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- Abstract Classical complement ac- 
tivation is a major effector mecha- 
nism in the development of vascular 
lesions contributing to allograft re- 
jection. We investigated comple- 
ment activation by alloantibodies 
reactive with graft endothelial cell 
(EC) alloantigens in settings of 
MHC-mismatched and MHC-mat- 
ched (non-MHC-mismatched) rat 
heart transplantation (Tx). Allosera 
and heart allografts were collected 
at the day of rejection (day 7-8 and 
day 28-35 in MHC-mismatched and 
non-MHC-mismatched Tx respec- 
tively) or earlier. Allosera reactivity 
was studied in vitro using rat-heart- 
endothelial-cell (RHEC) lines ex- 
pressing the appropriate donor 
MHC and non-MHC alloantigen 
profile. Immunohistochemical anal- 
ysis of rejected heart allografts 
showed deposition of alloantibodies 
in both MHC-mismatched and 
MHC-matched heart allografts, but 
expression of C3 was only seen in 
the vasculature of MHC-mis- 
matched grafts. FACS analysis 
showed that anti MHC as well as 
anti non-MHC allosera were reac- 
tive with donor EC cell surface anti- 
gens. Both sera had similar IgG 
subclass profiles of anti-endothelial 
cell antibodies. Complement activa- 

.nl 

tion by anti MHC and anti non- 
MHC alloantibodies on EC was 
measured by FACS analysis of C3 
and C5b-9 (MAC) expression. Dis- 
tinct expression of C3 was noticed 
for EC incubated with anti-MHC 
allosera, but hardly for EC incubat- 
ed with anti non-MHC allosera. 
C5b-9 was low but showed no dif- 
ference between the two allosera. 
However, complement-mediated 
cytotoxicity experiments showed 
that functional (lytic) MAC was in- 
duced with anti MHC allosera but 
hardly with anti non-MHC allosera. 
Our data show that in settings of 
MHC-matched heart transplanta- 
tion alloantibodies against endothe- 
lial non-MHC alloantigens are gen- 
erated, but, in contrast to alloanti- 
bodies to MHC alloantigens, these 
alloantibodies have only poor com- 
plement-activating and lytic poten- 
tials. Whether anti non-MHC allo- 
lantibodies effect other biological 
processes relevant for heart al- 
lograft vasculopathy, including de- 
velopment of graft arteriosclerosis, 
needs further elucidation. 
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Introduction 

Despite progress in immunsuppressive strategies fol- 
lowing transplantion (Tx), rejection of transplanted 
hearts is still a clinical problem. The endothelium of 
the graft vasculature is considered a major target tissue 
in the rejection process because of its alloantigen profile 
and the direct contact with the circulating immune reac- 
tants of the recipient. These immune reactants are of 
cellular and humoral (antibody) nature [S, 10, 30, 3.51 
and may readily interact with constitutively expressed 
MHC class I and, in settings of immune reactivity, in- 
duced MHC class 11 antigens on the EC of the graft vas- 
culature. 

The role of antibodies in allograft rejection is contro- 
versial (except for hyperacute rejection) due to the reg- 
ular absence of alloantibodies in rejected grafts. Howev- 
er, although cell-mediated immune mechanisms are 
considered to be the main effector mechanisms in rejec- 
tion, the contribution of humoral mechanisms in al- 
lograft rejection has been shown 19, 161. Particularly in 
chronic rejection, a more dominant role for alloanti- 
bodies in the development of vascular lesions is expect- 
ed [2, 6, 31, 32, 361. Among the mechanisms effecting 
antibody-mediated vascular damage, complement acti- 
vation is a major one. For instance, complement activa- 
tion may lead to formation of the membrane attack 
complex (MAC or C5b-9) and subsequent EC lysis. In 
addition, it leads to the formation of split products of 
early complement components such as the anaphylatox- 
ins C3 a and C5 a which influence recruitment and effec- 
tor functions of platelets and leukocytes [3]. It has also 
been shown that classical complement activation 
through antibody reactivity with EC triggers induction 
of adhesion molecules such as ICAM-1, VCAM-1 and 
E-selectin, apparently through autocrine stimulation by 
induced endothelial IL-1 [7,25]. 

While MHC molecules can be considered the most 
dominant antigens in alloantibody reactivity with graft 
EC, a series of studies have demonstrated that also 
non-MHC alloantigens are involved in rejection pro- 
cesses [l]. Such alloantibody reactivity with endothelial 
non-MHC alloantigens appears associated with vascul- 
opathy, and in particular with graft arteriosclerotic le- 
sions [ll, 191. 

In the present study we investigated the potentials of 
alloantibodies to endothelial MHC versus non-MHC al- 
loantigens in complement activation. An in vivo rat 
heart allograft rejection model in combination with an 
in vitro culture system of donor-representative heart 
EC was used [15]. Allosera from BN recipients of an al- 
logeneic (LEW) or congenic (LEW.l N) heart, respec- 
tively, were tested for reactivity and complement activa- 
tion with cultured heart EC expressing the appropriate 
donor MHC or non-MHC alloantigen profile. In addi- 
tion, alloantibody reactivity with graft endothelium and 

complement activation was immunohistochemically 
studied in situ in tissue sections of rejected heart allo- 
grafts. 

We show here that in heart allograft rejection alloan- 
tibodies reactive with endothelial MHC as well as with 
non-MHC alloantigens are generated. Significant com- 
plement activation with lytic potentials is seen when al- 
loantibodies are reactive with endothelial MHC class I 
as well as with class I1 alloantigens. However, although 
a distinct alloantibody reactivity with endothelial non- 
MHC alloantigens was shown, only minor complement 
activation by these alloantibodies was measured. The 
results are discussed in the context of development of 
graft vasculopathy in heart allograft rejection. 

Materials and methods 
Animals 

Lewis, (LEW, RTI'), Brown Norway (BN; RT.1") and congenic 
Lewis 1 N (LEW.l N, RT. 1") rats were obtained from the Central 
Animal Facility of the University of Maastricht. Male rats at the 
age of 8-12 weeks were used. Animals were bred under specified 
pathogen free conditions and had free access to food and water. 
Animal experiments were carried out according the Dutch law on 
Animal experiments. Prior to the experiment, permission was ob- 
tained from the Ethical Committee on Animal Experimentation 
of the University of Maastricht under number 9925. 

Heart transplantation and material collection 

Hearts were routinely transplanted heterotopically in the abdo- 
men. In short: the donor heart aorta and artery pulmonalis were 
end-to-side anastomized to the recipient aorta abdominalis and 
vena cava inferior, respectively [15, 331. Transplantations were 
considered technically successful when heart beat was more than 
250 beatdmin on the second day after transplantation (Tx). Trans- 
planted hearts were considered rejected when heart beat was ab- 
sent or less than 100hin. The following heart Tx were executed: 

1: LEW -+ BN, (MHC and non-MHC) -mismatched; 
bloodsamples and tissues were collected at the day of rejection 

(7-8 days after Tx). 
2: LEW.l N -+ BN, non-MHC mismatched; bloodsamples and 

tissues were collected at day 8,15,21 days after Tx, and the day of 
rejection (29-35 days after Tx). 

3: BN ?r BN, matched non rejected hearts; bloodsamples and 
tissues were collected at day 8 and 29 after Tx. 

Sera were prepared from bloodsamples and stored at -70 "C 
until use. Unless mentioned otherwise, used sera were from the 
day of rejection. 

Endothelial cells 

For in vitro EC studies 3 EC lines from LEW heart origin were 
used. These Rat Heart Endothelial Cell lines RHEC 3, RHEC 10, 
and RHEC 11 were prepared as previously described (141. EC 
were routinely cultured in EC culture medium (40% RPMI 1640 
(Gibco BRL, Life Technologies B. V., Breda, the Netherlands, 
40% M199 (Gibco BRL), 20% inactivated FCS (Integro, Bel- 



365 

gium), 0.5 pl/ml bovine brain extract (14.93 mg/ml) prepared as de- 
scribed by Maciag [26], 13 mM NaHCO,, 50 U/ml penicillin, 50 pg/ 
ml streptomycin, 2 mg/ml Fungizone, 10 mM Hepes, 20 U/ml hep- 
arin and 2 mM L-Glutamin). Cells were cultured using 5 % CO, 
in air, at 37 "C. For passaging the cells, confluent monolayers 
were treated with trypsin (0.25 %)/ EDTA (0.2 %) in phosphate- 
buffered saline (PBS) for 1 min. After detachment, trypsin was 
neutralized with E C  Work medium [(go% M199 (Gibco BRL), 
10 YO inactivated FCS, 50 U/ml penicillin, 50 pg/ml streptomycin 
and 2 mM L-Glutamin and 25 mM Hepes)]. 

Cytokine stimulation of RHEC cultures 

Confluent EC monolayers were stimulated with a combination of 
the cytokines TNFa and IFNy for 24-72 h, as previously described 
[13]. Recombinant human TNFa (a gift from Prof. Dr. W. Fiers, 
Gent, Belgium) was used in a 400 U/ml concentration. Recombi- 
nant rat IFNy (a gift from Dr. P. van de Meide, TNO Rijswijk, 
The Netherlands) was used in a 200 Ulml concentration. 

Detection of allosera reactivity with EC 

Suspensions of EC from trypsinized monolayers were used (see 
above). 5 x 10' cells were incubated with 5 x diluted heat-inacti- 
vated allosera in PBS containing 0.5 % bovine serum albumin 
(PBSA) for 1 h, on ice. Cells were washed 3 times with PBSA and 
incubated with saturating amounts of a FITC conjugated second 
step swine F(ab), anti rat Ab (DAKO, Denmark) for 30 min, on 
ice. After washing 3 times, cells were analyzed by flow cytometry, 
using a FACS-sort (Becton Dickinson, Mountain View, CA, 
USA). Data were collected from 1 x lo4 cells. For data analysis 
the program Cell Quest was used (Becton Dickinson, Mountain 
View, CA, USA). 

Isotyping of the anti-endothelial antibodies in allosera 

EC (5 x lo'), were incubated with allosera in a 5x  dilution for 1 h, 
0 "C. Cells were washed 3 times with PBSA and incubated with 
polyclonal rabbit anti-rat IgM, IgG1, IgG2a, IgG2b, IgG2c (a gen- 
erous gift from Prof. H. Bazin, VCL, Louvain, Belgium), for 1 h on 
ice. Cells were washed 3 times with PBSA and incubated with 
FITC labelled swine F(ab), anti rabbit Ig (1/200, DAKO, Den- 
mark) for 30 min, on ice. Cells were washed 3 times with PBSA 
and analyzed by flow cytometry (see above). 

Detection of complement activation by the alloantisera 

Cytokine stimulated EC (5 x lo5) were incubated for 1 h, 0 "C with 
the allosera from the different Tx models. Allosera were 5x diluted 
in 0.5 YO PESA. Rat or GP complement was added simultaneously 
(v/v/v: 1/1/11. Cells were washed 3 times with PBSA and incubated 
with directly FITC-labelled polyclonal rabbit anti-rat C3 prepared 
in our laboratory, monoclonal 2A1, a mAb against rat C5b-9 (a 
kind gift of W. G. Couser, Seattle, USA) or with polyclonal rabbit 
IgG anti GP C3 (1/100) (Kindly donated by M. Daha, Leiden, the 
Netherlands), for 1 h, 0 "C. Cells were washed 3 times with PBSA 
and, in case of two step staining, incubated for 30 rnin with FITC- 
conjugated swine F(ab), anti rabbit Ig (1/200, DAKO, Denmark) 
or FITC-conjugated goat anti mouse IgG, (1/100, Cappel, The 
Netherlands) . Cells were washed 3 times with PBSA and analyzed 
by flow cytometry (see above). 

(1mmuno)histochemistry 

Collected hearts were cut and routinely processed for paraffin and 
frozen tissues. Paraffin tissues were routinely sectioned and hema- 
toxylideosin-stained. Frozen material was used for sectioning 
6 ym thick sections that were stained using the 2-step immunoper- 
oxidase technique [17]. In brief Sections were aceton-fixed and 
blocked for endogenous peroxidase reactivity by preincubation 
with 0.3 YO H,O, in PBS for 10 min. First step antibodies were di- 
luted to pre-defined saturated concentration in 0.05 % PBSA, and 
incubated under humidified conditions for 1 h at room tempera- 
ture. After washing in PBS, incubation with the appropriate perox- 
idase-labeled second step antibodies in PBSA containing 3 YO nor- 
mal rat serum was carried out for 30 min. After washing, sections 
were incubated with a diaminobenzidine solution containing 
0.02% H202 for 10 rnin and subsequently rinsed with tap water. 

Antibodies: 

- Rabbit anti-rat C3 (donated by Dr. M. Daha; Leiden, The Neth- 
erlands) 

- mAb 2A1, Mouse anti-rat C5b-9 (donated by Dr. W. Couser; 
Seattle, USA) 

- Rabbit anti-rat IgM, anti-rat IgG1, anti-rat IgG2a, anti-rat 
IgG2b, anti-rat IgG2c (donated by Dr. H. Bazin; Leuven, Bel- 
gium) 

- Rabbit F(ab)2 anti-mouse IgG/peroxidase-labelledP (Dako, 
Denmark) 

- Swine F(ab)2 anti-rabbit IgG/peroxidase-IabelledP (Dako, Den- 
mark) 

After immunostaining, sections were counterstained with hema- 
toxylin, dehydrated and coverslipped with Entallan (Merck, Ger- 
many). 

Complement-mediated cytotoxicity of alloantisera 

Cytotoxicity against E C  was determined using a 51Cr release assay. 
Endothelial cell suspensions were obtained as mentioned above. 
Suspensions of 5 x lo7 EC/ml were incubated with 100 pCi 51Cr / 
ml (Amersham International, England) in E C  culture medium for 
45 rnin at 37 "C. During labeling, the cells were permanently rotat- 
ed. The labelled E C  suspensions were washed twice with EC Work 
medium and per well, 1 x lo5 cells in 25 pl were incubated with 
25 p1 5 x diluted heat-inactivated allosera in EC culture medium, 
and 25 yl agarose-adsorbed guinea pig (GP) or full rat serum as 
complement source, for 60 rnin at 37 "C. In all experiments, hyper 
immune serum obtained after immunization of BN rats with LEW 
LNC was included as a standard for maximal biological release. 
Hyper immune serum was collected 3 days after a series of 3 immu- 
nizations (2 week intervals) with LNC. Negative controls included 
were control Tx sera. All experiments were performed in triplicate 
with the 3 endothelial cell lines. "Cr release was measured in a 
gamma counter. Percentages specific lysis were calculated as fol- 
lows: YO specific release = [(cpm alloserum - cpm control Tx se- 
rum) / (cpm immune serum - cpm control Tx serum)] x 100. 
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Results 

Deposition of alloantibodies in the vasculature of 
MHC-mismatched and of MHC-matched heart 
allografts 

Tissues of rejected heart allografts and non-rejected 
syngeneic heart grafts were examined for antibody reac- 
tivity with the graft vascular endothelium. Both in 
MHC-mismatched and in MHC-matched (non-MHC 
mismatched) rejected allografts, not, however, in synge- 
neic grafts, deposition of antibodies along the entire 
graft vasculature was observed, demonstrating the pro- 
duction of antibodies reactive with MHC and non- 
MHC alloantigens respectively (Fig. lA,  C, D). Al- 
though this is no definite proof of specific antibody reac- 
tivity with the EC of the vasculature, the luminal stain- 
ing pattern supported it. By using isotype specific anti- 
bodies, it was shown that the alloantibodies were of the 
IgM- and of the various IgG subclass types. In the non- 
MHC-mismatched Tx setting allografts were also exam- 
ined before rejection and showed alloantibodies of the 
various IgG subclass types present already at day 8 after 
Tx. (see also Fig. 1E). Also, IgM alloantibodies were no- 
ticed at day 8 after Tx, but their levels declined in the 
subsequent period. 

Specific reactivity of anti MHC and anti non-MHC 
allosera with heart EC cultures 

To certify that in situ observed alloantibody reactivity in 
the graft vasculature was with graft endothelial cell allo- 
antigens, it was studied whether anti MHC and anti non- 
MHC allosera recognized EC in cultures of the 3 RHEC 
lines, which express the appropriate donor MHC and 
non-MHC haplotype . Immunostaining showed that 
anti MHC allosera were reactive with all 3 RHEC lines. 
Allosera reactivity was increased (higher mean staining 
intensity) when cytokine-stimulated EC were used 
which, as previously shown [13], expressed in addition 
to MHC class I antigens also class I1 antigens. Antibody 
isotyping showed that both IgM and the various IgG 
subclasses contributed to allosera reactivity with endot- 
helial MHC alloantigens. Anti non-MHC allosera, col- 
lected at days 8, 15, 21 and at the day of rejection, 
showed reactivity with EC of all 3 RHEC lines. Reactiv- 
ity did not increase when cytokine-stimulated E C  were 
used (Table 1). Isotyping showed that anti non-MHC al- 
loantibody reactivity with EC was mainly confined to 
antibodies of the various IgG subclasses. Control Tx 
sera did not react with either non-stimulated or cyto- 
kine-stimulated EC. 

Table 1 Anti MHC and anti non-MHC allosera are reactive with 
donor heart EC. Reactivity of the allosera was measured by immu- 
nostaining of E C  from all three RHEC lines. Stimulation of EC 
was executed with the cytokines TNFa + IFNy for 24-48 h. - : all 
cells negative; + : all cells positive; + + : increased staining intensity 
Allosera Non-stimulated E C  Cvtokine-stimulated 
Control Tx - 
Anti MHC + 
Anti non-MHC + 

- 
+ +  
+ 

Complement C3 binding on EC is effected by anti 
MHC, however hardly by anti non-MHC alloantibodies 

Complement activation on graft EC by anti MHC and 
anti non-MHC allosera was tested in vitro using cyto- 
kine-stimulated RHEC lines by measuring C3 and 
C5b-9 (MAC) binding. Allosera-induced binding of 
these complement factors was tested and compared 
with immune serum and control Tx sera. FACS analysis 
(Fig. 2) showed that immune serum and anti MHC allo- 
sera, incubated either with GP or rat complement, in- 
duced C3 formation on EC. Anti non-MHC allosera 
showed some C3 expression with GP complement but 
hardly with rat complement. Effects of allosera on for- 
mation of C5b-9 complexes on EC was studied with rat 
complement due to lack of antibodies to the GP C5b-9 
complex. Low C5b-9 expression was measured in EC 
treated with either immune serum, anti MHC, or anti 
non-MHC allosera. In this respect for anti-non-MHC al- 
losera (but not for anti MHC and immune serum), C5b- 
9 binding as a parameter for complement activation did 
not correspond with the data as collected for rat C3. 

Complement-mediated cytotoxicity for EC is induced 
by anti MHC but hardly by anti non-MHC allosera 

Whether allosera-induced complement activation on EC 
as measured by FACS analysis for C3 and C5b-9 binding 
has lytic effects was tested in a 51 chromium release assay 
using cytokine-stimulated RHEC cultures. As shown in 
Fig.3, a distinct lytic effect was measured with anti 
MHC allosera using GP serum as source for comple- 
ment. With anti-non-MHC allosera only minor comple- 
ment-mediated cytotoxicity was measured using GP 
complement. When in the cytotoxicity assay, the GP 
complement source in the allosera incubations was ex- 
changed with rat complement, a much lower lytic effect 
was observed for both sera (Fig. 3) .  Since also the lytic ef- 
fect of immune serum was much lower with rat versus GP 
serum, it was thought that this could be related to the in- 
hibitory activity of syngeneic complement controlling 
proteins (CCP) in EC. To obtain information about this, 
both complement sources were tested for cytotoxic ef- 
fects on sheep (xenogeneic) red blood cells (SRBC) coat- 
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Fig.l A-F Immunoperoxidase staining on frozen sections of heart 
allografts. Upper 2 panels Immunostaining of a rejected MHC-mis- 
matched heart. A Staining with anti-IgG2 a showing deposition of 
alloantibody in the myocardial capillary network. B Anti-C3 stain- 
ing shows that C3 is present in the vasculature. Note the stained 
venular vessel (V). Middle 2 panels Immunostaining of a rejected 
MHC-matched heart. C Ig2a deposition in the capillary network. 
D AntLC3 staining showing the nearly absence of C3 in the graft 
vasculature. Lower Zpanefs E Anti-IgG2 a staining of a MHC-mat- 
ched allograft 8 days after Tx showing the presence of IgG2a in 
and around a large artery (A) .  F Negative control staining of a re- 
jected heart allograft. Note the negative venular vessel (V). Bar 
measures 10 pm 

ed with anti-SRBC Ab. In this setting, in which a role for 
CCP is excluded, GP complement also showed an about 
five times higher activity than rat complement. This indi- 
cates that the low effects of rat complement in cytotoxic- 
ity assays with anti MHC and anti non-MHC allosera is 
likely not an effect of CCP activity in EC. 

In situ deposition of complement factors in the allograft 
vasculature 

To obtain more information about allosera-induced 
complement activation on graft EC, we studied C3 and 
C5b-9 deposition in tissue sections of allografts. In 
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Fig.2 Complement activation 
on E C  is effected by anti-MHC 
but not much by anti non-MHC 
allosera. Immunofluorescence 
staining for C3 and C5b-9 
(MAC) expression was per- 
formed with TNFa + IFNy 
(2448 h)-stimulated E C  from 
RHEC 3. For complement acti- 
vation, EC were incubated for 
1 h with either anti MHC, anti 
non-MHC allosera, or immune 
serum in the presence of rat or 
GP complement. Binding of the 
complement factors by the test 
sera was compared with those 
from control Tx sera using the 
Kolgomorow-Smirnov test. 
Sera significantly induced the 
binding of the complement fac- 
tors ( P  < 0.001), except for Rat 
C3 induction by the anti non- 
MHC alloserum. .. . Control Tx 
sera, - test sera 

~~ 

. .  .. . . .  .. 
100 101 lo2 lo3 lo4 loo lo1 lo2 lo3 lo4 

FL1-Height FLI-Height 

An ti-MHC Anti-non-MHC Immune 
alloserum alloserum serum 

MHC mismatched rejected grafts, C3 was observed in 
the graft vasculature (Fig. 1B). In non-MHC mismatched 
rejected grafts, studied at day 8 after Tx and at the day of 
rejection, C3 was hardly detected (Fig. 1D). In both graft 
types no C5b-9 could be observed. 

Discussion 

We have been studying complement activation by anti 
EC alloantibodies in settings of MHC-mismatched and 
MHC-matched (non-MHC-mismatched) allogeneic rat 
heart Tx. Allosera reactivity with graft EC and comple- 
ment activation was detected in the graft in situ by im- 
munohistology and in vitro by FACS analysis using cul- 
tures of 3 well characterized rat-heart-endothelial-cell 
(RHEC) lines with the appropriate donor MHC and 
non-MHC haplotype [14]. Our results show that in 
MHC-mismatched and also in MHC-matched heart Tx, 
alloantibodies reactive with graft EC are generated. In 
situ and in vitro studies showed that the various IgG 
subclasses, among them the complement-fixing ones, 
were represented in the alloantibody response against 
MHC and also against non-MHC alloantigens on graft 

Rat C5b-9 

EC. Also, in clinical studies allosera reactivity with en- 
dothelial alloantigens in heart allograft rejection has 
been described. However, in these studies discrimina- 
tion between HLA and non-HLA alloantigens was not 
further elucidated [19,20]. Both the anti MHC and anti 
non-MHC allosera showed reactivity with normal, non- 
stimulated, heart EC cultures but also with cytokine- 
stimulated EC. Anti MHC allosera reactivity was in- 
creased with cytokine-stimulated EC, whereas for anti 
non-MHC allosera no differences in reactivity with 
non-stimulated and cytokine-stimulated EC were 
found. The fact that in situ alloantibody deposition was 
observed along the entire graft vasculature and that in 
vitro no differences in allosera reactivity with the 3 
RHEC lines was observed, indicates the uniformity of 
MHC and non-MHC alloantigen expression in the vas- 
cular EC population of the graft. 

Our FACS analysis studies on C3 and C5b-9 forma- 
tion by allosera on E C  cultures showed distinct C3 for- 
mation by anti MHC allosera. With anti non-MHC allo- 
sera minor C3 expression was noticed only with GP com- 
plement. Furthermore, in previous studies on alloanti- 
body’s potential to activate complement in renal al- 
lograft rejection, superiority of GP complement over rat 
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0 Guinea pig complement 
e;l Rat complement 

T T 
T 

I I 

Anti-MHC allosera Anti-non-MHC allosera 

Fig.3 Anti non-MHC allosera not very cytotoxic for EC. Cr cy- 
totoxicity tests with allosera were executed with TNFa + IFNy 
(2448 h) -stimulated E C  from RHEC 3 in the presence of GP 
complement (open bars). The srriped bars show the much lower cy- 
totoxicity of the allosera when incubated with rat in stead of GP 
complement. Experiments were executed with a series of 2 anti 
non-MHC and 2 anti MHC allosera. Values are means with stan- 
dard deviation of 3 experiments. Specific lysis by the allosera is giv- 
en as a percentage of the lysis obtained with hyper immune serum 
(collected from BN rats immunized with Lewis lymph node cells) 
and GP complement 

complement was observed [4]. This lower complement 
activation could have been effected by endothelial com- 
plement control proteins (CCP) such as decay accelerat- 
ing factor and CD 59, which are known to prevent com- 
plement activation on homologous but not heterologous 
cell membranes [12,22]. However, our studies, in which 
GP- and rat complement were both tested in a xenogene- 
ic system, showed the superiotity of GP- over rat comple- 
ment and suggest that the lower cytotoxicity effects mea- 
sured with rat complement are not likely due to inhibi- 
tion of complement activation by syngeneic CCP. That 
the relatively high complement activation obtained with 
GP serum may be effected by the presence of natural 
(xeno)antibodies to rat in the GP serum, is also unlikely, 
since the GP serum was agarose-adsorbed. C5b-9 forma- 
tion, which could technically only be measured in the rat 
complement system, was low, and no differences be- 
tween immune serum, anti MHC, and anti non-MHC, se- 
rum were found. Since these sera showed differences in 
complement-mediated lytic potentials, it suggests that 
C5b-9 expression as measured by FACS analysis is not 
representative for lytic MAC formation. 

In situ, C3 expression could be observed in the vascu- 
lature of the rejected MHC-mismatched hearts, but not 
in that of the MHC-matched hearts. These data on C3 
expression in situ are consistent with the in vitro results 
on rat C3 activation as obtained with the allosera. Al- 
though C3 expression in MHC-mismatched allografts 

was obvious, no C5b-9 could be detected. Since in vitro 
anti-MHC allosera with rat complement did effect 
some EC lysis, some C5b-9 expression in the allograft 
was expected. It may be that the immunoperoxidase 
staining applied to detect C5b-9 is not sensitive enough 
in this respect. In our study, complement-mediated cyto- 
toxicity did correlate with C3 expression. Apparently 
distinct C3 expression on EC is representative for even- 
tual formation of lytic C5b-9. Also in clinical heart or 
kidney Tx studies, classical complement activation in 
the vasculature and complement-mediated cytotoxicity 
by anti-EC antibodies has been described [21, 27, 291. 
Other studies show that C5b-9 formation may effect, in 
addition to cell lysis, other processes such as production 
of platelet activating factor, tissue factor, and cytokines 
relevant for development of vasculopathy [2,5,6,7,28, 
321. In this respect, the difference in complement activa- 
tion potentials between anti MHC and anti non-MHC 
allosera is striking, since anti non-MHC allosera do con- 
tain all0 IgG antibodies of the various IgG subclasses 
(including the best complement-fixing IgG2 b subclass 
[34]. The IgG subclass profiles of anti MHC and anti 
non-MHC alloantibodies were rather similar (data not 
shown), which suggests that low complement activation 
by anti non-MHC allosera is not likely to be due to low 
titers of complement-fixing IgG subclasses, but presum- 
ably to low antigen density of non-MHC alloantigens. In 
renal allograft rejection, furthermore, alloantibodies re- 
active with non-MHC alloantigens on graft EC have 
been described [18,23,24,37], but defined information 
on complement activation is lacking in these studies. 

In clinical heart- and kidney transplantation studies, 
the presence of anti EC alloantibodies has been associ- 
ated with chronic rejection and, in particular, vascular 
rejection, including graft arteriosclerosis [17, 24, 371. It 
is interesting that in our MHC-matched heart Tx model, 
in which grafts are rejected with delay, the development 
of arteriosclerotic-like lesions is associated with an allo- 
antibody profile consisting of anti EC IgG alloanti- 
bodies with low complement activating and lytic effects. 
These antibodies may mediate other than complement- 
mediated processes relevant for development of vascu- 
lar rejection including transplantation-associated arte- 
riosclerosis. In this respect one may specifically suspect 
interactions with Fc-receptor positive inflammatory 
cells leading to processes such as antibody-dependent 
cell cytotoxicity (ADCC), leukocyte adhesion and infil- 
tration with production of relevant cytokines and other 
inflammatory mediators. 

Acknowledgements The authors would like to thank M. Vroomen 
for technical assistance, and H. van der Heijden for heart trans- 
plantation expertise. We thank Prof. H. Bazin for donation of the 
polyclonal anti rat isotype antibodies, Prof. W. G. Couser for dona- 
tion of 2A1, Prof. M. Daha for donation of the anti GP C3 Ab, 
Prof. Dr. W. Fiers for donation of TNFu and Dr. P. van der Meide 
for donation of IFNy. 



370 

References 

1. Adams H, Tilney NL, Collins JJ, Kar- 
novsky MJ (1992) Experimental graft 
arteriosclerosis. Transplantation 53: 

2. Bevilacqua MP, Pober JS, Majeau GR, 
Cotran RS, Gimbrone MAJ (1984) In- 
terleukin 1(IL-1) induces biosynthesis 
and cell surface expression of procoag- 
ulant activity in human vascular endot- 
helial cells. J Exp Med 160: 618423 

3. Brauer RB, Baldwin I11 WM, Ibrahim 
S, Sanfilippo F (1995) The contribution 
of the terminal complement compo- 
nents to acute and hyperacute allograft 
rejection in the rat. Transplantation 59: 

11 15-1 119 

288-293 
4. Breda Vriesman van PJC, Swanen- 

Sierag L, Vlek LFM (1975) Cytotoxic 
and enhancing properties of early gam- 
maM alloantibodies elicited by first set 
renal allografts. Transplantation 20: 
385-392 

5.  Briscoe DM, Schoen FJ, Rice GE, 
Bevilaqua MP, Ganz P, Pober P (1991) 
Induced expression of endothelial-leu- 
cocyte adhesion molecules in human 
cardiac allografts. Transplantation 51: 
537-547 

6. Camussi G, Bussolino F, Salvidio G, 
Baglioni C (1987) Tumor necrosis fac- 
torkachectin stimulates peritoneal 
macrophages, polymorphonuclear neu- 
trophils, and vascular endothelial cells 
to synthesize and release platelet-acti- 
vating factor. J Exp Med 166: 1390-1404 

7. Carvalho D, Savage COS, Black CM, 
Pearson JD (1996) IgG anti-endothelial 
cell autoantibodies from scleroderma 
patients induce leucocyte adhesion to 
human vascular endothelial cells in vit- 
ro. J Clin Invest 97: 111-119 

8. Colson YL, Markus BH, Zeevi A, Du- 
quesnoy RJ (1988) Interactions be- 
tween endothelial cells and alloreactive 
T cells involved in allograft immunity. 
Transplant Proc 20: 273-275 

9. Colvin RB (1988) Renal allografts. In: 
Colvin RB, Bhan AK, McCluskey RT 
(eds) Diagnostic Immunopathology. 
Raven Press, New York, pp 151-167 

10. Colvin RB (1990) Cellular and molecu- 
lar mechanism of allograft rejection. 
Annu Rev Med 1990; 41: 361-375 

11. Crisp SJ, Dunn MJ, Rose ML, Barbir 
M, Yacoub MH (1994) Anti-endothelial 
antibodies after heart transplantation: 
the accelerating factor in transplant-as- 
sociated coronary artery disease. J 
Heart Lung Transplant 13: 81-91 

12. Dalmasso AP, Vercellotti GM, Platt JL, 
Bach FH (1991) Inhibition of comple- 
ment-mediated endothelial cell cyto- 
toxicity by decay-accelerating factor. 
Transplantation 52: 53@533 

13. Derhaag JG, Duijvestijn AM, Breda 
Vriesman van PJC (1997) Heart E C  re- 
spond heterogeneous on cytokine stim- 
ulation in ICAM-1 and VCAM-1, but 
not in MHC expression; A study with 3 
rat heart endothelial cell (RHEC) lines. 
Endothelium 5: 307-319 

14. Derhaag J, Duijvestijn A, Emeis J, En- 
gels W, Breda Vriesman van P (1996) 
Production and characterization of 
spontaneous rat-heart endothelial cell 
lines. Lab Invest 74: 437-451 

15. Derhaag JG, Duijvestijn AM, Damoi- 
seaux JGMC, van Breda Vriesman PJC 
(1997) An in vitro model for studying 
the role of graft endothelial cells in rat 
heart allograft rejection: A study on the 
regulation and function of heart endot- 
helial histocompatibility antigens and 
cell adhesion molecules. Transplant 
Proc 29: 1717-1718 

16. Derhaag JG, Duijvestijn AM, Damoi- 
seaux JGMC, van Breda Vriesman PJC 
(2000) Effects of antibody reactivity to 
MHC and non-MHC alloantigens on 
graft endothelial cells in heart allograft 
rejection. Transplantation 69: 1899- 
1906 

17. Duijvestijn AM, van Breda Vriesman 
PJC (1991) Chronic renal allograft re- 
jection: Selective involvement of the 
glomerular endothelium in humoral re- 
activity and intravascular coagulation. 
Transplantation 52: 195-202 

18. Duijvestijn A, Vlek L, Duistermaat L, 
Rie van H, Breda Vriesman P (1992) 
Chronic renal allograft rejection: the 
significance of non-MHC alloantigens. 
Transpl Int 5 [Suppl1]:639-644 

PM, Yacoub MH (1992) Anti-endothe- 
lial antibodies and coronary artery dis- 
ease after cardiac transplantation. Lan- 
cet 339: 1566-1570 

20. Ferry BL, Welsh KI, Dunn MJ, Law D, 
Proctor J, Chapel H, Yacoub MH, Rose 
ML (1997) Anti cell surface endothelial 
antibodies in sera from cardiac and kid- 
ney transplant recipients. Transplant 
Immunol5: 17-24 

21. Feucht HE, Felber E, Gokel MJ, Hille- 
brand G, Nattermann U, Brockmeyer 
C. Held E, Riethmiiller G, Land W, Al- 
bert E (1991) Vascular deposition of 
complement-split products in kidney 
allografts with cell-mediated rejection. 
Clin Exp Immunol86: 464470 

19. Dunn MJ, Crisp SJ, Rose ML, Taylor 

22. Funabashi K, Okada N, Matsuo S, Ya- 
mamoto T, Morgan BP, Okada H (1994) 
Tissue distribution of complement reg- 
ulatory membrane proteins in rats. Im- 
munology 81: 444451 

23. Gilks WR, Gore SM, Bradley BA 
(1990) Renal transplant rejection. 
Transient immunodominance of HLA 
mismatches. Transplantation 50: 

24. Joyce S, Flye MW, Mohanakumar T 
141-146 

(1988) Characterization of kidney cell- 
specific, non-major histocompatibility 
complex alloantigen using antibodies 
from rejected human renal allografts. 
Transplantation 46: 362-369 

25. Kilgore KS, Shen JP, Miller BF, Ward 
PA, Warren JS (1995) Enhancement by 
the complement membrane attack 
complex of tumor necrosis factor-in- 
duced endothelial cell expression of e- 
selectin and ICAM-l. J Immunol 155: 

26. Maciag T, Cerendulo J, Isley S, Kellu 
PR, Forand R (1979) An endothelial 
growth factor from bovine hypothala- 
mus: identification and partial charac- 
terization. Proc Natl Acad Sci USA 76: 
5674-5678 

27. Orosz CG (1994) Endothelial activation 
and chronic allograft rejection. Clin 
Transplant 8: 299-303 

28. Pelletier RP, Morgan CJ, Sedmak DD, 
Myake K, Kincade PW, Ferguson RM, 
Orosz CG (1993) Analysis of inflam- 
matory endothelial changes, including 
VCAM-1 expression, in murine cardiac 
grafts. Transplantation 55: 315-320 

29. Qian Z, Jakobs FM, Pfaff-Amesse T, 
Sanfilippo F, Baldwin WM 31d (1998) 
Complement contributes to the rejec- 
tion of complete and class I major his- 
tocompatibility complex- incompatible 
cardiac allografts. J Heart Lung Trans- 
plant 17: 470-478 

30. Russell PS, Chase CM, Winn HJ, Col- 
vin RB (1994) Coronary atherosclerosis 
in transplanted mouse hearts. J Immu- 
no1 152: 5135-5140 

31. Saadi S, Platt J (1995) Transient pertu- 
bation of endothelial intigrity induced 
by natural antibodies and complement. 
J Exp Med 181: 21-31 

Stern DM, Platt JL (1995) Complement 
mediated regulation of tissue factor ac- 
tivity in endothelium. J Exp Med 182: 

1434-1441 

32. Saadi S, Holzknecht RA, Patte CP, 

1807-1814 



371 

33. Schilfgaarde van R, Hermans P, Terp- 
stra JL, Breda Vriesman van PJC (1980) 
Role of mobile passenger lymphocytes 
in the rejection of renal and cardiac al- 
lografts in the rat. A passenger lympho- 
cyte mediated graft versus host reaction 
amplifies the host response. Transplan- 
tation 29: 209-213 

34. Sekhavat M, Ravoet AM, Neirynck A, 
Sokal G (1990) Rat monoclonal anti- 
bodies for complement mediated and 
cell mediated cytolysis. In: Bazin H (ed) 
Rat hybridomas and rat monoclonal 
antibodies. CRC Press, Boca Raton, pp 
446-454 

35. Tixier D, Tuso P, Czer L, Yasunaga C, 
Tyan D, Fishbein M, Admon D, Barath 
P, Blanche C, Cramer DV, et a1 (1993) 
Characterization of anti-endothelial 
cell and anti-heart antibodies following 
heart transplantation. Transplant Proc 
25: 931-934 

36. Vaporciyan AA, Mulligan MS, Warren 
JS, Barton PA, Miyasaka M, Ward PA 
(1995) Up-regulation of lung vascular 
ICAM-1 in rats is complement depen- 
dent. J Immunol155: 1442-1449 

37. Woude van der FJ, Deckers JG, Mallat 
MJ, Yard BA, Schrama E, Saase van JL, 
Daha MR (1995) Tissue antigens in tu- 
bulointerstitial and vascular rejection. 
Kidney Int 52 [Suppl]:Sll-13 


