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Soluble saccharides block the inhibition 
of agonist-induced human platelet 
aggregation observed after in vitro 
incubation of human platelet-rich plasma 
with porcine aortic endothelial cells 

Abstract Platelet aggregation is a 
prominent feature in the hyperacute 
process of vascularized allografts 
and xenografts. In a study of extra- 
corporeal connection of pig kidneys 
to the blood circulation of human 
volunteers, we observed in one case 
considerable destruction of human 
platelets in the pig kidney without 
signs of hyperacute rejection or mi- 
crothrombi formation. In the pre- 
sent study, we have investigated the 
agonist-induced aggregation of hu- 
man platelets in mixtures with por- 
cine aortic endothelial cells 
(PAEC). In vitro incubation of hu- 
man platelet-rich plasma (PRP) 
with PAEC inhibited platelet aggre- 
gation induced by ADP, collagen 
and arachidonic acid in a time-de- 
pendent manner and partially inhib- 
ited adrenalin-induced aggregation. 
Aggregation of the human platelets 
could not be induced by high con- 
centrations of ADP (20 pM) to 
overcome the inhibition capacity of 
the PAEC. The PAEC inhibiting ef- 
fect could be transferred by the su- 
pernatants of PAEC/PRP and 
PAEC/PPP incubation mixtures. 
Preincubation of the PAEC with as- 
pirin, but not with NG-methyl-L- 
Arg, reduced the aggregation inhib- 

itory effect. Control experiments 
mixing human umbilical vein endo- 
thelial cells (HUVEC) and human 
PRP or mixing porcine PRP and 
PAEC did not elicit any inhibition of 
ADP-induced platelet aggregation. 
The aggregation inhibition effect 
could partially be blocked by prein- 
cubation of PRP with soluble 
Galal3Ga1, Galal-3/31-4GlcNAc, 
lactose, galactose, and glucose, but 
not by lactosamine, galactosamine, 
or glucosamine. The Ga la l3Ga l  
disaccharide was most effective in 
blocking aggregation inhibition, and 
to a similar extent as its ability to 
block the human anti-pig lymphocy- 
totoxicity reaction. In conclusion, 
the data indicate that PAEC, upon 
stimulation by human anti-pig xe- 
noantibodies in a nondynamic sys- 
tem, inhibits agonist-induced human 
platelet aggregation, and t b t  this 
effect is probably at least partially 
caused by prostakyclin released 
from the PAEC. 
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Introduction 

The scarcity of human organs for transplantation has fo- 
cused research on the possibility of grafting animal or- 
gans, especially from pigs, to humans. The first major 
barrier that needs to be overcome for a successful trans- 
plantation of vascularized pig organs to humans is the 
hyperacute rejection (HAR) caused by preformed anti- 
pig xenoantibodies, followed by complement activation, 
platelet aggregation, and subsequent thrombosis of the 
graft [ l ,  111. The majority of human anti-pig xenoanti- 
bodies are directed to Galal-3Gal saccharide determi- 
nants on the endothelial cell surface [19]. However, con- 
siderable variability in the specificity of these xenoreac- 
tive anti-Gal antibodies has been observed [6, 101. The 
endothelial cells, upon stimulation, prevent platelet ag- 
gregation by several mechanisms including the produc- 
tion of prostacyclin, and nitric oxide (NO), and the acti- 
vation of ADPase [1, 4, 71. The adhesion and aggrega- 
tion of platelets in HAR is caused by the loss of endothe- 
lial cell function due to antibody binding and comple- 
ment activation, resulting in a procoagulant cell surface, 
alteration in cell shape, and the formation of intercellu- 
lar gaps [l, 181, which allows passage of vascular con- 
tents into extravascular tissue and adhesion of platelets. 

We have, in a clinical trial, connected pig kidneys to 
the circulation of two volunteer dialysis patients who 
were pretreated with plasmapheresis to reduce the level 
of preformed xenoantibodies [3 ,  161. In these experi- 
ments, a dramatic consumption of human platelets oc- 
curred in the pig kidneys. A similar profound platelet 
consumption has been observed in patients with fulmi- 
nant liver failure who were treated with extracorpor- 
poral pig liver perfusion [5]. In one of our patients, no 
platelet aggregates or thrombi were found in the capil- 
laries, and electron microscopy revealed an intact en- 
dothelial cell lining of the vessels and membrane frag- 
ments in the lumen of the vessels [3]. The finding that 
human platelets were destroyed in the pig kidney with- 
out the formation of thrombi led us to investigate the in- 
teraction between human platelets and porcine aortic 
endothelial cells (PAEC). This paper describes how, in 
a nondynamic system, incubation of human platelet- 
rich plasma with PAEC inhibits agonist-induced human 
platelet aggregation and examines the ability of soluble 
saccharides to block this inhibition effect. 

room temperature and all experiments were performed within 
120min. The concentration of platelets ranged from 150 to 
220 x lo9 per liter. The ADP-induced aggregation capacity of the 
platelets present in each preparation was recorded at the beginning 
of each experimental series. Platelet-poor plasma (PPP) was pre- 
pared by centrifugation of citrated whole blood for 20min at 
2000 g and 22 "C. Porcine PRP and PPP were prepared in a manner 
identical to that of the human samples. 

Pig aortic and human umbilical vein endothelial cell suspensions 

Primary cultures of PAEC harvested under sterile conditions were 
prepared from the thoracic aortae of Swedish domestic pigs. The 
vessel was carefully rinsed with Hank's balanced saline solution 
supplemented with PEST 100 E/ml and amphotericin B 0.25 pg/ 
ml (Life Technologies, Paisley, Scotland). After rinsing, the aortae 
were incubated with 1.0 mg/ml collagenase H (Boehringer Mann- 
heim, Mannheim Germany) in PBS at 37°C for 10 min. After incu- 
bation, the collagenase solution, containing detached endothelial 
cells, was suspended in RPMI 1640 (GIBCO, Paisley, Scotland) 
culture medium (l:l, v/v) supplemented with 20% fetal calf serum 
(FCS, GIBCO ), 2.0 mM L-glutamine, ECGFiheparin 2.5 ng/ml 
(Boehringer Mannheim), PEST 100 E M ,  and 0.25 pg/ml ampho- 
tericin B. The vessel was rinsed once more with culture medium 
and the combined collagenase and rinsing suspensions were cen- 
trifugated at 130g for 5 min. The cells were resuspended in the 
same culture medium and seeded out on fibronectin ( 5  pg/cm?, 
J. R.H Biosciences, Sussex, UK)-coated plastic petri dishes. The 
cells were grown at 37°C in a humidified atmosphere of 6.5% 
C 0 2  in air, and nonadherent cells were removed after 1 day when 
changing medium. The cells were detached using 0.25 YO trypsin in 
0.53 mM EDTA (Life Technologies) and subcultured in plastic 
flasks. Finally, they were cryopreserved in aliquots at passage 4 in 
cell culture freezing medium (Life Technologies) for 1-6 months. 

After thawing, the cells were washed and cultured in RPMI 
1640 supplemented with 20% FCS, 2.0 mM L-glutamine and 
0.25 pglml amphotericin B. Confluent cultures of PAEC were char- 
acterized by their cobblestone morphology and were used between 
passages 5 and 8. Cells were detached by 0.53 mM EDTA contain- 
ing either 0.25 YO trypsin, 200 E/ml collagenase XI, or 200 E/ml col- 
lagenase IA-S (Sigma). The endothelial cells were immediately 
washed in culture medium and reconstituted in serum-free RPMI 
1640 supplemented with only L-glutamine. For the platelet aggre- 
gation studies, 1-1.5 x loh cells/ml were kept at room temperature 
and used within 1-7 h. Human umbilical vein endothelial cells 
(HUVEC) [17], a kind gift from B. Risberg (Depprtment of Sur- 
gery, Sahlgrenska University Hospital), were cultured to monolay- 
ers in E 199 culture media (Life Techpologies) supplemented with 
20 YO FCS and penicillinistreptomycin mixture and used between 
passages 2 and 4. The HUVEC cells were detached and treated in 
a manner identical to that of the PAEC. The viability of the recon- 
stituted cells was approximately 85 Yo by trypan blue exclusion. All 
reagents used were endotoxin-free. 

Materials and methods 
Platelet preparation 

Human blood was collected in citrate (buffered sodium citrate 
0.13 M, 1 : l O  v/v) from healthy human volunteers who had not in- 
gested nonsteroidal anti-inflammatory drugs for at least 10 days. 
Platelet-rich plasma (PRP) was obtained by 15-min centrifugation 
at 240 g and 22 "C. The PRP was stored in polypropylene tubes at 

Platelet aggregation studies 

The platelet aggregation response was studied in a dual-channel 
platelet aggregometer (Payton) using various agonists. Baselines 
and maximal transmission were set with PRP and PPP, respective- 
ly. A total volume of 450 p1 PRP, or mixtures of 325 p1 PRP and 
125 pl PAEC/HUVEC suspensions, was incubated with SO p1 of 
the different agonists in 500-p1 cuvettes at 37°C. The amount of 
ADP used for each PRP batch was calibrated to give a maximal ag- 
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gregation response, and the final concentration used was in the 
range of 4.0-8.0 pM. The aggregation response was measured as 
the amplitude of the optical transmission 1 min after the addition 
of ADP and presented as percent of transmission maximum ( %  
T-max). In order to rule out the possibility of endogenous ADPase 
influence, a control experiment with a final concentration of 20 pM 
ADP was performed. Stock solutions of agonists used were ADP 
73.4 mM (Sigma, St. Louis, Mo., USA), arachidonic acid 5 mgiml 
(BiolData Corporation, Hatboro, Pa., USA), adrenalin 0.1 mM 
(Sigma), and collagen 7 mgIml (Diagnostica Stago, Asnieres-Sur- 
Seine, France). 

Supernatants from suspensions of PAEC or from mixtures 
of PAEC and human PRPIPPP 

PAEC suspensions (125 pl) were incubated with 315 pI  1 of human 
PRP or PPP for 10 min at 37°C. The mixtures were centrifuged at 
9200g for 1 min and 125 pl of the supernatant was immediately 
mixed with 325 pl human PRP in the aggregating cuvette; 50 pl 
ADP (final concentration 4-8 pM) was added to the cuvette after 
1 min of incubation. Control supernatants were obtained by incu- 
bating PAEC suspensions at room temperature and at 37°C for 
10 min, followed by centrifugation. 

Treatment of PAEC with aspirin and N"-methyl-L-Arg 

To block prostacyclin (PGI, ) production, PAEC suspensions were 
incubated with aspirin (Sigma) at a final concentration of 1.0 mM 
for 1 h at 37°C. To block NO synthase, PAEC were incubated 
with N"-methyl-L-Arg (Sigma) to a final concentration of 300 pM 
for 1 h at 37 "C. After incubation, the PAEC suspensions were wa- 
shed in culture medium and immediately used in the platelet ag- 
gregation studies. 

Blocking of human natural anti-Gal antibodies by soluble 
saccharides 

Galul-3Gal or Galul-3Gal~l4GlcNAc and Gal/3-4Glc (lac- 
tose) with the reducing end linked to an 8-carbon atom lipophilic 
chain were from Glycorex (Lund, Sweden). Lactose, N-acetyl-lac- 
tosamine, galactose, N-acetyl-galactosamine, glucose, and N-ace- 
tyl-glucosamine with nonsubstituted reducing ends were from Sig- 
ma. Human PRP samples were mixed with the soluble saccharides 
to a final concentrations of 10,5, 1, and 0.1 mgIml, respectively, as 
stated in Table 2 and the legend to the figures. After 10 min of in- 
cubation, 325 pI of the PRPhaccharide mixtures was transferred 
to the aggregation cuvette and 125 p1 of PAEC was added. ADP 
was added after the time needed for each PRPIPAEC combination 
to reach optimal aggregation inhibition. 

Mass spectrometric identification of prostacyclin metabolite 

The stable prostacyclin metabolite 6-Keto PG F l u ,  MW 370 (Sig- 
ma K 2626) was used as a reference compound for identification 
of prostacyclin release. Four milliliters of ethanol was added to 
1 ml of supernatant from the PAECIPRP incubation mixture. Af- 
ter centrifugation, the supernatant was dried under N,, dissolved 
in 2 ml PBS, and applied to a C,, column (Varian Associates, Har- 
bor City, Calif., USA), which had been prewashed with ethanol, 
hexanol, and water. The bound hydrophobic compounds were elut- 
ed with methyl acetate and dried under N2. The reference com- 

Table 1 Human platelet aggregation response to ADP in the pre- 
sence of xenogenic and allogenic endothelial cells. Human (H- 
PRP) or porcine (P-PRP) platelet-rich plasma were mixed with 
porcine (PAEC) or human (HUVEC) endothelial cell suspensions, 
followed by the addition of ADP. The effect of preincubating 
PAEC with aspirin or Nc-methyl Arg, respectively, before mixing 
with H-PRP were also studied. Results are presented as percent 
of T-max for PRP (T-max PRP = 100% ) 

Experimental setup Platelet aggregation 
% T-max of PRP 
Mean k SD 

11.7 2 3.4 
97.4 f 11.6 

104.8 f 29.5 
50.1 f 10.8" 
11.8f 1.2 

H-PRPIPAEC ( P I  = 13) 
H-PRPIHUVEC ( n  = 5) 
P-PRPIPAEC ( n  = 5 )  
H-PRPIPAEC + Aspirin ( n  = 4) 
H-PRPIPAEC + N"-methyl Arg ( n  = 3)  

* P i 0.01 compared to the corresponding PRPIPAEC mixture 

pound was analyzed both as a pure compound and after mixing 
with PPP, followed by preparation in a way similar to that for 
PAEClPRP supernatants. Mass spectrometry analysis was per- 
formed using a tandem magnetic sector-time of flight instrument 
(Autospec OAFPD Micromass, Manchester, UK) operated in 
negative electrospray ionization mode (EI) in a mass range of 
100-3100 at 10 sidecade, at about 1500 resolution (10% valley), 
and at a source temperature of 80°C. The samples were dissolved 
in methano1:water (4:l. vlv) and introduced into the source housing 
via a loop injector (50 pl) connected to a micropump at a flow rate 
of 10 LdImin. 

Statistical analysis 

Standard statistical methods were used for calculation of mean val- 
ue and standard deviation (SD). The differences between means 
were evaluated with the two-sided, paired Student's t-test, and a P 
value below 0.05 was considered statistically significant. 

Results 
Mixing human PRP with HUVEC (Fig. 1 A )  or pig PRP 
with PAEC for 10min, followed by the addition of 
ADP, resulted in a normal aggregation response (Ta- 
ble 1 )  fully comparable with the aggregation response 
seen in control experiments using only PRP (data not 
shown). Mixing PAEC with human PRP, followed by 
the immediate addition of ADP, resulted in a prompt 
aggregation of the platelets (Fig. 1B). Incubation of the 
PAEC with human PRP for various time periods prior 
to the addition of ADP resulted in a time-dependent in- 
hibition of the ADP-induced platelet aggregation 
(Fig. IC-E). A complete inhibition of the ADP-induced 
aggregation occurred after 5-10 min of PAEUPRP in- 
cubation, and no ADP-induced aggregation was seen af- 
ter 30min of incubation. The experiments were per- 
formed using PRP from ten different human donors 
and primary PAEC cultures from three different pigs. 
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S m i n  Time 

Fig.1 Aggregation response of human platelets to ADP in the 
presence of HUVEC and PAEC, respectively: A Incubation of hu- 
man PRP (335 pl) with HUVEC suspension (125 pl) for 10 min. 
followed by the addition of 50 p1 ADP (final concentration 7 pM), 
results in a normal aggregation pattern. Incubation of human 
PRP (325 pl) with PAEC suspension (115 pl). followed by the addi- 
tion of 50 p1 ADP (final concentration 4 pM): B immediately, C af- 
ter 1.15 min, D after 5 min, and E after 10 min, results in a time-de- 
pendent inhibition of platelet aggregation. Arrows indicate time of 
ADP addition 

Detaching the PAEC from the culture flasks using colla- 
genase/EDTA or trypsin/EDTA gave similar results. 

No spontaneous aggregation of the platelets oc- 
curred during 10 min of preincubation of human PRP 
with PAEC or HUVEC. An anti-aggregation effect of 
PAEC on human platelets was also found when collagen 
and arachidonic acid were used as agonists (data not 
shown). Using adrenaline as an agonist, an aggregation 
occurred, but the rate of aggregation was much slower 
and the % T-max was reduced compared to the control. 
To test whether the anti-aggregation effect was caused 
either by a product secreted or dependent upon a direct 
interaction, supernatants from either PAECIPRP or 
PAEC/PPP mixtures or PAEC alone were added to hu- 
man PRP in the aggregation cuvette, followed by the 
addition of ADP after 1 rnin of incubation. The results 
showed that the anti-aggregation effect could be trans- 
ferred by the supernatants from both PAECIPRP and 

t 

5min Time 

Fig.2 Aggregation response of human platelets to ADP in the pres- 
ence of supernatants from: A PAECIPRP, B PAECIPPP, C PAEC 
cultured at 37 "C, and D PAECcultured at room temperature. A In- 
cubation of human PRP (315 pl) for 1 rnin with PAECIPRP super- 
natant (125 p. preincubated for 10 min at 37°C. followed by centri- 
fugation), followed by the addition of 50 p1 ADP. B Human PRP in- 
cubated with PAECIPPP supernatant, followed by the addition of 
ADP, gave a similar aggregation as for incubating PRP with 
PAEC. Incubation of human PRP with supernatants from PAEC 
suspensions kept at C 37°C and D room temperature, followed by 
the addition of ADP, shows that PAEC kept at 37°C but not at 
room temperature produce a soluble factor that partly inhibits the 
ADP-induced aggregation. Final ADP concentration was 7 pM in 
all experiments. Arrowls indicate time of ADP addition 

PAEC/PPP mixtures (Fig. 2A, Bf and that a basal secre- 
tion of this product occurred when PAEC were kept at 
37 "C but not at room temperature (Fig. 2C, D).  If ADP 
was added after 10 min or later, the inhibition did not 
occur, indicating that the transferred component(s) was 
(were) unstable. 

In order to test if the inhibition of ADP-induced ag- 
gregation could be due to degradation by cellular AD- 
Pase, the concentration of ADP was increased to a final 
concentration of 20 pM without obtaining an aggrega- 
tion response (Fig.3A). In order to identify possible 
mechanisms responsible for the inhibition of aggrega- 
tion, PAEC suspensions were pretreated with aspirin to 
block cyclo-oxygenase and with NG-methyl-L-Arg to 
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Fig.3 A Human PRP mixed 
with untreated PAEC, followed 
by the addition of ADP to a fi- 
nal concentration of 20 pM. 
The higher ADP concentration 
was used to counteract an 
eventual degradation of ADP 
by cellular ADPase. B The ef- 
fect of preincubating PAEC 
with 1 .0 mM aspirin and C with 
300 pM NG-methyl-L-Arg. Hu- 
man PRP (325 PI) was mixed 
with the preincubated PAEC 
suspensions (135 id) and incu- 
bated for 10 min at 37"C, after 
which SO pl ADP was added 
(final concentration 7 pM) at 
times indicated by arrows 

Fig.4 Effect of Galul-3Gal di- 
saccharides on the aggregation 
response of human platelets to 
ADP in the presence of PAEC. 
A A control experiment incu- 
bating 450 pl PRP with 
Galul-3Gal (10 mgiml) for 
10 min, followed by the addi- 
tion of SO pI ADP. After mixing 
315 p1 PRP with Galul-3Gal B 
10 mgiml, C 1 mgiml, and D 
0.1 m g h l  for 10 min. 125 1.11 of 
PAEC was added and incubat- 
ed for 10 min, followed by the 
addition o f  SO 11.11 ADP (final 
concentration 7 pM) at times 
indicated by arrows. Galal-3- 
Gal disaccharide concentra- 
tions of 10 m g h l  and 1 rngiml 
reduced the inhibition effect of 
the aggregation response in- 
duced by the PAEC 

d f  

5min 
W U 

Time 

I - 

S m i n  
I t  u 

Time 

block N O  production. Preincubation of PAEC with as- 
pirin before mixing with human platelets (Table l, 
Fig.3B) resulted in a 50% reduction in the inhibition 
of ADP-induced aggregation while blocking NO pro- 
duction (Table l, Fig.3C) did not affect aggregation in- 
hibition. This indicates that the inhibition effect is due 

to a compound produced in the cyclo-oxygenase meta- 
bolic pathway of the PAEC. 

Based on the present knowledge, the most likely 
compound would be prostacyclin. We therefore ana- 
lyzed the supernatant from PAEC/PRP incubations for 
the presence of the stable prostacyclin metabolite 6- 



350 

Table 2 Effect of soluble saccharides’ ability to block the inhibi- 
tion of ADP-induced aggregation of human platelets in the pre- 
sence of xenogenic porcine endothelial cells. Human PRP was pre- 
incubated for 10 min with each saccharide, followed by the addi- 
tion of PAEC suspension, and the aggregation of the platelets was 
initiated by the addition of ADP. Disaccharides (Gala1 -3Gal, lac- 
tose, lactosamine) and monosaccharides (galactose, galactosa- 
mine, glucose, glucosamine) were tested in 10 mgiml and 5 mgiml, 
respectively. Results are presented as percent of T-max for PRP 
(T-max PRP = 100%) 

Experimental setup Platelet aggregation 
% T-max of PRP 
Mean & SD 

PRPiPAEC (n = 16) 
PRP + GalaL3GaliPAEC (n = 14) 
PRP + LactoseiPAEC (n = 10) 
PRP + LactosamineiPAEC (n = 5 )  
PRP + GalactoseiPAEC (n = 7) 
PRP + GalactosarnineiPAEC (n  = 9) 

PRP + GlucosamineiPAEC ( n  = 6) 

* P < 0.001; ** P < 0.05 compared to the corresponding PRPi 
PAEC mixture 

18.8 & 6.4 
36.4 f 13.1* 
30.1 & 15.3** 
21.3? 11.5 
32.9 * 19.7 
13.5 & 8.3 
34.6 * 20.1** 
16.7& 9.0 

PRP + GlucoseiPAEC ( n  = 9) 

Keto PG Flu.  Mass spectrometry analysis (data not 
shown) showed a distinct peak at m/z 369 in the PAEC/ 
PRP supernatant that was present only in trace amounts 
in the control samples. This peak is the molecular ion 
peak of 6-Keto PG Fla with loss of a proton (M-1). 
This confirms the suggestion that the major product re- 
sponsible for the inhibition of ADP-induced platelet ag- 
gregation is prostacyclin produced by PAEC due to an 
interaction with human plasma. However, the possibili- 
ty that other mediators of the arachidonic pathway may 
also contribute to the effect cannot be ruled out. 

One explanation could be that the PAEC are stimu- 
lated by preformed, naturally occurring human anti-pig 
xenoantibodies present in the sera of all humans. The 
majority of these xenoantibodies are directed to the car- 
bohydrate antigen epitope Galal-3Galp1-3GlcNAc 
[ 191. We therefore tested whether soluble Galal-3Ga1, 
Gala1-3Galpl-3GlcNAc, and other saccharides were 
able to block the PAEC-induced inhibition of human 
platelet aggregation (Fig. 4, Table 2). Galul-3Ga1, 
Galal-3Galp1-3GlcNAc, lactose, galactose, and glu- 
cose were all able to partially block the inhibition of 
ADP-induced aggregation of PAEC/PRP mixtures. 
Galal-3Gal and Gala1-3Galpl-3GlcNAc saccharides, 
in concentrations of 10mgiml and l.Omg/ml, gave a 
similar blocking effect while a concentration of 0.1 mgi 
ml had no blocking effect. Lactosamine, galactosamine, 
and glucosamine did not affect the inhibition of ADP- 
induced human platelet aggregation (Table 2). The ca- 
pacity of the saccharides to block the inhibition of 
ADP-induced aggregation was found to vary between 
sera from different individuals. In general, the Galal-3- 
Gal saccharide blocking effect was statistically highly 

significant ( P  < 0.001) and the mean YO T-max obtained 
was 36% of the control aggregation experiment (Ta- 
ble 2). This is in the same range as the ability of soluble 
Galal-3Gal saccharides to block the anti-pig lymphocy- 
totoxicity effect of human sera [15]. 

Discussion 

The vascular endothelium has a unique position between 
the blood and the tissue, and has antithrombotic proper- 
ties that could become prothrombotic if activated. These 
functions are mediated by a very complex system of me- 
diators. The interaction between endothelial cells (main- 
ly porcine and bovine) and human platelets has been 
studied extensively. These studies have mainly used wa- 
shed platelets, omitting the xenoantibodies, and focused 
on the endothelial function and pathogenesis of arterio- 
sclerosis, thrombosis, and vasospasm in the autologous 
situation [2, 4, 8, 9, 12, 13, 211. In the hyperacute rejec- 
tion of discordant vascularized xenografts, the process 
is initiated by the preformed xenoantibodies and com- 
plement that activate the endothelial cells to become 
prothrombotic and to disrupt the endothelial cell lining, 
exposing the subendothelium and resulting in interstitial 
edema, hemorrhage, and thrombosis of the graft [1, 11, 
191. Xenogenic activation of endothelial cells leads to 
the release of heparan sulfate [l, 181, loss of cellular AD- 
Pase [14], and retraction of endothelial cells [18]. 

In this study we have shown a time-dependent inhibi- 
tion of agonist-induced platelet aggregation when hu- 
man PRP is mixed with PAEC. The inhibition effect 
was reduced by preincubation of human PRP with solu- 
ble saccharides, with Galal-3Gal terminating saccha- 
rides being the most effective. Lactose, galactose, and 
glucose also reduced the aggregation inhibition but to a 
lesser degree. Lactosamine, galactosamine, and glu- 
cosamine were nonreactive. The Gala1-3Gal/31-3Glc- 
NAc trisaccharide showed the same effect as the 
Galal-3Gal disaccharide, indicating that amino groups 
located on the terminal or subterminal sugar residues 
prevent the saccharide from blo,cking agonist-induced 
platelet aggregation while an an&o group further away 
from the terminal part does not. The ability of Galal-3- 
Gal terminating saccharides to reduce the anti-aggregat- 
ing effect is in the same range as its ability to inhibit lym- 
phocytotoxicity to pig cells [15]. Possible reasons for not 
achieving a greater reduction include low-affinity anti- 
geniantibody interaction, variability in specificity be- 
tween the saccharides and the antibodies, or multivalent 
interaction between the antibodies and the cell. 

Studies on the ability of different soluble saccharides 
to block the binding of human xenoantibodies to pig 
cells have shown a great variation in antibody binding 
pattern and saccharide blocking effect. Sandrin et al. 
[20] showed that human anti-pig antibodies react pre- 
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dominantly with terminal galactose residues when the 
ability of different carbohydrates to inhibit the hemag- 
glutination reaction of pig erythrocytes was examined. 
Galactose decreased the hemagglutination titer of a hu- 
man serum pool by 75 YO and galactosamine decreased 
the titer by 50% at saccharide concentrations of 
300 mM (54 mg/ml galactose and 65 mg/ml galac- 
tosamine, respectively). Parker et al. [lo] tested the 
specificity of xenoreactive antibodies, focusing especial- 
ly on the IgM isotype, for a-galactosyl structures. Ap- 
proximately 30 YO of the xenoreactive anti-Galal-3Gal 
IgM did not recognize melibiose (Galal-6Glc) or other 
a-galactosyl sugars. A substantial variability was found 
in the specificity of the xenoreactive anti-Galal-3Gal 
IgM for a-galactosyl terminating sugars, and the con- 
centration of Galal-3Gal saccharide needed to block 
the binding of xenoreactive antibodies to the cell sur- 
face was in the range of 20-200 mM (6.8-68 mg/ml) for 
a complete blocking of the xenoreactive IgM. Kujundzic 
et al. [6] found considerable variability in the ability of 
human AB sera from 75 donors to lyse pig kidney (PK 
15) cells. A highly significant positive correlation was 
found between cytotoxic activity and surface-bound 
IgG and IgM, as well as a “tendency for positive correla- 
tion” between cytotoxicity and anti-aGal IgG titers but 
no correlation between cytotoxicity and anti-aGal IgM 
or IgA titers [6]. 

Another explanation for the failure to achieve a com- 
plete reduction in the inhibition may be a slight activa- 
tion of the complement cascade since complement acti- 
vation has been shown to be able to induce prostacyclin 
formation in cultured endothelial cells [22]. 

Indometacin-treated PAEC have been shown to 
block agonist-induced aggregation of washed platelets, 
and stimulation with bradykinin has resulted in an inhi- 
bition effect due to the release of NO [12]. In our study, 
mixing human PRP with nontreated PAEC resulted in 
a complete inhibition of agonist-induced platelet aggre- 

gation that could be blocked by aspirin pretreatment of 
the PAEC (Table 1, Fig. 2A). This suggests that stimula- 
tion of PAEC by xenoantibodies may not be sufficient 
for induction of NO production. Using washed human 
platelets, it was shown that by mixing the platelets with 
PAEC, HAEC [14], or aspirin-treated HUVEC [8], ago- 
nist-induced platelet aggregation was inhibited due to 
the ADPase activity of the endothelial cells. A rapid 
and spontaneous aggregation response of human plate- 
lets has been found when mixing human PRP and 
PAEC [14]. We did not observe a similar result in our 
experimental setup. This discrepancy may be explained 
by slightly different experimental conditions, such as a 
variation in xenoantibody titers and complement levels, 
resulting in fast prothrombotic changes in the PAEC. 

It has to be borne in mind that, in contrast to the au- 
tologous and allogenic situations, the role of the anti-ag- 
gregating properties of porcine endothelial cells in vitro, 
most likely achieved by preformed xenoantibodies in 
the test system, may not be relevant for the in vivo rejec- 
tion process of a vascularized, discordant xenograft. 
Prostacyclin is short-lived and quickly washed away in 
the circulation. Prothrombotic factors, such as the loss 
of heparan sulfate and ADPase, EC retraction, expo- 
sure of the subendothelium, and formation of comple- 
ment-activation derived components, may become 
dominant after a few minutes, resulting in thrombosis 
of the capillaries. 
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