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Summary

Although a beneficial effect of hydroxy-methylglutaryl coenzyme A (HMG-
CoA) reductase inhibitors, i.e. statins, on cell-mediated immunity has been
suggested in vivo and in vitro, little is known about the molecular and bio-
chemical events by which statins inhibit T cell proliferation. To address this
question, we investigated the effects of atorvastatin (AT) on intracellular
cytokine production, T cell activation markers, cell cycle progression and
apoptosis in human CD4+ T cells. AT did not influence intracellular cytokine
production after short-term stimulation of whole blood with phorbol
myristate acetate (PMA)/ionomycin or superantigen (SEB). In contrast, AT
influenced CD45RA to RO switching dose-dependently, as well as CD25
expression, and caused cell cycle arrest in the G1 phase after long-term T cell
stimulation. This occurred in conjunction with a reduced expression of
cyclin-dependent kinases 2 and 4 and p21wav1/cip1 and was paralleled by an
increased protein expression of p27kip1. In addition to G1 arrest, increased
apoptosis was observed in AT-treated cells. In line with this, the expression of
Bcl-xl and pBad were decreased by AT. Apoptosis was independent of caspases
3 and 9 activation. The inhibitory effect of AT on T cell proliferation could be
overcome by addition of mevalonic acid or geranylgeranyl pyrophosphate,
but not by farnesyl pyrophosphate or squalen, suggesting reduced protein
prenylation. Activation of Rho, Rac and Ras were strongly reduced in
AT-treated T cells, suggesting that impaired geranylation of these molecules
might underlie the inhibitory effect of AT on T cell proliferation.
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Introduction

Statins inhibit the rate-limiting enzyme of the cholesterol
pathway, i.e. hydroxy-methylglutaryl coenzyme A (HMG-
CoA) reductase, thereby preventing the conversion of HMG-
CoA into mevalonic acid. Clinically, these compounds are
used primarily to treat hypercholesterolaemia. In addition,
statins have pleiotropic effects far beyond their cholesterol-
lowering characteristics [1]. Among these, modulation of
inflammatory responses by statins has gained much interest,
as they might provide an additive therapeutic effect, benefi-
cial for treatment of atherosclerosis, autoimmune diseases or
allograft rejection [2–5]. The anti-inflammatory response of
statins is believed to be mediated through the action on both
the endothelium and leucocytes [6,7]. Some statins, in par-
ticular simvastatin and lovastatin, are able to inhibit leuco-
cyte endothelial cell adhesion directly by interfering with

leucocyte function antigen/intercellular adhesion molecule
(LFA-1/ICAM-1) interactions [8]. Statins also inhibit inter-
feron (IFN)-g-induced major histocompatibility complex
(MHC) class II expression by inhibition of class II trans-
activator (CIITA) gene expression [9]. Furthermore, statins
have the propensity to shift the T cell cytokine profile from T
helper (Th)1 to Th2, as demonstrated in animal models
[10,11] and in patients suffering from acute coronary syn-
drome [12].

The pleiotropic effects of statins are likely to be a conse-
quence of impaired activation of signalling molecules
[6,7,13]. Because mevalonic acid also serves as an important
intermediate for the synthesis of isoprenoids, i.e. gera-
nylgeranyl pyrophosphate and farnesyl phosphate, inhibi-
tion of HMG-CoA reductase will result in inhibition of
isoprenoid synthesis [14]. Hence, post-translational prenyla-
tion of signalling molecules, required for anchoring to the
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inner leaflet of the cell membrane, is lost as well as their
signalling capacity [14,15]. In particular small guanosine
triphosphatase (GTP)-binding proteins, e.g. small GTPases,
require isoprenoids to retain their function [16–20]. They
are involved in a number of cellular processes such as cell
growth, differentiation and survival, cytoskeletal organiza-
tion, endocytotic/exocytotic transport and gene expression
[13,21–24].

Small GTPases are involved at various levels in the cascade
of T cell activation [25,26]. They are involved in T cell recep-
tor (TCR) signalling as well as in actin dynamics required for
formation of the immunological synapse (IS) and T cell
polarization. Several studies have indicated that statins
impair T cell activation directly [27,28]. It remains contro-
versial, however, whether inhibition of T cell proliferation by
statins is exclusively the result of impaired T cell activation or
if other mechanisms are equally involved in this. In the
present study, we investigated the influence of AT on cytok-
ine production, T cell activation markers, cell cycle progres-
sion and apoptosis in order to obtain a better understanding
of the mechanisms by which AT treatment of human T cells
leads to a diminished proliferation.

Materials and methods

Atorvastatin, kindly provided by Pfizer (Pfizer, Karlsruhe,
Germany), was dissolved in dimethylsulphoxide (DMSO)
and prepared as 10 mM stock.

Peripheral T cells

Human peripheral blood mononuclear cells (PBMC) were
isolated from buffy coats of healthy donors by Ficoll
Hypaque (Amersham, Freiburg, Germany) density gradient
centrifugation. All procedures were performed according to
the ethical committee guidelines of the University of Heidel-
berg, University Hospital Mannheim. Informed consent was
obtained. CD4+ T cells were isolated from PBMC by negative
selection (Miltenyi Biotec, Bergisch-Gladbach, Germany).
Overall purity of isolated CD4+ T cells was above 95%, as
confirmed by fluorescence activated cell sorter (FACS)
analysis.

T cell stimulation assays

Purified CD4+ T cells were seeded in high-binding 96-well
flat-bottomed plates (Greiner Bio-One, Frickenhausen,
Germany) coated with anti-CD3 (clone UCHT-1) and anti-
CD28 (clone 37407·11), both 1 mg/ml (R&D Systems, Wies-
baden, Germany) or 50 ng/ml phorbol myristate acetate
(PMA) and 1 mg/ml ionomycin (both from Sigma-Aldrich,
St Louis, MO, USA). The cells were cultured for 3 days in
Iscove’s modified Dulbecco’s medium (IMDM) containing
10% fetal calf serum (FCS) (both from PAN Biotech,
Aidenbach, Germany) and 1% penicillin/streptomycin

(Sigma-Aldrich) in the presence or absence of various con-
centrations of AT. After 2 days, 50 ml of [3H]-thymidine
(1 mCi, Amersham) containing culture medium was added
during the final 16 h of the culturing period. [3H]-thymidine
incorporation was assessed by scintillation counting in a
liquid scintillation counter (LS 6500, Beckman Coulter,
Krefeld, Germany).

Flow cytometry

Antigen expression on CD4+ T cells was determined by qua-
druple immunofluorescence staining using directly conju-
gated antibodies to CD3, CD4, CD19, CD25, CD45RA,
CD45RO and CD69 (all from BD Biosciences, Heidelberg,
Germany). To this end, CD4+ T cells were preincubated
overnight with AT (1–10 mM) or left untreated and subse-
quently stimulated with either PMA/ionomycin or cross-
linked antibodies directed against CD3 and CD28
(CD3 ¥ CD28). On days 1–3 cells were harvested, washed
twice with phosphate-buffered saline (PBS) and incubated
for 30 min with specific monoclonal antibodies. The anti-
bodies were either conjugated to fluorescein isothiocyanate
(FITC), R-phycoerythrin (RPE), peridinin chlorophyll
(PerCP) or allophycocyanin (APC), depending on the com-
bination of specific antibodies used. Four-colour analysis
was performed on a FACSCalibur flow cytometer (BD Bio-
sciences) and the data were analysed using WinMDI 2·8
software.

To assess intracellular interleukin IL-2, IL-4, IL-10, IL-12
and IFN-g upon T cell activation, intracellular FACS stain-
ings were performed. AT pretreated (overnight, 1–10 mM)
and untreated CD4+ T cells were either stimulated with
50 ng/ml PMA and 1 mg/ml ionomycin or with 2·5 mg/ml
Staphylococcus aureus enterotoxin B (SEB) in heparinized
whole blood in the presence of 1 mg/ml anti-CD28 and anti-
CD49d (clones L293 and 9F10, BD Biosciences). Cells were
incubated in polypropylene tubes at 37°C for a total of 6 h.
During the last 4 h, 10 mg/ml of Brefeldin A (Sigma) was
added to block extracellular secretion of cytokines. After 4 h,
cells were permeabilized and stained by incubating with spe-
cific primary antibodies diluted in 10% perm-wash buffer
(BD Biosciences).

Cell cycle progression as well as DNA fragmentation was
assessed by propidium iodide staining; 1 ¥ 10-6 CD4+ T cells
were pretreated overnight with 1–10 mM of AT or left
untreated and stimulated with PMA/ionomycin or anti-
CD3/anti-CD28. On days 1–5, cells were harvested in com-
plete IMDM and centrifuged at 300 g for 5 min. Pellets were
washed twice with PBS, lysed and stained with 500 ml of
propidium iodide (PI) solution (50 mg/ml in PBS, Sigma-
Aldrich). Cells were incubated at 4°C overnight and analysed
by flow cytometry. Apoptotic cells were defined as cells with
DNA content below the G1 peak. In addition, apoptosis was
analysed by annexin–FITC stainings following the manufac-
turer’s instructions (BD Biosciences).
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RNase protection assay

Total RNA was isolated from PMA (50 ng/ml)/ionomycin
(1 mg/ml)-stimulated CD4+ T cells cultured in the presence
or absence of 10 mM of AT after 72 h using TRIzol reagent
(Invitrogen). RNA was precipitated with isopropanol,
washed with 70% ethanol and subjected to RNase protection
assays using BD RiboQuantTM multi-probe sets (BD Bio-
sciences) following the supplier’s instructions. The gels were
dried and subjected to autoradiography. The RNA tran-
scripts were identified by appropriate length of the protective
fragments. In each of the template sets the housekeeping
genes L32 and glyceraldehye-3-phosphate-dehydrogenase
(GAPDH) were included to control for equal loading.

Western blot

Cells were resuspended in lysis buffer [150 mM NaCl,
10 mM Tris-HCl, 5 mM ethylenediamine tetraacetic acid
(EDTA), 1% Triton X-100, 0·5% Na-deoxycholate, 1 mM
dithiothreitol (DTT), 1 mg/ml aprotinin, 1 mM phenylmeth-
ylsulphonyl fluoride (PMSF)]. After 5 min incubation on ice,
lysates were centrifuged for 15 min at 16 000 g. Protein
concentrations in the supernatants were measured using
Coomassie reagent (Pierce, Rockford, IL, USA). The samples
were separated on 10% sodium dodecyl sulphate–
polyacrylamide gel electrophoresis (SDS-PAGE) and blotted
semidry onto a polyvinyl difluoride (PVDF) membrane
(Roche Diagnostics, Mannheim, Germany). The membrane
was incubated overnight in 5% milk powder in Tris-buffered
saline (TBS) (10 mM Tris-HCl, pH 8·0, 150 mM NaCl)
solution. Thereafter, the blot was incubated for 1 h with spe-
cific primary antibodies, followed by incubation with appro-
priate horseradish peroxidase (HRP) secondary antibodies.
Proteins were visualized using enhanced chemolumines-
cence technology according to the manufacturer’s instruc-
tions (Pierce). To confirm equal protein loading, membranes
were stripped with 62·5 mM Tris-HCl, 2% SDS and 100 mM
b-mercaptoethanol and incubated with antibodies against
GAPDH and b-actin.

Pull-down assays

Activation of small GTP-binding proteins Rho, Rac and Ras
were assessed by pull-down assays (Pierce) according to the
manufacturer’s manuals. Guanosine triphosphate (GTPgS)
(1 mM) and guanosine diphosphate (GDP) (1 mM) served
as controls. Pull-down extracts were separated using 12%
SDS-PAGE and blotted onto PVDF membranes (Roche).
Following 3 h of blocking [3% bovine serum albumin (BSA)
in TBS] at room temperature, membranes were incubated
overnight at 4°C with specific primary antibodies to Rho,
Rac and Ras. The membranes were washed extensively
with TBS and incubated with appropriate HRP-labelled

secondary antibodies [45 min at room temperature (RT)].
Proteins were visualized using enhanced chemolumines-
cence technology according to the manufacturer’s instruc-
tions (Pierce).

Statistical analysis

For statistical analysis Student’s t-tests and analysis of vari-
ance (anova) with Tukey–Kramer’s adjustment for multiple
comparisons were applied. A P-value P < 0·05 was consid-
ered to be significant.

Results

AT inhibits proliferation of CD4+ T cells

AT dose-dependently inhibited CD3/CD28 mediated prolif-
eration (Fig. 1) as well as proliferation induced by PMA/
ionomycin (data not shown) as assessed by [3H]-thymidine
incorporation. Inhibition occurred 1 day after stimulation
and became maximal after 3–5 days (data not shown). T cell
proliferation could be restored by addition of mevalonic acid
or geranylgeranyl pyrophosphate, but farnesyl phosphate or
squalen could not overcome the inhibitory effect of AT
(Fig. 1). This suggests that protein prenylation might be
responsible for the observed inhibition of proliferation,
rather than cholesterol synthesis, and thus the integrity of
lipid rafts.
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Fig. 1. Influence of atorvastatin (AT) on CD4+ T cell proliferation.

CD4+ T cell proliferation was determined by [3H]-thymidine

incorporation after 3 days. CD4+ T cells were stimulated with

anti-CD3 and anti-CD28 (CD3 ¥ CD28). Statistical analysis was

performed by analysis of variance (anova) with Tukey–Kramer’s

adjustment for multiple comparisons. MA: mevalonic acid; GGPP:

geranylgeranyl pyrophosphate; FPP: farnesyl pyrophosphate (n = 3).
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Activation of small GTPases is reduced strongly in
AT-treated CD4+ T cells

Because protein prenylation is required for small GTPases to
become functionally active, we tested the influence of AT on
Rho, Rac and Ras activation. CD4+ T cells were cultured
overnight in the presence or absence of 10 mM AT and stimu-
lated subsequently for 16 h. As could be demonstrated by
pull-down assays, activation of Rho and Ras were inhibited
strongly by AT, while this was found to a lesser extent for Rac
(Fig. 2).

AT inhibits long-term CD25 expression but not
short-term cytokine production

To test if T cell activation was generally impaired by AT, we
investigated whether intracellular cytokine expression and
surface expression of the early T cell activation marker CD69
were also influenced by AT after short-term T cell
stimulation. No influence of AT on IL-2 or IFN-g (Fig. 3)
or on CD69 expression (data not shown) was found 6 h
after superantigen (sAG) or PMA/ionomycin stimulation.
This was also confirmed by enzyme-linked immunosorbent
assay (ELISA) technique assessing the supernatants of T cells
6 h and 24 h after stimulation with PMA/ionomycin. Again,
AT did not show any effect on cytokine profiles (data not
shown).

In contrast, prolonged stimulation revealed a clear influ-
ence of AT on T cell activation. Three days after PMA/
ionomycin stimulation 70·5% of untreated T cells were
positive for CD45RO compared to 45·1% of AT (10 mM)-
treated cells. Similar results were obtained for CD25. In the
naive T cell population (CD45RA+) 86·3% of untreated cells
were positive for CD25 compared to 71·5% in AT-treated
cells (10 mM). In the memory population (CD45RO+) 95·8%
were CD25+ compared to 78·1% in AT-treated cells (10 mM)
(Fig. 4a). Not only the percentage of CD25+ cells, but also the
mean fluorescence intensity of CD25 was influenced by AT
(Fig. 4b). The effects of AT on CD45RO and CD25 were
dose-dependent and could be prevented by addition of

AT (10 μM)               +          +                    +

Rho (24 kDa)

Active

Total

Ras (21 kDa)Rac (22 Da)

Fig. 2. Inhibition of small small guanosine triphosphatases (GTPases)

Rho, Ras and Rac. CD4+ T cells were stimulated overnight with

phorbol myristate acetate (PMA)/ionomycin in the presence or

absence of 10 mM atorvastatin (AT). Activation of small GTP-binding

proteins Rho, Rac and Ras was assessed by pull-down assays and

subsequent Western blot analysis (n = 3). Densitometry was

performed using three independent experiments. This analysis

revealed significant differences in Rho, Ras and Rac activation

between atorvastatin (AT)-treated and -untreated T cells (P < 0·01).

Fig. 3. Influence of atorvastatin on T cell

activation. CD4+ T cells were incubated with or

without 10 mM atorvastatin (AT) overnight and

stimulated with superantigen (SEB) in the

presence of anti-CD28/anti-CD49d. After 6 h,

cells were permeabilized and stained by

incubating with specific primary antibodies.

Intracellular cytokine production was measured

by fluorescence activated cell sorter (FACS)

analysis (n = 3).
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mevalonic acid and geranylgeranyl pyrophosphate (data not
shown).

AT treatment leads to cell cycle arrest and apoptosis

PMA/ionomycin stimulation of untreated CD4+ T cells
resulted in an increased proportion of T cells in the S- and
G2-phase (Fig. 5a,b). In contrast, stimulation in the presence
of AT (10 mM) revealed an arrest in cell cycle progression, as
evidenced by an increased proportion of CD4+ T cells in the
G1-phase. Concomitant with a G1 arrest, there was an
increase in DNA fragmentation over time in AT-treated T
cells, suggesting the occurrence of apoptosis. In line with
this, an increased annexin V expression was found in
AT-treated cells. This was not dependent on T cell activation,

as apoptosis also occurred in unstimulated T cells (Fig. 5c),
and was present in both the naive CD45RA+ and the memory
CD45RO+ subpopulation (data not shown). Again, the addi-
tion of mevalonic acid or geranylgeranyl pyrophosphate, but
not farnesyl phosphate or squalen, could overcome the
inhibitory effect of AT on cell cycle proliferation and T cell
apoptosis (data not shown).

To substantiate further the finding of G1 arrest and
increased apoptosis, multi-probe RNase protection assays
and Western blot analysis were performed. In AT (10 mM)-
treated cells mRNA expression of cdk1, 2 and 4 and p21 was
strongly inhibited. On protein levels, we could confirm a
reduced expression of cdk2 and 4 in the AT-treated cells,
while the expression of p21wav1/cip1 was unchanged. Although
no influence of AT on mRNA expression of p27 was

Fig. 4. Atorvastatin (AT) inhibits T cell

maturation. CD4+ T cells were stimulated with

phorbol myristate acetate (PMA)/ionomycin

in the presence or absence of various

concentrations of AT (0·1–10 mM). After 72 h T

cells were stained for CD25 and CD45RO and

fluorescence activated cell sorter (FACS)

analysis was performed. (a) Dot plot diagrams

for CD45RO and CD25. (b) Histogram for

CD25. Representative experiments (n = 3) are

depicted.
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observed, protein expression of p27kip1 was clearly increased
(Fig. 6a,b).

Inhibition of apoptosis-related mRNA expression was
found for Bcl-xl and Bax in AT-treated cells. In addition the
expression of Bcl-xl, but not Bax, was decreased in Western
blot analysis (Fig. 6c,d). Furthermore, Western blot analysis
revealed a strongly reduced phosphorylation of Bad in the
presence of AT, although the overall amount of Bad was
unchanged. Interestingly, activation of caspase 9 and caspase
3 was inhibited by AT, despite increased apoptosis in
AT-treated T cells (Fig. 6e).

Discussion

How statins influence T cell activation is of utmost impor-
tance to understand the beneficial effect of these compounds

on inflammatory conditions. In the present paper, we have
analysed how AT inhibits T cell proliferation. Our data
suggest that AT does not inhibit T cell activation in general,
as intracellular cytokine and surface CD69 expression were
not influenced after short-term T cell stimulation. In con-
trast, markers for long-term T cell activation, i.e. CD25
expression and skewing of CD45RA to CD45RO, were
diminished by AT. Moreover, cell-cycle arrest in G1 occurred
together with an increase in apoptosis. The latter was inde-
pendent of T cell activation and not related mechanistically
to caspase activation. These effects occurred using concen-
trations of 0·1–10 mM of AT, and are well within the thera-
peutic range measured in human plasma [29,30].

Studies on T cell activation have shown that TCR signal-
ling depends critically on functional compartmentalization
of membrane lipids into ordered microdomains, or lipid

Fig. 5. Influence of atorvastatin (AT) on cell

cycle progression and induction of apoptosis.

CD4+ T cells were stimulated with phorbol

myristate acetate (PMA)/ionomycin for 72 h in

the presence of various concentrations of AT

(0–10 mM). (a) Representative dot plots of

treated and untreated cells. (b) Percentage of

apoptotic cells was calculated on the basis of all

events. Cell cycle progression was measured

only in viable cells. Dot plots were transformed

into histograms after gating to determine the

percentage of each of the cell cycle phases.

(c) Staining for annexin V and subsequent

fluorescence activated cell sorter (FACS)

measurements were performed to assess the

amount of apoptotic cells after 72 h (n = 3).
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rafts. The significance of lipid rafts lies, on one hand, in their
ability to recruit signalling partners that assemble into a
mature IS, and on the other hand in their ability to regulate
actin dynamics to achieve polarization and stabilization
of the IS. Rho, Ras and Rac GTPases are key players in

orchestrating TCR signalling. Activation of these molecules
can be influenced in various ways, such as by inhibition of
GDP/GTP exchange factors (GEF), by GDP dissociation
inhibitors or by inhibiting membrane targeting [31]. Statins
inhibit the mevalonate pathway and consequently protein

Fig. 6. RNase protection assays and Western

blot analysis. CD4+ T cells were stimulated with

phorbol myristate acetate (PMA)/ionomycin in

the presence or absence of 10 mM atorvastatin

(AT) for 72 h. RNase protection assays (a + c)

and Western blot analysis (b + d) for cell cycle

proteins and proteins involved in programmed

cell death were performed. Densitometry

was performed using three independent

experiments. This analysis revealed significant

differences between AT-treated and -untreated

T cells (P < 0·01).
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prenylation, and therefore might prevent anchorage of small
GTPases to cell membranes. Moreover, statins might influ-
ence the composition of lipid rafts by decreasing the cellular
cholesterol content [32]. Ghittoni et al., however, observed
no effects of simvastatin on intracellular cholesterol levels,
raft integrity or on initial tyrosine phosphorylation following
T cell activation [28]. In addition, Aktas et al. showed an
unaffected calcium influx upon T cell activation in
AT-treated cells [33]. It therefore seems that the IS as a sig-
nalling device is not completely impaired by statins. In line
with Ghittoni et al. and Aktas et al., our own data demon-
strate that early expression of IL-2 or CD69 is not influenced
by AT.

Previously published observations in animal models
revealed that treatment with statins modulates T cell differ-
entiation towards a Th2 phenotype with an increased pro-
duction of IL-10 and a decreased secretion of IFN-g
[10,11,27]. In our study AT did not influence cytokine pro-
duction in general, measured early after superantigen (SEB)
or PMA/ionomycin (data not shown) stimulation. Our
results are supported by a study in experimental autoim-
mune uveitis using human-derived T cells, where no differ-
ences in cytokine production after AT treatment were
observed [34]. It still remains to be elucidated why AT influ-
ences cytokine production of T cells from rodents but has no
effect on cytokine profiles obtained from human T cells.

Although early T cell activation markers seem not to be
affected by AT, a strong inhibitory effect of AT on T cell
proliferation was observed after 72 h of stimulation, suggest-
ing that full T cell activation was clearly influenced. In line
with this, the expression of CD25 and skewing of naive
CD45RA to memory CD45RO was reduced by AT.

Inhibition of T cell proliferation was due most probably to
both cell cycle arrest and increased apoptosis. Cell cycle
arrest occurred in the G1-phase and was reflected by an
increased protein expression of p27kip1, which is known to
govern cell cycle progression in the late G1 phase. We also
show that the induction of p21 and various cyclin-
dependent kinases on transcriptional level are abolished in
AT-treated T cells. Similar effects of statins have also been
described in other cell types [33,35].

Increased apoptosis was not dependent on T cell activa-
tion and occurred in both CD45RA+ and CD45RO+ T cells.
In stimulated T cells we observed that cycle arrest occurred
before apoptosis was evident, suggesting that apoptosis and
cell cycle arrest were two independent events.

Blocking HMG-CoA reductase and mevalonate synthesis
prevents post-translational protein prenylation of certain
cell-signalling proteins [20]. Among the small GTP-binding
proteins, Rho, Rac and Ras are involved in cell cycle regula-
tion [36–39]. AT inhibited activation of Rho and Ras and, to
a smaller extent, of Rac. Because Rho and Ras require gera-
nylation to become functionally active [31], this might
explain why the addition of mevalonic acid or geranylgeranyl
pyrophosphate, but not farnesyl pyrophosphate or squalen,

was able to overcome the inhibitory effects of AT on T cells.
In contrast, Ras needs to be farnesylated [31]. Although AT
inhibits Ras activation, addition of FPP did not overcome the
inhibitory effects of AT on T cell proliferation or apoptosis.

Bcl-xl acts as an anti-apoptotic factor by governing mito-
chondrial permeability and catalysing mitochondrial outer
membrane polarization (MOMP) [40–43]. Expression of
Bcl-xl is under the control of nuclear factor kappa B (NFkB)
activation [44]. Its counterpart, Bad, the physiological func-
tion of which is determined by phosphorylation, is localized
in the cytosol as phosphorylated protein. Upon dephospho-
rylation Bad wanders into mitochondria and acts as a pro-
apoptotic factor by interfering with Bcl-xl. Although the
expression of Bad was not influenced by AT treatment, a
decreased phosphorylation was observed. This might influ-
ence the balance between Bcl2 family members in favour of
cell death, thus triggering pro-apoptotic mitochondrial
pathways. Release of cytochrome c triggers the cleavage of
pro-caspase 9, finally resulting in the activation of effector
caspases, i.e. caspases 3, 6 and 7. Cleavage of caspases was
observed mainly in stimulated T cells not treated with AT,
indicative of activation-induced cell death [36]. Therefore,
AT-mediated apoptosis was not caspase-dependent. This is
in contrast to earlier reports by Cafferio et al., who claimed
that AT induces activation of caspases 3 and 9 [45]. Their
experiments, however, were performed with Jurkat lym-
phoma T cells and not with primary human T cells from
healthy volunteers, as used in this study. Evidence for
caspase-independent apoptosis has been shown previously
in T cells [43], although the importance of this finding in
terms of T cell homeostasis still remains to be defined.

In conclusion, AT treatment is not influencing activation
of human T cells a priori. However, AT seems to interfere
with sustained T cell activation by inhibiting small GTPase
activation, causing an arrest in the late G1 phase and, finally,
inducing apoptosis.
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