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MRP8 promotes Th17 differentiation via upregulation
of IL-6 production by fibroblast-like synoviocytes in
rheumatoid arthritis

Dong-Gun Lee1, Jung-Won Woo1, Seung-Ki Kwok2, Mi-La Cho1 and Sung-Hwan Park2

Myeloid-related protein (MRP)8/MRP14 is an endogenous Toll-like receptor 4 (TLR4) ligand and is abundant in synovial fluid

(SF) of rheumatoid arthritis (RA) patients. Belonging to damage-associated molecular patterns, it amplifies proinflammatory

mediators and facilitates a wide range of inflammatory and autoimmune diseases. Interleukin (IL)-17-producing T-helper (Th)17

cells have a crucial role in RA pathogenesis, and IL-6 is the key factor promoting Th17 differentiation. We investigated whether

the level of MRP8/MRP14 is positively associated with IL-6 and IL-17 levels in RA SF and found that MRP8/MRP14 level had

a significant correlation with IL-6 and IL-17 levels in RA SF. We also observed that MRP8-induced IL-17 production by

peripheral blood mononuclear cells but MRP14 did not. Upon stimulation with MRP8, IL-6 production was enhanced by RA

fibroblast-like synoviocytes (FLS) and was further elevated by coculturing RA FLS with activated CD4þ T cells. Moreover, we

demonstrated that MRP8-activated IL-6 production by RA FLS promoted differentiation of Th17 cells using the coculture

system consisting of CD4þ T cells and RA FLS. In addition, IL-6 blockade attenuated Th17 polarization of CD4þ T cells in

the cocultures. Inhibitor studies revealed that MRP8 increased IL-6 production in RA FLS via TLR4/phosphoinositide 3-kinase/

nuclear factor-jB and mitogen-activated protein kinase signaling pathways. Our results show that MRP8 has a crucial role in

stimulating IL-6 expression by RA FLS, and subsequently promotes Th17 differentiation in RA, suggesting that neutralizing

MRP8 level in RA synovium may be an effective therapeutic strategy in RA treatment.
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INTRODUCTION

Rheumatoid arthritis (RA) is a chronic autoimmune inflam-
matory disease characterized by synovial inflammation, and
progressive cartilage and bone destruction.1 Although the
precise etiology of RA remains unclear, proinflammatory
cytokines and autoreactive T cells are crucial in its patho-
genesis. Conventionally, RA is considered to be a T-helper
(Th)1 cell-mediated disease, but Th17 cells are increasingly
being accepted as the central factor in RA pathogenesis.2

Th17 cells produce interleukin (IL)-17A, which propagates
inflammation and facilitates bone resorption by increasing the
expression of RANKL on osteoblasts.3 Elevated levels of IL-17
have been observed in RA synovium and synovial fluid (SF) of
patients with early RA.4,5 A critical role of IL-17 in the
development of autoimmune diseases has been demonstrated
in the SKG mouse model, where self-reactive IL-17-secreting

T cells were shown to mediate an autoimmune arthritis
close to RA.6 Inflammatory cytokines, such as IL-1b, IL-6,
IL-23 and transforming growth factor-b, provide a milieu in
the local microenvironment of RA, which supports Th17
differentiation and suppresses differentiation of regulatory T
cells, thus shifting T-cell homeostasis toward inflammation.7,8

IL-6 is an indispensable cytokine, which induces Th17
differentiation in both humans and mice in combination with
IL-1b and transforming growth factor-b, respectively.9,10 It is
abundantly present in RA SF and is known to be involved in
autoimmunity by altering the balance between Th17 and
regulatory T cells.11

Fibroblast-like synoviocytes (FLS) are the preponderant cells
in RA synovium and produce large amounts of IL-6 when
stimulated by inflammatory cytokines, such as IL-1b, tumor
necrosis factor-a (TNFa) and IL-17.9,12 Thus, by expressing
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high levels of disease-relevant cytokines, chemokines, adhesion
molecules and matrix metalloproteinases, FLS directly
contribute to local cartilage destruction and the chronicity of
synovial inflammation in RA.13

Myeloid-related protein (MRP)8 and MRP14, abundantly
expressed in myeloid cells, belong to damage-associated
molecular patterns and have a key role in the initiation and
amplification of inflammatory responses during various
autoimmune disorders.14,15 MRP8 and MRP14 are also
known as S100A8 and S100A9 of the family of S100
proteins, which are low-molecular weight calcium-binding
proteins produced mainly by monocytes, macrophages and
neutrophils, and are secreted upon activation.16 MRP8 and
MRP14 are generally coexpressed and form a heterodimer
complex (MRP8/MRP14).17 Once secreted, MRP8/MRP14
can bind to Toll-like receptor 4 (TLR4), which is known as
the dominant receptor for MRP8/14 signaling, and exhibit
proinflammatory functions leading to upregulation of a wide
range of proinflammatory cytokines and activation of
endothelial cells and macrophages.14,18 In RA, the MRP8/
MRP14 heterodimer accumulates in large amounts in SF and
its levels strongly correlate with disease activity and structural
damage.19,20 Recently, MRP8 was demonstrated to regulate
joint inflammation and cartilage destruction, and to stimulate
osteoclast formation and activity in experimental arthritis.21,22

MRP8 and MRP14 have also been shown to have a catabolic
effect on human chondrocyte in a TLR4-dependent manner.23

In this study, we investigated whether the level of MRP8 was
positively associated with the levels of IL-6 and IL-17 in RA SF
compared with osteoarthritis (OA) SF. We also analyzed the
effect of MRP8 on proinflammatory cytokine production by
RA FLS and on the generation of Th17 lineage cells using the
coculture system consisting of CD4þ T cells and RA FLS. We
found that MRP8 stimulated IL-6 production by RA FLS via
TLR4/phosphoinositide 3-kinase (PI3K)/nuclear factor-kB
(NF-kB) and mitogen-activated protein (MAP) kinase signal-
ing pathways. Increased IL-6 subsequently promoted Th17
differentiation, and IL-6 blockade reduced Th17 polarization
of CD4þ T cells in the cocultures.

MATERIALS AND METHODS

Patients
SF was obtained from RA patients (n¼ 30) with a mean±s.d. age of
55.6±11.8 years (range 28–67 years) and OA patients (n¼ 20) with a
mean±s.d. age of 64.4±10.8 years (range 43–70 years), fulfilling the
1987 revised criteria of the American College of Rheumatology.24

Synovial tissue (ST) specimens were isolated from RA patients (n¼ 3)
and OA patients (n¼ 3) who were undergoing total knee replacement
surgery. Normal healthy volunteers were included as controls.
Informed consent was obtained from all patients and healthy
volunteers before the study, and this study was approved by the
Ethical Committees at Seoul St Mary’s Hospital.

Immunohistochemistry of RA ST
Immunohistochemical staining for MRP8, MRP14, IL-6 and IL-17
was performed on sections of ST. Briefly, ST samples from RA and OA
patients were fixed with 4% paraformaldehyde solution overnight at

4 1C, dehydrated with a graded series of alcohol, washed, embedded in
paraffin and cut into 7-mm-thick sections. The sections were dewaxed
using xylene and dehydrated in a gradient of alcohols. Endogenous
peroxidase activity was quenched with 3% hydrogen peroxide in
methanol. Immunohistochemistry was performed using the Vectas-
tain ABC kit (Vector Laboratories, Burlingame, CA, USA). Tissues
were incubated with primary antibody to MRP8, MRP14 and IL-6
(Abcam, Cambridge Science Park, Cambridge, UK ), and IL-17 (Santa
Cruz Biotechnology, Santa Cruz, CA, USA) overnight at 4 1C. The
tissues were then incubated with a biotinylated secondary antibody
and a streptavidin–peroxidase complex for 1 h, followed by incuba-
tion with 3,30-diaminobenzidine (Dako Cytomation Japan, Tokyo,
Japan) for 5 min. The sections were counterstained with Mayer’s
hematoxylin (Muto Pure Chemical, Tokyo, Japan). The samples were
photographed using an Olympus photomicroscope.

Enzyme-linked immunosorbent assay
For enzyme-linked immunosorbent assay (ELISA) assessment of IL-6,
IL-17, TNFa and IL-1b expression, a 96-well plate (Nunc) was coated
overnight with 4mg ml�1 monoclonal antibodies against IL-6, IL-17,
TNFa and IL-1b (R&D Systems, Minneapolis, MN, USA) at 4 1C.
After blocking with phosphate-buffered saline/1% bovine serum
albumin/0.05% Tween 20 for 2 h at room temperature (22–25 1C),
the test samples and standard recombinant IL-6, IL-17, TNFa and
IL-1b were added to the 96-well plate and incubated at room
temperature for 2 h. The plates were washed four times with
phosphate-buffered saline/Tween 20 and then incubated with
500 ng ml�1 biotinylated mouse monoclonal antibodies against IL-6,
IL-17, TNFa and IL-1b (R&D Systems) for 2 h at room temperature.
After washing, streptavidin–alkaline phosphatase–horseradish perox-
idase conjugate (Sigma, St Louis, MO, USA) was added and the plate
was incubated for 2 h, after which the plate was washed again and
incubated with 1 mg ml�1 p-nitrophenyl phosphate dissolved in
diethanolamine (Sigma) to develop the color reaction. The reaction
was quenched by the addition of 1 M NaOH and the optical density of
each well was read at 405 nm. The lower limit of detection of IL-6,
IL-17, TNFa and IL-1b was 10 pg ml�1. Recombinant human IL-6,
IL-17, TNFa and IL-1b (R&D Systems), diluted in the culture
medium, were used as the calibration standard, in concentrations
ranging from 10 pg/ ml�1 to 2000 pg ml�1. A standard curve was
drawn by plotting the optical density as a function of the log of the
concentration of recombinant cytokines and was used to calculate
IL-6, IL-17, TNFa and IL-1b in the test samples. MRP8/MRP14 was
measured with an ELISA kit (HyCult Biotechnology, Uden, The
Netherlands), according to the manufacturer’s instructions.

Isolation of human CD4þ T cell and FLS
Human peripheral blood mononuclear cells (PBMCs) were obtained
from normal healthy volunteers. Cells were separated from buffy coats
by Ficoll–Hypaque (Amersham Biosciences, Uppsala, Sweden) density
gradient centrifugation. CD4þ T cells were isolated using a CD4þ

T-cell isolation kit (Miltenyi Biotec, Bergisch Gladbach, Germany),
according to the manufacturer’s instructions. The purity of cells was
assessed by flow cytometric analysis of stained cells on a FACS
Vantage sorter (BD Biosciences, San Jose, CA, USA). Most of the
isolated cells (497%) exhibited the CD4þ T cell marker. FLS were
isolated by enzymatic digestion of STs obtained from RA and OA
patients undergoing total joint replacement surgery, as previously
described.25 For MRP8 stimulation, CD4þT cells and synovial
fibroblasts were seeded in 24-well plates at 5� 105 cells per well in
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500ml 10% RPMI 1640 and 1� 104 cells per well in 1 ml serum-free
Dulbecco’s modified Eagle’s medium/insulin–transferrin–selenium A
(Life Technologies, Gaithersburg, MD, USA), respectively, and were
treated with various concentrations of MRP8 (0, 0.2, 1 and 5mg ml�1)
for 72 h. MRP8 and MRP14 were purchased from ProSpec-Tany
TechnoGene Ltd (Rehovot, Israel). The culture supernatants were
collected and stored at �20 1C until assayed.

Reverse-transcription PCR
PBMCs were seeded in 24-well plates at 5� 105 cells per well in 500ml
10% RPMI 1640 and were stimulated with various concentrations of
MRP8 and MRP14 (0, 0.2, 1 and 5mg ml�1, ProSpec-Tany Techno-
Gene) for 72 h. mRNA was extracted using the Tri Reagent (Molecular
Research Center, Cincinnati, OH, USA), according to the manufac-
turer’s instructions. Reverse transcription of 2mg aliquots of total
mRNA was carried out at 42 1C using the Superscript reverse-
transcription system (TaKaRa, Shiga, Japan). PCR amplification of
cDNA aliquots was performed by adding 2.5mM dNTPs, 2.5 U Taq
DNA polymerase (TaKaRa) and 0.25mM of sense and antisense
primers. The following sense and antisense primers for each molecule
were used (50-30): IL-17, 50-ATG ACT CCT GGG AAG ACC TCA
TTG-30 (sense) and 50-TTA GGC CAC ATG GTG GAC AAT CGG-30

(antisense); and b-actin, 50-GGA CTT CGA GCA AGA GAT GG-30

(sense) and 50-TGT GTT GGC GTA CAG GTC TTT G-30 (antisense).
Reactions were processed in a DNA thermal cycler (PerkinElmer
Cetus, Wellesley, MA, USA) through 35 cycles at 94 1C for 30 s, at
60 1C for 30 s and at 72 1C for 30 s for IL-17, and 25 cycles at 94 1C for
30 s, at 60 1C for 30 s and at 72 1C for 30 s for b-actin.

Coculture assays
RA FLS were seeded in 24-well plates at a concentration of 1� 104

cells per well in 1 ml serum-free Dulbecco’s modified Eagle’s medium/
insulin–transferrin–selenium A and were cultured for 1 day. RA FLS
were further incubated in the presence or absence of 5mg ml�1 MRP8
for 1.5 day, and then the culture supernatant was discarded.
Cocultures were initiated by adding CD4þ T cells (1� 105 cells per
well) on the top of the RA FLS layer, and were incubated for 72 h.
When mentioned, CD4þT cells were activated in the presence of anti-
CD3 and CD28 (0.5mg ml�1) monoclonal antibody (R&D systems)
for 2 h. For IL-6 blockade, 2mg ml�1 anti-IL-6 monoclonal antibody
(R&D systems) was added into the coculture. The culture super-
natants were collected and stored at �20 1C until assayed.

Effects of inhibitors on MRP8-avtivated signaling pathways
RA FLS were seeded in 96-well plates at a concentration of 3� 103

cells per well in 200ml serum-free Dulbecco’s modified Eagle’s
medium/insulin–transferrin–selenium A for 1 day and then pre-
incubated for 1 h in the presence or absence of various inhibitors
(5mg ml�1 anti-TLR4 antibody (HTA125), 20mM LY294002, 1mM

SP100625, 10 nM SB203580, 20mM PD98059 (Calbiochem, Schwal-
bach, Germany) and 10mM parthenolide (Sigma)). After the addition
of 5mg ml�1 MRP8, RA FLS cultures were further incubated for 72 h.
The culture supernatants were collected and stored at �20 1C until
assayed.

Statistical analysis
Statistical analyses were performed with the GraphPad Prism (Version
5 for Windows; GraphPad Software). P-values were calculated using a
two-tailed (paired t-test) and two-way analysis of variance (grouped)
analysis. Po0.05 was considered significant.

RESULTS

Elevated expression of MRP8, MRP14, IL-6 and IL-17 in RA
ST and significant correlations among the levels of MRP8/
MRP14, IL-6, and IL-17 in RA SF
We performed immunohistochemical analyses to examine the
level of expression of Mrp8, MRP14, IL-6 and IL-17 in STs
from RA and OA patients. Mrp8, MRP14, IL-6 and IL-17 were
expressed in higher degrees in RA ST than in OA ST as
reported in the previous study (Figure 1a).26 We further
assessed the amount of Mrp8/MRP14, IL-6 and IL-17 in RA
SF and OA SF using ELISA. The amount of Mrp8/MRP14,
IL-6 and IL-17 was significantly higher in RA SF than in OA
SF (Figure 1b). Subsequent statistical analyses revealed that the
level of IL-6, which is known to induce Th17 differentiation,
correlated significantly with the level of IL-17 in RA SF.
Furthermore, the expression of MRP8/MRP14 was also
positively associated with the expression of IL-6 and IL-17 in
RA SF (Figure 1c).

Induction of proinflammatory cytokines by MRP8 and
MRP14 in PBMCs and CD4þ T cells
To investigate the effect of MRP8 and MRP14 on the
production of proinflammatory cytokines, such as TNF-a,
IL-1b, IL-6 and IL-17, human PBMCs were isolated from
blood of healthy donors and cultured in vitro for 3 days in the
presence of MRP8 or MRP14 (0, 0.2, 1 and 5mg ml�1). The
levels of TNF-a, IL-1b, IL-6 and IL-17 in culture supernatant
were measured by ELISA. The expression of IL-17 was
enhanced by MRP8 in a dose-dependent manner. In contrast
to MRP8, MRP14 did not induce IL-17 in PBMCs, implicating
that the functionally active component of MRP8/MRP14
complex on the induction of IL-17 in PBMCs is MRP8 but
not MRP14 (Figure 2a). mRNA expression of IL-17 from
PBMCs was determined by reverse-transcription PCR. In
consistence with the ELISA result, only MRP8 but not
MRP14 induced mRNA expression of IL-17 dose dependently
(Figure 2b). The production of TNF-a, IL-1b and IL-6 was
also induced by MRP8 dose dependently in PBMCs
(Figure 2c). We additionally assessed whether MRP8 could
directly induce expression of IL-17 in CD4þ T cells. CD4þ

T cells were further purified from human PBMCs and level of
IL-17 was measured in the presence or absence of MRP8 using
ELISA. As shown in Figure 2d, although CD4þ T cells
produced IL-17 in the presence of anti-CD3/28 antibodies,
IL-17 expression was not significantly further increased after
stimulation with various concentrations of MRP8 even when
CD4þ T cells were activated with anti-CD3þCD28 antibo-
dies, suggesting that the induction of IL-17 in PBMCs might
be the result of an indirect effect of MRP8 on the production
of IL-17 by CD4þ T cells.

MRP8-induced upregulation of IL-6 production in RA FLS
MRP8 and MRP14 are abundantly present in RA synovium
(Figure 1a) and has an important role as damage-associated
molecular patterns to activate antigen-presenting cells, such as
macrophages of the innate immune system. FLS are the
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Figure 1 Elevated expression of MRP8, MRP14, IL-6 and IL-17 in RA ST and significant correlations among the levels of MRP8/MRP14,
IL-6 and IL-17 in RA SF. (a) The expression of MRP8, MRP14, IL-6 and IL-17 were determined in the synovium of patients with RA
(n¼3) or OA (n¼3) by immunohistochemical staining. Representative photographs are shown. Data represent the average value
calculated from three independent experiments. (b) Concentration of MRP8/MRP14, IL-6 and IL-17 in SF from patients with RA (n¼30)
and OA (n¼20) were determined by ELISA. Each circle or square represents an individual patient; bars show mean±s.d. (c) Correlations
between IL-6 and IL-17, between MRP8/MRP14 and IL-6, and between MRP8/MRP14 and IL-17 concentrations were assessed in SF
from RA patients. *Po0.05, **Po0.01 and ***Po0.001.
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predominant cell type in RA synovium, the pathogenic lesion
of RA, and are also known to be a major source of IL-6 in
addition to synovial macrophages.13 To investigate whether
MRP8 further stimulates IL-6 production by FLS, we cultured
FLS isolated from OA and RA patients in vitro in the presence
of different concentrations of MRP8 (0, 1 and 5mg ml�1)
and analyzed the proinflammatory cytokine level, including
TNF-a, IL-1b and IL-6 by ELISA. Concentration of IL-6 in RA
FLS was higher than that in OA FLS and significantly increased
by MRP8 in a dose-dependent (Figure 3a) and time-dependent
manner (Figure 3b). The result indicates that MRP8 greatly
induces IL-6 expression by RA FLS and may contribute to the
high concentration of IL-6 in RA SF. In contrast with IL-6,
concentration of TNF-a and IL-1b in RA FLS culture super-
natant was not significantly induced by MRP8 stimulation

(data not shown), implying that FLS might not be a significant
source of TNF-a and IL-1b in RA.27 To exclude any effect of
lipopolysaccharide (LPS) contamination on the stimulatory
activity of MRP8, we compared the levels of IL-6 expression
among MRP8 (5mg ml�1)- and LPS (1mg ml�1)-stimulated
RA FLS. LPS induced much less IL-6 in RA FLS than MRP8
(data not shown), demonstrating that the induction of IL-6
by MRP8 stimulation in our study was not due to any LPS
contamination but rather the effect of MRP8 itself.

Promotion of IL-6 production and Th17 differentiation by
MRP8-stimulated RA FLS in vitro
Considering that IL-6 is a critical regulator for Th17 differentia-
tion and its expression was elevated in MRP8-stimulated RA
FLS, we hypothesized that this MRP8-stimulated production

Figure 2 Induction of proinflammatory cytokines by MRP8 and MRP14 in PBMCs and CD4þ T cells. (a) Healthy PBMCs were cultured in
the presence of MRP8 or MRP14 (0, 0.2, 1 and 5mg ml�1) for 72 h, and the levels of IL-17 in the culture supernatants were determined
by ELISA. (b) RNA was extracted and IL-17 mRNA expression was quantified using reverse-transcription PCR. mRNA levels were
normalized to b-actin. (c) Healthy PBMCs were cultured in the presence of MRP8 or MRP14 (0, 0.2, 1 and 5mg ml�1) for 72 h, and the
levels of TNFa, IL-1b and IL-6 in the culture supernatants were determined by ELISA. (d) CD4þ T cells isolated from healthy PBMCs
were cultured with MRP8 (0, 0.2, 1 and 5mg ml�1) and the levels of IL-17 in the culture supernatants were determined by ELISA. Data
are representative of three independent experiments (mean and s.d.). *Po0.001.
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of IL-6 by FLS might in turn promote Th17 differentiation. To
test this hypothesis, CD4þ T cells were purified, activated with
anti-CD3/28 antibodies and cocultured with RA FLS, which
were precultured in the presence or absence of MRP8 stimula-
tion. The expression of IL-17, a signature cytokine of Th17 cells,
was then analyzed by ELISA. A significant increase of IL-17 was
observed in the coculture with MRP8-stimulated RA FLS
compared with that in MRP8-untreated RA FLS (Figure 4a).
Blocking of IL-6 by IL-6-neutralizing monoclonal antibody
subsequently reduced the stimulatory effect of MRP8-treated
FLS on Th17 differentiation (Figure 4a) in the coculture of
CD4þ T cells and FLS. These results suggested that when FLS
was stimulated by MRP8, the level of IL-6 was significantly
enhanced, which subsequently facilitated Th17 differentiation
in vitro. Notably, IL-6 level was remarkably increased in the
coculture of MRP8-stimulated RA FLS and CD4þ T cells
compared with that in the monoculture of MRP8-stimulated
RA FLS (Figure 4b). Moreover, coculturing of RA FLS and
CD4þ T cells without MRP8-mediated activation of FLS also
enhanced IL-6 production, indicating that cell–cell contact
between RA FLS and CD4þ T cells in the coculture might
further amplify IL-6 production by RA FLS.

TLR4-mediated signaling pathways involved in MRP8-
induced IL-6 expression in RA FLS
TLR4 belongs to the family of pathogen-recognition receptors
and has been demonstrated as the major receptor for MRPs
in previous studies.28 The recognition of damage-associated
molecular patterns or pathogen-associated molecular patterns,

such as MRPs and LPS, by TLR4 can stimulate intracellular
signaling pathways through adaptor molecules such as MYD88
(myeloid differentiation primary response protein 88), resulting
in activation of NF-kB, and subsequent induction of cytokines
and cartilage-degrading proteinases.29 Therefore, we examined
the effect of blocking TLR4 on the MRP8-stimulated increase
of IL-6 in RA FLS, using anti-TLR4 antibody. As shown in
Figure 5, treatment with anti-TLR4 antibody significantly
reduced the stimulatory effect of MRP8 on the production
of IL-6. To investigate further the downstream signaling
pathway(s), we used known inhibitors of several signaling
molecules, such as LY294002 (inhibitor of PI3K), SP600125
(inhibitor of c-Jun N-terminal kinase), PD98059 (inhibitor of
extracellular signal-regulated kinase-1/2), SB203580 (inhibitor
of p38 MAP kinase) and parthenolide (inhibitor of NF-kB).
Parthenolide is known to inhibit IkB kinase, thus preventing
IkB degradation and NF-kB activation.30 PI3K is shown to
activate protein kinase C and Ras family, which subsequently
lead to the activation of NF-kB and MAP kinases, respectively.

Figure 3 MRP8-induced upregulation of IL-6 production in RA
FLS. (a) RA FLS and OA FLS were cultured with MRP8 (0, 1 and
5mg ml�1) for 72h, and the IL-6 concentrations in the culture
supernatants were measured by ELISA. (b) RA FLS were cultured
with MRP8 (5mg ml�1) for days indicated and the IL-6
concentrations in the culture supernatants were measured by
ELISA. Data are representative of three independent experiments
(mean and s.d.). *Po0.001.

Figure 4 Promotion of IL-6 production and Th17 differentiation by
MRP8-stimulated RA FLS in vitro. (a, b) RA FLS and CD4þ T cells
were cocultured at the 1:10 cell-to-cell ratio for 72 h, in which RA
FLS and CD4þ T cells were stimulated with MRP8 (5mg ml�1) and
anti-CD3/CD28 antibodies, respectively, before coculturing, when
mentioned. For IL-6 blockade (a), anti-IL-6 monoclonal antibody
was added in the coculture. IL-17 (a) and IL-6 (b) levels in the
culture supernatants were determined by ELISA. Data are
representative of three independent experiments (mean and s.d.).
*Po0.001.
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MAP kinases, such as extracellular signal-regulated kinase,
c-Jun N-terminal kinase and p38, when activated, trigger
transcription factor activation for cytokine production.31

ELISA assay revealed that MRP8-stimulated IL-6 expression
in FLS was significantly decreased in the presence of all the
above inhibitor molecules (Figure 5). The results show that
TLR4, PI3K, NF-kB and MAP kinases are involved in the
MRP8-triggered signaling pathways, although some nonspecific
effects by one or more inhibitors might also contribute to the
inhibitory effects in some degree. The marked reduction of IL-6
by NF-kB inhibitor indicates that NF-kB has an essential role
in MRP8-induced IL-6 expression by RA FLS. On the basis of
these results, we suggest that MRP8 stimulated IL-6 production
in FLS via the TLR4/PI3K/NF-kB and MAP kinase signaling
pathways.

DISCUSSION

MRP8/MRP14 expression is strongly upregulated during
various inflammatory and autoimmune disorders, such as
psoriasis, juvenile idiopathic arthritis, inflammatory bowel
disease and RA.20,32,33 In RA, plasma level of MRP8 and
MRP14 is positively associated with clinical and laboratory
markers of inflammation and radiographic damage.34 In fact,
MRP8/MRP14 is the most enhanced protein in RA SF and its
local release has been suggested.19 Serum level of MRP8/

MRP14 has been shown to be a reliable biomarker of diagnosis
and prognosis for several rheumatic joint diseases, including
RA.34 Activated macrophages and neutrophils infiltrating into
inflamed synovium are the major sources for the increased
levels of MRP8/MRP14 in RA ST and RA SF.35

In the present study, we verified that MRP8 and MRP14 are
highly expressed in RA ST and RA SF compared with those in
OA ST and OA SF, respectively. In line with the recent data,26

expression of IL-6 and IL-17, critical cytokines involved in
pathogenesis of RA, was significantly elevated in RA ST and
RA SF compared with that in OA ST and OA SF. We then
investigated whether there was any correlation between MRP8
expression and IL-6 or IL-17 expression in SF of RA patients
and found that there is indeed a significant correlation
between them. To our knowledge, our data revealed for the
first time that MRP8/MRP14 level correlates positively with
IL-6 and IL-17 levels in RA SF.

Recently, Loser et al.14 demonstrated that MRP8 and MRP14
are the key factors linking inflammation and autoimmunity by
showing that local MRP8 and MRP14 production is essential
for the induction of autoreactive CD8þ T cells and the
development of systemic autoimmunity in a mouse
autoimmune model. We examined the effect of MRP8 and
MRP14 on PBMCs and CD4þ T cells, and found that MRP8
dose dependently induces IL-17 expression in PBMCs. Our
result that MRP14 did not induce IL-17 expression in PBMCs
is complementing the finding that MRP14 is a regulatory unit
preventing MRP8 from degradation and MRP8 is the active
component of MRP8/MRP14 protein.22,36 However, MRP8 did
not increase IL-17 expression in CD4þ T cells even upon
stimulation with anti-CD3/CD28 antibodies. These data
suggest that the induction of IL-17 in PBMCs by MRP8
might be due to an indirect effect through activation of
phagocytes rather than direct activation of CD4þ T cells in
producing proinflammatory cytokines and, thus, providing a
Th17-polarizing environment. MRP8 also enhanced the
production of TNF-a, IL-1b and IL-6 in PBMCs, indicating
that the early increase of MRP8 level in synovium by infiltrated
cells and its paracrine and autocrine positive feedback loop
through TLR4 for the amplification of cytokine production
could be a major contributor to the chronicity of RA.37

These findings prompted us to speculate that MRP8 might
induce a local microenvironment, especially through upregu-
lation of IL-6 production by FLS, which could subsequently
promote Th17 differentiation in RA synovium. IL-6 has been
shown to be of particular importance in mouse Th17
differentiation.38 Furthermore, IL-6 is known to be an
inducer of human Th17 cell differentiation and the
inhibition of IL-6 function by Tocilizumab, a humanized
anti-IL-6-receptor antibody, was demonstrated to restore the
Th17/regulatory T cell imbalance in RA patients.39,40 In RA,
FLS have a key role in the local immune system by producing
cytokines, chemokines and proteases that perpetuate
inflammation and contribute to cartilage destruction.13 van
Lent et al.21 reported that a single intra-articular injection of
MRP8 induced TNFa, IL-6, IL-1b and matrix metalloproteinases

Figure 5 TLR4-mediated signaling pathways involved in MRP8-
induced IL-6 expression in RA FLS. IL-6 production was assessed
after RA FLS were cultured with 5mg ml�1 MRP8 along with one
of the signal inhibitors (anti-TLR4 antibody, LY294002,
parthenolide, SP600125, PD98059 and SB203580). IL-6 levels
in the culture supernatants were determined by ELISA. Data are
representative of three independent experiments (mean and s.d.).
*Po0.001.
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in synovium, resulting in joint inflammation and cartilage
destruction in an experimental arthritis model. We found that
MRP8 induced higher level of IL-6 by RA FLS than by OA FLS
in a dose-dependent and time-dependent manner. However,
TNFa and IL-1b, the other pivotal proinflammatory cytokines
involved in RA pathogenesis, were not induced by RA FLS on
MRP8 stimulation. Our result suggests that RA FLS may be the
major contributor of the marked increase of IL-6, but not a
significant source of TNFa and IL-1b in RA synovium.27

Recently, van Hamberg et al.41 demonstrated that RA FLS,
when cocultured with Th17 cells, induced a Th17-polarizing
environment. They indicated that the possible factor for Th17
polarization would be the induced IL-6 in the RA FLS/Th17
cocultures. In addition, Lin et al.42 showed that the cysteine-
rich protein 61 (Cyr61), which is produced by FLS and is
known to mediate cell adhesion and migration, promotes
Th17 development in RA via upregulation of IL-6. Moreover, it
was also reported that interaction of mesenchymal stem cells
or FLS with PBMCs amplified IL-17A level and this
amplification was associated with a significant increase of
IL-6.43 In the current study, we investigated whether MRP8
could further stimulate Th17 differentiation in a coculture
system via upregulation of IL-6 by RA FLS, and found it was
indeed the case. We also observed a remarkable increase of IL-
6 level in the coculture of MRP8-stimulated RA FLS and
CD4þ T cells. The result is consistent with recent reports
showing that coculturing FLS with PBMCs or Th17 cells
further upregulate cytokine production, such as IL-6 and IL-8,
by FLS through cell–cell contact.41,43 Adding IL-6-blocking
antibody in RA FLS/CD4þ T-cell cocultures attenuated the
stimulatory effect of MLR8 on Th17 differentiation. The
results indicate that MRP8 can promote Th17 differentiation
in RA synovium through enhancement of IL-6 production by
RA FLS. Thus, MRP8 released by neutrophils, monocytes and
activated macrophages in RA synovium could form a
malicious feedback loop for stimulation of FLS and Th17,
resulting in persistent inflammation in RA.

Although the receptor(s) responsible for MRP8 and MRP14
signaling is still under debate, it has lately been reported that
TLR4 is the major receptor for MRP8 and MRP14 in
monocytes and macrophages, and mRNA and protein levels
of TLR4 are increased in RA FLS compared with those in OA
FLS.18,44,45 Blockade of TLR4 inhibited the effect of MRP8
and MRP14 signaling on matrix metalloproteinases and
IL-6 production in human chondrocytes.46 Furthermore,
inhibition of TLR4 suppresses the severity of experimental
arthritis by reducing cytokine production in arthritic joints.28

Interaction of MRP8 and/or MRP14 with RAGE (receptor of
advanced glycation end product) has also been reported,
although blocking of RAGE do not suppress stimulatory
effect of MRP8 on osteoclasts.22 We analyzed the signal
transduction pathway activated by ligation of MRP8 and
TLR4 using specific inhibitors, and found that MRP8
stimulated IL-6 production by RA FLS via TLR4/PI3K/NF-
kB and MAP kinase signaling pathways. The inhibitor studies
indicate that NF-kB is critical in this MRP8-stimulated

increase of IL-6 production. The finding that TLR4
inhibition did not completely suppress MRP8-induced IL-6
expression suggests that other receptors like RAGE may also be
involved in ligation of MRP8 in FLS.

In conclusion, MRP8 has a crucial role in inducing Th17 cell
differentiation through upregulation of IL-6 expression by RA
FLS, and thereby amplifies the effect of stimulatory interac-
tions between RA FLS and Th17 cells. Targeting MRP8/MRP14
in vivo through gadolinium immunoparticles demonstrated
enhancement of plaque with binding to inflammatory
cells and reduction in inflammation in atherosclerosis.47

Neutralizing MRP8 in RA synovium in addition to currently
available treatments may render a more effective therapeutic
strategy for reducing inflammation and preventing cartilage
and bone destruction in RA.
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