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Background: Asthma is a complex respiratory disease characterized by airway inflammation and remodeling. MicroRNAs (miRNAs) mediate various cellular processes including macrophage polarization and play an important role in the pathogenesis of asthma. In present study, we aimed to screen miRNA profiling involved in macrophage polarization and investigate its possible functions and mechanisms.
Methods: An OVA-sensitized mouse model was established and 2-chloroadenosine (2-CA) was used to interfere with macrophages. The airway inflammation and remodeling were assessed. The identification and function of M2 alveolar macrophages were assessed by flow cytometry, RT-qPCR, arginase activity and co-culture experiment. Microarray screening was used to select miRNAs which were related to macrophage polarization and RNA interference (RNAi) technique was performed to confirm the function of the selected miRNA and its target gene.
Results: Alveolar macrophages of asthmatic mice showed significant M2 polarization. 2-CA alleviated airway inflammation and remodeling as well as M2 polarization. In vitro, IL-4-induced M2 macrophages promoted the proliferation of α-SMA-positive cells. And miRNA profiling showed a remarkable increased expression of miR-378a-3p in IL-4 induced M2 macrophages. Dual luciferase reporter assay confirmed growth factor receptor binding protein 2 (GRB2) was a target gene of miR-378a-3p. A miR-378a-3p inhibitor and knockdown of GRB2 repolarized alveolar macrophages from M1 to M2 phenotype.
Conclusion: Our findings suggest that miR-378a-3p/GRB2 pathway regulates the polarization of alveolar macrophages which acts as a potential therapeutic target for airway inflammation and remodeling in asthma.
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INTRODUCTION
Asthma is a chronic inflammatory airway disorder in which eosinophils, neutrophils, macrophages and CD4+ T cells migrate into the airways and release powerful mediators which lead to airway inflammation and remodeling (Anderson 2008; Holgate 2012; Fehrenbach et al., 2017). One of the most notable features of remodeling is airway smooth muscle cells hyperplasia, which strongly predicts airflow limitation and contributes to narrow airways (Brightling et al., 2012; James et al., 2012; Collaborators 2017).
Alveolar macrophages (AMs) have been recognized to play an important role in maintaining immunological homeostasis and host defense in the lungs. It has been reported that the depletion of AMs in mice with asthma attenuated airway inflammation and remodeling (Lee et al., 2015). 2-CA, a purine analog, might cause a competitive reduction in intracellular adenosine content once phagocytized by macrophages, thus reducing the viability of macrophages (Ohtani et al., 1982; Saito and Yamaguchi 1985). Kubota et al. reported that 2-CA would deplete the number of AMs in the bronchoalveolar lavage fluid of mice without any effect on neutrophil or lymphocyte counts (Kubota et al., 1999). Additionally, Hadjigol et al. found that the depletion of pulmonary macrophages by administration of 2-CA into the lungs suppressed airway hyperresponsiveness and reduced the expression of IL-13, TNF-α and IFN-γ (Hadjigol et al., 2020). Macrophages can be polarized into different phenotypes. M1 or ‘classically activated’ macrophages have high microbicidal and tumoricidal activity, as exemplified by the production of nitric oxide and pro-inflammatory cytokines such as IL-12 and TNF-α, while M2 or ‘alternatively activated’ macrophages have antiparasitic and tissue remodeling activity, characterized by the production of Arg-1, CD206, FIZZ1, Ym1, CCL17, and CCL24 (Liu and Yang 2013). It has been recognized that M2 macrophages were mainly activated by Th2 cytokines such as IL-4 and IL-13 (Gordon and Martinez 2010; Van Dyken and Locksley 2013). M2 macrophages have been known to facilitate the Th2 immune response and the secretion of chemokines and cytokines which regulate airway inflammation, tissue repair and airway remodeling in the lung (Murray and Wynn 2011; Yang et al., 2012; Byrne et al., 2015). Holtzman reported that the differentiation and accumulation of M2 macrophages might be a hallmark of allergic airway disease (Holtzman 2012).
miRNAs are noncoding small RNAs of 19–25 nucleotide in length which regulate characters of target sites, thus being responsible for diverse biological processes (Shenoy and Blelloch 2014). In our previous study, we have identified that miR-142-5p and miR-130a-3p regulated M2 macrophage polarization and promoted the expression of profibrogenic genes in chronic inflammation (Su et al., 2015). The expression of miRNAs in M2 alveolar macrophages and the mechanisms regarding its polarization require further investigation. In the present study, we aimed to screen miRNA profiling involved in macrophage polarization and investigate its possible functions and mechanisms. Through microarray screening, we identified the candidate miRNA responsible for macrophage polarization and confirmed its target gene.
MATERIALS AND METHODS
Materials
OVA and 2-CA were purchased from Sigma (Missouri, United States). Recombinant murine IL-4 was sourced from Peprotech (New-Jersey, United States). Anti-CD80-PE, anti-CD206-BV650 and anti-CCR3-BV421 were purchased from Biolegend (California, United States). Antibodies for α-SMA and GRB2 were purchased from Abcam (Cambridge, England), F4/80 from Servicebio (Hangzhou, China), ECP-1 from Bioss (Beijing, China). The FISH kit, miRNA mimics, miRNA inhibitor and siRNAs were all purchased from GenePharma (Shanghai, China). The primers for PCR were synthesized by BGI (Beijing, China). The lipofectamine RNAiMax was purchased from Invitrogen (California, United States) while the X-tremeGENE HP DNA Transfection Reagent was purchased from Roche (Basel, Switzerland). The arginase assay kit was obtained from BioAssay (California, United States) and the Cell-Light Edu Apollo567 In Vitro Kit was purchased from Ribobio (Guangzhou, China). ELISA kits of IL-4 were from BD Biosciences (New-Jersey, United States) and the dual-Glo®Luciferase assay system was from Promega (Wisconsin, United States).
Animals
Male BALB/c mice aged 6–8 weeks were obtained from the Beijing Vital River Laboratory Animal Technology Company and maintained in the Laboratory Animal Center of Sun Yat-sen University. All the experiments were performed in accordance with the protocol approved by the Institutional Animal Care and Use Committee at the Medical College of Sun Yat-sen University (Approval Number: 2017189).
Establishment of Murine Model With Chronic Asthma
To produce further insights into the macrophage phenotype of asthma, an asthmatic model was established, and 2-CA was used to interfere with macrophages. Male BALB/c mice were randomly divided into three groups with eight mice in each group and treated as follows. 1) The control group were sham sensitized and boosted with normal saline. 2) In OVA group, mice were sensitized and challenged with OVA as previously described (Chen et al., 2011). They were sensitized by intraperitoneal injection (i.p.) of 10 μg of OVA emulsified in 1 mg of aluminium hydroxide in a total volume of 200 μl on Day-1 and Day-14. 7 days after the last sensitization (Day-21), mice were in atomization to 2.5% OVA aerosol for up to 30 min every 3 days for 8 weeks. 3) The 2-CA group was comprised of mice that were sensitized and challenged as in the OVA group described above and were additionally treated with 2 μM of 2-CA via intratracheal aerosolization using a compressor nebulizer (Dalian, China) before every subsequent three challenges of OVA. The mice were sacrificed 24 h after the final OVA challenge.
BALF Analysis
Bronchoalveolar lavage fluid (BALF) was collected by lavage of lungs with 5 ml of precooled PBS via a tracheal cannula and centrifuged (3,000 rpm, 10 min, 4°C). The cells were used to detect the expression of CD80, CD206, and CCR3 by flow cytometry and the supernatants were analyzed for IL-4 by ELISA.
Histology and Blood Analysis
The left lung lobes were harvested for histological analysis and the right lobes were snap-frozen in liquid nitrogen and stored at −80°C for RNA analysis. The blood was collected within heparinized tubes for flow cytometry analysis, while the plasma was kept at −80°C.
Cell Culture and Differentiation
The murine alveolar macrophages (MH-S) purchased from ATCC (Cat. No.: CRL-2019) were maintained in RPMI 1640 containing 10% FBS supplemented with 1% penicillin/streptomycin and incubated at 37°C in a humidified incubator containing 5% CO2. To obtain M2 alveolar macrophages induced by IL-4 as previously described, MH-S cells were seeded into plastic 6-well plates at a concentration of 1 × 105 cells/mL and incubated in serum-deprived medium for 12 h followed by treatment with IL-4 at 20 ng/ml for 48 h (Su et al., 2015). Then, the cells were harvested for further analysis.
Culture of α-SMA-Positive Cells
Primary α-SMA-positive cells of mice were isolated by the tissue digestion method and purified by differential adhesion as previously described with slight modifications (Chen et al., 2016). Briefly, lungs were removed from 6-8-week-old male BALB/c mice and pulmonary tissues were scraped off. Bronchial tissues were cut into small pieces approximately 1 × 1 × 1 mm in size and incubated in RPMI 1640 containing 1 mg/ml collagenase I at 37°C for 4 h. Thereafter, the adherent cells within 30 min which were mainly airway fibroblasts were discarded and the suspended α-SMA-positive cells were pipetted into another culture flask. Successful isolation of α-SMA-positive cells was determined by immunofluorescence staining of α-SMA (Wang et al., 2020). α-SMA-positive cells were cultured in RPMI 1640 containing 10% FBS and passaged every 6–8 days, and cells from 4 to 9 passages were used for further experiments.
Arginase Activity
To determine the polarization of alveolar macrophages, arginase assay was carried out following the manufacturer’s instructions (Ndolo et al., 2010). Total proteins were extracted from MH-S cells using ice-cold RIPA buffer containing 1 mM of PMSF. The supernatants of each sample were added into two separate wells of a 96-well microplate. 5X Substrate Buffer was added into one of the two wells, leaving the other one empty as a blank control. After incubation for 2 h at 37°C, urea reagent was added into all the wells while 5X Substrate Buffer was added into the blank control well. After further incubation for 1 h at room temperature, the optical density (OD) was measured by a microplate reader (Becan, Swissland) at 430 nm. Additionally, urea standard and ddH2O were used as standard and control, respectively. Arginase activity is calculated as (ODsample-ODblank)/(ODstandard-ODwater) × 10.4 (U/L).
Co-Culture Experiment and EdU Incorporation Assay
For the co-culture experiment, transwell assay was carried out using a 24-well transwell apparatus with 0.4 μm pore size (Corning, New York, United States). α-SMA-positive cells were added into the lower chamber and MH-S cells were added into the upper chamber to explore the effect of M2 macrophages on α-SMA-positive cells. After co-culture for 48 h, proliferation of α-SMA-positive cells were determined using EdU kit according to the manufacturer’s instructions (Zhao et al., 2019). Cells were incubated with 50 μM 5-Ethynyl-2′-deoxyuridine (EdU) for 2 h followed by fixation with 4% paraformaldehyde and permeabilization with 0.5% Triton X-100. The incorporated EdU was visualized using Alexa Fluor 567 and the nuclear DNA was stained by Hoechst 33342. The images were obtained using a fluorescence microscope (Olympus, Tokyo, Japan).
Flow Cytometry
Cells from BALF and MH-S cells were examined by flow cytometry. The amount of M1 macrophages (CD80+), M2 macrophages (CD206+) and eosinophils (CCR3+) were identified with specific antibodies and analyzed by multicolor flow cytometer (BD Celesta, New-Jersey, United States). The mean fluorescence intensity (MFI) was calculated by FlowJo software version 10 (Stanford, California, United States).
Enzyme-Linked Immunosorbent Assay
The levels of IL-4 in BALF supernatants and plasma were determined by commercial ELISA kits following the manufacturer’s instructions. Briefly, samples were added into a 96-well microplate coated with capture antibody specific for murine IL-4. After incubation overnight at 4°C followed by three washes with washing buffer, detection antibody and streptavidin-peroxidase enzyme were added. After a further incubation for 1 h at room temperature and seven washes, substrate reagents were added, and the reaction was stopped by adding stop solution after 30 min. The intensity of the color was measured by a microplate reader (Tecan, Zurich, Switzerland) at 450 nm, which was subtracted by the absorbance at 570 nm. IL-4 protein levels were calculated with standard curves for each measurement.
Histological Evaluation
The left lungs were perfused with PBS, fixed in 4% paraformaldehyde, embedded in paraffin and cut into 4 μm thick slices. Sections were stained with H&E, Periodic acid-Schiff (PAS) and Masson’s trichrome stain for evaluation of airway inflammation, mucus gland hyperplasia and collagen deposition, respectively. Semi-quantitative morphometric analysis was performed where the degrees of inflammation, mucus and collagen deposition were scored from 0 (absent) to 3 (severe), as modified from a previously described protocol (Stellari et al., 2015). The thickness of the airway wall was determined by morphometric analysis on transverse sections after α-SMA staining. F4/80 is a general marker for macrophages, and ECP-1 is a marker for eosinophils (Park et al., 2013). Sections were deparaffinized and rehydrated followed by microwave antigen retrieval in citric acid buffer (pH 6.0) and the blocking of endogenous peroxidase with 3% H2O2. Thereafter, sections were blocked with 5% BSA for 30 min at room temperature and incubated with the appropriate primary antibody overnight at 4°C in a humidified chamber. Staining was revealed followed by incubation with HRP-conjugated secondary antibody for 1 h at room temperature and the diaminobenzidine substrate kit for peroxidase. Counterstaining was performed using hematoxylin in 2 s.
miRNA Microarray Analysis and Target Prediction
Total RNA from MH-S cells which were treated with or without 20 ng/ml of IL-4 for 48 h was isolated using TRIzol and purified with the RNeasy mini kit according to the manufacturer’s instructions. The samples were labelled using the miRCURY Hy3/Hy5 Power labelling kit (Exiqon) and hybridized on the miRCURY LNA Array (v.19.0, Exiqon). The slides were then scanned using the Axon GenePix 4000B microarray scanner. Scanned images were then imported into GenePix Pro 6.0 software (Axon) for grid alignment and data extraction. Replicated miRNAs were averaged and miRNAs with intensities ≥30 Units in all samples were chosen for calculation of the normalization factor. Expression data were normalized using median normalization. After normalization, differentially expressed miRNAs between two groups were identified through relative quantity, fold change (≥2.0) and p-value (<0.05). Finally, hierarchical clustering was performed to demonstrate distinguishable miRNA expression profiling among samples. The miRNA target prediction tools miRDB, TargetScan7.2 and DIANA-microT were used to identify target genes of candidate miRNAs. Kyoto Encyclopedia of Genes and Genomes (KEGG) analysis of the common target genes were further performed using the DAVID 6.8 website (https://david.ncifcrf.gov/home.jsp).
Quantitative Real-Time PCR
Total RNA from MH-S cells or lungs was extracted using TRIzol according to the manufacturer’s instructions. RNA was converted to cDNA with PrimeScript Master Mix for mRNA detection and with Mir-X miRNA First-Strand Synthesis Kit for miRNA evaluation. RT-qPCR was performed using the TB Green Premix Ex Taq II in a LightCycler 480 instrument (Roche, Basel, Switzerland). The fold-change of the transcript mRNA or miRNA was analyzed using the 2−ΔΔCT method. Expression of mRNA was normalized to that of β-ACTIN, and mature miRNAs were calculated using U6 as an internal control. The gene-specific primer sequences used for mRNA are listed in Table 1 and the primers for miRNAs are listed in Table 2.
TABLE 1 | The mRNA-specific primer sequences.
[image: Table 1]TABLE 2 | The miRNA-specific primer sequences.
[image: Table 2]Fluorescence In situ Hybridization
Fluorescence in situ hybridization was performed on paraffin-embedded sections of lungs according to the manufacturer’s instructions. First, the sections were deparaffinized and rehydrated. After rinsing with PBS, the slides were digested with protease K for 20 min at 37°C and then dehydrated by ethanol. The sections were prehybridized in denaturation solution for 8 min at 78°C and dehydrated by ethanol again. Then the sections were hybridized with 20 ng/μl Cy3-labelled LNA miR-378a-3p probe overnight at 37°C. After post-hybridization washes, the nuclei were counterstained with DAPI and the fluorescence images were captured by a confocal microscope (Olympus, Tokyo, Japan).
Transfection of miRNAs or siRNAs
To determine the effect of miR-378a-3p or GRB2 on polarization of alveolar macrophages or the influence of miR-378a-3p on GRB2, we used RNAi to silence miR-378a-3p or GRB2. MH-S cells were seeded into 6-well plates at a density of 1 × 105 cells/ml, and transfection was performed when cells were at 60∼70% confluence. 100 pmol of miR-378a-3p mimics, miR-378a-3p inhibitor, siRNA specific to GRB2 (si-GRB2) or negative control siRNA (si-NC) were mixed with 250 μl Opti-MEM, and 5 μl Lipofectamine RNAiMax was mixed with 250 μl Opti-MEM for 5 min. Then the RNA complexes and liposome complexes were mixed together, incubated for 20 min and transfected into cells. The cells were harvested 48 h later for further analysis. Sequences of miR-378a-3p inhibitor and si-GRB2 are provided in Table 3.
TABLE 3 | Sequences of the specific miRNA and siRNA.
[image: Table 3]Western Blot
Protein lysates extracted from lung tissues or MH-S cells which were transfected with miR-378a-3p mimics, miR-378a-3p inhibitor, or si-GRB2 were centrifuged at 16,000 g for 20 min at 4°C and quantified using the BCA method. 20 μg of proteins were separated by 10% SDS-PAGE and transferred onto PVDF membranes. After blocking, blots were probed with primary antibodies against GRB2 or β-tubulin at 4°C overnight followed by incubation with HRP-conjugated secondary antibody for 1 h at room temperature. Protein bands were detected by enhanced chemiluminescence assay and the blots were visualized by Minichemi Imaging System (Beijing, China). Densitometric quantitation of band intensity was carried out with ImageJ software version 5.0 (NIH, Maryland, United States).
Dual Luciferase Reporter Assay
To identify the binding site between miR-378a-3p and GRB2, the 3′ untranslated region (UTR) of GRB2 including wild type (WT) or mutant type (MUT) of the binding site was synthesized and cloned into the SV40-firefly_Luciferase-MCS vectors (Genechem, Shanghai, China) and 293T cells were used for reporter assays. 293T cells (5 × 104 cells per well) were seeded into 24-well plates and transfected with miR-378a-3p mimics or negative control (20 pmol) for 24 h when the cells reached 60–70% confluence. Then cells were co-transfected with WT or MUT GRB2 3′ UTR vector and the control vector coding for Renilla luciferase using X-tremeGENE HP DNA transfection reagent for 48 h. Cells were harvested using 300 μl of Passive Lysis Buffer and luciferase activities were measured by a microplate reader (Zeng et al., 2019). The firefly luciferase activity was normalized to that of Renilla luciferase. Sequences of miR-378a-3p mimics and negative control are provided in Table 3.
Statistical Analysis
The quantitative data were presented as the mean ± SEM. For quantification analysis, each experiment was performed at least three times. Statistical analysis was conducted using GraphPad Prism software version 5.0 (GraphPad, California, United States) and SPSS software version 20.0 (SPSS, Chicago, United States). Analysis between two groups was performed using Student’s t-test and multiple comparisons of continuous variables were analyzed using one-way analysis of variance. Differences were considered statistically significant when the p-value was less than 0.05.
RESULTS
Airway Inflammation and Remodeling Along With M2 Macrophage Polarization in OVA-Sensitized Mice With Chronic Asthma
In the present study, we have developed an OVA-sensitized mouse model (Figure 1A). In asthmatic mice, HE staining revealed inflammatory cell infiltration; a large number of PAS+ goblet cells were detected by PAS staining; immunohistochemical staining of ECP-1 showed a significant increase of eosinophilic infiltration; the total amount of collagen was significantly increased as defined by Masson staining; and marked airway smooth muscle cell hyperplasia and hypertrophy have been identified by α-SMA immunohistochemical staining of the lungs (Figure 1B). IL-4 levels of plasma and BALF in OVA-challenged mice were significantly increased (Figure 1C). The results of flow cytometry analysis showed that the MFI of eosinophils in BALF was increased in OVA-challenged mice (Figure 1D). These data showed the airway inflammation and remodeling in OVA-sensitized mice.
[image: Figure 1]FIGURE 1 | Airway inflammation and remodeling along with M2 macrophage polarization in OVA-sensitized mice with chronic asthma (A). Timeline of establishment of the chronic asthma model which was sensitized and challenged with OVA for 8 weeks (B). Representative images of HE, PAS, Masson, ECP-1, and α-SMA immunohistochemistry staining of lung sections from control and OVA-sensitized mice as shown at a magnification of 20X. Scale bar: 50 μm. Bar graph represent morphometric semi-quantitative analysis of histopathological data from HE, PAS, and Masson staining. Quantification of ECP-1+ cells per 20X field and percentage of α-SMA+/total muscular layer area (C). IL-4 levels in plasma and BALF from control and OVA-sensitized mice assessed by ELISA (D). Expression of CCR3 in BALF from control and OVA-sensitized mice as determined by flow cytometry analysis. The representative histograms and quantitation of the MFI are shown (E). Representative images of F4/80 immunohistochemistry staining of lung sections from control and OVA-sensitized mice as shown at a magnification of 40X. Scale bar: 50 μm. Quantification of F4/80+ cells per 40X field (F). Expression of CD80 and CD206 in alveolar macro-phages of BALF from control and OVA-sensitized mice as determined by flow cytometry analysis. The representative histograms and quantitation of the MFI are shown (G). Expression of IL-6, IL-12, iNOS, FIZZ1, Arg1, and IL-10 in lungs from control and OVA-sensitized mice evaluated by RT-qPCR. (n = 8, *p < 0.05, **p < 0.01, ***p < 0.001 vs. control mice).
A large number of F4/80+ macrophages were detected around asthmatic airways in the lungs of asthmatic mice (Figure 1E). With OVA challenges, a significant downregulation of CD80+ M1 macrophages and upregulation of CD206+ M2 macrophages were detected in the BALF of asthmatic mice (Figure 1F). In addition, OVA challenge resulted in a significant increase in M2 markers such as FIZZ1, Arg1, and IL-10, with a decrease in M1 markers such as IL-6, IL-12, and iNOS (Figure 1G). These results indicated strong M2 macrophage infiltration in the BALF and lungs of asthmatic mice.
Inhibition of M2 Macrophage Polarization by 2-CA is Accompanied by Alleviation of Airway Inflammation and Remodeling
The timeline in which 2-CA was used to reduce AMs was depicted in Figure 2A. Treatment with 2-CA effectively reduced the number of F4/80+ macrophages in asthmatic mice (Figure 2B). With 2-CA management, the downregulation of CD80+ M1 macrophages and upregulation of CD206+ M2 macrophages in BALF of asthmatic mice could be reversed (Figure 2C). In addition, 2-CA challenge within asthmatic mice resulted in a decrease in M2 markers such as FIZZ1, Arg1, and IL-10 and an increase in M1 markers such as IL-6, IL-12, and iNOS, which suggested that 2-CA could inhibit M2 polarization in asthmatic mice (Figure 2D). Meanwhile, the inflammatory cell infiltration, goblet cell hyperplasia, eosinophilic infiltration, subepithelial fibrosis, and smooth muscle cell hyperplasia and hypertrophy in the lungs of asthmatic mice could be alleviated by 2-CA treatment (Figure 2E). Consistent with this finding, the increased IL-4 levels of plasma and BALF and MFI of eosinophils in BALF in OVA-challenged mice were reduced by 2-CA (Figures 2F,G). The results suggested that 2-CA could attenuate airway inflammation and remodeling in parallel with the reduction of M2 macrophages in asthmatic mice.
[image: Figure 2]FIGURE 2 | Inhibition of M2 macrophage polarization by 2-CA is accompanied by alleviation of airway inflammation and remodeling (A). Timeline of mice with chronic asthma treated with 2-CA before every subsequent three challenges of OVA (B). Representative images of F4/80 immunohistochemistry staining of lung sections from OVA-sensitized and 2-CA-treated mice as shown at a magnification of 40X. Scale bar: 50 μm. Quantification of F4/80+ cells per 40X field (C). Expression of CD80 and CD206 in alveolar macrophages of BALF from OVA-sensitized and 2-CA-treated mice as determined by flow cytometry analysis. The representative histograms and quantitation of the MFI are shown (D). Expression of IL-6, IL-12, iNOS, FIZZ1, Arg1, and IL-10 in lungs from OVA-sensitized and 2-CA-treated mice evaluated by RT-qPCR (E). Representative images of HE, PAS, Masson, ECP-1, and α-SMA immunohistochemistry staining of lung sections from OVA-sensitized and 2-CA-treated mice as shown at a magnification of 20X. Scale bar: 50 μm. Bar graph represent morphometric semi-quantitative analysis of histopathological data from HE, PAS and Masson staining. Quantification of ECP-1+ cells per 20X field and percentage of α-SMA+/total muscular layer area (F). IL-4 levels in plasma and BALF from OVA-sensitized and 2-CA-treated mice assessed by ELISA (G). Expression of CCR3 in BALF from OVA-sensitized and 2-CA-treated mice as determined by flow cytometry analysis. The representative histograms and quantitation of the MFI are shown. (n = 8, *p < 0.05, **p < 0.01, ***p < 0.001 vs. asthmatic mice).
IL-4-Induced M2 Macrophages Promote the Proliferation of α-SMA-positive Cells in vitro
In addition to in vivo experiment, macrophage polarization also affects the function of airway cells in vitro. After IL-4 induction, MH-S cells displayed a highly enhanced expression of CD206 and a markedly reduced expression of CD80 by flow cytometry (Figure 3A). Also, the mRNA expression of FIZZ1, Arg1, and CCL24 were largely increased (p < 0.05) while IL-6, CCL5, and iNOS were significantly reduced (Figure 3B). Besides, the expression of arginase was significantly increased (Figure 3C). To investigate the effect of M2 macrophages on α-SMA-positive cells, MH-S cells were stimulated with IL-4 and then co-cultured with α-SMA-positive cells to evaluate the proliferative ability of α-SMA-positive cells. As shown in Figure 3D, primary α-SMA-positive cells were identified by the typical “hill and valley” growth pattern and immunofluorescent staining of α-SMA. The proliferative ability of α-SMA-positive cells was strongly enhanced when co-cultured with IL-4-induced M2 macrophages (Figure 3E).
[image: Figure 3]FIGURE 3 | IL-4-induced M2 macrophages promote the proliferation of α-SMA-positive cells in vitro. MH-S cells were treated for 48 h with 20 ng/ml IL-4, and the identification and function of IL-4-induced M2 macrophages were analyzed (A–C) (A). Expression of CD80 and CD206 in IL-4-induced M2 macrophages evaluated by flow cytometry analysis. The representative histograms and quantitation of the MFI are shown (B). Expression of IL-6, CCL5, iNOS, FIZZ1, Arg1, and CCL24 in IL-4-induced M2 macrophages evaluated by RT-qPCR (C). Arginase in IL-4-induced M2 macrophages measured by the arginase assay (D). Representative image of α-SMA-positive cells under light microscope and immunofluorescent staining of α-SMA as shown at a magnification of 40X. Scale bar: 50 μm. The solid arrow points to the hill and the dotted arrow points to the valley (E). MH-S cells were stimulated with 20 ng/ml IL-4 for 48 h and co-cultured with primary α-SMA-positive cells for another 48 h. M(C) means MH-S cells treated without IL-4 and M(IL-4) means with IL-4. The proliferation of α-SMA-positive cells detected by EdU incorporation assay as shown at a magnification of 20X. Scale bar: 10 μm. Quantitation of percentage of EdU+ cells per 20X field. (*p < 0.05, ***p < 0.001 vs. control).
MiR-378a-3p is Upregulated in IL-4-Induced M2 Macrophages
To explore the important roles of miRNAs in macrophage polarization, we identified differentially expressed miRNAs in murine alveolar macrophages (MH-S) exposed to IL-4 via miRNA microarray analysis. The results showed that 13 miRNAs were upregulated, and 49 miRNAs were down-regulated between groups (Figure 4A). We further determined the expression of a subset of miRNAs to validate the microarray results by RT-qPCR (Figure 4B). Among these miRNAs, miR-677-3p, miR-3093-5p, miR-378a-3p, and miR-370a-5p were found to be significantly upregulated. The same subset of miRNAs was detected in the lungs of OVA-challenged mice by RT-qPCR (Figure 4B). Notably, miR-378a-3p was the most upregulated miRNA both in IL-4-induced M2 macrophages and the lungs of mice with chronic asthma, which might be involved in M2 polarization of macrophages (Vats et al., 2006; Eichner et al., 2010). In accordance with the results, FISH analysis also showed an increase of miR-378a-3p expression in the lungs of asthmatic mice (Figure 4C). Besides, the correlation coefficient between CD80 MFI in BALF and relative miR-378a-3p expression was negative while the correlation coefficient between CD206 MFI in BALF and relative miR-378a-3p expression was positive, though both of them didn’t achieve statistical significance (Figure 4D).
[image: Figure 4]FIGURE 4 | MiR-378a-3p is upregulated in IL-4-induced M2 macrophages (A). Differential expression levels of miRNAs (fold changes ≥2 and p-value < 0.05) in MH-S cells treated with or without 20 ng/ml IL-4 for 48 h were presented in a heatmap. The mean fluorescence intensity was calculated as the average for three replicates (B). Expression levels of the candidate miRNAs in MH-S cells following 20 ng/ml IL-4 for 48 h treatment and in the lungs of control and OVA-sensitized mice as determined by RT-qPCR (C). Representative images of FISH for miR-378a-3p in the lung tissues of control and OVA-sensitized mice as shown at a magnification of 40X. Scale bar: 20 μm. Quantitation of percentage of miR-378a-3p+ cells per 40X field (D). Scatter plots of CD80, CD206 MFI in BALF and relative miR-378a-3p expression from control and OVA-sensitized mice. Individual data points are shown with p value and linear regression. (n = 8, *p < 0.05, **p < 0.01, ***p < 0.001 vs. control).
MiR-378a-3p Directly Targets GRB2 in Murine Alveolar Macrophages
We used different target-prediction algorithms including miRDB, TargetScan7.2 and DIANA-microT to screen for mRNA targets of miR-378a-3p. 21 target genes were predicted by all three databases (Figure 5A). Among these target genes, KEGG_PATHWAY analysis suggested that GRB2 might participate in osteoclast differentiation and T cell receptor signaling pathway which was associated with macrophage polarization. Therefore we hypothesized that GRB2 might participate in alveolar macrophage differentiation since osteoclasts acted as a type of macrophage (Figure 5B). Firstly, we found two identical seed-matching sites exist between the 3′-UTR of GRB2 and miR-378a-3p (Figure 5C). And there is no target site at the 3′UTR of GRB2 for miRNAs identified in microarray analysis besides miR-378a-3p. To validate whether GRB2 was a target gene of miR-378a-3p, we further carried out gain and loss of function analysis as well as dual luciferase reporter assay. The mRNA and protein expression of GRB2 were significantly decreased after MH-S cells were transfected with miR-378a-3p mimics and increased after transfected with miR-378a-3p inhibitor, implying that the reduced transcription and translation of GRB2 caused by miR-378a-3p was reversed by miR-378a-3p inhibitor (Figure 5D). Furthermore, the results of dual luciferase reporter assay showed that the luciferase activity decreased obviously in cells co-transfected with the wild-type binding site vector in the presence of miR-378a-3p. On the contrary, cells containing the mutated binding sites vector did not show such suppression (Figure 5E). These data confirmed that GRB2 was a specific target of miR-378a-3p.
[image: Figure 5]FIGURE 5 | miR-378a-3p directly targets GRB2 in murine alveolar macrophages (A). Target gene prediction of miR-378a-3p with three bioinformatics tools and the results are shown in the Venn diagram (B). KEGG pathway analysis of target genes of miR-378a-3p (C). The binding sites between miR-378a-3p and target gene GRB2 (D). RT-qPCR and Western blotting assay of GRB2 expression in MH-S cells treated with miR-378a-3p mimics and miR-378a-3p inhibitor or control (E). Diagram of the wild-type and a mutated-type of binding site between miR-378a-3p and GRB2 and luciferase reporter assays for 293T cells transfected with GV272 vectors carrying GRB2-3′ UTR versus GRB2-MUT-3′ UTR in the absence or presence of miR-378a-3p mimics. (*p < 0.05, **p < 0.01, ***p < 0.001 vs. control).
MiR-378a-3p Contributes to Alveolar Macrophage Polarization by Targeting GRB2
As showed in Figure 6A, M1 markers such as IL-6, IL-12, and iNOS were downregulated while M2 markers such as FIZZ1, Arg1, and IL-10 were upregulated in alveolar macrophages transfected with miR-378a-3p mimics. When alveolar macrophages were transfected with miR-378a-3p inhibitor, M1 markers were upregulated while M2 markers were downregulated (Figure 6B), suggesting that miR-378a-3p might promote M2 polarization of alveolar macrophages. The function of GRB2 in alveolar macrophage polarization was evaluated by silencing GRB2 expression with RNAi. As shown in Figure 6C, the mRNA and protein expression of GRB2 was significantly repressed after si-GRB2 silencing (p < 0.05). Silencing of GRB2 also resulted in a downregulation of IL-6, IL-12, and iNOS mRNA with an upregulation FIZZ1, Arg1, and IL-10 mRNA in alveolar macrophages (Figure 6D). These data suggested that miR-378a-3p might contribute to M2 polarization of alveolar macrophages via the direct downregulation of GRB2.
[image: Figure 6]FIGURE 6 | (A) MiR-378a-3p contributes to alveolar macrophage polarization by targeting GRB2 Expression of IL-6, IL-12, iNOS, FIZZ1, Arg1, and IL-10 in MH-S cells treated with 100 pmol miR-378a-3p mimics or negative control for 48 h valuated by RT-qPCR (B). Expression of IL-6, IL-12, iNOS, FIZZ1, Arg1, and IL-10 in MH-S cells treated with 100 pmol miR-378a-3p inhibitor or negative control for 48 h evaluated by RT-qPCR (C). GRB2 mRNA and protein in MH-S cells treated with 100 pmol si-GRB2 for 48 h measured by RT-qPCR and Western Blot (D). Expression of IL-6, IL-12, iNOS, FIZZ1, Arg1, and IL-10 in MH-S cells treated with 100 pmol si-GRB2 for 48 h evaluated by RT-qPCR. (*p < 0.05, **p < 0.01, ***p < 0.001 vs. control).
DISCUSSION
Since M2/M1 imbalance has been a recognized pathology in asthma, studies have been conducted to explore the therapeutic potential of repolarizing M2 to M1 macrophages. In this study, we found that M2 macrophages were the predominant phenotype in the lungs and BALF of mice with chronic asthma induced by OVA. We also observed that the predominant M2 phenotype could be repolarized to the M1 phenotype by 2-CA in mice with chronic asthma, which was accompanied by the alleviation of airway inflammation and remodeling. These data suggested that 2-CA could reduce airway inflammation and remodeling in asthmatic mice by shifting macrophages from M2 to M1.
Recently, miRNAs have been found to affect the M1/M2 macrophage polarization (Self-Fordham et al., 2017; Li et al., 2018). For example, miRNA-9, miRNA-27, miRNA-155 and miRNA-125b could promote M1 polarization while miRNA-21, miRNA-223, miRNA-34, let-7c, miRNA-146a, and miRNA-511 could promote M2 polarization in various tissues (Feketea et al., 2019). However, the role of miRNAs in M2 alveolar macrophage polarization still needs more explorations. A continuous cell line of murine alveolar macrophages, designated MH-S, has been established and been used in our experiments. In our study, we confirmed that MH-S cells displayed a M2 phenotype after IL-4 induction. Then, differentially expressed miRNAs in M2 MH-S cells were screened, and miR-378a-3p was the most significantly increased miRNA in M2 MH-S cells and the lungs of mice with chronic asthma. miR-378a-3p is encoded in an intronic region of PPARGC1b, a protein associated with M2 polarization of macrophages (Vats et al., 2006; Eichner et al., 2010). Li et al. reported that miR-378 was increased in the peripheral blood and lungs of asthmatic children (Li et al., 2019). Rückerl et al. reported that miR-378-3p was significantly upregulated by IL-4 in peritoneal macrophages and was involved in IL-4-driven macrophage proliferation in mice implanted with Brugia malayi nematodes (Ruckerl et al., 2012), which didn’t mention the role of downstream gene targets. In our study, we found that miR-378a-3p inhibitor promoted a shift from the M2 to M1 phenotype of alveolar macrophages, which meant that miR-378a-3p might participate in M2 polarization of alveolar macrophages.
With online target prediction tools, we have identified GRB2 as a target of miR-378a-3p, which have been verified by gain and loss of function analysis as well as luciferase reporter assay. GRB2 is a receptor-bound protein in various cells which link signaling events initiated by tyrosine kinases to downstream pathways. It can directly bind to activated EGF receptor phosphorylated tyrosine, participate in EGF receptor mediated signal transduction, and indirectly participate in insulin receptor-mediated signal transduction by binding with SHC phosphorylated tyrosine. GRB2 can combine with SHC and SOS at the same time to form SHC-GRB2-SOS complex and activate SOS. The activated SOS can combine with Ras protein on plasma membrane, and activate it to cause signal cascade reaction. (Rao 1996). It is reported that reducing GRB2 expression by shRNA or by gene targeting slowed down the osteoclast-like differentiation of cells (Levy-Apter et al., 2014). CD206 activation mediated GRB2 recruitment to initiate phagocytosis signaling in human monocyte-derived macrophages (Rajaram et al., 2017). Several studies have shown the important effects of GRB2 in eosinophils, mast cells and T cells in allergic diseases (Ben Baruch-Morgenstern et al., 2014; Massoud et al., 2016; Lin et al., 2018). Xu et al. reported that miR-378a-3p sensitized ovarian cancer cells to cisplatin through targeting MAPK1/GRB2 (Xu et al., 2018). Yu et al. suggested that LMV induced osteogenic differentiation of BMSCs through miR-378a-3p/Grb2 pathway to improve bone mineral density and mechanical properties (Yu et al., 2020). However, whether GRB2 participated in alveolar macrophage polarization is still unknown. We demonstrated that the knockdown of GRB2 resulted in repolarization of alveolar macrophages from the M1 to M2 phenotype. Taken together, these findings indicated that the miR-378a-3p/GRB2 axis might act as a mediator of M2 polarization of alveolar macrophages. However, whether other miRNAs or target genes participate in functions of macrophage deserves further experiments.
In conclusion, our study has provided evidences that miR-378a-3p is upregulated in M2 alveolar macrophages which aggravate airway inflammation and remodeling in asthmatic mice. Persistent elevation of miR-378a-3p levels in alveolar macrophages promotes the switch towards the M2 phenotype by suppressing the expression of GRB2. Our results provide the possibility that the inhibition of miR-378a-3p may serve as a promising therapeutic strategy for chronic asthma which deserves further in vivo experiments.
BIOSECURITY STATEMENT
All the experiments were performed in Guangdong Provincial Key Laboratory of Malignant Tumor Epigenetics and Gene Regulation, Medical Research Center, Sun Yat-Sen Memorial Hospital and in the Laboratory Animal Center of Sun Yat-sen University, which strictly adhered to standard biosecurity and institutional safety procedures.
DATA AVAILABILITY STATEMENT
The data presented in the study are deposited in the GEO repository, accession number GSE143740.
ETHICS STATEMENT
The animal study was reviewed and approved by The Institutional Animal Care and Use Committee at the Medical College of Sun Yat-sen University (Approval Number: 2017189).
AUTHOR CONTRIBUTIONS
SJ and XY conceived the study. QW and JS designed the experiments. QW, LuH, YG, XL, and TT performed the experiments, collected the data and contributed to the statistical analysis. LiH, MC, XY, and SJ interpreted the data. QW drafted the manuscript. QW, XY, and SJ reviewed and edited the manuscript. SJ acquired funding.
FUNDING
This work was supported by the National Natural Science Foundation of China (81670022, 81700033, 81500018), the Natural Science Foundation of Guangdong Province (2017A030313822), the Novel Coronavirus Disease Prevention and Control Project of Guangdong Province (2020B111105001) and the Guangzhou Science and Technology Program key projects (201704020123, 202008040003).
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.
ACKNOWLEDGMENTS
The authors would like to thank KC Biotech Co. Ltd. (Shanghai, China) for the library construction and data analysis of miRNA microarray.
SUPPLEMENTARY MATERIAL
The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fmolb.2021.717969/full#supplementary-material
ABBREVIATIONS
AMs, alveolar macrophages; BALF, bronchoalveolar lavage fluid; GRB2, growth factor receptor binding protein 2; miRNAs, microRNAs; MH-S, murine alveolar macrophages; M1, classically activated macrophages; M2, alternatively activated macrophages; OVA, ovalbumin; 2-CA, 2-chloroadenosine.
REFERENCES
 Anderson, G. P. (2008). Endotyping Asthma: New Insights Into Key Pathogenic Mechanisms in a Complex, Heterogeneous Disease. The Lancet. 372 (9643), 1107–1119. doi:10.1016/s0140-6736(08)61452-x
 Ben Baruch-Morgenstern, N., Shik, D., Moshkovits, I., Itan, M., Karo-Atar, D., Bouffi, C., et al. (2014). Paired Immunoglobulin-Like Receptor A Is an Intrinsic, Self-Limiting Suppressor of IL-5-induced Eosinophil Development. Nat. Immunol. 15 (1), 36–44. doi:10.1038/ni.2757
 Brightling, C. E., Gupta, S., Gonem, S., and Siddiqui, S. (2012). Lung Damage and Airway Remodelling in Severe Asthma. Clin. Exp. Allergy. 42 (5), 638–649. doi:10.1111/j.1365-2222.2011.03917.x
 Byrne, A. J., Mathie, S. A., Gregory, L. G., and Lloyd, C. M. (2015). Pulmonary Macrophages: Key Players in the Innate Defence of the Airways. Thorax. 70 (12), 1189–1196. doi:10.1136/thoraxjnl-2015-207020
 Chen, M., Huang, L., Zhang, W., Shi, J., Lin, X., Lv, Z., et al. (2016). MiR-23b Controls TGF-Β1 Induced Airway Smooth Muscle Cell Proliferation via TGFβR2/p-Smad3 Signals. Mol. Immunol. 70, 84–93. doi:10.1016/j.molimm.2015.12.012
 Chen, M., Lv, Z., and Jiang, S. (2011). The Effects of Triptolide on Airway Remodelling and Transforming Growth Factor-β1/Smad Signalling Pathway in Ovalbumin-Sensitized Mice. Immunology. 132 (3), 376–384. doi:10.1111/j.1365-2567.2010.03392.x
 Collaborators, G. B. D. C. R. D. (2017). Global, Regional, and National Deaths, Prevalence, Disability-Adjusted Life Years, and Years Lived With Disability for Chronic Obstructive Pulmonary Disease and Asthma, 1990-2015: a Systematic Analysis for the Global Burden of Disease Study 2015. Lancet Respir. Med. 5 (9), 691–706. doi:10.1016/S2213-2600(17)30293-X
 Eichner, L. J., Perry, M.-C., Dufour, C. R., Bertos, N., Park, M., St-Pierre, J., et al. (2010). miR-378 ∗ Mediates Metabolic Shift in Breast Cancer Cells via the PGC-1β/ERRγ Transcriptional Pathway. Cel Metab. 12 (4), 352–361. doi:10.1016/j.cmet.2010.09.002
 Fehrenbach, H., Wagner, C., and Wegmann, M. (2017). Airway Remodeling in Asthma: What Really Matters. Cell Tissue Res. 367 (3), 551–569. doi:10.1007/s00441-016-2566-8
 Feketea, G., Bocsan, C. I., Popescu, C., Gaman, M., Stanciu, L. A., and Zdrenghea, M. T. (2019). A Review of Macrophage MicroRNAs' Role in Human Asthma. Cells. 8 (5), 420. doi:10.3390/cells8050420
 Gordon, S., and Martinez, F. O. (2010). Alternative Activation of Macrophages: Mechanism and Functions. Immunity. 32 (5), 593–604. doi:10.1016/j.immuni.2010.05.007
 Hadjigol, S., Netto, K. G., Maltby, S., Tay, H. L., Nguyen, T. H., Hansbro, N. G., et al. (2020). Lipopolysaccharide Induces Steroid-Resistant Exacerbations in a Mouse Model of Allergic Airway Disease Collectively Through IL-13 and Pulmonary Macrophage Activation. Clin. Exp. Allergy. 50, 82. doi:10.1111/cea.13505
 Holgate, S. T. (2012). Innate and Adaptive Immune Responses in Asthma. Nat. Med. 18 (5), 673–683. doi:10.1038/nm.2731
 Holtzman, M. J. (2012). Asthma as a Chronic Disease of the Innate and Adaptive Immune Systems Responding to Viruses and Allergens. J. Clin. Invest. 122 (8), 2741–2748. doi:10.1172/jci60325
 James, A. L., Elliot, J. G., Jones, R. L., Carroll, M. L., Mauad, T., Bai, T. R., et al. (2012). Airway Smooth Muscle Hypertrophy and Hyperplasia in Asthma. Am. J. Respir. Crit. Care Med. 185 (10), 1058–1064. doi:10.1164/rccm.201110-1849oc
 Kubota, Y., Iwasaki, Y., Harada, H., Yokomura, I., Ueda, M., Hashimoto, S., et al. (1999). Depletion of Alveolar Macrophages by Treatment With 2-Chloroadenosine Aerosol. Clin. Diagn. Lab. Immunol. 6 (4), 452–456. doi:10.1128/cdli.6.4.452-456.1999
 Lee, Y. G., Jeong, J. J., Nyenhuis, S., Berdyshev, E., Chung, S., Ranjan, R., et al. (2015). Recruited Alveolar Macrophages, in Response to Airway Epithelial-Derived Monocyte Chemoattractant Protein 1/CCl2, Regulate Airway Inflammation and Remodeling in Allergic Asthma. Am. J. Respir. Cel Mol Biol. 52 (6), 772–784. doi:10.1165/rcmb.2014-0255oc
 Levy-Apter, E., Finkelshtein, E., Vemulapalli, V., Li, S. S.-C., Bedford, M. T., and Elson, A. (2014). Adaptor Protein GRB2 Promotes Src Tyrosine Kinase Activation and Podosomal Organization by Protein-Tyrosine Phosphatase ϵ in Osteoclasts. J. Biol. Chem. 289 (52), 36048–36058. doi:10.1074/jbc.m114.603548
 Li, H., Jiang, T., Li, M.-Q., Zheng, X.-L., and Zhao, G.-J. (2018). Transcriptional Regulation of Macrophages Polarization by MicroRNAs. Front. Immunol. 9, 1175. doi:10.3389/fimmu.2018.01175
 Li, P., Lang, X., and Xia, S. (2019). Elevated Expression of MicroRNA-378 in Children With Asthma Aggravates Airway Remodeling by Promoting the Proliferation and Apoptosis Resistance of Airway Smooth Muscle Cells. Exp. Ther. Med. 17 (3), 1529–1536. doi:10.3892/etm.2018.7141
 Lin, W., Su, F., Gautam, R., Wang, N., Zhang, Y., and Wang, X. (2018). Raf Kinase Inhibitor Protein Negatively Regulates FcεRI-Mediated Mast Cell Activation and Allergic Response. Proc. Natl. Acad. Sci. USA. 115 (42), E9859–E9868. doi:10.1073/pnas.1805474115
 Liu, G., and Yang, H. (2013). Modulation of Macrophage Activation and Programming in Immunity. J. Cel. Physiol. 228 (3), 502–512. doi:10.1002/jcp.24157
 Massoud, A. H., Charbonnier, L.-M., Lopez, D., Pellegrini, M., Phipatanakul, W., and Chatila, T. A. (2016). An Asthma-Associated IL4R Variant Exacerbates Airway Inflammation by Promoting Conversion of Regulatory T Cells to TH17-Like Cells. Nat. Med. 22 (9), 1013–1022. doi:10.1038/nm.4147
 Murray, P. J., and Wynn, T. A. (2011). Protective and Pathogenic Functions of Macrophage Subsets. Nat. Rev. Immunol. 11 (11), 723–737. doi:10.1038/nri3073
 Ndolo, R. A., Forrest, M. L., and Krise, J. P. (2010). The Role of Lysosomes in Limiting Drug Toxicity in Mice. J. Pharmacol. Exp. Ther. 333 (1), 120–128. doi:10.1124/jpet.109.160226
 Ohtani, A., Kumazawa, Y., Fujisawa, H., and Nishimura, C. (1982). Inhibition of Macrophage Function by 2-Chloroadenosine. J. Reticuloendothel Soc. 32 (3), 189–200.
 Park, S. Y., Jing, X., Gupta, D., and Dziarski, R. (2013). Peptidoglycan Recognition Protein 1 Enhances Experimental Asthma by Promoting Th2 and Th17 and Limiting Regulatory T Cell and Plasmacytoid Dendritic Cell Responses. J.I. 190 (7), 3480–3492. doi:10.4049/jimmunol.1202675
 Rajaram, M. V. S., Arnett, E., Azad, A. K., Guirado, E., Ni, B., Gerberick, A. D., et al. (2017). M. tuberculosis -Initiated Human Mannose Receptor Signaling Regulates Macrophage Recognition and Vesicle Trafficking by FcRγ-Chain, Grb2, and SHP-1. Cel Rep. 21 (1), 126–140. doi:10.1016/j.celrep.2017.09.034
 Rao, G. N. (1996). Hydrogen Peroxide Induces Complex Formation of SHC-Grb2-SOS With Receptor Tyrosine Kinase and Activates Ras and Extracellular Signal-Regulated Protein Kinases Group of Mitogen-Activated Protein Kinases. Oncogene. 13 (4), 713–719.
 Rückerl, D., Jenkins, S. J., Laqtom, N. N., Gallagher, I. J., Sutherland, T. E., Duncan, S., et al. (2012). Induction of IL-4Rα-Dependent MicroRNAs Identifies PI3K/Akt Signaling as Essential for IL-4-driven Murine Macrophage Proliferation In Vivo. Blood. 120 (11), 2307–2316. doi:10.1182/blood-2012-02-408252
 Saito, T., and Yamaguchi, J. (1985). 2-Chloroadenosine: a Selective Lethal Effect to Mouse Macrophages and its Mechanism. J. Immunol. 134 (3), 1815–1822. 
 Self-Fordham, J. B., Naqvi, A. R., Uttamani, J. R., Kulkarni, V., and Nares, S. (2017). MicroRNA: Dynamic Regulators of Macrophage Polarization and Plasticity. Front. Immunol. 8, 1062. doi:10.3389/fimmu.2017.01062
 Shenoy, A., and Blelloch, R. H. (2014). Regulation of MicroRNA Function in Somatic Stem Cell Proliferation and Differentiation. Nat. Rev. Mol. Cel Biol. 15 (9), 565–576. doi:10.1038/nrm3854
 Stellari, F., Sala, A., Ruscitti, F., Carnini, C., Mirandola, P., Vitale, M., et al. (2015). Monitoring Inflammation and Airway Remodeling by Fluorescence Molecular Tomography in a Chronic Asthma Model. J. Transl Med. 13, 336. doi:10.1186/s12967-015-0696-5
 Su, S., Zhao, Q., He, C., Huang, D., Liu, J., Chen, F., et al. (2015). miR-142-5p and miR-130a-3p Are Regulated by IL-4 and IL-13 and Control Profibrogenic Macrophage Program. Nat. Commun. 6, 8523. doi:10.1038/ncomms9523
 Van Dyken, S. J., and Locksley, R. M. (2013). Interleukin-4- and Interleukin-13-Mediated Alternatively Activated Macrophages: Roles in Homeostasis and Disease. Annu. Rev. Immunol. 31, 317–343. doi:10.1146/annurev-immunol-032712-095906
 Vats, D., Mukundan, L., Odegaard, J. I., Zhang, L., Smith, K. L., Morel, C. R., et al. (2006). Oxidative Metabolism and PGC-1β Attenuate Macrophage-Mediated Inflammation. Cel Metab. 4 (1), 13–24. doi:10.1016/j.cmet.2006.05.011
 Wang, X., Zhang, D., Higham, A., Wolosianka, S., Gai, X., Zhou, L., et al. (2020). ADAM15 Expression Is Increased in Lung CD8+ T Cells, Macrophages, and Bronchial Epithelial Cells in Patients With COPD and Is Inversely Related to Airflow Obstruction. Respir. Res. 21 (1), 188. doi:10.1186/s12931-020-01446-5
 Xu, Z.-h., Yao, T.-z., and Liu, W. (2018). miR-378a-3p Sensitizes Ovarian Cancer Cells to Cisplatin Through Targeting MAPK1/GRB2. Biomed. Pharmacother. 107, 1410–1417. doi:10.1016/j.biopha.2018.08.132
 Yang, M., Kumar, R. K., Hansbro, P. M., and Foster, P. S. (2012). Emerging Roles of Pulmonary Macrophages in Driving the Development of Severe Asthma. J. Leukoc. Biol. 91 (4), 557–569. doi:10.1189/jlb.0711357
 Yu, X., Zeng, Y., Bao, M., Wen, J., Zhu, G., Cao, C., et al. (2020). Low‐Magnitude Vibration Induces Osteogenic Differentiation of Bone Marrow Mesenchymal Stem Cells via miR‐378a‐3p/Grb2 Pathway to Promote Bone Formation in a Rat Model of Age‐related Bone Loss. FASEB j. 34 (9), 11754–11771. doi:10.1096/fj.201902830rrr
 Zeng, T., Wang, X., Wang, W., Feng, Q., Lao, G., Liang, Y., et al. (2019). Endothelial Cell-Derived Small Extracellular Vesicles Suppress Cutaneous Wound Healing Through Regulating Fibroblasts Autophagy. Clin. Sci. (Lond). 133 (9), CS20190008. doi:10.1042/CS20190008
 Zhao, Y., Tang, X., Huang, Y., Tang, Q., Ma, C., Zheng, F., et al. (2019). Interaction of C-Jun and HOTAIR- Increased Expression of P21 Converge in Polyphyllin I-Inhibited Growth of Human Lung Cancer Cells. Onco Targets Ther. Vol. 12, 10115–10127. doi:10.2147/ott.s226830
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.
Copyright © 2021 Wang, Hong, Chen, Shi, Lin, Huang, Tang, Guo, Yuan and Jiang. 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.
OPS/images/fmolb-08-717969-g005.gif





OPS/images/fmolb-08-717969-g006.gif





OPS/images/fmolb-08-717969-g003.gif
T Conval -
~BS |

cosawt
coxemrt

oo Gontt 14 Goms
. Gt ¢ °
§ i § ooy it
H fwl - K cans 2
I e B
: kk 1 sun
o cois wos izt et couze
€ L
- - i '
x o
i
oy 5
n
P A





OPS/images/fmolb-08-717969-g004.gif
--.
= EEE |i






OPS/images/fmolb-08-717969-t003.jpg
Sequence name

miR-378a-3p mimic
miRNA mimics NC
miR-378a-3p inhibitor
miRNA inhibitor NC
si-GRB2

sIRNA NC

Forward (5'-3')

ACUGGACUUGGAGUCAGAAGG
UUCUCCGAACGUGUCACGUTT
‘CCUUCUGACUCCAAGUCCAGU
CAGUACUUUUGUGUAGUACAA
GGAACCAGCAGAUAUUCUUTT
UUCUCCGAACGUGUCACGUTT

Reverse (5'-3)

UUCUGACUCCAAGUCCAGUUU
ACGUGACACGUUCGGAGAATT

AAGAAUAUCUGCUGGUUCCTT
ACGUGACACGUUCGGAGAATT
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mRNA name
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IL-12
COL5
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Fizz1
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B-ACTIN

Forward (5'-3')

CCTCTGGTCTTCTGGAGTACC
TGCCTGCTCTTACTGACTGG
CCCTTGCCCTCCTAAACCA
ATATGGCTCGGACACCACTC
CTGTCTGTCTGTCCATCTCTGG
TTCACCCAGTTGTGCATCGACCTA
TGCTGGGATGACTGCTACTG
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AACATCCGTGTCCAGGAACC
GATCAGCAAGCAGGAGTACGA

Reverse (5'-3)

ACTCCTTCTGTGACTCCAGC
CTCTAGGAGCATGTGGCTCTG
CTAAGACACCTGGCAGGTCCA
ACTTGGCGGTTCCTTCGAG
GCTGCTGTTGAAATCCTCCGTT
TCCATGGTCACCTCCAACACAAGA
AGCTGGGTTCTCCACCTCTT
TTCATGTGGCGCATTCACAG
AAGTCTCCTCTGCGAAAGCC
CAGCTCAGTAACAGTCCGC
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miRNA name Sequences (5'-3')

Universal primer GTGCGTGTCGTGGAGTCG
miR-431-5p AGGTGTCTTGCAGGCCGT
miR-677-3p AAGCCAGATGCCGTTCCT
Let-7i-3p GGCTCTGCGCAAGCTACTG
miR-3093-5p CGCGGAGCTCACACTAAAA
miR-378a-3p GGGCACTGGACTTGGAGTC
miR-370-5p GGGACAGGTCACGTCTCTGC
U6-Forward GCTTCGGCAGCACATATACTAAAAT

UB-Reverse CGCTTCACGAATTTGCGTGTCAT
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