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regulatory T cell (Th17/Treg) imbalance and osteoclastogenesis. In this study,
CYT 387 inhibited the proliferation of Th17 cells and collectively relocated
FoxP3 + Treg cell differentiation in vitro. CYT387 mitigated the secretion of
pathogenic IL-17 via reduced ROR-yt expression and restored the elevated
expression of IL-10 by increasing FOXP3 activity. Alternatively, CYT387
abrogated RANKL expression and significantly increased osteoprotegerin
levels by reducing SOX-5 activity. Furthermore, in a co-culture system of IL-6
and sIL-6R stimulated adjuvant-induced arthritic fibroblast-like synoviocytes
and monocytes/macrophages collected from rat bone marrow, CYT387
reduced osteoclast formation and bone resorptive activity. In conclusion,
CYT387 modulated IL-6/sIL-6R dependent JAK1/STAT3 activation and
signaling mechanisms in CD4+T cells under Th17 differentiation conditions
and osteoclast cells via dampened activation of SOX-5.

Introduction

(Th17) cells from CD4+ T cells (Van Hamburg and Tas

Rheumatoid arthritis is a musculoskeletal autoimmune
disorder that is well-interplayed and methodically
managed by a network of innate and adaptive immune
cells centered at the synovial joint (McInnes et al., 2016;
Kondo et al., 2021). These cellular components infiltrate
the synovium and communicate further, resulting in
increased production of cytokines that favor inflamma-
tion and pannus development, causing irreversible joint
deformity. Among these, extensive studies have eluci-
dated the delirious involvement of T cells as crucial
cellular components in perpetuating the pathophysio-
logy of rheumatoid arthritis (Toh and Miossec, 2007).

Convincing reports have established the detrimental
role of interleukin-6 (IL-6), an indispensable cytokine in
the lineage commitment of inflammatory T helper 17

2018). In the presence of a descent-specific transcript-
tional factor, retinoic-acid-related orphan nuclear
receptor (RORyT), this pathogenic variant of T cells
perpetuates the disease via the profound release of
inflammation-mediating interleukin-17 (IL-17) cytoki-
nes (Kotake et al., 2017). In line with IL-6, interleukin-23
(IL-23) interacts with interleukin-23R (IL-23R) and
maintains clonal expansion of the cell. This clonal
propagation later promotes the release of various
inflammatory mediators involved in bone and cartilage
destruction (Kim et al., 2013). However, this increased
percentage of Th17 cells is compensated for by decrea-
sed regulatory T cell (Treg) differentiation (Noack and
Miossec, 2014). Elevated IL-6 levels in the rheumatoid
synovium distort the Th17/Treg balance and conse-
quently inhibit the activation of forkhead box P3
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(FOXP3), causing a scarcity of autoimmunity resisting
regulatory T cells via abated IL-10 expression (Jiang et
al, 2021). A dysregulated Th17/Treg cell balance
appears crucial in demonstrating a constellation of
rheumatoid arthritis symptoms (Kimura and Kishi-
moto, 2010; Bin Dhuban et al., 2019). As a result, Th17/
Treg cell imbalance serves as a prime hotspot for vali-
dating crucial targets in rheumatoid arthritis.

In addition to the disproportionate stability of Th17 and
Treg cells, IL-6-driven bone resorption activity and
osteoclastogenesis via up-regulation of receptor activa-
tor of nuclear factor xB ligand (RANKL) and shrunken
osteoprotegerin levels are also one of the indicated
features of rheumatoid arthritis (Wu et al, 2017).
RANKL, an evaluative marker of bone damage released
from fibroblast-like synoviocyte (FLS) cells, interacts
with the receptor RANK exhibited on the precursor
osteoclast cells. This interaction enhances the formation
of tartrate-resistant acid phosphatase (TRAP+) osteo-
clast cells, which enhance bone resorption activity in
rheumatoid joints (Hashizume et al., 2008).

Intriguingly, under inflammatory conditions, IL-6
initiates trans-signaling with its soluble receptor (sIL-
6R) and significantly increases Th17 cell differentiation.
Moreover, cells such as FLS also mediate pro-infla-
mmatory activities in the rheumatoid arthritis syno-
vium via IL-6 trans-signaling. Later, this IL-6/sIL-6R
complex aberrantly activates the JAK/STAT path-way
and finally constrains immune responses (Jones et al.,
2010). However, the increased functionality of T cells is
also attributed to IL-6-mediated unrestrained activation
of the JAK/STAT-3 signaling cassette. Fur-ther
scientific studies have confirmed STAT-3 modulated
genetic changes in CD4+T cells, which causes differen-
tiation into the pathogenic phenotype, Th17 (Yang et al.,
2007). Studies have also demonstrated the formation of
a high number of Th17 cells via JAK-1 activation upon
downregulation of suppressor of cytokine signaling
(SOCS)-3. SOCS-3, a negative feed-back inhibitor of the
JAK/STAT pathway, regulates signaling magnitude
(Chen et al., 2015). Nevertheless, the exact mechanism
of activation of the downstream targets of IL-6/sIL-6R/
JAK-1/STAT-3 responsible for Th17-derived pathogeni-
city and osteoclastogenesis has not been clearly defined.
c-Maf and SOX-5 were up-regulated in the IL-6 micro-
environment. Subsequently, this complex induces
RORYT expression and plays a significant role in Th17
differentiation, thus contributing to diverse pathologies
in rheumatoid arthritis (Tanaka et al., 2014). Conse-
quently, scientific data reveals that SOX-5 in an IL-6/
sIL-6R environment shows a stronger affinity for the
RANKL promoter (Feng et al., 2016). Collectively, these
data revived the interest in studying IL-6 trans-
signaling and SOX-5 mediated abnormalities within the
rheumatoid arthritis microenvironment. Moreover,
establishing the molecular mechanism linking SOX-5
with Th17 cell differentiation and osteoclast formation

in an IL-6/sIL-6R-dependent manner might help
decode a novel therapeutic strategy to cure rheumatoid
arthritis.

Currently, agents in the armamentarium are small
molecular inhibitors that target the JAK/STAT signal-
ing axis and have greatly expanded the spectrum of
treatment strategies. Among them, a Janus kinase small
molecule inhibitor, momelotinib (CYT387), has been
shown to compete with JAK-1/JAK-2 for ATP binding,
resulting in JAK1/2 inactivation (Tefferi et al.,, 2018).
CYT387 has also been extensively studied for its anti-
cancer properties. Consistent with this, CYT387 also
halted the ACVR1-hepcidin axis, which mitigated hep-
cidin and iron levels, causing a significant improvement
in rheumatoid arthritis-linked anemia in an arthritic rat
model (Tymoszuk et al., 2020). Importantly, in murine
models of myeloproliferative neoplasms, CYT387 abro-
gates the secretion of inflammatory cytokines (Gupta et
al., 2017; Verstovsek et al., 2021). In connection with
these findings, the previous report from our lab
substantiated the anti-arthritic capacity of CYT387 in an
adjuvant-induced arthritic rat model of rheumatoid
arthritis (Srivastava et al., 2021). Presumably, no mecha-
nistic validation exists for CYT387 anti-inflammatory
and anti-arthritic efficacy in modulating IL-6/sIL-6R, an
arbitrated pathological function of IL-17-secreting Th17
cells. Moreover, CYT387 efficiency of RANKL-mediated
osteoclastogenesis remains unexplored. Therefore, the
current study aimed to elucidate the therapeutic capa-
bility of CYT387 in restoring the Th17/Treg balance, as
well as an anti-bone resorptive agent, to further explore
the rudimentary mechanism of action of CYT387 in
rheumatoid arthritis.

Materials and Methods
Reagents

MedChem Express (USA) provided CYT387 (momelo-
tinib) and S31-201, a STAT-3 inhibitor. Interleukin- 6 (IL
-6) was purchased from Immunotools, and its soluble IL
-6 receptor (sIL-6R) was obtained from Peprotech. Fetal
bovine serum (FBS), antibiotic solution, collagenase of
type 1, and Dulbecco's modified Eagle's medium
(DMEM) were provided by Sigma-Aldrich, USA. Pri-
mary antibodies against JAK-1, STAT-3, p-JAK-1, p-
STAT-3, IL-23R, c-Maf, SOCS-3, SOX-5, RANKL, IL-17,
and P-actin, and anti-rabbit secondary antibody conju-
gated with HRP were acquired from ABclonal (USA).
RORyT and FOXP3 were obtained from BioLegend.
Santacruz Biotechnology provided the anti-IL-10 and
anti-osteoprotegerin primary antibodies.

Animal model

Wistar albino rats (n = 6) of either sex were used in this
experiment. The animals were provided by the in-house
animal facility at the Vellore Institute of Technology,
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India. The animals were 8-10 weeks weighing around
(150-180 g). To minimize stress-related behavior, ani-
mals were housed in a compatible pair. These experi-
mental animals were primarily housed in cages with
smooth surfaces and minimal angles and edges to avoid
accumulating dirt and debris and facilitate sanitation.
The animals were kept under a cycle of 12 hours of light
and dark at controlled temperatures ranging between
22 and 24°C in a clean environment. Before the experi-
ment, the animals were given the recommended rodent
food along with water.

After acclimatization, arthritis was induced using com-
plete Freund’s adjuvant (Sigma-Aldrich, USA) in
experimental animals. Complete Freund’s adjuvant was
suspended at a concentration of 10 mg/mL in sterile
paraffin oil and intradermally injected into the right
footpad of experimental rats. Body weight and paw
thickness were assessed periodically to determine
disease severity.

Isolation of CD4+T cells

On the 21st day after induction, the animals were
sacrificed via cervical dislocation. CD4+ T cells were
isolated from the spleen and lymph nodes of adjuvant-
induced arthritic rats using the EasySep™ kit, accor-
ding to the manufacturer's protocol (STEMCELL
Technologies, Canada). The cells were later stimulated
with anti-CD3 (0.5 pg/mL) and anti-CD28 (1 pg/mL)
(BD Biosciences, USA). Roswell Park Memorial Insti-
tute 1640 medium (Sigma-Aldrich, USA) was used to
culture the cells for future analysis. Brefeldin A (10 pg/
mL) (BioLegend, USA) treatment for 4 hours was used
to inhibit the secretion of cytokines. For differentiation
of Th17 cells, splenocytes were stimulated with TGF-f
(2 ng/mL) and IL-6 or IL-6/sIL-6R (20 ng/mL) micro-
environment followed by IL-23 (6 ng/mL) stimulation.

Purity analysis of CD4+ T cells

Isolated T cells from the spleen and lymph nodes of
arthritis-induced rats were assessed for purity by stain-
ing for specific CD4 cell surface markers. The isolated T
cells were trypsinized and washed with freezing flow
cytometry staining buffer (FACS buffer) (1% BSA in
PBS). Further, the cells were incubated in the dark for
30 min at 4°C with FITC conjugated CD4+ antibody
(BioLegend, USA). Stained cells were analyzed using a
CytoFLEX Flow Cytometer (Beckman Coulter, USA).

MTT Assay

Isolated adjuvant-induced arthritic (AA) CD4+T cells
seeded in 96 well plates were treated with CYT387 at
dosages ranging between 0.1 -2 uM. Dimethyl sulfoxide
at a 100% concentration was used as a positive control.
Following incubation for 24 hours, 3-(4,5-dimethyl-
thiazolyl)-2,5-diphenyltetrazolium bromide (MTT) (Sig-
ma) (20 pL/well) stock reagent (5 mg/mL dissolved in
PBS) was added and incubated for 4 hours. After

incubation, formazan crystals were solubilized by
adding 100 pL dimethyl sulfoxide. The absorbance was
read at 570 nm. The live cells treated with CYT387 at
different concentrations are shown as percentages com-
pared to 100% of the control value.

Primary culture of isolated fibroblast-like
synoviocytes (FLS) cells

FLS cells were isolated from normal and adjuvant-
induced arthritic (AA) rats after inducing 0.1 mL of
complete Freund's adjuvant. Until the 20t day, the
severity of the disease was recorded systematically. On
day 21, after examination, the knee joints were excised
from the experimental rats and dissected to obtain
synovial tissues in a clean environment. After dissec-
tion, a single-cell suspension was obtained by enzyme-
tic digestion with 0.4% type II collagenase in DMEM
supplemented with 5% FBS at 37°C for 4 hours. After
incubation, the cell suspension was centrifuged and the
pellet was resuspended in DMEM supplemented with
10% FBS, 100 units/mL penicillin and 100 pg/mL strep-
tomycin. Subsequently, the cells were incubated in a
T25 culture flask in a humidified CO» incubator at 37°C.
The following day, the floating cells were removed, and
the adherent cells were given prior conditions, as
stated. FLS cells between passage numbers 5 and 9 were
used for further experimentation.

Purity analysis of AA-FLS cells

FLS cells isolated from experimental arthritis rats were
screened for purity by evaluating the expression of the
surface marker CD90.2. At the fourth passage, the iso-
lated AA-FLS cells were trypsinized and washed with
freezing FACS buffer (1% BSA in PBS). Following wash-
ing, the cells were kept in the dark for 30 min at 4°C
with FITC-conjugated CD 90.2 monoclonal antibody
obtained from Biolegend (USA). Finally, the stained
cells were analyzed for CD90.2.

In vitro cell culture treatment

CD4+T cells collected from the spleen and lymph nodes
of arthritis-induced rats were stimulated with Th17-
polarizing conditions of IL-6 or IL-6/ sIL-6R, TGF-{, IL-
23 for 72 hours. After 72 hours incubation, the cells
were treated with different doses (0.25 and 0.75 pM) of
CYT387 or left untreated for the next 24 hours. Unless
otherwise mentioned, S31-201 (50 uM), a STAT3 inhibi-
tor, was added to cells before IL-6/ sIL-6R stimulation.
To study osteoclastogenesis, AA-FLS were stimulated
with or without IL-6/sIL-6R (100 ng/mL) for 24 hours.
After stimulation, cells were treated with CYT387 (0.25
and 0.75 pM) or left untreated for another 24 hours. S31I-
201 (50 pM), a STAT3 inhibitor, was added to the cells
24 hours prior to IL-6/sIL-6R stimulation. Similarly,
treated AA-FLS cells were co-cultured with bone
marrow-derived macrophages for TRAP and pit assays.

Western blot analysis
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After treatment, the cells were harvested and lysed
using cold radioimmunoprecipitation assay buffer with
a protease inhibitor cocktail (Sigma, USA). The Brad-
ford kit (Bio-Rad, USA) was used to estimate total pro-
tein levels. The lysate (30 ug per lane) was then electro-
transferred onto polyvinylidene difluoride membranes
(Amersham Pharmacia Biotech, Sweden) using a trans-
blot turbo, a semi-dry transfer unit (Bio-Rad, USA)
within 20 min of being subjected to sodium dodecyl
sulfate-polyacrylamide gel electrophoresis. The transfer
of protein lysate was confirmed by incubating the
polyvinylidene difluoride membrane with Ponceau
staining for 5 min. Following transfer confirmation via
staining, the membranes were kept overnight in a
blocking buffer (5% BSA prepared in tris-buffered
saline tween-20 (TBST) at 4°C. Subsequently, the mem-
branes were incubated with targeted primary anti-
bodies overnight at 4°C and then incubated for 2 hours
at room temperature with HRP-conjugated secondary
antibody (1:10,000 dilution). Specific primary antibodies
to total JAK-1, total STAT-3, phosphorylated JAK-1,
phosphorylated STAT-3, c-Maf, IL-23R, SOX-5, SOCS-3,
IL-17, IL-10, RORYT, FOXP3, RANKL, osteoprotegerin,
and P-actin were used. After incubation using the
improved chemiluminescence solution from Millipore
(USA), the membranes were developed and photo-
graphed using a gel documentation system (Bio-Rad,
USA). The expression of all proteins was normalized to
their respective totals, p-actin, and quantified using
Image ] software [version 1.48 (Wayne Rasband, USA)].

Real-time polymerase chain reaction (JRT-PCR)
analysis

TRIzol reagent (Sigma-Aldrich) was used to extract the
entire RNA according to the manufacturer's protocol.
cDNA was synthesized using a reverse transcription
326 cDNA kit (Applied Biosystems, USA). Subsequent-
ly, cDNA was analyzed using an EvaGreen Supermix
PCR kit (Bio-Rad, USA). The NCBI primer BLAST tool
was used to design the primers. Sigma Aldrich, USA
provided the designed primers. The cycling conditions
required for qRT-PCR analysis were as follows: 95°C for
15 min, followed by 94°C for 15 sec, then 40 cycles of
60°C for 30 sec, and finally 72°C for 30 sec. The relative
expression levels of the specified genes were norma-
lized to GAPDH using the 2-AACt method.

Isolation of bone marrow-derived macrophages

Bone marrow-derived macrophages with diminutive
changes were obtained from Wistar albino rats, as
previously mentioned. Briefly, the long femur bones
were excised and the entire bone marrow was drained
using a 25-G needle onto a sterile petri plate containing
5 mL of DMEM. Red blood lysis buffer for 30 sec at 37°
C to remove red blood cells, followed by centrifugation.
The collected cells were suspended in DMEM supple-
mented with 10% FBS, 25 ng/mL macrophage colony-
stimulating factor along 2 mM L-glutamine, 100 U/mL

penicillin, and 100 pg/mL streptomycin for three days.
Staining for TRAP+ osteoclast cells

For osteoclast differentiation, AA-FLS cells, post-treated
with/without CYT387 (0.25 and 0.75 uM) and pre-treat-
ed with S31-201 (50 uM), respectively, for 24 hours after
stimulation or with/without IL-6/sIL-6R (100 ng/mL)
for 24 hours co-cultured for 7 days with rat bone
marrow-derived macrophages in quantity tissue cultu-
res plates. After 7 days of incubation, TRAP+ osteoclast
cells were observed using an acid phosphatase leuko-
cyte kit (Sigma-Aldrich), according to the manufac-
turer's instructions. TRAP+ multinucleated cells with
more than three nuclei were taken as mature osteoclasts
and quantified at 40x magnification using an inverted
microscope (Olympus America, USA). Three random
areas in each group were visualized at 10x magnifica-
tion for TRAP+ osteoclast cells to represent graphically.

Pit formation assay

AA-FLS cells, post-treated with/without CYT387 (0.25
and 0.75uM) and pre-treated with S31-201 (50 puM),
respectively, for 24 hours after stimulation with/
without IL-6/sIL-6R (100 ng/mL) for 24 hours were
cocultured with rat bone marrow-derived macrophages
in corning osteo-assay surface 24-well plate. The plate
provides a smooth mineralized surface that mimics the
bone material. After 7 days of co-culture, the cells were
exhausted by incubating with 100 pL of 5% sodium
hypochlorite for 5 min and kept at room temperature.
The plates were then washed twice with PBS and dried
for 5 hours. An inverted microscope (Olympus, USA) at
40x magnification was used to capture the resorption
pits formed by functionally mature osteoclasts. The
number of resorption pits in three different areas was
counted and averaged.

Statistical analysis

Data from three independent experiments are presen-
ted as mean + standard error of the mean (SEM). For
significant statistical differences between different expe-
rimental groups, one-way analysis of variance
(ANOVA) was performed, followed by Bonferroni
multiple comparison post-test. Statistical analysis was
performed using SPSS software (version 15.0; IBM SPSS
Statistics, USA) to check for statistical analysis where a
p-value <0.05 was taken as statistically significant.

Results
CYT387 on arthritic CD4+T cell viability

CD 4 + T cells were isolated from the spleen and lymph
nodes of arthritis-induced rats using the EasySep™ rat
CD4+T cell isolation kit (STEMCELL Technologies,
Canada) as per the manufacturer’s procedure. Follow-
ing isolation, the cells were analyzed using flow cyto-
metry to determine the purity of the CD4 markers and
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Figure 1: Effect of CYT387 treatment on CD4+ T-cell viability. CD4+ T cells were analyzed using flow cytometry to determine the
purity of the CD4 markers (A). The viability of arthritic CD4+ T cells following treatment with the indicated concentrations of
CYT387 for 24 hours was estimated using MTT assay (B). All error bars represent the mean = SEM (n=3). 2p<0.001 compared to

control

the results demonstrated >95% stained positive for the
CD4+T cell population (Figure 1A). The MTT assay
determined the cytotoxicity of CYT387 on adjuvant-
induced arthritic (AA) CD4+T cell viability after treat-
ment for 24 hours. CYT387 concentration between 0.1 to
0.75 uM did not critically influence the viability of
arthritic CD4+T cells. However, treatment with a higher
level of CYT387 20.75 pM markedly reduced the viabi-
lity of arthritic CD4 + T cells (p<0.001) (Figure 1B).
Therefore, for further experiments, CYT387 concentra-
tions of 0.25 and 0.75 uM were selected.

Effect of CYT387 on Th17/Treg cell-related cytokines

To determine the inhibitory mechanism of CYT387 at
the in wvitro level on Thl7 differentiation, isolated
arthritis CD4+ T cells from the spleen and lymph nodes
were grown in a Th17- differentiation environment of
IL-6 or (IL-6/sIL-6R), TGFf, IL-23 for 72 hours and later
treated for 24 hours in the presence and absence of
CYT387. sIL-6R stimulation along with Thl7 skewing
conditions in CD4+ T cells increased the levels of IL-17
and reduced the levels of IL-10 compared with cells
under Th17 skewing conditions of IL-6, TGFp, and IL-
23 only. However, CYT387 at a higher concentration
(0.75 pM) notably modulated the expression of Th17/
Treg cell-related cytokines at both the mRNA and
protein levels. To confirm differentiation, IL-17 mRNA
showed reduced expression, whereas IL-10 mRNA
levels were increased under the given conditions
(Figure 2A). Likewise, the protein level of IL-17 demons
-trated a similar decrease with elevated IL-10 protein
levels (Figure 2B). Similarly, S31-201 (STAT-3) inhibitor
treatment demonstrated results similar to those obser-
ved for CYT387 at 0.75 pM dosage.

Effect of CYT387 on Th17/T reg cell differentiation

A skewed Th17/Treg cell balance has been implicated
in disease progression and maintenance of inflamma-
tion. RORyT, a master transcription factor, is over-
expressed under Th17 differentiation conditions (Kimu-
ra and Kishimoto, 2010). As shown in Figure 3, sIL-6R
stimulation along with Th17 skewing conditions in

CD4+ T cells from experimental arthritis rats increased
the activation of RORYT when compared with cells
stimulated with Th17 skewing conditions of IL-6, TGFf,
and IL-23 only. Interestingly, CYT387 treat-ment at 0.75
pPM dosage exhibited the maximum inhibitory capacity
on RORyT activation downstream of IL-6 trans-signa-
ling and further promoted the differentiation of FOXP3
Treg cells. To confirm the differentiation of Treg cells,
the mRNA (Figure 3A) and protein (Figure 3B) levels of
FOXP3 were estimated. In sIL-6R stimulated group
with Th17 differentiation, there was a decline in FOXP3
levels when compared to the cells stimulated with Th17
skewing conditions of IL-6, TGFP, IL-23 only and
CYT387 treated groups. CYT387 at a higher dose (0.75
PM upregulated FOXP3 mRNA and protein expression
inside the cell. Correspondingly, S31-201 (STAT-3 inhi-
bitor) reduced RORyT and elevated FOXP3 mRNA and
protein expression like CYT 387 at 0.75 pM concentra-
tion.

CYT387 inhibits IL-6/sIL-6R mediated IL-23R
expression

The expression of Th17-related molecule, IL-23R in res-
ponse to sIL-6R and Thl7 polarizing conditions was
analyzed. However, to determine whether CYT387 can
enervate the IL-6/sIL-6R regulated level of IL-23R,
isolated CD4+ T cells from experimental arthritis rats
were stimulated with sIL-6R along with Th17 inclining
conditions and subsequently dosed with varying
concentrations of CYT387. As shown in Figure 4, sIL-6R
stimulation of T cells under Th17 differentiation condi-
tions increased the expression of IL-23R when com-
pared with the traditional Th17 polarizing conditions of
IL-6, TGFp, and IL-23 only. Principally, a higher dose of
CYT387 (0.75 uM) declined IL-23R protein expression as
evidenced by western blot analysis. Simultaneously, the
STAT-3 inhibitor showed similar results as CYT387 at
0.75 pM concentration.

Role of CYT387 in IL-6/sIL-6R modified JAK-1/ STAT-3
activation in arthritic CD4+T cells

To understand the elementary mechanism at the
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molecular level through which CYT387 attenuates the magnitude of phosphorylated STAT-3 was incre-
CD4+ T cell differentiation to Th17, IL-6/sIL-6R was  mented in sIL-6R stimulated CD4+ T cells cultured
used to regulate the JAK-1/STAT-3 signaling pathway.  under Thl7 differentiating conditions compared with
As shown in Figure 4, sIL-6R stimulation of isolated  cells under Thl17 differentiation conditions of IL-6,
CD4+T cells from arthritis-induced rats under Th17  TGEFp, and IL-23 only. Remarkably, post-treatment with
differentiation conditions increased the phosphory-  CYT387 reduced STAT-3 phosphorylation and its
lation of activated JAK-1 compared with cells under  subsequent expression. Similarly, treatment with S3I-
traditional Th17 polarizing conditions of IL-6, TGFP, 201 abrogated the activation of STAT-3.

and IL-23 only. Interestingly, treatment with CYT387
(0.75 uM) abrogated JAK-1 phosphorylation, as shown
by immunoblotting. Moreover, CYT387 treatment
heightened the levels of SOCS-3. This later inhibited = SOX-5 and c-Maf play critical roles in the differentiation
STAT-3 activation. Next, the expression of total and  of the Th17 subset, and subsequently act as critical
phosphorylated STAT-3 was evaluated. As calculated, = downstream effector molecules of the JAK-1/STAT3

CYT387 modulates Th17/Treg cell balance via c-Maf -
SOX-5 activation in arthritic CD4+ T cells
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Figure 2: Effect of CYT387 on Th17/Treg cell related cytokines. The mRNA expression of IL-17and IL-10 were analyzed using
quantitative real-time PCR (A). Western blot analysis was performed to detect IL-17 and IL-10 protein expression (B). All error
bars represent the mean + SEM (n=3). ap<0.05; bp<0.01; ¢p<0.001, compared to arthritis CD4+T cells under Th17 differentiation
condition. 4p<0.05; ¢p<0.001 compared with sIL-6R stimulated arthritis
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Figure 3: Effect of CYT387 on Th17/Treg cell differentiation. mRNA expression of RORyT and FOXP3 was analyzed using quanti-
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tor gamma; FOXP3, Forkhead box P3

pathway in distorting the Th17/Treg imbalance (Tana-
ka et al.,, 2014). In the present study, a corresponding
increase in the quantity of c-Maf and SOX-5 (Figure 4)
proteins was observed in CD4+T cells isolated from
arthritis-induced rats stimulated with sIL-6R along with
Th17 polarizing conditions when compared to cells
stimulated only under Th17 polarizing conditions of IL-
6, TGFp, and IL-23 only. However, CYT387 treatment

(0.75 uM) resulted in reduced levels of c-Maf and SOX-5
in T-cells. This was concomitant with the activity of S31
-201 (STAT3) inhibitor.

CYT387 abates IL-6/sIL-6R modulated osteoclast
formation and bone resorption in AA-FLS cells

RANKL and its receptor RANK transform osteoclast
precursors, macrophages, into multinucleated TRAP+
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osteoclast cells and induce bone erosion in rheumatoid
joints. IL-6/sIL-6R demonstrates osteoclastogenic po-
tential by inducing the abundant release of RANKL by
FLS cells in patients with rheumatoid arthritis (Hashi-
zume et al.,, 2008). Accordingly, to explore the effec-

tiveness of CYT387 in inhibiting osteoclast formation
upon IL-6 and sIL-6R stimulation, the isolated AA-FLS
cells were phenotypically characterized. Upon purity
analysis, the specific FLS cell surface marker CD90.2
(Figure 5), co-culturing of cells was initiated. Thereafter,
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Figure 5: IL-6/sIL-6R modulated osteoclast formation and bone resorption in AA-FLS upon CYT387 treatment. TRAP+ multinu-
cleated cells containing three or more nuclei were marked as osteoclasts and counted using an inverted microscope. Magnification:
40x; Scale Bar: 20 pm (A). Bone resorption pits formed on the osteo assay plates were counted, and images were taken
(Magnification: 20x) using an inverted microscope (B). All error bars represent the mean = SEM (n=3). 2p<0.001, compared with
disease control AA-FLS+ bone marrow-derived macrophages cells. *p<0.01; ¢p< 0.001 compared to AA-FLS+ bone marrow-
derived macrophages cells stimulated with IL-6/sIL-6R. IL-6; interleukin- 6, sIL-6R; soluble interleukin-6 receptor, AA-FLS, adju-
vant-induced arthritis fibroblast-like synoviocytes; TRAP, tartrate-resistant acid phosphatase; BMM: bone marrow-derived macro-
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the osteoclast precursor cells were co-cultured with AA
-FLS and AA-FLS stimulated with IL-6/sIL-6R, IL-6,
and sIL-6R induced AA-FLS post-treatment with
CYT387 and IL-6 along with sIL-6R stimulated AA-FLS
where STAT-3 function was halted by the STAT-3
inhibitor, S31-201.

After a week of co-culture, an increased number of
TRAP+ polynuclear osteoclasts cells was determined by
TRAP staining assay in AA-FLS cells activated with IL-
6/sIL-6R. Treatment with CYT387 (0.75 pM) mitigated
IL-6 and sIL-6R-mediated osteoclastogenesis, as eviden-
ced by the decreased number of TRAP+ osteoclasts. In
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Figure 6: Expression of IL-6/sIL-6R mediated RANKL and osteoprotegerin via SOX-5 signaling in AA-FLS cells upon CYT387
treatment. (A) The mRNA expression of RANKL and osteoprotegerin was determined using quantitative RT-PCR analysis. (B)
Western blot analysis was performed to estimate RANKL and osteoprotegerin protein levels.

IL-6/5sIL-6R signaling-dependent SOX-5 activation in AA-FLS upon CYT387 treatment. (C) The mRNA expression of SOX-5 was
analysed using quantitative real-time PCR. (D) SOX-5 protein levels were confirmed using western blotting. All error bars repre-
sent the mean + SEM (n=3). ap<0.05; bp<0.001, compared with disease control AA-FLS cells. ¢p<0.01; 4p<0.001 compared to AA-
FLS cells stimulated with IL-6/sIL-6R

addition, TRAP-positive osteoclast numbers were dimi- ~ Next, a bone resorption assay was performed to con-
nished in AA-FLS, where S3I-201 abrogated STAT-3  firm CYT387 as an anti-bone resorptive agent. Simul-
activity (Figure 5). taneously, as depicted in Figure 5B, a significant num-
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ber of resorption pits were observed in AA-FLS stimu-
lated with IL-6 and sIL-6R upon co-culturing with
precursor osteoclast cells when compared with the
number of pits formed in unstimulated AA-FLS. How-
ever, treatment of CYT387 (0.75 pM) predominantly
curtailed the IL-6/sIL-6R mediated osteoclastogenic
instigating capacity in AA-FLS cells. Moreover, a close
depletion in resorbed areas was noted in STAT-3
inactivated IL-6 and sIL-6R stimulated AA-FLS cells
when co-cultured with precursor macrophage cells.

CYT387 represses IL-6/sIL-6R mediated RANKL and
osteoprotegerin levels via SOX-5 signaling in AA-FLS
cells

Scientific studies have shown a robust effect of IL-6 on
RANKL production in RA-FLS upon STAT3-SOX-5 acti-
vation (Feng et al., 2016). The present study highlighted
the anti-osteoclastogenic potential of CYT387 by quanti-
fying the levels of RANKL and osteoprotegerin. Con-
comitantly, IL-6 and sIL-6R stimulation increased the
amount of RANKL (Figure 6) and mitigated osteoprote-
gerin levels in AA-FLS, as seen by qRT-PCR and
immunoblotting. Where-as post-treatment of CYT387
(0.75 pM) reduced the RANKL level and heightened the
osteoprotegerin levels in AA-FLS. Interestingly, SOX-5
elevated mRNA and protein expression in AA-FLS cells
stimulated with IL-6/sIL-6R (Figure 6). Intriguingly,
post-treatment with CYT387 (0.75 uM), IL-6, and sIL-6R
regulated the expression of SOX-5, which was mainly
reduced in AA-FLS. Similar results were noted for
STAT-3-inactivated IL-6 and sIL-6R-stimulated AA-FLS
cells. Altogether, these reports demonstrate that CYT-
387 may halt the differentiation of precursor osteoclast
cells into mature osteoclasts, along with bone resorp-
tion activity.

Discussion

IL-6 targeted therapies were found to be highly effica-
cious in rheumatoid arthritis treatment but are often
associated with dysregulated adaptive immune respon-
ses (Dayer and Choy 2010; Avci et al.,2018). For exam-
ple, anti-IL-6 mADb, like tocilizumab, has achieved signi-
ficant commercial success but accounts for limitations
in clinical utility due to its complex molecular structure,
invasive route of administration, and tissue accumula-
tion (Shetty et al.,, 2014; Quartuccio et al., 2018). This
paves the way for more attentive and intriguing studies
exploring the inhibition of JAK activation to identify
potential therapeutic targets for rheumatoid arthritis.
JAK inhibitors have demonstrated better clinical effi-
cacy as a radical strategy to abate IL-6 modulated
aberrant activity in theumatoid arthritis. A recent study
demonstrated the anti-arthritic potential of CYT387, a
JAK1/2 inhibitor, in IL-6 trans-signaling directed fibro-
blast-like synoviocyte proliferation and migration
(Srivastava et al., 2021). Nonetheless, the effect of

CYT387 on the IL-6 trans-signaling-mediated dispro-
portion of Th17/Treg cells and osteoclast formation has
not been well explored. The present investigation high-
lights that CYT387 synchronically relocates the balance
towards autoimmunity, resisting Treg cells, compared
to their pathogenic variant, Th17 cells. Furthermore,
CYT387 prevented the differentiation of osteoclast
precursors and bone marrow macrophages into mature
osteoclasts. These findings may potentiate CYT387 as a
cornerstone of rheumatoid arthritis treatment.

Th17 cells are abundant in inflamed synovial joints and
aggravate the inflammatory phase of the disease by
activating various cells, such as macrophages and fibro-
blast-like synoviocytes, which later mediate proinfla-
mmatory responses (Samarpita et al., 2021). These
findings pave the way for the pathogenic involvement
of Th17 cells at an early stage of rheumatoid arthritis,
where a prominent cytokine, IL-17, which is noticeably
released by Th17 cells, has been reported at heightened
levels (Samarpita et al., 2021; Le Goff et al.,, 2019). It
plays an influential role in joint inflammation, pannus
growth, cartilage degradation, and bone lesions by
inducing the secretion of various inflammatory cyto-
kines along with cartilage and bone destruction
mediators. Moreover, elevated IL-17 levels have been
associated with disease severity and heightened disease
activity (Samarpita et al., 2021). The hyperactivated
synovium in rheumatoid arthritis patients has also
shown increased expression of RORyT via IL-6 trans-
signaling, which causes differentiation, migration, and
accumulation of Thl17 cells, thus causing immune-
mediated damage (McLoughlin et al., 2005). However,
reduced expression of FOXP3 and its related molecule
IL-10 further correlates with impaired Treg cell
functionality in the IL-6 microenvironment. This evokes
autoimmune responses and leads to chronic inflamma-
tion (Yang et al., 2019; Esensten et al., 2009)]. In the
present study, CYT387 reformed the disparity of
CD4+T cells towards immune homeostasis, maintaining
regulatory T cells rather than its pathogenic phenotype.
Furthermore, CYT387 effectively reduced IL-17 and
augmented IL-10 levels. These data show that IL-6 and
sIL-6R mediated asymmetric levels of Th17/Treg can be
a possible mechanistic target for CYT387 in abrogating
the pathological responses in the adjuvant-induced
arthritic model of rheumatoid arthritis. Consequently,
CYT387 also reduced IL-23R expression, which halted
its interaction with IL-23, thereby diminishing the
maturation of Th17 cells.

Alongside impaired Th17/Treg balance, bone loss
mediated by mature osteoclasts is also a notable
detrimental feature of the disease. The interplay bet-
ween an array of chemokines and other variable factors
attracts osteoclast precursors at the resorption site and
differentiates them into mature, multinucleated osteo-
clast cells via osteoclastogenesis (Feng et al., 2016).
When ligated with a RANK receptor on precursor cells
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in the IL-6/sIL-6R microenvironment of inflamed syno-
vium, RANKL enhances osteoclast formation and
subsequent survival. Reports have shown that augmen-
ted RANKL and diminished osteoprotegerin levels in
rheumatoid arthritis patients consequently activate
signaling cassettes to drive osteoclastogenesis, ultimate-
ly causing bone erosion (Singh et al., 2021). Consistent
with these findings, the current study showed increased
osteoclast formation and bone resorption in AA-FLS
upon IL-6 and sIL-6R stimulation via magnified
RANKL production and reduced osteoprotegerin
levels. Correspondingly, in AA-FLS, CYT387 treatment
functionally mitigated RANKL production and increa-
sed osteoprotegerin levels in the IL-6/sIL-6R micro-
environment. Additionally, STAT-3 blockade by S3I-201
also demonstrated similar results. In line with this,
CYT387 treatment of the co-culture of AA-FLS and
bone marrow-derived macrophages reduced the num-
ber of TRAP+ osteoclasts and the pit forming activity of
mature osteoclasts. The diminished expression of
RANKL in AA-FLS cells halted the maturation of
precursor osteoclasts to mature TRAP+ osteoclasts.
Overall, the present findings highlighted CYT387's anti-
bone resorption activity in AA-FLS cells by modulating
the IL-6/sIL-6R/JAK1/STAT-3 signaling pathway.

RORyT has already been recognized as a lineage-
specifying modulator of Th17 cell differentiation and
the subsequent release of its primary cytokine, IL-17
(Samarpita et al., 2021). A recent study illustrated that
SOX-5, along with c-Maf, is a crucial factor in RORyT
induction, which further leads to the differentiation of
Th17 cells (Tanaka et al., 2014). Various studies have
confirmed that STAT-3 is also indispensable for RORyT
expression during Th17 cell differentiation. Recent re-
ports have suggested that IL-6-mediated STAT-3
signaling is also critical for inducing downstream
activation of SOX-5 and c-Maf transcriptional factors
(Tanaka et al., 2014). Based on these findings, this study
evaluated the pivotal role of IL-6 trans-signaling, which
leads to the aberrant functionality of the JAK-1/STAT-
3/ SOX-5/c-Maf signaling cascade in CD4+T cells
isolated from arthritis-induced rats, leading to the
initiation of pathogenic Thl7 cells. Concomitantly,
overexpression of SOX-5 is seen in rheumatoid arthritis-
FLS, which demonstrates an influential role in
modulating RANKL levels via enhanced binding to the
promoter region (Feng et al., 2016). Nonetheless, the
roles of IL-6 and sIL-6R in SOX-5 expression, which
ultimately affects RANKL expression, are presented in
this study. Consequently, blocking the activity of IL-6/
sIL-6R regulates SOX-5 by inhibiting JAK-1/STAT-3
activation, which can reverse the differentiation of
CD4+ T cells into Treg cells and restore the balance
between Th17 and Treg cells. Similarly, reducing IL-6/
sIL-6R mediated, SOX-5 levels can also be intricate in
abrogating the excessive production of RANKL in RA.
As expected, CYT387 markedly reduced the expression

of SOX-5, thus inhibiting the differentiation of CD4+ T
cells towards the Th17 phenotype. Under Th17 polari-
zing conditions and in the presence of sIL-6R, CYT387
altered IL-6 trans-signaling-mediated up-regulation of
intracellular protein JAK-1 and the subsequent down-
stream transcription factor STAT-3 in CD4+T cells from
experimental arthritis rats. Moreover, upon CYT387
treatment, the differentiation of Th17 cells upon sIL-6R
stimulation was diminished through the down-
regulation of RORYT expression. Subsequently, CYT387
treatment induced Treg differentiation by up-regulating
FOXP3. Similarly, upon CYT387 treatment, the reduced
expression of SOX-5 and c-Maf indicated that these are
the main effector molecules downstream of the IL-6/sIL
-6R/JAK1/STAT3 pathway, which up-regulates
RORyT expression. Second, as a pivotal mediator of
bone damage, RANKL orchestrates osteoclast differen-
tiation.

Concomitantly, our data suggested that CYT387 abro-
gated SOX-5 levels in AA-FLS cells, thus showcasing
itself as a potent anti-bone resorptive agent by regula-
ting IL-6/sIL-6R/JAK-1/STAT-3 signaling, which
relies on RANKL levels along with osteoprotegerin.
CYT387 also increased SOCS-3 protein expression, an
important JAK-1 inhibitor. Further, CYT387 interferes
with the phosphorylation and activation of JAK-1/
STAT-3 and SOX-5 upon IL-6 and sIL-6R stimulation,
thus indicating its restraining effect via the IL-6/sIL-
6R/JAK-1/STAT-3/SOX-5 signaling pathway.

Conclusion

CYT387 prevents the differentiation and maturation of
antigen-activated CD4+T cells into Thl7 cells by
mitigating the levels of important inducible mediators
and also sheds light on the anti-osteoclastogenic
potential of CYT387.
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