
Xenotransplantation
Kidney and heart from GalSafe pigs to humans: 
Will this finally solve the problem of organ shortage?
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the future?
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3. Pig-to-primate xenografts
4. The first genetically modified pig kidney transplanted
5. The «first» heart xenotransplantation
6. Future applications?
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Xenotransplantation
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• Xenotransplantation is the transplantation of organs, tissues or cells
from one species to another

What is Xenotransplantation?
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The history of Xenotransplantation
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19th century
frog skin grafts

17th century
dog skull bone

1920
testicles for „sexual 

rejuvenation“

1963-65
chimpanzee kidneys

one graft survived 9 months

1964
chimpanzee heart

heart too small

1984
„Baby Fae“ with baboon heart

died after 20 days

1992
Baboon livers

one graft survived 2 months
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The history of Xenotransplantation



c

• Primates share most of our genetic make up
• Primates are not available in numbers

• Pigs have good breeding potential 
• Adequate size of adult organs
• Significantly lower cost of maintenance
• Distant relation of the immune system to human
• Considerable knowledge of tissue typing
• Experience with genetic engineering in pig
• Low risk of transfer of infection
• Pigs are already slaughtered every day for meat

Nonhuman primates (NHP) vs. pigs
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Galactose-α1,3-
galactoseà GalSafe®
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c
àMost related to the presence of natural anti-pig antibodies
àMost important: Galactose-ɑ1,3-galactose

• Humans and Old World monkeys have lost the galactosyltransferase
activity during evolution

à Activation of the complement cascade à hyperacute rejection

Galactose-ɑ1,3-galactose [Gal]
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activation of innate and

adaptive immune system coagulation

dysregulation

inflammmation



• Genetic knockout of the ɑ-1,3-galactosyltransferase (GGTA1) locus
• Nuclear transfer technology
• Four live pigs with one allele of GGTA1 knocked out

Galactose-ɑ1,3-galactose [Gal]
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Nuclear transfer technology
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Galactose-ɑ1,3-galactose [Gal]

Nuclear donor
Clonal fetal fibroblast cell line

Homologous replacement of an endogenous GGTA1 
allele by gene trap targeting vector

Enucleated pig oocyte



Galactose-ɑ1,3-galactose [Gal]
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• Heterozygous GGTA1 knockout pigs
• Several congenital abnormalities detected….

• Selection of spontaneous null mutant cells from fibroblast cultures from
heterozygous animals à serial rounds of nuclear transfer

• Unexpectedly high rate of loss of the WT allele
• No defects, no phenotypic differences to WT piglets
à Healthy homozygous GGTA1 knockout pigs
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Galactose-ɑ1,3-galactose [Gal]

Kolber-Simonds et al.: PNAS, 2003

Flow cytometry analysis of Gal-
ɑ1,3-Gal epitopes on GGTA1 null 

piglets using BS-I-B4 lectin

WT cellsunstained cells

fibroblasts from
GGTA1 null piglets

fibroblasts from
GGTA1 null piglets

B: first round NT pig with ear
and eyes defects
C: offsprings of B



Pig-to-primate Xenografts
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Pig-to-primate Xenografts
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• GTKO pigs (ɑ-1,3-galactosyltransferase knockouts) have been tested

• Combination with other gene knockouts and modifications

• Combination with intensive immunotherapy

Delayed xenograft rejection
Thrombotic microangiopathy and consumptive coagulopathy

Pig-to-primate Xenografts
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GTKO.hCD46.hTBM

Mohiuddin et al.: Nat Comm, 2016.

ɑ-Gal knockout

Additional human complement regulatory
protein (hCD46) expression

à suppression of complement activation

Additional expression of human 
thromboregulatory protein (hTBM)

à reduction of thrombo-dysregulation



Five baboons received GTKO.hCD46.hTBM pig hearts

Pig-to-primate Xenografts
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Immunosuppressive regimen
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Immunosuppressive regimen
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Induction and maintenance:
anti-CD154-CD40 co-stimulation blockade antibody



Pig-to-primate Xenografts: Results
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Pig-to-primate Xenografts: Results
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Pig-to-primate Xenografts: Results

Mohiuddin et al.: Nat Comm, 2016.

myocyte necrosis

focal myocarditis

myofibril
loss

multifocal fibrosis

coagulative necrosis

venular thrombi

terminal histology

thrombomodulin
expression in 

explanted grafts
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Pig-to-primate Xenografts: Results

Mohiuddin et al.: Nat Comm, 2016.

Haematocrit

Platelets

Activated clotting time

Troponin

Prothrombin time
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Pig-to-primate Xenografts: Results



Pig-to-primate xenografts: Conclusion

29.03.2022Eva Breuer MD | TJC | 30

• Genetic modifications (GTKO.hCD46.hTBM) 
• Combination with an immunmodulatory drug regimen including anti-

thymocyte globulin and anti-CD20 antibody, followed by
maintenance with mycophenolate mofetil and intensively dosed anti-
CD40 antibody

• consistent prevention of humoral rejection and systemic coagulation
pathway dysregulation

à long-term cardiac xenograft survival beyond 900 days

• The reduction of CD40 antibody dose resulted in recrudescence of anti-
pig antibody and graft-failure

Mohiuddin et al.: Nat Comm, 2016.



The first genetically
modified pig kidney
transplanted

29.03.2022Eva Breuer MD | TJC | 31



The first genetically modified pig kidney transplanted
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• Preparation for a clinical trial of xenotransplantation
• In vivo pre-clinical human model to test safety and feasibility



Deletion of

• 3 branched carbohydrates

(including ɑ-Gal)
• A growth hormone receptor gene

Knoched-in from human

• 2 human complement inhibitor genes (hDAF, hCD46)

• 2 human anticoagulant genes (hTBM, hEPCR)

• 2 human immunomodulatory genes (hCD47, hHO1)

The 10GE pig
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Study timeline and event summary
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Primary endpoint: kidney function for 3 days



Pig-to-human specific flow crossmatch
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• Determine tissue compatibility prior transplantation

• Pre-transplant crossmatch requiremed for human transplantation

• Flow cytometry: anti-FITC secondary antibody (goat) à to detect
antibodies in the serum that were bound to porcine lymphocytes

Frozen PBMCs:

Freshly isolated PBMCs:



Donor pig and recipient human characterics
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intraoperatively viable
kidneys bilateral

Sequential urine output
after reperfusion

right ureter before anastomosis
to the decedent bladder

No hyperacute rejection in both kidneys
during 60min observation time



Post-implantation xenograft biopsies
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No evidence for acute rejection



• Anti-Thymocyte Globulin IgG against human T-lymphocytes, prevent
rejection by removing/modulating human T-cells

• Rituximab anti-CD20 antibody, B-cell depletion

• Tacrolimus Immunosuppressan
• Mycophenolat mofetil
• Methylprednisolone

Immunosuppression
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Renal xenotransplant function in the human
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Functional kidney prior
transplantation

urine production ≠ kidney function



Serial histologic examination of the kidneys
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Tubular injury from
cold ischemia

multiple fibrin thrombi and
signs of thrombotic

microangiopathy (TMA)

glomerular congestion and
acute tubular necrosis

acute tubular injury

Endothelial injury with diffuse thrombotic

microangiopathy (TMA) on day 1

à no progression to cortical necrosis or

hemorrhage

(what would be expected if TMA was due to

antibody-mediated damage / rejection)
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Serial histologic examination of the kidneys

Left xenograftRight xenograft

negative for IgM, IgG, C4d, C1q and C3

TMA not mediated by

complement or antibody

unknown mechanism…?



Donor pig and recipient human characterics
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No transmission of porcine retroviruses was detected



Pig to human kidney transplantation: Conclusion
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• Genetic engineering sufficient to prevent hyperacute rejection

• Determine tissue compatibility prior pig-to-human transplantation

• The decedent model identified numerous limitations
- A brain-dead recipient is a hostile environment for a transplant
- Trying to get function in the face of brain-death is challenging
- Short timeframe: no hyperacute rejection, other/slower types of

rejection still possible

Mohiuddin et al.: Nat Comm, 2016.



The «first» heart
xenotransplantation
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• The recipient Mr. Bennett was deemed to not be a suitable candidate
for heart allotransplantation or ventricular assist device à risk of death
100%

• Ethics approval
• The FDA authorized the surgery on Dec 31 2021 for “compassionate

use“
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The „first“ heart xenotransplantation



FDA approval for GalSafe pigs in December 2020
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ɑ-Gal syndrome
„meat allergy“

• Porcine heart transplants are NOT approved by the FDA
• The FDA authorized the surgery on Dec 31 2021 for “compassionate use“



The „first“ heart xenotransplantation
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March 9th 2022



Future applications?
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• Xenotransplantation is the most pragmatic solution to end the organ
shortage crisis, but safety and efficacy concerns have limited 
advancement in humans

• Hyperacute rejection was not observed in the genetically modified pigs

• A long way to go

Future applications
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