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RNA Sensors in Human Osteoarthritis and
Rheumatoid Arthritis Synovial Fibroblasts

Immune Regulation by Vasoactive Intestinal Peptide
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Objective. The aim of this study was to analyze
both the constitutive and induced expression and func-
tion of double-stranded RNA (dsRNA; Toll-like receptor
3 [TLR-3], retinoic acid–inducible gene I [RIG-I], and
melanoma differentiation-associated gene 5 [MDA5])
and single-stranded RNA (ssRNA; TLR-7) receptors in
osteoarthritis (OA) and rheumatoid arthritis (RA)
fibroblast-like synoviocytes (FLS), by studying the tran-
scription factors involved and the subsequent effects on
antiviral interferon-� (IFN�), the proinflammatory
CXCL8 chemokine, and matrix metalloproteinase 3
(MMP-3). An additional goal was to study the effect of
vasoactive intestinal peptide (VIP).

Methods. The expression of TLR-3, TLR-7, RIG-I,
and MDA5 in cultured FLS was studied by reverse
transcription–polymerase chain reaction (RT-PCR),
enzyme-linked immunosorbent assay (ELISA), immu-
nofluorescence, and Western blotting. Transcription
factors were studied using the ELISA-based TransAM
transcription factor kit. The expression of IFN�,
CXCL8 (interleukin-8), and MMP-3 was analyzed by
RT-PCR and ELISA.

Results. FLS expressed TLR-3, TLR-7, RIG-I, and
MDA5. The expression of TLR-3 and RIG-I was higher
in RA FLS, while the expression of TLR-7 and MDA5
was higher in OA FLS. Stimulation with poly(I-C)
induced the activation of IFN regulatory factor 3 (IRF-
3), NF-�B, and activator protein 1 (AP-1) c-Jun as well
as the subsequent production of IFN�, CXCL8, and
MMP-3. VIP reduced the activation of IRF-3 and the
production of IFN� in both OA and RA FLS. Imiquimod
induced the activation of NF-�B, AP-1 c-Fos, and AP-1
c-Jun and the synthesis of CXCL8 and MMP-3. VIP
significantly diminished MMP-3 production only in
imiquimod-treated RA FLS.

Conclusion. The results of this study revealed a
prominent function of FLS in the recognition of both
dsRNA and ssRNA, which may be present in the joint
microenvironment. This study also advances the healing
function of the endogenous neuroimmune peptide VIP,
which inhibited TLR-3–, RIG-I–, MDA5-, and TLR-7–
mediated stimulation of antiviral, proinflammatory,
and joint destruction mediators.

The immune system fights disease through the
development of innate and adaptive immune responses.
The innate immune system senses the occurrence of
infection via the presence of pattern recognition recep-
tors that recognize conserved microbial pathogen-
associated molecular patterns as well as endogenous
ligands derived from the host. Pattern recognition re-
ceptor stimulation produces the expression of proin-
flammatory cytokines, interferons (IFNs), and costimu-
latory molecules, which link innate and adaptive
immunity (1,2).

There are 2 classes of pattern recognition recep-
tors: transmembrane and cytosolic. Toll-like receptors
(TLRs) are transmembrane receptors and are the first
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Gutiérrez-Cañas, PhD: Universidad Complutense de Madrid, Madrid,
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pattern recognition receptors known. Ten TLRs have
been identified in humans and are expressed on the cell
surface (TLR-1, TLR-2, TLR-4, TLR-5, TLR-6, and
TLR-10) and in endosomes (TLR-3, TLR-7, TLR-8, and
TLR-9) (3). Helicase retinoic acid–inducible gene I
(RIG-I)–like receptors (RLRs) are cytosolic pattern
recognition receptors that comprise RIG-I and mela-
noma differentiation-associated gene 5 (MDA5) (4,5).
TLR-3, RIG-I, and MDA5 recognize double-stranded
RNA (dsRNA). In the cytoplasm, RIG-I binds short
dsRNA (length �2 kb) (6,7), whereas MDA5 recognizes
complex dsRNA (length �2 kb) (8). The 3 receptors are
activated by the synthetic dsRNA poly(I-C) (9). TLR-7
recognizes single-stranded RNA (ssRNA) in endosomes
and is activated by the synthetic antiviral compound
imiquimod (10). The 4 receptors detect a wide range of
RNA viruses, after which TLRs and RLRs initiate
signaling cascades that lead to activation and subsequent
nuclear translocation of 3 families of transcription fac-
tors: IFN regulatory factor 3 (IRF-3) and IRF-7, NF-�B,
and activator protein 1 (AP-1) (2).

Rheumatoid arthritis (RA) is an inflammatory/
autoimmune disease affecting 1% of the population
worldwide (11). Fibroblast-like synoviocytes (FLS) are
resident cells involved in RA pathogenesis, with func-
tions in both innate and adaptive immunity (12). RA is
caused by the interaction of individual genetic predispo-
sition, environmental factors, and dysregulated immune
responses. Among environmental factors, infectious
agents are present as pattern recognition receptor li-
gands that comprise both exogenous factors (bacterial
and viral components) (12,13) and endogenous factors
(host messenger RNA [mRNA], heat-shock proteins,
fibronectin) (14,15). In addition, the expression of
TLR-2, TLR-4, and TLR-3 is increased in RA synovial
tissue (16–20).

Vasoactive intestinal peptide (VIP) is a molecule
shared by the neuroendocrine immune network that is
considered a potential candidate for treatment of in-
flammatory and autoimmune diseases (21–26). Since
VIP was described as a beneficial endogenous mediator
in collagen-induced arthritis (27), intense interest has
been focused on translational research in humans. The
prospective therapeutic effects of VIP in human RA
cells ex vivo have been confirmed (19,20,28–30). VIP
and its receptors VPAC1 and VPAC2 are expressed in
FLS from patients with osteoarthritis (OA) and patients
with RA, with a differential expression in both patholo-
gies pointing to a role in the physiopathology of rheu-
matic diseases (31). The aim of this study was to
examine both the expression and function of RNA
receptors in FLS and the action of VIP, by studying the

transcription factors involved and the subsequent effects
on antiviral, proinflammatory, and matrix-degrading en-
zyme molecules.

PATIENTS AND METHODS

Patients and FLS cultures. Synovial tissue samples
were obtained from patients with RA and patients with OA at
the time of knee replacement surgery. All patients with RA
fulfilled the American College of Rheumatology 1987 revised
criteria for the classification of RA (32). The study was
performed according to the recommendations of the Declara-
tion of Helsinki and was approved by the ethics committee of
the Hospital 12 de Octubre. FLS cultures were established
from homogenized synovium in 10% fetal calf serum (FCS)–
Dulbecco’s modified Eagle’s medium (33).

Cultured FLS were used between passages 3 and 9.
TLR-3 synthetic ligand poly(I-C) and TLR-7 synthetic ligand
imiquimod (both obtained from Invitrogen) were used at
20 �g/ml and 15 �g/ml, respectively. Stimulated FLS were
cultured in the presence or absence of 10 nM VIP (Neosystem).

Preparation of nuclear and cytoplasmic extracts. FLS
were cultured in 150-mm petri dishes with TLR-specific li-
gands in the presence or absence of VIP. A Nuclear Extract Kit
(Active Motif) was used for preparing nuclear and cytoplasmic
extracts. Briefly, cells were scraped into phosphate buffered
saline (PBS) containing phosphatase and protease inhibitors,
centrifuged, resuspended in hypotonic buffer, and then kept on
ice for 15 minutes. After the addition of detergent, lysates were
centrifuged at 14,000g for 30 seconds at 4°C. Supernatants
containing cytoplasmic extracts were collected and stored at
�80°C. The pellets were resuspended in complete lysis buffer
and shaken vigorously. After incubation at 4°C and centrifu-
gation at 14,000g for 10 minutes at 4°C, supernatants were
collected and stored at �80°C. Protein content was measured
using a QuantiPro BCA Assay Kit (Sigma-Aldrich).

Semiquantitative real-time reverse transcription–
polymerase chain reaction (RT-PCR) assay. FLS were cul-
tured in 100-mm petri dishes with TLR-specific ligands in the
presence or absence of VIP. The expression of TLR-3, TLR-7,
RIG-I, MDA5, and IFN� mRNA in cultured FLS was ana-
lyzed by RT-PCR. The treatment period was 24 hours for
TLR-3 and TLR-7 and 2 hours for RIG-I, MDA5, and IFN�.
Total RNA was obtained from FLS cultures using TRI Re-
agent (Sigma-Aldrich). Total RNA (2 �g) was reverse tran-
scribed using the High Capacity cDNA Reverse Transcription
Kit (Applied Biosystems). Complementary DNA (2 �l) was
PCR-amplified with specific primers for �-actin, TLR-3, and
TLR-7. The PCR products were analyzed in agarose gels, and
the correct size and sequence of the amplified products were
checked. Semiquantitative real-time PCR analysis was also
performed with SYBR Green PCR Master Mix (Applied
Biosystems) for TLR-3 and TLR-7, using �-actin as reference.
The sequence of primers used was as follows: for �-actin,
forward 5�-AGAAGGATTCCTATGTGGGCG-3�, reverse
5�-CATGTCGTCCCAGTTGGTGAC-3�; for TLR-3, forward
5�-ACAACTTAGCACGGCTCTGGA-3�, reverse 5�-ACC-
TCAACTGGGATCTCGTCA-3�; for TLR-7, forward 5�-
TGGAAATTGCCCTCGTTGTT-3�, reverse 5�-GTCAGCG-
CATCAAAAGCATT-3�. For RIG-I, MDA5, and IFN�,
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TaqMan Gene Expression Master Mix (Applied Biosystems)
was used, with manufacturer-predesigned primers. For
relative quantification, we compared the amount of target
normalized to an endogenous reference (�-actin), using the
formula 2–‚‚Ct.

Immunocytochemical detection of TLR-3 and TLR-7.
We performed immunocytochemistry studies using a specific
mouse anti–TLR-3 monoclonal antibody and a rabbit anti–
TLR-7 polyclonal antibody (both from Imgenex). The speci-
ficity of these antibodies has previously been reported. OA or
RA FLS were cultured onto glass coverslips, fixed with 4%
paraformaldehyde, and permeabilized with 0.5% Triton X-100
in PBS at room temperature. Cells were blocked with PBS
containing 5% FCS for 15 minutes. Coverslips were incubated
for 1 hour at 37°C with primary antibody, at a dilution of 1:100
(for TLR-3) or 1:50 (for TLR-7). After washing, cells were
incubated for 1 hour with Alexa Fluor 594–conjugated goat
anti-mouse IgG antibody for TLR-3 and Alexa Fluor 488–
conjugated goat anti-rabbit IgG antibody for TLR-7 (both
from Invitrogen). Coverslips were counterstained with 1 �g/ml
DAPI to visualize nuclear bodies, mounted with ProLong Gold
Antifade Reagent (Invitrogen), and examined under a fluores-
cence microscope.

Western blot analysis of TLR-3 and TLR-7. FLS were
cultured and collected, rinsed twice with cold PBS and 1 mM
sodium orthovanadate, and pelleted. Proteins were extracted
from FLS in ice-cold radioimmunoprecipitation assay buffer
(50 mM Tris HCl, pH 7.5, 150 mM NaCl, 1% Triton X-100,
1% Nonidet P40, 30 mM NaF, 5 mM ethylenediamine tetra-
acetate, 1 mM dithiothreitol, 0.1% sodium dodecyl sulfate
[SDS], 1 mM sodium orthovanadate, and protease inhibitor
cocktail). Protein extracts (80 �g) were subjected to 10%
SDS–polyacrylamide gel electrophoresis and transferred to
PVDF membranes. Membranes were blocked with Tris buff-
ered saline (pH 7.6) containing 5% bovine serum albumin and
0.1% Tween 20 and then incubated overnight at 4°C with the
following primary antibodies: rabbit anti-human TLR-7 (1:200;
Acris) and mouse anti-human TLR-3 (2 �g; Imgenex), with
mouse anti–�-actin (1:10,000; Sigma-Aldrich) used as a load-
ing control. Horseradish peroxidase–conjugated secondary
antibody (1:10,000 dilution) was used for detection. Proteins
were detected using an enhanced chemiluminescence Western
blot analysis system (Pierce). Protein bands were analyzed
with a Bio-Rad gel documentation system, using the Bio-Rad
Quantity One program, and normalized against the intensity of
�-actin.

Enzyme-linked immunosorbent assay (ELISA) of
IFN�, CXCL8 (IL-8), and matrix metalloproteinase 3
(MMP-3) in culture supernatants. FLS were cultured in 6-well
plates with TLR-specific ligands in the presence or absence of
VIP for 6 hours (for IFN�) and 24 hours (for CXCL8 and
MMP-3). Culture supernatants were concentrated with Ami-
con Ultra-0.5 Centrifugal Filter devices (Millipore) for IFN�
and MMP-3. Levels of IFN� in concentrated FLS culture
supernatants were measured using a VeriKine Human IFN-�
ELISA kit (PBL InterferonSource). Levels of CXCL8 were
determined with a human capture ELISA, as previously de-
scribed (31). The amount of MMP-3 was determined with a
human instant ELISA kit (Bender MedSystems). Both the
intraassay and interassay variability were �5% for CXCL8,
�8% for IFN�, and �10% for MMP-3.

ELISA of RIG-I and MDA5 in cytoplasmic extracts.
Eighty micrograms of cytoplasmic extracts of FLS treated with
poly(I-C) for 2 hours was isolated as described above, and
levels of RIG-I and MDA5 were measured using a sandwich
ELISA kit (Apotech; Enzo Life Sciences).

Transcription factor activity assay. Nuclear IRF-3,
IRF-7, NF-�B, AP-1 c-Jun, and AP-1 c-Fos activity was
quantified using an ELISA-based TransAM kit (Active Motif)
according to the manufacturer’s protocol. Briefly, the nuclear
protein extracts (3–10 �g/well) were added to a 96-well plate
that was immobilized with oligonucleotide containing IRF-3,
IRF-7, NF-�B, and AP-1 elements, respectively. Transcription
factor contained in nuclear extracts bound specifically to this
oligonucleotide during incubation for 1 hour at room temper-
ature. Primary antibody was then added to each well for 1 hour
followed by secondary horseradish peroxidase–conjugated an-
tibody for 1 hour. After adding developing solution and
stopping the colorimetric reaction, the transcription factor
activity was determined by reading absorbance at 450 nm.

Statistical analysis. Results are expressed as the
mean � SEM. The significance of the results was analyzed
using Student’s 2-tailed t-test. P values less than 0.05 were
considered significant.

RESULTS

Characterization of ssRNA and dsRNA receptor
expression in FLS. We initially studied the constitutive
expression of the membrane receptors TLR-3 (dsRNA
receptor) and TLR-7 (ssRNA receptor) on cultured FLS.
We observed constitutive mRNA expression of TLR-3 and
TLR-7 in both OA and RA FLS. We detected mRNA by
means of classic PCR, where we confirmed the identity of
PCR products by electrophoretic analysis and subsequent
sequencing (data not shown). To quantify the expression,
we performed real-time PCR and used �-actin as a refer-
ence gene. The pattern was different in both pathologies:
the expression of TLR-3 mRNA was 2.9-fold higher in RA
FLS than in OA FLS, whereas the expression of TLR-7
mRNA was 2.7-fold higher in OA FLS than in RA FLS
(Figure 1A). When comparing TLR-3 expression with
TLR-7 expression, we observed that the expression of
TLR-3 in OA FLS was less than twice as high as that of
TLR-7, whereas the expression of TLR-3 in RA FLS was
almost 6 times higher than that of TLR-7.

We then detected TLR-3 and TLR-7 at the protein
level by means of Western blotting (Figure 1B). This
expression presented great heterogeneity, and we did not
observe significant differences between RA FLS and OA
FLS. Immunocytochemical analysis showed expression of
both TLR-3 and TLR-7 in perinuclear areas, correspond-
ing endosomal localization in the cytoplasm (Figure 1C),
with partial colocalization of both receptors (Figure 1C).
We observed no staining when isotype controls were used
(data not shown). We also studied the constitutive expres-
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sion of cytosolic RIG-I and MDA5 and detected similar
expression of RIG-I mRNA in OA FLS and RA FLS,
whereas the expression of RIG-I in RA FLS was signifi-
cantly higher than that in OA FLS at the protein level,
although the expression measured by ELISA was poor
(Figure 1D). We observed higher gene expression of
MDA5 in OA FLS compared with RA FLS, which was
confirmed at the protein level by ELISA (Figure 1D).
When comparing the expression of RIG-I and MDA5
mRNA, that of RIG-I was higher in both OA FLS and RA
FLS after poly(I-C) stimulation (Table 1). In summary,
TLR-3 and RIG-I were overexpressed in RA FLS (al-
though RIG-I was overexpressed only at the protein level),
whereas TLR-7 and MDA5 were overexpressed in OA
FLS.

Differential induction of TLR-3, TLR-7, RIG-I,
and MDA5 in FLS by poly(I-C) or imiquimod. In order
to mimic the effect of endogenous RNAs present in the
joint, we examined the effect of the agonists poly(I-C)
and imiquimod on the expression of these receptors.
Stimulation with poly(I-C) significantly increased
TLR-3, RIG-I, and MDA5 gene expression in FLS,

Figure 1. Characterization of Toll-like receptor 3 (TLR-3), TLR-7, retinoic acid–inducible gene I (RIG-I), and myeloid
differentiation-associated gene 5 (MDA5) expression in osteoarthritis (OA) fibroblast-like synoviocytes (FLS) and rheumatoid
arthritis (RA) FLS. A, TLR-3 and TLR-7 mRNA expression was measured by real-time polymerase chain reaction (PCR), using
�-actin as the reference gene. B, Protein expression of TLR-3, TLR-7, and �-actin was determined by Western blotting, using total
protein extracts. C, Protein expression and intracellular localization of TLR-3 and TLR-7 were analyzed by immunofluorescence
staining. Nuclei were counterstained with DAPI (blue), and receptors were stained with Alexa Fluor 488 (red) and Alexa Fluor 594
(green) for TLR-3 and TLR-7, respectively. Boxed areas show larger-magnification views of individual nuclei. Original magnification
� 450. D, RIG-I and MDA5 mRNA expression was determined by real-time PCR, using �-actin as the reference gene. Protein
expression was analyzed by enzyme-linked immunosorbent assay. Results in B and C are representative of 3 independent experiments.
Values in A and D are the mean � SEM results for at least 8 FLS lines measured in triplicate, with basal OA mRNA expression as
the referent. � � P � 0.05; ��� � P � 0.001.

Table 1. Relative induced expression of single-stranded RNA and
double-stranded RNA sensor mRNA in fibroblast-like synoviocytes*

OA RA

TLR-3
Basal 1.13 � 0.13 1.01 � 0.05
Poly(I-C)–stimulated 16.62 � 2.30† 9.03 � 0.67†

RIG-I
Basal 1.02 � 0.13 1.04 � 0.10
Poly(I-C)–stimulated 5.79 � 0.62† 16.51 � 2.52†

MDA5
Basal 1.06 � 0.15 0.98 � 0.13
Poly(I-C)–stimulated 2.21 � 0.40‡ 9.02 � 1.37†

TLR-7
Basal 1.25 � 0.25 1.07 � 0.10
Imiquimod-stimulated 2.87 � 0.51§ 2.20 � 0.44‡

* Values are the mean � SEM from at least 3 individual experiments
performed in triplicate. Osteoarthritis (OA) and rheumatoid arthritis
(RA) fibroblast-like synoviocytes were stimulated for 24 hours with
poly(I-C) 20 �g/ml or imiquimod 15 �g/ml, and mRNA expression was
determined by relative real-time quantitative polymerase chain reac-
tion and corrected for mRNA expression of �-actin in each sample.
The amount of target normalized to �-actin was compared using the
formula 2���Ct. TLR-3 � Toll-like receptor 3; RIG-I � retinoic acid–
inducible gene I; MDA5 � myeloid differentiation-associated gene 5.
† P � 0.001 versus basal.
‡ P � 0.01 versus basal.
§ P � 0.05 versus basal.
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although with different intensities (Table 1 and Figure
2). Although the increase in TLR-3 mRNA expression
was higher in OA FLS than in RA FLS, the increase in
RIG-I and MDA5 mRNA expression was higher in RA
FLS than in OA FLS. Analysis of protein in cytoplasmic
extracts showed a significant increase in RIG-I only in
poly(I-C)–stimulated OA FLS and a trend toward higher
expression of MDA5 in RA FLS (Figure 2). Stimulation
with imiquimod increased TLR-7 mRNA expression,
with similarly low, although significant, intensity in both
OA FLS and RA FLS. Although poly(I-C) is the main
inducer of RIG-I and MDA5 responses, a recent study
showed up-regulated TLR-7–induced expression of both
cytoplasmic receptors in human plasmacytoid dendritic
cells (DCs) (34). Surprisingly, in FLS, imiquimod was
able to significantly induce MDA5 at both the protein
and mRNA levels, and a similar tendency was observed
for RIG-I expression (data not shown). Regarding
TLR-3 and TLR-7, we did not detect significant differ-
ences at the protein level (data not shown). Thus,
agonists up-regulated the expression of the ssRNA and
dsRNA receptors tested, in both OA and RA FLS.

Effect of VIP on poly(I-C)– and imiquimod-
stimulated expression of TLR-3, TLR-7, RIG-I, and
MDA5. Because we previously observed that VIP exerts
its immunomodulatory action on TLR-2 and TLR-4 by
down-regulating their expression in human FLS (20), we
next studied the effect of VIP after stimulation with
poly(I-C) and imiquimod. VIP significantly inhibited the
expression of RIG-I mRNA stimulated with poly(I-C) in
OA FLS and RA FLS. This effect was observed only at
the protein level in OA FLS, where the unstimulated
expression of RIG-I was less than that in RA FLS, and
enhanced expression was observed only in OA FLS after
poly(I-C) stimulation (Figure 2A). In the case of MDA5
mRNA, we observed a nonsignificant decrease in ex-
pression in both OA and RA FLS; a similar tendency
was detected at the protein level in RA FLS. In OA FLS,
poly(I-C) was not able to increase MDA5 expression,
and the basal expression of MDA5 was higher than that
in unstimulated RA FLS (Figure 2B). TLR-3 and TLR-7
agonist–enhanced expression and imiquimod-enhanced
expression of RIG-I and MDA5 were not altered by VIP
treatment (data not shown). Taken together, these data
indicate that, with the exception of the VIP-mediated
decrease in RIG-I expression, the potential action of
VIP was not mediated by reduced expression of the
receptors studied.

Different patterns of nuclear translocation of
transcription factors in FLS following stimulation with
poly(I-C) or imiquimod. Stimulation of ssRNA and
dsRNA receptors leads to the activation of different

Figure 2. Characterization of induced expression of RIG-I and
MDA5 after poly(I-C) stimulation, and analysis of vasoactive intestinal
peptide (VIP) treatment. Messenger RNA and protein expression of
RIG-I (A) and MDA5 (B) from OA and RA FLS was measured by
real-time PCR and enzyme-linked immunosorbent assay, respectively.
Messenger RNA and protein expression of both genes was analyzed
under 3 conditions: basal, stimulation with poly(I-C), and treatment
with poly(I-C) plus VIP. Values for the relative expression of both
genes were corrected using mRNA expression of �-actin. Values are
the mean � SEM results from at least 3 FLS lines measured in
triplicate, with basal OA or RA mRNA expression as the referent. � �
P � 0.05; ��� � P � 0.001; § � P � 0.05; §§ � P � 0.01; §§§ � P �
0.001. See Figure 1 for other definitions.
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transcription factors, such as IRF-3, IRF-7, NF-�B. and
AP-1, which induce the production of type I IFNs and
inflammation mediators (2). We thus next studied the
time course of translocation to the nucleus of these
transcription factors after the recognition of the syn-
thetic analogs.

We observed different timing of activation in
poly(I-C)– and imiquimod-treated OA FLS (data not
shown). Poly(I-C)–induced activation of NF-�B p65
and AP-1 c-Jun was observed within 5 minutes of
treatment, whereas activation of IRF-3 was observed
after 60 minutes. The highest activation of IRF-3 and
AP-1 c-Jun was observed after 90 minutes, while
maximum NF-�B p65 activation was reached after
120 minutes. No activation of AP-1 c-Fos was observed
after poly(I-C) treatment (data not shown). After the
highest activation was achieved, prolonged treatment
diminished transcription factor activation, which dis-
appeared when treatment lasted 24 hours (data not
shown).

Figure 3. Determination of induced activation of interferon (IFN) regulatory factor 3 (IRF-3), NF-�B, activator protein 1 (AP-1),
IFN�, CXCL8, and matrix metalloproteinase 3 (MMP-3) by poly(I-C) stimulation (for the indicated periods of time), and analysis of
vasoactive intestinal peptide (VIP) treatment in OA and RA FLS. A, Activation of IRF-3 (90 minutes), NF-�B p65 (120 minutes), and
AP-1 c-Jun (90 minutes) in OA and RA FLS was determined with the enzyme-linked immunosorbent assay (ELISA)–based TransAM
kit, using nuclear protein extract. Transcription factor activity was normalized to the levels in poly(I-C)–stimulated nuclear extracts
(% of stimulated FLS). B, Messenger RNA (2 hours) and protein (6 hours) expression of IFN� from OA and RA FLS was analyzed
by real-time PCR using �-actin as the reference gene and ELISA, respectively. C and D, The presence of CXCL8 and MMP-3,
respectively, in the supernatants of OA and RA FLS cultures was determined by ELISA. Every assay was done under 3 conditions:
basal, stimulation with poly(I-C), or treatment with poly(I-C) plus VIP. Values are the mean � SEM from at least 3 FLS lines
measured in triplicate. � � P � 0.05; �� � P � 0.01; ��� � P � 0.001; § � P � 0.05; §§ � P � 0.01; §§§ � P � 0.001. See Figure 1
for other definitions.

Table 2. Intensity of transcription factor stimulation in OA and RA
fibroblast-like synoviocytes*

Transcription factor/
stimulation OA RA

IRF-3
Poly(I-C), 90 minutes 15.02 � 1.66 10.89 � 1.67

NF-�B
Poly(I-C), 1 hour 9.86 � 1.07 75.88 � 26.4†
Imiquimod, 1 hour 4.22 � 0.62 38.29 � 13.02†

c-Jun
Poly(I-C), 90 minutes 3.95 � 0.95 3.91 � 0.83
Imiquimod, 90 minutes 3.65 � 1.31 4.64 � 0.92

c-Fos
Imiquimod, 2 hours 36.79 � 8.42 67.65 � 1.09‡

* Values are the mean � SEM results from triplicate experiments.
Binding of the indicated active nuclear transcription factor to an
oligonucleotide was determined using a TransAM kit. Osteoarthritis
(OA) and rheumatoid arthritis (RA) fibroblast-like synoviocytes were
treated with 20 �g/ml poly(I-C) or 15 �g/ml imiquimod. After stimu-
lation for the periods of time indicated, cells were re-collected, and
nuclei were isolated. The amount of active transcription factor was
normalized to the levels in basal lysates; IRF-3 � interferon regulatory
factor 3.
† P � 0.05 versus OA.
‡ P � 0.01 versus OA.
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Imiquimod produced less and earlier activation
of NF-�B p65 than poly(I-C) stimulation. The highest
activation of NF-�B p65 was observed at 60 minutes
before AP-1 c-Jun and c-Fos. Moreover, imiquimod
triggered the activation of both AP-1 c-Jun and AP-1
c-Fos, with maximum activation observed at 90 minutes
and 120 minutes, respectively. AP-1 c-Jun was activated
sooner and with more intensity with imiquimod than
with poly(I-C), which was not able to activate AP-1
c-Fos. IRF-3 was not activated by imiquimod, and we did
not observe IRF-7 translocation after imiquimod or
poly(I-C) treatment, even when treatment was pro-
longed to 2, 4, 6, or 24 hours (data not shown).

Knowing the maximum activation time, we stud-
ied the different stimulation intensity in OA FLS and
RA FLS. All of the transcription factors studied were
activated more strongly in RA FLS, except for IRF-3
and AP-1 c-Jun, for which activation was similar (Table
2). These differences were statistically significant for
NF-�B and AP-1 c-Fos. In summary, we observed
maximum transcription factor activation in FLS between
60 minutes and 120 minutes, and poly(I-C) strongly

activated IRF-3 and NF-�B, whereas AP-1 was more
strongly activated by imiquimod.

Effect of VIP on transcription factor activation
after poly(I-C) or imiquimod treatment. We investi-
gated whether the potential immunoregulatory role of
VIP could be mediated by its effect on nuclear translo-
cation of these transcription factors. VIP significantly
diminished poly(I-C)–induced activation of IRF-3 in
both OA FLS and RA FLS, but it had little if any effect
on the other transcription factors examined in the
presence of poly(I-C) (Figure 3A). In imiquimod-
treated FLS, VIP decreased activation of every tran-
scription factor (NF-�B, AP-1 c-Jun, and AP-1 c-Fos),
with a significant reduction in all of them in RA FLS and
significant inhibition only for AP-1 c-Fos in OA FLS
(Figure 4A). Taken together, these results indicate that,
after stimulation of dsRNA receptors, VIP produced
similar effects in both OA FLS and RA FLS in reducing
IRF-3 translocation, whereas after the engagement of
ssRNA receptors, VIP was more effective in RA FLS
than in OA FLS in terms of down-regulating transcrip-
tion factors.

Figure 4. Determination of induced activation of NF-�B, AP-1, CXCL8, and MMP-3 protein expression by imiquimod stimulation
and analysis of VIP treatment in osteoarthritis (OA) and rheumatoid arthritis (RA) fibroblast-like synoviocytes (FLS). A, Activation
of NF-�B p65 (60 minutes), AP-1 c-Jun (90 minutes), and AP-1 c-Fos (120 minutes) in OA and RA FLS was determined with the
ELISA-based TransAM kit, using nuclear protein extract. Transcription factor activity was normalized to the levels in imiquimod-
stimulated nuclear extracts (% of stimulated FLS). B and C, The presence of CXCL8 and MMP-3, respectively, in the supernatants
of OA and RA FLS cultures was determined by ELISA. Activation of NF-�B p65 and AP-1 c-Jun and c-Fos and protein expression
of CXCL8 and MMP-3 were analyzed under 3 conditions: basal, treatment with imiquimod, or treatment with imiquimod plus VIP.
Values are the mean � SEM from at least 3 FLS lines measured in triplicate. � � P � 0.05; �� � P � 0.01; ��� � P � 0.001; § � P �
0.05; §§ � P � 0.01; §§§ � P � 0.001. See Figure 3 for other definitions.
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Effect of VIP on agonist-stimulated production
of IFN�, CXCL8, and MMP-3. Transcription factor
activation in response to synthetic agonists has conse-
quences in the production of antiviral agents such as
IFN�, proinflammatory chemokines such as CXCL8,
and MMPs involved in joint destruction, such as
MMP-3. First, we studied the expression of IFN�, which
is augmented in response to IRF-3 activation. Poly(I-C)
treatment produced a significant increase in IFN�
mRNA expression, by almost twice as much in RA FLS
compared with OA FLS (Figure 3B, left panels). To
determine whether treatment with poly(I-C) could result
in increased IFN� secretion by these cells, we measured
it by means of ELISA. We did not detect unstimulated
IFN� in the supernatants of FLS, but this protein was
detected in both OA FLS and RA FLS supernatants
after 6 hours of culture, with double secretion in RA
FLS compared with that in OA FLS (Figure 3B, right
panels). In addition, after poly(I-C) treatment, VIP
significantly decreased IFN� mRNA expression, in both
OA FLS and RA FLS. At the protein level, VIP
significantly reduced IFN� secretion in both RA and
OA FLS and nearly eliminated it in RA FLS superna-
tants (Figure 3B). In contrast, after imiquimod treat-
ment, there was no increase in IFN�, IFN�1, or IFN�4
expression at either the mRNA or protein level (data not
shown).

CXCL8 is one of the chemokines secreted in
response to NF-�B activation. Therefore, we measured
the secretion of CXCL8 in FLS supernatants. Stimula-
tion with poly(I-C) significantly augmented CXCL8 se-
cretion in FLS, but VIP still did not have any effect on
this increase (Figure 3C). Imiquimod also significantly
enhanced CXCL8 secretion in both RA and OA FLS,
and VIP significantly reduced this secretion in RA FLS
but not in OA FLS. AP-1 is a key transcription factor for
MMP-3 gene expression in FLS. Both poly(I-C) and
imiquimod stimulation significantly increased MMP-3
secretion in FLS, except in poly(I-C)–treated OA FLS,
where this increase was not significant. VIP significantly
diminished MMP-3 production only in imiquimod-
treated RA FLS, and a tendency toward diminished
production was noted in poly(I-C)–treated RA FLS and
imiquimod-treated OA FLS (Figures 3D and 4C). In
summary, VIP treatment variably reduced inflammation
mediators such as CXCL8, the matrix-degrading enzyme
MMP-3, and antiviral IFN�.

DISCUSSION

Rheumatic diseases are a diverse group of disor-
ders, with an unknown etiology and poorly understood

pathogenesis, involving the musculoskeletal system. The
innate immune pathways in FLS play a crucial role not
only in the initiation but also in the perpetuation of
rheumatic diseases. This study is the first to show the
constitutive expression, activation, and function of
RIG-I, MDA5, and TLR-7 in FLS and also confirms the
presence and functionality of TLR-3 described previ-
ously by other investigators. Since the initial description
of TLR-2 in 2003 (16), it has been generally accepted
that the expression of TLRs 2, 3, 4, and 7 and RIG-I is
increased in the synovial tissue of patients with RA
compared with healthy controls and patients with OA
(15,35,36). However, the data regarding their constitu-
tive expression and their activation in isolated FLS are
dissimilar, and the differences between both pathologies
are not as apparent.

A recent study demonstrated a tendency to-
ward higher basal expression of TLR-3 mRNA in RA
FLS when compared with OA FLS, normal FLS, and
skin fibroblasts (37), whereas our results demon-
strated that these differences are significant at the
mRNA level and with great heterogeneity between
OA FLS and RA FLS at the protein level. In contrast
with a previous study (36), we detected constitutive
expression of RIG-I in FLS, which was increased at
the protein level in RA FLS. Interestingly, MDA5 and
RIG-I have been involved in the induction of apopto-
sis, and MDA5 has been involved in growth cell
suppression (38), 2 pivotal functions of FLS that
contribute to RA pathogenesis. The presence of
TLR-7 in synovial tissue has been described previ-
ously (18,39). This report is the first to describe the
constitutive and imiquimod-stimulated expression of
TLR-7 in isolated FLS and its coexpression with
TLR-3.

TLR-3 stimulation activates the TRIF-dependent
signaling pathways activating NF-�B and AP-1 transcrip-
tion factors, which induce production of inflammation
mediators and MMPs. TRIF also participates in the
activation of IRF-3 and IRF-7, which regulate type I
IFN, chiefly inducing production of IFN�. IFN� gene
transcription is complex and requires IRF-3, NF-�B, and
activating transcription factor 2/c-Jun complexes or en-
hanceosomes (40).

We observed that poly(I-C) induced the translo-
cation of NF-�B p65, AP-1 c-Jun, and IRF-3 in FLS.
NF-�B p65 activation was significantly stronger in RA
FLS than in OA FLS. Activation of IRF-7 and AP-1
c-Fos was not detected. In a recent study, Sweeney et al
observed a primary role of IRF-3 not only in the
inhibition of IFN-regulated genes but also in the inhibi-
tion of AP-1–regulated genes, while being irrelevant in
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the presence of IRF-7 for the production of IFN� and
other proinflammation mediators (41). Those investiga-
tors reported inducible IRF-7 protein expression at 2
hours that continued for 24 hours. We did not observe
the translocation of IRF-7 to the nucleus in our cultures
even after 24 hours, confirming the unrelated role of this
factor in poly(I-C) stimulation, although we cannot rule
out insufficient activation of IRF-3 as a requirement for
IRF-7 activation. NF-�B p65 and AP-1 c-Jun were
activated rapidly (in 5 minutes), whereas activation of
IRF-3 was observed after 60 minutes, consistent with the
results of studies by Sweeney et al (41). Our results
confirm those of previous studies of the main role played
by IRF-3, NF-�B p65, and AP-1 c-Jun as components of
the enhanceosome for IFN� synthesis, as well as for the
production of mediators such as CXCL8 and MMP-3
that are involved in joint destruction (12).

Although dsRNA has arthritogenic properties,
TLR-3–knockout mice experienced the development of
arthritis, supporting the finding that other receptors
such as cytoplasmic receptors are involved in the induc-
tion of inflammation (42). Both RIG-I and MDA5
stimulation with poly(I-C) activated IRF-3 and NF-�B,
thus sharing signaling pathways with TLR-3. Although
our study provides the first description of the basal
expression of cytoplasmic receptors and activation of
MDA5 in FLS, the final contribution of TLR-3, RIG-I,
and MDA5 to the activation of transcription factors
could not be dissected and remains to be elucidated.
IRF-3 is involved in the production of the antiviral
IFN�, NF-�B mediates the synthesis of the proinflam-
matory chemokine CXCL8, and AP-1 is involved in
the production of MMP-3. Poly(I-C) induced an in-
crease in gene and protein expression of IFN�, CXCL8,
and MMP-3 in RA FLS compared with OA FLS.
Again, we cannot dissect the contribution of RIG-I and
MDA5 in the production of IFN� and CXCL8. The
system is further complicated by the fact that IRF-3 is
also involved in the production of MMP-3 and CXCL8
gene expression (41).

TLR-7 responses require myeloid differentiation
factor 88, which activates NF-�B and MAP kinase, as
well as IRF-7 signaling in plasmacytoid DCs for the
production of type I IFNs, particularly IFN� (2). High
levels of this receptor have been reported in plasmacy-
toid DCs, monocytes, and B cells (34), along with the
involvement of various transcription factors such as
AP-1 c-Jun and IRF-7. The molecular pathways of
TLR-7–mediated activation in FLS have not been char-
acterized to date. Treatment with imiquimod produced
activation of NF-�B, AP-1 c-Jun, and AP-1 c-Fos in FLS,
with the consequent up-regulation of CXCL8 and

MMP-3, whereas IRF-7 was not detected in the nucleus
on any occasion studied, nor was production of IFN�1,
IFN�4, and IFN� observed. The up-regulation of
CXCL8 has also been reported in human plasmacytoid
DCs after treatment with the same agonists (34). It is of
interest that we observed an increase in both gene
expression and protein production of RIG-I and MDA5
after imiquimod treatment, in accordance with the TLR-
7–mediated gene overexpression observed in human
plasmacytoid DCs (34), showing the ability of the innate
immune system to intensify itself. We also report here,
for the first time, the TLR-7–mediated production of
MMP-3. Thus, in FLS, TLR-7 stimulation leads to the
production of mediators of inflammation and joint de-
struction, together with amplification of the dsRNA
cytoplasmic receptors.

We previously reported the VIP-mediated down-
regulated expression of TLR-2 and TLR-4 in RA FLS
associated with reduced production of IL-6, CXCL8,
and CCL2 (43). In the current study, we showed a
VIP-mediated decrease in the expression of RIG-I and
MDA5 receptors and no effect of VIP on TLR-3 and
TLR-7. VIP treatment reduced the poly(I-C)–induced
activation of IRF-3 and consequently the production of
IFN� in FLS. The role of IFN� in rheumatic diseases is
controversial. It decreases the expression of inflamma-
tion mediators produced by synoviocytes, but clinical
trials with IFN� have demonstrated negligible effective-
ness (44). Moreover, autoimmunity is precipitated by
the overproduction of type I IFN and inflammatory
cytokines. Roelofs et al reported that in RA tissue,
TLR-3/TLR-7 signaling through IFN�/IL-18 expression
contributes to the activation of TLR-4, maintaining the
proinflammatory cascade (39). The VIP-mediated de-
crease in IFN� could also contribute to the previously
reported VIP-mediated inhibition of TLR-4 expression
and the inhibition of proinflammation mediators in FLS.

The effect of VIP on imiquimod-treated FLS was
limited to RA, resulting in reduced activation of NF-�B,
AP-1 c-Jun, and AP-1 c-Fos and a decrease in CXCL8
and MMP-3 production. The effect of VIP on FLS is
mediated by 2 protein G–coupled receptors, VPAC1 and
VPAC2, with overexpression of VPAC2 in RA FLS (31).
An important point to note is that imiquimod triggered
a potent up-regulation of VPAC2 gene expression in
macrophages (45). In accordance with our results, the
VIP-mediated inhibition of inducible nitric oxide synthase
gene expression through the inhibition of poly(I-C)–
induced AP-1 activation in Schwann cells has been
reported (46). The precise ligands for the pattern rec-
ognition receptors studied in rheumatic diseases have
not been identified. Virus occurrence was mainly studied
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in RA, where dsRNA such as cytomegalovirus, a ligand
for TLR-3, and Epstein-Barr virus, a ligand for RIG-I
that induces anti–cyclic citrullinated protein antibodies
in patients with RA, were identified, and ssRNA, such as
parvovirus B19, were also observed (13,47,48). However,
endogenous ligands, such as the necrotic debris present
in the joint microenvironment as a result of inflamma-
tion (14), and high levels of circulating (49) and synovial
fluid nucleic acids (50) could also contribute to both the
initiation and maintenance of disease.

Understanding the molecular mechanisms regu-
lating the induction of inflammation and joint destruc-
tion mediators, as well as type I IFNs by pattern
recognition receptors, is crucial for the development of
novel therapeutic immune modulators. In recent years, it
has been demonstrated that among these, VIP could be
an excellent candidate.
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REFERENCES

1. O’Neill LA, Bowie AG. The family of five: TIR-domain containing
adaptors in Toll-like receptor signalling. Nat Rev Immunol 2007;
7:353–64.

2. Kumar H, Kawai T, Akira S. Pathogen recognition in the innate
immune response. Biochem J 2009;420:1–16.

3. Beutler B. Interferences, questions and possibilities in Toll-like
receptor signaling. Nature 2004;430:257–63.

4. Yoneyama M, Kikuchi M, Natsukawa T, Shinobu N, Imaizumi T,
Miyagishi M. The RNA helicase RIG-I has an essential function in
double-stranded RNA-induced innate antiviral responses. Nat
Immunol 2004;5:730–7.

5. Beutler B. Microbe sensing, positive feedback loops, and the
pathogenesis of inflammatory diseases. Immunol Rev 2009;227:
248–63.

6. Schmidt AT, Schwerd W, Hamm JC, Hellmuth S, Cui M, Wenzel
FS, et al. 59-triphosphate RNA requires base-paired structures to
activate antiviral signalling via RIG-I. Proc Natl Acad Sci U S A
2009;106:12067–72.

7. Schlee M, Roth A, Hornung V, Hagmann CA, Wimmenauer V,
Barchet W, et al. Recognition of 59-triphosphate by RIG-I heli-
case requires short blunt double-stranded RNA as contained in
panhandle of negative-strand virus. Immunity 2009;31:25–34.

8. Pichlmair A, Schulz O, Tan CP, Rehwinkel J, Kato H, Takeuchi O,
et al. Activation of MDA5 requires higher-order RNA structures
generated during virus infection. J Virol 2009;83:10761–9.

9. Ranjith-Kumar CT, Murali A, Dong W, Srisathiyanarayanan D,
Vaughan R, Ortiz-Alcantara J, et al. Agonist and antagonist
recognition by RIG-I, a cytoplasm innate immunity receptor.
J Biol Cell 2009;284:1155–65.

10. Wilkins C, Gale M Jr. Recognition of viruses by cytoplasmic
sensors. Curr Opin Immunol 2009;22:1–7.

11. Firestein GS. Evolving concepts of rheumatoid arthritis. Nature
2003;423:356–61.

12. Bartok B, Firestein GS. Fibroblast-like synoviocytes: key effector
cells in rheumatoid arthritis. Immunol Rev 2010;233:233–55.

13. Toussirot E, Roudier J. Pathophysiological links between rheuma-
toid arthritis and the Epstein-Barr virus: an update. Joint Bone
Spine 2007;74:418–26.

14. Brentano F, Schorr O, Gay RE, Gay S, Kyburz D. RNA released
from necrotic synovial fluid cells activates rheumatoid arthritis
synovial fibroblasts via Toll-like receptor 3. Arthritis Rheum
2005;52:2656–65.

15. Roelofs MF, Boelens WC, Joosten LA, Abdollahi-Roodsaz S,
Geurts J, Wunderink LU, et al. Identification of small heat shock
protein B8 (HSP22) as a novel TLR4 ligand and potential involve-
ment in the pathogenesis of rheumatoid arthritis. J Immunol
2006;176:7021–7.

16. Seibl R, Birchler T, Loeliger S, Hossle JP, Gay RE, Saurenmann
T, et al. Expression and regulation of Toll-like receptor 2 in
rheumatoid arthritis synovium. Am J Pathol 2003;162:1221–7.

17. Radstake TR, Roelofs MF, Jenniskens YM, Oppers-Walgreen B,
van Riel PL, Barrera P, et al. Expression of Toll-like receptors 2
and 4 in rheumatoid synovial tissue and regulation by proinflam-
matory cytokines interleukin-12 and interleukin-18 via interfer-
on-�. Arthritis Rheum 2004;50:3856–65.

18. Roelofs MF, Joosten LA, Abdollahi-Roodsaz S, van Lieshout AW,
Sprong T, van den Hoogen FH, et al. The expression of Toll-like
receptors 3 and 7 in rheumatoid synovium is increased and
costimulation of Toll-like receptors 3, 4, 7/8 results in synergistic
cytokine production by dendritic cells. Arthritis Rheum 2005;52:
2313–22.

19. Gutierrez-Canas I, Juarranz Y, Santiago B, Arranz A, Martinez C,
Galindo M, et al. VIP down-regulates TLR4 expression and
TLR4-mediated chemokine production in human rheumatoid
synovial fibroblasts. Rheumatology (Oxford) 2006;45:527–32.

20. Arranz A, Gutierrez Canas I, Carrion M, Juarranz Y, Pablos JL,
Martinez C, et al. VIP reverses the expression profiling of TLR4-
stimulated signalling pathway in rheumatoid arthritis synovial
fibroblasts. Mol Immunol 2008;45:3065–73.

21. Abad C, Martinez C, Juarranz MG, Arranz A, Leceta J, Delgado
M, et al. Therapeutic effects of vasoactive intestinal peptide in the
trinitrobenzene sulfonic acid model of Crohn’s disease. Gastroen-
terology 2003;124:961–71.

22. Delgado M, Pozo D, Ganea D. The significance of vasoactive
intestinal peptide in immunomodulation. Pharmacol Rev 2004;56:
249–90.

23. Li H, Mei Y, Wang Y, Xu L. Vasoactive intestinal peptide
suppressed experimental autoimmune encephalomyelitis by inhib-
iting T helper 1 responses. J Clin Immunol 2006;26:430–7.

24. Lodde BM, Mishiba F, Wang J, Cotrim AP, Afiore S, Tak PP, et
al. Effect of human vasoactive intestinal peptide gene transfer in a
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