
INTRODUCTION

The long-term success of cardiac transplantation, currently
limited by the high incidence of transplant-related coronary
artery disease, appears to be connected with antecedent episodes
of allograft rejection [1,2], and/or ongoing immune response
against donor MHC antigens [3]. The probability of developing a
high-grade rejection was markedly decreased six months after
heart transplantation (HTX), enabling reduction of immuno-
suppressive therapy over time [4]. This is accompanied by a pro-
gressive diminution in the number of T cell clones recognizing
immunodominant donor alloantigen determinants and a gradual
shift in the T cell repertoire, leading to recognition of multiple
new epitopes [5].

Polyclonal antilymphocyte antibody (ATG) has been proven
to be potent immunosuppressive reagents used in organ trans-
plantation since the late 1960s [6]. As comparison to ATG, mon-
oclonal antibody (mAb) OKT3 has been extensively used in
organ transplantation with limited success [7]. With the clinical
application of mAb against the CD25 in HTX, the importance of
induction therapy and its potency to reduce acute allograft rejec-
tion rates has advocated its imperative use, concomitant to intro-
duction of triple therapy [8].

Specific and unspecific triggering of naive lymphocytes up-
regulate the expression of death-inducing receptors (DIR) and
primes cells to activation-induced cell death (AICD) [9]. It has
been previously reported that antibodies (Abs) specific for MHC
class I molecules [10,11], or recognizing CD2 [12], CD30 [13],
CD45 [14] and CTLA-4 [15] may cause apoptosis in activated T
cell, whereas anti-MHC class II and class I Abs can also trigger
B cell apoptosis [16]. The major pathway of AICD uses the inter-
action between the CD95 (Fas receptor; Apo-1) and CD95 ligand
(CD95L; FasL) [16,17]. This pathway ensures elimination of acti-
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vated T cells, and has a crucial role in the maintenance of 
lymphocyte homeostasis [17].

In the present study we investigated whether the tumour
necrosis factor-a receptor type 1 (TNFR1, CD200a), CD95 and
CD95L are up-regulated in HTX recipients, and if T cells are 
susceptible to undergo apoptosis. The capacity of mono- and 
polyclonal antibody (ATG, anti-IL-2R and OKT3), utilized in
induction therapy after allograft transplantation, to inhibit CD3-
driven T cell proliferation, and their potency to induce apoptosis/
necrosis in T cells from HTX recipients was evaluated.

MATERIALS AND METHODS

Patients and treatment
Retrospectively, 618 adult patients hospitalized at General 
Hospital of Vienna University between June 1984 and January
2000 were evaluated who presented ISHLT grade II/III rejection
within one year. Recipients of previous allografts, left ventricular
assist device, positive cross match for T lymphocytes or such 
who had other therapy regimens, other than described below,
were excluded. Immunological studies were performed in 28
patients classified by the New York Hearth association (NYHA)
as class IV, and as status I by United Network of Organ Sharing;
who either received a cadaver heart (n = 14; designated as 
HTX group), or remained on medical management awaiting
cardiac transplantation (n = 14; further referred to as NYHA 
class IV control; all, in vivo, experiments were performed in
patients who were free of transplant-associated vasculopathy 
as verified by intravascular ultra-sound (IVUS) at regular 
12 month angiogram. Moreover, all patients were free of infection
for at least one month and had at time of blood draw C-reactive
protein levels below 0·5 mg/dl. The study was approved by the
local ethical review board and patients had given informed
consent.

As standard immunosuppressive therapy patients received
ATG (Pasteur Merieux Connaught, Lyon, France), at a dosage 
of 2 mg/kg body weights per day for the first 7 days after trans-
plantation in a 4-h course. Cyclosporin A (CyA) was initially
applied intravenously (iv), then switched to oral medication 
and progressively adjusted to 200–250 ng/ml. Azathioprine was
administered within 24 h after transplantation, and after extuba-
tion was given at a dosage of 2 mg/kg bodyweight. Steroids were
given iv (500 mg) for allograft prevascularization and then 375 mg
daily during the first week. Per oral treatment was initiated with
0·15 mg/kg.

Heart catheterization and IVUS
After intracoronary administration of 0·2 mg nitroglycerine, an
IVUS catheter was pushed into the coronaries, and catheter pull-
back was performed manually. HTX recipients were angiogra-
phically evaluated after 1, 5 or 10 years on regular basis or when
they developed angina pectoris.

Allograft rejection
Rejection of the allograft was assessed by endomyocardial biop-
sies, and surveillance was performed after 1, 2, 3, 4 and 7 weeks
and 3, 6, 12 months after transplantation. Patients with acute allo-
graft rejection episodes, histological defined as an ISHLT grade 
2 or higher, were treated for 3 days with 1000 mg prednisolone. 
If a steroid-resistant rejection was verified 7 days post diagnosis,

OKT-3 mAb (5 mg/day; Coulter, Fullerton, CA, USA) was
administered.

Cell immunophenotype and quantification of apoptotic 
T cells by flow cytometry
Flurochrome-labelled anti-CD4, anti-CD8 and anti-CD95
(PharMingen, San Diego, CA, USA) mAb were used in two- or
three-colour immunofluorescence analysis [18].

Peripheral blood mononuclear cells (PBMC) isolated by
Ficoll gradient centrifugation were triple stained with mAb
directed against annexin-V, 7-aminoactinomycin D (7-AAD),
and/or anti-CD4 and CD8 mAb as described previously [18,19].
The samples were analysed with a FACScan 500 flow cytometer
(Becton Dickinson, San Jose, CA, USA).

Detection CD95L by Western blot analysis
A total of 5 ¥ 106 PBMC were sonicated in PBS containing pro-
tease inhibitor mixture and centrifuged for 30 min at 15 000 ¥ g at
4°C. Protein concentration was measured using Bio-Rad protein
assay. To each lane of tris-glycine gels, 7 mg of cytosolic extracts
were added, gels were then transferred to nitrocellulose mem-
branes and immunoblotting performed using mouse antihuman
CD95L mAb (PharMingen). Goat antirabbit IgG labelled with
horseradish peroxidase was employed to indicate sites of primary
Abs binding. Densitometry was performed using ImageQuant,
Molecular Dynamics (Foster City, CA, USA).

Quantification of soluble TNFR1 (sTNFR1) and 
histones by ELISA
Serum levels of sTNFR1 were measured by ELISA [18]. Soluble
histones were quantified by a commercial ELISA using mAb
directed against DNA-associated fragments (H1, H2A, H2B, H3,
and H4). This allows the specific determination of the cytoplasm-
derived mono- and oligonucleosomes in the serum samples. An
ELISA plate reader adjusted to an OD of 405 nm measured 
histones.

Inhibition of cell proliferation by ATG
PBMC (105) were added to 96-well flat-bottomed plates in 200 ml
complete culture medium. Cells were stimulated with anti-CD3
mAb (10 mg/ml) for 48 h at 37°C and coculture with various con-
centrations of IgG, anti-IL-2R (Daclizumab; a humanized Ab
against IL-2Ra, purchased from Hoffman-LaRoche, Basel,
Switzerland), OKT-3 or ATG. After 48 h of culture cells were
pulsed for 16 h with 3H thymidine (3·7 ¥ 104 Bq/well). Cells were
harvested and 3H thymidine uptake was measured in a liquid 
scintillation counter.

AICD in PBMC from healthy donors and transplant recipients
PBMC (5 ¥ 106) isolated from healthy donors were added to 12-
well flat-bottomed plates in 1 ml medium and incubated for 18 h
with anti-CD3 mAb (10 mg/cc). After discarding supernatant and
one wash, PBMC were resuspended in medium supplemented
with anti-IL-2R, OKT3 and ATG, and control IgG Abs (50 mg/cc).
Cells were cultured for additional 12 h, and triple stained with
anti-CD4 mAb, annexin-V and 7-AAD.

In further experiments, a total number of 5 ¥ 106 PBMC, iso-
lated from HTX recipients, were cultured for 24 h with anti-CD3
mAb, and with Ab to ATG, OKT3, IL-2R or IgG isotype control
Ab (50 mg/cc). Cells were stained with mAb to CD4, annexin-V
and 7-AAD and analysed by flow cytometry [19].
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RESULTS

Immunosuppressive therapy
The influence of standard immunosuppressive therapy (ATG,
CyA, azathioprine and steroids) on the incidence of rejection
episodes was investigated retrospectively in a cohort of 618 HTX
patients. The calculated freedom of rejection ISHLT ≥2–3 was
89% at 3 months and 86% one year after transplantation (Fig. 1).

CD95 and CD95L expression
As shown in Table 1 the percentage of CD4 and CD8 T cells
expressing CD95 molecules was significantly higher in HTX re-
cipients as compared to NYHA class IV controls (P < 0·001).

Since CD95L is an apoptosis-inducing member of the TNF
family, and production of the CD95L is a calcineurin-dependent
process triggered by the TCR/CD3 complex, it was of interest to
investigate expression of CD95L in T cells from HTX recipients.
Western blotting analysis revealed that T cells from both HTX
recipients and NYHA class IV controls have approximately 2–4
fold higher levels of cytoplasmic CD95L, as well as of CD95, in
comparison with cells from healthy controls (Fig. 2).

Annexin-V binding and histones expression
T cell triggering via CD95 antigen initiates AICD, which culmi-
nates in translocation of phosphatidylserine from the inner leaflet
of the plasma membrane to its external leaflet. As can be seen
from Table 1, the expression of phosphatidylserine, as defined by
annexin-V binding, was significantly increased in both CD4+ and
CD8+ T cells from HTX recipients compared with NIHA class IV
controls (P < 0·001).

To further confirm these data, circulating histones in the sera
of HTX recipients and heart failure controls were measured by
ELISA, using mAbs reacting with specific histones. Sera from
HTX recipients contained significantly higher levels of histone
fragments (P < 0·001) compared to those from NYHA class IV
controls (Table 1).

Soluble TNFR1
Activation of lymphocytes and induction of apoptotic pathways
is initiated by TNF binding to TNFR, which may be followed by
cell activation and TNFR1 shedding. To investigate whether the
increased susceptibility of T cells to undergo increased AICD in

HTX recipients versus NYHA class IV controls we measured
sTNFR1 serum level. The mean serum concentrations of sTNFR1
were significantly higher in HTX patients (P < 0·001) than in
NYHA class IV controls (Table 1).

AICD in T lymphocytes of HTX recipients
Since preactivated T cells that express CD95 are susceptible to
AICD after stimulation by specific signals via the TCR/CD3
complex, which are then amplified by costimulatory molecules, we
investigated whether the observed defects might be related to

Fig. 1. The influence of standard triple immunosuppressive therapy
(ATG, CyA and steroids) on the incidence of allograft rejection episodes.
In a single centre retrospective cohort study of 618 HTX patients the
episodes of rejection are indicated by Kaplan-Meier analysis. The calcu-
lated freedom of rejection ISHLT ≥2–3 was 89% at 3 months and 86% one
year after transplantation.
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Table 1. Differences between PBMC isolated from HTX recipients and
NYHA class IV heart failure controls

n Control HTX

CD95+/CD4+ (%) (n = 6) 30·6 ± 6·1 64·8 ± 7·4*
CD95+/CD8+ (%) (n = 6) 28·4 ± 6·3 83·6 ± 6·5*
Annexin V+/CD4+ (%) (n = 6) 6·7 ± 1·2 26·6 ± 7·3*
Annexin V+/CD8+ (%) (n = 6) 5·3 ± 1·3 40·3 ± 9·2*
Histone (OD405 nm) (n = 14) 0·22 ± 0·1 0·56 ± 0·1*
sTNFR1 (ng/ml) (n = 14) 1·1 ± 0·4 2·3 ± 0·3*

PBMC were stained with anti-CD4, anti-CD8 and than with anti-CD95
mAb, and/or with annexin-V and analysed by FACS. Serum level of his-
tones and of sTNFR1was measured by ELISA. The results are expressed
as mean ± s.e.m. Statistical significance: *P > 0·001 (calculated by Student’s
t-test).
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Fig. 2. Analysis of CD95 (Fas) and CD95L (FasL) expression by
immunobloting. PBMC isolated from healthy donors (lane 1), NYHA
class IV heart failure controls (lane 2) and HTX recipients (lane 3) were
lysed, blotted on nitrocellulose membrane and stained by with mAb
against Fas or FasL as shown in materials and methods. Data of three 
densitometric measurements are expressed as mean ± s.e.m.
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AICD. A typical example of the flow cytometry profile is 
shown in Fig. 3. After 24 h cell culture with IgG isotype control,
33·6% of CD3+ T cells from a HTX recipient expressed phos-
phatidylserine, as indicated by annexin-V binding. Only 3·97% 
of these cells were 7-AAD+. Stimulation of T lymphocytes with
anti-CD3 mAb increased the proportion of 7-AAD+ cells to 8·7%,
representing a 119% AICD augmentation. By contrast, there was
no difference in the proportion of annexin-V binding cells from
NYHA class IV control that underwent cell death after culture
with IgG or anti-CD3 mAb (1·97 versus 2·13%).

Inhibition of T cell proliferation by ATG, OKT3 and 
anti-IL-2R Ab
The capacity of Abs utilized in induction therapy trials to inhibit
proliferation of resting T lymphocytes isolated from healthy
donors, and costimulated in vitro by anti-CD3 mAbs, was inves-
tigated in a conventional blastogenesis assay. A dose-dependent
inhibitory capacity, relative to control IgG, was induced by ATG
and IL-2R Ab, and partially by OKT3 (Fig. 4).

Ab-driven AICD in T cells from healthy controls
Since Abs are able to inhibit T cell proliferation we next investi-
gated whether this phenomena might be related to apoptosis
and/or necrosis. The results depicted in Fig. 5 show a significant
increase of annexin-V binding to CD4+ T cells cultured in the
presence of ATG, as compared to IgG, OKT3 or IL-2R (P < 0·05).
In addition, ATG had the greatest potency to induce AICD in
CD4+ T cells, relative to OKT3, anti-IL-2R and IgG control Ab,
as indicated by 7-AAD staining (P < 0·001).

AICD in HTX recipients
In further experiments we compared the sensitivity of T cells from
HTX recipients to undergo AICD. The results from FACS analy-
sis, show that anti-IL-2R Ab, anti-OKT3 mAb, and ATG induced
a significant fold increase in proportion of CD3+ stained by 7-
AAD, relative to the level of IgG control Ab (Fig. 6). Further-
more, ATG was the most potent AICD inducer as compared to
OKT3 or anti-IL-2R Ab (P < 0·05).

DISCUSSION

The allograft transplantation is associated with increased pronic-
ity of autologous T cells to undergo AICD in vitro mediated by
aberrant CD95/TNFR1 activation in vivo. Moreover, mono- and
polyclonal Ab utilized as induction therapy, have the ability to

© 2002 Blackwell Science Ltd, Clinical and Experimental Immunology, 128:175–180
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Fig. 3. Anti-CD3 antibodies-driven activation-induced CD4+ T cell death.
PBMC isolated isolated from HTX recipients and NYHA class IV heart
failure controls were cultured for 18 h in the presence of IgG or anti-CD3
mAb. Thereafter, cells were harvested, washed and stained with anti-CD4
mAb (PE conjugated) and annexin-V (FITC-labelled) and/or 7-AAD.
FACS analysis show the results from one representative experiments. The
percentage of CD4+ T cells that bind annexin-V and 7-AAD is indicated
in the upper right quadrant.

Fig. 4. Inhibition of anti-CD3 antibodies-induced T cell proliferation.
PBMC isolated from apparently healthy donors (n = 4) were stimulated
with anti-CD3 mAb (10 mg/ml) for 48 h at 37°C and cocultured with the
indicated concentrations of (�) anti-IL-2Ra (Daclizumab; humanized
anti-IL-2Ra Ab), (�) OKT-3, (�) ATG or IgG control Abs. After 
this culture treatment cells were pulsed for 16 h with 3H thymidine (3·7 ¥
104 Bq/well). Cells were harvested and 3H tymidine uptake was measured
in a liquid scintillation counter. The proliferative response relative to IgG
control (100%) is presented as mean ± s.e.m.
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Fig. 5. Antibodies-driven AICD in CD4+ T cells from healthy volunteers.
PBMC isolated from apparently healthy donors (n = 4) were cultured for
24 h with ATG, OKT-3, anti-IL-2Ra or IgG control Abs, and stained with
mAb directed to CD4, annexin-V (�) or 7-AAD (�). The results are
expressed as mean ± s.e.m. Statistical significance: *P < 0·05; **P < 0·001.
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activate resting T cells and to induce apoptosis. A major common
feature of ATG treatment is the reduction in the number of
peripheral blood lymphocytes, which usually persists throughout
the administration period, and slowly reverses thereafter. Our
results show that ATG has the highest ability to induce apopto-
sis and AICD in vitro, in comparison to OKT3 or anti-IL-2R Ab,
an effect that may partially explain its immunosuppressive activ-
ity. Since the probability of developing a high grade rejection is
increased during the first six month following transplantation,
then progressively diminishes over time, our results suggest that
primary clonal deletion after allograft implantation of alloreac-
tive T cells through TNF-, CD95-, CD95L-mediated AICD may
be an important mechanism by which a HTX recipient develops
progressive tolerance to alloantigens. Concomitant utilization of
induction therapy might enforce this process of immunoadaption.
ATGs are well tolerated, and therefore offer a good strategy for
induction therapy in allotranspantation, despite the occurrence of
anti-ATG Ab response and rapid clearance of circulating ATG
[20]. IL-2 is an important growth and survival factor, trigger pro-
liferation of activated CD4–, CD8–, CD4+8+, CD4+, CD8+, and gd
subsets of T cells [21]. Furthermore, IL-2 facilitates the induction
of cytolytic effector T cells, and induces the proliferation and Ab
production by stimulated B cells. In order to exert its biological
functions, IL-2 must interact with specific high-affinity membrane
receptors [22]. Binding of IL-2 to IL-2Ra (CD25, Tac) trigger
intermolecular transphosphorylation and activation of the recep-
tor-associated protein tyrosine kinases, Janus kinase (Jak) 1,
which binds to IL-2Rb (CD122), and Jak3, which binds to IL-2Rgc

(CD132) [23,24]. The IL-2Ra is expressed on activated T cells,
which are involved in allograft rejection and autoimmune disor-
ders, but not on resting T cells [25]. In our experiments the
humanized anti-IL-2Ra Ab Daclizumab inhibited CD3-driven T
cell proliferation in a dose-dependent manner and triggered
AICD.

In HTX recipients approximately one third of T cells were
apoptotic, as indicated by annexin-V binding. It is well known 
that apoptosis is associated with enhanced DNA accessibility to
endonuclease and granzymes-driven fragmentation, that cleaves
core histones into small fragments [26]. The high concentration of
soluble histones measured in the sera of HTX patients is further
indicative of apoptosis. Our results suggest that activated T cells
undergo suicide and that CD95-mediated AICD, one of the main
mechanisms in maintaining homeostasis, is a hallmark of allograft
transplantation. This may be a pathway by which the immune
system depletes alloreactive T cell clones in HTX recipients, and
develops progressive tolerance to alloantigens, contributing to
graft adoption.

This report demonstrates that the autologous immune system
is preactivated with increased expression of professional DIR,
members of the TNF receptor superfamily. Amongst these struc-
tures, the CD95 and TNFRs are well characterized [27]. CD95L
and anti-CD95 Ab bind to extracellular part of CD95, and cross-
link and oligomerize the CD95 receptor. The cytoplasmic portion
of CD95 contain so-called death domain that upon trimerization
and conformational changes allow binding of other signalling
molecules, and form the death-inducing signalling complex
(DISC) [27]. Bcl-2 family of proteins, containing pro-apoptotic
members like Bax, Bak and Bad, and antiapoptotic members 
like Bcl-2 and Bcl-HL, tightly regulates the death machinery
[28,29]. Since IL-2 inhibits transcription and expression of cellu-
lar FLIP/FLICE-inhibitory protein [30] and enhances transcrip-
tion of CD95L [30], the IL-2 producing Th1 cells are selectively
susceptible to AICD following CD95 engagement. The Th2
subset of CD4+ cells, appear to be resistant to this special type of
apoptosis [28], which in transplant recipients may be caused by
up-regulation of protective molecules such as Bcl-XL and Bag-1
[31].

TNF, like other cytokines, exerts its biological function by
binding to specific, high affinity cell receptors. Two types of TNF
receptors, type I (TNFR1; CD120a, TNFR-p55;) and type 2
(TNFR2; CD120b, TNFR-p75) have been identified and charac-
terized [32,33]. Cleaved fragments of both TNFR1 and TNFR2
have been detected in the urine and serum of patients with a
variety of disease [34]. sTNFR are considered as parameters of
cell-mediated activation, and their measurement may have diag-
nostic value for monitoring post-transplant allograft and predict-
ing immunological complications such as rejection or infection
causing postoperative morbidity. In our study, particularly intrigu-
ing was the high level of sTNFR1 in the sera of HTX recipients.
This indicates augmented TNF-(gene transcription and cytokine
production.

Our results suggest that the allograft implantation may force
the immune system to induce a persistent long lasting T cell
priming with consecutive state of susceptibility towards AICD.
They point to an additional mechanism by which the autologous
immune competent cells are aberrantly activated by alloantigens,
and demonstrate various efficacies to induce apoptosis and AICD
in allotransplant-activated T lymphocytes.
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Fig. 6. Antibodies-driven AICD in CD3+ T cells from HTX recipients.
PBMC isolated from HTX recipients (n = 4) were cultured for 24 h with
ATG, OKT-3, anti-IL-2Ra or IgG control, and stained with anti-CD3 mAb
and 7-AAD. The results are expressed as mean ± s.e.m. Statistical signifi-
cance: *P < 0·05.
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