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Extracellular Vesicles From Adipose Tissue-Derived Stem Cells Affect Notch-miR148a-3p Axis to Regulate Polarization of Macrophages and Alleviate Sepsis in Mice
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Extracellular vesicles (EVs) from adipose tissue-derived stem cells have been reported to attenuate lipopolysaccharide (LPS) induced inflammation and sepsis while the specific mechanism is unclear. This study explored the underlying molecular mechanisms of EVs from adipose tissue-derived stem cells in reducing inflammation. LPS- induced macrophage models and mice model were established to mimic inflammation in vitro and in vivo. EVs were extracted from adipose tissue-derived stem cells and identified. It was found that proinflammatory cytokines, including IL-1β, IL-6, and TNF-α, substantially decreased after EVs were applied to LPS-stimulated macrophages and mice, and thus, LPS induced M1 polarization was inhibited and sepsis was strongly alleviated. In the LPS induced macrophages, the expression of Notch signaling molecules and the activation of the NF-κB pathway were substantially decreased after the administration of EVs. Then, RBP-J−/− mice and macrophages were used. It was found that the miR-148a-3p level was significantly lower in the RBP-J−/− macrophages than in the wildtype macrophages. In the LPS induced macrophages, the increasing of miR-148a-3p was milder in the RBP-J−/− macrophages than in the wild type macrophages. Then, miR-148a-3p was overexpressed in macrophages and mice, and we found that the expression of proinflammatory cytokines was increased both in vivo and in vitro. The protective effect of EVs in LPS induced sepsis was diminished by the overexpression of miR-148a-3p. In conclusion, we proved that EVs could attenuate inflammation and further protect organ function by regulating the Notch-miR148a-3p signaling axis and then decreasing macrophage polarization to M1.
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INTRODUCTION

Sepsis is a life-threatening syndrome caused by dysregulated host-infection response, which leads to multiple organ dysfunction syndrome (MODS) and has a nearly 40% rate of mortality (1, 2). It has been reported that increased systemic levels of endotoxins during sepsis are responsible for the activation of innate immune cells such as macrophages, leading to the breakout of inflammatory mediators and cytokines (3). Macrophages participate in not only xenobiotic-induced inflammation but also endogenous inflammation, such as aseptic inflammatory response (4, 5). Macrophages can be broadly polarized to two categories: the classically activated proinflammatory type M1 and the alternatively activated restorative type M2. M1 macrophages are antigen-presenting cells that can be induced by LPS or IFN-α. They are mainly responsible for producing proinflammatory mediators such as tumor necrosis factor-α (TNF-α), interleukin 6 (IL-6), interleukin 1 (IL-1), monocyte chemoattractant protein-1 (MCP-1), and so on (6, 7). These proinflammatory cytokines may lead to the cascade of other inflammatory cytokines and aggravate tissue damage.

It has been reported that mesenchymal stem cells (MSCs) can alleviate inflammation during sepsis and then increase the survival rate (8, 9). Adipose tissue-derived stem cells (ADSCs), a class of mesenchymal stem cells derived from adipose tissue, can attenuate inflammation by paracrine secretion of various cytokines (10, 11). Numerous reports have confirmed that paracrine may be one of the main mechanisms underlying the curative effects of ADSCs (12). In particular, EVs, including exosomes and microvesicles, can transfer from cell to cell, are promising molecules both in research and clinical applications (13).

EVs are lipid nanovesicles secreted by multiple cell types, including stem cells, immune cells, cancer cells and neurons (14, 15). Recent studies have shown that EVs participate in intercellular communication, which are essential in various physiological processes, including tissue homeostasis, immune response and anti-inflammatory functions (16). EVs can communicate and transfer information by secreting multiple cytokines, chemokines, nucleic acids, and growth factors, controlling the expansion and progression of diseases (17). They are released and spread to adjacent cells to enable cell-cell communication (18). It has been reported that ADSC-derived exosomes are involved in the anti-inflammatory activity of ADSCs (19). The clinical use of stem cells is limited by the poor survival rate after transplantation, and explorations of EVs including exosomes are promising. However, the underlying mechanism by which ADSC derived EVs attenuate inflammation is still unclear.

In this study, we explored the underlying protective mechanisms of ADSC derived EVs (ADSC-EVs) in lipopolysaccharide (LPS)-induced inflammation and found that Notch signaling and downstream microRNA-148a-3p are essential for ADSC-EVs to reduce inflammation. Collectively, our study provides a promising possible therapeutic strategy for inflammation in sepsis.



MATERIALS AND METHODS


Animals

All the experimental protocols in this study followed the guidelines approved by the Ethics Committee of Xijing Hospital affiliated with the Fourth Military Medical University (No: XJYYLL-2015206). Healthy male adult wild-type (WT) mice and myeloid-specific RBP-J-deficient mice (RBP-J−/−mice) weighing 20 to 25 grams were included in this study. Mice ~6–8 weeks old were provided by the Experimental Animal Center of The Fourth Military Medical University (FMMU, Xi'an, China). All mice were fed a standard diet and water ad libitum. Mice were anesthetized with isoflurane inhalation. We ensured that experienced researchers conducted the invasive procedure in a sterile environment using sterilized instruments. In short, we tried our best to minimize the pain of the mice.



Isolation and Culture of ADSCs

ADSCs were isolated using mechanical and enzymatic means described by Zhang et al. (20). ADSCs were obtained from the subcutaneous adipose tissues of the inguinal area of C57B6/L mice. The adipose tissues were washed with phosphate-buffered saline (PBS) to remove most erythrocytes. Then, the tissue was fragmented and digested with 1 mg/ml type I collagenase for 40 min at 37°C on a shaker. Subsequently, the digested tissue was filtered through a 100 μm cell strainer, centrifuged at 400 g for 5 min and washed twice with PBS. The cell pellet was then suspended in Dulbecco's modified Eagle's medium (DMEM, Gibco, US) with 1% bovine serum albumin (BSA), treated with erythrocyte lysis buffer and then centrifuged again at 500 g for 7 min at 4°C. Then, the cells were cultured in DMEM/F12 (Gibco, US) with 10% FBS (Excell Bio, China), 1% (v/v) penicillin/streptomycin and 2 mM glutamine in a 5% CO2 incubator.



Identification of ADSCs

ADSCs were labeled with fluorescence-conjugated antibodies or isotype control for 30 min. The antibodies used in flow cytometry were listed in Table 1. For osteogenic differentiation, cells were incubated with osteogenic medium, which contains 10% FBS, 10 mM β-glycerophosphate, 50 mg/L L-ascorbic and 10−7 M dexamethasone in DMEM/F12 medium, for 2 weeks and then evaluated by Alizarin Red S staining for 5 min. For adipogenic differentiation, cells were incubated with adipogenic medium, which contains 10% FBS, 1 μM dexamethasone, 10 μM insulin, 20 μM indomethacin and 0.5 mM 3-isobutyl-1-methyl xanthine (IBMX) in DMEM/F12 medium, for 2 weeks and then assessed using Oil red O staining for 30 min. Then, cells were washed with PBS, and images were taken by optical microscope.


Table 1. Antibodies used for flow cytometry.
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EVs Isolation and Identification

EVs were isolated and purified from the supernatant of ADSCs. ADSCs were cultured in serum-free medium supplemented with 10% FBS and 1% penicillin/streptomycin at 37°C in a 5% CO2 incubator for 48 h. FBS was ultracentrifuged for 16 h at 120,000 g and 4°C to deplete the exosomes. Next, EVs were isolated using ultracentrifugation as described by Li et al. (21). Briefly, cell culture medium was centrifuged at 300 g for 10 min, 2000 g for 10 min, and 10,000 g for 30 min at 4°C to remove cell debris. Then, EVs were collected by centrifugation at 100,000 g for 70 min after discarding the supernatant. EVs were resuspended and washed in PBS and then centrifuged at 100,000 g for 70 min. Finally, EVs were resuspended in 400 μl of PBS and stored at −80°C. The ultrastructure and size EVs were analyzed by transmission electron microscopy (TEM) and the Zeta View® system (Particle Metrix, Germany), respectively. Four fields were randomly selected, and eight vesicles in each field were measured. The surface protein markers CD9, CD63, and CD81 and cytosolic Alix were detected by western blotting.



Cell Culture, Grouping and Treatment

RAW264.7 cells (murine macrophage cell line) were purchased from the American Type Collection Culture (ATCC, USA). Peritoneal macrophages from WT mice and RBP-J−/− mice were collected and incubated as described in other literature (22). Cells were cultured in RPMI 1640 medium (Gibco, US) containing 10% FBS, 100 U/ml penicillin and 100 mg/ml streptomycin and then maintained at 37°C in a humidified incubator with 5% CO2. The medium was changed every 2 days, and cells between the third and fifth passages were used in our experiments. RAW264.7 cells were seeded in 6-well plates, grown to 60–80% confluence, serum-starved for 12 h, and divided into five groups: Control (PBS), LPS (1 μg/ml), LPS+ 25 μg/ml ADSC-EVs, LPS+ 50 μg/ml ADSC-EVs and LPS+ 100 μg/ml ADSC-EVs. The cells were collected 4 h later for RT-PCR and 24 h later for western blotting.



Animal Model and ADSC-EVs Administration

Healthy adult male C57B6/L mice weighing 20–25 grams were included in this study. Mice were anesthetized with 1% sodium pentobarbital and received an intraperitoneal injection of 10 mg/kg body weight LPS. Mice were randomized into LPS group and LPS+ADSC-EVs group. The LPS+ADSC-EVs group was administered 200 μg of ADSC-EVs suspended in a total of 200 μl of PBS via tail vein injection after LPS injection. The LPS group was treated with 200 μl of PBS simultaneously. Twenty-four hours after injection, mice were sacrificed.

For overexpression of miR-148a-3p in mice, miR-148a-3p agomiR (RiboBio, China) was injected into the tail vein on 3 consecutive days (12.1 μmol/kg/day). Twenty-four hours after the last injection, LPS was injected. Then, another 24 h later, mice were sacrificed. The level of miR-148a-3p in the pulmonary of mice were detected 12 h after the last injection of miR-148a-3p agomiR (Supplementary Figure 1B).



Cell Transfection and Grouping

RAW264.7 cells were randomly divided into NC (miR mimic) group, miR mimics group, NC (miR inhibitor) group, miR inhibitor group, LPS + NC (miR mimic) group, LPS + NC (miR inhibitor) group, LPS+ miR inhibitor group and LPS + miR mimics. The miR-148a-3p mimic, miR-148a-3p inhibitor and their negative controls were transfected into RAW264.7 macrophages using Lipofectamine 2000 Transfection Reagent (Invitrogen, USA) according to the manufacturer's instructions. Twenty-four hours after transfection, cells were used for further experiments. MiR-148a-3p mimic and its negative control miR-NC, miR-148a-3p inhibitor and its negative control miR-NC were purchased from Shanghai GenePharma Co. The cells were collected 4 h later for LPS (1 μg/mL) stimulation for RT-PCR and 24 h for western blotting.



Real-Time PCR Analysis

Total RNA was extracted from cultured macrophages using Trizol reagent (Invitrogen, Inc., CA) according to the products' instructions. RNA was reversely transcribed into cDNA using a Prime Script™ RT Reagent kit (TaKaRa, Japan). The obtained cDNA was then amplified using a RT-PCR system (Bio-Rad, US) with a SYBR™ Premix Ex Taq™ kit (TaKaRa, Japan), with GAPDH and U6 RNA (for miRNAs) as the reference genes. The relative expression was calculated using the 2–ΔΔCT method to analyze the results. (For U6 miRNA: 5′-GTGCTCGCTTCGGCAGCACATAT-3′, miR-148a-3p: 5′-TCAGTGCACTACAGAACTTTGT-3′). The primers used in PCR are shown in Table 2.


Table 2. Primers used for qRT-PCR.
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Western Blotting

Cells and EVs were lysed by cold RIPA lysis buffer (supplemented with PMSF) and then centrifuged at 12,000 rpm at 4°C for 15 min. The supernatant was collected and transferred into a 5-ml tube and then boiled in 100°C water for 10 min. BCA Kit was used for protein quantification. To extract protein from nucleus or cytoplasm separately, cells were lysed using Nuclear and Cytoplasmic Protein Extraction Kit (Sangon Biotech, China) following the manufacturer's instructions, and then the levels of specific proteins were detected. In brief, equal amounts of protein were separated by SDS-PAGE and transferred onto a PVDF membrane. Membranes were blocked with 5% nonfat milk in TBST for 2 h at room temperature and then incubated specifically with primary rabbit monoclonal antibodies against CD9 (1:1,000, Bioworid, US), CD63 (1:1,000, SAB, US), CD81 (1:1,000, Epitomics, US), Alix (1:1,000, Abcam, UK), GAPDH (CST, US), NF-κB p65 (1:1,000, Abcam, US), IKKα/β (1:1,000, Abcam, US), p-IKKα/β (Ser176/180) (1:1,000, CST, US), β-actin (1:1,000, CST, US), and Histone-H3 (1:1,000, Proteintech, China) overnight at 4°C. The next day, the membranes were washed three times for 5 min each with TBST and then incubated with goat anti-rabbit HRP-conjugated IgG secondary antibodies (1:3,000, Boster, Wuhan, China) at 37°C for 1 h. Protein bands were detected using ECL reagent (Millipore, USA) on a FluorChem FC system (Alpha Innotech).



Hematoxylin and Eosin (H&E) Staining

Tissues were fixed in 10% formalin, dehydrated in alcohol, embedded in paraffin, and then cut into 5 μm-thick sections. The sections were deparaffinized and stained with hematoxylin and eosin (H&E). Images were taken on an FSX100 microscope (Olympus, Japan).



ELISA

Blood was collected from the left ventricle of the mice and coagulated at room temperature for 30 min. Then, the sample was centrifuged for 15 min at 3,000 rpm, and the serum was collected. The cytokines, including IL-1β, TNF-α, and IL-6, were examined by using ELISAs (Nanjing Jiancheng, China) according to the manufacturer's instructions.



Statistical Analysis

Data was shown as the mean ± SD. Comparisons between two groups were determined using Mann–Whitney U tests; one-way analysis of variance (ANOVA) was applied for multiple group comparisons. Data were analyzed with the SPSS 18.0 program, and p < 0.05 was considered a statistically significant difference.




RESULTS


Characterization of ADSC-EVs

We first identified the characteristics of ADSC-EVs. ADSCs were identified using flow cytometry assay. The cells were positive for CD29 and CD105 and negative for CD31 and CD34 (Figure 1A). Adipogenic differentiation was demonstrated by Oil red O staining, and osteogenic differentiation was evaluated by Alizarin Red S staining (Figure 1B). Then, EVs isolated from the supernatants of ADSCs were identified. Transmission electron microscope (TEM) showed that the EVs had a typical cup-shaped characteristic morphology. The diameter of the ADSC-EVs was 73.65 ± 25.12 nm, directly measured using the Zeta View system (Figures 1C,D), which was consistent with previous reports. The expression of surface markers CD9, CD63, and CD81 as well as cytosolic protein Alix were estimated by western blotting (Figure 1E). These results showed that ADSC-EVs were isolated successfully.


[image: Figure 1]
FIGURE 1. Characterization of ADSCs. (A) Flow cytometry analysis showed that these cells were highly positive for CD29 and CD105 but negative for CD31 and CD34 compared with isotype control. (B) Representative photographs of lipid droplets stained with Oil red O and calcium deposits stained with Alizarin Red S. Scale bar = 100 μm. (C) The morphology of the ADSC-EVs was detected by TEM. Scale bar= 1 μm. (D) The diameter distribution of EVs (nm). Four fields were chosen randomly, eight vesicles in each field were randomly chosen to measure the size of the ADSC-EVs. (E) CD9, CD63, CD81 and Alix expression in EVs was confirmed by western blotting. n = 4.




ADSC-EVs Inhibited LPS Induced Expression of Inflammatory Factors in Macrophages

To explore the effect of ADSC-EVs in inflammation, we used LPS-stimulated macrophages as an inflammatory cell model: LPS (1 μg/ml) stimulation caused a significant increase in the mRNA levels of IL-1β, IL-6 and TNF-α in macrophages (Figure 2A), which suggested that the macrophages were polarized to M1 during inflammation. LPS stimulation resulted in increased levels of proinflammatory cytokines in vitro. After administration of different concentrations of ADSC-EVs, the expression of proinflammatory cytokines substantially decreased and the expression of anti-inflammatory cytokine IL-10 increased compared with that in the LPS group (Figure 2A). Similarly, the levels of p-IKKα/β proteins were decreased dramatically compared to those of the LPS group (Figure 2B). In the nucleus, p65 was decreased significantly after ADSC-EVs administration (Figure 2C). ADSC-EVs treatment affected the phosphorylation of IKKα/β and the nucleus import of p65 in macrophages. These results suggest that ADSC-EVs inhibited M1 polarization and NF-κB activation induced by LPS.


[image: Figure 2]
FIGURE 2. ADSC-EVs treatment alleviated inflammation induced by LPS in macrophages. (A) Macrophages were treated with LPS (1 μg/ml) and ADSC-EVs in different concentration gradients, and then, the mRNA levels of IL-1β, TNF-α, IL-6, and IL-10 were assessed by RT-PCR. (B,C) Macrophages were treated with LPS (1 μg/ml) or LPS + 25 μg/ml ADSC-EVs, and then, the protein levels of p-IKKα/β, as well as p65 in the nucleus and cytosol, were revealed separately by western blotting. *p < 0.05, **p < 0.01 compared with LPS group; n = 6.




ADSC-EVs Decreased the Expression of Proinflammatory Cytokines and Protected Against Organ Injuries in LPS-Injected Mice

To further verify the effect of ADSC-EVs in inflammation, we used LPS-injected (10 mg/kg body weight) mice as an animal model. The proinflammatory cytokines in mice serum were detected by ELISA. Compared with those in LPS group, IL-1β, IL-6 and TNF-α levels were substantially decreased in ADSC-EVs group (Figure 3A).


[image: Figure 3]
FIGURE 3. ADSC-EVs alleviated inflammation and organ injury induced by LPS. Mice were treated with LPS (10 mg/kg body weight) or LPS + EVs (200 μg) for 24 h. (A) Blood from the left ventricle of the mice was collected, and the serum IL-1β, IL-6, and TNF-α levels were measured using commercial ELISA kits. (B) Morphological changes of liver, lung, and kidney tissues from mice after intraperitoneal injection of 10 mg/kg body weight LPS or LPS + 200 μg EVS. Sections were examined by H&E staining and photographed using an FSX100 microscope (Olympus, Japan). *p < 0.05, **p < 0.01 compared with LPS-injected mice; n = 6. Scale bar = 50 μm.


In Figure 3B, there was significant congestion in vein and the hepatocytes necrosis was visible in LPS group. However, in ADSC-EVs group, hepatocytes necrosis was alleviated, and the congestion was also improved.

In the pulmonary sections, the structures of alveoli were dramatically destroyed in LPS group, and the alveolar exudate was much more severe than that in ADSC-EVs group. There were many infiltrated inflammatory cells in the tissue of LPS group, while these cells were significantly decreased in ADSC-EVs group.

The number of necrotic glomeruli in ADSC-EVs group was much lower than that in LPS group. The morphology of the tubules was almost normal in the ADSC-EVs group, while casts were observed in the tubules of LPS group (Figure 3B).



ADSC-EVs Alleviated LPS-Induced Notch Signaling Activation in Macrophages

To identify the possible mechanisms by which ADSC-EVs alleviated inflammation, we used LPS-induced macrophages as an inflammatory cell model. Notch is one of the most important signaling pathways during inflammation and sepsis (23), so we tried to investigated whether Notch participated in this process. Macrophages were stimulated with LPS (1 μg/ml). Then, the mRNA levels of Notch1 and Notch2 were detected and found that the level of them increased (Figure 4A). After LPS stimulation, the protein level of NICD was also substantially increased in macrophages (Figure 4B). As shown in Figure 4A, treatment with ADSC-EVs induced a significant decrease of Notch1 and Notch2 mRNA levels compared to those of the LPS group (p < 0.01). Similarly, the expression levels of NICD proteins were decreased dramatically compared to those in the LPS group (Figure 4B). Since it has been reported that the miRNA profiles of Notch-inactivated and control macrophages showed significantly decreased miR-148a-3p expression in RBP-J-deficient macrophages (24), we examined whether miR-148a-3p participated in ADSC-EVs-mediated inhibition of inflammation. As shown in Figure 4C, the expression of miR-148a-3p was also decreased significantly after ADSC-EVs administration compared with that of LPS group.
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FIGURE 4. ADSC-EVs treatment led to reduced Notch signaling and miR-148a-3p expression in macrophages. (A) Macrophages were treated with LPS (1 μg/ml) and ADSC-EVs at different concentrations, and then, the mRNA levels of Notch1 and Notch2 were assessed by RT-PCR. (B) The protein levels of NICD were revealed by western blotting. (C) Levels of miR-148a-3p in LPS-treated macrophages with ADSC-EVs administration in different concentration. **p < 0.01; n = 6.




Notch Inactivation by RBP-J Knockout Alleviated Inflammation Induced by LPS and Suppressed the Activation NF-κB

Then, macrophages from RBP-J knockout mice were used. Cells were treated with LPS or control (PBS). Notch inactivation alleviated LPS induced inflammation and M1 polarization. The levels of IL-1β, IL-6 and TNF-α were lower in RBP-J−/− macrophages than in normal macrophages (Figure 5A). Then, the phosphorylation of IKKα/β and the nucleus import of p65 were also assessed by western blotting. RBP-J knockout led to decreased activation of NF-κB (Figures 5B,C).


[image: Figure 5]
FIGURE 5. RBP-J−/− alleviated LPS induced inflammatory cytokine expression and NF-κB activation. Macrophages from RBP-J−/− mice and WT mice were treated with LPS (1 μg/ml). (A) The mRNA levels of IL-1β, IL-6, and TNF-α were tested by RT-PCR. (B,C) The phosphorylation of IKKα/β and nucleus import of p65 were tested by western blotting. **p < 0.01; n = 6.




The Inflammation in RBP-J−/− Mice Was Milder Than That in WT Mice After LPS Stimulation

Then, we verified the effect of Notch signaling in vivo. Twenty-four hours after LPS injection, the proinflammatory cytokines in mice serum were detected by ELISA. Compared with WT mice, IL-1β, IL-6 and TNF-α levels were substantially decreased in RBP-J−/− mice (Figure 6A). In Figure 6B, the integrity of the organ structures shown in H&E staining was better in RBP-J−/− mice than in WT mice.


[image: Figure 6]
FIGURE 6. RBP-J−/− alleviated inflammation and organ injury induced by LPS in vivo. RBP-J−/− mice and WT mice were treated with LPS (10 mg/kg body weight) for 24 h. (A) Blood from the left ventricle of mice was collected, and serum IL-1β, IL-6, and TNF-α levels were measured using commercial ELISA kits. (B) Morphological changes of liver, lung, and kidney tissues from mice after intraperitoneal injection of 10 mg/kg body weight LPS. Sections were examined by H&E staining and photographed using an FSX100 microscope (Olympus, Japan). *p < 0.05, **p < 0.01 compared with LPS-injected mice; n = 6. Scale bar = 50 μm.




MicroRNA-148a-3p Was Located Downstream of the Notch Signal

Since miR-148a-3p was related to Notch signaling, we tried to confirm the position of miR-148a-3p. The level of miR-148a-3p was significantly lower in RBP-J−/− macrophages than the WT macrophages. With LPS stimulation, the level of miR-148a-3p was merely increased in RBP-J−/− macrophages (Figure 7).


[image: Figure 7]
FIGURE 7. RT-PCR showed the level of miR-148a-3p in LPS-treated (1 μg/ml) macrophages from WT mice or RBP-J−/− mice. *p < 0.05, **p < 0.01 compared with LPS group; n = 6.




miR-148a-3p Promoted M1 Macrophage Polarization and Enhanced Inflammation

To verify whether miR-148a-3p could regulate M1 macrophage polarization, we used miR-148a-3p mimic or inhibitor to enhance or suppress the expression of miR-148a-3p. The results showed that the mRNA levels of IL-1β, TNF-α and IL-6 were upregulated in miR-148a-3p mimic group and the protein level of p-IKKα/β in cell and p65 in nucleus were increased compared with NC group (Figures 8A,B). Conversely, when macrophages were stimulated with miR-148a-3p inhibitor, the expression levels of IL-1β, TNF-α, and IL-6 decreased as well as the protein levels of p-IKKα/β and nucleus import of p65 were decreased dramatically when miR-148a-3p was inhibited (Figures 8C,D).


[image: Figure 8]
FIGURE 8. miR-148a-3p could promote inflammation and M1 polarization. (A,B) Macrophages were treated with miR-148a-3p mimic or NC, and then, PBS or LPS (1 μg/ml) was added. The mRNA levels of IL-1β, TNF-α, and IL-6 were determined by RT-PCR. The protein level of p-IKKα/β in cell and p65 in nucleus were detected by western blotting. (C,D) Macrophages were treated with miR-148a-3p inhibitor or NC, and then, and then, PBS or LPS (1 μg/ml) was added. The mRNA levels of IL-1β, TNF-α and IL-6 were determined by RT-PCR and the protein levels of p-IKKα/β and p65 in nucleus were revealed by western blotting. *p < 0.05, **p < 0.01; n = 6.




ADSC-EVs Could Alleviate Inflammation and Organ Injury in Mice via miR-148a-3p

Further, to explore whether the protective effects of ADSC-EVs were related to the decrease of miR-148a-3p, we first injected mice with LPS and then divided them into four groups: NC group, miR-148a-3p agomiR group, NC +EVs group and miR-148a-3p agomiR + EVs group. H&E staining showed that organ injury was obviously aggravated in miR-148a-3p agomiR group compared to NC group. With the administration of ADSC-Evs, organ injury was alleviated, while with the administration of miR-148a-3p agomiR, the protective effect of ADSC-EVs was diminished (Figure 9A). ADSC-EVs administration downregulated the expression of IL-1β, IL-6, and TNF-α compared with that of NC group, while this effect was also eliminated by the miR-148a-3p agomiR (Figure 9B).


[image: Figure 9]
FIGURE 9. miR-148a-3p agomiR diminished the protective effect of ADSC-EVs in LPS induced sepsis. Mice were treated with LPS (10 mg/kg body weight) and then divided into four groups as NC group, miR-148a-3p agomiR group, NC +EVs group and miR-148a-3p agomiR + EVs group. (A) The morphological changes of liver, lung, and kidney tissues in NC group, NC + EVs group, miR-148a-3p agomiR group and miR-148a-3p agomiR + EVs group were shown by H&E staining. Sections were observed and photographed using an FSX100 microscope (Olympus, Japan). (B) The protein levels of IL-1β and TNF-α in these four groups of mice were determined by ELISA. *p < 0.05, **p < 0.01; n = 6. Scale bar = 50 μm.





DISCUSSION

An inappropriate immune response may lead to uncontrolled inflammation and organ injury (25, 26). In the clinic, diagnosis of sepsis in the early stage and reversal of sepsis following multiple organ injuries are a major challenge (27). Mesenchymal stem cells (MSCs) can differentiate into different types of cells, including osteoblasts, chondroblasts, and adipocytes (28). MSCs can be acquired from diverse tissues, such as bone marrow, umbilical cord blood, placental tissue, and adipose tissue (29). Numerous studies have confirmed that MSCs could be effective in various inflammatory diseases, such as inflammatory bowel disease, trauma, and sepsis (30, 31). The therapeutic potential of MSCs in inflammatory disorders is immeasurable. Adipose tissue-derived stem cells (ADSCs) are commonly researched since they can be easily acquired from adipose tissue. Several studies have shown that ADSCs have anti-inflammatory, anti-aging, injury repair and immunomodulatory effects by paracrine secretion of various cytokines, angiogenic stimulators and apoptosis factors (32).

Extracellular vesicles (EVs) are vesicles of varying sizes released from cells through both the endosomal pathway and by budding from the plasma membrane, including exosomes, microvesicles, microparticles, and oncosomes. EVs can be released by MSCs and then influence adaptive and innate immunity through exchange of contents among different types of immune cells (33). It has been demonstrated that ADSCs and ADSC-derived exosomes could suppress inflammation (34–36). However, little is known about the effects of ADSCs in inflammation. In this study, we discussed the potential protective effects of ADSC-derived EVs in inflammation during sepsis.

We first identified ADSC and ADSC-EVs and then investigated the effectiveness of ADSC-EVs therapy in LPS-induced inflammation both in vitro and in vivo. It was found that ADSC-EVs could attenuate inflammation, which was related to Notch signaling and miR-148a-3p. Given the importance of macrophages in immune system and inflammation, macrophages were used as the cell model. Research shows that ADSCs could alleviate inflammation by regulating M1 to M2 macrophage polarization (37, 38). However, the exact mechanism by which ADSCs regulate the differentiation process of macrophages is unclear. ADSC-EVs at different concentrations were given to macrophages stimulated by LPS. The inflammatory cytokines (IL-1β, IL-6, and TNF-α) substantially decreased after the administration of ADSC-EVs compared with those only stimulated with LPS. The phosphorylation of IKKα/β and p65 in nucleus were dramatically downregulated after the administration of ADSC-EVs (Figure 2), indicating that the NF-κB signal, which is related to inflammation and tissue necrosis, was inhibited by the administration of ADSC-EVs.

A high incidence of pulmonary disorder is observed in sepsis (39, 40), followed by dysfunction of the liver, intestine, kidney, hematological system and cardiovascular system (41). To verify the anti-inflammatory properties of ADSC-EVs in vivo, we used a sepsis mice model. The results were in accordance with the in vitro study. ADSC-EVs decreased the expression of inflammatory cytokines in mice and protected against organ injuries after LPS injection (Figure 3). This result suggested that ADSC-EVs could improve the prognosis of severe inflammation.

Then, we tried to explore the possible mechanisms in vitro. Previous studies have shown that Notch signaling is closely related to inflammation and immune function (23). It has been reported that Notch signaling could activate NF-κB signaling in macrophages, by which the balance of inflammation is affected (42). In rheumatoid arthritis patients, Notch signaling is significantly activated in macrophages compared with that in osteoarthritis patients (43). In this study, LPS was used to stimulate macrophages, and we found that the expression of proinflammatory cytokines increased significantly, accompanied by the elevation of Notch signaling molecules (Figures 4A,B). The use of ADSC-EVs suppressed Notch signaling and then inhibited the activation of NF-κB pathway, thereby reducing the inflammatory response. During this process, miR-148a-3p was also inhibited. Various miRNAs participate in the host response during sepsis (44, 45). Several studies have shown that various miRNAs are involved in macrophage differentiation; that is, miRNAs can promote M1 macrophage polarization and suppress M2 macrophage phenotype (46, 47). Huang et al. reported that miR-148a-3p was related to Notch signaling in macrophages (48), suggesting that Notch signaling promotes monocyte differentiation and M1 macrophage activation through miR-148a-3p. We confirmed that ADSC-EVs could alleviate inflammation in mice through the regulation of Notch/miR-148a-3p, and with the treatment of ADSC-EVs, the level of PTEN in LPS induced macrophages increased (Supplementary Figure 1C). MiRs could exert different functions through different targets. MiR-148a-3p has over 800 target genes in human beings. Since Huang et al. reported that PTEN was one of the target genes of miR-148a-3p, we also tested the expression of PTEN and found that after treatment with ADSC-EVs, the level of PTEN increased. Kim et al. (49) reported that NRP1 was also one of the targets of miR-148a/b-3p, which mediated antiangiogenic pathways and was important for overcoming endothelial cell dysfunction and angiogenic disorders.

To explore the specific link between Notch signaling and M1/M2 macrophage polarization, RBP-J−/− mice were used. It was found that in RBP-J−/− macrophages, the inflammation induced by LPS was milder than that in the WT macrophages, indicating that M1 polarization was partially inhibited (Figure 5). Level of PTEN also increased in RBP-J−/− mice (Supplementary Figure 1D). The in vivo study also confirmed this conclusion (Figure 6). However, it is still important to illustrate the relationship among Notch signaling, miR-148a-3p and inflammation. Therefore, miR-148 inhibitor and miR-148 mimics were used. It was found that the level of miR-148a-3p decreased in RBP-J−/− macrophages. When RBP-J−/− macrophages were stimulated with LPS, the level of miR-148a-3p was upregulated less than that in normal macrophages (Figure 7). We concluded that Notch was upstream of miR-148a-3p. The overexpression of miR-148a-3p could lead to aggravated inflammation, while the inhibition of miR-148a-3p could alleviate inflammation. The overexpression of miR-148a-3p led to the M1 polarization of macrophages and the activation of NF-κB signaling (Figure 9).

In conclusion, we confirmed that ADSC-EVs could have a positive impact on inflammation induced by LPS by suppressing Notch signaling. MiR-148a-3p was one of the important factors that affected Notch signaling to regulate inflammation (Figure 10).


[image: Figure 10]
FIGURE 10. ADSC-EVs treatment attenuated inflammation induced by lipopolysaccharide (LPS). In LPS-induced inflammation, Notch signaling was activated. ADSC-EVs suppressed LPS induced inflammation through Notch/miR-148a-3p signaling, which could also affect macrophage polarization.
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