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Editorial on the Research Topic

Immunomodulatory Functions of Fibroblast-like Synoviocytes in Joint Inflammation and

Destruction during Rheumatoid Arthritis

Rheumatoid Arthritis (RA) is a common rheumatic disorder characterized by persistent synovial
inflammation and destruction of joints. Fibroblast-like synoviocytes (FLSs) exhibit critical
immunomodulatory functions through secretion of inflammatory cytokines and through direct
interactions with several synovial-infiltrated immune cell types (1, 2). RA FLSs also display
surprisingly aggressive behavior (3), metabolic changes (4, 5), and epigenetic alterations (6, 7).
More interestingly, recent studies have identified and described the biological functions of
distinct subclasses of RA FLSs, for instance, FAPα+THY1− fibroblasts are responsible for bone
and cartilage damage, whereas FAPα+ THY1+ fibroblasts mediate synovial inflammation (8).
Another study indicates that THY1+HLA-DRAhi fibroblasts contribute to IL-6 expression (9).
Increasing evidence suggests that targeting activated FLS may be a novel therapeutic strategy for
attenuating RA joint damage (3). This Research Topic brings together original and review articles
that explore the immunomodulatory functions of FLS in joint inflammation and destruction
in RA.

Bergström et al. conducted a detailed study showing that the autoimmune regulator gene AIRE
is a cytokine-induced RA risk gene in RA FLS. AIRE is expressed by activated FLS in synovial tissue
from RA patients. AIRE does not induce tissue restricted antigens (TRAs) in RA FLS, but augments
tumor necrosis factor and interleukin-1β-induced pro-inflammatory response by promoting the
transcription of a set of genes associated with systemic autoimmune disease and annotated as
interferon-γ regulated genes. These data provide a novel pathological mechanism for association
of AIRE with RA.

Yan et al. determined the role of long non-coding RNAs (lncRNAs) HIX003209 in pathogenesis
of RA. HIX003209 expression is significantly increased in the peripheral blood mononuclear
cells (PBMCs) from RA patients, and is involved in TLR4-mediated inflammation via targeting
miR-6089 and thereby releasing regulation of the TLR4/NF-kB pathway in macrophages.
Understanding the role of lncRNAs in RA pathogenesis may help to develop innovative therapeutic
approaches in the future.
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Two groups explored the effects of compounds from
phytomedicine on joint damage in RA animal models through
their regulation of RA FLS behavior. Wu et al. demonstrated that
treatment with Kirenol, a diterpenoid extracted from the Chinese
herbal medicine Siegesbeckiae, inhibited the migration, invasion,
and IL-6 secretion of RA FLS in vitro, and improved synovial
hyperplasia and cartilage erosion in a collagen-induced arthritis
(CIA) mouse model in vivo. Du et al. presented that treatment
with 3 3-Diindolylmethane (DIM), a main product of the acid-
catalyzed oligomerization of indole-3-carbinol from cruciferous
vegetables, not only suppressed proliferation, invasion, and
inflammatory response of RA-FLS by inhibiting activation
of p38, JNK/MAPK, and AKT/mTOR pathways, but also
attenuated severity of knee arthritis in f AIA mice. In addition,
a cannabinoid receptor 2 (CB2) selective agonist JWH-015
exhibited anti-inflammatory action in human RA FLS by utilizing
glucocorticoid receptors. JWH-015 administration inhibited
bone destruction in the rat AIAmodel of RA. These findings may
provide an opportunity to develop molecules of similar structure
as non-opioid analgesic and bone protective agents in RA.

Diller et al. showed that JAK inhibitors, including
tofacitinib, baricitinib, filgotinib, and peficitinib, suppressed
the inflammatory responses induced by oncostatin M and by
trans-signaling of IL-6 in RA FLS. Indeed, IL-6 and TNF-α play
an important role in the pathogenesis of RA (10). Interestingly,
only peficitinib reduced the IL-1β-induced inflammatory
response and proliferation of RA FLS in vitro at concentrations
close to reported Cmax values of well-tolerated doses in vivo.

Peficitinib also significantly inhibited RA FLS migration. This
study indicates a possible advantage of peficitinib through
targeting of RA FLS, which could result in higher response rates
in vivo compared to other JAKi.

Finally, the review by de Oliveira et al. discussed glucose
metabolism of fibroblast-like synoviocytes as a potential
therapeutic target in RA. Key rate-limiting glycolytic enzymes,
including hexokinase 2 (HK2) and 6-phosphofructo-2-
kinase/fructose-2, 6-biphosphatase (PFKFB) enzymes, play
important roles in regulating inflammation and aggressive
behavior of RA FLS. Glycolytic inhibitors can inhibit FLS
aggressive behavior in vitro and attenuate bone and cartilage
damage in murine models of RA. Therefore, agents that interfere
with certain critical steps of glycolysis may be novel therapeutics,
independent of systemic immunosuppression, and suitable for
combination therapy in RA.

The articles included in this Research Topic illustrate
the complex immunomodulatory functions of FLS in the
pathogenesis of RA, and envisage development of potential
therapeutic agents for RA by targeting RA FLS. We believe that
more detailed understanding of the mechanisms that underlie
immunomodulatory functions of FLS will provide novel targets
for RA treatment.
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Background: Synovial fibroblasts (SF) play a major role in the pathogenesis of

rheumatoid arthritis (RA) and develop an aggressive phenotype destroying cartilage and

bone, thus termed RASF. JAK inhibitors have shown to be an efficient therapeutic option

in RA treatment, but less is known about the effect of JAK inhibitors on activated RASF.

The aim of the study was to examine the effects of JAK inhibitors on activated RASF.

Methods: Synovium of RA patients was obtained during knee replacement surgeries.

Synoviocytes were isolated and pretreated with JAK inhibitors. Pro-inflammatory

cytokines and matrix degrading proteinases were measured by ELISA in supernatant

after stimulation with oncostatin M or IL-1β. The proliferation of RASF was measured by

BrdU incorporation. Cell culture inserts were used to evaluate cell migration. For adhesion

assays, RASF were seeded in culture plates. Then, plates were extensively shaken and

adherent RASF quantified. Cell viability, cytotoxicity and apoptosis were measured using

the ApoTox-GloTM Triplex and the CellToxTM Green Cytotoxicity Assay.

Results: Tofacitinib and baricitinib decreased the IL-6 release of RASF stimulated

with oncostatin M. JAK inhibition attenuated the IL-6 release of IL-1β activated and

with soluble IL-6 receptor treated RASF. In contrast, only peficitinib and filgotinib

decreased the IL-6 release of RASF activated with IL-1β. Peficitinib decreased also the

MMP-3, CXCL8, and CXCL1 release at 5µM. Moreover, peficitinib was the only JAK

inhibitor suppressing proliferation of activated RASF at 1µM. Peficitinib further decreased

the migration of RASF without being cytotoxic or pro-apoptotic and without altering

cell adhesion.

Conclusions: JAK inhibitors effectively suppress the inflammatory response induced

by oncostatin M and by transsignaling of IL-6 in RASF. Only peficitinib modulated the

IL-1β-induced response of RASF and their proliferation in vitro at concentrations close to

reported Cmax values of well tolerated doses in vivo. In contrast to filgotinib, peficitinib

also highly suppressed RASFmigration showing the potential of peficitinib to target RASF.

Keywords: JAK inhibition, peficitinib, synovial fibroblast, rheumatoid arthritis, IL-1β

6

https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org/journals/immunology#editorial-board
https://www.frontiersin.org/journals/immunology#editorial-board
https://www.frontiersin.org/journals/immunology#editorial-board
https://www.frontiersin.org/journals/immunology#editorial-board
https://doi.org/10.3389/fimmu.2019.00541
http://crossmark.crossref.org/dialog/?doi=10.3389/fimmu.2019.00541&domain=pdf&date_stamp=2019-03-26
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles
https://creativecommons.org/licenses/by/4.0/
mailto:e.neumann@kerckhoff-klinik.de
https://doi.org/10.3389/fimmu.2019.00541
https://www.frontiersin.org/articles/10.3389/fimmu.2019.00541/full
http://loop.frontiersin.org/people/652984/overview


Diller et al. Targeting RASF by Peficitinib

INTRODUCTION

Rheumatoid arthritis (RA) is the most frequent disease among
the inflammatory rheumatic diseases and affects approximately
0.41 to 0.54% of the adult population in the US (1). Currently,
the pharmacological treatment options include conventional
synthetic (cs), biological (b), and targeted synthetic (ts) DMARDs
(disease-modifying antirheumatic drugs) (2). In 2012, tofacitinib
was the first FDA approved Janus kinase inhibitor (JAKi) and
the first tsDMARD for treatment of rheumatoid arthritis (RA)
in the US. The approval of baricitinib followed in 2018. In the
EU, baricitinib and tofacitinib were both approved for treatment
of RA in 2017. In the past years, additional JAKi were developed.
They differ mainly in the inhibition profile of the four isoforms
JAK1, JAK2, JAK3, and TYK2. Filgotinib, inhibiting mainly
JAK1/2 and the panJAKi peficitinib are currently examined in
clinical trials. Both of the latter inhibitors are well tolerated and
high Cmax (maximum serum concentration) values above 1µM
could be reached in clinical studies (3, 4).

The effect of JAKi is mediated by suppression of the
intracellular signaling of cytokines depending on JAK
phosphorylation. IL-6, granulocyte-macrophage colony-
stimulating factor (GM-CSF), and interferons (IFNs) are the
most important representatives of these cytokines being involved
in the pathogenesis of RA (5). Specifically activated lymphocytes
are targeted by tofacitinib showing decreased proliferation and a
suppressed production of IL-17 and IFNγ after treatment (6).

Synovial fibroblasts (RASF) play a major role in RA by
contributing to the growing pannus in the inflammatory milieu
of joints (7). Furthermore, they develop an aggressive phenotype,
and are able to migrate to and invade into healthy cartilage
(7, 8). Tofacitinib has shown to selectively block activated
pathways dependent on the phosphorylation of JAKs, e.g.,
oncostatin M in RASF (9). However, RASF are mainly activated
by the inflammatory milieu with IL-1β and TNF-α being central
cytokines. Of note, JAKs are primarily not required for mediating
the effects of IL-1β on gene expression of e.g., pro-inflammatory
cytokines (10, 11). Nevertheless, TNF-α induces the production
of pro-inflammatory cytokines elevating the pro-inflammatory
response of RASF in an autocrine manner. These secondary

effects of e.g., IFN could be suppressed by JAKi and therefore
reduce the general pro-inflammatory response of TNF-α treated
RASF (12). In contrast, tofacitinib did not affect the IL-6 and
IL-8 release of IL-1β activated RASF (6). The effect of other
JAKi has not yet been examined. Taken together, little is known
about the impact especially of new developed JAKi (peficitinib,
filgotinib) on the pro-inflammatory response of IL-1β activated
RASF and on their proliferation. Therefore, the aim of the study
was to compare the effect of different JAKi on pro-inflammatory
response of activated RASF and further characterize the effect of
the most effective inhibitors.

MATERIALS AND METHODS

Cells
Synovium of patients suffering from RA was obtained during
knee replacement surgery (Agaplesion-Markus-Hospital,

Frankfurt). All patients fulfilled the classification criteria of
the American College of Rheumatology (13). This study was
carried out in accordance with the recommendations of the
ethic committee of the University of Giessen. All subjects gave
written informed consent in accordance with the Declaration
of Helsinki. The protocol was approved by the ethic committee
of the University of Giessen. Synovium samples were digested
(1 h at room temperature, dispase-II-solution, 0.1 ml/ml, PAN-
Biotech, Aidenbach, Germany) (14) and passed through cell
strainers. After centrifugation, cells were cultured in DMEM (GE
Healthcare, Germany) containing 10% heat-inactivated fetal calf
serum (FCS, Sigma-Aldrich, Taufkirchen, Germany), 1 U/ml
penicillin/streptomycin (AppliChem, Darmstadt, Germany), and
1mM HEPES (GE Healthcare) at 37◦C and 10% CO2 (14). Cells
were passaged using trypsin/ EDTA (Capricorn, Ebsdorfergrund,
Germany) for a maximum of passage 7 (15). Human umbilical
vein endothelial cells (HUVEC) were cultured in Endothelial
Cell Growth Medium 2 with recommended supplement mix
(both PromoCell, Heidelberg, Germany) containing 1 U/ml
penicillin/streptomycin and 1mMHEPES at 37◦C and 5% CO2.

Stimulation of RASF
RASF were seeded into 6-well plates (1 × 105 cells/well) and
pretreated with JAKi (Selleckchem, Houston, USA) for 2 h
and then additionally stimulated with IL-1β (R&D systems,
Wiesbaden, Germany) or oncostatin M (OSM, R&D systems) for
the indicated time. Experiments with RASF stimulated with IL-
1β and sIL-6R (R&D systems) were performed in 24-well plates
(2 × 104 cells/well). Supernatants were collected, centrifuged at
10,600 × g for 10min and stored at −20◦C. Vehicle control
containing 0.1% DMSO served as a control. Synthesis of pro-
inflammatory cytokines, matrix degrading proteinases (MMP),
and chemokines were measured by commercially available
enzyme-linked immunosorbent assay (ELISA, R&D systems)
according to manufacturer’s protocol.

Migration Assay
To determine the impact of peficitinib on migration of RASF, 1
× 105 cells were seeded in Corning R© Transwell R© polycarbonate
membrane cell culture inserts for 24-well plates (Corning, New
York, USA) containing a final concentration of 2% FCS. The
lower chamber contained 10% FCS as chemoattractant. The non-
migrated cells on top of the membrane were removed by gently
wiping the membrane with a cotton swab. The migrated cells on
the bottom side were stained with 4′,6-diamidino-2-phenylindole
(DAPI) and the number of RASF was counted in 5 representative
areas of 3 wells (200x magnification).

Adhesion Assays
RASF were pretreated with peficitinib, filgotinib or DMSO 0.1%
and additionally stimulated with IL-1β as described previously.
The cells were detached with accutase (Capricorn), centrifuged
and seeded in 24-well plates at 1× 104 cells/well. After incubation
for 1 h at 37◦C, the plate was shaken for 5min at full speed
and the non-adherent or weakly attached cells were removed
by washing with PBS. The procedure was repeated twice. The
remaining attached RASF were stained with 0.1% crystal-violet
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dye in methanol for 10min and counted in 4 representative areas
of 3 wells per cell population (50x magnification).

For the cell-to-cell binding assay HUVECs were seeded
in 48-well plates and cultured as described above until the
confluence reached 100%. RASF were pretreated with JAKi as
described previously. In the last 30min Calcein-AM (Thermo
Fisher Scientific, Waltham, USA) was supplemented to the

medium according to the manufacturer’s instructions. Cells
were detached with accutase, counted and 5 × 103 cells were
seeded on top of the endothelial cell layer. After 30min, plates
were shaken for 5min at full speed and the non-adherent or
weakly attached cells were removed by washing with PBS. The
procedure was repeated twice. Remaining cells were fixed with
4% formaldehyde and green fluorescent (Calcein-AM stained)

FIGURE 1 | Effect of tofacitinib and baricitinib on IL-6 dependent release of cytokines. (A) RASF were pretreated with JAKi or vehicle control (DMSO 0.1%) for 2 h and

then additionally activated with OSM (100 ng/ml) for 24 h. The IL-6 release was decreased by tofacitinib or baricitinib confirming the inhibition of JAK dependent

pathway. (B) The addition of sIL-6R to IL-1β stimulated RASF leads to an increase of IL-6 but not of IL-8 release. This increase could be blocked by tofacitinib.

*p < 0.05, **p < 0.01, and ***p < 0.001 compared with OSM (A) or IL-1β and sIL6R (B) stimulated cells.
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RASF were counted in 4 representative areas of 3 wells per cell
population (50x magnification).

Proliferation Assay
RASF were seeded in 96-well plates at 3.5 × 103 cells/well
overnight and then treated with JAKi or DMSO 0.1%
with/without IL-1β for 24 h in the presence of 5-bromo-
2′-deoxyuridine (BrdU). The BrdU incorporation indicating
the proliferation of RASF was determined by a commercially
available calorimetric BrdU cell proliferation assay kit (Merck,
Darmstadt, Germany) according to manufacturer’s protocol.

Measurement of Apoptosis, Viability,

and Cytotoxicity
For measurement of changes in levels of apoptosis, viability,
and cytotoxicity caused by peficitinib, RASF were seeded in 96-
well plates at 3.5 × 103 cells/well overnight and then treated
with peficitinib for 19 and 38 h. The ApoTox-GloTM Triplex
Assay (Promega, Madison, USA) was performed according
to manufacturer’s protocol. For the detection of cytotoxicity
at multiple time points the CellToxTM Green Cytotoxicity

Assay was used. The fluorescence (viability, cytotoxicity) and
the luminescence (apoptosis) were measured as indicated by
the manufacturer.

Statistics
All data are presented as arithmetic mean ± standard deviation
(SD). For comparisons with a single control group, a one way
ANOVA followed by Dunnett’s post-hoc test was performed. The
assessment of significance level for pair wise comparisons was
calculated by a Student two-tailed t-test and Mann-Whitney-U-
Test. P < 0.05 were considered significant. Statistical calculations
and graphics were performed using GraphPad Prism.

RESULTS

Tofacitinib and Baricitinib Attenuated IL-6

and OSM Dependent IL-6 Release
RASF were pretreated with tofacitinib or baricitinib for 2 h
and then additionally stimulated with the IL-6 like cytokine
oncostatin M (OSM, 100 ng/ml) for 24 h (Figure 1A). Tofacitinib
decreased the induced IL-6 release by 64% at 1µM and by 88%

FIGURE 2 | Effect of JAKi on IL-6 and MMP-3 release of activated RASF by IL-1β. RASF were pretreated with JAKi or vehicle control (DMSO 0.1%) for 2 h and then

additionally activated with IL-1β (10 ng/ml) for 17 h. The IL-6 and MMP-3 release was decreased by peficitinib at 1 and 5µM, whereas filgotinib only decreased IL-6

levels at 5µM. Tofacitinib and baricitinib did not attenuate the release of both proteins. *p < 0.05, **p < 0.01, and ***p < 0.001 compared with stimulated cells

by IL-1β.
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at 5µM compared to OSM alone (p < 0.05, p < 0.001, n = 3,
Figure 1A). Baricitinib at 1 and 5µM also attenuated the IL-
6 release by 77 and 86% (both p > 0.05, n = 3, Figure 1A).
The combination of the soluble IL-6 receptor (sIL-6R) and IL-

1β increased the IL-6 release by 21% (not significant) but not the

IL-8 release in comparison to the stimulation with IL-1β alone
(Figure 1B). The effect caused by sIL-6R was completely blocked
by 0.5 or 5µM tofacitinib (both p < 0.01).

Effect of JAKi on Cytokine and MMP

Release of RASF Activated by IL-1β
After stimulation of RASF with IL-1β (10 ng/ml) for 17 h,
peficitinib and filgotinib decreased the IL-6 release by 62%
(p < 0.001) and by 30% at 5µM (p < 0.05, n = 7).
Peficitinib also attenuated the IL-6 release at 1µM (24%,
n = 7), but this observation did not reach the significance
level due to high variability in responsiveness of RASF from

FIGURE 3 | Effect of JAKi on chemokine release of activated RASF by IL-1β. RASF were pretreated with JAKi or vehicle control (DMSO 0.1%) for 2 h and then

additionally activated with IL-1β (10 ng/ml) for 17 h. Peficitinib at 5µM decreased the release of CXCL8 (A) and CXCL1 (B). CCL2 was attenuated significantly by

filgotinib and baricitinib (C). *p < 0.05 and **p < 0.01 compared with stimulated cells by IL-1β.
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different patients. Filgotinib even slightly elevated IL-6 levels
at 0.01µM (24%, p < 0.01) and at 0.1µM (14%, p < 0.05)
(Figure 2A).

Peficitinib at 5µM reduced the MMP-3 levels induced
by IL-1β by 88% (n = 7, p < 0.001). At 1µM, 6 of 7
patients showed a decrease (reduction by 31%, n = 7, not

significant). The variability of MMP-3 levels was high after

treatment with filgotinib and we could not observe a significant
reduction (Figure 2B).

In contrast, tofacitinib and baricitinib did not decrease the
IL-6 or MMP-3 release.

Effect of JAKi on Chemokine Release of

RASF Activated by IL-1β
In contrast to other JAKi, only peficitinib at 5µM decreased the
release of CXCL8 (56%, p < 0.01) and CXCL1 (36%, p < 0.05).
CCL2 was attenuated by peficitinib (22%) and by filgotinib
(21%), whereas only the decrease of filgotinib was significant

FIGURE 4 | Peficitinib and filgotinib attenuated migration of RASF. (A) The migration of RASF through a membrane (8µM pores) toward a FCS gradient was

reduced by pefictinib at 1 and 5µM. (B) Representative crystal violet and DAPI staining of the bottom side of the inserts are shown. DAPI staining was used to

quantify the migrated cells. *p < 0.05 and ***p < 0.001 compared with vehicle control.
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(p < 0.01). Baricitinib also attenuated the CCL2 release at 5µM
but compared to the other tested JAKi the effect was low (10%,
p < 0.05) (Figure 3).

Peficitinib and Filgotinib Reduced

Migration of RASF
The effect of peficitinib on migration of RASF toward a FCS
gradient was studied by inserts containing membranes with
8µm pores. Peficitinib decreased the number of migrated cells
by 38% at 1µM and by 92% at 5µM (both p < 0.001,
Figure 4A). In contrast, filgotinib only attenuated migration
by 7% at 5µM (p < 0.05, Figure 4A). DAPI staining was
performed to count the migrated cells (Figure 4B). The effect on
migration was not due to changed adhesion, because the short-
term adhesion toward the plastic surface even of IL-1β activated
RASF was not changed significantly by peficitinib or by filgotinib

(Figures 5A,B). The adhesion on endothelial cells (HUVECs)
was also not significantly affected by both JAKi (Figures 5C,D).

Effect of Different JAKi on Proliferation

of RASF
Tofacitinib, baricitinib, and peficitinib at 5µM decreased the
proliferation rate studied by BrdU incorporation after 24 h
compared to IL-1β (Figure 6). The strongest effect with a
reduction of about 70% (p < 0.001, n = 4) was observed
with peficitinib. Furthermore, only peficitinib attenuated the
proliferation at 1µM (23%, p < 0.05, n = 4). Interestingly,
filgotinib did not change the proliferation of RASF.

Peficitinib Did Not Act Cytotoxic or

Pro-apoptotic on RASF
The viability, activation of caspase 3/7 and the membrane
integrity was measured to exclude toxic or pro-apoptotic effects

FIGURE 5 | Effect of different JAKi on proliferation of RASF. The adhesion of RASF on plastic surface (A) and on endothelial cells (HUVECs) (C) was not influenced by

IL-1β and peficitinib or filgotinib at 1 and 5µM. (B) Representative crystal violet staining is shown.̄ for adhesive cells on plastic surface. (D) Attached Calcein-AM

stained RASF on endothelial cells were counted by fluorescence microscopy.

Frontiers in Immunology | www.frontiersin.org 7 March 2019 | Volume 10 | Article 54112

https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Diller et al. Targeting RASF by Peficitinib

FIGURE 6 | Peficitinib did not influence the adhesion of activated RASF. Tofacitinib and baricitinib at 5µM decreased proliferation of RASF activated by IL-1β, whereas

filgotinib did not affect the proliferation. In contrast to the other JAKi, peficitinib inhibited proliferation of RASF at 1µM. The proliferation was measured by

BrdU-incorporation over 24 h. *p < 0.05, **p < 0.01, and ***p < 0.001 compared with activated RASF by IL-1β.

of peficitinib. The viability did not decrease after 19 h treatment
of RASF with peficitinib at 1 and 5µM in contrast to the
staurosporin control (Figure 7A). After 38 h peficitinib at 5µM
induced a slight reduction of 13% (p < 0.05, n = 4). This
effect was not caused by apoptosis after 19 or 38 h (Figure 7B)
or cytotoxic effects between 4 and 48 h in contrast to the
staurosporin control (Figure 7C).

DISCUSSION

In this study, all tested JAKi showed the ability to suppress the
IL-6 and OSM mediated pro-inflammatory response in RASF.
Furthermore, the panJAKi peficitinib was able to attenuate the
broad pro-inflammatory response and the proliferation of IL-1β
activated RASF.

First, we confirmed that tofacitinib is able to suppress the
effects of the IL-6 like cytokine oncostatin M on IL-6 release. In
contrast to findings of Migita et al. no reduction was observed
in our study using 0.1µM tofacitinib (9). This can be explained
by differences in the experimental settings of both studies: We
did not incubate the cells in serum-free medium and used higher
concentrations of OSM (100 vs. 20 ng/ml). Additionally, we
could show that baricitinib decreasedOSM-mediated IL-6 release
besides the known downregulation of CCL2 (16). RASF do not
express the sIL-6R (17) and only transsignaling appears to play
a role of mediating IL-6 effects in RASF (18, 19). Therefore,
we additionally treated IL-1β activated RASF with sIL-6R, and
indeed we could observe an increase of the IL-6 release. This
increase could be fully blocked by treatment with tofacitinib
even at 0.5µM. These findings confirm that JAKi suppress
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FIGURE 7 | Peficitinib did not act cytotoxic or pro-apoptotic on RASF. (A) The viability of RASF was not changed after treatment with peficitinib for 19 h. After 38 h the

viability was slightly decreased by 5µM peficitinib. (B) Even after 38 h, peficitinib did not affect the apoptosis rate of RASF measured by luciferase based detection of

caspase-3/7 activation. (C) Peficitinib at 0.5, 1, and 5µM alone or in combination with IL-1β did not induce cytotoxicity between 4 and 48 h. For all experiments

staurosporin served as positive control. *p < 0.05, **p < 0.01 and ***p < 0.001 compared with vehicle control.

the JAK dependant signaling of the corresponding cytokines
in RASF.

The effect of IL-6 and sIL-6R appears to be selective as the
IL-1β induced IL-8 release could not be further increased by
treatment with sIL-6R and not be blocked by JAKi. This finding
is in line with data from Rosengren et al. showing that the
TNF-α effect on IL-8 release was also not attenuated by JAK
inhibition (12). However, in whole synovial tissue, the IL-8 levels
were reduced in RA-patients treated with tofacitinib (20). This
indicates that RASF are not the main producers of IL-8 in
the synovial tissue or are affected by declining inflammatory
mediators of other immune cells targeted by tofacitinib.

RASF cause a release of pro-inflammatory cytokines elevating
the inflammatory response in an autocrine manner. This impact
of secondary released mediators is known for the effect of TNF-α
and IL-1β on IP-10 expression (12). Especially, type I interferons
appear to mediate those secondary effects. Correspondingly,
tofacitinib decreased the TNF-α induced release of CCL2 and
IP-10 by suppression of JAK signaling (12). However, it has
been also described that tofacitinib did not attenuate the IL-
6 release of RASF stimulated with IL-1β (6). We confirmed
this observation and could additionally show that baricitinib as
well as tofacitinib did not suppress the IL-1β mediated IL-6,
MMP3, CXCL8, and CXCL1 release. These data indicate that the
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effects of JAK-dependant cytokines like IL-6 or OSM on IL-6,
MMP3, CXCL8, and CXCL1 release appear to be negligible in the
presence of high concentrations of IL-1β or in absence of sIL-6R.
Against the background of the strong heterogenic distribution of
sIL-6R levels with mean levels of 76 ng/ml in synovial fluid of RA
patients (21), the treatment failure of some patients treated with
JAKi could be explained by effects of remaining local high levels
of IL-1β affecting RASF. Conversely, the successful treatment
could partly be explained by suppressing transsignaling in RASF
in the case of high sIL-6R levels and low IL-1β levels.

Of note, peficitinib and filgotinib were able to attenuate
the IL-1β effect, but only above concentrations of 1µM. Both
inhibitors decreased the IL-6 release induced by IL-1β at 5µM.
Peficitinib also suppressed the IL-6 release at 1µM in RASF from
6 to7 patients. Similar results for peficitinib were observed for
the MMP-3 and CXCL1 release. In contrast, filgotinib did not
affect the MMP-3 or CXCL1 levels but decreased CCL2 levels.
Peficitinib was also the only JAKi decreasing the proliferation
of IL-1β activated RASF at 1µM. The effects of baricitinib and
tofacitinib occurred even at 5µM, but the Cmax levels of both
JAKi are below 200 nM after oral intake of approved doses (22,
23). In contrast, peficitinib is well tolerated by oral application
of dosages up to 100mg twice daily which cause serum levels
up to 1.14µM (373 ng/ml) (3). For filgotinib, Cmax values up to
3.36µM after application of 200mg once daily were reached (4).

Additionally, peficitinib decreased impressively the migration
of RASF even at 1µM without affecting the adhesion. Taken
together, peficitinib appears to be superior to other JAKi in
decreasing the inflammatory response and the proliferation
of RASF, although all JAKi effectively reduce the direct JAK-
mediated signaling induced by OSM and IL-6/sIL-6. However,
the effect of peficitinib occurs mainly at high concentrations
and so we excluded possible pro-apoptotic and cytotoxic effects.
The slightly decrease of viability observed after 38 h is not
mediated by cytotoxicity or apoptosis and could be explained by
decreased proliferation.

At concentrations higher than 1µM, the used JAKi should
inhibit JAK1, 2, and 3. For example, tofacitinib, and baricitinib
at 1µM were both able to inhibit sufficiently OSM-induced
phosphorylation of JAK1, 2, and 3 (16). At concentrations of
1–5µM used in our study, differences of JAKi in the ability
to block different isoforms are not most likely to explain
our observed differences. Filgotinib is described as a JAK1/2
inhibitor with comparable IC50 (inhibitory concentration 50%)
values for JAK1/2 but even higher IC50 for the other JAKs in
comparison to tofacitinib (24, 25). However, filgotinib slightly
decreased the IL-6 release at 5µM in contrast to tofacitinib.
Furthermore, the nearly completely reduction of MMP-3 to
baseline by peficitinib could not to be explained by blocking

only secondary mediators. We therefore hypothesize that the
effects of peficitinib and filgotinib at high concentrations are
mediated by suppressing other kinases. Further, studies are
required to examine the inhibition profile of JAKi in different
human cell types at observed serum drug concentrations
in vivo.

Our study indicates a possible advantage of peficitinib by
targeting RASF in vitro and could result in higher response rates
in vivo compared to other JAKi. Especially subgroups of patients
suffering from severe synovial proliferations might benefit from
higher dosages of peficitinib.

CONCLUSIONS

In conclusion, all JAKi tested suppressed the inflammatory
response induced by OSM and by transsignaling of IL-6 in RASF.
Only peficitinib was able to modulate the IL-1β induced response
of RASF and their proliferation in vitro at concentrations which
are close to reported Cmax values of well tolerated doses in vivo,
but the underlying mechanism remains unclear. Furthermore,
peficitinib highly suppressed the migration of RASF showing the
potential of peficitinib to target RASF.
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Management of pain in the treatment of rheumatoid arthritis (RA) is a priority that is not

fully addressed by the conventional therapies. In the present study, we evaluated the

efficacy of cannabinoid receptor 2 (CB2) agonist JWH-015 using RA synovial fibroblasts

(RASFs) obtained from patients diagnosed with RA and in a rat adjuvant-induced

arthritis (AIA) model of RA. Pretreatment of human RASFs with JWH-015 (10–20µM)

markedly inhibited the ability of pro-inflammatory cytokine interleukin-1β (IL-1β) to induce

production of IL-6 and IL-8 and cellular expression of inflammatory cyclooxygenase-

2 (COX-2). JWH-015 was effective in reducing IL-1β-induced phosphorylation of

TAK1 (Thr184/187) and JNK/SAPK in human RASFs. While the knockdown of CB2

in RASFs using siRNA method reduced IL-1β-induced inflammation, JWH-015 was

still effective in eliciting its anti-inflammatory effects despite the absence of CB2,

suggesting the role of non-canonical or an off-target receptor. Computational studies

using molecular docking and molecular dynamics simulations showed that JWH-105

favorably binds to glucocorticoid receptor (GR) with the binding pose and interactions

similar to its well-known ligand dexamethasone. Furthermore, knockdown of GR

using siRNA abrogated JWH-015’s ability to reduce IL-1β-induced IL-6 and IL-8

production. In vivo, administration of JWH-015 (5 mg/kg, daily i.p. for 7 days at

the onset of arthritis) significantly ameliorated AIA in rats. Pain assessment studies

using von Frey method showed a marked antinociception in AIA rats treated with

JWH-015. In addition, JWH-015 treatment inhibited bone destruction as evident from

micro-CT scanning and bone analysis on the harvested joints and modulated serum
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RANKL and OPG levels. Overall, our findings suggest that CB2 agonist JWH-015 elicits

anti-inflammatory effects partly through GR. This compound could further be tested as

an adjunct therapy for the management of pain and tissue destruction as a non-opioid

for RA.

Keywords: fibroblasts, endocannabinoids, bone degradation, inflammation, antinociception

INTRODUCTION

In 1990, cannabinoid receptor 1 (CB1) was identified as
the receptor responsible for tetrahydrocannabinol carboxylic
(THC) effects (1). Three years later cannabinoid receptor 2
(CB2) was identified and together these receptors comprise
the endocannabinoid system (ECS). CB1 is mainly expressed
in the central nervous system and is primarily responsible for
the psychoactive effects of cannabinoids concomitant to the
neuroprotective effects (2). CB2 is mainly expressed peripherally,
with its highest expression on immune cells. It is thereby
associated with the immune suppressive and anti-inflammatory
effect of cannabinoids (2, 3). Since the discovery of these
receptors, endogenous ligands of the ECS such as anandamide
(AEA) and 2-arachidonoylglycerol (2-AG) have been identified,
and their synthesis and metabolism have been characterized. In
addition to the endogenous ligands, several exogenous ligands
have been identified such as cannabidiol (CBD). Although these
ligands activate the ECS, they lack specificity to one receptor or
the other. Thus, as our understanding of the ECS grows, specific
ligands of either CB1 or CB2 are needed to characterize each
receptor separately.

To address this need, John W. Huffman synthesized several
ligands termed JWH compounds. Each ligand has differing
affinities to CB1 and CB2 that can be used to activate one specific
receptor over the other (4, 5). Many JWH compounds are now

commercially available and can be used to help distinguish the
differential effects of CB1 and CB2 activation.

Rheumatoid arthritis (RA) is an autoimmune disease
characterized by inflammation and joint degradation. RA
synovial fibroblasts (RASFs) are considered to be the main
perpetrators by responding to pro-inflammatory cytokines
interleukin-1β (IL-1β) and tumor necrosis factor-α (TNF-α)
by producing IL-6, IL-8, and prostaglandins that exacerbate
inflammation. Current therapies are targeted mainly to alleviate
symptoms (non-steroidal anti-inflammatory drugs, NSAIDs)
and slow down disease progression (disease-modifying anti-
rheumatic drugs, DMARDs). The main goal of RA therapy
is to increase remission rate in patients and one way to
do so is to provide pain relief. However, pain management
therapies are some of the most needed and demanded. A
recent survey of 1,004 RA patients in the U.S. showed
that 80% of those patients still experience pain daily or
multiple time a week. In addition, 74% of them wished their
therapies worked better (6). Indeed, another study showed
that disease activity score-28 (DAS-28) does not reflect a
reduction in pain in RA patients on current treatment
options (7).

Recent literature suggests that the ECS may reduce both pain
and inflammation in RA (3, 8, 9). Both CB1 and CB2 expression

have been characterized in RASFs, where CB2 is upregulated
in synovial tissue and RASFs. Within the synovial fluid of RA
patients, AEA and 2-AG are found in detectable levels; however,
both are undetectable in healthy joints. However, the reason
for CB2 upregulation and the effects of CB2-targeted therapies
remains unknown. JWH-133 is a specific CB2 agonist which has
over 200 times more affinity for CB2 than CB1. Interestingly,
JWH-133 administration reduced osteoarthritis pain-related
behavior in the monosodium iodate-induced OA rat model (10).
A study done by Selvi et al., using non-specific agonist CP 55,940
observed IL-1β-induced IL-6 and IL-8 production was inhibited
with this agonist, however cytokine levels were not changed using
CB1 and CB2 antagonists suggesting the presence of another
anti-inflammatory receptor (11).

Therefore, the present study was carried out to evaluate the
efficacy of CB2 selective agonist JWH-015 in human RASFs
and in vivo using a rat model of RA. Upon further analysis,
we identified that JWH-015 utilizes glucocorticoid receptor to
produce anti-inflammatory affects.

MATERIALS AND METHODS

Chemicals and Reagents
TRAF6, p-TAKThr184/187, p-IRAK4Thr345/Ser346, IRAK4, p-P38,
P38, p-JNK, JNK, p-ERK, ERK, GR, and NF-κBp65 antibodies
were purchased from Cell Signaling Technologies (Danvers,
MA) with respective catalog numbers 8028S, 90C7, D6D7, 4363,
4511S, 8690S, 9251S,9252T, 4370S, 4695S, 12041T, D14E12.
p-TAKSer439 was obtained from Abcam (Cat EPR2863). β-
Actin and Lamin B antibodies were purchased from Santa
Cruz Biotechnology (Santa Cruz, CA;, sc-47778, sc-6217). β-
tubulin was purchased Sigma (St. Louis, MO cat# T8328).
All antibodies were diluted in 5% BSA/TBS-T according to
manufactures recommendation. JWH-015 was sourced from
Tocris (Cat# 1341; ≥99% HPLC) and dissolved in DMSO at a
stock concentration of 10mM. For in vivo studies, JWH-015 was
dissolved 3% DMSO/PBS.

Culturing of Human RASFs
Human RASFs were isolated from patients diagnosed with RA
according to the American College of Rheumatology (ACR)
guidelines (7 female, 2 male, average age 50± 16.9 years). Briefly,
de-identified human RA synovial tissues were obtained from
Cooperative Human Tissue Network (CTHN; Columbus, OH)
and National Disease Research Interchange (NDRI; Philadelphia,
PA) according to an Institutional Review Board (IRB) approved
protocol in compliance with the Helsinki Declaration. Synovial
tissue was digested in Dipase, collagenase, and DNAase before
being seeded in 72 cm2 flasks. Cells were grown in RPMI
1640 medium supplemented with 10% fetal bovine serum (FBS),
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5000 U/ml penicillin, 5 mg/ml streptomycin, and 10µg/ml
gentamicin. Upon confluency (>85%) cells were passaged with
brief trypsinization. All experiments were done using cells that
were passed for additional 4 to 5 times to ensure enriched pure
fibroblast population. For experimental purpose, we used RASFs
between passages 5–10. All treatments were done in serum free
media. All the experiments were performed on at least three or
more cell lines established from different RA donors in this study.

Treatment of RASFs
RASFs were seeded in 6-well plates and grown to >85%
confluency. RASFs were pretreated with 10 or 20µM of JWH-
015 for 10min prior to the addition of IL-1β (10 ng/mL).
The duration of stimulation was for 30min for signaling
studies and/or 24 h to evaluate the production of IL-6, IL-8,
and cyclooxygenase (COX) enzymes. Conditioned media was
subjected to IL-6, IL-8, and PGE2 quantitation by ELISA, while
whole cell extracts were used for the analysis of IL-1β signaling
proteins like p-P38, p-JNK, p-ERK, and p-TAK-1Thr184/187using
Western immunoblotting.

Small-Interfering RNA (siRNA)
siRNA for CB2 [Catalog SASI_Hs01_00041077,
SASI_Hs01_00041084, Sigma] and GR [SASI_Hs01_00188611,
SASI_Hs01_00188614] were purchased from Sigma MISSION
predesigned siRNA and RASFs were transfected as previously
described (12). RASFs were transfected with 120 pmoles of
negative (SIC001), CB2, or GR siRNA with Lipofectamine
2000 (Thermo Fisher Scientific) in Opti-MEM media for
8 h in 6 well format. Media was replenished with complete
RPMI supplemented with 10% FBS and antibiotics next day.
Forty-eight hours post transfection, RASFs were serum starved
overnight prior to IL-1β simulation with or without JWH-015
for additional 24 h.

Cell Fractionation
Cellular sub-fractionation to obtain nuclear and cytosolic
fractions were performed as described previously (13). Briefly,
RASFs were pretreated with 1µM dexamethasone (Dex) 1 h
or JWH-015 (20µM) 10min prior to IL-1β stimulation for
30min. After preparation of cytoplasmic extract, nuclear pellet
were subjected to 2–3 times sonication in RIPA buffer to obtain
complete nuclear extract. Cytoplasmic and nuclear lysates were
quantitated using Bio-Rad DCmethod followed by 25 µg of each
treatment sample were subjected to Western immunoblotting. β-
Tubulin was used for evaluating purity of cytosolic fraction and
Lamin B was used for the nuclear fraction.

Western Immunoblotting
Whole cell extract was prepared using RIPA buffer (50mM Tris
pH 7.6, 150mM CaCl, 1% Triton X-100, 1mM EDTA, 1mM
DTT, 0.5% sodium deoxycholate, and 0.1% SDS) containing
protease and phosphatase inhibitors (Roche Basel, Switzerland).
Protein was measured using BioRad DC method (Bio-Rad,
Hercules, CA). Equal amount of protein (25 µg) for each
sample was loaded and separated on a 10% acrylamide gel and
transferred onto PVDF membrane (EMD Millipore, Billerica,

MA). Blots were then blocked in TBST containing 5% nonfat dry
milk for 2 h prior to overnight incubation with respective primary
antibody with dilution according to manufacturer. Protein bands
were visualized using chemiluminescence and analyzed using
Image Lab software (Bio Rad) for band intensity. Blots were
probed with β-actin to ensure equal loading.

qRT-PCR
Treated RASFs were collected in 1mL of TRIzol Reagent
(ThermoFisher Scientific, cat 15596026). RNA was extracted
using the company provided protocol. 400 ng of RNA was used
to make cDNA using Superscript II cDNA kit (ThermoFisher,
cat 11904018). SYBR Green quantitative real-time PCR was used

for analysis of CB2 (Sigma KiCqStart
TM

Primer H_CNR2_1)
and GR (Qiagen QuantiTect primer GRQT00020608) with
GAPDH (Qiagen QuantiTect primer QT00079247) as a control.
Quantification of the relative expression was done using the
11Ct method.

Assay for IL-6 and IL-8, PGE2, RANKL, and

OPG Production
The conditioned media was collected from 24-h IL-1β stimulated
samples with or without JWH-015, spun down at 10,000 rpm for
10min at 4◦C to remove particulate matter, and collected in fresh
Eppendorf tubes. The collected supernatants were analyzed for
human IL-6 and IL-8 levels using colorimetric sandwich ELISA
kits (R&D Systems, Minneapolis, MN) as per manufacturer’s
instructions. PGE2 was assayed using colorimetric ELISA kit
from Cayman Chemical (Ann Arbor, MI Cat# 514010) according
to manufacturer’s instructions.

RANKL and OPG were purchased from Ray Biotech
(Norcross, GA cat # ELM-TRANCE-1 and ELM-OPG-
1). Minor modification was made to OPG assay where
samples and standard were incubated overnight at 4◦C
with gentle shaking. The remaining steps were performed as per
manufacturer’s instructions.

Rat Adjuvant-Induced Arthritis (AIA)
All animal studies were approved by the ethics committee of
the Washington State University and conformed to the NIH
Guide for the Care the Use of Laboratory Animals (8th edition,
2011). Rat adjuvant arthritis studied was performed using similar
parameters as described previously (14, 15). Briefly, ∼120g
female Lewis rats were purchased from Envigo (East Millstone,
NJ) and allowed to acclimate for 1 week prior to start in
campus vivarium accredited by the American Association for
Accreditation of Laboratory Animal Care. On day 0, rats were
administered 300 µl of 5 mg/ml lyophilized Mycobacterium
butyricum (Difco Laboratories, Detroit, MI, USA) in sterile
mineral oil subcutaneously at the base of the tail. Clinical
parameters measured included articular index (AI) and ankle
circumferences (AC) using parameters referenced in Ahmed et al.
(14) AI scores were recorded for each hind joint by a consistent
observer blinded to the treatment regimen and then averaged
for each animal. AI scores were based on a 0–4 scale where
0= no swelling or erythema, 1= slight swelling and/or erythema,
2 = low to moderate oedema, 3 = pronounced edema with
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limited joint usage and 4 = excess oedema with joint rigidity.
AC were also measured by the same blinded observer and the
change in ankle circumference was presented as delta (1) ankle
circumference. The 1 ankle circumferences of both the hind
ankles from each animal were averaged and “n” is represented as
the number of animals used in each of the experimental groups.
Treatment of Animals with JWH-015.

JWH-015 was brought into suspension in phosphate buffered
saline (PBS) with 3% DMSO. JWH-015 was administered daily
via intraperitoneal injection (5 mg/kg) starting on day 9 after
arthritis induction when the first signs of joint inflammation
and swelling are usually noted and continued until day 17. On
day 17, animals were sacrificed for biochemical, cytokine, and
serum analysis.

Behavioral Assays
Von Frey testing was performed 60min after JWH-015
administration. Rats were acclimatized to testing cases for 15min
prior to testing. The amount of force applied to elicit a response
(paw withdrawal or vocalization) was measured in grams. Three
measurements were taken per hind paw with 30 s intervals in-
between measurements and the order of paw testing (left vs.
right paw first) was counter-balanced in each test group. In most
cases, AIA arthritis was asymmetric where one paw was highly
inflamed compared to the other thus, baseline data was compared
between naïve, AIA, and JWH-015 groups was transformed to a
ratio of the rat’s own baseline score at day 8 compared to day
17. Therefore, mechanical threshold = [mechanical threshold
in more inflamed paw- other hind paw at day 17]/[mechanical
threshold in more inflamed paw-other hind paw at day 8].

Imaging Studies: µ-CT Scanning
Ankles were fixed in formalin for preservation. One day prior
to scan, ankles were placed in 1X PBS to mimic physiological
conditions. Ankles were imaged using Quantum GX micro-CT
Imaging System (Perkin Elmer Waltham, MA) using in-built
“High Resolution Scan Mode.” Images were acquired at 90 kV
and the standard total acquisition time was 4min producing a
144mm voxel image.

Bone mineral analysis was performed by standardizing
images to QRM-MicroCT-HA phantom (QRM Moehrendorf,
Germany). Rat tarsus bone was oriented vertically for analysis.

Histological Analysis of Joint
For histological evaluation of the synovial joint, joints were
decalcified with 10% EDTA for 14 days before being embedded
with paraffin. Five µm slices were cut sagittally through the
center line of the joint. Sections from naïve, AIA alone, and AIA
+ JWH-015 groups were stained with hematoxylin and eosin.
Slides were photographed at 10× magnification using Leica
DM2500 microscope and were then evaluated for the presence
of infiltrates, angiogenesis, and bone destruction.

For an objective evaluation of synovitis and
inflammation, slides were analyzed for the following
parameters: polymorphonuclear inflammation, immune
cell infiltration (lymphocytes, plasma cells, and macrophages),
neovascularization, and fibrosis (Supplementary Table 1).

Molecular Dynamics Simulations
The binding pose and molecular interactions of JWH-015
with GR predicted by the docking simulations were further
investigated by a 100 ns long molecular dynamics (MD)
simulation of the docked complex. Prior to MD simulation, the
crystal structure of the glucocorticoid receptor (PDB ID 4UDD)
was prepared using MOE (16). Mutations introduced during
protein crystallization were changed back to their respective
wild type residues for the mutations, N517D, V571M, F602S,
and C638D. The native sequence was preserved, all the amino
acids were assigned their appropriate protonation states at pH
7.0, and miscellaneous ligands, water, and lipid molecules were
removed. As the glucocorticoid receptor is primarily found in
the cytosol of the cell, therefore, the receptor-ligand complex
was simulated in a cubicle box of water with periodic boundary
conditions (17). Charges and atom types of JWH-015 were
assigned using the CGenFF server (18). The protein and water
molecules were modeled using the CHARMM36 force field and
TIP3P water model, respectively (19). The CHARMM-GUI input
generator was used to setup all the simulated systems (20, 21).
All MD simulations were run using the GPU version of NAMD
2.12 and trajectory analysis was done using visual molecular
dynamics (VMD) software (22, 23). The system was neutralized
(total charge equal to zero) by adding sufficient K+ ions (5) to
the solvated receptor-ligand complex. The particle mesh Ewald
method was used to treat long range electrostatic interactions
(24). The non-bonded interaction list was generated with a
distance cutoff of 14 Å and updated heuristically and Lennard-
Jones interactions were truncated at 12 Å. The simulation was
run at a constant pressure (1 atm) and temperature of 310K.
The temperature was controlled by using Langevin temperature
coupling with a friction coefficient of 1 ps−1 (25). The pressure
was maintained using a Nose-Hoover Langevin-piston method
with a piston period of 50 fs and a decay of 25 fs (26). Covalent
bonds to hydrogen atoms were constrained by SHAKE algorithm
(27). The 1 fs/step time step was used in equilibration runs and 2
fs/step was used in production runs.

Statistical Analysis
Statistical analysis was performed using GraphPad Prism
Software. Data was analyzed using one-way ANOVA followed
by Tukey’s test for multiple comparisons test to determine which
groups are significantly different from each other. Figures 3A,B
were analyzed using two-way ANOVA followed by multiple
comparisons test due to determine the effects of siRNA. All tests
assumed normal distribution where α = 0.05 was considered
significant. In vitro experiments were done in at least three
different RA cell lines derived from three different RA patients;
and data from at least six different rats are presented for in vivo
experiments. All data are presented at mean ± SEM where error
bars represent SEM.

RESULTS

JWH-015 Is Anti-inflammatory in Human

RASFs
To begin, we tested the effect of JWH-015 on common RA
inflammatorymarkers (IL-6, IL-8, and COX-2). Before beginning
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FIGURE 1 | JWH-015 is anti-inflammatory in human RASFs. Upon confluency, RASFs were serum starved overnight prior to being pre-treated with JWH-015 (10 and

20µM) for 10min prior to the addition of IL-1β (10 ng/mL) for 24 h. Conditioned media was assayed for IL-6 (A), IL-8 (B), and PGE2 (C), and (D) cell lysates were

assayed for COX expression. JWH-015 at either dose did produce a response and was removed for clarity. Bars represent mean ± SEM of *p < 0.05, one-way

ANOVA n = 3 where 3 different cell lines derived from 3 different RA patients was used. NS, non-stimulated.

studies, we performed a viability assay like the one described
previously (28) where we saw no toxicity at the highest tested
dose (20µM). Based on the viability assay and previous literature
(29), we selected the 10 and 20µM doses of JWH-015 for in
vitro studies.

RASFs were grown to <80% confluency before being serum
starved overnight. JWH-015 was added 10min prior to the
addition to IL-1β (10 ng/mL) for 24 h. Evaluation of the
conditioned media using ELISA assay showed a∼46% reduction
of IL-6 and a ∼50% reduction of IL-8 (Figures 1A,B). COX-2
expression was reduced significantly by ∼40% correlating with
a similar reduction of PGE2 production (Figures 1C,D).

JWH-015 Inhibits IL-1β Induced

Phosphorylation of TAK1
Because JWH-015 inhibited IL-1β-induced inflammation, we
were interested in understanding the mechanism of action
of JWH-015 in pretreated human RASFs. We examined the
expression of key IL-1β proteins proximal to the IL-1 receptor
(IRAK4/TRAF6/TAK1) to the downstream MAPKs (P38, JNK,
ERK) in Figure 2A. Our Western blot results and densitometric

analysis showed that JWH-015 inhibited the activation of p-
TAK1Thr184/187, a site critical for its kinase activation and
important to IL-1β signaling (30, 31). The inhibition of p-TAK1
resulted in a dose-dependent reduction in p-JNK activation, with
no marked effect on p-P38 or p-ERK pathways (Figures 2B,C).
Densitometric analysis showed that p-JNKp46 isoform was
significantly inhibited at the highest dose (Figure 2D).

JWH-015 Produces Anti-inflammatory

Effects Independent of CB2
Recent studies suggest that JWH-015 does not have high
enough specificity to solely activate CB2 signaling (32, 33).
Therefore, we wanted to examine if the anti-inflammatory
action of JWH-015 observed in RASFs was through CB2
activation. Using small interfering RNA (siRNA), we knocked
down CB2 expression and performed a similar experiment
as shown in Figure 1 but with the addition of siRNA. CB2
knockdown was confirmed using Western immunoblotting and
qRT-PCR (Supplementary Figures 1A,C) prior to data analysis.
The knockdown of CB2 suppressed IL-1β-induced IL-6 and IL-
8 production in human RASFs (Figures 3A,B). Interestingly,
JWH-015 was still able to further inhibit IL-6 and IL-8
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FIGURE 2 | JWH-015 inhibits TAK1 activation. For signaling studies, RASFs were again pre-treated with JWH-015 (10 and 20µM) for 10min prior to the addition of

IL-1β (10 ng/mL) for 30min. (A) Cell lysates were collected and assayed for IL-1 signaling proteins using Western immunoblotting. Densitometric analysis of (B)

pTAK-1Thr184/187, (C) p-ERK, and (D) p-JNK p54 and p46 is shown. JWH-015 alone at either dose did produce a response and was removed for clarity. *p < 0.05,

one-way ANOVA n = 3 where 3 different cell lines derived from 3 different RA patients was used. NS, non-stimulated.

production even in the absence of CB2, suggesting JWH-015may
exploit non-canonical pathway independent of endocannabinoid
receptors to elicit its anti-inflammatory effects (Figures 3A,B).

JWH-015 Binds to Glucocorticoid Receptor
Next, we performed in silico molecular docking simulations to
determine which receptors JWH-015 may bind to. We looked
at receptors that are either known to bind endocannabinoid
ligands or have anti-inflammatory effects in RASFs. One receptor
which stood out to us was the glucocorticoid receptor (GR)
because glucocorticoids have been used to treat RA since the
1950’s (34). JWH-015 was docked to GR (PDB ID 4UDD) using
MOE software program by induced-fit method allowing protein
sidechain flexibility (16). Interestingly, the docked pose of JWH-
015 within the GR binding site was found to be very similar to
the bound structure of well-known GR ligand dexamethasone
co-crystalized with the GR (Supplementary Figure 2A). The
structurally fit binding pose along with the energetically favorable
docking score (-8.0686 kcal/mol) accounting for interactions
suggest JWH-015 may interact with GR.

The binding pose and molecular interactions of JWH-015
with GR predicted by the docking simulations were further
investigated by a 100 ns long molecular dynamics (MD)
simulation of the docked complex. The trajectory analysis
(using VMD and in-house tcl scripts) revealed some interesting
rearrangement (dynamics) of the ligand within the binding
site (22). To begin, we observed a transient water-mediated
electrostatic interaction between the indole ring nitrogen and the

sidechain carbonyl oxygen of N564 that lasted for the first 20 ns
(Figure 3C). After 20 ns into the simulation, the indole ring of
JWH-015 flipped 180◦ (Figures 3C,D) from its initial orientation
and engaged in lasting aryl-aryl interaction with W600. The
napthyl ring was very stable in its docked orientation and
was constantly surrounded by both F623 and L566 throughout
the simulation (red and purple lines in Figure 3E). There is
a strong and stable electrostatic interaction observed between
the carbonyl oxygen of the ligand and backbone –NH group
of N564 in the binding site. The distance between these two
functional groups fluctuated between 3.5 and 5 Å throughout
the simulation time (blue line Figure 3E) indicating strong
electrostatic interactions.

We performed a similar simulation of JWH-015 docked
to the CB2 receptor to compare the binding interactions
(Supplementary Figures 2B,C). The trajectory analysis
of CB2-JWH-015 complex revealed several hydrophobic
interactions between the ligand and the binding site residues

(Supplementary Figure 2B). The napthyl and indole rings of
the ligand were well surrounded by several aromatic rings of

F91, H95, F94, and F106. However, we did not observe any
specific electrostatic interactions between the carbonyl oxygen

of the ligand and the binding site residues nor any changes
in the docked binding pose throughout the simulation time.

Because hydrophobic interactions are inherently weaker than

hydrogen bonds, MD simulations suggest that JWH-015 has

an equal or stronger binding to affinity to GR than to CB2
(Supplementary Figure 2C).
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FIGURE 3 | JWH-015 may utilize glucocorticoid receptor for anti-inflammatory action. CB2 was knocked down using 120 pM of targeted siRNA using Lipofectamine

2000 for 8 h. Media was replaced 24 h after transfection then serum starved overnight 48 h later. Next morning cells were stimulated with IL-1β (10 ng/ml) and

JWH-015 (10 and 20µM) for 24 h. Conditioned media was assayed for (A) IL-6 and (B) IL-8. JWH-015 was docked to the glucocorticoid receptor using MOE

software. (C) A transient water-mediated electrostatic interaction was observed between the ligand and the sidechain carbonyl oxygen of N564 in GR; (D) The indole

ring of the ligand flipped 180 degrees and enabling a lasting electrostatic interaction between carbonyl oxygen of the ligand and backbone –NH group of N564; (E)

distances between the indole and naphthyl rings of the ligand and aromatic rings of W600 and F623 and side chain CH3 group of L566 indicating stable hydrophobic

aryl-aryl and aryl-alkyl interactions. GR was knocked down using siRNA for 48 h prior to the addition of IL-1β ± JWH-015 (20µM) for 24 h. Conditioned media was

assayed for (F) IL-6 and (G) IL-8 production. (H) RASFs were pre-treated with Dex (1µM) for 1 h or JWH-015 (20µM) for 10min before IL-1β for 30min. Cytosolic and

nuclear fractions were made and assayed for GR translocation. Densitometric analysis of GR nuclear localization in the presence of JWH-015 (20µM) and Dex (1µM).

*p < 0.05, two-way ANOVA n = 3 where 3 different cell lines derived from 3 different RA patients was used. NS, non-stimulated.

To confirm in vitro simulation findings, we knocked
down the GR receptor using siRNA for 48 h prior to
the addition of IL-1β and JWH-015 for 24 h. Again, GR
knockdown was confirmed using Western and qRT-PCR
(Supplementary Figures 1B,D). The absence of GR completely
abrogated the ability of JWH-015 to reduce IL-1β-induced IL-6
and IL-8 production (Figures 3F,G). Finally, we compared JWH-
015 with dexamethasone (Dex) at inhibiting nuclear localization
of GR. Indeed, JWH-015 showed a modest effect in inhibiting
GR and NF-κBp65 nuclear localization, which suggests another
possible mechanism of JWH-015’s anti-inflammatory properties
(Figure 3H).

JWH-015 Is Anti-inflammatory in AIA Rat

Model of Arthritis
To confirm our in vitro findings, we tested the efficacy of JWH-
015 in vivo using a rat AIA model of inflammatory RA. Rats
were administered a daily intraperitoneal dose of JWH-015 (5
mg/kg) followed byAI scores and ankle circumferencesmeasured
starting day 9 (at the onset of arthritis) until termination (day
17). One of the few parameters JWH-015 administration was able
to significantly reduce were ankle circumference and AI scores

by 10.5% and 22.2%, respectively, by day 17 (Figures 4A,B)
suggesting that JWH-015 is anti-inflammatory.

Von frey measurements were taken every other day beginning
on day 8 at onset of inflammation. The amount of force applied
in grams to elicit response (paw withdrawal or vocalization)
was normalized to day 8 measurements. Rats began to show
antinociceptive effects beginning on day 15 however, the effect
was the strongest at day 17 (Figure 4E, p = 0.06). Cachexia is
a common side effect of the AIA rat model therefore a gain in
body weight shows signs of improvement overall improvement
(35). In addition to cachexia, AIA also have enlarged spleens
therefore a slight reduction of spleen weight at termination
would suggest immunomodulatory effects (36). Although not
statistically significant, JWH-015 was able to rescue body weight
loss and reduce spleen enlargement in AIA rats at termination
indicating reduction in overall inflammatory burden by JWH-
015 without immunosuppression in this model (Figures 4C,D).

JWH-015 Administration Prevents Bone

Degradation in AIA Rats
To better understand the effects of JWH-015 on bone
remodeling, we performed µCT-imaging on the ankles using a
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FIGURE 4 | JWH-015 is anti-inflammatory in AIA arthritic rats. JWH-015 was given (5 mg/kg, ip) from day 8–17. Articular index scores were averaged for each animal

(B) and 1 ankle circumferences (A) (normalized to day 0) values were averaged for each animal before group comparisons and final values represented as the mean

of “n” number of animals per group. Mean ± SEM is shown for ankle articular index scores (range 0–4) and ankle 1 circumferences (in millimeters) determined on

indicated days after adjuvant injection. (D) The mean ± SEM increases in body weight and spleen weight (E) measured on the final day of the experimentation. (C)

Mechanical alloydina was measured with Von Frey test where a ratio of the rat’s own baseline score at day 8 compared to day 17 was taken before averaged. The

mean ± SEM in grams is presented here. *p < 0.05 one-way ANOVA n = 10 rats per group; *p < 0.05 one-way ANOVA n = 6 rats per group for Von Frey test.

#p < 0.05 one-way ANOVA where all comparisons (naïve vs. AIA vs. AIA + JWH-015) are statistically significant n = 10 rats per group.

“high resolution” scan mode. Interestingly, we noticed portions
of the AIA ankles that were damaged with disease that were
not as severely damaged as compared to rats given JWH-015
(Figure 5A). Histological analysis was done on the treated and
untreated rat joints, in which AIA rats had clear signs of synovitis
and considerable amounts of inflammatory cell infiltration and
bone loss (Figure 5D). In comparison, JWH-015 animals had less
inflammatory cell infiltration and cartilage erosion (Figure 5A;
H&E). Histopathological analysis showed a significant reduction
in the inflammation score which included a reduction in immune
cell infiltrates (lymphocytes, plasma cells, and macrophages)
Figure 5D. Because synovitis is associated with pain, this suggests
why JWH-015 may have an analgesic effect.

Furthermore, bone mineral density analysis showed distinct
changes between naïve and AIA rats where trabecular tissue
increased while bone and cortex volume deceased with disease
(Figure 5B). Among different parameters studied, JWH-015
tended to prevent the trabecular bone from increasing in volume
as demonstrated by the statistically significant lower trabecular
volume. Again, many of the JWH-015 rats had similar values for
intra-trabecular volume to that of the naïve rats, suggesting bone
protective effect.

To further confirm these µCT and histological observations,
we looked at the serum levels of RANKL and OPG which
are important in bone reformation (37). We observed a
statistically significant increase serum levels of RANKL in

AIA rats and interestingly JWH-015 treated rats had lowered
levels of RANKL and concomitantly increased the serum
levels of OPG (Figure 5C). This suggests that JWH-015 can
simultaneously reduce inflammation and bone destruction in
inflammatory arthritis.

DISCUSSION

The findings from the present study provide an evidence
for the anti-inflammatory role of a CB2 agonist JWH-015 in
regulating IL-1β activated inflammatory responses in human
RASFs and a rat AIA model of human RA. More importantly,
we have identified how JWH-015 does not utilize CB2 for its
anti-inflammatory actions, rather we demonstrated that JWH-
015 has the capability of interacting with the GR receptor.
Interestingly, the site of GR that JWH-015 binds is also exploited
by dexamethasone, which may explain the observed inhibitory
action triggered by inflammatory pathways. Based on our results
revealing how JWH-015 may suppress pain and inflammation
by targeting GR receptor in human synovial fibroblasts and in
experimental animals, these findings may have rapid clinical
application where JWH-015 or structurally similar molecules
could be used as an adjunct a non-opioid therapeutic option for
the management of pain and inflammation in RA.

JWH-015 has been reported for numerous biological activities,
including anti-obesity, pro-apoptotic in thymic atrophy, anti-
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FIGURE 5 | Less bone degradation is observed in animals given JWH-015. (A) µCT-imaging was done on the ankles using a “high resolution” scan mode after

termination. Red arrows point to areas of apparent bone damage. Joints were then decalcified and 5µm slices were stained for H&E. “B” marks bone; “C” marks

cartilage; and “S” marks synovium. (B) Bone mineral analysis was performed on the rat tarsus bone calibrated to a phantom standard. (C) Rat serum was assayed for

OPG and RANKL using ELISA method. Bars represent mean ± SEM *p < 0.05 n = 6 one-way ANOVA. (D) Histopathological analysis of H&E slides for synovial

inflammation. Parameters and grading scale are described in detail in Supplementary Tables 1, 2. Scores were averaged per group where bars represent mean ±

SEM *p < 0.05 n = 3 representative animals per group; one-way ANOVA.

cancer, anti-inflammatory, and antinociceptive (29, 32, 38–41).
In our study, we observed JWH-015 has anti-inflammatory
effects in human RASFs as well as in a rat AIA model of arthritis.
In recognizing JWH-015 does not have the strongest specificity
to CB2, we anticipated a possibility of JWH-015 utilizing another
receptor to produce anti-inflammatory effects. Our results from
in silico molecular docking of JWH-015 to several potential
receptors identified GR as a potential target. These findings were
confirmed in vitro using siRNA approach to confirm that JWH-
015 potentially rely on GR to elicit its anti-inflammatory actions.

Previous studies in RA have been done with other CB2
agonists. Gui et al. used the CB2 agonist HU-308 which has a Ki
value of 22.7 nM to CB2 (9); Richardson et al used HU-210 which
has a Ki of 0.52 nM at CB2 (8); and a more recent study used
WIN 55,212-2 which has a Ki of 3.3 nM to CB2 (42). JWH-015
has a Ki value of 13.8 nM to CB2 and has been looked at in other
cells that are involved in RA. In macrophages, JWH-015 was used
to show that CB2 is not a chemoattractant receptor in primary
murine macrophages and JWH-015 can inhibit chemokine-
induced monocyte migration to inflammatory sites (43, 44).
However, the underlying mechanism of its action and its effect
on RA pathogenesis remains elusive.

At the highest concentration tested (20µM), JWH-015
was effective in inhibiting IL-6, IL-8, and COX-2 expression,
which are prominent inflammatory products of IL-1β signaling

in RASFs (14, 31, 45). Upon looking further at the IL-
1β signaling, JWH-015 elicits anti-inflammatory effects by
inhibiting activation of p-TAK1, which correlated with the
inhibition of p-JNK, and p-ERK expression. Previous studies
have shown a similar inhibition of p-ERK by HU-308 and
HU-210 in RASFs, but without any detailed analysis (8,
9). Interestingly within JNK/SAPK, JWH-015 preferentially
inhibited p-JNKp46 isoform, which has been shown by us to
be critically involved in IL-1β signaling as it binds to the AP-1
binding site with higher affinity than other JNK isoforms (46).

Although JWH-015 is defined as a CB2 agonist, its selectivity
to CB2 is low compared to other readily available agonists.
In a recent study, Craft et al. showed JWH-015 to induce
anti-nociceptive responses in CFA-induced inflammation in
rats via both CB1 and CB2 activation (32). In the rat AIA
model, we also observed some analgesic effects, which we
hypothesize to be independent of CB2 receptor based on our
in vitro findings. A recent study done by Soethoudt et al.,
characterized several CB2 agonists including JWH-015. Using
a panel of 64 proteins associated with common side effects
from CEREP. The authors reported JWH-015 has 7 off-target
receptors. Within the panel, they reported that JWH-015 has
36% efficacy for GR (33). GR is of particular interest to
our findings because glucocorticoids have been used as first-
line of treatment for RA since 1955 (34). In silico molecular
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docking of JWH-015 to GR not only produced a favorable
binding score, but the docking pose of JWH-015 exhibited a
striking resemblance to the bound poses of known GR ligand
dexamethasone in the experimentally determined X-ray crystal
structures. Molecular dynamic simulations reveals JWH-015 also
forms additional hydrogen bonds with GR compared to CB2
where only hydrophobic interactions are observed.

Glucocorticoids mainly elicit their anti-inflammatory effects
by interfering with pro-inflammatory transcription factors AP-
1 or NF-κB from transcribing pro-inflammatory mediators, but
other mechanisms of action for glucocorticoids are also described
(34, 47). In our studies, JWH-015 inhibited GR translocation
in a similar fashion to dexamethasone in RASFs. Although this
result seems contradictory to GR’s known mechanism of action,
literature has shown that transrepression of GR is also important
for its anti-inflammatory function where it can abrogate NF-
κBp65 activation (48). Indeed, we observed JWH-015 was able
to inhibit NF-κBp65 translocation to the nucleus. This suggests
that JWH-015 mediated transrepression of GR into the nucleus
may be responsible of JWH-015’s anti-inflammatory action.
In addition, the nuclear presence of GR can be misleading
in that GR translocation does not necessarily produce anti-
inflammatory effects. Pariante et al showed that IL-1α was
able to enhance GR nuclear localization (49). As previously
reported by our group, IL-1α has a similar function to IL-1β
which suggests IL-1β can also enhance GR nuclear localization
(13). Functional genomics studies are further warranted to
validate GR response to extremal stimuli such as JWH-015.
GR can also elicit its effects through non-genomic signaling
which does not require translocation of GR into the nucleus.
Non-genomic signaling has been reported to be important for
the treatment of RA, but was not investigated in this study
(50). Further studies are warranted to fully confirm that JWH-
015 could mimic the functions of glucocorticoids without any
adverse effects.

Among several limitations of long-term glucocorticoids use is
progressive bone loss (47). Pharmacologically important, JWH-
015 administration to AIA rats was able to ameliorate arthritis
concomitant to preventing bone degradation. This could be
strongly correlated with the significant reduction in serum
RANKL and an increase in OPG in the treated rats around
day 17 when arthritis peaks and inflammatory markers are
highly expressed (36). While we observed histological and CT
improvement in the limited window of JWH-015 treatment,
extension of dose regimen and duration would have allowed us to
validate if bone loss could be completely reverted to naïve levels
in BMA analysis.

While the findings from this study are novel and clinically
relevant, we acknowledge some limitations with our study. First,
CB2 is also expressed in other cell types, including B cells,
macrophages, and NK cells that have role in RA pathogenesis
(3). Thus, characterizing the biological activity of JWH-015 in
other cell types may help us understand the broader impact of
JWH-015 or structurally similar molecules. Second, the study

by Soethoudt et al., identified off target receptors that JWH-
015 showed the binding affinity, including A3, 5-HT2A and 2B,
and PPARγ.

In summary, JWH-015 exhibits anti-inflammatory action in
human RASFs and in rat AIA model of RA. Further testing of
JWH-015 in other models where its impact through GR could
be validated may provide an opportunity to develop molecules
on similar structure as an adjunct non-opioid analgesic and bone
protective agents in inflammatory conditions such as RA.
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Li-Gang Jie 1* and Qing-Hong Yu 1*
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Kirenol is a diterpenoid extracted from the Chinese herbal medicine Siegesbeckiae.

Siegesbeckiae has been used to treat Rheumatoid arthritis (RA) in China for several

centuries. RA is characterized by the proliferation of synoviocytes in inflamed synovia,

as well as by their expression of inflammatory cytokines. In the present study, we found

that Kirenol inhibited the migration, invasion, and proinflammatory of IL-6 secretion of

RA-associated synovial fibroblasts (FLS) at a concentration of 100–200 µg/ml in vitro.

Proinflammatory cytokines production and synovium hyperplasia and cartilage erosion

were also inhibited in a collagen-induced arthritis (CIA) mouse model upon Kirenol

treatment. Together, our results thus confirm that Kirenol has potent therapeutic efficacy

in RA owing to its ability to suppress negative FLS activities.

Keywords: kirenol, Rheumatoid arthritis, fibroblast-like synoviocytes, IL-6, migration, invasion

INTRODUCTION

RA is a chronic and refractory autoimmune joint disease characterized by the proliferation of
synoviocytes in the inflamed synovia, and by the expression of inflammatory cytokines on these
cells (1). Synovial fibroblasts (FLS) promote joint destruction via their attachment to the cartilage,
and thus are key mediators of the pathogenesis of RA (2). Although there are many RA treatment
options available, including traditional disease-modifying antirheumatic drugs (DMARDs) as well
new and effective biologicals agents, these treatments ultimately induce remission in only 20–68%
of patients (3). Moreover, there is still ample opportunity for the development of novel drugs
capable of inhibiting synovial hyperplasia. Kirenol is a diterpenoid compound derived from Herba
Siegesbeckia that has been traditionally used in China to treat RA for centuries. Kirenol has been
suggested to exhibit primary anti-inflammatory and anti-rheumatic activities (4, 5). The active
ingredient Kirenol inHerba Siegesbeckia extracts was shown to reduce the inflammatory pathology
in collagen induced arthritis (CIA) model rats, and additional studies suggest that Kirenol is able
to suppress the production of IL-1β and TNF-α in the serum of adjuvant arthritis model animals
(5, 6). While multiple studies have thus demonstrated the anti-inflammatory properties of Kirenol,
there is still very limited information available regarding the specific mechanisms and dynamics
whereby Kirenol affects RA-associated FLS cells both in vitro and in vivo. The inflammatory milieu
in the synovial compartment is regulated by a complex cytokine network. Many pro-inflammatory
cytokines such as TNF-α, IL-1β, and IL-6, are thought to contribute to the pathological
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development and progression of RA (7). Activated FLS cells
secrete large quantities of IL-6 and IL-8 (8). Antibodies directed
against TNF-α and IL-6 have shown efficacy for the treatment of
RA, consistent with the fact that joint destruction is positively
correlated with pro-inflammatory cytokine levels in the serum or
synovial tissue. Multiple cytokines andmatrix metalloproteinases
(MMPs) are present in the synovium of RA patients, where
they play important roles in the maintenance of inflammatory
responses (9, 10). Certain proteins and cytokines, including IL-
6, IL-8, TNF-α, IL-1β, and MMP-1, 2, 3, 9 have been identified as
diagnostic indicators of RA and as possible therapeutic targets.
As such, any effort to determine how Kirenol affects FLS cells
necessitates an investigation of its effects on cytokine production.

The pathophysiology of RA involves chronic inflammation
and pannus formation in the synovial membrane, which can lead
to the destruction of articular cartilage and bone. As these pro-
inflammatory cytokines and MMPs are specifically involved in
the pathogenesis in RA and are highly expressed in the serum
and synovial fluid of RA patients, we hypothesized that these
factors may be downregulated by Kirenol. The aims of this study
were therefore to evaluate whether Kirenol treatment leads to
decreased production of these factors by RA-associated FLS cells,
and to explore the underlying molecular mechanisms governing
such regulatory activity.

MATERIALS AND METHODS

Human FLS Culture
Synovial tissue samples were obtained from the knees of five
patients with active RA (as diagnosed according to the 2010
Rheumatoid arthritis classification criteria) during knee joint
arthroscopic operations. The synovial tissue was cut into 1–2
mm3 pieces and distributed evenly in a culture flask. After 4 h,
this flask was inverted and the synovial tissue was cultured in
DMEM containing 10% fetal calf serum, 100 U/ml penicillin,
and 100µg/ml streptomycin in a humid incubator containing
5% CO2. Cell media was changed every 3–4 days. The FLS cells
were grown in a monolayer, and cells between the third and sixth
generations were used for all experiments.

Cell Viability Assays
Cell viability was detected using the CCK-8 kit (Dojindo, China)
according to the provided instructions. Briefly, cultured RA-FLS
cells were plated in 96-well plates at a density of 1× 103 cells/well
in DMEM containing 10% FBS. Cells were then incubated
with Kirenol (50, 100, and 200 µg/ml; Herbpurity, China) for
another 24 h. Human IL-17A (100 ng/ml, R&D, USA) and TNF-
α (100 ng/ml, R&D, USA) were used as positive controls. After
this incubation period, 10 µL of the CCK-8 solution was added
to each well and cells were incubated for 4 h. The absorbance at
450 nm was then measured via a microplate reader.

Quantitative PCR
RA-FLS cells were seeded in 24-well plates at a density of 2 ×

104 cells/well for 24 h, and were then treated with Kirenol at
concentrations of 50, 100, or 200 µg/ml for 4 h, with positive
controls employed as above. Total FLS RNA was then isolated

at appropriates using the Trizol reagent (Invitrogen, USA)
according to the manufacturer’s protocols. Reverse transcription
was conducted using a first-strand cDNA synthesis kit (TaKaRa,
China). To assess IL-6, IL-8, MMP1, MMP2, MMP3, MMP9,
NFκB P50, NFκB P65, MAPK, JNK, and JAK expression, real-
time PCR was performed using a SYBR Premix ExTaq kit
(TaKaRa, China). Resultant heatmap figures were prepared using
the R software [package(heatmap)].

ELISAs
After being treated as described above, 2 × 104 RA-FLS cells
were treated with Kirenol for 4 or 24 h. Supernatants were
then collected to measure IL-6, IL-8, IL-1β, and TNF-α. For in
vivo experiments, murine serum was similarly used for cytokine
detection. ELISA kits used included those specific for IL-1β
(R&D, USA), TNF-α (Thermo Fisher Scientific, USA), IL-6
(Thermo Fisher Scientific, USA), IL-8 (Thermo Fisher Scientific,
USA). The optical density (OD) value for each sample was
determined at 450 nm.

Western Blotting
RIPA lysis buffer (50mM Tris-Cl pH 7.4, 150mM NaCl,
1% Triton X-100, 1% sodium deoxycholate, 0.1% SDS),
containing protease and phosphatase inhibitors as well as
phenylmethanesulfonyl fluoride (PMSF), was used to lyse and
collect protein from cell samples. Protein was then loaded
onto 8% polyacrylamide Tris/glycine gels and separated at
80V for 30min, followed by 110V for 1 h, and samples
were then transferred to a nitrocellulose membrane at 100V
for 2 h. After blocking, the membranes were probed using
the MAPK Family Antibody Sampler Kit (Cell Signaling
Technology, USA), NF-κB Pathway Sampler Kit (Cell Signaling
Technology, USA), or Phospho-Jak Family Antibody Sampler
Kit (Cell Signaling Technology, USA). Phospho-antibodies were
diluted to 1:100, while all others were diluted to 1:500. After
chemiluminescence development (SignalFire

TM
ECL Reagent,

Cell Signaling Technology, USA), gel images were scanned and
analyzed using the Image J (v1.52) image processing software.

Murine synovial tissues were taken from around the hip
joints, as described in our previously research method (11). For
murine synovium samples, western blotting was performed as
above, using IL-6, IL-8, and TNF-α antibodies purchased from
Biomathematics and Statistics Scotland (China).

Measures of FLS Migration and Invasion
Wound Healing Assay
To demonstrate the effects of Kirenol on the migratory capacity
of FLS, a wound healing assay was performed. 2 × 105/well RA-
FLS were seeded in 24-well plates for 24 h, after which a 200 µl
pipette tip was used to create a straight scratch wound in the
monolayer. Cells were then incubated with Kirenol (50, 100, or
200 µg/ml) for an additional 48 h, with cell being imaged after 0,
4, 24, and 48 h. Image J (v1.52) was used to analyze the migratory
wound healing dynamics.
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Transwell Migration and Invasion Assays
To further explore the effects of Kirenol on cellular responses,
chemotaxis assays were performed using transwell chambers with
an 8.0µm pore size (Corning, USA). Cells were incubated with
Kirenol concentrations as described above for 24 h, and then a
total of 2 × 105 FLS in serum-free DMEM were added to the
upper chambers of these Transwell systems for 8 h. In addition,
600 µl of DMEM medium containing 10% FBS was added to the
lower chamber of each well in a 24-well plate. In parallel, similar
invasion assays were performed using an 8.0µm PET membrane
(Corning, USA). For this experiment, FLS were seeded at a
density of 1 × 105/ml and were grown in DMEM for 12 h. Cells
that failed to migrate were removed with a cotton swab, after
which the membranes were fixed with 4% paraformaldehyde
for 30min and then stained with 0.1% crystal violet. Migration
was quantified by counting the number of stained cells that
had migrated to the lower side of the filter using an optical
microscope. The average of the number of invading cells from
the six random fields of view after normalization to control were
used to determine rates of chemotaxis/invasion.

Murine Experiments
Arthritis Model Development
CIA was induced in 9-week-old male DBA/1 mice. Mice
were purchased from HuFukang Biotechnology Co., China
(license number: SCXK (Jing) 2014-0004). All experiments were
performed in accordance with the guidelines of the local animal
ethics committee. A total of 15 mice were divided into 3 groups,
and received 0, 7.5, or 30 mg/kg Kirenol q.d. Mice were treated
with Kirenol for 1 week before being immunized with 100 µg
of bovine type II collagen and complete Freund’s adjuvant (CFA;
1:1, Xinbosheng, China and Sigma, Japan) by injection at the tail
base. A booster injection was administered on day 21, at which
time a total of 100 µg collagen II was administered in Freund’s
incomplete adjuvant (Sigma, Japan). Assessment of arthritis in
each limb of these arthritic model mice was then performed via
visual scoring from 0 to 4. A maximal score for an individual
animal was 16 (12). The weight of each mouse was also recorded
once per week.

Histological Scoring
Joints were removed from CIA model mice and fixed in 10%
formalin, after which they were decalcified in 10% EDTA,
embedded in paraffin, and stained with hematoxylin and eosin
(H&E) for light microscopy. Infiltration of inflammatory cells,
transformation of the synovial lining, cartilage destruction, and
pannus formation were independently scored in a blinded
manner from 0 to 3 as in previous studies (13). Of the
four limbs analyzed per animal, the maximum score for each
category was used, with a maximum possible histological score
of 12. Synovial inflammation and bone erosion scores were
also performed as described previously, with a maximum
possible score of 4 (14). Synovial inflammation was scored as
follows: 0- no inflammation; 1- slight synovitis with some cell
infiltration; 2- moderate synovitis with moderate cell infiltration;
3- extensive synovitis with a moderate number of infiltrating
cells; 4- extensive and severe synovitis, with the presence of

numerous inflammatory cells. Bone erosion was scored as
follows: 0- no erosion; 1- small areas of resorption; 2- numerous
areas of resorption; 3- extensive osteolysis; 4- extensive and
severe osteolysis.

Immunohistochemistry
Joints sections were deparaffinized and washed with Tris-
buffered saline (TBS) for 10min and distilled water for 10min,
after which antigen retrieval was performed via heating samples
in citrate buffer for 15min. Samples were then incubated
with primary antibodies against IL-6 (Servicebio, USA), IL-8
(Servicebio, USA), and TNF-α (Servicebio, USA), (1:50) at 4◦C
for 12 h, followed by incubation with a secondary antibody
(goat anti rabbit, 1:50, servicebio, USA) at room temperature
for 50min. For antigen visualization, DAB solution was used for
color development for 5min, after which the Image J (v1.52) and
IHC Toolbox.jar (USA) programs were used for image analysis.

Statistical Analysis
Data are presented as means ± standard deviation. Differences
among groups were analyzed via the Kruskal-Wallis test (more
than two groups) or Mann-Whitney U-test (two groups) using
GraphPad Prism v5.0 (USA). Differences were considered to be
statistically significant at p < 0.05.

RESULTS

Kirenol Inhibits RA-FLS Proliferation
To determine whether Kirenol affects the proliferation of FLS,
cells were stimulated with Kirenol (50, 100, or 200 µg/ml) and
control in medium containing DMEM. As shown in Figure 1A,
Kirenol impaired the proliferation of FLS in a dose-dependent
manner. Even when FLS were stimulated with inflammatory
cytokines as a positive control (TNF-α 100 ng/ml and IL-
17A 100 ng/ml), Kirenol was still able to mildly inhibit their
proliferation (Figures 1B,C).

Kirenol Inhibits the Secretion of Cytokines

by RA-FLS
As shown in Figures 1D–F, Kirenol inhibited the secretion of
IL-6 by FLS with a dose-dependent manner even when cells
were stimulated using TNF-α and IL-17A. However, Kirenol
only significantly inhibited FLS IL-8 secretion after 30min
(Figure 1G), and no changes in IL-8 secretion were observed at
any time in the TNF-α and IL-17A-stimulated groups. We were
not able to detect significant levels of IL-1β or TNF-α in FLS
supernatants at any time.

Kirenol Downregulates IL-6, IL-8, MMP-9,

MAPK, P65, P50, and JAK Expression in

RA-FLS
RT-PCR was performed to assess the expression of IL-6, IL-
8, MMP-1, 2, 3, 9, NFκBP65, P50, MAPK, and JAK in FLS
cells treated with Kirenol. We found that expression of IL-
6 and IL-8 were down-regulated by Kirenol in the presence
or absence of IL-17A and TNF-α stimulation (Figure 2A).
Similarly, MMP-9, NFκB, MAPK, and JAK were down-regulated
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FIGURE 1 | (A) Kirenol inhibited FLS in a dose-dependent manner; (B) Kirenol inhibited the proliferation of FLS stimulated with IL-17A (100 ng/ml); (C) Kirenol inhibited

the proliferation of FLS stimulated with TNF-α (100 ng/ml); (D) Kirenol inhibited the secretion of IL-6 by FLS in a dose-dependent manner after 4 and 24 h. (E) Kirenol

inhibited the secretion of IL-6 by FLS stimulated with IL-17A in a dose-dependent after 4 and 24 h. (F) Kirenol inhibited the secretion of IL-6 by FLS stimulated with

TNF-α in a dose-dependent after 4 and 24 h. (G) Kirenol inhibited the secretion of IL-8 by FLS in a dose-dependent manner after 30min but not at other time points.

*p < 0.05, **p < 0.01 as assessed by the Kruskal-Wallis test and the Mann-Whitney U-test.
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FIGURE 2 | (A) IL-6, IL-8, MMP-1, 2, 3, 9, NFκB P65, P50, MAPK, and JAK expression in FLS stimulated with or without IL-17A and TNF-α. (B) Protein expression of

JAK-STAT, NFκB, and MAPK pathway components in FLS stimulated with or without IL-17A and TNF-α. (C) Kirenol inhibited the phosphorylation JAK1 at 15min.

(D) Kirenol inhibited the phosphorylation JAK3 at 15min. (E) Kirenol inhibited the phosphorylation JNK at 15min. (F) Kirenol inhibited the phosphorylation NFκB-p65

at 15min. (G) Kirenol inhibited JAK1 protein levels after 24 h. (H) Kirenol inhibited JNK protein levels after 24 h. (I) Kirenol inhibited NFκB-p65 protein levels after 24 h.

*p < 0.05, **p < 0.01, ***p < 0.01 as assessed by the Kruskal-Wallis test.

by Kirenol, particularly following TNF-α stimulation. Kirenol
had no apparent effect on MMP-1, 2, or 3 expression.

Kirenol Down-Regulates JAK-STAT and

NFκB but not MAPK Protein Levels in

RA-FLS
To verify our RT-PCR results, Western blotting was next used
to assess levels of key proteins in the MAPK, JAK-STAT, and
NFκB pathways in these RA-FLS cells. We found that Kirenol
affected the phosphorylation of JAK1 and JAK3 in the JAK-
STAT pathways, as well as the phosphorylation of NFκB p65
in the first 15min following TNF-α stimulation, after which

no clear differences in protein phosphorylation were evident
(Figures 2B–I).

Kirenol Alters the Migration and Invasion

of FLS
We next assessed the effects of Kirenol on cellular migration
and invasion, and found that it inhibited both activities even
when cells were stimulated with IL-17 and TNF-α. In a wound
healing assay, we found that the migratory ability of cells in the
Kirenol-treated group was decreased compared with the control
group (Figures 3A–D). Consistent with this, significantly fewer
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FIGURE 3 | (A) Wound healing assay images; (B) Kirenol inhibited the migration of FLS in a dose-dependent manner, with significant differences only at 200 µg/ml;

(C) Kirenol inhibited the migration of FLS stimulated with IL-17A (100 ng/ml) in a dose-dependent manner, with significant differences only at 200 µg/ml; (D) Kirenol

inhibited the migration of FLS stimulated with TNF-α (100 ng/ml) in a dose-dependent manner, with significant differences only at 200 µg/ml; *p < 0.05, **p < 0.01, as

assessed by Mann- Whitney U-test.

migrated cells were detected upon Kirenol treatment for the
invasion assay (Figures 4A–H).

Kirenol Alters Arthritic Progression in vivo
We next sought to extend our findings in vivo, in order to
assess whether Kirenol was able to inhibit inflammation in a
CIA mouse model of arthritis. We found that a low dose Kirenol
(7.5 mg/kg) was able to delay the onset of arthritis, while a high
dose (30 mg/kg) was able to reduce the incidence of arthritis
(Figures 5A,B). Animals in the high dose group also exhibited
reduced histological scores (Figures 5D–G), while body weight
did not vary significantly at any tested dose (Figure 5C).

When murine serum was assessed via ELISA, we found that
Kirenol was able to inhibit the production of TNF-α, IL-1β, IL-
6, and IL-8 of in the serum (Figures 6A–D). Western blotting

further confirmed that Kirenol was able to reduce levels of IL-
6, IL-8, and TNF-α in the synovium, but only at the higher dose
of 30 mg/kg (Figure 6F). Immunohistochemistry also confirmed
that Kirenol can inhibit the levels of IL-6, IL-8, and TNF-α in the
synovium, with differences only being significant at the 30 mg/kg
dose (Figures 6E,G).

DISCUSSION

RA is characterized by the proliferation of synoviocytes in
inflamed synovia, and by synoviocyte expression of inflammatory
cytokines (15). FLS from RA patients exhibit extended
hyperplasia, activation, and other aggressive behaviors such
as abnormal migration and invasion (16, 17). As such, treatment
strategies often focus on controlling the proliferation and
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FIGURE 4 | (A) Migration assay images; (B) Kirenol inhibited the migration of FLS; (C) Kirenol inhibited the migration of FLS stimulated with TNF-α (100 ng/ml);

(D) Kirenol inhibited the migration of FLS stimulated with IL-17A (100 ng/ml); (E) Invasion assay images; (F) Kirenol inhibited the invasion of FLS; (G) Kirenol inhibited

the invasion of FLS stimulated with TNF-α (100 ng/ml); (H) Kirenol inhibited the invasion of FLS stimulated with IL-17A (100 ng/ml); *p < 0.05, **p < 0.01, ***p < 0.01

as assessed by the Kruskal-Wallis test and the Mann-Whitney U-test.
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FIGURE 5 | (A) Murine arthritis model (control(0 mg/Kg.d), 7.5 mg/Kg.d, and 30 mg/Kg.d Kirenol groups); (B) Arthritis scores for these three groups, with a significant

difference between the control vs. 30 mg/Kg.d group; (C) Body weight did not differ significantly between groups. (D) a and d: Immunohistochemistry in the control

group showed severe synovial hyperplasia and bone and cartilage destruction; b and e: Immunohistochemistry in the 7.5 mg/Kg.d group showed synovial hyperplasia

and bone and cartilage destruction; c and f: Immunohistochemistry in the 30 mg/Kg.d group showed no serious synovial hyperplasia or bone/cartilage destruction;

(E) Histological scores in the three groups, with a significant difference between the control group vs. the 30 mg/Kg.d group; (F) Synovial inflammation scores for the

three groups, with a significant difference between the control group vs. the 30 mg/Kg.d group; (G) Bone erosion scores of three groups, with a significant difference

between the control group vs. the 30 mg/Kg.d group; *p < 0.05, **p < 0.01, ***p < 0.01 as assessed by the Kruskal-Wallis test.

inflammatory nature of these cells. Kirenol is a diterpenoid from
Herba Siegesbeckia that has been used to treat RA for centuries.
Kirenol has been suggested to exhibit anti-inflammatory and

anti-rheumatic activities. Studies have found that Kirenol is
effective in rat models of arthritis, but little is known about
whether it can directly affect synovial cells. Therefore, in this
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FIGURE 6 | (A) IL-6 concentrations in the three groups, with a significant difference between the control group vs. the 30 mg/Kg.d group; (B) IL-8 concentrations in

the three groups, with a significant difference between the control group vs. the 7.5 mg/Kg.d and 30 mg/Kg.d groups; (C) TNF-α concentrations in the three groups,

with a significant difference between the control group vs. the 7.5 mg/Kg.d and 30 mg/Kg.d groups; (D) IL-1β concentration in the three groups, with a significant

difference between the control group vs. the 7.5 mg/Kg.d and 30 mg/Kg.d groups; (E) Immunohistochemistry results indicated that Kirenol can inhibit the level sof

IL-6, IL-8, and TNF-α in the synovium. (F) Western blotting indicated that Kirenol can inhibit the levels of IL-6, IL-8, and TNF-α in the synovium. (G) IL-6, IL-8, and

TNF-α levels differed significantly between the 30 mg/kg group and the other experimental groups. *p < 0.05, **p < 0.01, ***p < 0.01 as assessed by the

Kruskal-Wallis test and the Mann-Whitney U-test.

study we designed a series of experiments to observe the effects
of Kirenol on FLS both in vitro and in vivo.

In vitro, we found that Kirenol inhibited the proliferation
and function of FLS in a dose-dependent manner. Interestingly,
Kirenol exerted a more significant anti-proliferative and

anti-inflammatory effect when these RA-FLSwere first stimulated
using TNF-α and IL-17. This confirms our previous findings
indicating that Kirenol can dock the TNF-α (6). Furthermore,
we found that only high-dose Kirenol (100–200 µg/ml) was
able to affect FLS IL-6 secretion, even following TNF-α and
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IL-17A stimulation. By RT-PCR we further found that Kirenol
can inhibit the expression of IL-6 at the mRNA level, indicating
that high-dose Kirenol can readily alter IL-6 production by
FLS. We were only able to detect inhibited IL-8 production at
30min after Kirenol treatment in FLS, and such inhibition was
absent in cells first treated with cytokines, although at the mRNA
level this inhibition was evident. Even so, as these results are
inconsistent, it is unclear whether Kirenol can substantially alter
IL-8 production in vitro, particularly not in the context of a strong
cytokine stimulus. We were not able to detect TNF-α or IL-1β
ain FLS supernatants. We further found that RT-PCR that MMP-
9 can be inhibited by Kirenol in vitro, whereas MMP-1,2, and 3
were not. We did not assess MMP protein levels in this study, and
as such this is an important area of future research. We suspect
that these proteins may be regulated by Kirenol, given previous
work showing that this compound can inhibit MMP-2, 3, 9, and
13 expression in Hs68 human dermal fibroblasts (18).

To evaluate how IL-6 secretion and FLS function were affected
by Kirenol, we next assessed the MAPK, JAK-STAT, and NFκB
pathways in FLS cells, revealing that at early time points this
compound inhibited the activation of JAK-STAT and NFκB but
not MAPK signaling. Many studies have shown that TNF-α
and IL-17A signaling through the NFκB pathway regulate the
function of FLS in RA (19–21). We found that Kirenol inhibits
the function of FLS in response to TNF-α and IL-17A, and so
we hypothesized that Kirenol plays a negative role in controlling
the activation of the NFκB pathway by blocking TNF-α and
IL-17A signaling. Western blotting results were consistent with
this hypothesis. Other researchers have also found that TNF-α
signaling through JAK-STAT pathways can affect FLS responses
(22), suggesting that Kirenol can inhibit responses to TNF
signaling via multiple pathways, with similar inhibitory activities
also likely in response to IL-6.

Some studies have found that RA-FLS migrate and invade
cartilage and bone, leading to vascularization and tissue damage
during RA progression (23).We found that Kirenol also inhibited
the migration and invasion of FLS in a dose-dependent manner,
even in response to TNF-α and IL-17A stimulation, which
is significant as both cytokines can strongly promote cellular
migration and invasion (24–27). We therefore believe Kirenol
has a clear inhibitory effect on the migration and invasion
of synoviocytes.

According to previous reports, Kirenol reduces the expression
of cytokines in synovial and synovial fluid in a CIA rat model
(28, 29). Histological evaluation in this study similarly revealed
that Kirenol treatment effectively reduced joint inflammation,
cartilage damage, and bone erosion, confirming that it helped
to protect CIA mice. Our results are similar to those of
other studies (5, 30). Moreover, we also found that Kirenol

only achieved a protective effect at a dose of 30 mg/kg in
this CIA mice model, with the lower dose only delaying
the occurrence of arthritis and ultimately not affecting the
disease outcome. No clear cytotoxicity or death was observed
at any tested dose, indicating these treatment doses are safe.
We further found that Kirenol significantly reduced the levels
of TNF-α, IL-1β, and IL-6 in murine serum, confirming
that this compound exhibits a therapeutic effect in CIA
model mice.

Our in vitro and in vivo experiments have thus demonstrated
that Kirenol has an excellent ability to inhibit synoviocyte
functionality, suggesting that Kirenol has potential as a possible
anti-rheumatic drug. This study is, however, limited by the fact
that inflammation was only examined in the serum, joints, and
synovium. Future studies will need to focus more broadly on how
Kirenol affects the immune system in vivo.

CONCLUSIONS

In this study, we found that Kirenol was able to strongly inhibit
FLS proliferation, migration, and invasion, and to inhibit the
release of pro-inflammatory IL-6 by FLS, even when these cells
were activated with IL-17A and TNF-α. Kirenol is able to
mediate this inhibitory activity in FLS via regulating various
intracellular pathways. In vivo experiments further confirmed
that Kirenol can inhibit bone erosion, synovial hyperplasia,
and inflammation in the joints of arthritic mice in a dose
dependent manner.
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The autoimmune regulator AIRE controls the negative selection of self-reactive T-cells as

well as the induction of regulatory T-cells in the thymus by mastering the transcription and

presentation of tissue restricted antigens (TRAs) in thymic cells. However, extrathymic

AIRE expression of hitherto unknown clinical significance has also been reported.

Genetic polymorphisms of AIRE have been associated with rheumatoid arthritis (RA),

but no specific disease-mediating mechanism has been identified. Rheumatoid arthritis

is characterized by a systemic immune activation and arthritis. Activated fibroblast-like

synoviocytes (FLS) are key effector cells, mediating persistent inflammation, and

destruction of joints. In this study, we identified AIRE as a cytokine-induced RA risk

gene in RA FLS and explored its role in these pathogenic stroma cells. Using RNA

interference and RNA sequencing we show that AIRE does not induce TRAs in FLS,

but augments the pro-inflammatory response induced by tumor necrosis factor and

interleukin-1β by promoting the transcription of a set of genes associated with systemic

autoimmune disease and annotated as interferon-γ regulated genes. In particular, AIRE

promoted the production and secretion of a set of chemokines, amongst them CXCL10,

which have been associated with disease activity in RA. Finally, we demonstrate that

AIRE is expressed in podoplanin positive FLS in the lining layer of synovial tissue from

RA patients. These findings support a novel pro-inflammatory role of AIRE at peripheral

inflammatory sites and provide a potential pathological mechanism for its association

with RA.

Keywords: rheumatoid arthritis, fibroblast-like synoviocytes, inflammation, cytokines, AIRE, interferon response

genes

INTRODUCTION

Rheumatoid arthritis (RA) is a systemic inflammatory autoimmune disease pre-dominantly
affecting joints (1). If left untreated, the disease progresses to tissue destruction, functional
disability, and comorbidities such as cardiovascular disease. RA most likely evolves over many
years as a consequence of repeated environmental stress, causing inflammatory events, and immune
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activation and eventually breakdown of tolerance, in genetically
pre-disposed individuals (2). In the joints, the disease is
characterized by persistent inflammation and formation of a
hyperplastic invasive synovium. Key players in these processes
are activated fibroblast-like synoviocytes (FLS), which possess
tumor cell-like features such as increased cell proliferation
and the ability to invade and destroy surrounding tissue
(3). The pro-inflammatory cytokines tumor necrosis factor
(TNF) and interleukin-1β (IL-1β) are typical activators of FLS,
inducing production of e.g., pro-inflammatory molecules and
matrix degrading enzymes (4, 5). In addition, in response to
interferon-γ (IFN-γ) RA FLS up-regulate the expression of major
histocompatibility complex (MHC) class II, which suggests a
role in antigen presentation and direct interaction with immune
cells (6). Once activated, RA FLS continue their aggressive tissue
destructive behavior without the need of further stimulation from
the immune system. This might contribute to the fact that only
20–40% of RA patients achieve sustained clinical remission by the
currently available immunosuppressive anti-rheumatic therapies
(7). It also demonstrates the urgent need for novel drugs targeting
the RA FLS.

Today, more than 100 RA risk genes have been identified
by analyses of single nucleotide polymorphisms in Genome
Wide Association Studies (GWAS) (8, 9). Several GWA studies
have demonstrated that polymorphisms (rs2075876, rs760426,
rs878081) in the autoimmune regulator gene, AIRE, are
associated with RA (10–12). Most studies on the mechanisms by
which the RA-associated genetic variants influence disease have
focused on immune cells. Interestingly, integrative analysis of
multiple omics data including epigenetic marks from RA FLS
and controls has identified AIRE as one of seven candidate genes
for the pathogenic features of RA FLS (13). We have earlier
demonstrated that LBH, another of these seven genes, regulates
cell cycle progression in FLS (14, 15). The potential role of AIRE
in FLS has not been investigated.

AIRE is a master regulator of the transcription of tissue
restricted antigens (TRAs) in medullary thymic epithelial
cells (mTEC) (16). The induced TRAs are subsequently
presented on MHC class II for maturing thymocytes, and
self-reactive thymocytes are either deleted or diverted into
natural regulatory T cells (nTregs) as a central part of the
T-cell tolerance induction in the thymus. The importance of
this process is illustrated by the autoimmune polyendocrine
syndrome type-1 in which mutations in AIRE result in multiple
severe autoimmune manifestations (17). Interestingly, RA
is not a feature of APS1 and only a few cases of arthritis
has been described in APS1 patients. AIRE expression in
mTEC is induced by RANKL and TNF, and tightly regulated
by complex molecular mechanisms involving epigenetic
modifications (18).

Apart from the well-established expression and function of
AIRE in mTECs, AIRE expression in thymic B-cells and extra-
thymic expression in lymph nodes and in keratinocytes has
been described (19). Interestingly, as opposed to the tolerogenic
role of AIRE in the thymus and lymph nodes, AIRE has
been reported to interact with keratin 17 and induce the
expression of pro-inflammatory genes, most notably CXCL9,

CXCL10, and CXCL11, in keratinocytes in acute inflammation
and tumorigenesis (20).

In this study, we investigated the transcriptome of TNF
and IL-1β-activated RA FLS and identified AIRE as one of
24 differentially expressed RA risk genes in these cells. We
demonstrate that AIRE is expressed in the RA synovium
and augments the inflammatory response by promoting the
expression of an interferon γ signature including the production
of chemokines in FLS.

MATERIALS AND METHODS

Biological Samples
Human synovial tissue specimens were obtained from patients
with RA or osteoarthritis (OA) during joint replacement surgery
at Sahlgrenska University Hospital and Spenshult Hospital
in Sweden. All RA patients fulfilled the American College
of Rheumatology 1987 revised criteria for the disease (21).
Human thymic tissue was obtained from children undergoing
corrective cardiac surgery at Sahlgrenska University Hospital,
Gothenburg, Sweden. The procedures were approved by
the Ethics Committee of Gothenburg and all patients gave
written informed consent. Homogenous cultures of primary
FLS were established as described earlier (22) and used
in passage 4–8.

Cell Culture and Stimulations
Primary FLS were cultured in Dulbecco’s modified Eagle’s
medium (DMEM) GlutaMAX (Gibco, Carlsbad, CA, USA)
supplemented with antibiotics (penicillin/streptomycin,
gentamicin) and 10% heat-inactivated fetal bovine serum (FBS),
in a humidified 5% CO2 and 37◦C atmosphere. Primary normal
neonatal human dermal fibroblasts (HDFn) were obtained from
ATCC (PCS-201-010). For stimulation experiments, cells were
seeded into 6-well-plates (qPCR, flow cytometry, RNAseq) or
8-well-chamber slides (immunofluorescence) and incubated
until confluence. The cells were serum-starved for 12 h in 1%
FBS and then stimulated with the human recombinant proteins
IL-1β (R&D Systems, Minneapolis, MN, USA), TNF (Invitrogen,
Carlsbad, CA, USA), or RANKL (R&D Systems) for 12–24 h.

RNA Extraction and Gene

Expression Analysis
Total RNA was isolated from cells using RNeasy Micro Kit
(Qiagen) according to the manufacturer’s instructions and
quantified with a NanoDrop 100 spectrophotometer (Thermo
Scientific). Complementary DNA (cDNA) was synthesized
from isolated RNA using TaqMan reverse transcription agents
(Applied Biosystems, Carlsbad, CA, USA). qPCR was performed
on a ViiA 7 Real-Time PCR System, using TaqMan reagents,
and pre-designed primer-probe sets (Table S1) from Applied
Biosystems. Ct values were normalized to glyceraldehyde
3-phosphate dehydrogenase (GAPDH) expression and fold
change in mRNA expression was calculated using the 11ct-
method (211Ct).
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Immunofluorescence and

Confocal Microscopy
Paraformaldehyde fixed paraffin-embedded tissue sections were
rehydrated and subjected to antigen retrieval in a pressure
chamber (2100 Retriever, Aptum Biologics Ltd., Southampton,
UK). Unspecific binding was blocked using serum-free protein
block (DAKO, Glostrup, Denmark) supplemented with 5%
normal donkey serum (D9663, Sigma-Aldrich, Saint Louis, Mo,
USA). Incubation with goat anti-human AIRE antibody and/or
mouse anti-human podoplanin for 60min in RT followed by
secondary Alexa Fluor labeled antibodies (Table S2). Thresholds
of positive signal in the confocal microscopy were set using
normal goat serum (S-1000, Vector Laboratories, Burlingame,
CA, USA) or normal rabbit serum (DAKO, Glostrup, Denmark)
followed by the secondary antibody.

Flow Cytometry and ImageStream X
Cells were fixed with Foxp3 transcription factor
fixation/permeabilization kit (00-5521-00, eBioscience) and
blocked using Beriglobin (CSL Behring L, PA, USA). The cells
were stained in 100 µL with antibodies and dilutions as shown in
Table S2. For biotinylated antibodies, samples were stained with
Streptavidin-Alexa Fluor 647 (S32357, Life Technologies). Before
acquisition on a FACSVerse (BD Biosciences, San Jose, CA,
USA) nuclear stain Hoechst 33342 (H3570, Life Technologies)
was added to a concentration of 0.5µg/ml. Data were analyzed
using FlowJo software (TreeStar Inc., Ashland, OR, USA). For
single cell imaging, cells were acquired and analyzed on an
ImageStream X Mark II imaging flow cytometer (Amnis, Seattle,
WA, USA). CXCL10 levels in undiluted cell culture supernatants
were assessed using LEGENDplex reagents (BioLegend, San
Diego, CA, USA) according to the manufacturer’s instructions.

Gene Silencing
Small interfering RNA (siRNA) targeting human AIRE (#L-
010993-00) and non-targeting (NT) control (#D-001810-10,
Thermo Scientific Dharmacon, Lafayette, CO, USA) were
transfected into primary FLS using Amaxa Nucleofector
Technology and HDF Nucleofector solution (Lonza, Basel,
Switzerland). The cells were plated in 6-well plates and incubated
for 2 days prior to serum starvation and stimulation. One NT
sample of each line was unstimulated (“no AIRE”) and the other
NT control and the AIRE silenced sample were stimulated with
IL-1β+TNF for 24 h generating “high AIRE” and “low AIRE”
samples. Samples were collected in RLT buffer and RNA isolated
as described in Methods. The efficiency of gene silencing was
assessed by qPCR and RNAseq.

RNA Sequencing and

Bioinformatics Analysis
RNA sequencing was performed using the Nextseq500 plattform,
2 × 75 read length and Nextseq500 Kit High Output V2
reagents. The library was prepared using TruSeq stranded Total
RNA Sample preparation kit with Zero Gold according to the
preparation guide (15031048 Rev. E). A quality assessment
was performed on the data using FastQC (https://www.
bioinformatics.babraham.ac.uk/projects/fastqc/). The fastq files

were filtered with prinseq (version 0.20.3). The quality filtered
fastq files were mapped toward the human reference genome
(hg19, UCSC assembly, February 2009) with STAR (version
2.5.2b). The alignment was sorted and indexed with SAM
tools (version 1.3.1). Htseq (version 0.5.3p3) was used for
calculation of the gene counts. Differentially expressed genes
were identified with DEseq2 using Benjamini-Hochberg p-value
adjustment (23). The identified genes were grouped into TRAs.
The annotation of TRA was downloaded from BioGPS using the
dataset GSE1133 (GeneAtlas U133A, gcrma). A pathway analysis
was performed on the differentially expressed genes with IPA
(Ingenuity R© Systems, http://www.ingenuity.com/). The Gene Set
Enrichment Analysis (GSEA) was performed as follows; all genes
from the comparison STIMNTC vs. STIMAIREKDwere ranked
based on fold change. The gene sets of Hallmark Inflammatory
Response and Hallmark Interferon Gamma Response in gene
matrix transposed file formats (gmt) were downloaded from
molecular signature database [(24) http://www.broad.mit.edu/
gsea/]. The gene set analysis itself was run as GSEA pre-ranked
for 1,000 permutations.

Statistical Analysis
Statistical analysis of gene expression was performed on 1ct
values. Gaussian distribution was confirmed by Shapiro-Wilk’s
normality test followed by paired or unpaired two-tailed t-test
as indicated. Graphs display mean with SEM and dots represent
individual values. One-way ANOVA with Dunnett’s multiple
comparisons test was used for multiple tests to the unstimulated
control. P ≤ 0.05 was considered to be significant. Differentially
expressed genes were considered significant if adjusted p ≤ 0.05.
Bioinformatics analysis of RNA seq data as stated above.

RESULTS

Pro-inflammatory Cytokines Modify

Expression of RA Risk Genes in RA FLS
Interleukin-1β and TNF are abundant cytokines in the RA joint
and known inducers of an “activated” RA FLS phenotype. In
the search for novel important pathways in RA, we investigated
the transcriptome of cytokine-activated compared to untreated
control RA FLS using RNA sequencing. The combined IL-1β (2
g/ml) + TNF (5 ng/ml) stimulation induced a highly significant
transcription of genes known to shape the aggressive phenotype
of RA FLS. In total, more than 3,400 genes were significantly
differentially expressed (adj. p < 0.05) by stimulation compared
with unstimulated RA FLS (Top 30 in Figure 1A), illustrating
the impact of these cytokines on the cells. In particular, a strong
induction was seen on cytokines, chemokines, matrix degrading
enzymes, and pro-migratory molecules with adjusted p-values in
the range 10−8 to 10−62, n= 3 (Figure 1B). The FLS also changed
morphology, displaying a dendritic phenotype different from the
unstimulated polygonal spread shape (not shown). Interestingly,
we found differential expression (adj. p < 0.05) of 24 of the 105
known RA risk genes (9) in the TNF + IL-1β stimulated RA
FLS compared to unstimulated (Figure 1C, Table S3). Most of
them (17 genes) were up-regulated ≥2 fold (Figure 1D) and the
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FIGURE 1 | Pro-inflammatory cytokines modify expression of RA risk genes in RA FLS. (A) A heatmap with hierarchical clustering of the top 35 significantly (Adj P <

0.05) differently expressed genes by RNA seq in IL-1β (2 ng/ml) + TNF (5 ng/ml) stimulated vs. unstimulated RA FLS from three different patients. (B) Increased

expression of genes characterizing the “activated” aggressive RA FLS phenotype: pro-inflammatory cytokines (IL-6, IL-1A, GM-CSF), chemokines (CCL20, CCL5,

CXCL1, CXCL6, and CXCL10), matrix degrading enzymes (MMP12 and 3) and adhesion molecules (ICAM-1, podoplanin) in IL-1β + TNF stimulated vs. unstimulated

RA FLS by RNAseq (Log2 fold change in normalized read counts, n = 3). (C) Venn diagram of the RA-associated risk genes by GWAS and TNF + IL-1β induced DE

genes by RNAseq. (D) Volcano plot (each dot representing one gene plotted based on log2 fold change and –log10 of adj p-value by DEseq2) of the TNF + IL-1β

induced DE genes with the DE RA risk genes, including AIRE, highlighted in RED. Dashed lines at adjusted p = 0.05 and at fold change = ±2.

autoimmune regulator, AIRE, was one of them (fold change =

30.1, Adj p= 0.030).

Cytokine-Induced AIRE Expression Is

Higher in RA Compared to Control FLS
To confirm this finding, we investigated AIRE expression in
primary human FLS using qPCR. We did not detect any AIRE
mRNA expression in unstimulated FLS from RA or control
OA patients (Figure 2A). However, AIRE mRNA was strikingly
induced, up to 191± 79 fold, by IL-1β in RA FLS (p= 0.001, n=
4) and 42 ± 4 fold (p = 0.0006, n = 3) in OA FLS (Figure 2A)
after 24 h. The AIRE induction was significantly higher in RA
than OA FLS (p = 0.035). Isolated RNA from human thymic

epithelial cells was used as positive control and the AIRE mRNA
expression in mTEC was 24-fold higher than average expression
in RA FLS stimulated with IL-1β (data not shown). IL-1β 0.1–
1 ng/ml was the most efficient dose within the bioactive range
in FLS and the interindividual variations were greater in RA
compared with OA FLS (Figure 2B). Furthermore, we found that
AIRE was also induced 10± 5 fold (p= 0.022) by TNF compared
to unstimulated in OA FLS and the largest effect was seen using
IL-1β + TNF (66± 33 fold, p= 0.018) (Figure 2C). RANKL, the
main inducer of AIRE expression in the thymus, did not induce
AIREmRNA in FLS (Figure 2C).

In the thymus, AIRE induces expression of hundreds
of TRA in mTEC cells for tolerance purposes. However,
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FIGURE 2 | AIRE mRNA expression is induced in FLS by pro-inflammatory cytokines. (A) AIRE mRNA expression is significantly increased by IL-1β 1 ng/ml (filled

circles) compared to unstimulated (open circles) in both OA (42 ± 4 fold, n = 3, p = 0.0006) and RA FLS (191 ± 79 fold, n = 4, p = 0.001). Statistics with paired

two-tailed t-test. The IL-1β -induced AIRE expression was significantly higher in RA compared to OA FLS (p = 0.038, unpaired two-tailed t-test). (B) Dose response of

IL-1β stimulation on AIRE mRNA expression in RA FLS (n = 4, p = 0.0001) and OA FLS (n = 3, p < 0.0001) One-way ANOVA and Dunnett’s test. (C) Effects of the

FLS activating cytokines IL-1β (2 ng/ml) and TNF (5 ng/ml) and combined compared to unstimulated in OA-FLS (n = 3). One-way ANOVA and Dunnett’s. RANKL

(5 ng/ml) did not induce AIRE mRNA in FLS. (D) The tissue specific antigens; PADI4 and INSULIN mRNA are not induced in IL-1 β stimulated AIRE expressing FLS

by qPCR (Fold change in stim vs. unstim, n = 3 FLS). *p ≤ 0.05, **p ≤ 0.01 and **p ≤ 0.001.

no induction of the known AIRE-regulated genes, INS
(insulin), and PADI4 (peptidyl arginine deiminase type
4), were detected in the IL-1β stimulated AIRE expressing
FLS (Figure 2D).

Nuclear AIRE Expression Is Present in TNF

+ IL-1β Stimulated RA FLS
Next, we investigated if AIRE is expressed also on the
protein level in cytokine stimulated primary human FLS. A
speckled nuclear, but also perinuclear, AIRE protein expression
was detected using confocal immunofluorescence in a small
fraction of IL-1β + TNF stimulated, but not in unstimulated

RA FLS cultured in monolayer (Figure 3A). To further
investigate the subcellular localization of AIRE in FLS we
performed ImageStreamX flow cytometry on stimulated FLS
and found that AIRE localized to the nuclei with the
same speckled pattern as seen on tissue sections of RA
synovium and thymus (Figure 3B). Using flow cytometry,
the mean AIRE expression from two different experiments
was increased by 68% (n = 3 per experiment) by IL-
1β + TNF stimulation (Figure 3C). In this experimental
setting, there was slightly lower fluorescence intensity in the

isotype control compared to unstimulated control (possibly due

to antibody/fluorochrome properties).
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FIGURE 3 | Nuclear AIRE expression is present in cytokine stimulated RA FLS. (A) Representative immunofluorescence image of AIRE expression (red) in IL-1β +TNF

stimulated but not in unstimulated RA FLS. Actin in green, nuclei in blue. Bar 5µm. (B) Representative images of nuclear AIRE expression (red) in one IL-1β +TNF

stimulated RA FLS using ImageStreamX flow cytometry. Nuclei in blue (Hoeschst). Merged Hoeschst + AIRE in the mid panel. Brightfield images to the right. (C) The

mean AIRE protein expression (% positive cells) in unstimulated vs. IL-1β+TNF stimulated RA FLS (n = 3, two experiments) by flow cytometry. Representative dotplots

of isotype, unstimulated, and IL-1 β +TNF stimulated samples.

AIRE Does Not Enrich for TRA Expression

in Cytokine Activated RA FLS
While we have extensive knowledge of the functional
consequences of AIRE expression in mTECs, the role of
AIRE in other cell types is largely unknown. To explore the
functional role of AIRE in FLS, we performed AIRE gene
silencing using primary RA FLS cultures from four patients. The
transfected cells were stimulated with 5 ng/ml TNF+ 2 ng/ml IL-
1β or kept in medium with 1% FBS for 24 h; generating samples
of (1) no AIRE (unstimulated), (2) high AIRE (stimulated,
non-target control siRNA), and (3) low AIRE expression
(stimulated, AIRE siRNA); followed by RNA sequencing. The
mean silencing efficiency was 71% as quantified by qPCR (3
samples had ≥84% knock-down) and the mean induction of
AIRE in the stimulated samples was 20-fold (by normalized read

counts) compared with unstimulated. However, the induction
of AIRE was 12.5-fold different between the lowest and the
highest expression illustrating the biologic variation in the
patient samples (Figure 4A, see also Figure 2B, RA). Subsequent
bioinformatic analysis identified in total 217 differentially
expressed (DE) genes in stimulated “high AIRE” compared to
stimulated “low AIRE” samples (adjusted p < 0.05) of which 171
genes were increased (up to 159-fold) and 46 decreased (down
to 0.001). A heat map with the top 30 DE genes to the mean
(adjusted p < 0.05) is shown in Figure 4B.

Based on the described function of AIRE in mTEC we first
investigated if the induced genes were enriched for TRAs based
on expression data from the BioGPS-database (www.biogps.org)
and by defining TRAs as genes with an expression restricted
to up to five tissues (25). However, of the 191 annotated (with
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FIGURE 4 | AIRE regulates transcription of pro-inflammatory genes in activated RA FLS. (A) Relative AIRE expression in unstimulated, stimulated NTC, and AIRE

silenced (KD) samples by normalized counts by size factor (n = 4 different RA FLS lines), (B) Heat map with hierarchical clustering of the top 30 of in total 217

significantly (Adj P < 0.05) DE genes by RNA seq in AIRE high vs. low samples. (C) Frequency of TRA (black) and not TRA (gray pattern) in stimulated RA FLS based

on available data on tissue expression in the BioGPS database. Upper graph represents the 191 annotated AIRE regulated genes. Lower graph, the mean of three

random sets of 191 annotated genes in the RNAseq dataset. (D) Volcano plot showing the 217 DE by in AIRE high compared to AIRE low samples (BLUE dots) and

chemokines highlighted in RED. Dashed lines at adjusted p = 0.05 and at fold change = ±2. (E) Relative expression of chemokine genes in AIRE high vs. AIRE low

samples normalized counts by size factor and (F) Relative expression of CXCL10 and CCL8 by qPCR in AIRE high vs. AIRE low samples (n = 3 transfected RA FLS

lines). (G) Concentration of CXCL10 in the supernatant of TNF + IL-1β-stimulated transfected AIRE high (NTC) compared to AIRE low (AIRE siRNA) RA FLS (p =

0.026, n = 3 different RA FLS lines) by bead-based flow cytometric immunoassay. Statistics with paired two-tailed t-test. *p ≤ 0.05.

available tissue expression data) AIRE regulated genes, there was
no enrichment of TRAs (35%) compared to non-AIRE regulated
genes (48% TRA; mean of three random set of 191 genes in
the data set using R statistics software) (Figure 4C, Table S4).

As mentioned earlier, a functional up-regulation of MHC class
II on RA FLS has been demonstrated in vitro in response to
interferon γ. In addition, MHC class II expression on FLS has
been demonstrated in synovial biopsies from RA joints (26).
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However, we did not find any significant increase of the MHC
class II trans-activator gene (CIITA) or the HLA genes encoding
MHC class II proteins in the “High AIRE” samples (data not
shown), further indicating that AIRE might have another role in
FLS than inducing and presenting TRAs for tolerance induction
purposes as in mTECs.

AIRE Augments Expression of

Pro-inflammatory Genes in Activated FLS
Interestingly, the expression of eight chemokines (CXCL10,
CCL8, CCL5, CCL4, CXCL11, CXCL9, CXCL6, and CCL3) were
significantly higher in the High compared to Low AIRE samples
(Figure 4D), indicating that AIRE might be regulating parts of
the pro-inflammatory response induced by TNF and IL-1β. In
particular, the monocyte chemoattractant protein 2 (MCP-2 or
CCL8) was increased 21.6-fold (p= 1.4 · 10−12) and interferon γ-
induced protein 10 (IP-10 or CXCL10) 6.8-fold (p = 1.4 · 10−12)
(Figure 4E). Unstimulated FLS did not express any significant
levels of these eight chemokines (Figure 4E). A reduced mRNA
expression of CXCL10 and CCL8 in AIRE-silenced samples was
confirmed by qPCR in RA FLS (Figure 4F).

In order to validate this, we measured the concentration of
CXCL10 in the supernatants of transfected AIRE High and AIRE
Low RA FLS using bead-based flow cytometric immunoassay.
CXCL10 was significantly lower in AIRE silenced compared to
AIRE high samples (6,548 ± 978.5 vs. 8,980 ± 1,008 pg/ml, p =

0.026, n= 3 RA FLS lines) (Figure 4G).

AIRE Masters Expression of an

Interferon-γ Signature in Activated FLS
In addition to CXCL10 and CCL5, we found that several other
genes associated with inflammation of skin (active lesions) in
psoriasis (27, 28) were among the top DE genes by AIRE in
RA FLS; NOS2 (iNOS), MX1, OAS2, IFI44, MX2, and OAS1.
And indeed, an unbiased Ingenuity Pathway Analysis (IPA)
on the High vs. Low AIRE samples using adjusted p < 0.05
and differential expression ≥±1.0 log2 fold change as cut off
levels, identified “Antimicrobial response” and “Inflammatory
response” (p = 9.5 · 10−25) as well as “Dermatological Diseases
and Conditions” and “Organism Injury and Abnormalities” (p =
6.6 · 10−23) as the most significant pathways (Figure 5A) with
antiviral response and psoriasis as top diseases. “Antimicrobial
Response” was the most significant network with a score of 46
(Table 1 and Figure 5B).

A list of predicted upstream regulators of target molecules
in the dataset from the IPA prompted us to investigate if the
AIRE induced genes were involved in interferon signaling. Using
the Interferome v2.01 bioinformatics database of interferon
responsive genes (www.interferome.org) we concluded that
96% of the annotated AIRE regulated genes were classified as
interferon response genes (IRGs) with a pre-dominance (95.5%)
of IFNγ (type II) IRGs (Figure 5C). Interestingly, IL-1β + TNF
stimulation of RA FLS did not induce IFNγ mRNA (RNA seq
data set) or secretion of IFNγ to the supernatant of the cell
cultures (assessed by ELISA, data not shown) suggesting that
AIRE induces the interferon signature independent of IFNγ.

TABLE 1 | Pathway analysis using Ingenuity Pathway Analysis of differentially

expressed genes (Adjusted p <0.05 and differential expression ≥±1.0 log2 fold

change) in “High AIRE” vs. “Low AIRE” samples identified the following top

significant network.

Number Molecules in

Network

Score Focus

molecules

Top

functions

1 Akt, CXCL10, DDX58,

DHX58, EIF2AK2, IFI27, IFI35,

IFI44, IFI44L, IFI6, IFIH1,

IFIT1, IFIT3, IFITM1, IFN Beta,

IRS2, ISG15, IFN gamma, IFN

alpha, JAK, LBP, LEPR, MX1,

MX2, OAS1, OAS2, OAS3,

PARP9, PLSCR1, PRKAR2B,

RSAD2, SAMHD1, TCR,

USP18

46 28 Antimicrobial

response,

Inflammatory

response

Relative expressions of the DE IRGs are displayed in Figure 5D.
To test the hypothesis that AIRE promotes the expression of a
pro-inflammatory IFNγ signature we performed GSEA of the
gene set Hallmark Interferon Gamma Response on the AIRE
High vs. AIRE Low data set which demonstrated an enrichment
score (ES) of 0.550 (p < 0.001) and a negative ES of 2.126.
MX2 had the highest rank (5.567) and STAT2 the highest
running ES (Figure 5E). Running analysis of the Hallmark
Inflammatory response gene set gave an ES of 0.411 (p < 0.001)
and NES of 1.562 (Figure 5F). In both gene sets, the anti-
inflammatory Interleukin-10 receptor α gene (IL10RA) had the
lowest rank (-4.157) further supporting a pro-inflammatory role
of AIRE.

AIRE Is Expressed in Activated FLS of the

Synovial Lining Layer in RA
In RA, the number of FLS in the synovial lining layer increases
and activated RA FLS play a key role in the formation of the
pannus tissue. We performed immunofluorescence staining of
synovial tissue samples from RA patients (n = 5), and found
that AIRE expressing cells were present in the lining layer of
the RA synovium (Figure 6A). The pro-invasive glycoprotein
podoplanin is up-regulated on lining layer FLS in RA and
by TNF and IL-1β in vitro (22). Double staining with AIRE
and podoplanin demonstrated intense podoplanin staining in
areas with AIRE positive cells including double positive cells
(Figure 6B) indicating that AIRE is expressed in areas of FLS
activation. We did not find AIRE expression in control tissue
from patients with OA (n= 4) (Figure 6C). We confirmed AIRE
reactivity of the antibodies on human thymic sections where a
similar speckled staining pattern of mTEC nuclei was evident
(Figure 6D).

DISCUSSION

More than 100 RA-associated risk genes have been identified,
but for the majority of those, the mechanisms for disease
susceptibility are unknown. It has been reported that genetic
variations of AIRE pre-dispose for RA, and multiple omics
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FIGURE 5 | AIRE masters expression of an interferon-γ signature in activated FLS. (A) The top five canonical pathways of an unbiased Ingenuity Pathway Analysis

(IPA) of the DE AIRE high compared to AIRE low data set (n = 4 different RA FLS lines) using adjusted p < 0.05 and differential expression ≥±1.0 log2 fold change as

cut off levels. (B) The most significant network: “Antimicrobial response” with differentially expressed genes in AIRE high vs. AIRE low samples by IPA. Increased

expression in RED and reduced expression in GREEN symbols. (C) Classification of the 201 (93%) AIRE regulated genes annotated as interferon regulated genes

(IRG) by the INTERFEROME v2.01 database, showing a pre-dominance (96%) of IFN-γ (type II) regulated genes. (D) Relative expression (based on normalized counts

by size factor) of AIRE-dependent IRGs in unstimulated (no AIRE) and stimulated AIRE low samples compared to AIRE high samples in the RNA seq data. (E) Gene

set enrichment analysis (GSEA) of the Hallmark Interferon Gamma Response gene set in the DE AIRE high compared to AIRE low data set showing an enrichment

score (ES) of 0.550 (p < 0.001) for AIRE-dependent genes in this gene set and an ES of 0.411 (p < 0.001) of the Hallmark Inflammatory Response gene set in (F).

analysis (13) have pointed to a role for this autoimmune regulator
in FLS. Our study demonstrates that as many as 24 RA risk
genes, including AIRE, are differentially expressed in RA FLS

stimulated by TNF and IL-1β. In particular, AIRE is not expressed
in unstimulated FLS but induced upon activation by these pro-
inflammatory cytokines.
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FIGURE 6 | AIRE is expressed in the synovial lining layer in RA. (A) RA synovium stained with S.C. anti-AIRE antibody (RED). Arrow heads show positive cells in the

synovial lining layer. Bar 20µm. (B) RA synovium double stained with antibodies toward the surface marker podoplanin (GREEN) of “activated” lining layer FLS and

AIRE (RED, Abcam ab). Note the increased thickness of the lining layer in RA compared to OA in Figure 1C. Encircled area enlarged in the panel to the right showing

an AIRE expressing activated FLS. Bar 5µm. (C) OA synovium stained negative with S.C. anti-AIRE antibody. Bar 20µm. (D) Positive control staining of human

thymus tissue stained with S.C. anti-AIRE antibody (RED). Overview of the thymic medulla in the left panel and an area surrounding an Hassall’s corpuscle with AIRE

positive mTECs enlarged in the right panel. Bar 20µm. Nuclei with Hoeschst (BLUE).

Interestingly, AIRE was also induced by TNF + IL-1β in OA
FLS and in dermal fibroblast in vitro, but to a significantly lower
level and with less variability than in RA FLS. It has been shown
that RA FLS are primed to enhanced pathogenic responses by
repeated or persistent cytokine stimulation in vitro (29). This
together with genetic and epigenetic factors might explain the
enhanced expression of AIRE in RA, which alone or in concert
with other factors of the RA joint may have pathogenic impact
on disease development and activity.

Based on the knowledge that MHC class II is upregulated on
FLS in the RA joint we initially hypothesized that AIRE induces
transcription of joint specific antigens in FLS. However, there was
no enrichment of TRA genes and no induction of MHC class II
genes in the AIRE high samples. Instead we found that AIRE
mediates expression of IRGs in activated RA FLS, in particular
a set of genes which have been associated with psoriasis skin
lesions. This suggests a common inflammatory response in skin
and the joint. Our data is supported by recent findings regarding
keratin 17- and AIRE-dependent amplification of inflammatory
and immune responses, in particular CXCL9, CXCL10, and
CXCL11 expression, in skin undergoing acute inflammation or
tumorigenesis (20). Furthermore, gene expression profiling of

peripheral blood cells from healthy controls and RA patients in
a Dutch study (30) revealed a significant up-regulation of IFN
responsive genes in a subgroup of RA patients and six of these
genes (IFIT1, OAS2, MX1, IFI44L, OAS1, and MX2) were also
found in our dataset of top 65 AIRE regulated genes in FLS. In
addition, response to anti-TNF treatment with infliximab in RA
was associated with reduced expression of an IFN response gene
set including OAS1, MX2, and OAS2 (31) supporting a role for
AIRE in the disease.

Within the interferon signature, there was a striking induction
of chemokine genes also by AIRE in FLS, indicating that this
master regulator promotes the recruitment of immune cells
to the joint in arthritis. In particular, we found a strong
AIRE-dependent induction and secretion of CXCL10 by TNF
+ IL-1β in RA FLS. CXCL10/IP10 is a chemoattractant for
monocytes/macrophages, T lymphocytes, and dendritic cells and
typically produced by fibroblasts and endothelial cells in response
to INF-γ. A part from chemotaxis, CXCL10 have been reported to
promote cancer invasion (32) and to increase invasive properties
of RA FLS in vitro in a CXCR3-dependent autocrine fashion
(33). The expression of CXCL10 is increased in synovial fluid and
tissue in RA compared to controls (34) and serum levels of this
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chemokine correlate with disease activity (35, 36), highlighting its
role in disease pathogenesis.

Our finding that AIRE induces a limited number of pro-
inflammatory IRGs in FLS, as opposed to the large number
of TRAs induced in mTECs, is intriguing. In thymic cells,
it is believed that AIRE binds to the chromatin at multiple
transcription start sites, guided by epigenetic marks and Sirt1,
followed by recruitment of specific enzymes and transcription
factors (17). The epigenetic landscape, and hence the accessibility
of promotors, most likely differ in FLS, in particular in an
inflammatory context, compared to mTECs. For example, IL-1β
has been demonstrated to induce alterations in DNAmethylation
patterns in FLS (37) and might not only lead to AIRE expression,
but also affect which set of genes AIRE induces. It is also possible
that another set of transcription factors (interferon regulating
factors?) are available or active for AIRE to interact with in
activated FLS compared to in thymic cells.

Podoplanin is a pro-invasive glycoprotein with in large
unknown function which is expressed on lymphatic endothelia
and other specialized tissues but also up-regulated on tumor cells
and on fibroblasts in reactive tissues such as synovitis in RA (22).
We found synovial AIRE expression pre-dominantly in areas
of high podoplanin expression. Likewise, AIRE and podoplanin
were both induced in RA FLS in vitro by TNF + IL-1β in our
RNA seq data set. This finding strengthens the link of AIRE to a
subpopulation of activated aggressive FLS.

In conclusion, we demonstrate that the autoimmune regulator
AIRE is expressed in activated FLS in the RA joint and induced
in vitro by pro-inflammatory cytokines. Furthermore, we found
that AIRE augments expression of an IFN-γ signature in RA FLS
including a set of chemokine genes which have been associated
with disease activity and with response to treatment in RA.
Our findings support a novel extrathymic pro-inflammatory role
of AIRE of importance for inflammatory conditions. Although
further studies are required to fully understand the importance
for AIRE in arthritis, our data supports a role for AIRE in
peripheral effector cells in RA.
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In rheumatoid arthritis(RA) pathogenesis, activated RA fibroblast-like synoviocytes

(RA-FLSs) exhibit similar proliferative features as tumor cells and subsequent erosion to

cartilage will eventually lead to joint destruction. Therefore, it is imperative to search for

compounds, which can effectively inhibit the abnormal activation of RA-FLSs, and retard

RA progression.3′3-Diindolylmethane (DIM), the major product of the acid-catalyzed

oligomerization of indole-3-carbinol from cruciferous vegetables, has been reported

to be functionally relevant to inhibition of migration, invasion and carcinogenesis in

some solid tumors. In this study, we explored the anti-proliferation, anti-metastasis

and anti-inflammation effects of DIM on RA-FLSs as well as the underlying molecular

mechanisms. To do this, primary RA-FLSs were isolated from RA patients and an animal

model. Cell proliferation, migration and invasion were measured using CCK-8, scratch,

and Transwell assays, respectively. The effects of DIM on Matrix metalloproteinases

(MMPs) and some inflammatory factors mRNA and key molecules such as some

inflammatory factors and those involved in aberrantly-activated signaling pathway in

response to tumor necrosis factor α(TNF-α), a typical characteristic mediator in RA-FLS,

were quantitatively measured by real-time PCR and western blotting. Moreover, the

effect of DIM on adjuvant induced arthritis(AIA) models was evaluated with C57BL/6

mice in vivo. The results showed that DIM inhibited proliferation, migration and

invasion of RA-FLS in vitro. Meanwhile, DIM dramatically suppressed TNF-α–induced

increases in the mRNA levels of MMP-2, MMP-3, MMP-8, and MMP-9; as well as the

proinflammatory factors IL-6, IL-8, and IL-1β. Mechanistic studies revealed that DIM is

able to suppress phosphorylated activation not only of p38, JNK in MAPK pathway but

of AKT, mTOR and downstream molecules in the AKT/mTOR pathway. Moreover, DIM
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treatment decreased expression levels of proinflammatory cytokines in the serum and

alleviated arthritis severity in the knee joints of AIA mice. Taken together, our findings

demonstrate that DIM could inhibit proliferation, migration and invasion of RA-FLSs

and reduce proinflammatory factors induced by TNF-α in vitro by blocking MAPK and

AKT/mTOR pathway and prevent inflammation and knee joint destruction in vivo, which

suggests that DIM might have therapeutic potential for RA.

Keywords: 3′3-Diindolylmethane(DIM), suppress, rheumatoid arthritis fibroblast-like synoviocytes (RA-FLSs),

adjuvant-induced arthritis (AIA), MAPK, AKT/mTOR

INTRODUCTION

Rheumatoid arthritis (RA) is one of the prevalent systemic,
inflammatory, and autoimmune diseases characterized by

persistent synovitis in limb joints and resulted in bone erosion,

even malformation and disability. According to reports, the
disability rate from RA patients is up to 60% within 5–10 years

and to 90% within 30 years. The 5-years survival rate of patients

with external articular phenotype is only 50% (1). Because of

the complicated immune mechanism, the RA etiology is still
unclear. However, it is well-known that the terminal target of
RA is synovium which characterized by Synovial hyperplasia,
synovium pannus invasion and finally destroying the bone and
cartilage. In RA pathogenesis activated RA-FLSs exhibit similar
aggressive characteristic as tumor cells, which is the main trigger
for abnormal hyperplasia and joint destruction (2, 3). Therefore,
it is of great scientific significance to find pathways and targets to
inhibit the proliferation and invasion of RA-FLS.

Many natural compounds from fruits and vegetables have

been reported pharmaceutically effective against tumors and

some inflammatory diseases (4, 5). Indolyl-3-carbinol (I3C)
is a bioactive glucobrassicin with indole group originally

found in cruciferous vegetables (Figure 1Aa). Because of

its high instability, I3C is usually converted to more than
15 oligomeric and dimer bioactive compounds under acid

conditions in vivo. Especially, 3′3-Diindolylmethane (DIM),
a indole derivative (Figure 1Ab), is the unique dimer form
converted from I3C and exert main function for I3C in vivo
(6–8). Recently more and more concerns have been put on
DIM due to its anti-proliferation, anti-cancer activity and anti-
inflammatory effects in various cancers including oral, prostate,
breast, colorectal, pancreatic, liver, and gastric cancer (9–13).
Moreover, some researchers even give recommendations for
DIM intake contributing to a greater understanding of exposure
estimates (14).

Recurrent and chronic inflammation is involved in the
development of a variety of human cancer and autoimmune
diseases. Inflammation promotes the proliferation and inhibits
apoptosis of related cells. It also encourages angiogenesis
and production of proinflammatory cytokines in RA (1,
15). Considering that RA is a typical chronic inflammatory
autoimmune disease and DIM can exert anti-inflammatory and
chemopreventive effects, we muse boldly that DIM would be
a potential natural product contributing for RA treatment.
However, the effects of DIM on RA is still not clear. Therefore,

in this study, we not only investigated the effects of DIM
in treating RA in terms of proliferation, migration, invasion
and producing proinflammatory cytokines but explored the
underlying molecular mechanisms. Furthermore, we tried to
test the effects of DIM on controlling inflammatory progress in
adjuvant-induced arthritis (AIA) models.

MATERIALS AND METHODS

Isolation and Culture of Cells
Six synovial tissues were obtained from active RA patients
who were undergoing synovectomy with arthroscopy. The RA
patients included 2 men and 4 women(average age 52.8 ± 14.3
years; range 24–61 years, whose detailed information were shown
in Table S1. All selected RA patients fulfilled the American
College of Rheumatology revised criteria of the diagnosis of
RA (16) and were informed consent. This study complied
with the rules enacted by the Medical Ethics Committee of
the Zhujiang Hospital, Southern Medical University and was
performed according to the recommendations of the Declaration
of Helsinki. The harvested synovial tissue were cut into small
parts and incubated with collagenase I for 1–3 h at 37◦C to isolate
synoviocytes (RA-FLSs) according to previous published research
(17–19). RA-FLSs were cultured in DMEM/F12 supplemented
with 10% fetal bovine serum (FBS), 100 U/mL penicillin, and 100
mg/L streptomycin at 37◦C and 5%CO2. Until∼95% confluency,
cells were subsequently digested using 0.25% trypsin, collected,
re-suspended, and planted for proliferation. RA-FLSs obtained
from passage three to six were used for the following experiments.
All cell culture reagents were from Gibco R© (Thermo Fisher
Scientific, MA, USA).

Cell Viability Assay
The Cell Counting Kit (CCK-8) assay (KeyGEN BioTECH)
was utilized to determine the cell viability according to the
manufacture’s instruction. RA-FLSs were planted into a 96-well
plate with a density of 2.0 × 103/well and cultured in 100 µL
DMEM medium with 10% (v/v) FBS. Twelve hours later cells
were treated with DIM(C17H14N2, ≥98% HPLC, CAS:1968-05-
4, Sigma-Aldrich) at various concentration. DIM was dissolved
in dimethyl sulfoxide (DMSO) and the solution was diluted to
the final concentration in DMEM supplemented with 10% FBS.
Cells in the control group were treated with vehicle (DMSO
in DMEM supplemented with 10% FBS). After 24 and 48 h
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FIGURE 1 | DIM suppresses the viability of RA-FLSs and arrests the cell cycle in G1 phase. (A) Molecular structure of (a) indole-3-carbinol (I3C) and (b)

3,3′-diindolylmethane (DIM). (B) The cell viability of RA-FLSs treated with DIM at various concentrations (0,20,40,60,80µM) for 24 h and 48 h. (C) The cell cycle of

RA-FLSs treated with DIM at various concentrations (0,30,60µM) for 24 h. (D) Expression levels of CDK4, Cyclin D and p21 in RA-FLSs after treated with DIM

(0,30,60µM) for 24 h measured by Western blot(left panel). Representative images of immune blot and densitometric quantification of CDK4, Cyclin D and p21

expression(right panel). Data are represented as the mean ± SD (n = 3). *P < 0.05, **P < 0.01, ***P < 0.001 vs. 0µM (Ctrl).

pretreated with DIM, the RA-FLSs incubated with 10 µL CCK-
8 at 37◦C for 2 h. The absorbance was measured at 450 nm with a
microplate reader.

Cell Cycle Analysis
The Cell Cycle Detection Kit (KeyGEN BioTECH) was utilized
to determine the cell cycle according to the manufacture’s
instruction. Before treating RA-FLSs were serum starved for
24 h, then incubated with DIM in various concentrations for
24 h. Cells were harvested and fixed at 4◦C with 70% cold
ethanol overnight. Next, fixed cells were subsequently washed
with PBS again and incubated with 100 µL RNase A at 37◦C
for 30min. To stain the cells nuclei propidium iodide was added
into suspension and incubated with cells at room temperature
in a dark place for 30min. Finally, stained cells were detected
with BD FACSCaliburTM Flow Cytometer(BD Bioscience, USA)
as described previously (18).

Cell Migration and Invasion
The Boyden chamber method was used to RA-FLSs migration
assay in 24-well plate with 6.5mm diameter inserts containing
8µm pores (Costar, New York, NY, USA). Briefly, RA-FLSs
were pretreated with 1% (v/v) dimethyl sulfoxide (DMSO)
and DIM respectively for 24 h. Then, cells were trypsinized
and re-suspended with serum-free DMEM medium at a final
concentration of 2×104 /mL. Two hundred microliter cell
suspension was put into the upper chamber of the Transwell
insert. 500 µL DMED with 10% FBS as chemoattractant was
placed in the lower wells. The plate was incubated at 37◦C under
5% CO2 for 6–12 h. The non-migrating cells remaining on the
upper surface of the chamber were removed using a cotton swab.
The cells adhering beneath the chamber, which went through the
filter, were fixed with methanol for 15min and stained with 0.1%

crystal violet for 15min. The filter was removed carefully with a
knife and fixed on a glass slide with resin. The cells was quantified
by counting the stained cells that migrated to the lower side of the
filter using an optical microscope. The stained cells were counted
as the mean number of cells per 6 random fields for each assay.

For the in vitro invasion assay, similar experiment was
performed using inserts coated with Matrigel basement
membrane matrix (BD Biosciences, Oxford, UK). Finally, the
stained cells were counted as the mean number of cells per
6 random fields for each assay. All of the experiments were
replicated 3 times.

Wound Healing Assay
The first day RA-FLSs were planted into a 12-well culture plate
and grown to confluence up to more than 90%. Next day the
culture media were replaced with fresh DMEM within various
concentration DIM individually. The plate was then scratched
with a sterile plastic pipette tip and washed with PBS twice to
remove deciduous cells. There was a single wound was created in
the center of the cell monolayer. After 48 h the wound areas were
respectively photographed using microscope (Olympus IX51,
Japan) equipped with a digital camera, and three assays of wound
area were made at randomly fields. The extent of wound closure
was presented as the percentage by which the original scratch
area had decreased at each measured time point. The data are
presented as the mean± SD of three independent experiments.

RNA Isolation and Real-Time PCR Analysis
To measure the effect of DIM on RA-FLSs some cytokines and
MMPs expression were detected by real-time PCR analysis as
described previously (20). Cells were seeded in 12-well plates at
a density of 5 × 104/well for overnight and treated with TNF-α
(10 ng/mL) or/and DIM(25 and 50µM) for 24 h. Total RNA was
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isolated using Trizol reagent (Invitrogen, San Diego, CA, USA)
and cDNAs were reversely transcripted using the Prime Script
RT Reagent kit (Takara Biotechnology, Dalian, China) according
to the manufacturer’s protocol. Quantification of expressions
of human cytokines and MMPs mRNAs was determined using
SYBR Premix Ex TaqTM kit (Takara Biotechnology, Dalian,
China) on an ABI-7500 Thermal Cycler (Applied Biosystems
Inc., Foster City, CA, USA) according to the manufacturer’s
instructions. All experiments were performed in triplicate and
replicated 3 times and negative (ddH2O containing no template)
controls were included. The primers for real-time PCR were
listed in Table S2. To quantify the relative expression of each
gene, Ct values were normalized to the endogenous β-actin (1Ct
= Cttarget−Ctβ-actin) and compared with a calibrator using the
11Ct method (11Ct= 1Ctsample−1Ctcontrol).

Western Blot Assay
The levels of protein expression were detected by western
blot analysis as described previously (18). RA-FLSs were
treated with 40 and 80µM DIM for 24 h. Briefly, total cellular
protein was extracted using RIPA lysis buffer and phosphatase
inhibitors(Beyotime Biotechnolgoy, Nantong, China) on ice.
After aspirated and thawed repeatly the lysates were separated
by centrifugation at 12,000 rpm for 20min at 4◦C. The
supernatants were transferred and the debris were discarded.
The concentration in supernatants were detected with Pierce R©

BCA Protein Assay Kit(Thermo Scientific, USA). Equal amounts
of protein lysate were separated by 10% SDS-PAGE and then
transferred to PVDF membranes. The membranes were blocked
with 5% non-fat dry milk at room temperature for 1–2 h
and incubated overnight at 4◦C with primary antibodies.
Subsequently membranes were incubated for 1 h at room
temperature with secondary antibodies. Endogenous β-actin or
GAPDH were used as an internal standard for normalization.

The protein bands were exposed with ClarityTM Western ECL
Substrate kit (Bio-Rad Laboratories, Shanghai, China) and
measured by ChemiDoc R© XRS+ System (Bio-Rad Laboratories,
Shanghai, China). The band density was quantified by Image
J software. Primary antibodies included p38 MAPK, JNK,
p44/42 MAPK (Erk1/2),FAK, AKT, mTOR, p70S6K, 4E-BP1,
and their corresponding phosphorylation antibody, Phospho-
p38 MAPK(Thr180/Tyr182), Phospho-JNK (Thr183/Tyr185),
Phospho-p44/42 MAPK (Erk1/2) (Thr202/Tyr204), phospo-
FAK (Tyr397), Phospho-Akt (Ser473), Phospho-p70 S6 Kinase
(Thr389), and Phospho-4E-BP1 (Ser65), which were all
purchased from Cell Signaling Technology, USA. Anti-β-
actin and GAPDH antibodies were purchased from bioworld
technology Inc.

Measurements of Cytokines Level by

ELISA
Cytokines level were measured by human enzyme-linked
immunosorbent assay (ELISA) kits (Jiangsu Meimian Industrial
Co., Ltd, Jiangsu, China) according to the manufacturer’s
instructions. For IL-6 releasing from RA-FLSs, cells were seeded
into 6-well plates at a density of 5 × 105/well overnight.
Following treated with TNF-α (10 ng/mL) or/and DIM(25 and

50µM) for 48 h the supernatant was collected from culture, then
centrifuged (2,000 g for 10min) and analyzed for the secretion
of IL-6 using Microplate spectrophotometer(Biorad, USA) at
450 nm as described previously (20). Other Cytokines assays
were performed just like IL-6 protocol. All experiments were
performed in triplicate and replicated 3 times.

Animals
Male C57BL/6 mice aged 10–12weeks were purchased from
Experimental Animal Center of the SouthernMedical University.
Mice were fed in well ventilated cages with free access to
commercial diet and tap water. The room housed mice was
fixed temperature (22 ± 2) ◦C and humidity (50 ± 20%) under
standard laboratory conditions of 12 h/12 h light/dark cycles. All
the experimental procedures abided by the guidelines of ethical
regulations for institutional animal care and use in the Southern
Medical University and approved by The Southern Medical
University Ethics Committee for Animal Laboratory Research.

Animal Treatments
Eighteen male C57BL/6 mice (about 20 g/body weigh) were
randomly divided into three groups of six, which were the
normal group, the AIAmodel group and AIAmodel treated with
DIM group. The induction procedures of AIA mice were refer
to previously described (21–24) and adjusted in some points.
The detail procedures as follows: same volume of 5% bovine
serum albumin (BSA, Sigma, USA) dissolved in PBS and Freund’s
complete adjuvant (Sigma-Aldrich, USA) supplemented with 1.0
mg/ml heat-killed Mycobacterium tuberculosis(strain H37Ra,
ATCC25177) were mixed and emulsified. On day 0, except for
the normal group, mice were immunized by subcutaneously
injecting 100 µL emulgator into the each side of forelimb
respectively. On day 14, mice were immunized by injecting 10
µL emulgator emulsified with 5%BSA and Freund’s incomplete
adjuvant (Sigma-Aldrich, USA) into each sides of knee articular
cavity. From day 2 to day 31 after immunizing, mice were
administered with oral gavage of 100 µL DIM (10 mg/kg)
suspended in 1% sodium carboxylmethyl cellulose(viscocity:600–
1,000 mpa.s, USP, Shanghai Macklin Biochemical Co., Ltd.)
once a day consecutively. Normal and AIA model groups were
given an equal volume of 1% sodium carboxylmethyl cellulose
suspension i.g. simultaneously. The mice were then monitored
every day by examiners who were blinded to the experimental
design. Body weight and the mediolateral knee joint diameter
were measured with an electronic scale and an vernier caliper as
general physical signs every 5 day (24, 25).

Measurement of Serum Pro-inflammatory

Cytokines Concentration
On day 40 and 80 after immunization, about 0.5mL each blood
samples were collected from the eyeballs of mice and allowed
to clot for 1 h at room temperature. Serum was separated by
centrifuging at 2,000 g for 10min and stored at −80◦C for
analysis. The levels of inflammatory cytokines in serum in vivo
were respectively detected with Mice IL-6, IL-17, TNF-α, IL-
8, and IL-1β ELISA Kits (Jiangsu Meimian Industrial Co., Ltd,
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Jiangsu, China) according to the manufacturer’s instructions, and
absorbance was measured at 450 nm (26, 27).

Spleen and Liver Indices Assays
On day 80 after immunization following blood collection,
the mice anesthetized with CO2 were sacrificed by cervical
dislocation. The spleen and liver were removed and weighed. The
spleen and liver indices were expressed as the ratio of spleen and
liver wet weight to mice body weight (g/g), respectively. That
is, organ index=organ wet weight (g)/animal body weight (g) ×
100% (27, 28).

Histopathological Examination of Joints
The two hind limbs with knee articular of each mice were
immediately cut off after removing spleen and liver. After
removing the muscle tissue the joint parts were fixed in Roles-
Bio R© Universal Tissue Fixative (Roles-Bio, Guangzhou Routh
Biotechnology Co., Ltd.) for 2 days, then decalcified with Roles-
Bio R© Quick Decalcifying Solution (Roles-Bio, Guangzhou Routh
Biotechnology Co., Ltd.) for 1-2 day at room temperature.
After decalcification, the tissues were dehydrated, processed, and
then embedded in paraffin. Serial paraffin sections (5µm) were
stained with hematoxylin and eosin (H&E) (27) and synovitis
and joint destruction were graded in a blinded manner. A
histologic scoring system was used, where 1=mild, 2=moderate,
and 3=severe (24).

Statistical Analysis
Results of multiple experiments were presented as the mean
± standard deviation (SD). Data analysis was performed using
GraphPad 6.0 Software (GraphPad, San Diego, CA, USA). The
statistical comparisons (P-values) between two groups were
calculated using Student’s t-test and P-values between more than
three groups were calculated using one-way and/or two-way
analysis of variance (ANOVA). P-values <0.05 were considered
statistically significant. Number of replicates and/or total number
of animals were shown in figure legends or within the figures.

RESULTS

DIM Suppresses the Viability of RA-FLSs

and Arrests the Cell Cycle in G1 Phase
To explore the effect of DIM on the viability of FLSs, wemeasured
the effect of DIM with serial concentrations(0, 20, 40, 60, and
80µM) on the viability of RA-FLSs. DIM almost did not affect cell
viability except for concentrations of 80µM after 24 h treatment,
while higher concentrations DIM(40, 60, and 80µM) showed
a dose-dependent decrease in cell viability after 48 h treatment
(Figure 1B). Similarly, cell cycle analysis also indicated that DIM
resulted in a significant increase in proportion of cells in the
G1 phase and a significant decrease in the S and G2/M phase
(Figure 1C), which suggested DIM could arrest the cell cycle
in G1 phase. Next, how DIM affected cell cycle regulators was
explored. As shown in Figure 1D, the G1/S CDKs (CDK4) and
the G1/S cyclin (cyclin D1) were all downregulated. On the
contrary, p21, a cyclin-depend kinase inhibitor, was upregulated
in RA-FLSs treated with DIM. Collectively, these results suggest

that DIM could suppress the proliferation of RA-FLSs and arrest
the cell cycle in G1 phase through regulating cell-cycle proteins.

DIM Suppresses the Migration and

Invasion of RA-FLSs
To evaluate the effect of DIM on migration and invasion in vitro,
the migration and invasion of RA-FLSs were evaluated using
the transwell Boyden chamber and wound closure assays. 25
and 50µM DIM treatment markedly decreased both migratory
and invasion capacity of RA-FLSs comparing with control as
shown in Figures 2A,B. This result was further confirmed by
wound healing assay. Although 20µM DIM did not influence
the ability of RA-FLSs migrating from one end of wound to the
other, higher concentration DIM (40 and 80µM) did reduce the
wound healing ability significantly as shown in Figure 2C. All of
which indicated DIM could suppress the migration and invasion
of RA-FLSs in vitro.

DIM Suppresses the Pro-inflammatory

Cytokines and MMPs Expression
The pro-inflammatory cytokines and matrix
metalloproteinases(MMPs) play important roles on proliferation,
migration and invasion of RA-FLSs and even erosion of cartilago
articularis (15). TNF-α is a key pro-inflammatory cytokine
contributing to RA-FLSs surviving and developing arthritis. In
our results shown in Figure 3A, TNF-α promoted the viability
of RA-FLSs and although 25µM DIM did not decrease the cell
viability induced by TNF-α(10 ng/mL), 50µM DIM did. To
determine the role of DIM on main pro-inflammatory cytokines
expression, the mRNA levels of IL-6, IL-8, IL-1β, IL-17, Receptor
Activator of Nuclear Factor-κ B Ligand (RANKL) and special
Osteoprotegerin(OPG) stimulating by TNF-α in RA-FLSs were
measured with quantitative PCR after treated with 25 and 50µM
DIM for 24 h. As shown in Figure 3B, except for OPG the
mRNA expression of IL-6, IL-8, IL-1β, and RANKL in RA-FLSs
up-regulated more or less after induced by TNF-α(10 ng/mL),
but DIM(25 and 50µM) inhibited IL-6, IL-8, and IL-1β
mRNA expression levels increase caused by TNF-α(10 ng/mL)
and had no significant effect to RANKL. Neither TNF-α nor
DIM treatment obviously altered IL-17 mRNA expression.
Distinguishingly, 50µM DIM promoted the mRNA expression
of OPG comparing to control and TNF-α treatment groups. As
shown in Figure 3C, the mRNA expression of MMP-2, MMP-3,
MMP-8, and MMP-9 were very less and almost undetectable
after DIM(25 and 50µM) treatment, which indicated DIM
profoundly inhibited increase in mRNA expression of MMP-2,
MMP-3, MMP-8, andMMP-9 induced by TNF-α in RA-FLSs.

Furthermore, Except for mRNA level the effect of DIM on
some pro-inflammatory cytokines release induced by TNF-α was
also explored. After treating with 25 and 50µM DIM for 48 h,
cells culture supernatant were collected and ELISA assays for IL-
6, IL-8, IL-1β, and IL-17 were performed. The data in Figure 3D

indicated TNF-α(10 ng/mL) significantly up-regulated the IL-
6 and IL-1β release from RA-FLSs especially IL-6, but DIM
treatment could inhibit their increase in culture supernatant
(Figures 3Da,b). Interestingly, TNF-α(10 ng/mL) stimulation

Frontiers in Immunology | www.frontiersin.org 5 July 2019 | Volume 10 | Article 162056

https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Du et al. DIM Ameliorates Arthritis in RA

FIGURE 2 | DIM Suppresses the migration and invasion of RA-FLSs. (A) The effect of DIM (0, 25, 50µM) on migration was detected with transwell Boyden chamber

after 6 and 12 h. The images are representative of migration or invasion through the membrane after staining. Original magnification 200 × (left panel). Cell

numbers/field are presented as the mean ± SD of six independent fields (right panel). (B) The effect of DIM (0, 25, 50µM) on invasion was detected with transwell

Boyden chamber coated with a Matrigel basement membrane matrix after 12 and 24 h. The images are representative of migration or invasion through the membrane

after staining. Original magnification 200 × (left panel). Cell numbers/field are presented as the mean ± SD of six independent fields (right panel). (C) The effect of DIM

(0, 20, 40, 80µM) on wound healing was detected with cell scratching assay. After 48 h the wound area was photographed using microscope. Original magnification

100 × (left panel). The extent of wound closure was presented as the percentage by which the original scratch width had decreased at each measured time point

(right panel). The values are the mean ± SEM from at least 3 independent experiments. *P < 0.05, **P < 0.01 vs. 0µM (Ctrl).

did not cause profound increase in IL-8 releasing, 50µM
DIM indeed down-regulated IL-8 expression (Figure 3Dc). IL-
17 was undetectable in this ELISA-based assay. Collectively, these
results suggest that DIM may contribute to reduce producing
and releasing some pro-inflammatory cytokines and MMPs
in RA-FLSs.

DIM Suppresses the Activation of MAPK

and Akt/mTOR Pathways Induced by

TNF-α in RA-FLSs
Mitogen Activated Protein Kinases (MAPK), including ERK,
JNK, and P38MAP kinase (P38), play the major role in

stress-induced cellular responses such as cell proliferation,
survival, apoptosis and invasion and are intracellular effector
molecules that are embedded in a highly active signaling cascade
in RA-FLSs (29). Since DIM could suppress viability and

proliferation of RA-FLSs, we presume that MAPK pathway was
affected by DIM in RA-FLSs. Therefore, the effect of DIM on

MAPKwas investigated. The cells were treated with 10 ng/mL

TNF-α in the presence or absence of 40 and 80µM DIM for

24 h, western blot analysis was conducted to assess the expression
and phosphorylated levels of p38MAPK, JNK, ERK. According
to results in Figure 4A the DIM could obviously decrease the
phosphorylation level of p38MAPK, JNK induced by TNF-α,
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FIGURE 3 | The effect of DIM on producing pro-inflammatory cytokines and MMPs of RA-FLSs. (A) The effect of DIM (25 and 50µM) on cell viability induced by

TNF-α(10 ng/mL). (B) The effect of 25 and 50µM DIM on relative mRNA expression of IL-6, IL-8, IL-1β, IL-17, RANKL, and OPG induced by TNF-α (10 ng/mL) to

β-actin in RA-FLSs. (C) The effect of DIM (25and 50µM) on relative mRNA expression of MMP-2, MMP-3, MMP-8, and MMP-9 induced by TNF-α (10 ng/mL) to

β-actin in RA-FLSs. (D) The effect of DIM (25 and 50µM) on IL-6, IL-8, and IL-1β releasing in culture supernatant induced by TNF-α(10 ng/mL) in RA-FLSs. (a) The

effect of DIM (25 and 50µM) on IL-6 releasing induced by TNF-α (10 ng/mL) determined by ELISA. (b) The effect of DIM (25 and 50µM) on IL-1β releasing induced by

TNF-α (10 ng/mL) determined by ELISA. (c) The effect of DIM (25 and 50µM) on IL-8 releasing induced by TNF-α (10 ng/mL) determined by ELISA. The values are the

mean ± SEM from at least 3 independent experiments. *P < 0.05, ***P < 0.001 vs. Ctrl(0µM DIM and 0 ng/mL TNF-α). #P < 0.05, ##P < 0.01, ###P < 0.001

vs. group treated by TNF-α(10 ng/mL).

however, had no effect on ERK phosphorylated activation.
Therefore, detailed investigations of components of MAPK have
shown that DIM strongly reduced p38MAPK, JNK activity,
which may be responsible for controlling abnormal hyperplasia
caused with RA-FLSs. There are some evidences from studies
activation of the FAK family signaling cascade in RA lining cells
contributed to cell adhesion and migration into the diseased
synovial tissue (30). Therefore, howDIM regulated FAK signaling
was studied. As shown in Figure 4A, the levels of non-phospho
FAK were not changed in all groups after stimulating with TNF-
α but that of phospho-FAK was decreased in RA-FLSs treated
with DIM.

In addition, AKT/mTOR pathway in promoting aggressive
immune-cells and synoviocytes proliferation and survival
plays an important role in progress of RA (31). To clear the
effect of DIM on the Akt/mTOR pathway in RA-FLSs, the
phosphorylation level of Akt, mTOR and downsteam p70S6K
and 4E-BP1 were determined. Although the Akt phosphorylated
activation was not obviously increased after treated with
TNF-α, DIM indeed decreased the phosphorylation of Akt
and mTOR (Figure 4B). Moreover, DIM also respectively,
down-regulated and up-regulated the phosphorylated level
of downstream p70S6K and 4E-BP1 stimulating with TNF-α
(Figure 4B), which suggested DIM suppressed the Akt/mTOR
pathway for cell growth and proliferation. Altogether, DIM
affected the biological behaviors of RA-FLSs via suppressing
intracellular phosphorylated activation of MAPK and
Akt/mTOR pathway.

DIM Ameliorates Arthritis Severity in Mice

With AIA
The Effect of DIM on the Weight and Knee Joint

Diameter of the Mice
The effect of DIM on mean change in body weight of mice
after immunization (from day 0 to day 55) monitored every
5 days. During the experiment the mice from three groups
were eating and drinking normally. As shown in Figure 5A, on
the day 20 after immunization the body weight of mice with
AIA obviously occurred decrease comparing to normal group.
However, the treatment of the mice with DIM (10 mg/kg) via
gavage had significant difference comparing with AIA group at
day 30 after immunization.

Synchronously, the effect of DIM on arthritis development by
measurement of the knee joint diameter was followed every 5
days. The mean diameter of knee joints from AIA group mice
increased rapidly from the 15th day after immunization because
of obvious swelling and at the 25th day the mean diameter was up
to peak value. After that the mean diameter gradually declined.
However, the mice from DIM treatment group decreased the
mean diameter of knee joints comparing with mice form AIA
group from the 20th day (Figure 5B).

The Effects of DIM on Spleen and Liver Indices in AIA

Mice
To evaluate the DIM effect on immune organs the spleen
and liver indices in mice were calculated as shown in
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FIGURE 4 | The effect of DIM on the intracellular phosphorylated activation of MAPK and Akt/mTOR pathway induced by TNF-α in RA-FLSs. (A) RA-FLSs were

treated with TNF-α(10 ng/mL) or/and DIM (40 and 80µM) for 24 h, western blot analysis was conducted to assess the expression and phosphorylation level of

p38MAPK, JNK, ERK, and FAK. Representative images of immune blot (left panel) and densitometric quantification phosphorylation/total of p38MAPK, JNK, ERK,

and FAK expression(right panel). (B) RA-FLSs were treated with TNF-α(10 ng/mL) or/and DIM (40 and 80µM) for 24 h, western blot analysis was conducted to assess

the expression and phosphorylation level of AKT, mTOR, p70S6K and 4E-BP1. Representative images of immune blot (left panel) and densitometric quantification

phosphorylation/total of AKT, mTOR, p70S6K and 4E-BP1 expression(right panel). Densitometry analysis from three independent experiments was used to quantitate

the protein expression. *P < 0.05, **P < 0.01, ***P < 0.001 vs. Ctrl (0µM DIM), #P < 0.05, ##P < 0.01, ###P < 0.001 vs. group treated by TNF-α(10 ng/mL).

Figure 5C. Compared with the normal group, the spleen
and liver indices of AIA model group mice significantly
increased. However, compared with the AIA model group, DIM
(10 mg/kg) significantly reduced spleen and liver indices in
AIA mice.

The Effect of DIM on Pro-inflammatory Cytokines

Expression in AIA
To explore how the DIM affecting the proinflammatory cytokines
in AIA, the IL-6, IL-17, TNF-α, IL-8, and IL-1β expressions
in serum of AIA mice with and without DIM treatment after
immunization on day 40 and 80 were detected by ELISA. The
results were shown in Figure 5D. Firstly, IL-6 expression in mice

from AIA model group were obviously increased comparing to
ones from normal control group. Moreover, the IL-6 expression
was inhibited in mice treated with DIM comparing to AIAmodel
group both on day 40 and 80 after immunization. Next, the
similar trends were observed in IL-17 IL-8 and IL-1β expressions
in three groups. Although no difference in IL-8 was witnessed
between normal mice and AIA mice group on day 40, there was
difference occurred on day 80. The last, The data indicated that
despite DIM had no notable effect on TNF-α expression on day
40, it did significantly decrease the TNF-α expression in AIAmice
on day 80. Altogether, DIM (10mg/kg) could inhibit expression
of the proinflammatory cytokines, IL-6, IL-17, TNF-α, IL-8, and
IL-1β, in serum of AIA mice.
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FIGURE 5 | DIM ameliorates arthritis severity in mice with AIA. (A) The effect of DIM on mean change in body weight of mice after immunization (from day 0 to day 55)

monitored every 5 days. (B) The effect of DIM on mean change in knee joint diameter after immunization (from day 0 to day 55) monitored every 5 days. (C) The effect

of DIM on the spleen and liver index of mice with AIA and control. Data shown as spleen or liver weight (g)/body weight (g) ×100%. (D) The effect of DIM on IL-6,

IL-17, TNF-α, IL-8, and IL-1β expression in serum of mice with AIA and control after immunization on day 40 and 80. (E) The effect of DIM on the pathohistological

features of knee joints in mice with AIA. Photomicrographs for knee joint sections stained with H&E (left panel, original magnification 400×). The scores for

inflammatory severity (right panel). All the data were expressed as means ± S.D. n = 6, *P < 0.05, **P < 0.01, ***P < 0.001 vs. Ctrl (normal mice group), #P < 0.05,
##P < 0.01, ###P < 0.001 vs. AIA model group.

The Effect of DIM on the Pathohistological Features

on Knee Joints and Arthritis Severity in AIA Mice
The mice knee joints were removed after euthanization on
day 80 for histological examination of tissue sections, and
then pathohistological sections were stained with H&E. As
shown in Figure 5E, the knee joint from normal control group
appeared clear and complete histological architecture under the
microscope, whereas the knee joints from AIA mice showed
abnormal histological architecture covering synovial hyperplasia,
infiltration of massive inflammatory cells, together with
angiogenesis (increased microvessel density) and degradation of
epithelial cell. The mice from DIM (10 mg/kg i.g.) group were
preserved almost normal histological architecture of the knee
joints with mild synovial hyperplasia, less inflammatory cells
infiltration and less erosion of synovial tissues. Meanwhile, the
pathohistological score was remarkably decreased in DIM group
compared with model group. All the data suggested that DIM
did ameliorate arthritis severity in mice with AIA and had a
potential anti-arthritic efficacy.

DISCUSSION

RA is a chronic autoimmune disease characterized by a
hyperplastic, aggressive and invasive phenotype and involved in
the formation of pannus angiogenesis, cartilage degradation, and
bone erosion (32). Currently used anti-RA drugs have been found
to have many side effects because they have high toxic reaction in
vivo. It is urgent to find some natural products with less toxicity
to inhibit inflammatory reaction and provide a quality of life to
the patients suffering from RA.

Many fruits and vegetables contain natural bioactive
components that could affect multiple signaling pathways. This
feature gives these natural products pharmaceutical potential in
treating some diseases where the related signaling pathways go
wrong (4, 5). DIM, an indole derivative, is a bioactive compound
found in cruciferous vegetables and converted from I3C in an
aqueous and gastric-acidic environment (6). I3C initially drew
many attentions due to its anti-cancer function. But it later
was found that DIM, the converted version of I3C in body
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with longer half-life, was the functional ingredient exerting
anti-cancer effects (7, 8). During uncovering the mechanism
of DIM, anti-inflammatory effect surfaced (9). Inflammation
promotes cellular proliferation, angiogenesis, inhibits apoptosis,
and induces DNA damage, increasing the risk of developing
disease related inflammation. DIM exhibited a significant
anti-inflammatory activity was associated with reduction of
pro-inflammatory cytokines (11, 33).

Due to its anti-inflammatory activity, we creatively tried
to apply DIM in treating RA. According to our experiments,
the DIM could in a dose-dependent manner suppress the
proliferation, migration and invasion of RA-FLSs had been
identified, which coincided with reports from variety of cancers
research (9, 11, 34, 35). In themolecular level, DIM can arrest G1-
phase cell cycle by reducing CDK4, and Cyclin D1 and elevating
p21, a CDK (cyclin-dependent kinase) inhibitor.This finding is
in line with previously reported mechanisms of DIM in gastric
cancer and esophageal squamous carcinoma (36, 37). All of these
suggest DIM suppresses cell proliferation and arrests cell cycle
at G1 phase via affecting related cell cycle proteins expression.
Meanwhile, some researchers found DIM could induce apoptosis
of some cancer cells through both the intrinsic and extrinsic
pathway by activating Caspase 8 (9, 38).

However, we did not find DIM could induce apoptosis of RA-
FLSs (Figure S1). We speculated that it may be due to differences
in cell types or/and individual differences.

RA-FLSs usually secret various proinflammatory cytokines
and chemokines, especially IL-6, IL-8, IL-1β, TNF-α, and IL-17
to recruit and activate more immune cells to the inflammatory
microenvironment, and thereby are responsible for cartilage
damage and joint destruction (39, 40). TNF-α is one of the
major mediators involved in RA. It had also been confirmed
stimulation of 10 ng/mL TNF-α resulted in the activation of RA-
FLSs and increased production of inflammatory cytokines (17,
41). In our study, we got the similar results with 10 ng/mL TNF-
α. Whereas, DIM inhibited the increase both cell viability and
mRNA expression and release of IL-6, IL-8, and IL-1β. Therefore,
we consider DIM play the anti-inflammatory role via inhibiting
pro-inflammatory cytokines at least in part. No change has been
observed in IL-17 mRNA expression upon TNF-α stimulation
and DIM treatment in our RA-FLSs system. We thought it
might have something to do with individual patient differences.
In addition, DIM also increased the OPG mRNA expression in
RA-FLSs, which suggested DIM was related to protection from
bone damage. Nevertheless, uncovering more mechanisms has to
do further work. From ELISA results we noticed although the
tendency of IL-1β increase induced by TNF-α was superficially
suppressed with DIM. The amount is so low that it is beyond the
detection capacity of ELISA, which could account for the failure
to detect IL-1β in culture supernatant.In inflammatory diseases,
the degradation of synovial collagen in RA maybe related to
the expression of MMPs in fibroblasts in synovial joints (42).
More than fifteen synovial MMPs are reportedly expressed in
RA patients, mainly including collagenase, gelatinase, and matrix
metalloproteinase (43). DIM inhibited the mRNA expression of
collagenase MMP-8, gelatinase MMP-2 and MMP-9, and matrix
metalloproteinase MMP-3. Although we could not detect these
MMPs in protein level, probably due to the undetectably low

amount, it indeed implied that suppression of MMPs could be
the core of DIM inhibiting migration and invasion of RA-FLSs.

In addition, as for migration and invasion, FAK (focal
adhesion kinase), a non-receptor tyrosine kinase, promotes cell
motility, survival, and proliferation through kinase-dependent
and -independent mechanisms (44). There is research on
DIM treating liver cancer cells indicated DIM inhibits the
migration, invasion, and metastasis of HCC cells via inhibiting
phosphorylation of focal adhesion kinase (FAK, tyr397) with
decreased expression of MMP-2 and MMP-9 (12), which is
basically consistent with our data.

It has been confirmed DIM influences the proliferation,
migration, and invasion of cancer cells through multiple
signaling pathways. But what’s happened in RA-FLSs caused
by DIM need to be uncovered. Mitogen-activated protein
kinases(MAPK) is a family of serine/threonine protein kinases
widely conserved among eukaryotes and involved in many
cellular key programs (45). Moreover, MAPK pathway takes part
in the activation of RA-FLSs (15). We found DIM blocked the
phosphorylated activation of p38 and JNK stimulated by TNF-α,
but not the ERK in RA-FLSs, suggesting that the p38 and JNK
pathway might mediate the action of DIM in RA-FLSs. Indeed,
p38 and JNK are expressed and activated in synovial tissue from
patients with RA. They not only regulates RA-FLSs growth,
apoptosis and differentiation but also are critical for synovial
inflammation and joint destruction in inflammatory arthritis
(15, 41). There were other reports that DIM inhibited cell growth
by downregulation of Akt/FoxM1 signaling pathway in gastric
cancer (46), by inactivation of β-catenin/c-Myc in colorectal
cancer (47). These results suggest that DIM might possess a
cell type-specific function in modulating cell growth. Moreover,
JNK pathway and its downstream proteins are also involved in
cell migration. Additionally, FAK, a movement-associated signal
pathway, finally converge at JNK, and JNK activation predicted
the development of bone erosion in RA (48).

Akt is also contributed to the growth of cells via
phosphorylating the downstream mTOR complex 1 (mTORC1),
a translator of mRNAs to protein by means of p70S6K-S6
and 4E-BP1-eIF4E pathways (49). The mammalian target of
rapamycin (mTOR) signaling pathway plays an important role
in regulating a variety of cellular functions at the interface of
cell metabolism, growth, and differentiation. mTOR signaling
pathway is involved in the regulation of RA-FLSs invasion and
might be a new target for RA therapy (50). Many investigations
had demonstrated that mTOR was activated in the rheumatoid
synovium especially induced by TNF-α (51). It was worth
mentioning that DIM blocked the activation of AKT/mTOR
and downstream p70S6K-S6 and 4E-BP1 caused by TNF-α was
verified in our data, which was first direct evidence on DIM
affecting AKT/mTOR pathway. This provides proofs for the
anti-arthritic properties of DIM and corroborates its potential
use for the treatment of RA.

In addition to the cell signaling pathway on DIM affecting
there are some researches on the effect of DIM on microRNA
in some cancer cells (52). MiRNA21 and miR-150-5P had been
identified as target of DIM in cancer cells, which indicated
that DIM could be used in target-based therapy and also as a
lead for further development of potent small molecule miRNA
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antagonist (27, 53). Considering miRNAs play important roles in
development and progression of RA, and then there are a lot of
work need to discover key microRNA influenced by DIM in RA.

As a typical animal model of RA, AIA has been used in
many studies to survey the pathogenesis of arthritis and to
find potential therapeutic targets (25, 54). The decrease in
arthritis looks like small shown in Figure 5B but the reduction
in inflammatory cytokines in the DIM-treated mice is significant.
We speculate that swelling of the joints is only part of the
appearance of arthritis and does not indicate the severity of
the overall inflammation. Moreover, the swelling of the joints
is local inflammatory character and the inflammatory cytokines
detected from serum are related with inflammatory of whole
body. Additionally, during the peak of inflammatory response
we measured the inflammatory cytokines at 28th day, but there
was no significant difference between AIA model group and
AIA model treated with DIM group. There was report that
DIM could alleviate oxazolone-induced colitis through Th2
and Th17 suppression and Treg induction (55). Therefore,
we speculate that the mechanism of DIM is not like a non-
steroidal anti-inflammatory drugs, which paly direct and quick
anti-inflammatory role in vivo. It is worth to make further
study to uncover the mechanism of DIM from another angle.
Moreover, it is usual that there is a lag between swelling of the
joints and the inflammatory cytokines up-regulation and down-
regulation, which is similar with clinical manifestations of some
inflammation. Our results from the mice with AIA that DIM
not only decreased the swell of knee joint caused with arthritis
and down-regulated the proinflammatory factors, but improved
pathohistological features, which further support our initial
suppose in vivo that DIM may have potential to control synovial
joint destruction in RA. In conclusion, our study provides a
novel insight into the specific role of DIM on TNF-dependent
arthritogenesis, offering ex vivo and in vivo evidence on DIM
functions in regulating the proliferation, migration and invasion
of RA-FLSs by inhibiting the MAPK and AKT/mTOR pathway
and ameliorating arthritis severity and pathological outcome in
an AIA model. Therefore, DIM may harbor a huge therapeutic
and pharmaceutical potential in treating RA. Furthermore,
DIM, in combination with other compounds inducing RA-FLSs
apoptosis, may give a better therapeutic effect as well as improve
the quality life of RA patients.
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Metabolomic studies show that rheumatoid arthritis (RA) is associated with

metabolic disruption that may be therapeutically targetable. Among them, glucose

metabolism and glycolytic intermediaries seem to have an important role in

fibroblast-like synoviocytes (FLS) phenotype and might contribute to early stage

disease pathogenesis. RA FLS are transformed from quiescent to aggressive and

metabolically active cells and several works have shown that glucose metabolism

is increased in activated FLS. Glycolytic inhibitors reduce not only FLS aggressive

phenotype in vitro but also decrease bone and cartilage damage in several murine

models of arthritis. Essential glycolytic enzymes, including hexokinase 2 (HK2)

and 6-phosphofructo-2-kinase/fructose-2,6-biphosphatase (PFKFB) enzymes, have

important roles in FLS behavior. Of interest, HK2 is an inducible enzyme present only

in the inflamed rheumatic tissues compared to osteoarthritis synovium. It is a contributor

to glucose metabolism that could be selectively targeted without compromising systemic

homeostasis as a novel approach for combination therapy independent of systemic

immunosuppression. More information about metabolic targets that do not compromise

global glucose metabolism in normal cells is needed.

Keywords: rheumatoid arthritis, fibroblast-like synoviocytes, hexokinase-2, glucose metabolism, glycolytic

inhibitors

Rheumatoid arthritis (RA) pathogenesis includes synovial hyperplasia or pannus, which consists of
accumulation of macrophages and fibroblast like synoviocytes (FLS) (1–4), resulting in enhanced
invasiveness and destruction of adjacent cartilage and bone (3, 5). FLS are the major component of
rheumatoid pannus and have a key role in its formation (4). In healthy individuals, these cells ensure
the structural integrity of a normally organized synovial lining (6) and secretes hyaluronic acid
and lubricin, two important constituents of synovial fluid that are responsible for lubricating the
joint (7, 8). However, after acquiring an aggressive phenotype, FLS have reduced contact inhibition,
resistance to apoptosis, increased migration, and increased ability to invade periarticular tissues
including bone and cartilage (4, 9). These activated cells produce several mediators that induce
angiogenesis, cell growth, and recruitment and activation of immune cells (4). In addition to
contributing to the inflammatory environment, FLS also produce matrix metalloproteases (MMPs)
that degrade the extracellular matrix and contributes to cartilage destruction (10).

65

https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org/journals/immunology#editorial-board
https://www.frontiersin.org/journals/immunology#editorial-board
https://www.frontiersin.org/journals/immunology#editorial-board
https://www.frontiersin.org/journals/immunology#editorial-board
https://doi.org/10.3389/fimmu.2019.01743
http://crossmark.crossref.org/dialog/?doi=10.3389/fimmu.2019.01743&domain=pdf&date_stamp=2019-08-02
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles
https://creativecommons.org/licenses/by/4.0/
mailto:mguma@ucsd.edu
https://doi.org/10.3389/fimmu.2019.01743
https://www.frontiersin.org/articles/10.3389/fimmu.2019.01743/full
http://loop.frontiersin.org/people/739077/overview
http://loop.frontiersin.org/people/762717/overview
http://loop.frontiersin.org/people/767916/overview
http://loop.frontiersin.org/people/608319/overview


de Oliveira et al. Glucose Metabolism in FLS

Recently, an increasing number of studies have shown that
FLS activation and the subsequent joint damage are associated
with an altered metabolism which may be therapeutically
targetable. The metabolism of all four major classes of
macromolecules (carbohydrates, proteins, lipids, and nucleic
acids) will change after cell activation. Carbohydrate metabolism
is a fundamental biochemical process that ensures a constant
supply of energy to living cells. The most important carbohydrate
is glucose, which is first transported into the cell through
glucose transporter 1 (GLUT1), then broken down via glycolysis
by sequential metabolic enzymes [including hexokinase (HK),
aldolase, phosphoglycerate kinase (PGK1), and pyruvate kinase]
to generate pyruvate, and afterwards will either enter into the
tricarboxylic acid (TCA) cycle and oxidative phosphorylation
to generate ATP, or will be converted to lactate via lactate
dehydrogenase (LDH).

Activation of FLS by hypoxia, platelet-derived growth factor
(PDGF), tumor necrosis factor (TNF), and other inflammatory
mediators increases glucose metabolism and transforms the
FLS from quiescent to aggressive and metabolically active
cells. Specifically, prior work—ours and others—has shown
that glucose metabolism is increased in activated FLS, and
glycolytic inhibition reduces not only FLS aggressive phenotype
in vitro but also decreases bone and cartilage damage in several
murine models of arthritis [(11–13); Table 1]. These works have
suggested potential metabolic targets to reprogram metabolic
disruptions and complement current therapies (11–13). In this
brief review, we will summarize what is known about glucose
metabolism in FLS and about potential metabolic therapies for
RA that could modulate the aggressive behavior of FLS.

GLUCOSE METABOLISM ACTIVATION IN

THE RA FLS

Glucose metabolism seems to be especially enhanced in
joints with arthritis and involved in RA pathology. The high
consumption of glucose by the RA joints can be visualized by PET
imaging with 18F-FDG, a probe that detects glycolytic tissues
(25). Synovial FLS and macrophages were shown to contribute
to FDG-PET accumulation in the RA synovial tissue (26). The
synovial tissue of RA patients also presents an enhanced level
of lactate compared to non-inflamed synovial tissue (27). The
local lower glucose levels and higher ratio of lactate to glucose
in the RA synovial tissue suggest an increase in anaerobic cellular
metabolism of resident cells, triggered by the inflammation and
the hypoxic environment commonly detected in the RA joints
(28, 29). This dysregulation is further suggested by the increase of
lactate and glucose in the serum of RA patients (30). Moreover,
glucose levels are lower in the synovial fluid of RA patients
in comparison to non-inflamed synovial fluid (31). This is also
supported by metabolic studies using mass spectrometry, which
show differential metabolite profile in RA FLS and osteoarthritis
(OA) FLS (32). Glycolysis, pentose phosphate pathway (PPP),
and amino acid metabolism were different in RA FLS compared
to OA FLS (32). In addition, FLS increased its intracellular levels
of glucose after TNF stimulation (33).

Shift from oxidative phosphorylation to glycolytic ATP
production is a common feature of activated and reactive cells
like fibroblasts and macrophages. Micro environmental factors
in the RA joint seem to potentiate this metabolic adaptation
of FLS and macrophages. The synovial tissue is enriched
in hypoxia-inducible factor 1 alpha (HIF1α), a transcription
factor induced in hypoxic environments that contributes to
RA pathogenesis at multiple steps (29), including supporting
enhanced glycolytic activity. Among the HIF1α-transcriptionally
regulated glucose metabolism related genes, GLUT1, HK2, and
LDH are upregulated in RA FLS (14, 19, 34–36). The effect of
HIF1α on glycolysis contributes to FLS survival (37), myeloid
recruitment by FLS, angiogenesis (38), and FLS migration and
invasion (29). In addition, it promotes the expression in RA
FLS of inflammatorymediators that perpetuates interactions with
other synovial cells including T and B cells (39, 40).

Other signaling pathways critical for FLS expression of
adhesion molecules, pro-inflammatory cytokines, and MMPs,
as well as for apoptosis inhibition, and for FLS migration
and invasion are mitogen-activated protein kinases (MAPK),
nuclear factor kappa B (NF-κB), and phosphoinositide-3-
kinase (PI3K)/AKT (41–50). These pathways are activated
by both hypoxia and inflammation. They also regulate
glucose metabolism through several mechanisms including
the upregulation of GLUT1 (51). These pathways are also
involved in the phosphorylation of rate-limiting glycolytic
enzymes, including 6-phosphofructo-2-kinase/fructose-2,6-
bisphosphatases (PFKFB) and HKs (52, 53). JAK/STAT
signaling, which also plays a role in FLS activation (54–56),
was also shown to mediate glucose uptake and HK2 expression
(57). Therefore, the phenotypic changes from FLS at rest to
an activated and invasive state are coupled with metabolic
alterations like increased GLUT1 and HK2 expression and
lactate production (14, 17).

Likewise, the inhibition of glycolysis decreases the aggressive
behavior of these cells by decreasing cytokine production,
proliferation, migration, and invasion (14, 17). Three targetable
glycolytic enzymes were recently shown to be involved in
FLS aggressive phenotype. One is the bifunctional PFKFB3
enzyme, which converts fructose-6-phosphate to fructose-
2,6-bisP (F2,6BP). F2,6BP is an allosteric activator of
6-phosphofructokinase-1 (PFK-1) and stimulates glycolysis
overriding the inhibitory effect of ATP on PFK-1 (58). It was
identified as a regulator of insulin/IGF-1 signaling pathway.
Suppression of PFKFB3 was found to decrease insulin-stimulated
glucose uptake, GLUT4 translocation, Akt signaling, and
glycolytic flux (59). In FLS, PFKFB3 inhibition reduced glucose
uptake which resulted in decreased lactate production (17, 18).
The inhibition of the glycolytic flux by small molecule inhibitors
of PFKFB3 significantly reduced FLS migration and invasion,
and the production of inflammatory mediators (17). Of interest,
FPFK15, a PFKFB3 inhibitor, not only suppressed glucose uptake
and lactate secretion but also NF-κB andMAPK activation in RA
FLS (18). The second enzyme is the rate-limiting enzyme HK2.
Overexpression of HK2 in FLS provides a migratory and invasive
advantage that is abolished when HK2 is ablated (19, 20). The
last enzyme is phosphoglycerate kinase (PGK)1. Anti-PGK1
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TABLE 1 | Glycolyitic intermediate metabolites and their effect on RA FLS and animal models of arthritis.

Intermediate Enzyme Trigger response References

Glucose Glucose deprivation decreased IL-6, MMP-1 and MPP-3

production and the rate of proliferation and migration of FLS. In

the SKG mouse model of arthritis, the glucose analog 2-DG

decreased clinical score and thickness

(14, 15)

Fructose 1,6-bisphosphate FBP1 Treatment with fructose 1,6-biphosphate reduced MPO activity,

IL-6 and TNF-α joint levels, nociception, and neutrophil migration

to the joint of mice with ZIA and AIA

(16)

Fructose 2,6-bisphosphate PFKFB3 Inhibition of fructose 2,6-bisphosphate production decreased

IL-6 secretion and proliferation, migration and invasion of FLS

(17, 18)

Glucose-6-phosphate

1,3-bisphosphoglycerate/

3-phosphoglycerate

HK2

PGK1

HK2 ablation decreased FLS invasive phenotype and also

attenuated the severity of bone and cartilage damage in a mouse

model of inflammatory arthritis

Silencing of PGK1 decreased the secretion of IL-1β and IFN-γ as

well as proliferation of FLS

(19–21)

Pyruvate Use of BrPa (a halogenated analog of pyruvate that inhibits

glycolysis) decreased histologic score and levels of arthritis in

K/BxN mouse models of arthritis

(14, 15, 20, 22)

Lactate LDH/MCT Increased levels of lactate induced FLS invasiveness (17)

Succinate SDH Succinate induced fibrosis and angiogenesis and SDH inhibition

attenuated the severity of rat CIA

(23, 24)

FLS, fibroblast-like synoviocyte; FBP1, fructose 1,6-biphosphatase; 2-DG, 2-deoxy-D-glucose; MPO, myeloperoxidase; ZIA, zymosan-induced arthritis; AIA, antigen-induced arthritis;

PGK1, phosphoglycerate kinase 1; BrPa, bromopyruvate; MCT, monocarboxylate transporters.

siRNA treatment of RA FLS not only decreased cell proliferation
and cell migration, but also interleukin (IL)-1β and interferon
(IFN)-γ secretion (21).

Since metabolic pathways are highly interconnected, other
metabolic pathways described in activated FLS might also affect
global glucose metabolism. Glutamine metabolism is increased
in FLS, with glutaminase 1 (GLS1) playing a role in regulating
the proliferation of these cells. FLS proliferation is reduced
under glutamine-deprived conditions, or after GLS1 silencing or
inhibition (60). Choline metabolism is also highly activated in
FLS. Inhibition of choline kinase (ChoKα) suppressed the RA FLS
aggressive phenotype by increasing apoptosis and decreasing cell
migration (61). Glycogen synthase 1 (GYS1)-mediated glycogen
accumulation was shown to block AMPK activation and to
contribute to FLS phenotype as well (62). Finally, RA FLS
also overexpresses the neutral amino acid transporter LAT1,
and has an increased uptake of leucine after IL-17 stimulation,
which potentiate FLS migratory capacity that was eliminated by
blocking LAT1 (63). Other amino acids including tryptophan
might also play a role in FLS phenotype (64).

FLS GLUCOSE METABOLISM AND

CHRONIC ACTIVATION IN RA

Although researchers have suggested a role for metabolic
alterations in RA pathology, we are far from understanding which
changes are normal responses to cell activation and are transient
metabolic responses to acute inflammation, and which are the
result of damage and chronic activation that could play a role in
driving the pathology of RA. These chronic metabolic changes in
FLS can have not only profound effects on the biology of other

cells through intermediate metabolites but also can create a new
epigenetic landscape that results in a stable FLS activation that is
maintained even without continuous stimulation (Figure 1A).

Some pro-inflammatory mediators increase several TCA
cycle intermediates, and emerging evidence show that these
intermediates classically associated with metabolic functions
also possess signaling functions as inflammatory mediators
and drive chronic activation. For instance, metabolic profiling
has revealed itaconic acid as a potential marker of RA,
and TNF increased its concentration in the K4IM human
fibroblast cell line (65). Importantly, the increased levels in
itaconic acid can be attenuated by treatment with infliximab,
a biologic drug targeting TNF (65). Succinate is another
TCA cycle intermediate that is abundant in RA synovial
fluids. Synovial succinate correlates with enhanced release of
IL-1β by macrophages in a mechanism that involves the
overexpression of succinate receptor Sucnr1/GPR91 (66). In
addition, Sucnr1/GPR91 functions as a chemotactic signal for
recruitment of dendritic cells into lymph nodes which leads
to Th17 cells expansion in a murine model of inflammatory
arthritis (67). In FLS, succinate has a myofibroblast effect on
FLS (23). A recent paper also evaluated Sucnr1/GPR91 in FLS
and concluded that both intra- and extracellular succinate play
a role in synovial angiogenesis. Intracellular succinate induced
angiogenesis through HIF1α induction, while extracellular
succinate increased vascular endothelial growth factor (VEGF)
through GPR91 receptor (24).

Pyruvate is another metabolite generated during glycolysis
and is converted to acetyl-CoA to fuel the TCA cycle. Acetyl-
CoA is an important cofactor that catalyzes the transfer of an
acetyl group. Histone acetyltransferases (HATs) are enzymes
that use this co-factor and regulate histone acetylation and
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FIGURE 1 | Fibroblasts-like synoviocytes (FLS) glucose metabolism and chronic activation in RA. (A) Chronic glucose metabolic changes induced by hypoxia

and inflammatory mediators in FLS will activate many signaling pathways, including HIF, MAPK, PI3K/Akt, and JAK/STAT pathways, which also increases the

expression of key glucose metabolism related genes such as GLUT1, HK2, or LDH. Intermediate glucose metabolites including pyruvate, lactate, succinate,

a-ketoglutarate, fumarate, and acetyl-coenzyme will create a chronic and sustained FLS activation, either by being secreted extracellularly and triggering profound

effects on the biology of other cells, or by inducing a new epigenetic landscape that results in a stable FLS activation that is maintained even without continuous

stimulation. (B) Hypoxia, growth factors, and cytokines in arthritis synovium stimulate Akt phosphorylation, which will up-regulate HK2 expression and HK2

phosphorylation. The phosphorylation of HK2 by Akt is accompanied by an increased binding of the enzyme to mitochondrial outer membrane voltage-dependent

anion channel (VDAC). Binding to VDAC enhances the affinity of hexokinases. Therefore, HK2 mitochondrial binding might promote glucose metabolism and FLS

invasive phenotype. Mitochondrial HK2 might also inhibit apoptosis. Thus, mitochondrial association of HK2 might promote resistance to growth, invasion, and

apoptosis of RA FLS, which contribute to joint destruction in RA. Selective HK2 mitochondrial dissociation might be an attractive potential selective target for arthritis

therapy and safer than global glycolysis inhibition. HK2, hexokinase 2; G6PD, glucose 6 phosphate dehydrogenase; PKM2, pyruvate kinase muscle isozyme M2; PFK,

phosphofructokinase; PFKB3, 6-phosphofructo-2-kinase/fructose-2,6-biphosphatase 3; G6P, glucose-6-phosphate; F6P, fructose-6-phosphate; F1,6BP, Fructose

1,6-bisphosphate; F2,6FB, Fructose 2,6-bisphosphate; VDAC: voltage-dependent anion channel.
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therefore link metabolism and epigenetics in cells (68, 69).
Other metabolites elevated after glucose metabolism activation
such as fumarate, succinate, and lactate also modify chromatin
and nucleic acid-modifying enzymes activity by competitively
inhibiting substrate utilization (68). The relationship between
metabolic intermediates and chromatin-modifying enzymes
implies that metabolic changes could directly affect gene
expression by modulating chromatin-modifying enzymes and
triggering epigenetic dysfunction (68, 69). Of interest, several
reports have shown that epigenetic alterations, such as histone
modification, might contribute to RA pathogenesis (70). In
fact, a comprehensive epigenomic characterization of RA FLS
has recently been described (71), suggesting that synovial
fibroblasts stimulation results in a stable activation that
is maintained even without continuous stimulation through
epigenetic changes. Further FLS studies are needed to better
understand the epigenetic modifications affecting metabolic
gene expression and glucose metabolism that can drive
chronic RA FLS activation and may help to identify novel
metabolic targets.

GLUCOSE METABOLISM TARGETS IN RA

FLS

The concept of metabolic reprogramming to improve
immunotherapy and to complement current therapies is
being slowly translated into the autoimmune disease field
(11, 72–74). In fact, glycolytic inhibitors not only reduce FLS
aggressive phenotype in vitro but also decrease bone and
cartilage damage in several murine models of arthritis. More
specifically, ablation of glycolytic genes or treatment with
3-bromopyruvate, which antagonizes HK2, significantly reduced
the severity of several murine arthritis models (14, 15, 19, 20, 22).
Although HK2 specific inhibitors are not available, HK2 can
be inhibited by the use of 2-deoxyglucose (2-DG), which is a
derivative of glucose that can be phosphorylated by HK2 but
not mobilized through succeeding steps of glycolysis. Murine
studies have shown that 2-DG reduces cell proliferation and
the severity of a spontaneous model of RA arthritis (15). HK2
ablation has also attenuated the severity of bone and cartilage
damage in a murine model of inflammatory arthritis (19).
Interestingly, the administration of fructose 1,6-bisphosphate
(FBP), a glycolytic intermediate, decreased arthritis scores in
two different animal models. Mechanistic studies showed that
this metabolic intermediate activated the anti-inflammatory
adenosinergic pathway instead of enhancing FLS glycolysis (16).
Treatment with a saponin that inhibits succinate dehydrogenase
(SDH) activity ameliorated the clinical symptoms of the arthritis
as well as histopathologic features of synovial hyperplasia,
infiltration of inflammatory cells, and fibrosis (23). In addition,
treatment with dimethylmalonate, another inhibitor of SDH,
decreased succinate content in the synovial tissue of rats with
collagen-induced arthritis (CIA) in addition to amelioration of
the disease (24). Finally, inhibition of the enzyme ChoKα (61)
and GLS1 (62) also ameliorated the severity of experimental
autoimmune arthritis.

Yet, although all these works have demonstrated a role of
glucose metabolism in RA, inhibiting global glucose metabolism
is not desirable. In addition, inhibition of some of the above
pathways can have other detrimental effects. For instance, a
recent report demonstrated a key anti-inflammatory function
of HIF1α by driving the expression of IL-10 in B cells (75).
PFKFB3 activity is also defective in CD4T cells in RA patients
which results in energy deprivation that prone cells to undergo
apoptosis (76). Thus, there is a need of finding specific metabolic
targets that are induced in activated FLS.

Out of all the glycolytic enzymes described to play a role in
RA pathogenesis, HK2 could function as a selective metabolic
target (Figure 1B). HKs catalyze the phosphorylation of glucose
to glucose-6-phosphate (G6P) that facilitates glucose entry
into cells. G6P initiates several metabolic pathways that need
glucose, including glycolysis, the hexosamine pathway, glycogen
synthesis, and the PPP (77). HK2 also plays important roles
in angiogenesis (78). HKs has four different isoforms: HK1 is
the ubiquitous isoform in all adult issues. However, HK2 is an
inducible isoform that is only highly expressed in skeletal and
cardiac muscles, and adipose tissue (77). HK2 is also highly
upregulated in tumor cells and HK2 inhibition synergies with
anti-tumor treatment and improves response to therapy (79).
In addition to its canonical metabolic roles in tumor or cardiac
tissues, HK2 translocates to the nucleus or mitochondria and
triggers an autophagic and anti-apoptotic responses through its
interaction with the voltage-dependent anion channel (VDAC)
(80, 81). Of interest, HK2 plays a small role in inflammation
driven by T cells, so HK2 inhibition should have limited
immunosuppressive effects (82). Importantly, we and others have
shown that the synovial expression of HK2 is elevated only in
RA compared to OA samples (19, 20). Given HK2 selective
overexpression in inflamed RA synovium, its small role in T
cells, and its expression in a very limited number of adult
tissues, HK2 is an attractive selective target for arthritis therapy
that is safer than global glucose metabolism inhibition (19). In
addition to its expression profile, its diverse effects at various
cellular compartments could offer another level of specificity
since targeting a specific intracellular compartment of HK2
(i.e., cytosol, nucleus, or mitochondria) would also provide a
selective means to block deleterious effects of this enzyme in RA
without affecting glucose metabolism in normal cells. Therefore,
HK2 could be selectively targeted offering a safer and novel
additional approach for combination therapy in RA joint disease
independent of systemic immunosuppression.

Of interest, rheumatologists already have antimetabolites
in the current RA armamentarium, such as methotrexate
and leflunomide. Although they were thought to inhibit the
proliferation of synovial and immune cells, methotrexate and
other disease-modifying antirheumatic drugs (DMARDs)
also have effect on glucose metabolism. For instance,
methotrexate treatment significantly reduced HK2 expression
and glucose/fructose carriers (SLC2A5, a member of the solute
carrier family 2) in human FLS, suggesting that FLS glycolytic
activity can be modulated by methotrexate (83). Anti-TNF
treatment decreases the synovial expression of GLUT1 and of the
glycolytic enzymes pyruvate kinase muscle isozyme M2 (PKM2)
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and glyceraldehyde 3-phosphate dehydrogenase (GAPDH) in
patients that responded to TNF inhibition compared to non-
responders (17). Anti-IL-6 receptor therapy inhibited oxidative
stress and improved endothelial function in RA leucocytes,
although whether or not this therapy also has a metabolic effect
on the synovial tissue is not known yet (84). Finally, inhibition of
JAK/STAT3 signaling with tofacinib, a drug approved for severe
RA and active psoriasis, induces oxidative phosphorylation
and maximal respiratory capacity of FLS while shutting down
key glycolytic enzymes including HK2 and LDH. This effect
correlated with the reduction of inflammatory mediators and
FLS activation (85).

CONCLUSION

Growing evidence suggests that the study of activatedmetabolism
not only of immune cells but also of stroma cells including
FLS can provide critical pathways for therapeutic intervention.
Pre-clinical studies in mouse models of inflammatory arthritis
strongly suggest that agents that interfere with certain steps of
glycolysis can be therapeutic in RA and have identified potential

targetable glycolytic enzymes such as HK2, and glycolytic
intermediate metabolites (Table 1). In addition, therapeutic
effects of DMARDs could be due, at least partially, to the
inhibition of glucose metabolism, highlighting the pathogenic
role of this metabolic pathway. As global inhibition of glucose
metabolism is not desirable, more information about inducible
glycolytic genes, the specific distribution of these targets, their
effect in different cellular compartments, and their additional
non-metabolic functions, may help us to identify new targets that
do not compromise global glucose metabolism in normal cells.
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Accumulating studies have suggested that long non-coding RNAs (lncRNAs) have drawn

more and more attention in rheumatoid arthritis (RA), which can function as competitive

endogenous RNAs (ceRNAs) in inflammation and immune disorders. Previously, we

have found that lncRNA HIX003209 is differentially expressed in RA. However, the

precise mechanism of lncRNA HIX003209 in RA is still vague. We aim to elucidate the

role and its targeted microRNA of lncRNA HIX003209 in RA as ceRNA. Significantly

increased expression of lncRNA HIX003209 was observed in the peripheral blood

mononuclear cells (PBMCs) from RA cases. It was positively associated with TLR2 and

TLR4 in RA. Besides, peptidoglycan (PGN) and lipopolysaccharide (LPS) could enhance

the expression of lncRNA HIX003209, which reversely promoted the proliferation and

activation of macrophages through IκBα/NF-κB signaling pathway. Moreover, HIX003209

was involved in TLR4-mediated inflammation via targeting miR-6089 in macrophages.

LncRNA HIX003209 functions as a ceRNA and exaggerates inflammation by sponging

miR-6089 through TLR4/NF-κB pathway in macrophages, which offers promising

therapeutic strategies for RA.

Keywords: long non-coding RNA, competitive endogenous RNA, miRNA, inflammation, toll-like receptor, NF-κB

INTRODUCTION

Rheumatoid arthritis (RA) is a systemic autoimmune disease, the etiology of which remains largely
unknown (1, 2). RA Patients usually have decreased quality of life due to progressive disability
and systemic complications (3, 4). It has been well-documented that genetics and environmental
factors, such as smoking, are associated with the development of RA (4). Apart from autoimmune,
uncontrolled and systemic inflammation lead to joint damage, disability, decreased life quality,
and increased risk of cardiovascular comorbidities among RA patients. Accordingly, it is essential
to explore molecular mechanisms involved in inflammation in order to explore novel potential
therapeutic strategy for RA.

Accumulating studies have suggested that non-coding RNAs, particularly long non-coding
RNAs (lncRNAs), have been revealed in inflammation, cancer and autoimmune (5, 6). LncRNAs
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can crosstalk with immune cells and mediate immunological
and inflammatory response through nuclear factor-κB (NF-κB)
signaling pathway (7–10). Recent studies have implicated
a number of dysregulated lncRNAs contribute to the
inflammatory response in RA (8, 11). Certain differentially
expressed lncRNAs in RA have been demonstrated to affect
the disease activity (12). Increasing evidence has revealed
lncRNAs may regulate microRNAs (miRNAs) via functioning as
competitive endogenous RNAs (ceRNAs), and thus participate
in autoimmune diseases, including RA (13, 14). It is well-known
that miRNAs can cause gene silencing by binding to mRNAs,
while lncRNAs are capable of promoting the expression of
targeted mRNAs by sponging miRNAs through the response
element. Therefore, the lncRNA-miRNA-mRNA network
possesses great significance in various biological processes.
However, little has been known about the altering effect of
lncRNA-miRNA-mRNA network in RA up till now. Previously,
we have identified a novel lncRNA HIX003209 up-regulated in
RA patients by microarray analysis (15). Nevertheless, the precise
role and mechanisms of lncRNA HIX003209 in RA pathogenesis
remain unclear, particularly regarding its role as a ceRNA in
regulating inflammation and autoimmunity. The object of
the study is to explore the role and molecular mechanisms of
lncRNA HIX003209 in RA.

MATERIALS AND METHODS

Participants
RA patients (76) and age and sex-matched controls (60) were
recruited from the hospital at the same period. Controls came to
the same hospital for health examination. There was no difference
for the status of ethnicity, smoking, alcohol consumption, and
citizens of origin between the two groups. Table 1 showed
detailed information about the characteristics of all participants.
Written informed consent was obtained from all participants
before blood samples preparation. The study was permitted by
the ethical committees in the Affiliated Hospital of Weifang
Medical University.

Cell Culture and Transfection
THP-1 cells were cultured in RPMI 1640 (Invitrogen, USA)
adding 10% fetal bovine serum (Gibco, USA) in company with
penicillin/streptomycin (Invitrogen, USA). Firstly, THP-1 Cells
were induced to be macrophages-like cells (pTHP-1) by 100 nM
phorbol-12-myristate-13 acetate (PMA, Sigma, USA). Cells were

TABLE 1 | Characteristics of patients and controls.

RA Controls

Age (mean ± SD) 57.9 ± 20.1 55.3 ± 19.8

Sex (women/man) 50/26 40/20

Smoking (years) 28.9 ± 10.1 27.0 ± 11.3

Alcohol (years) 19.8 ± 8.5 15.2 ± 6.9

CRP (mg/L) 41.2 ± 15.9 5.0 ± 5.1

ESR (mm/h) 58.4 ± 17.6 13.1 ± 9.0

RF (IU/ml) 161.5 ± 45.4 14.6 ±6.3

activated by PMA for 48 h. After being cultured in fetal bovine
serum-free serum for another 24 h, pTHP-1 cells were transfected
by lentivirus particles in accompany with polybrene reagent.
Peripheral blood mononuclear cells (PBMCs) of all participants
were purified by Ficoll-Paque gradient centrifugation. CD14+

mononuclear macrophages were separated by use of the CD14
microbeads (Miltenyi Biotec, San Diego, CA) according to
the instructions.

Real-Time Polymerase Chain Reaction

(PCR)
Based on the instructions of Trizol reagent (Invitrogen, CA,
USA), RNAs were isolated from human PBMCs, primary
macrophages, or cell lines. A total of 0.5 µg RNAs were used
as model for the synthesis of cDNAs. We used the Takara
SYBR Green Mastermix kit (Tianjin, China) for PCR with a
total of 5 ng cDNAs as template. The relative expression of
TLR2, IL-6, TLR4, TNF-α, and IL-8 mRNAs was normalized
to GAPDH. Genes primers were as follows: TNF-α: (F):
5′∼3′ GTCAACCTCCTCTCTGCCAT, (R): 5′∼3′ CCAAAG
TAGACCTGCCCAGA; HIX003209, (F): 5′∼3′ ACTGCTCGC
CAGAACACTAC, (R): 5′∼3

′

GGTGAGGTTGATCGGGGTTT;
IL-6, (F): 5′∼3′ AGTCCTGATCCAGTTCCTGC, (R): 5′∼3′ CTA
CATTTGCCGAAGAGCCC; IL-8: (F): 5′∼3′, CGGAAGGAA
CCATCTCACTG, (R): 5′∼3′ TTGGGGTGGAAAGGTTTGGA;
TLR2: (F): 5′∼3′, CTATGAATCAAGGCGGCCAC, (R): 5′∼3′,
AAAGATCCTGAGCTGCCCTT; TLR4: (F): 5′∼3′ CCAGCC
TCCTCAGAAACAGA, (R): 5′∼3′ TCCCTCCAGCAGTGA
AGAAG; GAPDH: (F): 5′∼3′ CTGACTTCAACAGCGACACC,
(R): 5′∼3′ GTGGTCCAGGGGTCTTACTC.

Enzyme-Linked Immunosorbent Assay

(ELISA)
We performed ELISA to detect c-responsive protein (CRP)
and rheumatic factor (RF) in serum and cytokines (TNF-
α, IL-6, IL-1β, and IL-17) in the culture supernatant of
cells, based on protocols of the ELISA kit (R&D Systems,
USA; Yanhui Biological Reagent Co., China). We detected
the erythrocyte sedimentation rate (ESR) according to the
Westergren method.

Western Blot
Proteins in pTHP-1 cells were purified by use of RIPA
buffer (Beyotime, Shanghai, China). And the protease and
phosphates inhibitors (Beyotime, Shanghai, China) were
also used for protein isolation. A total of 30 µg proteins
plus loading buffer were separated by gel electrophoresis.
Specific monoclonal antibodies of TLR2, TLR4 (Santa Cruz
Biotechnology, CA, USA), p-IκBα, p-NF-κB, and NF-κB (CST,
USA) were adopted to capture proteins. The expression of
specific proteins was normalized to β-actin (CST, USA) with
three replicates.

Cell Proliferation Assay
In this study, we used cell counting kit-8 (CCK-8) to detect cell
proliferation at 24, 48, and 72 h by reagent kits (Sigma, USA).
Cells were treated by the use of CCK-8 reagent solution, and
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then used for subsequent absorption determination. EdU was
also performed to estimate the cell proliferation as previously
reported (16).

Fluorescence in situ Hybridization (FISH)

Assay
After crawling, pTHP-1 cells were fixed with 4%
paraformaldehyde for 10min and then incubated with
protease-K at 37◦C for another 10min. After washing
with PBS, cells were gradient dehydrated with ethanol of
different concentrations. Fluorescent labeled HIX003209
probe was used for hybridization. DAPI solution
(Beyotime Biotechnology, Shanghai, China) was applied to
nucleus staining.

Immunofluorescence
The nuclear translocation of p-NF-κB in cells was determined
by confocal laser scanning microscope after incubating
with p-NF-κB monoclonal antibody (CST, USA). Nucleus
was stained with DAPI solution (Beyotime Biotechnology,
Shanghai, China).

RNA Binding Protein Immunoprecipitation

(RIP) Assay
RIP assay was carried out according to the protocol of
Magna RIP RNA-Binding Protein Immunoprecipitation Kit
(Millipore, Bedford, MA, USA). Cell lysate was incubated with
RIP immunoprecipitation buffer containing magnetic beads,
which could conjugate with TLR2, TLR4 (Abcam, Cambridge,
USA), NF-κB (CST, USA), and IgG control antibody (Abcam,
Cambridge, USA). HIX003209 RNA level in immunoprecipitates
was determined by real-time PCR.

Statistical Analysis
We applied the T-test or one-way ANOVA to estimate the data.
A two-sided P < 0.05 was significant. In this study, SPSS (16.0v)
and Graphpad (5.0v) softwares were used for statistical analysis.

RESULTS

Increased Expression of lncRNA

HIX003209 in RA
We have found increased expression of lncRNA HIX003209
in serum from RA patients in a previous study (15).

FIGURE 1 | Expression of lncRNA HIX003209 and its association with disease activity in RA. (A) LncRNA HIX003209 expression in PBMCs samples from patients

with RA in contrast to controls (patients/controls: 76/60; ***P < 0.001). (B) LncRNA HIX003209 expression in primary CD14+ mononuclear macrophages from RA

patients and controls (patients/controls: 36/30; ***P < 0.001). (C) Positive association of lncRNA HIX003209 with CRP in RA (76 RA patients). (D) Positive association

of lncRNA HIX003209 with ESR in RA (76 RA patients). (E) Positive association of lncRNA HIX003209 with RF in RA (76 RA patients).
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Similarly, elevated expression of lncRNA HIX003209 was
observed in PBMCs and primary CD14+ macrophages
from patients with RA (Figures 1A,B). Besides, positive
association between the expression of lncRNA HIX003209

in PBMCs and CRP, ESR, and RF was identified in RA
patients, respectively (Figures 1C–E). Taken together, lncRNA
HIX003209 was up-regulated in RA and positively related to the
disease activity.

FIGURE 2 | Association of lncRNA HIX003209 with TLR2 and TLR4 in RA. (A) Expression of lncRNA HIX003209 was positively associated with TLR2 in PBMCs of

RA patients (76 cases). (B) Expression of lncRNA HIX003209 was positively associated with TLR4 in PBMCs of RA patients (76 cases). (C) Decreased TLR2 and

TLR4 mRNAs in HIX003209 knockdown (shHIX003209) pTHP-1 cells while increased TLR2 and TLR4 mRNAs in HIX003209-overexpressed pTHP-1 cells (***P <

0.001; n = 3). (D) Decreased TLR2 and TLR4 proteins in shHIX003209 pTHP-1 cells while increased TLR2 and TLR4 proteins in HIX003209-overexpressed pTHP-1

cells. (E) Increased expression of HIX003209 in pTHP-1 cells when stimulated by PGN and LPS (***P < 0.001; n = 3) (Representative pictures of three independent

experiments).
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Association Between lncRNA HIX003209

and TLR2 and TLR4
As shown in Figures 2A,B, the expression of lncRNA
HIX003209 was positively correlated with TLR2 and TLR4
in RA. To further elucidate their relationship, the expression
of lncRNA HIX003209 was knocked down with lentivirus
shHIX003209 in pTHP-1 cells. The mRNA level of TLR2 and
TLR4 was significantly reduced in HIX003209 knockdown
macrophages compared with the control group (Figure 2C).
Similarly, decreased expression of TLR2 and TLR4 proteins
was also confirmed in HIX003209 knockdown pTHP-1 cells
(Figure 2D) (Details were shown in Supplementary Material).
However, over-expression of lncRNA HIX003209 promoted the
expression of TLR2 and TLR4 in pTHP-1 cells (Figures 2C,D).
Peptidoglycan (PGN) and lipopolysaccharide (LPS) were ligands
for TLR2 and TLR4, respectively. When pTHP-1 macrophages
were stimulated by PGN or LPS for 12 h, the expression of
lncRNA HIX003209 was obviously enhanced as evidenced by
real-time PCR (Figure 2E). Accordingly, TLR ligands (PGN

and LPS) promoted the expression of lncRNA HIX003209 in
pTHP-1 cells. Taken together, inflammatory stimuli enhanced the
expression of lncRNA HIX003209 and thus further exaggerate
the inflammatory response in macrophages.

LncRNA HIX003209 Promoted Cell

Proliferation and Activation Through

IκBα/NF-κB Pathway
As assayed by cell proliferation assays (CCK-8 and EdU),
over-expression of lncRNA HIX003209 could promote cell
proliferation (Figures 3A–C). Increased levels of TNF-α, IL-6
and IL-1β mRNAs were found in PGN- and LPS-stimulated
pTHP-1 macrophages (Figures 4A,B). Besides, the generation of
TNF-α, IL-6, and IL-1β mRNAs was significantly promoted in
lncRNA HIX003209-overexpressed macrophages stimulated by
PGN and LPS (Figures 4A,B). Similarly, proteins of TNF-α, IL-
6, and IL-1β were obviously increased in the cultural supernatant
of PGN- and LPS-stimulated lncRNA HIX003209-overexpressed
macrophages (Figures 4C,D). Nevertheless, obviously reduced

FIGURE 3 | LncRNA HIX003209 promoted the proliferation of macrophages. (A) As demonstrated by CCK-8, the cell proliferation was enhanced in

HIX003209-overexpressed cells (*P < 0.05; **P < 0.01; n = 3). (B) The integrated optical density (IOD) estimating pTHP-1 macrophages proliferation (**P < 0.01; n =

3). (C) As demonstrated by EdU the cell proliferation was significantly promoted when HIX003209 was over-expressed in cells (Representative pictures of three

independent tests).
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FIGURE 4 | LncRNA HIX003209 enhanced the activation of macrophages through IκBα/NF-κB signaling pathway. (A) Expression of cytokines (IL-6, TNF-α, IL-1β,

and IL-17) mRNAs was increased in HIX003209-overexpressed cells but decreased in shHIX003209 pTHP-1 cells despite the stimulation of PGN (**P < 0.01; ***P <

0.001; n = 3). (B) Expression of cytokines mRNAs was increased in HIX003209-overexpressed cells but decreased in shHIX003209 pTHP-1 cells although stimulated

by LPS (**P < 0.01; ***P < 0.001; n = 3). (C) The production of cytokines in the supernatant of pTHP-1 cells stimulated by PGN was promoted when HIX003209 was

over-expressed, but it was inhibited when HIX003209 was knocked down in cells (***P < 0.001; n = 3). (D) The generation of cytokines in the supernatant of pTHP-1

cells stimulated by LPS was enhanced when HIX003209 was over-expressed, but it was restrained when HIX003209 was knocked down in cells (***P < 0.001; n =

3). (E,F) Western blot analysis showed increased phosphorylation and activation of IκBα/NF-κB in macrophages with HIX003209 overexpression (n = 3,

representative pictures).

levels of inflammatory cytokines (TNF-α, IL-6, and IL-1β) were
observed in lncRNA HIX003209 knockdown pTHP-1 cells in
spite of the stimulation of PGN and LPS (Figures 4A–D).

There was no statistical difference for IL-17 between groups

(Figures 4A–D). Moreover, lncRNA HIX003209 promoted
the production of inflammatory cytokines in macrophages

depending on the activation of IκBα/NF-κB signaling pathway
(Figures 4E,F, 5A). Taken together, lncRNA HIX003209 could
enhance the proliferation and activation of macrophages through
TLR/NF-κB pathway. Given this, we hypothesized whether
HIX003209 could bind directly to these proteins to display its
regulatory role in macrophages. Unfortunately, we found that
lncRNA HIX003209 could not directly bind to TLR2, TLR4, and
NF-κB, suggesting RNA binding protein immunoprecipitation
(Figures 5B–D).

MiR-6089 Was a Target of lncRNA

HIX003209
In our previously study, miR-6089 was found to play an
important role in RA pathogenesis by targeting TLR4
(16). In this study, we had found a positive association
between lncRNA HIX003209 and TLR4 with regard to their
expression in RA (Figure 2B), and the modifying effect
of LPS/TLR4-mediated inflammation in macrophages. As
a result, we hypothesized that lncRNA HIX003209 might
affect inflammatory response by regulating miR-6089/TLR4.
Interestingly, it was demonstrated that lncRNA HIX003209 was
negatively related to miR-6089 regarding the expression
in PBMCs samples of RA cases (Figure 6A). LncRNA
HIX003209 was primarily expressed in the cytoplasm of
pTHP-1 cells (Figures 6B,C). The expression of miR-6089
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FIGURE 5 | LncRNA HIX003209 activated NF-κB signaling but not directly bound to TLR2, TLR4, and NF-κB in macrophages. (A) Immunofluorescence

demonstrated increased activation and nuclear translocation of p-NF-κB in macrophages with HIX003209 upregulation (representative figures of three repeated tests).

(B) RIP showed expression level of HIX003209 in immunoprecipitates as fold enrichment of TLR2 relative to IgG determined by real-time PCR (n = 3). (C) Expression

of HIX003209 in immunoprecipitates as fold enrichment of TLR4 relative to IgG (n = 3). (D) HIX003209 expression in immunoprecipitates from macrophages extracts

as fold enrichment of NF-κB relative to IgG (n = 3).

was significantly decreased when HIX003209 was over-
expressed in macrophages (Figure 6D). Accordingly, lncRNA

HIX003209 might function as a ceRNA by sponging miR-6089

in pTHP-1 macrophages. There were six complementary

pairing bases between HIX003209 and miR-6089 (Figure 6E).
Furthermore, the luciferase reporter assay showed that
HIX003209 could specifically recognize miR-6089 (Figure 6F).
Taken together, miR-6089 was a direct target of lncRNA
HIX003209. LncRNA HIX003209 could sponge miR-6089 as
a ceRNA.

LncRNA HIX003209 Influenced the

Downstream Signaling of miR-6089/TLR4

in Macrophages Via NF-κB
The regulatory mechanism of HIX003209 in RA pathogenesis
is not yet clear. Here, lncRNA HIX003209 was shown to
promote the expression of TLR4 by functioning as a ceRNA
and sponging miR-6089, while mimics of miR-6089 could
inhibit the expression of TLR4, although HIX003209 was
over-expressed in cells (Figures 7A,B) (Details were shown
in Supplementary Material). Besides, lncRNA HIX003209
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FIGURE 6 | MiR-6089 was a targeted gene of lncRNA HIX003209. (A) The expression of LncRNA HIX003209 was negatively associated with miR-6089 in PBMCs

from RA (76 cases). (B) FISH assay showed lncRNA HIX003209 was primarily expressed in cytoplasm of macrophages (one representative figure from three repeated

tests). (C) Real-time PCR detected the expression of lncRNA HIX003209 in macrophages (***P < 0.001; n = 3). (D) HIX003209 inhibited the expression of miR-6089

in macrophages (**P < 0.01; n = 3). (E) Complementary pairing bases of HIX003209 and miR-6089 (WT, wild type; MUT, mutant). (F) Luciferase reporter assay

demonstrated HIX003209 could targetedly regulate miR-6089 (**P < 0.01; n = 3).

enhanced the activation of NF-κB with a high level of
phosphorylation and increased nuclear translocation in
macrophages (Figures 7B,C). However, mimics of miR-6089
could restrain phosphorylation and nuclear translocation of
NF-κB in macrophages. Taken together, lncRNA HIX003209
acted as a ceRNA and regulated miR-6089/TLR4 through NF-κB
signaling in macrophages.

DISCUSSION

The current study firstly provides evidence that lncRNA
HIX003209 is involved in the pathogenesis of RA by enhancing

macrophage-mediated inflammatory response via TLR2/TLR4.
LncRNA HIX003209 enhances macrophages proliferation
and activation through IκBα/NF-κB signaling pathway. Most
importantly, lncRNA HIX003209 can function as a ceRNA by
effectively binding to miR-6089, which restores the expression of
TLR4 and the activation of downstream signaling molecule NF-
κB in macrophages. The lncRNA HIX003209-miR6089-TLR4
network offers promising therapeutic strategy for RA patients.

LncRNAs have more than 200 nucleotides in length, which
possess capacities of regulating a variety of coding genes (17).
It has been well-established that lncRNAs play important roles
in the regulation of autoimmunity and inflammatory response
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FIGURE 7 | LncRNA HIX003209 functioned as a ceRNA by sponging miR-6089 through TLR4/NF-κB signaling in macrophages. (A) LncRNA HIX003209 promoted

the expression of TLR4 by sponging miR-6089 in macrophages (**P < 0.01; n = 3). (B) LncRNA HIX003209 enhanced the expression of TLR4 and the

phosphorylation of NF-κB by sponging with miR-6089 (n = 3, representative pictures). (C) LncRNA HIX003209 boosted the nuclear translocation of p-NF-κB in

macrophages by sponging with miR-6089 (n = 3, representative pictures).

(18–20). Dysregulation of lncRNAs in lymphocytes is established
to be involved in the immunopathogenesis of rheumatoid
diseases, including systematic lupus erythematosus (SLE) and
RA (13, 19, 21). Apart from directly binding to proteins,
some lncRNAs can indirectly regulate mRNAs by sponging
miRNAs. During the past few years, lncRNA-miRNA-mRNA
ceRNA theory has been demonstrated in the development
of multiple diseases, such as malignancies, cardiovascular
diseases and autoimmune diseases (21–24). LncRNAs are capable
of acting as miRNA decoys to restore the expression of
targeted genes via competitive regulatory interactions between
lncRNAs, miRNAs, and mRNAs. Aberrant expression of any
non-coding RNAs in this network would contribute to the
occurrence and progression of certain diseases. A recent

study by Jiang and the colleagues has revealed functional
lncRNAs in RA based on the ceRNA theory (13). There
are a few lncRNAs that have been demonstrated to affect
the proliferation, invasion, and migration of fibroblast-like
synoviocytes in RA by suppressing miRNAs via ceRNA network,
such as GAPLINC (21) and ZFAS1 (25). Nevertheless, the
molecular mechanisms of well-established lncRNAs as miRNAs
sponge in RA still need to be further elucidated, which will
facilitate the identification of valuable and effective targets for
RA diagnosis and treatment based on the lncRNA-miRNA-
mRNA ceRNA network. Our study firstly provides evidence
that lncRNA HIX003209 is dysregulated in macrophages,
and promotes the proliferation and inflammatory cytokines
(TNF-α, IL-6, and IL-1β) generation of macrophages through

Frontiers in Immunology | www.frontiersin.org 9 September 2019 | Volume 10 | Article 221881

https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Yan et al. HIX003209 Functions as a ceRNA

IκBα/NF-κB pathway. LncRNA HIX003209 cannot directly bind
to TLR2, TLR4, and the downstream protein NF-κB, but it
can sponge miR-6089 and further promotes the expression
of TLR4/NF-κB in macrophages through ceRNA mechanism.
Knockdown of lncRNA HIX003209 can alleviate inflammation
in macrophages. Accordingly, the newly identified lncRNA
HIX003209-miR6089-TLR4 ceRNA network will provide new
insight into understanding the pathogenesis of RA. Novel targets
for RA treatment require further investigation in future studies
based on this ceRNA network.

Toll-like receptors (TLRs) and TLRs-mediated signaling
transduction are closely associated with inflammation, tumors
and autoimmune regulations (26, 27). TLRs and its downstream
signaling pathways, such as MAPK, Wnt, and NF-κB pathways,
have been elucidated in synovial inflammation and bone
remodeling of RA (28–30). Previously, we have found that
TLR4-mediated innate immune and inflammatory response
play a vital role in RA, primarily depending on NF-κB
signaling activation (16, 31, 32). TLR2-mediated immune and
inflammatory response also play important roles in RA (33,
34). Taken together, TLRs confer significant effects on the
pathogenesis of RA. It has been well-documented that many
non-coding RNAs can targetedly regulate specific TLRs, and
thus contribute to the development of RA, including lncRNAs
(15, 16, 30). Many studies have implicated the critical role
of lncRNAs in regulating autoimmune and inflammation by
targeting TLRs, such as TLR2, TLR4, and TLR3 (35–37).
Most interestingly, more and more published studies have
suggested that some established lncRNAs can regulate TLR
signaling transduction and the relevant immune function in
cancer, autoimmune and inflammatory disorders by acting as
ceRNAs, such as networks of lncRNA SNHG1-miR-140-TLR4,
lncRNA X-miR-154-5p-TLR5, and lncRNA Gm6135-miR-203-
3p-TLR4 (38–41). However, no available data can support the
interaction between lncRNA and miRNA in regulating TLR
signaling pathway in RA up to date. In this study, we have
found lncRNA HIX003209 contributes to RA by regulating
TLR2- and TLR4-mediated inflammation in macrophages. Most
importantly, lncRNA HIX003209 is capable of restoring the
expression of TLR4 and activation of NF-κB by sponging miR-
6089 in macrophages. As a result, HIX003209 can function
as a ceRNA and regulate TLR4/NF-κB signaling pathway
via targeting miR-6089 in RA. However, future studies are
warranted to identify more promising targets in the network of
HIX003209-miR-6089-TLR4, particularly in the downstream of
TLR4 signaling.

Inflammatory cells and inflammatory mediators play
crucial roles in soft tissue injuries and bone lesions in RA,
such as IL-6, TNF-α, and IL-1β. Increased inflammatory
cytokines result in infiltration of macrophages and progressive
destruction of articular cartilage, and ultimately bone
(42, 43). Accordingly, it is useful for treatment by blocking
inflammation-associated molecules and pathways involved
in RA. Certain inhibitors of inflammatory cytokines have
been applied into clinical treatments of RA, such as IL-6R

monoclonal antibody and TNF-α inhibitors. Researchers have
attempted to explore novel strategies for RA treatment by
inhibiting NF-κB signaling pathway, a key pathway regulating
inflammation (44, 45). In the present study, we have elucidated
that lncRNA HIX003209 promotes PGN- and LPS-induced
inflammatory response via TLR2 and TLR4 signaling pathway
in macrophages. Knockdown of lncRNA HIX003209 helps
to alleviate inflammation in macrophages. As a result,
shHIX003209 may be a useful reagent for the treatment of
RA. However, more research is warranted to explore a useful
strategy for RA targeted treatment by blocking any node
in the HIX003209-miR-6089-TLR4 network, particularly
experiments in vivo.

To summarize, the study firstly demonstrates the altering
effect of lncRNA HIX003209 in RA by regulating macrophages-
mediated inflammation. The HIX003209-miR-6089-TLR4
network provides novel therapeutic targets for RA patients
in future.
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