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Expert Opinion Special Feature: Patient Selection 
for Initial Clinical Trials of Pig Organ Transplantation
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Recent developments in xenotransplantation have 
included the creation of pigs with multiple gene 

edits aimed at protecting their organs from the primate 
innate immune response and the availability of several 
novel immunosuppressive agents that block the CD40/
CD154 T-cell costimulation pathway. Combining these 
approaches, the survival of life-supporting kidneys in non-
human primates has extended to more than a year,1, 2 and 
pig hearts have been found to support life for over 6 mo in 
baboons3-5 and for 2 mo in a human (Griffith et al)6.

The benefit and risk associated with a pig organ xeno-
graft will be uncertain until clinical experience accumu-
lates. This uncertainty cannot be resolved by preclinical 
studies alone7,8 or by further organ transplants in deceased 
human subjects in which follow-up will likely be restricted 
to only a few days.9-11 Thus, in our estimation, pilot clini-
cal experimentation in parallel with preclinical studies is 
scientifically justifiable. In this context, ethical precepts 
established to guide biomedical research and clinical 
experimentation mandate that initial trials of xenotrans-
plantation for each organ be designed on the basis of the 
best available evidence from preclinical studies and enroll 
patients lacking timely access to an allograft or who are 

expected to be served poorly by currently available thera-
peutic alternatives.

Because recent experimental success in the gene-edited 
pig-to-nonhuman primate model suggests that clinical tri-
als of pig kidney and heart transplantation are warranted, 
this commentary will concentrate on these organs.

An initial clinical trial in kidney transplantation pro-
vides the option of return to dialysis should the xenograft 
fail or intractable infection necessitate discontinuation 
of immunosuppressive therapies and graft excision.12 
Such long-term life-supporting “rescue” therapies are not 
expected to be available to patients with a pig heart xen-
ograft.13 Nevertheless, transplantation of a pig heart in 
patients for whom no alternative therapy is available is 
ethically defensible; indeed, the transplant in Mr Bennett 
has illustrated its therapeutic potential and should yield 
valuable new insights regarding remaining barriers 
(Griffith et al6).

Allowing for situationally justifiable exceptions, the cri-
teria used for the selection of patients for initial xenotrans-
plantation trials should closely resemble those used to 
determine candidacy for allotransplantation. Medical or 
surgical comorbidities that are associated with signifi-
cantly shorter survival (eg certain cancers, frailty, malnu-
trition, uncontrolled infection)14 and severe extracardiac 
vascular disease that would technically limit the ability 
to perform the surgery safely should remain contraindi-
cations for xenotransplantation. As for other new experi-
mental therapies (eg, allotransplantation in HIV-infected 
recipients), local expertise must be available to provide 
the clinical and scientific support required to optimize 
the investigation of the immunologic phenomena and to 
track infectious disease risks even beyond the survival of 
the xenograft.14-17 Knowledge gained from clinical experi-
ence will inform improvements to clinical protocols and 
prioritize questions to be investigated in preclinical mod-
els. Current guidance regarding storage of blood and tissue 
samples,14-17 although burdensome to patients, close con-
tacts, and investigators, should be largely similar to those 
already practiced in association with allotransplantation 
in North America and Europe.

Across all organs, recipient sensitization to alloantigens 
presents a formidable barrier, both concerning access to 
a cross-match–negative donor-recipient pair, high wait-
list mortality, and inferior outcomes after transplant. 
Although paired kidney exchanges provide access to a 
compatible allograft for some sensitized candidates with 
a living donor, many remain disadvantaged, particularly 
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those with very high panel-reactive anti-HLA antibod-
ies, those with blood types B or O, and those who live 
in regions of the world with long waiting times, such as 
the Northeastern United States.18,19 Thus, some HLA-
sensitized patients with a negative cross-match against 
the organ-source pig could be considered for an initial 
xenograft clinical trial, provided they do not exhibit any 
cross-reactivity to swine leukocyte antigens from the 
organ-source pig.

Similarly, enrolling subjects under emergency circum-
stances that do not allow a thorough assessment of patient 
suitability should be avoided. Current or recently treated 
advanced malignancy or an active infection may cause 
life-limiting complications under immunosuppressive ther-
apy. Adequate psychosocial support, a robust process of 
preprocedure education, and thorough informed consent 
for both the patient and his/her caregivers are important 
to encourage compliance with posttransplant treatment, 
monitoring, and public safety protocols. Adherence to such 
basic principles will enhance public support for xenotrans-
plantation. Finally, in our estimation, studies should be 

designed to generate data that will improve the safety of 
subsequent xenograft procedures.

In the United States, patients on the waitlist have an 
approximate 45% likelihood of being removed from the 
waitlist within 5 y (Figure 1), either because of death or 
because of worsening health condition to the point that 
they would no longer be considered a suitable candidate 
for transplantation, for example, from the development of 
new comorbidities.18,19 The likelihood of receiving a kid-
ney within 5 y of listing varies in the United States between 
<20% and almost 80%, depending on the region in which 
the patient is listed; in some regions, patients with blood 
groups B or O may wait well beyond 5 y.19 In Europe, 
similar variance exists in wait times and access to organs 
based on residency and blood type.

We suggest, therefore, that patients in the good physi-
ological condition who are in their 60s or 70s, but who 
are likely to remain on the waitlist for >5 y might welcome 
a pig kidney graft to avoid the restrictions imposed by 
long-term dialysis while they remain on the waitlist for a 
deceased human kidney.18,23 Therefore, the xenograft may 

FIGURE 1. Percentage survival of ESRD patients by treatment modality in 2010 (reproduced with permission from Cooper et al20), and 
based on data from 2 sources (i) USRDS,21 and (ii) Orandi BJ et al.22 ESRD, end-stage renal disease.

Copyright © 2022 Wolters Kluwer Health, Inc. Unauthorized reproduction of this article is prohibited.



1722 Transplantation  ■  September 2022  ■ Volume 106  ■  Number 9 www.transplantjournal.com

serve as a bridge while providing important data to inform 
the design of destination therapy trials.

Other indications for pig kidney transplantation might 
include (1) a complete loss of vascular access for dialysis 
(although, in the event of graft failure, such a patient would 
not be able to rely on the backup of a return to dialysis), 
(2) high panel-reactive HLA antibodies that significantly 
limit compatible donor options (see comments above), and 
(3) rapidly recurrent kidney diseases, such as hemolytic 
uremic syndrome or focal sclerosing glomerulosclerosis in 
which a previous graft loss because of focal sclerosing glo-
merulosclerosis raises the risk of immediate recurrence to 
>80% on retransplantation.23,24 However, these processes 
may confound the interpretation of clinical outcomes after 
xenotransplantation if the pig xenograft proves susceptible 
to the underlying disease. In contrast, if xenografts prove 
resistant to ≥1 of these disease mechanisms, then available 
allografts could be deployed to better long-term effect in 
other patient populations.

If a pig kidney transplant is even modestly successful 
under the above-mentioned conditions, then the avail-
ability of further gene-edited pig kidneys will enable the 
patient to receive a second or subsequent xenograft if 
deemed worthwhile, particularly if elicited immune mech-
anisms are not the principal driver of the initial xenograft 
failure.

Because the heart is a life-supporting organ, pig car-
diac xenografts should be used initially as a “bridge-to-
transplant” in patients for whom a subsequent allograft 
offers a viable “exit strategy,” but for whom mechanical 
circulatory support options are limited or associated with 
predictably poor outcomes. Thus far, the longest reported 
survival of a baboon with a life-supporting pig orthotopic 
heart transplant is <9 mo3-5; based on Mr Bennett’s case, 
long-term graft function is by no means assured (Griffith  
et al6). Graft and patient survival of months duration could 
provide short- to medium-term bridging for patients other-
wise acceptable for allotransplantation as long as cardiac 
xenograft dysfunction proves predictable. Current data 
indicate that sensitization to pig antigens will not elicit 
anti-HLA antibodies and thus will likely not be detrimen-
tal to the outcome of a subsequent allograft.25

Relative or absolute contraindications to bridging with 
mechanical circulatory support include restrictive or hyper-
trophic cardiomyopathy, mechanical or dysfunctional bio-
prosthetic heart valves, severe biventricular failure, inability 
to tolerate requisite chronic anticoagulation with mechani-
cal support, and congenital heart defects with failing single-
ventricle physiology. Each of these patient populations is 
subject to unpredictable deterioration and might benefit 
from timely access to a pig heart as a bridge to allotransplan-
tation. Access to total artificial heart support is restricted to 
patients with body surface area of >1.8 m2, and generally, 
unsatisfactory results with total artificial heart or biven-
tricular device options create an opportunity to evaluate 
pig hearts as a bridging alternative. “Destination therapy” 
could be offered to patients for whom a heart allograft is 
unlikely to be successful for immunologic reasons, such as 
the presence of high panel-reactive antibody titers or rap-
idly recurrent cardiac allograft vasculopathy in a second or 
subsequent allograft.12,13,23,26,27 As with pig kidney trans-
plantation, a failing pig heart might be replaced as long as 
the initial xenograft failure is not caused by elicited immune 

mechanisms, which would likely prove catastrophic for the 
subsequent xenograft.

Two baboon liver xenograft recipients28 and 1 lung 
xenograft recipient29 have survived for over 3 wk, but 
survival beyond a few days remains exceptional. Systemic 
inflammation, thrombocytopenia, anemia, and inconsist-
ent life-supporting organ function are prominent in both 
models. In our estimation, these results do not yet justify 
clinical translation, and further nonhuman primate studies 
are needed to understand and mitigate the organ-specific 
causes of liver and lung xenograft failure. However, once 
consistent survival of even a few weeks is achieved in a 
preclinical model, patients experiencing fulminant hepatic 
failure may be supported by repeated ex vivo pig liver per-
fusions or by the insertion of an auxiliary pig liver until 
the native liver recovers (eg, after acetaminophen toxicity) 
or an allograft becomes available.30 Patients with irrevers-
ible pulmonary failure who may require a longer period of 
support and who are unlikely to quickly identify a suitable 
allograft might choose bridging by an experimental xeno-
graft rather than by extracorporeal membrane oxygenator 
support.29

Patients requiring dual-organ replacement (heart-kid-
ney, heart-liver, liver-kidney) should be considered only 
after safety and effectiveness of each individual organ xen-
ograft have been established.

The recent approval for a clinical pig heart transplant at 
the University of Maryland at Baltimore by the US Food 
and Drug Administration on compassionate grounds indi-
cates that, under special circumstances, (1) grafts from 
pigs with multiple genetic manipulations are acceptable to 
regulatory authorities, (2) cloned source animals may be 
acceptable, (3) inactivation of porcine endogenous retro-
viruses, although possibly advantageous, is not essential, 
and (4) novel agents that block the CD40/CD154 pathway 
may be used for immunosuppression before full regulatory 
approval.13,31

With careful selection of patients for initial clinical tri-
als, it is likely that patients will ultimately benefit from 
xenotransplantation while advancing the field beyond 
what is possible in pig-to-nonhuman primate models.

There is nothing more powerful than an idea whose time 
has come.

—Victor Hugo (1802–1885)
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