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1. ABSTRACT

Organ transplantation is limited by the number
of cadaveric human donor organs that become available.
Xenotrangplantation - the transplantation of organs and
tissues between anima species - would supply an
unlimited number of organs and offer many other
advantages. The pig has been identified as the most
suitable donor animal. Pig organs, when transplanted into
humans or nonhuman primates, are, however, reected
hyperacutely within  minutes by antibody-mediated
complement activation. Human anti-pig antibodies have
been identified as being directed against Gala 1-3gal actose
epitopes on pig vascular endothelium. Mgor efforts are
being made to overcome this hyperacute reection.
Methods being investigated include (i) depletion or
inhibition of recipient antibodies or complement, (ii)
development of transgenic pigs that do not express the
aGd epitope and/or express a human complement
inhibiting protein (e.g. DAF), and (iii) development of
immunologica tolerance to pig organs in the recipient. If
complement activation is prevented, e.g. by inhibition of
complement activation by cobra venom factor, soluble
complement receptor 1 or by the
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use of hDAF transgenic pig organs, then "deayed
xenograft rgection” occurs and is again believed to be
largely antibody-dependent. Experimental pig-to-primate
organ xenotransplantation is now, however, resulting in
transplant function for days and weeks rather than
minutes, and there is therefore optimism that we are on
the threshold of a new ea in the fiedd of the
transplantation of vital organs.

2. INTRODUCTION

Organ trangplantation is one of the success
stories of the second part of the twentieth century. During
the past 10 years results have steadily improved and
patients undergoing kidney, liver, or heart transplantation
can redigticaly anticipate approximate 80% and 70% one
and 5-year survivd, respectively. At the Oklahoma
Trangplantation Ingtitute in Oklahoma City, for example,
snce 1987 admost 200 heart transplants have been
performed with an overal one-year surviva of 91% and a
7-year surviva of 80% (1-3).

The magor limiting factor to organ
transplantation today is the increasing shortage of suitable
donor organs. In the USA, approximately 45,000 people
arelisted for solid organ transplantation by UNOS, and yet
less than 6000 cadaveric donors become available each
year, from which approximately 20,000 donor organs are
obtained. The discrepancy between the number of
potentia recipients and donor organs is increasing by
gpproximately 10-15% annuadly (4). Pdients on diayss
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awaiting kidney transplants are, therefore, waiting for
longer and longer periods of time, and patients awaiting
liver or heart transplantation may well die before a
suitable donor becomes available.

One solution to this problem would be the use
of anima organs - xenotransplantetion (5,6). This field of
ressarch has been undergoing intensive and increasing
study during the past few years, and some encouraging
progressis being made.

3. CONCORDANT AND DISCORDANT
XENOTRANSPLANTATION
3.1. Definitions

Xenotransplantation refers to the

trangplantation of organs or tissues from an animd of one
species into another species. With regard to humans, it
clearly refers to the use of a donor other than a human.
The terms concordant and discordant xenografting are
used loosdy to refer respectively to transplantation
between closdy-related anima species (e.g. baboon-to-
human) and between distantly-related species (e.g. pig-to-
human) (7).

With regad to the histopathology of the
rejection that takes place, we should probably confine our
terms to (i) cdlular, (iii) antibody-mediated (dencting
vascular or humora), and (iii) mixed rgection (8).
Antibody-mediated rejection may be hyperacute (in that it
occurs within minutes or afew hours after transplantation)
or delayed, occurring some days or even weeks after
transplantation.

3.2. Pathogenesis of graft rejection

In generd, pre-exising antibodies are not
present in humans in high titers againgt closely-related
species (e.g. baboon), but can develop or rapidly increase
during the fird few days after concordant
xenotransplantation. Rejection generadly occurs in an
accel erated fashion (when compared to that of an dlograft)
within a few days, and can be of a humord, cdlular, or
mixed nature (8).

Significant differences in the regjection process
occur in different species combinations and different
trangplanted organs. For example, cynomolgus monkey
hearts transplanted into baboons would appear to be
rgected primarily by a cdlular mechanism (9,10), not
unlike after alografting, whereas African green monkey
hearts transplanted into baboons are more likely to be
rgected by a humora (or mixed humora and cellular)
mechanism (11,12). African green monkey livers
trangplanted into baboons, however, have been reported to
be rejected primarily by a cellular mechanism (13).

The presence in humans of relatively high titers
of naturd pre-formed antibodies against discordant donor
species (e.g. pig) leads to immediate hyperacute rejection
(HAR) (as may occur when alografting is carried out in a
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sendtized recipient). The HAR is initiatled by the
interaction of the antibodies with antigens on the vascular
endothelium of the donor organ, resulting in activation of
the dlassica pathway of complement (14) and vascular
endothdid cdl activation and lyss. In some species
combinations, the dternative pathway of complement
activation is believed to play arole (15), and evidence has
been put forward to suggest that in humans this may be
due to dimeric IgA binding to the pig vascular
endothelium (16).

If HAR can be avoided (e.g. by depletion of
complement by cobra venom factor (17,18)), current
evidence is that a delayed form of rejection occurs (often
termed 'delayed xenograft rgection’ (19)), which leads to
more gradud graft failure. The exact mechanism of this
delayed xenograft rejection remains uncertain, but appears
to be antibody-mediated but complement-independent
(19). There is increasing evidence that natural killer cells
and macrophages may play significant roles (20).

3.3. Histopathology

The classcd histopathologic picture of HAR
congsts of disruption of the vascular endothelium, with
massive interstitial edema and hemorrhage (8) (Figure 1).
Intravascular fibrin thrombi are frequently present, and
pladet thrombi can be observed. This picture can,
however, be considerably attenuated even when early graft
failure has occurred.
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Figure 1: Photomicrograph of donor pig myocardium
following  xenotrangplantation into a  non-
immunosuppressed recipient baboon. The donor heart
ceased functioning after 4 hours, and histologically shows
florid hyperacute rgection with severe interditia
hemorrhage, vascular thrombi, and myocyte necrosis.
(Hematoxylin and eosin, x 150)
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Table 1: Carbohydrate antigens which bound significant levels of human anti-pig heart or human anti-pig kidney
antibodies.

ANTIGEN  TRIVIAL NAME CHEMICAL STRUCTURE NUMBER OF ANTI-PIG SAMPLES WITH
GROUP STRONG BINDING (OD 30.5)
Anti-pig Kidney Anti-pig Heart
Human O  Human Human Human
plasma ABplasma Oplasma AB plasma
B-like Linear B type 2 aGal(1-3)RGal(1-4)RGIcNAC-R 4/4 4/4 12 2/2
Linear B type 6 aGal(1-3)RGal(1-4)RGlc-R 4/4 4/4 172 2/2
B disaccharide aGal(1-3)RGa-R 4/4 4/4 172 2/2
a-D-Galactoside aGa-R 3/4 4/4 ND ND
B B type4 aGal(1-3)RGal(1-3)RGaNAC- 3/4 0/4 02 0/2
R3(1-2)aFuc
Btype5 aGal(1-3)RGal(1-3)RGa-R3(1-2)aFuc 3/4 0/4 12 02
A-like A disaccharide aGalNAc(1-3)RGa-R 2/4 0/4 172 2/2
Linear A type 6 aGaNAc(1-3)RGal(1-4)RGlc-R 24 0/4 0/2 172
Forssman aGalNAc(1-3)RGalNAC-R 2i4 0/4 12 212
disaccharide
Forssman aGaNACc(1-3)RGalNAc(1-3) 3/4 0/4 1/2 2/2
trisaccharide aGa-R
A A trisaccharide aGalNAc(1-3)RGa-R3(1-2) 3/4 0/4 02 02
aFuc
Atyped aGaNAc(1-3)RGal (1 -3)RGal 2/4 0/4 12 0/2
NAc-R3(1-2)aFuc
Atype5 aGaNAc(1-3)RGal (1 -3)RGal- 2/4 0/4 12 0/2
R3(1-2)aFuc
Atype6 aGaNAc(1-3)RGal (1 -4)RGlc- 2/4 0/4 12 0/2
R3(1-2)aFuc
P P1 aGal(1-4)RGa-R 3/4 0/4 12 2/2
Paragloboside RGal (1 -4)RGIcNAC(1 - 3)RGal (1 -4)RClc- 0/4 0/4 12 0/2
R
BGIcNAc- N-Acetyl-3-D- BGIcNAc-R 2/14 3/4 1/2 2/2
containing glucosaminide
RGIcNACc(1-4)RGIcNAC-R 0/4 1/4 12 2/2
Rhamnose a-L-Rhamnose a-L-RhaR 0/4 2/4 12 212
containing
a-L-Rha(1-3)RGIcNAc(1-2)a-L-RhaR 2/4 2/4 172 2/2
Other aGalNAc(1-2)RGa-R v4 va 12 22
aGaNAc(1-4)RGa-R 1/4 0/4 1/2 1/2
3GalNAc(1-2)RGal-R 0/4 2/4 12 2/2
3Gal(1-3)RGaNACc-R 0/4 1/4 12 0/2
aGlc(1-2)RGal-R iz 0/4 12 12
3Glc(1-2)RGa-R iz 0/4 12 12
R3Glc(1-2)aMan-R 1/4 1/4 12 1/2
aMan(1-6)aMan-R 0/4 1/4 12 2/2

R=0-(CH2)8-CO-NH-bovine  serum abumin, Ga=gaactose, Fuc=fucose, Rha=rhamnose, GIcNAc=N
acetylglucosamine, GalNAc=N acetylgal actosamine, Man=mannose, ND=not done.

(Modified from DKC Cooper, et al. (24))
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Figure 2: Immunoperoxidase labeling of a pig-to-baboon cardiac xenograft that was rejected hyperacutely. There is endothelid
deposition of IgM, 1gG and IgA. The graft aso shows endothelia deposition of components of the classicd (C1q) and dternate
(Fector B, properdin) pathways of complement activation, aong with C3d and termind pathway components (e.g. C6).

(Courtesy W.W. Hancock)

Immunofluorescence studies demonstrate 1gM,
1gG, IgA and complement depostion on the vescular
endothelium (21, and Kobayashi, T., et al.,submitted for
publication) (Figure 2). The histo-pathologica features of
ddlayed xenograft rgjection vary little from those seenin
HAR, dthough immunohisto-logica studies reved the
presence of cytokines and various cdls (21, and
Kobayashi, T., et al., submitted for publication).

3.4. Anti-pig antibodies

Current evidence is that dl (or most) human
anti-pig antibodies are directed against agdactosyl (aGal)
epitopes, specificaly with a temind Gaal-3Gd
structure, on the surface of pig vascular endothelium (22-
28) (Tables 1 and 2 and Figure 3). These anti-aGa
antibodies are aso found in gpes and Old World monkeys,
but not in lower primates (e.g. New World monkeys) or
non-primate mammals (including the pig), which, in
contrast, express the aGa antigen (29). Following the
transplantation of a pig organ into a human or baboon, or
the extracorporeal perfusion of human blood through a pig
organ, there is a marked increase in the titer of anti-aGal
antibody, increasing by <60-fold over a period of days or
weeks (30-32).

Humans are believed to develop anti-aGa
antibodies during the first few weeks of life through
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exposure to certain microorganiams that colonize the
gestrointestina  tract and which adso express aGd
structures on their cell membranes (33). At birth, anti-
aGd I1gG can frequently be detected in the plasma,
presumably passively transferred from the mother, but
not IgM (34). As it is predominantly IgM binding thet
initiates HAR, a pig organ transplanted into a neonatal
baboon is not rejected hyperacutedly, but does undergo
delayed xenograft rejection over the next few days (34).

TABLE 2: Structure of the main carbohydrate epitopes
exposed a the surface of human and porcine vascular
endothelium.

HUMAN PIG
3Ga1-43CGIcNAca-R* 3Ga1-43GIcNAcaR
ABH-RGa1-43GIcNAcaR aGal1-33Ga 1-413GlcNAca-R
aNeuAc2-33Ga 1- aNeuAc2-33Ga 1-4RGIcNAca
4GaNAcaR R

*R are glycolipid or glycoprotein carier molecules
anchored in the cel membrane. Only the epitopes
underlined are different between the two species. (From R
Orial,., et al. (25))
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Figure 3: Three of the mgor carbohydrate structures that bind human antibodies eluted from pig heart, kidney and red blood
cel sroma - aGa disaccharide (above), aGal trisaccharide type 2 (center), and aGal trisaccharide type 6 (below). X-Y =

(CH2)dCOOHCHs.

4. EXPERIMENTAL METHODS OF PROLONG-
ING SURVIVAL OF CONCORDANT XENO-
GRAFTS

Most work in this area has been directed at the
use of pharmacologic immunosuppressive agents and, to a
lesser extent, total lymphoid irradiation (TLI). In early
studies, heavy pharmacologic immunosuppressive therapy
was shown to extend African green monkey heterotopic
heart surviva in baboons for several weeks, though there
was a rddively high morbidity and mortaity from
infection in the recipient animas (12). African green
monkey livers have been demondrated to function for >12
months in baboons (13,35,36), despite a relatively high
incidence of cellular rejection episodes.

TLI has smilarly been shown to extend kidney
or heart survival in concordant species combinations,
particularly in association with pharmacologic agents (37-
41).

Survivd  of  orthotopicaly  transplanted
concordant heart xenografts was investigated by Kawauchi
et al. (42), who performed the procedure using rhesus
monkeys as donors and juvenile baboons as recipients. In
six control experiments in which no immunosuppressive
therapy was given, the recipients survived for a mean of
eight days and dl died of classic cdlular rgection. In five
baboons that underwent splenectomy and were treated
with perioperative antilymphocyte globulin and long-term
maintenance FK506 (tacrolimus) (with intravenous
methotrexate, methylprednisolone, or both as rescue
thergpy in cases of severe regjection), mean surviva was
extended to 48 days. Two baboons died from rgjection and
three from cytomega ovirus infection.

Seven additional baboons recelved the same
immunosuppression but with an added intravenous (i.v.)
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dose of methotrexate given twice weekly. Mean surviva
in this group was 127 days, and one baboon was till aive
after 286 days. Four died from infection, one from
pulmonary embolism, and one from rend failure. Only
two of the baboons that died showed mild rgection a
autopsy.

Although the authors concluded that FK506
coupled with low-dose maintenance methotrexate and
splenectomy can produce prolonged host surviva in this
mode, the quantity of immunosuppresson given was
clearly considerable and resulted in death from infection in
a large number of recipient animas. If this degree of
immunosuppression were required to provide long-term
survival of concordant xenografts in humans, it would
likely lead to a high incidence of recipient morbidity or
mortality from infection.

With the current immunosuppressive agents
avalable to us, it seems unlikely that even concordant
donor organs will survive for very prolonged periods of
time (years) in human recipients. If sandard
immunosuppressive therapy is given, there will be arisk
of organ failure through recurrent or severe acute rejection
and/or graft arteriosclerosis (chronic rgection). Function
for some months is likely to be achieved, but the amount
of immunosuppressive therapy required is likely to be
excessve and will amost cetainly lead to infectious
complications.

Some of the newer immunosuppressive agents
may wel prove to be more efficacious in prolonging
concordant xenograft survival. In particular, leflunomide
(43,44), brequinar sodium  (4546), and 15
deoxyspergudin (47-51) have shown encouraging results
in some experimental models, athough there remain few
data on studies in large animals, particularly in primates.
There is some prospect, however, that a combination of
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the immunosuppressive agents that will become available
to us within the next few years may wel enable
concordant  xenotransplantation to be carried out
successfully, particularly as a bridge to dlotransplantation
in cases of cardiac or liver failure.

Concordant xenotransplantation in humans will
be limited, however, by the relative paucity of the number
of suitable donor animals that will become available and,
in particular, on the size of such animals. The baboon does
not grow to a size sufficient to provide organs such as
hearts for adult humans, athough there may be arolefor it
in bridging infants and children to cardiac
alotransplantation. Baboons are known to carry certain
infectious agents, particularly viruses, tha may be
hazardous if transferred to humans (52-55). In addition,
there will likely be a significant public objection to the use
of non-human primates in large numbers for purposes of
transplantation. Increasingly, therefore, the attention of
those interested in this field has been directed towards
discordant xeno-transplantation.

5. EXPERIMENTAL METHODS OF
PROLONGING SURVIVAL OF DISCORDANT
XENOGRAFTS

Mogt attention has to-date been paid towards
overcoming HAR for, if this cannot be achieved, then
there seems little purpose in directing efforts to
overcoming the delayed xenograft rejection (and cellular
rejection) that occurs subsequently. Work in this field can
loosely be divided into 4 main gpproaches (Table 3).

(i) Depletion in the recipient of anti-pig antibodies or
inhibition of their attachment to graft antigens.

(i) Depletion or inhibition of complement in the recipient.

(iii) The development of immunologica tolerance in the
recipient to donor tissues by the crestion of mixed
chimerism.

(iv) Genetic engineering of a donor pig whose organs are
protected from the antibody-mediated complement
activation that would follow transplantation into a human.

The currently avalable pharmacologic
immunosuppressive agents are totally ineffective in
preventing HAR, but have been shown to play arole in
reducing the rapidity of ddayed xenograft rejection
(17,18). There is no evidence to-date, however, that they
can totaly prevent delayed vascular rgection. Clearly,
until this hurdle has been overcome, their role in the
prevention of other celular responses that are likely to
follow remains uncertain.

5.1. Anti-pig antibody depletion or inhibition

The potentia recipient can be depleted of al
antibodies by plasma exchange (56), or of some antibodies
by immunoadsorption techniques using immunoaffinity
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Table 3: Methods of prevention of hyperacute
rejection in discordant xenotransplantation.

Directed at the Recipient

- Depletion or inhibition of anti-pig antibody
Depletion or inhibition of complement
Development of immunological tolerance to donor
tissues (mixed chimerism)

Directed at the Donor*
Replacement of aGal epitopes by expression of
another carbohydrate structure
Expression of human complement inhibiting
proteins

*By genetic engineering techniques or possibly by
gene therapy.

columns consisting of, for example, staphyloccoca protein
A (17,57,58). However, these techniques deplete the
patient of antibodies that may be important in protecting
againg infection. A preferable technique is to utilize
highly specific extracorpored immunoaffinity columns
where only those anti-pig antibodies that are detrimental
to the transplant will be depleted (22-24). This can be
achieved by utilizing an extracorpored immunoaffinity
column of an aGa oligosaccharide (59-61, and Taniguchi,
S,, et al., submitted for publication).

Such a technique has been shown to be
successful clinicaly with regard to depletion of anti-A or
anti-B histo-blood group antibodies in patients receiving
ABO-incompatible organs (62) or bone marrow (63,64)
alografts, where the pattern of HAR that can occur in the
unmodified recipient is dmost identica to that seen in
discordant  xenotransplantation. There is increasing
evidence that it will dso be successful with regard to
depletion of anti-aGal antibodies.

Anti-aGal or anti-A or anti-B antibodies clearly
reeurn  once the course of  extracorpored
immunoadsorption is discontinued, athough concomitant
pharmacologic immunosuppressive therapy (and possibly
splenectomy) prevents significant antibody rebound and
maintains a low level of antibody. In the case of organ
alografting across the ABO barrier, the return of antibody
directed againgt target epitopes on the donor organ does
not result in regjection of the organ. The mechanism by
which this phenomenon (known as accommodation
(65,66)) occurs remains unknown. It is not yet certain that
accommodation will take place dafter discordant
xenotransplantation in  temporarily  antibody-depleted
recipients.

An dternative approach would be to carry out
what has been termed "specific intravenous carbohydrate
thergpy,” in which synthetic or naturd aGa
oligosaccharides  are infused continuoudly into  the
recipient circulation (23,67-69). The oligosaccharides are
bound by the anti-aGal antibodies in the blood, causing
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Figure 4: Reduction in cytotoxicity of (A) human and (B) baboon serum on PK15 cells after incubation of serum with
increasing concentrations of a-galactosyl oligosaccharides (Dextra, Reading, UK) B-disaccharide = Gdal-3Gd; B-
trisaccharide = Gala 1-3Ga 31-4Gal; B-tetrasaccharide = Gala1-3GaR1-4Gaa1-3Gd. (From Neethling, F.A., et al. (59))

"neutraization” of the antibodies so that they are no longer
freeto attack the pig organ when it is transplanted.

Once again, this has been demonstrated to be a
successful experimenta gpproach with regard to inhibition
of anti-A or anti-B antibodies. Thereis now a considerable
amount of in vitro (Figure 4) (59) and a little in vivo
(Figure 5) (60,61, and Taniguchi, S,, et al.,submitted for
publication) evidence that this approach may aso be
successful with regard to anti-aGal antibodies.

The mgor limiting factor of the above
approaches at the present time has been the difficulty and
expense of synthesizing these oligosaccharides in the large
quantities required, particularly if they are to be infused
i.v., when very large quantities are required. This problem
is likely to be overcome in the near future by the use of
enzymatic methods to produce the reevant
oligosaccharides in  kilogram quantities. The aGa
oligosaccharide must be of the Gada1-3Ga configuration
a its reducing end, and can be a di-, tri-, tetra, or a
pentasaccharide. Thereis evidence that the structure of the
non-reducing end aso plays arole (though less significant)
in the efficiency of the oligosaccharide to inhibit antibody
(Table 4) (70).

A sach for a chesp source of aGd
oligosaccharides has reveded that pig stomach mucin,
which is readily available commercidly, contans a
subfraction that is highly efficient in inhibiting human and
baboon anti-aGa antibody lysis of pig cdls in culture
(71,72).

An dternative to the use of aGd
oligosaccharides, either in immunoaffinity columns or as
an i.v. infusate, is the anti-idiotypic antibody. Koren et al.
(73, 74) have produced anti-idiotypic antibodies in mice
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by the injection into the mouse of human anti-pig antibody
(dluted from pig organs after repested pefuson with
human plasma). Severa of these anti-idiotypic antibodies,
when incubated with human serum, have been
demongtrated to have a mgor inhibitory effect on serum
cytotoxicity towards pig PK15 cdls in vitro. Furthermore,
when infused i.v. in combinations of two into baboons,
serum cytotoxicity has again been markedly reduced (from
100% to approximately 10%).

5.2. Complement depletion or inhibition

Purified cobra venom factor (CVF) has been
shown to be extremely effective in depleting complement
and can cdealy protect a discordant organ from HAR
(17,18,58). However, even when the complement levd is
unmeasurable by  dandard  laboraiory  teds,
histopathologica features of delayed xenograft rejection
begin to develop within 2-3 days and lead to graft failure
within a relatively short period of time (<1 week) (18).
The additon of concomitant  pharmacologic
immunosuppressive thergpy, presumably by suppressing
both B and T cdl activity, delays regection further, but
mixed vascular and cellular rejection is seen within days
with the longest surviva of a pig organ in a nonhuman
primate to-date being 27 days (18).

Soluble complement receptor type | (SCR1) has
adso had success in prolonging discordant xenograft
function (75-78). Human complement receptor 1 is a

snglechan  cdl-surface  glycoprotein found on
erythrocytes, some T lymphocytes, adl maure B
lymphocytes,  neutrophils,  eosinophils,  basophils,

monocytes/macrophages, and certain other cdlls (79). It is
aso found circulating as a soluble form in plasma at low
concentrations. The interaction of complement receptor 1
with some fractions of the complement cascade regulates
complement activation through its convertase decay
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Figure 5: Serum cytotoxicity to PK15 cdls and anti-aGa antibody levels (measured by mouse laminin ELISA and aGa
disaccharide ELISA) in a baboon that underwent a tota of 4 extracorporeal immunoadsorptions using an immunoaffinity
column of aGal disaccharide. Cytotoxicity to the serum wasimmediately depleted after the first EIA and remained at extremely
low or insignificant levels for gpproximately 10 days. (From Taniguchi, S,, et al., submitted for publication)

Table 4: Oligosaccharide concentrations

(_)Iigosaccharide* Concentration (uM)

in serum

Human Baboon
1. *Fucal-2GalR1-R >10000 >10000
2. GaRLR >10000 >10000
3. Galal1-2GalR1-R' 7000 >10000
4. Gala1-3Gal 386(+149)*  301(+44)°
5. Gala1-3GalR1-4Gal 163(+73) 141(+60)
6. Galal-3Gal31-4Galal-3Ga 54(+31) 119(+30)
7. Gala1-3GalR1-4GIcNAc 27(x11) 31(4)

*Underlined type indicates structural differences of
the oligosaccharide from the major pig vascular
endothelium glycolipid Gaal-3GaR1-4GIcNACcR1-
3GaR1-4GlIcR1-Cer. R represents 1-3 or 1-4 linkages
to Ga or to GIcNAc; R' is -O(CH2)sNHCOCHs. The
results of the strong inhibitors (a-h) are expressed as
mean + SD (n=3). Statistical significance: a vs ¢
(t=3.1); avsd (t=3.9); bvsd (t=3.1); evs h (t=9.7); f
vs h (t=3.1); g vs h (t=5.4), al with P<0.02. The other
comparisons did not reach the P=0.05 level of
significance.(From Neethling, F.A., et al. (70))

accelerating activity and its factor 1 cofactor activity (79
81). Fearon and colleagues constructed a soluble form of
complement receptor 1 which lacked the transmembrane
and cytoplasmic protein domains (81). This SCR1 retains
al the known activities of the native cdll surface receptor,
and has been demonstrated to be a potent and sdlective
inhibitor of both the classical and dternative complement
pathways. Discordant xenografts have survived for over
three weeks when protected by SCR1 (82).

It would seem, however, that complement
depletion or inhibition adone, dthough vauable
thergpeutic gpproaches to assist in overcoming HAR, will
not be sufficient to prolong discordant xenograft surviva
indefinitely.

5.3. The development of tolerance to donor species by
mixed chimerism

Donor species-specific tolerance would clearly
be desirable and may indeed prove essentid if late
rgection of a discordant xenograft proves to be
sgnificantly more severe than that of an dlograft.
Important studies have been carried out over a number of
years in experimentd animas by two groups, namely
those headed by Myburgh a the Universty of the
Witwatersrand in Johannesburg (83-85) and by Sachs,
formerly at the Nationa Ingtitutes of Hedlth in Bethesda
and more recently a Harvard Medical School (86-93).

The induction of donor specific tolerance would
clearly eiminate the development of acute or chronic
rgection. The eimination of chronic rgection (e.g. graft
atherosclerosis or bronchiolitis obliterans) is possibly even
more important than that of acute rgection as there is no
effective treatment for chronic regjection even in dlografts.
If tolerance could be achieved, pharmacologic
immunosuppressive therapy would not be necessary and
therefore the accompanying risks of opportunistic
infection, malignancy, and drug toxicity would be avoided.

Sykes and Sachs (93) have pointed out that the
tolerance agpproach may be wdl suited for
xenotransplantation since anima donors are available
éectivdly (and not under emergency conditions as are
cadaveric human donors) alowing for the timing of
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Figure 6: Schematic representation of protocol for non-myeloablative preparative regimen to induce tolerance between full
MHC haplotype-mismatched cynomolgus monkeys. In attempting to induce transplantation tolerance across the discordant
xenogeneic barrier pig-to-cynomolgus monkey through establishment of mixed chimerism, extracorporeal immunoadsorption of
monkey blood through a pig liver or immunoaffinity column of a Gaa1-3Gd oligosaccharide is performed prior to the pig
kidney transplant in an effort to deplete anti-pig antibody. Additiona pharmacologic immunosuppressive therapy, e.g. with 15-
deoxysperguain, has been used to inhibit B cdll activity and therefore reduce the rate of return of antibody. (From Sykes, M.

and Sachs, D.H. (93))

tolerance induction and transplantation to be eective.
Tolerance-inducing cell populations (e.g. bone marrow)
can be obtained from the donor, the recipient can undergo
the procedure to induce a tolerant immune system, and the
organ graft from the same donor can be inserted a the
optimum time. In addition, the potentia for generating
fully inbred xenograft donors (e.g. miniaure swine)
provides the possibility of usng an unlimited source of
geneticaly homogeneous tissue whenever it is required for
maintenance of the tolerant state. Xenogeneic donors
could be modified usng genetic engineering or gene
thergpy techniques to facilitate induction of tolerance to
xenoantigens.

Two approaches are being investigated by the
Harvard group (93), namdy (i) the use of xenogeneic
hematopoietic cell transplantation to induce a state of
mixed chimerigm, and (ii) thymectomy followed by
replacement with a xenogeneic donor thymus after
depletion of the preexisting periphera T cell repertoire. In
this brief review, only the mixed chimerism approach will
be discussed.

After much preiminary work in rodents, the
Sachs group has investigated the devel opment of tolerance
to alografts and xenografts in nonhuman primates. The
basc protocol (Figure 6) conssts of the nonhuman
primate receiving 3.0 Gy of whole body irradiation (WBI),
7.0 Gy of thymic irradiation, and horse anti-human ATG
preoperatively. Bilateral  nephrectomy,  splenectomy,
orthotopic kidney transplantation, and donor bone marrow
adminigration are dl performed on day 0. In order to
supplement suppresson of mature T cdls by ATG,
trestment with cyclogporine intramuscularly is begun on
day 1 and continued for 4 weeks, but then no further
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immunosuppression is administered.

Cler evidence for chimerisn amongst
lymphoid, myeloid, and monocytic subpopulations, was
generaly detected first on about day 8, persisting until
about day 30. Theedfter the levels of detectable
chimerism decreased progressively. However, in recipient
animads given dlografts and concordant xenografts,
trangplantation tolerance was induced, as assessed by
MLR assays, by monitoring of kidney transplant function,
and in one case by acceptance of a full thickness graft of
frozen skin from the kidney donor.

More recent studies have attempted to extend
this non-myeloablative regimen for production of mixed
chimerism in the discordant pig-to-primate combination
(92,93). The major addition to previous protocols is the
need to remove naturd antibodies from the recipient
crculetion in order to avoid HAR. This has been
attempted by extracorporeal perfusion of the monkey's
blood ether through an isolated pig liver or through
specific synthetic oligosaccharide columns and has been
caried out immediately prior to kidney transplantation.

Using this regimen, pig kidney grafts have
functioned normally for <15 daysin cynomolgus monkeys,
but have faled from a vascular form of regection. In
addition, there has been only transient evidence for pig
cell chimerism, with alow level of pig cdls (1-5%) in the
periphera blood.

5.4 The genetically engineered pig
5.4.1. Expression of human complement-inhibiting
proteins

Mogt advances in this fidd have come from
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efforts to genetically engineer a pig that expresses one or
more of the human complement-inhibiting proteins.
Complement-inhibiting proteins are believed, under most
circumstances, to block autologous complement but not
that of other species (94,95). For example, pig organs
express complement-inhibiting proteins that block pig
complement, but do not adequatdly block human
complement. It is therefore believed that the development
of a pig that expresses human complement-inhibiting
proteins on its vascular endothelium will be successful in
blocking human complement.

The human complement-inhibiting proteins
include CD46 (membrane cofactor protein, MCP), CD55
(decay accderating factor, DAF), and CD59 (homologous
restriction factor). Pigs have been bred that express one or
more of these proteins (96-101), but few data are yet
avalable on their efficacy at preventing HAR. Surviva of
pig hearts expressing MCP and DAF was extended from a
few minutes to 30 hours in one baboon. The most
encouraging results achieved to-date have been by the
Cambridge, UK, group of White and his colleagues (101),
who have reported heterotopic pig heart surviva for <60
days in one cynomolgus monkey. This modd of pig-to-
cynomolgus monkey, however, is unusud in that some of
the control (non-transgenic) pig hearts survived severa
days, suggesting that HAR is not uniform in this
combination. Investigations in this field are progressing
rapidly.

5.4.2. aGal "Knockout'

The second gpproach with regad to a
geneticaly engineered pig would be to produce a pig that
is deficient in aGa epitopes, thus leaving no target for
human anti-aGal antibodies (102). In the pig, Gda1-3Gd
is produced by the enzyme al,3gdactosyltransferase
(a1,3GT), which is encoded by a single gene (29). If this
gene could be "knocked out" by a technique such as
homologous recombination, then an aGal-deficient pig
would be produced. The only hitherto discovered
difference between pigs and humans with regard to the
oligosaccharides expressed on the vascular endothdium is
the presence of aGa in the pig where ABH
oligosaccharide is expressed in the human (25) (Table 2).
Whether an aGal-depleted pig would be a fully viable,
hedlthy pig remains uncertain, but the fact that there are
some human subjects who are depleted of ABH antigen
(the so-cdled "Bombay" histo-blood type) who appear to
be clinically well in dl respects, would suggest that aGal-
depleted pigswill smilarly be hedlthy.

The "knockout" technique, which requires the
manipulation of stem cdlls, is not yet possible in the pig.
Mice, however, have been bred which do not express
aGa epitopes (103,104). One drain of these mice have
catan physcad defects in the form of the ealy
development of cataracts (103). In vitro and in vivo
studies, however, suggest that the absence of aGa
exposes the presence of underlying “cryptic”
oligosaccharide epitopes againgt which humans dso have
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Table 5: Fucosylation or saylation of N-acetyl-
lactosamine (RGal1-4RGIcNAc-R) can impair the
formation of terminal non-reducing aGal epitopes

Chemical Structure Epitope Name

aFucl-2RGal1-43GIcNAc-R* H
RGal1-4RGIcNAc-R1-3aFuc Lewis
aNeuAc2-3RGal1-4RGIcNAc-R1-3aFuc Sialyl-Lewis

aNeuAc2-33Gal 1-4RGIcNAc-R
aNeuAc2-613Gal 1-4RGIcNAc-R

Sialyl-3-lactosamine
Sialyl-6-lactosamine

*R are glycolipid or glycoprotein carrier molecules
anchored in the cell membrane. The presence of fucose
or sidic acid represents a steric hindrance for the
enzyme activity of the pig a(1,3) galactosyltransferase.
Added fucose or siaic acid are underlined. (From
DKC Cooper, et al. (26))

antibodies. This approach would not appear so promising
asoriginaly hoped.

5.4.3. Competitive glycosylation
One dternative approach would be to
geneticaly engineer a pig with an abundance of another
oligosaccharide epitope that would "mask” the aGa
epitope. Suggested candidates have been salic acid or the
H histo-blood group antigen (Table 5) (26,102). This
method, involving the microinjection of a gene to express
the required oligosaccharide, is possible in the pig. What
percentage of aGa expresson needs to be "masked”
before HAR s prevented remains uncertain, but it seems

likely that it will be virtually 100%.

Good progress in this field has been made by
Sandrin et al. (105,106) who have demongtrated in vitro
that competition between al,2 fucosyltransferase (H
transferase) and a1,3GT takes place for the substrate N-
acetyllactosamine (Figure 7). H transferase is significantly
more successful and the H epitope predominates, reducing
the presence of aGa to gpproximately 5% of its origina
expression.

One interesting point is that pigs do, in fact,
have the gene for H trandferase and express H
oligosaccharide epitopes, not on vascular endothelium but
in certain other tissues (25). It is therefore essentid to
ensure that the H transferase produced as a result of the
introduction of H cDNA functions at the correct ste, and
this may prove to be less easy than is immediately
obvious.

Unless H epitopes replace the aGa epitopes
completely, the number of aGal epitopes remaining on the
vascular endothelium would till make such a pig organ
susceptible to HAR. The ultimate solution, therefore, may
be to combine expression of H transferase with that of
agalactosidase (107) (Figure 7). The remaining epitopes
expressng aGa will be depleted of the aGd by
agaactosdase, rendering the N-acetyllactosamine again
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Figure 7: Biosynthetic pathway for synthesis of Gaal-3Gd. The al,3 gdactosyltransferase enzyme adds gaactose to N-
acetyllactosamine (GaR1-4GIcNAC) to generate Gala1-3Gd. The same substrate can be utilized by transgenically-introduced
al,2 fucosyltransferase to produce the H histo-blood group epitope. Gala1-3Ga can dso be diminated by the introduction of
a-galactosidase, which enables the N-acetyllactosamine substrate to be available again for further fucosylation. (Modified from

Sandrin, M.S,, et al. (106))
available for the H transferase.

At the present time, this approach of modifying
the donor organ by deetion of aGa expression, together
with the expresson of complement-inhibiting proteins
(perhaps in addition to providing some therapy to the
recipient) would appear to be the most promising method
of overcoming HAR and of being able to apply discordant
xenotransplantation clinically.

6. DISCUSSION

Methods that dlow successful discordant
xenotransplantation will clearly open up new areas of
surgica therapy. Patients with native organ failure who
are in need of a trangplant will be able to undergo the
procedure eectively or immediately the need arises. They
will no longer be condemned to wait anxioudy in
precarious hedth for weeks, months or even years before
ultimately undergoing transplantation as an emergency
procedure at a lessthan-optimal time of the day or night.
Petients  with  borderline  contraindications  to
dlotransplantation will be given the opportunity of
xenotransplantation as there will no longer be arestriction
on the number of donor organs. Trangplantation will
become a common procedure in countries such as Japan
where to-date the absence of brain desth laws hes
prevented dlografting except from living-related donors.
Diabetic patients may receive pig pancregtic idet cell
transplants (108), negating the need for daly porcine
insulin injections. The ethica problem of whether
retransplantation should be offered to a patient will be
overcome by the abundance of donor organs.

There will therefore be a grest expansion in
organ trangplantation worldwide (4) and it is likely that
both patients and physicians will not wish to persst with
inadequate medica therapy, including didyss, if
successful organ xenotransplantation is readily available.
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Will the public accept an organ from a pig?
(209). Pig heart vaves have been utilized for many years
and have become acceptable to the public in generd,
including those of the Jewish and Mudlim faiths. Porcine
insulin is used in millions of diabetics worldwide. The
results of a survey caried out in the USA in 1993
indicated that 84% of those questioned would accept an
alograft if they needed one and no fewer than 51% would
accept a xenograft if no dlograft was available (110). As
the people surveyed were presumably hedthy individuas
who did not anticipate the need for transplantation even in
the remote future, the 51% acceptance rate for a xenograft
was surprisingly high. It is likely that if the survey had
been confined to patients awaiting an organ transplant,
particularly those on life-support in an intensive care unit,
then the percentage who would have accepted a xenograft
would have been very much higher.

In an interesting editoria, Chen and Michler
(111) discussed the difficult question of when to initiate a
clinicd heat xenotransplantation program. They
suggested (quoting the work of Fox and Swazey (112)),
that three questions need to be answered, namedly "(i) in
the laboratory, what defines success of a sufficient leve to
warrant advancement to the clinica arena? (ii) under what
clinica condition should this advancement proceed? and
(iii) in the clinicad arena, what defines success of a
sufficient level to warrant further evaluation?' They do not
provide conclusive answers to these questions but clearly
believe that "the question that currently remains is not
how, but rather when should heart xenotransplantation
advanceto the clinical arena”

Which of the methods and approaches briefly
outlined in this review is mogt likely to be successful in
dlowing clinica organ xenotransplantation? The answer
is probably a combination of techniques and/or agents, as
is the case with alotransplantation today. It is unlikely that
one single approach will be entirely successful. Those
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with insight in this repect should be encouraged to heed
the words of William Shakespeare: -

"If you can look into the seeds of time,
And say which grain will grow and which will not,
Then speak to me." (Macheth)

Accepting the difficulty of predicting the future,
it would seem that xenotransplantation offers us the first
real opportunity for modifying the donor as opposed to the
recipient. This opens up great possihbilities, particularly in
this era of ragpidly developing techniques such as genetic
engineering and gene transfer. The breeding of a pig with
a vascular endothdia sructure against which humans
have no preformed antibodies (and are unlikey to
develop new antibodies) will be a maor advance, and
seems possible in the near future. Similarly, the ability of
the pig organ to block the dedtructive effect of human
complement will help overcome HAR. If neither of these
techniques aone, or in combination, is entirely successful
in preventing antibody-mediated rejection, then the
inhibition of known anti-aGa antibodies by the infusion
of anaGa oligosaccharide may lead to accommodation.

Even when we have successfully overcome the
antibody-mediated complement-dependent HAR and the
antibody-dependent delayed vascular rgection, we will
amost certainly face further problems from a cdlular
response, which islikely to be severe (113,114). However,
severa novel pharmacologic immunosuppressive agents
are currently being evauated that lend hope that this
hurde will dso be successfully overcome (43-51).
Looking even further into the future, it is hoped that
immunologica donor-specific tolerance can be achieved in
the human host to transplanted pig organs, thus negating
the need for long-term immunosuppressive therapy and
minimizing the late complications of such therapy.

There will remain, however, several unknowns.
Will the porcine organ function satisfactorily in the human
environment? (109,115). Pig hearts have functioned
successfully in the heterotopic position in nonhuman
primates for several weeks (18,101), as have pig kidneys
(56). It is likely that both of these organs will fulfill the
functions required of them in the human hogt. It is much
lesslikely that atransplanted pig liver will fulfill al of the
roles expected of it. Will pig proteins, enzymes, and
hormones carry out their tasks in the human? (115). It is
inconceivable that the products of a pig liver will be
completely interchangeable with those of a human liver,
but here again, in time, genetic engineering of the donor
pig may dlow some of these functions to occur
satisfactorily.

We dready have clinicad evidence, however,
that ex vivo perfusion of pig livers by blood from human
patients in fulminant hepatic falure can lead to some
improvement in cerebra activity, and therefore a least
temporary support by a pig liver is likely to be beneficiad
(116,117). One area of interest and speculation is, of
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course, that after orthotopic transplantation using a pig
liver, the liver will produce pig complement. This should
help to protect the transplanted organ from HAR, but what
effect it will have on the remaining human organs in the
body and on the body's defense mechanisms to infection
remains unknown.

There are those with a cynica outlook who for
many years have predicted that "the future of
trangplantation is xenotransplantation, and aways will
be!". Unfortunately, to-date they have been proved correct!
In the fina decade of this century, however, we & last
appear to be making some real progress, and there are
glimpses of light at the end of the tunnedl of ignorance and
failure. | prefer, therefore, the much more positive attitude
of George Benard Shaw's character in "Back to
Methusdlah" who says:

"You see things: and you say 'why?'
Always 'why?"

But | dream things that never were:
And | say 'why not?™

Neverthdess, there will undoubtedly be many
pitfdls and disappointments ahead. The future has
probably best been summed up by Professor Roy Cane,
the pioneering transplant surgeon, who recently stated:
"Clinica xenotransplantation is just around the corner, but
unfortunately it may be avery long corner.”

7. REFERENCES

1. A Jazzar, S Fagiuoli, S Sisson, N Zuhdi & D K C
Cooper: Induction thergpy with cyclosporine and without
cytolytic agents results in a low incidence of acute
rgection without significant rena impairment in heart
trangplant patients. Clin Transplantation 9, 334-339,
(1995)

2. L Mischke, S Sisson, D K C Cooper & N Zuhdi:
Cardiac trangplantation in patients aged 60 years or older.
J Okla State Med Assoc 89, 22-25 (1996)

3. S Sson, A Jazzar, L Mischke, DKC Cooper & N
Zuhdi: How many endomyocardia biopsies are necessary
in the first year after heart transplantation? Transplant Int
9, 243-247 (1996)

4. DKC Cooper: Xenografting: how great is the clinica
need? Xeno 1, 25-26 (1993)

5. DKC Cooper, E Kemp, K Reemtsma & DJG White:
Xenotransplantation, (First edition), Springer, Heidelberg,
(1991)

6. DKC Cooper, E Kemp, L Patt & DJG White
Xenotransplantation,  (Second  edition),  Springer,
Heidelberg In press

7. RY Cdne Organ transplantation between widely



Xenotransplantation

disparate species. Transplant Proc 2, 550-553 (1970)

8. AG Rose, DKC Cooper, PA Human, H Reichenspurner
& B Reichart: Histopathology of hyperacute rgection of
the heart - experimental and clinica observations in
alografts and xenografts. J Heart Transplant 10, 223-234
(1991)

9. AM Sadeghi, RC Robbins, CR Smith, RA Kurlansky,
RE Michler, K Reemtsma & EA Rose: Cardiac xenograft
survivd in baboons trested with cyclosporine in
combination with conventiond immunosuppression.
Transplant Proc 19, 1149-1152 (1987)

10. PA Kurlansky, AM Sadeghi, RE Michler, CR Smith,
CC Maboe, WA Thomas, L Coppey & EA Rose
Comparable surviva of intragpecies and cross-species
primate cardiac transplants. Transplant Proc 19, 1067-
1071 (1987)

11. DKC Cooper, PA Human, AG Rose, J Ress M
Keraan, B Reichat & E Dutoit: The role of ABO blood
group compatibility in heart transplantation between
closdly-related animal species An experimental study
usng the vervet monkey-to-baboon cardiac xenograft
model. J Thorac Cardiovasc Surg 97, 447-455 (1989)

12. H Reichenspurner, PA Human, DH Boehm, AG Rose,
R May, DKC Cooper, P Zlla & B Rechat:
Optimalization of immunosuppression after xenogeneic
heart transplantation in primates. J Heart Transplant 8,
200-208 (1989)

13. L Mides Y Ye Y Luo, T Kobayashi, SF Li, M
Niekrasz, S Kosanke, D Smith & DKC Cooper: Auxiliary
liver dlografting and xenografting in the nonhuman
primate Transplantation 59, 1670-1676 (1995)

14. JL Pat & FH Bach: Mechanism of tissue injury in
hyperacute xenograft rejection In Xenotransplantation,
(First edition), Eds: DKC Cooper, E Kemp, K Reemtsma
& DJG White, Springer, Heidelberg, 69-79, (1991)

15. L Makowka, DV Cramer, A Hoffman, M Breeda, L
Sher, G Eiras-Hreha, PJ Tuso, C Yasunaga, CA Cosenza,
G Du Wu, FA Chapman & L Podesta The use of a pig
liver xenograft for temporary support of a patient with
fulminant hepatic failure. Transplantation 59, 1654-1659
(1995)

16. AFM Schagpherder, HG Gooszen, M-TJW Te Bulte
& MR Daha Human complement activation via the
dternative pathway on porcine endothelium initiated by
1gA antibodies. Transplantation 60, 287-291 (1995)

17. R Leventhd, AP Damasso, W Cromwell, JL Platt,
CJManivel, RM Bolman 11l & AJ Matas Prolongation of
cadiac xenograft surviva by depletion of complement
Transplantation 55, 857-865 (1993)

18. T Kobayashi, S Taniguchi, Y Ye, M Niekrasz, S

260

Kosanke, FA Neethling, LI Wright, AG Rose, DJG White,
WW Hancock & DKC Cooper: Deayed xenograft
rgection in C3-depleted discordant  (pig-to-baboon)
cadiac xenografts treated with cobra venom factor
Transplant Proc 28, 560 (1996)

19. FH Bach, SC Robson, H Winkler, C Ferran, KM
Stuhimeer, CJ Wrighton & WW Hancock: Bariers to
xenotrangplantation. Nature Med 1, 869-873 (1995)

20. L Inveradi, M Samaga, F Mardli, JR Bender & R
Pardi: Cellular immune recognition of xenogeneic vascular
endothelium Transplant Proc 24, 459-461 (1992)

21. WW Hancock & FH Bach: The immunopathology of
discordant xenograft rejection Xeno 2, 68-74 (1994)

22. AH Good, DKC Cooper, AJMdcolm, RM Ippolito, E
Koren, FA Negthling, Y Ye N Zuhdi & LR Lamontagne:
Identification of carbohydrate structures which bind
human anti-porcine antibodies: implications for discordant
xenografting in man. Transplant Proc 24, 559-562 (1992)

23. DKC Cooper: Depletion of naurd antibodies in
nonhuman primates - a step towards successful discordant
xenografting in humans. Clin Transplantation 6, 178-183
(1992

24. DKC Cooper, AH Good, E Koren, R Oridl, AJ
Macolm, RM Ippalito, FA Neethling, Y Ye, E Romano &
N Zuhdi: Identification of agdactosyl and other
cabohydrates that are bound by human anti-pig
antibodies. relevance to discordant xenografting in man.
Transplant Immunol 1, 198-205 (1993)

25.R Orial, Y Ye, E Koren & DKC Cooper: Carbohydrate
antigens of pig tissues reacting with human natura
antibodies as potentid targets for hyperacute vascular
rgection in pigto-man organ xenotransplantation.
Transplantation 56, 1433-1442 (1993)

26. DKC Cooper, E Koren, & R Oriol: Oligosaccharides
and discordant xenotransplantation. Immunol Rev 141, 31-
58 (1994)

27. MS Sandrin, HA Vaughan, PL Dabkowski & IFC
Mckenzie: Anti-pig 1gG antibodies in human serum reect
predominantly with Ga(al-3)Gal epitopes. Proc Natl
Acad Sci USA 90, 11391-11395 (1993)

28. U Gdlili: Interaction of the natural anti-Ga antibody
with agdactosyl epitopes a mgor obsade for
xenotransplantation in humans. Immunol Today 14, 480-
482 (1993)

29. U Gdili, SB Shohet, E Kobrin, CLM Stults & BA
Macher: Man, gpes and Old World monkeys differ from
other mammals in the expression of agaactosyl epitopes
on nuclested cells. J Biol Chem 263, 17755-17762 (1988)

30. M Satake, N Kawagishi, L Rydberg, BE Samuelsson,



Xenotransplantation

A Tibdl, C-G Groth & E Moaller: Limited specificity of
xenoantibodies in diabetic patients transplanted with feta
porcine idet cell clusters Main antibody reactivity against
a-linked ga actose-containing epitopes.
Xenotransplantation 1, 89-101 (1994)

31l. M Satake, M Kumagai-Braesch, N Kawagishi, A
Tibdl, C-G Groth & E Moller: Kinetics and character of
xenoantibody formation in diabetic patients transplanted
with fetal porcine idet cdl clusters. Xenotransplantation
1, 24-35 (1994)

32. L Rydberg, TDH Cairns, C-G Groth, ML Gustavsson,
EC Karlsson, E Modller, M Sataki, A Tibbd & BE
Samudlsson:  Specificities of human IgM and IgG anti-
carbohydrate xenoantibodies found in the sera of digbetic
patients grafted with fetal pig idets. Xenotransplantation
1, 69-79 (1994)

33. U Gdlili, RE Mandrell, RM Hamadeh, SB Shohet &
M Griffiss: The interaction between the human natura
anti-agaactosyl 1gG (anti-Gal) and bacteria of the human
flora Infect Immun 57, 1730-1737 (1988)

34. O Minanov, S Itescu, P Kwiatkowski, F Neethling,
DKC Cooper & R Michler: Pre-formed and induced anti-
Gal cytotoxic antibodies in newborn humans and baboons.
J Heart Lung Transplant 15, S101, (Abstract 249) (1996)

35. B Griddlli, S Gatti, A Piazzini, P Reggiani, M Langer,
W Deklerk, JH Stark, P Bonara, S Crigina & L
Campanati: Xenogeneic orthotopic liver transplantation in
nonhuman primates. Transplant Proc 25, 457-461 (1993)

36. MF Donato, E Arosio, E Berti, S Gatti, A Piazzini, M
Colledan, G Ross, LR Fassati, D Galmarini & B Griddli:
Immunopathology of liver dlografts and xenografts in
nonhuman primates. Transplant Proc 25, 850-855 (1993)

37. DKC Cooper, PA Human & B Reichart: Prolongation
of cardiac xenograft (vervet monkey-to-baboon) function
by a combination of totd lymphoid irradiation and
immunosuppressive drug therapy. Transplant Proc 19,
4441-4442 (1987)

38. R Panza, M Rodin, M Coons, | Alexandropoulos, JN
Cunningham, A Norin & R Tranbaugh: Successful cardiac
xenogeneic transplantation in primates using tota
lymphoid irradiaion. Eur J Cardiothorac Surg 5, 161-163
(1991)

39. AJNorin, MS Rodin, A Panza, MS Coons, CK Chen,
YD Kim, A Strashun, JN Cunningham & RF Tranbaugh:
TLI induces specific B cdl unresponsiveness and long-
term monkey heart xenograft surviva in cyclosporine-
treated baboons. Transplant Proc 24, 508-510 (1992)

40. MS Rodin, RE Tranbaugh, A Panza, MS Coons, YD
Kim, T Chang, JN Cunningham & AJ Norin: One year
monkey heart xenograft surviva in cyclosporine-treated

261

baboons. Transplantation 54, 949-955 (1992)

41. JA Myburgh, JA Smit & JH Stark: Transplantation
tolerance following total lymphoid irradiation in baboon-
to-vervet monkey kidney xenotransplantation. Transplant
Proc 26, 1080-1081 (1994)

42. M Kawauchi, SR Gundry, J Alonso De Begona, AJ
Razzouk, F Bouchat, N Fukushima, AJ Hauck, DA
Weeks, S Nehlsen-Cannarella & LL Bailey: Prolonged
surviva of orthotopically transplanted heart xenografts in
infant baboons. J Thorac Cardiovasc Surg 106, 779-786
(1993)

43. F Xiao, AS Chong, P Foder, H Sankary, L
Mcchesney, M Williams, D Frieders & JW Williams:
Effect of leflunomide in control of acute rgection in
hamster-to-rat cardiac xenografts. Transplant Proc 26,
1263-1265 (1994)

44. F Xiao, AS Chong, P Foder, H Sankary, L
Mcchesney, G Koukoulis, J Yang, D Frieders & JW
Williams: Leflunomide contrals rejection in hamster-to-rat
cardiac xenografts. Transplantation 58, 828-834 (1994)

45. CA Cosenza, DV Cramer, PJ Tuso, FA Chapman, HK
Wang & L Makowka Combination therapy with
brequinar  sodium and cyclosporine  synergigticaly
prevents hamster-to-rat cardiac xenograft surviva. J Heart
Lung Transplant 13, 489-497 (1994)

46. DV Cramer, FA Chagpman, BD Jdffee, | Zgac, G
HrehaEiras, C Yasunaga, GD Wu & L Makowka The
prolongation of concordant hamder-to-rat  cardiac
xenografts by brequinar sodium. Transplantation 54, 403-
408 (1992)

47. R Leventhd, HC Fores, SA Gruber, J Figueroa, JL
Platt, JC Manivel, FH Bach, AJ Matas & RM Bolman I1I:
Evidence that 15-deoxyspergudin inhibits natura
antibody production, but fals to prevent hyperacute
rejection in a discordant xenograft model. Transplantation
54, 26-31 (1992)

48. N Murase, TE Starzl, AJ Demetris, L Valdivia, M
Tanabe, D Carmer & L Makowka: Hamster-to-rat heart
and liver xenotransplantation with FK506 plus
antiproliferative drugs. Transplantation 54, 701-707
(1993)

49. SHayashi, M Ito, | Yokoyama, K Uchida& H Takag:
Effectiveness of combination thergpy using cobra venom
factor, spl.enectomy, and deoxysperguain in guinea pig-
to-rat cardiac xenografts. Transplant Proc 25, 405-406
(1993)

50. FT Thomas, MA Tepper, M Thomas & CE Haisch:
15-deoxyspergudin: a novel immunosuppressive drug
with clinical potentia. Ann NY Acad Sci 685, 175-192
(1993)



Xenotransplantation

51. K Ulrichs H Wang & W Muller-Ruchholz: Down-
regulaion of xenophile antibodies by 15-deoxyspergudin
in an experimental anima model. Transplant Proc 26,
994-996 (1994)

52. F De &. JVan Der Riet, PA Human, DKC Cooper, B
Reichart, JE Fincham, SS Kalter, PJ Kanki, M Essex, DL
Madden, MT La-Tung, D Chdton & J Sever:
Virologica implications of the use of primaes in
xenotransplantation.  Transplant Proc 19, 4068-4069
(1987)

53. LE Chapman, TM Folks, DR Sdomon, AP Petterson,
TE Eggerman & PD Noguchi: Xenotrangplantation and
xenogeneic infection. N Engl J Med 333, 1498-1501
(1995)

54. Y Luo, S Taniguchi, T Kobayashi, M Niekrasz &
DKC Cooper: Screening of baboons as potentid liver
donors for humans. Xenotransplantation 2, 244-252
(1995)

55. JS Allan: Xenotransplantation a a crossroads:
prevention versus progress. Nature Med 2, 18-21 (1996)

56. GPJ Alexandre, P Giandlo, D Latinne, M Carlier, A
Dewaele, L Van Obbergh, M Moriau, E Marbaix, JL
Lambotte, L Lambotte, & JP Squifflet: Plasmapheresis
and splenectomy in experimenta rend
xenotransplantation. In: Xenograft 25, Ed: MA Hardy,
Elsevier, New York, 259-266 (1989)

57. TJ Kroshus, AP Damasso, JR Leventhd, R John, AJ
Maas & RM Balman Ill: Antibody remova by column
immunoadsorption prevents tissue injury in an ex vivo
modd of pig-to-human xenograft hyperacute rejection. J
Surg Res 59, 43-50 (1995)

58. JR Leventhd, P Sakiyaak, J Whitson, P Smone, AJ
Matas, RM Bolman |1l & AP Damasso: Synergistic effect
of combined antibody and complement depletion upon
discordant cardiac xenograft survivd in  nonhuman
primates. Transplantation 57, 974-978 (1994)

59. FA Neethling, E Koren, Y Ye, SV Richards, M
Kujundzic, R Oriol & DKC Cooper: Protection of pig
kidney (PK15) cels from the cytotoxic effect of anti-pig
antibodies by agdactosyl oligosaccharides.
Transplantation 57, 959-963 (1994)

60. Y Ye, FA Neethling, M Niekrasz, SV Richards, E
Koren, H Merhav, S Kosanke, R Oriol & DKC Cooper:
Evidence that intravenoudy administered agdactosyl
carbohydrates reduce baboon serum cytotoxicity to pig
kidney cdls (PK15) and transplanted pig hearts.
Transplantation 58, 330-337 (1994)

61. DKC Cooper, TDH Cams & DH Taube
Extracorporeal immunoadsorption of anti-pig antibody in

262

baboons usng aGa oligosaccharide immunoaffinity
columns. Xeno In press

62. AD Bannett, RF Mcadack, R Rga, A Bagquero & M
Morris. Experiences with known ABO-mismatched rend
trangplants. Transplant Proc 19, 4543-4546 (1987)

63. WI Bensinger, CD Buckner & RA Clift: Whole blood
immunoadsorption of anti-A or anti-B antibodies. Vox
Sang 48, 357-361 (1985)

64. WI Bensinger, DA Baker, CD Buckner, RA Clift &
ED Thomas. Immunoadsorption for remova of A and B
blood group antibodies. N Engl J Med 304, 160-162
(1981)

65. FH Bach, MA Turman, GM Vercdlotti, JL Platt & AP
Dadmasso:  Accommodation: a working paradigm for
progressing toward clinica discordant xenografting.
Transplant Proc 23, 205-207 (1991)

66. JL Pat, GM Vercdlotti, AP Dalmasso, AJ Matas,
RM Bolman I11, JS Ngarian & FH Bach: Trangplantation
of discordant xenografts: a review of progress. Immunol
Today 11, 450-456 (1990)

67. DKC Cooper, Y Ye, M Niekrasz, M Kehoe, M
Martin, FA Neethling, S Kosanke, L Debault, G Wordey,
N Zuhdi, R Oriol & DKC Cooper: Specific intravenous
carbohydrate therapy - a new concept in inhibiting
antibody-mediated rejection:  experience with ABO-
incompatible cardiac  dlografting in the baboon.
Transplantation 56, 769-777 (1993)

68. DKC Cooper, Y Ye, M Kehoe, M Niekrasz, LL Rolff,
M Martin, J Baker, S Kosanke, N Zuhdi, G Wordey & E
Romano: A nove approach to "neutrdization” of pre-
formed antibodies. cardiac dlotransplantation across the
ABO blood group barrier as a paradigm of discordant
xenotransplantation. Transplant Proc 24, 566-571 (1992)

69. DKC Cooper, AH Good, AJ Mdcam, Y Ye M
Niekrasz, E Koren, FA Neghling, RM Ippadlito, G
Wordey, R Oriol, N Zuhdi & E Romano: Specific
intravenous carbohydrate therapy - a new approach to the
inhibition of antibody mediated rejection following ABO-
incompatible dlografting and discordant xenografting.
Transplant Proc 25, 377-378 (1993)

70. FA Neethling, D Joziasse, N Bovin, DKC Cooper & R
Oriol: The reducing end of aGa oligosaccharides
contributes to ther efficiency in blocking naturd
antibodies of human and baboon sera. Transplant Int 9,
98-101 (1996)

71. S Li, JC Yeh, DKC Cooper & RD Cummings.
Inhibition of human anti-aGa 1gG by oligosaccharides
derived from porcine ssomach mucin. Xenotransplantation
2, 279-288 (1995)

72. S Li, FA Negthling, S Taniguchi, JC Yeh, T



Xenotransplantation

Kobayashi, Y Ye E Koren, RD Cummings & DKC
Cooper: Glycans derived from porcine somach mucin are
effective inhibitors of naturd anti-aGal antibodies in vitro
and following intravenous infuson in baboons.
Transplantation In press

73. E Koren, F Milotec, FA Neethling, M Koscec, M
Kujundzic, T Kobayashi, S Taniguchi, M Reichlin &
DKC Cooper: Murine monoclond  anti-idiotypic
antibodies directed againg human anti-aGa antibodies
prevent rgection of pig cells in culture: implications for
pig-to-human organ xenotransplantation. Transplant Proc
28, 559 (1996)

74. E Koren, F Milotec, FA Neethling M Koscec, D Fei, T
Kobayashi, S Taniguchi & DKC Cooper: Monoclona anti-
idiotypic antibodies neutrdize cytotoxic effects of anti-
aGad antibodies. Transplantation In press

75. SK Pruitt, WM Badwin, HC Marsh J, SS Linn, CG
Yeh & RR Ballinger: The effect of soluble complement

receptor type 1 on hyperacute xenograft rejection.
Transplantation 52, 868-873 (1991)

76. W Xia, DT Fearon & RL Kirkman: Effect of repetitive
doses of soluble human complement receptor type 1 on
surviva of discordant cardiac xenografts. Transplant Proc
25, 410-411 (1993)

77. M Chrupcda, S Pomer, G Staehler, R Wadherr & C
Kirschfink: Prolongation of discordant rena xenograft
surviva by depletion of complement Comparative effects
of systemicdly administered cobra venom factor and
soluble complement receptor type 1 in a guinea pig to rat
model. Transpl Int 7, S650 (1994)

78. K Pruitt, AD Kirk, RR Bollinger, HC Marsh J, BH
Cdllins, JL Levin, JR Mault, JS Heinle, S Ibrahim & AR
Rudolph: The effect of soluble complement receptor type 1
on hyperacute reection of porcine xenografts.
Transplantation 57, 363-370 (1994)

79. HC Mash & US Ryan: The thergpautic effect of
soluble complement receptor type | (SCR1) in
xenotransplantation. In:  Xenotransplantation, (Second
edition), Eds DKC Cooper, E Kemp, JL Plat & DJG
White, Springer, Heidelberg In press

80. W Homeigter, PS Satoh, KS Kilgore & BR Lucches:
Soluble complement receptor type 1 prevents human
complement-mediated damage of the rabhit isolated heart.
J Immunol 150, 1055-1064 (1993)

81. HF Weisman, T Bartow, MK Leppo, HC Marsh J,
GR Carson, MF Concino, MP Boyle, KH Roux, ML
Wededt & DT Fearon: Soluble human complement
receptor type 1. in vivo inhibitor of complement
suppressing post-ischemic myocardia inflammation and
necrosis. Science 249, 146-151 (1990)

82. F Sarfilippo: Effects of complement inhibitors on

263

discordant rodent and pig-to-primate cardiac xenograft
rejection. Presented to the Third International Congress for
Xenotransplantation, Boston (1995)

83. JA Smit, H Sak & JA Myburgh: Mechanism of
immunological  tolerance  following tota  lymphoid
irradiation. Transplant Proc 19, 490-492 (1987)

84. JA Myburgh, JA Smit & JH Stark: Transplantation
tolerance following total lymphoid irradiation in baboon-
to-vervet monkey kidney xenotransplantation Transplant
Proc 26, 1080-1081 (1994)

85. JA Myburgh, JA Smit & H Stark: Experimentd
concordant kidney xenotransplantation in primates In:
Xenotransplantation, (Second edition), Eds. DKC Coaper,
E Kemp, JL Platt & DJG White, Springer, Heidelberg In
press

86. Y Sharabi & DH Sachs Mixed chimerism and
permanent specific transplantation tolerance induced by a
nonlethal preparative regimen. J Exp Med 169, 493-502
(1989)

87.Y Sharabi, | Aksentijevich, TM Sundt 111, DH Sachs &
M Sykes. Spexific tolerance induction across a xenogeneic
barrier: production of mixed rat/mouse
lymphohematopoietic chimeras usng a nonlethd
preparative regimen. J Exp Med 172, 195-202 (1990)

88. Y Sharabi, VS Abraham, M Sykes & DH Sachs
Mixed dlogeneic chimeras prepared by a non-
myeloablative regimen: requirement for chimerism to
maintain tolerance. Bone Marrow Transplant 9, 191-197
(1992

89. T Kawa, AB Cosimi, RB Colvin, J Powelson, J
Eason, T Kozlowski, M Sykes, R Monroy, M Tanaka &
DS Sachs: Mixed dlogeneic chimerism and rend dlograft
tolerance in cynomolgus monkeys. Transplantation 59,
256-262 (1995)

90. D Lainne, P Giandlo, CV Smith, V Nickdeit, T
Kawai, M Beadle, C Haug, M Sykes, E Lebowitz, & H
Bazin: Xenotrangplantation from pig to cynomolgus
monkey: an approach toward tolerance induction.
Transplant Proc 250, 336-338 (1993)

91. M Tanaka, D Latinne, P Giandlo, T Sablinski, T Lorf,
M Bailin, V Nickdeit, R Colvin, E Lebowitz & M Sykes
Xenaotransplantation from pig to cynomolgus monkey: the
potentid for overcoming xenograft rgection through
induction of chimerism. Transplant Proc 26, 1326-1327
(1994)

92. T Sablinski, D Latinne, P Giandllo, M Bailin, K
Begen, RB Calvin, A Foley, H-Z Hong, T Lorf, S
Meehan, R Monroy, JA Powelson, M Sykes, M Tanaka,
AB Cosmi & DH Sachs Xenotrangplantation of pig
kidneys to nonhuman primates: | Development of amodel.



Xenotransplantation

Xenotransplantation 2, 264-270 (1995)

93. M Sykes & DH Sachs Xenogeneic tolerance through
hematopoietic cel and thymic transplantation In:
Xenotransplantation, (Second edition), Eds. DKC Coaper,
E Kemp, JL Platt & DJG White, Springer, Heidelberg In
press

94. G Hansch, CH Hammer, P Vanguri & ML Shin:
Homologous species redriction in lysis of erythrocytes by
terminal complement proteins. Proc Natl Acad Sci USA
78, 5118-5121 (1981)

95. CIsh, GL Ong, N Desai & MJ Mattes: The specificity
of dternative complement pathway-mediated lysis of
erythrocytes: the survey of complement and target cdls
from 25 species. Scand J Immunol 38, 113-122 (1993)

96. E Cozzi & DJG White: The generation of transgenic
pigs as potentiad organ donors for humans. Nature Med 1,
964-966 (1995)

97. DJG White, GA Langford, E Cozzi & VJ Young:
Production of pigs transgenic for human DAF A drategy
for xenotransplantation. Xenotransplantation 2, 213-217
(1995)

98. E Cozzi, N Yannoutsos, GA Langford, J Pino-Chavez,
J Wadlwork & DJG White The effect of transgenic
expression of human decay accderating factor on the
inhibition of hyperacute reection of pig organs. In:
Xenotransplantation, (Second edition), Eds: DKC Coaper,
E Kemp, JL Platt & DJG White, Springer, Heidelberg In
press

9. KR Mccurry, DL Kooyman, CG Alvarado, AH
Cotterdl, MJ Martin, JS Logan & J. Pat: Human
complement regulatory proteins protect swine-to-primate
cadiac xenografts from humora injury. Nature Med 1,
423-427 (1995)

100. WL Fodor, TIKroshus, SA Rallinset al: Engineering
transgenic pig organs to assst hyperacute rejection in pig-
to-primate xenotransplantation. Presented to the Third
International Congress for Xenotransplantation, Boston,
(1995) (Abstract po-31)

101. DJG White, R Braidley, J Dunning, et al: Hearts
from pigs transgenic for human DAF are not hyperacutely
rejected when xenografted to primates. Presented to the
Third Internationd Congress for Xenotrangplantation,
Boston, (1995) (Abstract pl-28)

102. DKC Cooper, E Koren, & R Oriol: Geneticaly-
engineered pigs. Lancet 342, 682-683 (1993)

103. ERG Tearle, MJ Tange, ZL Zannettino, M Katerelos,
TA Shinke, BJW Van Denderen, AJ Lonie, | Lyons, MB
Nottle, T Cox, C Becker, AM Peura, PL Wigley, RJ
Crawford, AJ Robbins, MJ Pearse & AJF dApice The

264

al,3-gaactosyltransferase knockout mouse - implications
for xenotransplantation. Transplantation 61, 13-19 (1996)

104. AD Thdl, PMay & JB Lowe Gadal,3Gal epitopes
implicated in sperm adhesion to the zono pdlucida
glycoprotein ZP3 are not required for fertilization in the
mouse. J Biol Chem 270, 21437-21440 (1995)

105. MS Sandrin, WL Fodor, E Mouhtouris, N Osman, S
Cohney, SA Rallins, ER Guilmette, E Setter, SP Squinto
& IFC Mckenzie Enzymatic remodding of the
carbohydrate surface of a xenogenic cdl substantialy
reduces human antibody binding and complement-
mediated cytolyss. Nature Med 1, 1261-1267 (1995)

106. MS Sandrin, S Cohney, N Osman & IFC Mckenzie:
Overcoming the anti-Gaal-3Ga reaction to avoid
hyperacute rejection: molecular genetic approaches. In:
Xenotransplantation, (Second edition), Eds. DKC Coaper,
E Kemp, JL Platt & DJG White, Springer, Heidelberg In
press

107. DKC Cooper, E Koren, & R Oriol: Manipulation of
the anti-aGa antibody - aGa epitope system in
experimental discordant xenotransplantation
Xenotransplantation 3, 102-111 (1996)

108. RP Lanza & WL Chick: Pancreatic Islet
Transplantation, Volumes I-111 RG Landes, Austin (1994)

109. DKC Cooper, Y Ye LL Ralf J & N Zuhdi: The pig
as potentia organ donor for man. In: Xenotransplantation,
(First edition), Eds: DKC Cooper, E Kemp, K Reemtsma
& DJG White: Springer, Heidelberg, 481-500 (1991)

110. The Galup Organization Inc The American Public's
Attitudes Toward Organ Donation and Transplantation.
Conducted for the Partnership for Organ Donation, Boston
(1993)

111. M Chen & RE Michler: Heart xenotransplantation:
lessons learned and future prospects. J Heart Lung
Transplant 12, 869-875 (1993)

112. RC Fox & JP Swazey: Experimentd therapy
dilemma. In: The Courage to Fail. University of Chicago,
Chicago, p 60 (1974)

113. Moses, RD & Auchincdloss, H J Mechanism of
celluar xenograft rejection. In; Xenotransplantation, (First
edition), Eds DKC Cooper, E Kemp, K Reemtsma &
DJG White, Springer, Heidelberg, 101-120 (1991)

114. RD Mosss & H Auchincloss Jr: Mechanism of
celular xenograft regection. In:  Xenotransplantation,
(Second edition), Eds: DKC Cooper, E Kemp, JL Plait &
DJG White, Springer, Heidelberg In press

115, C Hammer: Evolutionary obstacles to
xenotransplantation. In:  Xenotransplantation, (Second



Xenotransplantation

edition), Eds DKC Cooper, E Kemp, JL Plat & DJG
White, Springer, Heidelberg In press

116. Abouna, GM Extracorporead xenogeneic liver
perfuson for the treatment of hepatic falure. In:
Xenotransplantation, (Second edition), Eds. DKC Coaper,
E Kemp, JL Platt & DJG White, Springer, Heidelberg In
press

117. BH Cadllins, RS Chari, JC Magee, RC Harland, BJ
Lindman, JS Logan, RR Bollinger, WC Meyers & JL
Platt: Mechanisms of injury in porcine livers perfused with
blood of patients with fulminant hepatic failure.
Transplantation 58, 1162-1171 (1994)

265



