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KEY WORDS Abstract  Dendritic cells (DCs) serve as the primary antigen-presenting cells in autoimmune diseases,
like rheumatoid arthritis (RA), and exhibit distinct signaling profiles due to antigenic diversity. Type II
collagen (CII) has been recognized as an RA-specific antigen; however, little is known about CII-
stimulated DCs, limiting the development of RA-specific therapeutic interventions. In this study, we show

Rheumatoid arthritis;
Dendritic cells;

g;i?;(;?n that CII-stimulated DCs display a preferential gene expression profile associated with migration, offering
CCRT7; a new perspective for targeting DC migration in RA treatment. Then, saikosaponin D (SSD) was identi-
Degradation; fied as a compound capable of blocking ClI-induced DC migration and effectively ameliorating arthritis.
Saikosaponin D; Optineurin (OPTN) is further revealed as a potential SSD target, with Optn deletion impairing CII-pulsed
Type II collagen DC migration without affecting maturation. Function analyses uncover that OPTN prevents the proteaso-

mal transport and ubiquitin-dependent degradation of C—C chemokine receptor 7 (CCR7), a pivotal
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chemokine receptor in DC migration. Optn-deficient DCs exhibit reduced CCR7 expression, leading to
slower migration in CII-surrounded environment, thus alleviating arthritis progression. Our findings
underscore the significance of antigen-specific DC activation in RA and suggest OPTN is a crucial
regulator of ClI-specific DC migration. OPTN emerges as a promising drug target for RA, potentially
offering significant value for the therapeutic management of RA.

© 2025 The Authors. Published by Elsevier B.V. on behalf of Chinese Pharmaceutical Association and
Institute of Materia Medica, Chinese Academy of Medical Sciences. This is an open access article under
the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Dendritic cells (DCs) are the most potent professional antigen-
presenting cells, acting as a crucial link in maintaining tissue
tolerance to harmless environmental antigens or in initiating
adaptive immunity against pathogens. Once stimulated by “danger
signals”, immature DCs rapidly migrate to peripheral tissues to
capture antigens, where they can be converted into mature DCs
and up-regulate the expression of C—C chemokine receptor 7
(CCR7) upon antigen uptake'™. Subsequently, antigen-carrying
mature DCs are guided by the CCR7 ligands CCL19 and
CCL21 to traffic to lymph nodes, where they present the acquired
antigens to naive T cells, thereby eliciting adaptive immunity*.
Thus, re-infusion of tolerogenic DCs mitigates symptoms in
autoimmune diseases such as rheumatoid arthritis (RA), a sys-
temic, chronic, and progressive condition that characteristically
affects peripheral joints with synovial inflammation, swelling, and
bone destruction®”. Strategies that interfere with DC migration,
including gene modification, pharmaceutical interventions, or
vaccination, represent a promising and valuable approach to
treating autoimmune diseases™''". In total, DCs play a central
role in the disruption of immune homeostasis during the onset and
progression of autoimmune diseases™'”.

Autoimmune diseases arise when the immune system mounts a
specific response against self-antigens. Typically, it is impossible
for immune effectors to completely eliminate these antigens,
resulting in a sustained immune response that leads to chronic
inflammatory damage to tissues'>"'>. Despite their significance,
pinpointing the self-antigens implicated in autoimmune diseases
remains challenging. RA is characterized by synovial inflamma-
tion and cartilage destruction, type II collagen (CII), normally
sequestered within the intact articular cartilage, has been recog-
nized as a pertinent joint-specific self-antigen'®'®. An increased
release of CII has been observed in RA patients, which aggran-
dizes the exposure of this self-antigen to DCs in the syno-
vium'*"”. Subsequently, mature DCs will further induce cartilage
degradation upon exposure to CII, thus establishing a positive
feedback loop that amplifies inflammation'**". Moreover, the
transfer of collagen-pulsed DCs into congenic recipient mice is
sufficient to spontaneously induce arthritis, underscoring the
critical role of DCs and disease-specific CII antigens in RA
development’".

Emerging evidence suggests that DC activation is significantly
influenced by the complex antigenic microenvironment, which
leads to distinct signaling profiles within DCs upon various anti-
gen stimulation?'"*. It has been reported that treatment with anti-
OSCAR mAb completely inhibits ClI-induced DC activation but
does not affect cytokine release stimulated by lipopolysaccharide

(LPS)*. Analogously, knockout of Tarml has been shown to
suppress DC maturation in response to CII challenge, while not
affecting maturation induced by other stimuli like LPS, cytosine-
phosphate-guanine (CpG), and polyinosinic-polycytidylic acid
(PolyI:C)**. Nonetheless, our understanding of the comprehensive
changes in DC signaling or function following CII stimulation
remains limited, which constrains the identification of disease-
specific drug targets and the development of effective therapeu-
tic agents.

Optineurin (OPTN), initially identified as a binding partner for
adenoviral protein, is implicated in numerous biological pro-
cesses, including autophagy, vesicle trafficking and receptor
regulation®*’. Genetic variations, such as mutations or poly-
morphisms, in the OPTN gene have been associated with a
spectrum of disorders like primary open-angle glaucoma, amyo-
trophic lateral sclerosis, Paget’s disease of the bone, and Crohn’s
disease, all of which exhibit links to immune system dysregula-
tion?>*?%2?_ Certain pro-inflammatory cytokines, exemplified by
interferon-gamma (IFNy), have been shown to upregulate OPTN
expression’’. Notably, our previous work has revealed that
depletion of Optn in DCs facilitates the establishment of an IL10/
janus kinase 2 (JAK2)/signal transducer and activator of tran-
scription 3 (STAT3)/IL10 positive feedback loop, which in turn
hampers DC maturation and curbs the progression of experimental
autoimmune encephalitis, thereby highlighting the involvement
of OPTN in DC functionality and autoimmunity®'. Additionally,
a recent study has indicated that OPTN can inhibit the expression
of the receptor activator of nuclear factor kappa-B (NF-«B)
ligand in synovial fibroblasts in vitro, thus impeding osteoclast
differentiation®”. However, the role of OPTN in RA-specific DCs
by CII stimulation remains to be elucidated.

Herein, we showed that CII induces a distinct gene profile in
DCs, potently promoting their migration and offering novel in-
sights for RA treatment. Natural compounds, with their extensive
biological activities and favorable safety profiles, hold significant
therapeutic potential for autoimmune diseases™ . Saikosaponin
D (SSD), a triterpene saponin derived from Bupleuri Radix, ex-
hibits a variety of pharmaceutical properties, including anti-
fibrosis, anti-inflammatory, immunomodulatory, anti-depressant,
and anti-tumor effects’®*’. Through screening of natural com-
pound databases, SSD was identified to interdict Cll-induced DC
migration and relieve arthritis, potentially through targeting
OPTN. Gain and loss of function studies revealed OPTN sustains
CCR?7 protein homeostasis by inhibiting its proteasomal degra-
dation, thus promoting DC migration and the progression of RA.
Our findings underscore the importance of modulating disease- or
antigen-specific DC activation and demonstrate the therapeutic
efficacy of targeting OPTN in RA.
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2. Materials and methods
2.1. Mice

DBA/1J mice were purchased from Shanghai Slac Laboratory
Animal Co., Ltd. CD11c-Cre mice were obtained from the Jackson
Laboratory. Opm KO and Opm"™¥1°* mice were gifted by Prof.
Ronggui Hu (Zhejiang University School of Medicine, Hangzhou,
China). The CD11c* dendritic cells conditional Optn knockout
mice (Optn cKO mice) were generated by breeding Opm1°¥/1o*
with CD11c-Cre transgenic mice. All mice were supplied with
standard laboratory diet and water ad libitum and housed in spe-
cific pathogen-free environment at 20 + 2 °C and 65 + 5% hu-
midity, with a 12-h light/dark cycle. All animal experiments were
approved by the Institutional Animal Care and Use Committee
(IACUC) at Zhejiang University (IACUC-s21-017) and performed
in compliance with all relevant ethical regulations.

2.2.  Induction and assessment of CIA

CIA mouse model was induced as described previously”>*'***. In
brief, male 8-week-old DBA/1J mice were immunized subcuta-
neously at the base of the tail and thigh with 200 pg immunization
grade chick type II collagen (CII, 20011, 2 mg/mL, Chondrex,
WA, USA) emulsified 1:1 in Freund’s adjuvant, complete (F5881,
Sigma, MI, USA) containing 5 mg/mL Mycobacterium tubercu-
losis H37Ra (231141, BD Difco, NJ, USA) on Day 0, and boosted
by the injection of another 200 pg CII (emulsified with incomplete
freund’s adjuvant) near the primary injection site on Day 21.

All mice were subsequently monitored for signs of arthritis
through visual scoring and foot thickness measurement every 3
days from Day 24 and finally sacrificed on Day 45 for evaluation.
Every paw will receive a CIA score from 0 to 4, and the maximum
CIA score can reach 16 as follows: score 0, healthy; score 1, mild
redness and swelling of tarsal joints or limited to individual digits;
score 2, moderate erythema and swelling extending to digits or
ankle; score 3, serious redness and swelling of the entire paw; score
4, ankylosis of the limb with involvement of multiple joints™*>**,

2.3.  Histological staining

Hind limbs collected from CIA mice were fixed in 10% formalin
for at least 48 h followed by decalcifying with 5% formic acid,
dehydrating and paraffin embedding. Then 5-pm thick sections
were deparaffinized and stained with H&E or alcian. Synovitis,
pannus and bone erosion were scored on a scale of 0—4 as fol-
lows: score 0, healthy and no signs of inflammation; score 1, mild
inflammation with the hyperplasia of the synovial lining; score 2,
granulomatous lesions in the synovial sublining tissue; score 3,
pannus formation and cartilage destruction; score 4, severe in-
flammatory cell infiltrate and disappearance of bone struc-
ture”*>**. Articular cartilage areas indicated by alcian staining
were quantified by Image J software.

2.4.  Elisa for Cll-specific serum IgG

The level of anti-CII IgG in serum was measured by ELISA ac-
cording to the manufacturer’s protocols. In brief, the ELISA plate
(3590, Solarbio, Beijing, China) is coated with 50 pg/mL CII
overnight at 4 °C and then blocked with 4% bovine serum albumin
at room temperature for 1 h. After incubating with different serum
samples for 2 h and followed by goat anti-mouse IgG/HRP

(SE131, Solarbio) for 2 h at 37 °C, ELISA plate is colored by
TMB solution and detected in 450 nm.

2.5.  Cell culture

For BMDC isolation and culture, bone marrow from 6—8-week-
old mice was resuspended and cultured in RPMI-1640 (Gibco,
New York, USA) medium supplemented with 10% fetal bovine
serum (Gibco), 100 mg/mL penicillin, 100 mg/mL streptomycin,
50 ng/mL recombinant murine GM-CSF (315-03, Peprotech, NJ,
USA), and 20 ng/mL recombinant murine IL-4 (214-14, Pepro-
tech). Half medium was replaced by fresh medium every 3 days.

DC2.4 cell line, which was gifted by Prof. Zhen Gu (Zhejiang
University, Hangzhou, China), was cultured in RPMI-1640 con-
taining 10% fetal bovine serum, 100 mg/mL penicillin, and
100 mg/mL streptomycin. Cells were maintained in a humidified
atmosphere containing 5% CO, at 37 °C.

2.6.  Chemical treatment

In CIA mouse model, saikosaponian D (SSD, B20150, 20 mg/kg,
dissolved in 5% DMSO + 95% saline solution, Shanghai yuanye
Bio-Technology, Shanghai, China) or solvent control was given by
i.g. daily from Day 21.

For BMDC or DC2.4, cells were treated with 50 ng/mL lipo-
polysaccharides (LPS, L118716, Aladdin, USA) for the indicated
time, 100 pg/mL CII for the indicated time, 1 pmol/L SSD for
24 h, 20 pg/mL cycloheximide (HY-12320, MCE, NJ, USA) for
the indicated time, 10 pmol/L MG-132 (T2154, TargetMol,
Shanghai, China) for 12 h, 10 pmol/L chloroquine (C6628,
Sigma) for 12 h, 10 umol/L bafilomycin (T6740, TargetMol) for
12 h, 10 pmol/L rapamycin (T1537, TargetMol) for 12 h.

2.7.  Invitro transwell assay for DC migration

The in vitro Transwell assay was performed by 24-well plates
together with 8 pm pore size Transparent PET Membrane
(353097, Falcon, NJ, USA). 600 pL culture medium containing
50 ng/mL recombinant mouse CCL19 (587806, BioLegend, CA,
USA) and recombinant mouse CCL21 (586402, BioLegend) was
added to the lower chamber. BMDCs or DC2.4 (5 x 10 cells in a
total volume of 200 pL culture medium) were added to the upper
chamber. After 12 h, the number of BMDCs that migrated to the
lower chamber was determined by cell counter or flow cytometry,
while migrated DC2.4 were visualized by crystal violet staining
and microphotography.

2.8.  Invivo assay for DC migration

BMDCs were labeled with 5 pmol/LL CFSE cell division tracker
kit (423801, BioLegend) according to the manufacturer’s pro-
tocols. Then, 5 x 10° CSFE-labeled BMDCs were injected in the
hind leg footpad of recipient mice subcutaneously, and the per-
centage of CFSE™ cells in lymph nodes was evaluated by flow
cytometry after 48 h injection.

2.9.  Flow cytometry

For cell surface staining, single cell suspensions were incubated
for 30 min at 4 °C with PE anti-mouse CD11c antibody (117308,
BioLegend), FITC anti-mouse CD80 antibody (104706,
BioLegend), PE/Cyanine7 anti-mouse CD86 antibody (105014,
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BioLegend), PerCP/Cyanine5.5 anti-mouse I-A/I-E antibody
(107626, BioLegend), APC anti-mouse CD197 (CCR7) antibody
(120107, BioLegend). For intracellular staining of cytokines,
single cell suspensions from DLN of the indicated mice were
stained with FITC rat anti-mouse CD4 (553047, BD Biosciences,
CA, USA) for 30 min at 4 °C, followed by staining with PE rat
anti-mouse IFN-y (554412, BD Biosciences) and PE anti-mouse
IL-17A antibody (506904, Biolegend) for 30 min at 4 °C using
Cytofix/Cytoperm kit (00-5523-00, ThermoFisher, MA, USA)
according to the manufacturer’s instructions. Samples were
washed and then analyzed by FACS versus flow cytometry (ACEA
NovoCyte or BD Biosciences, USA).

2.10.  Western blotting

Cells were washed with PBS and then lysed in lysis buffer (0.2%
Triton X-100, 0.3% NP-40, 0.1% PMSF, 0.1% NaVOs;, and 0.25%
Leupeptin). Protein extracts were separated by SDS-PAGE (8%—
12%) and blotted to PVDF membranes. After blocking with 5% fat-
free milk at room temperature for 1 h, different strips were incubated
with the following primary antibodies at 4 °C overnight: COX-2
antibody (M-19) (sc-1747, Santa Cruz Biotechnology, TX, USA),
CDK2 antibody (D-12) (sc-6248, Santa Cruz Biotechnology),
optineurin antibody (C-2) (sc-166576, Santa Cruz Biotechnology),
anti-optineurin antibody (ab23666, Abcam, Cambridge, Britain),
phospho-STAT3 (Tyr705) (D3A7) XP® rabbit mAb (#9145, Cell
Signaling Technology, MA, USA), STAT3 (124H6) mouse mAb
(#9139, Cell Signaling Technology), phospho-JAK2 (Tyr1007/
1008) antibody (#3771, Cell Signaling Technology), JAK2 (D2E12)
XP® rabbit mAb (#3230, Cell Signaling Technology), TBK1/NAK
antibody (#3013, Cell Signaling Technology), CCR7 recombinant
rabbit monoclonal antibody (ET1602-22, Huabio, Hangzhou,
China), CCR2 recombinant rabbit monoclonal antibody (ET1611-
65, Huabio), anti-CXCR4 antibody (ab124824, Abcam), HA-Tag
(C29F4) rabbit mAb (#3724, Cell Signaling Technology), ubig-
uitin antibody (P4D1) (sc-8017, Santa Cruz Biotechnology), anti-
SQSTM1/p62 antibody (ab56416, Abcam), LC3A/B (D3U4C)
XP® Rabbit mAb (#12741, Cell Signaling Technology), GAPDH
rabbit pAb (db106, DiagBio Technology, Hangzhou, China). The
membranes were further stained by secondary horseradish
peroxidase-conjugated IgG at room temperature for 1 h and visu-
alized with NemECL high (P2100, NCM Biotech, Suzhou, China).
Images were finally taken by GE AI100 or azure biosystem.

2.11.  RNA isolation and quantitative real-time PCR assays
Total RNA was isolated from cells with RNAiso Plus (9109,
Takara, Shiga, Japan), and cDNA was then transcribed using
TransScript One-Step gDNA Removal and c¢DNA Synthesis
SuperMix (AT311-03, TransGen Biotech, Beijing, China) ac-
cording to the manufacturer’s protocols. qRT-PCR analysis was
then performed using Taq pro universal SYBR qPCR master mix
(Q712-02, Vazyme, Nanjing, China) method on QuantStudio 6
Flex Real-Time PCR System (Applied Biosystems, Carlsbad, CA,
USA). The gene expression was normalized to Gapdh and quan-
tified by the 27T method. Sequences of the primers for gRT-
PCR are shown in Supporting Information Table S1.

2.12.  Immunofluorescence

DC2.4 cells were washed by PBS and then fixed with 4% PFA for
20 min at 4 °C, followed by the permeabilization in 0.3% Triton

X-100 for 5 min and the incubation with blocking buffer for
15 min at room temperature. Cells were then stained with 20S
proteasome o2 antibody (B-4) (sc-377148, Santa Cruz Biotech-
nology) or ubiquitin antibody (P4D1) (sc-8017, Santa Cruz
Biotechnology) overnight at 4 °C. Subsequently, washed cells
were incubated with Alexa Fluor 568-coupled secondary anti-
bodies (A10037, Life Technologies, CA, USA) and DAPI (D212,
Dojindo, Kumamoto, Japan) for 45 min at room temperature. For
F-Actin staining, BMDCs were washed by PBS and then fixed
with 4% PFA, followed by staining with anti-MHC class II anti-
body (ab139365, Abcam) for 1 h and Alexa Fluor 568-coupled
secondary antibodies (A78946, Life Technologies) for 45 min at
room temperature. Subsequently, washed cells were permeabilized
by 0.3% Triton X-100 for 5 min and incubated with Actin-Tracker
Green-488 (C2201S, Beyotime, Shanghai, China) by the manu-
facturer’s procedure and counterstained with DAPI. Images were
captured by TCS SP8 confocal (Leica, Wetzlar, Germany).
2.13.  Co-immunoprecipitation
For co-immunoprecipitation of exogenous protein, transfected
DC2.4 were lysed in lysis buffer supplemented with a protease in-
hibitor cocktail as described. Whole-cell lysates were incubated with
anti-DYKDDDDK G1 affinity resin (L00432, GenScript, Nanjing,
China) or anti-HA magnetic beads (B26201, Selleck Chemicals, TX,
USA) at 4 °C overnight. For co-immunoprecipitation of endogenous
protein, whole-cell lysates of BMDCs were incubated with CCR7
recombinant rabbit monoclonal antibody (ET1602-22, Huabio) or
control IgG coupled to protein A/G magnetic beads (B23201,
Bimake, TX, USA) at 4 °C overnight. Then, samples were washed
by wash buffer at least eight times, and boiled in SDS loading buffer.
Immunoprecipitated protein complexes were detected using West-
ern blotting.
2.14.  Plasmid and siRNA transfection
Following the manufacturer’s protocols, transient transfection was
performed using jet medium and jetPRIME (114-15, Polyplus,
Strasbourg, France) in 6-well plates with 1 pg of indicated
plasmid or 2.5 pL of indicated siRNA. The siRNAs of mouse Optn
(5-GAAGTCACAAAGAGGAATCTA-3') were synthesized by
GenePharma (Suzhou, China).
2.15.  RNA sequencing and data analysis
Total RNA was extracted from ClI-challenged WT and Optn KO
BMDCs according to manufacturer’s instructions, and then sub-
jected to cDNA library construction and RNA sequencing
(Novogene, Beijing, China). Cuff-diff was used to estimate frag-
ments per kilobase of transcript per million mapped reads (FPKM)
values for known transcripts and to analyze differentially
expressed transcripts. In all differential expression tests, a differ-
ence was considered significant when P < 0.05, fold change >1.5.
The volcano plot was plotted according to https://www.
omicstudio.cn/tool. The heatmap of gene expression was
generated using the R language (version 4.3.0). Gene ontology
analysis of gene expression changes was performed using
ToppGene Suite (https://toppgene.cchmc.org/) and Gene Set
Enrichment Analysis (GSEA_4.3.2; http://www.broadinstitute.
org/gsea/index.jsp). Normalized enrichment score (NES) reflects
the degree to which the gene set is overrepresented at the top or
bottom of a ranked list of genes.
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2.16.  Affymetrix microarray gene chip and gene tree analysis

Differential gene expression was analyzed by “Limma” (v3.46.0)
package for R (v4.0.4) (https://www.r-project.org/). Genes with P
value < 0.05 and absolute Log,FC > 1 were identified as
differentially expressed genes. The function of “cutree_rows” in
the “pheatmap” (v1.0.12) package was used to cluster the gene
expression patterns. The cell migration-related genes were
selected based on the ToppGene Suite (https://toppgene.cchmc.
org/enrichment.jsp), and gene tree analysis about these genes’
expression in different samples was then calculated and visualized
by “ggplot2” (v3.3.5) packages.

2.17.  Acquisition of RA- and SSD-associated targets

GeneCards (http://www.genecards.org/) database was used for the
prediction of signals associated with rheumatoid arthritis. In
addition, Herb (http://herb.ac.cn/), SwissTargetPrediction (http://
www.swisstargetprediction.ch/), STITCH (http://stitch.embl.de),
PharmMapper (http://lilab-ecust.cn) and Pubmed (https://pubmed.
ncbi.nlm.nih.gov/) databases were used to obtain the potential
targets of SSD.

2.18.  Statistical analysis

Statistical comparisons were performed using GraphPad Prism
software (version 8.0.1). Unpaired two-tailed Student’s ¢-test was
performed to assess the statistical significance between two
groups, while one-way ANOVA Tukey’s post hoc analysis was
used for multiple comparisons. All data were from at least three
independent experiments and presented as mean + standard de-
viation (SD). P value < 0.05 was considered statistically signifi-
cant (represented as *P < 0.05, **P < 0.01, ***P < 0.001, or not
significant (ns)).

3. Results

3.1.  RA specific antigen CII prefers to activate DC migration
signaling

Considering the specific antigen uptake, processing, and presen-
tation capabilities of DCs with distinct signaling activation, along
with their pivotal role in the development of RA, human periph-
eral blood monocyte-derived DCs were exposed to CII (a specific
antigen for RA) or LPS (a common DC activator) for 20 h*2.
Subsequently, RNA was extracted and subjected to high-
throughput analysis (Fig. 1A). Differentially expressed genes
(fold change >2, P < 0.05) were identified in CII and LPS-
challenged DCs when compared with the control group
(Fig. 1B). As depicted in Fig. 1C—E, upregulated genes were
extracted to elucidate the signaling pathways preferentially acti-
vated in ClI-challenged DCs. Notably, DC maturation-associated
enrichment was found in 489 genes that exclusively upregulated
in LPS-treated DCs (Cluster 1), indicating DC maturation-related
genes are not unique to Cll-stimulated DCs. Interestingly, CII
specifically upregulated the expression of 87 genes (Cluster 3),
including CXCL5, MMP3, and GREM1, which were enriched in
leukocyte chemotaxis, regulation of cell migration, positive
regulation of cell motility, and cell adhesion (Fig. 1C—E). Be-
sides, Gene tree analysis showed that CII, but not LPS, signifi-
cantly enhanced the expression of human DC migration-related

genes (Fig. 1F). This finding was corroborated by qRT-PCR in
both murine bone marrow-derived dendritic cells (BMDCs) and
mouse dendritic cell line DC2.4 (Supporting Information Fig. STA
and S1B).

Interestingly, the 273 genes that were co-upregulated in Cluster
2 were also found to be enriched in positive regulation of cell
migration (Fig. 1D and E), suggesting LPS is also able to induce
DC migration. However, gene set enrichment analysis (GSEA)
revealed that gene signatures associated with cell migration
regulation, including selective expression of chemokine receptors,
focal adhesion, and actin filament bundle organization, were more
prominently enriched in DCs stimulated by CII compared to those
stimulated by LPS (Fig. 1G and H). Hence, we conducted an
in vitro Transwell assay to evaluate the migration of antigen-
stimulated mature BMDCs in response to CCL19 and CCL21,
two ligands for the key mature DC migration signaling receptor
CCR7%. Results showed that CII induced a stronger migration
response in BMDCs than LPS (Fig. 1I). Therefore, we concluded
that CII has a preferential effect on activating DC migration
signaling pathways, which has implications for targeting DC
migration in response to CII antigenic stimuli.

On the other hand, we also examined the down-regulated genes
following LPS or CII stimulation. A Venn diagram revealed that
689 genes that exclusively down-regulated after LPS stimulation
were enriched in gene signatures associated with mitochondria,
while 74 genes that solely reduced in Cll-induced DCs were
enriched in gene signatures related to ubiquitin protein ligase
activity (Fig. S1C and S1D). These findings may hold significance
for further investigation.

3.2.  S8SD is screened with the suppression of Cll-induced DC
migration

Since the multiple therapeutic roles with low toxicity profile of
natural resources, we then explored the possible natural mono-
mers that may alleviate RA via inhibiting DC migration in
multifarious databases (Supporting Information Fig. S2). First,
several herbs, like Radix Bupleuri, were extracted to be related to
“Rheumatoid arthritis treatment” in the Traditional Chinese
Medicine Systems Pharmacology Database and Analysis Plat-
form (TCMSP). Then, to obtain the ideal active components with
great pharmacokinetic information*®*®, the potential pharma-
ceutical ingredients of Radix Bupleuri were further filtered by
several parameters like oral bioavailability (>30%) and Lipid/
water Partition Coeffici (AlogP, >0 and <3). According to the
regulatory signal analysis of these ingredients in the HERB
database, we paid attention to SSD, one main active ingredient of
Radix Bupleuri, because the differentially expressed genes
regulated by SSD were enriched in the gene signatures associated
with cell migration (Fig. S2).

Results showed that SSD treatment significantly inhibited CII-
induced BMDC migration from the upper chamber to the lower
chamber, and the number of migrated cells decreased from
41417 £+ 9257 to 10250 + 4293 (Fig. 2A and B). In addition,
control and SSD-pretreated BMDCs were labeled with carboxy-
fluorescein diacetate succinimidyl ester (CFSE) and then injected
into the hind footpad of mice (Fig. 2C), flow cytometry results of
the migrated CFSE* BMDCs in draining lymph node (DLN)
suggested SSD pretreatment impeded CFSE * BMDC migration
in vivo (Fig. 2D). Thus, these data indicate a strong suppression of
SSD on ClI-induced DC migration.
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Figure 1
microarray gene chip analysis from the EMBL-EBI database (accession no. E-MTAB-2904). (B) Volcano plot of genes differentially expressed in
human MoDCs after LPS or CII stimulation for 20 h (fold change >2; P < 0.05). n
after LPS or CII stimulation for 20 h in human MoDCs. n = 6. (D) Heatmap and clustering analysis of differentially up-regulated genes after LPS
or CII stimulation for 20 h in human MoDCs. n = 6. (E) Bar plots of gene ontology analysis of the up-regulated genes in different clusters of (D).

= 6. (F) Gene tree analysis based on gene expression levels after LPS or CII stimulation for 20 h in human MoDCs. n =
enrichment scores for indicated gene sets in CII (G) or LPS (H) stimulated human MoDCs. n = 6. (I) Transwell analysis of CCL19/21-triggered
migration of BMDCs upon LPS (50 ng/mL) or CII (100 pg/mL) treatment for 20 h. n
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Figure 2 SSD impairs CII guided DC migration and alleviates CIA. (A) Scheme for Transwell analysis of chemokines-triggered migration of

BMDC:s after treating with CII (100 pg/mL) or SSD (1 pmol/L) for 24 h. (B) Quantification of migrated cells in (A). n 3. (C) Scheme for
in vivo migration of BMDCs with labeled CFSE after treating with CII (100 pg/mL) or SSD (1 umol/L) for 24 h. (D) Representative images (left)
and bar graph (right) for flow cytometry analysis of the migrated CFSE™ BMDCs in (C). n = 3. (E) Scheme for the induction, assessment and
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n = 4. (G, H) Ankle thickness (G) and CIA score (H) of vehicle or SSD treated CIA mice. n 5 (* indicates a statistically difference when
compared with vehicle group). (I) Representative images of paw swelling from vehicle or SSD treated CIA mice on dpi 45. (J) Representative
images (left) and statistics (right) of H&E staining for paw sections from vehicle or SSD treated CIA mice on dpi 45. Scale bar: 100 pm. n = 4.
(K) Representative images (left) and statistics (right) of Alcian Blue & Nuclear Fast Red staining for paw sections from vehicle or SSD treated
CIA mice on dpi 45. Scale bar: 100 pm. n = 4. (L) Representative images (left) and bar graph (right) for flow cytometry analysis of the frequency
of CIA-induced migratory CD11c™ DCs (% in vehicle or SSD treated CIA mice—% in control mice) in the draining lymph node (DLN) of vehicle
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3.3.  SSD treatment alleviates the development of arthritis in
CIA mouse model

Encouraged by the above findings, the collagen-induced arthritis
(CIA) mouse model, the most commonly studied autoimmune
model of rheumatoid arthritis, was then applied to evaluate the
protective role of SSD on rheumatoid arthritis (Fig. 2E). The in-
duction of CIA is critically dependent on immunization with CII,
and the onset of arthritis is preceded by an early rise in CII-specific
IgG autoantibodies**°, which was lessened in the CIA mice after
SSD treatment (Fig. 2F). As expected, the clinical signs of arthritis,
including ankle thickness, erythema, and swelling of every paw,
developed on Day 24 after the first immunization and continuously
progressed to Day 45, and SSD administration (20 mg/kg/day)
resulted in a significant reduction of the ankle thickness and arthritic
score (Fig. 2G and H). In addition, paw imaging and hematoxylin
and eosin (H&E) staining revealed that paw swelling, synovial in-
flammatory infiltration, pannus formation, and bone erosion were
powerfully suppressed in the joints of SSD-treated CIA mice (Fig. 21
and J). Consistently, Alcian Blue & Nuclear Fast Red staining also
indicated SSD-treated CIA mice exhibited more intact cartilage in
the damaged joints than vehicle-treated mice (Fig. 2K), indicating
the protective role of SSD in the CIA mouse model.

Then, we analyzed the alteration of DC functions, including DC
maturation and migration, in SSD-treated CIA mice. Flow cytom-
etry results showed that the percentage of mature DCs marked with
CD80"CD11c™ or CD86"CD11c™ antibodies was similar in DLNs
from vehicle and SSD-treated CIA mice (Supporting Information
Fig. S3A), consistent with our in vitro data that SSD did not affect
the proportion of CD80"CD11c* or MHC-II"CD11c™ mature DCs
and cytokine expression upon CII stimulation in BMDCs (Fig. S3B
and S3C). However, the percentage of CIA-induced migratory DCs
in total DLN cells decreased remarkably after SSD treatment
(Fig. 2L), suggesting an important role of SSD during DC migra-
tion rather than DC maturation in CIA mice. Given that the defects
in DC migration interfere with the following antigen presentation
and T cell activation and differentiation in viv04’23’5]’53, the alter-
ation of T cells was further examined in CIA mice by flow
cytometry. Results showed that although SSD didn’t affect the
proportion of CD4" T cells in total DLN cells, SSD reduced the
differentiation of pro-inflammatory Th1 (CD4 TFNvy™) and Th17
(CD4TIL177) cells observably in DLNs (Fig. 2M). Overall, these
results illustrate that SSD resists arthritis development in CIA mice,
which may be related to SSD-suppressed DC migration.

3.4. OPTN is a potential target of SSD in ClI-stimulated
migratory DCs

We then investigated the underlying mechanism that SSD
inhibited ClI-mediated DC migration and arthritis alleviation.
1806 RA-associated regulators, which were extracted according to
the relevance scores from the GeneCards database, were over-
lapped with 195 potential pharmacological targets of SSD, which
were predicted from SwissTargetPrediction, STITCH, HERB,
PharmMapper and Pubmed databases (Fig. 3A)**. Gene ontology
(GO) analysis revealed most of the overlapped targets were
enriched into positive regulation of cell migration, protein

transport, regulation of apoptotic process, protein phosphoryla-
tion, and cytokine production (Fig. 3B). We then examined the
expression of these targets in ClI-stimulated DCs and found that
among the upregulated candidates in CII-pulsed human monocyte-
derived dendritic cells (moDCs), only the expression of OPTN, a
well-recognized trafficking protein and autophagy receptor’>>°,
could be significantly decreased by SSD (Fig. 3C—E). Further,
Transwell assay combined with crystal violet staining results
showed that OPTN overexpression in DC2.4 significantly accel-
erated SSD-suppressed cell migration (Fig. 3E and F), indicating
that OPTN is a potential target of SSD during DC migration.

3.5.  OPTN is required for Cll-induced DC migration

To investigate whether OPTN regulates DC migration, Optn
knockout (Optn KO) mice were applied (Fig. 4A). BMDCs from
wildtype (WT) or Optn KO mice were isolated and cultured for
DC migration assays in vitro and in vivo, and results showed that
the migration of ClI-stimulated Optn deficient BMDCs was
blocked signally when compared to the control (Fig. 4B and C).

Then, ClI-pulsed WT and Opm KO BMDCs were submitted for
transcriptome profiling. A clear separation between WT and Opm
KO BMDCs was observed by principal components analysis (PCA),
and a set of differentially expressed genes (fold change >1.5,
P < 0.05) were extracted for further analysis (Fig. 4D and E). GSEA
manifested that genes significantly downregulated in Optn KO
BMDCs were enriched in gene signatures associated with pseudo-
podia chemotaxis, extracellular matrix (ECM) structural constitu-
ent, focal adhesion assembly, and cytoskeletal trafficking, which
were all related to chemokine receptors-mediated DC migration
(Fig. 4F). On the contrary, gene signatures of the proteasome core
complex were enriched in Optn KO BMDCs (Fig. 4F). Heatmap and
gRT-PCR analysis further confirmed the expression of chemotaxis-
related genes (CclS, Akapl2), ECM genes (Colla2, Bgn), cyto-
skeleton genes (Myo3b, Rockl), and adhesion-related genes (Mmp?9,
Aebpl) were reduced in Cll-pulsed Optn deficient BMDCs
compared with WT BMDCs (Fig. 4G and H).

Besides, it is widely recognized that the accumulation of the
actin cytoskeleton, which shifts from a dispersed distribution, is
crucial for facilitating DC migration. This process is characterized
by the extension of pseudopods and alteration in cell stiffness,
adhesion, and digestion properties*. In our study, immunofiuores-
cence assays showed that F-actin, typically polymerized on one side
in response to CII challenge, was instead evenly distributed around
ClI-pulsed Optn deficient BMDCs (Fig. 41). This finding indicates
that the absence of OPTN impairs ClII-induced F-actin polarization
to one side in DCs"’. In summary, our results reinforce the notion
that OPTN is indispensable for CII-mediated DC migration.

3.6.  OPTN regulates CCR7 expression in Cll-induced DC
migration

We next sought to define the underlying mechanism whereby
OPTN regulated CII-induced DC migration. The activation of DC
chemokine receptors, like CCR7, CCR2, and CXCR4, induces an
array of inside-out signals associated with chemotaxis, extracel-
lular matrix regulation, cytoskeleton rearrangement, adhesion

or SSD treated CIA mice on dpi 45. n = 4. (M) Representative images (left) and bar graph (middle, right) for flow cytometry analysis of the
frequency of CD4" T cells, Th1 (CD4"TFNvy™) and Th17 (CD4"TL17") cells in the DLN of vehicle or SSD treated CIA mice on dpi 45. n = 4.
Data are presented as mean £ SD; *P < 0.05; **P < 0.01; ***P < 0.001; ns, not significant.
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Figure 3

OPTN may be a potential target of SSD in CllI-treated DCs. (A) Venn diagram analysis of the filtered RA-associated proteins and SSD

potential targets from multiple databases. (B) GO analysis of the 42 potential targets screened in (A). (C) Heatmap analysis of the differentially
expressed targets after CII stimulation for 20 h in human MoDCs. n = 6. (D) Western blotting (left) and quantification (right) analysis for the
expression of OPTN, CDK2, COX-2, p-STAT3 and STAT3 in BMDC:s after the treatment of CII (100 pg/mL) or SSD (1 pmol/L) for 24 h. n = 3.
(E) Western blotting (left) and quantification (right) analysis for the expression of OPTN in DC2.4 after the transfection with OPTN plasmid and
treating with CII (100 pg/mL) or SSD (1 pmol/L) for 24 h. n = 3. (F) Representative images (left) and statistics (right) for Transwell analysis
together with crystal violet staining in DC2.4 after the transfection with OPTN plasmid and treating with CII (100 pg/mL) or SSD (1 pmol/L) for

24 h. Scale bar: 100 pm. n = 3. Data are presented as mean + SD; *P < 0.05; ***P < 0.001; ns, not significant.

property transformation, and metabolic energy activities, thus
leading to DC migration™'?. Results showed that only CCR7
expression in BMDCs was notably elevated after CII stimulation
and then inhibited upon Optn deficiency (Fig. 5A). Besides, flow
cytometry results demonstrated the raised expression of mem-
brane CCR7 upon CII stimulation was dramatically decreased in
Optn KO BMDCs (Fig. 5B). Then, CCR7 was overexpressed to
promote DC2.4 migration, while Optn knockdown significantly
inhibited CCR7 expression and blocked cell migration (Fig. 5C
and D). On the contrary, OPTN overexpression in DC2.4 upre-
gulated the reduced expression of CCR7 caused by SSD treatment
(Fig. 5E), indicating the positive regulation of OPTN on CCR7
expression in migrated DCs.

3.7.  OPTN restrains the ubiquitin-proteasome degradation of
CCR7 in DCs

Protein homeostasis is orchestrated by the balance between
protein synthesis and degradation®°. After treatment of
cycloheximide (CHX), a reagent that was applied to block the de
novo protein synthesis, Optn deficient BMDCs displayed lower
expression and a shorter half-life of CCR7 protein without
altering the mRNA level of Ccr7 (Fig. 5F and G), revealing the
potential role of OPTN in maintaining CCR7 homeostasis by
inhibiting CCR7 protein degradation. Given that proteins are
mainly degraded in ubiquitin-associated proteasome or
autophagy-related lysosome, a proteasome inhibitor MG-132 and
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Figure4  Optn deficiency hinders ClI-induced DC migration. (A) gRT-PCR analyses of Optn in WT and Optn KO BMDCs. n = 3. (B) Scheme

(left) and quantification (right) for Transwell analysis of CCL19/21-triggered migration of WT and Optn KO BMDCs after treating with CII
(100 pg/mL) for 24 h. n = 3. (C) Scheme (left), representative images (middle) and bar graph (right) for the in vivo WT and Optn KO BMDC
migration after labeling with CFSE and treating with CII (100 pg/mL) for 24 h. n = 3. (D) PCA analysis of transcriptome profiles of WT and
Optn KO BMDCs after treating with CII (100 pg/mL) for 24 h. n = 3. (E) Volcano plot of transcriptome profiles of WT and Optn KO BMDCs
after treating with CII (100 pg/mL) for 24 h (P < 0.05, fold-change >1.5). n = 3. (F) GSEA analyses of genes enriched in CII-pulsed WT or Optn
KO BMDCs. n = 3. (G) Heatmap analyses of representative genes involved in cell migration in ClI-pulsed WT or Optn KO BMDCs. n = 3. (H)
gRT-PCR analyses of indicated genes in WT and Opm KO BMDC:s after CII (100 pg/mL) treated for 24 h. n = 3. (I) Immunostaining of F-Actin
(green) and membrane MHC-II (red) in WT and Optn KO BMDC:s after CII (100 pg/mL) treatment for 24 h. Scale bar: 3 pm. n = 3. Data are
presented as mean £ SD; *P < 0.05; **P < 0.01; ***P < 0.001.
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Figure 5 OPTN maintains CCR7 protein homeostasis in CII treated DCs. (A) Western blotting (left) and quantification (right) analysis for the
expression of OPTN, CCR7, CCR2 and CXCR4 in WT and Opm KO BMDCs after the treatment with CII (100 pg/mL) for 24 h. n = 3. (B)
Representative images (left) and bar graph (right) for flow cytometry analysis of the membrane protein expression of CCR7 in WT and Optn KO
BMDC:s after the treatment with CII (100 pg/mL) for 24 h. n = 3. (C) Western blotting (left) and quantification (right) analysis for the expression
of OPTN and CCR7 in DC2.4 after the transfection with si-Optn or CCR7 plasmids and treating with CII (100 pg/mL) for 24 h. n = 3. (D)
Representative images (left) and statistics (right) for Transwell analysis together with crystal violet staining in DC2.4 after the transfection with si-
Optn or CCR7 plasmids and treating with CII (100 pg/mL) for 24 h. Scale bar: 100 um. n = 3. (E) Western blotting (left) and quantification
(right) analysis for the expression of HA and CCR7 in DC2.4 after the transfection with HA-OPTN plasmid and treating with CII (100 pg/mL) or
SSD (1 pmol/L) for 24 h. n = 3. (F) qRT-PCR analysis of Ccr7 genes in WT and Optn KO BMDC:s after the treatment with CII (100 pg/mL) for
24 h. n = 3. (G) Western blotting (left) and quantification (right) analysis for the expression and half-life of CCR7 in WT and Optn KO BMDCs
after the treatment with CHX (20 pg/mL) for different hours and CII (100 pg/mL) for 24 h. n = 3 (* indicates a statistically difference when
compared with CII-WT group). Data are presented as mean &+ SD; *P < 0.05; **P < 0.01; ***P < 0.001; ns, not significant.

Time of CHX (h)

a lysosome inhibitor chloroquine (CQ) were used to investigate reduced upon OPTN overexpression in DC2.4 cells (Fig. 6C).
how OPTN inhibited CCR7 degradation™. Western blotting re- Conversely, the ubiquitination of endogenous CCR7 was elevated in
sults showed that it was MG-132 rather than CQ obviously Optn KO BMDCs (Fig. 6D), and the co-localization of CCR7,
inhibited the degradation of CCR7 and enhanced the migratory ubiquitin, and 20S proteasome was increased in Optn-knockdown
ability in Optn KO BMDCs (Fig. 6A and B). Therefore, these DC2.4 cells after proteasome inhibition (Fig. 6E and F). Altogether,
data indicated OPTN-regulated CCR7 degradation mainly these data further confirmed the ubiquitin-proteasome-dependent

occurred in proteasomes. degradation of CCR7 restrained by OPTN.

Previous studies showed that CCR7 is ubiquitylated in a consti- Similarly, MG-132 increased the reduced CCR7 expression
tutive, ligand-independent manner. Although its lysineless mutant and the co-localization of CCR7 and 20S proteasome in SSD-
can be properly inserted into the plasma membrane, ubiquitin- treated DCs (Fig. 6G and H), indicating the proteasomal degra-
defective CCR7-7K7R was found to affect the transport and mem- dation of CCR7 caused by SSD in DCs. As expected, MG-132
brane recycling of CCR7°’. Here, by co-immunoprecipitation notably increased the reduced number of migrated BMDCs

analysis, we found that the ubiquitination of exogenous CCR7 was after SSD treatment (Fig. 6I), suggesting the proteasomal
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Figure 6 OPTN restrains the proteasome sorting and ubiquitin degradation of CCR7. (A) Western blotting (left) and quantification (right)
analysis for the expression of CCR7 in Optn KO BMDCs after the treatment with CII (100 pg/mL) for 24 h, MG-132 (10 pumol/L) or CQ
(10 pmol/L) for 12 h and CHX (20 pg/mL) for indicated times. n = 3 (* indicates a statistically difference when compared with Optn KO + CII
group). (B) Transwell analysis of chemokines-triggered migration of WT or Optn KO BMDC:s after treating with CII (100 pg/mL) for 24 h or
MG-132 (10 pmol/L) for 12 h. n = 3. (C) Western blotting analysis for the ubiquitination (HA) of CCR7 by immunoprecipitation with Flag in
DC2.4 after the transfection with Flag-CCR7, HA-Ub and OPTN plasmids and treating with CII (100 pg/mL) for 24 h, MG-132 (10 umol/L) for
12 h. n = 3. (D) Western blotting analysis for endogenous ubiquitination of CCR7 by immunoprecipitation with CCR7 antibody in WT and Optn
KO BMDC:s after the treatment with CII (100 pg/mL) for 24 h. n = 3. (E) Immunostaining of CCR7 (green) and ubiquitin (red) in DC2.4 after the
transfection with si-Optn plasmid and treating with CII (100 pg/mL) for 24 h, MG-132 (10 pmol/L) for 12 h. Scale bar: 10 pm. n = 3. (F)
Immunostaining of CCR7 (green) and 20S proteasome o2 (red) in DC2.4 after the transfection with si-Optn plasmid and treating with CII
(100 pg/mL) for 24 h, MG-132 (10 pmol/L) for 12 h. Scale bar: 10 pm. n = 3. (G) Western blotting (left) and quantification (right) analysis for
the expression of CCR7 in BMDCs after the treatment with CII (100 pg/mL) for 24 h, SSD (1 umol/L) for 24 h or MG-132 (10 umol/L) for 12 h.
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*P < 0.05; **P < 0.01; ***P < 0.001; ns, not significant.

flox/flox

degradation of CCR?7 is the key mechanism of SSD-regulated
DC migration.
3.8.  Mice lacking Optn are refractory to the development of CIA

Given the critical role of OPTN in Cll-induced DC migration, we
then generated Optn conditional knockout (Optn cKO) mice with

conditional Optn ablation in CD11c* DCs by crossing Optn
mice with CDIlc-Cre mice. WT and Optn cKO mice were
immunized to employ the CIA model to explore the role of OPTN
during RA progression (Fig. 7A). Expectedly, Optn cKO mice
displayed milder CIA symptoms throughout the disease stages
when compared with WT mice, as indicated by depressed CII-
specific IgG levels in the serum, thinner swollen joints, and
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Figure 7  Optn deficiency impeded the progress of CIA. (A) Scheme for the induction and assessment of WT, Optn cKO and Optn KO CIA
mice. (B) ELISA of Cll-specific IgG in the serum of WT, Optn cKO and Optn KO CIA mice on dpi 45. n = 4. (C, D) Ankle thickness (C) and
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lower clinical CIA scores (Fig. 7B—D). In addition, Optn cKO
mice exhibited less damaged area in the affected joints (Fig. 7E
and F). Then, the proportion of migratory DCs in total DLN cells
was observably lower in Optn cKO mice (Fig. 7G), while a similar
percentage of mature DCs was observed in Optn cKO DLNs and
BMDCs (Fig. S3D—S3G). In consistence, the differentiation of
pro-inflammatory CD4*IFNy™ Th1 and CD4"IL17% Th17 cells
but not the percentage of CD4" T cells was also weaker promi-
nently in these mice (Fig. 7H). Taken together, our findings
represent a protective effect of Optn cKO on CIA, which may
provide a great target for rheumatoid arthritis intervention.

Meanwhile, we also brought in Opm KO mice to generate the
CIA model. Results showed that Opm KO mice presented allevi-
ated CIA symptoms than WT mice (Fig. 7A—F, I and J). Besides,
Optn KO did not influence DC maturation in either the CIA mouse
model or CII-treated BMDCs (Fig. S3E—S3G). Interestingly, the
CIA phenotype in Optn KO mice was similar to that in Optn cKO
mice (Fig. 7B—F), suggesting that the predominant role of OPTN
in the CIA model is to regulate DC migration, and targeting OPTN
may be a potential strategy for rheumatoid arthritis therapy.

4. Discussion

DCs, as pivotal modulators of immune tolerance, are increasingly
recognized as attractive targets for therapeutic strategies aimed at
attenuating the immune response in RA. Upon antigen uptake,
immature DCs in the synovium undergo maturation, during which
they upregulate the expression of CCR7. Subsequently, the
migration of DCs, facilitated by the CCL19/21—CCR7 axis, is a
critical step that initiates T cell activation, ultimately leading to
synovial inflammation and joint damage®'. Thus, treatment
with tolerogenic DCs or CCR7 antibody have been shown to
restrain DC migration in arthritic mice and simultaneously reduce
the severity and progression of RA”*'. Nevertheless, accumu-
lating evidence indicates that signaling pathways induced by
different antigens for DC activation are not uniform, and the use of
appropriate antigens in vitro aid in identifying reliable disease
targets”>'">*. Despite these advances, the pivotal molecules that
mediate disease-specific DC activation in RA remain to be fully
elucidated. In this study, by comparing the gene expression pro-
files of DCs stimulated by different antigens, we observed that
RA-associated antigen CII significantly enhances DC migration
compared to LPS (Fig. 1), underscoring the potential of targeting
DC migration as a preventive strategy for RA.

Interestingly, SSD was identified here as an inhibitor to CII-
specific DC migration, which then ameliorated CIA severity and
reduced DC aggregation in DLN, suggesting its potential as a
therapeutic agent for RA (Fig. 2). A recent study has also reported
that SSD alleviates inflammation and regulates autophagy by
inhibiting the PI3K/AKT/mTOR pathway, highlighting its poten-
tial as a therapeutic drug for osteoarthritis*®. In addition, SSD has
been found to obstruct the migration of hepatic stellate cells and
endometrial cancer cells, thus controlling liver fibrosis and tumor
progression, respectively’®>’. However, another study indicates
that SSD markedly increases the random migration of resident
peritoneal macrophages, which may be associated with the
disparate regulatory effects of SSD under different conditions®.

Through a comprehensive database screening process,
numerous potential targets were identified for SSD. In our previous
research, we found SSD inhibits OPTN expression by binding to it
and disrupting its stability’'. Consistently, SSD was also found to

suppress OPTN expression in ClI-treated DCs, further confirming
OPTN as a primary target of SSD in DCs (Fig. 3). Previous studies
have shown that metformin significantly downregulates OPTN and
then impedes the migration of ocular melanoma cells, underscoring
the importance of OPTN in cell migration®'. Nevertheless, a more
in-depth investigation is required to elucidate other targets involved
in SSD-regulated DC migration. On the other hand, the absence of
OPTN revitalizes NF-k<B and RANKL pathways, leading to
enhanced osteoclast differentiation in synovial fibroblasts, which
suggests a potential protective role of OPTN in RA**%*, In contrast
to this finding, we observed that Optn knockout significantly
mitigated CIA, possibly due in part to the suppression of DC
trafficking (Fig. 7). These data suggest that OPTN has cell type-
specific functions in regulating RA. This way, we still have not
yet excluded the role of synovial fibroblasts in our CIA mouse
model. It is essential to further explore the function of OPTN in
other cell types that take part in the progression of RA.

Studies have demonstrated that CII can bind to its receptor
TARMI1 and OSCAR, thereby activating DCs****. In contrast, LPS,
as used in our previous study, primarily elicits inflammatory re-
sponses by stimulating the TLR4-Myd88 signaling, which then
leads to the activation of the JAK2/STAT3 pathway®***. Concur-
rently, BMDCs lacking 7arml displayed a diminished response to
CII but not LPS*. Therefore, it is plausible that various antigens
may elicit distinct responses in DCs, although the underlying
mechanisms are not yet fully understood. Our previous study
demonstrated that Optn knockout impairs DC maturation upon LPS
stimulation through JAK2—STAT3 pathway’'. However, our cur-
rent study showed Optn knockout does not affect DC maturation,
cytokine production, or JAK2—STAT3 activation following CII
treatment (Figs. S3, S4A and S4B), indicating the OPTN-JAK?2/
STAT3 axis is not implicated in the ClI-induced DC maturation.
Moreover, after excluding the influence of OPTN on LPS-induced
DC maturation, our data indicated that Optn deficiency did not
significantly alter the migration ratio of mature BMDCs following
LPS treatment. In contrast, the migration of mature DC induced by
CII was found to be reduced in Optn-deficient DCs
(Fig. S4C—S4E). Overall, these data underscore the pivotal role of
antigen-specific DC activation and the distinguished regulation of
OPTN upon different antigen stimulation in DCs.

It is known that RA is characterized by synovial inflammation,
and the presence of significant levels of CII and anti-collagen
antibodies in the serum or synovial fluid of RA patients un-
derscores the importance of CII antigens in RA process® .
Moreover, mature DCs can further induce CII release, contributing
to a positive feedback loop that exacerbates the condition'**".
Notably, a study reported that the concentration of Coll 2-1 (the
alpha-helical region of CII) in the serum of RA patients averaged
172.30 + 19.05 nmol/L®. And a concentration of 100 pg/mL,
which is equivalent to 333.33 nmol/L, has been consistently used
in our in vitro experiments. Given the importance of Cll-related
DC migration in RA, we found that OPTN deficiency signifi-
cantly inhibits ClI-stimulated DC migration and mitigates the
progression of RA (Figs. 4 and 7). This underscores the relevance
of the antigenic microenvironment for the enhanced detection of
disease targets. In vivo, the migration of DCs in CIA-induced WT
mice increased by 1.86% (from 3.20% in control mice to 5.06% in
WT CIA mice), which is a substantial increase of over 58%
relative to DCs in control mice. In contrast, the Optn cKO CIA
mice showed a much more modest increase of 0.26% (from 3.20%
in control mice to 3.46% in Optn cKO CIA mice), representing
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only an 8% increase to control (Fig. 7G). Thus, considering the
inherently low baseline density of DCs in DLNs, even a minor
increase in their proportion can lead to a substantial amplifica-
tion***~'~?_ Notably, the presence of increased DCs in synovium
is also crucial for RA progression, rendering the study of synovial
DCs highly pertinent to our research. Accurately determining the
CII concentration in patients’ synovial fluid is essential for more
precisely examining the specific impacts of CII stimuli in vitro.
While assessing peripheral DC migration in this study holds value,
investigating synovial DCs remains of significant importance.

Targeting the CCR7 pathway is recognized as an effective
strategy for modulating DC migration. It is well established that
the expression and function of CCR7 are tightly regulated by a
combination of mechanisms, including transcriptional control,
post-translational modifications, internalization, degradation,
and recycling processes™. However, there is a scarcity of studies
on the degradation specific to CCR7. The limited research
available indicates that CCR7 has a long half-life and is
constitutively ubiquitylated in a ligand-independent manner, a
process crucial for its internalization and plasma membrane
recycling™’. Despite this, the specific E3 ubiquitin ligase
responsible for CCR7 ubiquitination remains unidentified®”-®.
Consistently, we observed that the half-life of CCR7 was notably
long. Interestingly, we found the absence of OPTN significantly
reduced the half-life of CCR7 (Fig. 5), thereby impeding CCR7-
mediated DC migration. Recently, Wan Du and colleagues
demonstrated that OPTN can interact with AP3D1 to prevent the
lysosomal sorting and degradation of palmitoylated IFNGRI,
thereby maintaining the integrity of IFNy signaling and
enhancing the efficacy of immunotherapy™. In our study, we
discovered that OPTN, as well as its inhibitor SSD, regulated the
proteasomal sorting and ubiquitin-dependent degradation of
CCR7 (Fig. 6), thus providing additional insight into the bio-
logical regulation of CCR7.

As a multifunctional autophagy regulator, OPTN promotes the
ubiquitination, autolysosome fusion, and autophagy degradation of
substrate protein®®>'. In this study, we also investigated the role of
OPTN in the autophagic regulation of DC migration. Upon CII
stimulation, we observed a significant autophagy induction, indi-
cated by an elevated LC3II/I ratio and an increase in autophagic
flux after CII treatment (Supporting Information Fig. SSA—S5C),
which may be a trigger for DC migration®”’". Then, the regulation
of autophagy through pharmacological interventions effectively
negated the impact of either OPTN deficiency or overexpression on
CCR7 expression and ClI-induced DC migration (Fig. SSD—S5G).
These findings suggest that OPTN-mediated autophagy participates
in CCR7 degradation and CCR7-mediated DC migration. Never-
theless, Co-IP assay results indicated there was no direct binding
between OPTN and CCR7 protein (Fig. S5H), indicating that
OPTN may not directly regulate CCR7 degradation. Considering
that OPTN restrains the proteasomal sorting and ubiquitin-
dependent degradation of CCR7 to promote DC migration (Figs.
5 and 6), we then propose a hypothesis that autophagy mediated
by OPTN may induce the degradation of an intermediary protein,
which is essential for the ubiquitin-dependent degradation of CCR7
in DC migration. It is plausible that the intermediary protein could
be an E3 ubiquitin ligase specific to CCR7, which may be upre-
gulated in the absence of OPTN and could facilitate the degrada-
tion of CCR7. Given the current limited understanding of the
CCR?7 degradation pathways and the associated E3 ligases, further
research is essential to uncover the molecular events underlying the
OPTN-regulated DC migration.

5. Conclusions

In summary, our study showed that the RA-specific antigen CII
preferentially activates DC migration signaling pathways over
those involved in DC maturation. We demonstrated that OPTN
facilitates ClI-induced DC migration by inducing autophagy and
restraining CCR7 degradation. Conversely, the reduction of OPTN
expression by SSD inhibits DC migration by allowing for
increased CCR7 degradation, which effectively ameliorates the
symptoms of RA (Supporting Information Fig. S6). Our findings
not only highlight targeting DC migration as a novel and specific
strategy for RA treatment, but also elucidate a new role for OPTN
in regulating DC migration. Furthermore, we propose OPTN as a
promising therapeutic target and suggest the potential for DC-
based immunotherapy in the management of RA.

Data availability
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challenged WT or Optn KO BMDCs were deposited in the NCBI
Gene Expression Omnibus database (accession No. GSE 240706).
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