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2First Affiliated Hospital of Anhui University of Traditional Chinese Medicine, Hefei, Anhui, China, 
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Background: Rheumatoid arthritis (RA) is a chronic autoimmune condition 
characterized by persistent inflammation of the joint’s synovial membrane. This 
inflammation leads to the degradation of joint cartilage and bone, resulting in 
joint dysfunction and deformity. Early symptoms of RA are often subtle, 
complicating timely diagnosis. Identifying potential markers for RA is 
therefore critical. 

Purpose and study design: This study aimed to explore the role of circular RNA 
CBLB (circ-CBLB) in RA by examining its influence on the Toll-like receptor 3/ 
TNF receptor-associated factor 3 (TLR3/TRAF3) signaling axis and its effects on 
macrophage polarization through exosomes. 

Results: We found that exosomes may contribute to macrophage polarization, as 
shown through exosome uptake assays and flow cytometry. Clinical data reveal 
low expression levels of circ-CBLB in rheumatoid arthritis patients, correlating 
negatively with immunoinflammatory indices. Overexpression of circ-CBLB was 
found to inhibit M1 macrophage polarization. Further, binding between circ-
CBLB and TLR3 was confirmed using RNA Immunoprecipitation, RNA pulldown, 
Western blot analysis, immunofluorescence, and quantitative reverse 
transcription polymerase chain reaction (qRT-PCR) techniques. Inhibiting circ-
CBLB or TLR3 demonstrated that the effects on macrophage polarization could 
be counteracted by introducing inhibitors or inducers for M2 macrophage 
polarization, underscoring the significant role of exosomal circ-CBLB in RA. 

Conclusion: Exosomal circ-CBLB plays a crucial role in inhibiting the TLR3/ 
TRAF3 signaling pathway, thereby reducing M1 macrophage polarization in RA 
patients. These findings enhance our understanding of pathophysiology of RA 
and offer novel insights and methods for its diagnosis and treatment. 
KEYWORDS 

CBLB, TLR (Toll-Like Receptors), rheumatoid arthritis, macrophage-cell, circRNA, 
TRAF3, immune inflammation 
01 frontiersin.org 

https://www.frontiersin.org/articles/10.3389/fimmu.2025.1627389/full
https://www.frontiersin.org/articles/10.3389/fimmu.2025.1627389/full
https://www.frontiersin.org/articles/10.3389/fimmu.2025.1627389/full
https://www.frontiersin.org/articles/10.3389/fimmu.2025.1627389/full
https://orcid.org/0009-0008-7461-2364
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fimmu.2025.1627389&domain=pdf&date_stamp=2025-07-17
mailto:yxwanlei@163.com
mailto:zhecho223@sohu.com
https://doi.org/10.3389/fimmu.2025.1627389
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology#editorial-board
https://www.frontiersin.org/journals/immunology#editorial-board
https://doi.org/10.3389/fimmu.2025.1627389
https://www.frontiersin.org/journals/immunology


Zhang et al. 10.3389/fimmu.2025.1627389 
1 Introduction 

Rheumatoid Arthritis (RA) is a common autoimmune disease 
characterized by symptoms such as joint pain, swelling, stiffness, 
and deformity, and it can also affect multiple organ systems 
including the cardiovascular and respiratory systems, and the 
eyes, significantly impairing patient quality of life (1–4). The 
chronic nature of RA necessitates long-term treatment and 
management, contributing to the complexity of its treatment. The 
causes of rheumatoid arthritis are not completely understood, but 
are believed to involve a combination of genetic factors, 
environmental influences, and immune system (5, 6). If not 
treated early, RA can lead to irreversible joint deformity and 
functional loss, highlighting the importance of prompt diagnosis 
and intervention (7, 8). Although advancements have been made in 
the diagnostic and therapeutic approaches for RA, the precise 
underlying mechanisms remain elusive, necessitating continued 
research.  This  s tudy  seeks  to  delve  deeper  into  the  
pathophysiological processes of RA, aiming to provide new 
theoretical insights and potential therapeutic avenues for its 
clinical management. 

Exosomes are nanosized vesicles characterized by bilayer 
phospholipid membranes that encase proteins, lipids, DNA, and a 
diverse array of nucleic acids, including mRNA and microRNA (9– 
11). Exosomes act as carriers of signaling molecules, delivering their 
encapsulated cargo to recipient cells, thereby modulating the 
function and behavior of these cells (12). This mode of cell-to-cell 
communication plays a crucial role in various physiological and 
pathological processes, such as immune responses, neural 
interactions, and the metastasis of diseases (13–15). Furthermore, 
exosomes are increasingly recognized for their potential diagnostic 
and therapeutic applications in immune-related disorders (16). 

circ-CBLB, derived from a circular RNA variant of the CBLB 
gene, belongs to the category of non-coding RNAs and exhibits 
unique biological properties (17, 18). Its encoded products play roles 
in a range of biological processes, including pathways related to 
immunoregulation and tumor suppression (19). The circular 
structure of circ-CBLB enhances its stability within the cell, 
enabling it to perform specific functions and potentially serving as 
a diagnostic marker. In our preliminary research, high-throughput 
sequencing and Gene Ontology (GO) analysis identified circCBLB as 
a key player in the RA inflammatory response. Additionally, we 
found that overexpression of cicCBLB reduced cytokine secretion by 
M1-type macrophages (20). In oncology, circ-CBLB has been shown 
to significantly influence regulatory mechanisms by impacting the 
cell cycle, triggering apoptosis, and facilitating cellular migration, all 
of which contribute to the regulation of tumor growth and infiltration 
(21–23). Importantly, circ-CBLB also plays a crucial role in the 
immune system, particularly in the activation and functioning of T 
lymphocytes, and its altered expression levels can directly affect 
immune response efficacy, a factor of considerable importance in 
immune-related diseases like systemic lupus erythematosus (SLE) 
and RA (24–29). However, the investigation of circ-CBLB in RA 
remains in its early stages, and its precise impact on this chronic 
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inflammatory condition requires further detailed study. Enhancing 
our understanding of circ-CBLB in the context of RA could uncover 
new aspects of the disease and lead to the development of novel 
diagnostic and therapeutic approaches. 

Recent studies have highlighted that the progression and 
manifestation of RA involve intricate regulatory networks 
associated with several signaling pathways, including the 
Mitogen-Activated Protein Kinase (MAPK), Janus Kinase (JAK), 
Nuclear Factor kappa-light-chain-enhancer of activated B cells 
(NF-kB), and Toll-Like Receptor (TLR) pathway (30–35). These 
mechanisms are crucial for understanding the pathophysiology of 
RA and could lead to breakthroughs in early diagnosis, tailored 
treatments, and the creation of novel therapeutics. In this study, we 
explored the role of the exosomal circ-CBLB/Toll-like receptor 3 
(TLR3)/TNF receptor-associated factor 3 (TRAF3) axis in 
modulating the immune-inflammatory response in RA. This 
study addressed several aspects, namely, determination of 
whether exosomal circ-CBLB undergoes transfer to macrophages 
and influences M1/M2 polarization, verification of the molecular 
mechanism underlying the interaction between circ-CBLB and 
TLR3/TRAF3 signaling in macrophages, and evaluation of the 
effect of this pathway on the secretion of inflammatory cytokines. 
Our findings indicate that circ-CBLB, a circular RNA present in 
exosomes, plays a significant role in the immune-inflammatory 
processes of RA. Through both in vitro and in vivo studies, It was 
observed that exosomal circ-CBLB promoted M1 macrophage 
polarization through TLR3/TRAF3 pathway, and overexpression 
of circ-CBLB inhibited expression of TLR3 pathway components, 
thus blocking M1 macrophage polarization and alleviating the 
immune inflammatory response in RA. 
2 Materials and methods 

2.1 Clinical sample 

This study adhered to the diagnostic criteria for RA set forth in 
2010 by the American College of Rheumatology (ACR) and the 
European League Against Rheumatism (EULAR). It involved 50 RA 
patients hospitalized at the Department of Rheumatology at the 
First Hospital Affiliated with the Anhui University of Traditional 
Chinese Medicine (AUTCM). Peripheral blood samples were 
collected from these patients. The assays conducted included 
measurements of rheumatoid factor (RF), anti-cyclic citrullinated 
peptide antibody (CCP), erythrocyte sedimentation rate (ESR), C-
reactive protein (CRP), and the markers for M1 and M2 
macrophages, CD80 and CD163, respectively, along with the 
levels of circ-CBLB. All samples were obtained following approval 
from the Pharmacological Review Committee of the First Affiliated 
Hospital of Anhui University of Traditional Chinese Medicine 
(approval number 2023AH-52, approval date July 27, 2023). The 
study adhered to the principles of the Declaration of Helsinki. 
Informed consent was obtained from all individual participants 
included in the study. 
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2.2 Co-culture experiments 

RA-FLSs were obtained from Shanghai Fuhang Biotechnology 
Co. and were identified by short tandem repeat (STR) analysis. The 
isolated cells were cultured in Dulbecco’s Modified Eagle Medium 
(DMEM) supplemented with 10% fetal bovine serum (FBS) and 1% 
penicillin-streptomycin. THP-1 monocytes were originally isolated 
from peripheral blood mononuclear cells (PBMC). The cells were 
seeded at 1*10^6 in 6-well culture plates and cultured overnight. 
M0 induction was performed by treating the cells with 100 ng/mLof 
PMA for 72 h (36). Macrophages were co-cultured with 
synoviocytes by Transwell co-culture chambers and co-cultured 
with the induced M0 for 48 h. 
2.3 Cell transfection 

RA synoviocytes were enzymatically digested and seeded at a 
density of 1*10^6 cells per well in 6-well plates. Transfection was 
conducted the following morning when the cells reached about 70% 
confluence. The tube containing the siRNA(General Biol Co.) in dry 
powder form was centrifuged at 1000 rpm for 1 minute, and 125 µl 
of DEPC water was added to rehydrate the siRNA. Each 100 pmol 
siRNA and 100 pmol the negative control (NC) were dissolved in 
250 µl of  serum-free medium,  while 10 µl of  Lipo8000™ 

transfection reagent was mixed with 500 µl of serum-free 
medium. These solutions were combined, mixed thoroughly, and 
left at room temperature for 5 minutes. Subsequently, the 
transfection mixture was divided, with 10 µl of Lipo8000™ added 
to both the siRNA and NC tubes, mixed well, and left to incubate at 
room temperature for 20 minutes. The 6-well plates were washed 2– 
3 times with serum-free medium before the transfection mixture 
(500 µl) was added. The plates were gently agitated for 1–2 minutes, 
the volume was adjusted to 2 ml with serum-free medium, and the 
plates were placed in the incubator for 4 hours. After this period, the 
medium was replaced with the original complete medium, and the 
cells were incubated for an additional 48 hours. Cells were then 
harvested, and the expression of target genes was quantitatively 
analyzed using reverse transcription-quantitative polymerase 
chain reaction. 
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2.4 qRT-PCR 

RNA was extracted from the cells using TRIzol reagent, which 
was then utilized for reverse transcription and amplification 
processes for further analysis. Specific genes were amplified using 
the qRT-PCR technique, and the amplified products were analyzed 
with a fluorescence quantitative PCR instrument. For relative 
quantitative analysis, the 2-DDCt method was employed, using b
actin gene expression as an internal control. The primer sequences 
for each assay are detailed in Table 1. 
2.5 Enzyme-Linked Immunosorbent Assay 

The concentrations of The levels of interleukin 10 (IL-10, 
catalog no. RX103064H), tumor necrosis factor-alpha (TNF-a, 
catalog no. RX104793H), interleukin 6 (IL-6, catalog no. 
RX106126H), and interleukin 13 (IL-13, catalog no. RX104055H) 
were quantified using ELISA kits obtained from Quanzhou Ruixin 
Biotech Co. 
2.6 Western blot analysis 

To each well of a 6-well plate, 100 µl of RIPA cell lysate 
(containing 1 mM PMSF) was added and the mixture was lysed 
on ice for 30 minutes. The lysate was then centrifuged at 12,000 rpm 
for 15 minutes, and the supernatant was collected. Protein 
concentrations were measured using an Enhanced BCA Protein 
Assay Kit (Beyotime Biotechnology, P0010S). A 5X SDS-PAGE 
Protein Sampling Buffer was added to the 30-mg protein samples in 
a 1:4 ratio to adequately denature the proteins. The samples were 
then loaded onto a gel for electrophoresis, followed by transfer to a 
PVDF membrane (Millipore, IPVH00010). The PVDF membrane 
was blocked with 5% skim milk powder at room temperature for 2 
hours. Blocked membranes were incubated with a series of primary 
antibodies, including anti-TLR3 (FabGennix, TLR-301AP, 1:500), 
anti-TRAF3 (Affinity, AF5380, 1:1000), anti-CD80 (Affinity, 
DF7682, 1:1000), and anti-CD86 (ZENBIO, 380350, 1:1000), also 
at room temperature. After the primary antibody incubation was 
’ ’ ’ ’

TABLE 1 Primers used for each assay. 

Gene Amplicon size (bp) Forward primer (5 →3 ) Reverse primer (5 →3 ) 

b-actin 96 CCCTGGAGAAGAGCTACGAG GGAAGGAAGGCTGGAAGAGT 

circ-CBLB 133 TCAGCTTCCTCATGTTCAGGT TGCTAACGGACCAGTACACTT 

TLR3 117 GCCATGAAGTTGCTGACTGC TGGCGGCTGGTAATCTTCTG 

TRAF3 86 GACCGCGAGAACTCCTCTTT CTTTAGCGGCGGGTTAGTCT 

CD80 182 GGGAAATGTCGCCTCTCTGAA TCCTGGGTCTCCAAAGGTTG 

CD86 84 CAGCCAAAATGGATCCCCAG GACTGAAGTTAGCAGAGAGCAG 
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completed, the membranes were washed and then incubated with 
horseradish peroxidase (HRP)-labeled secondary antibodies for 2 
hours at room temperature. The blot was detected using an 
enhanced chemiluminescence kit (Beyotime). Protein blotting 
results were semi-quantitatively analyzed using ImageJ software 
with b-actin as an internal reference. 
 

2.7 RNA-binding protein 
immunoprecipitation assay 

An RNA pull-down kit (Bersinbio Guang zhou, Bes5102) was 
used for RNA pull-down. First, cells were collected and rinsed with 
4 ml of PBS, then lysed using polysome lysis buffer with added 1.7 
mL protease and RNase inhibitors. Twenty microliters of DNase 
and 8.5 mL of DNase salt stock were added to the supernatant, 
followed by incubation at 25°C for 1 hour. This was followed by the 
addition of 40 mL of agarose beads, 8.5 mL of EDTA, 3.4 mL of

EGTA, and 17 mL of DTT to the protein sample, with gentle 
rotation at 4°C for 30 minutes. RNA was isolated through 
centrifugation, followed by immunoprecipitation utilizing protein 
A/G magnetic beads; specific antibodies and control IgG were 
incorporated, and the mixture was incubated with the cell lysate 
overnight. Following this, the magnetic beads were washed, and 
RNA was eluted using elution buffer, with the subsequent addition 
of 60 mL of protein elution buffer and 0.6 mLDTT. Finally, RNA was 
extracted with TRIzol. After several precipitation and washing 
steps, the RNA was dissolved in RNase-free water and analyzed 
via qRT-PCR. 
2.8 Isolation of exosomes 

Exosomes were isolated using ultracentrifugation to ensure 
their purity for downstream mechanistic studies, as the presence 
of contaminating cellular debris could confound the polarization 
results. Detection of both CD63 and CD81 was used to confirm the 
presence of exosomes in the preparation, while calnexin 
(endoplasmic reticulum marker) and GM130 (Golgi marker) were 
included to rule out contamination by intracellular organelles. 
Exosome isolation kit (Beibei Bio, product number 084001) is 
used for exosome isolation. Cell supernatant were collected in 
centrifuge tubes and centrifuged at 5000 rpm for 10 min. The 
supernatants were collected and filtered through 0.22-mm 
membranes to remove cellular debris and larger particles. Add 
the supernatant to a total volume of one-third EDTA-phenol (EP) 
solution, incubation at 0-4 °C with slow mixing for 1 h, and 
centrifugation at 12–000 rpm for 15 min at 4°C, with retention of 
the precipitate. A volume of 500-1000 ml of PBS buffer was added 
with blowing of the precipitate for 3–4 min, incubation in a water 
bath at 37 °C for 20 min to promote dissolution, and further 
blowing for 2–3 min for resuspension to obtain a greater exosome 
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yield. The exosomes were stored at -80°C for further analysis. A 
transmission electron microscope (HT7700, Hitachi, Japan) was 
used for evaluation of exosome sizes and morphology. The particle 
sizes and concentration distributions of the exosomes were assessed 
using nanoparticle tracking analysis. 
2.9 PKH26 labeling of exosomes 

PKH26 fluorescent dye from the PKH26 Red Fluorescent Cell 
Membrane Staining Kit(Solarbio life sciences, D0030) was used to 
label purified exosomes. The exosome solution was first diluted with 
0.5 ml of diluted CPBS. The kit provides all the necessary solvents 
for the staining process, including Dilution C, which enhances the 
solubility of the dye during the staining process, improving the 
staining efficiency while maintaining the viability of the exosomes. 
It is isotonic with mammalian cells and contains no detergents, 
organic solvents, physiological saline, or buffer salts. Subsequently, 
0.5 ml of Dilution C and 4 µl of PKH26 dye were added, thoroughly 
mixed, and incubated at room temperature for 4 minutes to ensure 
complete binding of the dye to the exosomes. After the incubation, 
to remove any unbound dye, the labeled exosomes were washed 
through centrifugation at 100,000 g for 1 hour. Following fixation 
and treatment of the cells, the uptake of labeled exosomes was 
examined using a Olympus CKX53 inverted fluorescence 
microscope, which detected the red fluorescent signal. 
2.10 Flow cytometry 

The treated cells were harvested following standard procedures. 
First, the cells were washed twice with ice-cold phosphate-buffered 
saline (PBS) to remove any residues of the culture medium. To 
block non-specific binding, the cell suspension was incubated with 
10% normal goat serum in PBS for 15 minutes at room temperature. 
Detection was performed using an Agilent NovoCyte flow 
cytometer. To gate the cell population of interest, forward scatter 
(FSC) and side scatter (SSC) were used to exclude debris and dead 
cells. The fluorescence intensities of CD80 and CD206 was 
measured, and the percentage of positive cells was calculated. The 
acquired flow cytometry images were analyzed and plotted using 
NovoExpress software. 
2.11 Statistical analysis 

Statistical analysis was conducted using programs like 
GraphPad Prism. Mann-Whitney U tests were used for 
comparing two sets of data. For the comparison of multiple 
groups of data, we used one-way analysis of variance (ANOVA), 
Tukey’s test was used for pairwise comparison between groups, with 
differences where p<0.05 deemed statistically significant. 
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3 Results 

3.1 Discovery and characterization of 
exosomes in synoviocytes from RA patients 

In a prior study by our group, we observed that circ-CBLB was 
downregulated in RA exosomes, suggesting its potential as a biomarker 
for RA (37). To confirm these findings, exosomes were first isolated, 
and subsequently verified, from the cell supernatants. Under 
transmission electron microscopy, these exosomes displayed a 
distinct bilayer membrane (Figure 1A).  Their size ranged from  30 to  
150 nm.  The presence of the  endoplasmic reticulum  transmembrane  
protein calnexin and the Golgi matrix protein 130 (GM130) was 
detected to assess potential contamination. The results showed that 
neither calnexin nor GM130 was detected in the co-culture system, 
indicating that there was no intracellular protein contamination in the 
exosome samples (Figure 1B). Subsequently, we detected the exosomal 
protein markers CD63 and CD81 and found that both the control 
group (RA-FLS+M0) and the model group (RA-FLS+M0+TNF-a) of  
the co-culture system exhibited high expression levels of these markers 
(Figure 1C), confirming the successful extraction of exosomes. 
Additionally, we examined the uptake of these exosomes by 
macrophages using PKH26-labeled exosomes in uptake experiments 
and observed increased uptake in the macrophages of the Model group 
(Figure 1D). This finding indicates a potential link between exosome 
uptake by macrophages and macrophage polarization, establishing the 
feasibility of exosomal circ-CBLB transfer and providing a mechanistic 
basis for subsequent polarization assays. 
3.2 Effect of exosomes on macrophage 
polarization 

Macrophage polarization was analyzed through co-culture of 
synoviocytes and macrophages, with the expression levels of the M1 
macrophage marker CD86 and the M2 macrophage marker CD206 
assessed via flow cytometry. We observed an increase in CD86 
expression and a decrease in CD206 expression in the MC group 
(Figure 2A). After adding the exosome inhibitor GW4869 to the NC 
and MC groups, the expression of the M1 marker CD86 was found 
to be higher in the MC+GW4869 group compared to the MC group 
(p<0.05) (Figure 2B), while the expression of the M2 marker CD206 
was lower in the MC+GW4869 group compared to the MC group 
(p<0.05) (Figure 2C). These results further support the hypothesis 
that exosomes play a role in macrophage polarization. 
 

3.3 circ-CBLB was associated with RA 
immune-inflammatory response 

To explore the relationship between circ-CBLB and RA 
inflammation, we conducted clinical validation with a cohort 
consisting of 50 healthy individuals and 50 RA patients. The 
clinical characteristics of the subjects are shown in Table 2. We

measured the levels of circ-CBLB in both groups and discovered 
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that it was significantly lower in RA patients compared to healthy 
individuals (p<0.05) (Figure 3A), confirming that circ-CBLB is 
downregulated in RA. We also assessed indicators of immune 
inflammation in RA patients, such as ESR, CRP, RF, and CCP, 
and analyzed their correlation with circ-CBLB. The findings 
indicated a negative correlation between circ-CBLB and each of 
these indicators (Figures 3B–E). Furthermore, we evaluated the 
levels of the M1 macrophage marker CD86 and the M2 macrophage 
marker CD163 and examined their relationships with circ-CBLB. 
The results revealed a negative correlation with CD86 and a positive 
correlation with CD163 (Figures 3F, G). 
3.4 Inhibition of macrophage polarization 
by circ-CBLB overexpression 

To investigate the relationship between circ-CBLB and 
macrophage polarization, we measured the levels of TNF-a, IL-6, 
IL-13, and IL-10 in co-cultured macrophages and RA-FLS cells. We 
observed that in the RA-FLS+M0 group, TNF-a and IL-6 were 
present at low levels, while IL-13 and IL-10 were elevated. In 
contrast, the addition of TNF-a to the RA-FLS+M0 group led to 
increased levels of TNF-a and IL-6, and decreased levels of IL-13 
and IL-10. circ-CBLB knockdown resulted in significantly increased 
TNF-a and IL-6 levels in the co-culture system compared to the 
RA-FLS+M0+TNF-a group, and notably reduced IL-13 and IL-10 
levels compared to the model group. Conversely, overexpression of 
circ-CBLB led to significantly reduced TNF-a and IL-6 levels and 
increased IL-13 and IL-10 levels compared to the model group, 
indicating that circ-CBLB overexpression may suppress the 
expression of pro-inflammatory factors (Figures 4A–D). 

RNA was extracted from RA-FLS cells, exosomes, and 
macrophages using Trizol extraction, and the expression of circ-
CBLB was analyzed via qRT-PCR. We found that circ-CBLB 
expression was significantly reduced in the synoviocytes of 
rheumatoid arthritis patients (p<0.01) (Figure 4E), and similarly in 
exosomes (p<0.01) (Figure 4F). Additionally, overexpression of circ-
CBLB led to increased exosomal uptake and  higher  circ-CBLB levels in  
macrophages (p<0.01) (Figures 4G, H), indicating a potential role of 
circ-CBLB in influencing macrophage polarization through exosomes. 

Further analysis was conducted on the impact of modulating 
circ-CBLB on macrophage polarization, specifically examining the 
expression of the M1 macrophage markers CD80 and CD86. 
Results showed that both markers were significantly increased 
upon circ-CBLB knockdown (p<0.01) and decreased with circ-
CBLB overexpression (p<0.01), as depicted in Figures 4I, J. These 
findings suggest that overexpressing circ-CBLB may inhibit M1 
macrophage polarization. 
3.5 TLR3 was identified as a potential 
target of circ-CBLB 

Given the significant effect of circ-CBLB on macrophage 
polarization, bioinformatics analyses were then used to explore 
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the downstream effects of circ-CBLB by prediction of its target 
genes. The catRAPID database (http://service.tartaglialab.com/ 
page/catrapid_group) was used to identify interactions between 
specific mRNAs and proteins, The predicted downstream target 
proteins of circ-CBLB included TLR3, SIDT1, CPSF2, and NUP153. 
Many studies have shown that TLR3 plays a crucial role in the 
pathogenesis of RA (38, 39). TLR3 is highly expressed in the 
synovial tissues and peripheral blood mononuclear cells of RA 
patients, with its expression level closely related to disease activity 
(40). Considering the role of TLR3 in RA-associated inflammation, 
the potential interactions between circular RNAs and TLR signaling 
pathways, and the strong potential for binding between circ-CBLB 
and TLR3 mRNA predicted by the catRAPID database, we 
ultimately selected TLR3 as the candidate target. The targeting 
relationship between circ-CBLB and TLR3 was thus investigated, 
with verification using RNA pull-down and RIP assays.TLR3, a 
pattern recognition receptor, recognizes pathogenic double-
stranded RNA (dsRNA) associated molecular patterns (PAMPs) 
and activates downstream signaling to trigger an immune response. 
TRAF3, a member of the Toll/IL-1 receptor family and a cellular 
signaling molecule, binds to TLR3 and participates in its signaling 
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pathway. We then measured the levels of TLR3 and TRAF3 in the 
co-culture system and found that their expression was significantly 
increased upon the knockdown of circ-CBLB (p<0.01) and 
decreased with the overexpression of circ-CBLB (p<0.01), as 
illustrated in Figures 5A, B. This pattern was consistent with the 
expression changes of CD80 and CD86 in the RA co-culture system, 
suggesting that circ-CBLB modulates M1 macrophage polarization 
through the TLR3/TRAF3 signaling pathway, thereby exerting anti-
inflammatory and immunoregulatory effects. This was further 
supported by RNA immunoprecipitation (RIP) experiments, 
where circ-CBLB was found to be enriched with TLR3 
(Figures 5C, D), confirming our hypothesis. 
3.6 Circ-CBLB downregulated TLR3/TRAF3 
signaling pathway to inhibit M1 
macrophage polarization 

Immunofluorescence was employed to assess the expression 
and localization of TLR3 (Figures 6A, B), TRAF3 (Figures 6C, D), 
CD80 (Figures 6E, F), and CD86 (Figures 6G, H) proteins in 
FIGURE 1 

Identification and uptake of exosomes. (A) Visualization of exosomes in synoviocytes. (B) Immunoblotting analysis of the presence of calnexin and 
GM130 in the different experimental groups. (C) Immunoblotting assay results for the exosomal protein markers CD63 and CD81. (D) Experiment of 
macrophages phagocytosing exosomes and comparison of exosome uptake across different cell groups. DAPI, a blue fluorescent dye, is used to 
label the nuclei, and PKH26, a red fluorescent dye, is used to label the exosomes. 
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macrophages. The fluorescence intensity for TLR3, TRAF3, CD80, 
and CD86 significantly decreased following overexpression of circ-
CBLB (p<0.01). In addition, Western blotting was used to 
determine the protein expression levels of TLR3, TRAF3, CD80, 
CD86, TBK1, and IRF3 in the co-culture system. The results showed 
that after overexpression of circ-CBLB, the protein expression of 
Frontiers in Immunology 07 
TLR3, TRAF3, TBK1, IRF3, CD80, and CD86 was reduced, but 
were increased after inhibition of circ-CBLB (Figure 6I). 
Quantitative analysis of the protein levels of TLR3, TRAF3, CD80 
and CD86 was performed, and the results were consistent with 
those of Western blotting. Following the overexpression of circ-
CBLB, the protein expression levels of TLR3, TRAF3, CD80 and 
FIGURE 2 

Effect of exosomes on macrophage polarization. (A) Flow cytometry profiles of CD86 and CD206. (B) Proportion of CD86 macrophages across 
different groups. (C) Proportion of CD206 macrophages across different groups. NC=Normal Control represents RA-FLS+M0, and MG=Model Group 
represents RA-FLS+M0+TNF-a. *p<0.05, **p<0.01. 
= =

TABLE 2 Clinical characteristics of HC and RA subjects. 

Parameters HC (n 50) RA (n 50) t/U/c2 p 

Age (years) 54.18 ± 5.60 54.0 ± 9.2 0.837 0.405 

Gender (n/%) 

Male 15 (30.00) 12 (24.00) 0.556 0.456 

Female 35 (70.00) 38 (76.00) 

Disease Duration (years) – 11.0(8.0,14.0) – – 

Treatment Status (n/%) – – – 

Methotrexate – 30 (60.00) – – 

Methotrexate + Folic acid – 15 (30.00) – – 

Leflunomide – 5 (10.00) – – 

DAS28 score – 5.7(5.3,6.1) – – 

circ-CBLB 0.856 ± 0.337 0.74 ± 0.142 -2.086 0.037 
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CD86 were increased (p<0.01) (Figures 6J–M). These results suggest 
that overexpressing circ-CBLB leads to a downregulation of TLR3/ 
TRAF3, thereby inhibiting the polarization of macrophages toward 
the M1 phenotype. 
3.7 Effects on M1 macrophages after TLR3 
Inhibition can be reversed by circ-CBLB 
inhibitors 

To further investigate the role of circ-CBLB in this signaling 
pathway, we conducted experiments where TLR3 overexpression 
was inhibited alongside circ-CBLB. Subsequently, we assessed the 
levels of TNF-a, IL-6, IL-13, and IL-10 in the co-culture system. 
The results indicated that suppressing TLR3 expression significantly 
increased the levels of TNF-a and IL-6 (p<0.01) while reducing IL
10 and IL-13 levels (p<0.01). Further inhibition of circ-CBLB led to 
a decrease in TNF-a and IL-6 levels (p<0.01) and an increase in IL
10 and IL-13 levels (p<0.01) (Figure 7A). This suggests that TLR3 
inhibition enhances the secretion of pro-inflammatory factors, but 
additional suppression of circ-CBLB can reverse this effect. 

We also analyzed total macrophage protein to confirm these 
findings, observing that TLR3 inhibition reduced the percentage of 
M1 macrophages and increased that of M2 macrophages. Additional 
inhibition of circ-CBLB resulted in an increase in M1 macrophage 
markers and a decrease in M2 markers (p<0.05) (Figures 7B, C).The 
expression of circ-CBLB, TLR3, and TRAF3 in exosomes was further 
examined. It was found that the expression of exosomal circ-CBLB, 
TLR3, and TRAF3 did not show significant changes when TLR3 
alone was inhibited. However, when circ-CBLB was additionally 
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inhibited, its expression decreased, with no significant changes in 
TLR3 and TRAF3 expression observed (Figure 7D). In macrophages, 
the inhibition of TLR3 leads to a significant decrease in the expression 
of TLR3, TRAF3, and CD80. When circ-CBLB is inhibited 
simultaneously with TLR3, the contents of TLR3, TRAF3, CD80, 
and CD86 increase. (p<0.01) (Figure 7E). 

The Western blotting results showed that inhibition of TLR3 led 
to a decrease in the protein expression of TLR3, TRAF3, TBK1, 
IRF3, CD80, and CD86 in the co-culture system. Furthermore, 
when circ-CBLB was inhibited, the protein expression of TLR3, 
TRAF3, TBK1, IRF3, CD80, and CD86 increased instead 
(Figure 7F). The results of the protein quantification of TLR3, 
TRAF3, CD80, and CD86 also showed the same situation 
(Figures 7G–J).These findings indicate that circ-CBLB is involved 
in the TLR3/TRAF3 signaling pathway, influencing macrophage 
polarization. Inhibiting TLR3 reduced the levels of CD80 and 
CD86, but this effect was reversed when both TLR3 and circ-
CBLB were inhibited. 
3.8 Effects on macrophage polarization 
after inhibition of circ-CBLB can be 
reversed by M2 macrophage polarization 
inducers 

Upon inhibiting circ-CBLB in the RA-FLS+M0+TNF-a group, 
while simultaneously adding an M2 macrophage polarization 
inducer into the co-culture, we monitored various indices related 
to macrophage polarization. We observed an increase in the 
percentage of M1 macrophages following the inhibition of circ-
FIGURE 3 

Association of circ-CBLB with immune inflammation in RA patients. (A) Levels of circ-CBLB in healthy individuals compared to RA patients. (B–E) 
Correlation of circ-CBLB with immune inflammation markers ESR, CRP, RF, and CCP in RA. (F, G) Association of circ-CBLB with macrophage 
polarization markers CD80 (M1) and CD163 (M2). *p<0.05, indicating significant differences compared to the HC group. HC=Healthy control 
represents healthy individuals, and RA represents patients with rheumatoid arthritis. 
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FIGURE 4 

Effect of overexpression of circ-CBLB versus knockdown of circ-CBLB on the co-culture system. (A–D) Quantification of TNF-a, IL-6, IL-13, and IL
10 levels in a co-culture system of macrophages with RA-FLS; (E) qRT-PCR results showing circ-CBLB levels in synoviocytes from rheumatoid 
arthritis patients; (F) qRT-PCR results for circ-CBLB in exosomes; (G) Exosome uptake assay results; (H) qRT-PCR results for circ-CBLB in 
macrophages; (I, J) Measurement of M1 macrophage markers CD80 and CD86 in macrophages(n=3). OE-NC=OE-circ-CBLB-NC, si-NC=si-circ-
CBLB-NC. **p<0.01, indicates significant differences compared to the RA-FLS+M0 group. ##p<0.01, indicates significant differences compared to the 
RA-FLS+M0+TNF-a group. 
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CBLB (p<0.01). However, when the inhibition of circ-CBLB was 
combined with the addition of the M2 macrophage polarization 
inducer, there was a decrease in the percentage of M1 macrophages 
(p<0.01). Using only the M2 macrophage polarization inducer 
resulted in a decrease in M1 macrophage percentage (p<0.01), 
and the subsequent inhibition of circ-CBLB along with the M2 
inducer led to an increase in M1 macrophage percentage (p<0.01) 
(Figures 8A–C). The results indicate that circ-CBLB and TLR3 are 
negatively correlated. When circ-CBLB was inhibited, there was a 
significant increase in the expression of TLR3, TRAF3, CD80, and 
CD86 (p<0.01). Additionally, combining the inhibition of circ-
CBLB with the addition of an M2 macrophage polarization 
inducer led to a decrease in the expression levels of TLR3, 
TRAF3, CD80, and CD86 (p<0.01). Conversely, the expression 
levels of TLR3, TRAF3, CD80, and CD86 were found to be higher 
(p<0.01) when compared to those in the M2 group alone 
(Figures 8D–H). 

The results of WB assay for TLR3, TRAF3, TBK1, IRF3, CD80, and 
CD86 proteins are shown in Figure 8I. The TLR3, TRAF3, TBK, IRF3, 
CD80, and CD86 protein contents in the si-circ-CBLB group were 
significantly higher than that in the si-NC group. Additionally, in the 
si-circ-CBLB+M2 group, the levels of these proteins were significantly 
reduced compared to the si-circ-CBLB group alone, but remained 
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higher than those observed in the M2 group alone. The quantitative 
results of TLR3, TRAF3, CD80 and CD86 are shown in Figures 8J–M. 
These findings further indicate that circ-CBLB plays a role in 
macrophage polarization through the TLR3 pathway, and that its 
inhibitory effects can be mitigated by M2 macrophage polarization 
inducers. The proposed mechanism is shown in Figure 9. 
4 Discussion 

RA is an autoimmune disorder marked by persistent 
inflammation of the synovial lining (41). Central to the 
pathogenesis of RA is the abnormal proliferation and reduced 
apoptosis of FLS, which are key contributors (2, 42–44). These 
cells demonstrate tumor-like proliferative traits, are invasive, and 
draw significant numbers of inflammatory cells into the joints. This 
influx results in the production of substantial inflammatory 
mediators and chemokines, aggravating the progression of the 
disease (45, 46).This study aimed to determine whether exosomal 
circ-CBLB from RA synovial fibroblasts modulates macrophage 
polarization via the TLR3/TRAF3 signaling axis. 

Exosomes have gained notable attention in the context of RA due 
to their critical role in cell-to-cell communication and disease 
FIGURE 5 

Validation of circ-CBLB targeting. (A, B) Levels of TLR3 and TRAF3 in the co-culture system. (C) Western blot verification of circ-CBLB’s binding to 
TLR3. (D) RNA immunoprecipitation (RIP) experiments demonstrating circ-CBLB enrichment in cells. **p<0.01 indicates significant differences 
compared to the RA-FLS+M0 group. OE-NC=OE-circ-CBLB-NC, si-NC=si-circ-CBLB-NC. ##p<0.01 indicates significant differences compared to 
the RA-FLS+M0+TNF-a group. *p<0.05 indicates significant differences compared to the IgG control group. 
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FIGURE 6
 

Impact of circ-CBLB manipulation on TLR3/TRAF3 expression. (A, B) Immunofluorescence detection of TLR3 expression;**p<0.01; (C, D)
 
Immunofluorescence detection of TRAF3 expression;**p<0.01; (E, F) Immunofluorescence detection of CD80 expression; **p<0.01; (G, H)
 
Immunofluorescence detection of CD86 expression; **p<0.01; (I) Western blot analysis of TLR3, TRAF3, CD80, CD86, TBK1, and IRF3 proteins in the
 
co-culture system. (J–M) Protein expression of TLR3, TRAF3, CD80 and CD86. DAPI was used to stain the nucleus(n=3). OE-NC=OE-circ-CBLB-NC,
 
si-NC=si-circ-CBLB-NC. **p<0.01, compared to the RA-FLS+M0 group; ##p<0.01, compared to the RA-FLS+M0+TNF-a group.
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pathology (11, 16). These small membranous vesicles are secreted by 
cells and carry molecules like circ-CBLB, facilitating intercellular 
communication (47, 48). In RA, exosomes are primarily derived 
from synovial fibroblasts and immune cells, contributing to the 
Frontiers in Immunology 12 
perpetuation of the inflammatory response (12). Previous studies 
have shown that exosomes can influence macrophage differentiation, 
prompting us to further explore their impact on macrophage 
polarization (49, 50). In RA, extracellular vesicles (EVs), particularly 
FIGURE 7 

Effects of TLR3 inhibition on circ-CBLB, TLR3, TRAF3, CD80, CD86. (A) Expression of TNF-a, IL-6, IL-13, IL-10 in co-cultured cells. (B, C) Variations 
in the expression of M1 and M2 macrophage markers; (D) qRT-PCR analysis of circ-CBLB, TLR3, and TRAF3 expression in exosomes. (E) qRT-PCR 
assessment of circ-CBLB, TLR3, and TRAF3 in macrophages. (F) Immunoblotting to evaluate the expression levels of TLR3, TRAF3, CD80, CD86, 
TBK1 and IRF3 proteins in the co-culture system(n=3). (G–J) Protein expression of TLR3, TRAF3, CD80 and CD86. *p<0.05, **p<0.01 indicate 
significant differences compared to the RA-FLS+M0+TNF-a+si-TLR3 group. 
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exosomes, have emerged as key mediators of the immunopathogenesis 
of the disease. Most of these exosomes originate from leukocytes and 
synovial cells, and carry pro-inflammatory molecules that perpetuate 
the chronic inflammatory cascade characteristic of RA. Notably, 
proteins with post-translational modifications (PTMs) have been 
identified in EVs from RA patients, and certain subsets of these 
vesicles have been found to be capable of activating dendritic cells. 
The modified proteins transported by these vesicles may exert 
immunostimulatory effects, while increased levels of specific proteins  
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and RNAs within EVs  can promote  the development  of  inflammatory 
arthritis and RA progression (16). Within the broader context of 
immune dysregulation and its impact on autoimmune diseases, 
studies investigating X-chromosome aneuploidies, such as Klinefelter 
syndrome (47, XXY), have contributed significantly to our 
understanding of RA (51). In individuals with X-chromosome 
aneuploidies, genetic and molecular dysregulation leads to systemic 
autoimmunity. As the X chromosome harbors numerous genes 
involved in immune regulation, the presence of extra copies disrupts 
FIGURE 8
 

Impact of M2 Polarization Induction on circ-CBLB, TLR3, TRAF3, CD80, and CD86. (A) Detection of macrophage polarization via flow cytometry.
 
(B, C) Ratios of M1 to M2 macrophages; (D) Levels of circ-CBLB in exosomes. (E–H) Expression of TLR3, TRAF3, CD80, and CD86 in macrophages.
 
(I) Use of immunoblotting to assess TLR3, TRAF3, CD80, CD86, TBK1 and IRF protein levels in macrophages. (J–M) Quantitative analysis of TLR3, 
TRAF3, CD80, and CD86 proteins in macrophages using immunoblotting(n=3). *p<0.01, **p<0.01 indicate significant differences compared to the 
RA-FLS+M0+TNF-a+si-circ-CBLB group; ##p<0.01, indicates significant differences compared to the RA-FLS+M0+TNF-a+si-circ-CBLB+M2 group. 
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the normal balance of nucleic acid and protein expression. This results 
in aberrations of immune cell function and the production of non
organ-specific autoantibodies, aligning with observations in 
autoimmune diseases such as RA. Mechanistically, the present 
research focused on the role of exosomal circ-CBLB and TLR3
associated pathways in RA-associated macrophage polarization. 
However, it is important to contextualize these findings within the 
broader immunomodulatory functions of EVs. Pattern recognition 
receptors (PRRs), including TLR3, are key players in the detection of a 
wide variety of molecular patterns and can be activated by components 
within EVs. Macrophage polarization, a critical process in RA-
associated inflammation, is influenced not only by circ-CBLB but 
also by other immunogenic factors carried within EVs. Immune-

stimulatory proteins within EVs may act synergistically with circ-
CBLB to promote an M1-biased macrophage phenotype, thereby 
fueling the inflammatory milieu in RA joints. In this study, we 
observed increased exosome uptake in macrophages in the Model 
group through exosome uptake assays, aligning with earlier findings. 
Using flow cytometry, we noted a significant increase in M1 
macrophage markers following the addition of exosome inhibitors, 
indicating that exosomes might play a role in M1 macrophage 
polarization. circ-CBLB is a non-coding RNA with important 
Frontiers in Immunology 14 
functions and has been shown to be involved in the pathogenesis of 
RA through a variety of mechanisms (18, 52). 

Our previous research showed that circ-CBLB inhibited the 
proliferation of RA-FLS, promoted their apoptosis, and modulated 
cytokine levels by increasing the production of anti-inflammatory 
cytokines, such as IL-4 and IL-10, while decreasing the levels of pro-
inflammatory cytokines, including IL-6 and TNF-a (20, 37). In this 
study, we observed that circ-CBLB expression levels were significantly 
reduced in FLS from RA patients. Furthermore, circ-CBLB expression 
was negatively correlated with immunoinflammation-related indices in 
RA, including RF, ESR, CCP, and CRP, suggesting its potential 
association with disease activity and inflammation severity. We also 
examined the relationship between circ-CBLB and RA-related 
inflammatory cytokines. Knockdown of circ-CBLB resulted in 
increased levels of TNF-a and IL-6, along with decreased levels of IL
13 and IL-10. Conversely, overexpression of circ-CBLB reduced TNF-a 
and IL-6 levels while elevating IL-13 and IL-10 levels, consistent with 
prior studies. Building on these findings, we further explored the role of 
circ-CBLB in M1 macrophage polarization. Overexpression of circ-
CBLB significantly reduced the expression of M1 macrophage markers 
CD80 and CD86, indicating that circ-CBLB mitigated the inflammatory 
response in RA by modulating M1 macrophage polarization. 
FIGURE 9 

Exosomal circ-CBLB promotes M1 macrophage polarization in rheumatoid arthritis through the TLR3-TRAF3 signaling axis. RA-FLS secrete 
exosomes (small circular vesicles), which contain circ-CBLB (the highlighted circ-RNA molecule within the exosome). Exosomes are important in 
intercellular communication, transporting a variety of biomolecules between cells. The exosomes containing circ-CBLB are taken up by M0 
macrophages, undifferentiated macrophages that can undergo polarization to the pro-inflammatory M1 phenotype or anti-inflammatory M2 
phenotype depending on the stimuli they receive. When taken up by the M0 macrophages, circ-CBLB activates the TLR3 pathway. TLR3 is a pattern 
recognition receptor that senses the presence of viral double-stranded RNA and other nucleic acid-containing pathogens. In this case, it recognizes 
the exosomal circ-CBLB. Activation of TLR3 leads to the recruitment and activation of TRIF, a key adaptor molecule in the TLR3 signaling cascade. 
TRIF then activates TRAF3, an important downstream component of the TLR pathway. TRAF3 subsequently activates TBK1 and IRF3. Activation of the 
TLR3-TRAF3 signaling axis ultimately drives polarization of M0 macrophages to the M1 phenotype. M1 macrophages are characterized by their pro-
inflammatory function, and secrete cytokines such as TNF-a, IL-6, and other inflammatory mediators. These cytokines contribute to the chronic 
inflammation and joint destruction seen in rheumatoid arthritis. Further secretion of cytokines by the M1 macrophages can stimulate the RA-FLS, 
creating a positive feedback loop that exacerbates the inflammatory state in the joint tissue. This continuous cycle of inflammation and cell-cell 
communication is central to the pathogenesis of rheumatoid arthritis. 
frontiersin.org 

https://doi.org/10.3389/fimmu.2025.1627389
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Zhang et al. 10.3389/fimmu.2025.1627389 

 

 

 

The TLR3 signaling pathway plays an important role in the 
pathogenesis of RA (38, 53–56). Previous studies have shown that 
TLR3 is upregulated in RA-FLS, where its activation leads to the 
production of interferon-b (IFN-b), a key component of the innate 
immune response (57). TLR3 activation typically leads to the activation 
of multiple downstream signaling pathways. Excessive activation of 
TLR3 induces the translocation of IRF3, IRF7, and NF-kB to the

nucleus, leading to increased transcription of IFNa/b, promoting  the  
interferon response and regulating the production of inflammatory 
cytokines (58, 59). Previous studies have indicated the potential 
involvement of TBK1 in inflammatory and autoimmune diseases 
(60), which can promote activation of the NF-kB and  interferon
regulatory factor 3 (IRF3) pathways, as well as the M1 polarization 
of macrophages (61). Once activated, TBK1 phosphorylates a series of 
downstream target proteins. One of the important targets is IRF3. 
Phosphorylation of IRF3 by TBK1 causes its dimerization and 
translocation into the nucleus, where it binds to specific DNA

sequences in the promoters of interferon-related genes, thereby 
promoting the transcription of type I interferons (62). This may be 
related to the regulation of immune inflammation in RA by the 
TLR3 pathway. 

Our study further revealed the regulatory role of circ-CBLB in 
immune modulation. We observed that circ-CBLB is significantly 
enriched with TLR3. Knockdown of circ-CBLB led to increased 
TLR3 expression, whereas overexpression of circ-CBLB reduced the 
expression levels of TLR3, TRAF3, and the M1 macrophage 
markers CD80 and CD86. Replication experiments were 
conducted by inhibiting TLR3 and utilizing M2 macrophage 
polarization inducers. Inhibition of TLR3 significantly reduced 
the expression of TLR3, TRAF3, CD80, and CD86. However, 
further inhibition of circ-CBLB in this context resulted in 
elevated levels of TLR3, TRAF3, CD80, and CD86 proteins. 
Comparatively, in the RA-FLS+M0+TNF-a+circ-CBLB group, 
inhibition of circ-CBLB combined with the addition of an M2 
macrophage polarization inducer decreased the expression of TLR3, 
TRAF3, CD80, and CD86. As circ-CBLB knockdown increased 
TLR3 expression, and TLR3 inhibition reversed M1 polarization, we 
conclude that circ-CBLB exerts its anti-inflammatory effects via the 
TLR3/TRAF3 pathway. The rescue experiment with M2 inducers 
further verified the specificity of this mechanism. In conclusion, 
circ-CBLB promotes macrophage polarization toward the M1 
phenotype by regulating the TLR3/TRAF3 signaling pathway, 
thereby exacerbating the inflammatory response in rheumatoid 
arthritis. Modulating circ-CBLB expression can influence the 
TLR3/TRAF3 pathway to exert anti-inflammatory effects. 

There are some innovations in this study. We found through 
clinical studies that circ-CBLB was under-expressed in RA patients. 
Uniquely, our research demonstrated that exosomal circ-CBLB binds 
to the TLR3 protein, modulating the TLR3/TRAF3 signaling pathway 
to inhibit macrophage polarization toward the M1 phenotype. This 
hypothesis was substantiated through two replicate experiments, with 
Western blotting and immunofluorescence further confirming the 
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pivotal role of circ-CBLB in regulating TLR3-mediated macrophage 
M1 polarization. Using qPCR, RIP, RNA pull-down, and response 
experiments, we validated a novel circ-CBLB/TLR3 regulatory axis. 
Our findings indicate that circ-CBLB, carried by exosomes derived 
from RA fibroblast-like synoviocytes, contributes to macrophage M1 
polarization via the TLR3 signaling pathway, thereby intensifying the 
inflammatory response in RA. 

This study introduces novel concepts and approaches for the 
clinical management of RA, providing a mechanistic framework in 
which exosomes derived from RA synoviocytes transfer circ-CBLB to 
macrophages, where it binds to TLR3 and inhibits TRAF3 signaling, 
thereby reducing M1 polarization. These findings, ranging from 
exosome characterization to pathway verification, establish a causal 
relationship between circ-CBLB and RA inflammation. However, there 
are some limitations. The cross-sectional nature of the study precludes 
inferences of causality or the assessment of circ-CBLB levels over time. 
The study also did not include long-term follow-up and was thus 
unable to observe the effect of circ-CBLB on disease progression over 
time, all limiting in-depth exploration of the molecular mechanisms by 
which circ-CBLB affects macrophage polarization through the TLR3/ 
TRAF3 pathway. Therefore, in future studies, we will investigate the 
effects of circ-CBLB over time on disease progression as an entry point, 
which will enhance our understanding of the mechanism and potential 
clinical applications of circ-CBLB in RA therapy. While the in vitro 
data establish a mechanistic link between exosomal circ-CBLB and 
macrophage polarization, verification in animal models of RA is 
essential to confirm these effects in vivo. Such studies will be critical 
to address biodistribution, dosage, and safety considerations for 
potential clinical translation. 
5 Conclusion 

In summary, our results substantiate that the therapeutic 
impact of circ-CBLB on RA operates through the TLR3/TRAF3 
signaling pathway. By inhibiting M1 macrophage polarization, circ-
CBLB effectively reduces inflammation associated with RA. 
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