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The recent sad death of Mr. Lawrence Faucette, the second patient to undergo pig heart transplantation at the University of Maryland at Baltimore (UMB), is a significant setback to the UMB program and, indeed, to all clinical attempts at organ xenotransplantation. However, such disappointments are to be anticipated when pioneering a completely new form of therapy.
The first patient to receive a human heart allotransplant, an operation carried out by Christiaan Barnard in Cape Town in 1967, sadly survived for only 18 days [1], far shorter than the 2-month’ survival of Mr. David Bennett, Sr, the first patient to receive a pig heart transplant at UMB [2]. However, Barnard’s second patient lived for a remarkable 19 months.
When new surgical treatments are introduced, e.g., open heart surgery, organ transplantation, most of the initial patients offered this novel high-risk treatment are desperately sick with no alternative therapy available to them. If they have a strong desire to live and sufficient courage, they are likely to accept any possible opportunity for prolongation of life, no matter how limited the chances of long-term survival.
This was certainly the situation in which Mr. Bennett and Mr. Faucette found themselves. Both had extremely poor myocardial function with left ventricular ejection fractions of 11%–12% (whereas the normal in a healthy adult should be >50%). For number of reasons, neither was deemed suitable for allotransplantation.
Mr. Bennett had been supported by extracorporeal membrane oxygenation (ECMO) for 6 weeks before undergoing heart transplantation and, as a result of being largely immobilized during this period and previously, was in an advanced state of debility that limited his recovery. Despite intensive physical therapy and good pig heart function for approximately 45 days, he was strong enough to get out of bed on only a single occasion during the 2 months that he survived.
His recovery was not helped by the fact that a dissection of his aorta at the site of the aortic cross-clamp at the time of the heart transplant, almost certainly associated with the fragility of his blood vessel walls because of his debility, required repair. To the surgical team’s credit, this was achieved successfully, but the complication resulted in renal failure, for which he required regular dialysis for the remainder of his life. The development of features suggestive of an abdominal infection or other intra-abdominal complication necessitated two laparotomies, undoubtedly contributing to his weakened state.
The very low levels of the immunoglobulins in his blood, again reflecting his prolonged debility, stimulated his medical advisors to administer intravenous immunoglobulin G (IVIg), which very likely contained anti-pig antibodies [3, 4] and may have been a factor in the development of the antibody-mediated rejection from which Mr. Bennett did not recover. In addition, the pig heart was found to harbor latent porcine cytomegalovirus (porcine roseolovirus, pCMV/pRV) whose reactivation and replication may have contributed to inflammation in the organ and to the patient’s demise [4–6].
Several aspects of Mr. Bennett’s care therefore needed careful reflection and some improvement to prevent complications in future patients. These included 1) removal of anti-pig antibodies from IVIg before its administration, and 2) a more sensitive test to determine whether the pig carried pCMV/pRV, but perhaps the most important lesson related to selection of the patient. If a patient is so debilitated that he or she is unlikely to recover full health, then possibly they should not be offered this form of therapy. When one considers the very checkered post-transplant course of Mr. Bennett, it is difficult to conclude that he benefitted in any way from the transplant though his family appreciated the extra time they could spend with him [7].
Because details of Mr. Faucette’s post-transplant clinical course have not yet been reported in the literature, we know much less about the factors that might have contributed to his demise, though dialysis was once again required for renal failure and rejection has been mentioned as the cause of death (after 42 days). This is particularly concerning as Mr. Faucette received an anti-CD154mAb-based immunosuppressive regimen (which is known to be more effective than an anti-CD40mAb-based regimen, which was the therapy that Mr. Bennett received), as well as increased complement-inhibitory drugs (a C1-esterase inhibitor followed by a C5 inhibitor, eculizumab). Unless there was a change in the medication schedule that has not been reported yet, if rejection was indeed the cause of graft failure, then there is cause for concern.
Numerous studies in gene-edited pig-to-nonhuman primate (NHP) models, including those at UMB, have provided encouraging data on pig heart [8–12] or kidney [13–15] survival when either an anti-CD40mAb or an anti-CD154mAb has formed the basis of the immunosuppressive regimen. In addition, there is now considerable in vitro evidence that strongly suggests that the immune hurdle will be significantly weaker when triple gene-knockout (TKO) pig organs (i.e., organs from pigs in which expression of all three known pig glycan xenoantigens has been deleted) are transplanted into humans than into NHPs [16, 17]. It is therefore disappointing and of concern that both patients might have lost their grafts from rejection.
In both patients, we presume that the presence of preformed anti-pig antibodies was low or had been excluded by pre-transplant testing, and so antibody-mediated rejection should only have occurred following the development of de novo anti-pig antibodies, suggesting inadequate immunosuppressive therapy.
In Mr. Bennett’s case, the factors that might have resulted in graft failure from rejection are more obvious than in the case of Mr. Faucette. In particular, it has been reported that anti-pig antibody concentrations remained low until postoperative day 47 when, following the administration of IVIg, a sharp increase of anti-pig IgG and, to a lesser extent, IgM was observed, possibly triggering a rejection response. Furthermore, mycophenolate mofetil therapy was discontinued due to pancytopenia from postoperative days 20–50 and instead the patient received tacrolimus from days 20 to 54. Indeed, his severely debilitated state may possibly have influenced the surgical team to reduce the intensity of immunosuppressive therapy to an inadequate level. In addition, the response to the presence of pCMV/pRV in the graft may have had a more detrimental effect on graft function than anticipated. (It has been well-documented that grafts from CMV-positive pigs fail earlier than those from pCMV/pRV -negative pigs [18, 19]).
However, all pioneering efforts are associated with errors and omissions, and it is easy to raise questions in hindsight. Without an initial effort, even if that effort is imperfect, no progress will be made. Hopefully, the causes of graft failure may become more clarified when data on Mr. Faucette’s post-transplant course are published.
But what can be done now by the UMB team and by others considering clinical gene-edited pig organ transplantation?
We suggest that the first consideration might be in determining whether pig kidney transplantation should be preferred over pig heart transplantation if only because, if the kidney fails or there are other complications, e.g., life-threatening infection, the pig kidney can be excised, all immunosuppressive therapy can be discontinued, and the patient returned to support by chronic dialysis [20]. At the present time, if pig heart xenotransplantation is justified (because neither allotransplantation nor mechanical support has been deemed possible), there can be no “Plan B”—if the heart fails, the patient will die.
Furthermore, in the experimental laboratory, numerous NHPs have been supported in a healthy condition by pig kidneys for more than a year, and for a maximum of almost 4 years in one case (Adams A, personal communication). In contrast, to our knowledge no NHP has survived while supported by an orthotopically-placed pig heart for >9 months, and failure has uniformly been from antibody-mediated rejection. The expectation that a gene-edited pig heart will support a patient for a prolonged period of time (in excess of a year) is therefore not currently supported by experimental data and may be overly optimistic at the present time. With the current moderately good results of mechanical device support in adults, it is difficult to justify bridging of an adult with a pig heart.
Instead, it has been proposed that xenotransplantation should first be employed as a method of bridging infants with complex life-threatening congenital heart disease, e.g., single ventricle physiology, until a suitable cardiac allograft becomes available [10, 21]. This approach has been suggested because 1) mechanical support devices are relatively rarely successful in infants and neonates, 2) the results of cardiac allotransplantation are better in this age group than of any other organ transplants in any other age group (in part because of their immature immune system and in part because partial or total thymectomy is commonly carried out to gain access to perform the operation), 3) the results of palliative surgery are mixed at best and considered unsatisfactory in many cases, and 4) bridging does not commit the recipient to a life-long dependency on a pig heart with all the “unknowns” with which this is currently associated.
If infants could receive a gene-edited pig heart transplant soon after the birth, this may well maintain life until a cardiac allograft becomes available, which in the United States is an average of approximately 4 months (with a waitlist mortality of 34%) [22, 23]. Even if the recipient becomes sensitized to pig antigens and produces anti-pig antibodies, the current (limited) evidence is that this would not be detrimental to the outcome of a subsequent cardiac allograft [24]. Furthermore, a successful xenograft would enable the baby to be taken home by the parents, whereas those supported by a mechanical device must remain in an intensive care unit for several months until an allograft becomes available.
As an increasing number of NHPs have been supported by pig hearts for 6 months or longer, this approach seems feasible and may be preferred to destination therapy in adult humans. The experience gained from bridging in infants could enable improvements in management to be made that lead eventually to successful destination therapy.
In summary, perhaps clinical pig xenotransplantation should at present best be directed towards kidney transplantation. Alternatively, bridging infants to cardiac allotransplantation represents an option that needs to be explored further.
DATA AVAILABILITY STATEMENT
The original contributions presented in the study are included in the article/supplementary material, further inquiries can be directed to the corresponding author.
AUTHOR CONTRIBUTIONS
All authors listed have made a substantial, direct, and intellectual contribution to the work and approved it for publication.
REFERENCES
 1. Barnard, CN. The Operation. A Human Cardiac Transplant: An Interim Report of a Successful Operation Performed at Groote Schuur Hospital, Cape Town. S Afr Med J (1967) 30:1271–4. 
 2. Griffith, BP, Goerlich, CE, Singh, AK, Rothblatt, M, Lau, CL, Shah, A, et al. Genetically-Modified Porcine-To-Human Cardiac Xenotransplantation. N Engl J Med (2022) 387:35–44. doi:10.1056/NEJMoa2201422
 3. Yamamoto, T, Cui, Y, Patel, D, Jagdale, A, Iwase, H, Ayares, D, et al. Effect of Intravenous Immunoglobulin (IVIg) on Primate Complement-Dependent Cytotoxicity of Genetically-Engineered Pig Cells: Relevance to Clinical Xenotransplantation. Sci Rep (2020) 10:11747. doi:10.1038/s41598-020-68505-1
 4. Mohiuddin, MM, Singh, AK, Scobie, L, Goerlich, CE, Grazioli, A, Saharia, K, et al. Graft Dysfunction in Compassionate Use of Genetically Engineered Pig-To-Human Cardiac Xenotransplantation: A Case Report. Lancet (2023) 402:397–410. doi:10.1016/S0140-6736(23)00775-4
 5. Cooper Dkc Yamamoto, T, Hara, H, Pierson, RN, and Pierson, RN. The First Clinical Pig Heart Transplant - Was IVIg or Pig Cytomegalovirus Detrimental to the Outcome?Xenotransplantation (2022) 29:e12771. doi:10.1111/xen.12771
 6. Denner, J. First Transplantation of a Pig Heart From a Multiple Gene-Modified Donor, Porcine Cytomegalovirus/Roseolovirus, and Antiviral Drugs. Xenotransplantation (2023) 30:e12800. doi:10.1111/xen.12800
 7. Bennett, D. A Message From Mr. David Bennett Jr, the Son of the First Patient to Receive a Gene-Edited Pig Heart Transplant. Xenotransplantation (2023) 30:e12839. doi:10.1111/xen.12839
 8. Längin, M, Mayr, T, Reichart, B, Michel, S, Buchholz, S, Guethoff, S, et al. Consistent Success in Life-Supporting Porcine Cardiac Xenotransplantation. Nature (2018) 564:430–3. doi:10.1038/s41586-018-0765-z
 9. Goerlich, CE, Griffith, B, Hanna, P, Hong, SN, Ayares, D, Singh, AK, et al. The Growth of Xenotransplanted Hearts Can Be Reduced With Growth Hormone Receptor Knockout Pig Donors. J Thorac Cardiovasc Surg (2023) 165:e69–e81. doi:10.1016/j.jtcvs.2021.07.051
 10. Cleveland, DC, Jagdale, A, Carlo, WF, Iwase, H, Crawford, J, Walcott, GP, et al. The Genetically Engineered Heart as a Bridge to Allotransplantation in Infants: Just Around the Corner?Ann Thorac Surg (2021) 114:536–44. doi:10.1016/j.athoracsur.2021.05.025
 11. Mohiuddin, MM, Goerlich, CE, Singh, AK, Zhang, T, Tatarov, I, Lewis, B, et al. Progressive Genetic Modifications of Porcine Cardiac Xenografts Extend Survival to 9 Months. Xenotransplantation (2022) 29:e12744. doi:10.1111/xen.12744
 12. Singh, AK, Goerlich, CE, Shah, AM, Zhang, T, Tatarov, I, Ayares, D, et al. Cardiac Xenotransplantation: Progress in Preclinical Models and Prospects for Clinical Translation. Transpl. Int. (2022) 35:10171. doi:10.3389/ti.2022.10171
 13. Adams, AB, Lovasik, BP, Faber, DA, Burlak, C, Breeden, C, Estrada, JL, et al. Anti-C5 Antibody Tesidolumab Reduces Early Antibody-Mediated Rejection and Prolongs Survival in Renal Xenotransplantation. Ann Surg (2021) 274:473–80. doi:10.1097/SLA.0000000000004996
 14. Ma, D, Hirose, T, Lassiter, G, Sasaki, H, Rosales, I, Coe, TM, et al. Kidney Transplantation From Triple-Knockout Pigs Expressing Multiple Human Proteins in Cynomolgus Macaques. Am J Transpl (2022) 22:46–57. doi:10.1111/ajt.16780
 15. Anand, RP, Layer, JV, Heja, D, Hirose, T, Lassiter, G, Firl, DJ, et al. Design and Testing of a Humanized Porcine Donor for Xenotransplantation. Nature (2023) 622:393–401. doi:10.1038/s41586-023-06594-4
 16. Estrada, JL, Martens, G, Li, P, Adams, A, Newell, KA, Ford, ML, et al. Evaluation of Human and Non-Human Primate Antibody Binding to Pig Cells Lacking GGTA1/CMAH/β4GalNT2 Genes. Xenotransplantation (2015) 22:194–202. doi:10.1111/xen.12161
 17. Yamamoto, T, Hara, H, Iwase, H, Jagdale, A, Bikhet, MH, Morsi, MA, et al. The Final Obstacle to Successful Preclinical Xenotransplantation?Xenotransplantation (2020) 27:e12596. doi:10.1111/xen.12596
 18. Mueller, NJ, Kuwaki, K, Dor, FJ, Knosalla, C, Gollackner, B, Wilkinson, RA, et al. Reduction of Consumptive Coagulopathy Using Porcine Cytomegalovirus-Free Cardiac Porcine Grafts in Pig-To-Primate Xenotransplantation. Transplantation (2004) 78:1449–53. doi:10.1097/01.tp.0000141361.68446.1f
 19. Yamada, K, Tasaki, M, Sekijima, M, Wilkinson, RA, Villani, V, Moran, SG, et al. Porcine Cytomegalovirus Infection Is Associated With Early Rejection of Kidney Grafts in a Pig to Baboon Xenotransplantation Model. Transplantation (2014) 98:411–8. doi:10.1097/TP.0000000000000232
 20. Cooper, DKC, and Cleveland, DC. The First Clinical Trial – Kidney or Heart?Xenotransplantation (2021) 28:e12644. doi:10.1111/xen.12644
 21. Cleveland, D, Adam Banks, C, Hara, H, Carlo, WF, Mauchley, DC, and Cooper, DKC. The Case for Cardiac Xenotransplantation in Neonates: Is Now the Time to Reconsider Xenotransplantation for Hypoplastic Left Heart Syndrome?Pediatr Cardiol (2019) 40:437–44. doi:10.1007/s00246-018-1998-1
 22. Mah, D, Singh, TP, Thiagarajan, RR, Gauvreau, K, Piercey, GE, Blume, ED, et al. Incidence and Risk Factors for Mortality in Infants Awaiting Heart Transplantation in the USA. J Heart Lung Transpl (2009) 28:1292–8. doi:10.1016/j.healun.2009.06.013
 23. John, M, and Bailey, LL. Neonatal Heart Transplantation. Ann Cardiothorac Surg (2018) 7:118–25. doi:10.21037/acs.2018.01.05
 24. Cooper, DKC, Habibabady, Z, Kinoshita, K, Hara, H, and Pierson, RN. The Respective Relevance of Sensitization to Alloantigens and Xenoantigens in Pig Organ Xenotransplantation. Hum Immunol (2022) 84:18–26. doi:10.1016/j.humimm.2022.06.003
Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2024 Cooper and Cozzi. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.




OPS/images/crossmark.jpg
©

|





OPS/xhtml/nav.xhtml
Contents

		Cover

		Clinical Pig Heart Xenotransplantation—Where Do We Go From Here?		Data Availability Statement

		Author Contributions

		References









OPS/images/cover.jpg
( ESOT

€ Transplant
International






OPS/images/logo.jpg
é ESOT

( Transplant
International





