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ORIGINAL ARTICLE

Monomorphic and polymorphic
carbohydrate antigens on pig tissues:
implications for organ xenotransplantation
in the pig-to-human model

Abstract The existence of the aGal
epitope in 137 pigs belonging to 23
different breeds suggests that this
antigen is either monomorphic or
occurs at a high incidence in the por-
cine species. Its histological location
at the surface of pig vascular en-
dothelial cells makes it a target for
human natural anti-aGal antibodies
and complement, which may be re-
sponsible for the hyperacute vas-
cular rejection of transplanted pig
organs. The precursor carbohydrate
chain (N -acetyllactosamine) and
NeuAc-substituted epitopes are also
exposed at the surface of pig vascular
endothelium and were found in all
pigs in this study. However, humans
also have these two epitopes on vas-
cular endothelium and, conse-
quently, have not made natural anti-
bodies against these carbohydrate
antigens. Therefore, these two pig
epitopes cannot be the main target of
the hyperacute vascular rejection
process. Three pig phenotpyes — A +
(51%),A:H+(38%),and A~H -
I+ (11 %) were identified among

37 Large-white pigs by the presence
of polymorphic A, H, and I carbohy-
drate antigens on the brush border of
the surface epithelium of small in-
testine. These antigens were also
present in other exocrine secretions
but were not detected on vascular
endothelium of the same pigs, sug-
gesting that they are not involved in
the hyperacute vascular rejection,
although the pig A tissue antigen can
induce an immune response in 0 or B
blood group recipients. Once the
problem of the initial hyperacute
vascular rejection directed against
the aGal epitope is overcome, typing
donor pigs for A, H, and I, as well as
for the protein swine leukocyte anti-
gens (SLA) and other pig antigens,
may help in elucidating antigens in-
volved in acute or chronic xenograft
rejection.
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Introduction

Two groups have explored the role that human anti-aGal
antibodies, originally described by Galili et al. [12], might
play in the hyperacute vascular rejection of pig organ
xenotransplants.

The Oklahoma group reported at the first Interna-
tional Congress on Xenotransplantation (Minneapolis,
1991) that purified human natural anti-pig antibodies

{obtained after perfusion of normal plasma through the
vascular bed of pig kidneys or hearts) demonstrated
strong reactivity with synthetic carbohydrate antigens
containing a terminal, nonreducing aGal epitope:
(1) aGall - 38Gal - R, (i) aGall - 35 Gall - 45
Glc — R, and (iii) aGall — 34 Gall — 45 GlcNAc - R
(Chembiomed, Alberta Research Council, Edmonton,
Canada). “Neutralization” of these antibodies by bind-
ing to added aGal oligosaccharides, or depletion of the
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antibodies by passage of the serum through an im-
munoabsorbent column of an aGal oligosaccharide, re-
sulted in a significant reduction in the cytotoxicity of hu-
man serum on pig cells [6, 7, 16].

The Géteborg group identified a terminal non redu-
cing aGall — 38 Gall — 4GIcNAc epitope on glycoli-
pids extracted from porcine aorta, and the epitope was
found on the pig aortic endothelium [19]. Furthermore,
they later confirmed the structure of the epitope and
determined the complete pentasaccharide structure
of the major kidney aGal neutral glycosphingolipid to
be aGall —» 35Gall -4 GlcNAc! — 338 Gall — 4
Glcl — 1 Ceramide, by gas chromatography/mass spec-
trometry [2, 30].

Human natural anti-aGal antibodies have been pu-
rified by affinity chromatography on immunoadsorbents
containing synthetic oligosaccarides with the aGal epi-
tope and have been used to define the tissue distribution
of the pig aGal epitopes by immunofluorescence. The
oGal epitope was found on all vascular endothelial cells
[13], including capillaries of islets of Langerhans [32, 34],
epithelial cells of renal proximal tubules, hepatocytes,
lung epithelium, pancreatic ducts, and deep layers of the
epidermis, as described elsewhere [26]. A similar tissue
distribution of this epitope has recently been confirmed
by two independent Australian groups who detected, in
addition, aGal epitope on the apical pole of epithelial
cells of biliary ducts [10, 35]. The aGal epitope has also
been reported at the surface of pig red cells [12], leuko-
cytes [10,31], and platelets [33]. It has been in-
dependently identified in both glycolipids [2, 4, 19] and
glycoproteins [35]. Finally, digestion of tissues [26] or
cells [3] with a-galactosidase, which removes the term-
inal nonreducing aGal, completely abolished the posi-
tive reactions obtained with the purified natural anti-
aGal antibodies and the Griffonia simplicifolia 1 B4 iso-
lectin, which are both specific for the aGall — 3
Gal — R structure. ‘

Since the aGal epitope on pig vascular endothelium is
believed to be a major target for the natural antibodies
present in human plasma, leading to hyperacute vascular
rejection, it is important to know if all pigs express the
same amounts of aGal epitope, and whether the porcine
species 1s, therefore, monomorphic for expression of this
antigen, or if there are individual variations from one pig
to another, as has been recently proposed for a triad of
pig glycoprotein antigens (gp 115, gp 125, and gp 135)
[15]. Tt is evident that if there are differences in the ex-
pression of aGal epitopes, the selection of pigs with ge-
netically no or low antigen expression could help to di-
minish the hyperacute vascular rejection of pig organ
xenografts in humans.

A second point addressed in the present work is the
identification of other pig carbohydrate antigens on vas-
cular endothelium or in exocrine epithelium. Our pre-
vious study demonstrated that, in addition to the aGal

epitope, there are sialylated antigens on pig vascular en-
dothelium and polymorphic A and H histo-blood group-
related antigens in exocrine secretions [26]. In the pre-
sent work these observations are extended to 39 pigs
from three different strains; new monomorphic and
polymorphic carbohydrate antigens on pig tissues are
described.

Immunofluorescent staining of (i) a Yucatan pig cryostat section
labeled with human natural antibodies affinity-purified on
aGall — 38Gall — 48 GlcNAc — R (anti-aGal, Fig. 1), (ii) paraf-
fin sections of Poland China pig tissues stained with the lectin of
Solanum tuberosum (STL, Fig.2-6), and with the lectin of Lico-
persicon esculentum (LEL; Fig.7), and (iii) on a paraffin section of a
Large-white pig stained with the lectin of Ulex europaeus 1 (UEA;
Fig.8)

Fig.1 Liver stained with human anti-aGal showing strong positive
staining of all vascular endothelial cells and the apical pole of the
epithelial cells of biliary ducts. Weak staining of connective tissue of
portal tracks is also seen, as previously reported on cryostat sections
[26] (x 100)

Fig.2 Heart section stained with S7L. Al vascular endothelial
cells are positive ( x 250)

Fig.3 Surface mucosa of the stomach stained with STL. All epi-
thelial cells are strongly stained. The vascular endothelial cells in the
stroma are also stained, but the brightness of the epithelial cells
gives the false impression that endothelium is poorly stained
(x250)

Fig.4 Mucosa of the small intestine stained with STL. Only the
vascular endothelium in the stroma and irregular areas of the brush
border are positive. Goblet cells and the body of absorptive epithe-
lial cells are negative. Although the vascular endothelium staining
of Figs.3 and 4 is identical, the proximity of strongly positive epi-
thelial cells gives the impression that vascular endothelium is
weaker in the stomach ( x 250)

Fig.5 Cortex of the kidney stained with STL. Vascular en-
dothelium of intertubular capillaries and glomeruli are positive.
Apical poles of epithelial cells of distal convoluted tubules are also
positive, but proximal convoluted tubules are negative. The same
proximal tubules were strongly positive with the human anti-aGal
and Griffonia simplicifolia 1 B4 lectin, the two reaggnts specific for
aGall — 3Gal epitope. Asin Fig. 3, thee/pmximity of strong staining
of proximal tubules made the positive/vascular endothelium reac-
tion (obtained with the anti-aGal reagents) less evident than the
reaction with LEL or with STL in this figure ( x 250)

Fig.6 Pancreas stained with STL. Vascular endothelium of small
and large vessels and the apical pole of cpithelial cells of pancreatic
ducts are positive ( X 250)

Fig.7 Lung stained with LEL. The apical pole of epithelial cells
and bronchiolar secretion arc strongly positive. Vascular en-
dothelium of large and small vessels is also positive. All pulmonary
alveolar parenchyma is positive and it is difficult to differentiate al-
veolar epithelial cells from vascular endothelial cells, as previously
observed with anti-aGal reagents [26] ( x 100)

Fig.8 Mucosa of small intestine of an A- H+ Large-white pig
stained with UEA 1. Both brush border of surface epithelium and
goblet cells are strongly positive. The vascular endothelium is ne-
gative (X 250)
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Table 1 List of pig strains or breeds reported by different teams to

have aGal epitope in tissues

Pigstrain or breed  Number City Reference

tested

Local breed >1 San Francisco  [12]

Pig cell lines >1 San Francisco  [13]

Poland China 2 Oklahoma City [7, 16]

Yorkshire 9 Oklahoma City [7,16,26]

Local breed >1 Goteborg [4, 19]

Local breed >1 Oxford [3]

Inbreed (R.Binns) 1 Cambridge [2]

German Landrace 4 Kiel [34]

Belgium Landrace 4 Kiel [34]

Duroc 4 Kiel [34]

Hampshire 4 Kiel [34]

Pietrain 4 Kiel [34]

Gottingen minipig 4 Kiel [34]

Inbred miniature 3lines  Boston D. H. Sachs
(personal com-
munication)

White Landrace 10 Stockholm [32]

White Landrace 10 Victoria [10]

Large-white 7 Victoria [31]

Large-white 20 Nantes [33]

Large-white 3 Cambridge D. White (per-
sonal com-
munication)

Large-white 5 Paris [37]

Large-white 37 Paris This article

Yucatan 1 Mineapolis This article

Poland China 1 Oklahoma City This article

Total 23 137 13 16

Materials and methods

Pig tissues

Tissue samples of myocardium, aorta, kidney, liver, lung, stomach,
small intestine, thymus lymph node, spleen, and brain were fixed in
formalin 10 % and embedded in paraffin wax by routine histological
techniques.

Lectins

Lectins labeled with fluorescein (FITC): Griffonia simplicifolia
1 isolectins B4 (GSIB4) and A4 (GSIA4), Triticum vulgare (WGA),
Limax flavus (LFA), Anguilla anguilla (AAA), Limulus poly-
phemus (LPA), Helix pomatia (HPA) and labeled with rhodamin
(TRITC): Maakia amurensis (MAA), Sambucus nigra (SNA), Vig-
na radiata (VRA), Artocarpus intergrifolia (Jacalin), Cytisus sco-
parius (CSA), Sophora japonica (SJIA), Ricinus communis (RCA)
were obtained from E-Y (San Mateo, Calif., USA) and lectins la-
beled with FITC: Euonymus europaeus (EEL), Ulex europaeus 1

(UEALI), Arachis hypogaea (PNA), Solanum tuberosum (STL), Li-
copersicon esculentum (LEL), Erythrina cristagalli (ECL) were ob-
tained from Vector Laboratories (Burlingame, Calif., USA).

Antibodies

Monoclonal anti-A (018), anti-A type 3 (009), anti-B (063), and
anti-H type 2 (063) were obtained from the panel of the Second In-
ternational Workshop on Monoclonal Antibodies against Human
Red Blood Cells and Related Antigens, Lund, Sweden (1990)
[5, 25]. Anti-Le¥ (77/180) was obtained from F. Real (IMIM, Barce-
lona, Spain), anti-Le* (82HS5) from Chembiomed (Alberta Re-
search Council, Edmonton, Canada), and anti-I (18.3) from
P.Edwards (Cambridge, UK).

Affinity-purified FITC-labeled sheep anti-mouse im-
munoglobulins (H + L) were obtained from Pasteur Diagnostic
(Marnes la Coquette, France).

Immunofluorescence

Both unfixed cryostat sections and formalin-fixed, paraffin-em-
bedded sections gave similar results with the pig carbohydrate epi-
topes and the reagents used. Therefore, the majority of this study
was performed on routine fixed, paraffin-embedded tissues.

Fresh cryostat or fixed deparaffinated slides were incubated for
30 min in a wet chamber with affinity-purified FITC or TRITC-la-
beled Jectins at 20 pg/ml. Indirect fluorescence was performed with
a first 30-min incubation with monoclonal antibody and a second 30-
min incubation with FITC-labeled anti-mouse immunoglobulin
antibody. In both cases, coverslips were mounted with one drop of
Vectashield (Vector Laboratories, Burlingame, Calif., USA) and
fluorescence was observed on a Leitz SM-Lux microscope equipped
with a lamp source of 200 W HBO, and a Ploemopak illuminator.
Pictures were taken with a Leitz Photoautomat MPS 50 on 400 ASA
Kodak TMAX black and white 24 x 36 mm film.

Results

The aGal epitope — is it monomorphic or polymorphic?

The aGal epitope was previously found on all vascular
endothelial cells from all organs tested with affinity-
purified human anti-aGal and the GSIB4 lectin in four
American Yorkshire pigs [26]. In the present study we
obtained the same results on vascular endothelium of
all organs of a Yucatan pig (Fig.1) and a Poland China
pig. In addition, small intestine mucosa of 37 French
Large-white pigs was screened for the presence of aGal
epitope on vascular endothelium of the stroma of in-
testinal villi with the lectin GSIB4, and they were all
also found to be positive. We therefore concluded that
the aGal epitope of pig vascular endothelium is either
monomorphic or has a high incidence in the porcine
species since we have not found any pig negative for
this antigen.

Furthermore, we sent a questionnaire to all the re-
search groups who had mentioned the aGal epitope on
pig tissues at the second International Congress on Xe-
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Table 2 Structures of the oligosaccharides known to bind to the
lectins employed in this study and the results obtained by immuno-
fluorescence of labeled lectins on vascular endothelium of sections

of pig heart and brain (/F results of the direct immunofluorescent
test at 20 pg/ml, R glycolipid or glycoprotein carrier molecules)

Taxonomic name Trivial name Abbreviation Inhibitor oligosaccharides I
Griffonia simplicifolia 1 B4 bandeiraca GS1B4 aGall —» 38Gal - R + 4+
Griffonia simplicifolia1 A4 bandeiraca GS1A4 aGall — 33Gal - R <aGalNAc - R +
Maackia amurensis MAA aNeuAc2 — 34 Gall - 48GIlcNAc/fGle - R +++
Sambucus nigra elderberry SNA aNeuAc2 - 65 Gal - R +
Lycopersicon esculentum tomato LEL (BGall — 48 GlcNAc),, (BGIcNAcl — 48GIcNAc),  +++
Solanum tuberosum potato STL (BGall - 45 GlcNAc),, (BGleNAcl — 48 GleNAc), ++
Euonymus europaeus spindle tree EEL BGall — 48 GlcNAc < aFucl - 26Gall - R + +
Erythrina cristagalli coral tree ECA pGall - 48GlcNAc > fGall — 4Glc > GalNAc > Gal +
Vigna radiata mung bean VRA aGal - R -
Artocarpus intergrifolia breadfruit Jacalin aGal - R -
Cytisus scoparius scotch broom CSA GalNAc > g Gall — 4Glc > aGall — 6Glc > Gal -
Sophora japonica pagoda tree SJIA GalNAc > Gal -
Helix pomatia snail HPA GleNAc, aGalNAc - R -
Arachis hypogaea peanut PNA BGall - 4Glc>pfGal - R -
Ricinus comunis castor bean RCA pGall — 4Glc -
Ulex europaeus 1 gorse UEA1 aFucl — 28 Gall - 48GIlcNAc — R (H type 2) -
Anguilla anguilla fresh water eel AAA aFuc - R -
Triticum vulgare wheat germ WGA (BGIcNAc), > (BGIcNAc), > fGlcNAc > NeuAc -
Limax flavus garden slug LFA NeuAc, N-glycolylneuraminic acid -
Limulus polyphemus® horseshoe crab  LPA NeuAc, N-glycolylneuraminic acid -

*+ + + strong staining, + + intermediate staining, + weak stain-
ing, - no staining

notransplantation (Cambridge, 1993). We received posi-
tive replies from 16 different groups, spread over three
continents, with information on 137 pigs belonging to 23
different breeds (Table 1). These results illustrate the in-
terest that has now arisen in this antigen and strongly
suggest that the aGal epitope may, indeed, be mono-
morphic in the porcine species.

Other carbohydrate antigens
on pig vascular endothelium

In addition to the aGal epitopes, pig vascular en-
dothelium also reacted with the lectin Maackia amur-
ensis (MAA), suggesting the presence of terminal non-
reducing NeuAc linked in the a2 — 3 position to the
subterminal Gal residue [26].

In an effort to identify other carbohydrate antigens
exposed at the surface of endothelial cells, twenty lectins
were tested on serial sections of the heart and brain of two
pigs (Table 2). Heart (Fig.2) and brain were selected for
this screening because they are devoid of secretory mu-
cins, which can mask the staining of vascular endothelium
in other tissues as the stomach (Fig.3). Strong positive
results with GSIB4 and MA A confirmed the presence of
aGal and aNeuAc epitopes, respectively, on pig vascular
endothelium. A weak reaction with the lectin Sambucus
nigra (SNA) suggested that either there are some
aNeuAc epitopes linked in 02 — 6 or that this last lectin
crossreacts slightly with the 02 — 3-linked NeuAc.

® Tested in 0.05 M TRIS, 0.15 M NaCl, 0.01 M CaCl,

Four new lectins with similar specificity were found to
be positive on pig vascualr endothelium: Lycopersicon
esculentum (LEL), Solanum tuberosum (STL), Ery-
thrina cristagalli (ECA), and FEuonymus europaeus
(EEL). The first three are known to react with a common
carbohydrate structure, the type2 precursor chain
pGall - 48GlcNAc — R (N-acetyllactosamine), ei-
ther in its single terminal nonreducing form (ECA) or as
extended poly-N -acetyllactosamine chains (LEL and
STL). The relative intensity of the fluorescence was:
LEL > STL > EEL > ECA., suggesting that pig vascular
“endothelium may have poly-N -acetyllactosamine epi-
topes, which more closely configurate to the lectins of
LEL and STL than do single N -acetyllactosamine units.
Finally, the fourth lectin, EEL, is l;)‘nown to react with
some H epitopes but also crossredcts with the type 2
precursor chain. This last lectin had previously been re-
ported to be positive on vascular endothelium of humans
[27] and mammals, including the pig [28]. We can con-
clude from these results that there are also some N-
acetyllactosamine-ended chains at the surface of pig
vascular endothelium. This is not surprising since N-
acetyllactosamine is the most abundant precursor chain
in the biosynthetic pathway for the formation of aGal
and aNeuAc epitopes. If not all of the type 2 precursor
chains are transformed into sialylated or aGal epitopes,
N-acetyllactosamine-ended chains can remain acces-
sible at the surface of pig vascular endothelial cells.

The new pig strains tested in this study — Yucatan
(Figs.1-2), Poland China (Figs.3-7), and Large-white
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Table 3 Immunofluorescent staining of A, H, Ley’, Le* and
precursor chain epitopes on the brush border of surface epithelial
cells of the small intestinal mucosa from 37 Large-white pigs

(+ + + strong staining, + + intermediate staining, + weak fluores-
cent staining, — no staining)

Identification A Atype 3 H UEA LeY Le* PNA 1 Phenotype

D57BJ1S ++ + - - - - - - A+

DS8AJ21 + + + - - - _ _ _

D60ET4 +4++ + + - - - - 19/37=51%

D3N3Aa + 4+ + + — _ _ _ _ _

D5N5Aa ++ + - + - _ ~ _ _

D6N6Aa + 4+ + - - - - + _

D30N14Y + 4+ + — — _ _ _ _

D36N17Y + 4+ + + - - - — ~ _

D38N19Y ++ + + - - — - —

D49N24Y + 4+ - - - - - - -

D57N28Y + 4+ + + - + - — - ~

D34N15bis Y + 4+ + - - + _ _ _

D37N18Y + 4+ + + ++ - - _ _

D16N10Fa +++ - - - ++ - 4

DI11N7 +++ - - - - - ++

D17N11 + + + + + — — — — — + + +

D4N4Aa + + + + - - - — - + + +

D3INISY + 4+ + - - - - - F—

D55N25bis Y + 4+ + - - - - - N

D48N23bis Y - - ++ + + 4+ + 4+ + - - A- H+

D58N29Y - - +++ ++ + +++ - - —

DSYN30Y - - +++ +++ +++ - - - 14/37 =38 %

D60N31Y - - + 4+ ++ + ++ + - - _

D12N8 - - +++ +++ ++ - - -

D13N9 - - + o+ + S+ ++ - -

D61CJ7 - - ot 4+ F+ - - -

D2N2Aa - - + 4+ +++ + 4+ . + _

D44N22Y - - ++ + ++ + + + - — -

D47N23Y - - 4 R ++ - _

D54N26Y - - ++ + ++ + + + - _ —

D42N21Y - ~ +++ ++ 4 ++ + - +

DS3N25Y — — + 4+ + 4+ + 4+ + - - 4+

D35N16Y - - + + 44+ + + _ _ bt

D28N12Y - - - - + + 4+ +++ +++ A- H- 1+

D41IN20Y - - - - - RREE +++ ++

D29N13Y - - - - - + ER— 4 4/37=11%
- - - +++

D56N27Y - - - -

(Fig.8) — gave similar fluorescent staining on vascular
endothelial cells of all the organs tested. The lectins re-
acting positively with NeuAc and N -acetyllactosamine-
ended chains were also tested on the vascular en-
dothelium of sections of small intestine of the 37 Large-
white pigs. They all showed similar positive reactions,
suggesting that the expression of aNeuAc and N-ace-
tyllactosamine epitopes might also be a monomorphic
trait in pigs, as seems to be the case for the aGal epitope.

Polymorphic A, H, Le?, Le*, and I epitopes
on the mucosa of small intestine

The epithelium of the intestinal mucosa of 37 Large-
white pigs was tested with reagents specific for histo-

blood group-related antibodies and lectins (Table 3).
Histo-blood group A and H anfigens have been pre-
viously described in pig glycolipids [18, 29], and the ex-
pression of these antigens is genetically polymorphic
(1, 24].

Nineteen of the 37 pigs were strongly stained with
anti-A on goblet cells and brush border of the surface
epithelium (A+ phenotype, 51 %). Most of these A+ pigs
were also positive on the same structures with anti-A
type 3.

The brush border of surface epithelial cells was com-
pletely negative with the anti-A reagents in 18 of the
37 animals (A— phenotype, 49 %). The majority of these
A- animals (14/18) demonstrated positive staining of
the brush border (i) with reagents specific for the pre-
cursor of the A antigen, the H type 2 epitope, and (ii)
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Table 4 Expression of carbohydrate antigen specificities at the
surface of pig and human vascular endothelium. The structures in
bold type and underlined are the only antigenic differences detected

by histochemistry between the two species (R glycolipid or glyco-
protein carrier molecules)

Pig

Human

pGall - 45GIcNAc - R

aNeuAc2 — 35 Gall - 45GleNAc - R

pGall - 48GIlcNAc - R

AorBl >33 (T“{a]] — 48 GIcNAc - R
172

aNeuAc2 — 38Gall — 48GIlctNAc — R

with anti Ley’ and Ulex europaeus lectin1l (UEA)
(Fig.8); these last two reagents also react with H type 2.
This particular A— H+ phenotype represented 38 % of
the population.

The remaining four A — pigs were negative with all the
anti-A and anti-H reagents but had positive staining of
the brush border of surface epithelial cells with reagents
specific for precursors of the H structure, such as anti-1 or
peanut agglutinin (PNA) and with anti-Le*, which reacts
with the type 2 precursor chain substituted with fucose
linked in al — 3 to the penultimate S GlcNAc residue
(8 Gall - 4(aFucl — 3)fGlcNac — R).  These pigs
with A — H—- I+ phenotype represented 11 % of the
overall population (Table 3).

Since, in the biosynthetic pathway, N-ace-
tyllactosamine (5 Gall — 48GIcNAc — R) is the pre-
cursor of H (aFucl — 28 Gall — 48 GlcNAc — R) and
H is, in turn, the precursor of A (aGalNAcl —
3(aFucl — 2)p Gall - 4 GlcNAc — R), it is not sur-
prising that some of the A+ pigs also had spurious posi-
tive reactions with incomplete molecules reacting with
anti-H or anti-precursor chains and that some of the H+
pigs also reacted with antiprecursor reagents.

The three main phenotypes (A+, A- H+, and A— H-
I+) shown in Table 3, were clearly identified at the level
of the brush border of the small intestinal surface epi-
thelium but were more difficult to see on goblet cells. In-
deed, the mucins of goblet cells of all pigs were positive
with anti-H reagents (Fig.8), irrespective of their phe-
notype on the brush border, suggesting that the genetic
control of the expression of histo-blood group-related
antigens in goblet cells is not identical to that of absorp-
tive epithelial cells. A similar phenomenon has been re-
cently observed between goblet and epithelial cells in
human conjunctiva [14].

Discussion

All the pigs tested expressed the aGal epitope on vas-
cular endothelium, suggesting that this antigen might be
monomorphic in the porcine species (Table 1). However,
it is worth continuing to look for aGal-negative pigs be-

cause such animals could exist at low frequency, as does
the Bombay phenotype in the human species (estimated
to be < 1:10,000). Breeding of such aGal-negative pigs,
if they are ever found, would be easier than producing
aGal-negative pigs by genetic manipulation.

We believe that this antigen is the main target in-
volved in the hyperacute vascular rejection of pig organs
[7, 16, 26] induced by the natural aGal antibodies (and
complement) that are present in all higher primates [11].
However, some of the teams quoted in Table 1 [33, 37]
think that, in addition to the aGal epitopes, other carbo-
hydrate antigens may play a role in the rejection of pig
xenotransplants.

Histochemistry studies indicate the cellular location
of positive reactions between tissue epitopes and lectins
or antibodies, but do not give hard information on the
structure of the epitope itself. More precise technology,
such as mass spectrometry and nuclear magnetic re-
sonance [2, 18], will be needed to define the precise
structure of the epitopes involved in these reactions.

The importance of the aGal epitope has received fur-
ther support from experiments showing that human and
baboon natural aGal antibodies are able to kill pig vas-
cular endothelial cells and the pig kidney cell line PK-15

in the presence of complement [21]. The specificity of

this cytotoxic reaction was further confirmed by specific
inhibition of the reaction by the addition of synthetic
oligosaccharides containing the terminal nonreducing
aGall — 3Gal epitope [23]. /

Both neutral precursor and sialylated carbohydrate
epitopes were also detected by immunofluorescence with
specific lectins on vascular endothelial cells of all pigs in
the present work. However, these antigens are also pre-
sent in human vascular endothelium (Table 4), and hu-
mans have not developed natural antibodies against
these epitopes, suggesting that they are not involved in
the hyperacute vascular rejection of pig xenotransplants.

Three main pig phenotypes: A+, A— H+, and A—- H-
I+ were identified with reagents specific for A, H, Le?,
Le*, and T epitopes (Table 3). However, these antigens
were not found on vascular endothelium, suggesting that
they also are not involved in the hyperacute vascular re-
jection, even if natural anti-A antibodies are found at
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high titers as in humans with histo-blood groups 0 and B.
Nevertheless, these polymorphic pig carbohydrate tissue
antigens may be reached and attacked by human anti-
bodies once the vascular endothelial barrier has been
disrupted. They would also contribute to an immune re-
sponse in transplant recipients who lacked the corre-
sponding antigens. Indeed, A-O incompatibility has been
previously reported to accelerate rejection in a pig allo-
graft skin modelin the same way and with similar efficacy
to that of incompatibility of the major swine leukocyte
antigen (SLA) system [22].

The recent cloning of the gene encoding for the aGal
transferase enzyme of the pig [9] suggests that in the near
future it may be possible to “knock out” the expression of

this gene in pigs and create a breed of pigs devoid of aGal
epitopes on vascular endothelium [8]. This would cer-
tainly be expected to help in preventing hyperacute vas-
cular rejection and might also allow for the detection of
other targets that may be masked by the violence of the
reaction of the anti-aGal antibodies.

A transgenic pig that combines regulators of comple-
ment receptors [17, 20, 36] with lack of expression of
aGal epitope on vascular endothelium would seem to be
the most promising donor of organs for xeno-
transplantation in humans.
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