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• endangered species

• difficult to breed

• ethical problem

• high risk of zoonosis

• appropriate organ size

• lower risk of zoonosis

• easy to breed

• genetic engineering

Cooper D.K.C. A brief history of cross-species organ transplantation.

Proc (Bayl Univ Med Cent). 2012 Jan; 25(1): 49–57. 

http://news.bbc.co.uk/olmedia/425000/images/_425120_trudy_chimp150.jpg




•  Immunological barriers

- Hyperacute rejection

- Acute humoral xenograft rejection

- Acute cellular xenograft rejection

- Chronic xenograft rejection

•  Infectious risks

- Zoonosis

- PERV

•  Ethical Problem









graft survival > 180 days

graft survival > 120 days



• Hyperacute rejection can be overcome

• Acute humoral rejection: 

additional genetic  engineerings are required

• Cell-mediated rejection: 

clinical immuno-suppression regimen can be applied



• Porcine endogenous retrovirus (PERV)

- Difficult to eliminate

• As yet unidentified

Potentially problematic microbes are:

Designated pathogen free (DPF)

• Prevention of zoonosis 



No PERV infection report in the primates 

which had received porcine organs

• porcine organ transplantation to non-human primates

• Nat Med. 2006 Mar;12(3):304-6. 

• Nat Med. 2006 Mar;12(3):301-3 

• J Virology. 2008 Dec;82(24):12441-8

• porcine islet transplantation to humans

• 1994 Groth et al.; 2000, 2005 Elliott et al.; 2005 Wang et al.
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Vascularized organ 
Xenotransplantation



• Maximum pig nonworking heterotopic heart graft 

survival by year 
➢ Era 1— before α1,3-galactosyltransferase gene knockout (GTKO) 

(1986–2003)

➢ Era 2—GTKO ± hCRP (2004–2011) 

➢ Era 3—GTKO/hCRP/human coagulation regulatory transgene 

(2012–present) 



Heterotopic intraabdominal: >2 years

Regimen

• GTKO:hCD46:hTM

• ATG+Rituximab+aCD40(50mg/kg) + MMF

• CVF, Heparin

(Nature Comm. 2016  Apr; 7:1113.)

Orthotopic: >195 days

Regimen

• GTKO: hCD46:hTM

• ATG+Rituximab+aCD40(50mg/kg) + 
MMF

• IL-6R antagonist, anti-TNF, anti-IL1R

(Nature. 2018  Dec;564:430-3.)



GTKO:hCD55

Regimen

• anti-CD4 and anti-CD8 (induction)

• anti-CD154mAb, MMF, corticosteroids 
(maintenance) 

(Am J Transplant. 2016;16 (suppl 3))

4GalKD:hTBM:hEPCR:(hCD47)

Regimen

• anti-CD40mAb, MMF

• A1AT, Selectin integrin blockade  

(Am J Transplant. 2022: 22: 28–45)

310 days



• a graft from a specific genetically-engineered pig

• an effective immunosuppressive regimen with anti-
inflammatory therapy
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Pancreatic islet 
Xenotransplantation



• 15 to 20 million people worldwide suffer from type 1 diabetes 

(T1D). WHO. Diabetes. 2010

• 4-10% of all deaths in patients with type 1 

diabetes caused by “impaired awareness of 

hypoglycemia” American Diabetes Association 2015

• 12.5 % of patients with T1D for >20 years are  

“impaired awareness of hypoglycemia” 
Pedersen-Bjergaard et al., DMRR 2009



However, these therapies are at best available to 

0.1% of patients with T1D.

The effectiveness of human pancreas and islet 

transplantation in restoring protection from 

severe hypoglycemia is unmatched by any 

other therapy.





IPITA-TTS KOL meeting for 

Beta cell replacement, 

May 7-9, 2014, Oxford, UK 

“Pancreas and Islet Transplantation 2020”

Research Goals 2015-2019 Leading to Practical Cure in 2020 and Beyond 



“Pancreas and Islet Transplantation 2020”

Research Goals 2015-2019 Leading to Practical Cure in 2020 and Beyond 

Work Group Team Leader Team Member

Allogeneic pancreas

transplantation
Raja Kandaswamy Steve Bartlett Peter Stock Peter Friend

Allogeneic islet 

transplantation
Olle Korsgren Paul Johnson Mitch Gotoh Nancy Bridges

Artificial pancreas Thomas Kay Pratik Choudhary Michael R. Rickels Boris Kovatchev

Stem cells Jon Odorico Albert Hwa Ed Stanley Mark Zimmerman

Xenogeneic islets Bernhard Hering David Cooper Chung-Gyu Park Philip O’Connell

Beta cell regeneration-

proliferation
Gordon Weir Timo Otonkoski Eduard Montanya Julia Greenstein

Encapsulation David Scharp Cherie Stabler
Barbara Ludwig, 

Shinichi Matsumoto
Jim Markmann

Immune tolerance Jonathan Bromberg Kristy Kraemer Megan Sykes Kathryn Wood 



Availability of
Plenty, Potent, Safe Islets

• Unlimited and on-demand 
supply

• Consistently high quality of 
islets from healthy pigs

• Less likely susceptible to 
gradual graft loss caused by 
non-immune, amyloid-mediated 
toxicity

• Designated pathogen-free pigs 
are safer islet donors than 
deceased human donors

• Pig islets could be

MHC-restricted CD8 Tm cells

• Offer potential for pre-tx
administration of donor 
antigen aimed at 

Possibility of 
Less Immunosuppression



Clinically translatable ideas 
with 5-year horizon in islet xenotransplantation

31

Idea #1:
Intraportal transplantation of wild-type adult 

porcine islets in immunosuppressed T1D 

recipients

Idea #2:
Intraportal tx of genetically-modified 

neonatal porcine islets in 

immunosuppressed T1D recipients

Idea #3:

Intraperitoneal tx of encapsulated wild-type NICC

in T1D with and w/o immunosuppression



• Efficacy and safety from Nonhuman primate study 

is required.

• The International Xenotransplantation Association 
consensus statement on conditions for undertaking 
clinical trials of porcine islet products in type 1 diabetes. 
executive summary. Xenotransplantation. 2016; 23(1):46-52.

•  6 months normoglycemia or significant reduction of insulin 
in 4 of 6 (5 of 8) consecutive experiments



Int J Surg. 2015 Aug 4. S1743-9191(15)01075-4.

Reference
Pig islet source

(Recipient)

Max.

Graft

Survival

Immunosuppressive

Regimen

Hering et al.8 WT adult (C) > 187 days Anti-IL-2R+anti-CD154+FTY720+rapamycin

Cardona et al.9 WT neonatal (R) > 260 days Anti-IL-2R+anti-CD154+CTLA4-Ig+rapamycin

van der Windt et al.11 hCD46-Tg adult (C) 396 days ATG+anti-CD154+MMF

Thompson et al.12 GTKO neonatal (R) 249 days Anti-CD154+anti-LFA-1+CTLA-4-Ig+MMF

Bottino et al.13 Multi-Tg adult (C) 365 days ATG+anti-CD154+MMF

Thompson et al.15 WT neonatal (R) 114 days Anti-IL-2R+anti-LFA-1+CTLA-4-Ig+MMF+LFA-3-Ig

Thompson et al.17 WT neonatal (R) > 203 days Anti-IL-2R+anti-CD40+CTLA-4-Ig+rapamycin

http://www.ncbi.nlm.nih.gov/pubmed/26253846


Reference
Pig islet source

(Recipient)

Max.

Graft

Survival

Immunosuppressive

Regimen

Hering et al.8 WT adult (C) > 187 days Anti-IL-2R+anti-CD154+FTY720+rapamycin

Cardona et al.9 WT neonatal (R) > 260 days Anti-IL-2R+anti-CD154+CTLA4-Ig+rapamycin

van der Windt et al.11 hCD46-Tg adult (C) 396 days ATG+anti-CD154+MMF

Thompson et al.12 GTKO neonatal (R) 249 days Anti-CD154+anti-LFA-1+CTLA-4-Ig+MMF

Bottino et al.13 Multi-Tg adult (C) 365 days ATG+anti-CD154+MMF

Thompson et al.15 WT neonatal (R) 114 days Anti-IL-2R+anti-LFA-1+CTLA-4-Ig+MMF+LFA-3-Ig

Thompson et al.17 WT neonatal (R) > 203 days Anti-IL-2R+anti-CD40+CTLA-4-Ig+rapamycin

Shin et al.10 WT adult (R) > 960 days ATG+anti-CD154+rapamycinTreg
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Recipient Donor pigs Islet infusion

ID Sex
Bwt 

(kg)

No. of pigs 

used

Bwt 

(kg)

Age

(months)

Pancreas 

weight (g)

Total islet 

(IEQ)

Islet mass 

(IEQ/kg)

R051 M 7 3 (2M/1F) 71, 68, 84 25, 23, 23 36, 55, 52 530,000 81,000

R080 F 4.3 3 (2M/1F) 86, 78, 75 45, 31, 27 46, 53, 45 430,000 100,000

R082 F 5.1 2 (2M) 62, 82 19, 91 32, 46 510,000 100,000

R084 F 5.3 2 (2F) 98, 95 44, 44 48, 56 530,000 100,000

R089 F 5.4 2 (2M) 72, 63 33, 33 53, 44 540,000 100,000

Mean±SD 2.4±0.5 77.8±11.6 36.5±19.3 47.1±7.4 508,000±45,000 96,200±8,500

Shin et al., American Journal of Transplantation,15(11):2837-50, 2015

Treg



Recipient Donor pigs Islet infusion
Insulin indepen

dence 

Graft surviv

al*

ID Sex
Bwt 

(kg)

No. of pigs 

used

Bwt 

(kg)

Age

(months)

Pancreas 

weight (g)

Total islet 

(IEQ)

Islet mass 

(IEQ/kg)
Day Day

R051 M 7 3 (2M/1F) 71, 68, 84 25, 23, 23 36, 55, 52 530,000 81,000 >960 >960

R080 F 4.3 3 (2M/1F) 86, 78, 75 45, 31, 27 46, 53, 45 430,000 100,000 167 180

R082 F 5.1 2 (2M) 62, 82 19, 91 32, 46 510,000 100,000 512 513

R084 F 5.3 2 (2F) 98, 95 44, 44 48, 56 530,000 100,000 303 503

R089 F 5.4 2 (2M) 72, 63 33, 33 53, 44 540,000 100,000 180 180

Mean±SD 2.4±0.5 77.8±11.6 36.5±19.3 47.1±7.4 508,000±45,000 96,200±8,500
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Shin et al., American Journal of Transplantation,15(11):2837-50, 2015
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Regimen: ATG + aCD154 + Siro  Treg 



Regimen: ATG + aCD154 + Siro  Treg 

Shin et al., American Journal of Transplantation,15(11):2837-50, 2015
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R089 IVGTT
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Regimen: ATG + aCD154 + Siro  Treg 
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Shin et al., American Journal of Transplantation,15(11):2837-50, 2015



Regimen: ATG + aCD154 + Siro  Treg 

Shin et al., American Journal of Transplantation,15(11):2837-50, 2015
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Regimen: ATG + aCD154 + Siro  Treg 

Shin et al., American Journal of Transplantation,15(11):2837-50, 2015
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Regimen: ATG + aCD154 + Siro + Treg (on day 6) 

Islet mass: 530,000 IEQ (81,000 IEQ/kg)
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→ antiCD40
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Shin et al., American Journal of Transplantation,15(11):2837-50, 2015



• Anti-CD154 based regimen achieved consistent long-term control 

of diabetes in pig to NHP islet xenotransplantation model meeting 

the requirement for clinical application from IXA guideline. 

• Addition of Treg infusion should be considered for the control of 

both initial inflammatory reaction and adaptive immune response.



Regimen: ATG + Rituximab + Tacrolimus +JAK3 inhibitor + Siro



Corneal 
Xenotransplantation



Adopted from Hara H, Cooper DK. Xenotransplantation-
-the future of corneal transplantation?
Cornea. 2011 Apr;30(4):371-8.

각막이식 “ 7년이상대기” 

2016년

2,371일

2019년

2,939일



• Diameter

• Thickness: 853μm (SNU pig) vs 536μm (Human) vs 490μm (NHP)

• Porcine: swell more quickly in storage solution

• 850 μm or less is ok. 

• Tensile strength: Less stiff but no problem

• Cellular behaviors (Endothelial cell density): 

• Similar

• To maintain transparency: >2200-2400/mm2(Human donor)

• WT: 2130.2 in 42months, GE: 1714 in 20months → limit pig age

• Optical: refractive power: 

• 40D (pig) vs 44D (Human): Tolerable



• Under systemic & topical steroid
• Decellularized porcine cornea: promising substitute

• Fresh porcine cornea : need more powerful immunosuppression

≥ 6 months survival: Fresh (50%)  vs.  Decell (80%)

CD4 CD8

CD20 CD68

CD4 CD8

CD20 CD68

Surviving graft (Decell 3)

Rejected graft (Fresh 3)

Invest Ophthalmol Vis Sci. 2011 Aug 22;52(9):6643-50



• Under Anti CD154 (CD40L) Ab + steroid

• 100% survival more than 6 months 

≥ 6 months survival: 100%

Anti 
CD154 Ab

Control

Am J Transplant. 2015 Mar;15(3):628-41



• Under Anti CD20 Ab + Tacrolimus

• 5 out of 7 survived over 6 months



• The results of NHP preclinical study 

confirm the potential of porcine islet and corneal 

xenotransplantation as a clinical treatment modality, 

satisfactorily meeting the international guidelines on 

safety and efficacy.

• For the vascularized organ xenotransplantation, 

the development of genetically engineered pigs are 

essential, especially to control consumptive coagulopathy.



Clinical trial of Kidney and Heart 
Xenotransplantation



• Sep 2021, NYU Langone Health led by Dr. Robert Montgomery. 

• The kidney was attached to the blood vessels in the upper leg, 

outside the abdomen

• Kidney tissue sampling over the 54-hour period of study. 

• Urine production and creatinine levels were normal and 

equivalent to what is seen from a human kidney transplant.

• No signs of rejection were detected.



• Jan 7, 2022, University of Maryland Medical Center led by Dr. 

Bartley Griffith. 

• Orthotopic cardiac xenotransplantation

• Survived for 2 months (died on 8th March, 2022)



Designated pathogen-free (DPF) SNU mini-pig

• General information

• Origin: Sinclaire bred in the University of Minnesota

• Nomenclature: SNU mini-pig (CMS mini-pig)

• Appearance: SNU mini-pigs have a brown and 

white-black spots color

• Weight: Adult pigs weighing about 80~120 kg.

• History

• SNU mini-pigs were originally purchased from the Hormel Institute, the University of Minnesota

• They were derived by aseptic hysterectomy, were maintained in a germ-free isolator and entered the SPF facility. 

• The initial SPF SNU mini-pig stock was established at the Sloan Kettering Institute for Cancer Research, Rye, New York. 

In 1984

• In 2004, 24 CMS mini-pigs were transferred using a germ-free isolator to the Center for Animal Resource Development 

(CARD) at Seoul National University (SNU).



DPF status was confirmed by both internal and outside examinations
(Bacteria 40, Parasites 27, Fungi 6, Virus 73 : Total 146 pathogens)





1. History of Xenotransplantation

2. Current status of Xenotransplantation

3. Future Perspectives



Indication Pathway

Complement regulation by

human complement-regulatory 

gene expression

CD46 (membrane co-factor protein)

CD55 (decay-accelerating factor)

CD59 (protectin or membrane inhibitor of reactive lysis)

Gal or non-Gal antigen ‘masking

’ or deletion

Human H-transferase gene expression (expression of blood type 0antigen)

Endo-β-galactosidase C (reduction of Gal antigen expression)

α1,3-galactosyltransferase gene-knockout (GTKO)

Cytidine monophosphate-N-acetylneuraminic acid hydroxylase (CMAH)gene knockout (NeuGcKO)

β1,4-N-acetylgalactosaminyltransferase (β4GalNT2) gene knockout (β4GalNT2KO)

Suppression of cellular immune 

response by gene expression or 

down-regulation

CIITA-DN (MHC class II transactivator knockdown, resulting in swine leukocyte antigen class II knockd

own)

Class I MHC-knockout (MHC-IKO)

HLA-E/human β2-microglobulin (inhibits human natural killer cell cytotoxicity)

Human FAS ligand (CD95L)Human N-acetylglucosaminyltransferase III (GnT-III) gene

Porcine CTLA4-Ig (cytotoxic T lymphocyte antigen 4 or CD152)

Human TRAIL (tumour necrosis factor-α-related apoptosis-inducingligand)

Anticoagulation and anti-inflam

matory gene expression or 

deletion

von Willebrand factor (vWF)-deficient (natural mutant)

Human tissue factor pathway inhibitor (TFPI)

Human thrombomodulin

Human endothelial protein C receptor (EPCR)

Human ectonucleoside triphosphate diphosphohydrolase-1 (CD39)

Anticoagulation, anti-inflammat

ory and anti-apoptotic gene 

expression

Human tumour necrosis factor-α-induced protein 3 (A20)

Human haemoxygenase-1 (HO-1)

Human CD47 (species-specific interaction with SIRP-α inhibits phagocytosis)

Porcine asialoglycoprotein receptor 1 gene-knockout (ASGR1-KO; decreases platelet phagocytosis)

Human signal regulatory protein-α (SIRPα; decreases platelet phagocytosis by ‘self’ recognition)

Prevention of PERV activation PERV siRNA

PERV inactivation

Modified from Cooper DK, Ekser B, Ramsoondar J, Phelps C, Ayares D. J Pathol. 2016 ;238(2):288-99.
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• Inactivate 62 PERV 

genes 

• Express more than 20 

genes modifying 

immune response and 

coagulation

Genome editing and Blastocyst 

complementation

Modified from Int. J. Mol. Sci. 2015, 16(3), 6545-6556
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