SCIENTIFIC REPLIRTS

Artemisinin analogue SM934
attenuate collagen-induced
“arthritis by suppressing T follicular
ezt helper cells and T helper 17 cells

Published: 29 November 2016 Ze-Min Lin'2, Xiao-QianYang?, Feng-Hua Zhu?, Shi-Jun He?, Wei Tang? & Jian-Ping Zuo2

SM934 is an artemisinin analogue with immunosuppressive properties and potent therapeutic activity
against lupus-like diseases in autoimmune mice. In this report, the therapeutic efficacy and underlying
mechanisms of SM934 on rheumatoid arthritis (RA) was investigated using collagen-induced arthritis
(CIA) in DBA/1J mice. We demonstrated that SM934 treatment alleviate the severity of arthritis in CIA

. mice with established manifestations. The therapeutic benefits were associated with ameliorated

. joint swelling and reduced extent of bone erosion and destruction. Further, administration of SM934

. diminished the development of T follicular helper (Tfh) cells and Th17 cells and suppressed the
production of pathogenic antibodies, without altering the proportion of germinal center B cells. Ex vivo,
SM934 treatment inhibited the bovine type Il collagen (Cll) induced proliferation and inflammatory
cytokines secretion of Cll -reactive T cells. In vitro, SM934 impeded the polarization of naive CD4* T cells
into Tfh cells and the expression of its transcript factor Bcl-6. Moreover, SM934 decreased the IL-21-
producing CD4* T cells and dampened the IL-21 downstream signaling through STAT3. These finding
offered the convincing evidence that artemisinin derivative might attenuate RA by simultaneously
interfering with the generation of Tth cells and Th17 cells as well as the subsequent antibody-mediated
immune responses.

: Artemisinin (Qinghaosu) is a sesquiterpene lactone bearing a peroxy isolated from Artemisia annua L'
© Artemisinin and its derivatives have been widely used in the world as first-line antimalarial drug for decades.
The interaction between artemisinin and Fe?" leads to the cleavage of peroxide bond in artemisinin, which result
in the release of C-centered free radicals, the potent alkylating species then directly impair functions of malar-
ial mitochondria®~. In addition to the outstanding antimalarial activity, artemisinin and its derivatives possess
significant immunosuppressive effects both in vitro and in vivo®-!l. We have previously reported that, among
synthesized artemisinin derivatives with various structures, SM934, the novel water soluble artemisinin analogue
exhibits promising therapeutic effect on multiple autoimmune diseases by suppressing the differentiation and
. expansion of pathologic T helper cells'*"!* and accumulation of plasma cells'®. Nevertheless, the impact of arte-
* misinin analogues on T follicular helper (Tth) cells, the critical participator in germinal center (GC) formation,
. remains largely unclear.
: Germinal centers (GCs) are specialized structures that develop within B cell follicles of secondary lymphoid
© tissues where antigen-specific B cells undergo somatic hypermutation and affinity maturation, and then differen-
* tiate into antibody-producing plasma cells and memory B cells'®-%.
: As a recently identified CD4* T cell subset, Tth cells, have been found to be present in GCs, provide selec-
. tion signals and developmental cues for the proliferation, differentiation and class switching of antigen-selected
. high-affinity GC B cells'*-?*. The phenotypic and functional features of Tth cells include expression of the chemok-
. ine receptor CXCR5, costimulatory molecules such as inducible T cell costimulatory (ICOS), programmed
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death 1 (PD-1), as well as the master transcription factor B-cell CLL/lymphoma-6 (Bcl-6) and the cytokine
interleukin-21 (IL-21)%.

T helper 17 (Th17) cells, are highly proinflammatory effector T cells that are characterized by the production
of high amounts of IL-17, IL-21, and IL-22. Recent research indicated that Th17 cells have greater capacity to
provide cognate B cell help than T helper 1 (Th1) cells, and support higher expansion of antigen specific B cells?.
Moreover, IL-17 itself could drive B cells to undergo preferential isotype class switch recombination and favor
spontaneous GC formation in mouse model of autoimmunity>*?>.

IL-21 signaling is important for GC persistence and function, B cell isotype switching and response to protein anti-
gen. Both of Tth and Th17 cells are considered as the major source of IL-21, conversely, IL-21 facilitates Tfh and Th17
cells lineage commitment in an autocrine fashion?*?’. Operating in the same way as IL-6, IL-21 signals through the
signal transducer and activator of transcription 3 (STAT3), in promoting or sustaining Tth and Th17 development®?’.

Rheumatoid arthritis (RA) is an autoimmune disease characterized by synovial inflammation, cartilage damage
and bone destruction. Persistent presence of circulating autoantibodies and dysregulated lymphocyte activation have
been indicated to be associated with the pathogenesis of RA?%-*. Increased frequency of circulating Tth cells accom-
panied by higher levels of serum IL-21 have been reported in patients with rheumatoid arthritis and systemic lupus
erythematosus (SLE)*"*2. Accumulated reports indicated that Tth cells may account for RA pathogenesis by provid-
ing a fostering milieu for self-reactive B cells, and circulating Tth cells may serve as a biomarker of the pathogenesis
and for evaluating the therapeutic responses of RA patient®**. The Th17 population, have been shown to play a key
role in orchestrating inflammatory response, contribute to the extracellular matrix destruction and bone resorption
in RA, by means of inducing IL-6 and matrix proteases in synoviocytes from RA patients*.

Here we report the effect of SM934 on the collagen-induced arthritis (CIA) in DBA/1 mice, the widely used
experimental model to investigate the pathogenesis and therapeutic agents of RA. We found that SM934 amelio-
rated the severity of arthritis in CIA mice via inhibiting development of Tfh and Th17 cells as well as autoantibodies
production. Additionally, we demonstrated that SM934 could prohibit the IL-21-mediated signaling pathway by
preventing the activation of STAT3.

Results

SM934 prevented arthritis progression in CIA mice. To investigate the effect of SM934 on arthritis,
the CIA model in DBA/1] mice was used. CIA mice with established rheumatoid arthritis manifestations such as
erythema and edema in joints were orally administrated with saline, MTX or SM934 for 40 days (Fig. 1A). Overall
arthritis severity in CIA mice was assessed by macroscopic clinical scoring. Administration of SM934 (10 mg/kg)
significantly attenuated the clinical signs of arthritis since 4 days after treatment, indicated by the reduction
in the mean arthritis score, the therapeutic effect was comparable with the methotrexate (MTX, 1 mg/kg), a
disease-modifying antirheumatic drug (DMARD) treatment control used in comparison with arthritic group
(Fig. 1B). Representative photographs displaying morphological changes of left hind paws of mice from individ-
ual group on day 14 after treatment are shown in Fig. 1C, macroscopic evidence of arthritis such as erythema or
swelling was markedly observed in saline-treated CIA mice compared with normal DBA/1] mice, while SM934
and MTX treatment significantly ameliorated arthritis severity in CIA mice.

SM934 reverted bone destruction in CIA mice. Micro computed tomography (micro-CT) scan was
performed to validate the efficiency of SM934 on bone erosion in CIA mice. Three-dimensional reconstruction
of hind right paws by micro-CT demonstrated severe bone erosion within their periarticular bone of paws of the
saline-treated CIA mice, in marked contrast to normal DBA/1] mice, as well as to SM934-treated mice (Fig. 2A).
Moreover, as shown in Fig. 2B, saline-treated CIA mice showed a remarkable decrease of the bone volume/total
volume (bone volume fraction, BV/TV), trabecular number (Tb. N.), trabecular thickness (Tb. Th.), and increase
of the trabecular spacing (Tb. Sp.) compared with healthy controls. SM934 treatment significantly prevented
these changes in BV/TV, Tb. Th. and Tb. Sp. Although the trabecular number was higher in SM934-treated group
compared to the saline-treated group, there was no statistically significant difference.

SM934 dampened T cell-dependent immune responses in CIA mice.  The humoral response against
collagen-specific autoantigen is essential for CIA pathogenesis®*”, the effect of SM934 on serum antibodies (Abs)
production was assessed at the end of treatment. Serum Ab levels from individual mouse were examined using
isotype-specific ELISAs. The serum levels of anti-CII total IgG, IgG1 and IgG2a antibody decreased significantly
after SM934 treatment, compare with saline-treated mice (Fig. 3A). Moreover, we used mice immunized with
sheep red blood cells (SRBCs) and ovalbumin (OVA) to confirm the impact of SM934 on the robust antibody
response. SM934 treatment significantly lower serum level of SRBC-specific and OVA-specific antibody respec-
tively, compared with saline-treated control mice (Supplementary Fig. S1).

Since the autoreactive T cells plays a pivotal role in the pathogenesis of CIA mice, CII-induced T cell prolifer-
ation was conducted using B cell-depleted splenocytes from different groups. CII-stimulated B cell-depleted sple-
nocytes obtained from CIA mice treated with SM934 exhibited less proliferation in comparison with the cells from
saline-treated ones (Fig. 3B). The levels of inflammatory mediators were measured in supernatants of CII or medium
cultured B cell-depleted splenocytes. Results indicated that the amounts of IL-6, IL-17, IL-21, IL-4 and TNF-o mark-
edly elevated in the cell cultures of saline-treated CIA mice. SM934 treatment lowered the amount of IL-6, IL-17
and IL-21 in cultured cells responded to CII stimulation, while the concentration of IL-103, IL-4 and TNF-« did not
changed much (Fig. 3C). Taken together, the suppressive effects on CII-specific antibodies production and T cell
response, suggesting that SM934 might participate in a T cell-dependent immune response in CIA mice.

SM934 suppressed the Tth and Th17 cells development in CIA mice. Flow cytometric analysis
demonstrated that CD4* CXCR5* PD-1"¢" Tth subset and CD4+ IL-17* Th17 subset augmented remarkably
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Figure 1. Effects of SM934 on disease progression in CIA mice. (A) Timetable of CIA induction and treatment
strategy in CII-immunized DBA/1] mice. All mice were sacrificed on day 40 post administration. (B) Arthritis
severity scores of CIA development in CIA mice were recorded every two days after administration. Values are the
mean + SEM (n=8). *P < 0.05, **P < 0.01 and ***P < 0.001 compared with the saline-treated CIA mice (saline).
(C) Representative photographs of showing the gross features of left hind paws at day 14.

in splenocytes from saline-treated CIA mice compared with normal control mice, and SM934 treatment largely
abrogated the expansion of the Tth and Th17 population (Fig. 4A,B). On the contrast, neither proportion of FAS™
GL-7* GC B cells (Fig. 4C) nor the frequency of Th1 (statistical result in Supplementary Fig. S2) or regulatory T
(Treg) cells (Supplementary Fig. S2) changed notably after SM934 treatment. In order to further confirm the effect
of SM934 on Tfh and Th17 cells in vivo, we introduced the SRBC- and OVA-immunized mice treated with SM934
for 9 day and 7 day respectively. As expected, in both experiments, SM934 treatment significantly diminished
Tth population in comparison with saline-treated ones. SM934 treatment also significantly suppressed the Th17
expansion in OVA-immunized mice, whereas no statistical significance was observed between SRBC-immunized
mice treated with SM934 and with saline (Supplementary Fig. S3).

SM934 repressed Tfh cells differentiation in vitro. To further determine whether SM934 exerted an
direct impact on the development of T helper cells, naive CD4" T cells from splenocytes of C57BL/6 mice were
induced towards to Tth cell differentiation in the presence or absence of SM934 for 4 days, using the naive CD4"
T cells cultured under neutral conditions as Th0 control. As we reported previously, SM934 (10 uM) could signif-
icant impede differentiation of Th1 and Th17 cells and exerted little influence on Treg polarization in vitro'®, we
thus sought to identify the impact of SM934 on the Tth cells differentiation. As shown in Fig. 5A, the frequency of
Tth cells were significantly decreased when treated with SM934 (10 pM).

We simultaneously examined whether SM934 modulated the expression of Bcl-6, the unique transcript factor
for Tth programming. As shown in Fig. 5B, the cell culture under Tth differentiation condition demonstrated a
sharp increase of Bcl-6 expression, while SM934 treatment largely abrogated the intracellular expression of Bcl-6.

SM934 repressed IL-21 production from T helper cells and disrupted the downstream signaling.
Apart from costimulatory signals providing cognate help to GC B cells differentiation, IL-21, one of the primary
cytokines derived from Tth and Th17 cells, acts directly on the formation of plasma cells and the maintenance of
GCs™®.
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Figure 2. Micro-CT analysis confirmed the efficacy of SM934 in CIA mice. (A) Representative three-
dimensional reconstruction of right hind paw of normal control mice and CIA mice treated with saline or
SM934, respectively. (B) Histomorphometric analysis of the distal tibia for each treatment group, showing the
values of four parameters including bone volume/total volume (BV/TV), trabecular number (Tb. N.), trabecular
thickness (Tb. Th.), and trabecular spacing (Tb. Sp.) of mice control mice and CIA mice treated with saline or
SM934. Values are the mean + SEM (n=28). *P < 0.05 compared with the saline-treated CIA mice (saline).

In CIA mice, we observed elevated level of IL-21 on the CD4" T cells, in line with the up-regulated of IL-21
mRNA expression. SM934 treatment induced pronounced decrease of the percentage of CD4" IL-21% cells
(Fig. 6A). Accordingly, real-time PCR analysis revealed that IL-21 expression in splenocytes of SM934-treated
CIA mice decreased to approximately 23% of saline-treated ones (Fig. 6B).

We further investigated what effect of SM934 would have on the downstream signaling of IL-21 on T cells. B
cell-depleted splenocytes from normal C57BL/6 mice stimulated with IL-21 were simultaneously cultured with or
without SM934 (10 pM) for 0 to 60 minutes. We observed the SM934 treatment significantly inhibited the phos-
phorylation of STAT3 at 5, 30 and 60 minutes time points (Fig. 6C). Collectively, these results revealed that SM934
could abolish the IL-21 secretion and downregulate its downstream signaling through STAT3.

Discussion
Recent years, artemisinin and its derivatives with immunosuppressive activities have been investigated as prom-
ising therapeutic candidates for multiple autoimmune disorders. In present study, we demonstrated that SM934
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Figure 3. Effects of SM934 on CII-specific immune response in CIA mice. (A) Serum levels of total anti-

CII IgG, IgG2a and IgG1 of CIA mice and normal control mice. Values are the mean & SEM (n=8). *P < 0.05,
**P < 0.01 and ***P < 0.001 compared with the saline-treated CIA mice (saline). (B) B cell-depleted splenocytes
isolated from CIA mice were stimulated with CII (10 pg/ml) and cultured for 72 h. Cell proliferation was
measured by the [*H]-thymidine incorporation assay. (C) Supernatants were collected for cytokines detection
by ELISA. All data are showed as mean = SEM. *p < 0.05, **p < 0.01 compared with the cell culture of saline-
treated CIA mice (saline). Results are derived from 2 independent experiments with similar pattern in each
treated group (n= 8 in each group).

treatment ameliorated the severity of arthritis in CIA mice, in improving the clinical conditions and suppressing
the production of pathogenic antibodies.

Collagen-induced arthritis is the most widely used animal model for the evaluation of novel therapeutic strat-
egies for rheumatoid arthritis and shares both immunological and pathological features of human RA. There are
considerable evidence implied that CII-reactive CD4™ T cells as the primary mediators of disease induction and
complement-fixing anti-CII autoantibody production by B cells should be the major immune mechanism insti-
gate the local inflammatory response resulting production of cytokines and inflammatory mediators**~*2. Our
results showed that SM934 treatment could prevent the aggravation of arthritis manifestation and suppress the
anti-CII antibody production, especially for the IgG2a subclass, which dominated the anti-CII response in CIA.
Further, SM934 inhibited the expansion of Tth cells and Th17 cells, the potent supporters for germinal center
reaction and generation of antigen specific B cells in autoimmune diseases. Intriguingly, SM934 treatment exerted
little impact on the frequency of GC B cell, and did not affected the Th1 or Treg proportion either.

It is well documented that the GC B cells are precursors of antigen-specific memory B cell and long-lived
plasma cells (PC). As for the role of Tth cells, GC B cells and Th cell-B cell interaction in an antigen-specific
response, Hu and colleagues*® suggested a reasonable illustration, using a SRBC-challenged mice and co-culture
experiment, that it was the generation of Tth cells, rather than direct activation B cells by Tth cells, should be the
primary mechanism modulating IgG antibody production. Moreover, there are plenty of molecular and cellu-
lar underpinnings in the development of B cell memory and PC formation, including molecular interactions
that organize at cellular interfaces of Th cells and GC B cells. Reports have identified numbers of surface mole-
cules implicated in the checkpoint of GC B cell development: CD40-CD40L and ligation play an essential role in
class switch recombination and GC formation**; ICOS-B7RP-1(ICOSL) costimulation is critical for production
of cytokines lead to B cell activation and differentiation*’; CD30-CD153 interactions have an inhibitory effect
antibody production in vivo®. Together, during the formation of antibody-producing cells, Tth cells provide
necessary help to GC B cells in terms of costimulatory signals and differentiation factors. In current study, SM934
impeded the propagation of Tth cells and controlled autoantibody production in CIA mice without altering the
population of GC B cells. We speculated that the suppression on the generation Tth cells and IL-21, the critical
executor of B cell fate, should be responsible for this phenomenon. Nevertheless, what specific action would
SM934 have on memory B cells and long-live plasma cells in RA status, could it regulate the expression of surface
molecules on Tth cells were unknown and required further investigation.

Similar as our previous reports'>!?, in the present study, SM934 retarded the development of Th17 cells both
in the autoimmune animals and cellular culture in vitro. Accumulating reports have indicated a distinct role of
Th17 cells in supporting B cell responses. Bauquet ef al.*6 demonstrated that Th17 cells and Tth cells shared sev-
eral features, including the expression of ICOS and IL-21. Patakas ef al.?® stated that Th17 cells have a significant
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Figure 4. SM934 restrained Tth and Th17 cells development but not GC B cells in CIA mice. Flow
cytometric analysis of Tth cells by PD-1 and CXCR5 staining (A), Th17 and Th1 cells by IL-17 and IFN-~
staining (B), or GC B cells by Fas and GL7 staining (C) in splenocytes from CIA mice. The representative (left)
and statistical results (right) were showed. Values are the mean + SEM. *p < 0.05 compared with the saline-
treated CIA mice (saline). Results are derived from 2 independent experiments with similar pattern in each
treated group (n= 8 in each group).

role earlier in the initiation/development of the GC responses, by using T cell and B cell receptor transgenic mice
specific for model antigens. Mitsdoerffer ef al.>* found that even IL-17 on its own, could drive class switch recom-
bination in myelin oligodendrocyte glycoprotein (MOG)-immunized 2D2 TCR transgenic mice. As one of the
major producer of IL-17 and IL-21, Th17 cells might not only act as proinflammatory characters* but also incite-
ment of excessive GC reaction and antibody production in RA pathology. In light of these properties, the subse-
quent effect of the suppression on Th17 cells by SM934, could facilitate the general repression of antigen-specific
antibody production in CIA mice as well as in SRBC- and OVA-challenged mice.

IL-21 exerts pleiotropic actions on the immune system. Besides engagement in the function of T cells, natural
killer (NK) and dendritic cells (DCs), IL-21 exerts profound influence on B cell biology. Our results showed that
SM934 treatment inhibited the production of IL-21 from CD4" T cells and abolished the downstream signaling of
IL-21 through STATS3, coincided with the decreased level of antibodies and reduction of Tth cells and Th17 cells.
Actually, IL-21 serves as an autocrine factor secreted by Tth and Th17 cells that promotes or sustains Tth and Th17
lineage commitment in a STAT3-dependent manner?”#%. Moreover, STAT3 not only plays as the transduction
element of IL-21 signaling, but also binds the II21 promoter directly and modulates IL-21-responsive genes®.
Therefore, SM934 treatment could interfere IL-21 circuit including IL-21 per se and STAT3 activation, which
thus reinforce the inhibitory effects of SM934 on Tth and Th17 cells. Furthermore, IL-21 can induce various fate
on B cells, depending on the interplay with costimulatory signals and on the developmental stage of a B cell: in
B cells that encounter antigen and receive T cell help, IL-21 induces survival, proliferation, isotype switching,
and differentiation to antibody-secreting PCs; in those B cells receiving signals via BCR alone, as can be the case
for some autoantigens, or via TLR, IL-21 costimulation causes apoptosis®’. These features of IL-21 suggested
that there might be a discrepancy between the mechanisms of SM934 on the spontaneous autoimmune diseases
and antigen-induced immune responses, relevant to IL-21, which is worthy an attentive investigation in further
studies.

Materials and Methods
Animal ethical statement. The animal experiment was carried out in strict accordance with the institu-
tional ethical guidelines on animal care and were approved by the Institute Animal Care and Use Committee
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Figure 5. SM934 suppressed Tfh cells differentiation in culture. (A) Representative (left) and statistical
(right) flow cytometric results of the Tth cells differentiation. Naive T cells were cultured under Tth polarization
condition, in the absence or presence of SM934 (10 uM) for 4 days. (B) Flow cytometric analysis of intracellular
transcription factor Bcl-6. Shaded area depicted ThO cells, full line represented Tth cell culture, and dotted line
showed Tth cell cultured with DZ2002. (C) Bars showed mean fluorescence intensity (MFI) of Bcl-6 expression.
Values are the mean £ SEM (n=3). *p < 0.05 compared with the cell culture under Tth differentiation
condition. Results are derived from 3 independent experiments with similar results.

(TACUC) at the Shanghai Institute of Materia Medica, Chinese Academy of Sciences (IACUC protocol# 2015-12-
ZJP-46 for DBA/1] mice, # 2015-01-ZJP-35 for C57BL/6 and BALB/c mice).

Animals. Male DBA/1]J, female C57BL/6 and BALB/c mice were purchased from Shanghai Laboratory Animal
Center of the Chinese Academy of Sciences. All mice were housed in a pathogen-free facility and rabbits were
housed in clean-grade animal cabin with free access to standard laboratory water and food, and keptina 12h
light/dark cycle with controlled humidity (60-80%) and temperature (22 £1°C).

Collagen-induced arthritis. The male DBA/1] mice were randomly divided into 4 groups (n =8 per group),
3 groups were immunized at the tail base with 100 ug bovine type II collagen (CII, Tokyo, Japan) in 0.1 M acetic
acid emulsified equal volume complete Freund’s adjuvant (CFA) containing Mycobacterium tuberculosis strain
H37Rv (Wako Pure Chemical Industries Ltd., Osaka, Japan). A boost injection of 100 pug collagen-incomplete
Freund’s adjuvant (IFA) emulsion was given in the same manner 3 weeks later. From day 10 after booster immu-
nization, immunized groups were orally administered with saline, MTX (1 mg/kg/day) or SM934 (10 mg/kg/day)
for consecutive 40 days, while normal controls were administered with saline. The arthritis severity of mice was
monitored every two days. At the end of treatment, all 4 groups of DBA/1] mice were sacrificed, and serum, hind
paws and splenocytes were then collected.

Clinical assessment of arthritis. The clinical severity of arthritis was scored as previously described®'.
Briefly, each limb was graded based on a scale of 0 to 4 according to the following scale: 0 =normal; 1 = detectable
arthritis with erythema one or several digits; 2 = erythema and moderate swelling extending from the ankle to
the midfoot; 3 = severe swelling and redness from joint to digit; and 4 = maximal swelling with ankyloses. The
severity was described as the cumulative score of four limbs (the maximum score for each mouse is 16).

Micro-CT scans and image analysis. Three-dimensional reconstruction of the hind knee and ankle joints
were obtained by Micro-CT examination (Inveon MM system, Siemens Preclinical Solutions) at the end of treat-
ment. Briefly, after the mice in different groups being killed using ether anesthesia, the hind limbs were removed
and fixed in 4% paraformaldehyde. The samples were scanned with micro-CT, and images were acquired at an
effective pixel size of 8.5 um, voltage of 80kV, current of 500 pA and exposure time of 1000 ms in each of the 360
rotational steps. Parameter were calculated using an Inveon Research Workplace (Siemens Medical Solutions)
using manufacturer-supplied software as follows: bone volume/total volume (bone volume fraction, BV/TV),
trabecular number (Tb. N.), trabecular thickness (Tb. Th.), and trabecular spacing (Tb. Sp.).
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Figure 6. SM934 inhibited generation of IL-21-producing T helper cells and impeded downstream
signaling transduction. (A) Representative (up) and statistical (low) results of the IL-21" CD4™ T cell
frequency in splenocytes from CIA mice determined by flow cytometry. (B) IL-21 mRNA level in splenocytes
from CIA mice was measured by real-time PCR. Values are the mean + SEM. Results are derived from 2
independent experiments with r pattern in each treated group (n=8 in each group). (C) Western blot analysis
of phosphorylated STAT-3 protein, in B cell-depleted splenoctys from C57BL/6 mice stimulated with exogenous
IL-21 in the presence or absence of SM934 at indicated time points. Total STAT-3 and GAPDH proteins

were used as the loading control. The full-length blots are included in the Supplementary Information 2.
Representative blots from 3 experiments are showed in left panel. Right panel showed quantification of Western
blotting images by Image]. Values are the mean &= SEM (n=3). *p < 0.05, **p < 0.01 compared with the IL-21
treated cells in the absence of SM934. Results are derived from 3 independent experiments with similar results.

SRBC-immunized BALB/c mice. Naive female BALB/c mice were injected intraperitoneally with 2.5 x 10°
SRBCs. Saline or SM934 (10 mg/kg) were orally administered for consecutive 9 days after immunization. Five of
the unimmunized female BALB/c mice were used as normal controls.

OVA-immunized C57BL/6 mice. Naive female C57BL/6 mice were immunized with OVA-CFA emulsion
as described previously?, then were treated with saline or SM934 (10 mg/kg/day) for consecutive 7 days. Five of
the unimmunized female C57BL/6 mice were used as normal controls.

Flow cytometric analysis. Single-cell suspensions were prepared from spleens or from cell cultures.
Antibodies for surface staining, PerCP-Cy5.5-conjugated anti-CD3, PE-conjugated anti-CD4, FITC-conjugated
anti-PD-1, APC-conjugated anti-CXCRS5, Alexa Fluor 647-conjugated anti-GL7 and FITC-conjugated anti-PD-1
were purchased from BD bioscience. For intracellular staining, splenocytes were first stained with surface mark-
ers followed by fixation and permeabilization using FoxP3 Staining Buffer set purchased from eBioscience®.
Cells were labelled intracellularly PE-conjugated anti-Bcl-6 (eBioscience, San Diego, CA, USA), PE-conjugated
anti-IL-17, APC- conjugated anti-IFN-~ or PerCP-Cy5.5- conjugated anti-FoxP3 (BD Biosciences, San Diego,
CA, USA). Flow cytometry was performed on 4-laser/13-color BD LSRFortessa (BD Biosciences) and data were
analyzed using Flow]Jo software (Tree Star, Ashland, OR).

Antibody and cytokine assays. At the end of the animal experiments, serum were collected and levels of
specific antibodies were measured by enzyme-linked immunosorbent assay (ELISA).

Serum titers of anti-CII or anti-SRBC IgG were determined as previously described"**. Briefly, 96-well ELISA
plate were coated with bovine CII (50 pg/ml) or extracted SRBC membranes (20 pg/ml) (prepared as described
previously*®) overnight at 4 °C. Each diluted serum sample was added and incubated. Horse-radish peroxidase
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(HRP) conjugated goat anti-mouse IgG (H + L), IgGland IgG2a Abs (Invitrogen, San Diego, CA, USA) were
used. The optical density is measured spectrophotometrically at 450 nm.

Cytokines in sera and culture supernatants were detected using mouse IL-6, IL-17A (BD Biosciences, San
Diego, CA) and IL-21 (R&D systems, Minneapolis, MN) ELISA kits according to the manufacturer’s instructions.

Splenocytes activation assay. Splenocytes isolated from CIA mice of indicated groups were incubated
with anti-B220 (RA3-6B2) monoclonal antibody (mAb) to deplete B cells by immunomagnetic negative selection
as describe previously®!. The resulting cells were cultured (4 x 10° cells/ml) with medium alone or CII (10 pug/ml)
respectively for 72 hours. Total splenocytes from OVA-immunized mice of each group were stimulated with OVA
(100 pg/ml) for 48 hours.

After incubation, for 96-well flat-bottom plates, [*H] thymidine assay was used to evaluate the cell proliferation.
For 24-well plates, the supernatants were collected to determine levels of cytokines by ELISA.

In vitro Tth cell differentiation. Purification of naive splenic CD4" T cells (CD4* CD44 CD62L*) from
normal C57BL/6 mice was conducted using our previously reported methods®. Naive CD4™ T cells were cultured
with anti-CD3 mADbD (5pg/mL) and anti-CD28 mAb (2 pg/mL) for 4 days under different skewing conditions: Tho:
anti-IFN-~ (10 pg/ml), anti-IL-4 (10 pg/ml, BD Bioscience); and Tth: anti- IFN-~ (10 pg/ml), anti-IL-4 (10 pg/ml),
IL-21 (50 ng/ml, Peprotech). SM934 (10 .M) was added to the culture simultaneously.

Gene expression analysis. The total RNA was isolated from splenocytes of CIA mice treated with saline or
SM934 (10 mg/kg) using RNAsimple total RNA kit (Tiangen Biotech, Beijing, China). and a one-step real-time
PCR assay was performed with SYBR Green PCR Reagents (Qiagen, Valencia, CA, USA). Relative quantitation of
mRNA expression of IL-21 and GAPDH was calculated using the AACt method. The primers sequence were as
follows: for IL-21, 5-GGA CCC TTG TCT GTC TGG TAG-3’ (forward) and 5'-TGT GGA GCT GAT AGA AGT
TCA GG-3/ (reverse); and for GAPDH, 5'-GCC TCA AGG TAT TGC TGG AC-3’ (forward) and 5'-ACC TTG
TTT GCC AGG TTC AC-3/ (reverse).

Western blotting. B cell-depleted splenocytes from normal C57BL/6 mice (4 x 10° cells/ml) were stimulated
with/without IL-21 (10 ng/ml, Peprotech, Rocky Hill, NJ) and SM934 (10 uM) for 0 to 60 minutes.

Cell cultures or splenocytes isolated from CIA mice of individual group were directly lysed in sodium dodecyl
sulfate (SDS) sample buffer containing protease inhibitor cocktail (Roche Life Science, Mannheim, Germany)®’.
Whole cell lysates were fractionated on 10% SDS-polyacrylamide gel electrophoresis (PAGE) and Western blotted
with antibodies to phosphorylated STAT3 (Cell Signaling Technology, Beverly, MA) and GAPDH (KangChen
Biotechnology, China). The densities of the bands were quantified with a computerized densitometer (Image J
Launcher, Broken Symmetry Software).

Statistical analysis. Statistical analysis was performed using GraphPad Prism 6.0 statistical software.
Comparisons between 2 groups were performed using an unpaired 2-tailed ¢-test. For experiment involving mul-
tiple groups, one-way analysis of variance (ANOVA) followed by Turkey’s multiple comparison test was used,
except for analysis of clinical scores which used two-way ANOVA followed by Dunnett’s multiple comparison
test. P values less than 0.05 were considered significant.
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