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A hallmark of rheumatoid arthritis (RA) is the pseudo-
tumoral expansion of fibroblast-like synoviocytes
(FLSs), and the RA FLS has therefore been proposed as
a therapeutic target. Tumor necrosis factor (TNF)-re-
lated apoptosis-inducing ligand (TRAIL) has been de-
scribed as a pro-apoptotic factor on RA FLSs and, there-
fore, suggested as a potential drug. Here we report that
exposure to TRAIL-induced apoptosis in a portion (up to
30%) of RA FLSs within the first 24 h. In the cells that
survived, TRAIL induced RA FLS proliferation in a dose-
dependent manner, with maximal proliferation ob-
served at 0.25 nM. This was blocked by a neutralizing
anti-TRAIL antibody. RA FLSs were found to express
constitutively TRAIL receptors 1 and 2 (TRAIL-R1 and
TRAIL-R2) on the cell surface. TRAIL-R2 appears to be
the main mediator of TRAIL-induced stimulation, as RA
FLS proliferation induced by an agonistic anti-
TRAIL-R2 antibody was comparable with that induced
by TRAIL. TRAIL activated the mitogen-activated pro-
tein kinases ERK and p38, as well as the phosphatidyl-
inositol 3-kinase (PI3K)/Akt signaling pathway with ki-
netics similar to those of TNF-�. Moreover, TRAIL-
induced RA FLS proliferation was inhibited by the
protein kinase inhibitors PD98059, SB203580, and
LY294002, confirming the involvement of the ERK, p38,
and PI3 kinase/Akt signaling pathways. This dual func-
tionality of TRAIL in stimulating apoptosis and prolif-
eration has important implications for its use in the
treatment of RA.

Rheumatoid arthritis (RA)1 is an autoimmune disease char-
acterized by chronic inflammation of joints leading to progres-
sive and irreversible joint destruction. The aggressive front of

synovial tissue, called pannus, invades and destroys local ar-
ticular structure. The pannus is characterized by a synovial
hyperplasia that is mainly composed of fibroblast-like synovio-
cytes (FLSs) combined with a massive infiltration of lympho-
cytes and macrophages. Both increased proliferation and/or
insufficient apoptosis might contribute to the expansion of RA
FLSs, and several reports suggest inducing apoptosis of RA
FLSs as a therapeutic approach.

Intraarticular expression of proinflammatory cytokines, in
particular tumor necrosis factor (TNF)-� and IL-1�, plays a
crucial role in the pathogenesis of RA (1). An anti-inflamma-
tory role has been suggested for the TNF family member
TRAIL (TNF-related apoptosis-inducing ligand) following the
observations that the blockade of TRAIL in mice exacerbated
autoimmune arthritis and that intraarticular TRAIL gene
transfer relieved the symptoms (2). In addition, one report
described an increased sensitivity of TRAIL-deficient mice to
collagen-induced arthritis (3).

TRAIL can interact with five different receptors, namely two
agonistic receptors called DR4/TRAIL-R1 and DR5/TRAIL-R2
(hereafter referred to as TRAIL-R1 and -R2, respectively), two
membrane-anchored decoy receptors designated DcR1/
TRAIL-R3 and DcR2/TRAIL-R4 (hereafter referred to as
TRAIL-R3, and -R4, respectively), and a soluble decoy receptor
known as osteoprotegerin (OPG) (4). The physiological rele-
vance of OPG as a receptor for TRAIL is unclear, because the
affinity for this ligand at physiological temperatures has been
described to be very low (5). Notably, the affinities of TRAIL-R3
and -R4 for TRAIL at physiological temperatures are �50–100-
fold lower than those between TRAIL and its cognate receptors
TRAIL-R1 and -R2 (5).

The receptors TRAIL-R1 and -R2 contain a cytoplasmic
death domain and can induce apoptosis through the activation
of caspases upon ligation with a TRAIL ligand (reviewed in Ref.
6). Nevertheless, the binding of TRAIL to these TRAIL recep-
tors can also activate the transcription factor NF�B, which is
known to control cell proliferation (7). Indeed, although TRAIL
is known to induce apoptosis in tumor cells (reviewed in Ref. 6),
TRAIL has also been shown to promote endothelial cell prolif-
eration (8). Thus, depending on the cellular system, TRAIL is
capable of initiating apoptosis or cell survival.

The effect of TRAIL on the RA FLS appears to be controver-
sial. Ichikawa et al. described TRAIL-R1 and -R2 expression on
primary isolated FLSs from RA patients and reported that an
agonistic anti-TRAIL-R2 antibody, as well as cross-linked
TRAIL, induces apoptosis on these FLS (9). Similar observa-
tions have been reported by analyzing synovial fluid fibroblasts
of RA patients (10). The conclusion that TRAIL induces apo-
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ptosis of the RA FLS was challenged previously by Perlman et
al., who detected neither the expression of TRAIL-R1 and -R2
nor TRAIL susceptibility on primary isolated FLSs from RA
patients (11). Here we report for the first time that TRAIL can
induce RA FLS proliferation in vitro through MAP kinases and
PI3 kinase/Akt activation.

EXPERIMENTAL PROCEDURES

Reagents—Recombinant human TNF-� was purchased from R&D
Systems (Lille, France). Recombinant human IL-1� and recombinant
human TRAIL were obtained from PeproTech (Rocky Hill, NJ). Poly-
clonal goat anti-TRAIL-R1, anti-TRAIL-R2, anti-TRAIL-R4, and mouse
anti-TRAIL antibodies were purchased from R&D Systems. Control
MOPC2.1 IgG was obtained from Sigma. Anti-phospho-ERK1/2 and
anti-phospho-p38 (Thr(P)-180/Tyr(P)-182) were obtained from Upstate
Biotechnology and BD Biosciences, respectively. The monoclonal mouse
anti-phospho-Akt (Ser-473) antibody was obtained from Cell Signaling
Technology (Beverly, MA). The rabbit polyclonal anti-NF�B p65 anti-
body was purchased from Santa Cruz Biotechnology (Santa Cruz, CA),
fluorescein isothiocyanate-conjugated secondary antibodies were ob-
tained from Jackson ImmunoResearch (West Grove, Pennsylvania),
and peroxidase-conjugated secondary antibodies were purchased
from Sigma.

Preparation of Fibroblast-like Synoviocytes of Rheumatoid Arthritis
Patients—Fibroblasts were isolated from synovium samples obtained
from patients meeting the American College of Rheumatology criteria
for RA (revised 1987) who had undergone surgery for synovectomy or
total joint replacement surgery (12). Fresh synovial tissues were
minced and digested in a solution of dispase (Roche Applied Science),
collagenase (Sigma), and DNase (Calbiochem). Synovial fibroblasts
were cultured in RPMI 1640 supplemented with 10% fetal calf serum
(FCS), 2 mM glutamine, 100 UI/ml penicillin, and 100 �g/ml strepto-
mycin. The cells were used at passage 4–10, at which time they were
a homogeneous population of fibroblasts. Upon reaching confluence,
the cells were passaged by brief trypsinization as described previ-
ously (13). For enzyme-linked immunosorbent assay, Western blot,
and reverse transcription (RT)-PCR experiments, RA FLSs were
seeded in 6-well plates at 2 � 105 cells/well or in 6 cm-dishes at 4 �
105 cells. Fetal calf serum content of the media was progressively
decreased from 10 to 1% with final starvation for 12 h in RPMI and
1% FCS. Cells were stimulated with TNF-� (2 nM), IL-1� (1 nM), or
TRAIL (at indicated concentrations).

Flow Cytometric Analysis—RA FLSs were harvested with Versene
(Invitrogen) according to the manufacturer’s instructions and sus-
pended in PBS supplemented with 0.1% bovine serum albumin and
0.01% NaN3. Fifty to one hundred thousand cells were incubated for 20
min on ice in with 0.5 �g of goat anti-TRAIL-R1 antibody, anti-
TRAIL-R2 antibody, anti-TRAIL-R4 antibody, or mouse anti-TRAIL
antibody. As a negative control, cells were incubated with an isotype
control antibody. Cells were then washed in fluorescence-activated cell
sorter buffer and incubated for 20 min on ice with the corresponding
fluorescein isothiocyanate-labeled anti-specie antibody. Viable cells
were selected by propidium iodide exclusion, and analysis was per-
formed using FACSCalibur (BD Biosciences).

Cell Proliferation Assay—Proliferation was evaluated by measuring
DNA synthesis through the incorporation of tritiated [3H]thymidine.
FLSs were seeded in 96-well, flat-bottom culture plates at a density of 1 �
10 4 cells/well. Cells were cultured in RPMI with a decreasing concentra-
tion of FCS (10 and 5%) and then synchronized for 24 h with RPMI and
1% FCS. FLS were stimulated with various concentrations of TRAIL
(0.25–10 nM) or media (RPMI/FCS (1%)) for 72 h. Every condition was
tested in quadruplicate. [3H]thymidine (1 �Ci/well) was added 18 h before
the end of the assay. FLSs were lysed using a round of freeze-thaw cycle
and then transferred onto a membrane filter using Harvester 96
(TOMTEC, Hamdem, CT). [3H]Thymidine incorporated into DNA was
quantified using a scintillation counter 1450 MicroBeta Trilux (Wallac,
Freiburg, Germany). For a competition assay, TRAIL at 0.5 nM was
pre-incubated (30 min) with anti-TRAIL or MOPC2.1 IgG and added to
cells. For experiments with protein kinases inhibitors, FLSs were prein-
cubated for an hour with the specific inhibitors (or the solvent Me2SO
alone) and then cultured with or without TRAIL (0.5 nM). Similar results
were obtained using either synchronized cells (upon serum deprivation-
induced growth arrest) or non-synchronized cells.

Detection of Apoptosis—Cells were stimulated with TRAIL at 0.5 nM

for indicated time points, and apoptosis was evaluated using annexin V
binding and the uptake of TO-PRO-3 (Molecular Probes, The Nether-
lands). Briefly, 2–4 � 105 cells of RA FLS were collected and resus-

pended at 5–10 � 106 cells/ml in annexin V binding buffer. Then,
5–10 � 105 RA FLSs were incubated with 5 �l of annexin V-fluorescein
isothiocyanate at 10 �g/ml (R&D systems) for 15 min at room temper-
ature. Upon the addition of TO-PRO-3 (1:2000), cells were analyzed
using FACSCalibur (BD Biosciences).

RNA Isolation and cDNA Synthesis—Total RNA was isolated using
the TRIzol reagent. Complementary DNA was synthesized by RT with
SuperScriptTM II RNase H� RT (Invitrogen). cDNA was obtained by RT
of 1–4 �g of total mRNA, with oligo(dT)15 at 0.5 �g/�l as the primer, and
the reaction was done according to the manufacturer’s protocol
(Invitrogen).

RT-PCR—cDNA was screened for expression of human TRAIL
employing the primers 5�-GTGTACTTTACCAACGAG-3� (forward) and
5�-TTGCTCAGGAATGAATGC-3� (reverse) generating a 391-bp frag-
ment. The conditions used were 1 cycle at 94 °C for 5 min followed by
25–35 cycles at 94 °C for 30 s, 55 °C for 30 s, and 72 °C for 30 s. The
products were resolved on a 1% agarose gel. RNA amounts varied from
100 to 400 ng for TRAIL and from 5 to 20 ng for �-actin. PCR was
performed on ABI PRISM 7000 (Applied Biosystems, Courtaboeuf, Fr-
ance); signals were measured using Kodak 1D image analysis software,
and each sample was normalized to �-actin level (with a forward primer
of 5�-GCTGCTGACCGAGGCCCCCCTGAAC-3� and a reverse primer of
5�-CTCCTTAATGTCACGCACGATTTC-3� generating a 310-bp
fragment).

Western Blot Analysis—Synovial cells were stimulated, and the re-
action was stopped on ice. Cells were washed twice with cold PBS and
lysed with lysis buffer (100 mM Tris, pH 7.4, 100 mM NaCl, 1 mM EDTA,
1 mM NaF, 20 mM NaP2O7, 2 mM Na3VO4, 1% Triton X-100, 10%
glycerol, 0.1% SDS, and 0.5% desoxycholate). Cells were harvested with
a cell scraper. For some experiments, cell extracts were sonicated and
then centrifuged at 14,000 � g for 5 min. Protein concentrations were
determined using BCA (Pierce), equal amounts of protein were resolved
by SDS-PAGE (10 or 12% acrylamide), and immunoblot analysis was
done as described previously (14). Blots were developed using a 1:1
mixture of coumaric acid (50 mM; Sigma) and luminol sodium salt (200
mM; Sigma). Blots were scanned, and densitometric signals were deter-
mined using Kodak 1D image analysis software. Data were expressed
as arbitrary units after normalization to levels of �-actin.

Immunofluorescence Staining—To determine the nuclear transloca-
tion of NF�B, RA FLSs were seeded at 2 �104 cells/well in 8-well
Lab-Tek chamber slides (Falcon). Cells were stimulated with TRAIL at
0.5 nM or with IL-1 at 1 nM for 30–120 min, washed with cold PBS, and
then fixed in PBS with 4% paraformaldehyde for 20 min. Cells were
permeabilized with PBS and 0.5% Triton X-100 for 10 min. Unspecific
binding was prevented with blocking buffer containing 5% goat serum
diluted in PBS. Cells were incubated with the rabbit polyclonal anti-
NF�B p65 antibody (Santa Cruz Biotechnology) at 5 �g/ml or an isotype
control for 60 min at room temperature. Cyan3-conjugated goat anti-
rabbit antibody was used at 20 �g/ml for 60 min at room temperature.
Coverslips were mounted with mounting media, and the subcellular
localization of NF�B was visualized using a fluorescence microscope
(Leica Microsystems, Heidelberg, Germany).

Statistical Analysis—Results are expressed as the mean � S.E. Sta-
tistical studies were performed with a non-parametric Wilcoxon test (In-
stat software). p values of �0.05 were considered statistically significant.

RESULTS

TRAIL Induces Initially Apoptosis of RA FLS, but Prolifera-
tion of Surviving Cells—To test the effect of TRAIL on RA FLS,
cells were co-cultured for 3 days with 0.5 nM TRAIL. The first
24 h of co-culturing with TRAIL resulted in apoptosis of �30%
of the cells as determined by annexin V staining/TO-PRO-3
uptake (Fig. 1). This technique allows us to distinguish early
apoptotic (annexin�/TO-PRO-3�) from late apoptotic cells (an-
nexin�/TO-PRO-3�) (15). As shown in Fig. 1, the highest per-
centage of early apoptotic cells was observed upon 4 h of TRAIL
treatment. At later time points the cells shifted from the early
apoptotic gate toward the late apoptotic cell gate. Apoptosis of
RA FLS was also obvious in an analysis of forward angle light
scatter (FSC; data not shown), because a decrease of FSC is
characteristic of apoptotic cell death (15). After 24 h of co-
culturing, �70% of RA FLSs were still viable. Similar results
were obtained for RA FLSs derived from different patients
(data not shown). Apoptotic cell numbers remained unchanged
in unstimulated cells throughout the 72-h observation period
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(Fig. 1, left column). After 72 h of TRAIL exposure, prolifera-
tion of RA FLS was determined by [3H]thymidine incorporation
(Fig. 2A). Significant increases in DNA synthesis were ob-
served for all of the concentrations of TRAIL tested, with a
maximum proliferation already detectable for 0.25 nM. TRAIL
induced a 5-fold increase in RA FLS proliferation similar to
that induced by the proinflammatory cytokine IL-1� (Fig. 2B).
Simultaneous addition of TRAIL and IL-1� enhanced prolifer-
ation, demonstrating the additive effect of these two cytokines
on RA FLS cells (Fig. 2B).

To confirm the specificity of TRAIL-induced proliferation, we
evaluated the inhibitory effect of a neutralizing anti-TRAIL
antibody. This led to an almost complete inhibition of TRAIL-
mediated RA FLS proliferation, whereas the isotype control
antibody had no effect (Fig. 2C). Treatment with either the
anti-TRAIL antibody alone or the control antibody alone did
not affect proliferation (data not shown).

RA FLSs Express TRAIL mRNA and TRAIL-R1 and -R2
Proteins—We next analyzed the expression of TRAIL and its
receptors in RA FLS. Semi-quantitative RT-PCR revealed the
up-regulation of TRAIL mRNA expression by TNF-� and IL-1�
by �2 and 5-fold, respectively, versus unstimulated cells (Fig.
3A). The TRAIL protein could not be detected either in soluble

form in conditioned media or on the RA FLS cell surface (data
not shown). This finding might be due to the limited sensitivity
of the antibodies employed or a low translation efficiency. The
expression of different TRAIL receptors on RA FLS was eval-
uated by flow cytometry. TRAIL-R1 and -R2 on RA FLSs were
constitutively expressed, whereas TRAIL-R4 was not detecta-
ble (Fig. 3C). Expression of the receptors was unaltered when
RA FLSs were treated with IL-1�, TNF-�, or TRAIL (data
not shown).

TRAIL-R2/DR5 Receptor Mediates TRAIL-induced Prolifer-
ation—Treatment of RA FLS with an agonistic anti-TRAIL-R2
antibody induced an �5-fold increase in RA FLS proliferation
in comparison with untreated cells (Fig. 4). This increase cor-
responds to the maximal induction observed upon the addition
of recombinant TRAIL (Fig. 4), suggesting that TRAIL-R2 me-
diates TRAIL-induced proliferation to a large extent.

TRAIL Activates the Kinases p38, ERK1/2, and Akt but Not
NF�B—To determine the intracellular mechanisms involved in
TRAIL-induced cell proliferation, we tested the effect of TRAIL
on signaling pathways that control cell proliferation, specifi-
cally those containing the MAP kinases p38 and ERK1/2 and
PI3 kinase/Akt (16). RA FLSs were treated with 0.5 nM TRAIL
and subsequently analyzed by Western blotting. Activating

FIG. 1. Apoptosis of FLSs extracted
from RA patients. Cells untreated or
those treated with TRAIL (0.5 nM) were
analyzed by fluorescence-activated cell
sorter for apoptosis using annexin V bind-
ing and TO-PRO-3 uptake at the indi-
cated time points.
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phosphorylation of p38 MAP kinase was rapidly induced by
TRAIL and persisted up to 60 min, although with a lower
intensity in comparison with that of TNF-� (Fig. 5, A and B).

Treatment with TRAIL also induced activation of the phospho-
rylation of ERK1/2 and Akt in a time-dependent manner, with
maximum activation occurring between 5 and 10 min (Figs. 5,

FIG. 2. Proliferation of fibroblast-like synoviocytes extracted from rheumatoid arthritis patients. A, TRAIL induces RA FLS
proliferation in a dose-dependent manner. RA FLSs were stimulated for 72 h with the indicated concentrations of TRAIL, and proliferation was
assessed using [3H]thymidine incorporation. B, additive effect of TRAIL combined with IL-1� on RA FLS proliferation. Cells were stimulated for
72 h with IL-1� (1 nM), TRAIL (0.5 nM), or the two cytokines combined. Proliferation was evaluated as described for panel A. C, the anti-TRAIL
antibody inhibits TRAIL-induced RA FLS proliferation. TRAIL (0.5 nM) was pre-treated with anti-TRAIL antibody (0.5–1 �g/ml) or the control
isotype-matched antibody MOPC2.1 IgG (1 �g/ml). Results represent the proliferation of RA FLS after 72 h upon treatment and are expressed as
the stimulation index (the ratio of the arithmetic mean of counts per minute from the quadruplicate of stimulated culture to the arithmetic mean
of counts per minute from the quadruplicate of non-stimulated culture). Data from the indicated number of patients (n) were averaged and shown
as means � S.E. NS, non-stimulated RA FLSs; asterisks (*), p values of �0.05.
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C and D, and 6). The kinetics and intensities of ERK and Akt
phosphorylation were comparable with those induced
by TNF-�.

The transcription factor NF�B plays a major role in cell
survival and can be activated by MAP kinases and Akt (17, 18).
Upon activation, NF�B translocates from the cytoplasm to the

nucleus, which can be visualized using indirect immunofluo-
rescence (19). We therefore tested whether nuclear accumula-
tion of NF�B could be detected in the RA FLS following TRAIL
stimulation. Very little NF�B was in the nucleus in non-stim-
ulated RA FLSs (4.3 � 0.9%). IL-1� strongly induced its nu-
clear translocation (97.9 � 1.1%). In contrast, only 6.7% (�1.2)
of NF�B was nuclear upon exposure to TRAIL (Fig. 7, A and B).
Western blotting confirmed these observations when NF�B
was detectable in the nuclear fraction only upon TNF-� stim-
ulation (Fig. 7C). Thus, the exposure of RA FLS to TRAIL
activates the kinases p38 and ERK1/2 and PI3 but not the
transcription factor NF�B.

Akt, p38, and ERK Control TRAIL-mediated RA FLS Prolif-
eration—To confirm that MAP kinases and PI3 kinase/Akt play
a role in TRAIL-induced proliferation, we used the specific
inhibitors LY294002 (PI3 kinase), PD98059 (ERK1/2), and
SB203580 (p38). RA FLSs were pretreated with the specific
inhibitors at different concentrations or with solvent (Me2SO)
alone for 1 h and then stimulated with 0.5 nM TRAIL. Under
these experimental conditions, cell viability was �90% (14).
Proliferation was assessed by [3H]thymidine incorporation.
ERK 1/2 inhibition (Fig. 8A) and p38 inhibition (Fig. 8B) sig-
nificantly diminished TRAIL-induced proliferation in a dose-
dependent manner. Strikingly, the PI3 kinase inhibitor almost
completely blocked the proliferation induced by TRAIL, under-
lining the crucial role played by this pathway (Fig. 8C).

FIG. 3. TRAIL and TRAIL receptor expression in RA FLSs. A, expression of TRAIL mRNA in RA FLS. Total mRNA was isolated from cells
stimulated with TNF or IL-1� for 24 h and analyzed by RT-PCR. Histograms represent mean and S.E. of TRAIL mRNA expression normalized to
�-actin in stimulated cells versus unstimulated cells; asterisks (*) indicate p values of �0.05. B, TRAIL mRNA expression in RA FLSs stimulated
with TNF or IL-1� for 24 h. NS, non-stimulated. C, surface expression of TRAIL receptors (TRAIL-R1, -R2, and -R4) analyzed by flow cytometry.
Representative images of five separate experiments are shown.

FIG. 4. Agonistic anti-TRAIL-R2 antibody induces RA FLS pro-
liferation. RA FLSs were stimulated for 72 h with agonistic anti-
TRAIL-R2 antibody or a control goat anti-mouse polyclonal antibody.
Proliferation was measured by [3H]thymidine incorporation. Histo-
grams represent means � S.E. of stimulation index (ratio of the counts
per minute of stimulated culture to the counts per minute of non-
stimulated control culture); NS, non-stimulated; asterisks (*), p values
of �0.05.

TRAIL Induces RA Synovial Fibroblast Proliferation 15713



DISCUSSION

The TRAIL ligand/receptor system has raised much interest
for cancer therapy, because it appears to kill tumor cells but not
normal ones (20). Fibroblast-like synoviocytes play a crucial

role in the physiopathology of rheumatoid arthritis, as these
cells are involved in inflammation and joint destruction. The
pseudo-tumoral proliferation of RA FLS is considered to be the
major mechanism for the hyperplasic growth of the RA syno-

FIG. 5. TRAIL activates the MAP kinases p38 and ERK1/2. RA FLSs were stimulated with TRAIL (0.5 nM) or TNF-� (2 nM) at the indicated
times. Cell lysates were analyzed by Western blotting for phospho-p38 MAP kinase (A and C) and phospho-ERK1/2 kinases (B and D). Each blot
was stripped and reprobed with a mouse anti-human �-actin antibody. Blots were scanned and quantified with Kodak 1D image analysis software.
Band intensities for phospho-p38 MAP kinase and phospho-ERK1/2 kinases were normalized to the corresponding band intensities for �-actin.
Data from five RA donors were averaged and are represented as mean � S.E. in the panels C and D. Asterisks (*), p values of �0.05; NS,
non-stimulated.
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vium and can be mimicked by in vitro culturing, because ex vivo
RA FLS cells grow in normal medium without requiring addi-
tional stimulation.

RA FLSs exhibit certain tumor-like features, leading us to
investigate the effect of TRAIL on RA FLS survival. Treatment
of RA FLSs with TRAIL induced apoptosis within the first 24 h
in �30% of the cells as detected by TO-PRO-3-uptake, annexin
V staining, and decreased forward angle light scatter. Unex-
pectedly, TRAIL induced RA FLS proliferation in a dose-de-
pendent manner at later culture times, i.e. 72 h. This was
inhibited by neutralizing anti-TRAIL antibodies, confirming
that cell proliferation is specifically induced by this cytokine.
Moreover, combined stimulation with TRAIL and IL-1� had an
additive effect on RA FLS proliferation, suggesting two inde-
pendent mechanisms of stimulation. Further studies are re-
quired to analyze whether endogenous TRAIL participates in
the pathogenesis of RA patients. The increased levels of TRAIL
transcripts detected in RA FLS treated with proinflammatory
cytokines argue for fratricide activation, but a contribution of
TRAIL derived from synovial T cells is also possible.

Our results suggest that TRAIL has two different effects on
RA FLS, namely an initial rapid induction of apoptosis that is
followed by an increased proliferation of the surviving popula-
tion. These observations differ from those in the collagen-in-
duced mouse model of arthritis that describes an inhibitory role
for TRAIL by blocking the proliferation of synovial cells (2, 3).
This discrepancy could reflect the different pathogenic mecha-
nisms between RA in the joints of patients and the respective
mouse model. Furthermore, only one membrane-anchored
TRAIL receptor and two soluble decoy receptors have been
identified in the mouse (21), indicating differences in the orga-
nization of TRAIL signaling between man and mouse.

The name TRAIL derives from its capacity to induce apopto-
sis (22). However, depending on the cellular system, TRAIL can
exert different functions that also include survival, prolifera-
tion, and maturation. For example, TRAIL has been shown to
promote cell survival and proliferation on endothelial and vas-
cular smooth muscle cells (8, 23) and to regulate erythroid and
monocytic maturation (24, 25). Here we describe for the first

time that TRAIL is able to induce proliferation of RA FLS. A
previous study analyzed the effect of TRAIL on RA FLSs for
shorter culturing periods, i.e. up to 24 h, and reported the
induction of apoptosis (9). Varying levels of apoptosis were
induced by TRAIL on the different RA FLS cultures tested in
which a portion of cells survived (9). These RA FLSs strongly
express TRAIL-R2 and were highly susceptible to an agonistic
anti-TRAIL-R2 antibody, identifying TRAIL-R2 as the receptor
mediating TRAIL-induced apoptosis (9). In agreement with
these observations, Miranda-Carus et al. analyzed (10) fibro-
blasts of 50 RA synovial fluid samples and found that about
half of them express functionally active TRAIL-R2. These cells
underwent apoptosis when treated in vitro with an agonistic
anti TRAIL-R2 antibody (10). Although these reports suggested
the specific targeting of TRAIL-R2 on RA FLSs as a potential
therapeutical approach, Perlman et al. drew the opposite con-
clusion because they could not detect the expression of
TRAIL-R1 or TRAIL-R2 or the susceptibility to TRAIL in RA
FLSs (11). A possible explanation for these contradictory ob-
servations might be the use of different protocols to isolate
and/or culture RA fibroblasts.

The results described here suggest two distinct types of mod-
ulation of RA fibroblasts by TRAIL. TRAIL induced rapid cy-
totoxicity in a subset of RA FLSs that was followed by an
induction of proliferation in the surviving cells. This prolifera-
tive effect appears to be mainly mediated by TRAIL-R2, be-
cause an agonistic anti TRAIL-R2 antibody induced prolifera-
tion of RA FLS in a similar manner as that of recombinant
TRAIL. Therefore, it emerges that TRAIL can promote both
proliferation as well as apoptosis, as has been established for
other members of the TNF family (26). For example, Fas li-
gand/receptor interaction stimulates T cells during the early
activation phase, whereas it mediates apoptosis at later phases
of T cell activation (27).

We show here that TRAIL promotes cell proliferation by
activation of the MAP kinases ERK1/2 and p38 and the serine/
threonine kinase Akt. While this manuscript was under prep-
aration, Myashita et al. reported that TRAIL activates ERK1/2
and Akt in RA FLSs, preventing these cells from undergoing

FIG. 6. TRAIL promotes Akt phos-
phorylation in the RA FLS. A and B,
RA FLSs were treated as described in the
Fig. 5 legend to assess Akt activation fol-
lowing TRAIL stimulation using an anti-
body specific for phosphorylated Akt. NS,
non-stimulated.
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apoptosis (28). The ERK1/2 and PI3 kinase/Akt pathways have
been reported to activate NF�B, and, in certain cell types,
TRAIL has been reported to activate NF�B via ligation of
TRAIL-R1 (29). We could, however, detect no activation of
NF�B in RA FLSs by TRAIL. Notably, very similar observa-

tions were made in a different cellular system (8) where TRAIL
promoted the proliferation of primary human vascular endo-
thelial cells (HUVECs) by activating the ERK1/2 and Akt but
not the NF�B pathways. These data suggest that TRAIL pro-
motes cell growth through an NF�B-independent mechanism.

FIG. 7. TRAIL enhances nuclear translocation of NF�B in RA FLSs. A, NF�B localization in the RA FLS, untreated (NS) or stimulated
with TRAIL (0.5 nM) or IL-1� (2 nM), is visualized in red; the nucleus, stained with Hoechst, is blue. Nuclear localization of NF�B is confirmed by
superposition of both signals (right column). B, percentages represent cells positive for nuclear localization of NF�B. The graph represent means �
S.E.; NS, non-stimulated. C, nuclear protein were extracted from untreated (NS), TRAIL- (0.5 nM), or TNF-�-stimulated (2 nM) RA FLSs and
subsequently analyzed for NF�B levels by Western blotting.
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The inhibition of MAP kinases abrogated TRAIL-mediated RA
FLS proliferation partially, and the inhibition of PI3 kinase
abrogated it completely, confirming that both pathways are
essential for RA FLS proliferation.

Different regulatory pathways have been proposed to control
the sensitivity of RA FLSs toward apoptotic signals. These

include altered expression levels of apoptosis inhibitory pro-
teins such as FLIP and Bcl-2 (30, 31) and the over-activation of
MAP and PI3 kinases (18, 32). These kinases have been shown
to be activated by pro-inflammatory cytokines such as IL-1�,
TNF-�, and IL-18, which are present at elevated levels in the
joints of arthritis patients (17, 32, 33). The present study sug-

FIG. 8. Inhibition of TRAIL-induced
FLS proliferation with specific inhib-
itors of MAP and PI3 kinases. Serum-
starved cells were pre-treated with inhib-
itors of ERK 1/2 (PD98059) (A), p38
MAPK (SB203580) (B), PI3 kinase
(LY294002) (C), or Me2SO control for 1 h
and then stimulated with TRAIL (0.5 nM)
for 72 h. Cell proliferation was assessed
by [3H]thymidine incorporation. The pro-
liferation rate represents the percentage
of proliferation of TRAIL-stimulated RA
FLSs treated with the respective specific
inhibitor. Results are presented as
means � S.E; n 	 number of patients
samples; NS, non-stimulated.
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gests that TRAIL stimulation may contribute to survival/pro-
liferation by inducing Akt and ERK1/2. In accordance with this
idea, RA FLS proliferation is enhanced by the combined addi-
tion of IL-1� and TRAIL.

There is some precedent for TRAIL having both apoptotic
and proliferative functions. Treatment of the promyelocytic
human HL-60 cell line with TRAIL resulted in rapid cytotox-
icity within 6–24 h, followed by progressive maturation of the
surviving cells along the monocytic lineage (25). The capacity of
TRAIL to sequentially induce death and growth signals in one
cell type might therefore be a common mode of function. Con-
sequently, the stimulatory effect of TRAIL observed on RA FLS
complicates the proposed strategy to use TRAIL for targeting
RA FLS. On the other hand, our results suggest Akt is a
potential target to block joint destruction in RA.
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