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First Successful Xenograft - Cockerel's Head With 
A Human Tooth Sticking Out Of The Top - 1778

Hunterian Museum in the Royal College of Surgeons

Surgeon John Hunter –from: Treatise on the 
Natural History and Diseases of the Human 
Teeth:
“"I took a sound tooth from a person's head; 
then made a pretty deep wound with a lancet 
into the thick part of a cock's comb, pressed the 
fang of the tooth into this wound, and fastened 
it with threads. The cock was killed some 
months after …I found the vessels of the tooth 
well injected.
I may here just remark, that this experiment 
is not generally attended with success. I 
succeeded but once out of a great number 
of trials."
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Timeline of Xenotransplantation

Hawthorne WJ: Front Immunol, 2024
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Definitions 

Xenotransplantation is the transplantation of tissue or 
organs between disparate species

Discordant combinations are characterized by rejection
mediated primarily through presence of preformed 
antibody

Concordant combinations are characterized by an 
accelerated rejection via up-regulation of cell mediated 
and antibody mediated immunity
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Primates as Donor

Advantages:
•Genetic similarity

•Metabolic compatibility
•Concordant rejection pattern

Disadvantages:
•Access restricted
•Potential for disease transmission
•“Humanization” - ethical considerations
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1992-93: University Of Pittsburgh Team Performed 
Baboon-To-Human Liver Transplants In 2 Patients
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Patient 1
•35 y/o male
•HBV positive 1984
•s/p splenectomy for 
MVA in 1989
•HIV positive
•Recipient ABO: A
•Donor ABO: A

Patient 2
•62 y/o male
•HBV positive 1988
•Recipient ABO: B
•Donor ABO: B

Clinical Features Of Baboon-To-Human Liver 
Xenotransplants
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Baboon-to-Human Liver Xenotransplantation
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Immunosuppression Protocol
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Donor Aspects

Donor liver weight: 610 gmDonor weight: 40 kg
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Postoperative course:
Immediate function:
•Lactate clearance
•Correction of coagulopathy
•Clearance of ammonia
•Excretion of bile
•Synthesis of proteins - complement, albumin, transferin
•Death from infection at 72 days

Baboon To Human Liver Xenotransplant
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Imaging Xenograft Post-Transplant
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Change In Metabolism – Uric Acid
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Change In Synthesis – Transferin/Complement
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Consequences Of Over-Immunosuppression
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Angio-invasive Aspergillus
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Xenozoonosis

Spread of animal-derived pathogens into a transplant 
recipient potentiated by immunosuppression and 
avoidance of vector requirement

Potential novel pathogens
Potential new clinical syndromes
Unknown latency period
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RETROVIRUSES 
•Simian Immunodeficiency Virus [SIV]
•Simian Foamy Viruses [SFV]
•Simian T-Lymphotropic Viruses [STLV]
•Baboon Endogenous Retrovirus
•Simian Type D Retroviruses

HERPES VIRUSES
•Herpesvirus papio
•Baboon cytomegalovirus [CMV]
•Simian Agent - 8 [SA-8]
•Cercopithecine herpesvirus 1 (or B virus) 

Infectious Agents Harbored By Nonhuman 
Primates
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BCMV PCR After Xenotransplantation

246 bp

1     2    3     4    5    6    7    8    9    10    11a  11b 12

BCMV 
controls

HCMV 
controls

PT  #1 CMV samples
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HCMV PCR After Xenotransplantation

377 bp

1      2     3     4    5      6      7     8      9    10    11a  11b  

BCMV 
controls

HCMV 
controls

Pt  #1 CMV  samples
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BCMV After Xenotransplantation

Preliminary  data:
BCMV found from isolate from Buffy coat 1 month post 

transplant in 1 patient
Amplification using HCMV primers gives larger product 

than HCMV controls
Possibilities:
BCMV crossed species lines
BCMV - HCMV re-combined
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Public Health Issues Posed by the Use
of Nonhuman Primate Xenografts in Humans

U.S. Department of Health and Human Services
Food and Drug Administration

Center for Biologics Evaluation and Research (CBER)
April 1999

“Xenotransplantation raises a major public health dilemma: 
how to balance the potential promise of this emerging 
technology ... with the risk of  potential transmission of 

infectious agents to the patient, his/her close contacts, and 
the public at large.”
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Pigs As Donors

Advantages:
•Readily available 
•Easily bred - potential for transgenic manipulation
•Domestic farm animals used for human needs

Disadvantages:
•Protein incompatibility
•Discordant rejection pattern
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Xenoantibody Characterization
Xenoantibodies are preformed, naturally occurring 
antibodies, crossreactive to environmental 
antigens, usually directed towards glycoprotein 
moieties 

Generally of IgM isotype, presumably synthesized 
by CD5+ B cells
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Generation of Blood Groups
Precursor antigen

galactosyl transferase

fucosegalactose

fucosyl transferase

H-antigen
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Strategies To Overcome The Problem Of 
Human Xenoantibodies

Human Recipient
•Plasmapheresis
•Anti-Ig immunoabsorption
•Anti-µ chain antibody therapy
•Extracorporeal pig organ 
perfusion
•Gal(a1,3)gal immunoabsorption

Pig Donor
•Epitope elimination (gene 
knockout)
•Epitope suppression (antisense 
siRNA)
•Epitope masking/substrate 
competition (H transferase 
transgenic)
•Transgenes expressing human 
complement regulatory proteins
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Pig-to-Human Liver Xenotransplantation – Mt. 
Sinai Medical Center - 1993

26 year old female with accelerated liver failure from 
autoimmune hepatitis progressing into Grade 3-4 coma
Listed for emergent liver transplant, no organs identified in 
24 hours.  Consent for pig-to-human liver 
xenotransplantation
Preformed anti-pig xenoantibodies depleted using 
plasmapheresis and specific antibody removal by passage 
of blood through pig kidneys
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Xenoantibody Depletion In Pig-To-Human LTX
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Pig-to-Human Liver Xenotransplantation – 
Clinical Course

Heterotopic pig liver transplant as bridge-to-transplant
Immunosuppression
 Azathioprine
 Cyclophosphamide
 Methylprednisolone
 Cyclosporine
Initial lactate clearance and bile production
Worsening hyperammonemia, ICP
Death at 30 hours post-transplant
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Strategies To Overcome The Problem Of 
Human Xenoantibodies

Human Recipient
•Plasmapheresis
•Anti-Ig immunoabsorption
•Anti-υ chain antibody therapy
•Extracorporeal pig organ 
perfusion
•Gal(a1,3)gal immunoabsorption

Pig Donor
•Epitope elimination (gene 
knockout)
•Epitope suppression (antisense 
siRNA)
•Epitope masking/substrate 
competition (H transferase 
transgenic)
•Transgenes expressing human 
complement regulatory proteins
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+/- GENETIC 
MODIFICATION
  (GT Knockout)

NUCLEAR 
TRANSFER
(CLONING)

GM-Pig

ORGANS

TISSUES

CELLS

XENO-PRODUCTS

Elimination Of Hyperacute Rejection: 
α-1,3 GAL Knockout Pigs
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• Cloned Knockout Pigs with alpha 1,3 GT Gene Inactivated
• Platform pigs for additional gene modifications aimed at 

elimination of xenograft rejection

Born: July. 25, 2002

α-1,3 GAL Gene Knockout Cloned Pigs
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Allotransplantation

Pig-to-pig (n=2)

Baboon-to-baboon (n=1)

Xenotransplantation
(controls)

WT-Pig-to-baboon (n=1)

GTKO-Pig-to-baboon (n=10)

WT= Wild-type
GTKO= α1,3-galactosyltransferase knock-out

Ekser, et al. Am J Transplant 2010;10:273

Liver Allo- And Xenotransplantation
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Immunosuppression 

Induction Day Dose

Thymoglobulin -3 and -1(if needed)
T cell count 5-10 mg/kg IV

Cyclophosphamide -2 and -1 40 mg/kg and 20mg/kg IV

Maintenance Day Dose

Tacrolimus Starting from -4 or -3 0.05-0.2 mg/kg BID IM 
trough level 10-15 ng/mL

MMF Starting from -6 or -5 110 mg/kg continuous IV 
trough level 3-5 µg/mL

Steroids Starting from 0 10 mg/kg IV then tapering 
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Survival of GTKO Pig-To-Baboon Liver 
Xenotransplant
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Modifications in Approaches to Immunosuppression

Pig kidney graft survival in baboons receiving either conventional (tacro-
based; Group A) or anti-CD40 mAb based (Group B) 
immunosuppressive therapy

Iwase H et al: Xenotransplantation, 2015



Advances in Xenotransplantation

42

Western Blotting For Pig Proteins In Baboon 
Plasma

Haptoglobin ~43kDa
1       2       3       4      5       6    

Post-operative day

Albumin

Fibrinogen

Plasminogen

~68kDa

~82kDa

~500kDa

1     2      3      4      5      6      7    

Post-operative day

Ekser, et al. Transplantation 2010;90:483
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Platelets In GTKO Pig-To-Baboon Liver 
Xenotransplantation

x1
03 /

m
m

3

post-transplant day

Ekser, et al. Am J Transplant 2010;10:273
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Prolongation Of Genetically Modified Pig 
Xenografts In Primates

Combination Antibody Complement Survival

Normal pig to primate ++++ ++++ Few hours

Knockout pig to primate with 
immunosuppression

++ + Few days - 
weeks

Transgenic pig to primate with 
immunosuppression

+++ - Few days - 
weeks

Knockout/Transgenic pig to primate 
with immunosuppression

++ --- Few weeks - 
months
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Creating Transgenic Pigs For Xenotransplantation
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Creating Transgenic Pigs For Xenotransplantation
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Categories of Genetic Modifications for Clinical 
Xenotransplantation

Carbohydrate 
Antigen 

Modifications

GGTA1-KO
cMAH-KO

B4GALNT2-KO
GLA-tg

a2FucT-tg

Complement 
Regulation

CD46-tg
CD55-tg
CD59-tg

Coagulation

hvWF-tg
hTBM-tg
hTFPI-tg
THBD-tg

hEPCR-tg

Anti-
inflammatory

hHO-1-tg
hTNFAIP-3-tg

Miscellaneous

Infection Control - 
PERV-KO

Growth Control -
GHR-KO

Modulate 
Cellular 
Immune 

Responses
CIITA-DN
SLA-KO

HLA-E/hb2M-tg
CTLA4-Ig-tg

CD47-tg
iGb3S-KO
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Transgenic Pig Endothelium With Human Complement 
Regulatory Proteins: DAF (CD55) – MCP (CD46) – CD59
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Search for Cross-Species Transmission of 
Porcine Endogenous Retrovirus in Patients 
Treated with Living Pig Tissue
Paradis et al. Science, 285:1236, 1999

160 patients receiving living pig tissue up to 12 years
PCR on serum failed to demonstrate PERV viremia
No PERV identified in patient WBC by PCR
Pig microchimerism detected in 23 patients up to 8.5 yrs
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Pig Endogenous Retrovirus

PERV is carried in the pig genome - approximately 8-15 full 
length PERV sequences per genome

PERV previously demonstrated to infect human cells in 
vitro and rescue a Moloney retroviral vector

Neither zoonotic potential nor tissue tropism has been 
established
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Characteristics of Gene Edited Pigs for Clinical 
Xenotransplantation

Genetic Modification Revivicor eGenesis Makana
GGTA1KO

CMAHKO

B4GALNT2KO

PERVPOLKO +

hCD46

hCD55

hEPCR

hTBM

hCD47

TNFAIP3

hHO-1

pGHKO

α-galactosyltransferase 1 (GGTA1); cytidine monophospho-Nacetylneuraminic acid hydroxylase (CMAH); β-1,4-N-acetyl 
galactosaminyltransferase 2 (B4GALNT2); porcine endogenous retrovirus (PERV); endothelial protein C receptor (EPCR); thrombomodulin 
(TBM); tissue factor pathway inhibitor (TFPI); TNF Alpha Induced Protein 3 (TNFAIP3); membrane cofactor protein (CD46);  decay 
accelerating factor (CD55); ligand for signal regulatory protein-a (CD47);  membrane attack complex (CD59)
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Maximum Life-supporting Pig Renal Graft 
Survival In Non-human Primates

Meier RPH et al: Transplantation, 2025
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Revivicor
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January 25, 2025
>200 days
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Induction 
Rituximab and Thymoglobulin
Complement C1 esterase inhibitor
Humanized anti-CD40 monoclonal 
antibody 
Corticosteroids 

Maintenance immunosuppression 
Mycophenolate mofetil
Anti-CD40 mAb
Corticosteroids

Jan 7, 2022
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After xenotransplantation, the graft functioned well on echocardiography until 
postoperative day 47 when diastolic heart failure occurred
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pCMV

• Donor pig spleen demonstrated 150 
copies of pCMV DNA on PCR

• pCMV DNA detected in explanted 
heart by PCR (low copies)

• NO Cytopathic changes
• NO Inclusions
• NO virus found on EM
• In-Situ Hybridization results shows 

evidence of viral DNA
• Evidence of Viremia in the heart
• There is some association but no 

causation
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Ex Vivo Perfusion with Porcine Liver Xenografts 
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Impact of Ex Vivo Perfusion of GE Porcine 
Livers in a Decedent Model
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At the Air Force Medical 
University, a research 

team of Drs. Dou Kefeng 
and Tao Kaishan 

successfully 
transplanted a liver of a 
multi-gene edited pig as 
an auxiliary liver into the 

body of a brain-dead 
patient
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TTS Xenotransplantation Collaborations

The First International 
Conference On 

Xenotransplantation In 
Chengdu, China
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Xenotransplantation Collaborations

• Along with TTS-focused work, IXA  and TID held joint meetings 
with the FDA guidance on xenotransplantation. These have 
included the ISHLT, the American Society of Transplantation, 
Therapeutic Goods Agency (TGA), EMA, the Pontifical Academy 
for Life, and WHO.

• Further revising the Changsha Communique’ guidelines on 
xenotransplantation, in conjunction with TTS & WHO to further 
refine and expand the Human xenotransplantation registry or find 
another mechanism to support it.

• Helping investigators and pig breeders to develop protocols to 
prevent any potential transmissions of zoonotic diseases through 
surveillance of xenograft recipients and herds for 
xenotransplantation.
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Regulatory Issues Necessary Before Proceeding
With Clinical Xenotransplantation

Framing benefit over risk through pre-clinical efficacy studies
Regulatory framework in place specifically dealing with clinical 

xenotransplantation
Careful consideration of issues regarding the use of animals
Safety profile of source animals
Detailed informed consent
Recipient, intimate partner and HCP sample collections for 

monitoring and archiving
"Mandatory" life-long follow up of recipients
Assessing alloimmunization risk in cases of "bridge-to-

allotransplant" cases
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Non-Emergency Intermediate-Size Patient Population – 
Expanded Access Kidney Xenotransplant Study

The ideal candidate for a kidney 
xenotransplant is someone 
already approved for a human 
kidney transplant and on the 
waiting list but facing significant 
challenges with dialysis and a 
low probability of receiving a 
kidney offer in the near future.  

1) Over age of 50
2) Diabetic
3) Blood groups O or B
4) Experiencing health 

deterioration related to dialysis
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The study is a multicenter, open-label, phase 1/2/3, safety and efficacy study 
and is intended to support FDA approval of a BLA. 

Participants will receive a UKidney transplant followed by a 24-week post-
transplant follow-up period, including the evaluation of all study endpoints and 
safety assessments. Efficacy endpoints include participant survival rate, 
UKidney survival rate, change in measured GFR, and change in QOL in 
participants at 24 weeks post-transplant.

After the 24-week post-transplant follow-up period, participants will continue to 
be followed for the rest of their lives, including for survival, function, and 
monitoring for zoonotic infections.
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Conclusions

With discordant xenotransplantation, using genetically 
modified donor pigs, hyperacute (Ab-mediated) rejection 
appears to have mitigated 

Early functional parameters of kidney and heart xenograft 
function appear normal or near-normal

In liver xenotransplantation, the mechanism for immediate 
development of thrombocytopenia is unknown (?von 
Willebrand factor disparity)

The impact of metabolic incompatibilities has yet to be fully 
studied

Further genetic modifications may be necessary
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Future Of Xenotransplantation

Advances in the understanding of xenograft rejection
Advances in genetic manipulation
Unknown risk of xenozoonosis
Unknown impact of metabolic interactions
Public policy implications
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