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Abstract

There has been an upsurge of interest in xenotransplantatieceimyears. Thigesurgencean
attributed'toa combination of factors:irst, there has beendramatic improvement irffeeacy in
severalppreclinical models, with maximuxanograft survival timegcreasing to 950 days for
islets, 945 days for hearts, aB#l0 days for kidneysSecondthe rapid developmermdf genome
editing technologyparticulaly the advent of CRISPR/Cas9)sheevolutionizedhe capacity to
generate new donor pigs with multiple protective genetic modifications; what a@okenany
years to achieve can now be performed in months, with much greater precision andlsicope.
thespectre of porcine endogenous retrovirus (PERV) has receded significantlyhdtdreemo
evidence @PERV transmission in clinical trials and preclinical modeladimproved screening
methods=and=new options ftie treatment orevenelimination of PERV are now available
Balancing these positive developments seeeralremaining challenges, notably the heavy and
often clinically) inapplicable immunosuppression required to prevent xenograittioe;.
Nonethelessthepotentialfor xenotransplantatioasa solution to the shortage of humargans

and tissues for transplantation continues to grow

I ntroduction

Xenotransplantatiorhas alwaysoffered great promiseto address the widening gap between
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demand and supply transplantationHowever, enthusiasm for xenotransplantation waned in the
early 2000s due to slow progresgig-to-nonhuman primate (NHP) preclinical modetsl fears
about zoonosis, particularig relationto PERV.This review will examine the recent resurgence
of actvity and interest in xenotransplantation, and the underlying factors invahegill begin

by discussing,the promise apatential impactof genome editing, whickwill enable genetic
manipulatien of the donor pig on a previously unimaginable séé&ewill thendiscussprogress

in clinical trials"and NHFstudiesof solid organ and tissue xenotransplantatiaiiin the last 5
years We"will“eonclude byre-visiting the question of infectious riskn the light of recent

developments.

Genome Editing

Geneticmaodificationis a key techniquaimed at creatingigs whose organand tissuehave
decreased antigenicity amtreased physiological compatibiliyith humansUntil recenly, this

goal hadbeen hampered ligchnologicalimitations. Thegeneratiorof a homozygous single gene
knockout pig using traditional homologous recombinatitght take threeyears from start to
finish. Thissprecess has been revolutionized by the development of genome editing: first, zinc
finger nucleases (ZFNs) amdnscription activatelike effector nucleases (TALENS), and more
recently theclustered regularly interspaced short palindromic atp€CRISPRYas9system
CRISPR/Cas$® increasingly favouredue to its ease of use aversatility, includingits capacity

to simultaneously modifynultiple genes in a single reacti¢h). The power ofCRISPRCas9is
illustrated by its uséo produce pigs with homozygous triple knockouts, either of SLA class |
geneq2) oef.genes encoding carbohydrate xenoantig@nsn a process takingionths rather
than years:ikurthermore,CRISPRCas9 can bypass the requirement ftire inefficient and
technically"challengingechniqueof somatic cell nuclear transfer to generate knockout tigs
CRISPR/Cas@omponents casimply be injected into porcine zygoteshich are subsequently
transferred irda_foster mother¢4). CRISPR/Cas@lso offers the opportunity to precisely knock
transgenes into the pig genome (5).

The potential of genome editing can be glimpsed in a study examining the effect of
CRISPRmediateddeletion of multiple xenoantigens on thistocompatibility of pig cells with
humanserum(3). CRISFR/Cas9was used to generaB$TAL/CMAH/BAGALNT2 triple knockout
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pigs, which lack expression of the mbaman carbohydrategalactosenl,3-galactoseand
N-glycolylneuraminic acichs well asan SO antigenlike glycan.Crossmatching human serum
with porcine peripheral blood mononuclear cells revealed that a significaportionof renal
transplant, waitlisted patients dhaa negative 1gG crossmatch to these pigs, and a sizeable
percentage.ltba negative IgM and IgG crossmatch. Thesamisingresultssuggesthatthethreat
posed by prexisting antibodies in some patientaybe reduced by genome editing of the donor
pig. The'newsfor highly sensitized (cPRA >80) pasevdsnot as good, as many of those patients
hada positive"erossmatch to the trifdeockout pigsprobably due taross reaction adnti-HLA
antibodies with SLA class | molecules (3). However, with the precisionafforded by
CRISPR/Cas9y rational modification of SLA class | genes evantuallyprovide a solution to

even this problem.

|slet Xenotransplantation

Of all types of xenotransplantatidanansplantingporcine islesto treat type 1 diabetesgenerally
viewedas the most likely to reach the clinic fir§he form that this takesintraportal deliveryof
‘naked’jisletsas: practiced irclinical allotransplantationor an alternative transplant site and/or
somemeansof-encapsulation- will ultimately depend orwhich method provides the optimal
balanceof efficacy, safetyand costClinical trials of microencapsulated wild typ&/T) neonatal
porcine isletdransplantedn the absence ammunosuppressiohave been performed iNew
Zealand and Argentin@®, 7).Alginate microcapsules containing 5,000 to 20,000 islet equivalents
(IEQ) perkg body weight were transplantettaperitoneallyeither as a single doge 14 diabetic
patienty6)gs0rastwo equal doses 3 months apar8 diabeticpatienty(7). Although there was no
significant-reduction in insulin dose in any group, patients receivingravsplantsof 10,000
IEQ/kg showed a significant loAgrm (>600 daysiecreasén HbAlc and a reduction in serious
unaware hypoglycemic even(s). The procedure was safe, with minimal adverse ewamdsno
evidence of zoonosi¢6, 8), but improved efficacy is clearly required to warranclinical

application.

Intraportal islet xenotransplantatioon the other hand, hagmonstrated convincirgfficacyin
preclinicalnonhuman primateNHP) models. A keyrecentstudy showed that/T adult pig islet

xenografts maintained insutindependent normoglycemia farmedianof 303 days (maximum
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950 daysFig. 1 in five consecutive diabetic monkegcipients(9, 10) However, a drawback of
the procedure was the relatively high dose of islets required (8Q@MO00 IEQ/kg) The study
also highlighted that control of the inflammatory/immune response is a gigaterforporcine
islets than it is for allogeneic isleRecipients were treated with a complex protocol, including a
cocktail of agents to minimizthe instant bloognediated inflammatory reactiolBMIR), and
long+termimmunosuppressiaio inhibit cellular and humorammune responsd9), whichis not
feasiblefor'most prospective islajraft recipients Several strategies to tackle the problems of
IBMIR and ¢hronic immunosuppression are being pursued. Studies in baboons (11) and monkeys
(12) suggesthat IBMIR can bereduced bysinggeneticallymodified(GTKO + hCD55hCD59)
neonatal pig isletsShinet al (9, 10)attemptedo induce dleranceo porcine islet xenografts in a
pig-to-monkeyrsmodel byadoptivdy transfering ex vivo expanded regulatory T cellsut grafts
were rejected when maintenance immunosuppression was disconfinogter option is genetic
modification_to_engineer local production of immunosuppressive agents by the xenasgfthft it
(13-15) althoughthe efficacy of this strateglgas not been directly testén NHP preclinical

models.

Heart Xenotransplantation

The heterotopic pigo-NHP cardiac xenotransplantation model has been another area in which
there have beemajorrecent advancebMohiuddinet al achieved anedian survival time (MSTQf

298 days (maximum 945 days) in five consecubi@boongransplanted with hearts froBGTAL
knockout | (GTKO) pigs transgenic for human CD46 and thrombomod(d®). The
immunosuppressive regimen was induction with-mtmocyte globulifATG), anti-CD20, and

cobra venomsfactofCVF), and maintenance witanti-CD40,mycophenolate mofetilsteroids

and continuous heparirintensive and ongoing treatment with a@D40 was required for
longterm graft survivallt was suggested that the expression of human thrombomodulin may be
importantto prevent the development of dysregulated coagulation, althbisgivas not formally
demonstratedht a practical levelthere was no indication thapigcardiac xenografivould retain

its natural rate oflevelopment and thus ‘outgrow’ tabdominal space of the recipi€ab). This
remains an open question, Abicht et al reported a significant enlargement of porcine
intrathoraciccardiac xenografts in baboon recipients, althoigias not possibléo distinguish
between physiological growth and pathological changes due to humoral rejétéinn
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FurthermoreTanabeet al recentlyreported hypertrophy of porcine kidney xenografts in baboons,
and cautioned that the growth of donor orgadsie at least in part to intrinsic factershould be

taken into account when transplanting life-supporting xenografts into a limited €k&).

A major challenge for thecardiacfield is to translate thesexciting results toan orhotopic
life-supportingsetting Maximum survival in theextremely challengingig-to-NHP orthotopic
model is'just’57'dayd 9). Resultsto date suggest thatphenomenon termgerioperative cardiac
xenograft'dysfunction (PCXD), and not rejecti@the current barrier tong-term survival20).
PCXD occurs in 4®0% of cases and can be reversible infitet two perioperative weeks.
Histological anmalysis of cardiac xenografts thatedsecondary to PCXD sh@s no signs of
rejection, rather a picture more similar to cardiac stunning or ischemia/reperfusiontmtirthe
underlyingmechanism is delineated, it wileldifficult to design therapies genetic engineering

strategies to prevent PCXD.

Kidney Xenotransplantation

The generation-of CRISRPRodified pigs with improved histocompatibility with renal transplant
waitlisted patients(3) has coincided with ignificant progress in other areas &fdney
xenotransplantationTwo groupshave achievedreater than -month survival (maximum 310
days) in pigto-NHP preclinical models (21-23), demonstratirtgat prolongedife-supporting
functionis achievableOf note, the recipients in these studies mid exhibit proteinuriawhich
had beenfidentified in earlier studies as a major obstacle in kidney xenotraatgptatitremains
unclear whetheproteinuriain the contexbf renal xenograftss secondary to antiboeiyediated
rejections(aswis: the caserfrenal allograftspr is due toa physiological incompatibility and

unrelatedtorejectio(24).

Both groups stressed the potential importande ¢iie donor pig genotypsommon to the studies
(GTKO'plus one or two human complement regulatory proteamg)(ii) effectivecostimulation
blockadeln addition,Higginbothamet al (21)found that longterm graft survival was associated
with low levels of preexisting donosspecific antibodigsvhereadwaseet al (22) proposed the
potential importance oantiinflammatory therapy and the expression of an additibobahan
transgendor the anticoagulant, antinflammatoryendothelial protein C receptor (EPCRhere
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were severablifferences between theodels including the recipiert species (baboo(22) or
rhesus monkey(21)) and theimmunosuppresge regimen (ATG/ anti-CD20/ anti-CD40/
rapamycin(22)or anttCD4/ant-CD8 ant-CD154/MMF (21)). This makes it difficult to identify
thefactor(s) responsible for¢major prolongation of maximum survival from the previous record
of 3 months(23). Nevertheless, if routine prolonged survival using clinically available
immunosuppression can be demonstratethe NHP model, then progressionaalinical trial

with recipients'witha negative crossmatchay be justified.

The NHP kidney xenograft model has been a critical test bed for the study of xenogeraiceole
by Yamada, Sachs and colleaguebo hae investigatedthymokidney’ and mixed chimerism
strategies "Most recently, refinements in thelatter have prolonged the duration of

macraechimerismand the survival of life-supporting GTKO kidney xenografts (25).

Liver Xenotrangplantation

Until recently, sirvival in pigto-NHP liver xenotransplantationaslimited to 9 days by a lethal
thrombeeytopenic coagulopathy tltgvelogdin the early postransplant perio@26). Different
approaches _have been takentdokle this problem.One strategyis to identify the cause of
coagulopathyand attempt to correct it by genetic modification of the donor pig.liPéy
sinusoidalendothelial cells (LSEC) were found to phagocytbssman and NHP platelets by a
mechanismnvolving the asiabglycoprotein receptor (ASGR27). ASGR1knockout pigs were
generate@nd their liversvere shown to phagocytose significantly fewer human platelets than WT
livers in anex=vivo perfusion circuit(28). Unexpectedlylivers from GGTAL/CMAH double
knockout=pigs=also sequestered fewer human platédats WT orGGTAL knockout (GTKO)
livers ex Vivo(29). However, than vivo impact of tlese genetic modifications has not yet been
tested, and indeed t@GTAL/CMAH double knockout pigs cannot lhdly tested in the NHP
model becaus@Ild World primatesunlike humans, have a functior@VIAH gene.

Another approach topreventingliver xenograftinduced coagulopathy has been to treat the
recipient with recombinant human coagulation facttessed on the observation of marginal
coagulation factor production in baboon recipients. In the first of two studies u$iK@ @ig
donors, baboons were immunosuppressed with ATG, CVF, tacrolimus and steroids, tedd trea
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with Octaplex fuman coagulation factors Il, VII, IX, X, protein C apabtein S)or NovoSeven
(factor Vlla) (30). Thecoagulation factotreatment renderepostiransplant thrombocytopenia
manageable and eliminated the need for platelet transfuslon®ver, survivabf the 6 recipients

was limited to a maximum of 7 days, mainly due to thrombosimtoe-abdominalbacterial
infection. This:highlighted théine line between bleeding and clotting that hemostasis requires, as
well as theinfectiousrisks of surgical reexploration in the early posiperative period. In the
second"study,"the same group transplanted a single babootheAllttaplexprotocol addng
belatacepttothe maintenance therapy and avoidiegpration (31)Thisrecipient developed a
transient thrombocytopenia that spontaneously recovered within 2 weeks, and survived for 25 days
without evidenee of rejection or thrombostdthough these results are preliminary, they suggest
that a pig livemay be capable ohaintaining life long enough to be used as a bridge to transplant
with the potential for further advances using donors that have been genetically modifueddt

thrombocytopenia (2&9).

Lung Xenotrangplantation

Lungs present=perhaps tlgeeatestchallenge in solid organ xenotransplantatibespite the
testing of numerous genetic modifications and treatments to inhibit thee iandt adaptive
immune responses, complement, coagulation, and inflammation, maximum survival of

life-supporting lung xenografts in tiHP model remains limited to 8ags(32).

Corneal and Tissue Xenotransplantation

Corneal xenotransplantation faces unique anatomical and surgical challenges, although recent
progress in NHP models suggest that these are not insurmountable (revi€3@y Tiesurvival

of WT pig=full thickness corneal xenografigm monkeys treated wittanti-CD154based
immunosuppression (MST 318 days; maximum >933 days) was significantly greater than in
monkeysqtreated witlsteroidsalone (MST 28 days; maximum 29 day$34). In vitro studies
suggest thatthe immunogenicity of pig corneas can be reduced by genetic modifg&gtibat

whetherthis will permita reduction in immunosuppression remains to be determined.

Intracerebal transplantation of porcine neural tissue or choroid plexus, which secretes
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neurotrophic and neuroprotective factors, has been proposed as a treatment foorParkins
Diseaseln a study in whichParkinsonian monkeys were transplanted with porcine emiryo
neuroblastsmaturation ofthe xenografts anda significant improvement in clinicaymptoms

were observed at 6 months pesansplant in immunosuppressed recipie(86). Improved
neurological.scores were also observed at 6 months in Parkinsonian monkeys teshsytant
microencapsulatedorcine neonatal choroid plexus cells, in the absence of immunosuppression

(37). The microcapsules areurrentlybeing tested im Phase 1lb clinical trial in New Zealand.

I nfectious Risk

The risk posed bthe xenografas apotentialcarrierof bacterial, fungabr viral pathogensan be
minimized=by=careful screeningf donor pigs and the maintenancen specificor designated
pathogerfreesfacilities(reviewed recentlyn (38)). The definition of ‘pathogeifree’ is somewhat
fluid, andthe screening strategyaydiffer depending omultiple factorssuch as the location and
relative isolation of the facility6, 39 40). Microbiologicalsafety data have been gathehexmn
preclinical and; clinical trialsusing encapsulated isletfom ‘high health statuspigs. Sx
non-immunesuppressed monkegcipientsshowed o evidence of transmission of viruses of
possibleconcern (PCV, PLHV, PRRSWCMV and PERV) at 1 year and up to 4 years
postiransplan{39). Similarly, no transmission of PCV, PLHV, PCMV or PERV was detected in
14 nonimmunosuppressed human recipients up to 1 yeartfosplant(6). Although the
potential risk is increased with the useimMmunosuppressigrwhichwill likely be required for

most forms okenotransplantatioriheseinitial resultsare neverthelessncouraging.

From a theoretical standpoint, PERV (porcine endogenous retrovirus) reprbgsemsst serious
challenge becauseis present at multiple copies in the pig genpara thusunlike other viral
pathogensannot be eliminatedy breeding.Although there has been no evidence to adite
PERV transmissiorirom pigsto humans or NHP§38), the International Xenotransplantation
Association advocates a cautious approa&utiuding screening of donor pigs ftow PERV
expression leveland monitoring okenograftrecipienty41). The absence of PERV transmission
in the 14 patients mentioned above, and suBsequentecipientsof encapsulated porcine islets
confirmed PERV-negativeby PCR and serology at 1 year puosinsplant(8), syports this
approachin the unlikely event of PERV infection écipients, recenh vitro studies suggest that
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several licensectktroviral inhibitors used to treat HIWill alsobe efficaciousgainst PER\(42,

43). Furthermoref may be possible to completely eliminate the risk of PERV by gene editing of
the donor pig. Yang et d44)used CRISPR/Cas9 to knock out all 62 copies of PERYV in a pig cell
line, reducing PERV transmission to human ceillsitro >1000-fold. Howeverit remains to be

determinedether ahealthypig with a PERVfree genome can be generated.

Summary
Clinical xenotransplantation remains a daunting challenge, particularly fsitigerorgans such
as the lung,"but the pace of progriesseveral areasuggests that clinical trialeay no longer be a

distant prospect.
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Figure Legends

Figure 1. Survival and function of a WT pig islet xenograft for 950 days in an immunosuppressed

rhesus mankey. Reproduced with permission from (10).
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Figure 1. Survival and function of a WT pig islet xenogratft for 950 dayan
immuno%ressed rhesus monkey. Reproduced with permissinr10).
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