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Detection of citrate synthase-reacting 
autoantibodies after heart transplantation: 
an epitope mapping study 

Abstract Autoimmune mechanisms 
play an important role in the path- 
ogenesis of allograft vasculopathy 
following heart transplantation, but 
the autoantigens involved have been 
only sparsely studied. Citrate syn- 
thase (CS) enzyme is a conserved 
molecule, and, as an important 
mitochondria1 autoantigen, it is 
protected by the “immunological 
homunculus”. Tissue destruction 
and alteration of the immune regu- 
latory mechanisms can induce path- 
ological immune response against 
CS in other autoimmune diseases. In 
our present study we aimed to detect 
CS-specific autoantibodies in heart 
transplant patients, therefore, pro- 
spective, randomised clinical tests 
were conducted on 33 heart trans- 
plant patients and compared with 
-1 30 healthy blood donors. The level 
and isotype of CS antibodies were 
detected by simple binding indirect 
enzyme-linked immunosorbent as- 
say (ELISA). The epitope specifici- 

ties of the autoantibodies were 
measured on synthetic overlapping 
peptide sequences of CS enzyme by 
an indirect multi-pin ELISA meth- 
od. Mainly IgM isotype CS autoan- 
tibodies were found in healthy 
controls, while IgG was found at 
higher levels and frequency (four- 
times higher) in heart transplant 
patients. Autoantibodies of IgG is- 
otype recognise different epitopes 
than do autoantibodies of IgM iso- 
type, even within the same group 
and individual. New epitope-specific 
IgG and IgM isotype autoantibodies 
appeared in heart transplant patients 
when compared with the controls. 
Our findings suggest a possible role 
of CS-specific autoantibodies in the 
pathomechanism of allograft vas- 
culopathy . 
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Introduction 

According to recent data, circulating immunoglobulins 
play an important role in the pathogenesis of both acute 
rejection and accelerated coronary artery disease fol- 
lowing human heart transplantation. The role of anti- 
bodies in heart graft dysfunction remains to be defined, 
although few would dispute their importance. The vast 
majority of cardiac transplant centres monitors and 

detects acute cellular rejection by the use of surveillance 
endomyocardial biopsies and treats T cell-mediated 
rejection with appropriate anti-T cell cytolytic therapy. 
Only a few centres perform post-transplant monitoring 
of antibody formation, although the need for more fo- 
cused attention on the role of antibodies has become 
apparent in recent years due to two clinical problems. 

The first is the syndrome that has been called vascular 
rejection, whereby the heart shows poor ventricular 
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function, with sparse or no cellular infiltration in re- 
peated biopsies [ 1, 21. The second problem is transplant- 
associated cardiac allograft vasculopathy [3, 41. More 
than half of our patients have suffered from cardiomy- 
opathy before transplantation. The exact cause of this 
illness is unknown; however, an autoimmune origin is 
suspected, which underlines the possibility of an altered 
immune response in these patients [5, 61. As the presence 
of autoantibodies is an important pathological factor in 
dilated cardiomyopathy, their role in post-transplanta- 
tion allograft vasculopathy was also suspected. Minor 
antigens, released from damaged parenchymal cells 
within the graft, are thought to be responsible for the 
chronicity of the antibody response after transplantation 
[7, 81. 

According to the “cognitive theory of the immune 
system” postulated by Cohen [9], discrimination be- 
tween “physiological” and “pathological” self-reacting 
antibodies is not only theoretically relevant but also 
has major clinical consequences [lo]. Different geneti- 
cally well-conserved target antigens were analysed, 
both in human and mouse models, during the past 
decade, and they proved to be significant participants 
of the normal “immunological homunculus’’ protected 
by low-affinity physiological autoantibodies with IgM 
isotype [ 111. Mitochondria1 inner-membrane enzymes 
are among the oldest proteins with conserved struc- 
tures and possess basic biological functions. Citrate 
synthase (CS) is a well-conserved molecule with a very 
similar amino acid (aa) sequence and the same func- 
tion in both prokaryotic and eukaryotic cells [12, 131. 
Low-affinity IgM isotype autoantibodies are present in 
the human circulation against these structures to 
protect them from a targeting immune response [14]. 
Severe bacterial infection or tissue destruction can 
cause the formation of these low affinity molecules, 
but a parallel malfunction of the immune regulation 
may result in the appearance of high-affinity IgG or 
IgA isotype autoantibodies against these proteins [ 15, 
161, mediating further tissue destruction via an auto- 
immune response. 

So far, several tests have been conducted to detect 
autoantibodies in heart transplant patients, such as 
myosin [17, 181, phospholipids [19] and endothelial 
cells [20]. However, we did not find any records of test 
on autoantibodies against mitochondria1 inner-mem- 
brane enzymes in cardiac transplant patients [21], 
although these have been previously described in the 
pathomechanism of other diseases with autoimmune 
backgrounds, such as primary biliary cirrhosis and 
anti-glomerular basement membrane disease [22, 23, 
241. In this study our aim was to detect the presence 
and isotype of citrate synthase-specific autoantibodies, 
one of these anti-mitochondria1 autoantibodies, in 
heart transplant patients. We also wanted to com- 
pare the epitope specificity of these antibodies, 

using an overlapping peptide library of the CS en- 
zyme. 

Materials and methods 

Patients 

Altogether, 52 heart transplantations were completed in 
our clinical department between 1992 and 2002. Of these 
52 patients, 33 were alive during our clinical study. 
Prospective, randomised clinical tests were conducted on 
these patients. Within the first year after the heart 
transplantation 16 patients in the studied group required 
hospital therapy. These cases were considered only as 
postoperative complications: rejection was observed in 
five patients (International Society for Heart and Lung 
Transplantation, ISHLT, I-B-11-A) and infection oc- 
curred in 11 patients. There were no complications in 17 
patients. The basic therapy after the heart transplanta- 
tion was cyclosporin, mycophenolate mofetil and ste- 
roids. The supporting therapy was decided according to 
the needs of the given patient and included anti-diabetic, 
antihypertensive and various other additional therapies. 

It is the usual practice in our department to investigate 
the transplant recipients for vascular complications on a 
monthly basis. We used this opportunity to measure 
autoantibody levels. Serum samples were collected freshly 
at appropriate intervals and stored at -70°C before 
examination. The control group comprised of 51 English, 
17 Finnish and 62 Hungarian blood donors with matched 
age and gender ratios. 

Immunoserological detection of anti-CS 
autoantibodies 

We used an indirect enzyme-linked immunosorbent as- 
say (ELISA) to detect anti-citrate synthase autoanti- 
bodies from human sera [25]. Citrate synthase from 
porcine heart (Sigma) was incubated for 12 h at 4°C 
followed by 60 min incubation at 37°C on 96-well 
polystyrol plates (NUNC, France). Following the satu- 
ration of non-specific binding sites with 0.5% gelatine 
(Sigma Chemical Company, USA) three washing steps 
with phosphate-buffered saline solution (PBS) contain- 
ing 0.1 YO Tween-20 (Sigma) were performed. The serum 
samples and controls were incubated in 1:100 dilutions 
for 60 min; finally, the plate was incubated with anti- 
human IgG HRPO or anti-human IgM HRPO second- 
ary antibodies (Dako, Denmark) for 60 min. The colour 
reaction was carried out with ortho-phenylenediamine 
(Sigma), and was measured on a Dynatech MR7000 
(USA) microphotometer at 492 nm [optical density 
(OD)], and the results were compared with the control 
samples. 
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Epitope prediction on human citrate synthase was made 
by Chou-Fasman epitope prediction and Swiss model 
epitope prediction [26, 27, 281. Synthetic peptide frag- 
ments of CS were synthesised on a multi-pin system using 
Fmoc/tBu methodology. Decapeptides overlapping of 
five amino acid residues were synthesised on P-alanyl- 
glycine functionalised polyethylene pins on a block (Mi- 
motopes, Australia) with Fmoc/tBu chemistry according 
to Geysen’s method [29]. We used ‘Bu (Thr, Ser, Tyr), 
OtBu (Asp, Glu), Trt (Cys, His, Gln, Asn), Pbf (Arg) and 
Boc (Lys, Trp) as sidechain-protecting groups [30]. 

Peptide epitopes of citrate synthase were bound on 
multi-pin systems. Two hundred microlitres per well of all 
reagents and serum samples were dispensed in a 96-well 
polystyrol plate (NUNC). The incubation, washing and 
developing steps of the multi-pin system were preformed 
in the 96-well plate. All steps were performed with agita- 
tion. First we incubated the multi-pin system for 60 min at 
room temperature in PBS containing 0.5% gelatine (Sig- 
ma) for saturation of non-specific binding sites. Later, 
three washing steps were performed with PBS containing 
0.1 YO Tween-20 (Sigma). The serum samples and controls 
were incubated in 1 : l O O  dilutions in PBS containing 0.5% 
gelatine, 0.1 % Tween-20 for 60 min. 

After incubation three 10-min washing steps were 
performed with PBS containing 0.1 YO Tween-20. Then, 
the multi-pin system was incubated with affinity isolated 
anti-human IgG HRPO or anti-human IgM HRPO sec- 
ondary antibodies (Dako) for 60 min at room tempera- 
ture. After three 10-min washing steps the colour reaction 
was carried out with ortho-phenylenediamine (Sigma) 
and measured on an iEMS M F  microphotometer (Ther- 
molabsystem, Finland) at 492 nm (OD). The results were 
analysed with Ascent Software v.2.4.2 (ThermoLabsys- 
tern). 

The multi-pin system was regenerated after each 
measurement according to the manufacturer’s instruc- 
tions. The regeneration was tested by conjugate test. 

0.1- 

Statistical analysis 

.J: r 
Since antibody titres measured in different groups did 
not match a Gaussian distribution, a non-parametric 
test was used. Results of the ELISA measurements were 
comparatively analysed by the Mann-Whitney U test. 
P < 0.05 was considered statistically significant. 

Results 

Serological screening studies 

We compared the isotype and the titre of anti-CS 
autoantibodies using repeated indirect ELISA mea- 

surements. Citrate synthase enzyme-specific autoanti- 
bodies were found in both healthy control groups (blood 
donors) and in heart transplant patients, with significant 
individual differences in their titre and isotype. The 
average titre of IgM autoantibodies was much higher 
than that of the IgG and IgA isotype autoantibodies in 
all groups investigated (Fig. 1). We defined autoanti- 
bodies as “high titre” when the OD of a given sample 
was higher than (or equivalent to) the average OD plus 
two standard deviations (OD+2SD) of the samples 
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Fig. 1A-C The isotype of CS-specific autoantibodies was measured 
by indirect ELISA. The concentration of IgA (A) isotype anti-CS 
autoantibodies was higher in heart transplant patients than in 
healthy individuals. The average concentration of IgM isotype (B) 
anti-CS autoantibodies was higher in each group investigated than 
the concentration of IgA and IgG isotype autoantibodies (aABs). 
Significant elevation of anti-CS aAb concentration with IgG 
isotype (C) was detected in heart transplant recipients 



837 

0.50- 
0 m 

0.25- 

Table 1 Frequency of high-titre autoantibodies against CS (BD 
healthy blood donors, HTP heart transplant patients, a-CS anti- 
citrate synthase) 

Samples a-CS IgG a-CS IgM a-CS IgA 

B 0.5- 

0.4- 

0.3- 

0.2- 

0.1- 

B 

varied in time both in the case of heart transplant pa- 
tients (Fig. 2B) and in healthy blood donors (data not 
shown). 

BD from Hungary 3% 10% 4 Yo 
BD from England 4% 12% 5% 
BD from Finland 3 Yo 9 Yo 5 % 
HTP 17% 12% 3 Yo 

from healthy individuals. The frequency of high-titre 
autoantibodies was mainly of IgM isotype in all healthy 
blood donor groups and in heart transplant patients as 
well. However, remarkable differences could be observed 
in the prevalence of anti-CS IgG isotype autoantibodies 
between the controls and the heart transplant patients. 
Compared with the average 3% frequency of high-titre 
IgG autoantibodies in healthy donors, 17% of the 
transplanted patients showed high-titre IgG anti-CS 
autoantibodies (Table 1). Therefore, the prevalence of 
high-titre IgG anti-CS autoantibodies in heart trans- 
plant patients was four times higher than in other study 
groups. 

The specific and individually characteristic IgM level 
of healthy blood donors and heart transplant patients 
was stable in each individual during repeated measure- 
ments (Fig. 2A). Autoantibody levels with IgG isotype 

”.” 

Fig. 2A,B Persistence of anti-CS autoantibodies with IgM isotype 
(A) and time-dependent alteration of anti-CS autoantibodies with 
IgG isotype (B) from heart transplant patients was detected by 
repeated indirect ELISA measurements 

Epitope specificities of anti-CS autoantibodies 

Computer analysis showed characteristic immuno- 
dominant epitopes of the citrate synthase enzyme 
(Fig. 4A). We used synthetic overlapping (5-5 aa) 
decapeptides to compare the epitope specificities of IgG 
and IgM isotype autoantibodies of healthy blood donors 
(5-5) and heart transplant patients (5-5). Epitope reac- 
tivity of individuals belonging to identical study groups 
showed minimal differences. Autoantibodies of IgG is- 
otype recognised different epitopes than did autoanti- 
bodies of IgM isotype, even within the same group and 
individuals. There are common conserved antigenic re- 
gions found on the citrate synthase enzyme recognised 
by the autoantibodies (Fig. 3). However, there are 
variations in the epitope reactivity pattern of sera of 
healthy individuals (Fig. 4B, D) and the heart transplant 
patients (Fig. 4C, E) against these conserved regions of 
CS. Besides the “physiological” autoantibody pattern of 
healthy individuals, new IgG and IgM isotype autoan- 
tibodies with new epitope specificities appeared in the 
heart transplant patients (Fig. 4B, C, D, E). 

Discussion 

Cellular and humoral immune reactions participate in 
the development of allograft vasculopathy following 
heart transplantation [7, 18, 201. Most of the cardiac 
transplant centres monitor and detect acute cellular 
rejection by the use of endomyocardial biopsies. Al- 
though the role of autoantibodies in the development 
of chronic rejection is ever more accepted, only a few 
centres perform post-transplant monitoring of anti- 
body formation. Since the most frequent indication of 
heart transplantation is idiopathic cardiomyopa- 
thy-which is a well-recognised mitochondrial disease 
associated with defects of mitochondrial function [3 1, 
32]-it was obvious to detect anti-mitochondria1 au- 
toantibodies in heart transplant patients. Antibodies 
against distinct mitochondrial antigens are not neces- 
sarily pathogenic but represent markers of immune- 
mediated injury. 

Appearance of anti-cardiac antibodies against myo- 
sin and other unknown antigens in myocarditis supports 
the involvement of autoimmunity in one-third of pa- 
tients. However, reduction in the autoantibodies during 
disease progression and development of dilated cardio- 
myopathy was also observed [33]. Unfortunately, we do 
not have information about the anti-CS antibody levels 
of our patients before transplantation, but continuous 
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Fig. 3A-D 3D model of CS 
enzyme was rotated to a posi- 
tion that illustrated the highest 
number of epitopes detected by 
anti-CS autoantibodies. Domi- 
nant epitopes detected by au- 
toantibodies with IgG isotype 
from healthy blood donors (A) 
were compared with the epi- 
topes of autoantibodies in sera 
of heart transplant patients (B). 
Less difference between the IgM 
isotype anti-CS autoantibody 
epitopes of healthy individuals 
(C) and heart transplant pa- 
tients (D) was observed. 
Arrowheads point to the differ- 
ences 

detection of post-transplantation levels of anti-CS anti- 
bodies may help us to follow-up the immune-mediated 
myocardial injury. 
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Fig. 4 Citrate synthase epitopes recognised by autoantibodies of 
healthy individuals and heart transplant patients. Line A represents 
immuno-dominant epitopes (yellow) of CS enzyme predicted by 
computer analysis. IgG (line B)  and IgM (line C) isotype autoan- 
tibodies of healthy controls showed different (arrowheads) epitope 
specificities (red and orange) on overlapping peptide sequences of 
the CS enzyme. Besides this characteristic epitope pattern, new 
epitope-specific IgG (line D) and IgM (line E )  isotype autoanti- 
bodies (arrowheads) appeared in sera of heart transplant patient. 
The main epitopes recognised by autoantibodies are coloured red, 
and the secondary, alternative, epitopes are coloured orange 

Citrate synthase enzyme is one of the mitochondrial 
antigens that is detectable in the serum of patients with 
mitochondrial injury [34]. As the key enzyme of energy 
production in the citrate cycle, citrate synthase is an 
evolutionally well-conserved protein, with distinct and 
important biological functions. It is known that low- 
affinity autoantibodies with IgM isotype specific for 
well-conserved structures are present in the blood to 
serve as protection against a destructive immune re- 
sponse [lo, 311. 

Tissue damage, infection [35] and a parallel malfunc- 
tion of the immune regulation or the apoptotic process 
[36] may result in the appearance of conserved self-mol- 
ecules and cause the formation of high-affinity IgG-type 
or IgA-type autoantibodies, mediating further severe 
tissue destruction [9, 141. The level of IgM-type and IgG- 
type autoantibodies with the same antigen specificity 
may predict the presence of an underlying autoimmune 
response. The finding that the frequency and the level of 
high-affinity IgG isotype anti-citrate synthase autoanti- 
bodies were higher in heart transplant patients than in 
any of the control groups shows that an imbalance in the 



839 

level and pattern of citrate synthase-specific antibody 
isotypes can be found in heart transplant patients. This 
imbalance may result in a shift towards an unfavourable, 
destructive, autoimmune response that-as the literature 
[lo, 16, 351 suggests-can take place in the formation of 
allograft vasculopathy. 

The presence of anti-citrate synthase autoantibodies 
with IgG isotype in heart transplant patients poses a 
question: is the fine epitope (molecular surface peptide 
sequence) specificity the same as in the case of the 
“physiological autoantibodies” (with IgM isotype) or 
are there new molecular surface antigen targets that 

the “pathological” IgG antibodies react with? The 
results of our analysis to determine the peptide frag- 
ment specificities, of antibodies show remarkable 
changes in the epitope specificity of IgG autoanti- 
bodies for the citrate synthase molecular surface 
compared to that of IgM autoantibodies and to that 
of IgG found in healthy individuals. Our data with 
anti-CS-specific autoantibodies suggest a new field of 
active tolerance controlled by the immunological 
homunculus [37, 381 and provides new insight into the 
pathogenesis of allograft vasculopathy, thus giving us 
hope of finding new monitoring techniques. 
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