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The  Development of  TransgenicThe  Development of  Transgenic
Livestock  for  BiomedicalLivestock  for  Biomedical

A p p licationsA p p lications
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Xenotransplantation:Xenotransplantation:

A  T h erapeutic SolutionA  T h erapeutic Solution

ØØTissue EngineeringTissue Engineering

ØØCell TransplantationCell Transplantation

ØØOrgan ReplacementOrgan Replacement
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U n m et C linical Need:U n m et C linical Need:
A Severe  Shortage of  Donor  O rgans*A Severe  Shortage of  Donor  O rgans*
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U n m et Clinical Need:U n m et Clinical Need:
Cell &  T issue TransplantationCell &  T issue Transplantation

ØØNeurologic IndicationsNeurologic Indications

ØØCartilage Repair Cartilage Repair 

ØØIsletsIslets

ParkinsonParkinson’’s Diseases Disease                    ~1,000,000 affected Individuals~1,000,000 affected Individuals  
Spinal Cord InjurySpinal Cord Injury                      ~200,000 SCI Patients U.S. alone~200,000 SCI Patients U.S. alone

Articular Cartilage DefectsArticular Cartilage Defects          ~500,000 cases U.S. alone~500,000 cases U.S. alone  
Meniscus RepairMeniscus Repair                                    ~800,000 cases  U.S. alone~800,000 cases  U.S. alone

Type I Diabetes                   ~800,000 affected Individuals Type I Diabetes                   ~800,000 affected Individuals 
Type II Diabetes                 ~15,000,000 affected Individuals Type II Diabetes                 ~15,000,000 affected Individuals 
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T h e  P ig  as  a  D o n o rT h e  P ig  as  a  D o n o r

•• Many Agricultural ,  Domestic  &Many Agricultural ,  Domestic  &

B iomedical  UsesB iomedical  Uses

•• Herd  Maintenance  & HusbandryHerd  Maintenance  & Husbandry

•• O rgan Size  &  P h y s iologyO rgan Size  &  P h y s iology

•• Genetic  m a n ipulationGenetic  m a n ipulation
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Immunologic Barriers Immunologic Barriers 
Discordant XenotransplantationDiscordant Xenotransplantation

ØØ  Hyperacute RejectionHyperacute Rejection
ØØNatural Antibody Reactivity Natural Antibody Reactivity 

ØØActivation  of  ComplementActivation  of  Complement

ØØ  Acute Vascular RejectionAcute Vascular Rejection
ØØAntibody MediatedAntibody Mediated

ØØNeutrophil  &  NK Cell ActivationNeutrophil  &  NK Cell Activation

ØØ  Acute Cellular RejectionAcute Cellular Rejection
ØØT Cell Activation And ProliferationT Cell Activation And Proliferation

Immediate GraftImmediate Graft
RejectionRejection

Delayed GraftDelayed Graft

RejectionRejection

Delayed GraftDelayed Graft
RejectionRejection
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Targeting C o m p lement InhibitorsTargeting C o m p lement Inhibitors

C5b-9, MACC5b-9, MACC5bC5b

C6 C7 C8 C9C6 C7 C8 C9

Alt.Alt.
C3 ConvertaseC3 Convertase

Alt. C5 ConvertaseAlt. C5 Convertase

Class. C3Class. C3
ConvertaseConvertase Class. C5 ConvertaseClass. C5 Convertase

C3bC3b C5C5

C5aC5a
C4b2a3bC4b2a3b

C3bBb3bC3bBb3b

Alternative PathwayAlternative Pathway

Factor BFactor B

C3iBbC3iBbC3C3 C3iC3i
(C3H(C3H22O)O)

C2C2

C3C3

C3aC3a

C4b2aC4b2a

Classical PathwayClassical Pathway

HH22OO

C1qrsC1qrs ActivatedActivated
C1C1

C4C4

C4aC4a
C2bC2b

C4bC4b

Factor DFactor D

BaBa

HC / DC InhibitorsHC / DC Inhibitors

HC / DC InhibitorsHC / DC Inhibitors

CD59CD59

Anti-C5 mAbAnti-C5 mAb

(Dalmasso, Platt, Bach)
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A n tibody and  Com p lement  M ediatedA n tibody and  Com p lement  M ediated
RejectionRejection

Porcine Cells - Non Engineered

Human Serum

Porcine Cells -Engineered
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A  C o m b inatorial  GeneticA  C o m b inatorial  Genetic
A p p roach to Prevent  C o m p lementA p p roach to Prevent  C o m p lement

ActivationActivation

ØØ  Hyperacute Rejection is  a  M a jor Barrier to Xenotransplantation Hyperacute Rejection is  a  M a jor Barrier to Xenotransplantation 

ØØ  S trategy :  G e n e tically Engineer  the Xenogeneic DonorS trategy :  G e n e tically Engineer  the Xenogeneic Donor

ØØ    Inhibition of C o m p lem e n t Activation: H u m a n  C D 5 9  Inhibition of C o m p lem e n t Activation: H u m a n  C D 5 9  

ØØ    Inhibition of C o m p lem e n t Activation: Inhibition of C o m p lem e n t Activation: 

Engineered Bi-Functional  C o m p lem e n t InhibitorsEngineered Bi-Functional  C o m p lem e n t Inhibitors

ØØ    Inhibition of A n tibody Reactivity:  Inhibition of A n tibody Reactivity:  

    Expression of       Expression of   G lycosyltransferases G lycosyltransferases 
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Expression  of  CD59 PreventsExpression  of  CD59 Prevents
C o m p lement-M ediated Cell LysisC o m p lement-M ediated Cell Lysis
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Eliminating Natural Antibody ReactivityEliminating Natural Antibody Reactivity

ØØ ~ 1%   ~ 1%  of C irculating of C irculating Ig Ig Molecules React toMolecules React to

Xenogeneic Cell Surface Carbohydrate, GalXenogeneic Cell Surface Carbohydrate, Gal αααα1,3Gal1,3Gal
    (Gallili,  Lowe, Sandrin)

A  C ritical Component for  Eliminating the Xenogeneic  Immune ResponseA  C ritical Component for  Eliminating the Xenogeneic  Immune Response

ØØ  Antibody  Reactivity Activates Com p lement Antibody  Reactivity Activates Com p lement 

ØØ  Antibody  Reactivity Induces Acute Vascular Rejection: Antibody  Reactivity Induces Acute Vascular Rejection: 

Antibody Dependant Cellular Antibody Dependant Cellular CytotoxicityCytotoxicity
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Strategies to Inhibit XenoreactiveStrategies to Inhibit Xenoreactive
N a tural A n tibody ReactivityN a tural A n tibody Reactivity

Antibody Removal Therapy  Antibody Removal Therapy  

Treatment of RecipientTreatment of Recipient M o d ify the Donor PhenotypeM o d ify the Donor Phenotype

G e n e tic Modifications  G e n e tic Modifications  

StandardStandard

Plasmapheresis  Plasmapheresis  
StandardStandard

PlasmapheresisPlasmapheresis

++

Gal SpecificGal Specific

Chromatography  Chromatography  

Gene Knock-out  Gene Knock-out  Enzyme Competi t ionEnzyme Competi t ion

Carbohydrate  Remodel ingCarbohydrate  Remodel ing
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Enzyme Competit ion & CarbohydrateEnzyme Competit ion & Carbohydrate
R e modelingR e modeling

G L Y C O S Y L T R A N S F E R A S E  E N Z Y M E  C O M P E T ITIO N   S T R A T E G YG L Y C O S Y L T R A N S F E R A S E  E N Z Y M E  C O M P E T ITIO N   S T R A T E G Y

"" U N I V E R S A L L Y   A C C E P T E D   U N I V E R S A L L Y   A C C E P T E D   ’’O '   P H E N O T Y P E "O '   P H E N O T Y P E "

"" I M M U N O G E N IC"I M M U N O G E N IC"

{{G a lG a lαααα1,3Gal1,3Gal   A n tigen}A n tigen}

U D PU D P

Gal(Gal( ββββ1,3)1,3)G lcN A cG lcN A c ββββ1-R 1-R 
((ββββ1,4)1,4)

Gal(Gal ( αααα1,3)Gal(1,3)Gal( ββββ1 ,3 )GlcNAc1 ,3 )GlcNAc ββββ1--R1--R

                       (                       (ββββ1,4)1,4)

U D P - G a lU D P - G a l

αααα1,3 1,3 Galactosyl TransferaseGalactosyl Transferase
[[αααα1,3G T ]1,3G T ]

{{H  A n tigen}H  A n tigen}

G D P - F u cG D P - F u c

G D PG D P

Gal(Gal ( ββββ1 ,3 )GlcNAc1 ,3 )GlcNAc ββββ1- -R1- -R

       (       (ββββ1,4)1,4)

Fuc(Fuc( αααα1,2)1,2)

αααα1,2 1,2 Fucosyl TransferaseFucosyl Transferase
[[αααα1,2FT]1,2FT]

““ H -TransferaseH -Transferase ””
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Log Fluorescence IntensityLog Fluorescence Intensity
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20 % 20 % HI Human SerumHI Human Serum

anti-IgGanti-IgGcellscells
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cellscells
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1010 1010

PKI-HTPKI-HT

44111010 1010 1010 101022 33

cellscells
20 % 20 % HI Human SerumHI Human Serum

anti-IgManti-IgM

111010 1010 101022 33 44

anti-anti-ααGalGal
anti-H anti-H 

cellscells

111010 1010 101022 33 44

cellscells
20 % 20 % HI Human SerumHI Human Serum

anti-IgGanti-IgG

  H T  E xpression Reduces Cell  SurfaceH T  E xpression Reduces Cell  Surface
Expression  of  Gal EpitopeExpression  of  Gal Epitope
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Development of  Transgenic  PigsDevelopment of  Transgenic  Pigs
Expressing  H u m a n  C o m p lementExpressing  H u m a n  C o m p lement

Inhibitors and H-TransferaseInhibitors and H-Transferase
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Transgenic Transgenic Expression ConstructsExpression Constructs

11 22 33 44 55 66 77 88

hCD59 / HThCD59 / HT cDNA cDNA
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Expression of hC D 59 in Transgenic P ig CellsExpression of hC D 59 in Transgenic P ig Cells
and  Tissuesand Tissues
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Immunohistochem ical A n a lyses Immunohistochem ical A n a lyses 
of H T  T ransgenic  Founder  P igof H T  T ransgenic  Founder  P ig

IB4IB4
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Maximum Resistance  to  Human SerumMaximum Resistance  to  Human Serum
LysisLysis

HumanHuman  Serum (%) Serum (%)
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Pre-C linical StudiesPre-C linical Studies

1. 1. Organ Perfusion ExperimentsOrgan Perfusion Experiments
2. Organ Transplant Experiments2. Organ Transplant Experiments
3. Cell Transplant Experiments3. Cell Transplant Experiments
4. Tissue Transplant Experiments4. Tissue Transplant Experiments
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E x  V ivo Perfusion StudiesE x  V ivo Perfusion Studies

Human Blood Human Blood E x  V ivoE x  V ivo   Perfusion   Perfusion 
 Transgenic O rgans  vs. Control  Transgenic O rgans  vs. Control 

ØØHeartsHearts

ØØKidneysKidneys

ØØLungsLungs
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Ex Vivo Perfusion Ex Vivo Perfusion 
C D 59 Tg Organs  vs .  ControlC D 59 Tg Organs  vs .  Control
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Cell & Tissue TransplantationCell & Tissue Transplantation

ØØNeurologic IndicationsNeurologic Indications
Neuron Replacement  Therapy for  ParkinsonNeuron Replacement  Therapy for  Parkinson ’’s  Diseases Disease

     Transplantation of Porcine Fetal  Ventral  M esencephalic  Neurons     Transplantation of Porcine Fetal  Ventral  M esencephalic  Neurons

Remyelinat ion of  Damaged Spinal  CordRemyelinat ion of  Damaged Spinal  Cord

     Transplantation of  Porcine Schwann Cel ls /  OECs     Transplantation of  Porcine Schwann Cel ls /  OECs

ØØMetabolic IndicationsMetabolic Indications
Islet  Transplantation Therapy for Insulin Dependant  D iabetes  Islet  Transplantation Therapy for Insulin Dependant  D iabetes  

ØØTissue EngineeringTissue Engineering
Cartilage Repair  Therapy for  Cartilage Repair  Therapy for  ArticularArticular  Cartilage Defects     Cartilage Defects    
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Spinal  Cord InjurySpinal  Cord Injury

1. 1. Rodent EBX & Rodent EBX & TransectionTransection Models Models
a. Transplantation of Tg a. Transplantation of Tg SCs SCs & OECs& OECs
b. Cell b. Cell Engraftment Engraftment & Remyelination& Remyelination
c. Restore Conduction Across the Defectc. Restore Conduction Across the Defect

2. 2. Primate LPC Detergent Primate LPC Detergent DemyelinationDemyelination Model Model
a. Studies are on-goinga. Studies are on-going
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Transection M o d e l  &Transection M o d e l  &
TransplantationTransplantation
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Transplantation of  Pig EnsheathingTransplantation of  Pig Ensheathing
Cells Restores  ConductionCells Restores  Conduction
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Spinal C o rd Injury:  Transgenic P igSpinal C o rd Injury:  Transgenic P ig
Cells Repair Injured Spinal C o rdCells Repair Injured Spinal C o rd

N o r m a lN o r m a l

Spinal  CordSpinal  Cord
InjuredInjured

Spinal  CordSpinal  Cord

InjuredInjured

Spinal  Cord W ithSpinal  Cord W ith

Transgenic  Pig CellsTransgenic  Pig Cells
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Insulin Dependent  D iabetesInsulin Dependent  D iabetes
M ellitisM ellitis

1.  1.  Isolation of Porcine IsletsIsolation of Porcine Islets  
a.   Initial procedures on Non-a.   Initial procedures on Non-TgTg control Neonates control Neonates

b.   Transplantation into SCID Miceb.   Transplantation into SCID Mice

c.   Demonstrate Pig Insulin Productionc.   Demonstrate Pig Insulin Production

2.  2.  Isolation of Isolation of TransgenicTransgenic Porcine Islets Porcine Islets  

b.  Transplantation into SCID Miceb.  Transplantation into SCID Mice

c.  Assess Pig Insulin Productionc.  Assess Pig Insulin Production

a.   Isolation from a.   Isolation from TgTg Neonates Neonates

d.  Adoptive Transfer Human T-cellsd.  Adoptive Transfer Human T-cells
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Transplanted Porcine IsletsTransplanted Porcine Islets
Produce Porcine InsulinProduce Porcine Insulin
Radio-Immune Assay Analysis for InsulinRadio-Immune Assay Analysis for Insulin
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Transplanted Porcine IsletsTransplanted Porcine Islets
Produce InsulinProduce Insulin

ImmunohistochemicalImmunohistochemical Analysis Analysis

••  Porcine Islets TransplantedPorcine Islets Transplanted
      Kidney Capsule of SCID Mouse      Kidney Capsule of SCID Mouse

••  Tissue Harvested at 120d PostTissue Harvested at 120d Post
     Transplant     Transplant

••  ImmunohistochemistryImmunohistochemistry
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C a rtilage Repair:Tissue EngineeringC a rtilage Repair:Tissue Engineering

Development of Development of Transgenic ChondrocytesTransgenic Chondrocytes
Resistant to Resistant to HumoralHumoral-Mediated Cytolysis-Mediated Cytolysis
Resistant to Cell-Mediated Immune ResponsesResistant to Cell-Mediated Immune Responses

Establish Culture Conditions with ECMEstablish Culture Conditions with ECM

Utilize In Vivo Rodent Models to Establish Efficacy Utilize In Vivo Rodent Models to Establish Efficacy 

Murine Murine Heterotopic ModelHeterotopic Model

Rabbit Ear & Knee ModelRabbit Ear & Knee Model
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In Vitro Derived Cartilage fromIn Vitro Derived Cartilage from
Transgenic ChondrocytesTransgenic Chondrocytes
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C o llagen Expression in In VitroC o llagen Expression in In Vitro

Engineered C a rtilageEngineered C a rtilage
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Transgenic C a rtilage HeterotopicTransgenic C a rtilage Heterotopic

TransplantsTransplants

SCID ModelSCID Model

1010XX

2020XX

BalbBalb/C Model/C Model

2020XX

4040XX
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Sum m arySum m ary

1.1.  Developed Novel Genetic Approaches to CreateDeveloped Novel Genetic Approaches to Create
     Universal Donor Cells, Tissues and Organs     Universal Donor Cells, Tissues and Organs

Inhibition of Natural  Antibody Reactivity:  Inhibition of Natural  Antibody Reactivity:  H igh Expression  of  HTH igh Expression  of  HT

Inhibition of C o m p lement Activation:  Inhibition of C o m p lement Activation:  H igh Expression  of   a  Hum a n  H igh  Expression  of   a  Hum a n  

C o m p lement Inhibitor  Proteins ,  Native  &  C o m p lement Inhibitor  Proteins ,  Native  &  C h imeric  BifunctionalC h imeric  Bifunctional

                                InhibitorsInhibitors

ØØ  The  Combinatorial  Approach PreventsThe  Combinatorial  Approach Prevents

HyperacuteHyperacute  Rejection Rejection

2.2.  Established Several Pre-Clinical Transplant Models to TestEstablished Several Pre-Clinical Transplant Models to Test
     the Efficacy of Transgenic Cells, Tissues and Organs for     the Efficacy of Transgenic Cells, Tissues and Organs for
         Restoring Function Restoring Function


