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Abstract Transplantation of organs 
from one species to another leads to 
immediate hyperacute rejection. 
Activation of complement is one im- 
portant factor involved in this pro- 
cess. Whether complement activa- 
tion is induced by preformed natural 
antibodies (PNAbs) via the classical 
pathway or by an “activator surface” 
via the alternative pathway is un- 
clear. In order to simulate the re- 
levant clinical situation of animal 
donodhuman recipient, we perfused 
working porcine hearts ex vivo with 
human blood. This also offered the 
possibility to study the process of 
complement activation in a precisely 
defined system with human comple- 
ment proteins. PNAb titer and com- 
plement lytic activity of the plasma 
were measured. Immunohistological 
stainings for IgG, IgM, C1 q, C4, C3d, 
CS-9, factor B, and properdin were 
performed on tissue sections of the 
left ventricle. PNAb titer almost to- 
tally disappeared within the first 
5 min of perfusion. Complement ly- 
tic activity of the classical pathway 
decreased similarly within the first 
3 h of xenogeneic and autologous 
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perfusion from 70 YO to 40 YO. More 
detailed immunohistological studies 
revealed positive staining for C3d on 
endothelium and myocardium of ex 
vivo perfused xenogeneic hearts. 
Complement-induced cytotoxicity 
was proven by the presence of CS-9 
(membrane attack complex). How- 
ever, hardly any Clq and C4 could be 
found in the ex vivo xenogeneic per- 
fused hearts. Staining for factor B 
was positive and proved activation 
via the alternative pathway. Beyond 
that, the presence of properdin bind- 
ing even indicated an upregulation of 
the alternative pathway C3 con- 
vertase. In contrast to the prevaling 
opinion, we found that the alter- 
native pathway plays the dominant 
role in complement activation in hy- 
peracute xenograft rejection, as 
shown ex vivo using pig hearts per- 
fused with human blooa. 
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complement, interstitial edema, hemorrhage, and fibrin 
thrombi are some of the events observed in hyperacute Introduction 

Vascularized organs transplanted between different spe- rejection. These events are assumed to be triggered by 
cies are rejected within a few minutes to a few hours PNAbs. Several studies have shown that perfusion of a 
[l, 21. Preformed natural antibodies (PNAbs) are xenograft in an animal recipient following transplanta- 
thought toplay a decisive role in the hyperacute rejection tion of a second xenograft from the same species leads to 
of a xenograft [3, 5 ,  8-13, 18, 21, 22, 241. Activation of a significant prolongation of graft survival [5]. In the first 



325 

xenograft, most of the PNAbs are absorbed. Depletion 
of PNAbs in the recipient animal is, therefore, re- 
sponsible for the prolongation of the survival of the sec- 
ond graft. One important mechanism by which PNAbs 
destroy a xenograft is thought to be the activation of the 
classical pathway of the complement system [2,21]. 
However, it is somewhat uncertain as to whether graft 
rejection is caused by activation of the classical or of the 
alternative pathway. Recent studies have shown that hy- 
peracute rejection of a xenograft can also occur in the 
absence of PNAbs [14,27]. This seems to be caused by 
activation of the alternative pathway of the complement 
system [7]. Therefore, the question arises of whether 
complement activation is induced by PNAbs via the 
classical pathway or by an activator surface via the alter- 
native pathway. 

We have chosen the working heart model perfused ex 
vivo with human blood [6,20]. The relevant clinical situa- 
tion porcine donodhuman recipient is simulated by this 
model. Conditions for investigating the complement sys- 
tem are well defined. The complement cascade and the 
participating complement proteins, in particular of the 
classical pathway, are considerably different from species 
to species. Only in humans are the structure of the differ- 
ent complement proteins and the steps involved in the ac- 
tivation of the complement system sufficiently elucidated 
[26]. Diagnostic antibodies against most of the comple- 
ment proteins have recently become available. The model 
used offered the opportunity to study activation of human 
complement by perfusing a xenogeneic organ. 

Materials and methods 
Halothan-resistant landrace pigs of either sex (8-10 kg body 
weight) were used as heart donors. All animals received humane 
care in compliance with the “Principles of laboratory animal care” 
(National Institutes of Health, no. 85-23). After premedication with 
azaperon, ketamine-hydrochloride, and xylacine, the animals were 
tracheostomised and mechanically ventilated. General anesthesia 
was maintained with N,O and halothan. Through a median ster- 
notomy, the azygos and hemiazygos veins were ligated. For car- 
dioplegia, the superior and inferior vena cava were ligated, the aorta 
crossclamped, and 100 ml of Bretschneider solution infused. The 
heart was excised by division of the cavae, aorta, pulmonary artery, 
and veins. The heart was kept in 4°C physiologic saline, the pul- 
monary veins were ligated, and connectors for the perfusion circuit 
were inserted in the aorta, left atrium, and pulmonary artery. The 
heart was started in the perfusion system within 30 min after the 
beginning of the cardioplegia. 

Freshly drawn full blood was heparinized (50 unitshl) and di- 
luted with dextran (Macrodex, Knoll, Germany) to a hematocrit of 
30 %. Human blood was obtained from healthy volunteers within 
half an hour before starting the xenogeneic perfusion. Porcine blood 
was taken from the donor animal directly before starting the cardio- 
plegia and not longer than 1 h before starting the autologous perfu- 
sion. Details of the perfusion have been published elsewhere [20]. 

Five porcine hearts were perfused with porcine blood (auto- 
logous) and seven hearts with human blood (xenogeneic). 

Preformed natural antibody (PNAb) assay 

The total PNAb titer against pig erythrocytes was evaluated by he- 
magglutination of pig erythrocytes according to the method de- 
scribed by Land et al. [16]. PNAb titers of the IgG class [23] were 
measured after treatment of the sera with 1,4 dithio-L-threitol 
(Sigma Chemicals, USA). 

Complement lytic assay 

Sheep erythrocytes were sensitized with amboceptor (Behring- 
werke) and incubated with plasma. Lysis of the erythrocytes leads to 
an increased optical density at 578 nm. The time needed to lyse a 
fixed amount of erythrocytes was measured and the complement 
activity was calculated in percent of a standard. Standard curves 
were obtained by dilution of human or porcine standard plasma, 
respectively. For photometric measurements and calculation of the 
results, a chromotimer device (Behringwerke) was used. Plasma 
samples were stored at -75 “C and tested within less than 2 months. 

Immunohistology 

Tissue samples were taken from the left ventricle immediately after 
the perfusion, embedded in tissue-tek (Miles, USA), snap-frozen in 
liquid nitrogen, and stored at -75 “C until use. 

Tissue sections (4-6 pm) were air-dried, fixed with acetone for 
10 min at room temperature, and washed with phosphate-buffered 
saline. Endogenous peroxidase activity was inhibited by hydrogen 
peroxide. After blockade of unspecific binding with normal goat 
serum, the primary antibody was added. A peroxidase-conjugated 
secondary antibody reacted with the bound primary antibody. Per- 
oxidase was developed with amino-ethyl-carbazol as substrate. The 
specimens were counterstained with Mayer’s hemalum. 

Positive controls used were lymph node tissue for IgG and IgM 
and a myocardial infarction for Clq,  C4, C3d, C5-C9, factor B, and 
properdin. In the negative control, the first antibody was omitted. 
Positive and negative controls were performed simultaneously with 
all staining procedures. 

Immunohistochemical reagents 

Polyclonal primary antibodies from rabbit antihuman IgM, IgG, 
Clq, C4, C3d, C5-9, factor B and properdin were obtained from 
DAKO Diagnostika (Germany). Polyclonal peroxidase-conjugated 
antibody from goat anti-rabbit immunoglobulin was uded as sec- 
ondary antibody (DAKO Diagnostika, Ge  many). Unspecific re- 

the Netherlands). 
actions were blocked by normal goat seru d (Nordic Immunology, 

Results 

Mean titers of PNAbs measured in the hemoperfusate 
before and during xenogeneic perfusion of the hearts are 
shown in Fig.l. PNAb of both the IgG and IgM types 
were almost completely absorbed within the first 5 min. 
The average PNAb titer of the IgM type dropped from 
1 : 128 to 1 : 4. This basic titer did not decrease in the 
further course of the experiment. PNAb titers at the be- 
ginning of the experiments ranged from 1 : 2048 to 1 : 64. 
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Fig.l Decrease in the PNAb titer before (0, IgG and IgM) and 
after ( 0 ,  IgG) cleavage with dithiothreitol during the 1st h of xe- 
nogeneic ex vivo perfusion of a working heart 
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Fig.2 Complement activity in percent of a standard serum during 
ex vivo perfusion of a porcine heart with human (0) or porcine (V) 
blood 

Ex vivo survival time of xenogeneic perfused hearts 
showed no correlation with the height of the PNAb titer 
(data not shown). 

The average complement activity tested in autologous 
and xenogeneic plasma samples showed no difference in 
the xenogeneic and the autologous groups (Fig.2). Im- 
mediately prior to perfusion, the mean complement ac- 
tivity was 70 7'0 of the complement activity of standard 
plasma. This difference is due to the dilution of the he- 

moperfusate. Within 3 h of perfusion, the mean comple- 
ment activity decreased progressively to 40 YO. 

The results of the immunohistological investigations 
are summarized in Table 1. Tissue specimens from por- 
cine hearts of all seven xenogeneic experiments revealed 
very similar immunohistological stainings. PNAbs of the 
IgM and the IgG class were present along the endothelial 
lining. IgM was in excess of IgG, as could be expected. 
Larger vessels and capillaries were equally involved. The 
interstitium was free of PNAbs, although massive he- 
morrhage was observed in all tissue samples, indicating 
that plasma also came into contact with the interstitial 
tissue. 

Complement proteins were present in all xenogeneic, 
perfused hearts. The staining pattern of different com- 
plement proteins was very similar. In contrast to IgG and 
IgM, complement proteins were not only found along the 
endothelial lining. They could also be found to a greater 
extent in the interstitium and on the surface of most of 
the myocytes. C3d, an indicator of the presence of C3 
convertase, was present. Also, the membrane attack 
complex, consisting of the complement proteins C5 to 
C9, could be demonstrated. Specific staining of the clas- 
sical pathway complement proteins Clq and C4 was not 
seen. However, factor B and properdin, both involved in 
the alternative pathway, were positive. 

Discussion 

In the model presented, most of the PNAbs of the per- 
fusing xenogeneic blood were absorbed within the first 
10 min. Low basic titers remained in the hemoperfusates 
and did not change within the first 3 h of the experiment. 
This indicates that PNAbs are in excess in comparison to 
the binding sites on the coronary endothelium. One must 
also take into consideration that PNAbs were tested by 
their ability to bind and agglutinate erythrocytes. There- 
fore, one could assume that some of the PNAbs are able 
to bind to erythrocytes but do not adhere tb the coronary 
endothelium. Immunohistoloy was able to prove that 
PNAbs of the xenogeneic perfusate bind to the en- 
dothelium of the hearts. Antihuman IgG and antihuman 
IgM revealed positive staining. 

The damaging effect of antibodies is usually caused by 
the activation of the complement system via the classical 
pathway [26]. The mean total complement activity dur- 
ing the first 3 h of hemoperfusion decreased from 70 % to 
40 %. No difference could be seen between autologous 
and xenogeneic perfused hearts. The loss of complement 
activity was most certainly due to the ex vivo perfusion 
situation [15]. In tissue samples of xenogeneic perfused 
hearts, neither Clq nor C4 was present. Therefore, in ex 
vivo xenogeneic, perfused working hearts, complement 
activation via the classical pathway is not likely to play a 
decisive role. Platt et al. [21] reported contrary findings 
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Table 1 Results of immunohistochemical staining of xenogeneic 
perfused hearts. Intensity of the staining is graded as light (+) or in- 
tense (++) 

Endothelium Interstitium 

Anti-human IgG 
Anti-human IgM 
Anti-human Clq  
Anti-human C4 
Anti-human C3d 
Anti-human C5-C9 
Anti-human factor B 
Anti-human properdin 

+ 
++ 
(+) 
(+I 
++ 
++ 
++ 
++ 

_ _  
_ _  
_ _  
_ _  
++ 
++ 
++ 
++ 

in a pig-to-primate xenogeneic animal model. However, 
the authors also demonstrated properdin in tissue sec- 
tions of porcine kidneys transplanted into rhesus mon- 
keys. As properdin is involved in the upregulation of the 
alternative pathway [26], it must at least be concluded 
that the classical and alternative pathways are both in- 
volved in the process of hyperacute rejection. 

Recently, several studies have been published sup- 
porting the idea that the alternative pathway plays amajor 
role in hyperactue rejection of xenografts. Johnston et al. 
[14] showed that in the complete absence of PNAbs in 
presuckled piglets, rabbits hearts were rejected. Rejec- 
tion of rabbit hearts in adult pigs occurred in the same way 
and within the same period of time. From these results the 
authors concluded that xenografts are rejected by activa- 
tion of the alternative pathway of the complement system. 
Leventhal et al. [17] reported that 15-deoxyspergualin 
inhibits natural antibody production but fails to prevent 
or even delay hyperacute xenograft rejection. Finally, in a 
comparable working heart model, Forty et al. found only 
little C4 but massive staining for C9, leading the authors to 
the assumption that the process of hyperacute xenograft 
rejection is mediated by the alternative pathway of com- 
plement.[7]. In vitro studies using a complement-depen- 
dent cytotoxicity assay test also support the assumption 
that the alternative pathway plays the dominant role. 
Guinea pig erythrocyte lysis could be inhibited by in- 
activation of the alternative pathway but not by inhibition 
of the classical pathway [2S]. 

In our tissue samples we found specific staining of 
factor B. This is unequivocal evidence for the alternative 
pathway being involved in the activation of complement. 
Beyond this, properdin was present in xenogeneic ex vivo 
perfused hearts. Properdin binds to and stabilizes the al- 
ternative pathway C3 convertase by producing a com- 
plex (C3bBbP). This results in a substantial upregulation 

of the complement activation by the alternative pathway 
[26]. The lytic action of complement follows the assembly 
of membrane attack complexes by the components CS- 
C9. They could also be demonstrated in the myocardium 
of ex vivo xenogeneic perfused hearts and proved the 
cytotoxic effect of the complement activation. 

Surprisingly, hardly any leukocyte infiltration was 
found in the myocardium of xenogeneic perfused hearts. 
It can certainly be argued that human leukocytes are not 
able to stick to porcine endothelium as there are probably 
differences in the adhesion molecules between humans 
and pigs. Human complement present on porcine myo- 
cardium is a possible binding site for human leukocytes. 
The complement protein responsible for leukocyte adhe- 
sion is inactivated C3b [19]. This complement protein is 
formed by the cleavage of C3bH by factor I and occurs 
after decay of the alternative pathway activation [26]. 
However, massive activation of complement through the 
alternative pathway takes place and C3b undergoes en- 
zymatic cleavage, resulting in the CS convertase 
C3b,Bb3b, which is not recognized by human leukocytes. 

In order to investigate the steps involved the comple- 
ment activation in xenogeneic rejection, we used a 
working heart model perfused ex vivo with human blood. 
This offers the advantage of being able to study the well- 
known components of the human complement system 
and resulted in data that could clearly not be derived 
from an animal experiment. In addition, it simulates the 
relevant clinical situation of animal donodhuman re- 
cipient. Complement activation is a strictly local process; 
possible activation of the complement system on artifi- 
cial surfaces of the perfusion system has no influence on 
the process of complement activation in the myocardium 
itself [22]. In xenogeneic ex vivo perfused hearts, com- 
plement activation leads to formation of the cytotoxic 
membrane attack complex on myocardial and en- 
dothelial cells. Of particular interest is the finding that 
even in the presence of PNAbs, complement activation 
by the alternative pathway plays a dominant role. 

Activation of the complement is certainly one of the 
most important mechanisms involved in the hg’peracute 
rejection of a xenograft [25]. General inhibition of the 
complement system by cobra venom factor is not com- 
patible with the survival of patients. More specific inter- 
ference in the complement system is necessary. Elucida- 
tion of the steps involved in the mechanism of comple- 
ment activation could provide essential information for 
future therapeutic approaches [4] to prevent xenograft 
rejection. 
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