therefore a procoagulant state 
of the porcine endothelium; molecular incompatibilities 
between porcine and human/NHP coagulation regulators 
are a major cause. Although the measures employed to 
prevent hyperacute xenograft rejection helped to avert 
systemic life-threatening consumptive coagulopathy, pig 
hearts, transplanted long-term into baboons abdominally, 
displayed signs of thrombotic microangiopathy (TM) – 
even under clinically approved anticoagulation therapy. In 
contradistinction, transgenic expression of human throm-
bomodulin (TBM) in donor pigs (e.g., 32-34) successfully pre-
vented TM by overcoming the inability of porcine TBM – in 
complex with human/NHP thrombin – to activate human/
NHP protein C. Activation of this anticoagulation pathway 
is necessary to prevent the formation of detrimental fibrin 
clots in the capillary system of the donor organ and the 
above mentioned TM. 
Although the porcine endothelial protein C receptor 
(EPCR; supporting the activation of protein C) seems to 
be compatible with the human/NHP protein C pathway 35, 
transgenic pigs expressing human EPCR have been cre-
ated to achieve higher EPCR levels and thereby enhance 
protective thromboregulation. 
Other genetic modifications also aim at addressing co-
agulation dysregulation: Expression of human tissue 
factor pathway inhibitor (TFPI) to prevent activation of 
TF-factor VIIa complexes; expression of human ectonu-
cleoside triphosphate diphosphohydrolase 1 (CD39) to 
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inhibit platelet aggregation and consecutive thrombus 
formation (reviewed in Cowan, Robson, 2015; Pierson et 
al., 2020 30,31); and siRNA-mediated suppression of porcine 
TF expression 36.
Additionally, transgenic pigs expressing anti-inflamma-
tory proteins such as human TNF-alpha-induced protein 
3 (TNFAIP3 alias A20  37) or human haeme oxygenase 1 
(HMOX1 38) have been generated, aiming to prevent or re-
duce inflammation that may not be adequately controlled 
by other genetic modifications.

Lethal overgrowth of the donor heart 
Detrimental intrinsic (genetically determined) overgrowth 
of the porcine organ (the heart of an outgrown German 
Landrace pig weighs one kg) has consistently been ob-
served in preclinical studies of cardiac xenotransplanta-
tion  7. In the preclinical setting, overgrowth is retarded 
with rapamycin, a blocker of the activation of mTOR 
(mechanistic target of rapamycin), which is part of the sig-
nalling cascade of many growth stimulating hormones. To 
address this issue clinically, one approach involves the 
generation of donor pigs with loss-of-function mutations 
in the growth hormone receptor (GHR) gene  39,40. GHR 
inactivation resulted in approximately 50% reduced body 
and organ weights. A comprehensive proteome analysis 
of GHR-deficient pig hearts revealed no major other mo-
lecular abnormalities 40; GHR deficiency, along with other 
genetic modifications, has contributed to the prolonged 
survival of orthotopic porcine cardiac xenografts beyond 6 
months 9,41; in the Maryland case, GHR deficiency was one 
of the 10 GM of the donor organ. However, GHR deficiency 
in donor pigs may have side effects, such as marked obe-
sity  39, transient juvenile hypoglycaemia  42, altered liver 
metabolism  43, and structural/proteomic alterations of 
the anterior pituitary gland 44. Thus, it is preferably to use 
a genetic background of source pigs that fits the size of 
humans.

TOWARDS PARTIALLY HUMANIZED 
PIG HEARTS: EXOGENESIS

To enhance compatibility between pig hearts and humans, 
an additional technique called exogenesis has been pro-
posed 45. This approach aims to achieve complete humani-
zation of heart structures, specifically the endothelium 
(Fig. 1). Exogenesis involves the creation of interspecies 
chimeras using genetically engineered pig embryos (re-
viewed in Garry DJ, Garry MG, 2019  46). These embryos 
lack the ability to generate or sustain certain cell line-
ages, creating a niche for the introduction of donor human 
cells or even parts of organs. However, the formation of 
whole organ chimeras between pigs and humans faces 
fundamental barriers due to their evolutionary distance. 
Several mechanisms contribute to this xenogeneic bar-
rier (reviewed in Zheng et al., 2021 47). Apoptosis and cell 
competition can eliminate donor cells, ligand-receptor 
incompatibilities between species pose challenges, dif-
ferences in developmental timing present obstacles, and 
mismatches in cell adhesion molecules hinder the forma-
tion of adequate junctions between human and pig cells. 
To overcome these barriers, researchers have explored 
various genetic manipulations in pig embryos. For in-
stance, overexpressing the antiapoptotic factor BCL2 in 
human induced pluripotent stem cells (hiPSCs) and en-
grafting them into pig blastocysts lacking ETV2, a master 
regulator of haematoendothelial lineages, has facilitated 
the generation of pig embryos with human endothelium 45. 
Knocking out the kinase insert domain receptor (KDR) 
gene is another approach to generate porcine embryos 
with impaired vasculogenesis 48. The development of GM 
pig hearts with humanized endothelium is of particular 
significance, as the endothelium is the primary target for 
rejection mechanisms following xenogeneic heart trans-
plantation. 
Furthermore, porcine embryos with a human myogenic 
lineage have been generated by complementing defective 

Figure 1. Principle of exogenesis to generate partially humanized pig hearts.
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pig blastocysts lacking myogenic factor 5 (MYF5), myo-
genic differentiation (MYOD), and myogenic factor 6 
(MYF6) with TP53-null hiPSCs 49. Inactivation of TP53 in 
the donor cells allows adaptation to the low TP53 ex-
pression in porcine host embryos, resulting in increased 
chimerism. Strategies to enhance the inter-species chi-
mera competency of human stem cells, such as naïve vs. 
primed vs intermediate hiPSCs, have been extensively 
reviewed  47. Additional efforts to improve interspecies 
chimerism focus on modifying the host embryo, such 
as inactivating the insulin-like growth factor 1 receptor 
(IGF1R) gene 50. Systematic analysis of early porcine em-
bryo and heart development is expected to uncover new 
strategies for enhancing the efficiency of porcine blasto-
cyst complementation with human stem cells. This may 
involve humanizing essential ligands, receptors, or adhe-
sion molecules in the porcine host embryos 51.

HETEROTOPIC AND ORTHOTOPIC 
HEART TRANSPLANTATION IN THE 
PIG-TO-NHP MODEL 

Previous comprehensive reviews have examined the 
early results after pig heart transplantation in NHPs 
(1968-2013) 52. The baboon (Papio anubis or hamadryas) 
has been the most commonly used recipient species for 
preclinical porcine cardiac xenotransplantation, and three 
transplantation models have been established for these 
animals (as reviewed in Mohiuddin et al., 2015 53).
In the abdominal heterotopic cardiac xenotransplanta-
tion technique (i), the porcine ascending aorta (with both 
coronary arteries) is connected to the recipient abdominal 
aorta, the porcine pulmonary artery (with the coronary 
venous efflux) to the recipient inferior vena cava (Fig. 2A). 
Upon release of the aortic clamp, the transplanted heart is 
perfused and starts pumping. As there is no systemic ve-
nous (caval) return, the transplant beats empty; the recipi-
ent survives on its own organ, which is left untouched in 
the chest. This easy to accomplish transplantation model is 
primarily used to assess the effectiveness of immunosup-
pressive regimens and new combinations of genetic modi-
fications. With appropriate immunosuppressive therapy, 
pig hearts lacking aGal, expressing hCD46 and hTBM have 
survived for up to 945 days (median 298 days 32).
In the intrathoracic heterotopic cardiac xenotransplanta-
tion technique (ii), the xenograft is placed within the right 
thoracic cavity and to the right of the recipient heart, re-
sulting in compression of parts of the upper and middle 
lobes of the right lung  54-56. Four anastomoses are nec-
essary: The connections between the respective left and 
right atria to achieve physiologically appropriate bi-atrial 
“inflow”, as well as end-to-side “outflow” connections 

between both ascending aortae and pulmonary artery 
trunks; the latter requires an extension with an interposi-
tion Dacron or Gore-Tex graft (Fig. 2B). In this “piggyback” 
position, the xeno-heart can fully or partially support the 
recipient’s organ, and carries under clinical conditions on 
average 73% of the total cardiac output 57. The intratho-
racic heterotopic cardiac technique has been considered 
as a potential scenario for an early clinical translation, 
as the recipient’s native heart can provide the live-saving 
minimal cardiac output in case a xenograft fails  58. Re-
transplantation may then be considered, utilizing either a 
human or again a porcine organ. 

Figure 2. Models of pig-to-baboon cardiac xenotransplan-
tation: A) heterotopic abdominal; B) heterotopic thoracic, 
and C) orthotopic techniques; D: donor; R: recipient (modi-
fied with permission from Mohiuddin et al., 2015) 53.

A

B

C
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Long-term results after allo-procedures were good, al-
though post-operative anticoagulation is mandatory to 
avoid thrombus formation within the recipient left ventri-
cle with consecutive systemic emboli 59. Our group in Mu-
nich carried out pig-to-baboon intrathoracic heterotopic 
heart experiments between 2009 and 2013. Short-term 
results (recipient survival, initial xenograft function) were 
excellent, but long-term results were limited due to the 
toxic immunosuppressive therapy at that time (e.g. co-
stimulation blockade was not available) and no control of 
the donor organ overgrowth 60. 
The most rigorous preclinical model is the orthotopic 
cardiac xenotransplantation technique (iii), where the 
baboon´s own organ is replaced with a GM pig heart 
using a surgical procedure identical to that of cardiac 
allotransplantation (Fig.  2C  61). This model extensively 
proves the life-supporting function of a xenograft heart, 
and achieving consistent success in good general 

condition is considered a prerequisite before entering 
clinical studies  62. Non-ischaemic preservation of the 
heart using ex vivo perfusion  (63; XVIVO, Gothenburg, 
Sweden), non-nephrotoxic immunosuppression  32, and 
post-implantation growth control of the xenograft heart 7 
are necessary. Table II summarises the results of ortho-
topic pig-to-baboon heart transplantation experiments.

LIMITATIONS OF THE PIG-TO-NHP 
CARDIAC XENOTRANSPLANTATION 
MODELS, THE ALTERNATIVE 
DECEDENT EXPERIENCE

While inactivation of GGTA1 along with expression of 
hCD46 and hTBM has proven sufficient to achieve long-
term survival in the preclinical orthotopic NHP model, 
the combination of inactivation of GGTA1, CMAH, and 

B4GALNT2/B4GALNT2L (TKO) plus transgenic expres-
sion of one or several complement pathway regulatory 
proteins and human TBM is our preferred minimal set of 
genetic modifications for clinical cardiac xenotransplan-
tation studies. Testing this combination 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, ex-
press Neu5Gc, as do pigs. When Neu5Gc is deleted in TKO 
pigs, it appears that another xenoantigen (sometimes 
known as the ‘4th xenoantigen’, presumable a glycan) is 
exposed. The structure and identity of the ‘4th xenoanti-
gen’ remains unknown, but most NHPs express natural 
antibodies reacting with CMAH-KO or TKO cells 18. Binding 
of these antibodies to TKO pig grafts is associated with a 
high level of complement-dependent cytotoxicity 70-72 and 
reduced graft survival in heart 9 and kidney 73 xenotrans-
plantation models. This – in the end clinically irrelevant 

– phenomenon has proven to be a major obstacle (for 
e.g. regulatory authorities) in predicting how a TKO pig 
organ would work in a human recipient  73,74. Additional 
inactivation of the CMAH gene reduces the antigenicity in 
a future clinical setting and should therefore be included 
(but should be avoided in pre-clinical trials 18,72; reviewed 
in Cooper et al., 2019 75).
In that respect, is the recent so-called “decedent model” of 
interest, meaning the transplantation of clinical-grade GM 
porcine organs into brain dead persons with still function-
ing organs. At New York University, Montgomery et al. 76 
attached GGTA1-KO kidneys to groin vessels in two such 
cases. During the short observation time of 54 h, there 
were no signs of (hyperacute) rejection and the trans-
planted organs were passing urine normally. No serum 
creatinine increases were observed, the recipient´s own 
kidneys remained however untouched and were working.
In the University of Alabama case, J.E. Locke and her 

Table II. Orthotopic xenogeneic heart transplantation experiments in baboons (from Reichart et al., mod.) 64.
Genetically modified donor pigs Organ

preservation
ISR Growth 

controla
Survival time

[days]b
Ref.

Knockouts Transgenes

GGTA1 CMAH B4GALNT2(L) GHR hCD46 hCD55 hTBM hEPCR hCD47 hHMOX1
X Static A - < 1 (2); 5 (2); 9 65

X Static A - < 1 (5); 4; 5 (3); 9 66

X Static B - 39 67

X Static C - 9; 25 68

X Static C - 0; 2 (2); 34; 40; 57 68

X X Static C - 0; 1; 2; 14 68

X X X Static D - 1 (3); 3; 30 7

X X X Perfusion D - 4c; 18; 27; 40 7

X X X Perfusion D + 90d (2); 182; 195 7

X X X Perfusion D + 15e; 27e; 90d (2) 8

X X X Blood cardioplegia E - < 1; 4; 29 9

X X X Perfusion E 57 9

X X X Perfusion E - 6 9

X X X X X Perfusion E - < 1 9

X X X Perfusion E - 8 9

X X X X X X X X Perfusion E - 84; 95 9

X X X X X X X Perfusion E - 182f; 264 9

X X Static (UW) F + < 1 10,69

X X Static (del Nido) F + 90 10,69

X X X Static (del Nido) F + < 1; 241 10,69

A: Treatment with mTOR inhibitor temsirolimus or rapamycin; B: Numbers of animals with the same survival time are given in brackets; C: Tech-
nical failure; D: Terminated according to experimental protocol; E: Donor infected with porcine cytomegalovirus (PCMV); F: Elective euthanasia. 
Immunosuppressive regimens (ISR): A: cyclosporine A (CsA), corticosteroids (Cs), cyclophosphamide (CyP); B: CsA, Cs, CyP, mycophenolate mofetil 
(MMF); C: anti-thymocyte globulin (ATG), rituximab, tacrolimus, sirolimus, TPC (aGal polymer) or GAS914 some recipients; D: induction: anti-CD20 
monoclonal antibody (mAb), anti-CD40 mAb or PASylated anti-CD154 Fab, ATG; maintenance: MMF, anti-CD40 mAb or PASylated anti-CD154 Fab, methyl-
prednisolone (MP; tapered down); anti-inflammatory therapy: interleukin-1 receptor (IL1R) blocker, IL6R blocker, tumour necrosis factor alpha (TNFA) 
inhibitor; E: induction: anti-CD20 mAb, anti-CD40 mAb, ATG, cobra venom factor (CVF) or C1 esterase inhibitor; maintenance: MMF, anti-CD40 mAb; anti-
inflammatory therapy: IL6R blocker, TNFA inhibitor. F: induction: ATG, anti-CD20 mAb, C1-esterase inhibitor; maintenance: anti-CD40 mAb, rapamycin, 
methylprednisolone; adjunctive medication: etanercept (TNFA antagonist), ganciclovir, famotidine, aspirin, bactrim, erythropoietin, triiodothyronine.
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group  77 transplanted two 10xGM kidneys (GGTA1-KO, 
CMAH-KO, B4GALNT2-KO, GHR-KO; hCD46-tg, hCD55-tg; 
hTBM-tg, hEPCR-tg, hCD47-tg, hHOMX1-tg; United Thera-
peutics (UT)/Revivicor, Blacksburg, Virginia, USA) into 
a nephrectomised decedent. During the 74-h follow-up 
time, again, there were no signs of rejection; however, 
the creatinine clearance did not recover. At autopsy, there 
were histologic features of thrombotic microangiopathy 
and tubular necrosis.
In June, July 2022 and again at New York University, two 
orthotopic heart transplantations were done and allowed 
to beat for 72 hours; again, 10xGM pigs (UT/Revivicor) 
served as donors and no signs of rejection were record-
ed  78,79. Although both xenografts beated normally after 
starting reperfusion with the recipients‘ blood, cardiac 
function decreased in the further follow-up in one case, 
attributed to a size mismatch between the donor pig (or-
gan too small) and the recipient.
Taken together, such short-term experiments are prob-
ably of limited scientific value, but the unstable condition 
of a brain-dead recipient does not permit easily longer 
observation times  80. For more reliable information, 
xenotransplantations must be done in living patients.

PREREQUISITES FOR CONSISTENT 
SUCCESS IN (PRE-) CLINICAL 
CARDIAC XENOTRANSPLANTATIONS

Stable genetic modifications of the source pigs
These aspects have already been discussed in chap-
ter “Genetic modification of source pigs to alleviate the 
pathobiology of pig heart xenotransplantation”.

Non-ischaemic perfusion preservation of the donor 
heart
For over 20 years, the preclinical results after orthotopic 
xenogeneic heart transplantations were unpredictable with 
a 40-60% peri-operative mortality, inconsistent, despite the 
use of clinically approved cold static preservation tech-
niques (reviewed in Shu et al., 2022  81). This phenomenon 
was termed “Peri-operative Cardiac Xenograft Dysfunction” 
(PCXD) and was thought to be due to ischaemia/reperfu-
sion injury 53,82; when compared to humans, porcine hearts 
are obviously less resistant against ischaemia. Since De-
cember 2015, PCXD has been consistently prevented by a 
continuous (non-ischaemic) perfusion of the grafts with an 
8°C hyperoncotic, oxygenated cardioplegic solution contain-
ing erythrocytes, nutrition and hormones 63,83; the perfusion 
was intermittently continued even during implantation. This 
perfusion preservation technique was also employed in the 
clinical Maryland case 11. 

Development of a non-nephrotoxic 
immunosuppressive regimen with CD40-CD154 co-
stimulation blockade
Initial pig-to-baboon cardiac xenotransplantation stud-
ies used conventional immunosuppressive regimens 
including cyclophosphamide, cyclosporine A or tacroli-
mus, mycophenolate mofetil, and corticosteroids without 
success. Since 2000, co-stimulation blockade – first with 
anti-CD154 mAb – was applied in abdominal heterotopic 
heart transplantation experiments (84; reviewed in Bühler 
et al., 2000  85). After anti-CD154 mAb was found to be 
thrombogenic in humans, the chimeric anti-CD40 2C10 
mAb-based regimen was introduced and has since then 
contributed to the longest reported cardiac xenograft sur-
vivals after heterotopic 32 and orthotopic transplantations 
in baboons 7,9.
The humanized anti-CD40 antibody KPL-404 (Kiniksa 
Pharmaceuticals, Lexington, Massachusetts, USA) was 
given in the recent Maryland case 11.
The following immunosuppressive drugs complemented the 
treatment: for induction, cortisone, ATG and anti-CD20 anti-
body; for maintenance, cortisone tapered down, MMF and/
or rapamycin (also necessary for graft overgrowth control). 

Post-implantation growth control of the xeno-heart
Domestic pig breeds used for xenotransplantation experi-
ments, such as German Landrace or Large White, weigh 
outgrown 200-300 kg; heart sizes increase proportionally 
and reach then approximately one kg. This size mismatch 
is of great importance for both preclinical experiments as 
well as clinical applications. 
For many years, it was believed that after xenogeneic 
transplantations, the grafts would adapt to the growth 
regulation of the recipient under the influence of extrin-
sic (recipient dependent) factors such as hormones and 
growth factors (reviewed in Lui and Baron, 2011; Penzo-
Méndez and Stanger, 2015 86,87). However, Längin et al. 7 
could demonstrate more recently that the donor organ 
growth is regulated intrinsically, which means genetical-
ly, or in other words: the xeno-heart in the primate body 
increases its size as if it still would be within the porcine 
chest (this “overgrowth” was also observed in xenogeneic 
kidney transplantation experiments  88,89). After hetero-
topic thoracic xeno-heart transplantation 60, this phenom-
enon caused a reduction in pulmonary function, and in the 
orthotopic model diastolic pump failure and subsequent 
congestive liver damage 7. 
In the preclinical setting, cardiac overgrowth was suc-
cessfully prevented by decreasing the blood pressure 
(baboons have a higher blood pressure than pigs), early 
weaning from cortisone, and treatment with sirolimus 
(or the i.v. donation of the prodrug temsirolimus), which 
inhibits activation of the mechanistic target of rapamycin 
(mTOR) and thereby cardiomyocyte hypertrophy.
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An alternative would be use of GHR-KO pigs as described 
before; GHR-KO was included in the 10xGM pig (United 
Therapeutics/Revivicor, Blacksburg, VA) used as donor 
for the already mentioned Maryland case.
In future clinical applications, however, smaller donor ani-
mal breeds will be preferred, such as the Auckland Island 
pigs from New Zealand (NZeno, Auckland), which weigh 
outgrown between 70 and 90  kg, i.e. perfect for adult 
humans. In the meantime, a small porcine endogenous 
retrovirus-C (PERV-C) free herd has been established in 
a farm near Munich. GM Yucatan minipigs were used by 
Ma et al., 2022 90. 

SAFETY OF XENOTRANSPLANTATION, 
AVOIDING POTENTIAL INFECTIOUS 
COMPLICATIONS

The microbiologic and virologic safety profile of porcine 
xenotransplants is high, since GM donor pigs must be 
maintained in designated pathogen-free (DPF) barrier 
facilities ensuring the absence of zoonotic pathogens (re-
viewed in  Fishman, 2018;2020  91,92). In addition, highly 
sensitive and specific assays have been established for 
specific pathogens which must be absent from the donor 
pigs  93. Some of them like the porcine cytomegalovirus 
(PCMV) had a significant negative effect on cardiac xeno-
graft survival times in preclinical transplantation experi-
ments 94 and may have contributed to the Maryland heart 
xenograft recipient’s demise 11. It is thus mandatory to use 
only PCMV negative donor pigs confirmed by negative 
PCR assays and, more importantly, by absent serologi-
cal antibodies 95,96. Since there exist no drugs or vaccines, 
“early weaning” is the only solution at the present time, as 
it prevents the nasal transmission from the mother to the 
piglets while sucking milk. 
Of special importance are the porcine endogenous retro-
viruses (PERVs) since they are integrated in the porcine 
genome and will remain there: PERV-A and PERV-B are 
present in all pigs, whereas PERV-C is in the genome of 
most, but not all animals. PERV-A and PERV-B are poly-
tropic and can infect human cells only in vitro, whereas 
PERV-C is ecotropic and infects only pig cells  97. When 
compared with PERV-A, recombinants between PERV-A 
and –C carry higher replication rates  98,99 and must be 
avoided. 
PERV-A, -B and -A/C have been shown to infect human 
tumour and immortalized cell cultures, but rarely primary 
cells. To date, PERV transmission has not been detected in 
numerous preclinical xenotransplantation nor in infection 
experiments in different species 100 – nor in clinical trials 
with encapsulated porcine islets in diabetic patients 101,102. 
Virologists are now of the opinion, that PERVs don´t pose 

the tremendous risk, as more than 25 years ago research-
ers thought it would be 103. Since, however, a PERV infec-
tion cannot be ruled out for sure, several strategies have 
been proposed to prevent an (unlikely) PERV transmission: 
•	 selection of pigs with low expression of PERVs and 

therefore a low probability to release infectious particles;
•	 selection of PERV-C-negative animals to prevent 

PERV-A/C recombination (our strategy, which is ac-
cepted by both FDA and EMA); 

•	 inhibition of PERV expression by RNA interference 97;
•	 inactivation of PERVs using CRISPR/Cas9 technol-

ogy 104; this strategy may however be associated with 
off-target effects 105,106; and

•	 use of antiviral drugs.

WHAT EXPERIMENTAL RESULTS 
WOULD JUSTIFY A FORMAL CLINICAL 
TRIAL?

In 2000, the ad hoc Xenotransplantation Advisory Com-
mittee of the International Society for Heart and Lung 
Transplantation recommended that consistent survival of 
NHPs supported by pig orthotopic heart transplants for 3 
months would be sufficient to warrant moving to a clinical 
trial 62. That recommendation was made at a time when 
even 3-month survivals had been unobtainable. 
The state of the science has changed dramatically since 
those pioneering days, and consequently the experimen-
tal evidence needs to be stronger, and has indeed already 
been achieved  7-9. We therefore suggest that consistent 
survival of up to 6 months, in the absence of features of 
irreversible rejection or infection, would be sufficient to 
warrant moving towards a clinical trial in carefully se-
lected patients. Achieving survival for longer durations, 
with one or two recipients being followed for nine or even 
12 months would be reassuring. 
However, we would emphasize that any clinical trials 
should be carried out by teams with experience of both 
clinical orthotopic heart transplantation and the preclini-
cal setting of a pig-to-NHP model.

REGULATORY ASPECTS

National regulatory bodies (FDA, EMA; in Germany the 
Paul-Ehrlich-Institute, PEI) have the authority to deter-
mine what experimental benchmarks in preclinical stud-
ies are appropriate, what kind of (microbiologic/virologic) 
safeguards are necessary, before approving clinical tri-
als of xenotransplantation. The necessary regulatory 
framework in the United States has been summarized in 
a recent letter 107. Within Europe, guidelines on Advanced 
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Therapy Medicinal Products (ATMP; EC/1394/2007) must 
be adhered. In addition, national laws, such as the AMG 
(Arzneimittelgesetz, law for medicinal products, which 
includes bioengineering) in Germany, will be additionally 
implemented. 
It should be remembered that, to date, no NHP has sur-
vived longer than 9  months after orthotopic pig heart 
transplantation  7,9. Consequently, regulatory authorities 
like the FDA or EMA may decide that (compassionate 
use) pig heart transplantations should initially be offered 
as a bridge-to-allotransplantation; in other words: after 
several months, a human heart-transplantation would be 
done if clinically indicated. 
“Compassionate use” means in this context that a specific 
patient has no realistic chance to receive an allograft dur-
ing lifetime. After an in-depth informed consent, the deci-
sion for a cardiac xenotransplant is made. Since under 
these circumstances the whole responsibility remains 
within the treating team, no permission from regulatory 
authorities is necessary. 
This is in contradistinction to small pivotal or pilot studies, 
which need such a permission and which is only granted 
after a thorough (and lengthy) investigation (in that case 
primarily, the high level exclusion of the transmission of 
pathogenic microorganisms). 
The FDA recognizes the need for xenotransplantation and 
accepts that:
i)	 pigs with multiple genetic modifications would be re-

quired;
ii)	 cloned pigs could be used for the initial studies; and
iii)	 complete inactivation of porcine endogenous retrovi-

ruses is not required. 
There is the necessity for biobanking in order to be pre-
pared for the emergence of unknown micro-organisms. 

FIRST PATIENT SELECTION 

The patients for the first clinical cardiac xenotransplan-
tation trials must be carefully selected to justify these 

interventions and ensure very likely favourable outcomes. 
Initial candidates could be intensive care (ICU) patients 
who are poor candidates for mechanical circulatory sup-
port, such as those with hypertrophic cardiomyopathy, 
prior mechanical valve replacements, deteriorated aortic 
bio-protheses, post-infarction ventricular septal defects. 
These high-risk patients become increasingly unstable 
due to inotrope requirements and arrhythmias; second-
ary liver and kidney damages must be considered revers-
ible and pulmonary hypertension medically treatable 
(reviewed in Reichart et al., 2021 58; Table III).
Paediatric patients with complex congenital heart diseases 
are of special interest, particularly those with single right 
ventricular pathophysiology. Although palliative surgical 
techniques (Norwood, Fontan) provide adequate results in 
some patients, survival and quality of life are limited, particu-
larly in patients with high-risk anatomic lesions or complex 
arrhythmias. In contradistinction, these high-risk patients do 
well after allotransplantation 109, but have a high mortality 
while waiting for a (usually small) heart. In single-ventricle 
patients, mechanical circulatory devices are associated with 
little success 110. In addition, total implantable systems are 
impossible in those below a bodyweight of 40 kg. In these 
patients, paracorporeal pump chambers are implanted 111. 

HOW DO WE PREDICT THE FUTURE OF 
CARDIAC XENOTRANSPLANTATION 
DURING THE NEXT 5-10 YEARS?

For humans with advanced/terminal myocardial disease, 
allografts will always be preferable. Due to the long waiting 
lists, and as an alternative, we suggest that bridging with a 
pig heart xenograft will be introduced into the clinic within 
the next two years, possibly initially again on an individual 
compassionate basis, but preferably as part of a formal clini-
cal trial. We expect that trials in both infant and adult patients 
will be approved. With successful longer-term experience, 
we predict that cardiac xenotransplantation as destination 
therapy will soon be an accepted treatment form. 

Table III. Potential indications for the initial clinical trials of pig heart transplantation*.
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 bio-prosthesis
(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 leukocyte antigens 
(SLA) of the donor animal

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 (Norwood III) procedures 
*Based on Chaban et al., 2023 108.
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We firmly anticipate that advances will be made in the 
field of xenotransplantation during the next decade that 
will surpass those of mechanical assist devices, stem cell 
technology, and regenerative medicine.
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