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Patients with end-stage heart failure requiring heart transplantation die simply because 

allografts are in short supply. Cardiac xenotransplantation from genetically-modified pig 

source animals has been proposed to bridge the gap between supply and demand. However, 

there are two predominant barriers to clinical translation and are poorly understood. The 

first, is a type of primary graft dysfunction, termed perioperative cardiac xenograft 

dysfunction (PCXD), which causes failure of the xenograft within 48 hours after 

transplantation. The second, post-transplantation xenograft growth, which causes a life-

limiting diastolic heart failure within the first month after transplantation.  

 

We demonstrate that PCXD can be overcome with cardiac preservation techniques that 

minimize ischemia, either with blood-based cardioplegia induction or non-ischemic 

continuous preservation (NICP). In a heterotopic PCXD model, we further demonstrate 

that PCXD is likely a phenomenon rooted in xenograft dysfunction resulting from 

activation of innate immunity within the xenograft. While further studies need to be done, 



 

we demonstrate evidence that PCXD is augmented by the synergistic inflammatory effects 

of both cardiopulmonary bypass and cross-species transplantation. We also provide 

evidence that polymorphisms from TLR4 of S. scrofa (swine) compared to H. sapiens, may 

explain a possible target for the unique inflammatory signaling, that results in xenograft 

dysfunction after cardiac xenotransplantation.  

 

We also demonstrate that post-transplantation xenograft growth is multifactorial, but can 

be limited by growth hormone receptor knockout donors, along with genetic modifications 

that reduce immunogenicity of the xenograft. This growth, within 6 months after 

transplantation, is not a result of physiologic mismatch or cardiomyocyte hypertrophy. 

Therefore, recipients do not need to be treated for tachycardia and hypertension as 

previously thought.  

 

Lastly, we demonstrate the clinical translation of cardiac xenotransplantation by applying 

knowledge and expertise obtained from these studies. Expanded access (“compassionate 

use”) FDA authorization was based on demonstration of principle from our preclinical 

model. An ECMO-dependent patient without other therapeutic options was transplanted a 

genetically-modified cardiac xenograft, with 10-gene edits, combined with non-ischemic 

cardiac preservation and anti-CD40 monoclonal antibody-based immunosuppression. The 

patient was able to successfully wean from ECMO, participate in active rehabilitation and 

survived 60 days after transplantation without evidence of rejection. 

 
 

 
 



 

 
 
 
 
 

The Clinical Translation of Cardiac Xenotransplantation 
 
 
 
 
 
 
 
 
 

by 
Corbin E. Goerlich 

 
 
 
 
 
 
 
 

Dissertation submitted to the Faculty of the Graduate School of the 
University of Maryland, Baltimore in partial fulfillment 

of the requirements for the degree of 
Doctor of Philosophy 

2022 
 
  



 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

© Copyright 2022 by Corbin E. Goerlich 
All rights Reserved 

 



 iii 

 
 
 
 
 
 
 
 

 
 
 
 
 
 

This dissertation is dedicated to Erin and Harrison Goerlich– 
 
 

To my beautiful and most wonderfully supportive wife Erin–without your unwavering 
support, love and selflessness I wouldn’t have the privilege of this presenting this 

dissertation.  
 

To Harrison, the joy of my life (and son)–I hope you can read this someday and realize 
that your first three years on Earth were filled with love, happiness and priceless time 

spent with you (and this dissertation!). My hope is that you will find your passion in life, 
whatever it may be, by observing mine. 

 
Love, 
Corbin  



 iv 

Acknowledgements 
 

To my mentor, Dr. Muhammad Mohiuddin, thank you for the willingness to facilitate 3 
years in your lab with overwhelming and unwavering support. You provided the most 
transformative opportunity that culminated to a once-in-a-lifetime experience that I will 
never forget or take for granted.  
 
To Dr. Avneesh Singh, thank you for your guidance both personally, professionally and as 
a friend. You helped me develop as a future PhD and scientist and I learned a lot from you. 
I’ll also look back and cherish our time interpreting and discussing the data from our human 
transplantation as well.  
 
To Dr. Nevil Singh, your steadfast support of my goals were persistent. Your teaching of 
basic science and immunology is something I will always cherish. You have made a lasting 
impression on me for my future academic career and without you, I would not be the same 
PhD graduate.  
 
To Dr. Bartley Griffith, thank you for your genuine guidance, mentorship and support as 
both a scientist but also a surgeon. Your unique experience and approach to “moving the 
needle” of innovation has made a lasting impression on me. The once-in-a-lifetime 
experience we shared alongside Dr. Mohiuddin, that culminating from a lot of the work in 
this dissertation, is one I will never forget.  
 
To Dr. Martine Rothblatt, I enjoyed the conversation about our shared academic interests 
in xenotransplantation when you came to visit Baltimore during our clinical 
xenotransplantation efforts. After finishing this dissertation and reflecting on your own 
experience over the last 20-30 years, I have come to realize our common passion for 
xenotransplantation. You have inspired me to forge a similar impact to your ongoing 
trailblazing effort to make xenotransplantation a clinical reality (even if just a fraction of 
your successes)! 
 
To Dr. Dave Ayares, thank you for your continued support of Dr. Mohiuddin’s cardiac 
xenotransplantation lab and the heterotopic PCXD experiments. Without your support, my 
research experience and the PCXD experiments would have not been possible. 
 
To Dr. Dave Kaczorowski, thank you for teaching me what it means to be a great surgeon, 
person and scientist. Your continued mentorship has been instrumental during my 
dedicated academic time away from General Surgery residency and part of the reason I am 
training to be a cardiac surgeon.  
 
To Dr. Pamela Lipsett, thank you for giving me 100% dedicated academic time away from 
the Johns Hopkins Hospital Halsted residency program, even through the COVID-19 
pandemic. I am grateful for your unwavering support during this time and sharing my 
vision for pursuing science, research and academics as a future surgeon-scientist.  
 



 v 

To Drs. Bret Hassell and Heather Ezelle, thank you for supporting my crazy idea of a PhD 
in basic science after graduating medical school 3 years prior.  
 
To all of the Mohiuddin lab–Faith, Billeta, Alena, Ivan, Tianshu, Sarah, Gheorghe and 
Lauren. Without your help, this work could have never been completed. Without the 
friendships we formed, this work would have been much less fun.  
 
To my co-residents and officemates–Aakash, Morcos, Josh and Mohamed. Thank you guys 
for always being great friends, a lending hand whenever needed, and good sounding board 
for things both research and beyond.  
 
To John Treffalls, thank you for coming on this journey with me for 6 months your help 
with the heterotopic PCXD experiments. We’ve developed a great friendship over our short 
time together and wish nothing but the best for your bright future! 
 
To my other friends, my wonderful parents, brothers, sister and the MMI community, thank 
you for always supporting me and just being a smiling face or a lending ear when I needed 
it! 
 
Thank you to my additional thesis committee members, Drs. Joseph Tector, Jonathan 
Bromberg and Jonathan Lederer for your insightful critiques and enthusiastic support of 
my project and PhD dissertation. 
 
My sincerest appreciation and thanks.  
 
-Corbin  



 vi 

Table of Contents 
 
Dedication………………………………………………………………………………..iii 

Acknowledgements………………………………………………………..…………….iv 

List of Tables .................................................................................................................... ix 

List of Figures ................................................................................................................... xi 

List of Abbreviations ..................................................................................................... xiv 

Chapter 1: The Immunobiology of Genetically Engineered Porcine Hearts for 
Human Transplantation and Questions Arising ............................................................ 1 

1.1 The History of Cardiac Transplantation ............................................................. 1 
1.2 Antibody and Cell-Mediated Rejection in Cross-Species Transplantation ........ 6 
1.3 Immunosuppression and Adjunctive Therapy to Overcome Xenograft Rejection
 9 
1.4 Human Transgenes to Reduce Incompatibilities between Human and Porcine 
Factors 13 
1.5 Limitations to Clinical Translation-Graft Dysfunction, Growth and Zoonosis 16 
1.6 Overcoming Barriers to Clinical Translation .................................................... 20 
1.7 Problems and Questions Arising ....................................................................... 22 

1.7.1 PCXD ........................................................................................................ 22 
1.7.2 Cardiac Xenograft Preservation ................................................................ 22 
1.7.3 Post-transplantation Xenograft Growth .................................................... 22 
1.7.4 Other Barriers to Clinical Translation ....................................................... 22 

1.8 Purpose, Hypothesis and Specific Aims of this Thesis ..................................... 22 
1.8.1 Purpose ...................................................................................................... 22 
1.8.2 Central Hypothesis .................................................................................... 23 
1.8.3 Specific Aims ............................................................................................ 25 

Chapter 2: Standardized Approaches to Heterotopic and Orthotopic Preclinical 
Transplantation Models to Study Cardiac Xenotransplantation ............................... 27 

2.1 Introduction ....................................................................................................... 27 
2.2 Selection of Source Animal and Recipient Animals for Pre-clinical 
Transplantation ............................................................................................................. 28 
2.3 Preoperative Placement of the Tunneled Central Line in the Baboon Recipient
 30 
2.4 Procurement of the Source Animal Pig Heart ................................................... 32 
2.5 The Heterotopic (Abdominal) Model of Porcine Cardiac Xenotransplantation 35 

2.5.1 Heterotopic Abdominal Surgical Implantation ......................................... 35 
2.5.2 Perfusion of the Heterotopic Cardiac Xenograft ...................................... 40 

2.6 The Orthotopic (Life-Supporting) Model of Porcine Cardiac 
Xenotransplantation ...................................................................................................... 41 

2.6.1 Non-ischemic Continuous Preservation .................................................... 41 



 vii 

2.6.2 Cardiopulmonary Bypass .......................................................................... 42 
2.6.3 Orthotopic Surgical Implantation ............................................................. 43 

2.7 Postoperative Management of the Non-Human Primate Recipient .................. 45 
2.7.1 Immediate Postoperative Management (first 48 hours) ............................ 45 
2.7.2 Long-term Care of the Recipient and Surveillance of the Cardiac 
Xenograft .................................................................................................................. 49 

2.8 Conclusion ........................................................................................................ 53 

Chapter 3: Progressive Genetic Modifications Extend Life-Supporting Cardiac 
Xenograft Survival .......................................................................................................... 54 

3.1 Introduction ....................................................................................................... 54 
3.2 Methods............................................................................................................. 56 
3.3 Results ............................................................................................................... 71 

3.3.1 Genetically Engineered Pigs with Relevant Gene Editing Provide Less 
Immunogenic Xenografts for Transplantation .......................................................... 71 
3.3.2 Consistent Long-term Survival of Cardiac Xenografts by Progressive 
Elimination of Immunogenic Pig Antigens and Expression of Human Transgenes 74 
3.3.3 Elimination of GHR Gene From Donor GE Pigs Results in Cardiac 
Xenografts with Reduced Growth and Improved Survival ....................................... 76 
3.3.4 Histopathological and Immunohistochemical Evaluation Demonstrates the 
Advantage of Multigene Modifications of the Cardiac Xenograft ........................... 78 
3.3.5 Immunologic Analysis in Long-term Versus Short-Term Survivors ....... 86 
3.3.6 Laboratory Results Demonstrate Lasting Protection from Rejection in 
Xenografts with Multiple Knockouts and Human complement, Thrombosis, and 
Inflammatory Regulatory Proteins ............................................................................ 88 
3.3.7 Xenografts with Intact Growth Hormone Receptor Demonstrate Growth 
and Diastolic Dysfunction After Xenotransplantation .............................................. 92 
3.3.8 Histologic Examination Reveals Cardiomyocyte Hypertrophy is not a 
Significant Contributor to Post-Transplantation Xenograft Growth ........................ 93 
3.3.9 Control of Physiologic Mismatch is Not Required to Prevent Life-
Limiting Post-transplantation Xenograft Growth ..................................................... 95 

3.4 Significant Findings and Discussion ................................................................. 97 

Chapter 4: Blood Cardioplegia Induction, Perfusion Storage and Graft Dysfunction 
in Cardiac Xenotransplantation .................................................................................. 105 

4.1 Introduction ..................................................................................................... 105 
4.2 Methods........................................................................................................... 108 
4.3 Results ............................................................................................................. 113 

4.3.1 Major Clinical Differences Result from the Type of Cardiac Preservation 
Utilized Prior to Orthotopic (life-supporting) Xenotransplantation ....................... 113 
4.3.2 The Heterotopic (Abdominal) Model of Cardiac Xenotransplantation 
Approximates Ischemia-Reperfusion Seen in Orthotopic Transplantation ............ 118 
4.3.3 Hemodynamic, Echocardiography and Electrocardiography Data from 
Heterotopically Implanted Xenografts Demonstrates Primary Dysfunction Despite 
Lack of Life-Supporting Function. ......................................................................... 120 



 viii 

4.3.4 Xenograft Infiltrating Cells Are Present After Transplantation, But are 
Variably Activated .................................................................................................. 122 
4.3.5 Microcapillary Disturbances are Reduced in Xenografts Undergoing 
Cardiac Preservation that Minimizes Ischemia ....................................................... 125 
4.3.6 Inflammatory Cytokines are Increased in Orthotopic Xenotransplantation 
but not Allotransplantation ..................................................................................... 127 
4.3.7 TLR4 Orthology Between Human and Pig Demonstrate Distinct 
Polymorphisms in Regions that May Explain Differences in Monocyte-Derived 
Macrophage Activation ........................................................................................... 128 

4.4 Significant Findings and Discussion ............................................................... 132 

Chapter 5: The Clinical Translation of Multi-Gene Pig Source Animals for Human 
Cardiac Xenotransplantation ...................................................................................... 135 

5.1 Requirements for the First Human Clinical Trials .......................................... 135 
5.1.1 General Regulatory Framework of Xenotransplantation ........................ 135 
5.1.2 Deceased Brain-Dead Donor Trials ........................................................ 136 
5.1.3 FDA Expanded Access (Compassionate Use) Authorization ................. 137 

5.2 The First Genetically Modified Porcine-to-Human Cardiac Xenotransplantation
 138 

5.2.1 The Patient .............................................................................................. 138 
5.2.2 FDA Expanded Access (Compassionate Use) Authorization ................. 139 
5.2.3 Methods................................................................................................... 140 
5.2.4 Results ..................................................................................................... 149 
5.2.5 Discussion ............................................................................................... 158 
5.2.6 Moving Forward ..................................................................................... 162 

References ...................................................................................................................... 165 
 
  



 ix 

List of Tables 
 
Table 1.1: The History of Cardiac Transplantation ............................................................ 4 

Table 2.1: Orthotopic Heart Procurement Checklist ......................................................... 33 

Table 2.2: Orthotopic Cardiac Xenotransplantation – Important Materials ..................... 34 

Table 2.3: Heterotopic Cardiac Xenotransplantation – Important Materials .................... 35 

Table 2.4: Approximate Cardiopulmonary Bypass Cannula Sizes by Animal Weight .... 43 

Table 2.5: Postoperative Standard Operating Procedure at the University of Maryland 
Cardiac Xenotransplantation Program .............................................................................. 46 

Table 2.6: Supplies for Endomyocardial Biopsy, Right Heart Catheterization, and 
Coronary Angiography ..................................................................................................... 52 

Table 3.1: “Multi-Gene” Genetic Cohorts by Knockout and Human Transgene 

Expression. ........................................................................................................................ 58 

Table 3.2: Immunosuppression Regimen ......................................................................... 61 

Table 3.3: Overview of Clinical Parameters in Orthotopic “Multi-Gene” Pigs Cohorts. . 75 

Table 4.1: Genetic Constructs used for HHTx PCXD Model ........................................ 108 

Table 4.2: Objective Quantification of Support Postoperatively .................................... 111 

Table 4.3: Comparison of Traditional, Blood Cardioplegia and NICP preservation 
strategies ......................................................................................................................... 113 

Table 4.4: Mean survival, descriptive statistics between traditional, blood cardioplegia 
and NICP ......................................................................................................................... 115 

Table 4.5: Incidence of arrythmia and xenograft function between preservation groups in 
the PCXD HHTx Model ................................................................................................. 120 

Table 4.6: Protein Sequence Alignment with EMBOSS Needle between H. sapiens and S. 
scrofa. .............................................................................................................................. 129 

Table 5.1: Genetic Modifications of the Source Animal for Human Cardiac 
Xenotransplantation ........................................................................................................ 141 

Table 5.2: Induction Immunosuppression in Human Cardiac Xenotransplantation ....... 143 

Table 5.3: Results of Commercial Pathogen Screening of Source Pig ........................... 146 



 x 

Table 5.4: KT® Research Use Only Pathogen screening by mcfDNA ........................... 146 

  



 xi 

List of Figures 
 
Figure 1.1: Mechanisms of Rejection in Xenotransplantation ............................................ 7 

Figure 1.2: Mechanisms of Action of Immunomodulatory Drugs and Therapeutics in 
Xenotransplantation .......................................................................................................... 11 

Figure 1.3: The Immunobiology of Cardiac Xenotransplantation. ................................... 14 

Figure 1.4: Potential Etiologies of Post-transplantation Xenograft Growth ..................... 24 

Figure 2.1: Cage, jacket and tether setup. ......................................................................... 29 

Figure 2.2: Intraabdominal placement of a cardiac xenograft with pressure telemetry 
monitor in the apex. .......................................................................................................... 36 

Figure 2.3: Backtable preparation of the heart for transplantation ................................... 37 

Figure 2.4: Aortic and Pulmonic Anastomosis to the Recipient Abdomen ...................... 38 

Figure 2.5: Perfusion of Blood Through the Heterotopic Cardiac Graft .......................... 40 

Figure 2.6: Dual lumen XVIVO© cannula in the cardiac xenograft for NICP prior to 
transplantation ................................................................................................................... 42 

Figure 2.7: Electrocardiographic Tracings of Four Simultaneous Postoperative 
Xenotransplantation Recipients ........................................................................................ 48 

Figure 2.8: Potential IV line and tether complications ..................................................... 51 

Figure 2.9: Echocardiographic Images of an Orthotopic Cardiac Xenograft ................... 52 

Figure 3.1: Transgene expression vectors in multi-gene pigs. .......................................... 59 

Figure 3.2: Overview of xenograft assessment by TTE. .................................................. 65 

Figure 3.3: Xenograft Gene Expression Before and After Xenotransplantation. ............. 71 

Figure 3.4: Characterization of Immunogenicity of “Multi-Gene” Cardiac Xenografts. . 73 

Figure 3.5: Gross Appearance of Explanted GHRKO and GHR Intact Xenografts. ........ 77 

Figure 3.6: H&E Findings in Group 1 Xenografts ........................................................... 79 

Figure 3.7: Thrombotic Complications in Group 2 (Xenografts Without 
Thromboregulatory Proteins). ........................................................................................... 79 

Figure 3.8: Histologic findings on H&E in Group 2 (xenografts without 
thromboregulatory proteins). ............................................................................................ 80 



 xii 

Figure 3.9: Recipient Survival of Groups 1-5. .................................................................. 82 

Figure 3.10: Space occupying lesions in grafts with rejection or inflammation. ............. 82 

Figure 3.11: H&E in Long-term Survivors of Group 3 Xenografts. ................................ 83 

Figure 3.12: H&E in Long-term Survivors of Group 4 Xenografts ................................. 85 

Figure 3.13: IHC Quantification of Explanted Xenografts ............................................... 85 

Figure 3.14: CD20+ cells in long-term survivors. ............................................................ 86 

Figure 3.15: Peripheral Cytokine Analysis in Recipients of “Multi-Gene” Xenografts ... 87 

Figure 3.16: Anti-pig antibody levels in long-term survivors of cardiac xenografts. ....... 88 

Figure 3.17: Longitudinal Complete Blood Counts in "Multi-Gene" Xenograft Recipients
........................................................................................................................................... 90 

Figure 3.18: Longitudinal Complete Metabolic Profiles in "Multi-Gene" Xenograft 
Recipients .......................................................................................................................... 90 

Figure 3.19: Longitudinal Serum Troponin I in "Multi-Gene" Xenograft Recipients ..... 91 

Figure 3.20: Longitudinal Coagulation Profile in "Multi-Gene" Xenograft Recipients ... 91 

Figure 3.21: Xenograft Growth Measured After Transplantation by TTE ....................... 92 

Figure 3.22: Post-transplantation Xenograft Growth as a Function of Rejection ............. 94 

Figure 3.23: Cardiomyocyte Cross-Sectional Area in GHRKO and GHR Intact 
Xenografts ......................................................................................................................... 94 

Figure 3.24: Hemodynamics in xenografts after xenotransplantation .............................. 96 

Figure 3.25: Average hemodynamics in xenografts grafts after xenotransplantation ...... 96 

Figure 4.1: Cardiac Preservation Techniques ................................................................. 109 

Figure 4.2: Traditional, blood cardioplegia and NICP Survival ..................................... 116 

Figure 4.3: Total Support Required between Crystalloid, Blood and NICP .................. 117 

Figure 4.4: Acid/Base Derangements between Crystalloid, Blood and NICP ............... 117 

Figure 4.5: HHTx PCXD Model Ischemic Times .......................................................... 119 

Figure 4.6: HHTx PCXD Model Serum Troponin Overtime ......................................... 119 



 xiii 

Figure 4.7: Echocardiographic Measurements of Left and Right Ventricular Function in 
HHTx PCXD Model. ...................................................................................................... 121 

Figure 4.8: HHTx PCXD Model Telemetry Hemodynamics ......................................... 122 

Figure 4.9: CD68+ and Neutrophil Elastase in Xenografts after I/R .............................. 123 

Figure 4.10: Quantified CD68+ and Neutrophil Elastase Staining ................................ 124 

Figure 4.11: Peripheral Cytokines in HHTx PCXD Model between Crystalloid, Blood 
Cardioplegia and NICP ................................................................................................... 124 

Figure 4.12: Microcirculatory Assessment by High Resolution Confocal Microscopy. 126 

Figure 4.13: Quantification of Microcirculation by High Resolution Microscopy ........ 126 

Figure 4.14: Synedcan-1 Levels between Crystalloid, Blood Cardioplegia and NICP .. 127 

Figure 4.15: Peripheral Cytokines in OHTx Model Compared to HHTx PCXD Model 128 

Figure 4.16: Evolutionary Analysis of TLR4 by Maximum Likelihood Method ........... 128 

Figure 4.17: Human TLR4 NCBI iCn3D Output Annotated with Regions Containing 
Polymorphisms from Pig ................................................................................................ 131 

Figure 5.1: Laboratory Parameters of the Patient Before and After Xenotransplantation.
......................................................................................................................................... 144 

Figure 5.2: Chest Radiograph Prior to Transplantation and with Xenograft In Situ ...... 150 

Figure 5.3: Xenograft Function and Surveillance Postoperatively with Clinical 
Timepoints ...................................................................................................................... 152 

Figure 5.4: Histology from Longitudinal Endomyocardial Biopsies and Autopsy ........ 153 

Figure 5.5: Human and Porcine Pathogen Surveillance using mcfDNA ........................ 154 

Figure 5.6: Transthoracic echocardiogram images of the transplanted xenograft .......... 156 

  



 xiv 

List of Abbreviations 

 
ACT Activated Clotting Time 

AIM2 Absent In Melanoma 2 

AMR Antibody Mediated Rejection 

ANC Absolute Neutrophil Count 

ANOVA Analysis of Variance 

APC Antigen Presenting Cells 

ATG Anti-thymocyte Globulin 

B4GALNT2KO β1,4-N-acetylgalactosyltransferase Knockout 

BCR B-cell Receptor 

CBC Complete Blood Count 

CBER Center for Biologics Evaluation and Research 

CCR2 C-C Chemokine Receptor 2 

CD Cluster of Differentiation 

CD40L CD40 Ligand 

CMAHKO CMP-N-acetylneuraminic Acid Hydroxylase Knockout  

CMP Complete Metabolic Profile 

CMV Cytomegalovirus 

CPB Cardiopulmonary Bypass 

CRRT Continuous Renal Replacement Therapy 

CTLA Cytotoxic T-lymphocyte Associated Protein 4 

CVF Cobra Venom Factor 



 xv 

CVP Central Venous Pressure 

DAF Decay Accelerating Factor 

DAMP Damage Associated Molecular Pattern 

DAPI 4',6-Diamidino-2-Phenylindole 

DCD Donation after Cardiac Death 

DSA Donor Specific Antibody 

ECG Electrocardiogram 

ECMO Extracorporeal Membrane Oxygenation 

EF Ejection Fraction 

EKG Electrocardiogram 

EPCR Endothelial Cell Protein C Receptor 

FACS Fluorescence-activated Cell Sorting 

FDA Food and Drug Adminstration 

FFP Fresh Frozen Plasma 

GCSF Granulocyte Colony Stimulating Factor 

GGTA1KO α-1,3-galactosyltransferase Knockout 

GHR Growth Hormone Receptor 

HAR Hyperacute Rejection 

HCO3 Bicarbonate 

HEPA High-Efficiency Particulate Air 

HF, Heart Failure 

HHT Heterotopic Heart Transplantation 



 xvi 

HHV Human Herpes Virus 

HLA Human Leukocyte Antigen 

HMGB High-Mobility Group Box 

HO1 Hemeoxygenase-1 

HR Heart Rate 

HSP Heat Shock Protein 

IACUC Institutional Animal Care and Use Committee 

ICU Intensive Care Unit 

IGF Insulin Growth Factor 

IHC Immunohistochemistry 

IM Intramuscular 

IND Investigational New Drug 

IRB Institutional Review Board 

ISHLT International Society of Heart and Lung Transplantation 

IV Intravenous 

IVC Inferior Vena Cava 

IVIG Intravenous Immunoglobulin 

IVUS Intravascular Ultrasound 

KO Knockout 

LPS Lipopolysaccharide 

LRR Leucine Rich Repeats 

LV Left Ventricle 



 xvii 

LVEF Left Ventricle Ejection Fraction 

LVID Left Ventricle Internal Diameter in Diastole 

LVPW Left Ventricle Posterior Wall 

MAP Mean Arterial Pressure 

MCP Monocyte Chemoattractant Protein 

MHC Major Histocompatability 

MLR Mixed Lymphocyte Reaction 

MMF Mycophenolate Mofetil 

NHP Non-human Primate 

NICM Non-ischemic Cardiomyopathy 

NICP Non-ischemic Continous Preservation 

NRP Normothermic Regional Perfusion 

OR Operating Room 

PAEC Pig Aortic Endothelial Cells 

PBMC Peripheral Blood Mononuclear Cells 

PCMV Porcine Cytomegalovirus 

PCR Polymerase Chain Reaction 

PCXD Perioperative Cardiac Xenograft Dysfunction 

PERV Porcine Endogenous Retrovirus 

PGD Primary Graft Dysfunction 

POD Postoperative Day 

PTT Partial Thromboplastin Time 



 xviii 

RAGE Receptor for Advanced Glycation Endproducts  

RRT Renal Replacement Therapy 

RUO Research Use Only 

RV Right Ventricle 

SBP Systolic Blood Pressure 

SLA Swine Leukocyte Antigen 

SPF Specific Pathogen Free 

SVC Superior Vena Cava 

TBM Thrombomodulin 

TCR T-cell Receptor 

TEE Transesophageal Echocardiogram 

TKO Triple Knockout 

TLR Toll-Like Receptor 

TNF Tumor Necrosis Factor 

TTE Transthoracic Echocardiogram 

VAD Ventricular Assist Device 

WBC White Blood Cell 

WHO World Health Organization 

XHS XVIVO Heart Supplement 

  



 1 

Chapter 1: The Immunobiology of Genetically Engineered Porcine Hearts for 
Human Transplantation and Questions Arising 

 
 
1.1 The History of Cardiac Transplantation 
 
The first clinical heart transplantation was actually a xenotransplantation using 

chimpanzee as a source animal in 1964.1 The more well-known “first” transplantation of a 

human heart wasn’t performed until 3 years later, in 1967 by Christiaan Barnard.2 

Remarkably, the premise for the first-in-human transplantation, was due to the same 

constraints for allotransplantation still being addressed in modern-day transplantation, 

including limited donor availability, patient selection and graft preservation. The use of 

source animals for procurement of organs for transplantation were deemed an appropriate 

alternative to human donors at the time.1 Many solutions have since been utilized to 

increase patient access to end-stage heart failure therapies such as donation after circulatory 

death (DCD)3 and normothermic regional perfusion (NRP) and ex-vivo organ perfusion 

prior to implantation4, but donor shortages still limit the application of allotransplantation. 

Historic parallels exist today just as they did in the context of the first cardiac 

(xeno)transplantation. The first-in-human genetically modified pig heart 

xenotransplantation performed this year, and detailed in Chapter 5, is a culmination of 

cutting-edge science to address this persistent, 60-year-old supply shortage. 

 

In the 1960s, leading up to Dr. Hardy’s chimpanzee-to-human transplantation, ethical 

implications of allotransplantation were at the forefront and are still foundation topics in 

transplantation today. The best suited human donor was thought to be a relatively young 

patient dying from severe brain damage.1 However, it was concluded that it would be 
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unethical to turn off the ventilator in patients with severe brain injury and without 

respiratory drive, to induce cardiac arrest for organ transplant procurement (although now 

deemed appropriate with modern-day DCD heart procurements).5 Moreover, the time of 

ischemia between cardiac arrest, procurement and implantation would be prohibitively 

high and allograft damage would likely prevent adequate graft function. As a compromise, 

insertion of catheters to deliver heparinized oxygenated blood to the patient was planned 

to minimize organ ischemia as soon as spontaneous death was pronounced and permission 

for donation was received (not dissimilar to modern-day normothermic regional perfusion 

after DCD heart procurements or ex-vivo organ preservation).4 Independent physician 

input was also sought to prevent transplant team bias for donor selection. Donor and 

recipients were to be from the same hospital. Preclinical animal studies leading to 

transplantation (from either human or non-human sources) centered around surgical 

technique and cardiac preservation. Adequate graft function needed to be ensured upon 

removal from the donor and after recipient implantation. However, it became obvious 

during the planning stages of allotransplantation, that unless the simultaneous death of a 

donor and recipient occurred at the same hospital, human hearts would be an unlikely 

source for transplantation. Therefore, source animals for transplantation in patients with 

end-stage heart failure were sought and xenotransplantation became a reality. 

 

Dr. Hardy’s cardiac xenotransplantation from chimpanzee was performed only after a 

suitable human donor was not found and a chimpanzee was deemed suitable source animal 

by size and cardiac output. There was no formal regulatory process at the time, but 

informed consent was sought. The excision and reimplantation of the donor chimpanzee 
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heart was performed in a manner similar to modern-day heart transplantation. Cardiac 

preservation of the donor was performed through the coronary sinus with cold, oxygenated 

bypass circuit blood and continued by gravity during implantation. Cold ischemia time was 

45 minutes. The heart, upon recipient perfusion, beat spontaneously but suffered from 

primary graft failure after one hour from removal of cardiopulmonary bypass. The first 

human-to-human transplantation in 1967 was also limited to 21-day survival. This was due 

to a lack of robust immunosuppression and a rudimentary understanding of allotransplant 

immunity, but opened the door to an entire field of transplant immunology. 

 

The most famous case of cardiac xenotransplantation was performed in 1983 (16 years 

after the first allotransplantation). A baboon heart was transplanted into a pre-term infant 

with hypoplastic left heart syndrome.6 Immunosuppression had improved with the advent 

of cyclosporine. Immunologic cross matching had been improved in allotransplantation 

and applied to donor screening of 5 source animals. The transplant was performed 

successfully, but the xenograft ultimately succumbed to humoral factors refractory to 

cyclosporine-based immunosuppression.7,8 The 2.6 kg infant became famously known as 

“Baby Fae”. 14 years later, an ill-fated and controversial attempt at a wild-type pig-to-

human xenotransplantation was performed in 1997 by Dr. Dhani Ram Baruah.9 The patient 

died after one week from fulminant rejection. Dr. Baruah was arrested for homicide under 

the Transplantation of Human Organs Act of 1994.10,11  

 

What ensued over the next 55 years after the first cardiac xenotransplantation, and in 

parallel with clinical advancements, was modern-day understanding of allotransplant and 
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xenotransplant immunology, improved immunosuppression and advanced genetic 

engineering. This set the stage for work in the field of cardiac (xeno)transplantation. The 

timeline of the history of cardiac transplantation is summarized in Table 1.1. 

 
Table 1.1: The History of Cardiac Transplantation 

Year Milestone 
Major Clinical Events 

1964 First heart transplantation–cardiac xenotransplantation 
(chimpanzee to baboon, Dr. James Hardy)1 

1967 First heart allotransplantation (human to human, Dr. 
Christiaan Barnard)2 

1967 First neonatal allotransplantation (human to human, 
Adrian Kantrowitz)12 

1974 Heterotopic thoracic cardiac transplantation (human to 
human, Dr. Hassoulas, Dr. Christiaan Barnard)13  

1977 
Heterotopic thoracic cardiac xenotransplantation 

(chimpanzee and non-human primates, Dr. Christiaan 
Barnard)14 

1984 ‘Baby Fae’-first neonatal cardiac xenotransplantation 
(baboon to human, Dr. Leonard Bailey)15 

1997 
First wild type pig heart transplanted in a human*-(pig to 

human, Dr. Dhani Ram Baruah11 *against India’s 
Transplantation of Human Organs Act of 199410 

2022 
David Bennett-received first genetically engineered pig-

to-human transplantation (Dr. Muhammad Mohiuddin, Dr. 
Bartley Griffith) 

Major Immunosuppression Advancements 

1960-1962 1st Generation Purine Analogs for Immunosuppression in 
Transplantation (6-MP and Azathioprine)16,17 

1964 HLA Typing18 

1965 ABO compatibility and Crossmatching to prevent 
hyperacute rejection19 

1966 Improved Survival with Lymphodepletion for Induction 
(ATG)20,21 

1976 Discovery of 1st Generation Calcineurin Inhibitors 
(Cyclosporine)22,23 

1980 Demonstration of the use of Cyclosporine in heart 
transplantation24 
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Table 1.1 continued:  

1989 Discovery of 2nd Generation Calcineurin Inhibitors 
(Tacrolimus)25 

1991 Demonstration of the use of Tacrolimus in Heart 
Transplantation26 

1998 Demonstration of 2nd Generation Purine Analogs Superior 
to 1st Generation (Mycophenolate Mofetil)27 

Present 

Development of advanced immunomodulating biologics 
such as co-stimulation blockade, protease inhibitors 

(Carfilzomib) and complement depletion (Eculizumab), 
and targeted IL-2 antagonists (Bortizemab) 

Major Cardiac Xenotransplantation Scientific Advancements 

1991 Characterization of Porcine Xenotransplantation 
Rejection28   

1991 Complement and Preformed Antibody Depletion to 
Improve Xenograft Rejection-free Survival29–31 

1995 Genetic Engineering to Combat Xenograft Hyperacute 
Rejection32 

2000 Co-stimulation Blockade to Combat Xenograft 
Rejection33,34 

2003 Production of Alpha 1,3-galactosyltransferase-deficient 
pigs35 

2005 
Initial Experience with Alpha 1,3-galactosyltransferase-

deficient Pigs using Co-Stimulation Blockade in 
Heterotopic Abdominal Model36 

2011 PCXD First Described37 

2012-2016 

Genetically Modified Porcine Xenografts with Human 
Transgenes and Co-stimulation Blockade and B-cell 

Induction to Prolong Xenograft Rejection-Free 
Survival38,39 

2017 Inactivated Porcine Endogenous Retrovirus Pigs 
Produced40 

2017 “Multi-gene” Pigs Developed for Cardiac 
Xenotransplantation41 

2018 PCXD Overcome with Non-ischemic Continuous 
Preservation of the Porcine Xenograft (NICP)42,43 

2018 Consistent Long-term Survival with NICP and 
Genetically Engineered Pigs Orthotopically42 

2020 Growth Hormone Receptor Knockout Pigs Produced to 
Prevent Post-transplantation Xenograft Growth44 

2021 The Use of “Multi-gene” Pigs to Prolong Xenograft 
Survival45,46 
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1.2 Antibody and Cell-Mediated Rejection in Cross-Species Transplantation 
 
Cross-species transplantation from wild type pigs presents inherent immunologic barriers. 

Natural pre-formed antibodies in human serum against 3 predominant carbohydrate 

antigens on porcine endothelial cells leads to early antibody-mediated rejection. These 

include α1,3-galactose (Gal),36 SDa blood group antigen (SDa) and N-glycolylneuraminic 

acid (Neu5Gc).47,48 Antibody recognition of theses cell-surface carbohydrate antigens 

causes human complement activation via the classical pathway, leading to activation of the 

membrane attack complex and endothelial cell injury.30 In parallel with recipient antibody 

binding, endothelial cell activation occurs which causes a cascade of prothrombotic events. 

Antibody-mediated xenograft injury ensues, characterized histologically as myocyte death, 

interstitial hemorrhage and intravascular thrombosis (Figure 1.1a).49 If antibody-mediated 

rejection from preformed antibodies is averted, the predominate mechanism of rejection in 

xenotransplantation is from sensitized antibody producing cells.33 Induced antibody 

production occurs through processing of xenoantigen by antigen presenting cells (APCs, 

donor or recipient derived), recognition of MHC-peptide complexes and activation of B-

cells and CD4+ helper T-cells. Xeno-activated B-cells and CD4+ T-cells aid in the 

production of xeno-specific antibodies through affinity maturation, isotype switching and 

plasma cell/memory B-cell production driven by CD40/CD40L signaling (Figure 

1.1b).50,51 Elicited antibody responses to processed foreign proteins and other non-

carbohydrate antigens also occur within days to weeks (in the absence of Gal, SDa and 

Neu5Gc). 
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Figure 1.1: Mechanisms of Rejection in Xenotransplantation 
a) hyperacute rejection b) antibody-mediated rejection c) cellular rejection. Gal= galactose-
alpha-1,3-galactose, SDa=SDa blood group antigen, Neu5Gc= N-glycolylneuraminic acid, 
MAC=membrane attack complex, TCR=T-cell receptor, BCR=B-cell receptor, 
APC=antigen presenting cell, MHC=major histocompatibility complex, SLA=swine 
leukocyte antigen, L.N.=lymph node.   
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Figure 1.1 continued: 

Early studies using Mixed lymphocyte reactions (MLR) demonstrated that direct primary 

helper CD4 T-cell responses in mice to cynomolgus monkey xenogeneic splenocytes are 

markedly reduced compared to allogeneic controls, likely due to co-receptor and cognate 

T cell receptor (TCR) incompatibilities.52 This led researchers to believe that direct T cell 

activation could not occur in cross-species transplantation. However, it is now known that 

this is specific to the cynomolgus monkey-to-mouse model. A subset of SLA (MHC from 

swine) can elicit antibody responses and/or induce human T-cell proliferation (70% 

sequence homology exists between SLA and HLA) through direct xenogeneic presentation 

from donor swine APCs, recognized by human TCRs.53–55 Recent ex-vivo perfusion of 

wild-type pig hearts using human blood suggests that pig endothelium can also activate 

human cytotoxic T-cells as measured by RT-PCR.56 Moreover, small and large animal 

models have demonstrated both direct and indirect mechanisms of T-cell activation 
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between xenogeneic pig tissue and primate and human responders.57 Therefore, these data 

suggest that cellular rejection can occur through both direct and indirect mechanism of 

MHC antigen presentation (Figure 1.1c), but indirect presentation of porcine antigen on 

recipient APCs seems to be more dominant.55 

 

1.3 Immunosuppression and Adjunctive Therapy to Overcome Xenograft Rejection  
 
In heart allotransplantation, standard immunosuppression regimens spare induction with 

lymphodepleting agents except in select circumstances in which there is a high risk of 

rejection within the first year. This includes those with HLA mismatch, high levels of donor 

specific antibodies, on a mechanical assist devices, young age or African American.58 

Alternative indications are in those with renal insufficiency and when delayed initiation of 

nephrotoxic maintenance immunosuppression is preferred.59,60 Maintenance therapy 

includes an antimetabolite (most commonly mycophenolate mofetil (MMF)), a calcineurin 

inhibitor (such as tacrolimus) and a rapid corticosteroid taper.61  

 

Somewhat surprisingly, standard allotransplantation immunosuppression protocols alone 

do not work for xenotransplantation, even with genetic modifications to the porcine heart 

that reduce its immunogenicity.62 Moreover, both B and T cell immunodepletion is 

important for prolonging xenograft rejection-free survival.39,63 Lastly, while traditional 

allotransplantation regimens include calcineurin-based immunosuppression, 

xenotransplantation requires blockade of the CD40/CD40L pathway, which specifically 

controls T-cell dependent antibody production by activated B-cells (Figure 1.1 and Figure 

1.2).33 Blockade of this pathway by monoclonal antibodies also independently suppresses 



 10 

B cell responses that do not require T-cell help.34 Specific co-stimulation blockade-based 

immunosuppression with 2C10R4 anti-CD40 monoclonal antibody, MMF, B/T cell 

cytolytic induction therapy and complement depletion has proven most successful, with 

the addition of genetically modifying the xenograft to be more immunocompatible for 

cross-species transplantation (Figure 1.3). Rejection free survival was demonstrated up to 

945 days, until cessation of the 2C10R4 anti-CD40 monoclonal antibody.38 The 

CD40/CD40L co-stimulation pathway is a secondary signal and is part of the tumor 

necrosis factor (TNF) super family.51 It was initially described in the context of activated 

B cells, whereas CD40 is expressed on B cells and CD4+ helper T cells provided CD40 

ligand (CD40L, or CD154) to activate B cells to produce a humoral antibody response 

toward a processed antigen by B cells (Figure 1.1b and c).64 Cytokines can further skew 

this response toward a particular humoral B cell response. Blocking of the co-stimulation 

axis theoretically impairs B cell activation by xenoantigens, immunoglobulin class 

switching and germinal center formation, which is supported by these preclinical data 

(Figure 1.2).65–67  

 

To the contrary, allotransplantation has seen mixed benefit in solid organ transplantation, 

depending on co-stimulation blockade agent.68–70 In kidney transplantation, randomized 

control trials have demonstrated significant benefit of using Belatecpt, a CTLA-4 fusion 

protein that competitively inhibits the CD28-CD80/86 pathway, an alternative co-

stimulation pathway. While the CD28-CD80/86 pathway is present on the surface of 

various immune cells, including B-cells and monocytes, CTLA-4 signaling is specific to 

T-cells and downregulating antigen presenting cells’ CD80/86 signaling (Figure 1.2). In 
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patients treated with Belatacept, there was improved renal function at 7 years after 

transplantation with similar allograft survival.71 It is now FDA approved for kidney 

transplantation and currently in trials for heart allotransplantation (ClinicalTrials.gov 

Identifier: NCT04477629). A recent trial using an anti-CD40, Fc-silenced, neutralizing 

monoclonal antibody (CFZ533) failed to show benefit in a randomized control trial for 

kidney transplantation, and has not been trialed in other allotransplantation studies.72,73  

Figure 1.2: Mechanisms of Action of Immunomodulatory Drugs and Therapeutics in 
Xenotransplantation 
An overview of the mechanisms of action of immunomodulatory drugs and therapeutics in 
xenotransplantation, which includes the dynamic processes of B-cells, T-cells, antigen 
presenting cells (APCs) and antibody-mediated complement injury. MMF=mycophenolate 
mofetil, novel biologics include belatacept (CTLA-4 agonists), basiliximab (IL-2 receptor 
alpha antagonists). 
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The specific benefit of CD40/CD40L immunosuppression regimens for 

xenotransplantation, over standard calcineurin-based allotransplantation therapies (or 

inhibitors of the CD28-CD80/86 pathway in allotransplantation), is likely due to the 

differing underlying mechanism of rejection between allotransplantation and 

xenotransplantation. 

 

It is now known that co-stimulation signaling receptors are expressed more widely than 

initially thought. CD40 is also expressed on other professional APCs and endothelial cells 

and CD40L is expressed on some granulocytes and platelets.51 While blocking the 

CD40/CD40L pathway has demonstrated success in preclinical xenotransplantation 

models, CD40L’s expression on platelets may have a deleterious effect. CD40L is pre-

formed in platelet granules and immediately brought to the cell surface upon activation by 

thrombin, ADP or collagen.74 CD40L in turn then activates endothelial cells and further 

platelet activation occurs, leading to a propensity to form intravascular thrombosis.75,76 

Moreover, activated endothelial cells upregulated integrins and other chemokines for 

leukocyte activation and recruitment.74 The blockade of CD40L by non-depleting 

monoclonal antibodies has been shown to contribute to this cascade in ways that CD40 co-

stimulation blockade has not.75,76 For this reason, CD40 co-stimulation blockade-based 

immunosuppression continues to be preferred over CD40L therapeutics, but CD40L 

blockade agents continue to modified to reduce the risk of potential 

thrombogenicity.34,38,77,78 Cardiac xenotransplantation may benefit more than kidney using 

a CD40-based regimen than a CD40L regimen, suggesting organ-specific differences.79 
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Adjunctive therapy diminishes the pre-formed antibody-mediated complement injury in 

the immediate postoperative period. Historically, this was performed by immune 

adsorption using synthetic xenoantigen conjugates with Gal.80,81 This moderately improved 

survival, which at the time was only measured in days. More sophisticated ways of 

reducing all preformed circulating antibodies (not just Gal) is by extracorporeal perfusion 

of a xenogeneic organ prior to transplantation with recipient blood for 1 hour. But without 

B-cell immunosuppression further sensitization of B-cells occurs.82 Modern-day therapy is 

targeted at knocking out xenogeneic antigens in the xenograft, in lieu of antibody 

adsorption, combined with complement depletion in the perioperative period during 

induction immunosuppression.42,45 Improvement in source animal gene-editing technology 

has also allowed human transgene insertion into these knockout xenografts for further 

augmentation of immunocompatibility.40,83   

 

1.4 Human Transgenes to Reduce Incompatibilities between Human and Porcine 
Factors 

 
Xenografts deleted for predominate antigenic carbohydrates  (α-1,3-galactosyltransferase 

(GGTA1, the enzyme responsible for synthesis of Gal), β1,4-N-acetylgalactosyltransferase 

(β4GalNT2, the enzyme responsible for synthesis of SDa), and N-acetylneuraminic acid 

hydroxylase (CMAH, the enzyme responsible for synthesis of Neu5Gc)), alone or in 

combination, have demonstrated decreased antibody binding to human serum.35,45,54 

Xenografts with knockout of all three carbohydrates in combination are referred to as 

“triple knockout” or TKO. However, endothelial cell activation can still occur by either 

residual antibody binding to other minor xenoantigens or after ischemia reperfusion injury 

from transplantation.84–86 In vivo data using life-supporting TKO cardiac xenografts 
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without human transgenes has demonstrated reduced rejection-free survival and 

microvascular complications.45 Therefore, xenografts that singly address carbohydrate 

antigenicity alone do not fully address inherent incompatibilities of human and porcine 

factors in complement regulation or the coagulation cascade (Figure 1.3). 

 
Figure 1.3: The Immunobiology of Cardiac Xenotransplantation.  
Increasing the immunocompatability of xenotransplantation requires immunosuppression 
based in co-stimulation blockade and genetically modified xenografts that allow for target-
specific augmentation of thromobregulation, complement regulation and 
inflammation/innate immunity. APC=anticoagulant protein C, EPCR=endothelial protein 
C receptor, TBM=thrombomodulin and MMF=mycophenolate mofetil. 

Complement amplification of the classical pathway results from xenogeneic IgM or IgG 

antibody binding to the xenograft’s endothelium and activating C1 esterase through the 

antibody’s Fc portion.87 Activation of C1 esterase causes proteolysis of precursor 



 15 

complement proteins to form C3 convertase, which allows for an influx of C3b activation 

and covalent binds to the endothelial cells bound by antibody.87 This membrane-bound 

C3b activates C5 convertase and through further proteolytic events, forms the membrane 

attack complex (MAC).87 The MAC ultimately compromises cell membrane integrity, 

leading to cell death of the antibody-bound endothelium (Figure 1.1).30,88 Both CD55 

(decay accelerating factor) and CD46 (membrane cofactor protein) are surface complement 

regulatory proteins that enzymatically cleaves C3 and C5 convertase, respectively in a 

homeostatic fashion to prevent autologously activated damaged.89,90 However, there is 

species-specific restriction in the utility of these enzymes; cross-species transplantation 

prevents their optimal activity and complement activation is exaggerated further.91 

Transgenic expression of human CD46 and CD55 in pigs have demonstrated reduced 

complement-mediated injury and improve xenograft rejection-free survival in 

xenotransplantation models (Figure 1.3).92–94  

 

Recipient antibody binding to xenoantigen also activates porcine endothelial cells in 

parallel with classical activation of complement. Heparin sulfate is released from 

endothelial cells and transmembrane protein thrombomodulin (TBM) is activated. Under 

normal circumstances, TBM acts as an anticoagulant, activates anticoagulant protein C and 

prevents thrombus formation.95 However, both amplification of porcine heparin sulfate 

activity by human antithrombin III and porcine TBM activation of human anticoagulant 

protein C (APC) is dysregulated.96 Pro-thrombotic coagulation signaling is amplified due 

to unchecked thrombin activation by a lack of efficient porcine anticoagulants that 

normally result from human-equivalent, endothelium-derived factors. Any activation of 
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human protein C is met by inefficient recognition by endothelial protein C receptor 

(EPCR), which has downstream thrombolytic properties.96 Therefore, activation of human 

thrombin goes unchecked, leading to xenograft intravascular thrombosis. Ultimately 

xenograft injury results, and in the most severe cases of acute rejection, disseminated 

intravascular consumptive coagulopathy ensues, leading to recipient thrombocytopenia 

and hemolytic anemia.36,49 Transgenic expression of human TBM and EPCR in pigs has 

demonstrated to augment APC, reduce thrombotic-related xenograft injury and improve 

xenograft survival (Figure 1.3).38,96–101 Further augmentation of this pathway occurs after 

complement activation, as endothelial cell death occurs, exposing the lamina propria, 

leading to platelet adhesion and xenograft injury (Figure 1.1a). 

 

Knockout of multiple antigenic carbohydrates and expression of multiple human 

transgenes can now be readily achieved with novel genetic engineering.83 The use of 

“multigene” xenografts in non-life supporting (abdominal heterotopic) models of cardiac 

xenotransplantation have demonstrated reduced coagulopathy, consumptive coagulopathy 

and pro-inflammatory cytokines.41 Life-supporting cardiac xenografts with multiple 

complement regulatory and thromboregulatory transgenes have demonstrated survival up 

to 264 days.45  

 
1.5 Limitations to Clinical Translation-Graft Dysfunction, Growth and Zoonosis 
 
The abdominal heterotopic cardiac xenotransplantation model confers unprecedented graft 

survival in non-human primate recipients up to 945 days, using co-stimulation blockade 

and genetically modified donor xenografts that employing knockout of Gal and expression 

of thromboregulatory and complement regulatory human proteins.38,102 However, the 
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transition from a non-life supporting (heterotopic) model to an orthotopic model presents 

itself with two main barriers to clinical translation–primary graft dysfunction and post-

transplantation xenograft growth.  

 

Primary graft dysfunction is a rapidly developing loss of cardiac function within the first 

48 hours after transplantation that is independent of hyperacute or acute rejection, known 

in xenotransplantation as perioperative cardiac xenograft dysfunction (PCXD).42,103 

Leading exacerbating factors are thought to be either inflammatory effects of 

cardiopulmonary bypass or ischemic reperfusion (I/R) injury resulting in myocardial 

dysfunction.37,104 Traditional static preservation is well tolerated and has been used since 

the inception of heart transplantation, resulting in primary graft dysfunction (PGD) in 8-

10%. In cardiac xenotransplantation, traditional preservation techniques are not sufficient 

to prevent PGD and result in an incidence of 40-60%.104  

 

There have been very few studies on PCXD. However, RNA microarray analysis has been 

performed retrospectively on cardiac xenografts undergoing cardiogenic shock in the first 

48 hours after transplantation (i.e., PCXD) compared to controls in a limited series.37 It 

revealed that there was a high level of intragraft inflammation in all grafts after 

transplantation. Specifically, in recipients that underwent PCXD, xenografts expressed 

higher levels of IL-1R, TNF-a and heme-oxygenase 2 (HMOX-2). This was the first 

evidence that suggested that inflammation and I/R injury may be playing a role in this 

phenomenon. However, there were no allotransplantation controls and this was a 

retrospective, cohort study on post-mortem samples. There were many confounders, as 



 18 

most recipients were in extremis prior to euthanasia and xenograft genetics were different 

within and between cohorts.  

 

Post-transplantation cardiac xenograft growth is another barrier to clinical translation and 

etiologies are thought to be either intrinsic or extrinsic. Source animals for heart 

transplantation have discordant growth compared to non-human primates (and humans), as 

pigs can grow over 100kg as adults within 6 months of birth.105,106 In pre-clinical models 

of xenotransplantation, pig hearts are transplanted into adult primate recipients with 

weights between 5-30 kg.38,42,102 Abnormal growth may be due to intrinsic growth 

discordance of the xenograft within the relatively stagnant growth of the recipient chest, 

creating restrictive physiology from diastolic heart failure.107  

 

Extrinsic causes of growth, namely, long-standing hypertension, is also a known cause of 

cardiac “growth”, termed concentric hypertrophy.108 In this context, adaptive hypertrophy 

from elevated afterload can be seen as post-transplantation xenograft growth. In naïve 

baboons, mean arterial pressures and systemic vascular resistance are higher than in naïve 

pigs and thus there is a theoretical physiologic mismatch resulting from pig-to-baboon 

heart transplantation.109 Like discordant growth, this mismatch created by cross-species 

transplantation is also thought to contribute to growth, in terms of an adaptive hypertrophy. 

Post-transplantation growth has been prevented when controlling for physiologic 

mismatch, by keeping the native heart rate and blood pressure well-controlled after 

xenotransplantation, along with other adjuncts to control for intrinsic growth.42 However, 

intrinsic versus extrinsic causes of post-transplantation xenograft growth may be related.110  
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Zoonotic transmission of naturally occurring porcine viruses after transplantation is beyond 

of the scope of this thesis. However, this is a major barrier of concern for the clinical 

transplantation of source animal organs, so will be briefly discussed here for completeness. 

Zoonotic pathogens of concern include Porcine endogenous retroviruses (PERVs), porcine 

cytomegalovirus (pCMV), porcine circoviruses (PCVs) and porcine lymphotropic 

herpesvirus (pLHVs).111,112 The most notable are PERVs and pCMV. PERVs are of central 

concern as they are endemic to pigs and unable to be eliminated because they are 

incorporated into the pig’s genome. However, their risk to humans in unclear. PERVs have 

been shown to infect human cells in vitro, however, there have been no cases of 

documented human transmission in pig-to-human clinical xenotransplantation studies.113–

116 Additionally, extensive analysis by both molecular and serologic testing failed to 

identify any evidence of PERV transmission among 23 non-human primates that received 

various porcine xenografts.117 There are three types of PERV: PERV-A and PERV-B, 

which are present in genomes of all pigs, and PERV-C, which is present in many but not 

all pig genomes. PERV-A and PERV-B are able to infect human cells, however PERV-C 

is restricted to pig cells. pCMV within cardiac xenografts from pigs in NHP has been shown 

to be associated with reduced survival in orthotopic cardiac xenotransplantation and an 

increase in inflammatory cytokines IL-6, TNF-α and hypercoagulable protein complexes, 

suggesting an increased susceptibility to microvascular thrombotic complications.118  
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1.6 Overcoming Barriers to Clinical Translation  
 
Co-stimulation-based immunosuppression, B-cell, T-cell and complement depletion and 

genetic engineering has demonstrated proof-of-concept rejection-free survival in an 

abdominal heterotopic model up to 945 days.38 However, transition to life-supporting 

orthotopic models has demonstrated a significant incidence of primary graft dysfunction 

(PCXD) and possible post-transplantation xenograft growth as barriers to clinical 

translation. To address PCXD seen with traditional static preservation (i.e., slush), a non-

ischemic continuous preservation (NICP) system has been developed and commercialized 

(XVIVO© Perfusion, Gothenburg, Sweden).42,43 NICP strategy utilizes a hyperoncotic 

cardioplegic perfusate containing packed red blood cells, human serum albumin (HSA), 

dextran 40, inotropes, hormones, antibiotics, and cocaine to minimize ischemia-

reperfusion injury, augment catecholamines’ effect on the myocardium and prevent 

myocardial edema.119 Blood cardioplegia with freshly oxygenated donor blood before 

donor cardiectomy, followed by storage on ice, (or other strategies that minimize ischemia 

reperfusion injury) may also prevent PCXD and increase cardiac xenotransplantation 

recipient survival compared to NICP, but data is limited to a retrospective cohort study.104 

While blood cardioplegia is readily used clinically for transplantation, NICP is not 

currently available in the United States, still requires FDA-sponsored clinical trials as it 

contains components of unknown significance. Trials are ongoing in Europe in 

allotransplantation, to prolong allograft cold ischemic time prior to transplantation using a 

commercialized NICP device, and the results are encouraging.4 This development has 

expanded the use of this device across many European countries. If there is wide adoption 
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of NICP in Europe, and official regulatory approval there, it may pave the way for trials in 

the United States.  

 

Post-transplantation growth has been prevented with adjuncts that control blood pressure 

and heart rate to minimize physiologic mismatch.42 Mammalian target of rapamycin 

(mTOR) inhibition has also been used to control intrinsic growth.42 However, in non-load 

bearing heterotopic models of cardiac xenotransplantation, “growth” is not observed until 

rejection occurs.38As an alternative, miniature pigs and growth hormone receptor (GHR) 

knockout (KO) pigs have been proposed to address growth discordance between pig source 

animals and recipients.44,120 Most recently, we demonstrated that GHRKO pig donors can 

be used to mitigate some of this growth without adjunctive medication and improves 

survival.46 Growth seemed to be largely independent of physiologic mismatch in this 

setting.46 The etiology of post-transplantation xenograft growth is still not fully understood, 

but is likely multifactorial.45 Much more work needs to be done to definitively address this 

topic. 

 

Overcoming these two obstacles with NICP and growth inhibition has resulted in the first-

in-human cardiac xenotransplantation, underscoring their importance to clinical 

translation.121 Understanding the etiology of PCXD, and the mechanisms by which NICP 

overcomes this significant barrier to clinical translation, is an important step forward. 

Understanding the life-limiting growth after transplantation will allow for more targeted 

approaches to reducing its occurrence and improve overall xenograft longevity. 
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1.7 Problems and Questions Arising  
 
1.7.1 PCXD 
 
What is the underlying mechanism of PCXD? Why is primary graft dysfunction more 

prevalent in cardiac xenotransplantation versus allotransplantation? 

 
1.7.2 Cardiac Xenograft Preservation 
 
What unique benefits does NICP confer on the xenograft? Are their alternative preservation 

strategies that can prevent PCXD? 

 
1.7.3 Post-transplantation Xenograft Growth  
 
What are the determinates of life-limiting post-transplantation xenograft growth? How can 

post-transplantation xenograft growth be mitigated? 

 
1.7.4 Other Barriers to Clinical Translation 
 
What are anticipated problems when conducting clinical cardiac xenotransplantation? How 

can they be mitigated? What lessons were learned in the first porcine-to-human cardiac 

xenotransplantation using genetically modified source animals? What will be done 

differently for the next case? How has this case progressed the field? 

 
1.8 Purpose, Hypothesis and Specific Aims of this Thesis  
 
1.8.1 Purpose 
 
The objective of this study is to develop standardized approaches to the preclinical model 

of cardiac xenotransplantation and use these models to resolve two outstanding issues 

toward the clinical translation of cardiac xenotransplantation (PCXD and growth). A 

secondary objective is to demonstrate how these barriers are addressed in the context of 
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the first clinical application of a genetically modified porcine-to-human cardiac 

xenotransplantation and lessons learned that should be considered moving forward in the 

field. 

 
1.8.2 Central Hypothesis 
 
Graft failure in cardiac xenotransplantation is mediated by early and late phases. The early 

phase is characterized by primary graft dysfunction (PCXD) due to intragraft innate 

immune activation. The late phase is a result of rejection and intrinsic xenograft growth 

after transplantation, leading to life-limiting diastolic heart failure.  

 
1.8.2.1 PCXD  
 

We hypothesize that PCXD is characterized by myocardial and microcirculatory 

disturbances, as a result of I/R injury and innate cell activation, augmented by inflammation 

from cross-species transplantation and CPB. Cardiac preservation protocols that minimize 

I/R injury should correlate with decreased intragraft recruitment and activation of 

inflammatory monocytes, and result in improved xenograft function in the first 48 hours 

after transplantation. 

 
1.8.2.2 Post-transplantation Xenograft Growth 
 

We also hypothesize that life-limiting post-transplantation xenograft growth is a result of 

rejection and intrinsic xenograft growth (Figure 1.4). However, iterative genetic 

modifications of the source animal that target the immunobiology of cardiac 

xenotransplantation can improve xenograft compatibility, decrease xenograft’s intrinsic 

growth after transplantation and lengthen recipient survival.  
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Figure 1.4: Potential Etiologies of Post-transplantation Xenograft Growth 
Post-transplantation cardiac xenograft growth is likely caused by both intrinsic and 
extrinsic factors. This includes extrinsic causes such as rejection and intrinsic factors such 
as native xenograft growth. Other potential causes of growth include extrinsic factors such 
as physiologic mismatch leading to adaptive hypertrophy. 
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1.8.3 Specific Aims  
 
1.8.3.1 Aim #1: Determine the optimal method of cardiac preservation that minimizes 

xenograft myocardial dysfunction, microcirculatory disturbances and PCXD 

after developing standardized models of cardiac xenotransplantation.  

 
The standardized OHTx and HHTx models of cardiac xenotransplantation are 

characterized in the next chapter (Chapter 2). Aim #1 is explored further in Chapter 4, by 

characterizing the clinical outcomes of OHTx xenotransplantations in non-human primate 

recipients between the 3 main preservation techniques of cardiac xenotransplantation. 

These methods of preservation are then characterized in a controlled HHTx PCXD model 

by examining xenografts by high resolution confocal microscopy and continuous telemetry 

along with recipient biochemical analyses. 

 
1.8.3.2 Aim #2: Evaluate the hypothesis that monocyte recruitment leads to worsening 

intragraft inflammation, and that this mechanism can be reduced by minimizing 

I/R injury with cardiac preservation prior to transplantation 

 
This is explored in Chapter 4 by analyzing intragraft infiltrating CD68+ cells and peripheral 

circulating cytokines in the first 24 hours after transplantation using three established 

cardiac preservation techniques, compared to OHTx xenotransplant and allotransplant 

controls. Sequence homology analysis of TLR-4 between pig and human is also explored 

for possible polymorphisms that could confer increased sensitivity to DAMPs related to 

I/R injury in the context of cardiac xenotransplantation. 
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1.8.3.3 Aim #3: Investigate intrinsic and extrinsic determinates of life-limiting post-

transplantation xenograft growth in orthotopic (life-supporting) cardiac 

xenotransplantation. 

 

This is explored in Chapter 3 by examining OHTx long-term survivors that receive 

xenografts with iterative genetic modifications, including manipulations in growth 

hormone receptor, in the setting of physiologic mismatch to elucidate intrinsic and extrinsic 

factors of life-limiting diastolic heart failure. Cardiac xenografts are examined by 

longitudinal comprehensive echocardiographic examination, hemodynamic evaluation, 

comprehensive histopathologic analysis and measurement of cardiomyocyte cross-

sectional area.  
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 Chapter 2: Standardized Approaches to Heterotopic and Orthotopic Preclinical 
Transplantation Models to Study Cardiac Xenotransplantation 

 
 
2.1 Introduction 
 

Heterotopic cardiac transplantation (HHTx) in the intra-abdominal position in a large 

animal model has been essential in the progression of the field of cardiac transplantation. 

This model facilitates immunologic monitoring through the period from implantation until 

graft rejection at reduced cost and complexity compared to orthotopic (life-supporting) 

models, with the additional advantage that, since the native heart remains in place, rejection 

of the heterotopic xenograft does not result in primary hemodynamic compromise and/or 

recipient death. HHTx has demonstrated proof-of-concept, rejection free survival for over 

900 days, with rejection occurring only after reducing immunosuppression.38 Its success 

fueled a major interest in applying anti-CD40 blockade-based immunosuppression to 

xenotransplantation and provided enthusiasm for transitioning pre-clinical models to a life-

supporting application as detailed in section 1.3.42,62,122–124   

 

The life-supporting orthotopic model of cardiac xenotransplantation (OHTx) from 

genetically-modified pig source animals to non-human primate recipients is the final step 

to clinical translation. Whereas the HHTx model demonstrates rejection-free survival free 

of physiologic load in the abdomen, the OHTx model replaces the native heart and supports 

circulation and systemic perfusion of the recipient. Therefore, the immunological 

ramifications of cross-species transplantation is paired with the necessity of adequate 

cardiac function for end-organ perfusion. In doing so, the transition from HHTx to OHTx 

preclinical models of cardiac xenotransplantation revealed two principle barriers to clinical 
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translation, as detailed in section 1.5 (PCXD and post-transplantation xenograft growth).  

 

A standardized approach to HHTx and OHTx, incorporating our experience of failures, but 

also successes in obtaining the longest surviving preclinical model of HHTx and OHTx 

cardiac xenotransplantation is described in this chapter. While preclinical studies in pig-

to-baboon cardiac xenotransplantation models require a highly specialized team consisting 

of researchers, surgeons, anesthesiologists, critical care physicians, veterinary staff, 

clinical nurses and other laboratory support. There are numerous technical nuances that are 

critical to the success of this model. In this chapter we describe 1) the surgical procurement 

and implantation of pig hearts into non-human primates (NHPs) in the HHTx and OHTx 

position, considering nuances in pig and NHP anatomy, anesthesia and cardiopulmonary 

bypass, 2) the medical and physical management of these animals in the immediate 

postoperative period and in the months thereafter, 3) postoperative surveillance of the 

cardiac xenograft, and 4) common problems and associated solutions. 

 

2.2 Selection of Source Animal and Recipient Animals for Pre-clinical Transplantation 
 
Recipients are selected for low preoperative recipient titers for preformed antibodies125 

toward xenografts and adequate organ function as measured by a complete metabolic 

profile. Animals are also acclimated to a study jacket, tether and caging system and 

removed as potential recipients if they fail acclimatization (Figure 2.1). Source animals  
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Figure 2.1: Cage, jacket and tether setup.  
a) Climate controlled ICU cage with high-efficiency particulate air (HEPA) filtration, 
ability to provide ambient oxygen saturation of up to 40% fractional inspiration of inspired 
oxygen (FiO2), and a urine collection system a) Example of IV catheter setup with 
numerous pumps delivering medications c) Example of a manifold on the external wall of 
cage, which connect IV medication delivery pumps to the tether system d) recipient jacket 
connected to the tether with swivel allowing delivery of medication without supercoiling 
e) ICU cart allowing rapid access to frequently used medications, supplies, and external 
defibrillator. 
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are weight-matched to the recipient. Weight-matching is performed in human 

allotransplantation by direct weight and sex-matching. While no comprehensive analysis  

has been done in xenotransplantation, body weight is readily accepted as an index for heart 

size-matching,126 as heart weight matches body weight across mammalian species 

independent of sex.127 Donors are further selected for normal biventricular function without 

valvular abnormalities, septal defects or pulmonary hypertension by screening 

echocardiography.128,129 Selection for normal function without anatomic abnormalities is a 

standard screening method by echocardiography in heart allotransplantation, which is also 

employed here in our xenotransplantation program with success.128–130  This ensures that 

genetically modified source animals do not have any off-target congenital abnormalities 

related to the heart. Donors within 10% of recipient body weight are typically acceptable.  

 
2.3 Preoperative Placement of the Tunneled Central Line in the Baboon Recipient 
 
The placement of a tunneled central line is required to administer medications in the 

perioperative period, including induction immunosuppression. The recipient is positioned 

in a partial left lateral decubitus position with a shoulder roll, to maximize the right lateral 

neck operative field. The right internal jugular vein is the optimal placement for the 

tunneled central line, however, the left internal jugular vein can also be used. The arms are 

fastened inferiorly, to move the shoulders inferiorly and expose the lateral neck further.  

 

The baboon is prepped and draped in a sterile fashion and a 5 centimeter (cm) incision is 

made 1 cm medial and parallel to the medial border of the sternocleidomastoid (SCM). The 

platysma is exposed and divided with blunt dissection followed by retraction of the SCM 

laterally. At this layer, the external jugular vein can sometimes be seen. This is 
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distinguished from the internal jugular vein, as it is more superficial and is not contained 

with a carotid sheath, an adjacent carotid artery or vagus nerve. Fascial layers are carefully 

divided and small bridging veins tied and ligated down to the carotid sheath. The carotid 

sheath is incised, the internal jugular vein is separated from the vagus nerve and carotid 

sheath and proximal and distal control is obtained with 2-0 silk ties.  

 

Attention is then turned to tunneling the line and sizing the catheter. We prefer a 10Fr triple 

lumen Hickman© central line (Bard Access Systems, Inc. Salt Lake City, Utah USA, Ref 

# 0606560) which comes with a plastic “tunneler”, but any rigid narrow rod that can be 

manipulated under the subcutaneous plane of the animal will suffice. The tunneler is 

pushed from medial to lateral, starting from the subcutaneous plane in the lateral edge of 

the neck incision and tunneled toward an exit site mid-point between the scapulae. The 

central line is then attached to the tunneler sterilely and pulled through the freshly made 

tract. If the line is cuffed, the line should pull through the skin and the cuff should lie 

subcutaneously. The distal portion of the line with infusion ports is now exiting the back 

and the proximal portion of the line is in the surgical neck incision, with a subcutaneous 

track connecting the two points.  The central line is trimmed to allow the tip of the catheter 

to end at the cavoatrial junction, which is about the right 5th intercostal space at the 

costosternal junction. Fluoroscopy has been performed by us in the past to trim the catheter 

more accurately to length in heterotopic experiments, but in orthotopic cases the catheter 

is trimmed to size during recipient cardiectomy.  
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When the catheter is appropriately tunneled and sized, the distal (superior) internal jugular 

vein is ligated, a generous venotomy is performed and the catheter is introduced 

proximally. The central line is then fastened proximally with the proximal 2-0 silk tie to 

ensure hemostasis. Several 2-0 silk sutures are tied along the length of the catheter in the 

neck to create a general inverted “U” loop to prevent line kinking with turning of the neck. 

Three silicon beads are put on the catheter before its insertion into the jugular vein. These 

beads are then secured to the fascia with silk sutures. This prevents lateral movement and 

kinking of the catheter with neck movement. The incision is then closed in several layers, 

with an emphasis on a fascial closure over the length of the catheter where possible to 

prevent catheter infection. 

 

2.4 Procurement of the Source Animal Pig Heart 
 
Source animal cardiac xenografts are procured from genetically modified pigs with 

multiple carbohydrate knockouts and knockins for human thromboregulatory proteins, 

human complement regulatory proteins and human anti-inflammatory proteins in order to 

render xenografts more immunocompatible for cross-species transplantation (a 

comprehensive list of potential genetic modifications is listed in Table 3.1 and Error! R

eference source not found. 5.1).83 Donor heart procurement has been described elsewhere, 

with international consensus guidelines on this topic.131 Therefore, principles of heart 

procurement is not repeated here, but emphasis in heart procurement to the extent that 

minimizes ventricular distention and ischemia cannot be understated. In OHTx, primary 

graft dysfunction (i.e., perioperative cardiac xenograft dysfunction (PCXD)) can occur in 

40-60% of transplantations and can be reduced with ischemia mitigation during this 
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process.43,103 The donor is prepped and draped from the edge of the mandible superiorly, 

2-4 cm below the xyphoid process inferiorly and the anterior axillary line laterally. A 

procurement checklist is provided in Table 2.1. 

Table 2.1: Orthotopic Heart Procurement Checklist 

Essential back-table supplies: 
     Suction tubing and yankauer suction tip x2 
     Rummel torniquet x2 
     Aortic cardioplegia cannula (9Fr) and cannula bladder irrigation tubing 
     Aortic vascular clamp, straight vascular clamp x2 
     Internal paddles 
     Saline slush  
Preparation of Donor for OHTx Procurement: 
     Shave: chest, abdomen, neck, back and arms 
     Access: peripheral IV at ear; alternatively, central line can be placed in groin or neck 
     Airway: tracheostomy preferred over oral airway 
     Arterial Line: femoral percutaneous or surgically placed carotid (if doing       

tracheostomy) 
     Prep field: betadine scrub followed by chlorohexidine scrub, from neck to groin and 

as far laterally as possible 
     Setup: Bovie electrocautery, bovie grounding pad on back, suction x2, internal 

paddles connected and ready 
     Extra hand for back table 
OHTx Procurement: 
      Midline sternotomy, Pericardial well creation 
      Dissect Great Vessels 
      Clear Aorta, SVC/IVC in order for vascular clamps to be placed 
      Place aortic cardioplegia cannula 

Obtain 25% of 30 cc/kg fresh donor blood and mix with cardioplegia on ice (if using 
blood cardioplegia) 

      Prime cardioplegia tubing and de-air 
      Administer Cardioplegia (30 cc/kg) through pressure bag and tubing when ready for 

cardioectomy 
     Vent left and right sides of heart if distention observed 

 
Several things should be noted with emphasis for our approach to protection of the donor 

heart in OHTx with this model. Induction of cardioplegia should be performed with blood-
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based solution, ideally 30cc/kg, 25% of which is fresh blood procured from the pig’s aortic 

root.104 Delivery into the clamped ascending aorta is via a 9Fr cardioplegia catheter 

connected to bladder irrigation IV tubing, pressurized with an infusion bag set to 

150mmHg. Perfusion pressures are titrated with the bladder irrigation tubing to 20-30 

mmHg measured at the root by palpation (Table 2.2). In our experience, this gives the best 

cardioplegia induction with appropriate arrest. Moreover, the aortic cross clamp is best 

performed across the arch, from left to right, between right and left innominate arteries, as 

the donor pig has a bovine arch (carotid and subclavian arteries come off brachiocephalic 

arteries bilaterally). The right brachiocephalic artery can be simply ligated prior to cross-

clamping. Cardiectomy should be planned to minimize ischemic back table preparation 

prior to implantation. Therefore, we elect to vent the left side, only venting the right side if 

left or right ventricular distention is observed. If the right ventricle (RV) begins to distend, 

the SVC should be quickly opened superior to the azygous vein. If the left ventricle (LV) 

distends, the right pulmonary vein should be opened, cutting widely towards the hilum of 

the right lung.  

 
Table 2.2: Orthotopic Cardiac Xenotransplantation – Important Materials 

Name Manufacturer Reference 
Number 

Donor:   
9 Fr Cardioplegia Aortic Root Cannula Medtronic (USA) 20012 
Bladder Irrigation Tubing for 
Cardioplegia 

Baxter (USA) 2C4041 

Extension IV Tubing Set icumedical (USA) 12656-28 
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2.5 The Heterotopic (Abdominal) Model of Porcine Cardiac Xenotransplantation 
 
2.5.1 Heterotopic Abdominal Surgical Implantation  
 
The intra-abdominal heterotopic model (HHTx) is a two-anastomosis system utilizing 

arterial supply from the infrarenal aorta of the recipient baboon to perfuse the coronaries 

of the donor heart with drainage of the cardiac graft through the donor pulmonary artery 

remnant anastomosed to the intra-abdominal inferior vena cava of the baboon recipient 

(Figure 2.2). A list of critical materials is provided in Table 2.3.  

Table 2.3: Heterotopic Cardiac Xenotransplantation – Important Materials 

Name Manufacturer Reference # 

9 Fr Cardioplegia Aortic Root Cannula Medtronic (USA) 20012 

Bladder Irrigation Tubing for Cardioplegia Baxter (USA) 2C4041 

Table 2.3 continued: 
 

Table 2.2 continued:   
Recipient:   
10 Fr Hickmann Tunneled Triple 
Lumen Catheter 

BARD (USA) 606560 

Data Sciences International (DSI) 
Telemetry Device L21 

DSI (USA) DSI L21 

Chest Tube – Perforated Flat Drain Medline (USA) DYNJWE1310 
Chest Tube – Perforated Round Drain 
x2 

Medline (USA) DYNJWE1323A 

Jackson-Pratt Bulb Reservoir Medline (USA) DYNJWE1305 
Cardiopulmonary Bypass Circuit:   
Centrifugal Perfusion Pump Sorin Revolution 

(London, UK) 
050300000 

Cardiopulmonary Bypass Oxygenator 
(< 15 kg animal) 

Terumo Cardiovascular 
(USA) 

CX*RX05RE 

Cardiopulmonary Bypass Oxygenator 
(15-15 kg animal) 

Terumo Cardiovascular 
(USA) 

1CX*FX15E 

Cardiopulmonary Bypass Leukocyte 
Filter  

Terumo Cardiovascular 
(USA) 

66457 
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Extension IV Tubing Set icumedical (USA) 12656-28 

Plegisol Hospira Inc. (USA) 409796905 

Data Sciences International (DSI) Telemetry 
Device L21 

DSI (USA) DSI L21 

10 Fr Hickmann Tunneled Triple Lumen Catheter BARD (USA) 606560 

 

The heart is procured as described in section 2.4. The heart is placed on ice during backtable 

preparation. The SVC and IVC are ligated and pulmonary vein common channel is created 

and over sewn in two layers with a back-and-forth running 5-0 Prolene suture (Figure 2.3). 

The cardiac graft is now ready for transplantation into the abdomen and can be stored on 

ice until implantation.  

Figure 2.2: Intraabdominal placement of a cardiac xenograft with pressure telemetry 
monitor in the apex. 
IVC-inferior vena cava, Ao-Aorta, PA-pulmonary artery, EKG-electrocardiogram leads 
from telemetry device. Of note, whereas the telemetry device depicted here only has one 
pressure sensor and it is placed in the left ventricle at the apex, the pressure can be placed 
in the right atrium, pulmonary artery or aorta as well, depending on which hemodynamic 
parameters of interest are to be studied. Image Copyright: Tim Phelps JHU/AAMM, 2020. 
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The abdomen is safely entered using a generous midline laparotomy incision. The bowel 

is protected with wet lap pad or towel and gently retracted cranially using an abdominal 

retractor. The bowel is protected with wet lap pad or towel and gently retracted cranially 

using an abdominal retractor. The retroperitoneal space is opened inferior to the kidneys 

and at least 5 cm of infrahepatic IVC and abdominal aorta are exposed for accommodation 

of partially occlusive vascular clamps. The inferior vena cava and aorta are encircled with 

proximal and distal vessel loops, respectively, for proximal and distal control of the vessels. 

Care should be taken dissecting out the IVC and abdominal aorta, as lumbar arteries and 

veins are generally encountered. Infrarenal clamping is preferred if at all possible, to 

preserve kidney ischemia. Distal control of the common iliac artery can be performed in 

order to have enough room for infrarenal clamping (as an example, with high-bifurcating 

iliac arteries). 

 
Figure 2.3: Backtable preparation of the heart for transplantation  
Ao-ascending aorta, PA-pulmonary artery, Pvv-Pulmonary vein common channel, Cava-
superior and inferior vena caval junction. Image Copyright: Tim Phelps JHU/AAMM, 
2020.   



 38 

The inferior vena cava and aorta are encircled with proximal and distal vessel loops, 

respectively, for proximal and distal control of the vessels. Aortotomy and cavotomies are 

placed approximately 2 centimeters (cm) distal to the renal vessel takeoffs. The aorta-aorta 

anastomosis is carried out before the pulmonic-caval anastomosis, to optimize the 

orientation of the xenograft within the abdomen and aid in sewing the anastomosis (Figure 

2.4). A partially occlusive vascular clamp is placed on the infrarenal aorta and an end-to-

side, donor aorta to recipient infrarenal aorta, anastomosis is performed using a running 5-

0 Prolene on an RB-2 needle. The xenograft is then placed in a position that will not cause 

tension on the aorto-aortic anastomosis and trim the donor pulmonary artery to the shortest 

possible length to create an end-to-side caval anastomosis in this position. A second 

Figure 2.4: Aortic and Pulmonic Anastomosis to the Recipient Abdomen 
Ao=aorta, PA=pulmonary artery, IVC=inferior vena cava. Image Copyright: Tim Phelps 
JHU/AAMM, 2020. 
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partially occlusive vascular clamp is now placed on the infrahepatic IVC and an end-to-

side, donor pulmonary artery to recipient IVC, anastomosis is performed using a running 

5-0 Prolene on an RB-2 needle. The xenograft can be temporarily flipped laterally over the 

axis of the anastomosis to expose the contralateral edge of the anastomosis if needed.  

Just prior to reperfusion, systemic sodium bicarbonate 1 mmol/kg, lidocaine 1 mg/kg, and 

mannitol 0.3 gm/k is administered. The IVC clamp is removed first to allow for retrograde 

filling of the right ventricle, followed by release of the aortic cross clamp. Deairing is 

performed with an 18-gauge needle in the left ventricular apex and the right and left-sided 

anastomoses. Prompt unsynchronized internal fibrillation of 10-15 Joules should be 

initiated if ventricular fibrillation occurs upon reperfusion.  

Prior to abdominal closure, a pocket is formed in the lateral abdominal wall, between the 

fascia and muscle of the external oblique, to accommodate a telemetry device (DSI L11, 

New Brighton, MN, USA). The telemetry device is placed in this pocket and the fascia 

closed over the device, for soft tissue coverage of the device, prior to implanting the 

pressure probe and EKG leads. The pressure probe is placed in the apex of the left ventricle, 

preferably at the prior site of de-airing. Secure the probe with a 5-0 Prolene purse string 

using felt pledgets. Telemetry devices with two pressure probe channels (DSI L11, New 

Brighton, MN, USA) can be safely placed in the left or right atrial appendage or ascending 

aorta, if other parameters are desired. The first EKG lead to the left ventricle is placed with 

a simple 5-0 Prolene stitch. The second lead may be free in the peritoneal cavity as a 

ground. The midline fascia is closed with running 0 Prolene suture. If the xenograft is large 
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within the confines of the abdominal cavity, a bridging mesh with skin flaps can be 

employed to ensure a non-compressive abdominal cavity. 

 
2.5.2 Perfusion of the Heterotopic Cardiac Xenograft 
 
The limitations of this model are in its non-life-supporting nature. The native recipient 

heart supplies complete cardiac output, hemodynamic support and end-organ perfusion.  

Figure 2.5: Perfusion of Blood Through the Heterotopic Cardiac Graft 
The graft is perfused via its coronary vessels during graft diastole and aortic valve 
cooptation, supplied from the recipient aorta. Perfused blood from the graft is then drained 
into the right atrium via the coronary sinus. Solid arrows denote recipient native blood 
flow. Dotted arrows represent graft blood flow in systole (outward from graft major 
vessels) and diastole (into graft atria/ventricles). 
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The intra-abdominal xenograft does not contribute to this support. Rather, it remains in 

continuity with the recipient’s vascular supply, allowing continuous perfusion of the 

xenograft with recipient blood and exposure to the full recipient immune response. The 

graft is perfused via its coronary vessels during graft diastole and aortic valve cooptation, 

supplied from the recipient aorta. Perfused blood from the graft is then drained into the 

right atrium via the coronary sinus (Figure 2.5). Right-sided ventricular filling occurs when 

IVC pressures are higher than right ventricular outflow tract pressures and the pulmonic 

valve is incompetent. Left-sided ventricular filling occurs when the recipient abdominal 

aorta is receiving native cardiac systolic flow, the aortic valve is incompetent, and the left 

ventricular outflow tract is experiencing relatively low pressures compared to the 

abdominal aorta. The right and left ventricle empty upon ventricular contraction (the left 

side, however, dependent on non-competing flow and pressure from the native systolic and 

diastolic pressures). 

 
2.6 The Orthotopic (Life-Supporting) Model of Porcine Cardiac Xenotransplantation 
 

 
2.6.1 Non-ischemic Continuous Preservation  
 
Unlike HHTx, the OHTx model requires novel preservation techniques to overcome PCXD 

of the cardiac xenograft. Non-ischemic continuous preservation (NICP) has been shown to 

improve outcomes and reduce the incidence of PCXD in OHTx as detailed in section 

1.6.42,43,104 If electing to preserve the cardiac xenograft with NICP, a perfusion cannula is 

inserted into the aortic arch at the level of the right innominate artery (Figure 2.6). During 

donor explant, the aorta is transected at the level of the right innominate artery so that if 

the NICP cannula is too large, the transected aortotomy can be enlarged by incorporating 
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the transected right innominate artery into a common orifice. The tip of the NICP cannula 

should be just above, but not through, the aortic valve to prevent incompetence. We use an 

XVIVO© dual lumen cannula (central inflow, axially oriented outflow and quick connects 

for machine circuit connection) for NICP. Silicone tubing is fastened onto the left atrial 

cuff and placed through the mitral valve to render the valve incompetent and prevent LV 

distention during NICP.   

 
Figure 2.6: Dual lumen XVIVO© cannula in the cardiac xenograft for NICP prior to 
transplantation 
Photo Credit: Mark Teske/University of Maryland School of Medicine/AP 

2.6.2 Cardiopulmonary Bypass 
 
OHTx also requires cardiopulmonary bypass (CPB) to surgically remove the native heart, 

support end-organ perfusion and implant the xenograft. CPB circuits are configured based 

on the weight of the recipient. In 15-25 kg baboons, we use 1/4 inch (6.4 mm) and 3/8 inch 

(9.5mm) tubing, for the arterial inflow and venous outflow ends of the circuit, respectively. 

In baboons less than 15 kg, we elect to use 1/4 inch (6.4mm) tubing for both arterial and 
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venous end of the circuit to minimize the dilutional effects of CPB. We use centrifugal 

pump heads along with leukocyte filters and oxygenators as listed in Table 2.2. Priming 

volumes are based on the length and size of the circuit tubing and the oxygenator used, but 

generally around 600cc of crystalloid is required, and is supplemented with 3,000 units of 

heparin, 0.5 gm/kg of mannitol and 50 mEq of sodium bicarbonate. We elect to use 

retrograde autologous priming of the circuit instead of priming the circuit with blood 

products.  

 

We prefer a bicaval CPB cannulation technique with a right-angled metal tipped cannula 

in the superior vena cava (SVC) and a straight venous cannula for the inferior vena cava 

(IVC). Approximate cannula sizes are listed in Table 2.4. The IVC cannula is placed to 

minimize the risk of IVC stenosis closer to the lateral border of the right atrium, just 

superior to the cavoatrial junction. We tighten caval umbilical tapes on Rummel sliders at 

the SVC and IVC cannulation sites.  

Table 2.4: Approximate Cardiopulmonary Bypass Cannula Sizes by Animal Weight 

Animal Weight Aortic Cannula Venous Cannulas 

10 kg  10 Fr 12 Fr Angle, 18 Fr Straight single stage 

15 kg 12 Fr 14 Fr Angle, 20 Fr Straight single stage 

30 kg 16 Fr 18 Fr Angle, 24 Fr Straight single stage 

 
 
2.6.3 Orthotopic Surgical Implantation 
 
We do not vent the left side of the xenografts during explantation or implantion. The 

recipient’s cardiectomy is standard. The ventricles are removed from the atria and the great 
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vessels separated close to their outlet valves. We prefer to leave the recipient distal 

pulmonary artery (PA) long and shorten the donor’s instead. This makes the PA-PA 

anastomosis implant easier to expose and less likely to injure the early branching right main 

PA. 

 

We fashion a pericardial well from the anteriorly divided sac. The left edge is fastened to 

silk ligatures placed on snaps. During the left atrial anastomosis, the pleural space can be 

opened, and the heart can be dropped into the left chest. This setup makes the initial 

posterior left atrial intima-to-intima suture line to be performed efficiently. The heart is 

rested on a cold saline-soaked sponge and can be relocated within the pericardium on 

subsequent anastomoses. The implantation sequence is performed with the left atrial 

anastomosis, followed by the right atrial septal anastomosis and then the PA and aortic 

anastomoses. If NICP is performed, we elect to perfuse the xenograft every 15 minutes42 

The cross-clamp is removed, aorta de-aired with a 18 gauge needle followed by the 

remainder of the right atrial anastomosis to minimize warm ischemia time. We perform the 

atrial anastomoses with 4-0 double armed prolene and the PA and aorta with 5-0 double 

armed prolene. When the heart is reperfused, and prior to weaning CPB, 1 mg/kg of 

lidocaine and 1 gm of magnesium are administered. The xenograft is defibrillated and 

temporarily paced as needed upon reperfusion and weaning from cardiopulmonary bypass. 

When the heart is full, the coronary sinus is examined, as an azygous vein off the coronary 

sinus exists in pigs.132 This can be a major source of bleeding upon cardiac reperfusion.  
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Prior to chest closure, a telemetry device (DSI L21, New Brighton, MN, USA) is placed in 

the subxiphoid preperitoneal space. One pressure transducer is placed in the aorta within 

the aortic cannula site after decannulation, the other pressure transducer is placed in the 

right atrial appendage. The electrocardiogram (EKG) lead is placed on the anterior surface 

of the right atrial appendage and the ground lead is placed on the left ventricle near the 

apex. 

 

Chest tubes are placed in the bilateral pleural spaces and the pericardial well, connected to 

a Jackson-Pratt bulb (Table 2.2). The sternum is closed with 0-ethibond suture in an 

interrupted fashion. Fascial and skin closure is performed in several layers, taking special 

care to enclose the telemetry hardware in a separate fascial pouch in the subxiphoid space. 

A post-operative chest x-ray is performed to ensure there are no large undrained pleural 

effusions or pneumothoraces. 

 

2.7 Postoperative Management of the Non-Human Primate Recipient  
 
2.7.1 Immediate Postoperative Management (first 48 hours) 
 
The life-supporting model of cardiac xenotransplantation is difficult to manage. Even with 

perfect surgical technique and immune modulation, many physiologic perturbations occur 

postoperatively that require careful attention in an intensive care setting with frequent 

blood draw sampling hourly and continuous monitoring by veterinary and clinical staff in 

the first 48 hours. We have developed a post-operative protocol after extensive anecdotal 

experience with this model (Table 2.5). Following chest closure, we make every attempt at 

extubation within 2-3 hours. If prolonged intubation is required, the recipient should 
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remain sedated with fentanyl 2-4 mcg/kg/hr and propofol 1-4 mg/kg/hr. Caution should be 

used with fentanyl boluses, as even at small doses, they can cause hypotension. Sevoflurane 

with a minimum alveolar concentration (MAC) of 1.0-1.2 works well with 

fentanyl/propofol but may have some cardiac depressive effects. Once the recipient is 

extubated, it is transferred to our intensive care unit (ICU) which contains adjunctive 

medications, resuscitative fluids and working space for veterinary and clinical staff to care 

for the animal.  

Table 2.5: Postoperative Standard Operating Procedure at the University of Maryland 
Cardiac Xenotransplantation Program 
Perioperative Anesthesia and Sedation: 
Early extubation when able 
If prolonged intubation required: 
Fentanyl 2-4mcg/kg/hr, propofol 2-8 ml/hr (20-80 mg/hr or 1-4 mg/kg/hr). Max 
propofol dose = 6     mg/kg/hr. 
Sevoflurane works well with fentanyl/propofol but may have some cardiac depressive 
effects 
Administer sevoflurane for a MAC goal of 1.0-1.2 
Electrolytes: 
Calcium should be expected to be repleted at a rate of approximately 500 mg-1 g per 
hour 
iCal goal-driven: 1.0-1.2; if calcium <1.0, 1 g calcium gluconate, if 1.0<1.2, 500 mg 
Potassium, replete at 1 mEq/kg repletion 
Replete if potassium ≤3.2 
Acid/Base (starting algorithm): 
 “Bicarb Deficit” (in mEq of Bicarb) = 1/3 x baboon weight in kg x Base Deficit 
  Replete half of base deficit, re-check arterial blood gas in 1 hour to measure response 
Anti-arrhythmic: 
Amiodarone: 5 mg/kg x3 if needed (max 15 mg/kg load for acute treatment) 
Lidocaine: Loading dose of 1 mg/kg, IV Infusion: 20 mcg/kg/min (not to be exceeded 
in patients with heart failure) 

 

The ICU cages are climate-controlled and can administer a fractional inspired oxygen 

concentration of up to 40% with dedicated high efficiency particulate air (HEPA) filtration 
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(Figure 2.1a). It also has a tether system that allows for tunneling of the central line through 

a jacket and the cage wall onto a manifold that can be connected to medication 

administration pumps (Figure 2.1b-d). Any postoperative drips and fluids can be 

administered, and frequent blood sampling can be employed.  

 

Our preference is to begin fluids at 1.5 times the basal rate by ideal body weight and titrate 

up and down judiciously in the first few hours after transplantation based on fluid and 

acid/base status and the amount of resuscitation needed. We also empirically load the 

recipient with 1 mg/kg of intravenous lidocaine intraoperatively and start an amiodarone 

drip at 1 mcg/kg/min, since cardiac xenografts are prone to arrythmias. Antiarrhythmics 

are weaned in a staged fashion if the animal demonstrates minimal to no ectopy in the first 

12 hours postoperatively. If ventricular arrythmias occur despite these measures, lidocaine 

is preferred as the porcine xenograft responds to this better than amiodarone in this setting. 

It can be given as an additional 1 mg/kg bolus, followed by a 20 mcg/kg/min infusion. 

Defibrillator paddles are kept on the recipient animal, underneath the jacket for the first 48 

hours after transplantation with a defibrillator setup cage-side for swift access in the event 

of ventricular fibrillation (Figure 2.1e). In our experience these paddles were rarely used 

but saves time if defibrillation is required in jacketed animals. 

 

Recipients of xenografts from swine are particularly susceptible to hypocalcemia, for 

reasons that are not understood. Therefore, calcium should be expected to be repleted at a 

rate of about 500 mg to 1 g of calcium gluconate every hour, driven by ionized calcium 

levels (goal ionized calcium levels are 1.0-1.2 mg/dL, see Table 2.5). Potassium is repleted 
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for levels below 3.2 mEq/dL at 1 mEq/kg infused in 50 cc of saline over 1 hour, up to 

20mEq. Bicarbonate is repleted only in severe cases of metabolic acidosis in the absence 

of hypercarbic respiratory insufficiency. The bicarbonate deficit is calculated by the 

following formula: 1/3 x weight (kg) x base deficit. The deficit is repleted by 50% and a 

blood gas is repeated in 1 hour to measure response. It should be noted that the cardiac 

xenograft can exhibit marked sinus tachycardia, but is left untreated, with heart rates of 

148±14 beats per minute in our most recent cohort.133 Moreover, common 

electrocardiographic morphologies are noted in Figure 2.7 and should be considered 

“normal variants” of a sinus rhythm. 

 

We have protocolized sedating and examining recipients each morning in the first 48 hours 

postoperatively to assess cardiopulmonary and volume status more appropriately and to 

manage chest tubes. While there is a telemetry pressure transducer is placed in the right 

atrial appendage, central venous pressure (CVP) is somewhat unreliable in an awake, non-

sedated and ambulatory baboon transplant recipient. Therefore, volume status is assessed 

based on chest X-ray, ultrasound and physical exam. We examine the xenograft by 

echocardiography, the lungs by portable chest x-ray and strip the chest tubes and let them 

drain the pleural spaces entirely. The chest tubes remain until total pleural fluid from each 

drain is less than 50 cc in a 24-hour period. Generally, if more than 100 cc of fluid is 

collected total, the drains will stay collectively for another 24 hours, until the tubes can be 

reexamined and a repeat x-ray can be performed. Generally, our recipients can be 

transferred out of the ICU the morning of postoperative day two and by that time they are 

typically off any supplemental medications, drips or fluids and are receiving only 
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maintenance immunosuppression. Our detailed immunosuppression regimen has been 

described previously.134 Anticoagulation is started at 50 units per hour and then titrated 

slowly to an ACT of twice baseline when surgically appropriate, usually by postoperative 

day five.  

 

2.7.2 Long-term Care of the Recipient and Surveillance of the Cardiac Xenograft  
 

During the first two weeks postoperatively, animals are monitored by continuously by 

cameras and telemetry. The telemetry readings sometime raise false alarms due to loss of  

 
Figure 2.7: Electrocardiographic Tracings of Four Simultaneous Postoperative 
Xenotransplantation Recipients 
Real-time invasive telemetric monitoring using the implantable Data Sciences 
International (DSI) Telemetry Device L21. 
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connection with the receiver and the baboon status is confirmed by observing them on the 

camera. Both cameras and telemetry readings can be accessed remotely and is also 

recorded. The laboratory examination is performed 1-2 times per week and then twice 

monthly for the first month. Thereafter, laboratory examination is done every month and 

reserved for clinical status changes. Standard laboratory examination includes a complete 

blood count (CBC), complete metabolic panel (CMP) and activated clotting time (ACT). 

Donor specific assays to measure anti-xenograft antibodies and longitudinally sampled 

troponins are also employed to guide early detection of potential antibody mediated 

rejection.125,135 More novel xenograft-derived cell free DNA assays have also been 

developed as a sensitive assay to monitor for rejection.136 

 

Recipients are visually examined daily for behavior, appetite, abdominal distention, 

respiratory effort, global and dependent edema and for normal stool and urine production. 

Cage and jacket changes are done every 2 weeks and in doing so, the animal is sedated and 

a full physical exam is performed. Special attention is given to the animal’s weight, body 

condition, surgical incision, central line exit site, tether system mucosal membranes and 

abdomen. Complications arising from the tether system are depicted in Figure 2.8. An 

echocardiographic examination is also performed in parasternal short, parasternal long and 

4-chamber views (Figure 2.9a-d).  

 

In addition to telemetric and echocardiographic data, we employ endomyocardial biopsies, 

right heart catheterizations and coronary angiograms to our surveillance regimen through 

femoral venous and arterial access sites. Endomyocardial biopsies of the right ventricle and 
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right heart catheterization for pressures are also planned if concerned for rejection, based 

on clinical status, donor specific antibodies and troponin elevations. We perform histology 

with Hemotoxin & Eosin (H&E) stains and immunohistochemistry (IHC) (CD3, CD20, 

CD68, CD3d and CD4d) on biopsy specimens and analyze for rejection based on 

allotransplantation and xenotransplantation criteria.36,137  

Figure 2.8: Potential IV line and tether complications 
a) Supercoiling of silicone IV line caused by fixation of tether b) An IV line that after a 
recipient was able to reach it, causing complete transection, bleeding and ultimately a 
central line infection c) A tether that was damaged, despite reinforcement with steel, 
causing the silicon IV tubing to be disconnected from the swivel and a contaminated line 
d) Reinforced tether to prevent damage. 
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Figure 2.9: Echocardiographic Images of an Orthotopic Cardiac Xenograft 
a) Transthoracic echocardiographic (TTE) parasternal short axis view b) TTE parasternal 
long axis view c) TTE four chamber view d) Transesophageal echocardiographic (TEE) 
short and long axis views. 

  

Table 2.6: Supplies for Endomyocardial Biopsy, Right Heart Catheterization, and 
Coronary Angiography 

Name Manufacturer Reference 
Number 

Arrow Single Lumen Balloon 

Wedge-Pressure Catheter 

Teleflex (Ireland) AI-07125 

4 Fr JL 1.5 Performa 

Angiographic Catheter 

Merit Medical (USA) 7440-82 

6 Fr Impulse LCB Boston Scientific (USA) H749165991950 

5 Fr Impulse FL3.5 Boston Scientific (USA) H74916391211 
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Table 2.6 continued: 
6 Fr Impulse FR3.5 Boston Scientific (USA) H74916599010 

5 Fr Impulse IM Boston Scientific (USA) H749163912011 

Endomyocardial Biopsy Forcep Argon Medical Devices (USA) 190051 

 

2.8 Conclusion 
 

HHTx and OHTx models of cardiac xenotransplantation have been used extensively for 

pre-clinical studies. However, uniform approaches to these models have previously been 

undescribed. This chapter extensively covers nuances to this model from anecdotal 

experience and success in producing consistent long-term survival to serve as a template 

for future, more uniform research (including for this dissertation). Principles of cardiac 

xenotransplantation include procurement and implantation that minimizes ischemia, early 

extubation of the recipient and postoperative care that emphasizes repletion of calcium. 

Antiarrhythmics, frequent physical exams and non-invasive diagnostic imaging are 

important adjuncts in the first 48 hours. Long-term surveillance should include a 

multimodal approach, includes monitoring of donor-specific antibodies, troponin I, 

echocardiography and endomyocardial biopsies. Any elevation in troponin or donor-

specific antibodies should prompt swift treatment for presumed rejection and an 

endomyocardial biopsy for definitive diagnosis. While rejection can be difficult to treat in 

this model, efforts include pulse-dose steroids, re-induction with rituximab and an extra 

dose of co-stimulation blockade to target presumed antibody mediated rejection.  
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 Chapter 3: Progressive Genetic Modifications Extend Life-Supporting Cardiac 
Xenograft Survival 

 
 
3.1 Introduction  
 
Previous three-year survival of genetically engineered (GE) pig cardiac xenografts in an 

abdominal, HHTx pig-to-baboon model of cardiac xenotransplantation contained 

modifications to delete the synthesis of α1,3-galactose and expressed human transgenes 

CD46 and TBM. In combination with a non-B-cell depleting, anti-CD40 (2C10R4) 

primatized monoclonal antibody (mAb)-based immunosuppressive regimen led to 

rejection-free survival of 945 days38, which has been reliably reproduced.42,62,122–124  

 

Our initial efforts to translate these results in a life-sustaining orthotopic heart 

transplantation (OHTx) failed within 48 hours due to perioperative cardiac xenograft 

dysfunction (PCXD).138,139 Recently, Längin, et al. overcame PCXD in OHTx with the 

same GE xenografts and immunosuppression as in our HHTx, with the addition of non-

ischemic cardiac preservation and anti-inflammatory agents.42 However, survival was still 

limited due to observed diastolic failure from abnormal cardiac growth within one month. 

This post-transplantation xenograft growth is poorly understood, but six-month recipient 

survival was achieved after the additional administration of temsirolimus (inhibitor of 

growth by mTOR, but also an immunosuppressive agent) along with strict blood pressure 

and heart rate control to prevent this growth. Withdrawing temsirolimus resulted in 

continuation of growth and ultimately xenograft failure.  
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As described in section 1.2, xenograft rejection is a result of endothelial cell activation by 

preformed antibodies against porcine antigens.49,140 This leads to hyperacute rejection 

(HAR) within minutes of transplantation, characterized by endothelial damage by antibody 

deposition, complement activation and intravascular thrombosis.141 However, several 

scientific discoveries have led to the ability to produce targeted modifications to porcine 

xenograft donors that reduce their immunogenicity and abrogate HAR. Knockout of 

xenogeneic carbohydrate antigens α1,3-galactose (Gal)36, SDa blood group antigen 

(SDa)47,48 and N-glycolylneuraminic acid (Neu5Gc)54 have been shown to reduce antibody 

binding and complement-dependent cytotoxicity against non-human primates and human 

sera alone and in combination.142 Rejection is further prevented by the additional 

expression of human complement regulatory proteins hCD46 and decay-accelerating factor 

(hDAF).93,99 Thrombotic microangiopathy and consumptive coagulopathy also play a role 

in rejection, possibly due to incompatible factors of thrombosis between porcine 

endothelial cells and recipient serum.96 Addition of factors that promote anti-coagulation, 

such as human thrombomodulin (hTBM) have been shown to prevent coagulation 

dysregulation and survival.38,42,97,98 Human anti-inflammatory (i.e. heme oxygenase-1 

(hHO-1)) and anti-phagocytosis genes (i.e. hCD47), respectively, have also demonstrated 

a role in abrogating transplant rejection in vitro.143–145 Only recently, advances in genetic 

engineering techniques afforded the opportunity to produce porcine donors with all of these 

targeted modifications in combination.83,146 Additionally, growth hormone receptor (GHR) 

knockout (KO) pigs have been produced to curb intrinsic growth that contributes to post-

transplantation xenograft growth (see section 1.5-1.6).44,107  
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GHR is a transmembrane signaling protein with pleiotropic effects, but best known for 

regulating growth and metabolism.147 GHRKO mice have been shown to be physically 

small and patients deficient in growth hormone have a similar phenotype.148,149 Studies 

have shown that growth hormone receptor knockout pigs have slower growth, mature to a 

smaller size and produce smaller organs compared to growth hormone receptor intact 

pigs.44 At 6 months of age, these pigs yield 60% smaller organs. The pigs are otherwise 

healthy, and their organs function normally. It is known that human growth hormone is 

able to bind and activate other mammalian growth hormone receptors.150 It is therefore 

hypothesized that recipient growth hormone (baboon) induces growth through xenografts 

with intact pig growth hormone receptor after transplantation and that growth hormone 

receptor knockout xenografts will exhibit reduced post-transplantation xenograft growth. 

 

In this chapter, we examine which OHTx “multi-gene” xenograft, with and without 

GHRKO, in combination with the CD-40 mAb-based regimen, to 1) identify which genetic 

modifications might produce long-term survival 2) understand the etiology of post-

transplantation xenograft growth. 

 

3.2 Methods 

Animals: 
 
Specific Pathogen Free (SPF) Papio anubis baboons (Southwest National Primate Center, 

San Antonio TX or MD Anderson Cancer Center, Bastrop TX) weighing 15-30 kg were 

screened to eliminate specific pathogens of interest and used as recipients. Weight-matched 

GE German Landrace pigs (Revivicor Inc., Blacksburg, VA) were used as xenograft donors 



 57 

consecutively when of appropriate size. KO of up to three known carbohydrate antigens, 

Gal, SDa and Neu5Gc. and expression of multiple human genes, including CD46, TBM, 

EPCR, CD47 and HO-1. A subset of these GE pigs also had KO of GHR. Expression of 

transgenes was consistent and at high levels across all pigs by Western blot and 

immunohistochemistry quantification. A list of all the GE donor pig with different 

combination of multiple gene used in the study are shown in Table 3.1.  Euthanasia was 

performed for recipients with deteriorating condition of either cardiac or non-cardiac 

origin. Death was an endpoint in the event of unexpected rapid cardiac deterioration. All 

animals were used in compliance with guidelines provided by the Institutional Animal Care 

and Use Committee (IACUC) at the University of Maryland School of Medicine.  

 

Genetic Engineering: 
 
Cardiac xenografts were produced from genetically engineered swine generated by somatic 

cell nuclear transfer as previously described.83 Transgene vectors expressing one, two, four 

or two plus four recombinant human proteins were transfected into cultured fetal porcine 

fetal fibroblasts (Figure 3.1). Pigs in Group 1 harbored a multicopy minigene expressing 

human CD46 and a multicopy vector expressing human thrombomodulin (TBM) driven by 

the endothelial-specific porcine TBM promoter.151 Pigs in Group 2 contained a bi-cistronic 

vector containing a single copy each of human CD46 and human DAF, linked by a viral 

2A sequence and driven by a single CAG promoter to ensure ubiquitous expression.83  In 

addition to this bi-cistronic vector, Group 3 pigs harbored a tetra-cistronic vector in which 

TBM and EPCR were linked by a 2A   
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Table 3.1: “Multi-Gene” Genetic Cohorts by Knockout and Human Transgene 
Expression. 
Human transgenes are categorized by thromboregulatory, complement regulation and anti-
inflammatory proteins. GGTA1= α1,3-galactosyltransferase, β4GalNT2=β1,4-N-
acetylgalactosyltransferase, CMAH= CMP-N-acetylneuraminic acid hydroxylase, 
TBM=thrombomodulin, EPCR=endothelial protein C receptor, DAF=decay accelerating 
factor, HO1=hemeoxygenase, GHRKO=growth hormone receptor knockout. CMAH (-/-
)=knockout homozygous at this locus, CMAH (+/-)=knockout heterozygous at this locus. 

 
sequence and driven by a single endothelial-specific promoter, plus human CD47 and HO1, 

linked by a 2A sequence and driven by CAG. Finally, Group 4 pigs contained a single 

tetra-cistron, similar to the Group 3 version except that the CAG-driven bi-cistron was 

designed to express human CD46 and CD47. The functional activity of each transgene was 

characterized in in vitro assays as previously reported. All vectors in Groups 1-5 were 

targeted to pre-selected landing pads in the genome, facilitated by crispr/Cas9 and 

homology-directed repair. The groups also contained various carbohydrate KOs as 

 Knockouts/Human Transgene Expression 
Genetic 
Cohort 

Baboon 
ID Carbohydrate Knockouts Other Thromboregulatory Complement 

Regulatory 
Anti-

Inflammatory 

Group 
1 

B32608 GGTA1    TBM  CD46    

B32987 GGTA1    TBM  CD46    

B33422 GGTA1    TBM  CD46    

B32628 GGTA1    TBM  CD46    

Group 
2 

B33167 GGTA1      CD46 DAF   

B32638 GGTA1 β4GalNT2 CMAH 
(-/-)    CD46 DAF   

B33156 GGTA1 β4GalNT2 CMAH 
(-/-)        

B33060 GGTA1 β4GalNT2 CMAH 
(-/-)        

Group 
3 

B33121 GGTA1 β4GalNT2 CMAH 
(+/-)  TBM EPCR  DAF CD47 HO1 

B32988 GGTA1 β4GalNT2 CMAH 
(+/-)  TBM EPCR  DAF CD47 HO1 

Group 
4 

B33130 GGTA1 β4GalNT2  GHRKO TBM EPCR CD46  CD47  

B32863 GGTA1 β4GalNT2  GHRKO TBM EPCR CD46  CD47  

Group 
5 

B32651 GGTA1 β4GalNT2 CMAH 
(-/-) GHRKO TBM EPCR CD46 DAF CD47 HO1 

B9314 GGTA1 β4GalNT2 CMAH 
(-/-) GHRKO TBM EPCR CD46 DAF CD47 HO1 

B33500 GGTA1 β4GalNT2 CMAH 
(-/-) GHRKO TBM EPCR CD46 DAF CD47 HO1 

B5317 GGTA1 β4GalNT2 CMAH 
(-/-) GHRKO TBM EPCR CD46 DAF CD47 HO1 
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previously indicated. The dominant carbohydrate antigen galactose-α1,3-galactose (Gal) 

was knocked out by insertional mutagenesis of the Ggta1 gene that encodes α1,3 galactosyl 

transferase.152 Two additional xenoantigens, Neu5Gc and SDa, were knocked out by 

crispr/Cas9-induced insertion and/or deletion mutations (indels) in genes encoding the 

enzymes that catalyze their synthesis, namely CMAH (cytidine monophosphate-N- 

neuraminic acid hydroxylase) and β4GalNT2 (β1,4-N-acetyl-galactosaminyltransferase), 

respectively. Lastly, growth hormone receptor (GHR) was knocked out with crispr/Cas9 

induced indels to decrease the intrinsic growth of the heart.44,107   

Figure 3.1: Transgene expression vectors in multi-gene pigs. 
A) CAG-driven bi-cistronic vector used in Group 2, expressing human CD46 and DAF via 
a viral 2A sequence B) Two vectors used in Group 3 and 5: a tetra-cistronic vector 
consisting of a bi-cistron expressing human TBM and EPCR, both driven by the porcine 
TBM promoter via a 2A sequence, coupled to a second, CAG-driven bi-cistron expressing 
human CD47 and HO1; Group 3 also contained the same bi-cistronic vector used in Group 
2; C) a single tetra-cistronic vector was used in Group 4, consisting of a human TBM and 
EPCR driven by the porcine TBM promoter, coupled to a CAG-driven bi-cistron 
expressing human CD46 and CD47. 
 

Immunosuppression: 

The immunosuppressive regimen for all recipient baboons included induction therapy and 

maintenance therapy, which is summarized in Table 3.2. Induction included anti-  

 Groups 
3 and 5 
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thymocyte globulin (Thymoglobulin; Genzyme, Cambridge, MA, USA; 5mg/kg on days -

2 and -1), anti-CD20 antibody (Rituxan; Genetech, San Francisco, CA, USA; 19mg/kg on 

days , -7, 0, 7) for T and B cell suppression and anti-CD40 (clone 2C10R4) 15 (NHP 

Reagent Resource, Worcester, MA, USA; 50mg/kg on days -1, 0, 5, 9, 14 then per week) 

for blocking the CD40/CD154 co-stimulation pathway. Cobra venom factor (CVF; Quidel, 

San Diego, CA, USA; 50-100 Units; days -1, 0, and 1) or C1 Esterase Inhibitor (Berinert; 

CSL Behring, King of Prussia, PA, USA; 17.5un/kg; Days -1, 0 and 1) was used to inhibit 

the complement activation. Maintenance immunotherapy included Mycophenolate Mofetil 

(MMF; Genzyme, Cambridge, MA, USA; 20mg/kg BID, daily) and anti-CD40 monoclonal 

antibody (50mg/kg) weekly. All recipient baboons received continuous heparin infusion to 

keep the activated clotting time (ACT) level twice the baseline. Ganciclovir (Roche, 

Nutley, NJ, USA; 5 mg/kg/day) was administered daily Cytomegalovirus (CMV) 

prophylaxis. Other medications included Epogen (Amgen, Thousand Oaks, California; 

200U/Kg) daily from day-7 to 7 and Cephazolin (Hospira, Lake Forest, IL, USA; 250mg) 

daily for 7 days were given. If there was any sign of abnormal xenograft function, and there 

was clinical suspicion of rejection, rescue therapy was initiated with intravenous bolus dose 

of Solu-Medrol (20mg/Kg for 3 days). Increased heparin dosage was also used to prevent 

thrombus formation, if needed and activated clotted time (ACT) was maintained twice the 

baseline. Tumor necrosis factor alpha inhibitor (Anti-TNFα) (Etanercept, Amgen Inc., 

Thousand Oaks, CA) and IL-6 inhibitors (Tocilizumab, Genentech, USA) were given for 

the first 3 months postoperatively. 
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Table 3.2: Immunosuppression Regimen 
125 mg Solu-Medrol is given before Rituxan, ATG at 20mg/kg. Solu-Medrol 
20mg/Kg/daily is given for 3 days at any concern for rejection. IV=intraveneous, 
SC=subcutaneous, BID=twice daily, TID=three times daily. 
 

 
 
 
 

Induction 
Agent Dose Timing Route Pre-

Treatment 
Purpose 

Anti-CD20 19 mg/kg Day -7, 0, 
7 

IV 
infusion 

Solu-
Medrol, 

Benadryl, 
H2 blocker 

To deplete B-
cells 

ATG 5 mg/kg Day -2, -1 IV 
infusion 

Solu-
Medrol, 

Benadryl, 
H2 blocker 

To reduce 
number of T-

cells 

Anti-CD40 
(clone 

2C10R4) 
CVF 

or 
Berinert 

50 mg/kg 

Day -1 and 
0 

Day -1, 0 
and 1 

Slow IV 
infusion 

None 
None 

Co-stimulation 
blockade. 

Suppression of 
both B- and T-
cell response. 

To inhibit 
complement 

activity 

50-100 U/kg 

Tocilizumab 8 mg/Kg Day 0 IV None Anti-
Inflammatory 

Etanercept 0.7 mg/Kg Day 0 SC None Anti-
inflammatory 

Maintenance 

Anti-CD40 
(clone 

2C10R4) 
50 mg/kg 

Days 
3,5,9,14 

then 
weekly 

Slow IV 
infusion None 

Co-stimulation 
blockade. 

Suppression of 
both B- and T-
cell response. 

MMF 20 mg/kg/2hr BID, daily IV 
infusion None B and T cell 

suppression 

Tocilizumab 8 mg/Kg 
Weekly 
until day 

90 
IV None Anti-

Inflammatory 

Etanercept 0.7 mg/Kg 
Weekly 
until day 

60 
SC None Anti-

inflammatory 
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Table 3.2 continued: 

 

Orthotopic Transplantation:  

Preoperative transthoracic echocardiograms (TTEs) were conducted to ensure adequate 

cardiac function, free of anatomic abnormalities deemed unsatisfactory for transplantation. 

Donor swine heart procurement was performed using 30cc/kg of blood cardioplegia with 

XVIVO© heart solution (XHS) for induction preservation (XVIVO© Perfusion, 

Gothenburg, Sweden). Cardiac preservation was performed using an XVIVO© Perfusion 

system with XHS cardioplegia at 8°C, maintaining a perfusion pressure of 20 mmHg in the 

aortic root and physiological pH (7.2-7.6).  

 

Life-supporting heart xenotransplantation was performed after placing the baboon 

recipient onto aorto-bicaval cardiopulmonary bypass (CPB). Donor porcine xenografts 

were placed in the orthotopic position after native heart explantation, using a biatrial 

Solu-Medrol 2 mg/kg 
BID 

tapered off 
in 7 weeks 

IV None Suppress 
inflammation 

Aspirin 40 mg Daily Oral None Prevent platelet 
aggregation 

Heparin 50-1,000 U/hr Continuous IV 
infusion None 

Maintain ACT 
2X normal and 

prevent 
inflammation 

Supportive 

Ganciclovir 5 mg/kg/day Daily IV 
infusion None For CMV 

prophylaxis 

Cefazolin 250 mg 

TID daily 
for 7 days 

and 
whenever 

needed 

IV None 
Infection 

prophylaxis 
and treatment 

Epogen 200 U/kg 
Day -7 to 7 

then 
weekly 

IM or IV None To increase 
hematocrit 
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anastomosis technique.153 Total ischemia times (including time in non-ischemic continuous 

preservation) were 213±34 minutes and 190±24 minutes between growth hormone receptor 

intact and knockout grafts, respectively and were not statistically significant by t-test 

(p=0.484). Average cross-clamp times during implantation were 72.5 minutes. 

 

Postoperative Cardiac Xenograft Monitoring: 

Cardiac xenograft function was evaluated by continuous telemetry and transthoracic 

echocardiography (TTE). A telemetry device (DSI, St. Paul, MN USA) was implanted into 

the recipient baboon’s chest, as previously described, to monitor the xenograft systolic and 

diastolic pressures, electrocardiogram (ECG) tracings, and the recipient’s 

temperature.154,155 The telemetry device data was transmitted wirelessly to a receiver 

attached to the recipient’s cage. TTE’s were obtained whenever the recipient was sedated, 

or as needed for clinical status change and/or evaluation. Mean arterial pressures were 

derived indirectly from directly measured systolic and diastolic pressures on the telemetry 

device by the following formula: MAP= 1/3 (SBP) + 2/3 (DBP), where MAP=mean arterial 

pressure, SBP=systolic blood pressure, DBP=diastolic blood pressure. 

 

Echocardiography of the Cardiac Xenograft: 

2-D echocardiography was obtained utilizing a phase array cardiac probe on a GE Vivid I 

portable ultrasound machine with a two-beat acquisition, with an aim to obtain close 

approximations of traditional TTE views. These include parasternal long, parasternal short 

panning from base to apex, and apical four chamber views. Due to the nature of cardiac 

rotation and recipient anatomy, both subxiphoid views and apical two chamber views were 
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excluded from the image acquisition protocol. Measurements were made by single-blinded 

trained echocardiography reader with a goal of close approximation of guidelines for 

chamber quantification as stated in the American Society of Echocardiography (ASE) 

Guidelines and Standards document published January 2015.156  

 

To measure xenograft growth after transplantation, parasternal long axis view according to 

known conventions, including measurement of interventricular septum, left ventricular 

(LV) posterior wall thickness, and LV diastolic diameter and end-diastole measured at the 

mitral valve leaflets perpendicular to the long axis of the left ventricle were obtained. LV 

systolic diameter was likewise obtained at end-systole. Rarely, when rotation of the cardiac 

structures prevented obtaining an ideal view of the LV interventricular septum, this value 

was obtained from a basal parasternal short axis to closely approximate traditional septal 

measurements. All posterior wall measurements were obtained from parasternal long axis 

views. 

 

Atrial mass was not quantified as a bi-atrial approach was utilized for transplantation. 

Ejection fraction was estimated visually given limitation in obtaining apical two chamber 

views as noted above due to rotation of the xenograft, preventing biplane measurements. 

LV volumetric measurements were derived utilizing linear measurements above and the 

provided formula in ASE guidelines: LV mass in grams = 0.8 x 1.04 [(IVS + LVID + 

PWT)3 – LVID3] + 0.6.156 Due to the nature of this calculation we acknowledge the 

limitations of calculated LV mass measures as small differences in measurements can lead 

to large differences in LV mass. Consequently, both an increased number of calculations 
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were made to account for these variations. Measurements are summarized graphically in 

Figure 3.2.   

Figure 3.2: Overview of xenograft assessment by TTE. 
Septal thickness, posterior wall thickness and left ventricular (LV) dimension in end-
diastole were measured longitudinally over time after pig-to-baboon orthotopic cardiac 
xenotransplantation. LV mass was calculated using interventricular septum (IVS), left 
ventricular internal diameter (LVID) and posterior wall thickness (PWT). IVS and LVID 
were derived from septal thickness and LV dimension in end-diastole, respectively. 
Depicted in short axis here, in actuality, measurements conducted in parasternal long-axis 
views.   

 
Cardiomyocyte Cross-Sectional Area Measurement: 

H&E sections of the RV of xenografts on autopsy were measured in 4-quadrants at 20x 

magnification. 4 measurements in each quadrant of representative cardiomyocytes were 

performed using the built-in software of the EVOS M5000 microscope (Invitrogen, catalog 

# AMF5000). The measurements were averaged to result in a single measurement of 

cardiomyocyte cross-sectional area. Measurements were age-matched to non-transplanted 
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controls by computing the “age” of the xenograft after transplantation which is the sum of 

the age of the source animal plus the time in days of transplantation survival at xenograft 

explantation. Normalized cardiomyocyte growth curves from WT Yorkshire Landrace pigs 

were produced with permission from Velayutham, N. et al. Cardiomyocyte cell cycling, 

maturation, and growth by multinucleation in postnatal swine. Journal of Molecular and 

Cellular Cardiology 146, 95–108 (2020). GHRKO German Landrace pig cardiomyocyte 

growth curves were produced from xenografts collected from similar timepoints and 

methods.  

 

Hematological and Biochemical Parameters of Recipients:  

Complete blood count (CBC), which includes white blood cell (WBC) counts, hematocrit 

(Hct), hemoglobin (Hgb), platelets, neutrophils and monocytes were analyzed by 

hemoanalyzer (Abaxis Vetscan HM5C, ZOETIS, Parsippany, NJ) and chemistry analyzer 

(Abaxis Vetscan VS2, ZOETIS, Parsippany, NJ), was performed weekly for the first two 

months and then biweekly. Activated clotting time (ACT) and Troponin I levels were 

measured by iStat (Abbott Laboratories, Princeton, NJ, USA). Partial thromboplastin time 

(PTT) were measured by Antech Diagnostics (Fountain Valley CA, USA). 

 

Measurement of Donor Specific IgG and IgM Antibodies: 

Donor specific antibodies (IgG and IgM) titer was measured in heat inactivated baboon 

serum by flow cytometry using PAECs from the donor or genetically identical litter 

mates.125 Serum samples were collected from baboon before and after transplant every 2-

3 days for month and biweekly thereafter. Flow cytometry was used to measure antibody 
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binding (mean fluorescence intensity; MFI) with FITC labeled anti human IgG (Cat # 

H10301) and IgM (Cat # H15101) antibodies (Invitrogen Corp, Waltham, MA, USA) to 

porcine aortic endothelial cells on a Cytek Aurora (Fremont, CA) Cytometer.  The MFI of 

the cells were analyzed with Flowjo software (Flowjo LLC. Ashland, OR, USA) for each 

test serum and compared with that produced by the controls. 

 

Cytotoxicity Assay:  

Sera from recipient baboons was tested in a CDC assay utilizing porcine aortic endothelial 

cells (pAEC) with either donor or from the same genotype as donor (littermate). Heat 

inactivated baboon serum samples diluted to 25% in culture media were applied to 

confluent PAEC monolayers in 96 well plates for 30 min at 37°C. After incubation, serum 

dilutions were removed and 7.5% rabbit complement (Bio-Rad, Hercules, California, 

USA) and IncuCyte® Cytotox Red fluorophore reagent (Sartorius, Goettingen, Germany), 

diluted in culture media, was added to each well. Cells were imaged and counted every 10-

15m for 2h using a BioTek Cytation™5 reader (Winooski, Vermont) with a CY5 (628/685) 

filter set and high contrast bright field optics. Percent cytotoxicity was calculated as the 

number of red fluorescent cells/total bright field cells counted x100. Three replicate wells 

per serum sample were counted and the mean background cytotoxicity from two untreated 

wells (complement only, no serum) for each cell line was subtracted from final results.   

 

FACS analysis for T and B cells Phenotyping: 

Immuno-staining was performed on PBMCs with fluorescence-conjugated antibodies. 

Anti-human CD3 (Cat#556611&#552852), CD4 (Cat#560628), CD5 (566193), CD8 
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(Cat#563822), CD16 (Cat#561725), CD20 (Cat#641405), CD24 (Cat#561646), CD25 

(Cat#561405), CD28 (Cat#560683), CD45 (Cat#563530), CD95 (Cat#561635), CD127 

(Cat#562437), CD138 (Cat#562098), IgD (Cat#563313), and IgM (Cat#562618) 

monoclonal antibodies from Pharmingen (BD Bioscience, San Francisco CA, USA) were 

used. Anti-human CD27 (Cat#302827) from Biolegend San Diego, CA, USA and anti 

CD19 (Cat#IM2470 ) from Beckman Coulter , Indianapolis, IN, USA was used. Anti-

human CD21 (Cat#46-0219-42) and FoxP3 (Cat# 12-4777-42) was used from Invitrogen 

(Thermo Fisher Scientific) Waltham, MA. Antibodies (3 or 4 microliter per million cells) 

were used as recommended or suggested by the manufacturers. Samples were run on Cytek 

Aurora (Fremont, CA, USA). Flow Cytometry analysis was performed using Flow Jo 

Software (Flowjo LLC. Ashland, OR, USA). 

 

Histological Evaluation of Biopsies and Explants of Xenografts: 

Paraffin sections from multiple biopsies and sections of explanted xenografts were stained 

with hematoxylin and eosin for light microscopy. Sections were analyzed semi-

quantitatively for the presence of hemorrhage, necrosis, thrombosis, and cellular infiltrates. 

Immunostaining for immunoglobulins (IgG (Cat# 760-2653), IgM (Cat# 760-2654) and 

complement (C3d (Cat#760-4522) and C4d (Cat# 760-4436) Roche Tissue Diagnostics) 

on paraffin section were performed. All the specimens were examined by an independent 

pathologist. Aperio Digital Pathology Slide Scanner was used with 20x magnification, 

resulting in a field approximately 870 microns field size. Fields were chosen that had the 

least amount of necrosis to prevent secondary deposition of IgG and then examined for 

capillary staining for IgG, IgM and C4d. Intensity was measured for C4d staining as 0: 
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negative or equivocal staining 1+: faint positive staining 2+: strong positive staining in 

accordance with the Society of Cardiovascular Pathology (SCVP), Association for 

European Cardiovascular Pathology (AECVP) and the International Society of Heart and 

Lung Transplantation (ISHLT). Additionally, specimens were graded for microthrombi on 

a scale of 0-4+, where 1+ = >0 capillaries stained; 2+ = >1-5 capillaries stained; 3+ = >5-

10 capillaries stained, 4+ = >10 capillaries stained, per high power field. 

 

Endomyocardial Biopsy: 

Venous vascular access was obtained percutaneously through the right femoral vein. A 7 

Fr sheath was then advanced over a wire with a balloon-tipped catheter from the venous 

sheath into the right ventricle using X-ray guidance.  A bioptome was then advanced 

through the sheath and using telemetry monitoring to detect premature ventricular 

contractions.  The bioptome was then opened advanced, closed, and withdrawn to remove 

a tissue piece 1mm cubed.  For any given evaluation, 3-5 pieces are taken to be evaluated 

for pathological evidence of rejection. Venous closure was performed by manual pressure 

for 5-10 minutes. 

 

Western blot of human transgene expression: 

hTBM, hEPCR, hCD46, hCD47, hHO-1 and hDAF-1 protein detection in liver tissue 

lysates was carried out on automated capillary western blotting system Simple WES 

(Protein simple, San Jose, CA, USA). Liver tissue lysates were obtained using TPER buffer 

(Thermo Fisher Scientific, Waltham, MA, USA) with protease inhibitors (Thermo Fisher 

Scientific). Total protein concentrations were quantified using BCA kit (Thermo Fisher 



 70 

Scientific). 3µg of total protein was loaded into each well of 12-230 kDa WES separation 

module (Thermo Fisher Scientific). Anti-mouse detection module was used for mouse anti-

human antibodies (hTBM, hEPCR, actin) and anti-rabbit detection was used for rabbit anti-

human antibodies (hCD46, hDAF and  hHO-1). Anti-sheep secondary antibodies were used 

for sheep anti-human CD47 antibody. All assays were run on manufacture’s recommended 

default program.   

 

Immunohistochemical detection of human transgene expression: 

Immunohistochemistry was performed on formalin-fixed, paraffin-embedded tissues. 

Samples were sectioned at 4µm, allowed to air-dry, deparaffinized in xylene and 

rehydrated through graded alcohols to water. Endogenous peroxidases were quenched 

using Dual Endogenous Enzyme Block (DEEB; Agilent Technologies, Santa Clara, CA, 

USA) for 10 minutes. After washing with TBS-Tween buffer (Sigma-Aldrich, St. Louis, 

MO, USA) sections were blocked with Serum Free Protein Block (Agilent Technologies) 

for 5 minutes. Sections were gently drained and 100µL of antibody was dispensed onto 

each slide and allowed to incubate at room temperature for 30 minutes. After incubation 

slides were rinsed in wash buffer then incubated in 100µL of EnVision+ Dual HRP 

secondary with 0.5% pig serum (Agilent Technologies) for 30 minutes. Slides were 

thoroughly rinsed in wash buffer. Antibody binding was then detected using five-minute 

incubation of 100µL of diaminobenzidine tetrahydrochloride (DAB, Agilent 

Technologies). Slides were rinsed in running tap water, counterstained with hematoxylin, 

dehydrated through graded alcohols and xylene, mounted on coverslips, and imaged. 
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Positive staining was demonstrated by a deposition of brown pigment at the site of antibody 

binding.   

 

Data Analysis: 

All statistical analysis and graph tabulation were performed on GraphPad Prism 8 (San 

Diego, CA). 

 

3.3 Results  

3.3.1 Genetically Engineered Pigs with Relevant Gene Editing Provide Less 

Immunogenic Xenografts for Transplantation  

Correct, single copy targeting of transgene constructs to landing pads (targeted regions of 

the pig genome to insert transgenic vectors and regulatory elements) was confirmed by 

PCR, Southern blot and digital drop PCR. Knockout (KO) of α-1,3-galactosyltransferase 

(GGTA1, the enzyme responsible for synthesis of Gal) was confirmed by PCR for presence 

of a disruptive NeoR insertion in exon 9.152 KO of genes encoding β1,4-N-

acetylgalactosyltransferase (β4GalNT2, the enzyme responsible for synthesis of SDa), 

CMP-N-acetylneuraminic acid hydroxylase (CMAH, the enzyme responsible for synthesis 

of Neu5Gc) and growth hormone receptor (GHR) were assessed by Next-Gen DNA 

sequencing (MiSeq, Illumina) for the presence of large or frameshifting indels. 

Phenotypes of GGTA1KO, B4GALNT2KO and CMAHKO knockout were confirmed by 

flow cytometry of PBMC stained with IB4 lectin, DBA lectin and anti-Neu5Gc 

respectively, to reveal absence of xenogeneic carbohydrate residues catalyzed by the 

knocked-out gene product (Figure 3.3a-c). GHRKO phenotype was determined by 
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demonstrating reduced serum IGF-1 levels (Figure 2d) and body weight157 at 142 days of 

age (65.77±9.17 kg vs. 32.27±1.20 kg for GHR wild-type and GHRKO pigs, respectively; 

Mean±SD; P<0.01). Expression of individual transgenes was confirmed in tail biopsies of 

donor pigs prior to transplantation by western blot (Figure 3.3e) and demonstrated 

continued expression in explanted heart tissues by immunohistochemical staining (Figure 

3.3f). 

 

Multiple gene edits reduced the immunogenicity of cardiac xenografts as measured by 

antibody binding and complement-dependent cytotoxicity assays. Porcine aortic 

endothelial cells (pAECs) from OHTx pig donors with double carbohydrate KO 

(GGTA1KO and β4GalNT2KO) had reduced binding, compared to single carbohydrate 

KO (GGTA1KO), but did not improve significantly with triple carbohydrate KO 

xenografts (GGTA1KO, β4GalNT2KO and CMAHKO) (Figure 3.4a-b). CMAHKO (-/+) 

and CMAHKO (-/-) pAECs showed similar total IgM MFI by flow cytometry (Figure 3c), 

despite CMAHKO (-/-) having reduced anti-Neu5Gc staining by flow cytometry (Figure 

2b). CDC was markedly reduced with the addition of hCD46 and hDAF (Figure 3.4d).  

Figure 3.3: Xenograft Gene Expression Before and After Xenotransplantation. 
a, b, c: flow cytometry showing absence of a-1,3 galactose, SDa and Neu5Gc antigens 
after knockout of GGTA1, B4GalNT2, and CMAH, respectively in Group 2 pigs. 
Knockouts are shown in blue, wild types in red. CMAHKO (-/-) is shown in blue, 
whereas CMAHKO (+/-) has similar staining to wild type (not shown). d: Serum IGF-1 
levels in GHR knockout donors in Group 4 (blue) vs. wild type pigs (red), p<0.01 by t-
test; e: western blot of tail biopsy lysates from Group 3 and 4 donor pigs, examining 
human transgene expression for each protein listed on left-hand side of each row. f: IHC 
of explanted heart xenografts from Group 3 and 4 donors showing expression of human 
proteins listed on left-hand side of each row (x200). 
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Figure 3.3 continued: 
 

 
Figure 3.4: Characterization of Immunogenicity of “Multi-Gene” Cardiac Xenografts. 
a) IgM binding of pAECs from either xenograft donors or donor litter mates exposed to 
serum from Groups 1-4 recipients prior to OHTx. Statistically compared using ANOVA b) 
IgM binding from panel a, grouped by single, double or triple KO xenografts. c) IgM 
binding from a and b, grouped by CMAH (+/-) vs. (-/-). Single= GGTA1KO, double= 
GGTA1KO and B4GalNT2, triple=GGTA1KO, B4GalNT2 and CMAHKO. %MFI=MFI 
as a percent of control. CDC and IgM binding were performed as triplicates and presented 
here as an average of triplicates. d) complement dependent cytotoxicity (CDC) measured 
on pig aortic endothelial cells (pAECs) from either xenograft donors or donor litter mates 
exposed to serum from Group 1-4 recipients prior to orthotopic transplantation (OHTx). e) 
CDC from panel d, grouped by complement regulatory proteins hCD46 and hDAF. 
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Figure 3.4 continued: 

3.3.2 Consistent Long-term Survival of Cardiac Xenografts by Progressive Elimination 

of Immunogenic Pig Antigens and Expression of Human Transgenes  

All recipients were comfortably weaned from cardiopulmonary bypass (Table 3.3), without 

any elaborative supportive measures, after successful life supporting OHTx from GE pigs 

with 3-9 gene modifications. Improved graft survival with progressive genetic 

modifications is summarized in Figure 4. Group 1 xenografts, with the gene construct 

similar to one used in our HHTx model (i.e., GGTA1KO, hTBM, and hCD46 (n=4)), 

survived up to 57 days (mean=23.5±25.3). Single KO or TKO xenografts in Group 2, 

without thromboregulatory proteins failed within 1 week. Survival did not improve despite 

the addition of complement regulatory proteins (CRP; hCD46 and hDAF) (Group 2, n=4).   
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GE pigs with nine gene modifications (GGTA1KO, B4GalNT2, CMAHKO, hTBM, 

hEPCR, hCD46, hDAF, hCD47, hHO1, referred to as Group 3) or seven gene 

modifications (GGTA1KO, B4GalNT2, hTBM, hEPCR, hCD46, hCD47 and GHRKO, 

referred to as Group 4) demonstrated significant prolongation of xenograft survival. 

Cardiac xenograft survival in Groups 3 (n=2) was extended to a mean of 89.5±7.8 days. In 

Group 4 (n=2), xenograft survival was markedly prolonged to a mean of 223±58.0 days. 

One xenograft functioned for 264 days prior to explantation (B33130), which is the longest 

reported life supporting xenograft survival to date. The other recipient (B32863) from 

Group 4 demonstrated reduced food intake from gingivitis and had to be euthanized on 

postoperative day (POD) #182 for weight loss over the allowed limit of our institution's 

protocol. Overall, cardiac xenograft function was excellent on transthoracic 

echocardiography (TTE) at the time of euthanasia. Group 5 xenografts with 10 gene 

modifications (combination of Group 3 and Group 4 gene edits) showed improved survival 

from Group 3, but less consistent survival than Group 4. 

Table 3.3: Overview of Clinical Parameters in Orthotopic “Multi-Gene” Pigs Cohorts. 
CPB=cardiopulmonary bypass time, BC=blood cardioplegia, XHS=XVIVO heart 
solution with NICP.*=elective euthanasia. 

Group 
Recipient 

ID 

Donor 
Weight 

(kg) 

Recipient 
Weight 

(kg) 

Cross 
Clamp 
Time 

(minutes) 

Total 
Ischemia 

Time 
(minutes) 

CPB 
Time 

(minutes) Preservation Survival 

Group 
1 

B32608 12 13 142 - 152 BC 6 hours 
B32987 20 17 50 55 92 BC 4 days 
B33422 21 21 49 95 102 BC 29 days 
B32628 21.1 22 53 156 98 XHS 57 days 

Group 
2 

B33167 18 22 63 210 132 XHS 6 days 

B32638 16.8 17.3 47 66 126 XHS 
12 

hours 
B33156 24 23 31 159 91 XHS 8 days 
B33060 24.7 24.7 40 108 227 XHS n/a 



 76 

Table 3.3 continued: 
Group 

3 
B33121 18 18.6 - 208 117 XHS 84 days 
B32988 28 23 66 173 - XHS 95 days 

Group 
4 

B33130 31.5 27.4 82 252 129 XHS 
264 
days 

B32863 33.6 29 68 187 116 XHS 
182 

days* 

Group 
5 

B32651 14.4 13.4 74 211 95 XHS 
105 
days 

B9314 17.1 14.3 81 201 109 XHS 55 days 

B33500 30 - 66 - 91 XHS 
225 
days 

B5317 14.7 13.9 54 177 97 XHS 
127 
days 

  

3.3.3 Elimination of GHR Gene From Donor GE Pigs Results in Cardiac Xenografts with 

Reduced Growth and Improved Survival  

To address intrinsic post-transplantation xenograft growth, pig donors’ GHR was knocked 

out in addition to the other genetic modifications as previously mentioned. As in Groups 1 

and 2, adjuncts to reduce post-transplantation xenograft growth (temsirolimus and heart 

rate and afterload reducers) were not employed.  

 

All xenografts from Groups 3-5 exhibited preserved systolic function post-transplantation 

and survival measured in months, but Group 3 xenografts (which have intact GHR) 

developed lower extremity edema, dyspnea, and lethargy by POD #84 and 95 and were 

subsequently euthanized. On TTE, significant ventricular wall thickening was observed. 

Cross-sections of the explanted hearts confirmed biventricular wall thickening (Figure 

3.5a). Thus, ventricular wall thickening in Group 3 was delayed until POD #55, with 

additional gene modifications, but ultimately not prevented. Group 4 xenografts, that also 

lack functional growth hormone receptor (GHRKO), continued to function without 
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myocardial thickening on TTE for up to 264 days prior to explantation. No apparent 

xenograft thickness was seen on cross-sections of the explanted xenograft from this group 

either (Figure 3.6b). The explanted xenograft's gross appearance was similar to a naive pig 

heart. Mean arterial pressures (MAP) and heart rates were elevated compared to pig’s 

native ranges in Groups 3-5, consistent with prior studies (see section 3.3.9).133 Despite the 

presence of this physiologic mismatch, and the absence of treatment, significant graft 

growth was not observed in Group 4. Group 5 xenografts generally demonstrated an 

intermediate phenotype.  

Figure 3.5: Gross Appearance of Explanted GHRKO and GHR Intact Xenografts. 
a) non-GHRKO grafts (Group 3) exhibited biventricular wall thickening. Here, B33121 
survived 84 days prior to requiring euthanasia for symptoms of diastolic heart failure. b) 
GHRKO graft (Group 4) exhibiting normal histology without thickening at 182 days post-
transplantation. This animal (B32863) was euthanized for weight loss as required by our 
institutional animal care committee, but was exhibiting excellent graft function. 
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Figure 3.5 continued: 

3.3.4 Histopathological and Immunohistochemical Evaluation Demonstrates the 

Advantage of Multigene Modifications of the Cardiac Xenograft  

In Group 1 xenografts, with survival past 48 hours (and thus surpassed PCXD), 

endocarditis, monocyte and neutrophil infiltration, and fibrin thrombi was demonstrated 

(Figure 3.6). The presence of rejection versus an inflammatory process was difficult to 

interpret, but histologic and IHC examination indicating deposition of C4d, IgM and IgG 

antibodies, along with non-gal antibody titer elevation in serum suggested AMR (B32628). 

Thrombotic complications were seen in 50% of xenografts without expression of 

thromboregulatory proteins (n=4, Group 2). On gross postmortem examination, notable 

intracardiac thrombi were seen with propagation into the aorta, pulmonary arteries, and 

coronary sinus of some of these xenografts (Figure 3.7). Histologic examination revealed 

intracardiac organizing thrombus, intravascular fibrin thrombi with regions of myocardial 

ischemia (Figure 3.8).  
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Figure 3.6: H&E Findings in Group 1 Xenografts 
Left panel-Right ventricle, 10x magnification, B32628. H&E stain: two large vessels with 
fibrin thrombi (arrowheads), Right panel- Right ventricle, 10x magnification, B32628. 
H&E stain: fibrin thrombi (arrowheads) and necrotic myocytes with infiltrating neutrophils 
and focal calcification (arrow). 

 
 
Figure 3.7: Thrombotic Complications in Group 2 (Xenografts Without 
Thromboregulatory Proteins).  
Panels a-f, showing B33167’s xenograft at explantation. Consists of propagating thrombus 
of the aortic root (a, b and d), left and right atrial thrombus (c and f) and pulmonary artery 
(e). Pulmonary artery and left atrium appear to have acute and subacute components. 
intracardiac thrombosis of B33156 within coronary sinus (g), aorta and pulmonary 
vasculature (h).  
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Figure 3.7 continued: 

 
Figure 3.8: Histologic findings on H&E in Group 2 (xenografts without 
thromboregulatory proteins). 
a) B33167 right ventricle, 10x magnification. Fibrin thrombus (arrow) in a background of 
ischemic myocytes. b) B33156 apex, 10x magnification. Fibrin thrombi (arrows) and a 
region of ischemic myocytes (asterisk). c) B33156 left ventricle, 10x magnification. Note 
the intracardiac organizing thrombus (asterisk). d) B33060 right ventricle, 10x, note 
contraction bands and hypereosinophilia, indicating an early necrotic process.  
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Figure 3.8 continued: 

Group 3 xenografts showed evidence of rejection within 3 months, with the progressive 

addition of certain human transgenes improving survival (Figure 3.9). Compared to grafts 

in Group 2, xenograft survival was significantly prolonged, but ultimately recipients were 

euthanized for symptoms developed in the presence of myocardial thickening. Gross 

examination of these explanted xenografts demonstrated ventricular wall thickening, as 

mentioned previously (Figure 3.5). Space-filling inflammatory changes, edema, and 

fibrosis were present in those xenografts with wall thickening (Figure 3.10). There was no 

histologic evidence of frank hypertrophy, that is characterized by myocardial disarray, 

hypertrophy of myofibers, or irregular branching of cardiomyocytes. Evidence of antibody-

mediated rejection (AMR) was dominant only in these Group 3 xenografts (characterized 

by antibody deposition, Complement C4d staining, endotheliitis, interstitial hemorrhage, 

edema and monocyte infiltration). One xenograft was characteristic and met all criteria 

(Figure 3.11a-b), the second was somewhat atypical, containing mild interstitial 

inflammation and chronic xenograft vasculopathy (Figure 3.11c-d). 
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Figure 3.9: Recipient Survival of Groups 1-5. 
Survival defined as time after transplantation before requiring euthanasia for deteriorating 
condition. *= death censored for euthanasia required. All other grafts contained histologic 
evidence of cardiac abnormalities contributing to deterioration requiring euthanasia. 

 
 
Figure 3.10: Space occupying lesions in grafts with rejection or inflammation. 
a) Septum (10X)  interstitial hemorrhage, b) Septum (10X) myonecrosis subepicardial 
with hemorrhage epidcardial fibrosis, c) Septum (10X) myonecrosis, congestion, 
microthrombi, d) RV (40X) vasculitis with fibrinoid degeneration-necrosis e) LV (20X) 
mild interstitial hemorrhage, edema, scant mononuclear perivascular inflammation f) 
Septum (40X) fibrin microthrombi, hemorrhage and surrounding myonecrosis and 
degeneration g) septum (20X)- infarct about 7 days old i) RV (10X) myocardial 
degeneration, mild fibrosis, mild mononuclear inflammation and mild interstitial 
hemorrhage j) LV (20X) myofiber degeneration, atrophy, and fibrosis. B33121: panels a-
f, B32988: panels g-i. 
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Figure 3.10 continued: 

Figure 3.11: H&E in Long-term Survivors of Group 3 Xenografts.  
a) Group 3, B33121 LV (17X)- congestion, mild interstitial hemorrhage individual 
myofiber degeneration and necrosis, b) Group 3, B33121 RV (40X) veins with 
intravascular thrombosis c) Group 3, B32988 LV (14X) interstitial mononuclear 
lymphoplasmacytic inflammation, scant perivascular hemorrhage, myodegeneration d) 
Group 3, B32988 RV (20X) organized thrombus in muscular artery, consistent with 
chronic xenograft vasculopathy.  

Group 4 xenografts consistently produced survival greater than 6 months, without evidence 

of growth, rejection or inflammation. One (B32863) of the two recipients euthanized on 

POD# 182 demonstrated normal histology without evidence of rejection or inflammation 

(Figure 3.12e-f). Endomyocardial biopsy was performed on the other long-term survivor 
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(B33130) on POD# 220, and H&E staining also demonstrated normal histology (Figure 

3.12g-h). Terminal histology of this xenograft on POD# 264 demonstrated some evidence 

of chronic vasculopathy of smaller vessels which may have contributed to xenograft 

failure. A respiratory infection could not be ruled out, as four baboons in this recipient’s 

room died within a 1-week timeframe with respiratory symptoms. Group 4 xenografts 

demonstrate excellent biventricular function and minimal graft thickening, even in B33130 

on POD# 260, just 4 days prior to explantation. Group 5 xenografts were similar to Group 

4, except that chronic allograft vasculopathy and associated myodegeneration and ischemic 

necrosis were present in longer-term survivors. B9314, which survived 55 days 

demonstrated biventricular thickening, diastolic heart failure and features consistent with 

acute cellular rejection on autopsy.  

 

Quantification of C4d, IgM, IgG staining and vascular microthrombi from autopsy 

specimens are summarized in Figure 3.13. Group 4 had the most favorable IHC staining 

overall, as demonstrated by minimal C4d, IgM, IgG and microthrombi staining, followed 

by Group 5. C4d deposition was minimal in Groups 4 and 5, whereas IgM and IgG 

deposition was minimal only in Group 4. In long-term survivors (survival greater than 1 

month), which included Groups 3-5, Group 3 had these least favorable C4d, IgM and IgG 

staining.  
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Figure 3.12: H&E in Long-term Survivors of Group 4 Xenografts  
e) Group 4, B32863 RV (20X) normal myocardium without evidence of rejection f) Group 
4, B32863 RV (20X) normal myocardium without evidence of rejection g) Group 4, 
B33130 RV (20X), endomyocardial biopsy on POD#220, normal myocardium without 
evidence of rejection h) Group 4, B33130 RV (40X), endomyocardial biopsy, normal 
myocardium without evidence of rejection.  

 
Figure 3.13: IHC Quantification of Explanted Xenografts 
Presented as means +/- S.D. within each group. High power field was with 20x 
magnification, resulting in approximately an 870 micron field. Microthrombi were graded 
on a scale of 0-4+, where 1+ = >0 capillaries stained; 2+ = >1-5 capillaries stained; 3+ = 
>5-10 capillaries stained, 4+ = >10 capillaries stained, per high power field. Groups as 
defined by table 3.1. 
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3.3.5 Immunologic Analysis in Long-term Versus Short-Term Survivors  

Immunophenotyping was performed on PBMCs from a subset of recipients longitudinally 

after transplantation. T and B-cell lymphocytes were depleted with ATG and Rituxan and 

confirmed by flow cytometry. CD3+ lymphocytes reconstituted within 48 hours of 

transplantation. However, CD20+ lymphocyte depletion was for a prolonged period. In 

B33121, CD20+ lymphocytes re-emerged by 60 days; otherwise, all other long-term 

recipients reconstituted by 120 days, consistent with previous studies by our group (Figure 

3.14).38,39  

 

Serum cytokine levels were measured after xenotransplantation. There were no observed 

differences in peripheral cytokine levels between short and long-term survivors or those 

with anti-inflammatory genes (Group 3, HO-1) (Figure 3.15). Additionally, circulating 

anti-pig non-gal IgG and IgM antibody levels did not rise significantly in any xenografts 

with early graft failure, even after AMR (Figure 3.16). There were no trends found between 

pretransplant non-gal IgG or IgM antibody levels and xenograft deposition postmortem. 

Figure 3.14: CD20+ cells in long-term survivors. 
B-cell depletion is adequate after induction therapy, followed by reconstitution by 60-90 
days after transplantation. Percent CD20+ cells calculated as a proportion of total CD3+ 
cells. 
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Figure 3.15: Peripheral Cytokine Analysis in Recipients of “Multi-Gene” Xenografts 
Longitudinal peripheral cytokine analysis reveals no major differences between recipients 
of different GE xenografts. Toculizimab (IL-6 inhibitor) and Etanercept (TNF-alpha 
inhibitor) were stopped 120 days after transplantation in B32863 and B33130.  
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Figure 3.16: Anti-pig antibody levels in long-term survivors of cardiac xenografts. 
As measured by flow cytometry, MFI normalized to positive control. POD=postoperative 
day. 

 

3.3.6 Laboratory Results Demonstrate Lasting Protection from Rejection in Xenografts 

with Multiple Knockouts and Human complement, Thrombosis, and Inflammatory 

Regulatory Proteins 

 
Complete blood count (CBC), complete metabolic profile (CMP), coagulation parameters, 

and troponin I were collected at regular time intervals throughout the study (Figures 3.17-

3.20). Long-term survivors in Group 3-5 maintained normal kidney and liver function, 

whereas short-term survivors' end-organ function was more variable (Figure 3.18). 
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Troponin levels peaked immediately after transplantation, consistent with 

ischemia/reperfusion insults on the xenograft followed by resolution down to 0.01-0.08 

ng/mL out to 90 days, with a new baseline troponin between 0.10-0.94 ng/mL in those 

functioning past 3 months (i.e., Group 4 and 5) (Figure 3.19). Peak troponin after 

transplantation did not correlate with the incidence of PCXD or overall survival 

(R2=0.3446 and p=0.1261). Most notably, troponin I correlated with rejection prior to 

xenograft dysfunction and resulted in troponin levels well over 1.0 ng/mL. Moreover, 

troponin was found to spike to levels well over baseline levels in the context of recipient 

stress, such as during central line associated infections or examination under sedation and 

were unrelated to rejection episodes. After inciting events, troponin levels trended back to 

baseline.  

 

Partial thromboplastin time (PTT), a measure of heparin anti-coagulation levels, when 

targeting an activating clotting time (ACT) greater than twice baseline levels, was almost 

always >100 seconds. As seen in Figure 3.20, all long-term survivors achieved therapeutic 

anti-coagulation to these levels but had periodic reductions in PTT. During these levels of 

relatively less anti-coagulation, troponin levels did not rise, and D-dimer, fibrinogen and 

platelet levels remained normal. 
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Figure 3.17: Longitudinal Complete Blood Counts in "Multi-Gene" Xenograft Recipients 

 
Figure 3.18: Longitudinal Complete Metabolic Profiles in "Multi-Gene" Xenograft 
Recipients 
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Figure 3.19: Longitudinal Serum Troponin I in "Multi-Gene" Xenograft Recipients 

 
Figure 3.20: Longitudinal Coagulation Profile in "Multi-Gene" Xenograft Recipients 
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3.3.7 Xenografts with Intact Growth Hormone Receptor Demonstrate Growth and 

Diastolic Dysfunction After Xenotransplantation  

Growth hormone receptor intact grafts (Group 3) developed thickening of the ventricular 

wall and diastolic dysfunction around postoperative day (POD)# 50, as evidenced by 

increased septal, posterior wall thickness and decreased LV dimension in diastole (Figure 

3.21a-c). Systolic function in this context was preserved, however, these recipients 

developed respiratory distress, pedal edema and elevated liver enzymes by POD #84 and 

95, respectively and were euthanized. As a result, survival was markedly reduced in grafts 

with intact growth hormone receptor (n=2), compared to grafts where GHR was knocked 

out (n=6).  

 

Another measure of growth, LV mass, increased by an average of 140.7% ± 58.1 in Group 

3, compared to 50.7% ± 24.5 in Group 4 and 67.9% ± 28 in Group 5 compared to 46% in 

an allotransplant control (Figure 3.21d). Ventricular wall thickening in Group 3 (growth 

hormone intact xenografts) was delayed, compared to prior studies,42 but ultimately not 

prevented, when compared to a two-gene expressing graft (human thrombomodulin and 

CD46).42   

 
Figure 3.21: Xenograft Growth Measured After Transplantation by TTE 
Septal thickness, posterior wall thickness, LV dimension in end-diastole, and LV Mass 
were measured longitudinally after transplantation. LV Mass percent change was 
calculated by the average LV Mass in the 30 days after transplantation and 30 days prior 
to euthanasia or 6 months post-transplantation, whichever came first. POD=post-operative 
day, LV=left ventricle, TTE=transthoracic echocardiography.  
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Figure 3.21 (continued): 

3.3.8 Histologic Examination Reveals Cardiomyocyte Hypertrophy is not a Significant 

Contributor to Post-Transplantation Xenograft Growth 

Contributors of post-transplantation xenograft growth were examined histologically, in the 

context of a working model for post-transplantation xenograft growth (Figure 1.4). Group 

4 and 5 xenografts produced durable long-term survival compared to Group 1-3 xenografts. 

Of those that survived longer than 1 month, of which only Groups 3-5 did consistently, 

Group 3 recipients were ultimately euthanized for symptoms developed in the presence of 

myocardial thickening. Gross examination of these explanted xenografts demonstrated 

ventricular wall thickening, as mentioned previously (Figure 3.5). Space-filling 

inflammatory changes, edema, and fibrosis were present in those xenografts with wall 

thickening (Figure 3.10). Whereas histologic evidence of maladaptive hypertrophy 

(myocardial disarray and myofiber hypertrophy) were absent. Moreover, plotting LV mass 

% increase after transplantation between both GHRKO and GHR intact xenografts and the 
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subset that underwent rejection, there is a clear trend toward increased mass in those that 

1) show evidence of histologic rejection 2) have an intact GHR, suggesting that both 

intrinsic and extrinsic factors play a role in “growth” (Figure 3.22).  

 

Cardiomyocyte cross-sectional area was tabulated and compared to non-transplanted, age-

matched controls to measure cellular hypertrophy and compared as ratios (cardiomyocyte 

transplanted xenograft:non-transplanted control). All cardiomyocytes increased after 

transplantation, compared to age-matched controls and were larger than naïve 

cardiomyocytes (Figure 3.23a). There was no difference in cardiomyocyte cross-sectional 

area ratios between GHRKO and GHR intact xenografts (1.9 ± 0.4 and 1.6 ± 0.1, 

respectively (p=0.38)) (Figure 3.23b). 

Figure 3.22: Post-transplantation Xenograft Growth as a Function of Rejection 
LV Mass % increase is calculated by the average of LV Mass in the first and last 30 days 
after transplantation. 

 
Figure 3.23: Cardiomyocyte Cross-Sectional Area in GHRKO and GHR Intact 
Xenografts 
 
a) Cardiomyocyte cross-sectional area from transplanted xenografts on histology after 
autopsy. Superimposed is a growth curve tabulated from cardiomyocyte cross-sectional 
area measurements in non-transplanted wild-type and GHRKO pig hearts at various ages. 
The normalized cardiac xenograft age is the age of the source animal upon transplantation 
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plus the days of xenograft survival prior to explantation. b) Cardiomyocyte cross-sectional 
areas as a ratio of transplanted xenografts to naïve controls. Dotted line represents a 1:1 
ratio of xenograft to control cardiomyocyte cross-sectional area. 
 
Figure 3.23 continued: 

3.3.9 Control of Physiologic Mismatch is Not Required to Prevent Life-Limiting Post-

transplantation Xenograft Growth 

Recipient heart rates (HR) and mean arterial pressures (MAPs) prior to transplantation 

were consistent with previously published values in non-transplanted anesthetized baboons 

just prior to transplantation (POD# 0, Figure 3.24).109 All xenografts exhibited elevated HR 

post-transplantation, well above both normal native recipient heart and non-transplanted 

donor heart levels (dashed lines, Figure 3.24a). Average heart rates after transplantation 

were 151±13 and 143±31 beats per minute and average MAPs were 103±10 and 

89±19mmHg in growth hormone receptor knockout and growth hormone receptor intact 

grafts, respectively. HR and MAPs between growth hormone receptor knockout and 

growth hormone receptor intact grafts were not statistically different (HR, p=0.7020; MAP, 

p=0.3437) (Figure 3.25a-d). 

 

There was marked physiologic mismatch experienced by cardiac xenografts after 

transplantation (HR, p=0.0330; MAP, p=0.0092). Xenografts experienced an intrinsic 

heart rate on average 30.2±12 beats per minute faster once transplantation into baboon 
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recipients, compared to rates prior to explantation (Figure 3.25e). MAP, a surrogate for 

afterload of the transplanted xenograft, was on average 20.8±6 higher in baboon recipients 

after transplantation compared MAPs in pig donors prior to explantation (Figure 3.25f).  

Figure 3.24: Hemodynamics in xenografts after xenotransplantation 
Heart rate (HR) and blood pressure were measured from an implanted telemetry device in 
the subxiphoid space. Average naïve baboon and piglet HR and blood pressures are noted 
by dashed lines, which was referenced from a prior study in anesthetized baboons (HR, 
baboon: 93±13, piglet: 108±22; systolic pressure, baboon: 124±24, piglet: 83±11; diastolic 
pressure, baboon: 79±20, piglet: 47±12; mean arterial pressure, baboon: 99±22, piglet: 
62±11).9 B32988 had a malfunctioning aortic pressure sensor and thus systolic, diastolic 
and mean arterial pressures were derived from a non-invasive cuff upon scheduled routine 
sedation and examination. 
 

 
 
 
Figure 3.25: Average hemodynamics in xenografts grafts after xenotransplantation 
a-d) No statistical differences existed between growth hormone receptor knockout and 
intact xenografts after xenotransplantation. e-f) There is significant physiologic mismatch 
between transplanted xenografts before and after implantation from pig donors to baboon 
recipients as depicted by increase in HR and MAP (a measure of afterload experienced by 
the xenograft). Before=the HR and MAP just after induction of anesthesia for procurement 
of the cardiac xenograft from the pig donor. After=Average HR and MAP over the survival 
of the recipient. Mean SBP, DBP, MAP and HRs were calculated and then compared by 
Student’s t-test. SBP=systolic blood pressure, DBP=diastolic blood pressure, MAP=mean 
arterial pressure, ns=not significant at a p-value of 0.05, *= p-value<0.05, **= p-



 97 

value<0.01. The upper and lower borders of the box represent the upper and lower 
quartiles. The middle horizontal line represents the median. 
 
Figure 3.25 continued: 

3.4 Significant Findings and Discussion 
 
Xenograft rejection is complex, and its mechanism appears much different from that of 

allografts, as extensively discussed in section 1.2, requiring a novel approach to prevent 

rejection by both immunosuppression and xenograft genetic engineering. While allografts 

are predominantly rejected via cell-mediated mechanisms, xenografts are afflicted by a 

robust antibody-mediated process. Complex incompatibilities exist between donor pig and 
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recipient non-human primates (and humans), which activates complement and induces 

dysregulation of coagulation.140 To date, AMR from preformed or induced antibodies to 3 

carbohydrate antigens have been identified (Gal, SDa, and Neu5Gc).54(p),158,159 These 

factors have been addressed with immunosuppression, gene knockout and pigs expressing 

human transgenes developed in HHTx models of transplantation.38,154 As HHTx models 

were transitioned to OHTx, PCXD became a significant barrier but has now been mitigated 

with improved preservation of the donor organ (which is investigated in the next chapter). 

The longer-term survival, afforded by overcoming PCXD in OHTx, allows the 

investigation of various genetic modifications in life-supporting cardiac xenografts. 

 

We have shown a stepwise increase, as permitted by the availability of GE pigs, in 

xenograft survival by addressing the main contributing factors of immunologic rejection 

with additional knockouts and expression of human transgenes in pig donors. Select multi-

gene xenografts demonstrate function for up to 264 days and exhibit minimal post-

transplantation xenograft growth. Physiologic mismatch between pig xenograft and 

recipient baboon though present, did not seem to play a significant role in early graft 

failure. In our series, thickening was significantly delayed by additional transgene 

expression and KOs in Group 3 and was avoided in Group 4, and did not require afterload 

reduction, heart rate control, or Temsirolimus administration as previously suggested.160 

The histological evidence presented in this study supports the idea that this growth, while 

multi-factorial, may have a rejection component that contributes significantly to ventricular 

wall thickness, xenograft dysfunction, and recipient demise.  
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Temsirolimus has been used to mitigate “growth” in prior studies.42 While an inhibitor of 

mTOR and intrinsic graft growth, it is also an immunosuppressive agent, and perhaps its 

role in suppressing graft growth is dependent on its anti-rejection effect. Indeed, in HHTx, 

we have not observed post-transplantation cardiac xenograft growth until rejection occurs 

from removing anti-CD-40 mAb immunosuppression.38 In this study, intact GHR signaling 

in xenografts likely also contributes to post-transplantation growth in Group 3 (non 

GHRKO xenografts) compared to Group 4 and 5 (GHRKO xenografts). A multi-factorial 

working model for post-transplantation xenograft growth is depicted in Figure 1.4. Much 

more work needs to be done on this topic to definitely conclude which factors 

predominately contribute to post-transplantation xenograft growth and in which context.110 

However, recent data suggests that growth hormone-mediated cardiac hypertrophy is likely 

a complex interplay between both intrinsic (xenograft growth) and extrinsic factors 

(physiologic mismatch and rejection).110  

 

Paradoxically, AMR continues to play a role in the non-human primate model with 

xenograft KO of Neu5Gc.54 We postulate that the immunologic and histopathologic results 

from Groups 2, 3 and 5 are consistent with CMAHKO-related de novo neoantigen 

production, which may be driving AMR. This is also supported by the finding that 

CMAHKO has increased IgM binding compared to double KO xenografts (Figure 3.4c). 

While heterozygous KO of CMAH is phenotypically null for Neu5Gc, these xenografts 

still have increased IgM binding compared to double KO xenografts (Figure 3.4c). IHC for 

IgM and IgG further support this hypothesis (Figure 3.13). 
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However, this is likely purely a limitation of the NHP model, as humans already have a 

functional mutation of CMAH, which prevents B/T cell activation by this antigen in 

humans and are tolerant to this potential neoantigen.161 Thus, xenografts with CMAHKO 

may not show accelerated rejection when transplanted in human recipients.162 While 

additional transgenes protected xenografts containing CMAHKO and delay graft failure, 

these constructs do not completely prevent it. 

 

As an alternative and complementary hypothesis to CMAHKO-related neoantigen 

production, we demonstrate a potential additive benefit of transgene expression. 

Specifically, hTBM, EPCR, hCD46 and hDAF. Survival was increased in xenografts that 

contained hTBM compared to grafts that did not. In xenografts that did not contain 

thromboregulatory proteins, thrombotic complications were present. This suggests that 

hTBM and other thromboregulatory proteins such as EPCR are equally important to 

xenograft protection and survival as immunomodulatory proteins. It is already known that 

there is an incompatibility between porcine-derived thrombomodulin from the endothelium 

to non-porcine circulating thrombin, and this contributes to the complex 

xenotransplantation rejection process.  However, its role in preventing thrombosis in an 

OHTx has not been demonstrated yet. We also demonstrate a markedly reduced CDC with 

the addition of hCD46 expression with an additive benefit in combination with hDAF. This 

translated to a significant survival benefit when combined with xenografts containing 

coagulation regulatory proteins hTBM and hEPCR and anti-apoptotic protein hCD47 as 

seen in Groups 3-5, compared to Group 2.  
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Additionally, coronary vasculopathy was found in some xenografts of long-term survivors 

and possibly contributed to an acute myocardial infarction (MI) in one instance (B32988). 

The histology was somewhat similar to chronic allograft vasculopathy (CAV) which is 

characterized by diffuse and concentric intimal hyperplasia.163 It is known to be associated 

with intracoronary mural and occlusive thrombi and in some instances can lead to MI. CAV 

usually begins within the first year of transplant and is one of the leading causes of allograft 

failure.164 Its pathogenesis is poorly understood, but likely has both immunologic and non-

immunologic causes.165–167 Randomized prospective studies have demonstrated that 

prophylactic treatment with statins reduces the rate of CAV and decreases mortality in 

heart transplantation patients.168 Chronic xenograft vasculopathy (CXV), seen in some long 

term grafts, needs further evaluation and possible role of antibody in its etiology needs to 

be explored.   

 

One potential limitation to this study is the learning curve for the use of the XVIVO 

perfusion system. Our experiments were conducted sequentially, and initial grafts (Group 

2) did not do well in spite of the XVIVO perfusion system. However, the team was trained 

by XVIVO and had XVIVO representatives present during the first several transplantations 

to ensure smooth operation of the platform. Groups 2-4 were treated identically in all 

regards but were only different in the number of knockout and transgenes within the 

xenograft. This mitigates this potential confounder to the study’s conclusion that select 

“multi-gene” pig donor xenografts do far superiorly than those with less genes. As a case 

in point, Group 2 grafts were grouped together as grafts that uniformly lacked 
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thromboregulatory proteins and many other transgenes from Groups 3 and 4. They did not 

survive long-term and showed increased deposition of complement on explanted 

xenografts. Antibody deposition was variable, but increased in triple knockout xenografts. 

Additionally, microscopic and macroscopic thrombotic phenomena occurred in 2 of the 

Group 2 recipients. Group 2 grafts containing hCD46 and hDAF, even in the absence of 

hTBM, did have a protective effect against graft complement deposition. However, overall 

survival was still limited. The survival outcomes and pathologic findings post-mortem 

support an alternative interpretation that select multi-gene xenografts do better than others 

and this is not simply a sequential experimentation, but perhaps a direct result of xenograft 

gene composition. 

 

Another potential limitation to the study is the variation in genetics between groups. In 

terms of intergroup variation, the availability of genetically modified pigs is severely 

limited and gene combinations also evolve based on the knowledge emerging in the field. 

This results in iterative changes in genetic engineering that may result in genotypes with 

several changes between groups. Evidence, albeit limited, in this series of animals 

receiving multi-gene cardiac xenografts, is the only study of its kind to date. However, 

despite a small samples size, it demonstrates a statistically significant difference in survival 

between groups (p=0.0065). In terms of intragroup variability, there are 6 different set of 

genetics, but essentially only one set of genetics per group, except for Group 2. This group 

is grouped together as grafts that uniformly lacked thromboregulatory proteins, which, as 

stated above, uniformly did poorly and had a high incidence of thrombotic complications. 

Therefore, while somewhat heterogenous, represent a group with similar clinical outcomes 
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and insight into these particular genetic backbones in aggregate. We and some other 

leading groups in the field have an opinion that for clinical translation and to get to a stage 

where we can rely on immunosuppressive regimen similar to what is used clinically for 

allotransplantation, we need to manipulate the genetics of the donor pigs and make them 

less immunogenic. This was the reason we used pigs with extensive genetic modifications 

and our results clearly indicates the beneficial role of this maneuver.  Moreover, we did not 

observe any side effects of additional genetic modifications. 

 

Results from Group 4 shared in this report are the first evidence of rejection free xenograft 

survival that provides a clinically translatable combination of GE pigs and target-specific 

immunosuppression without the need for additional adjuncts. It additionally provides 

insight and alternative solutions to address previously reported abnormal cardiac growth 

after OHTx transplantation. Our current immunosuppression protocol, summarized in 

Table 3.2, is based largely on our previously published regimen. Only additions included 

two anti-inflammatory agents administered during the first 3 months post-transplantation 

(etanercept and tocilizumab) based on observations by us and others that these adjuncts 

may improve survival. However, peripheral cytokine analysis does not suggest any major 

differences in peripheral cytokine level between short and long-term survivors and those 

with anti-inflammatory genes such as HO-1. Thus, the utility of these adjuncts have yet to 

be supported by data, but continue to be used nonetheless. The CD-40 co-stimulation 

blockade mAb used here (2C10R4) is not FDA approved for clinical use, but several 

clinical trials are in progress to test humanized forms of anti-CD40/CD40L mAb in 
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transplant and autoimmune diseases (clinicaltrial.gov identifiers: NCT04711226, 

NCT04322149, NCT03781414, NCT03663335, NCT03905525, NCT03610516).  

 
We have demonstrated clear pre-clinical efficacy to selective cardiac xenografts with 

carbohydrate antigen knockouts, GHR knockout and multiple human coagulation, 

complement and inflammatory regulatory proteins concomitantly with our proven 

immunosuppression protocol without any untoward side effects. Our results also 

demonstrate that removing Neu5Gc via CMAHKO may have detrimental effects in NHP 

models but should not be considered as evidence to not use CMAHKO xenografts in human 

xenotransplantation. Postransplantation xenograft growth is a complex interplay between 

intrinsic and extrinsic factors, but likely is independent of physiologic mismatch or 

cardiomyocyte hypertrophy as previously suggested.  

 

This study demonstrated with adequate cardiac preservation, PCXD can be overcome and 

“multi-gene” xenografts can produce durable survival. However, the mechanism of PCXD 

has been largely mysterious and while we have methods to overcome it, they are complex 

and expensive. In the next section we investigate potential mechanisms of PCXD and 

alternative cardiac preservation techniques that may overcome this clinical barrier.  
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 Chapter 4: Blood Cardioplegia Induction, Perfusion Storage and Graft 

Dysfunction in Cardiac Xenotransplantation 

 
 
4.1 Introduction 
 
Perioperative cardiac xenograft dysfunction (PCXD) has been observed in 40-60% of 

orthotopic cardiac xenotransplants and is considered a significant barrier to translational 

use in humans. PCXD is characterized as graft failure within 24-48 hours of transplantation 

that is independent of immune organ rejection. It has been considered to be associated with 

ischemia-reperfusion (I/R) injury and a systemic inflammatory response to 

xenotransplantation.37,43,63,103 Perioperative cardiac xenograft dysfunction is introduced in 

sections 1.5-1.6 and has been previously described by others, including our group. Our 

early experience consisted of survival between 6 and 40 hours, with progression of 

biventricular systolic failure, leading to worsening metabolic acidosis and cardiogenic 

shock requiring euthanasia. A series of our lab’s experience in pig-to-baboon 

xenotransplantations exhibiting PCXD was described by DiChiacchio, et al.103 In this 

study, one animal was placed on ECMO,  to support the recipient’s hemodynamics, in order 

to observe the progression of PCXD. Elective euthanasia was performed at 48 hours for 

histologic examination. In this case, which was representative of other histologic results in 

this series, was consistent of ischemic contraction-band necrosis and without signs of 

xenograft rejection or microthrombosis. The procurement of these xenografts were 

utilizing crystalloid cardioplegia induction, followed by storage on ice. 
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Mitigating PCXD with novel cardiac preservation has resulted in up to 6 months of survival 

in pig-to-baboon cardiac xenotransplants, using a non-ischemic continuous perfusion 

preservation technique (NICP) and anti-inflammatory agents, among other adjuncts.42 

NICP prevents I/R injury and has been shown to ease removal from cardiopulmonary 

bypass and reduce the need for catecholamine support3. However, NICP is expensive and 

the components of the oxygenated perfusate are complex with components of unknown 

significance.119 

 

In allotransplantation, traditional static preservation (crystalloid cardioplegia with storage 

on ice) is well tolerated and has been used since the inception of heart transplantation, 

resulting in primary graft dysfunction (PGD) in 8-10%.4,169 For reasons that are not entirely 

clear, traditional preservation techniques are not sufficient to prevent PGD during cardiac 

xenotransplantation. In contrast to traditional static preservation, NICP strategy utilizes a 

hyperoncotic cardioplegic perfusate containing packed red blood cells, human serum 

albumin (HSA), dextran 40, inotropes, hormones, antibiotics, and cocaine to minimize 

ischemia-reperfusion phenomena and prevent myocardial edema.119 

 

It is known that during solid organ procurement, preservation and subsequent reperfusion 

result in edema, microvascular injury, and compromised microcapillary circulation.86,170–

172 The underlying mechanism is likely two-fold: a continued ischemic phenomenon, 

despite reperfusion, and a paradoxical progression of damage due to the reperfusion of 

ischemic areas (i.e., ischemia-reperfusion injury). There are definitive multifocal, patchy 

ischemic areas that result upon reperfusion of ischemic striated muscle due to either 
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constriction of afferent arterioles, obstruction of the capillaries themselves or interstitial 

edema.85 Secondly, reperfusion injury occurs upon restoration of flow in ischemic areas 

due to oxygen free radical formation from NADPH and xanthine oxidase, causing 

endothelial cell damage. Moreover, damage to the endothelial extracellular matrix (ECM), 

as measured by circulating syndecan-1, has been shown to increase in I/R injury. ECM 

damage then leads to increased inflammation, leukocyte adhesion and capillary leakage.173 

 

Endogenous ligands produced by I/R injury such as HSP-60, HMGB-1 and other nuclear 

and cytosolic proteins have been shown to activate NF-kB, MyD88 and p38 mediated 

cytokine production and chemotactic signaling of innate immune cells, independent of 

TLR-9 and RAGE (Receptor for Advanced Glycation End products), which are traditional 

receptors for these ligands, suggesting a TLR-4 mechanism.174,175 Moreover, murine 

models of cardiac allotransplantation using TLR-4 knockout allografts in wild-type 

recpients have demonstrated reduced intragraft inflammation, recipient neutrophil 

recruitment and circulating pre-inflammatory cytokines compared to wild type controls.176 

Tissue hypoxia and oxidative stress (which is relevant to I/R injury) has been shown to 

upregulate cardiomyocyte, endothelial cell and macrophage TLR4 expression and 

modulate NF-kB signaling.177,178 What is currently unknown is whether 1) Innate signaling 

(e.g. via NF-kB) is exaggerated in cross-species transplantation by endogenous ligand 

stimulation, in the context of I/R due to TLR-4 signaling 2) whether swine xenografts have 

a maladaptive response to these aforementioned mechanisms leading to primary graft 

failure, compared to human (or non-human primates). 
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We aimed to determine whether minimally ischemic techniques of cardiac preservation 

could prevent PCXD and increase cardiac xenotransplantation recipient survival compared 

to NICP in OHTx by examine OHTx and HHTx PCXD models. We hypothesize minimally 

ischemic methods of preservation (blood cardioplegia or NICP) result in reduced 

microcapillary disturbances and improved myocardial function 24 hours after 

transplantation and additionally prevent elaborate cytokine release and intragraft 

macrophage and neutrophil recruitment. We also aim to determine whether TLR4 

orthology between humans and pigs could explain a differential activation of innate 

immune signaling in cross-species transplantation. Lastly, we aim to elucidate potential 

etiologies of PCXD in this context.  

 
4.2 Methods  
 
Orthotopic and Heterotopic Transplantations: Transplants were performed as described in 

“Chapter 2: Standardized Approaches to Heterotopic and Orthotopic Preclinical 

Transplantation Models to Study Cardiac Xenotransplantation.” For the OHTx 

experiments, genetics were chosen based on source animal availability, but all contained 

modifications that are known to prevent hyperacute rejection (antigenic carbohydrate 

knockouts, complement regulatory proteins and thromboregulatory proteins). For HHTx 

experiments, each xenograft has the same 5-gene construct as listed in Table 4.1. 

Table 4.1: Genetic Constructs used for HHTx PCXD Model 
Genetic Modification Function 
Antigenic Carbohydrate Knockout 

 

α1,3-galactosyltransferase (GTKO) Elimination of predominate carbohydrate 
antigen involved in pre-formed antibody 
recognition by the recipient 

Complement Regulation 
 

  



 109 

Table 4.1 continued: 
human CD46 (hCD46) co-factor with serum factor I, for 

inactivation of complement by cleavage 
human decay acceleration factor 
(hDAF) 

prevents formation of C3 convertase and 
downstream amplification of the 
complement cascade 

Thromboregulation 
 

human thrombomodulin (hTBM) co-factor with thrombin for activation of 
protein C, a serine protease anticoagulant 

human endothelial protein C receptor 
(hEPCR) 

enhances activation of protein C 

 

Immunosuppression: For both heterotopic and orthotopic experiments, 

immunosuppression was given as detailed in Section 3.2 and Table 3.2.  

 

Cardiac Preservation: An overview of the 3 types of cardioplegia and preservation 

paradigms is depicted in Figure 4.1. 

 

Figure 4.1: Cardiac Preservation Techniques 

 
 

Traditional cardioplegia induction, with static preservation 

After ligating the superior and inferior vena cava, either Custodial crystalloid cardioplegia 

or Del Nido solution without blood was administered through the ascending aorta at a 
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volume of 30cc/kg. For the heterotopic experiments, only custodial crystalloid cardioplegia 

was used. The heart was then procured and stored on ice (slush) until transplantation.  

 

Crystalloid blood cardioplegia, with static preservation.  

Blood cardioplegia induction included del Nido cardioplegia solution (containing Plasma-

Lyte A, Mannitol 20%, MgSO4 50%, NaHCO3 8.4%, KCl, Lidocaine 1%) with fresh donor 

blood collected just prior to administering cardioplegia at 25% of total cardioplegia 

volume.10 Just as traditional means, the heart was then stored on ice until transplantation. 

 

Non-ischemic Continuous Perfusion (NICP) 

Blood cardioplegia induction included XHS cardioplegia with fresh donor blood collected 

just prior to administering cardioplegia at 25% of total cardioplegia volume (similar to 

above). After procuring the swine heart, it was connected to the XVIVO© perfusion system 

(XVIVO©  Perfusion, Gothenburg, Sweden) and continuously perfused with oxygenated 

XHS at 8°C with pressure maintained at 20 mmHg at a physiological pH (7.2-7.6) until 

transplantation.7 An XVIVO© dual lumen cannula (central inflow, axially oriented outflow 

and quick connects for machine circuit connection) was placed in the transected ascending 

aorta, with the tip of the cannula in the root, just above the aortic valve. Care was taken to 

prevent aortic valve incompetence as a result of cannula placement. The mitral valve was 

made incompetent by transvalvular placement of silicon tubing and sutured to the left 

atrium, to prevent LV distention during perfusion preservation.  

Euthanasia: 



 111 

For orthotopic transplantations, recipients were euthanized upon determining that standard 

resuscitation would not lead to meaningful recovery of xenograft function or recipient 

physiologic derangements such as acidosis or hypoxemia. Additional euthanasia criteria 

were for intractable arrythmias. For heterotopic transplantations, recipients were 

euthanized upon the end of the study, which was 24 hours after reperfusion of the heart.  

 

Objective Quantification of Support and PCXD Postoperatively 

To objectively quantify the amount of support required postoperatively, inotrope and 

vasopressor support were quantified on a 1-5 scale as depicted in Table 4.2. Support was 

quantified at the time of weaning cardiopulmonary bypass (CPB), 1 hour, 12 hours and 24 

hours after weaning CPB and the summation of each time point was tabulated. PCXD was 

defined as graft failure/intractable arrythmia leading to euthanasia prior to 48 hours after 

transplantation. 

Table 4.2: Objective Quantification of Support Postoperatively 
Support Scale 1 2 3 4 5 

Inotropes: 

Epinephrine (mcg/kg/min) 0.01-
0.05 

0.06-
0.01 

0.11-
0.15 

0.16-
0.20 

> 
0.20 

Dobutamine (mcg/kg/min) 2.5-
6.9 

7.0-
11.4 

11.5-
16.9 

16.0-
20.4 

> 
20.4 

Milrinone (mcg/kg/min) 0.125-
0.24 

0.250-
0.374 

0.375-
0.49 

0.5-
0.624 

> 
0.624 

Vasopressors: 

Norepinephrine (mcg/kg/min) 0.01-
0.1 

0.11-
0.2 

0.21-
0.3 

0.31-
0.4 

> 0.4 

Phenylephrine (mcg/kg/min) 0.1-
0.9 

1.0-
1.9 

2.0-
2.9 

3.0-
4.0 

> 4.0 
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Table 4.2 continued: 

 

TLR4 Phylogenetic analysis: The evolutionary history of TLR4 was inferred using the 

Maximum Likelihood method and Tamura 3-parameter model for the species listed in 

Figure 4.16.179 The tree with the highest log likelihood (-8206.23) is shown. Initial tree(s) 

for the heuristic search were obtained automatically by applying Neighbor-Join and BioNJ 

algorithms to a matrix of pairwise distances estimated using the Tamura 3 parameter 

model, and then selecting the topology with superior log likelihood value. A discrete 

Gamma distribution was used to model evolutionary rate differences among sites (5 

categories (+G, parameter = 0.5787)). The tree is drawn to scale, with branch lengths 

measured in the number of substitutions per site. This analysis involved 7 nucleotide 

sequences. All positions with less than 95% site coverage were eliminated, i.e., fewer than 

5% alignment gaps, missing data, and ambiguous bases were allowed at any position 

(partial deletion option). There were a total of 2472 positions in the final dataset. 

Evolutionary analyses were conducted in MEGA11.180 

Immunohistochemistry: Fresh frozen, OCT-embedded samples of the LV were used 

encompassing 1 cm. depth of the LV epicardial surface. Sections were processed and 

mounted at 10 μm, fixed with 4% formaldehyde (diluted from 16% with PBS 

(ThermoPierce Cat#28906) and permeabilized with 0.1-0.5% Triton X-100 in PBS for 15 

minutes. They were blocked at room temperature in SuperBlockPBS (ThermoPierce 

Cat#37515) for 1 hour and then incubated with primary antibody overnight at 4°C. 

Secondary antibodies were applied for 1 hour at room temperature after washing 3 times 

with PBS for 5 minutes each, before and after antibody application. Antibodies and 

Vasopressin (units/min) 0.01 0.02 0.03 0.04 > 
0.04 
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concentrations are as follows: CD68 - Invitrogen, 14-0688-82, KP-1, mouse (1:100); 

Neutrophil Elastase - Invitrogen, JF098-6, MA5-32548 (1:200); CD31 - Abcam, ab28364, 

rabbit (1:50). 

Cytokine analysis: Cytokines were analyzed using the Biolegend LEGENDplex NHP 

Inflammation Panel (Cat #: 740389) platform according to manufacturer instructions, 

from serum diluted 1:4. 

Statistical Analysis 

All statistical analyses, including Kaplan Meyer curves, ANOVA and t-tests were 

performed on Graphpad Prism version 9 (San Diego, CA).  

 
 
4.3 Results  
 
4.3.1 Major Clinical Differences Result from the Type of Cardiac Preservation Utilized 

Prior to Orthotopic (life-supporting) Xenotransplantation  

 
A retrospective analysis of OHTx cardiac xenotransplantations using the three different 

preservation techniques is summarized in Table 4.3. There were no significant differences 

between donor and recipient weights, cross clamp times, total ischemia times and 

cardiopulmonary bypass times between traditional crystalloid cardioplegia, blood 

cardioplegia and NICP groups (Table 4.4).  

Table 4.3: Comparison of Traditional, Blood Cardioplegia and NICP preservation 
strategies  
*total ischemia time includes time in XVIVO© perfusion box for NICP OHTx. **=survival 
limited due to sudden v-fib arrest upon emergence from anesthesia. “-“= missing 
datapoints. “n/a”=not applicable, GTKO= α1,3-galactosyltransferase knockout, TKO = 
(triple knockout, GTKO+B4GalKO+CMAHKO), B4GalKO=β1,4-N-
acetylgalactosyltransferase knockout, CMAHKO= CMP-N-acetylneuraminic acid  
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Table 4.3 continued:  
hydroxylase knockout, TBM=thrombomodulin, EPCR=endothelial protein C receptor, 
DAF=decay accelerating factor, HO1=hemeoxygenase, GHRKO=growth hormone 
receptor knockout, V-fib=ventricular fibrillation, AMR=antibody-mediated rejection. 
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Table 4.4: Mean survival, descriptive statistics between traditional, blood cardioplegia 
and NICP 
Mean=mean ± standard deviation. CPB=cardiopulmonary bypass, PCXD=perioperative 
cardiac xenograft dysfunction.*total ischemia time includes time in XVIVO box for NICP 
OHTx and thus only traditional vs. blood cardioplegia means are compared. Otherwise, 
ANOVA is used to compare all 3 groups with each other for each variable. ns= not 
significant, n/a=not applicable. 

Preservation 
Type 

Traditional 
(n=8) 

Blood 
Cardioplegia 

(n=3) 

NICP 
(n=5) 

p-value 

Survival- hours 
(days) 

16 (0.68) ± 
15 

274 (11.42) ± 
370 

361 
(15.03) ± 

567 

p=0.0139 

Cross clamp time 
(minutes) 

94 ± 41 80 ± 53 50 ± 14 ns 

Total ischemia 
time (minutes)* 

111 ± 51 75 ± 28 166 ± 27 ns 

CPB time 
(minutes) 

138 ± 21 115 ± 32 111 ± 16 ns 

% Extubated 0.00% 66.70% 100.00% n/a 
% Surpassed 48-

hour survival 
0.00% 66.70% 80.00% n/a 

% PCXD 62.5% 33.3% 20.0% n/a 
 
Survival for recipients with donor xenografts that underwent traditional cardioplegia 

induction and storage in slush ranged from 3 to 26 hours, with an average of 17 hours. 

Blood cardioplegia induction and storage in slush resulted in a drastic improvement in 

xenograft survival with an average of 275 hours (11.45 days), with a maximum survival of 

29 days (Figure 4.2) (p=0.0319). Similarly, NICP extended survival time to an average of 

360.6 hours (15.03 days), with a maximum survival of 57 days (Figure 4.2). PCXD (i.e., 

graft failure, without histiologic/immunologic evidence of rejection, within 48 hours of 

xenotransplant) was overcome in 2 out of 3 with blood cardioplegia/slush storage and 4 

out of 5 NICP storage, respectively.  
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Figure 4.2: Traditional, blood cardioplegia and NICP Survival 
Kaplan Meier curve comparing traditional, blood cardioplegia and NICP preservation 
methods. P-value calculated by Log-rank (Mantel-Cox) test. *=48 hours (2 days) after 
transplantation, indicating survival beyond PCXD. 

 
NICP and blood cardioplegia resulted in significantly less support (Figure 4.3). While the 

average support score for traditional preservation was 6.4, the scores for blood 

cardioplegia induction and NICP were 3.0 and 2.0, respectively (p= 0.0294 and 0.0005, 

respectively) (Figure 4.3a). When support scores are further stratified by both inotropy 

and vasopressor requirements, there was a trend toward less inotropy requirements in 

blood cardioplegia and NICP preservation strategies, compared to traditional crystalloid 

cardioplegia but it did not reach statistical significance (Figure 4.3b). There was a 

statistically significant reduction in vasopressor requirement in NICP compared to blood 

cardioplegia and traditional preservation (p=0.0117) (Figure 4.3c).  

Recipients with traditionally preserved hearts average higher maximum lactate (14.3 

mmol/L) and base deficit (12.5 mmol/L) compared to blood cardioplegia and NICP (Figure 

4.4). Recipients that underwent OHTx utilizing blood cardioplegia induction followed by 
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slush preservation strategies resulted in an average maximum lactate and base deficit levels 

of 3.6 mmol/L and 4.3 mmol/L, respectively (p=0.0187, p=0.0123, respectively compared 

to crystalloid cardioplegia). NICP resulted in similar average maximum lactate and base 

deficit levels of 3.5 mmol/L and 3.9 mmol/L, respectively (p=0.0001, p=0.0005, 

respectively). While differences in pH were not statistically significant, the differences are 

clinically significant.   

 
Figure 4.3: Total Support Required between Crystalloid, Blood and NICP 
a) Total support required in the first 24 hours after transplantation in crystalloid 
cardioplegia, blood cardioplegia and NICP groups, based on objective quantification from 
Table 1. b-c) Inotropic and vasopressor scores in the first 24 hours after transplantation 
between groups. Total scores were calculated as the summation of all scores for each time 
point. *p=<0.05, **p<0.005, ***p<0.0005. 

 
 
 
Figure 4.4: Acid/Base Derangements between Crystalloid, Blood and NICP 
Peak acid/base derangements as measured by lactate, base deficit and pH between groups. 
*p=<0.05, **p<0.005, ***p<0.0005. 
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Figure 4.4 continued: 

4.3.2 The Heterotopic (Abdominal) Model of Cardiac Xenotransplantation 

Approximates Ischemia-Reperfusion Seen in Orthotopic Transplantation  

The heterotopic model of cardiac transplantation to study PCXD is attractive because it can 

be used to examine the cardiac xenograft in isolation of confounders such as inflammation 

cause by cardiogenic circulatory collapse. This cannot be done in orthotopic transplantation 

as the xenograft has life-supporting function, which is compromised upon progression of 

PCXD. On the other hand, a major limitation of the HHTx model, is the inherent non-

loading bearing nature of the model, which does not allow the xenograft to demonstrate an 

ability to provide systemic circulation. The in situ xenograft in the HHTx model is depicted 

in Figure 2.2.  

 

Cold ischemic times ranged between 123-152 minutes, was not statistically significantly 

different between groups (Figure 4.5). The HHTx model consistently produced ischemic 

times that are in line with the OHTx model, and therefore models cardiac xenograft 

ischemia reperfusion injury appropriately. Troponin levels (a marker of myocardial injury) 

increased and plateaued in the 24 hours after transplantation to varying degrees (Figure 

4.6), suggesting ischemia and appropriately sustained reperfusion. Warm ischemia time 
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was longer in the NICP group, because of back-table preparation of the xenograft for NICP 

and intermittent cardioplegia administered between anastomosis, but peak troponins were 

still lower than both traditional and blood cardioplegia. Upon release of the cross-clamp 

after reperfusion, all xenografts functioned vigorously without ventricular distention and 

adequate emptying. 

Figure 4.5: HHTx PCXD Model Ischemic Times 

 

Figure 4.6: HHTx PCXD Model Serum Troponin Overtime 
Serum troponin I serially after xenotransplantation compared to allotransplantation OHTx 
control using NICP. Normalized troponin to donor body weight, to account for larger heart 
mass showed similar trends. 
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4.3.3 Hemodynamic, Echocardiography and Electrocardiography Data from 

Heterotopically Implanted Xenografts Demonstrates Primary Dysfunction Despite 

Lack of Life-Supporting Function.  

All xenografts were examined by echocardiography postoperatively. Since anatomic 

orientation was abnormal, and normal echocardiographic views were difficult to obtain, 

grafts were scored on a 0-4 scale for function of the right and left ventricles along with the 

incidence of arrythmias. Physiologic cardiac performance metrics are listed in Table 4.5 

and echocardiography functional trends in the first 24 hours are depicted in Figure 4.7. 

These data demonstrate that ventricular arrythmias are common after transplantation in this 

model, but insignificant, except for B38064 (traditional cardioplegia), which results in a 

non-perfusable ventricular arrythmia. On echocardiography, the overall function was 

similar between the LV and RV. There was preservation of biventricular function with 

NICP and reduced function 1 hour after transplantation with the use of blood cardioplegia, 

but recovered after 24 hours. Xenografts preserved with traditional cardioplegia 

demonstrated reduced and unrecoverable function. 

Table 4.5: Incidence of arrythmia and xenograft function between preservation groups in 
the PCXD HHTx Model 
Difference between traditional, blood and non-ischemic cardiac preservation techniques on 
the incidence of arrythmia and right and left ventricular function immediately after 
transplantation and just prior to explantation of the xenograft. The function was rated on a 
0-4 scale: 0=fibrillation, 1=severely reduced, 2=moderately reduced, 3=mildly reduced, 
4=normal. PCXD=perioperative cardiac xenograft dysfunction, LV=left ventricle, 
RV=right ventricle, BC=blood cardioplegia, NICP=non-ischemic continuous preservation. 

Recipient 
ID 

Preservatio
n 

PCX
D Arrythmia 

LV 
Function 1 

hour 

LV 
Function 
24 hour 

RV Function 
1 hour 

RV Function 
24 hour 

B38064 Traditional 
(Custodial) yes 

Ventricular 
Fibrillation between 

12-24 hours 

1, septal and 
posterior 

wall 
hypokinesis 

0, 
fibrillation 

1, septal and 
posterior wall 
hypokinesis 

0, fibrillation 

B37980 Traditional 
(Custodial) no 

Intermittent Non-
sustained Ventricular 

Tachycardia by 6 
hours post-transplant 

3, no focal 
wall 

abnormalitie
s 

2, no focal 
wall 

abnormaliti
es 

3, no focal 
wall 

abnormalities 

2, no focal wall 
abnormalities 
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Table 4.5 continued: 

B38023 BC (del 
Nido) no None 

3, no focal 
wall 

abnormalitie
s 

4, no focal 
wall 

abnormaliti
es 

3, no focal 
wall 

abnormalities 

4, no focal wall 
abnormalities 

B38048 Steen no 

Intermittent Non-
sustained Ventricular 

Tachycardia by 6 
hours post-transplant 

3, no focal 
wall 

abnormalitie
s 

3, septal 
and 

posterior 
wall 

hypokinesi
s 

3, no focal 
wall 

abnormalities 

3, no focal wall 
abnormalities 

B38401 Steen no 

2 episodes of 
sustained Ventricular 
Tachycardia that self-

resolved. 12-24 
hours, normal sinus 

rhythm 

4, no focal 
wall 

abnormalitie
s 

4, no focal 
wall 

abnormaliti
es 

4, no focal 
wall 

abnormalities 

4, no focal wall 
abnormalities 

 
Figure 4.7: Echocardiographic Measurements of Left and Right Ventricular Function in 
HHTx PCXD Model.  
Between traditional, blood cardioplegia and NICP cardiac preservation techniques, which 
demonstrates preservation of function in the NICP group, reduced, but recoverable, 
function in the blood cardioplegia group and reduced and unrecoverable function in the 
traditional cardioplegia preservation xenografts.  

 
All xenografts were monitored by continuous telemetry. Pulse pressures, which are a 

surrogate for stroke volume, were adequate in all xenografts immediately upon reperfusion. 

By 1 hour after implantation, pulse pressure precipitously dropped in 1 xenograft with 

traditional cardioplegia (Figure 4.8). This was driven by an increase in diastolic pressure 

and then followed by ventricular fibrillation between 12 and 24 hours after implantation. 

Heart rates largely mirrored OHTx. This xenograft dysfunction largely mirrors PCXD in 

the OHTx model and therefore, PCXD was defined by non-perfusing arrythmia or reduce 

xenograft function as measured by pulse pressure by telemetry.37,42,139 The incidence of 
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PCXD was 50% in traditional cardioplegia, but 0% in both blood cardioplegia and NICP 

preservation groups, which also mirrors the incidence of PCXD in the OHTx model.37,42,103  

Figure 4.8: HHTx PCXD Model Telemetry Hemodynamics 

 
 
4.3.4 Xenograft Infiltrating Cells Are Present After Transplantation, But are Variably 

Activated 

Recipient-derived CD 68+ cells were uniformly present after transplantation, compared to 

xenografts with ischemia, but without reperfusion (i.e., perfusion naïve xenografts) (Figure 

4.9-Figure 4.10). Neutrophil elastase was present only in xenografts undergoing traditional 

preservation. Peripheral pro-inflammatory cytokines TNF-α and IL-6 peaked at 1 hour in 

the traditional cardioplegia group (Figure 4.11). IL-6 increased slowly over the 24-hour 

period in the NICP greater than the blood cardioplegia group. IL-1β increased over the 24-

hour period most significantly in the traditional cardioplegia group, followed by NICP and 

then blood cardioplegia, where levels only peaked at 12 hours (Figure 4.11).  
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Chemokines MCP-1 and IL-8 for monocyte/macrophage and neutrophil chemotaxis, 

respectively, showed similar trends. MCP-1 showed a significant increase at 1 hour after 

transplantation, compared to a modest increase in MCP-1 at 12 hours in the NICP group 

(Figure 4.11). There was no increase in MCP-1 in the blood cardioplegia group, consistent 

with histologic trends in CD68+ infiltration seen on histology (Figure 4.9). While IL-8 was 

high at baseline between the groups, endogenous levels in serum and plasma from rhesus 

and cynomelgus monkeys are between 2,520.2-3,6120.2 pg/mL. IL-8 trended to lower 

levels from baseline within 24 hours in blood cardioplegia and NICP groups (Figure 4.10), 

whereas traditional cardioplegia recipients exhibited an increase in levels, corresponding 

with increased neutrophil elastase staining on histology.  

Figure 4.9: CD68+ and Neutrophil Elastase in Xenografts after I/R 
Explanted xenografts 24 hours after reperfusion, compared to reperfusion naïve xenograft 
that was procured by traditional means, stored on ice, but not transplanted. Neu 
Elast=neutrophil elastase. 20x magnification, scale bar=125μm. Blue=DAPI, 
Green=CD68, Red=Neutrophil elastase.   
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Figure 4.10: Quantified CD68+ and Neutrophil Elastase Staining 
Quantified staining on IHC by calculating % area positive in representative samples in a 
four-quadrant area of the section at 20x. 

 
 
Figure 4.11: Peripheral Cytokines in HHTx PCXD Model between Crystalloid, Blood 
Cardioplegia and NICP 

These data demonstrate that systemic pro-inflammatory cytokines IL-1β, IL-6, TNF-α, IL-

8 and MCP-1 are elevated in the first 24 hours after heterotopic cardiac xenotransplantation 

and is reduced with minimally ischemic cardiac preservation (blood cardioplegia and 

0 hr 1 hr 12 hr 24 hr
0

20

40

60

80

HHTx IL-1B

Hours after Transplantation

pg
/m

L

Traditional

BC

NICP

0 hr 1 hr 12 hr 24 hr
0

2000

4000

6000

HHTx MCP-1

Hours after Transplantation

pg
/m

L

Traditional

BC

NICP

0 hr 1 hr 12 hr 24 hr
0

100

200

300

400

HHTx IL-6

Hours after Transplantation

pg
/m

L

Traditional

BC

NICP

0 hr 1 hr 12 hr 24 hr
0

5000

10000

15000

20000

25000

HHTx IL-8

Hours after Transplantation

pg
/m

L

Traditional

BC

NICP

0 hr 1 hr 12 hr 24 hr
0

10

20

30

40

HHTx TNF-a

Hours after Transplantation

pg
/m

L

Traditional

BC

NICP

Isc
hem

ic 
naïv

e

Tr
ad

iti
onal

Blo
od

NIC
P

0.0

0.5

1.0

1.5
%

 A
re

a
CD68

Isc
hem

ic 
naïv

e

Tr
ad

iti
onal

Blo
od

NIC
P

0.00

0.05

0.10

0.15

%
 A

re
a

Neutrophil Elastase



 125 

NICP) and that CD68+ macrophages are variably activated after reperfusion, leading to 

neutrophil recruitment to the xenograft.  

 
4.3.5 Microcapillary Disturbances are Reduced in Xenografts Undergoing Cardiac 

Preservation that Minimizes Ischemia 

Microcirculatory morphologic assessment by high resolution microscopy on frozen 

sections from xenografts upon termination of the study at 24 hours (Figure 4.12a-d) 

demonstrates reduced mean capillary diameters from traditionally preserved cardiac 

xenografts (1.5 ± 0.38 μm)   compared to perfusion naïve xenografts (1.2 ± 0.42 μm, 

p=0.0086) (). There was also a significantly increased mean capillary diameter in both 

blood cardioplegia (1.4 ± 0.41 μm) and NICP groups (1.8 ± 0.55 μm) compared to both 

perfusion naïve and traditional preservation groups (traditional vs. blood cardioplegia, 

p=0.0447, traditional vs. NICP, p<0.0001) (Figure 4.13). These data demonstrate 

xenografts preserved with NICP prior to transplantation have less microcirculatory 

disturbances compared to traditional preservation. Blood cardioplegia appears to have an 

intermediate phenotype. 

 

Syndecan-1, a marker of endothelial cell injury, was measured at 1, 12 and 24 hours after 

transplantation. There was an increase from baseline at 12 hours, which began to decrease 

at 24 hours (Figure 4.14), suggesting some endothelial injury occurs after transplantation 

but is not significant contributor to differences in xenograft performance, graft infiltration 

or inflammation. These microcirculatory disturbances seem to be independent of 

endothelial cell injury as measured by circulating syndecan-1 levels. 
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Figure 4.12: Microcirculatory Assessment by High Resolution Confocal Microscopy. 
Representative IHC images (63x) of GTKO.hCD46.hTBM.hDAF.hEPCR cardiac 
xenografts 24 hours after transplantation utilizing preservation with traditional (b), blood 
cardioplegia (c) and NICP (d). Ischemic naïve cardiac xenografts (a) were procured from 
GTKO.hTBM.hCD46 genetically modified pig donors in the same manner as transplanted 
xenografts with traditional cardioplegia, stored on  (2 degrees Celsius) for 45 minutes, but 
not transplanted. e) schematic of solid organ capillary bed, arteriole and venule circulatory 
system. WGA=wheat germ agglutinin, Cx43=connexin 43 and DAPI= 4',6-Diamidino-2-
Phenylindole. Yellow arrows indicate capillaries. 

 
Figure 4.13: Quantification of Microcirculation by High Resolution Microscopy 
Using Figure 4.11 images. Statistical testing by 2way ANOVA. **=<0.0021. 

0

1

2

3

4

D
ia

m
et

er
 (u

m
)

Capillary Diameter

✱✱

✱✱

✱✱

ns

Blood

Ischemic naïve

Traditional

NICP

a) b) 

c) d) 

e)

WGA
Cx43
DAPI

WGA
Cx43
DAPI

WGA
Cx43
DAPI

WGA
Cx43
DAPI



 127 

Figure 4.14: Synedcan-1 Levels between Crystalloid, Blood Cardioplegia and NICP 

 

 
4.3.6 Inflammatory Cytokines are Increased in Orthotopic Xenotransplantation but not 

Allotransplantation 

Orthotopic transplantation (OHTx), which requires cardiopulmonary bypass (CPB), were 

compared retrospectively in experiments using NICP against the heterotopic studies in both 

OHTx allotranspantation (baboon-to-baboon) and OHTx xenotransplantation (pig-to-

baboon) to elucidate whether CPB is a major contributor to the inflammatory changes seen 

in the heterotopic PCXD experiments, or the driver is predominately due to the cross-

species nature of transplantation. There were notable increases in IL-1β, IL-6, TNF-α and 

MCP-1 in xenotransplantation compared to the NICP allotransplant control (Figure 4.15). 

IL-8 levels in both allotransplant and xenotransplant OHTx experiments notably mirrored 

traditional cardioplegia in the HHTx experiments. Additionally, pro-inflammatory 

cytokines IL-1β, IL-6, TNF-α were orders of magnitude higher in orthotopic transplants 

compared to heterotopic transplants (Figure 4.15). This demonstrates that pro-

inflammatory cytokines and chemokines are activated synergistically when 

Xenotransplantation is performed with CPB. 
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Figure 4.15: Peripheral Cytokines in OHTx Model Compared to HHTx PCXD Model 

 
4.3.7 TLR4 Orthology Between Human and Pig Demonstrate Distinct Polymorphisms in 

Regions that May Explain Differences in Monocyte-Derived Macrophage 

Activation 

An evolutionary analysis demonstrates divergence of mRNA TLR-4 homology between 

species over time with 100% certainty from a single common ancestor, with early 

divergence of S. scrofa (pig) from the H. sapien lineage (Figure 4.16). 

 

Protein sequence alignment by the European Molecular Biology Open Software Suite 

(EMBOSS) needle program demonstrates 73.0% identity (614/841 amino acids) and 

Figure 4.16: Evolutionary Analysis of TLR4 by Maximum Likelihood Method 
The tree is drawn to scale, with branch lengths measured in the number of substitutions per 
site. NCBI mRNA sequence reference number is listed in parenthesis. H. sapiens=human, 
M. mulatta=rhesus macaque, P. anubis=olive baboon, P. troglodytes=chimpanzee, S. 
scrofa=pig, M. musculus=mouse, R. norvegicus=rat.  
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Figure 4.16 continued: 

84.1% similarity (707/841 amino acids) between H. sapiens and S. scrofa (Table 4.6). The 

most variance between the two species is in the leucine rich repeat (LRR) region between 

residues 259-359 and 410-565 (Figure 4.17). These regions are involved in ligand 

recognition and variable residues at these locations correlate with variable TLR4 activation 

by LPS in prior comparative studies of TLR4 activation amongst vertebrates.181,182 The 

cytoplasmic Toll/interleukin-1 (IL-1) receptor (TIR) domain is omitted from this analysis 

since there is greater than 90% sequence homology between mammalian species.183  

Table 4.6: Protein Sequence Alignment with EMBOSS Needle between H. sapiens and S. 
scrofa. 
Where | (dash)=fully conserved residue, : (colon)= indicates conservation between groups 
of strongly similar properties, . (period)=indicates conservation by weakly similar 
properties 
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Table 4.6 continued:  
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Figure 4.17: Human TLR4 NCBI iCn3D Output Annotated with Regions Containing 
Polymorphisms from Pig 
Crystal structure of the human TLR4 in complex with LY96 (MD-2) and LPS from iCn3D 
(https://structure.ncbi.nlm.nih.gov/icn3d/share.html?8EVbRoioXwLw5Bim6&t= 
3FXI(MMDB). TLR4 LRR domains in homodimer=blue and pink, LY96 (MD-2) 
domains=mint green and brown, LPS=Grey molecules in complex with MD-2 and LRR 
domains,  regions containing polymorphisms=yellow regions highlighted.  

259-359 

410-565 



 132 

4.4 Significant Findings and Discussion 
 

We have demonstrated a step-wise improvement in avoidance of PCXD with minimally-

ischemic cardiac preservation. This study confirms that traditional static preservation using 

cold cardioplegic solution followed by storage on ice results in poor OHTx xenograft 

function. The observed benefit with the use of alternative approaches to cardiac xenograft 

preservation (using blood cardioplegia) while not conclusive, is certainly hypothesis-

supporting. In the heterotopic PCXD model, we found that  

 

The issue may lie in cardiac xenografts’ increased response to ischemia-reperfusion injury, 

as demonstrated by improved OHTx outcomes in this study when employing progressive 

levels of cardiac preservation that minimize ischemia. Moreover, reduced pro-

inflammatory cytokines, intragraft CD68+ infiltration, neutrophil activation and 

microcirculatory disturbances in blood cardioplegia and NICP in the HHTx PCXD model 

support this hypothesis. The distinct increase in pro-inflammatory peripheral cytokines in 

an OHTx xenotransplantation model (pig-to-baboon), compared to both allotransplantation 

controls and HHTx PCXD models suggests a synergistic effect of CPB and cross-species 

transplantation on activation of innate immune-mediated signaling in cardiac 

xenotransplantation. The finding of increased pro-inflammatory cytokines, intragraft 

innate immune cells and cardiac dysfunction in the first 24 hours after xenotransplantation 

in the HHTx PCXD model suggests that porcine-derived intragraft cells may be the culprit 

underlying PCXD in the OHTx model.  
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Other studies of I/R injury in xenotransplantation support this hypothesis. Preclinical 

models of I/R injury have shown that treatment with anti-inflammatory agents (anti-TNFa 

and anti-IL1b) improves cardiac outcomes.184,185 Strategies to overcome PCXD have 

included a combination of anti-inflammatory agents and novel preservation strategies to 

minimize ischemia-reperfusion injury.42 In a cardiac allotransplantation model of ischemia 

reperfusion injury, CCR2+ resident macrophages promote monocyte recruitment through 

TLR-4/MYD88 signaling, DAMP sensing and elaborates NF-kB signaling, IL1b and TNF-

a.175,186 Moreover, knockout of MYD88 signaling reverses the inflammatory effects of cold 

ischemia reperfusion injury in this context.176 We find that S. scrofa TLR-4 has distinct 

polymorphisms, compared to human at site of ligand recognition within the TLR-4, which 

correlate with prior studies that showed difference in affinity of LPS, but have not been 

tested with endogenous ligands of TLR-4 (Section 4.3.7). TLR-4 has also been shown to 

mediate intragraft inflammation in an I/R injury allotransplantation model, likely due to an 

LPS-independent mechanism.176 Therefore, it is possible that affinities of activation for 

TLR-4 ligands during I/R injury in xenotransplantation mediate pro-inflammatory 

signaling in resident porcine macrophages or other innate cells that augment CD68+ 

macrophage activation and recruitment of neutrophils. As an example, studies have 

demonstrated activation of macrophages by endogenous ligands such as extracellular DNA 

in a manner dependent on NF-kB and MyD88, but independent of extracellular receptor 

for advanced glycation end products (RAGE) and intracellular TLR9, absent in melanoma 

2 (AIM2) or DNA-dependent activator of interferon-regulatory factors (DAI).175 Potential 

non-classical endogenous ligands of TLR-4 (HMGB1, heat shock proteins and 

proteoglycans, extracellular DNA) should be examined in this context to support this 
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hypothesis further.  

 

While the clinical translation of cardiac xenotransplantation has occurred without extensive 

understanding of the underlying pathophysiology of PCXD, alternative solutions to prevent 

primary graft dysfunction will yield less cumbersome and costly solutions. In the next 

chapter we describe the first human clinical experience of cardiac xenotransplantation and 

NICP was chosen for cardiac preservation due to our extensive experience and success 

with this approach. 
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 Chapter 5: The Clinical Translation of Multi-Gene Pig Source Animals for 
Human Cardiac Xenotransplantation 

 
 
5.1 Requirements for the First Human Clinical Trials  
 
5.1.1 General Regulatory Framework of Xenotransplantation 
 
 
In 2008, the World Health Organization (WHO) participated in an international consortium 

on the regulatory requirements required for clinical trials in xenotransplantation in 

Changsha, China.187 A guidance document was drafted as a result of this meeting known 

as the “Changsha Communiqué,” which lists 10 guidance principles for 

xenotransplantation and 12 recommendations to member countries of the WHO for 

conducting pre-clinical and clinical trials using xenotransplantation products, the latest of 

which was updated in 2018.188 These include a call for regulation to ensure adequate 

preclinical efficacy for clinical trials, appropriately trained and experienced personnel 

conducting the trials, effective zoonosis mitigation, zoonosis surveillance strategies and 

archiving of samples in these first-use patients. The International Society of Heart and 

Lung Transplantation (ISHLT), by commissioning an expert panel, has suggested that the 

preclinical efficacy required for a clinical trial is a minimal of 3 months of survival using 

life-supporting cardiac xenografts.189 This minimal survival should be demonstrated with 

at least 10 animals at a rate of 60% in a preclinical cohort of recipients. Greater than 3 

months survival should also be demonstrated in a subset of these animals.  

 

The United States Food and Drug Administration (FDA) has also issued preclinical and 

clinical guidance that mirrors the Changsha Communiqué, but with a more regulatory 

framework. It defines solid organ xenotransplantation as a “biologic product” and therefore 
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requires an appropriate Investigational New Drug (IND) authorization with the Center for 

Biologics Evaluation and Research (CBER), which licenses all organs, tissues, or cells 

have ex vivo contact with human recipients.190 It defines source animal husbandry practices 

and active and passive surveillance screening for zoonotic pathogens of concern for use in 

human clinical trials, which includes archiving of human samples for 50 years beyond the 

date of xenotransplantation.191 It also outlines necessary informed consent principles, 

beyond standard risks, benefits and alternatives to transplantation. They include informing 

current and future intimate contacts regarding potential risks of zoonosis by proxy, deferral 

of blood donation and the need for life-long surveillance.190,191 To date, neither the FDA, 

nor any regulatory European or Asian authority has granted authorization for any formal 

clinical trials in solid organ xenotransplantation. One encapsulated porcine islet cell 

clinical trial was authorized by the New Zealand Minister of Health and the Northern 

Regional Ethics Committee.192 The first genetically engineered pigs with Gal knockout 

were FDA approved for human consumption in 2021, indicated for those with allergies to 

Gal (also known as “GalSafe” pigs).193 This landmark FDA approval brings this regulatory 

framework one step closer for human transplantation. 

 

5.1.2 Deceased Brain-Dead Donor Trials 
 
Brain-dead recipients, who otherwise do not qualify for organ donation is a novel method 

of human clinical trials that do not require regulatory oversight, since the recipient is 

deceased. However, these are purely investigational studies without a life-saving 

therapeutic option since patients are already deceased. Two such instances across two 

institutions in the United States has been performed using kidney xenografts.116,194 While 
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these studies are limited to 48-72 hours in duration, they can demonstrate the lack of 

hyperacute rejection and adequate organ function in the immediate postoperative period. 

In cardiac xenotransplantation, this is particularly relevant as PCXD is exhibited in the first 

48 hours and a major obstacle to formal clinical translation. Other useful endpoints would 

be measuring zoonotic transmission and demonstrating the lack of any other immediate 

immunobiological barriers not discovered in in vitro or preclinical in vivo models. 

 

Recently, a first-of-its-kind kidney xenotransplantation was performed in a brain-dead 

recipient at New York University (NYU), which demonstrating rejection-free survival for 

72 hours.194  Likewise, the University of Alabama transplanted 10 gene-edited pig kidneys 

in the abdomen of a brain-dead human after its native kidneys were removed. The 

transplanted kidneys produced urine for 74 hours until termination of the study and 

demonstrated no transmission of porcine endogenous retrovirus (PERV) in this immediate 

postoperative period.116 Continued scientific research has to be done, but these events 

provide evidence of feasibility of xenotransplantation for further study. Kidney 

xenotransplantation in this model has been performed from a “multi-gene” pig and a 

thymus-kidney xenograft using a “gal-safe” pig.  

 
5.1.3 FDA Expanded Access (Compassionate Use) Authorization  
 
Expanded Access (“Compassionate Use”) Authorization by the FDA is a way for a patient 

to obtain an investigational biologic not currently approved by the FDA for clinical use. 

This pathway was recently used for the first-in-human genetically engineered porcine 

cardiac xenograft for human transplantation.121 This single-use application was evaluated 

through an emergency IND process after demonstrating clinical and scientific expertise in 
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cardiac xenotransplantation and supposing that this would not interfere with formalized 

investigational pathways through the FDA for a more wide-use clinical trial. While other 

physician-directed, single-use applications may be considered by the FDA, it is not readily 

apparent what the standards for approval are and whether compassionate use authorization 

by the FDA for xenotransplantation could include expanded access for more than one 

patient or groups of patients. Moreover, it is likely that widespread xenotransplantation 

through the FDA by this mechanism is unlikely and traditional IND applications must be 

filed.  

 
5.2 The First Genetically Modified Porcine-to-Human Cardiac Xenotransplantation  
 
5.2.1 The Patient 
 
A 57-year-old-male with chronic mild thrombocytopenia, hypertension, non-ischemic 

cardiomyopathy (NICM) and previous mitral valve repair, required hospitalization for 

severe heart failure with a left ventricular ejection fraction (LVEF) of 10%. His care was 

escalated to include multiple intravenous inotropes and the placement of an intraaortic 

balloon pump was added on hospital day (HOD) 11. Despite this, he suffered multiple 

ventricular arrythmias with arrests requiring resuscitation and was emergently placed on 

peripheral venoarterial (VA) extracorporeal membrane oxygenation (ECMO) on HOD 23.  

 

An extensive review of his medical history was conducted, which included discussions 

with his two sisters, son, and a primary cardiologist. He was deemed poorly compliant–

exclusion criteria to allotransplantation. He also did not meet criteria for a ventricular assist 

device (VAD), due to severe sarcopenia and a three week non-ambulatory status. We were 

also concerned about the effectiveness of a VAD due to his severe biventricular failure 
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with ventricular arrythmias. His case for advanced therapies was reviewed and denied by 

two regional and two large prominent national heart transplant programs. Given single 

organ failure, our selection committee agreed to consider experimental 

xenotransplantation. To offset the patient’s history of poor compliance, enhanced post 

procedure oversight was planned by the transplant team. The patient was informed of his 

options and, while favoring a human heart transplant, he accepted the xenotransplant 

alternative stating, “I want to live.”  

 

Despite his biventricular failure, the patient maintained preserved renal function and 

required only intermittent nasal cannula for mild hypoxia. His pre-transplant course was 

notable for adrenal insufficiency, gastrointestinal bleeding, bacteremia, which cleared with 

antimicrobial therapy, and drug induced leukopenia. He underwent cardiac 

xenotransplantation from a genetically modified pig source animal on January 7th, 2022. 

 
5.2.2 FDA Expanded Access (Compassionate Use) Authorization  
 
Expanded Access FDA IND (eIND): The basis of the application rested on our belief that 

the outcome of the experimental transplant was not likely to be inferior to continuation of 

medical therapy and VA-ECMO. The FDA request included the combined use of a 10-

gene-edit (GE) pig donor (Revivicor, Inc, Blacksburg, VA), a humanized anti-CD40  

monoclonal antibody (Kiniksa Pharmaceuticals, Ltd., Hamilton, Bermuda) and the XVIVO 

Heart Perfusion system (XVIVO Perfusion, Goteborg, Sweden) for cardiac preservation. 

The FDA evaluated our pre-clinical experience with cardiac xenotransplantation, detailed 

consent form, and plan for surveillance and prevention of zoonosis. After four iterative 

changes to the application and two conference calls with the  
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FDA over 10 days, we received approval on December 31st, 2021. The approval required 

us to affirm that the eIND “would not interfere with the conduct of future clinical trials  

required by an IND”, and to obtain approval from our Institutional Review Board (IRB). 

 

Ethics, IRB, and Hospital Approvals: The patient was referred to our Ethics Committee, 

whose chairman thoroughly assessed his competency to understand and give consent to the 

proposed xenotransplant. Three institutional and one external independent psychiatric 

evaluation were performed to confirm capacity for consent. Our full IRB and Ethics 

Committee approved the proposed xenotransplantation. Our hospital worked to establish 

cost estimates, review the consent process, and implement workplace safety procedures for 

potential zoonoses. The final informed consent form was reviewed and approved by the 

ethics committee, IRB, FDA and medical center. The final document uniquely focused on 

the risks, benefits, treatment course following surgery, probability of success, and 

alternatives to the xenotransplant procedure. The University of Maryland, Baltimore and 

the University of Maryland Medical Center (UMMC) approved the procedure January 6th, 

2022.  

 
5.2.3 Methods  
 
Genetically Engineered Pig Source Animal: The pig was delivered from a bio-secure 

Revivicor, Inc. facility in Blacksburg, Virginia and was isolated in our hospital-adjacent 

animal facility. The animal was clonally derived from fibroblasts, a cell line that included 

10 gene edits (Table 5.1) to render the cardiac xenograft more compatible for 

transplantation into a human as previously described.83 These included three predominant 

xenoantigen carbohydrate knockouts–galactose-alpha-1,3-galactose, SDa blood group 
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antigen and N-glycolylneuraminic acid. To reduce intrinsic xenograft growth, growth 

hormone receptor (GHR) was knocked out.44,46,157 To mitigate antibody-dependent 

complement graft injury, human CD46 and decay accelerating factor were expressed.30,41,92  

Human thromboregulatory proteins thrombomodulin and endothelial cell protein C 

receptor were also expressed to augment the inefficiencies of porcine-derived blood factors 

to activate protein C.41,98,100 Additional human transgenes included anti-inflammatory 

proteins CD47 and hemeoxygenase-1.142,195 The weight of the source animal was factored 

into consideration for xenograft size.  

Immunosuppression and Monitoring: The goal was to replicate our successful laboratory 

protocols in non-human primate (NHP) while balancing preoperative leukopenia (2,200-

3,200 cells/µL) and baseline thrombocytopenia (90-111,000 cells/µL) of the patient prior 

to induction (Table 5.2, Figure 5.1).38,45 Rituximab and anti-thymocyte globulin (ATG) 

were used for B and T cell depletion, respectively, and complement C1 esterase inhibitor 

(Berinert, King of Prussia, PA) was used for complement inhibition. Humanized 

monoclonal antibody to block CD40 co-stimulation (KPL-404, Kiniksa Pharmaceuticals, 

Ltd., Hamilton, Bermuda), was administered using repeated single dosing. A pulse-dose of 

methylprednisolone (1,000mg, day of xenotransplant) was also administered.38 

Maintenance immunosuppression included mycophenolate mofetil (MMF), KPL-404 and 

a rapid taper of methylprednisolone (125mg to 30 mg daily). We monitored peripheral 

blood mononuclear cells (PBMCs) by flow cytometry for B (CD20+) and T (CD3+) 

lymphocytes. KPL-404 levels were monitored at pre-dose trough, peak, and longitudinally 

over time (with an assay developed and performed by Kiniksa Pharmaceuticals, Ltd.). Prior 

to transplantation, donor-specific IgM and IgG antibody levels were acceptably low.  
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Table 5.1: Genetic Modifications of the Source Animal for Human Cardiac 
Xenotransplantation 

 
Serial transthoracic echocardiography (TTE) using the Phillips EPIQ CVx Ultrasound 

system and X5-1 transducer was performed at least twice a week to closely monitor the 

xenograft, using metrics as described in Chapter 3: Methods. Endomyocardial biopsies 

(embx) of the right ventricle and right heart catheterization for pressures were planned for 

routine surveillance and for cause, based on clinical status. We performed histology with 

Genetic Modification Mechanisms Properties 
Xenogeneic Carbohydrate Knockout 

Galactose-α-1,3-galactose 
KO (GTKO) 

Deletion of immunogenic Galactose-α-
1,3-galactose (Gal) glycan through 
knockout of the synthetic enzyme 

alpha1,3-galactosyltransferase (GT) 

Anti-
Immunogenic 

β1,4-N-
acetylgalactosyltransferase 

KO (B4GalKO) 

Deletion of immunogenic blood group 
SDa antigen through knockout of the 

synthetic enzyme (B4GalNT2) 
CMP-N-acetylneuraminic 

acid hydroxylase KO 
(CMAHKO) 

Deletion of immunogenic glycan N-
glycolylneuraminic acid (Neu5Gc) 
through knockout of the synthetic 

enzyme CMP-N-acetylneuraminic acid 
hydroxylase (CMAH) 

Growth Hormone 
Receptor Knockout 

(GHRKO) 

Reduction of downstream insulin 
growth factor-1 (IGF-1) signaling 

Reduce 
intrinsic graft 

growth 
Human Transgene Expression 

CD46 Suppress human complement activity 
by mediating cleavage of C3b and C4b 

complement deposition 

Complement 
Regulation 

Decay Accelerating Factor 
(DAF) 

Inhibits C3 and C5 convertase enzymes 
and downstream complement 

activation 
Endothelial Cell Protein C 

Receptor (EPCR) 
Activates Protein C Anti-

Coagulation  
Thrombomodulin (TBM) Binds human thrombin, and activates 

Protein C via activated thrombin 
Hemeoxygenase-1 (HO-1) Decreases oxidative products Anti-

Inflammatory 
 

CD47 Interacts with macrophage signal 
regulatory protein (SIRP)α to prevent 

opsonization and phagocytosis of 
xenogeneic tissue 
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Hemotoxin & Eosin (H&E) stains and immunohistochemistry (IHC) (CD3, CD20, CD68, 

CD3d and CD4d) on embx specimens.  

 

Serum levels of troponin I were followed longitudinally. Xenograft-derived cell free DNA 

(xd-cfDNA) were drawn weekly and determined off-site by CareDx (Brisbane, CA).  

 
Table 5.2: Induction Immunosuppression in Human Cardiac Xenotransplantation 
 

Day of 
Xenotransplantation: 1/7/22 At incision Methylprednisolone 1000 mg 

     

   Berinert (C1 esterase 
inhibitor) 20 U/Kg 

    
(1500 units, 
rounded to 

nearest vial size) 
  After Hemostasis KPL-404 - 
     
     

  
After Multiple 

Blood Products, 
Including FFP 

Berinert (C1 esterase 
inhibitor) 20 U/Kg 

    
(1500 units, 
rounded to 

nearest vial size) 
Postoperative Day 

(POD) #1: 1/8/22 1 Methylprednisolone 125 mg IV 

     
     

   anti-thymocyte 
globulin (ATG) 1 mg/Kg 

    (75 mg, dosed off 
IBW) 

     
   MMF 500mg BID IV 

Postoperative Day 
(POD) #2: 1/9/22 2 Methylprednisolone 

60 mg IV (just 
use pre-

medication from 
standard steroid 

taper) 

   anti-thymocyte 
globulin (ATG) 1 mg/Kg 

    (75 mg, dosed off 
IBW) 

   MMF 500mg BID IV 
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Table 5.2 continued: 

Figure 5.1: Laboratory Parameters of the Patient Before and After Xenotransplantation.  
 
 

Postoperative Day 
(POD) #3: 1/10/22 3 Methylprednisolone 

60 mg IV (just 
use pre-

medication from 
standard steroid 

taper) 

   anti-thymocyte 
globulin (ATG) 2 mg/Kg 

    (150 mg, dosed 
off IBW) 

   MMF 500mg BID IV 

Postoperative Day 
(POD) #7: 1/14/22 7 Methylprednisolone 

40 mg IV (just 
use pre-

medication from 
standard steroid 

taper) 
     

Postoperative Day 
(POD) #8: 1/15/22 8 Methylprednisolone 

40 mg IV (just 
use pre-

medication from 
standard steroid 

taper) 
     
     
   Rituximab (brand) 375 mg/m2 

    

(dose: 800 mg, 
rounded to 

nearest 100 mg 
per protocol) 

     
   MMF 500mg BID IV 

* Subsequent administrations of KPL-404 were based on repeated single dosing to target appropriate 
drug levels. 
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Figure 5.1 continued: 

Xenozoonosis Mitigation Strategies and Surveillance: Rigorous herd husbandry of source 

animals included early weaning, use of bio-secure facilities, and routine pathogen 

surveillance. Source animals were derived from a porcine endogenous retroviruses (PERV) 

C negative line and were tested every three months for pathogens that impact porcine 

and/or human health, including PERV A/B/C, porcine CMV (pCMV), and porcine 

lymphotropic herpesviruses (pLHV). Testing was performed at the University of 

Minnesota Veterinary Diagnostic Laboratory. Results of pathogen surveillance testing 

from our source animal can be found in Table 5.3.  

 

Following xenotransplantation, testing for PERV A/B/C on our xenorecipient was 

performed at pre-defined timepoints. Plasma, serum and PBMCs were collected 

longitudinally and stored for future testing for xenozoonoses. Unbiased pathogen detection 

for human pathogens using a plasma microbial cell-free DNA (mcfDNA) test (KT®, 

Karius, Inc., Redwood City, CA) was performed weekly for pathogen   
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Table 5.3: Results of Commercial Pathogen Screening of Source Pig 

 

surveillance.196,197 KT® was also performed under a research use only (RUO) protocol for 

surveillance of a limited number of porcine viral pathogens (Table S4). Sequences for 

several porcine viral pathogens were obtained from National Center for Biotechnology 

Innovation (NCBI) RefSeq and Genbank.  

 

Key aspects of our infection control plan included use of enhanced contact precautions, use 

of disposable instruments when feasible, and sequestering of non-disposable instruments 
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following enzymatic/bleach cleaning and sterilization. Healthcare providers and laboratory 

personnel were instructed to follow prion precautions when transporting  

Table 5.4: KT® Research Use Only Pathogen screening by mcfDNA 

Virus Sequences** 
Porcine type-C oncovirus 1 
Suid herpesvirus 2 (porcine CMV) 1 
Porcine parvovirus* 1 
Porcine circovirus 1 (PCV1)* 64 
Porcine circovirus 2 (PCV2)* 2423 
Porcine circovirus 3 (PCV3)* 251 
Porcine circovirus 4 (PCV4)* 1 
African swine fever virus 133 
Suid alphaherpesvirus 1 3 
Porcine lymphotropic herpesvirus 1 1 
Porcine lymphotropic herpesvirus 2 1 
Porcine lymphotropic herpesvirus 3 1 

*single-stranded DNA virus **source: National Center for Biotechnology 
Innovation (NCBI) RefSeq and Genbank 

and processing clinical samples. A series of educational sessions were held and healthcare 

workers were given the opportunity to opt in or opt out of providing care to the 

xenorecipient. All providers entering the patient’s room signed a log to allow for contact 

tracing. We developed a passive surveillance program in which select healthcare providers 

underwent blood draws at pre-defined timepoints for pathogen surveillance. 

 

Donor Specific Antibody (DSA) Assay:  Heat inactivated recipient serum and healthy 

subjects known to have high (High Human) and low (Low Human) levels of DSA 

antibodies, served as positive controls. Serum was incubated with 10GE source animal 

aortic endothelial cells (pAEC) for 2 hrs at 4°C. After incubation, pAEC were washed twice 

with phosphate-buffered saline (PBS) and non-specific protein-binding sites were blocked 

with 10% normal goat serum (Abcam, MA, USA) for 20 min at 4°C. Then, fluorescence 

conjugated (FITC or Alexa-Fluor 488) goat anti-human IgM and IgG (Jackson 
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ImmunoResearch Laboratories, PA, USA) was added (1:100 final concentration in PBS) 

and allowed to incubate for 60 min at 4°C. After incubation, the pAECs were washed twice 

with PBS and resuspended to perform Flow Cytometry (Cytek Aurora or BD Accuri C6 

Plus, CA, USA). Ten thousand events per sample were counted and samples were analyzed 

using FlowJo software (FlowJo LLC, OR, USA).  

 

Preservation of the Xenograft: The pig heart was procured from the source animal in our 

laboratory clinical-grade operating room. Non-ischemic perfusion of the 328 gm pig heart 

using the XVIVO system lasted 114 minutes. Perfusate was cooled to 8 degrees centigrade. 

It consisted of 4 parts Steen cardiac solution mixed with one part human blood which was 

type-matched to the recipient.4,42 Perfusion was fixed at 20mmHg in the aortic root. Flow 

increased from 148 cc/min to 194 cc/min suggesting coronary relaxation. Total cold 

ischemia time was 150 minutes. The implant required 63 minutes and was interrupted three 

times for intermittent cardioplegia with XVIVO perfusate harvested from the circuit. An 

additional circulatory arrest time of 13 minutes was required after initial cardiac 

reanimation for repair of a Type A aortic dissection caused by the aortic cross clamp. After 

both the first and second circulatory arrest and rewarming, the heart began beating 

spontaneously with only temporary need of epicardial pacing.  

 

Surgical Technique: The XVIVO system was transported into the hospital’s operating 

room from the laboratory operating room. The redo sternotomy in the anesthetized patient 

was delayed until the donor heart was delivered. Implantation was performed using a 

biatrial anastomosis to accommodate size mismatch of the relatively smaller donor heart. 
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The host’s atrial circumferences were reduced, and the considerable mismatch of interatrial 

distance was accounted for using asymmetric suturing. Following the release of the aortic 

cross clamp, a dissection flap was noted in the descending aorta on transesophageal 

echocardiography (TEE). An intravascular ultrasound confirmed a compressed true lumen 

throughout the course of the aorta from the area of the previous cross clamp to the 

bifurcation of the abdominal aorta and right femoral artery. This necessitated an ascending 

aortic repair with 13 minutes of circulatory arrest. A thoracic endograft substantially 

restored the true lumen. 

 

5.2.4 Results  
 
Postoperative course: 

VA ECMO was continued postoperatively at 2-3 L/min to support the xenograft, reduce 

the impact of an unknown risk of sudden ventricular arrythmia, and because after 46 days 

of support via the femoral vessels, decannulation would require a lengthy addition to the 

index operation. Urine output decreased eight hours postoperatively and renal flow was 

reevaluated. An endovascular stent was placed for an occlusion of an upper pole left renal 

artery by the false lumen of the residual dissection. However, oligoanuric acute renal 

failure persisted throughout his postoperative course requiring renal replacement therapy 

(RRT). The patient was extubated after chest closure on postoperative (POD) 2. The chest 

radiograph demonstrated clear lung fields (Figure 5.2). Inotropic support was never 

required and ECMO was discontinued on POD 4. Prior to Swan Ganz catheter removal on 

POD 6, blood pressure averaged 130s-160s/40-50s mmHg with low dose nicardipine 

requirements, pulmonary arterial pressures were 32-46/18-25 mmHg, central venous 
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pressure ranged from 6-13 mmHg, cardiac output ranged from 5.0-6.0 L/min and stroke 

volume was 65-70 mL/m2. The xenograft remained in sinus rhythm at rates between 70s-

80s beats per minute. The LVEF measured 55+%.  

Figure 5.2: Chest Radiograph Prior to Transplantation and with Xenograft In Situ 

LVEF remained normal or hyperdynamic throughout the postoperative course (Figure 

5.3b). However, left ventricular (LV) and right ventricular (RV) thickness, LV chamber 

size (LV end diastolic dimension), and global longitudinal strain (GLS) changed. LV 

thickness measured between 1.2-1.4 cm along the basal interventricular septum and 

posterior wall, while the RV measured 1.0-1.1 cm on short axis views. GLS was noted to 

be very compliant at baseline, with GLS scores ranging from -25 to -36.  

 

On POD 12 the patient developed abdominal pain. His CT scan showed thickening of small 

bowel and free fluid concerning for bowel ischemia and/or perforation. An exploratory 

laparotomy revealed purulent fluid that grew Escherichia coli and Candida tropicalis. The 

small bowel was thickened, contained a focal area of resolving ischemia but without signs 

of acute ischemia or perforation. Intravascular ultrasound (IVUS) and mesenteric 
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angiography confirmed adequate blood flow. After abdominal washout, his abdomen was 

subsequently closed without intervention. His baseline thrombocytopenia worsened to 

nadir of 21,000 cells/µL, where it remained until his 5th postoperative week rising to 

40,000-60,000 cells/µL (Figure 5.1d). The patient recovered from his peritonitis but was 

unable to meet caloric goals through enteric feeding, developed nonpathogenic diarrhea 

related to tube feeds and required parenteral nutrition. His bowel slowly readapted to 

enteral feeding by POD 40. During his hospitalization cachexia worsened, and weight 

declined from admission (82kg) to a postoperative nadir of 62kg. 

After induction immunosuppression, peripheral B-cells (CD20+) and T-cells (CD3+) were 

depleted. KPL-404 was administered throughout. In the immediate postoperative period, 

the patient was started on IV ganciclovir for anti-viral prophylaxis, isavuconazole for 

antifungal prophylaxis, and atovaquone for pneumocystis jirovecii prophylaxis. MMF was 

initiated on POD 1, but was discontinued on POD 24 due to severe neutropenia (WBC 200 

cells/µL, ANC 100 cells/µL) that responded to 5 days of granulocyte colony-stimulating 

factor (GCSF) (Figure 5.1a and b). Tacrolimus was begun on POD 35 with a low target 

level of 3-5 ng/ml in response to the hold on MMF. Donor-specific antibodies remained 

below baseline levels after induction immunosuppression and remained low until POD 47, 

when a sharp increase of IgG and to a lesser extent IgM occurred, which corresponded with 

IVIG administration. Serum troponin I levels were increased postoperatively, but returned 

to baseline by POD 24, and began sharply increasing by POD 35 (Figure 5.3a).  
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Figure 5.3: Xenograft Function and Surveillance Postoperatively with Clinical 
Timepoints 
Clinical details during postoperative course, labeled in the upper x-axis in relation to a) 
xenograft specific endothelial IgM, IgG levels and Troponin I levels b) transthoracic 
echocardiographic measurements c) xenograft-derived cell free DNA (xd-cfDNA). AMR 
Rx.=antibody mediated rejection treatment, ECMO=Extracorporeal membrane 
oxygenation, Ex.=exploratory, EF=ejection fraction, pCMV=porcine cytomegalovirus, 
MMF=mycophenolate mofetil, GCSF=granulocyte colony stimulating factor, 
IVIG=intravenous immunoglobulin, LVPWd=left ventricle posterior wall end diastole, 
MFI=mean fluorescent intensity, xd-cfDNA= xenograft-derived cell free DNA. *global 
longitudinal strain values are displayed here as absolute numbers, whereas reported strain 
is typically a negative number.  
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Figure 5.4: Histology from Longitudinal Endomyocardial Biopsies and Autopsy 
a) 20x magnification of endomyocardial biopsy (embx) #1, postoperative day (POD) 34 
demonstrating normal histology b) 20x magnification of embx #2, POD 45 demonstrating 
interstitial red blood cell extravasation and fragmentation and edema without cellular 
infiltrate or intravascular thrombosis c) 20x magnification of embx #3, POD 55 showing 
some resolution of interstitial edema and red blood cell extravasation but evidence of 
necrotic myocytes d) 20x and e) 60x magnification, respectively, of septum at autopsy 
(POD 60) demonstrating interstitial edema and red blood cell extravasation, myocardial 
necrosis, scant fibrosis and central nuclei.  

 

On POD 34, endomyocardial biopsy (embx) demonstrated no evidence of rejection (Figure 

5.4a) and the heart revealed a right atrial pressure of 5 mmHg, pulmonary artery pressure 
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of 25/15 mmHg, cardiac index of 2.7 (L/min/BSA) and a mixed venous saturation of 65% 

(Hgb 8.1 gm/dL). The patient was able to rehabilitate without any cardiovascular support 

and the xenograft functioned normally without evidence of rejection. 

 

On POD 43 he became more somnolent, was intubated and developed hypotension, which 

was responsive to fluid and vasopressin administration. His chest radiograph suggested 

worsening left lower lobe collapse and soft infiltrates in the right lung. Bronchoscopy 

revealed diffuse shallow ulcers throughout the right primary and secondary airways 

suggestive of viral or fungal etiology, despite ongoing prophylaxis. Given bronchoscopic 

findings, clinical decline suggestive of sepsis, and profound hypogammaglobulinemia 

(total IgG 185 mg/dL), antimicrobial coverage was broadened and 1 gm/kg IVIG (80 gm) 

was administered. Additionally, results of our weekly KT®  

Figure 5.5: Human and Porcine Pathogen Surveillance using mcfDNA 
Unbiased longitudinal surveillance of recipient plasma by mcfDNA revealed presence of 
suid herpesvirus 2 (porcine cytomegalovirus, pCMV). Superimposed treatment for pCMV 
is indicated by arrows. There was no detection of latent human DNA viruses following 
xenotransplantation. 

revealed a notable increase in mcfDNA for suid herpesvirus 2 (porcine CMV, pCMV) 

(Figure 5.5) which raised concern for a possible viral infection. As a result, anti-viral 
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therapy was changed from ganciclovir to cidofovir. A biopsy of these airway lesions was 

performed which did not demonstrate any viral cytopathic effect or viral inclusions and 

GMS stains were negative. A repeat bronchoscopy performed approximately 5 days later 

showed improvement in the diffuse airway ulcerations. The patient was ultimately 

extubated and resumed in-room rehabilitation. 

 

On POD 48 he sat alone in a chair and waved to care givers, free from bed for the first time 

in 109 days secondary to aggressive postoperative rehabilitation efforts. On the evening of 

POD 49 his serum lactate rose from 4 mg/dL to 11.2 mg/dL over 8 hours in the setting of 

mild abdominal discomfort and distention. He became hypotensive required vasopressors 

and was intubated. He developed acrocyanosis suggesting a lowered cardiac output for the 

first time since transplant. He underwent a negative exploratory laparotomy. A newly 

placed pulmonary artery catheter revealed a mixed venous saturation of 33%. While 

echocardiogram revealed an EF of 65-70%, a dramatic increase in LV wall thickness (1.7 

cm) was observed and RV thickness (1.4 cm) was noted (Figure 5.6b).  

 

Both LV and RV walls remained persistently thickened, independent of left ventricular end 

diastolic volume and loading conditions. GLS became dramatically more positive (Figure 

5.3b). His family was consulted and encouraged re-cannulation for a life supporting run of 

VA-ECMO, which he underwent on the evening of POD 49. 
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Figure 5.6: Transthoracic echocardiogram images of the transplanted xenograft 
Transthoracic echocardiogram images of the transplanted xenograft in parasternal short 
axis in end diastole (a) Postoperative day (POD) 19 which exhibits normal xenograft 
function, global longitudinal strain (GLS) and left ventricular posterior wall in diastole 
(LVPWd) and (b) POD 49, prior to VA-ECMO cannulation, which exhibits preserved 
systolic function, more positive GLS and increased LVPWd.   

 
 
Endomyocardial biopsy (POD 50) did not demonstrate antibody or acute cellular rejection 

(International Society for Heart and Lung Transplantation (ISHLT) Grade 0) (Figure 

5.4b).137 However, there was focal capillary damage with extravasated erythrocytes and 

edema. Antibody staining, IgG greater than IgM, in capillaries was present but was 

negative for C3d or C4d. There was a single ischemic myocyte and no cellular infiltrates 

either on H&E or IHC by CD3+ or CD68+ staining. Troponin I was rising. It was 

determined later that xd-cfDNA from that date (Figure 5.3c) and serum levels of xenograft 

specific IgG, and to lesser extent, IgM were also peaking (Figure 5.3a). We suspected an 

atypical presentation of antibody mediated rejection, so initiated treatment. This included 

therapeutic plasma exchange sessions over 5 days, with 1.5x plasma volume exchange, 

followed by 3 additional sessions with 1.0x plasma volume exchanges, IVIG 1 gm/kg, 

complement inhibition (Berinert x2, Eculizumab x1) and B-cell depletion (Rituximab 375 

mg/m2). We continued to support him on ECMO as he was awake and encouraged us to do 

so.  
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On POD 56 repeat embx revealed ISHLT pAMR1 (improved capillary staining of IgG and 

IgM, but C4d staining was now present) (Figure 5.4c). There was interval reduction in 

interstitial red blood cell extravasation and edema, but embx revealed 40% myocyte 

necrosis. Again, there was no evidence of cellular rejection, but C4d, IgG, and IgM were 

weakly positive and more prominent in the increased areas (40%) of necrotic myocytes, 

which may have indicated non-specific binding. There was focal capillary damage with 

extravasated erythrocytes and stromal cells within the prominent inter-myocyte edema. 

Repeat echocardiogram demonstrated an EF of >70%, normal RV function and improved 

longitudinal strain (-19.2). Biventricular wall thickening improved slightly. The patient 

was slowly able to be weaned from 4.5 L/min of VA-ECMO flows down to 3 L/min 

without the need for catecholamine support. Further echocardiographs did not demonstrate 

improvement of wall thickness or GLS and ECMO could not be weaned below 2 L/min. 

 

We concluded an irreversible injury to the xenograft and compassionately withdrew 

support with family at the bedside. Preliminary postmortem exam of the heart revealed an 

increase in heart weight to 600 gm, up from 328 gm at transplantation. Cardiac myocytes 

were widely spaced with central nuclei separated by thin bands of fibrosis.  Necrosis of 

myocytes was scattered and observed with loss of myocyte integrity. Small caliber vessels 

demonstrated prominent endothelial nuclei. Erythrocytes were observed scattered 

throughout the interstitial space between myocytes in a pattern consistent with vascular 

extravasation. Findings were not consistent with typical xenotransplantation rejection 

(Figure 5.4d-e). Additional studies are underway to characterize the pathophysiologic 

mechanisms resulting in this damage.  
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5.2.5 Discussion  
 
The relatively small 328 gm GHR knockout porcine heart from a 110kg source animal was 

able to support systemic and end-organ perfusion in a human recipient and liberate an 

ECMO-dependent patient from mechanical circulatory support after 6 weeks of 

dependance. After successfully weaning from ECMO shortly after transplantation, he 

participated in active rehabilitation for almost 2 months. However, several barriers to full 

improvement of his clinical status ensued in his postoperative course. 

 

Our patient was disqualified from other advanced therapies principally because of his 

history of non-compliance. He had been non-ambulatory for 8 weeks prior to experimental 

xenotransplantation. His level of preoperative deconditioning was further compounded by 

his cross clamp-related Type A aortic dissection, perioperative acute renal failure and 

bacterial peritonitis discovered on POD 10, which resulted in prolonged postoperative 

physical rehabilitation and antibiotic needs. 

 

The patient had a history of mild chronic thrombocytopenia with further decline in his 

counts (<20,000 cells/µL) postoperatively. Preliminary autopsy found a normal spleen 

without evidence of sequestration of platelets. Preoperative leukopenia, presumably from 

antibiotics, worsened postoperatively and responded to GCSF. Leukopenia and 

thrombocytopenia affected decision making regarding induction immunosuppression as 

well, which deviated from our NHP experience.38,45 A single, rather than double, dose of 

Rituximab was given just prior to transplantation. It adequately suppressed peripheral 

circulating CD20+ cells. However, a lymph node sample at the time of chest closure POD 
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2 showed residual CD20+ B cells and guided an additional dose on POD 8 to target lymph-

bearing tissue. The usual total preoperative induction dose of 10 mg/kg ATG was 

substituted for a 4 mg/kg graduated dose between POD 1-4. The impact of withdrawal of 

MMF at POD 24 should also be considered regarding the overall immunosuppression of 

the recipient.  

 

It appeared that our CD40-based immunomodulation regimen and genetically modified 

xenograft avoided hyperacute rejection in the immediate postoperative period. 

Endomyocardial biopsies of the xenograft did not demonstrate acute cellular rejection. 

Antibody mediated rejection was not detected by ISHLT criteria (which includes IgM/IgG 

staining and C4d staining of intact myocardium, monocellular infiltrate and endotheliitis), 

with the exception of mild C4d staining POD 56.137 In our NHP studies, microthrombi, 

massive intracellular hemorrhage, myocyte necrosis with pyknotic nuclei and occasional 

cellular infiltrate are generally present in xenografts with antibody mediated rejection, 

which was absent in this case.45 The pronounced sudden diastolic failure and global 

pathologic myocardial thickening yet preserved systolic function was remarkable. This 

combined with focal capillary injury in the virtual absence of complement deposition is 

without precedent in human allotransplantation. Its suddenness and severity in our patient 

had not been anticipated from our NHP studies. It is unclear whether there would be 

improvement of diastolic dysfunction and myocardial thickening with prolongation of 

ECMO support. Presumably, the healing would require elimination of edema without 

subsequent fibrotic healing. The preservation of systolic function is of interest and gives 

credence to the possibility of reversibility. No evidence of pathology outside of the heart 
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related to the xenotransplantation and associated therapeutics were observed on 

preliminary autopsy. 

 

IVIG was administered twice during the patient’s postoperative course (Figure 5.3a). The 

first dose on POD 43 for infectious concerns. The second dose, on POD 50 for treatment 

of presumed antibody mediated rejection after initial therapeutic plasma exchange. Both 

doses coincided with an increase in recipient IgG, and to a lesser extent IgM, specific to 

PAECs from the source animal. In a single report, IVIG has not shown to have complement 

dependent cytotoxicity to pig xenogeneic tissues in vitro or in vivo, however, authors 

cautioned that specific doses given to a patient should exhibit minimal xenograft specific 

antibody-mediated cytotoxicity prior to adminstration.198 While in vitro Ig binding of IVIG 

from the UMMC pharmacy to donor specific cells was observed in two separate 

laboratories, including ours, antibody-mediated, complement dependent, cytotoxicity was 

not shown. This suggests that IVIG may not be a significant contributor to xenograft injury.  

 

Postoperative monitoring of both the xenograft and for zoonoses were performed using 

traditional clinical measures and included novel highly sensitive cfDNA assays. 

Longitudinal xenograft-specific antibody assays were also used to aid in detecting elicited 

donor-specific antibody responses. These results were generally delayed by 1 week, as they 

are dependent on growing cell cultures of the source animal’s aortic endothelial cells, 

incubating these cells with recipient serum and analyzing antibody binding by flow 

cytometry. Point-of-care troponin I testing was most useful to detecting early xenograft 
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injury largely because the data was instantaneous and previously validated by our NHP 

work.38,45,136  

 

The donor pig was maintained in a bio-secure facility and was weaned early from its 

mother. Pathogen screening (Table 5.3), before and after arrival of the source animal to 

UMD demonstrated the expected presence of PERV A/B, and lack of PERV C. It also 

detected porcine circovirus 3 (PCV3), but was of unclear significance (not suspected 

positive) given the high cycle threshold (Ct 39). There is no evidence to date showing 

PCV3 is capable of infecting human cells.199 There was also an absence of pCMV, PLHV, 

and other viruses, which supported published studies demonstrating successful elimination 

of porcine viral pathogens through husbandry practices such as colostrum deprivation, 

early weaning, and use of bio-secure facilities.200 Therefore, active surveillance after 

transplantation was targeted to PERV A/B. 

 

We did not find evidence of PERV A/B/C in the recipient’s PBMCs by PCR 60 days post-

xenotransplantation, suggesting transmission to the recipient did not occur. KT® did not 

demonstrate evidence of PCV3 in the recipient after transplantation. KT® was positive on 

POD 20 for pCMV at low levels and increased over subsequent weeks (Figure 5.5). The 

detection of pCMV was unexpected given the husbandry practices, negative surveillance 

testing through PCR nasal swab of the donor animal prior to organ transplantation, and use 

of anti-viral prophylaxis. To verify the KT® results, quantitative 

PCR was performed on a donor spleen sample and PBMCs. The donor spleen tested 

positive for pCMV indicating that the donor was likely latently infected with pCMV. 
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Recipient PBMCs were also positive. It is uncertain whether the detection of pCMV via 

plasma mcf-DNA and/or PCR testing represents 1) replicating virus in the xenograft or 2) 

replicating virus in the recipient or 3) shedding of genetic material from the xenograft. The 

presence of pCMV in explanted xenografts from NHP recipients has been correlated with 

worse outcomes than those without pCMV, for reasons that are currently unclear.118 

Further viral testing is warranted since human herpes virus 6 (HHV6) was also detected in 

lung lavage of this patient. HHV6 has been shown to cross-react with pCMV and where 

HHV6 is a significant cause of allograft rejection.201,202 Stored samples from the recipient 

are being comprehensively evaluated for presence of zoonotic viruses. No obvious viral 

cytopathic changes were identified on preliminary H&E examination of thoracic or 

abdominal organs.  

5.2.6 Moving Forward 
 

The preclinical model of cardiac xenotransplantation largely mirrors the human experience 

in xenograft life-supporting function and rejection-free survival using CD40 co-stimulation 

blockade-based immunosuppression. NICP appeared to prevent PCXD and, as the OHTx 

NHP model predicted, post-transplantation xenograft growth is likely multifactorial. In this 

human case, as did in the NHPs, space-filling defects contributed largely to post-

transplantation xenograft growth. Although the underlying etiology here is not likely 

related to rejection, investigation is ongoing. 

 

The application of cardiac xenotransplantation requires careful consideration of clinical 

factors that cannot be assessed by OHTx NHP models. In this emerging field, a multi-

faceted approach to surveillance is important, which includes rapid determination of anti-
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porcine antibodies and immunosuppressive monitoring. Biomarkers should include 

troponin I and xd-cfDNA. In parallel with echocardiography, these are likely useful for 

determining the state of the xenograft (Figure 5.3). More clarity in the pathophysiology of 

the acute diastolic failure will undoubtably help define antecedent markers on early embx 

as well. More sensitive screening assays may be required for pig source animals to better 

assess latent viruses such as pCMV. 

The xenograft dysfunction, patient’s severe deconditioning and complicated postoperative 

course led to the compassionate withdrawal of further advanced supportive care. Based on 

our experience, we believe there are morbidly ill patients with heart failure who do not 

meet criteria for advanced therapeutic options, who may choose xenotransplantation. Once 

our patient knew that he was unlikely to survive with continued medical therapy, he readily 

accepted this experimental procedure. His son stated, “We hope this story can be the 

beginning of hope and not the end. We also hope that what was learned from his surgery 

will benefit future patients and hopefully one day, end the organ shortage that costs so 

many lives each year.”203  

 
The regulatory landscape since performing the first FDA-approved application of 

xenotransplantation is still unknown. However, we have demonstrated that the FDA has 

some appetite for regulatory approval of novel therapeutics in solid organ 

xenotransplantation given the appropriate pre-clinical efficacy, demonstration of expertise 

and perioperative planning and surveillance of zoonosis. To what extent this transplant will 

move the needle in the direction of further regulatory approvals has yet to be seen. While 

Norman Shumway, the American surgeon scientist who performed the first heart 

transplantation in the United States was quoted saying “Xenotransplantation is the future 
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and always will be”.204,205 We would now argue now that “Xenotransplantation is the future 

and is here to stay.” 
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