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Toll-like receptors (TLRs) are involved in mediating
cell activation on stimulation with microbial constit-
uents. We investigated the role for TLRs in synovial
fibroblast (SF) activation in rheumatoid arthritis (RA).
We analyzed whether stimulation with interleukin-1�
and tumor necrosis factor-� , cytokines present in RA
synovium, influences expression of TLR genes in SFs.
The effects were compared with those of treatment
with lipopolysaccharide and a synthetic lipopeptide
(sBLP). Gene expression was examined using quanti-
tative polymerase chain reaction. TLR2-mediated cell
activation was investigated by electromobility shift
assay for nuclear factor-�B. To localize TLR2 expres-
sion in joint tissue sections of RA patients were
stained using in situ hybridization. Expression of
TLR2 in RA SFs was increased after treatment with
interleukin-1� , tumor necrosis factor-� , lipopolysac-
charide, and sBLP. Nuclear factor-�B translocation in
SFs was triggered by TLR2-mediated cell stimulation.
Synovial tissues from RA joints expressed TLR2 pre-
dominantly at sites of attachment and invasion into
cartilage and bone. The observed elevated expression
of TLR2 in RA SFs could be a consequence of direct
exposure to microbial compounds or of the presence
of inflammatory mediators in the joint. TLR-associ-
ated signaling pathways may contribute to the patho-
genesis of RA, either by initiating or perpetuating
activation of SFs. (Am J Pathol 2003, 162:1221–1227)

Rheumatoid arthritis (RA) is a systemic debilitating dis-
ease whose primary symptoms consist of chronic inflam-
mation, synovial hyperplasia, and destruction of cartilage
and bone of numerous joints. The activation of synovial
fibroblasts (SFs) has been found to be an important fea-

ture in the destructive processes of RA. However, the
mechanisms leading to this activation are not clear.

Toll receptor proteins in Drosophila are involved in es-
tablishing the dorso-ventral axis during embryogenesis.
They also play a fundamental role in the activation of the
innate immune system on infections. The mammalian
homologues belong to a family that currently consists of
10 members. Toll-like receptors (TLR) 1 to 10.1–4 The
cytoplasmic domains of the TLRs, beside their structural
and functional similarities to Drosophila Toll, show homol-
ogies to the interleukin (IL)-1 receptor intracellular signal-
ing domain (TIR domain). They are expressed differen-
tially in certain tissues and cell types1,4–6 and contribute
to the specific recognition of various microbial constitu-
ents followed by the initiation of cellular activation.7,8

TLR2 is involved in the recognition of various gram-pos-
itive bacterial compounds and leptospiral lipopolysac-
charide (LPS),9,10 whereas TLR4 and TLR9 have been
shown to be involved in the innate response to LPS and to
nonmethylated CG-rich DNA (CpG), respectively. TLRs
have been proposed to act as pattern recognition recep-
tors.11,12 Pattern recognition receptors are germ line-
encoded receptors, which are involved in the recognition
of conserved microbial constituents such as LPS and
zymosan. It remains unclear whether TLRs are only en-
gaged by microbial constituents or if they can also bind
to endogenous ligands, as it is the case for Drosophila
Toll. There is some evidence for heat shock protein 60,
which has been proposed to play a role in the induction
of RA, being an endogenous ligand of TLR4.13

TLRs have been shown to mediate activation of nu-
clear factor (NF)-�B and mitogen-activated protein ki-
nase,4,14 resulting in the production of mediators of the
innate immune system such as IL-1, IL-6, IL-8, or tumor
necrosis factor (TNF)-�.15–17 Additionally, TLR2 has been
shown to mediate induction of apoptosis.18,19 Notably, an
imbalance in the regulation of apoptosis in SFs is thought
to be important for the induction of hyperplasia in the
synovial lining.20,21 Not much is known about the regula-
tion of TLR expression. Recent studies have shown that
expression of TLR2, in contrast to TLR4, is up-regulated
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after stimulation with TNF-� or other stimuli in myeloid22,23

and muscle cells.24

In the present study we investigated the expression of
TLR2, TLR4, and TLR9 in cultured synovial cells after
stimulation with IL-1� and TNF-� to examine the regula-
tion of TLR-expression under RA typical conditions. Ad-
ditionally, the cells were exposed to microbial com-
pounds including LPS and a soluble synthetic bacterial
lipopeptide (sBLP) that are known to act as ligands of
TLRs and to influence the expression of TLR2 and TLR4.
Activation of synovial cells by TLR2 was demonstrated
with electrophoretic mobility shift assay (EMSA) for NF-
�B. Further on, the expression pattern of TLR2 mRNA was
assessed in synovial tissues by in situ hybridization.

Materials and Methods

Tissues

Normal synovial tissues were obtained from patients un-
dergoing joint surgery after injury (Department of Sur-
gery, University Hospital, Zurich, Switzerland). Synovial
tissues from patients with RA and osteoarthritis (OA) were
obtained from the Schulthess Clinic, Zurich, Switzerland.
The tissues were either directly embedded in O.C.T.
compound (Tissue-Tek TT 4583, Sakura Finetech, Tor-
rance, CA) followed by snap-freezing in liquid nitrogen or
fixed in 4% buffered formaldehyde for less than 24 hours
at room temperature and embedded in paraffin.

Generation of TLR2-Specific RNA Probes
(Riboprobes) for in Situ Hybridization

Digoxigenin-labeled anti-sense and sense probes spe-
cific for TLR2 mRNA were generated as follows: first
strand complementary DNA (cDNA) from healthy donor
blood mononuclear cells was synthesized by reverse
transcription (Omniscript; Qiagen, Basel, Switzerland). A
fragment corresponding to the 443 nucleotides ranging
from position 2 to 445 of the human TLR2 cDNA se-
quence (accession no. U88878, National Center for Bio-
technology Information; www.ncbi.nlm.nih.gov) was am-
plified by polymerase chain reaction (PCR) and ligated
into pBluescript KS II (Stratagene, Heidelberg, Germany).
The inserted DNA was sequenced (ABI Prism 310 Genetic
analyzer; Applied Biosystems, Rotkreut, Switzerland). The
riboprobes were synthesized by in vitro transcription using
RNA polymerase (Stratagene) in the presence of digoxyge-
nin-11-UTP (Boehringer-Mannheim, Rotkreuz, Switzerland).

Detection of TLR2 mRNA by in Situ
Hybridization

In situ hybridization was performed according to a proto-
col reported earlier.25 Briefly, after deparaffinization,
slides were prehybridized in freshly prepared prehybrid-
ization solution (50% formamide, 1� Denhardt’s solution,
8� standard saline citrate, 0.2 g/ml dextran sulfate, 0.5
mg/ml herring sperm DNA, and 0.25 mg/ml yeast tRNA)

for 1 hour at room temperature. Hybridization was per-
formed using 0.2 �g of RNA probe (diluted 1:10 in pre-
hybridization solution) per slide under a coverslip at 52°C
overnight. Unbound RNA probe was digested at 37°C for
45 minutes with 10 �g/ml of RNase A (Boehringer-Mann-
heim). Sections then were washed with 50% form-
amide/2� standard saline citrate followed by three
graded baths of sodium dodecyl sulfate/standard saline
citrate (1�/0.5�/0.1�) for 18 minutes at 50°C. Unspecific
binding was blocked with 2% normal horse serum in
Tris-buffered saline (TBS) (pH 7.6) for 30 minutes at room
temperature. Hybridized probes were detected using
anti-digoxigenin Fab� fragments coupled to alkaline
phosphatase (Boehringer-Mannheim), diluted in TBS with
1% horse serum and nitro blue tetrazolim/5-bromo-4-chloro-
3-indolyl phosphate substrate (Boehringer-Mannheim).
Slices were counterstained with 0.1% nuclear fast red.

Immunohistochemical Detection of T
Lymphocytes, Macrophages, and Fibroblasts

After in situ hybridization and detection as described
above, immunohistochemistry was performed as follows:
slices were blocked by treatment with 4% milk and 2%
horse serum in TBS for 1 hour at room temperature.
Monoclonal antibodies (mouse) against human CD3 (di-
lution 1:100; DAKO, Hamburg, Germany), antibodies
(mouse) against human CD68 (dilution 1:200, DAKO),
antibodies (mouse) against human prolyl-4-hydroxylase
(1:25; Acris, Hiddenhausen, Germany), or antibodies
(mouse) against human vimentin (dilution 1:200, V2258;
Sigma, Buchs, Switzerland) in TBS with 2% milk powder
were applied 1 hour at room temperature. Secondary
goat anti-mouse antibodies coupled with horseradish
peroxidase were diluted 1:200 in TBS with 2% milk pow-
der and applied for 30 minutes at room temperature.
Detection of the horseradish peroxidase was performed
using a three-step alkaline phosphatase/anti-alkaline
phosphatase kit (Biogenex, San Ramon, CA) according
to the manufacturer’s instructions. For antibodies against
CD3 only snap-frozen tissue sections were used to avoid
antigen-unmasking procedures. The corresponding sec-
tions stained with the sense-control probes were negative
(not shown).

Isolation and Culture of SFs

Synovial tissues were cut into small pieces and dissoci-
ated enzymatically for 1 hour with Dispase I (Boehringer-
Mannheim). The resulting cell suspension was seeded
into cell culture dishes and cultured in Dulbecco’s mod-
ified Eagle’s medium (DMEM/Nutrient Mix F12, 1:1; Life
Technologies, Inc., Grand Island, NY), supplemented
with 10% (v/v) fetal calf serum (Life Technologies, Inc.),
100 IU/ml penicillin, 100 �g/ml streptomycin (Life Tech-
nologies, Inc.), 1% L-Glutamine (Life Technologies, Inc.),
1% HEPES buffer (Life Technologies, Inc.) at 37°C in a
5% CO2 and 95% humidity. Cells were trypsinized and
mRNA extracted. In all experiments, cells were used in
passages 3 to 8.
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Stimulation of SFs

SFs from joints affected from RA (n � 6) or OA (n � 7)
were cultured to 80 to 90% confluency in Petri dishes,
washed with phosphate-buffered saline (PBS), and incu-
bated with 2 ng/ml of IL-1� (R&D Systems, Minneapolis,
MN) in PBS with 0.1% bovine serum albumin, 100 U/ml
recombinant human TNF-� (Roche, Rotkreuz, Switzer-
land), 100 ng/ml of LPS from Escherichia coli or Salmonella
minnesota (List Biologicals, CA) or 100 ng/ml of synthetic
bacterial lipopeptide (sBLP, Boehringer-Mannheim) with
0.05% human serum albumin. All reagents were diluted in
complete culture medium. Cells were collected and
mRNA extracted after 24 hours of incubation.

Reverse Transcription-PCR

Total RNA from cultured SFs was isolated with RNeasy
total RNA isolation system (Qiagen) including treatment
with RNase-free DNase (Qiagen). Reverse transcription
of each 1 �g of RNA was performed using MuLV reverse
transcriptase (Applied Biosystems) according to the
manufacturer’s protocol.

Real-Time Quantitative Reverse Transcriptase-
PCR (TaqMan)

Primers and probes for 18S RNA, TLR2, TLR4, and TLR9
are listed with their corresponding optimal concentrations
in Table 1. The method of relative quantification was
based on the fluorogenic 5-minute nuclease assay using
the ABI Prism 7700 Sequence Detection System (Applied
Biosystems). Successful DNase treatment of the RNA
samples was ensured by comparing the Ct values of 18S
rRNA amplified from the equal amount of RNA sample
that was used for cDNA transcription. The amounts of target
mRNA (TLR2, TLR4, and TLR9) and of the endogenous
reference (18S rRNA) were determined by calculation
based on the appropriate standard curve as established in
preliminary experiments according to the manufacturer’s
instructions (Applied Biosystems). The amount of the cor-
responding target mRNA divided by the amount of mRNA
of the endogenous control results in a normalized target
value. All normalized target values are compared to the
untreated controls.

Activation of NF-�B and EMSA

RA SFs (n � 3) were cultured to 80 to 90% confluency in
culture flasks (225 cm2), and incubated with 100 U/ml of
recombinant human TNF-� (Roche), 10 �g/ml of syn-
thetic bacterial lipopeptide (sBLP, Boehringer-Mann-
heim) with 0.05% human serum albumin, or as a negative
control for TLR2-specific stimulation with 10 �g/ml of the
biologically inactive analogue of sBLP, Pam3Cys (Nova-
biochem, Laufelfingen, Switzerland) with 0.05% human
serum albumin. All reagents were diluted in complete
culture medium. Cells were collected by scratching them
in ice-cold PBS after stimulation at different time points (0
minutes/20 minutes/40 minutes/60 minutes) after stimula-
tion with sBLP or after 30 minutes after stimulation with
TNF-� or Pam3Cys. Nuclear extracts were either pre-
pared according to the method of Andrews and Faller26

or by using NE-PER nuclear and cytoplasmic extraction
reagents (Pierce, Rockford, IL). Nuclear protein concen-
trations were determined using the BCA Protein Assay
Reagent kit (Pierce). Nonradioactive EMSA was per-
formed using an EMSA kit according to the manufactur-
er’s instructions (Panomics, Inc., Redwood City, CA). Six
�g of nuclear protein were used to bind biotinylated
oligonucleotides containing the NF-�B-binding site for 30
minutes at room temperature. The samples were separated
in a nondenaturing polyacrylamide gel (6%, with 2.5% glyc-
erol) and blotted on a Biodyne B (0.45 �m) positively
charged nylon membrane (Pall Schweiz AG, Basel, Switzer-
land). The biotin was labeled with alkaline phosphatase-
conjugated streptavidin (1:1000, DAKO) and alkaline phos-
phatase was detected with CDP-Star substrate (Applied
Biosystems) according to the manufacturer’s instructions.

Results

TaqMan Analysis

We initially examined the expression of TLR mRNAs in
SFs derived from joints affected with RA, OA, or nonar-
thritic joints. No differences in the base line expression of
TLR2, TLR4, or TLR9 were detectable between these
different tissues (data not shown). For the following ex-
periments, we used SFs from RA-affected joints and cells
from joints affected with OA. After stimulation of SFs with

Table 1. Primers and Probes Used for Real-Time RT-PCR (TaqMan)

Primer/probe Sequence Final concentration

18-S rRNA forward 5�-AGTCCCTGCCCTTTGTACACA-3� 400 nmol/L
18-S rRNA reverse 5�-GATCCGAGGGCCTCACTAAAC-3� 400 nmol/L
18-S rRNA probe 5�-CGCCCGTCGCTACTACCGATTGG-3� 250 nmol/L
TLR2 forward 5�-GGCCAGCAAATTACCTGTGTG-3� 200 nmol/L
TLR2 reverse 5�-AGGCGGACATCCTGAACCT-3� 200 nmol/L
TLR2 probe 5�-CTCCATCCCATGTGTGCGTGGCC-3� 250 nmol/L
TLR4 forward 5�-GTCCTGCAGAAGGTGGAGAAGA-3� 250 nmol/L
TLR4 reverse 5�-GGTAAGTGTTCCTGCTGAGAAGG-3� 250 nmol/L
TLR4 probe 5�-CAGCAGGTGGAGCTGTACCGCCTTCT-3� 900 nmol/L
TLR9 forward 5�-TGAAGACTTCAGGCCCAACTG-3� 300 nmol/L
TLR9 reverse 5�-TGCACGGTCACCAGGTTGT-3� 100 nmol/L
TLR9 probe 5�-AGCACCCTCAACTTCACCTTGGATCTGTC 175 nmol/L
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sBLP or LPS we found a marked statistically significant
increase in the expression of TLR2 (Wilcoxon paired-
sample test, P � 0.05) after exposure to both stimuli in RA
SFs as well as in OA SFs (Figure 1). Stimulation of SFs
with the proinflammatory cytokines IL-1� and TNF-� also
led to an increase of TLR2 mRNA. Neither TLR4 (Figure 1)
not TLR9 (data not shown) gene expression was up-
regulated by any of the stimuli used. A slight, but
reproducible decrease in TLR4 gene expression was
observed after stimulation with IL-1�, TNF-�, and
sBLP, partially reaching statistical significance (Wil-
coxon paired-sample test, P � 0.05) (Figure 1). Ex-
pression of TLR9 mRNA remained undetectable by
quantitative PCR.

In Situ Hybridization and Immunohistochemical
Double Labeling

We investigated whether the increase in the expression of
TLR2 mRNA could also be detected in synovial tissues
from RA patients. In situ hybridization revealed that tis-
sues from joints affected by RA showed a pronounced
expression of TLR2 mRNA in the synovial lining and at
sites of attachment and invasion into cartilage or bone
tissue (Figure 2A). Labeling was also observed in areas
around small vessels (Figure 2C) and in areas of infiltrat-
ing lymphocytes (Figure 2E). Figure 2, B, D, and F, shows
the corresponding control hybridizations with the sense
probes for TLR2 mRNA. Double labeling for CD3 and

TLR2 mRNA revealed intense expression of TLR2 mRNA
at sites of infiltrating lymphocytes (Figure 3C), but the
synovial cells expressing high levels of TLR2 mRNA were
not CD3-positive T cells. Tissue sections double-stained
for TLR2 and CD68 to detect macrophages (Figure 3; D
to F) showed that the majority of the cells expressing
TLR2 were also not positive for CD68. Finally, sections
double-stained for TLR2 and vimentin or prolyl-4-
hydroxylase (Figure 3; G to I) showed that a large percent-
age of cells expressing TLR2 were also positive for these
fibroblast markers suggesting that the expression of TLR2
mRNA is mainly confined to SFs. Representative examples
of tissue sections derived from nonarthritic joints (Figure 3B)
or from patients affected by OA (Figure 3A) showed an
overall weak expression of TLR2 mRNA compared to tis-
sues from joints affected with RA. No sites of strong local
expression of TLR2 mRNA were found in these non-RA
tissues.

EMSA (NF-�B)

We examined the functional potential of TLR2 expression on
cultured SFs using nonradioactive EMSA for NF-�B after
stimulation with specific ligands of TLR2. Stimulation with 10
�g/ml of sBLP led to a strong increase of NF-�B transloca-
tion into the nucleus at levels comparable to those observed
after stimulation with 20 ng/ml of TNF-�. As controls we
used nonstimulated cells from the same culture or cells
treated with a biologically inactive analogue of sBLP
(Pam3Cys) (Figure 4).

Figure 1. Effects of stimulation on the expression of TLR2 and TLR4 mRNA in RA (n � 6) and OA (n � 7) SFs. The ordinate shows the relative increase of specific
mRNA compared to nonstimulated cells. Each symbol indicates one cell culture from one RA patient examined. The bars indicate the medians. The increase of
TLR2 mRNA in response to all four stimuli reached statistical significance (*, Wilcoxon paired-sample test; tied Z values from �2.37 to �2.02, P values from 0.02
to 0.04). Levels of TLR4 mRNA expression of stimulated cells did not differ significantly from nonstimulated cells apart from stimulation of RA SFs with TNF-�,
and from stimulation of OA SFs with IL-1� or sBLP (**, Wilcoxon paired-sample test; tied Z values from�2.2 to �2.36, P values from 0.02 to 0.04).
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Discussion

Activation of the innate immune system is an important
feature in the pathogenesis of RA. The direct involvement of

a specific pathogen for RA has to date not been demon-
strated. However, many studies still follow the assumption
that microbial triggers are involved in the pathogenesis of
various autoimmune diseases and RA, either through direct
activation of synovial cells or through molecular mimicry
processes turning an infection into an autoimmune disease.

TLRs are directly involved in signaling the presence of
various microbial constituents including LPS and in me-
diating proinflammatory reactions through activating
NF-�B and other proinflammatory signaling pathways.
Hsp60, an agent possibly contributing to RA,27 has re-
cently been proposed to be an endogenous ligand for
TLR4 in mouse macrophages.14 TLRs are not only up-
regulating the expression of agents inducing inflamma-
tion such as IL-1�, IL-6, IL-8, and TNF-�,28 but also
initiating the activation of the adaptive immune responses
through an elevation of the expression of co-stimulatory
factors such as B7.1.28,29 A recent report provides evi-
dence that innate immune responses mediated by TLRs
to bacterial DNA could be involved in triggering B cells to
produce the autoreactive rheumatoid factor in a T-cell-
independent manner.30,31

It has been shown that TLR2 can induce apoptosis when
constitutively overexpressed in THP-1 cells,18 whereas in
muscle cells it mediates anti-apoptotic effects.19 Indeed,
TLR2 can mediate activation of both caspase 8, a key
element in inducing apoptosis, as well as translocation of
NF-�B and anti-apoptotic signaling.18 Because a misbal-
ance in the regulation of apoptosis has been proposed to
play an important role in the hyperplasia of RA synovium,21

such effects of TLR2 related to apoptosis have to be taken
into account in further investigations.

TLR2 may induce the expression of pro-IL-1� and
activate caspase 1, an enzyme activating IL-1�, and thus
might be directly involved in the inflammatory responses
caused by stimulation with synthetic soluble bacterial
lipopeptide.18

Figure 2. TLR2 in situ hybridizations of RA synovial tissues. One represen-
tative section of RA synovial tissue of seven patients, hybridized in situ with
specific RNA probes for TLR2 mRNA (A, C, E). Cells positive for TLR2 mRNA
are dark purple. As negative controls, corresponding tissue sections were
hybridized with the sense probes. All tissues hybridized with the sense
control probes show no specific signals (B, D, F). Cells expressing detectable
levels of TLR2 mRNA are located in areas of adhesion and invasion into bone
or cartilage (A; negative control, B), around small vessels (C; negative
control, D) and in areas of lymphocyte infiltrations (E; negative control, F).
Original magnifications: �200 (A, B, C, E); �100 (D, F).

Figure 3. Control and double stainings. A: One rep-
resentative section from OA tissues of four patients
stained for TLR2 mRNA. B: One representative tissue
section from one normal subject of two stained for
TLR2 mRNA. Representative tissue section derived
from RA-synovium, stained with anti-CD3 antibodies
(specific for T cells) after in situ hybridization with a
probe specific for TLR2 mRNA. TLR2 mRNA presents
as purple/brown color, T cells are red. C: Expression
of TLR2 mRNA and CD3 is detectable in distinct cells.
Representative tissue sections derived from RA-sy-
novium at sites of synovial invasion into cartilage.
The sections are stained with anti-CD68 antibodies
(specific for macrophages) after in situ hybridization
with probes specific for TLR2 mRNA. TLR2 mRNA
presents as purple color, macrophages are red. D–F:
Most of the cells expressing TLR2 mRNA are not
expressing CD68. Representative tissue section de-
rived from RA synovium at sites of synovial invasion
into cartilage. The sections are stained with antibod-
ies against vimentin (G–H) or prolyl-4-hydroxylase
(I) after in situ hybridization with probes specific for
TLR2 mRNA. TLR2 presents as purple/black color,
antibodies are visible as orange. A great portion of
cells expressing TLR2 is positive for the fibroblast
markers. Original magnifications: �100 (A, B); �200
(C); �630 (D, E, G, I); �400 (F).
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To further investigate the potential role of TLRs in the
pathogenesis of RA, we stimulated cultured SFs with the
proinflammatory cytokines IL-1� and TNF-� as well as
with LPS and sBLP. Stimulation with all of the four sub-
stances resulted in a significant increase in TLR2 mRNA
expression. By contrast, levels of TLR4 remained un-
changed or, after stimulation with TNF-�, showed a slight
decrease. TLR9 expression was not detectable by quan-
titative PCR in both nonstimulated and stimulated cells.
These effects seem not to be specific features of RA SFs
because cells derived from joints affected with OA re-
sponded similarly or even stronger (TNF-�, LPS) to the
same stimuli. Similar changes in expression of TLR2 and
TLR4 after stimulation with inflammatory stimuli have
been observed in myeloid cells.22,23 Nevertheless, recent
literature is controversial whether this change in expres-
sion of TLR2 is associated on a functional level by an
increased or decreased responsiveness to microbial
compounds.

In summary, based on the increased expression of
TLR2 mRNA in synovial tissues of patients with RA and on
the in vitro experiments with cell cultures, we propose that
the up-regulation of TLR2 corresponds either to a re-
sponse to an exposure to microbial compounds or is
secondary to the inflammatory milieu present in the rheu-
matoid synovium. At the current time, we cannot discrim-
inate between these two possibilities. However, based on
our finding that activation of NF-�B is strongly enhanced

after TLR2-specific cell stimulation, we suggest that
TLR2-dependent mechanisms may contribute to the ac-
tivation of synovial cells, possibly leading to the destruc-
tion of cartilage and bone in the pathogenesis of RA.
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