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A B S T R A C T   

Rheumatoid arthritis (RA) is a common autoimmune disease leading to pain, disability, and even death. 
Although studies have revealed that aberrant activation of STING was implicated in various autoimmune dis-
eases, the role of STING in RA remains unclear. In the current study, we demonstrated that STING activation was 
pivotal in RA pathogenesis. As the accumulation of dsDNA, a specific stimulus for STING, is a feature of RA, we 
developed a spherical polyethyleneimine-coated mesoporous polydopamine nanoparticles loaded with STING 
antagonist C-176 (PEI-PDA@C-176 NPs) for treating RA. The fabricated NPs with biocompatibility had high DNA 
adsorption ability and could effectively inhibit the STING pathway and inflammation in macrophages. Intra- 
articular administration of PEI-PDA@C-176 NPs could effectively reduce joint damage in mice models of 
dsDNA-induced arthritis and collagen-induced arthritis by inhibiting STING pathway. We concluded that ma-
terials with synergistic effects of STING inhibition might be an efficacious strategy to treat RA.   

1. Introduction 

Rheumatoid arthritis (RA) is a common autoimmune disease, 
affecting approximately 17.5 million people globally in 2017 [1]. As a 
chronic inflammatory disease leading to pain, disability and eventually 
death, RA reduces the life expectancy by approximately five years for 
each patient, adding a heavy burden on families and societies [2]. 
Current treatments for RA, such as nonsteroidal anti-inflammatory drugs 
and glucocorticoids, mainly focus on pain control and joint function 
maintenance [3,4]. However, these treatments, have relatively low 
response rates [5] and high odds of adverse effects [6]. Although RA 
pathogenesis has not been fully understood, one of the major 

mechanisms is the aberrant immune response, which attacks various 
articular tissues, resulting in persistent synovitis and progressive 
destruction of cartilage and subchondral bone [7]. An important 
approach to improve clinical treatment of RA is to identify new thera-
peutic targets in the unbalanced immune response and develop novel 
interventional strategies [8,9]. 

The Stimulator of interferon genes (STING) has attracted consider-
able interest in various inflammatory diseases [10–12]. After cyclic 
GMP-AMP synthase (cGAS) senses cell-free DNA (cfDNA), STING re-
cruits kinases, including tank-binding kinase 1 (TBK1) and its target 
protein interferon regulatory factor 3 (IRF3), and facilitates their 
phosphorylation (pTBK1 and pIRF3) [13]. Dysregulation of the STING 
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pathway can upregulate various inflammation-related genes [14] and 
disrupt cellular homeostasis by promoting aberrant innate immune 
response [15–17]. Given the critical role of STING in inflammatory 
diseases, STING antagonists have attracted significant attention. Recent 
studies have reported that C-176, a small-molecule drug, can effectively 
block the activation of STING [18] and thus, attenuate inflammation in 
inflammatory diseases such as acute lung injury [19], hypercholester-
olemia [20], and pulmonary fibrosis [21]. Although arthritis is a com-
mon inflammatory disease, the role of STING signaling in RA is not fully 
elucidated. While one study has revealed that STING activation pro-
moted the progression of osteoarthritis via the nuclear factor kappa B 
(NF-κB) pathway [22], another study has reported that STING was a 
negative regulator of B cells in RA [23]. Given the aberrant activation of 
STING in various inflammatory diseases, particularly autoimmune dis-
eases [24], the role of STING in RA deserves further investigation and 
inhibition of STING might serve as an alternative treatment for RA. 

Specifically modified biomaterials can capture proinflammatory 
factors that otherwise may initiate multiple pathological signaling [25, 
26]. For example, modified cationic polymers can adsorb DNA and 
prevent DNA-induced immune responses in macrophages [27,28]. 
Double-stranded DNA (dsDNA), which is released from damaged or dead 
cells, is one of the biological features in RA pathology [29]. Interest-
ingly, dsDNA is also a specific stimulus for STING [30]. Hence, scav-
enging dsDNA with cationic nanoparticles (NPs) may reduce STING 
activation and alleviate inflammation. Yet, cationic NPs of high con-
centration have considerable cytotoxicity and, thus, might not be suit-
able for medical use [31]. NPs with synergistic functions, which can 
improve the efficiency of a drug in a relatively low concentration, might 
be a solution for this challenge [32]. Besides, NPs also have multiple 
advantages in drug delivery, including targeted delivery, sustained 
release, improved bioavailability, and reduced side effects [33–35]. 
Therefore, we hypothesized that optimized cationic NPs might scavenge 

dsDNA and synergistically inhibit STING pathway in the presence of 
STING antagonists. 

In this study, we first examined dsDNA accumulation and STING 
activation in human and mouse RA synovial tissues, and then investi-
gated the functional consequences of STING on RA with genetic ablation 
of STING in mice (Sting1+/− mice). Furthermore, mesoporous polydop-
amine (PDA) NPs were developed for local delivery of C-176 and the 
surface of NPs was decorated with optimized cationic poly-
ethyleneimine (PEI) to obtain a high DNA-binding affinity (Scheme 1). 
The strength of these PEI-PDA@C-176 NPs was the synergetic inhibition 
of STING signaling and dsDNA-induced immune responses in macro-
phages, which allowed for a reduced dose of drugs while acquiring 
satisfactory effects. The efficacy of PEI-PDA@C-176 NPs in treating RA 
was further tested in two arthritis models and Sting1+/− mice. 

2. Materials and methods 

2.1. Study design 

The objectives of this study were to investigate the role of the STING 
pathway in RA pathogenies and develop materials for RA treatment. 
Thus, we first examined dsDNA accumulation and STING activation in 
human and mouse RA synovial tissues. We investigated the contribution 
of the STING pathway to RA pathogenesis using STING knockout mice. 
Upon these findings and the fact that dsDNA is a specific stimulus for 
STING, we developed a PDA-based nanoparticle to simultaneously 
capture dsDNA and deliver STING antagonist C-176. The function of PEI- 
PDA@C-176 NPs in the inhibition of the STING pathway and inflam-
mation was comprehensively studied in vitro. Then, we analyzed the 
function of PEI-PDA@C-176 NPs in treating RA in two mice models of 
RA, including dsDNA-induced arthritis and CIA. Furthermore, we 
examined how PEI-PDA@C-176 NPs alleviated inflammation through 

Scheme 1. Schematic illustration of PEI-PDA@C-176 NPs as a therapeutic for RA via inhibiting the STING pathway. (A) The PDA NPs were loaded with 
STING antagonist C-176, and the surface of PDA@C176 NPs was further decorated with PEI to obtain a high DNA-binding affinity. (B) Mechanisms of the PEI- 
PDA@C-176 NPs in treating RA. The compound can adsorb the STING stimulus dsDNA and inhibit STING palmitoylation simultaneously. As a result, PEI- 
PDA@C-176 NPs showed a marked effect on alleviating RA inflammation and pathogenesis. i. a., intra-articular. dsDNA, double-stranded DNA. 
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the STING pathway in STING knockout mice. For each experiment, 
sample sizes for independent experiments are indicated in the figure 
legend. All studies involving human samples and animals were approved 
by the ethical review board at the author’s institute. Written consent was 
obtained from all patients before the operation. 

2.2. Chemicals 

Dopamine hydrochloride and tris(hydroxymethyl)aminomethane 
were obtained from Sinopharm Chemical Reagent, China. Pluronic® 
F127 (Mw ~13 kD), polyethyleneimine (PEI, Mw ~10 kD), deoxy-
ribonucleic acid from herring sperm (D7290), 10-carboxymethyl-9-acri-
danone (CMA) and 1,3,5-trimethylbenzene (TMB) were purchased from 
Sigma-Aldrich, USA. C-176 was purchased from MCE, USA. CpG 1826 
and Cy5-CpG 1826 were obtained from Sangon Biotech, China. All other 
chemicals were of analytical grade and used as received, if not described 
otherwise. Water was purified by the Milli-Q system prior to use in the 
experiments. 

2.3. Assessment of human synovium samples 

All experiments related to human samples were approved by the 
ethical review board at the author’s institute (ethic code: ZDYY- 
20210136B). Each patient understood the study protocol and signed 
written consent. Synovium specimens were obtained from three RA 
patients who underwent total knee arthroplasty. Control synovium 
specimens were obtained from three patients who underwent arthro-
scopic meniscus repair surgery and had no synovitis and cartilage injury 
on arthroscopy. Synovial tissues were used for western blotting and 
histological analysis to study the activation of the STING pathway in RA. 

2.4. Animals 

Male DBA/1 mice (6 weeks), C57/B6 mice (6 weeks), and BALB/c 
mice (6 weeks) were purchased from the Animal Center at the author’s 
institute. Sting1+/− mice were purchased from GemPharmatech, China. 
In the animal facility at the author’s institute, mice were bred, housed 
and used in a specific pathogen-free environment. All animal studies 
were performed with the approval of the ethical review board at the 
author’s institute (ethic code: ZDYY-2021-917). 

2.5. CIA model in WT and Sting1+/− mice 

Before modeling, Sting1+/− and wild-type (WT) mice received 
tamoxifen (Sigma-Aldrich, USA) via intraperitoneal injection (100 μg/g 
per day) for five days. Then, 8 Sting1+/− mice (male, 8-week-old) and 8 
WT C57/B6 mice (male, 8-week-old) were used to establish the CIA 
model [36,37]. First, bovine type II collagen (2 mg/mL, Chondrex, USA) 
dissolved in acetic acid was mixed with an equal amount of Complete 
Freund’s adjuvant (CFA, Chondrex, USA) using a handheld homogenizer 
in an ice bath for 30 min. On days 0 and 7, 0.1 mL emulsion was sub-
cutaneously injected via the tail. Mice were sacrificed 60 days after the 
modeling. Both ankle joints were harvested and dissected for histolog-
ical analysis. 

2.6. Synthesis of PDA NPs 

The PDA NPs were prepared according to a previous report [38]. 
Briefly, 0.36 g pluronic F127 and 0.36 g TMB were dissolved in 125 mL 
H2O/ethanol mixture solution (v:v = 1:1) and stirred for 30 min. 90 mg 
tris(hydroxymethyl)aminomethane and 60 mg dopamine hydrochloride 
were dissolved in 10 mL water and then introduced to the mixture. After 
the reaction at room temperature for 24 h, the particles were collected 
via centrifugation. In the presence of sonication, the polymer micelle 
templates were washed off using tetrahydrofuran for 30 min. Washing 
was repeated for three times. 

C-176 was encapsulated into PDA NPs by deposition. Different 
amount of C-176 was incubated with PDA NPs (20 mg/mL) in THF/ 
water solution at room temperature for 12 h. PDA@C-176 NPs were 
collected via centrifugation and water-washed to remove unloaded C- 
176. The surface of PDA NPs was then modified with PEI via physical 
adsorption. 20 mg PDA@C-176 NPs were incubated in 1 mL PEI solution 
(1 mg/mL) and mixed under vortex for 15 min. After three cycles of 
centrifugation and washing, PEI-PDA@C-176 NPs were obtained. 

Using UV–visible spectroscopy (UV2550, Shimadzu, Japan), the 
loading amount of C-176 in PDA NPs was quantified as the difference of 
C-176 concentration in the feeding solution before and after PDA NP 
treatment. 

PDA NPs (20 mg/mL) were also covalently labeled with fluorescein 
isothiocyanate (FITC, Sigma, 0.2 mg/mL) or Cy5 succinimidyl ester 
(Cy5-NHS, GLPBIO, 0.2 mg/mL) to obtain FITC-PDA or Cy5-PDA NPs, 
respectively. To covalently label PDA NPs with FITC, PDA NPs (20 mg/ 
mL) were mixed with fluorescein (0.2 mg/mL) and shaken overnight. 
The obtained FITC-labeled PDA NPs were then centrifuged and washed 
three times to remove free fluorescein. The obtained FITC-PDA and Cy5- 
PDA NPs were trackable under fluorescent microscopy. 

2.7. Characterization of PDA NPs 

A dynamical laser scattering assay was performed with a nano 
analyzer (Malvern, UK) to characterize the hydrodynamic diameter and 
surface zeta potential of PDA NPs. Morphology of NPs was observed with 
a transmission electron microscope (HT7700, Hitachi, Japan). 

PDA@C-176 NPs were suspended in phosphate-buffered saline (PBS) 
containing 1% Tween-80 at 37 ◦C to test sustained release of C-176. The 
suspension was centrifuged at 10000×g for 30 min at pre-designed time 
points. Then, 2 mL supernatant was taken out and 2 mL fresh PBS was 
added. The concentration of C-176 was then determined using high- 
performance liquid chromatography (HPLC) with a 280-nm detector. 

DNA binding ability of PDA NPs was also tested. Various concen-
trations of DNA solutions (5 μg/mL - 30 μg/mL) were incubated with 
different PDA NPs (1 mg/mL) (N/P 200 - N/P 33) for 12 h under vortex 
at 37 ◦C. In addition, 20 μg/mL DNA solution was incubated with 
different PDA NPs (1 mg/mL) (N/P 50) for a predetermined period. After 
centrifugation, the DNA concentration in the supernatant was quantified 
using a Picogreen assay (Thermo Fisher). 

2.8. Gel retardation assay 

PDA NPs and DNA (N/P)were dissolved in PBS prior to experiments. 
Then, 10 mL of PDA (1 mg/mL) NP solution were mixed with 1 mL DNA 
solution (0.2 mg/mL) (N/P 50) under vortex for 15 s and further incu-
bated for 30 min. The retardation assay was performed with 100 μl of 
complex suspensions running on a 1% agarose gel at 100 V for 40 min at 
37 ◦C. 

2.9. Biodistribution of PEI-PDA@C-176 NPs 

Three CIA model mice (male, 12-week-old) and 3C57/B6 mice 
(male, 12-week-old) were used to study the biodistribution of materials. 
10 μL Cy5-labeled PEI-PDA NPs and PDA NPs were injected into the knee 
joint, respectively. The biodistribution of the materials was monitored 
on days 1, 3, 5, and 7. 

2.10. Toxicity evaluation 

A live/dead cell viability assay was performed after the incubation of 
RAW264.7 cells in 1 mg/mL PDA NPs for 24 h to evaluate the cyto-
toxicity of PDA NPs. Then, the proportion of live cells was calculated 
from images obtained with a confocal fluorescence microscope (IX83- 
FV3000, Olympus, Japan). Besides, the Cell Counting Kit-8 (CCK8, 
Beyotime) was used according to the instructions. RAW264.7 cells were 
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treated with 1 mg/mL PDA NPs for 24 h and then cultured in CCK8 
staining solution for 2 h. The optical density at 450 nm was measured to 
determine the relative viable cell numbers. 

C57/B6 mice (male, 12-week old) were used to evaluate the 
biocompatibility of NPs in vivo. Intra-articular injection of the following 
drugs was performed for the knee joints at a dose of 5 μL once per week: 
1 mg/mL PEI-PDA NPs, 1 mg/mL PDA@C-176 NPs, and 1 mg/mL PEI- 
PDA@C-176 NPs. Untreated mice were used as sham controls. The 
mice were weighed every 6 days and sacrificed 30 days after the first 
injection. Blood erythrocytes, leukocytes, and hemoglobin were 
measured after the mice were sacrificed. The livers, kidneys, lungs, 
spleens, and hearts of sacrificed mice were harvested and embedded for 
histological analysis. 

2.11. Cell experiments 

Bone marrow-derived macrophages (BMDMs) were extracted from 
12-week-old male C57/B6 mice. Total bone marrow cells were plated in 
six-well culture plates in Dulbecco’s Modified Eagle Medium (DMEM, 
Gibco, USA) supplemented with 10% fetal bovine serum (FBS) and 
macrophage colony-stimulating factor (20 ng/mL, Biolegend, USA). 
Non-adherent cells were removed after 24 h incubation. BMDMs were 
incubated with 10 nM CMA for 2 h to mimic pathological conditions and 
then incubated in 1 mg/mL PEI-PDA, PDA@C-176, and PEI-PDA@C-176 
NPs for 8 h, respectively. The cells were then harvested for western 
blotting. 

Human primary fibroblast-like synoviocytes (FLSs) were isolated 
from patients’ synovial tissues through enzymatic digestion using 2 mg/ 
mL type I collagenase (Sigma-Aldrich, USA) and 0.1 mg/mL DNase I 
(Roche, UK) for 4 h. The dissociated cells were cultured in DMEM 
complemented with 10% FBS. After 24 h incubation, non-adherent cells 
were removed by PBS washing. FLSs were used from passage 3 to 9, and 
the cell type was determined as described previously [29]. FLSs were 
incubated with 10 μg/mL DNA for 2 h to induce dsDNA evoked change 
and then incubated with 1 mg/mL PEI-PDA, PDA@C-176, and 
PEI-PDA@C-176 NPs for 8 h, respectively. The supernatant was 
collected for enzyme-linked immunosorbent assay ELISA analysis of 
interferon β (IFNβ), tumor necrosis factor α (TNFα) and interleukin 
(IL)-6 using commercial ELISA kits (Biolegend, USA). 

RAW264.7 cells were purchased from the Cell Bank of the Chinese 
Academy of Sciences (Shanghai, China). RAW264.7 cells were used to 
investigate the colocalization of dsDNA with PDA NPs and dsDNA 
clearance capability of PDA NPs. 

2.12. Western blotting 

Protein expression level in cells and synovial tissues was measured as 
described previously [39]. Incubation with antibodies was performed in 
accordance to the instructions with primary antibodies including pTBK1 
(5483, CST), TBK1 (3013, CST), STING (13647s, CST), pIRF3 (29047, 
CST), IRF3 (ab25950, Abcam), and β-actin (A00702, GenScript), and 
secondary antibody (Invitrogen, USA). The bands were detected using 
western blot detection reagents (ThermoFisher, USA). Protein expres-
sion was semi-quantified using ImageJ (Ver 1.52, NIH, USA) and the 
expression levels of target proteins were expressed relative to β-actin. 

2.13. Colocalization of dsDNA and PDA NPs in cells 

This experiment was designed to test whether synthesized PEI-PDA 
NPs could intracellularly bind to dsDNA [27]. Cy5-labeled CpG 1826, 
which was obtained from Sangon Biotech, China, was used as repre-
sentative dsDNA. RAW264.7 cells were first incubated in 1 μM Cy5-CpG 
for 4 h. After removing excessive CpG, FITC-labeled PDA and PEI-PDA 
NPs were added to the medium to reach the concentration of 1 
mg/mL. After 8 h incubation, the treated cells were stained with DAPI 
for confocal microscopic observation (IX83-FV3000, Olympus, Japan). 

2.14. dsDNA clearance capability of PEI-PDA NPs 

This test was designed to investigate whether PEI-PDA NPs could 
clear cell-free dsDNA. RAW264.7 cells were first incubated with 1 μM 
dsDNA for 2 h. After removing excessive dsDNA, RAW264.7 cells were 
treated with 1 mg/mL PDA or PEI-PDA NPs for 12 h. The levels of dsDNA 
after treatments were measured using immunoblotting and confocal 
microscopy. 

2.15. Effects of PEI-PDA@C-176 NPs in treating dsDNA-induced arthritis 

Forty BALB/c mice (male, 12-week old) were randomly divided into 
5 groups (8 mice/group): (1) sham; (2) arthritis model treated with PBS; 
(3) arthritis model treated with PEI-PDA NPs; (4) arthritis model treated 
with PDA@C-176 NPs; and (5) arthritis model treated with PEI-PDA@C- 
176 NPs. For mice in the model groups, 5 μL saline containing 6 μg 
dsDNA was injected into the right ankle joint to induce acute arthritis 
[27]. Immediately after the modeling, treatments with PBS, 1 mg/mL 
PEI-PDA, PDA@C-176, and PEI-PDA@C-176 NPs at a dose of 10 μL were 
injected into the right ankle joint, respectively. The treatment was 
performed daily till day 7. Mice in the sham group received a 
dsDNA-free saline injection for 7 days. The diameter of the right ankle 
joint was measured daily with a caliper (Guanglu, China). Mice were 
sacrificed on day 8 and the ankle joints were harvested for 
micro-computed tomography (μCT) and then embedded for histological 
analysis. 

2.16. Effects of PEI-PDA@C-176 NPs in treating CIA 

Forty DBA/1 mice (male, 12-week old) were used to study the 
therapeutic effects of PEI-PDA@C-176 NPs in treating CIA. Eight served 
as sham mice and received weekly intra-articular injections of dsDNA- 
free saline into the left knee. CIA model was established for 32 mice, 
as mentioned previously. After the onset of arthritis, which typically 
occurred on day 28, the arthritic mice were randomly divided into 4 
groups (8 mice/group) and received the following intra-articular treat-
ments for 32 days (once per week for 5 weeks): (1) PBS, (2) PEI-PDA 
NPs, (3) PDA@C-176 NPs, and (4) PEI-PDA@C-176 NPs. 10 μL PBS 
containing various types of PDA NPs (1 mg/mL) was given by intra- 
articular injection into the left knee joint. Each mouse received 5 
intra-articular injections. After the sacrifice, the swelling of the knee 
joints was evaluated, as reported above. The knee joints were harvested 
for μCT study and then embedded for histological analysis. 

The above experiments were repeated in 40 Sting1+/− mice (male, 
12-week old) to study the underlying mechanism. The Sting1+/− mice 
received tamoxifen administration for 5 days before the modeling. 

2.17. Clinical score of arthritis 

Using a 5-point scale, two investigators who were blinded to the 
group allocation independently assessed the clinical score of arthritis 
[36]. The joint was rated as 0 if there was no sign of erythema or 
swelling; 1 if the joint had any erythema or mild swelling; 2 if erythema 
and mild swelling extended from the ankle to the tarsus; 3 if erythema 
and moderate swelling extended from the ankle joint to the metatarsal 
joint; 4 if the joint had erythema and severe swelling including ankles, 
paws, and stiffness of fingers or limbs. Clinical scores for 2 forelimbs and 
2 hindlimbs were summed up for a mouse to have an overall arthritis 
severity score, with a higher score indicating more severe arthritis. 
Clinical scores of arthritis were averaged between two investigators for 
analysis. 

2.18. Histological analysis 

The dissected tissues were fixed in 4% formaldehyde for 48 h and 
then decalcified in 10% ethylene-diamine tetra acetic acid (EDTA) 
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Fig. 1. dsDNA and STING signaling in the synovium from RA patients and CIA model mice. Representative images of HE staining, Tommo20/dsDNA coimmu-
nostaining, and pTBK1/CD68 coimmunostaining of the synovium of RA patients (A, knee, n = 3), CIA model mice (B, ankle, n = 3), and corresponding normal 
controls. Coimmunostaining of Tommo20 and dsDNA displayed cell-free dsDNA (red) which were outside of the nucleus (blue) and mitochondria (green), as 
highlighted with white arrows. Coimmunostaining of pTBK1 and CD68 demonstrated increased pTBK1 expression (green) in CD68-positive macrophage (red), as 
indicated with white arrows. In both human (C) and mouse (D) synovium, quantitative analysis demonstrated that pTBK1 was highly expressed in RA synovium (n =
8 regions). (E) Immunoblotting of relative pTBK1, TBK1, STING and β-Actin expression levels in RA and normal human synovium (n = 3). Scale bars: 50 μm or 200 
μm for HE staining and 10 μm for immunostaining. 
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Fig. 2. Genetic deletion of STING ameliorated RA pathologies. (A) Representative immunoblotting of pTBK1, TBK1, and STING in synovium derived from WT and 
Sting1+/− mice (n = 3). (B) Clinical scores of arthritis were evaluated every 3 days (n = 8 mice per group). (C) HE staining of ankle joints from the CIA modeled 
Sting1+/− and WT mice. (D) Representative safranin O staining of the knee joint from CIA modeled Sting1+/− mice and WT mice. Histological score for (E) synovitis, 
(F) cartilage destruction, and (G) bone erosion graded from the ankle joints of CIA modeled Sting1+/− mice and WT mice. Histological score for (H) synovitis, (I) 
cartilage destruction and (J) bone erosion of the knee joint revealed that genetic deletion of STING significantly alleviated pathological changes in CIA model mice. 
Representative immunofluorescent staining of pTBK1 (green) and dsDNA (red) in (K) ankle and (L) knee joints from CIA modeled Sting1+/− and WT mice. **P < 0.01 
and ***P < 0.001. Scale bars: 50 μm (C) and 10 μm (K), respectively. 
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solution for 30 days. Specimens were embedded, cut into 7-μm paraffin 
slices, and stained with hematoxylin and eosin (HE) and safranin O (SO), 
respectively [39]. Histological images were taken under a microscope 
(VS200, Olympus, Japan). Using a 4-point scale, synovitis, cartilage 
damage and bone erosion were separately assessed, with 0 indicating 
healthy and intact tissue and 3 indicating severe arthritis [40]. Histo-
logical scores were conducted by 4 independent investigators blinded to 
the group allocation and then averaged for analysis. 

2.19. Immunohistochemistry (IHC) staining and immunofluorescence 
(IF) staining 

IHC staining and IF staining were performed using standard pro-
cedures [39]. For immunostaining, slices were covered in 0.01 M sodium 
citrate buffer at 65 ◦C for 10 h for antigen recovery, subjected to 0.5% 
Triton-X 100 for 20 min to break the cell membranes, and then incu-
bated with 10% FBS for 1 h to block non-specific binding sites. Incu-
bation with primary antibody was performed according to the 
instructions, and the used primary antibodies included pTBK1 (5483, 
CST), CD68 (ab955, Abcam), Tommo20 (ab78547, Abcam), dsDNA 

(ab27156, Abcam), and Col2 (ab34712, Abcam). 
For IHC staining, sections were subjected to corresponding horse-

radish peroxidase (HRP)-labeled secondary antibodies for 1 h. Dia-
minobenzidine (DAB) solution was utilized to visualize the target 
protein. The images were then captured with a microscope (VS200, 
Olympus, Japan). For IF staining, slices were incubated with fluorescent 
secondary antibody at 37 ◦C for 1 h. The slices were then stained with 
4’,6-diamidino-2-phenylindole (DAPI) and observed with a confocal 
fluorescence microscope (IX83-FV3000, Olympus, Japan). Quantitative 
analysis was performed with ImageJ. The proportion of positively 
stained cells was counted and averaged on at least 3 sections for anal-
ysis. Approximately 20 immunopositively stained cells were counted on 
each section. 

2.20. μCT imaging 

Prior to histological analysis, the fixed joint specimens were scanned 
with a μCT (Inveon Micro-CT, Siemens, German) at a resolution of 19 
μm, 80-KV voltage, 500-μA current, and 300-ms exposure time. μCT 
images were analyzed using Materialise Mimics (V21.0, Materialise, 

Fig. 3. Characterization of PEI-PDA@C-176 NPs. (A) TEM images of PDA, PDA@C-176, and PEI-PDA@C-176 NPs. (B) Hydrodynamic diameters and (C) surface zeta 
potentials of PDA, PDA@C-176 and PEI-PDA@C-176 NPs. (D) C-176 loading content in the PDA@C-176 NPs as a function of C-176 feeding concentration. (E) PEI 
amount decorated on the PEI-PDA@C-176 NPs as a function of PEI feeding concentration. (F) Cumulative release of C-176 from PDA@C-176 and PEI-PDA@C-176 
NPs. (G) Agarose gel electrophoresis of free DNA, DNA + PDA@C-176, and DNA + PEI-PDA@C-176, using 1% agarose at 37 ◦C. DNA binding percentages of (H) PEI- 
PDA@C-176 NPs as a function of DNA concentration and (I) PDA based nanoparticles as a function of incubation time. conc., concentration. 
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Belgium). 

2.21. Statistical analysis 

Data were expressed as mean ± standard deviation (SD). Data were 
analyzed using SPSS (Ver 23.0, IBM Corp, USA) and graphed with 
GraphPad Prism (Ver 7.0, GraphPad Software Inc, USA). The t-test, one- 
way analysis of variance (ANOVA), Tukey’s multiple comparisons test, 
and Mann-Whitney U test were utilized as appropriate. The significance 
level was presented as *P < 0.05, **P < 0.01, and ***P < 0.001, 
respectively. 

3. Results 

3.1. Accumulation of cell-free dsDNA and activation of the STING 
pathway in synovium from RA patients and CIA model mice 

We first examined whether STING was activated in RA synovium. As 
shown in Fig. 1A (HE staining), there were numerous clustered cells in 
the synovium of RA patients. Immunofluorescence staining revealed 
that the STING pathway was activated in RA synovium, as reflected by 
the increased fluorescence of pTBK1, which is a well-known hallmark of 
the STING pathway. In RA synovium, the co-localization of pTBK1 with 
the macrophage marker CD68 reached approximately 65% (Fig. 1A), 
indicating that the STING-TBK1 pathway was substantially activated in 
macrophages. Further, coimmunostaining of dsDNA and mitochondrial 
marker Tommo20 was performed to investigate the presence of cell-free 
dsDNA which was outside the nuclei and mitochondria. There was a 
massive cell-free dsDNA (red) accumulation in the RA synovium 
(Fig. 1A, white arrows), suggesting profound DNA damage and leakage 
to the intercellular space in the affected synovium. Western blot also 
revealed that the expression of STING and pTBK1 was significantly 
upregulated in RA synovium, as compared with normal synovium 
(Fig. 1E, Fig. S1). Overall, data suggested a potential connection be-
tween the accumulation of cell-free dsDNA and activation of the STING- 
pTBK1 pathway in macrophages in the RA synovium. 

The CIA model mice presented hyperplasia of synovial tissues in the 
ankle joints (Fig. 1B, black box). Immunostaining showed that cell-free 
dsDNA was accumulated in the synovium in CIA model mice but was 
barely detectable in the synovium of sham mice (Fig. 1B). The expres-
sion level of pTBK1 in the CIA synovium was approximately 4 folds 
greater than that in normal mice, indicating that the STING-TBK1 
pathway was significantly activated in RA mice (Fig. 1B and D). Coim-
munostaining of pTBK1 and CD68 demonstrated approximately 80% of 
colocalization in the synovium of CIA mice, which was significantly 
greater than that in sham synovium (Fig. 1B). A relationship between 
cell-free dsDNA and STING pathway in macrophages was confirmed in 
the CIA model mice. 

3.2. Genetic deletion of STING ameliorated RA pathogenesis 

To explore the effects of the STING pathway in RA pathogenesis, we 
performed genetic ablation of STING using the CRISPR/Cas9 technique. 
As shown in Fig. 2A, expression levels of STING and pTBK1 were 
reduced in the synovial tissues of Sting1+/− mice, suggesting a successful 
STING knockout. The severity of arthritis was decreased in the CIA 
model of Sting1+/− mice, as evidenced by the substantially decreased 
clinical scores (P < 0.001, Fig. 2B). 

Histological analysis of the ankle and knee joints (Fig. 2C and D) 
revealed that there were decreased synovial lining hyperplasia (Fig. 2E 
and H) and less cartilage damage (Fig. 2F and I) in the Sting1+/− mice 
than in the WT mice (P < 0.05 for all). There was also less bone damage 
in both ankle and knee joints in Sting1+/− mice but did not reach sta-
tistical significance (Fig. 2G and J). Immunostaining showed a signifi-
cant decrease in pTBK1 expression in Sting1+/− mice (p < 0.001, Fig. 2K 
and L) compared with that in WT mice. Still, dsDNA was presented in the 

joint tissues in Sting1+/− mice, which might be attributable to inflam-
mation via other DNA-sensing pathways. Taken together, data clearly 
indicated that STING was implicated in the pathogenesis of RA in CIA 
mice. 

3.3. Preparation and characterization of PEI-PDA@C-176 NPs 

Mesoporous PDA NPs were prepared after extracting pluronic F127 
micellar templates. The obtained spherical PDA NPs were relatively 
small, with a well-defined mesoporous structure (Fig. 3A and B) and 
negatively charged on the surface (Fig. 3C). Due to the low solubility in 
water, C-176 can be deposited into the pores of PDA NPs. C-176 content 
in PDA NPs increased as the feeding concentration increased and 
reached the maximal concentration of 13.7% (Fig. 3D). Thus, we 
selected PDA@C-176 NPs with 10% C-176 for further experiments. C- 
176 loading did not lead to a significant change in the morphology 
(Fig. 3A), size distribution (Fig. 3B), and surface zeta potential (Fig. 3C) 
of PDA NPs. We further coated PEI molecules onto the PDA@C-176 NPs 
via physical adsorption. As expected, the level of PEI adsorption grad-
ually increased as the feeding concentration of PEI increased but pla-
teaued when it reached 80 μg/mL (Fig. 3E). PEI coating did not result in 
a significant change in morphology (Fig. 3A) and size (Fig. 3B) of the 
particles, but the surface of PEI-PDA@C-176 NPs became positively 
charged (Fig. 3C). Additionally, PEI coating did not affect the sustained 
release of C-176 from PDA@C-176 NPs (Fig. 3F), suggesting that PEI 
coating had good permeability for small molecules such as C-176. 

The associations between DNA and various NPs were examined by 
agarose gel electrophoresis (Fig. 3G). Compared to the naked DNA and 
PDA@C-176-treated DNA, the movement of PEI-PDA@C-176 NPs- 
treated DNA was almost completely retarded (>90%, Fig. 3G), sug-
gesting there was a strong binding effect between PEI-PDA@C-176 NPs 
and DNA. As DNA was adsorbed by the PDA NPs and retained in the 
loading well, and the PDA NPs had strong light-absorbing ability, no 
DNA signal was observed in the lane with PDA NPs materials. Most DNA 
(>90%) was adsorbed by PEI-PDA@C-176 NPs when the DNA concen-
tration was <25 μg/mL (Fig. 3H), suggesting a strong DNA adsorbing 
ability of the compound, and that PEI-PDA@C-176 NPs can adsorb and 
scavenge DNA at a ratio of approximately 1:50. The prolonged incuba-
tion time of DNA and NPs could increase DNA-binding efficiency but 
reached a plateau after 2-h incubation (Fig. 3I). Overall, results sug-
gested a successful loading of the STING antagonist C-176 in the PDA 
NPs for sustained release and PEI-PDA NPs could efficiently adsorb cell- 
free DNA. The synthesized PEI-PDA@C-176 NPs thus might have syn-
ergistic effects on inhibiting the STING pathway. 

The retention of PEI-PDA NPs under healthy and RA conditions was 
evaluated by intra-articular injection of Cy5-labeled PEI-PDA NPs in 
knee joints of normal and CIA mice (Fig. S2A). With infrared fluores-
cence imaging devices, Cy5-labeled NPs were detected to obtain drug 
retention information. After a single injection to the knee joint of the CIA 
model mice, the fluorescent signal of Cy5-labeled PEI-PDA NPs was 
significantly higher than that of Cy5-labeled PDA NPs on both days 3 
and 7 (Fig. S2B), indicating that PEI coating increased the affinity of 
PDA NPs for RA joints. 

The influence of PDA NPs on cell viability was investigated with live/ 
dead cell staining assay and CCK8 assay. After the treatment with PDA 
NPs, the proportion of viable cells did not significantly change, indi-
cating good biocompatibility (Figs. S3A–C). We performed live/dead 
cell viability experiments after incubation in 1 μg/mL PDA NPs for 1, 3, 
5 days and in 1, 5, 10 μg/mL PDA NPs for 1 day, respectively (Fig. S4). 
After treated with NPs at various concentrations and different incuba-
tion times, the proportion of viable cells did not change significantly, 
indicating good biocompatibility of the synthesized materials. The sys-
temic toxicity of PDA NPs was also evaluated in mice. During the 
experimental period, there was no difference in body weight for mice in 
various groups (Fig. S5A). Blood erythrocytes, leukocytes, and hemo-
globin (Figs. S5B–D) also did not significantly differ among groups. No 
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Fig. 4. PEI-PDA@C-176 NPs inhibited STING pathway via scavenging dsDNA. (A) Representative immunoblotting of pTBK1, TBK1, pIRF3, IRF3, and STING in 
BMDMs after indicated treatments (n = 6 independent experiments), using β-Actin as control. ELISA of (B) IFNβ, (C) TNFα and (D) IL-6 revealed that PEI-PDA@C-176 
NPs significantly inhibited dsDNA-induced IFNβ, TNFα and IL-6 secretion in human primary fibroblast-like synoviocytes. (E) Intracellular colocalization of dsDNA 
(red) with PDA and PEI-PDA NPs (green) in RAW264.7 cells. As indicated with white arrows, co-localization of dsDNA and PDA NPs showed up as yellow spots. Scale 
bars: 5 μm. 
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obvious morphological changes were observed in the major organs, 
including the liver, kidney, lung, spleen and heart (Fig. S5E), suggesting 
minimal systemic toxicity of PDA NPs, if any. Collectively, data sug-
gested that PEI-PDA@C-176 NPs exhibited high biocompatibility and, 
thus, were suitable for therapeutic use. 

3.4. PEI-PDA@C-176 NPs inhibited the STING pathway and dsDNA- 
induced inflammation 

The STING agonist 10-carboxymethyl-9-acridanone (CMA) could 
bind to STING and trigger inflammatory responses through the TBK1/ 
IRF3 axis. As a first step to evaluate the therapeutic efficacy of PEI- 
PDA@C-176 NPs, we investigated its effects on CMA-induced STING 
activation in BMDMs. While PDA@C-176 NPs reduced the expression 
level of pTBK1 and pIRF3 to 71% and 22.3%, respectively, PEI-PDA@C- 
176 NPs further reduced the expression of pTBK1 and pIRF3 to 31.6% 
and 14.9%, respectively (Fig. 4A, Figs. S6A–E). Besides, treatment with 
PEI-PDA@C-176 NPs suppressed the dsDNA-induced STING activation, 
significantly lowering IFNβ cytokine release (Fig. 4B). Results indicated 
that PEI-PDA@C-176 NPs had a stronger effect on STING inhibition than 
other formulations. 

Then, we examined whether PEI-PDA@C-176 NPs could inhibit 
dsDNA-induced inflammatory responses. Using ELISA, we found that 
dsDNA-induced overexpression of TNF-α was significantly inhibited by 
32%, 44.6%, and 71.4% in the presence of PEI-PDA, PDA@C-176, and 
PEI-PDA@C-176 NPs, respectively (Fig. 4C). Similarly, the production of 
IL-6 was also decreased by 26.8%, 33.7% and 61.4% in the presence of 
PEI-PDA, PDA@C-176 and PEI-PDA@C-176 NPs, respectively (Fig. 4D). 
Results demonstrated that PEI-PDA@C-176 NPs treatment could reduce 
the dsDNA-induced secretion of inflammatory cytokines. 

Colocalization of PDA NPs and CpG in RAW264.7 cells was then 
studied (Fig. 4E). The colocalization ratio of FITC-labeled PEI-PDA NPs 
(green) with Cy5-labeled CpG (red) was significantly higher than that of 
PDA NPs (Fig. 4E), suggesting that PEI-coated PDA NPs obtained a 
strong dsDNA-binding capability. dsDNA clearance capability of PEI- 
PDA NPs was then investigated with immunostaining. Cell-free dsDNA 
was significantly decreased after the treatment with PDA and PEI-PDA 
NPs (Fig. S7A). There was a 3.4-fold and 6.7-fold decrease in the fluo-
rescence intensity of dsDNA after PDA and PEI-PDA NP treatments 
respectively, indicating that PEI-PDA NPs had a strong capability of 
scavenging dsDNA. 

3.5. PEI-PDA@C-176 NPs suppressed the STING signaling and alleviated 
inflammation in dsDNA-induced arthritis 

Encouraged by the effect of PEI-PDA@C-176 NPs on modulating 
STING activation and inflammation in vitro, we further explored their 
effect in a mice model of dsDNA-induced acute arthritis (Fig. 5A). Both 
PEI-PDA and PDA@C-176 NP treatments relieved ankle swelling, and 
mice treated with PEI-PDA@C-176 NPs had quicker and greater allevi-
ation in ankle swelling than those treated with other NPs (Fig. 5B). 

In histological analysis, synovial lining hyperplasia was significantly 
alleviated in model mice treated with PEI-PDA@C-176 NPs (Fig. 5C). In 
mice treated with PEI-PDA@C-176, the histological score for synovitis 
was decreased to 0.9, which was significantly lower than that of mice 
treated with PEI-PDA (2.2) and PDA@C-176 (1.8) (Fig. S8A). 

To assess cartilage destruction, which is another important RA pa-
thology, HE staining (Fig. 5C) and immunohistochemical (IHC) staining 

of collagen II (Fig. 5D) were performed. Notably, PEI-PDA NPs alone did 
not appreciably affect cartilage destruction, while PDA@C-176 and PEI- 
PDA@C-176 NP treatments considerably alleviated cartilage destruction 
(Fig. 5C and D). After PEI-PDA@C-176 NP treatment, the histological 
score for cartilage destruction decreased to 0.8, which was significantly 
lower than those in the other groups (Fig. S8B). 

μCT revealed that bone mineral density in mice treated with PEI- 
PDA@C-176 increased to a level close to that in the sham group. 
While there were significant bone defects in the calcaneus (solid circle) 
and cuneiform bones (dot circle) in the model mice treated with PBS or 
other NPs, bone destruction was barely noticed in the model mice 
treated with PEI-PDA@C-176 NPs (Fig. 5E), as was further evidenced by 
significantly lower histological score of bone erosion in this group 
(Fig. S8C). 

Immunofluorescence staining further demonstrated that while PEI- 
PDA NP treatment did not affect STING activation (Fig. 5F and G), 
PEI-PDA@C-176 NP treatment significantly reduced the expression of 
pTBK1 by 45.3% (Fig. 5F and G). Taken together, results indicated that 
PEI-PDA@C-176 NPs suppressed the STING signaling and attenuated 
pathologies in the mice model of dsDNA-induced arthritis. 

3.6. PEI-PDA@C-176 NPs suppressed the STING signaling and alleviated 
inflammation in the CIA model 

The therapeutic potential of PEI-PDA@C-176 NPs was further 
examined in the CIA model (Fig. 6A), which is regarded as the gold 
standard for experimental RA due to its systematic immune responses. 
The CIA model mice gradually developed arthritis, and their clinical 
score reached a maximum of 6.7 points on day 24 after the first im-
munization (Fig. 6B). While mice treated with PDA@C-176 showed 
reduced arthritis, those treated with PEI-PDA@C-176 NPs showed a 
greater decrease in the clinical score (p < 0.001, Fig. 6B). After PEI- 
PDA@C-176 NPs treatment, the diameter of the inflamed knee joint 
decreased to 1.07 mm, which was significantly lower than those in the 
model mice (1.52 mm) and PEI-PDA treated mice (1.41 mm) (Fig. 6C). 

Synovitis which is a key indicator of RA was observed in the CIA 
model mice and PEI-PDA treated mice with features including synovial 
hyperplasia and immune cell infiltration (Fig. 6D). Synovitis was 
effectively controlled after PEI-PDA@C-176 NPs treatment, and the 
histological score was 0.9 (Fig. 6G), which was significantly lower than 
that in the model mice (1.8) and PEI-PDA treated mice (1.3). Cartilage 
destruction was then evaluated as another typical sign of RA. PEI-PDA 
NPs treated mice exhibited a cartilage pattern similar to that in the 
model mice, with apparent cartilage erosion and reduced cartilage 
thickness (Fig. 6D). After PEI-PDA@C-176 NPs treatment, however, the 
knee joint displayed only minor signs of cartilage degradation (Fig. 6D), 
and the histological score was markedly lower than that in mice treated 
with PBS or other NPs (Fig. 6H). Subchondral bone damage as a late RA 
pathology was further assessed with μCT. While there was bone 
destruction of various degrees in the distal end of the femur (circle) in 
the CIA model mice (Fig. 6E), there was only slight bone damage in the 
CIA mice treated with PEI-PDA@C-176 NPs (p < 0.001, Fig. 5E and I). 

Injection of PEI-PDA@C-176 NPs, but not PEI-PDA NPs, inhibited 
STING activation (Fig. 6F and J). In mice treated with PDA@C-176 and 
PEI-PDA@C-176 NPs, the pTBK1 expression decreased to 56.1% and 
51.8%, respectively (Fig. 6F and J). Taken together, results indicated 
that PEI-PDA@C-176 NPs could suppress the STING signaling and 
alleviate articular inflammation in the CIA model mice. PEI coating and 

Fig. 5. PEI-PDA@C-176 NPs alleviated pathological features in dsDNA-induced acute arthritis. (A) Experimental schedule. (B) The diameter of the right ankle joints 
were measured to assess joint swelling after indicated treatment (n = 8). (C) Representative HE staining of the ankle joints, articular cartilage (solid frame), and 
synovium (dotted frame) from mice after indicated treatments (n = 8). (D) Representative immunohistochemistry of collagen II in ankle cartilage from mice after 
indicated treatments. (E) Representative μCT images of the ankle joints demonstrated bone destruction of various degrees in the calcaneus (white circle) and plantar 
joint (dotted circle). (F) Representative immunofluorescent staining of pTBK1 (green) in synovium of the ankle joints. (G) Quantitation of pTBK1 expression level 
(pixels per unit area) demonstrated that PEI-PDA@C-176 NP treatment reduced pTBK1 expression in the synovium. Statistical analysis is performed in comparison to 
the model group. *P < 0.05, **P < 0.01 and ***P < 0.001. Scale bars: 50 μm (C, D, and E) and 10 μm (F), respectively. 
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C-176 loading enabled PEI-PDA@C-176 NPs to exert a strong inhibitory 
effect on RA inflammation and pathogenesis. 

3.7. PEI-PDA@C-176 NPs alleviated inflammation through the STING 
pathway 

To further understand the mechanism underlying the therapeutic 
effect of PEI-PDA@C-176 NPs in treating RA, the newly developed NPs 
were applied to Sting1+/− mice (Fig. 7A). After modeling, Sting1+/− mice 
showed minor joint swelling, and their clinical score reached a 
maximum of 3 points. In Sting1+/− mice, PDA@C-176 treatment did not 
reduce the clinical score, while PEI-PDA@C-176 NPs treatment reduced 
the clinical score by only 1.5 points (Fig. 7B). No difference in the 
diameter of the knee was observed among CIA modeled Sting1+/− mice 
treated with PBS or various NPs (Fig. 7C). 

Similarly, there was no significant difference in synovitis in CIA 
modeled Sting1+/− mice after various treatments (Fig. 7D and G). SO 
staining also revealed that cartilage destruction in CIA modeled Sting1+/ 

− mice remained after treatment with PEI-PDA, PDA@C-176, or PEI- 
PDA@C-176 NPs (Fig. 7D and H). The μCT images demonstrated that 
bone destruction, which is highlighted in a circle, was not changed after 
treatment with PEI-PDA, PDA@C-176 or PEI-PDA@C-176 NPs (Fig. 7E 
and I). 

The STING activation was investigated in CIA-modeled Sting1+/−

mice (Fig. 7F and J). As expected, immunofluorescence staining 
revealed that Sting1+/− mice did not show reduced pTBK1 expression 
after the treatment with PEI-PDA, PDA@C-176 or PEI-PDA@C-176 NPs. 
Findings suggested that PEI-PDA@C-176 NPs might inhibit RA inflam-
mation via the STING signaling. 

4. Discussion 

In this study, we found there were significant cell-free dsDNA 
accumulation and STING activation in the synovial tissues of human RA 
patients and RA model mice. With STING knockout mice, we found that 
the STING pathway was critical for inflammation and joint damage in 
RA. Given these findings and the fact that dsDNA is a specific stimulus 
for STING, we developed PDA-based NPs to simultaneously capture 
dsDNA and deliver STING antagonist C-176. The fabricated PEI- 
PDA@C-176 NPs, which has synergetic effects on STING inhibition, 
could reduce the secretion of dsDNA-induced inflammatory cytokines in 
macrophages. Intra-articular administration of PEI-PDA@C-176 NPs 
effectively reduced joint damage in both the dsDNA-induced arthritis 
model and CIA model. Together, these findings illustrated that inhibi-
tion of the STING pathway by dsDNA adsorption and STING antagonist 
might be a promising therapeutic strategy for treating RA. 

The evolution of RA follows a sequential process of joint inflamma-
tion and damage, which is irreversible in most cases [41], and the 
mechanism underlying this sequential process has not been fully clari-
fied [42]. However, it is clear that the transition from the recognition of 
modified antigens to metabolic and DNA instability-induced immune 
cell invasion and chronic synovitis is an important checkpoint [41]. In 
this study, we found that the STING pathway sensed DNA damage and 
upregulated the secretion of inflammatory cytokines, such as TNF-α in 
macrophages. While TNF-α is secreted from synovial immune cells, such 
as macrophages, TNF-α receptors are expressed in both macrophages 

and synovial fibroblasts [43]. Consequently, this study raised the pos-
sibility that STING-induced synthesis of inflammatory cytokines 
bypassed the checkpoint of immune tolerance and, thus, promoted 
inflammation. Further, communication between immune cells and their 
surrounding extracellular matrix in the synovium microenvironment is 
essential for the maintenance of homeostasis in joint tissues [44]. As 
cytokines are connectors between abnormal adaptive immune responses 
and adverse tissue remodeling in RA [45,46], STING inhibition might 
ameliorate structural deficiencies by reducing the aberrant immune 
responses in RA synovial environment [41]. Our findings suggested that 
targeting upstream immune checkpoints could re-engineer the immune 
system and attenuate the progression of RA before irreversible tissue 
damage occurred. 

The STING pathway can be triggered by various cytosolic dsDNA 
species, regardless of their origins and sequences [47]. As a result, 
STING plays an essential role in autoimmune diseases [48]. Different 
from other innate immune pathways which are pathogen-specific, cGAS 
recognizes a wide range of DNA species, including dsDNA derived from 
pathogens and dsDNA of self-origins, such as damaged mitochondrial 
DNA (mtDNA) and leaked/damaged nuclear DNA from the cytosol or 
cell debris [49,50]. As such, STING exhibits diverse regulatory functions 
in various cellular progresses, and hyperactivation of the cGAS/STING 
signaling is essential in the development of autoimmune diseases. In RA, 
insufficient DNA repair leads to the accumulation of damaged DNA in 
the nucleus. Unrepaired DNA damage might promote immune cell 
pyroptosis and premature aging [51–53]. However, as a well-recognized 
DNA sensor [47], STING has been less studied in RA, and the effect of 
inhibiting STING remains unknown. In this study, the accumulation of 
damaged dsDNA in RA synovial tissues activated the STING signaling, 
which led to tissue damage and inflammation, suggesting that STING 
might be an important connector between DNA instability and RA pa-
thology. More studies are needed to further understand the causative 
roles of the cGAS-STING pathway in RA. 

As the cGAS-STING signaling is important in inflammatory diseases, 
several methods targeting different stages in STING signaling have been 
proposed [10–12]. Astin C, a cyclopentapeptide isolated from a medic-
inal composite, can inhibit cGAS-STING signaling in the presence of 
cytosolic DNAs and thus, weaken autoimmune responses [54]. Also, 
cGAS antagonists have been developed to interfere with the initial step 
of STING activation by competing with cGAS binding [55–57], although 
such an approach has off-target problems due to the universal protein‒ 
DNA binding mechanism. On the other hand, small molecules targeting 
protein palmitoylation can affect the interactions between STING and 
lipids and proteins, thus, covalently inhibiting STING [58]. The devel-
oped STING inhibitors can occupy the cyclic dinucleotide (CDN)-bind-
ing site and, thus, attenuate pathologies in many inflammatory diseases 
[19–21]. Inhibitors in the CDN-binding pocket strongly reduce systemic 
inflammation and protect mice from sterile inflammatory diseases [24]. 
Yet, to our knowledge, all studies have used only one strategy to inhibit 
STING activation. 

In this study, we developed PEI-PDA@C-176 NPs, which could 
simultaneously adsorb dsDNA and inhibit STING palmitoylation. C-176 
is a newly developed nitrofuran analog that covalently targets Cys91 
and, therefore, inhibits the palmitoylation of STING [18]. C-176 had a 
prolonged effect on STING inhibition and suppressed STING-associated 
autoinflammation in vivo without obvious signs of toxicity. Besides, we 

Fig. 6. PEI-PDA@C-176 NPs attenuated pathological features in CIA model mice. (A) Experimental schedule. (B) Clinical scores were evaluated every 3 days (n = 8 
mice per group). (C) The diameter of the right knee joint was measured to assess joint swelling for CIA model mice after indicated treatments. (D) Representative SO 
staining of the right knee joints, articular cartilage (solid frame) and synovium (dotted frame) from sham and CIA model mice subjected to intra-articular injection of 
indicated NPs, respectively. (E) Representative μCT images of the right knee joints revealed bone erosion of various degrees in the distal end of the femur (circle). (F) 
Representative immunofluorescent staining of pTBK1 (green) of the synovium from mice after indicated treatments. Histological scores for the (G) synovitis, (H) 
cartilage destruction and (I) bone erosion revealed that PEI-PDA@C-176 NPs significantly alleviated arthritis pathological changes in CIA model mice. (J) Quan-
titation of pTBK1 expression level (pixels per unit area) demonstrated that PEI-PDA@C-176 NPs reduced pTBK1 expression in synovium. Statistical analysis was 
performed in comparison to CIA model mice treated with PBS. *P < 0.05, **P < 0.01 and ***P < 0.001. ns, not significant. Scale bars: 50 μm (D and E) and 10 μm (F), 
respectively. 
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developed PDA-based NPs as the carrier for C-176 because this com-
pound has good biocompatibility and high drug loading capacity 
[59–61] and has been used in the diagnosis and treatment of cancer and 
eye disease [62,63]. In this study, the developed PDA@C-176 NPs 
achieved better therapeutic effects than other formulations with single 
functions both in vivo and in vitro. These findings suggested that simul-
taneous inhibition of various stages of STING signaling can have a 
synergetic effect of STING inhibition and thus improve the therapeutic 
effect with a reduced drug dose. Such a strategy also shows potentials in 
a wide range of therapeutic applications. Nevertheless, there are several 
future work directions. STING activation was only examined in RA sy-
novial specimens from RA patients who were in the late stage of RA. Due 
to limitations in clinical practice, we were not able to collect synovium 
at the early stage of RA and thus, the role of STING in early RA remains 
unknown. We used STING knockout mice but not conditional knockout 
mice to evaluate the role of STING in PEI-PDA@C-176 NP treatment. As 
various types of cells are involved in the pathology of RA [41,64,65], it is 
possible that the therapeutic effect of PEI-PDA@C-176 NPs was partially 
attributed to other types of cells. Additionally, PEI-PDA@C-176 NPs 
were found to treat RA by scavenging dsDNA. dsDNA can induce in-
flammatory responses through various DNA-sensing pathways [66,67], 
such as the AIM2 pathway [68]. These pathways may also play an 
important role in the treatment of PEI-PDA@C-176. 

5. Conclusion 

In this study, we demonstrated the feasibility of targeting the STING 
signaling to block the initiation of RA pathology. The fabricated PEI- 
PDA@C-176 NPs were highly biocompatible and could simultaneously 
adsorb the STING stimulus (dsDNA) and inhibit STING palmitoylation. 
With such a synergetic effect of inhibiting the STING signaling, PEI- 
PDA@C-176 NPs showed a remarkable effect on alleviating RA 
inflammation and pathology. Such comprehensive studies shed light on 
the development of disease-modifying drugs for RA and other autoim-
mune diseases. 
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