hIgDFc-Ig inhibit B cell functions by regulating BCR-Lyn-Syk-NF-κB signaling pathway in treatment for mice with collagen-induced arthritis
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Bullet point summary 

What is already known

hIgDFc-Ig has therapeutic effect on and rats with CIA.

hIgDFc-Ig can inhibit the activation of T cells by blocking the combination of IgD and IgDR. 

What this study adds

hIgDFc-Ig plays a therapeutic effects on mice with CIA by regulating the functions of B cells.

hIgDFc-Ig may inhibit the activation of B cells via IgDR-Lyn-Syk-Btk-NF-κB signaling pathway.

Clinical significance
The IgD receptor may be related to the activation of B cells by the BCR signaling pathway.

hIgDFc-Ig may be a novel and potential drug targeting IgD/ IgDR for RA in clinic in future.
Abstract 

Background and purpose: To investigate the effect of hIgDFc-Ig (DG), a new biological agent targets competition for binding to IgD receptors, on collagen-induced arthritis and its potential mechanism in regulating B cell antigen-receptor signaling pathway.
Experimental approach: DBA1 mice were used to establish collagen-induced arthritis model, three doses DG were administered by intraperitoneal injection. Clinical assessment of CIA, histopathological examination, flow cytometry, western blotting, immunofluorescence staining, protein chips and so on were used to evaluated therapeutic effects. The competitive effects on BCR-NF-κB signaling pathway were also evaluated in Daudi cell lines in vitro.
Key results: We found that DG has a obvious therapeutic effect on CIA mice. DG   relieved the clinical assessment of CIA mice and improved the pathology of joints and spleen. In addition, regulated B cell subsets in the PBMC and spleen of CIA mice, and decreased level of immunoglobulins. DG can inhibit the over-activation of BCR signal by increasing p-Lyn level, Co-treatment with DG (0.1-10 μg·ml-1) dose-dependently down-regulated the BCR signaling and decreased the iteraction between Syk and Btk stimulated by IgD in Daudi cell.
Conclusion and Implications: DG may play a therapeutic role in CIA mice by regulating BCR-Lyn-Syk-NF-KB signaling pathway, and may be a new promising biological agent for rheumatoid arthritis.
Key words: hIgDFc-Ig; B cell antigen receptor; Collagen-induced arthritis; NF-κB signaling pathway
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Introduction:

Rheumatoid arthritis (RA) is an autoimmune disorder targeting synovium, which has pathological features of joint inflammation, synovial proliferation, angiogenesis, and destruction of bone and cartilage (Jin-ling et al., 2019). The pathological mechanism of RA is complex, and a variety of immune cells are involved in the occurrence and development of diseases, such as innate immunity B cells (Chimenti, Triggianese, Conigliaro, Candi, Melino & Perricone, 2015), T cells (Galligan, Keystone & Fish, 2016), adaptive immunity macrophages, dendritic cells and neutrophil (Tardito et al., 2019). However, the specific mechanism has not yet been fully elucidated. B cells are at the crossroads of innate and adaptive immunity, and play an important role in the development of RA. The interaction of T and B cells induces the differentiation of plasma cells, which is mainly responsible for antibody production. In contrast, activated B cells provide help for the differentiation of T cells, and induce effector T cells to produce inflammatory cytokines to involve in inflammatory process (Bugatti, Vitolo, Caporali, Montecucco & Manzo, 2014). Activated B cells also interact with other immune or non-immune cells, such as dendritic cells, macrophages, and fibroblast-like synoviocytes, and participate in the destruction of bone and cartilage (Bugatti, Bogliolo, Montecucco & Manzo, 2016). Drugs that target B cells, such as Rituximab (CD20) and Ibrutinib (Bruton’s tyrosine kinase), have shown good therapeutic effects in treating RA, suggesting that the development of drugs that target B cells have important clinical significance (Caldwell et al., 2019). 

In 1964, David Rowe and John Fahey discovered a new type of immunoglobulin during studying multiple myeloma and named it IgD. IgD has two forms in vertebrates: membrane-bound IgD (mIgD) and secreted IgD (sIgD), sIgD acts as an immunoregulatory factor and binds to Fc receptors on cell surface to regulate immune process (Chen & Cerutti, 2010). mIgD is expressed on the surface of B cells as a part of B cell antigen receptors (BCR) and involved in the growth, development, differentiation, and maturation of B cells (Fiala, Kaschek, Blumenthal, Reth, Timmer & Schamel, 2013)；BCR has important significance for the biological function of B cells. During development of B cell, BCR is able to recognize diverse and unpredictable universe of antigens. BCR is a multi-protein complex consisting of non-covalent coupling of membrane immunoglobulins (mIgD and mIgM) and Igα/β (CD79a/b) (Otipoby, Waisman, Derudder, Srinivasan, Franklin & Rajewsky, 2015). BCR signal transduction capability is provided by noncovalently associated heterodimer of Igα/Igβ (Kurosaki, Shinohara & Baba, 2010). The cytoplasmic tails of Igα and Igβ each contains an immune-receptor tyrosine-based activation motif (ITAM), which provides binding sites for tyrosine containing SH2 domain. As antigen binds to mIg, the latter transfers signal to cytoplasm, leading to ITAM to be phosphorylated. ITAM recruits spleen tyrosine kinase (Syk) via interacting with phosphotyrosine-binding SH2 domains, which facilitates the phosphorylation and activation of Syk, then phosphorylated Syk makes signals pass downstream by coupling with Btk. Lck/Yes-related novel protein tyrosine kinase (Lyn) is one of Src family tyrosine kinases, which has the function of regulating B cell activation threshold pairs through phosphorylating immunoreceptor tyrosine-based inhibition motif (ITIM) of sialic acid–binding protein CD22 and CD32b. Phosphorylation of these ITIM-containing receptors by Lyn leads to the recruitment of SHIP-1 and Src homology region 2 domain, both of which contain phosphatase 1 (SHP-1) that inhibit downstream BCR signaling (Woyach, Johnson & Byrd, 2012).

The previous research of our group found that clinical RA patients have abnormally high sIgD levels and IgD receptors (IgDR) are particularly actived, suggesting that IgD may play an important role in the pathogenesis of RA (Wu et al., 2017). However, the gene sequence of IgDR has not been successfully cloned, and its structure and biological function are still unknown. hIgDFc-Ig (DG), a new obtained fusion protein by recombinant IgD-Fc and IgG1-Fc in our lab, aims to competitively combine with IgDR and play a role in blocking downstream signaling pathways. Etanercept and Rituximab, clinically used biological agents, can control inflammation and block disease progression for the treatment of RA. Etanercept, a fusion protein consisted of TNF-α receptor II and IgG1, has the function of inhibiting inflammation and is a common drug for the treatment of RA (Zhao, Mysler & Moots, 2018). Rituximab alleviate RA by depleting B cells and reducing the production of autoantibodies. (Gron et al., 2019). Previous research by our team found that DG has a therapeutic effect on collagen-induced arthritis (CIA) rats. hIgDFc can inhibit the activation of T cells through the IgDR-Lck-Zap70 signaling pathway, regulate the imbalance of Th1 / Th2, Th17 / Treg subgroups, and reduce the levels of inflammation cytokine such as IL-1β, IL-6, IL-17, IFN-γ and TNF-α (Han et al., 2020). However, it is unclear whether DG has therapeutic effect on CIA mice. Does DG regulate B cell subsets and function in CIA mice? Can DG regulate the IgDR-Lyn-Syk-Btk signaling pathway on B cells? Therefore, in this study, CIA mice are used as target to observe the therapeutic effect of DG and its effect on B cell subsets and function, and to explore the mechanism of IgD activation of IgD/IgDR signaling pathway in B cells. This study provides an experimental basis for further revealing the role of IgD in the pathogenesis of RA and clarifying the characteristics and mechanism of DG in the treatment of RA.

MATERIAL AND METHODS

Animals

DBA1 mice (male, 18±2g) were purchased from Shanghai Slack Experimental Animal Limited Liability Company and were reared under standard laboratory conditions. All researches adhered to the principles of laboratory animals care guidelines and were approved by the Ethics Review Committee for Animal Experimentation of the Institute of Clinical Pharmacology, Anhui Medical University.

Reagents

Chicken type II collagen (CII) was obtained from Chondrex, Inc. (USA). Freund’s complete adjuvant was purchased from Sigma. Roswell Park Memorial Institute (RPMI)-1640 medium and fetal bovine serum (FBS) were gained from Gibco Co. (USA). The Cell Counting Kit-8 (CCK-8) kit was purchased from Tianjin Baiying Biological Technology Co., Ltd. (China). The Quantibody® Mouse Ig Isotype Array 1 was purchased from RayBiotech Co., Ltd. (USA). Lymphocyte separation fluid was purchased from Dakewe biotechnology Co., Ltd (China). Native Human IgD (ab91022) protein was purchased from Abcam Co., Ltd (USA). Anti-mice FITC-CD19 (5245957), PE-CD27 (7110583), APC-CD138 (7201887), PE-IgD (7159595), APC-IgM (7159880), antibodies were the products of BD Pharmingen (USA). β-actin and Btk (AF7855) antibodies were purchased from Affinity Biotechnology (China). Antibodies of Lyn (ab1890), Syk (ab155187) and Syk [phosphor Y233 (ab68217)] were obtained from Abcam (USA). Phospho-Lyn [Tyr507 (#2731)], Phospho-Syk[Tyr525/526(#2710)], p38 mitogen- activated protein kinase (P38) (#9212), phosphorylated P38 (p-P38) [Thr180/Tyr182 (D3F9)], NF-κB65 (D14E12) and p-NF-κB65 [Ser536 (93H1)] were obtained from Cell Signaling Technology Co. Ltd. (USA).

Drugs 
Etanercept was purchased from Shanghai Guojian Pharmaceutical Co., Ltd. (China). Rituximab was purchased from Roche Pharma (Schweiz) Co., Ltd. Bafetinib was provided by Selleck Co., Ltd. (China). DG and IgG-Fc are novel fusion proteins obtained through transgenic E. coli. A series processes were undergone such as constructing expression vectors, inducing the expression of DG in BL21E.coli by Isopropyl β-D-Thiogalactoside (IPTG), lysing, and purifying on nickel columns in Institute of Clinical Pharmacology of Anhui Medical University (Hefei, Anhui Province, China). 

Cell line and culture

Daudi cells (human B lymphoblast cells) were purchased from the Procell Life science &Technology Co,.Ltd (Wuhan, China) and maintained in RPMI-1640 medium with 100 U penicillin/ml, 100 μg streptomycin/ml and 10% FBS in a T-25 flask in the condition of CO2 at 37 ℃. Centrifuge at 350g for 10 minutes and change the medium every 2 days.

Induction and treatment of CIA  

CII was dissolved in 0.1 M ethylic acid at the concentration of 2 mg·ml-1 overnight to ensure sufficient dissolution under 4℃ sterile conditions, then equal volume of CII solution was fully emulsified with Freund’s complete adjuvant. The emulsion of CII (100μl) was injected intradermally into the back and tail skin of DBA1 mice to induce CIA on D0, then boosted on D21. On D28, CIA model was successfully established, CIA mice were randomly divided into 8 groups, each group of 8, and DG (1.625, 3.25, and 6.5 mg·kg-1), IgG-Fc (6.5 mg·kg-1), Etanercept (5 mg·kg-1) or Rituximab (5 mg·kg-1) were administrated by tail vein injection every 3 days from D27 to D66. At the same time, normal DBA1 mice and CIA group mice were given equal volumes of normal saline as a control.

Clinical assessment of CIA

Two independent observers with no knowledge of treatment protocol performed an evaluation on the severity of CIA. Beginning on the 27th day after first immunization, the mice were evaluated every 3 days by using three clinical parameters: index of arthritis assessment (IAA), number of paw swelling count (NPSC) and weight loss (Wang et al., 2011). According to 0-4 grade, 0 = no swelling or spiloplaxia, 1 = spiloplaxia and slight swelling of ankle, 2 = spiloplaxia and slight swelling of joints, including ankle, metatarsal joint and palm joint, 3 = spiloplaxia and moderate swelling of joints, including ankle, metatarsal joint and palm joint, 4 = spiloplaxia and severe swelling of joints, including ankle and metatarsal joint. All feet were evaluated, the maximum score value for each mice is 16. Each paw has five phalanx joints and one ankle or wrist joint, so the maximum NPSC per mouse is 24. The weight of CIA mice was recorded every 3 days after D0.

The measure of thymus index and spleen index  

On D65, the mice were sacrificed after sodium pentobarbital anesthesia and serum was collected from each group. Thymus and spleen were carefully obtained, and recorded the weight respectively. Thymus index and spleen index were showed by the ratio of the weight of thymus and spleen to the weight of mice, respectively.

Detect the ability of T and B cells proliferation

Under sterile conditions, T and B cells were separated from the thymus and spleen of each group mice, respectively. T or B cells were cultured in 10% FBS medium supplemented with 100 μg·ml-1 penicillin/ streptomycin, and seeded into 96-well culture plates (per well contains 1×106 cells in 200μl medium). T and B cells were stimulated with 5×10-2 mg·ml-1 ConA and LPS, respectively, and cultured another 48 hours. Added 10µl CCK-8 to each well and then incubated at 37℃ for 2h under 5% CO2, the absorbance of each well at wavelength of 450 nm was recorded later.

The histopathological examination of spleen and joints

After fixation in 4% formaldehyde phosphate buffer, joint and spleen tissues of each mouse were pretreated by dehydration, and embedding, respectively. Serial sections with 5µm thickness were cut and stained with haematoxylin and eosin. Inflammatory infiltration, cartilage destruction and bone erosion, pannus formation, synovial hyperplasia were semi-quantitatively assessed of each joint. Similarly, the sections of spleen tissue were evaluated: peripheral arterial lymphatic sheath density, lymphoid nodular hyperplasia, marginal zone hyperplasia and red pulp. The grading scheme was consisted of ordinal categories ranging from 0 (no effect) to 4 (severe effect) (Chen, Wang, Wu, Yan, Chang & Wei, 2018).

The percentages of B cell subsets in PBMC and spleen of CIA mice were analyzed by flow cytometry

Peripheral blood monouclear cells (PBMCs) were obtained from the tail vein of mice through erythrocyte lysate. Spleen lymphocytes were separated with lymphocytes separation fluid. Resuspend approximately 1×106 lymphocytes in 100μl phosphate buffer saline (PBS). The antibody combinations of CD19-FITC, CD27-PE, and CD138-APC or CD19-FITC, IgD-PE and IgM-APC were added into flow tube respectively. Incubated at room temperature and protected from light for 40 minutes, the cells were washed three times with PBS and analyzed immediately by flow cytometry.

The Ig isotypes levels were measured by protein chip array systems

The levels of serum Immunoglobulin (Ig) A, IgD, IgE, IgM, IgG1, IgG2a, Ig2b, IgG3, lambda and kappa were analyzed. Operation in accordance with the manufacturer’s protocol as followed: (1) 100 μL of diluent was added to each well and incubated in the dark at room temperature for half an hour to block. After washing adequately, the sample (100 μL) was added to each well and incubated for 1-2 hours at room temperature. (2) 80 μL of detection antibody was mixed to each well, and incubated the chip in the dark at room temperature for 1-2 hours. (3) The Cy3 equivalent dye streptavidin (80 μL) was injected into each well. The device was covered with aluminum foil and incubated at room temperature for 1 h. (4) Axon GenePix laser scanner for fluorescence was detected at Cy3 wavelength.

The levels of p-Lyn, p-Syk, p-Btk, p-P38 and p-NF-κB 65 were analyzed by Western blot

Spleen tissue was lysed by RIPA Lysis Buffer containing 1% PMSF and phosphatase inhibitor to obtain protein，followed by centrifugation 14000g for 10mins at 4℃. The proteins were isolated by 10% Sodium dodecylsulphate polyacrylamide gel electrophoresis (SDS-PAGE) and transferred to polyvinylidene fluoride (PVDF) membranes. The membranes were blocked with 5% skimmed milk at 37℃ for 2h. 

After washing adequately, the membranes were incubated with rabbit monoclonal antibodies of β-actin, Lyn, p-Lyn, Syk, p-Syk, Btk, p-Btk, P38, p-P38, NF-κB65 and p-NF-κB65 at 4℃ overnight. The next day, Goat anti-rabbit IgG (H+L) (peroxidase / HRP conjugated) (1:10000) was incubated in 5% skimmed milk at 37℃ for 2 hours.

Immunofluorescence were used to detect the levels of p-Lyn, p-Syk and p-Btk in splenic CD19+ B cells

Mice spleens were fixed with 4% paraformaldehyde overnight and subsequently embedded in paraffin. Serial sections with 5 µm thickness were cut and deparaffinised in xylene and rehydrated by decreasing alcohol-water series (100%→90%→75% ethanol→water). Then the antigen was repaired with 2% citrate antigen repair solution at 100 ℃ for 10 minutes, and blocked with 5% BSA-PBS buffer for 1 hour at room temperature. Then p-Lyn, p-Btk or p-Syk and CD19 were incubated separately at 4℃ overnight. The next day, the sections were washed three times with PBS, and then incubated with goat anti-mouse/rabbit secondary antibody conjugated with Alexa Fluor 488/594 (diluted 1:100 in 1% BSA-PBS). Nuclei were counterstained with DAPI (2 µg/mL) and washed 3 times with PBS. Fluorescent images were captured with Leica TCS SP8 laser scanning confocal microscop (Leica microsystem, Wetzlar, Germany). Colocalization between IgDR and IgD-BCR or IgM-BCR was analysed by included Leica LAS-AF software (version 4.0.0). 

Immuno-fluorescence were used to detect the colocalization of IgD receptors with IgD-BCR and IgM-BCR on the surface of B cells
Mouse B cells were separated from spleen with lymphocytes separation fluid. Then B cells were fixed with 4% paraformaldehy and blocked with 1% bovine serumalbumin (BSA) in PBS. Afterwards, the B cells were incubated in appropriate amounts of human native IgD at 4 ℃ for 4 h. Centrifuge at 2500 rpm for 5 minutes and wash three times with PBS. Then the cells were incubated in anti-human IgD (mouse sources), anti-mice IgD-PE (rat sources) and anti-mice IgM-APC (rat sources) antibody dilutions overnight at 4 ℃. The cells were incubated with goat anti-mouse secondary antibody conjugated with Alexa Fluor 488 (1: 100 dilution in 1% BSA-PBS). Nuclei were counterstained with DAPI (2 µg/mL) and washed 3 times with PBS. Finally, the cells smears were made on a clean microscope slide and sealed with a drop of anti-fluorescence mount solution. Fluorescent images were captured with laser confocal microscope (Leca, Germany).

Overexpression plasmid transfects into Daudi cells

Daudi cells in logarithmic growth phase were seeded into 6-well plates (per well contains 4×105 cells in 2ml medium). Operation according to the jetOPTIMUS® transfection reagent -DNA Transfection protocol as followed: (1) 2 μg of DNA was diluted in 200μl of jetOPTIMUS®  buffer vortex 2 second and spin down. (2) 3 μl of jetOPTIMUS®  reagent (starting ratio 1:1) was added into the mixed solution. (3) The mixed solution was Vortexed for 1 second, spun down and incubated 10 minutes at room temperature. (4)The transfection mixture was added to cells in serum-containing mediunat and cultured at the condition of 37℃ and 5% CO2, 4 hours later the medium was replaced. After 24h of transfection, the Daudi cells were successful transfected by plasmid, which could be observed under fluorescence microscope. 

Effects of DG on B cell antigen receptor signaling stimulated by IgD in vitro

Daudi was cultured in 10% FBS supplemented with 100 μg·ml-1 penicillin/ streptomycin, and seeded into 6-well culture plates (per well contained 1×107 cells in 2ml medium). Daudi cells were stimulated with 5μg·ml-1 human native IgD, three concentrations of DG (0.1μg·ml-1, 1μg·ml-1 and 10μg·ml-1) were set as interventions, meanwhile negative groups (IgG-Fc 10μg·ml-1, Lyn overexpressed, Lyn overexpressed add IgD 5μg·ml-1 and Bafetinib 1×10-8 M) were set as control. All groups were cultured at the condition of 5% CO2 at 37 ℃. Each group of cells was collected by centrifugation after 48 hours. Each group of cells was lysed by RIPA Lysis Buffer containing 1% PMSF and phosphatase inhibitor at 4℃ for 30mins to obtain protein, and then centrifuged at 14000g for 10mins at 4℃. Then use Western blot to detect the levels of β-actin, Lyn, p-Lyn, Syk, p-Syk, Btk, p-Btk, P38, p-P38, NF-κB65 and p-NF-κB65 as mentioned above. 

Co-immunoprecipitation 

Daudi cells were stimulated by IgD (5μg·ml-1) and dived into 6 groups: Blank, Negative control, DG (10μg·ml-1) group, IgG-Fc (10μg·ml-1) group, Lyn overexpressed add IgD (5μg·ml-1) group and Bafetinib (1×10-8 M) group. After 48h, obtain each group protein as mentioned above. The protein solution was precleared with protein A/G PLUS, and then incubated overnight with 10 μl of Lyn/Btk antibody at 4 °C. Immuno-complexes were captured with either protein A/G PLUS. Centrifuge to get agarose and wash 3 times, then boil in SDS-PAGE sample loading buffer for 10 minutes. The presence of immune-complexes was detected by western blot.

Statistical analysis  

SPSS16.0 was used for statistical analysis, T test (two groups) and one-way analysis of variance (ANOVA) (multiple groups) were used for statistical analysis. Data was expressed by mean ± standard deviation (X ± SD). The threshold of P<0.05 was set to consider data statistically significant.

Results
1. Membrane IgD receptors have co-localization with IgD-BCR and IgM-BCR, DG can interact with CD19+ B cells of mice 

Immunofluorescence images indicated that IgD receptors exist on the surface of mouse B cells and presented spatial colocalization with membrane IgD/M (IgD/M-BCR) (Figure 1A and B). In addition, IgD-BCR predominates among them, which may provide a spatial advantage for IgDR-coupled BCR to play a role in regulating B cell function. Flow cytometry (Figure 1C) showed that PE-labeled DG can bind to CD19+ B cells, suggesting that DG may competitively bind to IgD receptors and play a repressive role in activating B cells. 

2. DG can decrease IAA , NPSC, indices of spleen and thymus, inhibited T/B cell proliferation and recovered the low weight of CIA mice

Paw swelling of DBA1 mice appeared on D27, indicating that the CIA model was successfully established. At different inflammation stages, arthritis index, numbers of paw swelling and weight were recorded every three days. Compared with CIA group, it was found that DG can relieve weight loss (Fig. 2A). The peaks of swelling number and arthritis index appeared near the 39th day after first immunization (Fig. 2B and C). After DG administration, DG (6.5 mg·kg-1 ) group can gradually decrease the swelling amount and arthritis index on D42. IgG-Fc had no significant effect on weight, paw swelling number and arthritis index of CIA mice.

Compared with normal group, the thymus and spleen of CIA mice were abnormally enlarged, DG (6.5 mg·kg-1), Etanrcept and Rituximab can decrease the indices of thymus and spleens on D65 (Fig. 2D). CCK-8 was added to each well and the ODs of each well were measured by Enzyme marker. Results showed that T and B cells in CIA group were significantly higher than those in normal group. DG (6.5 mg·kg-1) could significantly inhibit the abnormal proliferation of T and B cells (Fig. 2E). Negative control IgG-Fc (6.5 mg·kg-1) had no effect on T/B cell proliferation.

3. DG alleviated joints and spleen histopathology score

H&E stain was used to evaluate the histopathology changes of joints and spleen. Synovial proliferation, inflammatory cell infiltration, pannus formation, and cartilage erosion were easily observed in CIA mice joints. On the contrary, the articular surface of mice in the normal group was smooth and flat, without any pathological changes. Synovial proliferation, inflammatory cell infiltration, pannus formation, cartilage erosion pathological (Figure B-E) changes were significantly alleviated after administration of DG (6.5 mg·kg-1), Etanrcept and Rituximab. Compared with normal, peripheral arterial lymphatic sheath density, lymphoid nodular hyperplasia, marginal zone hyperplasia and red pulp (Figure G, H, I and J) were more severe in CIA mice. DG (6.5 mg·kg-1), Etanrcept and Rituximab can alleviate these abnormalities compared with CIA group, however, IgG-Fc did not appear to alter any pathological changes in spleen of CIA mice.

4. Effect of DG on the percentage of B-cell subsets in PBMCs of CIA mice at the different inflammation stages  

D19, D31, D42 and D66 represent four inflammatory processes: after initial immunization, early stage of inflammation, peak inflammation, inflammatory regression period respectively, B cell subsets in PBMC were detected by Flow cytometry. Results showed that the percentage of CD19+CD27+ memory B cells increased after initial immunization compared with normal group, DG can regulate the increased memory B cells to baseline (Figure 4A). CD19-CD138+ plasma cells began to increase at early stage of inflammation, and DG can obviously depress plasma cells than CIA group. Interestingly, after initial immunization, the percentage of CD19+ IgM+ immature B cell and CD19+ IgD+ mature B cell (Figure 4C) decreased, but as the disease progressed, the mature B cells percentage began to enlarge than that of normal, which may be attributed to the occurrence of immune tolerance at the early stage of inflammation.

5. Effect of DG on splenic B cell subsets in CIA mice 

Splenic B cell subsets were detected by flow cytometry on D66, and the results were consistent with PBMC. Compared with CIA group mice, DG has a regulatory effect on splenic B cell subsets, and can inhibit the proliferation of CD19+ total B cells, CD19+CD27+ memory B cells, CD19-CD138+ plasma cells and CD19+IgD+ mature B cells, but has no effect on CD19+IgM+ immature B cells (Figure 5A-E).

6. Effect of DG on the levels of serum immunoglobulin isoforms of CIA mice

After mice were sacrificed, blood serum was collected and the levels of Ig subtypes were analyzed by protein chip array systems. The levels of IgA, IgD, IgE, IgM, IgG1, Ig2b, IgG3 and lambda were significantly increased compared with normal, while kappa and IgG2a had no obviously changes. After treatment, DG (6.5 mg·kg-1), Etanrcept and Rituximab can down-regulate abnormal level of immunoglobulins, but DG seems to have no effect on IgE (Figure 6).
7. Effect of DG on BCR-NF-κB signaling pathway in CIA mice spleen was detected by western blotting or immunofluorescence

Immunostaining was used to detect the levels of p-Lyn (Tyr507), p-Syk (Tyr525 / 526) and p-Btk (Tyr233) (Figure 7 A-C) in splenic B cells. Fluorescence images revealed that the levels of p-Syk and p-Btk (Figure 7 E and F) in CIA group were higher than that of normal. On the contrary, the level of p-Lyn (Figure 7 D) was decreased. Compared with CIA group, DG (6.5 mg·kg-1), Etanrcept and Rituximab can obviously decrease the phosphorylation levels of Syk and Btk, and reverse the decline of p-Lyn.
The phosphorylation levels of Lyn, Syk, Btk, P38 and NF-κB65 were detected by Western blot. As the results of immunofluorescence, compared with normal group, the levels of p-Syk (Tyr525/526), p-Btk (Tyr233), p-P388 (Thr180/Tyr182) and p-NF-κB65 (Ser536) (Figure 7 I-L) were obviously increased, while the level of p-Lyn (Tyr507) (Figure 7 H) was decreased in CIA mice. DG, Etanrcept and Rituximab could decrease the increased phosphorylation level of Syk, Btk, P38 and NF-κB65, and increase the level of p-Lyn in spleen of CIA mice, IgG-Fc (6.5 mg·kg-1) had no significant effect on phosphorylation of the above proteins. 

8. DG inhibited the activation of BCR-NF-κB signaling pathway on Daudi cells stimulated by IgD in vitro
After stimulation with IgD (5μg·ml-1) , Daudi cells were intervened with three doses of DG (0.1μg·ml-1, 1μg·ml-1 and 10μg·ml-1), then the cells were lysed and proteins were extracted. The levels of p-Lyn, p-Syk, p-Btk, p-P38 and p-NF-κB65 were analyzed by Western blot. Compared with blank group, the phosphorylation levels of Syk, Btk, p-P38 and p-NF-κB65 were significantly increased in Daudi cells stimulated by human IgD (5μg·ml-1), but the level of Lyn was decreased. DG (10μg·ml-1), overexpressed Lyn and Bafetinib 10-8 M could decrease the raised levels of p-Syk, p-Btk, p-P38 and p-NF-κB65, and increase the level of p-Lyn compared with negative control. Interestingly, Bafetinib as a Lyn inhibitor will badly depress the expression of Lyn, and seriously affect the BCR-NF-κB signaling pathway (Figure 8 A-F). 
9. Effect of DG on the interaction between Syk and Btk, Lyn and Syk was detected by co-immunoprecipitation 

The interaction between Syk and Btk stimulated by IgD (5μg·ml-1) in vitro was detected by co-immunoprecipitation. Results showed that IgD can increase the interaction between two tyrosinases, overexpression of DG and Lyn can down-regulate the interaction among Syk and Btk, Lyn and Syk, while IgG-Fc 10μg·ml-1 has no obviously effect.
DISCUSSION  

RA is a common autoimmune disease characterized by joints inflammation, bone and cartilage destruction, and synovial hyperplasia, which seriously affects the quality of life of RA patients (Zhang & Wei, 2019). CIA mice are classic animal models for studying the pathogenesis and new therapeutic drugs for RA, owing to its similar pathological features (Alabarse et al., 2018). This subject found that DG has a significant effect on alleviating arthritis index, number of swelling paw and weight loss. Meanwhile, the pathological symptoms of inflammatory cell infiltration, synovial hyperplasia, bone and cartilage destruction and pannus formation in the joints were also well improved after administration with DG. Various results from many aspects confirm that DG has a significant therapeutic effect on CIA mice.
B cells play a crucial role in the occurrence and acceleration of autoantibody-mediated autoimmune diseases (Hofmann, Clauder & Manz, 2018). Memory B cells (long-lived) or antibody-producing plasma cells (short-lived) are differentiated from mature B cell after activated by self or exogenous antigen under the help of helper T cells (Wu et al., 2018). Memory B cells reside in bone marrow and peripheral lymphatic system, once the antigen invades again, they will induce memory B cells to differentiate rapidly into plasma cells, resulting in refractory autoimmune disease (Akkaya, Kwak & Pierce, 2019). Immunoglobulins, produced by plasma cell, are the key immune elements against antigen invasion in autoimmune diseases (Dunn-Walters, Townsend, Sinclair & Stewart, 2018). The immunoglobulin polypeptide chain consists of two identical heavy (h) chains and two identical light (l) chains that are linked together by inter-chain disulfide bonds, the level of immunoglobulins positively associated with autoreactive disease activity (Chen & Cerutti, 2010). In this study, the percentages of mature B cell, memory B cell and plasma cell were higher than that of normal, the levels of IgA, IgD, IgE, IgM, IgG1, Ig2b, IgG3 and lambda were significantly increased. DG, Etanercept and Rituximab could decrease the high levels of B cells subsets and immunoglobulins. These findings exhibit that DG has a role in regulating B cell differentiation and plasma cell function.

Human IgD is composed of two heavy chains and two light chains. It is divided into variable region (V region) and constant region (C region) like other Igs. The Cδ1 and Cδ2 segments of IgD are similar to other Igs, but its Cδ3 region is different from other Igs due to the deletion of part of proline and the increase of N-glycan (Spiegelberg, 1977). Although IgD has been discovered for nearly half a century, it still remains the most enigmatic immunoglobulin, and the structure and function of IgD receptor have not been entirely understood (Wu et al., 2017). DG is a novel fusion protein composed of human IgD and the Fc part of IgG1, with a molecular weight of approximately 55KD.

We found that the B cells of CIA mice were transiently activated, indicating that the levels of memory B cells, plasma cells and mature B cells were significantly increased, and the antibody levels were increased. After treatment with DG, B-cell subsets can be adjusted to reduce elevated antibody levels. BCR signaling pathway controls the survival, development, maturation and function of B cells (Casola, Perucho, Tripodo, Sindaco, Ponzoni & Facchetti, 2019; Setz et al., 2019). Under normal physiological conditions, BCR can transmit antigen signals from the cell membrane to the cytoplasm to maintain the function of body immune, and the transient activation of BCR signals will lead to auto-immunity.

According to previous reports, both Fcμ and Fcγ of IgM and IgG receptors are closely related to BCR(Liu, Sohn, Tolar, Meckel & Pierce, 2010; Nguyen et al., 2017; Wakabayashi & Science), thus we suspect that so do IgD. In this subject, our results showed that BCR-NF-κB signaling pathway was hyper-activated in CIA mice, interestingly this signaling pathway also can be activated by IgD in vitro. DG can reduce the phosphorylation of Syk, Btk, p38 and NF-Κb p65 to suppress the BCR-NF-κB signaling pathway, and meanwhile upregulate the level of p-Lyn, which indicated that DG may inhibit the B cell activation by enhancing the native regulation of Lyn. The above results suggested that IgD receptors may be associated with BCR, and IgD may activate B cells by binding to IgD receptors, coupling with BCR, activating downstream Syk-Btk-NF-κB signaling pathway. DG may competitively block the binding of IgD to IgD receptor and up-regulate phosphorylation level of Lyn, thereby depressing the activation of B cells by playing a negative regulatory role in the BCR signaling pathway (Figure 10).

The previous study of our team found that sIgD levels in serum of RA patients and CIA mice were significantly increased and sIgD can activate Lck-Zap70 signaling pathway to activate T cells through IgDR (Han et al., 2020) (Zhang et al.,2020). This study focused on CIA mice B cells and systematically investigated the effect of DG on B cell subsets and function. IgD may active BCR signaling pathways by binding to IgDR, further make B cells over-activated, thereby involving in CIA pathological processes. Clinically, Rituximab and Etanrcept are used as biological agents for the treatment of RA, targeting B cell depletion and TNF-α, with severe adverse reactions such as inducing infection and tumor. DG share a common structure-IgG1 with Rituximab and Etanrcept, designs to target blockade IgD binding to IgDR, thereby regulating inflammatory immune processes. The results of this study showed that DG has a therapeutic effect on CIA mice with no significant adverse reactions, suggesting that DG may be a novel biological agent for the treatment of RA.

CONCLUSION

In a word, this subject elucidates the activation of B cells by IgD during the pathogenesis of CIA and the therapeutic effect of DG on arthritis mice. DG has a therapeutic effect on CIA mice by decreasing IAA and NPSC, inhibiting T/B cells proliferations, and alleviating synovial proliferation, inflammatory cell infiltration, pannus formation, cartilage erosion pathological in joints. DG has a regulation function of B cells hyperactivation by down-regulating B-cell subsets, decreasing immunoglobulin isotypes level and inhibiting the activation of IgD-IgDR-Syk-Btk-NF-κB signaling pathway. Results of this research indicate that IgD-IgDR may play a vital role in the pathologic process of RA. Over-high level of sIgD binding to IgDR leads to super activation of B cells. Those findings suggest that DG may be a new type of immunomodulatory biological agent that regulates the biological function of B cells, and provides new insights for the treatment of RA with targeted IgD/IgDR. DG may be a new promising biological agent for autoimmune diseases.

As for next, we plan to use gene editing techniques such as Crispr/Cas9 to knock out Igα or Igβ to establish a BCR knockout cell model, and further explore how IgD activates B cells through the IgDR-BCR signaling pathway and the intervention function of new fusion protein DG. If possible, use the gene library to find IgD receptor genes, and further explore the structure of IgD receptors and the pathological mechanism of IgD in RA.
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Figure legends
Fig1. Membrane IgDR have co-localization with IgD-BCR and IgM-BCR, DG can interact with mice CD19+ B cells
Representative images of IgDR and IgD-BCR (A), IgDR and IgM-BCR (B) immunofluorescence staining in mice CD19+ B cells (n = 5). IgDR was indirectly labeled with human-derived IgD (green), IgD-BCR (red) and IgM-BCR (pink) were labeled with anti-mice IgD and IgM antibodies, the results showed that IgDR co-localized with IgD-BCR and IgM-BCR. Representative Flow cytometry images of DG with PE label and CD19+ B cells (C) (n = 5), results showed PE-labeled DG can bind to lymphocytes (P3) and B cells (P4) of mice PBMC.

Fig 2. The effects of DG on weight, IAA, NPSC, T/B cell proliferation, indices of spleen and thymus in CIA mice

Effects of DG (1.625, 3.25, and 6.5 mg·kg-1) on body weight (A), index of arthritis (B), number of paw swelling (C), T/B cell proliferation in vitro (D) and indices of spleen and thymus (E) in CIA mice. DBA1 mice were immunized with CII and FCA on days 0, 21. With the appearance of inflammation, IAA and NPSC of CIA mice began to rise, and reached to peak on D39. After administrated with DG, Etanrcept or Rituximab, IAA, NPSC and indices of spleen and thymus were decreased, and the proliferation of T/B cells in vitro were restrained. Data were expressed as mean±SEM. **p<0.01 vs Normal, #p<0.05, ##p<0.01 vs CIA (n=8). 
Fig 3. DG alleviated joints and spleen histopathology score
The effects of DG (1.625, 3.25, and 6.5mg·kg-1), Rituximab and Etanercept on Pathology of  joints and spleens. Representative H&E-stained sections images of ankle joints (A) and spleens (F) on D64. B-E statistical graphs represent the scores of joints tissue synovial proliferation (B), cellular infiltration (C), pannus formation (D) and cartilage erosion (E) respectively. Homoplastically, G-J statistical graphs represent the scores of spleens tissue peripheral arterial lymphatic sheath density (G), lymphoid nodular hyperplasia (H), marginal zone hyperplasia (I) and red pulp (J). Data were expressed as  mean±SD, *P<0.05，**P<0.01 VS CIA (n=6).

Fig 4. The effect of DG on percentage of B-cell subsets in PBMCs at the different inflammatory stages of CIA mice
Effects of DG (1.625, 3.25, and 6.5 mg·kg-1) on peripheral blood CD19+CD27+ memory B cells (A) , CD19-CD138+plasma cells (B) , CD19+IgD+ mature B cells (C) and CD19+IgM+ (D) immature B cells subsets in CIA mice at different inflammatory stages. After administrated, DG can decrease the percentage of memory B cells, plasma cells and mature B cells compare with CIA group, while has no effect on immature B cells.Data were expressed as mean±SD. *<0.05, **p<0.01 VS Normal: #<0.05, ##<0.01 VS CIA (n=6).

Fig 5. Effect of DG on spleen B cell subsets in CIA mice
Effects of DG (1.625, 3.25, and 6.5 mg·kg-1) on spleen CD19+ total B cell (A), CD19 + CD27+ memory B cells (B) , CD19-CD138+plasma cells (C) , CD19+IgD+mature B cells (D) and CD19+ IgM+ (E) immature B cells in CIA mice. After administration, DG can decrease the percentage of total B cells, memory B cells, plasma cells and mature B cells compare with CIA group, while has no effect on immature B cells. Data were expressed as mean±SD. *<0.05, **p<0.01 VS Normal; #<0.05, ##<0.01 VS CIA (n=6).

Fig 6. Effect of DG on levels of immunoglobulin isoforms in serum of CIA mice
Effects of DG (1.625, 3.25, and 6.5 mg·kg-1) on immunoglobulin isobtypes of mice with CIA. Mice were sacrificed on D64 and centrifuged to obtain serum, protein chip technology was used to detect the level of  immunoglobulin subtypes. The levels of IgA, IgD, IgM, IgE, IgG1, IgG2b, IgG3, Lamda in CIA group are significantly higher than that of normal. DG can significant decrease the levels of IgA, IgD, IgM, IgG1, IgG2b, IgG3, Lamda, while has no effect on levels of IgE, Ig2a, kappa compared with CIA group. Data were expressed as mean±SD. *<0.01, **p<0.01 vs Normal; #p<0.05, ##<0.01 vs CIA (n=6).
Fig 7. Detection of the effect of DG on spleen BCR-NF-κB signaling pathway of CIA mice by immunofluorescence or western blotting 
Representative images of p-Lyn (A), p-Syk (B) and p-Btk (C) (red) immunofluorescence staining in mice CD19+ (green) B cells. D-F statistical graphs represent the fluorescence intensity of p-Lyn (D), p-Syk (E) and p-Btk (F) in CD19+ B cell respectively (n=5). Representative immunoblots (G) of protein abundance in the spleens from different groups, and bar graph (H-L) showing Western blot analysis of p-Syk, p-Btk, p-Lyn, p-NF-κB p65 and p-P38 in speens of mice with CIA treated with three doses of DG, Etanrcept and Rituximab. Data were expressed as mean±SD. *<0.01, **p<0.01 vs Normal; #p<0.05, ##<0.01 vs CIA (n=5) 

Fig 8. DG inhibits the activation of BCR-NF-κB signaling pathway on Daudi cell stimulated by IgD in vitro
The effect of DG with different concentration gradients on the BCR signaling pathway of Daudi cells stimulated by human IgD. The Daudi cells were pre-treated with human IgD 5 μg·ml-1 for 24 hours and then given different concentrations of DG or or other intervention for 48 hours, IgG-Fc (10 μg·ml-1) and Bafetinib (1×10-8 M) were set as control. Representative immunoblots (A) of protein abundance in different groups, graph showing Western blot analysis of p-Lyn (B), p-Syk (C), p-Btk (D), p-NF-κB p65 (E) and p-P38 (F) in Daudi cells. Data were expressed as mean±SD. **<0.01 VS blank; #<0.05, ##<0.01 VS negative control; &<0.05, &&<0.01 VS Lyn OE group (n=5).
Fig 9. Detection of the effect of DG on the interaction between Lyn and Syk, Syk and Btk by co-immunoprecipitation  
Effects of DG on the interaction of Lyn and Syk (Figure 9A), Syk and Btk (Figure 9B) in Daudi cells by the stimulation of IgD. Daudi cells were pre-treated with human IgD 5 μg·ml-1 or transfected Lyn overexpression plasmid for 24 hours, then co-cultured with DG (10 μg·ml-1) , IgG-Fc (10 μg·ml-1) or Bafetinib (1×10-8 M) for 48 hours. Representative immunoblots (A) of protein abundance in different groups, graph showing Western blot analysis of the combination of Lyn and Syk (B), Syk and Btk (C). Data were expressed as mean±SD. **<0.01 VS blank; #<0.05, ##<0.01 VS negative control (n=5).
Figure 10. Schematic diagram of the BCR signaling pathway and regulation effect of DG
BCR is made up of Igα and Igβ (CD79a and CD79b). The cytoplasmic tails of Igα and Igβ each contains an ITAM, which provides binding sites for tyrosine. After antigen binding to mIg, ITAM transfers signaling to cytoplasm, leading to ITAM to be phosphorylated. ITAM recruits Syk, then makes Syk to be phosphorylatied and activated, phosphorylated Syk makes signal pass downstream by coupling with Btk. Lyn plays a negative regulatory role by activating ITIM of sialic acid–binding protein CD22 and CD32b. Activated ITIM can recruite SHIP-1 and Src homology region 2 domain–containing phosphatase 1 (SHP-1) that inhibit BCR signaling. IgD may be combined with IgD receptors to transiently activate the BCR signaling pathway. DG can compete to antagonize the binding of IgD to IgD receptors, upregulate the level of p-Lyn, and plays a negative role in regulating BCR signaling.
