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ABSTRACT

In this re view we wish to up da te the pro gress which has been made in the art of xe no trans plan ta ti on (the ap -

pli ca ti on of li ving ani mal-de ri ved cells, tis su es and or gans for trans plan ta ti on in hu mans), with a spe ci al emp ha -

sis on the bar riers of its use as a cli ni cal the ra py. A brief over view of the his to ry of xe no trans plan ta ti on re ve als

the gre a test bar rier to cli ni cal suc cess: hy per acu te re jec ti on, a com ple ment-me di a ted res pon se to the sour ce ani -

mal tis sue that re sults in the de struc ti on of xe no grafts wit hin mi nu tes. In the past de ca de, gre at pro gress has

been made in coun te ring this form of re jec ti on, but fur ther suc cess is thwar ted by the gra du al awa re ness of sub -

se quent pro ces ses of re jec ti on and phy si o lo gi cal in com pa ti bi li ties. No net he less, re luc tan ce to move for ward to

cli ni cal ap pli ca ti on is pre do mi nant ly re la ted to the fear that xe no trans plan ta ti on will un le ash a new in fec ti ous

dis e a se in the pros pec ti ve re ci pient and his or her sur roun dings. Ani mal bree ders and ca re ta kers play an im por -

tant role in en su ring that the use of the sour ce ani mals for this emer ging the ra py does not ge ne ra te a xe no zoon otic

pan de mic. 

SAMENVATTING

In dit over zicht wil len we een up da te ge ven van de voor uit gang die ge boekt werd op het ge bied van xe no trans plan ta -

tie (het toe pas sen van cel len, weef sels en or ga nen ver kre gen van le ven de die ren voor trans plan ta tie bij men sen), met

spe ci a le aan dacht voor de be per king en er van voor kli ni sche toe pas sing en. Een kort over zicht van de ge schie de nis van

xe no trans plan ta tie ves tigt on mid del lijk de aan dacht op de groot ste bar rière, na me lijk hy per acu te af sto ting, een com ple -

ment ge me dieerd ant woord op het lichaams vreem de dier lijk weef sel dat er voor zorgt dat xe no trans plan ten bin nen een

tijds be stek van enk ele mi nu ten vol le dig ver nie tigd zijn. In het vo ri ge de cen ni um werd gro te voor uit gang ge maakt om

dit soort van af sto ting te ver hin de ren, maar verd er suc ces wordt ge dwars boomd door het toe ne men de be sef dat er nog

an de re pro ces sen van af sto ting en fy si o lo gi sche on ver enig baar he den een rol spe len. Toch houdt de voor naam ste hin -

der paal om de weg van kli nis he toe pas sing en verd er in te slaan ver band met de vrees dat xe no trans plan ta tie een nieuw

soort van in fec tieu ze ziek te zal ver oor za ken bij de toe kom sti ge ont vang er en zijn of haar om ge ving. Die ren fok kers en

die ren ver zor gers spe len een be lang rij ke rol om er voor te zor gen dat het ge bruik van de do nor die ren voor deze ont wik -

ke len de the ra pie niet zal lei den tot een xe no zo ötische pan de mie.

STAN DING THE TEST OF TIME

Xeno in xe no trans plan ta ti on co mes from the Greek

word 'xe nos' me a ning "for eign". Xe no trans plan ta ti on

stands for dif fe rent tech no lo gies that are ai med at sub sti -

tu ting in ade qua te or gans, tis su es or cells of one spe cies

with a re pla ce ment ta ken from an in di vi du al of anot her

spe cies. In prin ci ple, xe no trans plan ta ti on could in vol ve
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any cross-spe cies trans plants. Ho we ver, cur rent usa ge of

the term pri ma ri ly de no tes the trans fer of or gans, tis su es

and cells from ani mals to hu mans. The use of such xe no -

grafts is being con si de red be cau se of the gro wing shor ta -

ge of hu man cells, tis su es and or gans avai la ble for cli ni -

cal trans plan ta ti on. 

Uni ted Sta tes Pu blic He alth Ser vi ce (2001) po li cy
has de fi ned xe no trans plan ta ti on as:

(…) any pro ce du re that in vol ves the trans plan ta ti on,

im plan ta ti on, or in fu si on into a hu man re ci pient of eit her

(a) live cells, tis su es, or or gans from a non hu man ani -

mal sour ce or (b) hu man body fluids, cells, tis su es or

or gans that have had ex vivo con tact with live non hu -

man ani mal cells, tis su es, or or gans. 

Note that this de fi ni ti on, which has been adop ted by

Eu ro pe an aut ho ri ties as well, does not in clu de trans -

plants of non-li ving ani mal pro ducts such as pig he art

val ves, por ci ne in su lin and vac ci na ti ons from ani mal

sour ces or ani mal sera used for the cul tu re of hu man cells. 

This is not un con te sted. It has been ar gu ed that the trans -

plan ta ti on of such ‘dead’ ani mal ma te ri al also evo kes an

im mu no lo gi cal res pon se in the host and that it is the re fo re

ar bi tra ry to dis ting uish be tween li ving and non-li ving

grafts. Ho we ver, the fo cus on li ving grafts is main ly be -

cau se of re gu la to ry is su es. As we shall see, the trans plan -

ta ti on of live ani mal ma te ri al, in par ti cu lar, in vol ves a pu -

blic he alth ha zard and the se pro ducts must the re fo re be

more string ent ly con trol led. 

Whi le xe no trans plan ta ti on is ge ne ral ly re gar ded as an

ex tra or di na ry field of con tem po ra ry me di cal re search,

the de ve lop ment of the tech no lo gy star ted with trans fu si ons

of ani mal blood to hu mans as ear ly as 1628 and has sin ce

fe a tu red many rem ar ka ble ex pe ri ments. One fa mous

exam ple is the trans fu si on of lamb’s blood con duc ted by

Jean-Bap tis te Da vis, phy si ci an of King Lou is XIV, and

Paul Emme rez in 1667 (De schamps et al., 2005). The re -

ci pient was a young man who was suf fe ring se ve re fe ver.

The phy si ci ans were con vin ced that the symp toms had

va nis hed as a re sult of the trans fu si on and sub se quent ly

ap plied the pro ce du re for va ri ous ot her con di ti ons – in -

clu ding men tal illness. Indeed, as pe ople be lie ved that the 

lamb’s blood would trans fer the animal’s do ci le and calm

cha rac ter, such xe no trans fu si ons were a par ti cu lar ly po -

pu lar tre at ment for pro blems of tem per in 19th-cen tu ry

Bri tain (Coop er and Lan za, 2000). The first do cu men ta ti on

of tis sue xe no trans plan ta ti on also da tes from the se ven -

teenth cen tu ry, with the re port of suc ces sful eng raft ment

of a pie ce of ca ni ne cra ni al bone to re pair a soldier’s in ju -

red skull in 1668 (De schamps et al., 2005). Re mar ka bly,

late ni ne teenth / ear ly twen tieth cen tu ry at tempts at en do -

cri no lo gy in vol ved trans plan ta ti ons of sli ces of chim pan -

zee and ba boon tes ti cles in men for their al le ged po ten ti al

for hu man re vi ta li za ti on (De schamps et al., 2005). Xeno -

trans plan ta ti on ex pe ri ments also led to the ear liest at tempts

at cli ni cal kid ney and he art trans plan ta ti on. Whe re as the

first hu man kid ney trans plant was per for med in 1933,

kid ney xe no trans plants have been at temp ted sin ce 1905

(To le do-Pe rey ra and Lo pez-Ne bli na, 2003). The first he art

ful ly trans plan ted into a hu man was ob tai ned from a

chim pan zee in an ope ra ti on con duc ted on Ja nu a ry 23,

1964 (Har dy et al., 1964). The trans plant sur ge on, Ja mes

Har dy, was al most four ye ars ahe ad of the first hu man-

 to-hu man he art trans plan ta ti on, which was con duc ted by

Chris ti aan Bar nard in De cem ber 1967 (Bar nard, 1967).

The ini ti al so lid or gan xe no trans plan ta ti ons were des -

pe ra te me a su res to save ter mi nal-sta ged pa tients in ca ses

whe re no al ter na ti ve tre at ment was avai la ble. The sur vi -

val ra tes of the first ani mal or gan re ci pients were ex tre -

me ly poor: the pa tients died in a mat ter of hours or days

af ter the sur ge ry. With evi den ce of bet ter re sults with hu -

man grafts, al lo trans plan ta ti on (hu man-to-hu man trans -

plan ta ti on) ra pid ly be ca me the ap pro ach to which most

in te rest and re search was de di ca ted. Ne ver the less, the

ap pe al of using ani mals as sour ces of grafts re sur fa ced

out of sheer ne ces si ty sin ce hu man do nors were hard to

come by be fo re the im ple men ta ti on and en dor se ment of

cli ni cal brain de ath (To le do-Pe rey ra and Lo pez-Ne bli na,

2003). Bet ween 1963 and 1984, a to tal of 39 kid ney, li ver

and he art xe no trans plants into hu mans were re por ted.

The or gans were pri ma ri ly ob tai ned from ba boons, rhe -

sus monk eys and chim pan zees, which clear ly pro vi ded

bet ter re sults than or gans from ot her ani mal spe cies. In

1964, Keith Reemtsma ob tai ned 9 month sur vi val in a

reci pient of a chim pan zee kid ney sho wing no in di ca ti on

of or gan re jec ti on (Reemtsma et al., 1964). This re mains

the long est sur vi val ever re cor ded for the xe no trans plan -

ta ti on of an or gan. All sub se quent xe no trans plants of so -

lid or gans – which per si sted spo ra di cal ly un til the mid

1990s – la sted no long er than 70 days.

More re cent and suc ces sful cli ni cal ap pli ca ti ons of xe -

no trans plan ta ti on have con si sted of cel lu lar xe no trans -

plants and ex vivo per fu si ons of dis e a sed li vers and kid -

neys. With per fu si on, the ma jor blood ves sels of the

or gans are con nec ted and cross-cir cu la ted to an ani mal

kid ney or li ver pla ced out si de the body. The first cross-

 cir cu la ti on ex pe ri ment da tes from 1967, and in vol ved
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con nec ting the arm of a deep he pa tic co ma to se wo man to

the leg of a ba boon. The baboon’s kid ney ex cre ted about

5 lit res of the patient’s fluid and al lo wed the pa tient to

awa ke from coma (De schamps et al, 2005). Alter na ti ve -

ly, bi o ar ti fi ci al li ver de vi ces, in which the patient’s plas -

ma is gui ded through pri ma ry por ci ne he pa to cy tes, have

been ap plied to pa tients with acu te li ver fail ure (Cha ri et

al., 1994; Abou na, 1997; Levy et al., 2000; Sheil, 2002).

Cur rent ly, most hope and ef fort is de vo ted to di rect im -

plan ta ti ons of ani mal cells (Bloom, 2001). Cli ni cal tri als

have in clu ded in jec ti ons of por ci ne pan cre a tic is let cells

in in su lin-de pen dent di a be tic pa tients (Groth et al., 1994; 

Groth et al., 1996; Elli ott et al., 2000; Elli ott et al., 2005;

Wang et al., 2005; Val des-Gon za lez et al., 2005), ba boon

HIV-re sis tant he ma to poi e tic cells to tre at a pa tient with

AIDS (Thom son, 1995), en cap su la ted chrom af fin cells

from new born cal ves to tre at se ve re pain (Buch ser et al.,

1996) and por ci ne neu ral cells for the tre at ment of pa -

tients with Parkinson’s dis e a se (De a con et al., 1997;

Frie drich, 1999; Schu macher et al., 2000), Huntington’s

dis e a se (Fink et al., 2000), epi lep sy and stro ke (Edge et

al., 1998; Sa vitz et al., 2005). 

BI O LO GI CAL BAR RIERS TO CLI NI CAL XE NO -
TRANS PLAN TA TI ON

Xe no trans plan ta ti on stands ‘the test of time’ in terms

of the per sis tent purs uit of this ap pro ach to al le vi a te va ri ous

hu man dis e a ses for which hu man do nor grafts are cur -

rent ly lac king. Ho we ver, as is evi dent from the many dis -

mal at tempts in the past, whe ther xen oge neic or gans may

con sti tu te a fu tu re re pla ce ment for hu man grafts is in the

first pla ce de pen dent on whe ther the tis sue will be suf fi -

cient ly to le ra ted by the hu man im mu ne sy stem. The in -

com pa ti bi li ty of cross-spe cies grafts cau ses more in ten se

and chal leng ing im mu no lo gi cal re ac ti ons than grafts

trans plan ted be tween hu mans, and it con ti nu es to in hi bit

ef fec ti ve cli ni cal use of most xe no trans plan ta ti on ap pli -

ca ti ons (Cas cal ho and Platt, 2001). 

Indeed, the im mu no lo gi cal chal lenge has been heigh -

te ned by choos ing an evo lu ti o na ri ly dis pa ra te spe cies as

the sour ce ani mal. Although the use of non hu man pri ma te

grafts clear ly pro vi des the best re sults in terms of graft

sur vi val, pigs are cur rent ly the most pre fer red sour ce ani -

mal for re pla ce ment of most cells and all or gans due to

both prac ti cal and et hi cal con si de ra ti ons. Ho we ver, as

has been re vie wed in de tail by Ve raart et al. (2002) in an

ear lier is sue of this jour nal, pig-to-hu man trans plants

evo ke se ve re hy per acu te re jec ti on. This is a com ple ment-

 me di a ted res pon se to the sour ce ani mal tis sue that re sults

in the de struc ti on of xe no grafts wit hin mi nu tes. Hy per acu -

te re jec ti on oc curs when a trans plant be tween dis cor dant

(wi de ly di ver gent) spe cies eli cits na tu ral an ti bo dies,

known as ‘xenoreactive na tu ral antibodies’, which tar get

the spe cies-spe ci fic do nor tissue. In the ear ly 1990s it was 

dis co ve red that pig-to-hu man trans plants evo ked hu man

xe no re ac ti ve an ti bo dies against a su gar mo le cu le cal led

ga lac to se-(á1-3)-ga lac to se (Galá1- 3Gal) that is pre sent in

the li ning of por ci ne blood ves sels (Coop er et al., 1993).

This car bo hy dra te is ex pres sed by many ani mal spe cies,

but hu mans, apes and Old World monk eys have lost the

ca pa ci ty to pro du ce it in the cour se of evo lu ti on (Lai et

al., 2002). As a re sult, our bo dies pro du ce na tu ral an ti bo -

dies to the an ti gen as a pro tec ti on mecha nism. Indeed, the 

Gal su gar mo le cu les are also found on the sur fa ce of cert ain

bac te ria, vi ru ses and pa ra si tes. It is known that at le ast

85% of hu man xe no re ac ti ve na tu ral an ti bo dies are tar ge ted

spe ci fi cal ly to Galá1-3Gal (Coop er, 2003). The im pact

of xe no re ac ti ve na tu ral an ti bo dy ac ti va ti on is pro found.

When the hu man im mu ne mecha nism co mes into con -

tact with a por ci ne vas cu la ri zed xe no graft, the or gan

turns into a black, swol len and mott led mass wit hin se -

ver al mi nu tes or hours. The cir cu la ting na tu ral an ti bo dies 

quic kly bind to the Galá1-3Gal and ac ti va te a de struc ti ve

suc ces si on of ne ar ly three do zen pro teins, which is

known as ‘complement’. The pro cess starts with da ma -

ging, and of ten destroy ing, the en dot he li al cells that com -

po se the cell li ning of the ca vi ties of the he art and

blood/lymph ves sels. Con se quent ly, the pro cess of blood 

co a gu la ti on (for exam ple, clot for ma ti on in the blood) is

ini ti a ted, cau sing throm bo sis, which in turn ob structs the

xe no graft and sur roun ding tis su es from suf fi cient blood

flow. Ulti ma te ly, the da ma ge in the en dot he li um re sults

in the ex po su re of the un der ly ing ma trix, the break down

of me ta bo lic and oxy gen pathways, and the ra pid de ath

of the re ci pient. Hy per acu te re jec ti on de vel ops in all or -

gan xe no trans plants be tween dis cor dant spe cies, but

does not pose as much of a pro blem for cell or tis sue xe no -

trans plan ta ti on.

Hy per acu te re jec ti on can not be over co me with con -

ven ti o nal im mu no sup pres si ve re gi mens, so it re qui res

that we cir cum vent the bin ding of the an ti bo dies to the

Gal su gar by eit her eli mi na ting the xe no re ac ti ve na tu ral

an ti bo dies or by in hi bi ting com ple ment. The first suc cess -

ful ap pro ach to coun ter anti-Gal an ti bo dy me di a ted

comple ment ac ti va ti on con si sted of ge ne ti cal ly eng inee -

ring pigs to ex press hu man com ple ment re gu la to ry pro -

teins (McCur ry et al., 1995). The ra ti o na le un der ly ing

this ap pro ach is that the hu man com ple ment-re gu la to ry

pro teins will be able to pro tect bet ter against hu man com -

ple ment. Over the past de ca de, se ver al strains of trans ge -
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nic pigs that ex press one or more hu man com ple ment re -

gu la to ry ge nes have been bred and have in cre a sing ly

pro vi ded bet ter pro tec ti on against hu man com ple ment-

 me di a ted da ma ge (Co wan et al., 2000; Zhou et al., 2005). 

In ba boons, the trans ge ne sis has ef fec ti ve ly down-re gu -

la ted ac ti vi ty of the com ple ment cas ca de wit hout any

form of im mu no sup pres si on (Lo ve land et al., 2004). The 

de ve lop ment of so ma tic cell nu clear trans fer (clo ning)

tech no lo gy in pigs (Po le jae va et al., 2000) has fa ci li ta ted

the tech ni que of mul ti-trans ge ne sis. Through the clo ning

of pigs, al ter na ti ve ge ne tic mo di fi ca ti ons have also been

ge ne ra ted which con sist of ‘knocking out’ the gene for

á1,3-ga lac to syl trans fe ra se so as to avoid syn the sis of

Galá1-3Gal. The pro duc ti on of clo ned pig lets that lack

one al le le of the gene – ‘Gal-T knoc kout (GalT-KO)

pigs’– was re por ted in 2002 by two in de pen dent re search

teams (Lai et al., 2002; Dai et al., 2002). Short ly af ter, in

Au gust, 2002, PPL Ther apeu tics an noun ced the pro duc -

ti on of the first dou ble knock-out pig lets, which lack both

co pies of the á1,3-ga la cot syl trans fe ra se gene (Phelps et

al., 2003). GalT-KO pigs have al lo wed for a fur ther in -

cre a se in sur vi val ra tes in xe no trans plan ta ti ons of he arts

and kid neys to pri ma tes in com pa ri son with the use of

hDAF pigs. Non-life sup por ting he art trans plants (in

which case the na ti ve he art is kept in pla ce and the xen o -

ge neic or gan is trans plan ted in a dif fe rent lo ca ti on wit hin

the body) in a pig-to-ba boon mo del ob tai ned maxi mum

graft sur vi val of 179 days, the long est sur vi val of pig-

 to-pri ma te or gan trans plan ta ti on re cor ded to date (Kuw -

aki et al., 2005; Tseng et al., 2005). Life-sup por ting

xeno trans plan ta ti on of a GalT-KO kid ney re sul ted in sur -

vi val of more than 80 days in non hu man pri ma tes with no

evi den ce of re jec ti on (Ya ma da et al., 2005). 

The se stra te gies are ef fec ti ve me a su res against hy per -

acu te re jec ti on. Fur ther im pro ve ment of sur vi val seems

li ke ly, pro vi ded that pro gress in site-spe ci fic ge ne tic and

trans ge nic mo di fi ca ti ons con ti nu es. No net he less, the pro -

gress in over co ming hy per acu te re jec ti on has re ve a led

that this is only one of se ver al re jec ti on pro ces ses which

ine vi ta bly de ve lop wit hin days af ter xe no trans plan ta ti on.

Due to the li mi ted sur vi val ra tes ob tai ned so far, the im -

pact of the mecha nisms un der ly ing sub se quent pro ces ses 

of acu te vas cu lar re jec ti on, acu te cel lu lar re jec ti on and

chro nic re jec ti on (for a dis cus si on, see Ve raart et al.,

2002) is not yet ful ly known. 

Ide al ly, the xe no graft would be to le ra ted by the hu man 

re ci pient as if it were part of his or her own body. With this 

pur po se in mind, pre li mi na ry ex pe ri ments have been

con duc ted in which hu man stem cells are trans fer red into

de ve lo ping ani mals to ge ne ra te ani mal grafts that ex press 

a sig ni fi cant amount of hu man cells (Ai rey et al., 2004).

Almei da-Po ra da and col le a gu es in jec ted hu man stem

cells in de ve lo ping sheep and found that the hu man cells

con tri bu ted to the sheep’s blood, bone, li ver, he art and

ner vous sy stem (Almei da-Po ra da et al., 2004). Ulti ma te -

ly, the hope exists that use can be made of a patient’s own

stem cells. If the se cells were to be in jec ted into de ve lo ping

ani mals, the ani mals may, once born, ex press a suf fi cient

amount of that patient’s cells in the grafts re qui red. The

ge ne tic si mi la ri ty be tween host grafts and re ci pient

would the re by dis miss ma jor im mu no lo gi cal in com pa ti -

bi li ties. An al ter na ti ve, more re mo te ap pro ach could con -

sist of using ani mals as growth en vi ron ments of ear ly-

 sta ged hu man em bry o nic or gans (or gan pri mor dia).

Although the field of re ge ne ra ti ve me di ci ne has made re -

cent ad van ces in the eng inee ring of tis su es, it re mains an

enor mous chal lenge to re pro du ce the com plex mi cro-

 ana to mi cal struc tu res and func ti ons of mul ti-tis sue or gan

struc tu res. The o re ti cal ly, the ra peu tic clo ning could be

ap plied to cre a te an ear ly-sta ged em bryo that is ge ne ti cal ly

iden ti cal to a par ti cu lar pa tient. If suc ces sful, one could

pro cu re the ear ly-sta ged or gans (or gan pri mor dia) from

the de ve lo ping em bryo, trans plant them into an ani mal

host, and al low them to ma tu re. Once full-grown, the or -

gans should be very com pa ti ble for trans plan ta ti on into

the re ci pient. The ad van ta ges of this ap pro ach in clu de the 

fact that ear ly sta ged or gans, ob tai ned at the pro per time

du ring em bry o ge ne sis, au to ma ti cal ly dif fe ren ti a te into

the de si red tis sue and fa ci li ta te vas cu la ri za ti on. Fur -

thermore, pre cli ni cal data sug gests that kid ney and pan -

cre a tic pri mor dia can be ef fec ti ve ly trans plan ted across

both con cor dant (rat to mou se) and highly dis cor dant

(pig to ro dent) xen oge neic bar riers (Ham mer man, 2003). 

No net he less, to date, the re is still enor mous con tro ver sy

over the use of the ra peu tic clo ning pro ce du res. Also, the

suc cess of pre-cli ni cal stu dies in lar ge ani mal mo dels has

been con strai ned by the fail ure to iden ti fy the op ti mal ges -

tati on time for trans plan ta ti on into the ani mal host en vi -

ron ment (Even tov-Fried man et al., 2005). Mo re o ver, it

will be es sen ti al that the em bry o nic or gans do not come

into con tact with the host an ti gens. Such con tact could

cau se the pro duc ti on of epi to pes and the re by eli cit an im -

mu ne res pon se. 

Still anot her me ans to ob tain long-term xe no graft

survi val would con sist of al te ring the recipient’s im mu ne

sys tem so that it com ple te ly, and per ma nent ly, to le ra tes

the for eign graft. This sta te, known as ‘immunological

tolerance’, is the des ti na ti on of fur ther al lo trans plan ta ti on

re search as well. Des cri bed as ‘the im mu no lo gi cal holy
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grail’(Coop er and Lan za, 2000), to le ran ce is a con di ti on

in which the im mu ne sy stem to le ra tes spe ci fic do nor

cells, tis su es and or gans as if they were its own, but re -

mains res pon si ve to ot her in va ding mi croor ga nisms. It

would com ple te ly al le vi a te the need for any ad di ti o nal

im mu no sup pres si ve the ra py. Apart from the me di cal uti -

li ty as so ci a ted with drug in de pen den ce, to le ran ce may be 

the only chan ce for long-term ef fec ti ve dis cor dant xe no -

trans plan ta ti on. Va ri ous ap pro aches to in du ce im mu no -

lo gi cal to le ran ce exist - in clu ding xe no re ac ti ve an ti bo dy

de ple ti on, he ma to poi e tic stem cell trans plan ta ti on, trans -

plan ta ti on of por ci ne thy mus tis sue (which ge ne ra tes

T-cells), mo le cu lar chi me rism using a gene the ra py ap -

pro ach and tem po ra ry de ple ti on of T-cells or in duc ti on of 

T-sup pres sor cells (U.S. SAXC, 2004). Ho we ver, to date, 

none of the se ap pro aches have been able to over co me re -

tur ning anti-pig an ti bo dy pro duc ti on. 

Whi le the feat of pro du cing hu man to le ran ce to xe no -

grafts still lies ahe ad, long-term suc cess of pig-to-hu man

trans plants is also left wan ting by ot her po ten ti al in com -

pa ti bi li ties be tween the spe cies. The se in com pa ti bi li ties,

which can ma ni fest them sel ves in dif fe ren ces on phy si o -

lo gi cal, ho me os ta tic, me ta bo lic and hor mo nal le vels, re -

main lar ge ly un ex plo red (Bucher et al., 2005). Ini ti al ly,

the ma jor con cerns re gar ding pig-to-hu man or gan trans -

plants re la ted to the size of the or gans and the ho ri zon tal

pos tu re of the ani mals. No net he less, pos tu ral chang es do

not ap pe ar to af fect the func ti on of the or gan grafts and

mi ni a tu re swi ne breeds have been iden ti fied which pro -

vi de or gans that, in com pa ri son to ot her spe cies, best ap -

proxi ma te adult hu man size. The ma jor dis pa ri ties be -

tween hu man and por ci ne phy si o lo gy that have been

iden ti fied so far in clu de dif fe ren ces in he ma to lo gy, en zy -

mes, hor mo nes and li ver me ta bo lism. The dis tur ban ces

in he ma to lo gy are of most con cern. Many co a gu la to ry

dis tur ban ces have been in di ca ted in va ri ous pig-to-pri -

ma te xe no trans plants and pose an in cre a sed risk of blee -

ding dis or ders and vas cu lar throm bo sis (Dob son and

Dark, 2002; Bucher et al., 2005). Adver se clot ting may

con tri bu te to xe no trans plant re jec ti on, and pro blems re -

la ted to cir cu la ti on in com pa ti bi li ty may in hi bit the de li -

ve ry of oxy gen and nu trients and the re mo val of was te

sub stan ces. Dif fe ren ces be tween hu mans and pigs have

also been found with re gard to he ma to crit, blood com po -

si ti on, blood vis co si ty, and red blood cell sur fa ce area and 

di a me ter – all of which may con tri bu te to a weak in te gra -

ti on of the xe no graft in hu man mi croen vi ron ments. The

le vel of phy si o lo gi cal com pa ti bi li ty be tween hu man and

por ci ne lungs is cur rent ly the le ast un der stood, sin ce por -

ci ne lung xe no trans plants have not sus tai ned sur vi val of

pri ma tes bey ond a few hours.

CEL LU LAR XE NO TRANS PLAN TA TI ON IS THE
FU TU RE

Whi le the bi o lo gi cal bar riers to so lid or gan xe no trans -

plan ta ti on re main sub stan ti al, va ri ous cel lu lar re pla ce ments

are pro ving to be more com pa ti ble with the func ti ons of the

na ti ve cells. The most im mi nent con tri bu ti on of xe no -

trans plan ta ti on to the cli nic is li ke ly to lie in the trans -

plan ta ti on of por ci ne is lets of Lang er hans. This could

pro vi de an al ter na ti ve to in jec ti ons of hu man or por ci ne

in su lin, which are inef fec ti ve in ful ly res to ring pro per

glu co se ho me os ta sis. Pig is let cells pro vi de ade qua te

blood le vels of glu co se in hu mans. Mo re o ver, whi le xen o -

geneic is let trans plan ta ti on is known to ini ti a te an im me -

di a te in flam ma to ry re ac ti on in hu man blood, which cau ses

coa gu la ti on, this ef fect ap pe ars to be ma na ge a ble by ap -

propri a te drug re gi mens (Goto et al., 2004). For cel lu lar

xe no trans plants of this sort, pro mi sing ap pro aches exist

in terms of eli mi na ting the im mu ne bar rier (Opa ra and

Ken dall, 2002; Gar ka venko et al., 2005). One par ti cu lar

fe a si ble pro ce du re con sists of en cap su la ting cells or

small tis su es in a semi-per me a ble mem bra ne that can not

be pe ne tra ted by de struc ti ve fac tors but does fa ci li ta te

two-way dif fu si on of nu trients from the host cir cu la ti on

and de si red pro ducts from the xe no graft. A re cent re port

sug gests that com bi ning por ci ne is let cells with Ser to li

cells (which have been found to con sist of an im mu no -

mo du la ting fac tor) and en ca sing them in a semi-per me a ble

en cap su la ti on de vi ce al lows for long-term sur vi val of the 

grafts (Val des-Gon za lez et al., 2005). The fol low-up data 

four ye ars af ter the trans plants in di ca te that 50 per cent of

the ex pe ri men tal hu man re ci pients (n=12) sig ni fi cant ly

re du ced their de mand for exo ge nous in su lin. Two pa -

tients are re por ted to have achie ved tem po ra ry in su lin-

 in de pen den ce. It must be no ted, ho we ver, that the re sults

of this tri al are not left un con te sted. Rood and Coop er

(2006) re vie wed this tri al as well as three ot her re cent re -

ports in vol ving cli ni cal xen oge neic is let trans plan ta ti on

(Elli ott et al., 2000; Elli ott et al., 2005; Wang et al., 2005)

and in di ca te that each of the re ports lack con vin cing re -

sults from pre-cli ni cal pri ma te mo dels. The aut hors point

out that wit hout such pre cli ni cal data a de cre a se in pa tient 

in su lin re qui re ment could just as well have been ob tai ned 

from the im pro ved me di cal fol low-up of the patients’

con di ti on. 

Por ci ne neu ral cells are also a good match in terms of

struc tu re and func ti on. Va ri ous ani mal stu dies have pro -

vi ded proof of prin ci ple that xen oge neic neu ral tis sue can 

sur vi ve and func ti on and that it can re du ce the symp toms

of neu ro de ge ne ra ti ve dis e a se. The stu dies even sug gest

that the le vel of neu ral cell mi gra ti on, in ner va ti on and in -
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te gra ti on is bet ter com pa red to equi va lent al lo graf ted tis -

sue (Wic to rin et al., 1992; Hu rel brink et al., 2002,

Bucher et al., 2005). The first neu ral xe no graft sur vi val in 

the hu man brain was do cu men ted in 1997 (De a con et al.,

1997). Embry o nic pig cells were im plan ted into a pa tient

with Parkinson’s dis e a se and were found to have ge ne ra -

ted pig do pa mi ner gic and ot her neu ral cells. The neu rons

had grown axon ex ten si ons into the host brain and evo -

ked only low re ac ti vi ty from hu man mi cro glia and

T-cells. No net he less, whi le some neu rons sur vi ved over

se ven months, lar ge num bers of do pa mi ner gic neu rons

had only poor graft sur vi val. A dif fe rent stu dy, three ye ars

la ter, re por ted fol low-up re sults one year af ter the suc ces -

sful trans plan ta ti on of em bry o nic por ci ne vent ral me sen -

cep ha lic tis sue in twel ve Parkinson’s pa tients (Schu -

macher et al., 2000). The re sults sho wed that the tis sue

was well to le ra ted wit hout se ri ous ad ver se ef fects. Over -

all ra tes of Uni fied Parkinson’s Di se a se Ra ting Sca le sco -

res im pro ved by 19 per cent and three pa tients, who had

re cei ved par ti cu lar im mu no sup pres si ve re gi mens in clu -

ding cy clos po ri ne, im pro ved over 30 per cent. The se re -

sults are si mi lar to the ini ti al ex pe rien ce with uni la te ral

hu man em bry o nic al lo graft trans plan ta ti on, alt hough in

the lat ter case much less cells are trans plan ted (in this stu dy,

12 mil li on em bry o nic pig neu rons were trans plan ted!).

Appa rent ly, alt hough the im mu ne re jec ti on in the brain is

thought to be rat her weak, most of the xe no grafts ne ver -

the less un der go re jec ti on when the re is a lack of pro per

pro tec ti on me a su res. 

RES TRIC TING THE EMER GEN CE OF XEN OGE -
NEIC IN FEC TI OUS DIS E A SE

It is clear that many chal leng es re main to be ad dres sed

be fo re xe no trans plan ta ti on of or gans, es pe ci al ly, will be

a vi a ble rou ti ne the ra py for wai ting list pa tients. Pre ci se ly 

at what point pre-cli ni cal ef fi ca cy is suf fi cient to war rant

cli ni cal ap pli ca ti ons in hu mans is un clear. The Spa nish

Xe no trans plan ta ti on Com mis si on sug ge sted sur vi val

and pro per func ti on of the grafts for at le ast six months in

pri ma tes (Coun cil of Eu ro pe Com mit tee of Mi nis ters,

2003). In com pa ri son to the start of al lo trans plan ta ti on,

this is a de man ding re qui si te. Nor man Shum way, for in -

stan ce, felt that sur vi val for 4 to 21 days among 85 per -

cent of dog re ci pients of car di ac trans plan ta ti on was suf -

fi cient to war rant the move to cli ni cal tri als (Fox and

Swa zey, 2004). An ar gu ment could be made that, in a si -

tu a ti on whe re a pa tient is sure to die soon wit hout a trans -

plant, even the most ex tre me ope ra ti ve mor ta li ty rate is

ac cep ta ble. It has also been no ted that the pre cli ni cal sur -

vi val rate re qui re ments should dis ting uish be tween the

va ri ous ty pes of xe no grafts. In this sen se, per haps, short

sur vi val ra tes of xen oge nic cel lu lar xe no trans plants may

be ac cep ta ble to war rant fur ther pro gress in cli ni cal re -

search, pro vi ded that the graft mal func ti on is not dang erous

for the pa tient. Ne ver the less, cur rent ly, aut ho ri zed xe no -

trans plan ta ti on tri als of whiche ver type of xe no graft are

ex tre me ly rare. The ma jor bra ke on fur ther pro gress is

clear ly re la ted to the pos si bi li ty that xe no trans plan ta ti on

will trans fer in fec ti ous agents from the ani mal to the xe no -

tran splant re ci pient and en dang er pu blic he alth. 

Hy po the ti cal ly, the sour ce ani mals could bear par ti cu -

lar vi ru ses, bac te ria, or pri ons that can be trans mit ted to

hu mans and eli cit an in fec ti ous dis e a se (zoon osis). Con -

cei va bly, the in fec ti ous agents could be trans mit ted to

ani mal ca re ta kers or to the pros pec ti ve re ci pients of the

xe no grafts. Con ta mi na ti on could then ex tend bey ond

the se in di vi du als to their clo se sur roun dings and, even tu -

al ly per haps, to the pu blic at lar ge. Not withstan ding the

long his to ry of at tempts at xe no trans plan ta ti on, se ri ous

con cern re gar ding this pu blic he alth ha zard ma te ri a li zed

par ti cu lar ly in the se cond half of the 1990s. Argu a bly,

this is due to heighte ned un der stan ding of and sen si ti vi ty

to wards zoon otic dis e a se, a loom ing thre at of bi o lo gi cal

ter ro rism and the po ten ti al for ra pid, glo bal spre ad of in fec -

ti ous dis e a se through mass air tra vel. The need to pro vi de

tough re gu la ti ons to pro tect the pu blic from xen oge neic

in fec ti on was par ti cu lar ly felt in the Uni ted King dom,

which had just ex pe rien ced the cri sis over BSE (Ano ny -

mous, 1997). The real dang ers spe ci fic to pri ma te-to-hu man

xe no trans plan ta ti on have sin ce been af fir med: a post -

mor tem blood ana ly sis of a ba boon li ver re ci pient in di ca ted

infec ti on of si mi an cy to me ga lo vi rus in fec ti on (Michaels

et al., 2001). Pigs have li ved in do mes ti ca ti on with hu -

mans for thou sands of ye ars and the re fo re ini ti al ly eli ci ted

less the o re ti cal con cerns re gar ding trans mis si on of no vel

pa tho gens. No net he less, the 1997 dis co ve ries that a fa -

mi ly of por ci ne en do ge nous re tro vi ru ses (PERVs) is able

to in fect hu man pri ma ry cells and cell li nes in vi tro and

adapt to the se cells by se ri al trans mis si on on unin fec ted

cells (Pa tien ce et al., 1997; Le Tis sier et al., 1997) evo ked 

a new wave of con cern.

To this day, the risk of cre a ting a xe no trans plant re la ted

epi de mic, or at wor se pan de mic, re mains un quan ti fi a ble.

No PERV-re la ted dis e a se has been shown to oc cur in hu -

mans and the re is no way of es ti ma ting how low or high

the risk of in fec ti on is. Ne ver the less, a cau ti ous ap pro ach

is sup por ted by the fact that it is pre ci se ly vi ru ses which

per sist asymp to ma ti cal ly in qui es cent or la tent pha ses

that con sti tu te the gre a test ha zard to pu blic he alth. The se
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vi ru ses could ea si ly spre ad wit hout being no ti ced. Mo re -

o ver, the se ve ri ty of the dang er of PERVs was emp ha si -

zed in light of known ho mo lo gy to ot her re tro vi ru ses,

such as fe li ne leu ke mia vi rus (FeLV) or mu ri ne leu ke mia

vi rus (MuLV), which in du ce tu mors or im mu no de fi cien -

cy in the in fec ted host (Spec ke et al., 2002). Evi den ce of

PERV in fec ti ons in vi tro and fe ars that the re may be ot her,

un dis co ve red trans mis si ble agents com pel led se ver al ple as

for a mo ra to ri um on cli ni cal xe no trans plan ta ti on (Bach

and Fi ne berg, 1998; But ler, 1998; Coun cil of Eu ro pe

Com mit tee of Mi nis ters, 1999). Cur rent ly, in most na ti ons,

a tem po ra ry de fac to mo ra to ri um be tween 1997 and 1999 

has been re pla ced by streng the ned na ti o nal over sight.

Va ri ous re gu la to ry and ad vi so ry aut ho ri ties world- wide

have pu blis hed de tai led sa fe ty pro to cols for xe no trans -

plan ta ti on re search and cli ni cal tri als (the la test and most

in flu en ti al do cu ments are: US FDA, 1999; US PHS,

2001; UKXIRA, 1998/1999a/1999b; COECM, 2003;

Stee ring Com mit tee on Bi oet hics, 2003; EMEA, 2003;

OECD, 1999; Wor king Par ty on Bi o tech no lo gy, 2001;

WHO 2001/2004). The pro to col re views per tain to the

pro cu re ment and scree ning of sour ce ani mals, the cli ni cal

and pre cli ni cal tes ting of xe no trans plan ta ti on pro ducts

and the post-xe no trans plant mo ni to ring/sur veil lan ce of

re ci pients. 

The sa fe ty pro to cols at tri bu te an im por tant role to ani -

mal bree ders and ca re ta kers. The con di ti ons for bree ding

and hou sing the ani mals, as set out in the gui de li nes men -

ti o ned abo ve, are ex tre me ly string ent. As such, the ani -

mals must be de ri ved from clo sed herds with do cu men -

ted he alth scree ning pro grams only. The pros pec ti ve

sour ce ani mals should be bred and hou sed in bar rier fa ci -

li ties that are free of de sig na ted pa tho gens. The sour ce

animal’s he alth sta tus should not be je o par di zed by the

use of na tu ral, non-ste ri le feeds. The herd should be con -

ti nu ous ly scree ned for a list of in fec ti ous agents as ge ne -

ra ted by ex perts on in fec ti ous dis e a ses of the spe cies in -

vol ved. Par ti cu lar ly tho se in fec ti ous agents known to

in fect the sour ce ani mal, to cau se zoon oses, or to oc cur in

la tent sta te should be gran ted spe ci al at ten ti on. Bi o lo gi cal

spe ci mens should be rou ti ne ly pro cu red from the herd

and te sted for in fec ti ous agents by ap propri a te as says.

The se sam ples must be ar chi ved for fu tu re pur po ses to

fa ci li ta te iden ti fi ca ti on of in fec ti ons af ter the grafts have

been re trie ved and/or trans plan ted (the re com men ded

du ra ti ons of sto ra ge range from 20 to 50 ye ars). In ad di ti on,

all de tails con cer ning the he alth sta tus of the sour ce ani -

mals – in clu ding all illnes ses, tre at ments, drugs and me -

di cal care in vol ved – should be do cu men ted con sis tent ly. 

Se ver al weeks pri or to har vest of the grafts, the in di vi du al 

sour ce ani mals should be qua ran ti ned and scree ned ex -

ten si ve ly. Impor tant ly, hu mans who are in re gu lar con -

tact with the ani mals must also be scree ned. Mi ni mal ly,

this will in vol ve the pro cu re ment of ba se li ne sam ples,

but pe ri o dic sam pling and sto ra ge of se rum or plas ma is

also pos si ble. This le vel of sur veil lan ce is fol lo wed by

very strict and far-re aching sa fe ty me a su res du ring pre -

cli ni cal re search and cli ni cal tri als. The re gu la ti on of xe -

no trans plan ta ti on can be seen as an im por tant step in ef -

fec ti ve ly ap pro aching the emer gen ce of new zoon oses.
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