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ABSTRACT
c-Jun N-terminal kinases (JNKs) participate in many physiologic
and pathologic processes, including inflammatory diseases. We
recently synthesized the sodium salt of IQ-1S (11H-indeno[1,2-
b]quinoxalin-11-one oxime) and demonstrated that it is a high-affinity
JNK inhibitor and inhibits murine delayed-type hypersensitivity.
Here we show that IQ-1S is highly specific for JNK and that its
neutral form is the most abundant species at physiologic pH.
Molecular docking of the IQ-1S syn isomer into the JNK1 binding
site gave the best pose, which corresponded to the position of
cocrystallized JNK inhibitor SP600125 (1,9-pyrazoloanthrone).
Evaluation of the therapeutic potential of IQ-1S showed that it
inhibitedmatrixmetalloproteinase 1 and 3 gene expression induced
by interleukin-1b in human fibroblast-like synoviocytes and sig-
nificantly attenuated development of murine collagen-induced

arthritis (CIA). Treatment with IQ-1S either before or after induction
of CIA resulted in decreased clinical scores, and joint sections from
IQ-1S–treated CIA mice exhibited only mild signs of inflammation
and minimal cartilage loss compared with those from control mice.
Collagen II–specific antibody responses were also reduced by
IQ-1S treatment. By contrast, the inactive ketone derivative 11H-
indeno[1,2-b]quinoxalin-11-one had no effect on CIA clinical scores
or collagen II–specific antibody titers. IQ-1S treatment also sup-
pressed proinflammatory cytokine and chemokine levels in joints
and lymph node cells. Finally, treatment with IQ-1S increased the
number of Foxp31CD41CD251 regulatory T cells in lymph nodes.
Thus, IQ-1S can reduce inflammation and cartilage loss associated
with CIA and can serve as a small-molecule modulator for
mechanistic studies of JNK function in rheumatoid arthritis.

Introduction
Rheumatoid arthritis (RA) is a chronic and systemic de-

structive autoimmune disorder characterized by inflammation
and progressive destruction of distal joints (Firestein, 2003). RA

leads to loss of mobility and joint function if not adequately
treated. Because RA is an autoimmune and bone/cartilage de-
generative disease, ideal therapies should combine immunomod-
ulatory, anti-inflammatory, and anti–bone resorption properties.
In recent years, substantial efforts have been focused on the
development of novel synthetic small-molecule compounds that
could disrupt the continued recruitment of inflammatory cells to
the synovium and thereby limit the amount of destructive en-
zymes and proinflammatory cytokines in the local joint en-
vironment. Indeed, small-molecule compounds targeting kinase
proteins are emerging as potential treatments for RA because
multiple signaling kinases are involved in the pathogenesis of
RA, and such inhibitors can be designed to recognize particular
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conformations of their targets (Pesu et al., 2008; Cohen and
Fleischmann, 2010; Kyttaris, 2012; Meier and McInnes, 2014).
For example, inhibitors of IkB kinase (IKK)-2, glycogen synthase
kinase (GSK)-3b, c-Fms tyrosine kinase, spleen tyrosine kinase,
Bruton’s tyrosine kinase (Btk), phosphatidylinositol-3 kinases,
and Janus kinases (JAKs) have been reported to be efficacious in
animal models of RA (Podolin et al., 2005; Cuzzocrea et al., 2006;
Toyama et al., 2010; Dehlin et al., 2011; Coffey et al., 2012; Xu
et al., 2012).
Mitogen-activated protein kinases (MAPKs), including p38

MAPK, extracellular signal-regulated kinase, and c-Jun
N-terminal kinase (JNK), are highly activated in the rheumatoid
synovium and potentially contribute to destructive and in-
flammatory mechanisms that provide the rationale for target-
ing these pathways for drug discovery (Manning and Davis,
2003; Thalhamer et al., 2008; Guma and Firestein, 2012; Lee
et al., 2012). Although inhibitors of p38 MAPK and extracel-
lular signal-regulated kinase had beneficial effects in animal
models of RA (Ohori et al., 2007; Triantaphyllopoulos et al.,
2010), studies on the efficacy of JNK inhibitors in these models
are limited. Three distinct JNKs, designated as JNK1, JNK2,
and JNK3, have been identified, and at least 10 different
splicing isoforms exist in mammalian cells (Gupta et al., 1996;
Rincón andDavis, 2009). JNK1 and JNK2arewidely expressed,
whereas JNK3 is predominantly restricted to the brain, testis,
and myocardium (Bogoyevitch et al., 2004). JNKs play im-
portant roles in regulating cytokine production and extra-
cellular matrix degradation by matrix metalloproteinases
(MMPs), and administration of JNK inhibitor SP600125 (1,9-
pyrazoloanthrone) modestly decreased rat paw swelling in
adjuvant-induced arthritis (Han et al., 2001). The individual
roles of JNK1 and JNK2 in the pathogenesis of RA have not yet
been fully determined. JNK1 has been implicated as a pivotal
regulator of synovial inflammation in murine arthritis due to
its role in mast cell degranulation and macrophage migration
(Guma et al., 2010, 2011). However, JNK1 is not essential for
inflammatory arthritis in transgenic mice (Köller et al., 2005),
suggesting that signaling through JNK2 might compensate for
JNK1 deficiency. Because the inhibition of both JNK1 and
JNK2 isoforms would likely have a beneficial antiarthritic
effect, it has been suggested that pan-JNK inhibitors may
represent promising therapeutic agents for treatment of RA
(Bogoyevitch et al., 2010; Koch et al., 2015).
We recently identified IQ-1 (11H-indeno[1,2-b]quinoxalin-

11-one oxime) using high-throughput screening and demon-
strated that this compound and its oxime analogs inhibited
JNK enzymatic activity and, consequently, proinflammatory
cytokine production by different murine and human cell
systems (Schepetkin et al., 2012). In this study, we inves-
tigated the effect of the IQ-1S (11H-indeno[1,2-b]quinoxalin-
11-one oxime sodium salt) on mouse collagen-induced arthritis
(CIA), a common animal model of RA. Our findings demon-
strate that IQ-1S significantly reduced the clinical severity
of CIA and inhibited cartilage and bone destruction. The
clinical effect was associated with attenuated serum titer of
collagen II (CII)–specific antibodies (Abs) and suppression of
proinflammatory cytokine expression in joint tissue and lymph
node (LN) cells. Administration of IQ-1S dose-dependently
increased the number of Foxp31CD41CD251 regulatory T cells
(Tregs) in LNs. Together, these results indicate that IQ-IS and
related JNK inhibitors have therapeutic potential in the treat-
ment of RA.

Materials and Methods
Compounds. JNK inhibitor IQ-1S was synthesized as previously

described (Schepetkin et al., 2012). Ketone derivative 11H-indeno[1,2-
b]quinoxalin-11-one (compound IQ-18; compound designation as in
our previous publication; Schepetkin et al., 2012) was purchased from
Sigma-Aldrich (St. Louis, MO). For in vitro studies, IQ-1S was dis-
solved in dimethylsulfoxide (DMSO) and diluted into the desired
buffer or culture media. For in vivo treatments, the compounds were
suspended in sterile physiologic saline.

pKa Determination. The equilibrium pKa value for IQ-1S was ob-
tained by spectrophotometry using the method of Albert and Serjeant
(1984).

Molecular Modeling. A three-dimensional model of JNK1 con-
taining cocrystallized ligand SP600125 (Heo et al., 2004) was down-
loaded from the Protein Data Bank (PDB ID 1UKI) and imported into
the Molegro Virtual Docker (MVD) program (MVD 2010.4.2; Molegro
ApS, Aarhus, Denmark). Using a “Detect Cavity”module of MVD with
probe size 2 Å, we detected four potential areas in the protein where
ligands could be docked. Amajor cavity of 154 Å3 contained cocrystallized
molecule SP600125, whereas the other three cavities identifiedwere#13
Å3 and were not considered for docking. A spherical search space was
placed at the geometric center of the SP600125 ligand, which embraced
the SP600125 molecule and main portion of the cavity. This 8-Å radius
sphere was used to generate initial poses by MVD. The spherical search
space included, at least partially, 21 residues of JNK1 (Ile32, Gly33,
Ser34, Val40, Cys41, Ala42, Ala53, Lys55, Ile86, Met108, Glu109,
Leu110, Met111, Asp112, Ala113, Asn114, Ser155, Asn156, Val158,
Val159, and Leu168). Side chains of these residues were considered
flexible with MVD parameters “Tolerance” and “Strength” set to 0.9 and
0.7, respectively.

Before docking, structures of oxime IQ-1S (syn and anti isomers)
and Rabeximod (9-chloro-2,3-dimethyl-6-(N,N-dimethylaminoethylamino-
2-oxoethyl)-6H-indolo[2,3-b]quinoxaline; OxyPharma, Stockholm, Sweden)
were preoptimized by the semiempirical PM3 method using HyperChem
8.0 software (Hypercube, Inc., Gainesville, FL) and saved in Tripos MOL2
format (Tripos, L.P., St. Louis, MO). The structures were then imported
into theMVD programwith the options “create explicit hydrogens” and
“detect flexible torsions in ligands” enabled and docked using the
search space indicated above with the option “constrain poses to cavity”
switched on. MolDock score functions were used with a 0.3-Å grid
resolution. Thirty docking runs were performed for each molecule. The
postprocessing option “optimize H-bonds” was applied after docking.
Similar poses were clustered at a root-mean-square deviation threshold
of 2 Å.

Kinase Profiling and Kd Determination. Kinase profiling for
IQ-1S was performed by KINOMEscan (DiscoveRx, San Diego, CA)
using a panel of 91 protein kinases, as previously described (Fabian
et al., 2005; Karaman et al., 2008). In brief, kinases were produced
and displayed on T7 phages or expressed in HEK-293 cells. Binding
reactions were performed at room temperature for 1 hour, and the
fraction of kinase not bound to test compound was determined by
capture with an immobilized affinity ligand and quantified by quan-
titative polymerase chain reaction. The screening at a fixed concentra-
tion (10 mM) of the compound was performed in duplicate. IQ-1S was
submitted for dissociation constant (Kd) determination toward MAP
kinase kinases MKK4 and MKK7 using the same platform. For dis-
sociation constant Kd determination, a 12-point half-log dilution series
(a maximum concentration of 100 mM) was used.

Isolation of Fibroblast-Like Synoviocytes and Analysis of
MMP Expression. This study was approved by the Institutional
Review Board of University of California, San Diego School of Medi-
cine (La Jolla, CA), and informed consent was obtained from all
participants. Synovial tissue was obtained from patients with RA at
the time of total joint replacement, as previously described (Alvaro-
Gracia et al., 1990). The diagnosis of RA conformed to American
College of Rheumatology 1987 revised criteria (Arnett et al., 1988).
The synovium was minced and incubated with 0.5 mg/ml collagenase
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type VIII (Sigma-Aldrich) in serum-free RPMI 1640 (Life Technologies,
Grand Island, NY) for 2 hours at 37°C, filtered, extensively washed, and
cultured in Dulbecco’s modified Eagle’s medium (DMEM) (Life Tech-
nologies) supplemented with 10% fetal bovine serum (FBS) (Gemini Bio
Products, Calabasas, CA), penicillin, streptomycin, gentamicin, and
glutamine in a humidified 5% CO2 atmosphere. Cells were allowed to
adhere overnight, nonadherent cells were removed, and adherent
fibroblast-like synoviocyte (FLSs) were split at 1:3 when 70%–80%
confluent. FLSs were used from passages 3 through 9, during which
time they are a homogeneous population of cells (,1% CD11b positive,
,1% phagocytic, and ,1% FcgRII and FcgRIII receptor positive).

For MMP mRNA analysis, FLSs were plated in six-well plates and
cultured until 80% confluence, and they were subsequently serum
starved (0.1% FBS/DMEM) for 24 hours. The cells were treated with
IQ-1S (4, 10, and 25 mM) or DMSO for 1 hour before interleukin (IL)-
1b stimulation (2 ng/ml) for 6 hours. The mRNA was isolated and
reverse transcribed to obtain cDNA. Quantitative real-time poly-
merase chain reaction was performed using primer probe sets for
MMP1, MMP3, and glyceraldehyde 3-phosphate dehydrogenase (Life
Technologies). Threshold cycle values were obtained and normalized
to glyceraldehyde 3-phosphate dehydrogenase expression.

Western Blotting. Cultured FLSs (passage 4) were plated at 2 �
105 cells in six-well plates overnight in DMEM supplemented with
10% FBS and synchronized for 24 hours in DMEM/0.1% FBS. The
cells were pretreated for 1 hour with IQ-1S or DMSO and then
incubated with 0.5 ng/ml IL-1 or medium for 15 minutes at 37°C. The
cells were then washed once with ice-cold phosphate-buffered saline
and lysed with modified radioimmunoprecipitation assay buffer [50
mMHEPES, pH 7.4, 150 mMNaCl, 1% Triton X-100, 10% glycerol, 2.5
mM MgCl2, 1.0 mM EDTA, 20 mM b-glycerophosphate, 10 mM NaF,
1mMNa3VO4, and Protease inhibitor cocktail (Roche, Indianapolis, IN)].
Protein concentration of the lysates was measured using a MicroBCA
Assay kit (Pierce, Rockford, IL), and 40 mg lysate was subjected to 10%
SDS-PAGE and Western blot analysis. Anti–phospho-c-Jun (Ser63) was
purchased from Cell Signaling Technology (Danvers, MA), and anti-
mouse b-actin was from Sigma-Aldrich.

CIA Induction, Treatment, and Clinical Evaluation. C57BL/
6 male mice (aged 6–8 weeks) were obtained from Charles River
Laboratories (Wilmington, MA). All animal experiments were per-
formed in accordance with National Institutes of Health guidelines
and were approved by the Institutional Animal Care and Use
Committee at Montana State University.

To induce CIA in C57BL/6 mice, lyophilized chicken CII (Chondrex,
Redmond, WA) was solubilized in 0.05 M acetic acid (2 mg/ml), and
100 mg of CII emulsified in complete Freund’s adjuvant containing
4 mg/ml Mycobacterium tuberculosis (Chondrex) was injected s.c. in
the tail (Kochetkova et al., 2010, 2014). Using this method, nearly
100% of mice consistently showed clinical symptoms by day 25. IQ-1S
(JNK inhibitor), IQ-18 (analog of IQ-1S, inactive for JNK), or sterile
saline solution were injected intraperitoneally daily beginning at days
21, 7, 14, or 25 relative to the CII challenge, as indicated, and
continued until day 31 or 38 after the CII challenge. Mice were scored
using a scale of 0–3 for each limb for a maximal total score of 12, as
previously described (Kochetkova et al., 2010): 0, no signs of
inflammation; 1, mild redness or swelling of single digits; 2,
significant swelling of ankle or wrist with erythema; and 3, severe
swelling and erythema of multiple joints.

Histopathology. Forty days after the CII challenge, animals were
euthanized, and their limbs were fixed in 10% neutral buffered
formalin and decalcified in 5% formic acid for 3–6 days. The joints
were embedded in paraffin and cut at 8-mmsections. Hematoxylin and
eosin and toluidine blue staining were performed for each sample.
Histopathological scores for each joint were determined on a graded
0–3 scale similar to that previously described (Schramm et al., 2004):
0, no changes; 1, synovial hyperplasia and mild inflammatory in-
filtration; 2, pannus formation with cartilage degeneration; and 3,
heavy inflammatory infiltration and debris in the joint, severe chon-
drocyte and cartilage matrix loss with new bone tissue substitution,

and bone destruction. Paw and knee joint scores were estimated, with
a total maximum score of 18 possible per mouse. Cartilage de-
generation was scored in toluidine blue–stained sections on a graded
0–3 scale, as previously described (Bernotiene et al., 2004): 0, no
cartilage loss; 1, minimal chondrocytes and proteoglycan loss in the
superficial zone; 2, moderate chondrocyte and proteoglycan loss into
the middle zone but above the tidemark; and 3, severe cartilage
degeneration through the tidemark.

Anti-CII Ab Enzyme-Linked Immunosorbent Assay. Serum
samples from mice with CIA were collected on day 40 after the CII
challenge, and samples of diluted sera were added to microtiter plates
(Greiner Bio-One, Monroe, NC) coated with 2 mg/ml enzyme-linked
immunosorbent assay (ELISA)–grade mouse CII (Chondrex). Horse-
radish peroxidase–conjugated goat anti-mouse total IgG, IgG1, IgG2a,
IgG2b, and IgG3 (Southern Biotechnology Associates, Birmingham, AL)
were used as detecting Abs. Reactions were developed with 2,29-
azino-bis(3-ethylbenzothiazoline-6-sulphonic acid (Moss Inc., Pasadena,
MD), and absorbance wasmeasured at 415 nmusing a SpectraMax Plus
microplate reader (Molecular Devices, Sunnyvale, CA). End point titer
represents the reciprocal logarithm of two for the serum dilution with
absorbance $0.1 above negative control.

Sample Preparation for Cytokine Assessment. One front and
one rear paw from each mouse were removed, combined, and then
homogenized in 1.0 ml/200 mg paw weight of lysis medium (RPMI
1640 containing 2 mM phenylmethylsulfonyl fluoride and 1 mg/ml
final concentration of aprotinin, leupeptin, and pepstatin A; Sigma-
Aldrich) (Tissi et al., 2009). The homogenized tissues were then
centrifuged at 2000g for 10 minutes, and supernatants were filter
sterilized (0.2 mm) and stored at 270°C until analyzed.

Upon termination of the study (day 40 after theCII challenge), axillary,
inguinal, and popliteal LN mononuclear cells were purified and cultured
(5 � 106 cells/ml) alone or with 50 mg/ml CII for 3 days in a complete
medium:RPMI1640mediumsupplementedwith 10%of FBS (Invitrogen,
Carlsbad, CA), 2 mM L-glutamine, 50 mM 2-mercaptoethanol (Sigma-
Aldrich), 100 U/ml penicillin, 100 mg/ml streptomycin, 1 mM sodium
pyruvate, and 0.1mMnonessential amino acids (Kochetkova et al., 2008).

Cytokine ELISA. The levels of cytokines/chemokines, including
tumor necrosis factor (TNF), granulocyte-macrophage colony-stimulating
factor (GM-CSF), IL-1b, IL-6, IL-17, monocyte chemotactic protein
(MCP)-1, and interferon (IFN)-g were measured in culture supernatants
and homogenized paw tissues using ELISA kits (BD Biosciences, San
Jose, CA) for mouse cytokines/chemokines.

Flow Cytometry. Upon termination of the disease course, LN
cells were stainedwith fluorochrome-labeled anti-CD25 (BDPharmingen,
Franklin Lakes, NJ) and anti-CD4 monoclonal antibodies (eBioscience,
San Diego, CA). For analysis of forkhead box p3 (Foxp3) intracellular ex-
pression, cells were further fixed in 2% paraformaldehyde, permeabilized
with ice-cold methanol, and stained with fluorochrome-labeled anti-
Foxp3 monoclonal Ab (eBioscience) or isotype control. Fluorescence
was acquired on an LSR II flow cytometer (BDBiosciences, San Diego,
CA) with BD FACSDiva software. All samples were analyzed using
FlowJo software (Tree Star, Ashland, OR).

Statistical Analysis. The nonparametric Mann–Whitney U test
was used for statistical analysis of CIA clinical scores, histology
scores, and cartilage destruction. FLS data were analyzed by two-way
analysis of variance with Tukey’s multiple comparison test, and
differences were considered statistically significant if P , 0.05. The
t test and one-way analysis of variance were used for analysis of
ELISA results and flow cytometry data. Results were considered
statistically significant if P , 0.05.

Results
Characterization of IQ-1S Specificity. We previously

reported that the binding affinities (Kd) of IQ-1S toward
JNK1, JNK2, and JNK3 were 390, 360, and 87 nM, respec-
tively (Schepetkin et al., 2012). However, a detailed kinase
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inhibition profile for IQ-1Swas not performed. Here, IQ-1S was
profiled in a competition binding assay for its ability to compete
with an active site–directed ligand for 91 different kinases. The
screening revealed that IQ-1S is a highly specific inhibitor of
human JNK isoforms compared with the other kinases tested
(Fig. 1). Note that IQ-1S did not inhibit other kinases that
represent potential targets for RA treatment, including GSK-3
(GSK3B), JAK2, JAK3, phosphatidylinositol-3 kinase (PIK3C2B,
PIK3CA, and PIK3CG), Btk (BTK), IKK-2 (IKBKB), Aurora
kinases A and B (AURKA and AURKB), p21-activated kinase 1
(PAK1), and proviral integration site kinase 2 (PIM2) (Fig. 1).
Because JNK is typically activated by MKK4 and MKK7 and
both MKKs are phosphorylated in rheumatoid synovium
(Sundarrajan et al., 2003; Inoue et al., 2006), binding affinities
of IQ-1S toward these kinases were also determined. However,
IQ-1S demonstrated only a low binding affinity for MKK4 (Kd

approximately 2.2 mM) and there was no affinity for MKK7.
Molecular Modeling of IQ-1S in the JNK1 Binding

Site. Since the protonation state can affect molecular charge
and ligand binding affinity (Vinh et al., 2012), we determined
which species was present at physiologic pH by measuring its
pKa and found it to be 8.9 6 0.2 (data not shown). Thus, the
neutral molecule is the most abundant form of IQ-1S at
physiologic pH.
To better understand the interaction of IQ-1S with JNK,

molecular docking studies were performed using the crystal
structure of JNK1 (Dérijard et al., 1994; Wang et al., 2001). As
with other oximes, the neutral molecule of IQ-1S can exist as
syn and anti stereoisomers with presumably different biologic
activities (Ogata et al., 1986). Docking of the syn isomer into
the JNK1 binding site gave the best pose, which was almost
identical to that of cocrystallized JNK inhibitor SP600125
(Fig. 2A). Importantly, the location of these molecules is close
to JNK1 residues Met111 and Glu109, which is critical for the
activity of JNK inhibitors (Heo et al., 2004; Lee et al., 2013).
Docking of the oxime anti isomer revealed to a pose quite

different from that of the syn isomer and SP600125 (Fig. 2A),
indicating that only the syn isomer is active. Because the
IQ-1S structure is similar to Rabeximod, an anti-inflammatory
compound (Hultqvist et al., 2009) with unknown molecular
target(s), Rabeximod was also docked in the JNK1 binding site.
We found that the plane of the Rabeximod heterocyclic moiety
had an orientation quite different from that of SP600125 and
IQ-1S (Fig. 2B) and was located far away from Met111 and
Glu109. Thus, these data also suggest that JNK is likely not
a target for Rabeximod.
IQ-1S Inhibits MMP Expression and c-Jun Phosphor-

ylation in Rheumatoid FLSs. FLSs obtained by arthroplasty
from tissue of patients with RA are an excellent in vitro model
for screening novel compounds with antiarthritic potential
(Bartok and Firestein, 2010; Rosengren et al., 2012). We
evaluated whether IQ-1S altered MMP1 and MMP3 gene ex-
pression by IL-1b–stimulated human FLSs and found that cells
pretreated with IQ-1S exhibited a dose-dependent reduction in
MMP1/MMP3mRNA levels compared with the vehicle-treated
group (Fig. 3, A and B). We also confirmed that IQ-1S inhibited
c-Jun phosphorylation in FLSs (Fig. 3C), which confirms our
previous observation in human MonoMac-6 cells (Schepetkin
et al., 2012). Together, these data suggest that IQ-1S may
protect joints in part by decreasing MMP1/MMP3 expression.
IQ-1S Suppresses CIA Severity. We previously deter-

mined that the serum IQ-1S concentration was 7.4 mM � h21

after intraperitoneal administration of 30 mg/kg IQ-1S in
mice (Schepetkin et al., 2012). On the basis of these phar-
macokinetic data and the observation that at least 4 mM IQ-1S
was required for in vitro activity in the FLS assay, we used 30
mg/kg i.p. IQ-1S as a daily dose in most experiments for CIA
treatment. To test the therapeutic potential of IQ-1S on CIA,
treatment was initiated 1 day before induction of CIA. Mice
treated intraperitoneally daily with 30 mg/kg IQ-1S displayed
significant reductions in the severity of CIA compared with
vehicle-treated mice, as assessed by the mean arthritis score

Fig. 1. Kinase profile of IQ-1S. Kinases were evaluated using theDiscoveRxKINOMEscan platform. The percent inhibition of binding to an active site–directed
ligand for each of the indicated kinases after treatment with 10 mM IQ-1S is shown. The data are presented as the mean 6 S.D. of duplicate experiments.
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(Fig. 4A). Although disease symptoms appear usually at day 21
postinduction, immune pathologic processes begin soon after
CII injection (Brand et al., 2003), and initiation of administration
of a test agent between days 0 and 21 after the CIA induction
could be considered as a combined prevention/treatment model.
Thus, starting at days 7 or 14 after the challenge with CII, the
mice were treated intraperitoneally daily with IQ-1S (30 mg/kg).
Remarkably, we observed that mice treated with IQ-1S at 1 or 2
weeks after disease induction also displayed significant reduc-
tions in CIA severity (Fig. 4A). Indeed, no significant difference
was found in CIA severity between mice with preventive
administration of IQ-1S (from day 21) and mice treated from
day 7 or day 14 postchallenge.
We also evaluated the effects of IQ-1S on fully manifested

arthritis. For these studies,micewith established CIA (average
visual score of 2 at day 25 after CIA induction) were ran-
domized and treated daily with 30 mg/kg IQ-1S or saline. We
found that progression of established arthritis was also in-
hibited by IQ-1S treatment (Fig. 4B).
For determination of the optimal therapeutic dose of IQ-1S,

the compound was administrated i.p. daily starting at day 7
after the CII challenge with 5, 20, 30, and 50 mg/kg doses. As
shown in Fig. 4C, the mean clinical score of CIA was reduced
in a dose-dependent manner. Both 30 and 50 mg/kg doses

were equally effective and significantly inhibited CIA more
than the 20 mg/kg dose at the peak of the disease (33–37 days).
Although the average mean clinical score was lower between
21 and 35 days at a 5 mg/kg dose, a significant reduction in
disease severity was found only on 29 and 31 days at this dose.
As a control for compound specificity, we treated mice with

IQ-18, an analog of IQ-1S that exhibited no JNK inhibitory
activity (Schepetkin et al., 2012), and we found that it had no
effect on CIA clinical scores (Fig. 4D).

Fig. 2. Molecular docking of IQ-1S and Rabeximod in the JNK1 binding
site. (A) The positions of the syn (green) and anti (magenta) isomers of the
neutral form of IQ-1S as well as cocrystallized JNK inhibitor SP600125
(violet) in the JNK1 binding site are shown. (B) The positions of the syn
isomer of the neutral form of IQ-1S (green), cocrystallized JNK inhibitor
SP600125 (violet), and Rabeximod (red) in the JNK1 binding site are
shown. The binding site region is shown by surface color according to
electrostatic properties (red and blue represent negatively and positively
charged areas, respectively).

Fig. 3. IQ-1S decreases MMP1 and MMP3 gene expression and c-Jun
phosphorylation in FLSs from RA patients. (A and B) FLSs were treated
with DMSO or IQ-1S (4, 10, or 25 mM, as indicated) and stimulated with
control medium or 2 ng/ml IL-1b for 6 hours. MMP1 (A) and MMP3 (B)
gene expression was evaluated by quantitative polymerase chain reaction
and normalized to glyceraldehyde 3-phosphate dehydrogenase (GAPDH),
as described in Materials and Methods. The results are shown as mean 6
S.E.M. of three different RA lines. *P , 0.05 compared with DMSO control.
(C) FLSs were pretreated for 1 hour with the indicated concentrations of
IQ-1S or DMSO and then incubated with 0.5 ng/ml IL-1 or medium for
15 minutes at 37°C. Equal concentrations of cell lysates were separated by
SDS-PAGE, followed by Western blotting for phospho-C-Jun (P-c-Jun) and
b-actin, as described in Materials and Methods. Representative of two
independent experiments.
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Histopathological analysis was performed on ankle joints
harvested from mice with CIA receiving IQ-1S or saline, and
representative images of hematoxylin and eosin– and toluidine
blue–stained joint tissue are shown in Fig. 5A. Severe bone
erosion, synovial hyperplasia, and infiltration of inflammatory
cells were seen in the joints of saline-treated CIA mice. By
contrast, there was little bone erosion, synovial hyperplasia, and
cellular infiltration in IQ-1S–treated CIA mice. Furthermore,
histologic scoring showed significant differences between IQ-
1S–treated and control groups (Fig. 5B). Thus, consistent with
the reductions in CIA clinical score, IQ-1S treatment clearly
protected these mice from bone and cartilage destruction.
IQ-1S Decreases Serum Titer of CII-Specific Abs.

Injected CII-specific Abs can evoke transient arthritis, indi-
cating that Ab responses play an important role in pathogenesis
of CIA (Myers et al., 1997; Nandakumar et al., 2003). To
determine the effect of IQ-1S on B cells in vivo, the levels of
CII-specific Abs were measured in vehicle-treated or IQ-
1S–treated CIA mice. We found that the titers of IgG, IgG1,
IgG2a, and IgG3 in the IQ-1S–treated group (doses 20 and 50
mg/kg) were significantly lower than those in the saline-treated
group (Fig. 6). We also evaluated the titers of IgG, IgG1, IgG2a,
and IgG3 in IQ-18–treated CIA mice (30 mg/kg dose) and found
that this inactive analog (Schepetkin et al., 2012) did not affect
CII-specific Ab titers, which were not significantly different
from vehicle control-treated CIA mice (data not shown).
IQ-1SDecreases Cytokine Levels in PawTissues and LN

Cells. The release of proinflammatory cytokines by macrophages

and othermyeloid cells during RA causes cartilage damage and
joint destruction (Schurgers et al., 2011; Zhou et al., 2011; Azizi
et al., 2013). Since JNK has been shown to modulate cytokine
expression in various in vitro and in vivo models (Rincón and
Pedraza-Alva, 2003; Rincón and Davis, 2009; Guma and
Firestein, 2012), we analyzed the effects of IQ-1S on expression
of different cytokines and chemokines in paw homogenates
isolated from control and IQ-1S–treated CIA mice, as well as
naïve mice. Importantly, all of the seven proinflammatory
cytokines/chemokines analyzed, including IL-1b, IL-6, IL-17,
IFN-g, TNF, GM-CSF, and MCP-1, were significantly lower in
IQ-1S–treated mice (20 and 50 mg/kg) versus control CIA mice
(Fig. 7). Although IQ-1S had a dose–dependent effect on
production of IL-1b, IL-17, IL-6, IFN-g, and TNF in joint tissue,
the inhibitor was approximately equally active versus MCP-1
and GM-CSF at both doses tested.
JNK can potentially regulate T-cell development, prolifera-

tion, and cytokine production (Rincón and Pedraza-Alva, 2003;
Rincón and Davis, 2009). To test whether IQ-1S suppressed the
production of inflammatory cytokines/chemokines by CII-
specific T cells, we assessed CII-induced cytokine production
in vitro by LN cells isolated from treated and control mice.
Equivalent numbers of cells from IQ-1S–treated and vehicle-
treated CIA mice were cultured for 72 hours in the presence of
CII. We found that the production of proinflammatory cytokines/
chemokines IL-6, IL-17, TNF, IFN-g, and MCP-1 were signifi-
cantly lower in IQ-1S–treated mice (20 and 50 mg/kg) compared
with control CIA mice (Fig. 8). The level of IL-1b was

Fig. 4. JNK inhibitor IQ-1S prevents and treats CIA.
(A) Mice were treated intraperitoneally daily with
30 mg/kg IQ-1S starting 1 day before induction of CIA
(day 21) (u), 7 days after the CII challenge (j), and 14
days after the CII challenge (.) until day 31, and clinical
scores were determined as described in Materials and
Methods. Control mice were treated intraperitoneally
daily with sterile saline (s). (B) For CIA treatment, mice
with established CIA (average score of 2 at day 25) were
randomized and treated with control saline (s) or 30mg/kg
IQ-1S (d) until day 31, and clinical scoreswere determined.
(C) Starting at day 7 after the CII challenge, mice were
treated intraperitoneally daily with 5 (u), 20 (j), 30 (d), or
50 (n) mg/kg IQ-1S until day 38, and clinical scores were
determined. Control mice were treated intraperitoneally
daily with saline (s). (D) Starting at day 7 after the CII
challenge, mice were treated intraperitoneally daily with
control saline (s) or 30 mg/kg IQ-18 (d) until day 38, and
clinical scores were determined. For each panel, results are
shown as the mean of 10 mice per group 6 S.E.M.
aP , 0.05; bP , 0.01; cP , 0.001 compared with saline
control.
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significantly lower only in the 50 mg/kg treatment group,
and there were no differences between levels of GM-CSF in
treated and control CIA mice (Fig. 8).
IQ-1S Increases Number of Tregs. Tregs induce pro-

tection against CIAby diminishing joint inflammation (Carranza
et al., 2012). Therefore, we evaluated the levels of Tregs in LNs
isolated fromCIAmice at day 40 and found that IQ-1S (20 and 30
mg/kg) treatment dose-dependently increased the number of
CD41 cells expressing CD25 and Foxp3 (Fig. 9).

Discussion
JNK plays a key role in both adaptive and innate immunity

and therefore represents an excellent therapeutic target for
directly treating and/or cotargeting in the treatment of
inflammatory autoimmune diseases such as RA (Bogoyevitch
et al., 2004, 2010; Mehan et al., 2011). A variety of small-
molecule JNK inhibitors with anti-inflammatory properties
have been reported to date (Bhagwat, 2007), but only few have
been tested for the treatment of arthritis. Previous studies

showed that SP600125 treatment limited the development
and progression of arthritis in animal models (Han et al.,
2001, 2012); however, this compound is relatively nonspecific
(Bain et al., 2003). By contrast, we show here that IQ-1S is
quite specific for JNK versus all other off-target kinases
tested and that it is an effective therapeutic that can reduce
inflammation and cartilage loss associated with CIA.
To further understand the pharmacological features of

IQ-1S and define the biologically active species, we performed
molecular docking studies on the geometric isomers of IQ-1S
and found that the syn isomer of this neutral molecule is the
molecular species that binds to the JNK1 active site similarly
to the position of cocrystallized JNK inhibitor SP600125,
whereas the anti isomer did not bind in an orientation that
would allow it to interact with JNK residues known to be
important for inhibitory activity. Thus, the syn isomer of the
neutral form or IQ-1S is most likely the active kinase in-
hibitor. In addition, these results suggest that the ratio of syn
and anti isomers could be important in the preparation of
IQ-1S or additional analogs. We are currently investigating
this issue in efforts to define the ratio of these isomers in
IQ-1S preparations.
We previously reported that IQ-1S had anti-inflammatory

potential in vivo using a murine delayed-type hypersensitiv-
ity model (Schepetkin et al., 2012). Here, we evaluated the
therapeutic potential of IQ-1S in RA using in vitro and in vivo
approaches. We demonstrated that IL-1b–induced MMP1/
MMP3 expression in rheumatoid FLSs was dose-dependently
blocked by IQ-1S, supporting the conclusion that JNKs are
targets of proinflammatory cytokine signaling. Thus, one
aspect of the therapeutic effects observed for IQ-1S may be
derived from its ability to target FLSs and potentially ameliorate
their aggressive phenotype in RA. Indeed, the destruction of
joint tissue seen in RA is due, in large part, to the aggressive
phenotype of FLSs in the synovial intimal lining, because
rheumatoid FLSs produce MMPs that contribute to destruction
of extracellularmatrix componentswithin articular cartilage and
cytokines that perpetuate inflammation (Burrage et al., 2006;
Bartok and Firestein, 2010). Moreover, MMP-1 and MMP-3 are
primary serum markers of RA that fluctuate with disease
development and severity (Prince, 2005) and JNK plays a pivotal

Fig. 5. Effect of IQ-1S on inflammation and cartilage
loss in CIAmice. Starting at day 7 after the CII challenge,
mice were treated intraperitoneally daily with 30 mg/kg
IQ-1S in sterile saline until day 38, when the study ended.
Control mice received saline alone. (A) H&E- and
toluidine blue–stained knee sections. (B and C) Histology
score (B) (0–3 per section) and cartilage loss (C) (0–3 per
section) were graded for each limb and knee section. Total
maximum scores of 18 were possible per mouse. The
results show the mean of five mice per group 6 S.E.M.
*P , 0.01 compared with saline control. T-B, toluidine
blue.

Fig. 6. Effect of IQ-1S on Ab response to CII. Starting at day 7 after the
CII challenge, mice were treated intraperitoneally daily with saline,
20 mg/kg IQ-1S, or 50 mg/kg IQ-1S, as indicated, until day 38. Mice were
euthanized, and sera were collected for measurement of IgG, IgG1, IgG2a,
IgG2b, and IgG3 against CII. The results show the mean of 10 mice per
group 6 S.D. *P , 0.05 compared with saline control.
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role in MMP gene expression in FLSs (Han et al., 1999; Liacini
et al., 2002; Inoue et al., 2005).
CIA is a representative animal model of RA for evaluation

of therapeutics (McIntyre et al., 2003; Nishikawa et al., 2003;
Hegen et al., 2008). Our studies showed that treatment with
IQ-1S inhibited the progression of CIA using both pro-
phylactic (before onset of RA) and therapeutic (after RA
onset) protocols. Furthermore, histopathological analyses con-
firmed the therapeutic potential of IQ-1S, because only mild
signs of inflammation and minimal cartilage loss were found
in treated mice. The development of CIA requires both
adaptive and innate immune responses through production of
CII-specific Abs and generation of CII-specific T cells (Brand
et al., 2003). Thus, we tested serum titers of IgG, IgG1,
IgG2a, and IgG3 and found that IQ-1S suppressed the pro-
duction of Abs to CII by B cells, especially of IgG1 and IgG3

subclasses. Since the production of anti-CII IgG1 and IgG3

represent T cell–dependent and –independent responses, re-
spectively (Stevens et al., 1988), the therapeutic effect of IQ-1S on
CIA could be associated with direct inhibition of B cell activity.

Indeed, JNK2 can regulate Ab production from B cells under
some experimental conditions (Cao et al., 2010).
In an evaluation of the mechanisms contributing to the

protection of joints from inflammatory damage, we found that
tissue concentrations of proinflammatory cytokines and chemo-
kines in paw homogenates were significantly lower in the CIA
mice treated with IQ-1S, suggesting that IQ-1S suppressed
systemic inflammation and joint destruction by inhibiting the
local production of cytokines/chemokines. Because expression
of MCP-1 andGM-CSF in the paw homogenates was effectively
inhibited even at the lowest dose tested (20mg/kg), IQ-1S could
specifically be affecting macrophage maturation and activity.
Consistent with the reduction in clinical scores and bone and
cartilage destruction, LN levels of IL-1b, IL-6, IL-17, TNF,
IFN-g, and MCP-1 were also significantly suppressed in IQ-
1S–treated mice. These cytokines/chemokines play a central
role in the pathogenesis of RA by recruiting and activating
macrophages, neutrophils, and mast cells (Drexler et al., 2008;
Guma et al., 2010). By contrast, production of GM-CSF in LN
cells was not affected even at the highest IQ-1S dose tested

Fig. 7. IQ-1S suppresses inflammatory cytokines
in paw homogenates from CIA mice. Starting at
day 7 after the CII challenge, mice were treated
intraperitoneally daily with saline (0), 20 mg/kg
IQ-1S (20), or 50 mg/kg IQ-1S (50) until day 38.
Mice were euthanized, and cytokines were quan-
tified in paw homogenates by ELISA. Naïve mice
did not receive CII or IQ-1S. For each panel, the
results show themean of one experiment (three to
four replicates)6 S.D., which is representative of
three independent experiments. **P , 0.01 com-
pared with saline control.
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(50 mg/kg). Further studies are clearly required to define the
cell-type sensitivity and/or tissue bioavailability of the inhibitor.
In RA, macrophages and FLSs infiltrate the synovium and

secrete proinflammatory cytokines andMMPs that potentiate
and maintain inflammation (Kinne et al., 2000; Davignon
et al., 2013). Themain cytokines that are required for induction
of arthritis in autoimmune models include IL-1b, IL-6, IL-17,
TNF, and GM-CSF (Nakae et al., 2003; Guma et al., 2010;
Li et al., 2012). JNK1 controls IL-1b production bymast cells in
inflammatory arthritis (Guma et al., 2010), and IL-1b plays
important roles in inflammation and destruction in synovial
tissue, cartilage, bone, and joints in patients with RA (Tak and
Bresnihan, 2000). TNF, mainly produced by macrophages, can
amplify the inflammatory cascade in RA, and five TNF
inhibitors are currently approved for treatment of immune-
mediated inflammatory diseases, including RA (Armuzzi et al.,
2014). Both IL-1b and TNF induce synoviolin, an E3 ubiquitin
ligase expressed in synovial fibroblasts, which is involved in
the overgrowth of synovial cells during RA (Gao et al., 2006).
IL-6 promotes joint inflammation and cartilage destruction in

various forms of arthritis, and elevated IL-6 and TNF levels
were found in synovial fluid and serum from patients with RA
(van Leeuwen et al., 1995). Similar to our findings, therapeutic
effects of some small-molecule kinase inhibitors in animal
models of RA were accompanied by significantly reduced
cytokine levels in the paw tissue or ankle joints. For example,
IL-1b, IL-6, TNF, and IFN-g were significantly reduced in the
paw tissue of CIAmice treatedwith TPCA-1 (2-[(aminocarbonyl)
amino]-5-(4-fluorophenyl)-3-thiophenecarboxamide), a selective
inhibitor of IKK-2 (Podolin et al., 2005). Administration of
another IKK inhibitor BMS-345541 [4-(29-aminoethyl)amino-
1,8-dimethylimidazo[1,2-a]quinoxaline] decreased IL-1b levels
in the joints of CIA mice (McIntyre et al., 2003). Likewise,
FR167653 [1-(7-(4-fluorophenyl)-1,2,3,4-tetrahydro-8-(4-pyridyl)
pyrazolo(5,1-c)(1,2,4)triazin-2-yl)-2-phenylethanedione sulfate
monohydrate], a potent p38 MAPK inhibitor, lowered IL-1b
concentrations in ankle joints of CIA rats (Nishikawa et al.,
2003).
JNKs play multiple roles in T-cell activation, differentiation,

and cytokine production (reviewed in Rincón and Pedraza-Alva,

Fig. 8. Effect of IQ-1S on cytokine production by
LN cells. Starting at day 7 after the CII challenge,
mice were treated intraperitoneally daily with
saline (0), 20 mg/kg IQ-1S (20), or 50 mg/kg IQ-1S
(50) until day 38. Mice were euthanized, and their
LN mononuclear cells were purified and cultured
for 3 days with CII. Cytokine levels were mea-
sured in supernatants by ELISA. The results
show the mean of one experiment (three to four
replicates)6 S.D., which is representative of three
independent experiments. *P , 0.05; **P , 0.01
compared with saline control.
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2003; Karin and Gallagher, 2005; Rincón and Davis, 2009).
Moreover, the JNK pathway plays a central role in Treg
functions, with therapeutic implications for the treatment of
autoimmune diseases (Joetham et al., 2012; Wachstein et al.,
2012; Chen et al., 2013). Natural Tregs mediate their sup-
pression by inhibiting cytokine responses and inflammatory cell
proliferation in an antigen-dependent and -independent fashion
(Campbell and Ziegler, 2007). Although there are many Treg
subsets, including CD25– cells (Lehmann et al., 2002), CD251

CD41Foxp31 natural Tregs are the main subset responsible for
suppressing the development of autoreactive T cells (Campbell
and Ziegler, 2007). In this study, we show that treatment of CIA
mice with IQ-1S dose-dependently increased the number of
natural Tregs. The JNK pathway was recently reported to play
a central modulatory role in Treg function. Depending on the
modulator, JNK inhibition can positively or negatively affect the
immunosuppressed function of these cells. For example, expo-
sure of Tregs to JNK inhibitor reduced the immunosuppressive
function of heat shock protein 70–treatedTregs (Wachstein et al.,
2012). However, incubation of glucocorticoid-induced tumor
necrosis receptor ligand–stimulated Tregs with JNK inhibitor
SP600125 resulted in the restoration of Treg suppressor activity
(Joetham et al., 2012). Suppressor activity of sorted Tregs from
CIA mice was previously demonstrated in T-cell proliferation
assays using the same conditions and CIA protocol as described
here (Kochetkova et al., 2010). Although we did not evaluate the
effect of IQ-1S on functional activity of Tregs, our results rule out
a total immunosuppressive effect by this compound and suggest
complex immunomodulation. Nevertheless, further studies will
be necessary in the future to fully evaluate this issue.

Although our previous and current studies clearly demon-
strate that IQ-1S inhibits JNKs, additional unrelated mech-
anisms of action have not been fully excluded to explain its
antiarthritic properties, and compounds with structural
similarities to IQ-1S have been reported to have a number
of biologic activities. For example, severalN-(11H-indeno[1,2-
b]quinoxalin-11-ylidene)benzohydrazide derivatives with struc-
tures related to IQ-1S were recently reported as a-glucosidase
inhibitors (Khan et al., 2014), and other structurally unrelated
a-glucosidase inhibitors have been reported to have immuno-
suppressive and immunomodulatory properties (Willenborg et al.,
1992; van den Broek et al., 1996). The indeno[1,2-b]quinoxaline
nucleus of IQ-1S is a flat aromatic ring structure (Ghalib et al.,
2010), and planar fused heterocyclic compounds can exhibit awide
variety of pharmacological activities, including DNA intercalation
and inhibition of topoisomerases I/II (Deady et al., 1997; Moorthy
et al., 2013). Although we did not evaluate potential DNA-
intercalating and topoisomerase-inhibiting properties of
IQ-1S, this compoundwas noncytotoxic at high concentrations
(Schepetkin et al., 2012), whereasmanyDNA intercalators (e.g.,
ellipticine) and topoisomerase inhibitors are cytotoxic (Cros et al.,
1975). On the other hand, further development of ellipticine
analogs led to the synthesis of DNA-intercalating agents with
antiviral, cytotoxic, and immunomodulatory properties, includ-
ing compound B220 [2,3-dimethyl-6(2-dimethylaminoethyl)-6H-
indolo-(2,3-b)quinoxaline] and Rabeximod (Harbecke et al.,
1999; Hultqvist et al., 2009). Although the IQ-1S structure is
similar to Rabeximod and compoundB220 (i.e., all three contain
isomorphic tetracyclic moieties with a pyrazine cycle), we
found that the plane of the Rabeximod heterocyclic moiety

Fig. 9. Effect of IQ-1S on number of Tregs. Starting at
day 7 after the CII challenge, mice were treated
intraperitoneally daily with saline, 20 mg/kg IQ-1S, or
30mg/kg IQ-1S until day 38. Mice were euthanized, LNs
were collected, and the total number of LN
CD4+CD25+Foxp3+ T cells was determined by flow
cytometry. (A) Representative flow cytometry plots of
gated CD4+ T cells from LNs of saline-treated or IQ-
1S–treated mice (30 mg/kg). Pooled LN cells were
stained for CD4, CD25, and Foxp3. Anti-Foxp3 isotype
control cells are shown in the left panel. (B) Evaluation
of CD4+CD25+Foxp3+ T cells in IQ-1S–treated and
control mice. The results show the mean of one
experiment (four replicates) 6 S.D., which is represen-
tative of three independent experiments. *P , 0.05;
**P , 0.01 compared with saline control. PBS, phos-
phate-buffered saline.
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was orientated quite differently from that of SP600125 and
IQ-1S, and it did not dock well into the JNK1 binding site and
was not positioned to interact with key JNK1 residues,
suggesting that it is likely not a JNK inhibitor. Clearly, further
work is important to evaluate additional JNK off-target anti-
inflammatory and immunomodulatory mechanisms of IQ-1S
and its analogs.
In conclusion, we demonstrated that the pan-JNK inhibitor

IQ-1S has beneficial anti-inflammatory properties and poten-
tially represents a class of therapeutic agents for development
in treatment of RA. IQ-1S also represents an effective small-
molecule modulator for mechanistic studies of JNK function
in autoimmune arthritis.
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