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Abstract Thymic stromal lymphopoietin (TSLP) is an
interleukin (IL)-7-like cytokine produced by epithelial cells
and triggers dendritic cell-mediated Th2 type allergic inflam-
matory responses. This study investigated whether Toll-like
receptor (TLR) ligands, lipopolysaccharide (LPS) and poly-
IC affect TSLP production in synovial fibroblasts. Enzyme-
linked immunosorbent assay showed that LPS and poly-IC
upregulated TSLP production in synovial fibroblasts
obtained from patients with rheumatoid arthritis (RA) and
osteoarthritis (OA). In addition, we found that nuclear
factor (NF)-xB inhibitor IMD-0354, dexamethasone, and
interferon (IFN)-y inhibited the LPS- and poly-IC-induced
TSLP production in RA and OA synovial fibroblasts. Thus,
LPS and poly-IC can upregulate TSLP via a NF-xB pathway
in synovial fibroblasts, which is downregulated by dexa-
methasone and interferon (IFN)-y. The current findings
suggest that TSLP may be involved in the pathophysiology
of inflammatory arthritis as well as allergic disease.

Key words Nuclear factor-kB - Rheumatoid arthritis - Syno-
vial fibroblasts - Thymic stromal lymphopoietin (TSLP) -
Toll-like receptor ligands

Introduction

Thymic stromal lymphopoietin (TSLP) is an interleukin
(IL)-7-like cytokine, which binds to the TSLP receptor
(TSLPR) consisting of the IL-7 receptor a-chain (IL-7Ro)
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and a commony receptor-like chain (TSLPR-y)."” Thymic
stromal lymphopoietin has been shown to be expressed
primarily by epithelial cells including keratinocytes, whereas
TSLPR is expressed by hematopoietic cells, including mono-
cytes, T cells, B cells, and CD11c" dendritic cells (DCs).*>

Thymic stromal lymphopoietin was originally identified
as a factor derived from a thymic stromal cell line that could
support the growth of a mouse B-cell line.* However, recent
studies have clearly shown that TSLP potently activates
CD11c" myeloid DCs, leading to the differentiation of CD4"
T cells into TNF-o.-producing Th2 cells (so-called inflamma-
tory Th2 cells) and plays a key role in the development of
allergic inflammation.’ Transgenic mice expressing TSLP in
keratinocytes or in lung epithelial cells were shown to
develop atopic dermatitis- or asthma-like inflammation in
the skin or the lung, respectively, while TSLPR null mice
failed to develop an inflammatory lung response to inhaled
antigen.”” In humans, TSLP was shown to be expressed by
keratinocytes in atopic dermatitis and by bronchial epithe-
lial cells in the asthmatic airways.'*"'

Most recently, we have suggested that TSLP may be also
involved in inflammatory arthritis as an effector molecule
downstream of tumor necrosis factor (TNF)-o.”” This study
demonstrated that (1) synovial fluid specimens from patients
with rheumatoid arthritis (RA) showed increased levels of
TSLP compared with those from patients with osteoarthri-
tis (OA), (2) TNF-o upregulated TSLP production in
RA- and OA-derived synovial fibroblasts, (3) anti-TSLP
neutralizing antibody ameliorated a TNF-o-dependent
experimental arthritis induced by anti-type II collagen anti-
body (CAIA) in mice: an arthritis model which is different
from a classical collagen-induced arthritis (CIA) model in
that the CAIA model can focus on effector inflammatory
phase of RA." In the current study, we extend this study by
investigating whether Toll-like receptor (TLR) ligands, lipo-
polysaccharide (LPS) (TLR4 ligand) and poly-IC (TLR3
ligand), affect TSLP production in synovial fibroblasts
because synovial fibroblasts express several TLRs including
TLR3 and TLR4'*" and bacterial substances or endogenous
molecules that can activate TLRs are suggested to be
present and play some roles in RA joints.'® We also investi-
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gated the factors that downregulate TSLP expression in
synovial fibroblasts.

Materials and methods
Reagents

Lipopolysaccharide, poly-IC, IMD-0354 (a selective inhibi-
tor of IkB kinase), and dexamethasone were purchased
from Sigma Aldrich (St. Louis, MO, USA). Recombinant
human IFN-y, human transforming growth factor (TGF)-f,
human TNF-o, and human IL-6 were purchased from R&D
(Minneapolis, MN, USA).

Patient profile

Synovial tissue samples of the knee joints were obtained
from two RA patients (two males, age 79 and 65 years) and
two OA patients (two females, age 84 and 85 years) diag-
nosed based on the revised criteria of the American College
of Rheumatology for RA'” or OA." All RA and OA patients
were receiving treatment at the time of the study; two RA
patients were on disease-modifying anti-theumatic drugs
(DMARD:s) and prednisolone, while the two OA patients
were being treated with nonsteroidal anti-inflammatory
drugs (NSAIDs).

Cell culture

Human synovial fibroblasts were obtained as previously
described."” In brief, after enzymatic digestion, human syno-
vial cells were isolated from synovial tissues of the knee
joints of RA and OA patients (see the Patient profile
section) at the time of total knee arthroplasty operations.
The investigation was approved by the Ethics Committee
of the University of Yamanashi, Faculty of Medicine, and all
subjects gave their written informed consent. The cells were
suspended in Dulbecco’s Modified Eagle Medium (DMEM)
(Gibco/Invitrogen, Carlsbad, CA) containing 10% fetal calf
serum (FCS), 100 ug/ml streptomycin, and 100 units/ml pen-
icillin G solution and then were cultured in monolayers.
After three to five passages, the subcultured cells were
composed of morphologically uniform fibroblastic cells
(synovial fibroblasts) that were free of macrophages.

Enzyme-linked immunosorbent assay (ELISA)

The amounts of TSLP in the culture supernatants were
measured by ELISA using the Human TSLP sandwich
ELISA Development Kit (R&D) according to the manu-
facturer’s instructions. The minimum detection level of
ELISA was 31.25pg/ml.

Western blot

Western blot analysis was performed as previously
described” with specific antibodies for IxB-o (Cell Signal-

ing Tech., Beverly, MA, USA) andB-actin (Santa Cruz
Biotech, Santa Cruz, CA, USA).

Cell viability assay

Cells (2.5 x 10’ cells/well) were cultured in DMEM contain-
ing 10% FCS with or without the indicated doses of IMD-
0354 or dexamethasone for 24h in a flat-bottomed 96-well
microtiter plate. Cell viability was then determined by mea-
suring the metabolic activity using 2-(4-iodophenyl)-3-(4-
nitrophenyl)-5-(2,4-disulfophenyl)[*’H]tetrazolium
monosodium salt (WST) using Tetra Color ONE kit (Sei-
kagaku, Tokyo, Japan) according to the manufacturer’s
instructions. In our preliminary studies, the metabolic
activity measured in this assay was proportional to the
cell number which was directly counted by a trypan blue
exclusion assay.

Data analysis

The data are summarized as the mean *+ SD. The unpaired
Student’s r-test was used for the statistical analysis of the
results. P < 0.05 was considered to be significant.

Results

Lipopolysaccharide and poly-IC upregulate TSLP
production in RA and OA synovial fibroblasts

We first examined TSLP production in synovial fibroblasts
obtained from patients with RA and OA by ELISA. As
shown in Fig. 1, RA and OA synovial fibroblasts constitu-
tively produced some amounts of TSLP. Synovial fibro-
blasts were then stimulated with TLR ligands, LPS, and
poly-IC, and also with several cytokines such as IL-6, IFN-y,
and TGF-B. Among the stimuli that we examined, LPS and
poly-IC significantly upregulated TSLP production in 2 RA
and 2 OA synovial fibroblasts in a dose-dependent manner
(Fig. 1). These results indicated that LPS and poly-IC
upregulated TSLP production in RA and OA synovial
fibroblasts.

Activation of NF-xB contributes to LPS- and poly-I1C-
induced TSLP production in synovial fibroblasts

Because TNF-o, LPS, and poly-IC share a NF-xB pathway
as a common element for these signaling intermediates, we
hypothesized that LPS- and poly-IC induced TSLP produc-
tion in synovial fibroblasts via a NF-kB pathway. To test this
hypothesis, we examined the effects of IMD-0354, a selec-
tive inhibitor of IkB kinase, and dexamethasone, a steroid
hormone that inhibits NF-kB activation,”’ on the TSLP
production.

We first assessed the effective doses of IMD-0354
and dexamethasone. As shown in Fig. 2A, 10 uM IMD-0354
significantly inhibited TNF-o-induced degradation of IxB-
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Fig. 1. Lipopolysaccharide (LPS) and poly-IC induce thymic stromal
lymphopoietin (7SLP) expression in rheumatoid arthritis (RA) and
osteoarthritis (OA) synovial fibroblasts. RA and OA synovial fibro-
blasts (2.5 x 10’ cells/well) derived from 2 RA and 2 OA patients (RA
#1,2, OA #1, 2) were cultured in the presence or absence of the indi-
cated doses of LPS or poly-IC for 24 h. The culture supernatants were
then collected and the TSLP concentrations were measured by enzyme-
linked immunosorbent assay (ELISA)

o in RA synovial fibroblasts. We confirmed that 10uM
IMD-0354 did not affect the viability of RA synovial fibro-
blasts (Fig. 2B). Dexamethasone at 1nM also inhibited
TNF-o-induced degradation of IxB-o in RA synovial fibro-
blasts without affecting the cellular viability (Fig. 2B and
data not shown). These results indicated that 10uM IMD-
0354 and 1nM dexamethasone are effective doses for the
inhibition of NF-xB activation without affecting cellular
viability.

We then examined the effects of IMD-0354 and dexa-
methasone on LPS- and poly-IC-induced TSLP production
in synovial fibroblasts (Fig. 3A). The LPS- and poly-IC-
induced TSLP production in RA and OA synovial fibro-
blasts was completely inhibited by 1 and 10uM IMD-0354
and also by 0.1 and 1nM dexamethasone. Although the
basal levels of TSLP were also suppressed by IMD-0354 and
dexamethasone, the inhibitory effects of these reagents on
the LPS- or poly-IC-induced TSLP expression were much
stronger than those on the basal TSLP production (Fig. 3A).
We confirmed that LPS and poly-IC indeed induced activa-
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Fig.2A,B. IMD-0354 inhibits tumor necrosis factor-o. (TNF-a)-induced
degradation of IkB-o in synovial fibroblasts without affecting the
cellular viability. A RA synovial fibroblasts (2.5 x 107 cells/well) were
cultured with 10ng/ml TNF-o in the presence or absence of 10uM
IMD-0354 for the indicated times. The cell lysates were then subjected
to a Western blot analysis with specific antibodies for IxB-o. and (-
actin. Note that TNF-o-induced reduction of IxkB-o expression during
5-30min was significantly inhibited by IMD-0354. B RA synovial fibro-
blasts (5 x 10° cells/well) were cultured with the indicated doses of
IMD-0354 or dexamethasone for 24h, and then cell viability was
measured by WST assay. Values represent the mean = SD. *P < 0.05
compared with the corresponding control

tion of NF-kB pathway as demonstrated by degradation of
IxB-o in RA synovial fibroblasts, which was inhibited by
10uM IMD-0354 and 1nM dexamethasone (Fig. 3B and
data not shown). These results indicated that LPS- and
poly-IC-induced TSLP production in synovial fibroblasts
via a NF-xB pathway.

Interferon-y inhibits LPS- and poly-IC-induced TSLP
production in synovial fibroblasts

We also investigated whether the LPS- and poly-IC-induced
TSLP production in RA and OA synovial fibroblasts can be
regulated by several cytokines such as IFN-y, TGF-f, and
IL-6. Among the cytokines that we examined, IFN-y signifi-
cantly inhibited LPS and poly-IC-induced TSLP production
in RA and OA synovial fibroblasts in a dose-dependent
manner (Fig. 4). In some RA synovial fibroblasts, the
basal levels of TSLP production were also inhibited by IFN-

v (Fig. 4).

Discussion

Thymic stromal lymphopoietin has been suggested to play
an important role in the development of allergic inflamma-
tion."” Thymic stromal lymphopoietin may be also involved
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Fig. 3A,B. LPS- and poly-IC-induced TSLP expression is mediated via
a nuclear factor (NF)-kB pathway in RA and OA synovial fibroblasts.
A RA and OA synovial fibroblasts (2.5 x 10’ cells/well) were cultured
with 1pg/ml LPS or 10pg/ml poly-IC in the presence or absence of
10uM IMD-0354 or 0.1 nM dexamethasone (D EX) for 24 h. The culture
supernatants were then collected and the TSLP concentrations were
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Fig. 4. Interferon-y (/FN-y) inhibits LPS- and poly-IC induced TSLP
expression in RA and OA synovial fibroblasts. RA and OA synovial
fibroblasts (2.5 x 10° cells/well) were cultured with 1ug/ml LPS or
10pg/ml poly-IC in the presence or absence of the indicated doses of
IFN-y for 24h. The culture supernatants were then collected and the
TSLP concentrations were measured by ELISA. Representative results
of four independent experiments using synovial fibroblasts derived
from 2 RA and 2 OA patients are shown. Values represent the mean
+ SD. #*P < 0.05 compared with the corresponding control
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measured by ELISA. B RA synovial fibroblasts (2.5 x 10° cells/well)
were cultured with 1ug/ml LPS or 10pug/ml poly-IC for the indicated
times. The cell lysates were then subjected to a Western blot analysis
with specific antibodies for IxB-o. and B-actin. Representative results
of four independent experiments using synovial fibroblasts derived
from 2 RA and 2 OA patients are shown

in inflammatory arthritis based on our previous findings."
However, the factors that regulate TSLP expression remain
largely unknown. This study shows that LPS and poly-IC
upregulated TSLP production via a NF-xB pathway in RA
and OA synovial fibroblasts whereas dexamethasone and
IFN-ydownregulated it (Figs. 1,3, and 4). The current results
thus reveal a novel regulatory mechanism that controls
TSLP production in a positive and negative fashion in
synovial fibroblasts.

Not only RA- but also OA-derived synovial fibroblasts
upregulated TSLP production upon LPS and poly-IC stimu-
lation (Fig. 1), suggesting that the LPS- and poly-IC-induced
TSLP production in synovial fibroblasts is not specific to
RA and OA, but largely depends on ligand stimulation.
Synovial fibroblasts express several TLRs including TLR3
and TLR4."" It is therefore likely that LPS and poly-IC
stimulate synovial fibroblasts to produce TSLP via TLR4
and TLR3, respectively. However, it remains to be deter-
mined whether the newly discovered pathways for detecting
dsRNA (RIG-1 and MDA)® are involved in poly-IC-
induction of TSLP in synovial fibroblast.

IMD-0354 and dexamethasone almost completely inhib-
ited the LPS- and poly-IC-induced TSLP production in RA
and OA synovial fibroblasts, suggesting that a NF-xB
pathway is critical for the TSLP production in synovial



fibroblasts (Fig. 3). Most recently, several groups have
shown that the NF-xB pathway plays an important role in
the regulation of TSLP expression in human bronchial epi-
thelial cells and keratinocytes,” which is consistent with
the current results. It remains uncertain whether LPS and
poly-IC directly activate a NF-xB pathway via TLRs or
activate this pathway secondarily by inducing proinflamma-
tory cytokines such as TNF-o, IL-1, or IL-18 in synovial
fibroblasts.

The LPS- and poly-IC-induced TSLP production in RA
synovial fibroblasts was inhibited by IFN-y (Fig. 4). Bogiatzi
et al. recently reported that TNF-o. and IL-lo. induced
TSLP production in human skin explants in synergy with
Th2 cytokines (IL-4 or IL-13), which was not inhibited by
IFN-y.” Thus, negative regulation of TSLP production by
IFN-y may differ in different cell types.

The basal levels of TSLP production in some RA and
OA synovial fibroblasts were inhibited by IMD-0354, dexa-
methasone, and IFN-y (Figs. 3 and 4). We found that cul-
tured RA or OA synovial fibroblasts spontaneously produce
low levels of TNF-o (data not shown). We thus speculate
that constitutively produced endogenous TNF-o. might
induce TSLP in synovial fibroblasts in an autocrine manner,
which was blocked by these reagents.

In summary, we demonstrated that TSLP secretion of
RA and OA synovial fibroblasts was positively and nega-
tively regulated by TLRs/NF-xB pathway and IFN-y/
dexamethasone, respectively. These results reveal a novel
regulatory mechanism of TSLP production in the synovial
joints. Because exogenous or endogenous molecules that
can activate TLRs are suggested to be present in RA joints,'®
the LPS, and poly-IC dependence of TSLP production
might explain why TSLP elevation was observed in RA, not
OA, synovial fluid specimens.” To further elucidate the
precise roles of TSLP in RA or OA will be an interesting
and important issue for future investigation.

Acknowledgments We thank Drs. Mirei Kanzaki, Yoshiyuki Wata-
nabe, Michitomo Sakuma, and Ms. Mutsuko Hara for their technical
support, and Michiyo Matsumoto for her valuable secretarial assis-
tance. This work was supported in part by the grants from the Ministry
of Education, Culture, Sports, Science, and Technology, Japan. The
authors have no conflicting financial interests.

References

1. Ziegler SF, Liu YJ. Thymic stromal lymphopoietin in normal and
pathogenic T cell development and function. Nat Immunol 2006;7:
709-14.

2. Leonard WI. TSLP: finally in the limelight. Nat Immunol 2002;3:
605-7.

3. Sims JE, Williams DE, Morrissey PJ, Garka K, Foxworthe D, Price
V, et al. Molecular cloning and biological characterization of a
novel murine lymphoid growth factor. J Exp Med 2000;192:
671-80.

4. Reche PA, Soumelis V, Gorman DM., Clifford T, Liu MR, Travis
M, et al. Human thymic stromal lymphopoietin preferentially
stimulates myeloid cells. J Immunol 2001;167:336-43.

5. Park LS, Martin U, Garka K, Gliniak B, Di Santo JP. Muller W,
et al. Cloning of the murine thymic stromal lymphopoietin (TSLP)
receptor: formation of a functional heteromeric complex requires
interleukin 7 receptor. J Exp Med 2000;192:659-70.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

463

. Liu YJ. Thymic stromal lymphopoietin: master switch for allergic

inflammation. J Exp Med 2006;203:269-73.

. Yoo J, Omori M, Gyarmati D, Zhou B, Aye T, Brewer A, et al.

Spontaneous atopic dermatitis in mice expressing an inducible
thymic stromal lymphopoietin transgene specifically in the skin.
J Exp Med 2005;202:541-9.

. Zhou B, Comeau MR, De Smedt T, Liggitt HD, Dahl ME,

Lewis DB, et al. Thymic stromal lymphopoietin as a key initiator
of allergic airway inflammation in mice. Nat Immunol 2005;6:
1047-53.

. Al-Shami A, Spolski R, Kelly J, Keane-Myers A, Leonard WJ. A

role for TSLP in the development of inflammation in an asthma
model. J Exp Med 2005;202:829-39.

Soumelis V, Reche PA, Kanzler H, Yuan W, Edward G, Homey B,
et al. Human epithelial cells trigger dendritic cell mediated allergic
inflammation by producing TSLP. Nat Immunol 2002;3:673-80.
Ying S, O’Connor B, Ratoff J, Meng Q, Mallett K, Cousins D, et al.
Thymic stromal lymphopoietin expression is increased in asthmatic
airways and correlates with expression of Th2-attracting chemo-
kines and disease severity. J Immunol 2005;174:8183-90.

Koyama K, Ozawa T, Hatsushika K, Ando T, Takano S, Wako M,
et al. A possible role for TSLP in inflammatory arthritis. Biochem
Biophys Res Commun 2007;25:99-104.

Nandakumar KS, Svensson L, Holmdahl R. Collagen type II-
specific monoclonal antibody-induced arthritis in mice: description
of the disease and the influence of age, sex, and genes. Am J Pathol
2003;163:1827-37.

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 2006;45:527-32.

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.

Kyburz D, Rethage J, Seibl R, Lauener R, Gay RE, Carson DA,
et al. Bacterial peptidoglycans but not CpG oligodeoxynucleotides
activate synovial fibroblasts by toll-like receptor signaling. Arthritis
Rheum 2003;48:642-50.

Arnett FC, Edworthy SM, Bloch DA, McShane DJ, Fries JF, Cooper
NS, et al. The American Rheumatism Association 1987 revised cri-
teria for the classification of rheumatoid arthritis. Arthritis Rheum
1988;31:315-24.

Altman R, Asch E, Bloch D, Bole G, Borenstein D, Brandt K, et al.
Development of criteria for the classification and reporting of
osteoarthritis. Classification of osteoarthritis of the knee. Diagnos-
tic and Therapeutic Criteria Committee of the American Rheuma-
tism Association. Arthritis Rheum 1986;29:1039-49.

Takayanagi H, lizuka H, Juji T, Nakagawa T, Yamamoto A, Miyazaki
T, et al. Involvement of receptor activator of nuclear factor kB
ligand/osteoclast differentiation factor in osteoclastogenesis from
synoviocytes in rheumatoid arthritis. Arthritis Rheum 2000;43:
259-69.

Kanamaru Y, Sumiyoshi K, Ushio H, Ogawa H, Okumura K,
Nakao, A. Smad3 deficiency in mast cells provides efficient host
protection against acute septic peritonitis. J Immunol 2005;174:
4193-17.

Rahman I. Regulation of nuclear factor-kappa B, activator protein-
1, and glutathione levels by tumor necrosis factor-alpha and dexa-
methasone in alveolar epithelial cells. Biochem Pharmacol 2000;
60:1041-9.

Trinchieri G, Sher A. Cooperation of Toll-like receptor signals in
innate immune defence. Nat Rev Immunol 2007;7:179-90.

Lee HC, Ziegler SE. Inducible expression of the proallergic cyto-
kine thymic stromal lymphopoietin in airway epithelial cells is
controlled by NFxB. Proc Natl Acad Sci USA 2007;104:914-9.
Allakhverdi Z, Comeau MR, Jessup HK, Yoon BR, Brewer A,
Chartier S, et al. Thymic stromal lymphopoietin is released by
human epithelial cells in response to microbes, trauma, or inflam-
mation and potently activates mast cells. ] Exp Med 2007;204:
253-8.

Bogiatzi SI, Fernandez I, Bichet JC, Marloie-Provost MA, Volpe E,
Sastre X, et al. Cutting edge: proinflammatory and Th2 cytokines
synergize to induce thymic stromal lymphopoietin production by
human skin keratinocytes. J Immunol 2007;178:3373-7.



