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Dear Editor, 

Xenotransplantation is a potentially effective way to address the 
shorta ge of or gan donors . T he impro vements in gene editing tech- 
nology have accelerated a number of a breakthrough in geneti- 
cally modifying pigs for xenotransplantation. In 2022, xenograft 
kidney tr ansplantation enter ed the subclinical trial stage. Two 
teams independently transplanted genetically modified porcine 
kidneys into brain-dead patients . T he porcine kidneys remained 

viable and functional in the recipients for 54 hours and 74 hours,
r espectiv el y, with no significant signs of acute rejection.1 , 2 No- 
tabl y, the Univ ersity of Maryland Medical Center completed the 
first pig-to-human heart transplant on January 7, 2022, success- 
full y tr ansplanting a pig heart that had 10 gene edits into a pa- 
tient with end-stage heart failure, who survived 60 days following 
surgery.3 This series of milestone scientific studies r epr esents a 
r e volutionary br eakthr ough in the clinical r esearc h of xenotr ans- 
plantation. 

Depending on the varied target organs, xenotransplantation 

faces a diverse set of physiological challenges. Gene editing tech- 
nology enables xenotransplantation to move to w ar d 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 ) whic h causes hyper acute r ejection ( HAR ) , cyti- 
dine monophosphate-N-acid hydroxylase ( CMAH ) / β1 , 4N- 
acetylgalactosamin yltr ansfer ase ( βGalNT2 ) , whic h cause acute 
humor al xenogr aft r ejection ( AXHR ) wer e knoc ked 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 antibod y-de pendent complement tr ansplantation dama ge.
To enhance the inefficiency of porcine-derived blood factors 
to activ ate pr otein C, the human thr ombomodulin ( 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 
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ormone receptor ( GHR ) gene was also knocked out. Unexpect- 
dly, the patient survived two months following sur gery, whic h
s a triumph for xenotransplantation. Ho w ever, the por cine
 ytomegalovirus ( pCMV ) , which w as neglected in preoperative
ssa ys , was unexpectedly present in the transplanted pig heart.
her efor e, concerns lie not onl y in whic h pig br eeds ar e ideal for
enotransplantation, but also in how to guarantee they are free of
irus. In ad dition, the maladapti ve h ypertroph y of the heart that
auses diastolic heart failure may also be a hazard; pretransplant
onisc hemic pr eserv ation str ategies ar e also needed.4 , 5 

In 2022, r esearc hers tr ansplanted two kidneys fr om a pig with
0 gene edits into brain-dead patients.1 The transplanted porcine 
idneys produced urine and sho w ed no significant HAR in the 74-
our experiment. Ho w e v er, it failed to clear cr eatinine and suf-

ered by thrombotic microangiopathy. Another team transplanted 

idneys with the GGTA1 gene knocked out and with subcapsular
utologous thymic tissue into two brain-dead human recipients.
he xenograft in both recipients started producing urine shortly 
fter reperfusion, and the porcine kidneys remained viable and 

unctioning in human recipients for 54 hours, without showing 
AR symptoms.2 Besides HAR, the hypovolemia syndrome and 

rythropoietin function-associated anemia after transplantation 

re also important organ-specific issues in kidney xenotransplan- 
ation, which should be solved via genetically engineering pig kid-
eys to express humanized erthropoietin. 

Pig liv er xenotr ansplantation is mor e complex to perform
han heart and kidney xenotr ansplantation. Thr ombotic mi- 
roangiopathy and systemic consumptive coagulopathy seem to 
e se v er e after pig liv er xenotr ansplantation. Since 2010, the
se of GGTA1 knoc k out ( GTKO ) and GTKO/hCD49 pigs for liver
enografts has extended graft survival time to 9 da ys .5 , 6 According
o these studies, the k e y factor limiting li v er gr aft surviv al is co-
 gulopathy. The r esearc hers then used a combination of costim-
latory blockers, anti-CD40 mAb, to extend the time to maintain

iver function in baboons to 29 da ys , which was the longest sur-
ival time of liver xenotransplantation from pigs-to-nonhuman 

rimates ( NHPs ) .7 T hus , in liv er xenotr ansplantation, how to pr e-
 ent coa gulation dysr egulation and allow spontaneous platelet
ount r ecov ery is a k e y issue to be ad dressed. 
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igure 1. Customized gene editing strategies for different organs in 
enotransplantation. 

Ra pid coa gulation disorder is a major pr oblem for lung tr ans-
lantation. Using GTKO/hCD47/hCD55 transgenic pigs can only
xtend the survival time of NHP recipients up to 14 da ys .8 T he
imited survival time suggests the necessity of additional coagu-
ation dysregulation strategies in lung xenotransplantation. 

For islet transplantation, persistent innate inflammatory re-
ponse limits the survival of porcine islets in NHPs. Human com-
lement regulatory proteins, CTLA4Ig, and anticoagulant protein
ransgenes may be important in controlling the immediate innate
mm une r esponse .9 T he adult porcine islets do not express α-Gal,
o GGTA1 knoc k out is less necessary in islet transplantation.10 

Despite all the benefits of gene editing for xenotransplanta-
ion, excessive gene editing, ho w ever, not only lo w ers the survival
robability of the donor pig, but also raises the exposure to addi-
ional xenoantigens of the recipient. To improve the physiological
unctional compatibility of gr afts, scr eening and assessing suit-
ble donor gene-editing combinations are needed in clinical or-
an xenotransplantation. In addition to the urgent problems of
mmune incompatibility, functional compatibility, and safety haz-
rds of cr oss-species tr ansmission, selection of a ppr opriate r ecip-
ents for various transplant organ types is also essential in xeno-
ransplantation clinical trials. In addition, clinical guidelines for
llogeneic organ transplantation need to be further refined and
larified for enhanced public acceptance. 

It is anticipated that more studies on xenotransplantation will
oon be conducted to jointl y pr omote pr ecision or gan xenotr ans-
lantation from the experimental stage to clinical application.
enotransplantation calls for exploration of safe and effective
ene editing tec hnology, de v elopment of ne w imm unosuppr es-
ants , disco very of new heterogenetic antigens, accumulation of
xperience in preclinical studies, and improvement of relevant
aws and regulations. 
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