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Dear Editor,

Xenotransplantation is a potentially effective way to address the
shortage of organ donors. The improvements in gene editing tech-
nology have accelerated a number of a breakthrough in geneti-
cally modifying pigs for xenotransplantation. In 2022, xenograft
kidney transplantation entered the subclinical trial stage. Two
teams independently transplanted genetically modified porcine
kidneys into brain-dead patients. The porcine kidneys remained
viable and functional in the recipients for 54 hours and 74 hours,
respectively, with no significant signs of acute rejection.’»? No-
tably, the University of Maryland Medical Center completed the
first pig-to-human heart transplant on January 7, 2022, success-
fully transplanting a pig heart that had 10 gene edits into a pa-
tient with end-stage heart failure, who survived 60 days following
surgery.® This series of milestone scientific studies represents a
revolutionary breakthrough in the clinical research of xenotrans-
plantation.

Depending on the varied target organs, xenotransplantation
faces a diverse set of physiological challenges. Gene editing tech-
nology enables xenotransplantation to move toward customiza-
tion (Fig. 1). Here we summarize precision strategies in light of
the latest gene-edited pig-to-primate organ xenotransplantation
studies.

In the first pig-to-human cardiac xenotransplantation, the
glycosylation antigen genes alpha-1,3-galactosyltransferase
(GGTA1) which causes hyperacute rejection (HAR), cyti-
dine monophosphate-N-acid hydroxylase (CMAH)/g1, 4N-
acetylgalactosaminyltransferase (8GalNT2), which cause acute
humoral xenograft rejection (AXHR) were knocked out; and hu-
man CD47 (hCD47) gene, which prevents acute cellular xenograft
rejection (ACXR), was inserted. Gene editing that express human
CD46 and attenuation acceleration factor (CD55) helps to re-
duce antibody-dependent complement transplantation damage.
To enhance the inefficiency of porcine-derived blood factors
to activate protein C, the human thrombomodulin (TBM) and
endothelial cell protein C receptor (EPCR) were also expressed.
The anti-inflammatory protein heme oxygenase-1 (HO-1) was
also expressed. To stop xenografts from overgrowing, the growth

hormone receptor (GHR) gene was also knocked out. Unexpect-
edly, the patient survived two months following surgery, which
is a triumph for xenotransplantation. However, the porcine
cytomegalovirus (pCMV), which was neglected in preoperative
assays, was unexpectedly present in the transplanted pig heart.
Therefore, concerns lie not only in which pig breeds are ideal for
xenotransplantation, but also in how to guarantee they are free of
virus. In addition, the maladaptive hypertrophy of the heart that
causes diastolic heart failure may also be a hazard; pretransplant
nonischemic preservation strategies are also needed.*

In 2022, researchers transplanted two kidneys from a pig with
10 gene edits into brain-dead patients.! The transplanted porcine
kidneys produced urine and showed no significant HAR in the 74-
hour experiment. However, it failed to clear creatinine and suf-
fered by thrombotic microangiopathy. Another team transplanted
kidneys with the GGTA1 gene knocked out and with subcapsular
autologous thymic tissue into two brain-dead human recipients.
The xenograft in both recipients started producing urine shortly
after reperfusion, and the porcine kidneys remained viable and
functioning in human recipients for 54 hours, without showing
HAR symptoms.? Besides HAR, the hypovolemia syndrome and
erythropoietin function-associated anemia after transplantation
are also important organ-specific issues in kidney xenotransplan-
tation, which should be solved via genetically engineering pig kid-
neys to express humanized erthropoietin.

Pig liver xenotransplantation is more complex to perform
than heart and kidney xenotransplantation. Thrombotic mi-
croangiopathy and systemic consumptive coagulopathy seem to
be severe after pig liver xenotransplantation. Since 2010, the
use of GGTA1 knockout (GTKO) and GTKO/hCD49 pigs for liver
xenografts has extended graft survival time to 9 days.>*® According
to these studies, the key factor limiting liver graft survival is co-
agulopathy. The researchers then used a combination of costim-
ulatory blockers, anti-CD40 mADb, to extend the time to maintain
liver function in baboons to 29 days, which was the longest sur-
vival time of liver xenotransplantation from pigs-to-nonhuman
primates (NHPs).” Thus, in liver xenotransplantation, how to pre-
vent coagulation dysregulation and allow spontaneous platelet
count recovery is a key issue to be addressed.
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Figure 1. Customized gene editing strategies for different organs in
xenotransplantation.

Rapid coagulation disorder is a major problem for lung trans-
plantation. Using GTKO/hCD47/hCD55 transgenic pigs can only
extend the survival time of NHP recipients up to 14 days.® The
limited survival time suggests the necessity of additional coagu-
lation dysregulation strategies in lung xenotransplantation.

For islet transplantation, persistent innate inflammatory re-
sponse limits the survival of porcine islets in NHPs. Human com-
plement regulatory proteins, CTLA4Ig, and anticoagulant protein
transgenes may be important in controlling the immediate innate
immune response.’ The adult porcine islets do not express a-Gal,
so GGTA1 knockout is less necessary in islet transplantation.'

Despite all the benefits of gene editing for xenotransplanta-
tion, excessive gene editing, however, not only lowers the survival
probability of the donor pig, but also raises the exposure to addi-
tional xenoantigens of the recipient. To improve the physiological
functional compatibility of grafts, screening and assessing suit-
able donor gene-editing combinations are needed in clinical or-
gan xenotransplantation. In addition to the urgent problems of
immune incompatibility, functional compatibility, and safety haz-
ards of cross-species transmission, selection of appropriate recip-
ients for various transplant organ types is also essential in xeno-
transplantation clinical trials. In addition, clinical guidelines for
allogeneic organ transplantation need to be further refined and
clarified for enhanced public acceptance.

It is anticipated that more studies on xenotransplantation will
soon be conducted to jointly promote precision organ xenotrans-
plantation from the experimental stage to clinical application.
Xenotransplantation calls for exploration of safe and effective
gene editing technology, development of new immunosuppres-
sants, discovery of new heterogenetic antigens, accumulation of
experience in preclinical studies, and improvement of relevant
laws and regulations.
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