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Summary

Persistent T cell activation is a common finding in anti-neutrophil cytoplas-
mic autoantibodies (ANCA)-associated systemic vasculitis (AAV) patients.
Because imatinib, a selective inhibitor of the ABL, ARG, PDGFR and c-KIT
tyrosine kinases, inhibits T cell activation, this study was conducted to evalu-
ate the potential use of imatinib for the treatment AAV patients refractory to
conventional therapy. In particular, we investigated the inhibition of T cell
activation by this drug and its efficacy on activated T cells from anti-
neutrophil cytoplasmic autoantibodies (ANCA)-associated systemic vascu-
litides (AASV) patients. T cell stimulation has been induced by anti-CD3/
anti-CD28 antibodies or by phorbol myristate acetate (PMA)/ionomycin. T
cell proliferation was analysed by tritiumthymidine incorporation. Cell cycle
progression was determined by propidium iodide staining using fluorescence
activated cell sorter (FACS) analysis and by RNAse protection assay (RPA).
Cytokine levels were assessed by enzyme-linked immunosorbent assay. T cell
proliferation was inhibited significantly by imatinib, due most probably to cell
cycle arrest in the G1-phase. This was paralleled by inhibition in the expres-
sion of cyclin-dependent kinases 1 and 2 mRNA. The expression of CD25 in
naive and memory T cells was decreased significantly by imatinib in activated
T cells. Similarly, conversion from naive to memory T cells after T cell activa-
tion was impaired by imatinib. Imatinib did not influence interleukin-2 and
tumour necrosis factor-a production but increased interferon-g production.
These observed effects of imatinib were similar in T cells from AASV patients
and from healthy individuals. Imatinib might be an alternative therapeutical
option for AASV patients refractory to conventional therapy.
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Introduction

Anti-neutrophil cytoplasmic autoantibodies (ANCA)-
associated systemic vasculitides (AASV) are characterized by
necrotizing inflammation of small blood vessels. According
to the Chapel Hill nomenclature, AASV encompass Wegen-
er’s granulomatosis (WG), microscopic polyangiitis (MPA)
and Churg Strauss syndrome. Over the past decade a number
of in vitro studies and experimental animal models [1–3]
have suggested a direct role for ANCA in the pathogenesis of
AASV [1,4]. Nevertheless, clinical studies suggest that T cells
similarly play a significant role in the onset or perpetuation
of this disease, because T cell depleting or suppressing treat-
ment modalities induce remission successfully in AASV
patients [5–9]. Activated T cells are found both in peripheral

blood and in granulomatous lesions of WG [10] patients.
Furthermore, an increased T cell reactivity towards PR-3 has
been demonstrated in a number of studies [11–14]. It seems
that disease activity in WG patients is associated with
elevated T cell activation markers in serum and on periph-
eral blood lymphocytes; however, this has not been demon-
strated convincingly in all studies [15–17].

Imatinib (IM) mesylate is a potent inhibitor of a defined
class of tyrosine kinases (TKs), i.e. ABL, ARG, PDGFR and
c-KIT. Clinically, IM is a highly effective treatment option
for malignancies that are characterized by constitutive
up-regulation of these TKs, e.g. chronic myeloid leukaemia
and gastrointestinal stromal tumours. TKs of the ABL/ARG
family are also involved in T cell receptor (TCR) signalling
[18] and hence in downstream events of T cell activation,
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e.g. proliferation and cytokine production. Consequently,
IM inhibits T cell activation and proliferation as has been
demonstrated recently by Seggewis et al. [19].

Although thus far IM has not been used clinically in the
treatment of autoimmune disorders, there are experimental
data that suggest a potential benefit for IM in the treatment
of these disorders [20]. Paniagua et al. [20] were able to
demonstrate that IM inhibits collagen induced arthritis
effectively in mice and blocks PDGFR-mediated signalling
in synovial fibroblasts obtained from rheumatoid arthritis
patients.

Due to the fact that the standard treatment protocol con-
sisting of corticosteroids and cyclophosphamide for AASV is
associated with a high treatment-related morbidity and mor-
tality [21], new treatment modalities are warranted. Espe-
cially in frequently relapsing patients, in patients who are
refractory to standard therapy and in patients suffering from
side effects of cyclophosphamide, there is an unmet need for
refining therapeutic options. As we have demonstrated pre-
viously that T-suppressing agents, e.g. 15-deoxyspergualin
[15,16], are highly effective in such patients, the rationale for
the present study was to investigate whether IM might also
be an alternative treatment option for these patients. Thus
we tested the efficacy of this drug to inhibit T cell activation
in vitro, using peripheral blood lymphocytes obtained from
healthy individuals and AASV patients. In addition, we
assessed the mechanisms by which this inhibition was
mediated.

Methods

Patients

Patients (n = 7) with histologically and serologically proven
ANCA associated autoimmune disease (WG, n = 6 and MPA,
n = 1 according to the Chapel Hill nomenclature) were
investigated. All patients were ANCA-positive by enzyme-
linked immunosorbent assay (ELISA) and indirect immun-
ofluorescence (PR3-ANCA, n = 6, MPO-ANCA, n = 1). The
mean age of the studied patients was 68 � 11 years. Treat-
ment consisted of corticosteroids (n = 4), azathioprine
(n = 1), mycophenolate mofetil (n = 2), rituximab (n = 1)
and 15-deoxyspergualin (n = 2). Pooled buffy coats from
healthy individuals were used as controls. The study was
approved by the institutional ethics committee and all
patients gave informed consent.

Isolation of peripheral blood mononuclear cells
(PBMC) and T cells

PBMC were isolated from buffy coats or heparinized blood
by gradient centrifugation using Ficoll-Hypaque (Amer-
sham Biosciences, Freiburg, Germany). T cells were isolated
from PBMC by negative selection (Miltenyi Biotec, Bergisch-

Gladbach, Germany). Overall purity of the isolated T cells
was above 95%.

Proliferation, T cell activation and cytokine production

PBMC or purified T cells were seeded (105 cells/well) 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, Wiesbaden, Germany). T cell stimulation via
second messengers was performed by supplementing the
medium with 50 ng/ml phorbol myristate acetate (PMA)
and 1 mg/ml ionomycin (both from Sigma-Aldrich, St Louis,
MO, USA). IM (kindly provided by Novartis, Basle, Switzer-
land) was added to the cultures in different concentrations
(0–10 mM). Cells were cultured for 3 days in Iscove’s modi-
fied Dulbecco’s medium containing 10% fetal calf serum
(FCS) (both from PAN Biotech, Aidenbach, Germany) and
1% penicillin/streptomycin (Sigma-Aldrich). T cell prolif-
eration was assessed by thymidine incorporation using 1 mCi
of [3H]-thymidine (Amersham, Freiburg, Germany), added
during the final 16 h of the culturing period. [3H]-thymidine
incorporation was measured by scintillation counting in a
liquid scintillation counter (LS 6500; Beckman Coulter,
Krefeld, Germany). To investigate intracellular interleukin
(IL)-2 expression, 1 ¥ 106 PBMC were stimulated for 4 h
with PMA/ionomycin (50 ng/ml and 1 mg/ml, respectively)
and hereafter first incubated for 30 min with 10 ml of
fluorescein isothiocyanate (FITC)-conjugated CD45RO,
peridinin chlorophyll protein (PerCP)-conjugated CD8
and allophycocyanin (APC)-conjugated CD4 monoclonal
antibodies. After the cells were washed twice with
phosphate-buffered saline (PBS), the cell membrane was
permeabilized by adding 600 ml of 1/10 diluted perm-wash
buffer (BD Bioscience, Heidelberg Germany). Subsequently,
phycoerythrin (PE)-conjugated anti-IL-2 monoclonal anti-
body was added for 30 min at 4°C. Cells were washed exten-
sively and resuspended in 300 ml of PBS. Analysis of IL-2
expression was performed by fluorescence activated cell
sorter (FACS) as described below. Expression of interferon
(IFN)-g and tumour necrosis factor (TNF)-a in superna-
tants of activated T cells was assessed by ELISA according to
the manufacturer’s instructions (R&D).

Flow cytometry

Antigen expression on T lymphocyte subsets was determined
by triple immunofluorescence staining using directly conju-
gated antibodies. To this end, PBMC were incubated for
30 min at 4°C with saturating amounts (10 ml) of conjugated
monoclonal antibodies directed against CD4, CD45RO and
CD25 (all from BD Biosciences). The antibodies were either
conjugated to FITC, R-phycoerythrin (RPE), PercP or APC
depending on the combination of specific antibodies used.
The cells were washed twice to remove unbound antibodies
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and were finally resuspended in 300 ml of Cell Wash (BD
Biosciences). Three-colour analysis was performed on a
FACSCalibur flowcytometer (BD Biosciences) and data were
analysed using WinMDI version 2·8 software.

Cell cycle progression was assessed by propidium iodide
staining. CD4+ T cells, 106, were stimulated with PMA
(50 ng/ml)/ionomycin (1 mg/ml) in the presence or absence
of 10 mM IM. On days 1, 3 and 5, cells were harvested and
centrifuged for 5 min at 300 g. Pellets were washed twice
with PBS and stained with 500 ml propidium iodide solution
(50 mg/ml in PBS; Sigma-Aldrich). Apoptotic cells were
defined as cells with DNA content below the G1 peak. The
number of cells in the G1 or S + G2 phase was calculated by
histogram analysis. The non-apoptotic cells were gated and
set at 100%. The G1 phase was identified as the population of
cells with the lowest propidium iodide signal within the
gated cells. Using a marker in the WinMDI software, the
percentage of cells in the G1 phase could be calculated. As
the S and G2 phase could not be defined clearly in the his-
togram, the S + G2 phase was assessed as a whole and
expressed as a percentage of gated cells.

RNase protection assay

Total RNA was isolated from PMA (50 ng/ml)/ionomycin
(1 mg/ml) stimulated (72 h) CD4+ T cells using TRIzol
Reagent (Invitrogen, Karlsruhe, Germany). Cells were incu-
bated in the presence or absence of 10 mM of IM. RNA was
precipitated with isopropanol, washed with 70% ethanol and
subjected to RNase protection assays using the BD Ribo-
QuantTM multiprobe sets (BD Biosciences). RNase protec-
tion assays were carried out according to the manufacturer’s
instructions. Gels were dried and subjected to autoradiogra-
phy. RNA transcripts were identified by appropriate length
of the protective fragments. In each of the template sets
housekeeping genes L32 and glyceraldehyde-3-phosphate-
dehydrogenase (GAPDH) were included as internal controls.

Endothelial cells

Human umbilical vein endothelial cells (HUVEC) were iso-
lated from fresh umbilical cords as described previously [22].
The cells were seeded in T25 flasks (Greiner, Frickenhausen,
Germany) coated with gelatin (1%) and cultured in endot-
helial cell growth medium (EGM) (Promocell, Heidelberg,
Germany). Confluent monolayers were passaged by Trypsin/
ethylenediamine tetraacetic acid (EDTA) (Sigma-Aldrich).
Characterization of endothelial cells was performed on the
basis of a positive uptake of acetylated low-density lipopro-
tein, Factor VIII-related antigen and platelet/endothelial cell
adhesion molecule 1 (PECAM) (CD31) expression, and a
negative staining for alpha smooth muscle actin.

Statistical analysis

All data are given as means � standard deviation (s.d.). Dif-
ferences in continuous variables were compared by means of

Wilcoxon test. A two-sided P < 0·05 was considered to indi-
cate statistical significance.

Results

Influence of IM on T cell proliferation

We first tested whether IM influences T cell proliferation of
purified CD4+ T cells obtained from healthy individuals. The
T cells were stimulated by a combination of anti-CD3 and
anti-CD28 monoclonal antibodies or by PMA/ionomycin.
Three days after stimulation with either plate-bound anti-
CD3/anti-CD28 or PMA/ionomycin, IM inhibited T cell
proliferation significantly as shown in Fig. 1.

Inhibition in T cell proliferation was associated with cell
cycle arrest, as evidenced by an increased proportion of T
cells in the G1-phase. In addition, there was a slight increase
in DNA fragmentation over time in IM-treated T cells, sug-
gesting the occurrence of apoptosis (Fig. 2a, b). RNase pro-
tection assays revealed inhibition of cyclin-dependent
kinases (cdk) 1 and 2 mRNA expression in IM (10 mM)-
treated T cells (Fig. 3).

Effect of IM on T cell activation markers

To test whether the expression of T cell activation markers
following T cell stimulation were also affected by IM, we
assessed the proportion of naive (CD54RO–) and memory
(CD45RO+) T cells and the expression of CD25 on both
subsets. While 3 days after stimulation with anti-CD3/anti-
CD28 the proportion of CD45RO+ T cells was clearly
increased in untreated cells, this was inhibited significantly
by IM (proportion of CD45RO+ T cells: 96·1% versus 74%
for untreated and IM-treated cells, P < 0·05). Similarly, the
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Fig. 1. Imatinib (IM) inhibits T cell proliferation. Peripheral blood

mononuclear cells were stimulated for 3 days with either plate-bound

anti-CD3/anti-CD28 or with phorbol myristate acetate/ionomycin.

Cells were cultured in the presence or absence of IM (10 mM) T cell

proliferation was assessed by [3H]-thymidine In all experiments and

for all conditions six wells of a 96-well plate were used. The results of

a representative experiment (n = 5) is depicted and data are expressed

as mean [3H]-thymidine incorporation � standard deviation.
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up-regulation of CD25 on these cells was inhibited by IM
(overall CD25 expression: 47·8% compared to 7·8% for
untreated and IM treated cells, respectively, P < 0·05)
(Fig. 4).

Effect of IM on cytokine production

Due to the finding that IM inhibited T cell proliferation and
the up-regulation of T cell activation markers we determined
the influence of IM on IL-2 production. Cells were stimu-
lated with PMA/ionomycin for 4 h and intracellular IL-2 was
assessed thereafter. IM did not influence IL-2 production in
these cells as depicted in Fig. 5a. We also tested the influence
of IM on TNF-a and IFN-g production in supernatants of
stimulated T cells. Although TNF-a production was not
influenced by IM (data not shown), the production of IFN-g
was up-regulated significantly by IM in PMA/ionomycin
or anti-CD3/anti-CD28-stimulated PBMC and T cells
(Fig. 5b).

Activation of endothelial cells by T cell supernatants

To study if the increased IFN-g production was of functional
relevance we tested the ability of supernatants obtained from

untreated and IM-treated PBMC to induce human leucocyte
antigen D-related (HLA-DR) expression on cultured endot-
helial cells. Although IFN-g production was higher in the
supernatant of IM-treated PBMC, the induction of HLA-DR
on endothelial cells was modest and did not differ from
supernatants from untreated PBMC (Fig. 6a). Interestingly,
endothelial cells stimulated with supernatants of IM-treated
PBMC showed a diminished expression of vascular cell
adhesion molecule (VCAM)-1, compared to endothelial cells
stimulated with supernatants of untreated PBMC. This was
not observed for intercellular adhesion molecule (ICAM)-1
expression (Fig. 6a). The diminished expression of VCAM-1
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Purified CD4+ T cells were stimulated for 3 days with phorbol
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Total RNA was isolated and subjected to RNAse protection assay as

described in Materials and methods. Total RNA, isolated from
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was due probably to carry-over of IM, as IM directly inhib-
ited VCAM-1 expression in TNF-a-stimulated endothelial
cells (Fig. 6b).

Does IM also affect T cell activation in PBMC isolated
from AASV patients?

T cell activation and proliferation as well as cytokine pro-
duction were determined in seven patients with proven
AASV. As in healthy individuals, IM significantly inhibited
both T cell receptor and second messenger-mediated T cell
proliferation, as shown in Fig. 7a. Because the proportion of
memory T cells was already high in the majority of the
studied AASV patients, the influence of IM on skewing of the
naive to the memory phenotype could not be studied.
Although at baseline, CD25 expression in the AASV patient
group was higher in comparison to healthy controls, IM was
able to inhibit further up-regulation of CD25 significantly by
anti-CD3/anti-CD28 (Fig. 7b). IFN-g production by anti-
CD3/anti-CD28 or PMA/ionomycin-stimulated PBMC was
similar to healthy controls also up-regulated in AASV
patients (Fig. 7c).

Discussion

In the present study, we investigated the influence of IM on
T cell activation in vitro. We were able to show that IM
inhibited both anti-CD3/anti-CD28 and second messenger-
mediated T cell proliferation in association with a cell cycle
arrest in the G1-phase, concomitantly with down-regulation
of CDK 1 and 2 mRNA expression. IM inhibited skewing of
naive towards memory T cells and up-regulation of CD25 in
activated T cells. In stimulated T cells, production of IFN-g

was up-regulated by IM, while no influence was found
on TNF-a and IL-2 production. TNF-a-mediated
up-regulation of VCAM-1, but not of ICAM, on endothelial
cells was inhibited by IM. Concentrations of IFN-g measured
in the supernatants of activated PBMC did not exceed 3 ng/
ml. This might explain why these supernatants did not
induce HLA-DR expression on endothelial cells to a large
extent, because we use routinely 20 ng/ml of recombinant
IFN-g for a strong induction of HLA-DR (data not shown).
Although the highest concentration of IFN-g was measured
in supernatants of IM-treated PBMC, these supernatants did
not induce higher HLA-DR expression on endothelial cells.

Our data are compatible with previous published data of
Seggewiss et al. [19], showing an inhibitory effect of IM on T
cell activation. In their study, a reduced tyrosine phosphory-
lation of the zeta chain-associated protein kinase 70 kDa
(ZAP70) and linker for T cell activation (LAT) was present,
suggesting the lymphocyte-specific protein tyrosine kinase
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(LCK) as a probable target for IM. Furthermore, as our data
reveal that IM inhibits second messenger-mediated T cell
proliferation, kinases downstream of LCK might represent
additional IM targets.

It must be stressed that we did not investigate whether IM
influenced antigen-specific T cell activation in this study.
Although we cannot exclude formally that IM will behave
differently in this regard, this seems highly unlikely as PMA/
ionomycin treatment activates a second messenger cascade
that is similar to that described for antigen-specific T cell
activation. Also, inhibition of T cell activation occurred both
in PBMC obtained from healthy controls and patients.

Lucas et al. [23] studied the expression of cyclin-
dependent kinases (CDK) 1, 2 and 4 in stimulated T cells and
found, similar to our results, that none of these genes was
expressed in resting T cells but only after T cell activation.
While CDK4 was not influenced by IM, the expression of
CDK1 and CDK2 was clearly inhibited. These kinases are
involved in G1 to S and G2 to M transition of the cell cycle
[23], thus explaining why T cell proliferation was arrested in
the presence of IM. It must be pointed out that CDK activa-
tion is not only regulated by de novo expression. Inhibition of
CDK1 activity by Tyr-15 phosphorylation regulates entry
directly into mitosis and plays a pivotal role in cell cycle

control [24]. Although we did not assess whether IM influ-
ences CDK1 phosphorylation, Yu et al. [25] reported that
treatment of K562 cells with the combination of IM and a
mitogen activated protein kinase (MAPK) inhibitor resulted
in diminished CDK1 phosphorylation, which was associated
with promotion of apoptosis in these cells [26].

It remains to be addressed whether IM is a good candidate
drug for the treatment of vasculitis patients refractory to
conventional therapy. Clearly, in vitro IM also inhibits T cell
activation in cells from vasculitis patients. As T cells in these
patients seem to be persistently activated [27] and T cell-
suppressing therapies have shown their benefit in vasculitis
[5–7], it is tempting to speculate that IM would indeed be a
good alternative. However, it must be stressed that IM also
increased IFN-g production in activated T cells. While ini-
tiation of WG seems to be associated with an aberrant T
helper 1 (Th1)-type response, as disease progresses a Th2-
type becomes more apparent [28]. Thus, an increase in
IFN-g production might be a disadvantage in the early phase
of vasculitis, but could also prevent skewing towards Th2
when vascultis becomes more generalized [29,30]. Recent
studies have also indicated that IFN-g might protect against
autoimmune diseases such as experimental autoimmune
uveitis and scleritis by inhibition of Th17 cells [31]. Similar
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findings for autoimmune arthritis in mice have been
described by Hirota et al. [32]. To our knowledge, however,
an aberrant IL-17 response in AASV patients has not been
reported thus far.

Reports on increased IFN-g production during IM treat-
ment are conflicting. While Aswald et al. have reported on
an increased frequency of IFN-g-producing T cells in
IM-treated chronic myeloid leukemia patients [33], Gao
et al. found a decreased production of Th1 cytokines in acti-
vated CD4+ T cells [34]. In addition, Borg et al. have reported
on an increased IFN-g production by natural killer (NK)
cells in IM-treated patients with gastrointestinal stromal
tumours [35].

Because activation of PDGFR plays an important role in
the pathophysiology of crescent formation [36,37], and
because IM inhibits PDGFR-mediated signalling [20], a ben-
eficial effect of IM on vasculitis patients might well be
beyond its effects on T cell activation. Biopsy findings dis-
played the de novo expression of VCAM-1 in the glomerular
tuft, particularly in PR3-ANCA-positive patients [38].
Because neutrophil VLA-4/VCAM-1 interaction might con-
tribute to neutrophil infiltration, the finding that IM inhibits
TNF-a mediated up-regulation of VCAM-1 provides a
further rationale for implementation of IM in vasculitis
treatment.

In conclusion, our data demonstrate that in vitro IM is
highly effective in inhibiting T cell activation. In consider-
ation of persistent T cell activation in AASV patients, the role
of PDGF in crescent formation and the requirement of adhe-
sion molecules for neutrophil infiltration, we therefore pos-
tulate that IM would be a promising drug for the treatment
of AASV patients refractory to conventional therapy.
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