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Airway barrier damage and excessive inflammation induced by influenza A virus (IAV) are associated with disease progression and prognosis. ResolvinD1 (RvD1) is a promising lipid mediator with critical protection against infection in the lung. However, whether RvD1 protects against IAV-induced injury and the underlying mechanisms remain elusive. In this study, primary normal human bronchial epithelial (pNHBE) cells were isolated and co-cultured with IAV and/or RvD1. Then, the expressions of E-cadherin, Zonula occludins-1, inflammatory mediators and proteins in Nrf2-dependent pathway were detected. To further explore the mechanisms, Nrf2 short hairpin RNA (Nrf2 shRNA) was applied in pNHBE cells. Furthermore, mice were infected with IAV, and were subsequently treated with RvD1. We found that IAV downregulated expressions of E-cadherin, Zonula occludins-1, Nrf2 and HO-1, upregulated the phosphorylation of NF κ B p65 and IKBα, levels of IL-8 and TNF-α, as well as ROS production. RvD1 reversed these damaging effects induced by IAV. However, when Nrf2 expression was suppressed with shRNA in pNHBE cells, the protective effects of RvD1 on IAV-induced injury were inhibited. In vivo studies further demonstrated that RvD1 could alleviate barrier protein breakdown and reduce airway inflammatory reactions. Collectively, the study demonstrated that RvD1 could play dual beneficial roles in protecting airway epithelium barrier function and reducing inflammation via the Nrf2 pathway, which may provide a better treatment option for influenza A virus infection.
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Introduction

Influenza A virus (IAV) can cause seasonal burden and even pandemics, leading to considerable morbidity and mortality throughout the world. As the front line, bronchial epithelial cells play an important role in defense against IAV (Sanders et al., 2011; Benam et al., 2019; LeMessurier et al., 2020). When the epithelial barrier is damaged, the risk of tissue penetration by microbes, toxins and allergens increases, as well as the succeeding inflammatory reaction (Wang et al., 2019). Clinical and experimental evidence suggested that epithelial injury and excessive host inflammation increased the risk of complications, such as severe respiratory insufficiency or secondary bacterial infection, in severe influenza virus infection, which was considered to be an important cause for the high mortality during the influenza pandemic (Kash and Taubenberger, 2015; Hebert et al., 2020).

The apical junction complex (AJC) is the main component of the epithelial physical barrier, it is composed of peripheral membrane molecules (such as zonula occludins-1, ZO-1) and adhesion junction molecules (such as E-cadherin, E-cad). The formation of AJC at the intercellular contact sites ensures the integrity of the barrier while regulates paracellular permeability. Damages to AJC connecting adjacent epithelial cells are considered to be important causes of barrier dysfunction (Uiprasertkul et al., 2007; Mauad et al., 2010; Short et al., 2016). However, whether and how IAV causes damages to the AJC of bronchial epithelial cells remain unclear.

It is reported that many factors can affect the AJC, such as LPS (Roxas et al., 2010; Peerapen and Thongboonkerd, 2011), cytokines (Capaldo and Nusrat, 2009), and ROS (Schreibelt et al., 2007). In the pathological process of influenza virus infection, a large number of inflammatory cytokines and ROS can be found (To et al., 2020). It was demonstrated that nuclear factor erythroid 2-related factor 2 (Nrf2) was critical for the protective effects on pulmonary inflammation and injury induced by IAV through activating antioxidant genes (Kosmider et al., 2012). Based on these findings, the Nrf2 pathway may play a key role in influenza virus infection.

ResolvinD1 (RvD1), a lipid mediator derived from omega-3 polyunsaturated fatty acid, displays anti-inflammatory and anti-oxidative activities (Spite et al., 2009; Eickmeier et al., 2013). Clinical and basic researches have indicated that RvD1 exhibits anti-inflammatory and immunomodulatory functions against pneumonia (Hsiao et al., 2014; Wang et al., 2017; Sham et al., 2018), acute lung injury (Wang et al., 2011) and ischemia/reperfusion injury (Zhao et al., 2016). Additionally, RvD1 has been reported to protect the integrity and barrier function of endothelial adherent junction from destruction induced by inflammatory mediators by inhibiting ROS production and preventing SHP2 inactivation (Chattopadhyay et al., 2017). Therefore, we make a hypothesis that RvD1 can protect the airway barrier and inhibit inflammation and provide a potential therapeutic option for influenza A virus infection.

In summary, the study aims to investigate whether RvD1 can protect against IAV-induced lung epithelial injury and inflammation via the activation of the Nrf2-dependent antioxidant pathway.



Materials and Methods


Ethics Statement

All experiments were conducted with the approval of the Biomedical and the Animal Ethics Committee of Anhui Medical University (NO.20180388; NO.20180430) and in strict accordance with ethical principles. All participants were informed the purpose of this study and agreed to written consent.



Reagents and Materials

ResolvinD1 (17(S)-RvD1) was purchased from Cayman Chemical Company (USA). 2′,7′-dichlorofluorescein diacetate (DCFH-DA) were from Beyotime Corporation (Shanghai, China). Bronchial epithelial cell growth medium (BEGM, CC-3170) was purchased from Lonza (USA). Antibodies to E-cadherin (24E10), Phospho-NF-kB p65 (Ser536) (93H1), histone H3 (D1H2), NF-kB p65 (D14E12), and β-actin (13E5) were from Cell Signaling Technology (MA, USA), antibodies to ZO-1 (ab96587), HO-1 (ab13248), and Nrf2 (ab137550) were purchased from Abcam (USA), IKBα (WL01936) and p-IKBα (WL02495) were from Wanleibio Company (Shenyang, China). The transfection reagents for Nrf2 were from Hanbio (Shanghai, China).



Cell Isolation and Culture

The primary normal human bronchial epithelial (pNHBE) cells were harvested from the bronchial tissues resected from patients with lung carcinoma in situ judged by two senior pathologists, the bronchial tissues were cut at the site more than 2 cm distant from the edge of lung carcinoma according to the method modified from previous studies (Fulcher et al., 2005; Yamaya et al., 2011). Bronchial tissues were collected, rinsed with PBS for three times and then cut into pieces, incubated overnight at 4°C in a solution of 100 μg/ml pronase and 1 μg/ml deoxyribonuclease, then further digested in another digestive fluid for 1 h, which contained ethylene diamine tetraacetic acid (EDTA, 2 nM), CaCl2 (0.75 mg/ml), MgCl2 (1 mg/ml), dl-dithiothreitol(0.05 mg/ml), collagenase (0.25 mg/ml), and deoxyribonuclease (10 μg/ml). After termination of digestion, filtration, and centrifugation at 500g for 5 min, pNHBE cells were obtained from the mixture and placed on a collagen-coated dish in BEGM medium. pNHBE cells were identified, cultured, and medium was changed every 2 days, then different experiments were conducted (Ji et al., 2020).



Infection and Treatment of Cells

pNHBE cells were expanded on six-well dishes (3.0 × 105 cells/well). When 70% to 80% confluence was reached, the medium containing hydrocortisone was removed and replaced with basal epithelial cell medium. At least 24 h later, pNHBE cells were infected with IAV/H3N2 (MOI 50). Subsequently, media was aspirated after 4 h. The cells were then treated with 200 nM of RvD1 in basal epithelial cell medium. RNA was extracted with Trizol, protein lysates were collected with RIPA lysis buffer, and immunofluorescence was analyzed after fixing with 4% paraformaldehyde (PFA).



Western Blotting

To measure the expressions of Phospho-NF-kB p65, Nrf2, HO-1, ZO-1, E-cad, IKBα, p-IKBα, and NF-kB p65, total proteins were collected with RIPA lysis buffer and Nrf2 in cytosol and nucleus was also extracted. To extract cytoplasmic and nuclear solution, the cells were scraped off with the cell scraper. Cell pellet was collected by centrifugation, and 200 μl cytoplasmic protein extraction reagent A containing PMSF was added, then the mixture was vortex shocked for 5 s to make the cell pellet completely suspended. After ice bath for 10 min, 10 μl cytoplasmic protein extraction reagent B was added. Subsequently, the mixture was centrifuged at 12,000g 4°C for 5 min to get the supernatant as the extracted cytoplasmic protein. The remaining supernatant was completely absorbed and 50 μl nuclear protein extraction reagent was added. After ice bath and vortex shock for 20 s every 1 min for 30 min, the mixture was centrifuged at 12,000g 4°C for 10 min to obtain the supernatant as the extracted nuclear protein. Then proteins were quantified using BCA protein quantification kit and examined using Western blots analysis essentially as we described previously (Wu et al., 2015). The membranes were detected with enhanced chemo-luminescence reagent (ECL Advance, Amersham, UK), and the blots were quantified using densitometry analysis.



Immunofluorescence

To examine cellular E-cad and Nrf2, the cells were fixed with 4% PFA for 10 min and permeabilized with 0.2%Triton-X-100 for 5 min. After blocking with 5% BSA for 1 h, the cells were stained with respective primary antibodies overnight at 4°C, and then incubated with the appropriate secondary antibody at room temperature for 90 min. DAPI staining was done for 5 min, the images were obtained with confocal microscopy.



Quantitative Real-Time PCR

RNA was extracted and reverse-transcribed to cDNA according to kit procedures. Real-time PCR was performed with the SYBR Premix Ex Taq II (Tli RNaseH Plus) (Takara Biotechnology, Dalian, China). Expression levels of target gene were calculated through 2−ΔΔCt relative to the reference gene (β-actin), then calculated fold change relative to the media control. The following primers were used: Ecad (human) forward: 5′-AGTCACTGACACCAACGATAAT-3′, reverse: 5′-ATCGTTGTTCACTGGATTTGTG-3′; ZO-1 (human) forward: 5′-AAAGAGAAAGGTGAAACACTGC-3′, reverse: 5′-TTTTAGAGCAAAAGACCAACCG-3′; IL-8 (human) forward: 5′-AACTGAGAGTGATTGAGAGTGG-3′, reverse: 5′-ATGAATTCTCAGCCCTCTTCAA-3′; β-actin (human) forward: 5′−CCTGG CACCCAGCAC AAT-3′, reverse: 5′-GGGCCGGACTCGTCATAC-3′; TNF-α (human) forward: ATGTCTCAGCCTCTTCTCATTC, reverse: GCTTGTCACTCGAATTTTGAGA.



Measurement of Intracellular ROS In Vitro

ROS was detected with the DCFH-DA. pNHBE cells were seeded and cultured on six-well cell culture plates, followed by the infection with H3N2 or treatment with RvD1 as described above. Then, 1 ml DCFH-DA (10 μm) was added to the plates and incubated for 20 min at 37°C. Subsequently, the cells were washed with pre-warmed PBS for three times to fully remove DCFH-DA that did not enter the cells. The excitation wavelength of 488 nm and emission wavelength of 530 nm were used to detect the intensity of fluorescence with a fully-automatic imaging system.

Cells were collected, and resuspended in PBS, and fluorescence intensity was measured by flow cytometry with the CytoFlex (Beckman Coulter, CA, USA). The excitation wavelength of 488 nm and emission wavelength of 530 nm were used to obtain the average fluorescence intensity from 10,000 cells using a band-pass filter.



Lentiviral Vector Construction, Production, and Infection

Targeted oligonucleotides (5′-AGTTTGGGAGGAGCTATTATC-3′) were designed and cloned in pHBLV-U6-MCS-EF1-t2a-puro lentivirus RNAi vector (Hanbio, Shanghai, China). Then 293T cells were transfected with plasmid PSPAX2, PMD2G, and LipoFiter (Hanbio, Shanghai, China) to synthesize recombinant lentivirus. Supernatants containing lentivirus were collected 48 h after transfection, and filtered through 0.22-μm cellulose acetate filters (Millipore, USA). Then, the recombinant lentivirus was concentrated by super-centrifugation at a speed of 50,000g for 2 h.

In the knockdown experiment, HBE cells (0.5 × 106 cells/well) were cultured on 6-well plates. When HBE cells reached 60% confluence, the cells were treated with lentivirus (MOI 50) combined with polybrene (5 μg/ml) for 24 h, then replace the medium containing virus with fresh medium to the HBE cells. Most HBE cells (80%) were found to express EGFP 48 h after transfection. The negative control was the empty lentivirus vector lenti-EGFP. HBE cells were collected 3 days after virus infection and the Western blot analysis was performed to examine the expression of Nrf2.



Plaque Assay

Influenza A/Anhui/1/2017 (H3N2) virus, provided by Professor Liu Yan (Department of Microbiology, Anhui Medical University), was isolated from the patient in 2017 and used in laboratory studies under approved standard biosafety procedures. The H3N2 virus was amplified in Madin-Darby canine kidney (MDCK) cells and specific pathogen-free embryonated chicken eggs, and its titer was determined by standard plaque assay on MDCK cells. Virus or lung tissue homogenate continuously diluted with 1% bovine serum albumin DMEM was used to infect single MDCK cells at 37°C for 2 h. After washed with PBS, cultivation was continued with 50% 2× DMEM, 50% avecil (2.35%) and N-acetyl trypsin (1.5 μg/ml) for 72 h. The medium was removed, the monolayer was stained with naphthalene blue-black and plaques were then counted. All experiments involving virus were conducted in accordance with biosafety level II requirements and personal protective equipment was recommended for all participating researchers.



Animal Experiment

BALB/c mice (18–22 g, 6–8 weeks) were taken from the animal services unit of Anhui Medical University. They were given a standard laboratory diet and placed under specific conditions that the temperatures ranged from 20°C to 25°C with 12 h light/dark cycle.

Forty mice were randomly divided into four groups: control group, H3N2 group, H3N2 + RvD1 group, and RvD1 group. Mice were anesthetized with pentobarbital (70 mg/Kg), then received 100 μl sterile PBS or infected with 100 PFU of H3N2 in 100 μl through the oropharyngeal aspiration (Abood et al., 2019; Hebert et al., 2020). The H3N2 + RvD1 group and the RvD1 group received RvD1 100 ng intravenously on days 4 and 6, respectively.



Bronchoalveolar Lavage

Mice were euthanized with pentobarbital intraperitoneal injection after the treatment with PBS or IAV for 7 days. Then the trachea and lung tissues were dissected gently, and a syringe needle was inserted into the trachea and fixed. After the right main bronchus was ligated, the left lung was rinsed with 1 ml cold PBS for three times to collect the BALF, then centrifugation at 700g 4°C for 10 min, the supernatant was collected for subsequent tests. The pellet was resuspended, and the cells were counted with a hemocytometer. BALF cells were further classified and counted after Wright-Giemsa staining. The right lung was harvested for morphological analysis.



Morphologic Analysis

The right Lungs were harvested and fixed with 4% PFA for at least 24 h. Following dehydration and paraffin embedding, the lungs were sectioned in 5 μm. Then hematoxylin and eosin staining were used to assess inflammatory cell infiltration. Semi-quantitative scoring for HE staining specimens was conducted according to the methods in previous study (Hebert et al., 2020). The expression of E-cad was detected by Immunohistochemical staining with primary antibody against-E-cad (1:200).



Measurement of Bronchial Epithelial Permeability

FITC-Dextran (molecular weight 4000 Da; FD4) is a marker consisting of coupling fluorescein-isothiocyanate to dextran, which can be used to determine permeability of the barrier based on the size of the dextran used. After H3N2 challenge for 7 days, the mice were injected intravenously (i.v.) with FD4 (25 mg/ml). Then, the animals were anesthetized after 10 min. BALF was collected as described above with 1 ml PBS for three times. Blood was collected via heart puncture, then centrifuged to obtain the serum. BALF and serum were diluted with PBS and their fluorescence values were detected at 515 nm. The permeability of lung epithelial was calculated using the fluorescence ratio of BALF to serum.



ELISA

According to the instructions, the concentration of IL-8 (Absin Bioscience, Shanghai, China ) in BALF was quantified, as well as TNF-α using ELISA kits (Dakewe Biological Technology, Beijing, China).



Statistical Analysis

Continuous variables with normal distribution were presented as mean ± standard deviation (SD). t-test or One-way ANOVA was used to determine significance with SPSS17.0 and GraphPad 5 software when comparing two groups or more groups. Statistically significant were indicated as P < 0.05.




Results


Effects of IAV and RvD1 on the Expressions of E-cad and ZO-1 in pNHBE Cells

To detect the optimal action concentration and time of IAV, p-NHBE cells were infected with IAV (MOI 0, 3, 6, 12, 25, or 50) for 24 h, and infected with IAV (MOI 50) for 1, 3, 6, 12, or 24 h, the results showed that the inhibition of E-cad and ZO-1 expression was the most obvious 24 h after IAV (MOI 50) infection (P < 0.05; Figure 1). Furthermore, to determine the optimal concentration of RvD1, pNHBE cells were treated with RvD1 at 0, 10, 50, 100, or 200 nmol/l; it was found that E-cad and ZO-1 were most protected at 200 nmol/l in the presence of IAV for 24 h. Therefore, all further in vitro experiments were performed using 200 nmol/l of RvD1 and IAV (MOI 50) for 24 h.




Figure 1 | Effects of IAV and RvD1 on the expressions of E-cad and ZO-1 in pNHBE cells. After the infection of pNHBE cells with different concentration of IAV for 24 h, the expressions of E-cad and ZO-1 were detected by Western blotting (A–C). After the infection of p-NHBE cells with IAV (MOI 50) for different times, the expressions of E-cad and ZO-1 were measured by Western blotting (D–F). Different concentration of RvD1 were administered with IAV infection for 24 h in pNHBE cells, and the expressions of E-cad and ZO-1 were evaluated by Western blotting (G–I). Quantification of the expressions of E-cad and ZO-1 as referencing to β-actin (*P < 0.05, **P < 0.01). Each dataset comprises three independent experiments.





RvD1 Protected Bronchial Epithelial Cells From Damage Induced by H3N2

We investigated the effects of H3N2 and/or RvD1 on the expressions of E-cad and ZO-1 in the pNHBE cells. In Figure 2, the mRNA and protein expression levels of E-cad and ZO-1 in the H3N2-infected cells were lower compared with those in controls (P < 0.05), and RvD1 treatment significantly prevented these reductions (P < 0.05). The effects of RvD1 were further confirmed by immunofluorescence staining. As demonstrated in Figure 2, E-cad staining in the cell membranes of the control was prominent and complete. Following H3N2 infection, the E-cad staining around the cells was significantly weakened and incomplete; similarly, RvD1 effectively prevented those changes.




Figure 2 | RvD1 mediated protection against the damage of E-cad and ZO-1 in airway epithelial cells induced by IAV. pNHBE cells were infected with IAV (MOI 50) and/or treated with 200 nM RvD1 for 24 h, qRT-PCR was performed to detect the mRNA levels of E-cad and ZO-1 (A, B) and the expressions of them were detected by western blotting (C–E). Immunofluorescence staining was performed to detect the expression of E-cad by staining E-cad (green) and DAPI (blue) (F). E-cad and ZO-1 were normalized to β-actin. Each dataset comprises three independent experiments (*P < 0.05, **P < 0.01).





RvD1 Inhibited Inflammation Induced by H3N2

To investigate whether RvD1 inhibited bronchial inflammation, we measured and compared the expressions of Phospho-NF κ B p65, NF κ B p65, IKBα, and p-IKBα in pNHBE cells. As shown in Figure 3, IAV infection promoted NF κ B p65 and IKBα phosphorylation, stimulated IL-8 and TNF-α mRNA expressions, and RvD1 effectively inhibited these responses (P < 0.05).




Figure 3 | RvD1 inhibited inflammation induced by H3N2 in airway epithelial cells. pNHBE cells were infected with IAV (MOI 50) and/or treated with 200 nM RvD1 for 24 h. Western blotting was performed to evaluate the expressions of Phospho-NF-kB p65, NF-kB p65, IKBα and p-IKBα (A). Phospho-NF-kB p65 was normalized to NF-kB p65 (B). p-IKBα was normalized to IKBα (C). qRT-PCR was performed to detect the mRNA levels of IL-8 and TNF-α (D, E). The results shown were from three separate experiments (*P < 0.05, **P < 0.01, ***P < 0.001).





RvD1 Blocked the H3N2-Induced ROS Production

Considering that excessive ROS can mediate the destruction of cell connections, we investigated whether ROS production was increased in bronchial epithelial cell in H3N2 infection, and also examined the role of RvD1 in this process. In Figure 4, the DCF fluorescence intensity of pNHBE cells increased after infected with H3N2 (MOI 50) for 24 h, indicating that the intracellular ROS levels induced by H3N2 were higher compared with the control group. RvD1 (200 nM) significantly inhibited these effects of H3N2 (P < 0.05).




Figure 4 | RvD1 inhibited the ROS production induced by IAV. pNHBE cells were processed with IAV (MOI 50) and/or 200 nM RvD1 for 24 h. DCFH-DA was used to determine the cellular ROS in Control group (Aa), H3N2 group (Ab), H3N2+RvD1 group (Ac) and RvD1 group (Ad). Data were presented as the fluorescence values over control group (B). Fluorescence intensity was also measured by flow cytometry, the results were presented in histogram as the fluorescence values over control group (C–E). Each dataset comprises three independent experiments (*P < 0.05, **P < 0.01, ***P < 0.001).





RvD1 Promoted the Activation of Nrf2 in HBE Cells

Nrf2 is a major antioxidant factor, which can activate the production of antioxidant factors such as HO-1, thus reducing the production of ROS. After confirming that RvD1 can inhibit intracellular ROS accumulation in pNHBE cells after H3N2 infection, we compared the expressions of Nrf2 under different experimental conditions. Figure 5A shows H3N2 infection markedly inhibited Nrf2 expression in HBE cells, and this inhibition was prevented by RvD1. HO-1, a classic downstream gene of Nrf2, has a variety of beneficial activities, including clearing toxic heme and preventing oxidative stress and inflammation. Similar to the effect on Nrf2, RvD1 also significantly increased the expression of HO-1.




Figure 5 | RvD1 promoted the activities of Nrf2 in pNHBE cells. pNHBE cells were infected with IAV (MOI 50) alone or in combination with 200 nM RvD1 for 24 h. Western blotting was performed to measure the protein levels of Nrf2 and HO-1 (A). Quantification of the expressions of Nrf2 and HO-1 as referencing to β-actin (B, C). Nrf2 protein levels in cytoplasm or nuclei were measured using Western blot analysis (D). Quantification of the expressions of Nrf2 in cytoplasm and nuclei as referencing to β-actin and histone, respectively (E). Immunofluorescence staining and confocal imaging was performed to detect the expression of Nrf2 by staining Nrf2 (green) and DAPI (blue) (F) (*P < 0.05, **P < 0.01. The scale bar indicates 20 μm).



Nrf2 is a nuclear transcription factor. To further investigate whether RvD1 plays a role in Nrf2 nuclear translocation, protein levels of Nrf2 in cytoplasmic and nuclear extracts were evaluated with western blot analysis. The expressions of Nrf2 in nucleus were improved after the treatment of RvD1, suggesting that RvD1 promoted the translocation of Nrf2 to nucleus. These results were coincident with immunofluorescence (Figure 5). Our results confirmed that H3N2 infection led to a substantially decreased in Nrf2 and HO-1 expression, while RvD1 reversed such an effect and induced the nuclear translocation of Nrf2.



Nrf2 Mediated the Effect of RvD1 on pNHBE Cells

To investigate whether Nrf2 was involved in the effects of RvD1 on the barrier and inflammation-related protein expressions, we transfected pNHBE cells with recombinant lentiviruses HBLV-H-Nrf2 shRNA-PURO, followed by the intervention of IAV and/or RvD1. As demonstrated in Figure 6, RvD1 inhibited the destructive effects of H3N2 on E-cad and ZO-1 expressions, as well as that on the levels of IL-8 and TNF-α. However, when IAV-infected cells were transfected with sh-Nrf2 simultaneously, the effect of RvD1 on E-cad and ZO-1 expressions was diminished; and concomitantly, a substantially increased production of ROS, expressions of Phospho-NF κ B p65, p-IKBα, levels of IL-8 and TNF-α were observed. This suggested that the effect of RvD1 on HBE cells induced by IAV possibly occur through the Nrf2 pathway.




Figure 6 | RvD1 exerted the protective effects against IAV-induced injury required Nrf2. pNHBE cells were transfected with or without shNrf2, then cells were infected with IAV (MOI 50) for 24 h with or without 200 nM RvD1. The total proteins of cell lysis were analyzed by Western blotting. Densitometry was used to analyze the blots, and quantification of the expressions as referencing to β-actin (A–E), Phospho-NF-kB p65 was normalized to NF-kB p65 (H, I), p-IKBα was normalized to IKBα (H, J). The mRNA levels of IL-8 and TNF- α were detected by RT-PCR (F, G). Measured cellular ROS with the use of DCFH-DA, the results in histogram were showed as the ratio of fluorescence values in different stimulus groups to those in the control cells (K, L). (*P < 0.05, **P < 0.05, *** P < 0.001). Each dataset comprises three independent experiments.





RvD1 Alleviated Damage in IAV-Infected Mice

To investigate the in vivo effects of RvD1, mice with IAV infection were established and analyzed. In general, H3N2 caused a significant inflammatory response 7 days after infection, and most of cytokines and chemokines in BALF were found to peak at 6 to 7 days after bronchial H3N2 inhalation in mice, accompanied by neutrophil and lymphocytes infiltration (Abood et al., 2019; Hebert et al., 2020). Therefore, all changes in vivo were analyzed 7 days after H3N2 infection. BALF was collected and lung histological analysis was performed. As described in Figure 7 and Supplementary Figure 1, the bronchial and alveolar spaces of mice in the H3N2 group were obviously infiltrated by inflammatory cells, neutrophils, lymphocytes and cytokines in BALF were also significantly increased, which was similar to our previous reports (Ji et al., 2020). RvD1 accelerated the resolution of inflammation when administered intravenously 4 and 6 days after inhalation of H3N2. Neutrophils, lymphocytes and cytokines in BALF were significantly reduced after the treatment with RvD1 (P < 0.05). However, supplement with RvD1 had no significant effect on the inhibition of viral proliferation. Despite it seemed to reduce mortality, but there was no significant difference.




Figure 7 | RvD1 alleviated damage in IAV-infected mice. After the treatment with 0.9% saline or 100 μl IAV in saline via oropharyngeal aspiration, RvD1 (100 ng) was administered i.v. 4 and 6 days later in mice. On day 7, mice were sacrificed under final anesthesia. BALF and lung tissue were harvested for cell count and morphological analysis. Survival rates were shown (A). Lung viral load was measured (B). 7 days after inhaling 0.9% saline or IAV, mice were injected with FD4. As before, collected BALF and serum, and determined the FD4 ratio of BALF to serum (C). Immunohistochemical was performed to localize the E-cad in bronchial epithelium. Scale bars = 50 μm (D). H&E staining and the semi-quantitative scoring of inflammation in lung tissue (E–G). Total cell counts and differential counts in BALF (H, I). The levels of IL-8 and TNF-α in BALF (J, K) (*P < 0.05, **P < 0.01,***P < 0.001).



Also, RvD1 had a protective effect against H3N2-induced airway injury; as shown in Figure 7, we could clearly see that bronchial epithelial cells in mice were damaged after H3N2 challenge, and staining of E-cad was weak as compared with that in control mice. RvD1 apparently inhibited such epithelial destruction. Moreover, changes in barrier function were further observed by detecting FD4 leakage after intervention with H3N2 and/or RvD1. The FD4 ratio of BALF to serum rise from 0.743 to 1.371(P < 0.05). With RvD1, the ratio drops to 0.951(P<0.05), suggesting that RvD1 effectively protects bronchial epithelium from H3N2-induced permeability changes (Figure 7). Thus, changes in barrier function were further understood by examining the effects of H3N2 and/or RvD1 on FD4 leakage.




Discussion

IAV is the most important human pathogen, causing substantial seasonal and pandemic morbidity and mortality (Short et al., 2014). IAV targets airway epithelial cells, which were essential for maintaining respiratory homeostasis and preventing the lungs from the invasion of harmful environmental substances (Slepushkin et al., 2001; Förster, 2008). When the epithelial barrier is damaged, excessive inflammation, exudation of fluid and protein, and secondary bacterial infection may lead to serious complications during influenza virus infection (Abed et al., 2002; Guttman and Finlay, 2009; Chen et al., 2019). It is suggested that the injury of the airway barrier and uncontrolled inflammatory response are closely related to the prognosis and progression of influenza A virus infection. Therefore, it is essential to prevent severe influenza events by enhancing the airway integrity and pro-inflammatory regression during IAV infection; however, few studies have been conducted.

To investigate the changes in bronchial epithelial barrier during IAV infection, we detected the main components of the barrier, including the adherent junction protein (E-cad) and tight junction protein (ZO-1), which played vital roles in regulating paracellular permeability and maintaining epithelial cells barrier function. Also, in vitro we employed primary NHBE cells, separated from the normal human airway retaining features of the native epithelium, they have unique advantages over other commonly used epithelial cell lines. The results of western blotting, RT-PCR, and immunofluorescence assays confirmed that IAV infection inhibited the expressions of E-cad and ZO-1 in pNHBE cells and increased levels of IL-8 and TNF-α. In vivo, We found that IAV infection significantly impaired epithelial integrity in mice, including decreased E-cad expression, increased airway permeability, and inflammatory exudation, which were manifested by more leakage of FD4 into BALF, aggregation of inflammatory cells in BALF and around bronchioles, and elevated inflammatory cytokines in BALF.

To demonstrate the role of RvD1 in IAV infection, we treated cells or mice with RvD1 after IAV infection. We found that RvD1 had a number of benefits in treating IAV infection. Overall, RvD1 inhibited barrier destruction and inflammation and showed similar effects at the mRNA and protein levels in vitro. In vivo RvD1 also showed a protective effect on the destruction of the barrier and uncontrolled inflammation induced by IAV, despite it had no significant effect on the inhibition of virus proliferation, there were differences in inflammation and exudation. Although survival rate improved, there was no significant differences, which might be related to sample size and the length of observation time. Consistent with our results, Hsiao HM demonstrated that RvD1 alleviated inflammatory in human bronchial epithelial cells induced by polyinosinic-polycytidylic acid through TAK1 (Hsiao et al., 2014). Previous research showed that the ratio of RvD1 relative to SAA in serum was markedly reduced in IAV-infected mice on day 7, and RvD1 reduced lung infection and inflammation in the influenza virus and bacterial coinfection pneumonia model (Wang et al., 2017). Machado, F.S. also found that greater influenza A virus virulence may be associated with the loss of lipoxin’s pro-resolution effects, suggesting a protective role for lipoxin in this infection, which is an analogue of RvD1 (Cilloniz et al., 2010). In addition, it was demonstrated that RvD1 reverted the disruption of TJ protein and the increase of cellular permeability in human vascular endothelial cells induced by LPS through regulating IκBα signaling (Zhang et al., 2013). Therefore, it can be expected that RvD1 may represent an advancement in theoretical and clinical application for IAV infection.

To further explore the mechanism, we examined the levels of oxidative stress in cells. Overproduction of ROS during influenza A virus infection is a key contributor to lung injury (Akaike et al., 1996; Imai et al., 2008), and it is also one of the causes of junction protein injury. Nrf2, a basic regional leucine zipper transcription factor, can induce the expression of antioxidant enzymes and stage II enzymes such as glutathione S-transferase and NQO147, thereby protecting cells and tissues from oxidative stress (Keum and Choi, 2014; Al-Sawaf et al., 2015). It was suggested that Nrf2 increased the expression of E-cad to enhance the barrier function of airway epithelial (Sussan et al., 2015). Furthermore, HO-1, target gene of Nrf2, is reported to be closely related to E-cad under different conditions. Previous studies also highlighted the crucial requirements of HO-1-HMGB1 pathway for RvD1 in protecting against lung injury induced by mechanical ventilation (Sun et al., 2019). In the present study, our result showed that RvD1 could effectively inhibit the increase in ROS and inflammatory mediators in bronchial epithelial cells after H3N2 infection, in addition to upregulation of E-cad, ZO-1, Nrf2, and HO-1 in the bronchial epithelium. In addition, the results showed that Nrf2 pathway was essential for the upregulation of junction proteins and the regression of inflammation. When Nrf2 was knocked down by lentivirus in pNHBE cells, RvD1 had less effect on the expressions of E-cad, ZO-1, IL-8, and TNF-α. In summary, these results confirmed that Nrf2, involving in the protection of the airway barrier function, played a crucial part in the protection of RvD1 against airway injury induced by IAV.

Inflammatory cytokines are known to disrupt the tight junctions of airway epithelium to increase permeability (Capaldo and Nusrat, 2009). When the epithelial barrier was damaged, exudation of inflammation was increased. As a result, barrier dysfunction and inflammation create a self-perpetuating cycle, and blocking one is often not enough to ease the disease process. RvD1 has a unique advantage of promoting both barrier function recovery and inflammation regression. These data have implications not only for the treatment of IAV infection, but also for the prevention of secondary bacterial infection after influenza or other emerging viral respiratory infections, such as COVID-19.

In conclusion, our present study demonstrated that after IAV infection, for the first time to our knowledge, ROS and inflammatory cytokines were markedly increased, while the expressions of E-cad, ZO-1, Nrf2, and HO-1 were significantly inhibited, these changes were reversed by RvD1. Also, these findings were detected in vivo; thus suggesting that RvD1 protects the airway barrier from injury induced by IAV through the Nrf2 pathway (Figure 8), and it may provide a better treatment option for influenza A virus infection.




Figure 8 | Potential mechanisms of RvD1 protecting airway epithelial cells from injury induced by IAV via Nrf2 pathway.
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