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What is Xenotransplantation? 

the process of grafting or transplanting organs or tissues between members of different species 

 



Non-human primates, such as chimpanzees and baboons 

are poor organ donors because: 

• concerns about spread of infectious disease 

• ethical issues  

• limited availability 

• poor breeding profile 

Pigs as donors because: 

• they are easy to breed and have large litters 

• unlimited supply of donors 

• pathogen-free pig breeds are available 

• Easy to genetically-engineer 

• pig organs are a similar size to human organs 

• Similarities to human liver anatomy 

• risk of infectious diseases is lower than in non-human 

primates 

• pigs are already killed for food; fewer ethical concerns 

Why Pig Organs / Kidneys? 



Theological Symposium, September 20, 2017, Baltimore, MD 
International Xenotransplantation Association Meeting 



Barriers to Xenotransplantation 

• Pigs as donor source 

 

- Immunologic barriers preclude clinical application 

-  Xenoreactive antibodies bind to antigens on endothelium of pig organs and cause 

immediate graft loss 

-  Coagulation proteins may be somewhat incompatible and lead to thrombotic 

microangiopathy  

- Cellular immunity   

 

 

• Genetic engineering can eliminate antigens and physiologic 

incompatibilities as barriers to clinical application 

 



Role of Genetically Engineered Pigs in Xenotransplantation 

Ekser et al, Lancet 2012 – Cooper, Ekser, et al. J Pathology 2016 



Long-term Survival of Nonhuman Primates 
Receiving Life-Supporting Transgenic 
Porcine Kidney Xenografts 

Experience with hCD55 Expressing Pigs 

Cozzi et al. Transplantation 2000;70:15-21 Baldan et al. Am J Transplant 2004;4:475-481 

90 days. The longest survival of genetically-modified 
kidney xenotransplantation in the literature until 2015.  



Experience with Gal-Knockout (GTKO) Pigs 

Yamada et al. Nat Med January 2005 

The longest survival was 83 days.  



Experience with Gal-Knockout (GTKO) Pigs 

Chen et al. Nat Med December 2005 

The longest survival was 16 days.  



• Guide RNA are independent from nuclease allowing multiplexing 

• Cas9 plasmid is inexpensive and easy to modify 

Genetic Engineering: 2013-present 

CRISPR/Cas9 system is better than ZFN or TALENs 

CRISPR: clustered regularly interspaced short palindromic repeats 



• Selection enriches for KO cells 

 

• Enriched cells used for SCNT 

 

• Harvest 32 day fetuses, 

collect cells for SCNT or… 

 

• Full term pregnancy produces 

diverse genetics. 

 

• Pigs in 135 days 

creation of genetically distinct pigs from a single pregnancy 

Genetic Engineering: CRISPR/Cas9 

Li et al. Xenotransplantation 2014 

1080 days      210 days      135 days 



Production of Triple Knockout Pigs – GTKO.Neu5Gc-KO.B4GalNT2-KO 

Estrada et al, Xenotransplantation 2015 

• B4GalNT2= Beta-1,4 N-Acetylgalactosaminyltransferase 2 

• CMAH= cystidine monophosphate N-acetylneuraminic acid hydroxylase 

3 known antigens 

- Gal antigen (a product of the enzyme a1,3-galactocyltransferase) 

- Neu5Gc (HD) antigen (a product of the enzyme CMAH) 

- Sda antigen (a product of the enzyme B4GalNT2) 



Genetic Engineering: Impact of B4GALNT2-KO 

 

Estrada et al, Xenotransplantation 2015 

Indianapolis, IN - Kidney transplant waitlist patients 



Ab binding to triple-ko pig cells (GGTA1.CMAH.B4GalNT2) 

Martens et al. Transplantation 2017 

Birmingham, AL - Kidney transplant waitlist patients 





Higginbotham et al. IXA 2015 Meeting 



Higginbotham et al. IXA 2015 Meeting 



Higginbotham et al. IXA 2015 Meeting 



Pig-to-Primate Renal Transplantation – IXA 2017 

Tector et al. IXA 2017 Meeting 

GTKO/hDAF(CD55) 

GTKO/B4GalNT2-KO 



Iwase et al. Xenotransplantation 2015 



GE: GTKO/CD46/CD55/TBM/EPCR/CD39 
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Iwase et al. Xenotransplantation 2015 



Pig-to-Baboon Kidney XenoTx 

 

Induction:  

•ATG + RTX + CVF 

Maintenance:  

•Anti-CD40mAb  

•Rapamycin   

•Methylprednisolone 

Anti-inflammation:  

•Tocilizumab  

•Etanercept  

 

GTKO/CD46/CD55/TBM/EPCR/CD39   

-5 10 25 40 55 70 85 100 115 130 145
0

1

2

3

4

Days

C
r

Time after Tx (Days) 

C
r 

m
g

/d
L

 

Tx 
Biopsy 

-5 10 25 40 55 70 85 100 115 130 145
0

2

4

6

Days

A
L

B

Time after Tx (Days) 

A
lb

u
m

in
 g

/d
L

 

Tx Biopsy 

Iwase et al. Xenotransplantation 2015 



Foci of lymphoid aggregates 

Interstital expansion Glomerular enlargement, thrombi, mesangial expansion 

Mild, patchy,  tubular proteinosis 

Next to The Future: GTKO/CD46/CD55/TBM/EPCR/CD39   
Life-supporting pig-to-baboon kidney xenotransplantation ~ 5 months survival  

Iwase et al. Xenotransplantation 2015 



Pig-to-Primate Renal Transplantation – IXA 2017 

Iwase et al. IXA 2017 Meeting 

GTKO/CD46/CD55/ 

TBM/EPCR/CD39 

Baboon 



Ekser B et al, Lancet, 2012 



Ekser B et al, Lancet, 2012 







Science 2015 November 



Perkel. Nat Biotechnol January 2016 



Nat Biotechnol January 2016 



22 September 2017 

2-week-old piglet whose 

genome has been 

engineered to inactivate 

porcine endogenous 

retroviruses (PERVs). 



Exciting Developments in Xenotransplantation 



Exciting Developments in Xenotransplantation 



Exciting Developments in Xenotransplantation 
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Exciting Developments in Xenotransplantation 



Exciting Developments in Xenotransplantation 



Exciting Developments in Xenotransplantation 

* First FDA-approved clinical trials  

in xenotransplantation are expected  

to start in the United States  

in 2019-2020. 



Future of Xenotransplantation Behind the Scenes 

Identification of new genes for the use in clinical transplantation 

 

- Expression of human CD47 in order to achieve tolerance 

 

- Expression of human HLA-G/E in order to achieve tolerance 

 

- Swap of HLA with SLA 

 

- Knocking out porcine tetraspanins (CD37/CD81) 

 



Future of Xenotransplantation Behind the Scenes 



Future of Xenotransplantation Behind the Scenes 



Future of Xenotransplantation Behind the Scenes 

Ladawski et al. J Immunol 2018 



Ladawski et al. J Immunol 2018 

Future of Xenotransplantation Behind the Scenes 



Identification of new genes for xenotransplantation –

Identification	of	novel	xenoreactive non-Gal	antigens:

Tetraspanins CD37	and	CD81

Ping	Li,	PhD,	Burcin	Ekser,	MD,	PhD	

Division	of	Transplant	Surgery,	Indiana	University	School	of	Medicine

Presented at IXA 2017 



Tetraspanins (CD37/CD81/CD9/CD151) 

T-cell dependent B-cell activation 

CD81 on B cells interacts directly 

with a ligand on T cells, leading to 

IgG1 production 

Direct B-cell activation 

B cells interact with a ligand on B cells,  

leading to IgG1 production 

Maecker et al. PNAS 1998 



Tetraspanins (CD37/CD81/CD9/CD151) 

Tetraspanin family acts 
as non-classical co-stimulatory 

molecules. 



Next 50 Years … 

HLA 

& any tissue typing 

SLA to HLA Swap  

SLA-knockout 

Personalized HLA  

Expressing Pig 

Heart, Lung, 

Liver, Kidney, Pancreas 



Next 50 Years … 

Personalized clinical grade pigs for any organ demand and any immunological type 



Next 50 Years … 

 3D-Bioprinting of Organs 



- 2D in vitro models are limited 

- Small animal studies are often not considered translational 

- Large animal (nonhuman primate/pig) studies are very  

expensive, difficult, time consuming & limiting due to animal rights 

- Human studies are often impossible for drug safety 

- Human studies are also limited due to the difficulty of reaching the 

exact number of patients for the studied pathology 

- Positive ethical consequences (creating alternative of animal testing, 

saving lives of thousands, hundred thousands of animals 

- Easy disease model bioprinting 

- Using own iPSCs, could create personalized medicine 

Why is 3D Bioprinted Organ Model Needed? 



Scaffold-Free 3D-Bioprinting of Organs in Indianapolis 



Scaffold-Free 3D-Bioprinting at Indiana University 

Smith, Li, Ekser, Nat Sci Reports 2018, in press 



(i) Optimal size of spheroids (ii) Optimal time for spheroid formation 

(iii) Design and print the 3D structure (iv) Viability of the 3D-bioprinted structure 

Scaffold-free 3D Bioprinting  



Day 1 Day 2 Day 4 Day 5 Day 3 

Optimized First Scaffold-Free 3D-Bioprinted Pig Liver Model 

Day 5 Li, Ekser, et al unpublished



Exciting Developments in Parallel with Xenotransplantation 
Scaffold-free 3D-Bioprinting of Tissues/Organs 

Ekser Lab, unpublished 

Scaffold-free 3D-Bioprinted 

Pig Liver Using 

Genetically-Engineered Cells 

& 

Perfused via Bioreactor 

continuously for 1 week. 

 



Next 50 Years … 
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Next 50 Years … 

Personalized 3D-Bioprinted Organs 

 - No need for immunosuppression 

 - No rejection 

 - No need to induce tolerance 



Ethical Concerns in Living Donors – Friend vs. Selena Gomez 



Living Donors / Organ Trafficking – Declaration of Istanbul 



Next 50 Years … 

No need to discuss organ trafficking 

due to unlimited supply of pig organs 

and eventually ‘self’ 3D-bioprinted 

organ supply. 



David K.C. Cooper Thomas E. Starzl 

Starzl 1982 

“…history of medicine tells us that procedures that were 
inconceivable yesterday, and barely achievable today often become 

the routine of tomorrow…”  

Burcin Ekser 

June 2012 


