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Abstract

Rheumatoid arthritis (RA) is an autoimmune disease characterized by chronic inflammation of synovial joints and often
associated with chronic pain. Chronic joint inflammation is attributed to severe proliferation of synoviocytes and resident
macrophages and infiltration of immune cells. These cells secrete pro-inflammatory cytokines such as tumor necrosis factor
o (TNF-a), interleukin 6 (IL-6) and IL-17 to overcome actions of anti-inflammatory cytokines, thereby maintaining chronic
inflammation and pain. The imbalance between pro-inflammatory cytokines (produced by M1 macrophages) and anti-inflam-
matory cytokines (produced by M2 macrophages) is a feature of RA progression, but the switch time of M1/M2 polarization
and which receptor regulates the switch remain unsolved. Here we used an established RA mouse model to demonstrate that
TNF-a expression was responsible for the initial acute stage of inflammation and pain (1-4 weeks), IL-17 expression the
transition stage (4—12 weeks), and IL-6 expression the later maintenance stage (> 12 weeks). The switch time of M1/M2
polarization occurred at 4-8 weeks. We also identified a potential compound, anthra[2,1-c][1,2,5] thiadiazole-6,11-dione
(NSC745885), that specifically inhibited T-cell death-associated gene 8 (TDAGS8) function and expression. NSC745885
decreased joint inflammation and destruction and attenuated pain by reducing cytokine production and regulating the M1/
M2 polarization switch. TDAG8 may participate in regulating the M1/M2 polarization and temporal expression of distinct
cytokines to control RA progression.
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Introduction

Rheumatoid arthritis (RA), an autoimmune disease affecting
0.5% to 1% of the population worldwide, is associated with
chronic inflammation and pain [15, 39]. RA is characterized
by chronic inflammation of the synovium with hyperplasia
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of synovial lining cells, then leads to progressive and erosive
destruction of bone and cartilage [10, 27].

In synovium, macrophage-like and fibroblast-like syn-
oviocytes are activated and proliferate; they along with
infiltrated macrophages secrete pro-inflammatory cytokines
(e.g., tumor necrosis factor a [TNF-a], interleukin 1f [IL-
1B], IL-6), and degradative enzymes that maintain inflam-
mation, promote osteoclast maturation and activation, and
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finally destroy the articular structure [23]. Activated mac-
rophages also produce anti-inflammatory cytokines (e.g.,
IL-10) to promote the resolution of inflammation and tissue
repair, thus ameliorating the disease.

Pro- and anti-inflammatory cytokines are produced by
M1 (classically activated) and M2 (alternatively activated)
macrophages, respectively [14]. The imbalance between pro-
and anti-inflammatory cytokines (M1/M2 macrophages)
could be a key mechanism of rheumatic disease progression.
RA patients have more of a M1 macrophage profile than do
people with spondyloarthritis such as psoriatic arthritis [42]
or osteoarthritis [40]. An acute hypoxia environment favors
M2 macrophage polarization, but chronic hypoxia triggers
M1 polarization [33]. Depletion of macrophages by using
clodronate-containing liposomes reduced M1 macrophage
number and arthritis score in mice [43]. Intraperitoneal
injection of clodronate to remove macrophages also inhib-
ited mechanical and thermal hyperalgesia [31]. In addition
to macrophages, T cells also play important roles in RA pro-
gression. In the RA synovium, the bias is toward T helper 1
(Th1)-like cells [32], and the Th1 cytokine IL-17 contributes
to RA progression by regulating IL-6 production [5].

TNF-a, IL-6 and IL-17 appear to play a pivotal role in
inducing and maintaining RA disease progression, but they
also contribute to RA-associated pain [36]. Neutralization of
TNF-a attenuated hyperalgesia in an antigen-induced arthri-
tis (AIA) model [3], and TNF-a blocker treatment reduced
nociceptive responses in arthritis patients [16]. Injection
of IL-6 into a normal knee caused long-lasting mechanical
hyperalgesia [1], and deficiency of IL-6 receptor attenuated
disease severity and mechanical hyperalgesia in an AIA
model [8, 29]. Administration of IL-17 into a normal knee
joint caused persistent pain on both innocuous and noxious
rotation of the joint [34], and IL-17—deficient mice showed
attenuated AIA-induced hyperalgesia [9]. In addition, T-cell
death-associated gene 8 (TDAGS), recently found to regulate
Th17 cells and IL-17 secretion [12], was found associated
with regulating RA progression and pain [18].

Immune cells and immune cell- or synoviocyte-derived
cytokines are important in RA disease severity and pain.
However, how RA develops from the acute stage to the
chronic state and whether different immune cells and
cytokines regulate different stages of inflammation and pain
remain unclear. In this study, we used an established RA
mouse model [18] to address this question. We found that
TNF-a was responsible for the initial acute stage of inflam-
mation and pain (1-4 weeks), IL-17 was responsible for the
transition stage (4—12 weeks); and IL-6 was responsible
for the later maintenance stage (> 12 weeks). The ratio of
M1/M2 macrophages was decreased in the transition stage
(4-12 weeks), then increased after 12 weeks. We also identi-
fied a potential compound, anthra[2,1-c][1,2,5] thiadiazole-
6,11-dione (NSC745885), that decreased pannus, reduced
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bone and cartilage damage, and attenuated pain by reducing
the ratio of M1/M2 macrophages at 12 weeks and TNF-a,
IL-17 and IL-6 production at 4, 8, 12 weeks. Given that
NSC745885 specifically inhibited TDAGS8 function and
expression, TDAGS likely participates in regulating M1/
M2 polarization and the temporal expression of distinct
cytokines, thus contributing to regulation of RA progression.

Materials and methods
Animals, agents and constructs

ICR mice (8-12 weeks old) were purchased from Bio-
LASCO Taiwan (Taipei) and housed 3 to 5 per cage under
a 12-h light/dark cycle (lights on at 7:00 am and off at
7:00 pm) with food and water ad libitum in a temperature-
and humidity-controlled environment at the National Cen-
tral University, Taiwan. Care and use of mice conformed to
the Guide for the Use of Laboratory Animals (US National
Research Council) and the experimental procedures were
approved by the local animal use committee (IACUC,
National Central University, Taiwan). All behavior testing
was performed between 9:00 am and 5:00 pm. Efforts were
made to minimize the number of animals used and their
suffering.

NSC745885 and its derivatives (NSC757963,
NSC761886, NSC757967) were synthesized in a previous
study [20]. Complete Freund’s adjuvant (CFA), 2-(N-mor-
pholino) ethanesulfonic acid (MES), and 4-(2-hydroxyethyl)-
1-piperazineethanesulfonic acid (HEPES) were from Sigma.
Tofacitinib was from Selleckchem. Proton-sensing recep-
tor genes including mTDAGS, mOGR1, mGPR4, mG2A,
mASIC3, mASICla, and mTRPV1 were cloned into the
vector pIRES-hrGFP-2a (pIRES-GFP) as described [6, 19].

Animal models and compound administration

The acid model was established by intraplantar injec-
tion with 25 pl acid buffer (10 mM MES in saline, pH
5.0). For compound treatments, various concentrations of
NSC745885, NSC757963, NSC761886, or NSC757967
were intraplantarly pre-injected before acid buffer injection,
followed by animal behavior experiments at 60 min after
acid injection. For gene expression experiments, lumbar
4-6 (L4-6) dorsal root ganglia (DRG) ipsilateral to injected
paws were isolated at 60 min after acid injection for RNA
extraction.

In the RA model, mice were injected with 5 pg CFA
in the right tibiotarsal joint once a week for 4 weeks as
described [18]. NSC745885 (160 or 300 pg/kg) was intra-
peritoneally (i.p.) injected into RA mice, followed by animal
behavior experiments at 90 min after NSC745885 injection.
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For long-term treatments, 160 pg/kg NSC745885 was ip
injected weekly for 9 consecutive weeks from week 5 of
CFA injection.

Arthritis score and histological analysis

In the RA model, the severity of arthritis was scored from
0 to 5 as described [18]. Each limb was graded and given a
maximum possible score of 15, the maximum score for an
animal was 60.

Histological staining was performed as described [18].
Briefly, at 0, 4, 8, and 12 weeks after CFA injection, tibio-
tarsal joints were excised, fixed, decalcified, embedded in
paraffin and sectioned with use of a microtome, then stained
with hematoxylin and eosin (by the Taiwan Mouse Clinic,
Taipei). Images were observed by light microscopy (Lecia,
ICC50HD).

Arthritic changes were scored as described [18] on a scale
from O to 5:0 =normal; 3 =moderate pannus, bone erosion
or cartilage damage; 5 =severe pannus, bone erosion or car-
tilage damage. From each joint, 6 areas of 2 sections were
scored. Mean scores were the average of all section scores
for each animal.

Some joint sections were immersed in 100% xylene twice,
then in 100%, 95%, 90%, 80% and 70% ethanol sequentially
to remove paraffin wax, then placed in Tris-buffer (20 mM
Tris base, 150 mM NacCl, pH 7.6) containing 1% bovine
serum albumin and stained with anti-CD80 (1:250, Bior-
byt, UK) [37], CD68 (1:100, Biorbyt) [37], CD163 (1:100,
Biorbyt) [41], inducible nitric oxide synthase (iNOS, 1:100,
GeneTex, North America) [21, 41], or CD206 (1:200,
GeneTex, North America) [21, 41] antibodies at 4 “C for
16 h. Sections were then stained with alkaline phosphatase-
conjugated goat anti-rabbit IgG (1:5000, Jackson Immu-
noresearch) at room temperature for 1 h, and signals were
developed by using nitro-blue tetrazolium chloride and
5-bromo-4-chloro-3'-Indolyphosphate p-toluidine (Milli-
pore). For each joint, 9 regions of one section were scored.
Total immune cells were the average of 9 regions.

Table 1 Oligonucleotide primers used in quantitative PCR experiments

Measurement of cytokine levels

At 0, 4, 8, 12 weeks after CFA injection, mice were sac-
rificed and blood was collected as described [18]. Briefly,
blood was left to clot and centrifugated to obtain serum sam-
ples. Serum levels of TNF-a (#MTAOQOB), IL-17 (#M1700)
or IL-6 (#M6000B) were measured with ELISA kits from
R&D Systems (Minnesota, USA) as instructed.

Assessment of acid-induced pain and arthritic pain

Mice with or without treatments were tested for withdrawal
threshold to mechanical stimuli (von Frey filaments, Touch-
Test; North Coast Medical, Morgan Hill, CA) applied to the
hindpaw. Mice were pre-trained for 1 to 2 h each day for
2 days before the test. Von Frey fibers were applied 5 times
at 5-s intervals to the plantar surface of each hindpaw at
various times after injections. The paw withdrawal threshold
(PWT) was determined when paw withdrawal was obtained
in more than 3 of 5 applications.

Quantitative RT-PCR

DRG RNA extraction was performed as described [19]. Each
DRG pool contained at least 9 DRG from 3 mice. RNA was
extracted by using the RNeasy kit (Qiagen, Valencia, CA).
The gene primers (100 nM, sequences listed in Table 1,
derived cDNA and master mix [SYBR green I and AmpliTaq
Gold DNA polymerase (Applied Biosystems, Foster City,
CA)] were mixed for PCR reactions and product detection
by use of ABI Prism 7300. For each assay, preparations were
run in triplicate. The thermal cycling conditions were 95 °C
for 10 min, followed by 40 cycles of 95 °C for 15 s, and
60 °C for 1 min. The threshold cycle (Ct values of both the
targets and internal references (mMGAPDH or p-actin) were
measured from the same samples, and the expression of the
target genes relative to that of mGAPDH or -actin was cal-
culated by the comparative Ct method.

Gene Accession no. Forward primers Reverse primers Size (bp)
mGAPDH NM_001001303 5-GGAGCCAAACGGGTCATCATCTC 5'-GAGGGGCCATCCACAGTCTTCT 233
mG2A NM_019925.4 5'-AAGTGTCCAGAATCCACACAGGGT 5'-AGTAAACCTAGCTTCGCTGGCTGT 166
mGPR4 NM_175668.4 5'-CTTCCTCAGCTTCCCAAGTG 5'-CCTGGGCCTCCTTTCTAAAC 199
mTDAG8 NM_008152.2 5'-ATAGTCAGCGTCCCAGCCAAC 5'-CGCTTCCTTTGCACAAGGTG 197
mOGR1 NM_001177673.1 5-GACGATACCAGCCCAAGTGT 5'-GCTGTTATCCCTAGCCACCA 151
mTRPV1 NM_001001445.1 5-TCTCCACTFFTFTTGAGACG 5-GGGTCTTTGAACTCGCTGTC 146
mASICla NM_009597.1 5'-CTGGCCCTGGCTCAACAAC 5'-AAGTGGCACGAGAGAAGCAT 178
mASIC3 NM_183000.2 5" TTTCACCTGTCTTGGCTCCT 5'-CAGGATAGTGGTGGGGATTG 99
mf-actin NM_0073393 5'-GGGAAATCGTGCGTGACATCAAAG 5" TAGGAGCCAGAGCAGTAATCTCCT 351
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Cell culture and transfection

Human embryonic kidney 293 cells (HEK293T, obtained
from the Bioresource Collection and Research Center of
Food Industry Research and Development Institute, Tai-
wan) were cultured and maintained in Dulbecco’s modified
Eagle’s medium (DMEM, Invitrogen) supplemented with
10% fetal bovine serum (Invitrogen) and 0.1% gentamicin.
For Ca** imaging experiments, HEK293T cells were seeded
at 4 x 10° on 24-mm poly-p-lysine-coated coverslips, trans-
fected with 1.5 pg plasmids, then underwent Ca** imaging.
For cAMP assay, HEK293T cells were seeded at 1.6 X 10°
per well (70-80% confluence) in 12-well cell plates, trans-
fected with 0.6 ug plasmid, then underwent cAMP assay.

Imaging of intracellular Ca** level ([Ca®*]))

[Ca*']i imaging was performed as described [6]. Briefly,
transfected cells were pre-incubated at 37 °C with 2.5 uM,
Fura-2 acetoxymethyl easter (Fura-2-AM, Molecular Probes)
for 40 min, then washed 2 or 3 times with HEPES/MES
buffer (125 mM NaCl, 1 mM KCI, I mM MgCl,, 5 mM
CaCl,, 8 mM glucose, 10 mM HEPES, 15 mM MES, pH
7.6), supplemented with 300 ul HEPES/MES buffer (pH
7.6), then stimulated with pH 6.8 or 5.5 HEPES/MES buffer
(600 pl). The pH-evoked Ca’" transients were recorded
by use of a Ca?* imaging system equipped with a Leica
DMI3000B fluorescence microscope and analyzed by use
of MetaFluor software.

cAMP assay

The cAMP assay was performed as described [6]. Trans-
fected cells were pre-incubated with serum-free DMEM con-
taining 30 uM of the phosphodiesterase inhibitor RO201724
(Sigma), then stimulated with pH 6.8 HEPES/MES buffer
containing 30 pM RO201724 for 30 min at 37 °C. After
stimulation, cells were lysed in ethanol. The lysates were
dried and cAMP level was quantified by use of a cAMP
immunoassay kit (Assay Designs, MI) according to the
manufacturer’s protocol.

Statistical analysis

All data are presented as mean + SEM. One-way ANOVA
with post-hoc Bonferroni test was used for calcium imaging
and cAMP assay. Two-way ANOVA with post-hoc Bonfer-
roni test was used for mechanical tests and cytokine assays.
Mann—Whitney U test was used for analysis of immune
cells, pannus, bone erosion and cartilage damage. p <0.05
was considered statistically significant.
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Results

Temporal expression of TNF-a, IL-6, and IL-17 levels
in RA mice

Although TNF-a. IL-6, and IL-17 are important for RA
development, the expression changes of these cytokines dur-
ing RA development are still unclear, especially in RA ani-
mal models. Thus, we used an established RA animal model
[18] to explore cytokine expression changes. In RA mice,
joint swelling occurred during the first week and lasted for
12 weeks (Fig. 1a). The severity of joint swelling increased
over time, peaked at 4 weeks (mean 36.3 +3.2) and lasted
for 12 weeks (Fig. 1b). Bilateral hyperalgesia for mechanical
stimuli also developed during the first week (mean ipsilateral
PWT=0.69+0.31 and contralateral PWT=0.81+0.21) and
remained for 12 weeks (mean ipsilateral PWT=0.13 +0.03
and contralateral PWT=0.42+0.01) (Fig. 1c¢).

Serum levels of TNF-a, IL-17 and IL-6 were measured in
RA mice at 0, 4, 8, 12 weeks (Fig. 1d). TNF-a level peaked
at week 4, then declined at week 8, and returned slightly
at week 12. IL-17 level did not increase until week 8 and
decreased at week 12. IL-6 level gradually increased over
time and reached a high level at week 12. These results sug-
gest that TNF-a could be responsible for initial RA develop-
ment, IL-17 for the transition from an initial RA stage to a
chronic stage, and IL-6 for maintaining chronic RA.

RA progression favors polarization of M1
macrophages

The imbalance between pro-inflammatory (M1) and anti-
inflammatory (M2) macrophages could be a key mechanism
of rheumatic disease progression; however, the relationship
between M1/M2 imbalance and RA progression is not clear
in animal models. To address this question, we stained his-
tological samples of joints from RA mice at 0, 4, 8, and
12 weeks with anti-CD68, anti-CD80 and anti-CD163 anti-
bodies. The number of CD68* cells was increased from
week 4, peaked at week 8 and was maintained at high levels
to week 12 (Fig. 2a, b). CD80* cell number was greatly
increased from week 8 and continued to increase at week 12
(Fig. 2a, ¢). The number of CD163" cells was significantly
increased from week 4 and peaked at week 8, but declined
at week 12 (Fig. 2a, d). To confirm the CD80* and CD163"
results, similar experiments were performed using iNOS
as M1 marker and CD206 as M2 marker. iNOS-positive
cell number was greatly increased from week 8 as CD80"
number (Fig. 3a, b) and CD206™ cell number was increased
from week 4 and peaked at week 8 (Fig. 3a, c). The ratio of
CDS80 (M1) to CD163 (M2) was 89:11 at week 0 and was
decreased at week 4 (32:68), then gradually returned at week
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Fig. 1 Intra-articular repeated A
administration of complete
Freund’s adjuvant (CFA)
induces long-term hyperal-
gesia and differential expres-
sion of cytokines. ICR mice
(8-12 weeks old) were injected
with 5 pl of 100% CFA (5 pg)
in the right tibiotarsal joint
(ipsilateral joint) 4 times at
1-week intervals, then under-
went mechanical behavior
tests. Black arrows are CFA
treatments. a Images show-

ing joint swelling at 0, 1, 2,

4, 8, 12 weeks. b Severity of
arthritis presented as arthri-

tis scores (n=3). **p<0.01,
*##%p <0.001, 0 weeks vs other
weeks by one-way ANOVA.

¢ Paw withdrawal threshold
(PWT) to mechanical stimuli
measured at weekly intervals
(n=3). ¥**¥p<0.001, 0 weeks
vs other weeks by two-way
ANOVA. d Levels of serum
TNF-a, IL-6 and IL-17 (per-
centage of maximum levels) at
0, 4, 8 12 weeks

8w

12w

8 (73:27) and increased at week 12 (96:4) (Fig. 4a). Simi-
lar results were obtained from the ratio of iNOS to CD206
(Fig. 4b), the ratio of CD80 to CD206 (Fig. 4c), and the
ratio of iNOS to CD163 (Fig. 4d). It suggests that the transi-
tion stage (4—8 weeks) favored M2 polarization and the later
stage favored M1 polarization.

NSC745885 inhibits TDAG8-mediated signals
and gene expression to relieve acid-induced pain

We previously found that TDAGS gene deletion or suppres-
sion by shRNA reduced RA-associated pain [18]. However,
how TDAGS regulates RA pain is unknown. To further
address this question, we synthesized a series of NSC745885
homologues [20] to screen potential TDAGS antagonists or
agonists. Because TDAGS is a proton-sensing receptor, we
used an acid-induced pain model as a primary model to
screen compounds. Different concentrations of NSC745885
(Fig. 5a) homologues were intraplantarly injected into mice,
followed by injection of pH 5.0 acid buffer. At 60 min after
acid injection, NSC745885, NSC757963, and NSC757967
but not NSC761886 reversed the acid-induced pain (Fig. 5b).
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We isolated DRG from NSC745885-treated mice and found
only the expression of TDAGS8 among other possible genes
inhibited either using GAPDH or f$-actin as the internal con-
trol (Fig. 5c, d), which suggests that NSC745885 inhibited
TDAGS expression to block acid-induced pain.

Because TDAGS activation induces cAMP accumula-
tion and intracellular calcium increase [7], we then exam-
ined whether NSC745885 could inhibit TDAGS function.
HEK?293T cells were transfected with TDAGS or vector and
pre-treated with different concentrations of NSC745885,
then stimulated with pH 6.8 buffer. NSC745885 at 0.1 and
1 pM partially reduced cAMP level but at 3 pM completely
blocked cAMP accumulation (Fig. 5e). NSC745885 at 1, 3,
10 pM completely inhibited calcium increase (Fig. 5f). We
examined the NSC745885 inhibitory effect in other proton-
sensing receptors and found only TDAGS8-mediated calcium
increase specifically inhibited (Fig. 5g). These results sug-
gest that NSC745885 is able to inhibit TDAGS gene expres-
sion and function.
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Fig.2 RA progression favors M1 macrophage polarization. Histol-
ogy of joints from RA mice at weeks 0, 4, 8, 12 stained with anti-
CD68 (b), CD80 (c), or CD163 (d) antibodies. Synovial sublining

NSC745885 attenuates RA-induced mechanical
hyperalgesia and synovial inflammation

If NSC745885 inhibits TDAGS8 function, it should reduce
RA-associated pain. To address this question, after CFA
injection for 4 weeks, mice were intraperitoneally (i.p.)
injected once with NSC745885 at 160 and 300 pg/kg, then
underwent a mechanical behavior test. Both 160 and 300 pg/
kg NSC745885 attenuated the mechanical hyperalgesia at
90 min (Fig. 6a). NSC745885 300 pg/kg injected weekly
for 9 consecutive weeks effectively reduced the mechani-
cal hyperalgesia in both ipsilateral and contralateral sides,
although arthritis scores remained unchanged (Fig. 6b—d).
As compared with tofacitinib (commercial RA drug, 3 mg/
kg), NSC745885 (300 pg/kg) had a greater analgesic effect
from weeks 4 to 7 on the ipsilateral side (Fig. 6¢).
Histopathological examination of joints of mice treated
with NSC745885, tofacitinib, or vehicle at 12 weeks revealed
that both NSC745885 and tofacitinib reduced pannus, but

@ Springer

regions are shown in (a). Black arrows are labeled cells. Data are
mean + SEM cell density (cells/mm?) (b—d). *p <0.05, **¥p <0.001,
0 week vs 4, 8, 12 weeks by Mann—Whitney U test

only NSC745885 decreased bone erosion and cartilage dam-
age induced by repeated CFA injection (Fig. 7a—d).

NSC745885 alters M1/M2 macrophage polarization
and inhibits the increase in cytokine levels

To understand whether NSC745885 modulates M1 or M2
macrophages to affect hyperalgesia and inflammation, we
stained histological samples of joints from NSC745885-,
tofacitinib-, or vehicle-treated mice at week 12 with anti-
CD68, -CD80 or -CD163 antibodies. Both NSC745885
and tofacitinib significantly reduced CD68" cell num-
ber (Fig. 8a, b), which was consistent with reduced pan-
nus (Fig. 7b). Both NSC745885 and tofacitinib decreased
CD80" cell number, but only NSC745885 increased
CD163" cell number (Fig. 8a, ¢, d). CD163* macrophages
have roles in anti-inflammation and tissue repair, which
could explain why NSC745885 treatment decreased bone
erosion and cartilage damage. Although both tofacitinib and
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Fig. 3 Histology of joints from A ow 4w 8w 12w
RA mice at weeks 0, 4, 8, 12 3 C TEN
stained with anti-iNOS (b) or ' 'S R V. LN
CD206 (c) antibodies. Synovial et Y X 7 ‘R.
sublining regions are shown in iNOS P4 R . ¥y R )
(a). Black arrows are labeled 1N ¥ N N
cells. Data are mean + SEM ¥ T
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NSC745885 decreased the total number of immune cells,
only NSC745885 treatment decreased the ratio of M1 to M2
macrophages (70:30 vs 96:4 with vehicle treatment and 95:5
with tofacitinib treatment; Fig. 8e). These results suggest
that NSC745885 regulates the switch of M1/M2 polariza-
tion. The switch of M1/M2 polarization could explain in part
the attenuated mechanical hyperalgesia.

Serum levels of TNF-a, IL-17 and IL-6 were examined
at 0, 4, 8, 12 weeks in NSC745885- or vehicle-treated mice.

100 100 -
80 80
60 : 60 -
40 40 A
20 20 1
0 0 4
4w 8w 12w aw 8w 12w

NSC745885 treatment inhibited the increase in TNF-a level
at week 4, IL-17 level at week 8, and IL-6 level at week
12 (Fig. 9a—c), which suggests that NSC745885 inhibited
cytokine increase at different times, contributing to attenu-
ated mechanical hyperalgesia.
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Fig.5 NSC745885 inhibits TDAGS8-mediated signals and gene
expression to relieve acid-induced pain. a Structure of NSC745885.
b Mice were intraplantarly pre-injected with different doses of
NSC745885 (885, n=6), NSC757963 (n=3), NSC761886 (n=3), or
NSC757967 (n=3), followed by pH 5.0 acid injection or non-injec-
tion control (Ctrl, n=6). The PWT was measured at 60 min post-
acid injection. ***p<0.001, acid-injected vs non-injected groups;
###5 <0.001, compound-treated vs acid-injected by one-way ANOVA.
¢, d Mice (n=3) were pre-injected with or without 0.25 nmol
NSC745885 before pH 5.0 acid injection. At 60 min post-acid injec-
tion, quantitative RT-PCR was used to measure the expression of
genes in the ipsilateral lumbar 4-6 DRG. The expression of each gene

Discussion

In this study, we first demonstrated that RA progression in
the mouse model required temporal expression of distinct
cytokines and a switch of M1/M2 polarization. TNF-a was
responsible for the initial acute stage of inflammation and
pain (1-4 weeks), IL-17 the transition stage (4—12 weeks)
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*p<0.05, (+) 885 vs (—) 885 by one-way ANOVA. e, f, HEK293T
cells transfected with mTDAGS-IRES or IRES vector were pretreated
without or with different concentrations of NSC745885, followed
by pH 6.8 HEPE/MES buffer for cAMP measurement (e) or pH 5.5
HEPE/MES buffer treatments for calcium imaging (f). *p<0.05,
*#%p <0.001, 885-treated (0.1, 1, 3, 10 pM) vs untreated (0 pM) by
one-way ANOVA. g HEK293T cells transfected with different genes
were pretreated without or with 1 pM NSC745885 before pH 6.8 (for
OGR1) or pH 5.5 (for other genes) HEPE/MES buffer, followed by
detection of calcium level. ***p <0.001, (+) 885 vs (—) 885 (0 pM)
by one-way ANOVA

and IL-6 the later maintenance stage (> 12 weeks). In the ini-
tial stage, the number of synovial macrophages and intimal
fibroblast-like synoviocytes (CD68* cells) was increased to
trigger inflammation and pain, then in the transition stage,
the number of anti-inflammatory and repair macrophages
(CD163" cells) was greatly increased to reduce inflamma-
tion and joint damage. With RA progression, the number of
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Fig.6 NSC745885 reduces mechanical hyperalgesia in RA mice.
Mice were treated as in Fig. 1. a After 4 weeks, mice were intraperi-
toneally injected with different doses of NSC745885 (160, 300 pg/
kg), then underwent mechanical behavior tests with von-Frey fila-
ments. **p<0.01, ***p<0.001, NSC745885 vs vehicle by one-way
ANOVA. b Severity of arthritis is presented as arthritis scores. ¢, d
For long-term treatments, vehicle (n=6), 300 pg/kg NSC745885
(885, n=5) or 3 mg/kg tofacitinib (Tofa, n=3) was intraperitoneally

CD163" cells (M2 macrophages) was decreased, but that
of CD807 cells (M1 macrophages) was increased, thereby
resulting in chronic inflammation and pain (Fig. 10a). Here
we identified a potential compound, NSC745885, that inhib-
ited TDAGS function and expression, which reduced syno-
vial inflammation, joint damage, and associated pain. Such
effects were probably attributed to reduced cytokine levels
(TNF-a, IL-17 and IL-6) and the switch of M1/M2 polari-
zation (Fig. 10b), which implies that TDAGS regulates RA
disease severity and pain by modulating M1/M2 polarization
and cytokine levels at different stages.

RA is a systemic inflammatory disease. How and when
the acute inflammation becomes systemic, chronic inflam-
mation is important to dissect the RA pathogenesis. Resolu-
tion of inflammation is an active process, and the inability
to resolve acute inflammation may lead to a chronic inflam-
matory state. The role of macrophages in RA is increas-
ingly appreciated. Consistent with a previous study finding
a correlation of synovial macrophage number with disease
activity [38], we found that synovial CD68" cell number was
greatly increased from week 4, peaked at week 8, then was
maintained until week 12.

Weeks 1 to 4 may represent an acute stage for RA devel-
opment. At this stage, severe proliferation of synovio-
cytes and macrophages causes hypoxia, which prolongs

administered weekly for 9 consecutive weeks. Mechanical tests were
performed 90 min after compound injection every week from week
4. Data are mean+SEM of total tested mice. *p<0.5, **p<0.01,
*#%p <(0.001, vehicle- vs NSC745885-treated at 90 min; #p<0.5,
#p<0.01, ¥ p<0.001 vehicle- vs tofacitinib-treated at 90 min by
two-way ANOVA. Black arrows are CFA treatments and white
arrows are compound treatments

macrophage survival [35] and affects macrophage polari-
zation. An acute hypoxia environment favors M2 mac-
rophage polarization, but chronic hypoxia triggers M1
polarization [33]. In agreement, we found the number of
M2 macrophages (CD163%) increased from week 4, peaked
at week 8, and then decreased at week 12. In contrast, the
number of M1 macrophages (CD80") started to increase
from week 8 and especially at week 12. The initial inflam-
matory stage (1-4 weeks) may cause acute hypoxia to trig-
ger M2 polarization from week 4. M2 macrophages induce
anti-inflammatory/pro-resolving and tissue-repair actions
to resolve inflammation (4-8 weeks). Indeed, in our mouse
model, pannus and bone erosion were slightly decreased at
week 8 [18], probably due to the action of M2 macrophages.
If inflammation is not resolved, then prolonged hypoxia
(> 8 weeks) favors M1 polarization and survival to lead to
chronic inflammatory disease (> 12 weeks). The ratio of M1
to M2 macrophages was higher in the beginning of RA, then
declined at week 4, gradually returned at week 8, and was
maintained at a high level at week 12. The changes in M1/
M2 polarization indicated the transition from the acute to
chronic state of inflammation.

Corresponding with macrophage actions, TNF-a is a mas-
ter cytokine released by monocytes/macrophages at an acute
state to induce other pro-inflammatory cytokines (IL-18,
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Fig. 7 Histology of ipsilateral side joints in compound-treated RA
mice. Mice were treated as in Fig. 6¢c. Histology samples of joints
from vehicle-, tofacitinib- or NSC745885-treated mice at week
12 stained with hematoxylin and eosin are shown in (a). Data are

IL-6) [4, 28]. We found TNF-a as the first cytokine to regu-
late RA progression in our RA mice, and the action of IL-6
appeared after TNF-a. In a previous study of patients with
pre-RA (early RA) and established RA [24], TNF-a levels
were slightly higher in pre-RA patients, but IL-6 levels were
significantly increased in established RA patients. Consist-
ent with Kokkonen et al. [24], we found high TNF-a levels
at week 4, which then declined. IL-6 levels were gradually
increased from week 4 after TNF-a levels peaked. IL-6
expression became dominant at week 12 to maintain the
chronic state. IL-6 production was consistent with previous
suggestions that IL-6 acts on both acute and chronic phases
of inflammation [11]. A previous study found high serum
IL-6 level only in RA patients but not in other inflammatory
arthritic patients [17]. Therefore, serum IL-6 level is a good
indicator of chronic inflammation. In our RA mouse model,

@ Springer

mean+SEM severity score for pannus (b), bone erosion (c), and
cartilage damage (d). ***p<0.001, vehicle vs compound-treated;
###15 <0.001, tofacitinib- vs NSC745885-treated by one-way ANOVA

serum IL-6 level was high at 12 weeks, which suggests that
RA mice were in a chronic inflammatory state at 12 weeks.

TNF-a and IL-6 are also associated with the development
and expansion of Th17 cells that produce IL-17; IL-17 also
facilitates TNF-a and IL-6 secretion [5, 25]. As expected,
we found the highest IL-17 levels at 8 weeks after TNF-a
level peaked and IL-6 expression was induced, then IL-17
level declined at 12 weeks. These data agree with Kokkonen
et al. [24] of high IL-17 level in pre-RA but not established
RA patients. In the Kokkonen et al. study, RA progression
was divided into only two stages: early and established RA.
Both TNF-a and IL-17 levels were high in early RA, but
IL-6 levels were high in established RA. According to this
model, 1- to 12-week RA mice are in the early RA stage,
but > 12-week RA mice are in established RA. In the RA
mouse model, we could further divide the early RA stage
into the acute stage and transition stage, with established



Molecular Biology Reports (2020) 47:3423-3437

3433

Fig. 8 Histology of ipsilateral A
side joints stained with mac-
rophage markers in compound-
treated RA mice. Mice were
treated as in Fig. 6¢c. Histology
samples of joints from control
(ctrl, without CFA injection),
vehicle-, tofacitinib (Tofa)- or
NSC745885 (885)-treated =
mice at week 12 stained with le
anti-CD68 (b), -CDS80 (c), or

Inflamed joint

CD 80+ CD 163+

-CD163 (d) antibodies. Syno- Vehicle | 4 & 3
vial sublining regions are shown
in (a). Data are mean + SEM
cell density (cells/mm?)
(b—d). * p<0.05, **p<0.01, e
*#%p <0.001, ctrl vs treated /
group; #p <0.05, ##p <0.01, Tofa =
###p <0.001, compound- vs
vehicle-treated group by Mann—
Whitney U test. Black arrows o
are labeled cells. e Ratio of M1 Gty
to M2 macrophages at week 885 L
12 for vehicle-, tofacitinib- or L . .
NSC745885-treated mice & ‘{‘f
B CD68+ C CD80+
@ 2000 - 10000 - Py
§ T 1500 3 -
. ‘E 1 een 9 3 7500 - o4
- - *ekk
§ 2 1000 - # 2 E 5000 - i
2% # [ Rk
g o * 23
3~ 500 - * E o 2500
= '
n [ 3 [
0 | s | Ll 0 1=
ctrl  Vehicle Tofa 885 Ctrl  Vehicle Tofa 885
D CD163+ M1/M2 gcbp163
2000 - 150 - mCD80
')
o #itH
O g 1500 - *dkdk —~ 100 -
S E S
8 2 1000 o
E g Rk # Ti 50 -
3 500 - . [
ol [l 0.
Ctrl  Vehicle Tofa 885 Vehicle Tofa 885

RA the maintenance stage (Fig. 10). TNF-« is the master
cytokine regulating the acute state, IL-7 controls the tran-
sition state, and IL-6 is responsible for the maintenance
state. During the transition, the ratio of M1 to M2 mac-
rophages was low, reflecting their functions in the resolution
of inflammation and chronic development of inflammation.

TNF-a, IL-17 and IL-6 all directly or indirectly regulate
nociceptors, thereby contributing to pain [1, 3, 8, 9, 16, 29,
34]. Pro-inflammatory macrophages are also involved in
pain via cytokine actions. The use of leukapheresis therapy
in severe RA to remove active monocytes lowers cytokine

production [13]. Arthritis in animals is ameliorated by deple-
tion of CCR2" monocytes by using anti-CCR2 monoclonal
antibodies or macrophages by using clodronate-containing
liposomes [2, 43]. Intraperitoneal injection of clodronate
to remove macrophages also inhibits mechanical and ther-
mal hyperalgesia [31]. Thus, macrophage and continuous
cytokine actions may explain why long-lasting pain accom-
panies RA. In agreement with this hypothesis, NSC745885
treatment attenuated the mechanical hyperalgesia due to
inhibition of increased cytokine levels at different stages and
the decrease in ratio of M1 to M2 macrophages. Pannus,
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Fig.9 Serum levels of TNF-a, IL-6 and IL-17 in NSC745885-treated
or untreated RA mice. Mice were treated as in Fig. 6¢c. Blood sam-
ples were taken from NSC745885-treated or untreated RA mice at
week 0, 4, 8, 12 to measure serum levels of TNF-a (a), IL-17 (b),
and IL-6 (¢). *p<0.05, **p<0.01, ***p<0.001, O vs 4, 8, 12 weeks;
#p<0.05, #p <0.01, 885(+) vs 885(=) by two-way ANOVA
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bone erosion, and cartilage damage were also reduced with
NSC745885 treatment.

NSC745885 specifically inhibited TDAGS8 expression
and TDAGS8-mediated signaling. TDAGS8 deletion or sup-
pression attenuates RA progression and pain [18], so the
NSC745885-mediated inhibitory effect could be due to
blocking TDAGS8 expression and function. Given that
TDAGS is expressed in nociceptors, macrophages, T cells,
and microglia [19, 22, 26, 30], blocking TDAGS expres-
sion and function may have direct effects on nociceptors to
inhibit pain signals and indirect effects via immune cells
to reduce pain signals. Blocking TDAGS expression and
function continuously inhibited different cytokines, thereby
resulting in long-lasting inhibition of mechanical hyperal-
gesia. TDAGS8 could be a potential drug target for future
therapeutic development.

Conclusions

This study demonstrated that TNF-a, IL-17 and IL-6 regu-
lated different stages of RA progression in the animal model.
TNF-a (peak expression at 4 weeks) was the master cytokine
for the acute stage, IL-17 (peak expression at 8 weeks) was
responsible for the transition stage, and IL-6 (peak expres-
sion at 12 weeks) maintained the chronic state. In the acute
stage, initial inflammation and severe proliferation of syn-
oviocytes and macrophages caused the acute hypoxia that
favored M2 macrophage polarization in the transition
stage and reduced the ratio of M1 to M2 macrophages.
In the chronic state, the long-lasting hypoxia favored M1
macrophage polarization and increased the ratio of M1 to
M2 macrophages, thereby contributing to RA progression.
NSC745885 continuously blocked different cytokines and
reduced the ratio of M1 to M2 macrophages, attenuating
long-lasting mechanical hyperalgesia. NSC745885 action
was via blocking TDAGS8 expression and function. This is
the first study to provide evidence that TDAGS regulates dif-
ferent pro-inflammatory cytokines and M1/M2 macrophage
polarization to control RA progression and pain. TDAG8
could be a potential drug target for the development of thera-
peutic treatments.
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Fig. 10 A putative model of RA progression modulating by temporal
expression of distinct cytokines and M1/M2 macrophage polariza-
tion. a In the initial acute stage (1-4 weeks) of RA, synovial mac-
rophages and intimal fibroblast-like synoviocytes (CD68* cells)
proliferate and together with infiltrated pro-inflammatory (M1)
macrophages secrete TNF-o, triggering inflammation and pain.
The ratio of M1 to M2 macrophages is high. In the transition stage
(4-12 weeks), anti-inflammatory and repair macrophages (CD163*
cells) are largely increased to promote the resolution of inflamma-
tion and ameliorate the disease severity. The ratio of M1 to M2 mac-
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