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CD28-dependent Racl activation is

See the related Commentary beginning on page 1122.
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Azathioprine and its metabolite 6-mercaptopurine (6-MP) are immunosuppressive drugs that are
used in organ transplantation and autoimmune and chronic inflammatory diseases such as Crohn
disease. However, their molecular mechanism of action is unknown. In the present study, we have
identified a unique and unexpected role for azathioprine and its metabolites in the control of T cell
apoptosis by modulation of Rac1 activation upon CD28 costimulation. We found that azathioprine
and its metabolites induced apoptosis of T cells from patients with Crohn disease and control
patients. Apoptosis induction required costimulation with CD28 and was mediated by specific block-
ade of Racl activation through binding of azathioprine-generated 6-thioguanine triphosphate
(6-Thio-GTP) to Racl instead of GTP. The activation of Rac1 target genes such as mitogen-activated
protein kinase kinase (MEK), NF-kB, and bcl-x, was suppressed by azathioprine, leading to a mito-
chondrial pathway of apoptosis. Azathioprine thus converts a costimulatory signal into an apoptot-
ic signal by modulating Rac1 activity. These findings explain the immunosuppressive effects of aza-
thioprine and suggest that 6-Thio-GTP derivates may be useful as potent immunosuppressive agents
in autoimmune diseases and organ transplantation.
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Introduction
Azathioprine and its metabolite 6-mercaptopurine
(6-MP) are widely used as immunosuppressive and
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anti-inflammatory agents in organ transplantation
and the treatment of chronic inflammatory diseases.
For instance, azathioprine has been therapeutically
used in kidney (1) and heart (2) transplantation and
various autoimmune and chronic inflammatory dis-
eases, such as multiple sclerosis (3), rheumatoid arthri-
tis (4), systemic lupus erythematosus (5), primary bil-
iary cirrhosis (6), and inflammatory bowel diseases
(IBDs) (7-11). Although azathioprine has been in clin-
ical use for about four decades (12), its precise mecha-
nisms of action are still unknown. However, inhibition
of purine nucleotide biosynthesis with suppression of
DNA and RNA synthesis and downregulation of B and
T cell function have been suggested as major therapeu-
tic mechanisms (13-17).

The azathioprine molecule is composed of two moi-
eties: mercaptopurine and an imidazole derivative (14,
18). After oral administration and absorption, the pro-
drug azathioprine undergoes approximately 90% con-
version to 6-MP by nonenzymatic attack by sulphydryl-
containing compounds such as glutathione or cysteine
that are present in every mammalian cell (14, 19). 6-MP
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is then enzymatically converted by xanthine oxidase to
6-thiouric acid, by thiopurine S-methyltransferase
(TPMT) to 6-methyl-MP, and by hypoxanthine phos-
phoribosyl transferase (HPRT) to 6-thioguanine (6-TG).
Whereas the TPMT pathway appears to be important
for azathioprine-mediated side effects such as myelo-
suppression, the 6-TG generated by the HPRT pathway
most likely mediates the immunosuppressive properties
of 6-MP (14). In particular, lymphocytes have been
shown to enzymatically convert 6-MP to 6-TG (20).

Crohn disease is a major form of IBD leading to a
chronic granulomatous inflammation that can occur
anywhere in the alimentary tract (21). Although the
precise pathogenesis is still unknown, recent data sug-
gest that genetic factors (e.g.,, NOD2 mutations), envi-
ronmental factors (e.g., bacterial antigens), and an acti-
vation of the mucosal immune system play a major
pathogenic role (21-29). In the chronic phase of this
disease, cytokines produced by macrophages and T
lymphocytes in the lamina propria have been shown to
play a key pathogenic role (30-32). In particular, it has
recently been demonstrated that proinflammatory
cytokines such as IL-6 and IL-12 may cause T cell resist-
ance against apoptosis in Crohn disease that leads to
inappropriate lymphocyte accumulation in the gut and
disease perpetuation (30, 33).

Azathioprine is considered the gold standard of
immunosuppressive therapy for Crohn disease (11, 34).
Interestingly, it has been shown that patients with
Crohn disease who were treated with azathioprine for
only a few weeks did not respond to therapy, suggest-
ing that this drug requires prolonged periods of time
to achieve clinical responses (35, 36). Furthermore, a
recent meta-analysis demonstrated that the odds ratio
of response to azathioprine in this disease increased
with the cumulative dose administered (35). Although
azathioprine has been in clinical use for IBD for about
four decades (12), its precise mechanism of action is
still unknown (14).

In the present study, we focused on the potential
mechanism of action of azathioprine in T lymphocytes.
We observed that the small GTPase Racl is the molec-
ular target for the azathioprine metabolite 6-thiogua-
nine triphosphate (6-Thio-GTP). Azathioprine thus
appears to induce immunosuppression by inhibiting
Racl activation in T cells.

Methods

Isolation of primary CD4* T lymphocytes and lamina pro-
pria cells. Human peripheral blood mononuclear cells
(PBMCs) from healthy volunteers (25-42 years of age)
and patients with Crohn disease (31-65 years of age)
were isolated using Ficoll-Hypaque gradients. PBMCs
were further purified using CD4 monoclonal anti-
bodies attached to immunomagnetic beads according
to the manufacturer’s protocol, followed by treatment
with Detachabead (Dynal, Oslo, Norway). In some
cases, CD4" T cells were further separated by negative
selection techniques using CD45RO or CD45RA

monoclonal antibodies (PharMingen, Heidelberg,
Germany) and immunomagnetic beads (Dynal).
Reanalysis of sorted populations revealed a purity of
over 96%. Lamina propria mononuclear cells (LPMCs)
from patients with IBD were isolated from gut speci-
mens using a short-term (5-minute) digestion proto-
col with collagenase V, hyaluronidase (Sigma-Aldrich,
St. Louis, Missouri, USA), and DNase (Roche,
Mannheim, Germany), as recently described in detail
elsewhere (37). Briefly, specimens were washed in cal-
cium- and magnesium-free HBSS (HBSS-CMF), cut
into 0.5-cm pieces, and incubated twice in HBSS con-
taining EDTA (0.37 mg/ml) and DTT (0.145 mg/ml)
at 37°C for 15 minutes, followed by subsequent diges-
tion for 5 minutes with collagenase V 400 (1 mg/ml),
deoxyribonuclease (0.1 mg/ml DNase), and hyaloro-
nidase (0.1 mg/ml) in a shaking incubator at 37°C.
The digested tissue was washed twice in RPMI medi-
um containing 10% FCS and centrifuged. The tissue
was finally mechanically homogenized (DAKO
homogenizer, Hamburg, Germany) for 4 minutes, and
cells were filtered through a sterile 40-um cell strain-
er (Falcon, San Diego, California, USA). The cells were
then cultured in the presence or absence of azathio-
prine, as specified below.

Cell culture and stimulation conditions. Cell cultures of
T cells were performed in complete medium consisting
of RPMI-1640 (Biochrom KG, Berlin, Germany) sup-
plemented with 3 mM L-glutamine (Whittaker, Walk-
ersville, Maryland, USA), 100 U/ml each of penicillin
and streptomycin (Whittaker), and 10% heat-inactivat-
ed FCS (PAA Laboratories, Linz, Austria).

T cell stimulation for the analysis of azathioprine- and
6-MP—induced apoptosis. T lymphocytes were stimulated
in cell culture for 3-5 days (as specified in Results) with
coated antibodies to CD3 (0.04 ug/ml HIT3a,
PharMingen) and soluble CD28 antibodies (1 pg/ml,
PharMingen). Such CD28 costimulation is known to
prevent apoptosis of primary T cells during T cell
receptor (TCR) stimulation through activation of
bel-x, and NF-kB (38-40). In our experimental system,
we observed no further increase in T cell proliferation
upon administration of 10- or even 100-fold increased
dosages of anti-CD3 antibodies (mean values of three
experiments: no anti-CD, 138,667 cpm; 0.004 ug/ml,
296,500 cpm; 0.4 ug/ml, 306,333 cpm; 4 ug/ml,
348,500 cpm), which strongly suggests that the anti-
CD3 dosage that we used is optimal and that thereisa
true CD28-dependent effect on Racl and NF-kB acti-
vation. In addition, recombinant IL-2 (R&D Systems,
Wiesbaden, Germany) was used at a final concentration
of 40 U/ml in all experiments. Lamina propria T lym-
phocytes were stimulated with antibodies to CD2
(4 ug/ml; Immunotech, Marseille, France) and CD28
(1 wg/ml). Azathioprine, 6-MP, and 6-TG (Sigma-
Aldrich) were added to the T cell cultures at indicated
concentrations and time points. To block CD95L-
mediated (FasL-mediated) apoptosis, the NOK-1 anti-
body (4 ug/ml, PharMingen) was used whose Fab frag-
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ments bind to human CD9SL (FasL) (41). Recombi-
nant human FasL (Alexis Biochemicals, Heidelberg,
Germany) was used as positive control for the NOK-1
antibody (10 ug/ml) (data not shown).

Analysis of T cell vitality and clonal expansion. To induce
T cell expansion, purified T lymphocytes were stimu-
lated with coated antibodies to CD3 (0.04 ug/ml), sol-
uble antibodies to CD28 (1 ug/ml), and recombinant
IL-2 (40 U/ml) for the indicated periods of time. Stim-
ulated T lymphocytes were cultured in the presence or
absence of azathioprine or 6- MP (Sigma-Aldrich), as
specified in the Results. Cell viability was assessed by
trypan blue (Sigma-Aldrich) staining at the beginning
and at the end of the cell culture. The clonal expan-
sion of T cells during cell culture was calculated by the
ratio between cell numbers at the beginning and at
the end of the cell culture.

FACS analysis. Analysis of peripheral blood T cells and
lamina propria T lymphocytes by FACS (FACSscan,
Becton Dickinson, Berlin, Germany) was performed
using FITC-labeled murine antibodies to human CD4
(PharMingen), anti-mouse IgG1 isotype control anti-
bodies (PharMingen), antibodies to bcl-x, and p mito-
gen-activated protein kinase kinase (pMEK) (Santa
Cruz Biotech, Santa Cruz, California, USA), and goat
anti-mouse Fab-FITC (DAKO). For intracellular stain-
ing analysis, T cells were fixed in PBS/4% paraformalde-
hyde (Merck, Munich, Germany) for 10 minutes at
4°C, washed twice in PBS, permeabilized in PBS/0.1%
Triton X-100 (Sigma-Aldrich, Steinheim, Germany),
and treated with mouse anti-human bcl-x, or MEK
antibodies (2 ug per 5 x 105 cells) for 30 minutes on ice.
T cells were washed twice in PBS/0.1% Triton X-100
before incubation with goat anti-mouse Fab-FITC (2 ul
per 105 cells). Finally, T cells were washed twice in PBS
before FACS analysis.

Analysis of cell apoptosis by annexin V staining and by
staining according to Nicoletti. To determine induction of
apoptosis in primary T lymphocytes, cells were coin-
cubated with the indicated amounts of azathioprine,
6-MP, or 6-TG as specified in Results and then ana-
lyzed by FACS. For FACS analysis, apoptotic cells were
detected by staining with annexin V and propidium
iodide using the Annexin V FITC Apoptosis Detection
Kit I (PharMingen) (30). In brief, T cells were washed
twice in PBS, and the pellet was resuspended in annex-
in V binding buffer (PharMingen) at a concentration
of 10° cells per milliliter. Annexin V FITC and pro-
pidium iodide were added (S ul of each per 10° cells).
Samples were gently mixed and incubated for 15 min-
utes at room temperature in the dark before FACS
analysis. To verify the results obtained with the annex-
in V/propidium iodide staining, analysis of T cells dis-
playing DNA fragmentation was also determined by
the Nicoletti technique, as previously described in
detail (42). 10° T cells were fixed in 70% ethanol,
washed once in HBSS, resuspended in 1 ml of HBSS
and 1 ml of phosphate citric acid buffer (0.2 mol/I
Na,PO4 and 0.004 mol/l citric acid [pH 7.8]), and

incubated at room temperature for 5 minutes. After
centrifugation, cells were resuspended in 1 ml of
HBSS containing 20 ug/ml propidium iodide and 10
U DNase-free RNase A and incubated at room tem-
perature for 30 minutes. Finally, cells were analyzed
on a FACScan flow cytometer. Because of the frag-
mentation of DNA, apoptotic cells appear as
hypodiploid in the DNA histogram.

Analysis of cellular apoptosis by transmission electron
microscopy. For transmission electron microscopy, cells
were coincubated with 6-MP (5 uM), washed in PBS,
and fixed in 2.5% glutaraldehyde (pH 7.2) overnight.
Cells were postfixed in 1% osmium tetroxide for 2
hours and dehydrated in graded ethanol. After trans-
fer to propylene oxide, the cells were finally embedded
in agar 100 resin (Plano, Wetzlar, Germany) followed
by polymerization at 60°C for 24 hours. Semithin and
80-nm ultrathin sections were made with an ultrami-
crotome (Ultracut, Reichert-Jung, Vienna, Austria) and
placed on grids. Ultrastructural analysis and pho-
tomicroscopy were performed with a transmission
electron microscope (model EM 410, Philips, Eind-
hoven, the Netherlands).

Measurement of 6-TG levels in primary CD4* T lympho-
cytes. T lymphocytes were stimulated with antibodies to
CD3 and to CD28 as described above and treated with
the indicated amounts of azathioprine for 5 days. Cells
were washed in PBS, and the pellet was lysed in 200 ul
of dH,O followed by addition of 200 ul of 2N H,SO..
The samples were boiled at 95°C for 15 minutes to
release 6-TG. Samples were analyzed for 6-TG content
using high-performance liquid chromatography, as
previously described (19).

Isolation of mRNA from primary T lymphocytes. T lym-
phocytes were stimulated with antibodies to CD3 and
CD28 in the presence or absence of azathioprine or
6-MP. The mRNA of T cells was extracted at the indi-
cated time points using the Tri-reagent (Sigma-
Aldrich) according to the manufacturer’s protocol. In
brief, the cell pellet was lysed in 1 ml of Tri-reagent
before addition of 200 wl of chloroform (Sigma-
Aldrich, Steinheim, Germany). Each sample was gently
mixed before incubation (for 5 minutes at 20°C) and
centrifugation (12,000 g for 15 minutes at 4°C). The
aqueous phase was transferred to a fresh tube, and 0.5
ml of isopropanol (Sigma-Aldrich) was added. Samples
were allowed to stand for 5 minutes at room tempera-
ture before centrifugation at 12,000 g (for 10 minutes
at 4°C). The supernatants were removed, and the RNA
pellet was washed in 75% ethanol.

Gene arrays. mRNA from T lymphocytes was analyzed
by the human apoptosis expression array (R&D) as fol-
lows. To generate radiolabeled cDNA, 4 ul of human
apoptosis-specific primers (R&D) were added to 4 ug
of the isolated mRNA, heated in a thermal cycler at
90°C for 2 minutes, and incubated at 42°C for 180
minutes in the presence of reverse transcriptase buffer
(50 mM Tris-HCI, 8 mM MgCl,, 30 mM KCI, 1 mM
DTT), 333 uM dATP, 333 uM dGTP, 333 uM dTTP,
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1.67 uM dCTP, 20 U of RNasin, 20 uCi of 32P-labeled
dCTP (Amersham, Freiburg, Germany), and 50 U of
AMV reverse transcriptase. For hybridization, dena-
tured salmon testis DNA (Sigma-Aldrich) was pre-
warmed to 65°C in hybridization solution (0.9 M
NaCl, 0.05 M sodium phosphate, 5 mM EDTA, 2%
SDS, 0.1% PVP, 0.1% BSA, 0.1% Ficoll). The cDNA
expression array was prehybridized in 5 ml of the pre-
warmed solution for 1 hour at 65°C, followed by addi-
tion of the heat-denatured labeled cDNA. After
overnight hybridization at 65°C, the cDNA expression
array was washed in wash solution (90 mM NacCl, 5
mM sodium phosphate, 0.5 mM EDTA, 1% SDS), air
dried, and subjected to autoradiography overnight
at 80°C using Kodak BioMax MR films (Kodak,
Rochester, New York, USA).

Preparation of cellular extracts. Cells were treated with
azathioprine and 6-MP for the indicated periods of
time before extraction of cellular proteins. The cells
were then washed in PBS, resuspended in 1 ml of
T40E10N1s0 buffer (40 mM Tris-HCI [pH 7.9], 10 mM
EDTA [pH 8.0], 150 mM NaCl), put on ice for 5 min-
utes, and centrifuged for 4 minutes at 4°C at 1,000
rpm. The cell pellet was then resuspended on ice in 70
ul of buffer (10 mM HEPES [pH 8.0], 400 mM NaCl,
0.1 mM EDTA, 5% glycerol, 1 mM DTT, 1 mM PMSF)
and centrifuged at 15,000 rpm for 30 minutes at 4°C.
The protein concentrations in supernatants were
determined with the Bio-Rad Protein Assay (Bio-Rad,
Munich, Germany).

Isolation of nuclear proteins. T lymphocytes were
washed twice in cold PBS and resuspended in 500 ul of
buffer A (10 mM HEPES, 1.5 mM MgCl,, 19 mM KCl,
0.5 mM PMSF, 1 mM DTT) followed by addition of 20
ul of Triton X-100 (Sigma-Aldrich) and incubation on
ice for 5 minutes. Cells were centrifuged for 10 min-
utes at 4°C, followed by the resuspension of the
nuclear pellet in buffer C (20 mM HEPES, 1.5 mM
MgCl,, 0.2 mM EDTA, 25% glycerol, 0.5 mM PMSF, 1
mM DTT). Finally, the nuclei were homogenized using
mini stir bars for 1 hour at 4°C followed by centrifu-
gation at 15,000 rpm for 15 minutes at 4°C. The con-
centration of nuclear proteins in supernatants was
assessed using the Bio-Rad Protein Assay.

Western blots. Equal amounts of extract (30 ug) were
added to 8 ul of electrophoresis sample buffer (Firma
Roth, Karlsruhe, Germany). After boiling, the extracts
were loaded on 15% SDS-PAGE gels and electrophoreti-
cally separated. Proteins were transferred to nitrocellu-
lose membranes, and detection was performed with the
ECL Western blotting analysis system (Amersham).
Western blots were made using the following antibodies:
anti-human bcl-x, antibody (1:1000 dilution; Oncogene,
Cambridge, Massachusetts, USA), anti-human signal
transducer and activator of transcription-3 (STAT-3),
anti-human f-actin, anti-human ERK2 (Dianova, Ham-
burg, Germany), anti-human Racl, anti-human vav,
anti-human MEK, anti-human STAT3 (1:500 dilution,
Santa Cruz Biotech), anti-phospho-IkB, anti-phospho-

MEK (1:1000 dilution, PharMingen and R&D), and
HRP-linked anti-mouse, anti-rabbit, or anti-goat Ig
(1:5000 dilution; Amersham). Densitometry of Western
blots was performed using the Chemilmager 5500 soft-
ware (Alpha Innotech, San Leandro, California, USA).

Electrophoretic mobility shift assays. Electrophoretic
mobility shift assays (EMSAs) were performed as pre-
viously described (30). Oligonucleotides for EMSA were
obtained from Santa Cruz Biotech (Heidelberg, Ger-
many). The sequences were as follows: NF-kB, 5'-
AGTTGAGGGGACTTTCCCAGGC-3' and 3'-TCAACTCCC-
CTGAAAGGGTCCG-S'; and SP-1, 5'-ATTCGATCGGGG-
CGGGGCGAGC-3' and 3'-TAAGCTAGCCCCGCCCCGCT-
CG-5'. Oligonucleotides were end labeled with [32P]y-
ATP (>5000 Ci/mmol; Amersham, Arlington Heights,
Hlinois, USA) using T4 polynucleotide kinase (New
England Biolabs, Beverly, Massachusetts, USA). Radio-
labeled DNA (25,000 cpm) were added to the binding
reaction that also contained 1 pg of synthetic DNA
duplex of poly(dIdC) (Pharmacia, Piscataway, New Jer-
sey, USA), 15 ug of nuclear proteins, and binding buffer
(25 mM HEPES [pH 7.5], 150 mM KCl, 5 mM DTT,
10% glycerol). For supershift assays, 1 ug of antibodies
specific for the p50 or p65 subunit of NF-kB (both
obtained from Santa Cruz Biotech) were used. Com-
plex formation was allowed to proceed for 30 minutes
at room temperature. Finally, the complexes were sep-
arated from unbound DNA by native polyacrylamide
gel electrophoresis on 5% gels. The gels were exposed to
Kodak MS films on intensifying screens at -80°C.

Analysis of proteolytic activity of caspase-3, caspase-8, and
caspase-9. T lymphocytes were incubated with the indi-
cated amounts of azathioprine or 6-MP as specified in
the Results. Caspase-3 proteolytic activity was deter-
mined at day 5 by the caspase-3/CPP 32 fluorometric
protease assay (Bio Source, Worcester, Massachusetts,
USA) according to the manufacturer’s protocol. Cas-
pase-8 and caspase-9 proteolytic activity were assessed
in parallel by the corresponding fluorometric protease
assays (Bio Source).

Measurement of the mitochondrial membrane potential.
Changes in the mitochondrial membrane potential
(AW,,) were estimated in primary CD4* T lymphocytes
loaded with the AW,,-sensitive fluorescent dye JC-1
(Molecular Probes, Eugene, Oregon, USA). Cells were
loaded with JC-1 (10 ug/ml) for 20 minutes at 37°C,
rinsed with dye-free PBS, and analyzed by FACS. The
fluorescence emission wavelength of JC-1 depends on
the aggregation of the JC-1 molecules that in turn
depend on the AW,, (the greater the AW,,, the greater
the aggregation). Changes in AW,,, were measured by
monitoring JC-1 fluorescence at 590 nm. Carbonyl-
cyanide-4-(trifluoromethoxy)-phenylhydrazone (FCCP;
Biomol, Plymouth Meeting, Pennsylvania, USA), a sub-
stance that induces depolarization of the mitochondr-
ial membrane potential, was used as a positive control.
Cells were treated with FCCP (50 uM) for 18 hours.

Blocking of caspase-8 and caspase-9 activity. Primary
CD4" T lymphocytes from peripheral blood were iso-
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lated as described above and stimulated with antibod-
ies to CD3 and CD28 in the presence or absence of
indicated amounts of N-acetyl-Leu-Glu-His-Asp-alde-
hyde (Biomol), a reversible inhibitor of caspase-9, or
Ac-Ile-Glu-Thr-Asp-aldehyde (Bachem, Heidelberg, Ger-
many), an inhibitor of caspase-8. Apoptosis was deter-
mined by FACS analysis after S days of cell culture.

Rac and Ras activation assays. We determined the levels
of Racl- and Ras-bound GTP by immunoblot tech-
niques (Upstate Biotech, London, United Kindom). In
brief, T cells were stimulated for indicated periods of
time in the presence or absence of azathioprine, 6-MP,
or 6-TG. Cell lysates were incubated with 10 ug/ml
PAK-1 agarose (Rac assays) or 10 ug/mg Raf RBD
agarose (Ras assay) for 60 minutes (Rac assays) or 30
minutes (Ras assays) at 4°C. Agarose beads were collect-
ed by centrifugation followed by denaturation, boiling
of the samples, and SDS-PAGE analysis. Proteins were
transferred to nitrocellulose membranes and incubated
with 1 ug/ml murine anti-human Rac1 or anti-human

[0} [0} iopri o) -

a 3. Untreated 8. Azathioprine g, 6 MP
T 3 T 3 ; oo e
Qo 24 L ey Qe
=) £ £
= = =
S 24 52 52
g2 g2 el S HELLA
& 7100 10' 102 10° 10° & T10° 10' 10° 10° 10° & T 10° 10' 102 10° 10°

Annexin V Annexin V Annexin V
- 25 *
5 & 20
cn *
A 15
) 10
sa 5
T O 0
=g
5% 05 5 5  umol
Azathioprine 6-MP
() [0} i i () -
b 8s Untreated Ss Azathioprine 3 6-MP
e 5 2 5 2
8o SRS o3
£ 95 : 2% E S IS}
S T =y =y
T2 T2 o e
Se MLl 19 B 5o HENL a2k
& T10° 101102 10° 10° &~ T10° 10' 102 10° 10 &~ T 10° 10 102 10° 10*
Annexin V Annexin V Annexin V
« o 50
o R *
c > 40 *
S% 30
© o 20
s e
S £ 10
| =
- Q 0
©
0.5 5

Azathioprine

Ras (clone Ras10) antibodies overnight at 4°C, followed
by detection with goat anti-mouse HRP-conjugated IgG
(1:1000 dilution) and the ECL detection system. To ana-
lyze the capacity of 6-Thio-GTP to bind to Racl or Ras,
chemically synthesized 6-Thio-GTP (obtained from Jena
Bioscience, Jena, Germany) was used. Recombinant Racl
or Ras was incubated with radiolabeled GTP ([*H]GTP,
Amersham) and increasing amounts of 6-Thio-GTP
(0-500 uM) followed by Racl and Ras pull-down
through PAK and Raf RGD and analysis of [*’H]GTP-
bound Racl or Ras by scintillation counting.
Immunocytochemical analysis. Inmunocytochemistry
was performed as described previously (30, 43). Briefly,
T cells were stimulated as above with IL-2 and anti-
bodies to CD3 and CD28 and cultured in Lab-Tec
chambered coverglass (Nunc, Wiesbaden, Germany)
for 3-5 days, as specified in the Results. The cells were
then fixed in 4% paraformaldehyde/ PBS for 15 min-
utes and washed twice in 0.01M PBS/0.1% Tween. Cells
were then pretreated with 3% BSA in PBS/0.1% Tween
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Figure 1

Azathioprine and its metabolites induce T cell apoptosis. CD45RA (a) and CD45RO (b) T cell subsets were isolated from peripheral blood of
healthy volunteers and stimulated with antibodies to CD3 and CD28 and recombinant IL-2 in the presence or absence of indicated concentra-
tions of azathioprine and 6-MP. T cell apoptosis was assessed by FACS analysis after 5 days of cell culture. Azathioprine and 6-MP led to an
induction of annexin-positive, propidium iodide-negative T cells, suggesting that they induced T cell apoptosis. The FACS data is representative
of 6-10 independent experiments per group. The average induction of specific apoptosis from 6-10 patients per group (induction of annexin-
positive, propidium iodide-negative cells compared with untreated cells indicated by black sections of bars, induction of annexin-positive, pro-
pidium iodide-positive cells compared with untreated cells indicated by white sections) by azathioprine and 6-MP + SEM is shown in the lower
panels. Statistically significant changes are indicated (*P < 0.01). (c) Determination of apoptosis and cell cycle distribution by the Nicoletti tech-
nique. Peripheral blood CD4* T cells from healthy volunteers were stimulated as above for 5 days, followed by analysis of DNA content by the
Nicoletti technique. The percentage of apoptotic cells in the subdiploid peak is indicated by M1. (d) Azathioprine and 6-MP induce morpho-
logic changes of CD45RA CD4* T cells (upper panels) and CD45RO CD4* T cells (lower panels) indicative of apoptosis, as assessed by trans-
mission electron microscopy. Peripheral blood CD4* T cells from healthy volunteers were stimulated as above for 5 days. Upon 6-MP treatment,
T cells exhibited typical signs of apoptosis (arrowheads), with dense nuclear condensation and degeneration of organelles. Magnification, x7200.
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for 30 minutes at room temperature and incubated for
1 hour at room temperature with the primary anti-
body (1:200 dilution of rabbit anti-human Racl or
rabbit anti-human vav; Santa Cruz Biotech, Hercules,
California, USA, or PharMingen) in PBS/0.1% Tween.
Samples without primary antibody or isotope control
antibodies served as negative control and resulted in
no staining (data not shown). Next, samples were
rinsed in PBS and incubated with Cy3-labeled goat
anti-rabbit IgG antibodies (1:200 dilution; Jackson
Immuno Research, Hamburg, Germany) for 1 hour at
room temperature. Cells were rinsed with PBS, and
nuclei were counterstained with Hoechst33342 blue
for fluorescence (Molecular Probes, Burlingame, Cali-
fornia, USA). Finally, cells were washed in PBS and
analyzed with an Olympus Microscope. Six to ten
high-power fields were finally analyzed in all patients
per condition, and selected high-power fields were fur-
ther analyzed by confocal laser microscopy.

Statistical analysis. Tests for significance of differences
were made by Student’s ¢ test using the program Stat-
Works (Macintosh, Wiesbaden, Germany).

Results

Azathioprine and its metabolites induce apoptosis of activat-
ed and preactivated CD4* T cells from peripheral blood. Aza-
thioprine and its metabolite 6-MP are immunosup-
pressive drugs that are frequently used for treatment
of autoimmune and chronic inflammatory diseases

Figure 2

(a) Peripheral blood CD4* T cells from healthy volunteers were stimu-
lated with antibodies to CD3 and CD28 and recombinant IL-2 and cul-
tured in the presence or absence of 6-MP and 6-TG for 4-5 days. T cell
apoptosis was assessed by FACS analysis (upper panels). The average
level of 6-MP- and 6-TG-specific apoptosis (induction of annexin-pos-
itive, propidium iodide-negative T cells compared with untreated cells)
+ SEM from four independent experiments is shown in the lower panel.
(b) Kinetics of azathioprine-induced apoptosis in primary CD4* T lym-
phocytes. CD4* T cells were cultured in the presence or absence of aza-
thioprine for 2-5 days as indicated. T cell apoptosis was assessed by
FACS analysis at the indicated time points. (c) 6-MP suppresses clon-
al expansion of activated primary CD4* T lymphocytes in cell culture.
CD4* T cells were cultured in the presence (+) or absence (-) of 6-MP
for 3-5 days. The clonal expansion of T cells during cell culture was cal-
culated as specified in Methods. (d) CD4* T cells were cultured in the
absence of azathioprine or 6-MP for 5 days, followed by addition of
azathioprine or 6-MP to the cell culture for an additional 5 days. The
percentage of annexin-positive, propidium iodide-negative cells was
then determined at day 10 by FACS analysis. The average percentage
of azathioprine- and 6-MP-specific apoptosis (induction of annexin-
positive, propidium iodide-negative cells compared with untreated
cells indicated by black sections of bars, induction of annexin-positive,
propidium iodide-positive cells compared with untreated cells indi-
cated by white sections) + SEM is shown in the lower panel.

such as Crohn disease (11, 34). Since the regulation of
T cell apoptosis plays a major role in these diseases (44,
45), we wanted to determine whether azathioprine
induces apoptosis of primary naive or memory CD4*
T lymphocytes upon activation through the TCR/CD3
complex and CD28. Accordingly, peripheral blood
CD45RA and CD45RO CD4* T cell subsets from
healthy volunteers were isolated and stimulated with
recombinant IL-2 and anti-CD3 plus anti-CD28 anti-
bodies in the presence or absence of azathioprine and
6-MP. As shown in Figure 1a, we found that both aza-
thioprine and 6-MP caused a significant induction of
annexin V-positive, propidium iodide-negative naive
CD45RA T cells after 5 days, suggesting that these
drugs are able to induce T cell apoptosis. Similar to
CD45RA T cells, azathioprine and 6-MP induced
apoptosis of CD45RO memory T cells (Figure 1b), and
this effect on average was even more pronounced than
in CD45RA T cells. Azathioprine and 6-MP also
induced a marked increase in the number of apoptot-
ic CD4" T cells, as assessed by Nicoletti staining and
transmission electron microscopy (Figure 1, c and d).

T cell apoptosis occurred at low concentrations (5
uM) of azathioprine (Figure 1, a and b). This concen-
tration of azathioprine resulted in intracellular 6-TG
levels at day 5 (31.5 pmol/mg DNA at 0.5 uM azathio-
prine and 168 pmol/mg DNA at 5 uM azathioprine ver-
sus 0 pmol/mg DNA at 0 uM azathioprine) that were
comparable to those reported in leukocytes of patients
with Crohn disease receiving long-term azathioprine or
6-MP treatment (100-2,305 pmol/mg DNA) (46), sug-
gesting that this concentration is relevant for therapy
with azathioprine in vivo. Since 6-TG is a key metabo-
lite with immune modifier activity of both azathioprine
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Figure 3
Azathioprine treatment induces T cell apoptosis in IBD. (a) LPMCs were isolated and stimulated with anti-CD2/CD28 plus IL-2 in the pres-
ence or absence of 6-MP for 5 days followed by FACS analysis. (b) Peripheral blood CD4* T cells were isolated from patients with IBD receiv-
ing azathioprine/6-MP and patients with IBD before therapy and stimulated with anti-CD3/CD28 plus IL-2 in the presence or absence of
6-MP for 5 days. The number of apoptotic cells (annexin-positive, propidium iodide-negative cells) was determined by FACS analysis after
5 days and stratified according to clinical data on azathioprine therapy. Data represent mean values + SEM from eight patients with IBD per
group. (e-h) TUNEL assays for the detection of apoptotic lamina propria cells in patients with IBD under azathioprine therapy. Successful
azathioprine treatment associated with low-level gut inflammation was characterized by a high number of apoptotic cells (shown at low [d]
and high [g] magnification) as compared with control patients with low-level gut inflammation not receiving azathioprine (c and f). In con-
trast, unsuccessful azathioprine treatment associated with high-level gut inflammation was characterized by a very low percentage of apop-
totic cells (e and h). Data are representative of 5-13 patients per group. Magnification, x20 (bar = 100 um) (c-e) and x40 (bar = 50 um)
(f-h). (i) Quantification of the percentage of apoptotic, TUNEL-positive LPMCs in patients with IBD receiving 6-MP as compared with
untreated control patients. Clinical 6-MP responsiveness was associated with a marked, significant (P < 0.01) increase in the percentage of
apoptotic LPMCs as compared with control patients with IBD not receiving 6-MP. Data are mean values + SEM of 5-13 patients per group.

and 6-MP (14), these data were also consistent with the
hypothesis that therapeutically relevant 6-TG concen-
trations directly induced apoptosis in azathioprine-
treated primary T cells. In subsequent studies, we
therefore tested whether 6-TG was able to induce apop-
tosis. As shown in Figure 2a, 6-TG induced a marked
apoptosis of primary blood CD4* T lymphocytes that
was at least comparable to the effects of 6-MP, consis-
tent with the idea that 6-TG mediates the immunosup-
pressive properties of azathioprine and 6-MP.

Kinetic studies showed that azathioprine and 6-MP
induced T cell apoptosis after 4-5 days of cell culture only
(Figure 2b), whereas no apoptosis induction was noted
during the first 2 days after administration. This data is
consistent with the well-known delayed onset of clinical
activity of this drug (14). Azathioprine-induced induction
of apoptosis was accompanied by a reduction in the clon-
al expansion of T cells at day 5, whereas no significant
changes were seen at earlier time points (Figure 2c).

The above data suggested that azathioprine and its
metabolites induce apoptosis of T lymphocytes upon

stimulation with recombinant IL-2 (rIL-2) and anti-
bodies to CD3 plus CD28. To clarify whether azathio-
prine can also induce apoptosis of already preactivat-
ed T lymphocytes, we performed experiments in which
azathioprine or 6-MP was added after 5 days to the T
cell culture. Accordingly, azathioprine or 6-MP was
added at day 5 to the T cell cultures, and apoptosis was
determined by annexin V/propidium iodide staining
at day 10. Interestingly, azathioprine also induced
apoptosis when added at this time point, suggesting
that this drug is capable of inducing apoptosis in
already preactivated T lymphocytes (Figure 2d).
Azathioprine treatment induces apoptosis of blood and lam-
ina propria T cells in patients with inflammatory bowel dis-
eases. Next, we wanted to determine whether azathio-
prine is capable of inducing T cell apoptosis in
autoimmune or chronic inflammatory diseases in
vivo. In these studies, we focused on patients with
IBDs such as ulcerative colitis and Crohn disease, for
whom azathioprine is considered the gold standard of
immunosuppressive therapy (11, 21). It was found that
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patients treated with azathioprine or 6-MP showed a
significant increase (P < 0.05) in the number of apop-
totic blood T cells when the cells were stimulated with
CD28 in cell culture as compared with untreated
patients before therapy (Figure 3b). An additional
treatment of T cells from 6-MP-treated patients with
6-MP in vitro did not cause a further significant
increase in the percentage of apoptotic cells, suggest-
ing that the patients were treated with sufficient
dosages of 6-MP in vivo. Furthermore, we observed
that 6-MP is capable of inducing apoptosis in anti-
CD2 plus anti-CD28 activated lamina propria lym-
phocytes in ulcerative colitis (Figure 3a), suggesting
that the beneficial effect of this drug in IBD could be
due to the induction of local T cell apoptosis in areas
of intestinal inflammation. Consistent with this
hypothesis, we found that successful 6-MP treatment
in patients with IBD led to a significant increase
(P <0.01) in the number of apoptotic lamina propria
mononuclear cells as compared with untreated
patients with IBD (Figure 3, c-1). In contrast, 6-MP-
resistant patients with IBD showed no increase in the

Figure 4

Azathioprine induces a mitochondrial pathway of apoptosis. (a)
Activity of caspase-3, -8, and -9 upon treatment of T cells with 6-MP.
CD45RA and CD45RO T cell subsets were stimulated with antibod-
ies to CD3 and CD28 and recombinant IL-2 for 5 days in the presence
or absence of 6-MP, as indicated. There was a marked induction of
caspase-9 activity upon azathioprine treatment. A second independ-
ent experiment showed similar results (data not shown). Data on cas-
pase-9 activity from three independent healthy blood donors are
shown in the right lower panel. (b) Specific blockade of caspase-9 by
acetyl-LEHD-CHO (Ac-LEHD-CHO) suppresses 6-MP-induced apop-
tosis. CD4* T lymphocytes from the peripheral blood of healthy vol-
unteers were stimulated with antibodies to CD3 and CD28 in the
presence or absence of 6-MP, 10 uM acetyl-LEHD-CHO, and 10 um
acetyl-IETD-CHO. Although acetyl-IETD-CHO had little effect, 6-MP-
induced T cell apoptosis could be suppressed by acetyl-LEHD-CHO.
(c) Measurement of AW, in primary CD4* T lymphocytes upon treat-
ment with azathioprine, 6-MP, and FCCP (positive control). Periph-
eral blood CD4* T cells from healthy volunteers were stimulated with
antibodies to CD3 and CD28 and recombinant IL-2 and cultured in
the presence or absence of azathioprine or 6-MP for 5 days as indi-
cated. Cells were then loaded with JC-1 for 20 minutes followed by
FACS analysis to determine AW,,. Both azathioprine and 6-MP as well
as FCCP led to a marked reduction of AW,,, as compared with untreat-
ed primary CD4* T cells. One representative experiment of two is
shown. Aza, azathioprine; UT, untreated.

number of apoptotic cells, suggesting that 6-MP
responsiveness in patients with IBD correlates with the
presence of apoptotic lamina propria cells.

Azathioprine and its metabolites induce a mitochondrial
pathway of apoptosis that is related to CD28 signaling. In ini-
tial functional studies focusing on the mechanism of
azathioprine-induced apoptosis, we next assessed acti-
vation of caspases in primary blood T lymphocytes by
6-MP. Accordingly, CD4* T lymphocytes were stimu-
lated with rIL-2 and anti-CD3 plus anti-CD28 anti-
bodies in the presence or absence of 6-MP, and caspase
activity was determined after 5 days. As shown in Fig-
ure 4a, 6-MP led to a marked induction of both cas-
pase-9 and caspase-3, whereas the induction of cas-
pase-8, on average, was less pronounced. Since these
data suggested that 6-MP-induced apoptosis might
involve activation of a mitochondrial pathway of
apoptosis involving caspase-9, we focused in consecu-
tive studies on the role of caspase-9 in 6-MP-induced
apoptosis. It was found that acetyl- LEHD-CHO, a sub-
stance that (at the concentrations used) specifically
blocks caspase-9 activation (Figure 4b), suppressed
6-MP-induced apoptosis of primary T lymphocyrtes,
whereas acetyl-IETD-CHO, a specific inhibitor of cas-
pase-8, had lesser effects. These results strongly sug-
gest that 6-MP utilizes a caspase-9-sensitive mito-
chondprial pathway to induce T cell apoptosis upon
CD28 costimulation. Consistent with this hypothesis,
both azathioprine and 6-MP led to a loss of AW,, in
primary T cells (Figure 4c) that is known to occur dur-
ing mitochondrial pathways of apoptosis (47).

In subsequent studies on the mechanism of aza-
thioprine-induced apoptosis, we determined the
requirement of T cell costimulation with CD28 for
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azathioprine- and 6-MP-induced apoptosis (Figure
5a). It was found that azathioprine and 6-MP induced
apoptosis when primary blood CD4* T lymphocytes
were stimulated through the TCR/CD3 complex plus
CD28, whereas no apoptosis was seen when cells were
stimulated with anti-CD3 antibodies alone (Figure
5a), demonstrating a selectivity of this drug for co-
stimulated T lymphocytes. This requirement for
CD28 costimulation led us to further investigate the
CD28-related signaling events involved in azathio-
prine- and 6-MP-induced apoptosis.

CD28 costimulation has been shown to affect both
the death receptor and the mitochondrial pathways of
apoptosis induction (48). Given its implication in acti-
vation-induced cell death of T cells, we first studied the
possible contribution of the CD95L/CD9S interaction
to the apoptotic effect of azathioprine. Interestingly, we
found that specific blockade of the CD95L/CD95 sys-
tem by CD95L-neutralizing antibodies did not affect
azathioprine-induced apoptosis of anti-CD3- plus anti-
CD28-stimulated primary blood CD4* T lymphocytes
(Figure 5b), suggesting that azathioprine induces T cell
apoptosis through a CD95-independent pathway.

Figure 5

(a) Azathioprine-induced apoptosis is critically dependent on costim-
ulation with CD28. CD4* T lymphocytes were stimulated in the pres-
ence or absence of azathioprine and 6-MP, as indicated. T cell apop-
tosis was assessed by FACS analysis using annexin V/propidium iodide
staining at day 5 of cell culture. (b) Azathioprine-induced apoptosis
is independent of the CD95/CD95L system. Primary CD4* T lym-
phocytes were stimulated as above in the presence or absence of aza-
thioprine and a neutralizing CD95L antibody. T cell apoptosis was
assessed by FACS analysis at day 5 of cell culture. () The left panel
shows a gene array for apoptosis-related genes in T lymphocytes.
CD4* T lymphocytes were stimulated as above in the presence or
absence of azathioprine. The right panel shows that 6-MP suppress-
es bel-x, protein expression. Cellular proteins were isolated after 3 days
of cell culture and assessed for bcl-x, or cellular NF-kB expression by
Western blot analysis. (d) FACS analysis for intracellular bcl-x_expres-
sion in permeabilized lymphocytes upon 6-MP treatment. Purified
CD4* T lymphocytes were stimulated in the presence or absence of
6-MP. FACS analysis for bcl-x_ in permeabilized cells was performed
after 5 days of cell culture. (e) 6-MP suppresses nuclear NF-kB activa-
tion. CD4* T lymphocytes were stimulated in the presence or absence
of 6-MP, as indicated. Nuclear proteins were isolated after 3 days and
analyzed for NF-kB (upper panel) or SP-1 (middle panel) activity by gel
retardation assays (EMSAs). Nuclear extracts from PMA-stimulated
Jurkat T cells served as positive controls. The lower panel represents a
supershift analysis of the upper complex using extracts from anti-CD3-
plus anti-CD28-stimulated primary T cells. The addition of antibod-
ies to p50 or p65 to the EMSA reaction is indicated. 6-MP treatment
led to downregulation of the NF-kB p50/p65 complex.

To identify candidate genes that may be responsi-
ble for azathioprine-induced apoptosis, we next char-
acterized the gene products that are induced or
suppressed by azathioprine during T cell apoptosis. In
these studies, we used gene arrays that included vari-
ous genes involved in apoptosis (Figure 5¢). It was
found that azathioprine strongly suppressed bcl-x,
mRNA expression in anti-CD3- plus anti-CD28-acti-
vated T lymphocytes, whereas mRNA expression of
various other genes such as IL-2R, TACI, and GAPDH
was not affected. Furthermore, bcl-x, protein expres-
sion in activated T cells was strongly suppressed by
azathioprine and 6-MP (Figure 5, c and d), strongly
suggesting that azathioprine induces suppression of
bcl-x, mRNA and protein levels in activated primary
CD4* T lymphocytes. Since bcl-x, expression in T lym-
phocytes is known to be controlled by the transcrip-
tion factor NF-kB (38, 40, 49), we next determined
whether CD28-induced activation of NF-kB was
altered in primary T lymphocytes upon 6-MP treat-
ment. As shown in Figure Se, 6-MP suppressed CD28-
induced activation of NF-kB p50/p65. In particular,
6-MP downregulated the nuclear expression of the
p65 subunit of NF-kB that has been implicated in
antagonizing T cell apoptosis.

Azathioprine causes a specific blockade of the Racl activa-
tion pathway in primary T lymphocytes. Since activation
of NF-kB upon CD28 costimulation is mediated by
phosphorylation and degradation of IkB (49), we next
determined IxB phosphorylation in 6-MP-treated
cells. It was found that IkB phosphorylation was sup-
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pressed by 6-MP treatment of T cells, whereas IxB pro-
tein expression levels remained unchanged (Figure
6b), strongly suggesting that CD28-mediated NF-xB
activation through phosphorylation and degradation
of IxB is a target of this drug. Since IxB phosphoryla-
tion in CD28-stimulated primary T cells is mediated
by the vav/Rac1/MEK kinase (MEKK) activation path-
way (49), we next assessed potential modulation of
this pathway by azathioprine and 6-MP. Interesting-
ly, we observed that azathioprine and its metabolites
suppressed MEK phosphorylation, but the expression
levels of MEK were nearly unchanged (Figure 6, a and
b). Furthermore, the expression of Racl was not sig-
nificantly suppressed by azathioprine and 6-MP,
whereas both drugs induced the expression of the
Racl-activating guanosine exchange factor vav (Fig-
ure 6, b and ¢), a regulatory protein previously shown
to be a key target for CD28 signaling (50-52).

CD28 costimulation induced Rac1 activation in pri-
mary T cells (Figure 7a) was strongly suppressed by
azathioprine, 6-MP, or 6-TG treatment, as shown by a
reduction of GTP-bound Racl (Figure 7b). Since Racl
is known to bind and activate STAT-3 (53), a key fac-
tor for regulating bcl-x, expression in T cells (30), we
also assessed Racl-bound STAT-3 and observed that
Rac-1 bound STAT-3 was reduced in azathioprine-
treated T cells (Figure 7d). Racl activation upon
CD28 costimulation thus appears to control both the
NF-kB and STAT-3 activation pathways that are

Figure 6

Azathioprine blocks the Rac1/MEK kinase pathway. (a) Analysis of
phosphorylation of MEK, a MAP kinase kinase that can be activated
by MEKK (see Figure 8). Purified CD4* T lymphocytes were stimu-
lated in the presence or absence of 6-TG. Intracellular staining for
phospho-MEK by FACS analysis was made after 3 days. (b) 6-MP
suppresses CD28-induced MEK and IkB phosphorylation. Purified
CD4* T lymphocytes were stimulated in the presence or absence of
6-MP. Cellular proteins were isolated after 3 days and analyzed by
Western blotting. The upper left panels show phospho-IkB (p-IkB)
or phospho-MEK (p-MEK) activity upon 6-MP treatment. Band
intensity was quantified by densitometry and normalized to actin lev-
els. The lower left panels show IkB or MEK protein expression upon
azathioprine and 6-MP treatment. Band intensity was normalized to
ERK2 levels. The right panels show Rac1 and vav protein expression
upon azathioprine and 6-MP treatment. Azathioprine and 6-MP
treatment had little effect on Rac1 protein levels, whereas vav levels
were increased in cellular extracts. Band intensity was quantified by
densitometry and normalized to ERK2 levels. Den, densitometry. (c)
6-MP induces vav accumulation. CD4* T lymphocytes were stimu-
lated in the presence or absence of azathioprine, 6-MP, or 6-TG for
5 days. Cells were immunostained with Rac1-specific antibodies and
vav-specific antibodies and Cy3-labeled secondary antibodies (red).
Nuclei were counterstained with Hoechst blue. Confocal microscopy
showed that the expression of the Racl-associated guanosine
exchange factor vav was increased upon treatment with azathioprine
and its metabolites, whereas Rac1 levels were nearly unchanged.

known to prevent T cell apoptosis upon CD28 co-
stimulation, and azathioprine and its metabolites
suppress this activation pathway.

To exclude a general inhibitory effect of azathioprine
and its metabolites on the activation of GTPases, we
next determined the activation of Ras that is known to
occur upon CD3/TCR stimulation of T cells. It was
found that the activation of Ras was virtually unaffect-
ed (Figure 7c¢), suggesting a specific inhibition of Racl
activation by azathioprine. This marked specificity
pointed to the potential direct binding of an azathio-
prine metabolite to Racl. Indeed, we were able to detect
6-TG in Racl pull-downs from primary T cells upon
azathioprine treatment (approximately 120 pg of 6-TG
per microgram), suggesting that azathioprine-generat-
ed 6-Thio-GTP can directly bind to Racl in vivo. Con-
sistently, 6-Thio-GTP was able to bind to recombinant
Racl under in vitro conditions (although with lower
affinity than GTP) (Figure 7e). Furthermore, 6-Thio-
GTP did not significantly compete with GTP for
recombinant Ras, suggesting that 6-Thio-GTP may
bind to selected GTPases only.

Taken together, these data suggest that azathioprine
and its metabolites target CD28-mediated signaling in
primary T cells by specifically suppressing the activa-
tion of the GTPase Rac1 through 6-Thio-GTP, leading
to a mitochondrial pathway of apoptosis (Figure 8).

Discussion

In the present study, we have identified a unique and
unexpected role for azathioprine and its metabolites in
the control of T cell apoptosis by modulation of Racl
activation upon CD28 costimulation. Specific block-
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Figure 7

(a) Rac1 activation assay in activated primary T cells. Purified CD4* T lymphocytes were stimulated with IL-2 and antibodies to CD3 or IL-2 plus
antibodies to CD3 and CD28 for 3 days. GTP-bound Rac1 (Rac1-GTP) was analyzed using PAK to determine Rac1 activation. CD28 costimu-
lation led to induction of Rac1 activation in primary T cells. (b) Azathioprine and 6-MP suppress Rac1 activation. Purified CD4* T lymphocytes
were stimulated in the presence or absence of azathioprine or 6-MP for 3 days, as indicated. GTP-bound Rac1 was analyzed using PAK to deter-
mine Rac1 activation. Azathioprine treatment led to a reduction of CD28-dependent Rac1 activation. One representative experiment out of five
is shown. () 6-MP and 6-TG fail to modulate Ras activation. GTP-bound Ras (Ras-GTP) was analyzed using Raf RGD to determine Ras acti-
vation. Azathioprine and its metabolites did not affect Ras activation. One representative experiment of three is shown. (d) Downregulation of
STAT-3 in primary T cells upon treatment with azathioprine or 6-MP. Purified CD4* T lymphocytes were stimulated in the presence or absence
of azathioprine and 6-MP for 3 days, as indicated. Since Rac1 binds and activates STAT-3 (53), GTP-bound Rac1 was obtained using PAK, and
STAT-3 levels were determined by immunoblotting. (e) Competition of GTP binding to Rac1 or Ras by 6-Thio-GTP. Recombinant Rac1 or Ras
was incubated with radiolabeled GTP ([*H]GTP) and increasing amounts of chemically synthesized 6-Thio-GTP (0-500 uM). Next, Rac1 was
obtained using PAK-1 agarose, followed by analysis of [*H]GTP-bound Rac1 by scintillation counting. Similarly, Ras was obtained using Raf
RGD agarose followed by analysis of [*H]GTP-bound Ras by scintillation counting. 6-Thio-GTP led to a concentration-dependent suppression
of [3H]GTP-bound Rac1 but had little effect on [3H]GTP-bound Ras.

ade of Racl activation is achieved by azathioprine-gen-
erated 6-Thio-GTP that binds to Rac1 instead of GTP.
Consecutively, the activation of Rac1 target genes such
as MEK, NF-kB, and bcl-x, is suppressed by azathio-
prine, leading to a mitochondrial pathway of apopto-
sis. Azathioprine thus converts a costimulatory signal
into an apoptotic signal by modulating Rac1 activity.
These findings may explain the beneficial immuno-
suppressive effects of azathioprine and have important
implications for the design of novel specific therapies
for organ transplantation and autoimmune diseases.

Since unchecked proliferation of lymphocytes may pro-
voke the risk of developing chronic inflammatory or
autoimmune diseases, the immune system controls effi-

Figure 8

A model for azathioprine-mediated immunosuppression. Hypotheti-
cal mechanism of the action of azathioprine in primary CD4* T cells
upon CD28 costimulation. In normal T cells, CD28 costimulation
leads to vav activation, causing replacement of the Rac1-bound GDP
with GTP (62). Activated Rac1 in turn leads to activation of the
MEKK/IkB/NF-kB pathway and STAT-3 activation, both of which
result in enhanced bcl-x_ levels. Augmented bcl-x_levels then provide an
important antiapoptotic signal. Azathioprine and its metabolites 6-
MP and 6-TG specifically target Rac1 activation by the generation of
6-Thio-GTP, which binds to Rac1. Blockade of Rac1 activation leads
to suppression of bcl-x_expression through inhibition of STAT-3 and
NF-kB activation, followed by a mitochondrial pathway of apoptosis.
MAP, mitrogen-activated protein; IkB, inhibitor of NF-kB. IKK, IkB
kinase; MAPKK; MAPK kinase; MAP3K, MAPKK kinase.

cient elimination of activated lymphocytes in a process
known as apoptosis (44, 54). This is particularly impor-
tant for the mucosal immune system, since a resistance
of lamina propria cells to apoptosis may lead to chronic
inflammatory responses in the gut (45). We provide
evidence here that azathioprine, a drug that has been
used for decades for successful treatment of IBD, induces
T cell apoptosis (particularly of CD45RO memory T
cells). Since CD45RO T lymphocytes are considered to be
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key effector cells in IBD, one may speculate that the excel-
lent therapeutic efficacy of azathioprine in these diseases
could be due to the induction of local T cell apoptosis.
This hypothesis is supported by the finding that success-
ful azathioprine treatment in patients with IBD leads to
an increased number of apoptotic T cells in the peripher-
al blood and the lamina propria. This mechanism of
action based on apoptotis induction of activated T cells
would also explain why azathioprine is effective in both
Crohn disease and ulcerative colitis, although both dis-
eases seem to have a different pathogenesis and are asso-
ciated with a different T cell cytokine profile (31, 32, 45).

The induction of apoptosis by azathioprine was criti-
cally dependent on T cell costimulation with CD28,
which is known to inhibit TCR-induced apoptosis dur-
ing a primary T cell response by activation of the anti-
apoptotic bel-x, protein (55, 56). Interestingly, azathio-
prine downregulates bcl-x, expression at the mRNA and
protein levels, strongly suggesting that this drug blocks
a key regulatory pathway in CD28 signaling. The fact
that azathioprine regulates bcl-x, expression would sug-
gest that azathioprine regulates a mitochondrial path-
way of apoptosis. Indeed, we observed that azathio-
prine-mediated apoptosis led to downregulation of the
mitochondrial membrane potential and could be sup-
pressed by a specific inhibitor of caspase-9.

We next analyzed the MEK/NF-kB signaling pathway
that is known to induce bcl-x, expression upon CD28
costimulation in primary T cells (49). It was found that
azathioprine and its metabolites suppressed MEK and
NF-xB activation through IxB phosphorylation,
although IxB and MEK protein levels were nearly unaf-
fected. These data suggested that the suppression of the
MEK/NF-kB signaling pathway by azathioprine is medi-
ated by an unexpected specific mechanism involving an
azathioprine metabolite rather than by azathioprine-
induced suppression of protein production. Indeed, we
observed that the azathioprine metabolite 6-Thio-GTP
directly binds to Rac1, a Rac GTPase that is known to
play a key role in CD28 signaling and MEK/NF-kB acti-
vation in T cells (57-59). Furthermore, the levels of vav1,
a CD28-responsive guanosine exchange factor for Racl
whose activity is suppressed by the adapter protein
Cb1-b (50-52), were upregulated by azathioprine treat-
ment. This finding is consistent with a compensatory
upstream mechanism to achieve Rac1 activation in pri-
mary T cells upon administration of azathioprine.

Rac proteins play a major role in T cell development,
differentiation, and proliferation (58-60). Whereas dom-
inant positive Rac mutations have been associated with
increased cell proliferation and tumors, functionally
inactive Rac mutations are associated with immunode-
ficiencies in humans (61). Azathioprine-mediated sup-
pression of Racl activation in T cells was mediated by
direct binding of an azathioprine metabolite (6-Thio-
GTP) to Racl instead of GTP. Although the precise
mechanism by which binding of 6-Thio-GTP suppress-
es Racl activation in T cells remains to be determined,
the function of another GTPase (Ras) was not inhibited

by azathioprine and its metabolites. Our data are thus
consistent with a model in which the specificity of the
6-Thio-GTP-induced blockade of Racl function is relat-
ed to the structure of the Racl protein. In any case, aza-
thioprine specifically blocked the Racl-mediated
activation of NF-kB and STAT-3 in primary T cells that
mediate bcl-x, activation upon CD28 costimulation and
therefore provide an important antiapoptotic signal in
anti-CD28-stimulated T lymphocytes (Figure 8). The
CD28 signaling pathway, however, is not only important
for the initial activation of T cells but also for maintain-
ing their viability and responsiveness during a persistent
immune response (38, 56). Azathioprine-induced sup-
pression of CD28 signaling events may be particularly
important for the mechanism of action of this drug,
since it is frequently used in chronic inflammatory dis-
eases in which repeated antigen-specific stimulation of
effector T cells occurs and in which elimination of effec-
tor T cells is needed (33, 45). Consistent with this idea,
we observed that azathioprine can also induce apoptosis
of T lymphocytes that were preactivated with CD28.

Taken together, our data identify a unique and novel
molecular mechanism of action of azathioprine on the
basis of the suppression of Rac1 activation. Further stud-
ies showed that azathioprine-induced suppression of
Racl activation leads to suppression of bcl-x, expression
(through blockade of NF-kB and STAT-3 activation) and
a mitochondrial pathway of T cell apoptosis. Our data
thus suggest that azathioprine-induced immunosup-
pression is mediated by suppression of Rac1 activation
and the consecutive induction of T cell apoptosis. It
should be noted, however, that azathioprine-induced
apoptosis affects mainly CD45RO effector T cells upon
costimulation with CD28, suggesting that azathioprine
may be particularly effective in eliminating pathogenic
memory T cells in autoimmune and chronic inflamma-
tory diseases. These data have important implications
for the design of novel and more specific therapies for
autoimmune diseases. In particular, 6-Thio-GTP
derivates with higher affinity to Racl may be useful to
achieve more powerful immunosuppression in autoim-
mune diseases and organ transplantation.
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