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Syndecan-1 (SDC-1) is a transmembrane proteoglycan of heparin sulfate that can regulate various cell signal transduction pathways in the airway epithelial cells and fibroblasts. Airway epithelial cells and human bronchial fibroblasts are crucial in airway remodeling. However, the importance of SDC-1 in the remodeling of asthmatic airways has not been confirmed yet. The present study was the first to uncover SDC-1 overexpression in the airways of humans and mice with chronic asthma. This study also validated that an increase in SDC-1 expression was correlated with TGFβ1/Smad3-mediated airway remodeling in vivo and in vitro. A small interfering RNA targeting SDC-1 (SDC-1 siRNA) and homo-SDC-1 in pcDNA3.1 (pc-SDC-1) was designed to assess the effects of SDC-1 on TGFβ1/Smad3-mediated collagen I expression in Beas-2B (airway epithelial cells) and HLF-1 (fibroblasts) cells. Downregulation of the SDC-1 expression by SDC-1 siRNA remarkably attenuated TGFβ1-induced p-Smad3 levels and collagen I expression in Beas-2B and HLF-1 cells. In addition, SDC-1 overexpression with pc-SDC-1 enhanced TGFβ1-induced p-Smad3 level and collagen I expression in Beas-2B and HLF-1 cells. Furthermore, the levels of p-Smad3 and collagen I induced by TGFβ1 were slightly increased after the addition of the recombinant human SDC-1 protein to Beas-2B and HLF-1 cells. These findings in vitro were also confirmed in a mouse model. A short hairpin RNA targeting SDC-1 (SDC-1 shRNA) to interfere with SDC-1 expression considerably reduced the levels of p-Smad3 and remodeling protein (α-SMA, collagen I) in the airways induced by ovalbumin (OVA). Similarly, OVA-induced p-Smad3 and remodeling protein levels in airways increased after mice inhalation with the recombinant mouse SDC-1 protein. These results suggested that SDC-1 of airway epithelial cells and fibroblasts plays a key role in the development of airway remodeling in OVA-induced chronic asthma.
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Introduction

Asthma is an inflammatory disease of the airways induced by allergens, gastroesophageal reflux, and genetic factors with complex pathogenesis (1). The normal structures and functions of bronchial epithelial cells and human fibroblasts are necessary to the standard functioning of lung tissues. Epithelial cells in the airways undergo interstitial transformation with disease progression, and fibroblasts are activated and differentiated into myofibroblasts (2). These cells produce numerous extracellular matrix proteins, including type I collagen and α-smooth muscle actin (α-SMA) (2). These changes in airway composition transform normal repairable injury responses to pathologic consequences, such as loss of epithelial integrity and excessive matrix deposition in interstitial, which, in turn, accelerate the structural remodeling of the airways (3).

Transforming growth factor β1 (TGFβ1), an important cytokine, mediates and regulates cellular transformation in various diseases (4). Large amounts of TGFβ1 are secreted after cell injury and other factors, which then participate in the regulation of various transcription factors and the synthesis of protein components of the extracellular matrix, thereby accelerating changes in cellular structures (5). Smad3, a member of the Smad protein family, is a TGFβ1 signaling downstream activator (6). TGFβ1/Smad3 signaling transduction plays a key regulatory role in the progression of liver fibrosis (7), pulmonary fibrosis (8), renal fibrosis (9), airway remodeling (10), cardiac structural remodeling (11), skin scar hyperplasia (12), and other diseases.

SDC-1 is a transmembrane heparin sulfate proteoglycan that carries various side chains, such as heparin sulfate (HS), chondroitin sulfate (CS), and hyaluronic acid (HA) (13). The SDC-1 core protein comprises extracellular, transmembrane, and intracellular regions (14). SDC-1 shedding has been widely studied in septic-related lung and kidney injury models (15). SDC-1 abscission is affected by many factors, such as inflammation and oxidative stress. In addition, Filla et al. (16) found that the cell surface proteoglycan SDC-1 mediates fibroblast growth factor-2 binding and activity. Hayashida et al. (17) reported that SDC-1 expression in epithelial cells can be induced by TGFβ1 through a PKA-dependent pathway. The special structural functions of SDC-1 in various physiological and pathological processes, such as cell proliferation (18), cell adhesion (19), and cell scarring (12), have been extensively studied. However, the exact role of SDC-1 in patients with asthma remains unclear.

The acute and chronic asthma models induced by OVA are respectively dominated by inflammation (20) and airway remodeling (21). SDC-1 has not been clearly described in OVA-induced acute or chronic asthma models. Therefore, the changes in SDC-1 in airway epithelium and alveolar lavage fluid (BALF) were further observed in OVA-induced acute or chronic asthma models. SDC-1 is hypothesized to be involved in airway remodeling by affecting TGFβ1/Smad3 signal transduction due to its role in regulating multiple cellular signal transduction pathways. Results suggested that SDC-1 is an important regulatory factor in the development of TGFβ1/Smad3 signal-mediated airway remodeling. Therefore, SDC-1 might be a novel therapeutic target in the pathologic form of airway remodeling in patients with asthma.



Materials and Methods


Reagents

Ovalbumin (OVA) and 4, 6-diamino-2-phenylindole dihydrochloride (DAPI) were purchased from Sigma-Aldrich (USA). The rabbit monoclonal antibodies SDC-1, p-Smad3, Smad3, and collagen I were prepared by Abcam (USA). Meanwhile, the rabbit monoclonal antibody GAPDH, HRP-conjugated goat anti-rabbit IgG, Alexa Fluor goat anti-rabbit, recombinant human TGFβ1, recombinant mouse SDC-1, and recombinant human SDC-1 were acquired from RD Biotechnology Ltd. Small interfering RNA targeting SDC-1 (SDC-1 siRNA), homo-SDC-1 in PCDNA3.1 (pc-SDC-1), and SDC-1 short hairpin RNA (SDC-1 shRNA) were synthesized by Gene Chem Co., Ltd. (Jinan, China).



Human Subject

Human subjects were diagnosed with chronic asthma following the criteria of the 2019 Edition Global Asthma Initiative, and age-matched healthy subjects were enrolled at Qianfoshan Hospital (Jinan, China). The characteristics of patients with asthmatic and healthy subjects are shown in Table 1. This study was approved by the Human Research Ethics Review Committee of Qianfoshan Hospital of Shandong University.


Table 1 | Characteristics and physiologies of asthmatic patients and the normal.





Cell Culture and Treatment

Beas-2B and HLF-1 cells (Cell Line Bank, Shanghai, China) were cultured in different DMEM containing 10% fetal bovine serum. The cells were seeded in 6- or 24-well culture plates under the following conditions: an incubator at 37°C, 95% air, 5% CO2, and a humid atmosphere. Serum-free synchronization was conducted for 24 h before the experiment and then used in all tests.

Beas-2B and HLF-1 cells were stimulated by 10 ng/mL TGFβ1 at different times (1, 2, 3, and 4 days), and changes in the cells were observed. The appropriate stimulating time point of TGFβ1 for Beas-2B or HLF-1 cells was selected by observing the protein levels of SDC-1, p-Smad3, Smad3, and collagen I.

The cell experiment was divided into four groups: 1) NC siRNA group: serum-free culture+siRNA negative control; 2) SDC-1 siRNA 1: cells cultured in serum-free culture and transfected with SDC-1 siRNA 1; 3) SDC-1 siRNA 2: cells cultured in serum-free culture and transfected with SDC-1 siRNA 2; 4) SDC-1 siRNA 3: cells cultured in serum-free culture and transfected with SDC-1 siRNA 3. Lipofectamine 3000 and NC siRNA or SDC-1 siRNA were added into the cell culture dishes for transfection according to the transfection manual. The SDC-1 siRNA and NC siRNA sequences were as follows: 1) SDC-1 siRNA 1: 5′-CCAAAUUGUGGCUACUAAUTT-3′; 2) SDC-1 siRNA 2: 5′-GCAGGACUUCACCUUUGAATT-3′; 3) SDC-1 siRNA 3: 5′-CCACCAAACAGGAGGAAUUTT-3′; 4) NC siRNA: 5′-UUCUCCGAACGUGUCACGUTT-3′. The effectiveness of SDC-1 siRNA in silencing SDC-1 protein expression was used for further studies.

Cells were then further divided into five groups: 1) Control group: cells cultured in serum-free culture without any stimulus factor; 2) NC siRNA group: serum-free culture+siRNA negative control; 3) SDC-1 siRNA: cells cultured in serum-free culture and transfected with SDC-1 siRNA. 4) NC siRNA+TGFβ1 group: cells cultured in serum-free culture with 10 ng/mL TGFβ1 and transfected with NC siRNA; 5) SDC-1 siRNA+TGFβ1: cells cultured in serum-free culture with 10 ng/mL TGFβ1 and transfected with SDC-1 siRNA. Lipofectamine 3000 and NC siRNA or SDC-1 siRNA were also transfected with cells according to the transfection manual.

The experiment was further divided into the following groups to observe the effects of pc-SDC-1: 1) Control group: cultured in serum-free culture without any stimulus factor; 2) pcDNA3.1 group: serum-free culture+pcDNA3.1 negative control; 3) pc-SDC-1 group: cells cultured in serum-free culture and transfected with pc-SDC-1; 4) TGFβ1 group: cells cultured in serum-free culture with 10 ng/mL TGFβ1; 5) pc-SDC-1+TGFβ1: cells cultured in serum-free culture with 10 ng/mL TGFβ1 and transfected with pc-SDC-1 for SDC-1 overexpression. The CDS region of the NM_002997 transcript of the SDC-1 gene was constructed into the pcDNA3.1 plasmid vector (Figure 5A), and pcSDC-1 was transferred into cells to generate SDC-1 overexpression according to the transfection manual. The effective of pc-SDC-1 in overexpressing SDC-1 protein was used for further studies.

Then, cells were divided into the following groups to investigate the effects of human recombinant SDC-1 protein: 1) Control group; 2) TGFβ1 group; 3) TGFβ1+recombinant SDC-1 (500 ng/mL); 4) TGFβ1+recombinant SDC-1 (1000 ng/mL); 5) TGFβ1+recombinant SDC-1 (2000 ng/mL). The cells in the TGFβ1+recombinant SDC-1 groups were c-ultured with 10 ng/mL TGFβ1 and the different dosages of human recombinant SDC-1 protein.



Animals and Grouping

C57BL/6 female mice (18–20 g) were purchased from Pengyue Animal Breeding Co., Ltd. (Jinan, China). The mice were raised on an OVA-free diet without pathogens. The mice were then studied in accordance with the National Institutes of Health guidelines for the care and use of laboratory animals and approved by the Institutional Review Committee of Shandong University–Qianfoshan Hospital.

The mice were randomly divided into four groups to observe the dynamic changes in each index (n = 8/group): 1) Control-4 weeks group; 2) OVA-4 weeks group; 3) Control-8 weeks group; 4) OVA-8 weeks group. The sensitization, challenges, and atomization processes are shown in Figure 2A.

The Control-8 weeks and OVA-8 weeks groups were selected as the research object to further study SDC-1. The mice were randomly divided into four groups (n = 8/group): 1) Control group; 2) LV2NC group; 3) OVA group; 4) OVA+SDC-1 shRNA group. The specific process is outlined in Figures 8A1, A2. The LV2NC or SDC-1 shRNA sequences were as follows: 1) LV2NC: 5′-TTCTCCGAACGTGTCACACGT-3′; 2) SDC-1 shRNA: 5′-GAACAAGACTTCACCTTTGAA-3′.

Then, mice were divided into four groups to asses the effects of mouse recombinant SDC-1 protein on OVA-induced chronic asthma (n = 8/group): 1) Control group; 2) Recombinant SDC-1 group; 3) OVA group; 4) OVA+recombinant SDC-1 group. The mice in the OVA+recombinant SDC-1 group were inhaled with recombinant SDC-1 (2000 ng/mL) after preatment with OVA (3% g/mL). The specific process is outlined in Figure 8A3.



Morphological Changes in the Airways

Lung tissues were fixed with 4% paraformaldehyde for 2 days, dehydrated with alcohol, embedded with paraffin, and finally cut into 5 μm thick paraffin sections. Airway inflammation was assessed by hematoxylin and eosin staining (HE). Collagen deposition was evaluated by Masson staining. The tissue sections were scored in accordance with the method described by Mohammadtursun et al. (22).



Immunohistochemistry Assay

The 5 μm thick paraffin sections were antigenically repaired and endogenous peroxidase was removed, and then SDC-1 antibody was incubated at 4°C for 15 h. Subsequently, the lung tissue sections were washed with PBS solution and incubated with goat anti-rabbit antibody in the dark for 40 min. The lung tissue sections were washed with PBS solution and then incubated with DAB solution for 4 min. Finally, the tissue sections were dehydrated with alcohol, dewaxed until transparent with xylene, and photographed under a microscope. Protein expression was evaluated using Image J.



Western Blot Analysis

The protein samples were added to 12% SDS polyacrylamide gel for electrophoresis separation, and then the proteins were transferred to a PVDF membrane, which was incubated with 5% skim milk for 90 min at room temperature. The primary antibodies (SDC-1, p-Smad3, Smad3, collagen I, α-SMA, and GAPDH) were incubated at 4°C for 15 h after washing with TBST solution. The PVDF membrane was washed with TBST and then incubated with HRP-conjugated goat anti-rabbit IgG for 1.5 h. The PVDF membrane was washed three times with TBST and then visualized using an enhanced chemiluminescence reagent.



Immunofluorescence

The lung tissues were repaired with citric acid antigen and washed with PBS and then incubated with the antibodies of SDC-1, TGFβ1, p-Smad3, collagen I, and α-SMA at 4°C for 15 h. The lung tissues were washed with PBS and then stained with Alexa Fluor goat anti-rabbit and DAPI. Finally, the lung tissues were observed and photographed under a fluorescence microscope (Olympus, Japan).

The Beas-2B or HLF-1 cells were seeded on soul plates in 24-well plates. The cells were fixed with 4% paraformaldehyde after different pretreatments and treatments and incubated with the antibody of SDC-1 overnight at 4°C. The soul plates were washed with PBS and then stained with Alexa Fluor goat anti-rabbit and DAPI. Finally, the cell images were photographed under a fluorescence microscope (Olympus, Japan).



Measurement Inflammatory Cytokine and SDC-1 Level in BALF

The mice were anesthetized with 4% chloral hydrate and intubated. BALF was obtained via multiple intratracheal injections of PBS (a total of 1.0 mL PBS). BALF was centrifuged at 3500 rpm at 4°C; for 15 min, and the supernatant was collected. Levels of SDC-1 (Zcibio Biotechnology, China), IL-4 (70-EK204/2, Multisciences), IL-5 (70-EK205, Multisciences), and IL-13 (70-EK213, Multisciences) in BALF were detected using an ELISA kit.



Statistical Analysis

All data were expressed as the mean ± standard deviation, and differences among groups were analyzed by one-way ANOVA and SNK test. p < 0.05 was considered statistically significant. All statistical analyses were performed using SPSS19.0.




Results


SDC-1 Is Overexpressed in the Bronchial Epithelium of Human Chronic Asthma

The protein level of SDC-1 in the human subjects with chronic asthma was detected by immunohistochemistry. Results showed that SDC-1 was overexpressed in the lung airways of the asthmatic subjects, and the degree of overexpression in the tracheal epithelium was considerably higher than that around the trachea (Figures 1A, C). In addition, Masson staining indicated that substantial amounts of collagen were deposited around the bronchial duct in the subjects with chronic asthma, suggesting the possible involvement of SDC-1 in airway remodeling (Figures 1B, D).




Figure 1 | SDC-1 levels in the asthmatic and normal human bronchial samples were evaluated by immunohistochemical staining (A). Collagen deposition in the asthmatic and normal human bronchial samples was evaluated by Masson staining (B). (C) SDC-1 intensity analysis of (A). (D) Collagen intensity analysis of (B) Data are shown as the means ± SD of three independent experiments. #p < 0.05 versus the control group.





Syndecan-1 Is Upregulated in the Bronchial Epithelium of OVA-Induced Chronic Asthma

Changes in SDC-1 expression in the airways of mice with acute and chronic asthma were detected by immunofluorescence. Results showed that SDC-1 expression slightly decreased in the tracheal epithelium and periductal of OVA-induced acute asthma compared with normal mice (Figures 2B, C). However, SDC-1 expression remarkably increased in the tracheal epithelium and periductal of OVA-induced chronic asthma (Figures 2B, C). In addition, SDC-1 levels in the BALF were higher in chronic asthma than in acute asthma (Figure 2D)




Figure 2 | Animal experimental schedule is shown in (A). SDC-1 (B) and α-SMA (E) levels were detected by immunofluorescence. Collagen deposition was evaluated by Masson staining (G). Histopathologic changes were detected by HE staining (I). Levels of SDC-1 shedding (D), IL-4 (J), IL-5 (K), and IL-13 (L) in BALF were measured by ELISA. (C, F) immunofluorescence intensity analysis of (B, E). (H) collagen deposition intensity analysis of (G) Data are shown as the means ± SD of three independent experiments. #p < 0.05 versus the control group. #*p < 0.05 versus the OVA (4 weeks) or control group.



The results of masson staining and α-SMA indicated that airway remodeling induced by OVA-induced was considerably higher in chronic asthma than in acute asthma (Figures 2E-H).

HE staining and ELISA detection results of inflammatory factors (IL-4, IL-5, and IL-13) showed that the inflammatory response was substantially higher in OVA-induced acute asthma (OVA-4 weeks group) than that in chronic asthma (OVA-8 weeks group) (Figures 2I-L). These findings suggested that SDC-1 was overexpressed in human subjects with chronic asthma and mice with OVA-induced chronic asthma.



TGFβ1/Smad3 and Collagen I Are Upregulated in the Bronchial Epithelium of OVA-Induced Acute and Chronic Asthma

Moreover, collagen I expression in the airways of mice with OVA-induced acute asthma was higher than that in normal mice (Figures 3A, D). Meanwhile, collagen I expression in the airways of mice with chronic asthma induced by OVA sharply increased compared with that in the acute asthma group (Figures 3A, D).




Figure 3 | Animal experimental schedule is shown in Figures 2A. Collagen I (A), p-Smad3 (B), and TGFβ1 (C) were detected by immunofluorescence. (D–F) Immunofluorescence intensity analysis of (A–C), respectively. Data are shown as the means ± SD of three independent experiments. #p < 0.05 versus the control group. #*p < 0.05 versus the OVA (4 weeks) or control group.



TGFβ1/Smad3 signaling plays an important role in airway remodeling. Accordingly, changes in the expression of TGFβ1/Smad3 and collagen I in the airways with acute and chronic asthma were detected via immunofluorescence. Results showed that TGFβ1 and p-Smad3 expression substantially increased in the airways of mice with acute asthma induced by OVA compared with normal mice (Figures 3B, C, E, F). However, TGFβ1 and p-Smad3 expression slightly decreased in the OVA-induced chronic asthma compared with the acute asthma group.



SDC-1 siRNA Deletion of SDC-1 Suppresses Collagen I Expression by TGFβ1/Smad Signaling in Beas-2B Cells

The siRNA targeting SDC-1 was used to knock out SDC-1 expression to evaluate the role of SDC-1 in Beas-2B cells. Immunofluorescence revealed that three kinds of SDC-1 siRNA downregulated SDC-1 expression, and the most remarkable downregulation of SDC-1 expression was observed after SDC-1 siRNA 3 interference (Figures 4A, B). Therefore, SDC-1 siRNA 3 was selected for downstream studies to target the knockout of SDC-1 expression.




Figure 4 | Effects of SDC-1 siRNA on collagen I and p-Smad3 in Beas-2B cells were observed. Deletion effects of SDC-1 siRNA 1, SDC-1 siRNA 2, and SDC-1 siRNA 3 on SDC-1 expression (A) were detected by immunofluorescence. Changes in SDC-1 (C), p-Smad3 (D), and collagen I (E) under TGFβ1 stimulation at different periods were detected by Western blot. Effects of SDC-1 siRNA 3 on SDC-1 (F, I), p-Smad3 (G, J), and collagen I (H, K) were detected by Western blot. (B) SDC-1 immunofluorescence intensity analysis of (A). (L–T) Protein intensity analysis of (C-K), respectively. Data are shown as the means ± SD of three independent experiments. #p < 0.05 versus the control group. #*p < 0.05 versus the NC siRNA+TGFβ1 group.



TGFβ1/Smad3 signaling plays an important role in collagen deposition. Therefore, changes in the expression of SDC-1, p-Smad3, and collagen I over time under TGFβ1 stimulation were detected by Western blot analysis. Results showed that SDC-1, p-Smad3, and collagen I expressions substantially increased after 2 days of TGFβ1 stimulation (Figures 4C-E, L-N). Therefore, TGFβ1 stimulation for 2 days was selected in the downstream study.

Interestingly, Western blot analysis revealed that TGFβ1 stimulation substantially induced the levels of SDC-1, p-Smad3 and collagen I in Beas-2B cells compared with those in the control group (Figures 4F-H, O-Q). However, SDC-1 downregulation by SDC-1 siRNA strongly inhibited the levels of p-Smad3 and collagen I induced by TGFβ1 stimulation in Beas-2B cells (Figures 4F-H, O-Q). In addition, SDC-1 intervention alone had no significant difference in p-Smad3 and Collagen I compared with those in the control group (Figures 4I-K, R-T).

These results suggested that SDC-1 siRNA might improve collagen deposition by inhibiting TGFβ1/Smad3 signaling.



SDC-1 Overexpression Aggravates Collagen I Expression by TGFβ1/Smad Signaling in Beas-2B Cells

A plasmid vector was constructed to overexpress SDC-1 and further explore the role of SDC-1 in p-Smad3 and collagen I expressions. Interestingly, the pc-SDC-1 considerably increased TGFβ1-induced SDC-1 expression compared with the TGFβ1 group (Figures 5B, I). The pc-SDC-1 upregulation of SDC-1 expression also notably enhanced the level of TGFβ1-induced p-Smad3 and collagen I expressions in Beas-2B cells (Figures 5C, D, J, K). In addition, SDC-1 overexpression alone had no significant difference in p-Smad3 and Collagen I compared with those in the control group (Figures 5E, F, L, M).




Figure 5 | Effects of SDC-1 overexpression by pc-SDC-1 or addition of the recombinant human SDC-1 protein on the levels of collagen I and p-Smad3 in Beas-2B cells were observed. Plasmid vector atlas of SDC-1 overexpression (A). Effect of pc-SDC-1 overexpression on TGFβ1-stimulated SDC-1 expression (B) was detected by Western blot. Effect of SDC-1 overexpression on the levels of p-Smad3 (C, E) and collagen I (D, F) were detected. Effects of the addition of different concentrations of the recombinant human SDC-1 protein on TGFβ1-stimulated p-Smad3 (G) and collagen I (H) were detected by Western blot. (I–O) Protein intensity analysis of (B–H), respectively. Data are shown as the means ± SD of three independent experiments. #p < 0.05 versus the control group. #*p < 0.05 versus the TGFβ1 group.



The effects of exogenous recombinant human SDC-1 addition on p-Smad3 and collagen I expressions were also investigated. Results demonstrated that high concentrations of recombinant human SDC-1 slightly increased the levels of p-Smad3 and collagen I induced by TGFβ1 compared with those in the TGFβ1 group (Figures 5G, H, N, O).

These results suggested that SDC-1 overexpression and SDC-1 detachment might aggravate collagen deposition by enhancing TGFβ1/Smad3 signaling.



SDC-1 siRNA Deletion of SDC-1 Suppresses Collagen I Expression by TGFβ1/Smad Signaling in HLF-1 Cells

Fibroblasts play an important role in airway remodeling. SDC-1 expression in fibroblasts was obtained through database retrieval (www.proteinatlas.org). Therefore, the effects of SDC-1 on TGFβ1/Smad3 signal in fibroblasts were further explored.

The role of three SDC-1 siRNAs in HLF-1 cells was reevaluated to analyze the effects of SDC-1 on HLF-1 cells. Immunofluorescence results confirmed that SDC-1 expression was most notably downregulated after SDC-1 siRNA 3 interference (Figures 6A, B). Therefore, SDC-1 siRNA 3 was also selected for the downstream study to target the knockout of SDC-1 expression in HLF-1 cells.




Figure 6 | Effects of SDC-1 siRNA on HLF-1 cells were detected. Deletion effects of SDC-1 siRNA 1, 2, or 3 on SDC-1 expression (A) were observed by immunofluorescence. Changes in levels of SDC-1 (C), p-Smad3 (D), and collagen I (E) under TGFβ1 stimulation were detected by Western blot. Effect of SDC-1 siRNA 3 on the levels of SDC-1 (F, I), p-Smad3 (G, J), and collagen I (H, K) were detected by Western blot. (B) SDC-1 immunofluorescence intensity analysis of (A). (L–T) Protein intensity analysis of (C–K), respectively. Data are shown as the means ± SD of three independent experiments. #p < 0.05 versus the control group. #*p < 0.05 versus the NC siRNA+ TGFβ1 group.



Western blot analysis revealed that SDC-1, p-Smad3 and collagen I substantially increased after 1 day of TGFβ1 stimulation (Figures 6C-E, L-N). Therefore, TGFβ1 stimulation for 1 day was selected in the downstream study of HLF-1 cells.

Western blot analysis revealed that SDC-1 downregulation by SDC-1 siRNA strongly inhibited the levels of TGFβ1-induced p-Smad3 and collagen I in HLF-1 cells compared with those in the TGFβ1-treated group (Figures 6F-H, O-Q). While downregulation SDC-1 alone had no significant difference in p-Smad3 and Collagen I compared with those in the control group (Figures 6I-K, R-T).



SDC-1 Overexpression Aggravates Collagen I Deposition by TGFβ1/Smad Signaling in HLF-1 cells

Interestingly, the pc-SDC-1 substantially increased TGFβ1-induced SDC-1 expression in the pc-SDC-1+TGFβ1 group compared with that in the TGFβ1 group (Figures 7A, H). The pc-SDC-1 also notably enhanced the level of TGFβ1-induced p-Smad3 and collagen I in the pc-SDC-1+TGFβ1 group compared with that in the TGFβ1 group (Figures 7B, C, I, J). However, SDC-1 overexpression by pc-SDC-1 alone had no significant difference in p-Smad3 and Collagen I compared with those in the control group (Figures 7D, E, K, L).




Figure 7 | Effects of SDC-1 overexpression by pc-SDC-1 or the addition of the recombinant human SDC-1 protein on the collagen I and p-Smad3 in HLF-1 cells were observed. Effects of pc-SDC-1 overexpression on TGFβ1-stimulated SDC-1 expression (A) were detected. Effects of pc-SDC-1 on the levels of p-Smad3 (B, D) and collagen I (C, E) were detected by Western blot. Effects of the recombinant human SDC-1 protein addition on TGFβ1-stimulated p-Smad3 (F) and collagen I (G) expression were detected by Western blot. (H-N) Protein intensity analysis of (A-G), respectively. Data are shown as the means ± SD of three independent experiments. #p < 0.05 versus the control group. #*p < 0.05 versus the TGFβ1 group.



p-Smad3 and collagen I expression in the TGFβ1+recombinant human SDC-1 group increased compared with that in the TGFβ1 group (Figures 7F, G, M, N). These results indicated that SDC-1 overexpression might transfuse signaling to fibroblasts to enhance collagen expression.



SDC-1 Overexpression Accelerates Airway Remodeling-Induced by OVA in Chronic Asthma

The similarities in SDC-1 overexpression in mice and humans with chronic asthma suggested that airway remodeling had a conserved effect across species. Therefore, SDC-1 deficient mice with lentivirus were constructed to determine the functional role of SDC-1 in airway remodeling.

No difference in the airway of control and LV2NC mice was found (Figures 8B, C, F). The mice with OVA-induced chronic asthma showed higher levels of inflammation and collagen deposition (Figures 8B–G) as well as SDC-1, p-Smad3, collagen I and α-SMA expression than the control group (Figures 9A–P). However, SDC-1 downregulation by SDC-1 shRNA in the OVA+SDC-1 shRNA group remarkably alleviated OVA-induced p-Smad3, collagen deposition, and collagen I and α-SMA expression compared with that in the OVA group (Figures 8C, F and 9A–P).




Figure 8 | Animal experimental intervention schedule is shown in (A). Effects of SDC-1 deletion by SDC-1 shRNA or inhalation with the recombinant mouse SDC-1 protein on collagen deposition (C, E) and pathological changes (B, D) were observed. (F, G) Collagen intensity analysis of (C, E), respectively. Data are shown as the means ± SD of three independent experiments. #p < 0.05 versus the control group. #*p < 0.05 versus the OVA group.






Figure 9 | Animal experimental intervention schedule is shown in Figures 8A1, A3. Effects of SDC-1 deletion by SDC-1 shRNA on the levels of SDC-1 (A, E), p-Smad3 (B, F), collagen I (C, G), and α-SMA (D, H) in mice were observed by immunofluorescence and Western blot. (I–L) Immunofluorescence intensity analysis of (A–D), respectively. (M–P) Gray intensity analysis of (E–H), respectively. Data are shown as the means ± SD of three independent experiments. #p < 0.05 versus the control group. #*p < 0.05 versus the OVA group.



These findings collectively clarify the mechanism of SDC-1 overexpression in airway remodeling in mice and humans.



Inhalation With Recombinant Mouse SDC-1 Protein Accelerates Airway Remodeling-Induced by OVA in Chronic Asthma

ELISA detected the presence of shedding SDC-1 in the BALF, and the concentration of SDC-1 in mice with chronic asthma was higher than that in mice with acute asthma (Figure 2D). Thus, the mice were induced to inhale the recombinant mouse SDC-1 protein to investigate the effects of shedding SDC-1 on airway remodeling.

No difference was found in pathological form, Smad3 phosphorylation, collagen deposition, and α-SMA and collagen I expression in the airways of the control and inhalation with the recombinant mouse SDC-1 protein mice (Figures 8D, E, G, 10A–L). Smad3 phosphorylation and collagen I and α-SMA expression induced by OVA increased compared with those in the control mice (Figures 10A-L). However, inhalation with the recombinant mouse SDC-1 protein in the OVA+SDC-1 group increased collagen deposition and the expression levels of p-Smad3, α-SMA, and collagen I compared with those in the OVA group (Figures 8E, G, and 10A-L). These findings were consistent with the results of in vitro experiments.




Figure 10 | Animal experimental intervention schedule is shown in Figures 8A1, A3. Effects of inhalation with the recombinant mouse SDC-1 protein on the levels of p-Smad3 (A, D), collagen I (B, E), and α-SMA (C, F) in mice were observed. (G–I) Immunofluorescence intensity analysis of A–C), respectively. (J–L) Gray intensity analysis of (D–F), respectively. Data are shown as the means ± SD of three independent experiments. #p < 0.05 versus the control group. #*p < 0.05 versus the OVA group.



These results suggested that shedding SDC-1 might strengthen TGFβ1/Smad3 signaling to participate in the airway remodeling of mice and humans.




Discussion

Airway remodeling is an important feature in the development of chronic asthma. Blocking or slowing down airway remodeling has become a hot topic in the research on asthma (23, 24). The present study was the first to demonstrate the involvement of SDC-1 in airway remodeling in chronic asthma in vivo and in vitro. The primary finding of this study was that SDC-1 may mediate TGFβ1/Smad3 signaling to participate in airway remodeling (Figure 11).




Figure 11 | Structure of SDC-1 overexpression with aggravated airway remodeling by strengthening TGFβ1/Smad3 signaling in OVA-induced chronic asthma.



SDC-1, a major component of glycocalyx, is an important signaling transmembrane protein molecule. SDC-1 has an extracellular glycosaminoglycan chain comprising HS, HA, and CS (13, 15). First, SDC-1 protrudes from extracellular structural features and functions as a physical barrier, capturing signal molecules and directing them to receptors on the membrane (14). Second, the transmembrane structure and cytoplasmic region of SDC-1 can transmit extracellular signals into cells and then mediate a series of intracellular reactions (25). The previous study confirmed the role of SDC-1 as a barrier against permeability in the LPS-induced ARDS model (15). Parimon et al. (26) confirmed that SDC-1 promotes lung fibrosis by regulating epithelial reprogramming through extracellular vesicles. The present results showed that SDC-1 and collagen deposition synchronously increased in humans and mice with chronic asthma, whereas that after SDC-1 shRNA intervention in mice or SDC-1 siRNA intervention in cells synchronously decreased to reduce SDC-1 level. To a certain extent, this study also supported the idea that SDC-1 enhances intracellular signal transduction through the recruitment of its external domain amplification ligand.

The present study also found an interesting phenomenon that SDC-1 expression in bronchial epithelial and periductal cells decreased in humans and mice with acute asthma stage, whereas that in humans and mice with chronic asthma stage substantially increased. These results led to speculation that SDC-1 has different mechanisms of action in various disease stages. The inflammatory damage caused by inflammatory responses can lead to a certain increase in SDC-1 shedding (27, 28). Xu et al. (29) reported that the SDC-1 ectodomains of the airway epithelium are closely related to the inflammatory response of acute asthma. Changes in inflammatory cytokines, such as IL-4, IL-5, and IL-13 in BALF, were further detected in the present study. ELISA results showed that the levels of IL-4, IL-5, and IL-13 sharply increased in mice with acute asthma compared with normal mice. However, the levels of IL-4, IL-5, and IL-13 substantially decreased in mice with chronic asthma compared with those in mice with acute asthma. These results indicated the possible relation of shedding of the SDC-1 ectodomains of the airway epithelium in mice with acute asthma to acute inflammatory response. By contrast, the persistence of chronic inflammatory response had minimal effect on SDC-1 expression in chronic asthma.

The SDC-1 ectodomains of epithelial cells have anti-inflammatory, antipermeability, and other barrier effects. However, the shedding of the SDC-1 exodomain has different roles in various models. Li et al. (30) found that the abdication of the SDC-1 exogenous domain regulates bleomycin-induced intrapulmonary transport of neutrophils in acute lung injury. Xu et al. (29) uncovered that the shedding of the SDC-1 exodomain has anti-inflammatory properties in acute asthma. Different degrees of SDC-1 exodomain shedding in acute and chronic asthma were observed in the present study, and inhalation with SDC-1 promoted collagen deposition in OVA-induced chronic asthma models. These findings suggested that SDC-1 shedding has different regulatory functions in various disease models.

TGFβ1 is a kind of factor with multiple effects on the different disease models, such as pro-airway remodeling, as well as anti-inflammatory or pro-inflammatory effects (31, 32). Hogan et al. (33) reported that the TGFβ1 pathway is required for NF-κB signaling in mouse keratinocytes. However, TGFβ1 plays an anti-inflammatory, pro-inflammatory, and pro-airway remodeling role in the pathogenesis of asthma at different stages (34–36). TGFβ1 was substantially higher in mice with acute asthma than those with chronic asthma in the present study. These results led to speculation regarding the possible role of TGFβ1 levels in the production of IL-4, IL-5, and IL-13. In addition, TGFβ1 stimulates epithelial or fibroblast transcription and suppresses collagenase transcription, thus allowing TGFβ1/Smad3 signaling to play a key role in collagen deposition (37, 38). TGFβ1/Smad3 is crucial in promoting airway remodeling in chronic asthma, and this phenomenon was also verified in this study. Therefore, these results strongly suggested that SDC-1 overexpression played an important role in collagen I expression in the epithelial cells or fibroblasts through TGFβ1/Smad3 signaling.

Overall, the present study was the first to demonstrate that the high expression of SDC-1 in the trachea of patients with chronic asthma is closely related to airway remodeling, and SDC-1 may regulate collagen deposition in epithelial cells or fibroblasts through the TGFβ1/Smad signaling pathway. This study provides a theoretical basis for the treatment of asthma in the future.



Data Availability Statement

The original contributions presented in the study are included in the article/Supplementary Material. Further inquiries can be directed to the corresponding author.



Ethics Statement

The studies involving human participants were reviewed and approved by Human Research Ethics Review Committee of Qianfoshan Hospital. Written informed consent for participation was not required for this study in accordance with the national legislation and the institutional requirements. The animal study was reviewed and approved by Institutional Review Committee of Shandong University–Qianfoshan Hospital. Written informed consent was obtained from the individual(s) for the publication of any potentially identifiable images or data included in this article.



Author Contributions

LD conceived the idea and proofread the manuscrift. DZ conceived the idea, conducted the study, drafted the figures, and wrote the original draft. J-TZ, W-JC, and X-RQ interpreted the data and drafted the figures. YP and X-FL proofread the manuscript. DZ contributed mainly to the article. All authors contributed to the article and approved the submitted version.



Funding

This work was supported by the National Natural Science Foundation of China (81770029).



Supplementary Material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fimmu.2021.744477/full#supplementary-material



References

1. Frey, A, Lunding, LP, Ehlers, JC, Weckmann, M, Zissler, UM, and Wegmann, M. More Than Just a Barrier: The Immune Functions of the Airway Epithelium in Asthma Pathogenesis. Front Immunol (2020) 11:761. doi: 10.3389/fimmu.2020.00761

2. Paw, M, Wnuk, D, Jakieła, B, Bochenek, G, Sładek, K, Madeja, Z, et al. Responsiveness of Human Bronchial Fibroblasts and Epithelial Cells From Asthmatic and Non-Asthmatic Donors to the Transforming Growth Factor-Beta(1) in Epithelial-Mesenchymal Trophic Unit Model. BMC Mol Cell Biol (2021) 22:19. doi: 10.1186/s12860-021-00356-8

3. Zhang, H, Yan, HL, Li, XY, and Guo, YN. TNFSF14, a Novel Target of MiR-326, Facilitates Airway Remodeling in Airway Smooth Muscle Cells via Inducing Extracellular Matrix Protein Deposition and Proliferation. Kaohsiung J Med Sci (2020) 36:508–14. doi: 10.1002/kjm2.12197

4. Li, X, Yang, N, Cheng, Q, Zhang, H, Liu, F, and Shang, Y. MiR-21-5p in Macrophage-Derived Exosomes Targets Smad7 to Promote Epithelial Mesenchymal Transition of Airway Epithelial Cells. J Asthma Allergy (2021) 14:513–24. doi: 10.2147/JAA.S307165

5. Han, L, Luo, H, Huang, W, Zhang, J, Wu, D, Wang, J, et al. Modulation of the EMT/MET Process by E-Cadherin in Airway Epithelia Stress Injury. Biomolecules (2021) 11:669. doi: 10.3390/biom11050669

6. Zou, H, Ming, B, Li, J, Xiao, Y, Lai, L, Gao, M, et al. Extracellular HMGB1 Contributes to the Chronic Cardiac Allograft Vasculopathy/Fibrosis by Modulating TGF-Beta1 Signaling. Front Immunol (2021) 12:641973. doi: 10.3389/fimmu.2021.641973

7. Yang, L, Han, B, Zhang, M, Wang, YH, Tao, K, Zhu, MX, et al. Activation of BK Channels Prevents Hepatic Stellate Cell Activation and Liver Fibrosis Through the Suppression of Tgfbeta1/SMAD3 and JAK/STAT3 Profibrotic Signaling Pathways. Front Pharmacol (2020) 11:165. doi: 10.3389/fphar.2020.00165

8. Wang, W, Liu, Z, Niu, J, Yang, H, Long, Q, Liu, H, et al. Feibi Recipe Reduced Pulmonary Fibrosis Induced by Bleomycin in Mice by Regulating BRP39/IL-17 and Tgfbeta1/Smad3 Signal Pathways. Evid Based Complement Alternat Med (2020) 2020:5814658. doi: 10.1155/2020/5814658

9. Yu, C, Xiong, C, Tang, J, Hou, X, Liu, N, Bayliss, G, et al. Histone Demethylase JMJD3 Protects Against Renal Fibrosis by Suppressing Tgfbeta and Notch Signaling and Preserving PTEN Expression. Theranostics (2021) 11:2706–21. doi: 10.7150/thno.48679

10. Wang, Z, Li, L, Wang, C, Piao, Y, Jiang, J, Li, L, et al. Recombinant Pyrin Domain Protein Attenuates Airway Inflammation and Alleviates Epithelial-Mesenchymal Transition by Inhibiting Crosstalk Between Tgfbeta1 and Notch1 Signaling in Chronic Asthmatic Mice. Front Physiol (2020) 11:559470. doi: 10.3389/fphys.2020.559470

11. Albadrani, GM, BinMowyna, MN, Bin-Jumah, MN, El-Akabawy, G, Aldera, H, and Al-Farga, AM. Quercetin Prevents Myocardial Infarction Adverse Remodeling in Rats by Attenuating TGF-Beta1/Smad3 Signaling: Different Mechanisms of Action. Saudi J Biol Sci (2021) 28:2772–82. doi: 10.1016/j.sjbs.2021.02.007

12. Meng, X, Gao, X, Chen, X, and Yu, J. Umbilical Cord-Derived Mesenchymal Stem Cells Exert Anti-Fibrotic Action on Hypertrophic Scar-Derived Fibroblasts in Co-Culture by Inhibiting the Activation of the TGF Beta1/Smad3 Pathway. Exp Ther Med (2021) 21:210. doi: 10.3892/etm.2021.9642

13. Javadi, J, Heidari-Hamedani, G, Schmalzl, A, Szatmári, T, Metintas, M, Aspenström, P, et al. Syndecan-1 Overexpressing Mesothelioma Cells Inhibit Proliferation, Wound Healing, and Tube Formation of Endothelial Cells. Cancers (Basel) (2021) 13:655. doi: 10.3390/cancers13040655

14. Schellings, MW, Vanhoutte, D, van Almen, GC, Swinnen, M, Leenders, JJ, Kubben, N, et al. Syndecan-1 Amplifies Angiotensin II-Induced Cardiac Fibrosis. Hypertension (2010) 55:249–56. doi: 10.1161/HYPERTENSIONAHA.109.137885

15. Zhang, D, Han, SS, Zhou, Y, Qi, BY, and Wang, XZ. Therapeutic Effects of Mangiferin on Sepsis-Associated Acute Lung and Kidney Injuries via the Downregulation of Vascular Permeability and Protection of Inflammatory and Oxidative Damages. Eur J Pharm (2020) 152:105400. doi: 10.1016/j.ejps.2020.105400

16. Filla, MS, Dam, P, and Rapraeger, AC. The Cell Surface Proteoglycan Syndecan-1 Mediates Fibroblast Growth Factor-2 Binding and Activity. J Cell Physiol (1998) 174:310–21. doi: 10.1002/(SICI)1097-4652(199803)174:3<310::AID-JCP5>3.0.CO;2-R

17. Hayashida, K, Johnston, DR, Goldberger, O, and Park, PW. Syndecan-1 Expression in Epithelial Cells is Induced by Transforming Growth Factor Beta Through a PKA-Dependent Pathway. J Biol Chem (2006) 281:24365–74. doi: 10.1074/jbc.M509320200

18. Shen, X, and Wang, X. The Function Role and Synergic Effect of Syndecan-1 for Mifepristone in Uterine Leiomyoma. Cytotechnology (2021) 73:179–87. doi: 10.1007/s10616-021-00455-6

19. Couchman, JR. Syndecan-1 (CD138), Carcinomas and EMT. Int J Mol Sci (2021) 22:4227. doi: 10.3390/ijms22084227

20. Casaro, M, Souza, VR, Oliveira, FA, and Ferreira, CM. OVA-Induced Allergic Airway Inflammation Mouse Model. Methods Mol Biol (2019) 1916:297–301. doi: 10.1007/978-1-4939-8994-2_28

21. Kianian, F, Karimian, SM, Kadkhodaee, M, Takzaree, N, Seifi, B, and Sadeghipour, HR. Protective Effects of Ascorbic Acid and Calcitriol Combination on Airway Remodelling in Ovalbumin-Induced Chronic Asthma. Pharm Biol (2020) 58:107–15. doi: 10.1080/13880209.2019.1710218

22. Mohammadtursun, N, Li, QP, Abuduwaki, M, Jiang, S, Zhang, H, Sun, J, et al. Loki Zupa Alleviates Inflammatory and Fibrotic Responses in Cigarette Smoke Induced Rat Model of Chronic Obstructive Pulmonary Disease. Chin Med (2020) 15:92. doi: 10.1186/s13020-020-00373-3

23. Huang, J, and Pansare, M. New Treatments for Asthma. Pediatr Clin North Am (2019) 66:925–39. doi: 10.1016/j.pcl.2019.06.001

24. Propp, P, and Becker, A. Prevention of Asthma: Where are We in the 21st Century? Expert Rev Clin Immunol (2013) 9:1267–78. doi: 10.1586/1744666X.2013.858601

25. Tkachenko, E, Rhodes, JM, and Simons, M. Syndecans: New Kids on the Signaling Block. Circ Res (2005) 96:488–500. doi: 10.1161/01.RES.0000159708.71142.c8

26. Parimon, T, Yao, C, Habiel, DM, Ge, L, Bora, SA, Brauer, R, et al. Syndecan-1 Promotes Lung Fibrosis by Regulating Epithelial Reprogramming Through Extracellular Vesicles. JCI Insight (2019) 5:e129359. doi: 10.1172/jci.insight.129359

27. Zhang, Y, Wang, Z, Liu, J, Zhang, Z, and Chen, Y. Suppressing Syndecan-1 Shedding Ameliorates Intestinal Epithelial Inflammation Through Inhibiting NF-KappaB Pathway and TNF-Alpha. Gastroenterol Res Pract (2016) 2016:6421351. doi: 10.1155/2016/6421351

28. Dogné, S, and Flamion, B. Endothelial Glycocalyx Impairment in Disease: Focus on Hyaluronan Shedding. Am J Pathol (2020) 190:768–80. doi: 10.1016/j.ajpath.2019.11.016

29. Xu, J, Park, PW, Kheradmand, F, and Corry, DB. Endogenous Attenuation of Allergic Lung Inflammation by Syndecan-1. J Immunol (2005) 174:5758–65. doi: 10.4049/jimmunol.174.9.5758

30. Li, Q, Park, PW, Wilson, CL, and Parks, WC. Matrilysin Shedding of Syndecan-1 Regulates Chemokine Mobilization and Transepithelial Efflux of Neutrophils in Acute Lung Injury. Cell (2002) 111:635–46. doi: 10.1016/s0092-8674(02)01079-6

31. Wang, N, Yan, D, Liu, Y, Liu, Y, Gu, X, Sun, J, et al. A Hur/TGF-Beta1 Feedback Circuit Regulates Airway Remodeling in Airway Smooth Muscle Cells. Respir Res (2016) 17:117. doi: 10.1186/s12931-016-0437-1

32. Sugiura, Y, Niimi, T, Sato, S, Yoshinouchi, T, Banno, S, Naniwa, T, et al. Transforming Growth Factor Beta1 Gene Polymorphism in Rheumatoid Arthritis. Ann Rheum Dis (2002) 61:826–8. doi: 10.1136/ard.61.9.826

33. Hogan, KA, Ravindran, A, Podolsky, MA, and Glick, AB. The Tgfbeta1 Pathway Is Required for Nfkappab Dependent Gene Expression in Mouse Keratinocytes. Cytokine (2013) 64:652–9. doi: 10.1016/j.cyto.2013.09.004

34. Camoretti-Mercado, B, and Solway, J. Transforming Growth Factor-Beta1 and Disorders of the Lung. Cell Biochem Biophys (2005) 43:131–48. doi: 10.1385/CBB:43:1:131

35. Lambrecht, BN, and Hammad, H. The Immunology of Asthma. Nat Immunol (2015) 16:45–56. doi: 10.1038/ni.3049

36. Hammad, H, and Lambrecht, BN. The Basic Immunology of Asthma. Cell (2021) 184:1469–85. doi: 10.1016/j.cell.2021.02.016

37. Fang, L, Wu, J, Huang, T, Zhang, P, Xin, X, and Shi, Y. TGF-Beta1 Stimulates Epithelial-Mesenchymal Transition Mediated by ADAM33. Exp Ther Med (2018) 15:985–92. doi: 10.3892/etm.2017.5478

38. Liu, P, Miao, K, Zhang, L, Mou, Y, Xu, Y, Xiong, W, et al. Curdione Ameliorates Bleomycin-Induced Pulmonary Fibrosis by Repressing TGF-Beta-Induced Fibroblast to Myofibroblast Differentiation. Respir Res (2020) 21:58. doi: 10.1186/s12931-020-1300-y




Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.


Publisher’s Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2021 Zhang, Qiao, Cui, Zhang, Pan, Liu and Dong. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fimmu.2021.744477_cover.jpg
’ frontiers

in Immunology

Syndecan-1 Amplifies
Ovalbumin-Induced Airway
Remodeling by Strengthening
TGFb1/Smad3 Action





OEBPS/Images/fimmu-12-744477-g006.jpg
SDC-1/GAPDH ratio

SDC-1/GAPDH ratio

SDC-1/GAPDH ratio

SDC-1

GAPDH

p-Smad3

Smad3

Collagen I

GAPDH

Control

e

0.5
0.4
03
0.2
0.1 4
0.0

NC siRNA

Control

SDC-1siRNA 1

1d 2d 3d 4d

xC SR
sC 5‘

SDC-1 siRNA 2

SDC-1 siRNA 3

[

F

e
e

SDC-1 intensity
-

(fold change over control)

e
w

EN

e
o

Collagen I/GAPDH ratio

Collagen I/GAPDH ratio

Collagen I/GAPDH ratio

03

0.0

0.3

0.2

0.1

—_— — —— — —
Al e, F | OO eSS
— —— —— GAPDH s e S —c—
— . S — P-SMad3 e e S -
G
— — — — Smad3 " G S S—
H
— — — — GAPDH ammss s o —a—
1d 2d 3d 44d 3 A\
e P %%
TGFp1 stimulation co ﬁcsx‘?\ W 18
ﬁcs‘ C.\s‘
0.6 1.0 N
#
L
g 08
0.4 «
T 06
E
2
§ 0.4
0.2 Z
5 02
0.0 0.0
4d Control 1d 2d 3d 4d
TGFp1 stimulation TGFp1 stimulation
08 P os Q
#
2
¥ # % 06
g
]
-1
£
i & 04 .
]
=
s
02 ve & 02
2
0.0 0.0
3 A\ A\ s\
xﬁ?: yGFY o Cs\\‘“ xﬁ?:' Gy
c\s‘ vxC - Soc\*‘
S 05 T
2 04
E
]
E 03
£
4
I 02
2
&
2 01
0.0
con* _\s'\““ b

B\
C‘\
sO

v§

2 )
wb sﬁh

AT A

SDC-1 =

GAPDH w—— e

p-Smad3 e

Smad3 S —

Collagen I : il 1
o —

GAPDH e e

Control 1d__2d 3d  4d

e

ot

2
&

TGFp1 stimulation

<C G .‘c.ﬂ‘ ,‘G\‘Y"
ﬂc s\“ e

A





OEBPS/Images/fimmu-12-744477-g001.jpg
Masson

SDC-1

]
<
E
=
7]
<

< < <

o) (o] -

(10u0d 130 3Zueyd proy)
uonisodap uagefo)

=] < (=] =

-] o < (o]

([oyu0d 1340 I3ueyd ploy)
Aysuyut [-OAs

0.0

Normal

Asthmatic

Normal

Asthmatic





OEBPS/Images/fimmu-12-744477-g003.jpg
. 4weeks 8 weeks
" Control  ____OVA " Control __ _OVA

: 4 weeks 8 weeks
#*x

. 4weeks . 8weeks
" Control  ________OVA " Control _______ _OVA

Collagen I
w - wn
=3 = o

N
o

DAPI

Collagen I intensity
(fold change over control)

—
=

w2
] [(—J

Py
°

t
=
<
a

p-Smad3 intensity
N
o

(fold change over control)
w
=}

—
=

Merge

c . 4weeks . 8weeks
" Control  ______OVA " Control  _____OVA
a
= X
8 4 weeks 8 weeks
550
&
=
£540
£
= £330
[ T e
< E_ %‘7
& O 220
[- )
=
€10
0.0
@
o)
o)
9
>






OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Syndecan-1 Amplifies Ovalbumin-Induced Airway Remodeling by Strengthening TGFβ1/Smad3 Action

      

        		

          Introduction

        



        		

          Materials and Methods

        

          		

            Reagents

          



          		

            Human Subject

          



          		

            Cell Culture and Treatment

          



          		

            Animals and Grouping

          



          		

            Morphological Changes in the Airways

          



          		

            Immunohistochemistry Assay

          



          		

            Western Blot Analysis

          



          		

            Immunofluorescence

          



          		

            Measurement Inflammatory Cytokine and SDC-1 Level in BALF

          



          		

            Statistical Analysis

          



        



        



        		

          Results

        

          		

            SDC-1 Is Overexpressed in the Bronchial Epithelium of Human Chronic Asthma

          



          		

            Syndecan-1 Is Upregulated in the Bronchial Epithelium of OVA-Induced Chronic Asthma

          



          		

            TGFβ1/Smad3 and Collagen I Are Upregulated in the Bronchial Epithelium of OVA-Induced Acute and Chronic Asthma

          



          		

            SDC-1 siRNA Deletion of SDC-1 Suppresses Collagen I Expression by TGFβ1/Smad Signaling in Beas-2B Cells

          



          		

            SDC-1 Overexpression Aggravates Collagen I Expression by TGFβ1/Smad Signaling in Beas-2B Cells

          



          		

            SDC-1 siRNA Deletion of SDC-1 Suppresses Collagen I Expression by TGFβ1/Smad Signaling in HLF-1 Cells

          



          		

            SDC-1 Overexpression Aggravates Collagen I Deposition by TGFβ1/Smad Signaling in HLF-1 cells

          



          		

            SDC-1 Overexpression Accelerates Airway Remodeling-Induced by OVA in Chronic Asthma

          



          		

            Inhalation With Recombinant Mouse SDC-1 Protein Accelerates Airway Remodeling-Induced by OVA in Chronic Asthma

          



        



        



        		

          Discussion

        



        		

          Data Availability Statement

        



        		

          Ethics Statement

        



        		

          Author Contributions

        



        		

          Funding

        



        		

          Supplementary Material

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fimmu-12-744477-g007.jpg
SDC-1 s s e e
A - s, s,

GAPDH ElES aaub aass T o

o e 3

‘,VSDC" Prod ‘ﬂm\

p-Smad3 — — p-Smad3 & o W p-Smad3 D G TS S
B D - 2 F
SMAA3 o G — — Smad3 s S— Smad3 D TS SR G GEEE

— e— a— ——

¢ Collagen I e —— G— E Collagen I G Collagen I N s __-‘ — GE—

GAPDH GHEED Quup == e=— GAPDH s e (€N 3 1) G ————

Control 0 500 1000 2000
TGFB1 + recombinant SDC-1 (ng/mL)

Co““° “pb\ ‘Gﬂ‘ ,‘Gﬂ" o » S“C"
.S
vc

=

-
o>
o

#%

e
%o

0.8 1.6

0.6

o
Y
I

12 M

0.4

I~
IS

0.8

SDC-1/GAPDH ratio
p-Smad3/Smad3 ratio

S
Y

0.2 04

Collagen I/GAPDH ratio

S
o

0.0 0.0
C°““°;&“”3"‘,c- oC Gﬂ" c&%‘ c “ﬂ°? “;\3‘ Gﬂ"c ﬁcx‘\

o gt gof®
.S S e S C-
» o e

A
-
=
4

0.6 0.6 1.2 1.0

0.9
0.4
0.6

0.2

0.3

p-Smad3/Smad3 ratio
Collagen I/GAPDH ratio

p-Smad3/Smad3 ratio
Collagen I/GAPDH ratio

0.0

C“““c\ :.S“CA oo ““o\ SDC.\ Control _ 0 501.] 1000 2000 Control _ 0 500 1000 2000
Ry TGFB1+recombinant SDC-1 (ng/mL) TGFB1+recombinant SDC-1 (ng/mL)





OEBPS/Images/fimmu-12-744477-g009.jpg
SDC-1 intensity
(fold change over control)

SDC-1/GAPDH ratio

Control LV2-NC OVA OVA+SDC-1-shRNA
- " ¥ C LV2-NC = + - +
OVA - - + +
5 SDC-1-shRNA = - - +
§. SDC-1 — . -
Q
a GAPDH e eSS o=
Control F
T 2 » LV2-NC - - +
) ¥ ' OVA - + +
é G SDC-1-shRNA - - +
] p-Smad3 S S A
2
£
zg. Smad3 — — — —
Control LV2-NC G
- 5 e LV2-NC - + - +
: OVA - + +
g SDC-1-shRNA - - +
= Collagen] === === ==, ===
&
&
3 GAPDH e amm> = ==
Control OVA+SDC-1-shRNA H
=iy . N - oy LV2-NC = + = +
- OVA - - + +
: SDC-1-shRNA - - - +
a
g @-SMA “— —— G —
4 GAPDH e e e w—
J K L %
= 40 = =
30 £ wE E
£E G § 40 ZE 40
2 o E O e o
g = 30 8 = -
- Eg Bl
2.0 =l =3 Ez
g & g & &
ZE 20 # % E g % H
i iﬁ =% 20 %5 20
= o= =
1.0 € 10 £ 5
0.0 0.0 0.0 0.0
o C v IN o C oV IN & . NC VM N
o™ XC o c-\"’“@x co® 0 C_\Am‘ o N O C_\.s‘\“ﬁk
N S N S N S
N 0 3
08 15 12 18
# #
#
# 15
12
0.6 e g 09 £
2 £ g 12
3 09 5 #i E
]
04 & #i £ 06 <09
ke g o0 g’ E 0.6
4 i 3
0.2 a O 03 3
03
03
0.0 0.0 0.0 0.0
) C S M ) C » » A\ » N »
R e oV e o ¢ oVt ™ e (¢ oqbc-\-s\\“?‘

o AV pov xS o axSY o AV





OEBPS/Images/fimmu-12-744477-g005.jpg
C

SDC-1/GAPDH ratio

p-Smad3/Smad3 ratio

B
N M e G el SD C- l
seasrsisr
GAPDH
G
SMad3 G — — Smad3 ’ “ Smad3
Collagen I & Collagen I Collagen I
GAPDH <o s e ass— GAPDH e e GAPDH
o A \ 38 Y A
cont* vc‘)“p& ‘Gch-\*‘G€$ Cﬁ““o vc_S“C
o
J
12 0.6 H#x
* )
09 . £
Y o 0.4 #
# £
0.6 &
3
s 02
03 g
-
0.0 0.0
Co\\““\ 0ﬂ?~5'\ c_sﬂc'\ ‘Gﬂ" ,(‘va Co\\“"\ :DSPA'\ 1(3“" *16“‘\
o° ¥ e ¥ o<
¢ P
0.6 L 0.6 M 12 #
£ S 4
£ g 09
0.4 0.4
g 9
A «
5 5 0.6
= 3
0.2 £ 02 g
Ey & 03
3 [

co® ‘,c-sﬂc"

1000 2000

500
TGFp1+recombinant SDC-1 (ng/mL)

Control _0

C““““ v\PﬁA c_sDC'\ 1(_‘,‘&‘ ‘GY$\
v ¢
v
e — %
h—— e —= &} B
—— S—— CES——s  S—  m—
Control 0 500 1000 2000

P

Collagen I/GAPDH ratio

o

Collagen I/GAPDH ratio

TGFp1 + recombinant SDC-1 (ng/mL)

#%

0.9

0.6

0.3

0.0

0.6

0.4

0.2

0.0

1000 2000

500
TGFp1+recombinant SDC-1 (ng/mL)

Control _0






OEBPS/Images/fimmu-12-744477-g011.jpg
Chronic asthma

A ‘/\ \ N\ )
‘ - ) o

Airway remodeling

Persistant injury

\G-SMA and collagen | /

%l& NUCLEUS

a-SMA and collagen |

Airway remodeling

EXTRACELLULAR






OEBPS/Images/fimmu-12-744477-g002.jpg
A1 > -

Sensitization Challenge
PBS or OVA (100 pg)+AI(OH)s (2.0 mg) 3% OVA with PBS or PBS alone 30 min/d consecutive 7 days
a e Sampling
) y
Day 1 7 21 22 23 24 25 26 27 28
Groups: Sensitization/Challenge
Control: PBS/PBS, OVA (4 weeks): OVA/OVA
A )
A2 Sensitization Challenge
PBS or OVA (100 pg)+Al(OH)3 (2.0 mg) 3% OVA with PBS or PBS alone 30 min/d every other day
1 1 Sampling
¥ ¥
Day 1 7 21 38 55 56
Groups: Sensitization/Challenge
Control: PBS/PBS, OVA (8 wecks): OVA/OVA
B 4 weeks 8 weeks c
Control Control 4.0
4 weeks 8 weeks

SDC-1 intensity
(fold change over control)

o]

800
4 weeks

600

SDC-1 shedding (ng/mL)

[

8.0
4 weeks

6.0

a-SMA intensity
(fold change over control)

G 4 weeks 8 weeks
Control OVA Control OVA H
o , e : 6.0
g G - A . P
g : { s0] __dweeks
= \ £
- 2 40
; H
g
| 4 weeks 8 weeks s
Control OVA Control OVA g
)
g
=
=
C““““\ ovh
100 300 300
J 4 weeks 8 weeks K 4 weeks 8 weeks L 4 weeks
#
& o ™ ¥
- =)
- g 5
=] Kl &
I -n, 2
3 e 2
F 2 3
=
3 i

o oV

»
W VA ot VA it

o o ovA C““““‘ oA

cont

ot OVN g ovp

8 weeks

#

Wb VA C““«c\ ovh

8 weeks

#

ot VP et oV

8 weeks

#i

C““““\ o>

8 weeks

C““‘N\ ovh





OEBPS/Images/logo.jpg
’ frontiers
in Immunology





OEBPS/Images/fimmu-12-744477-g004.jpg
SDC-1/GAPDH ratio

SDC-1/GAPDH ratio

SDC-1/GAPDH ratio

SDC-1
GAPDH
p-Smad3
Smad3
Collagen I
GAPDH
1.2
0.9
0.6
03
0.0
Control
15
12
0.9
0.6
0.3
0.0
o
0.8
0.6
0.4
0.2
0.0
con

SDC-1 siRNA 1

= —s E
— S— —_—  gE—
—— e D  —— —
Control 1d 2d 3d 4d
TGFB1 stimulation
M
#
£ 16
g
@
T 12
£
@
3 08
=3
|
4 04
0.0
1d 2d 3d 4d
TGFp1 stimulation
P
#
=3
s
g
#x 3
]
|
172
)
-
]
g
%2
=3
s‘qﬁ ‘Gﬂ‘ ‘Gﬂ‘
ﬂCs‘ c\s‘
S
=3
k-]
g
3 04
=]
E
@
&
# 3
g 02
‘@
=

» anNd
0 C-\ s\““

SDC-1 siRNA 2

F SDC-1
GAPDH
p-Smad3

G

Smad3
Collagen I

H

GAPDH

#
Control 1d 2d
TGFp1

SDC-1 siRNA 3

3d
stimulation

4d

ul.

““« Cs‘aﬁ ‘c.ﬂ‘ ‘Gﬂ‘
ﬂcs\ c\s‘“
e

o

?09
§5
E306
3b
23
< 03 #
5
q§ M »?
“C“ s‘vﬁ ot s\vﬁ it s\qﬁ
L] —
-— 1 SDC-1 - S
— — GAPDH e
— p-Smad3 L‘.q
J -
— — Smad3 SN —
— Collagen T '—E
_— 1 K ~=4
— — GAPDH wiit e
10?‘“ P e ot
T ¢
-
0.6 #
°
£
Z 04
A
<
Q
g 02
kY
3
o}
0.0
Control 1d 2d 3d 44
TGFp1 stimulation
Q
0.9 #
2
E
Z 06
A
<
S
-
5 03 #%
&
3
]
0.0
o G '\M‘ GE e ol
W
T s
0.28
=]
s
£ 021
=
a
B
S 014
3
& 0.07
3
]
0.00
Cu“““‘ s'\"‘?xh





OEBPS/Images/fimmu-12-744477-g010.jpg
Control Recombinant SDC-1 OVA OVA-+recombinant SDC-1

= Recombinant SDC-1 — * = +
5 » OVA - N . +
Pl | -
< -Smad3 .
2 pimst SES - — —
w
& Smad3 T — — —
E
&= Recombinant SDC-1 — + - +
g OVA - - + +
E,, Collagen] il S h !
=]
E GAPDH CHEED GEEES wE—— —
F
Recombinant SDC-1 — + = +
ova — S hd
CSVA e — —
GAPDH @HEESS GS— CEm—— —a—
EETY H : %0
= 80 = =
£ 2 & g :
£3 Z g 4 £ E 60
g = 6.0 8 g 9
g3 = 9 g3
£ 32 =3 4.0 g3
) = o
38 ge S8
25 40 ¥ -
@n = 5 S 3.0
i Sz ,, i
€ 20 €~ e
0.0 0.0 0.0
o RV LA (o ot ot ov> | o
; P . L@
“‘\,\“ ‘“\)\ﬁ “\\,\\\ “\\,\\\
Rrec® q Kyﬂ"—“ Rrec® . P‘Hew
J K L
1.2 aue 1.5 2.0
#x
# o 12 # 16
g 09 ;-] -]
o i ?‘l
- : f 1
2 2 09 o 12
: 5 E
@ 0.6 S 5
3 s 06 3 08
% 55 | 7
=" . =] 1]
© 03 0.4
0.0 0.0 0.0
o (g9t oV oot o pCt oVA  pCt
2 o o
i oo b S0
Rrec® yed Ree xve
o‘JP‘ W&






OEBPS/Images/table1.jpg
Characteristic Normal Asthmatic
Number 24 24
Age (years) 63.8+6.4 60.7 +7.0
Gender (male/female) 12/12 1113
FEV1 (% of predicted) 1146 +£85 42.3+ 14.6
BDT Negative Positive
Past history of cough Occasional Always
Other diseases: COPD, lung tumors, coronary heart disease, rheumatic heart disease, allergic rhinitis, bronchitis NO NO

Data are depicted as means + SD. FEV1, forced expiratory volume in one second; FEV1/FVC, the ratio of forced expiratory volume in the first second to forced vital capacity; BDT,

bronchial dilation test.
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