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Introdcution

Acute lung injury (ALI) and acute respiratory distress syndrome (ARDS) are major causes of COVID-19 mortality. However, drug delivery to lung tissues is impeded by endothelial cell barriers, limiting the efficacy of existing treatments. A prompt and aggressive treatment strategy is therefore necessary.





Methods

We assessed the ability of anti-CD31-ORI-NPs to penetrate endothelial cell barriers and specifically accumulate in lung tissues using an animal model. We also compared the efficacy of anti-CD31-ORI-NPs to that of free oridonin in ameliorating acute lung injury and evaluated the cytotoxicity of both treatments on endothelial cells.





Results

Compared to free ORI, the amount of anti-CD31-ORI-NPs accumulated in lung tissues increase at least three times. Accordingly, anti-CD31-ORI-NPs improve the efficacy three times on suppressing IL-6 and TNF-a secretion, ROS production, eventually ameliorating acute lung injury in animal model. Importantly, anti-CD31-ORI-NPs significantly decrease the cytotoxicity at least two times than free oridonin on endothelial cells.





Discussion

Our results from this study will not only offer a novel therapeutic strategy with high efficacy and low toxicity, but also provide the rational design of nanomaterials of a potential drug for acute lung injury therapy.
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1 Introduction

The main mortality of hospitalized COVID-19 patients is attributed to acute viral pneumonia that causes acute lung injury (ALI) as well as the serious form, acute respiratory distress syndrome (ARDS) (1). The mortality rate from COVID-19-associated ALI/ARDS can approach 40% to 50%(2, 3).

Lungs contain 20% - 25% of the body’s entire endothelial surface which forms barrier to impede the drug delivery to the lung tissues (4). Hence, satisfactory efficacy could not be attained. Therefore, a specific treatment strategy with high efficacy and low toxicity is highly desired to treat ALI/ARDS.

Patients with ALI and ARDS exhibited substantially elevated IL-6 levels and ROS both in the blood and in the lungs (5, 6). Kelch-like ECH-associated protein 1 (Keap1) manipulates nuclear factor erythoid-2 related factor 2 (Nrf2), which is an important signaling pathway that regulates comprehensive antioxidant genes to mediate inhibitory effects on the production of ROS and proinflammatory cytokines, such as IL-6 and TNF-α (7, 8).

Oridonin (ORI) is the main active ingredient of the traditional Chinese medicine Rabdosia rubescens and has been approved to treat inflammatory diseases (9, 10). ORI has been reported to treat ALI by activating Nrf2 signaling (11), but it cannot effectively be accumulated in lung tissues, which limits its therapeutic effect for ALI/ARDS treatment. However, the molecular target of ORI has not been identified, and therefore, ongoing challenges, including target specificity, bioavailability and safety, restrain its development and clinical application.

Monoclonal antibody-conjugated nanoparticles (ACNPs) are a new nanodrug delivery system (DDS) that uses antibody-conjugated nanoparticles (NPs) to encapsulate drugs (12). Compared with traditional drugs, ACNPs quickly accumulate at the target site with strong specificity and few adverse events to provide a better therapeutic effect (13, 14). Some ACNPs are now reaching clinical evaluation for cancer treatment (15). Taking advantage of specific targets and controlled release, this delivery system shows potential for improving the therapeutic efficacy and reducing the toxicities of ORI in the treatment of ALI/ARDS (16, 17). However, ACNPs have not been well investigated in applications to treat the disease.

The pulmonary endothelium is a crucial orchestrator and modulator of ALI/ADRS, and serious endothelial injury in the company of intracellular virus and disturbed cell membranes is exhibited in the disease (8, 18). CD31 is predominantly localized on endothelial cells, and endothelial cells guide neutrophil migration to aggravate ALI/ARDS via the CD31-CD31 interaction because CD31 is also expressed on the surface of neutrophils (19). Hence, targeting CD31 could not only specifically carry drugs to lung tissues but also block the interaction between endothelial cells and neutrophils, eventually preventing neutrophil migration and infiltration to alleviate ALI/ARDS. Therefore, developing a novel targeted delivery system of ACNPS for the treatment of ALI/ARDS is promising.

In the current study, we identified Keap1 as the molecular target of ORI for the first time. We then encapsulated ORI in polyethylene glycol-polylactic acid-coglycolic acid (PEG-PLGA) to form ORI-NPs and further conjugated anti-CD31 antibodies to construct anti-CD31-ORI-NPs, a novel ACNP for the treatment of ALI/ARDS. Our results demonstrated that anti-CD31-ORI-NPs targeting CD31 selectively accumulate in the endothelial cells of lung tissues where ORI-NPs release and bind to Keap1 and in turn activate Nrf2 signaling to suppress ROS generation and IL-6 expression, eventually to treat ALI/ARDS with high efficacy and low toxicity.




2 Materials and methods



2.1 Reagents

Oridonin (> 98%) was purchased from ToYongBio (Shanghai, China). Poly(D,L-lactide-coglycolide)-b-poly(ethylene glycol)-carboxylic acid (5 k - 20 k) was purchased from Xi’an Qiyue Biology (Xi’an, Shanxi Province, China). Coumarin 6 (98%), Evans blue dye (≥ 75%), formamide, lipopolysaccharides (LPS, Escherichia coli O55:B5 in vivo and Escherichia coli O111:B4 in vitro), dichloromethane (DCM), 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride (EDC), N-hydroxysulfosuccinimide (NHS), hexadecyltrimethylammonium bromide (HTAB, ≥ 98%), O-dianisidine dihydrochloride (O-DHC) and PVA (1%, w/w) were purchased from Sigma-Aldrich (St. Louis, MO, USA). MES hydrate (99+%) was purchased from Thermo Fisher Scientific (Waltham, MA, USA). Purified anti-mouse CD31 antibody was purchased from Biolegend (San Diego, CA, USA). Primary antibodies against VE-cadherin, Nrf2, HO-1, Keap-1, p62, and β-actin and siRNA p62 were purchased from Cell Signaling Technology (Boston, MA, USA). Phalloidin was purchased from Cytoskeleton, Inc. (Denver, CO, USA). Fluorescence-conjugated secondary antibodies (Alexa Fluor® 488) were purchased from Abcam (Cambridge, UK).




2.2 Cell culture and animals

Primary human umbilical vein endothelial cells (HUVECs) were purchased from FuHeng Biology (Shanghai, China). HUVECs were cultured in endothelial cell medium (ECM, ScienCell Research Laboratories, Carlsbad, CA, USA) with 5% fetal bovine serum (FBS, ScienCell), containing 1% endothelial cell growth supplement (ECGS, ScienCell) and 1% penicillin/streptomycin solution (P/S, ScienCell). The cells were subcultured twice a week and incubated in a 5% CO2 humidified incubator at 37 °C. For all experiments, HUVECs were used for no more than eight passages.

C57BL/6 mice (8-10 weeks, 24-30 g) were purchased from Beijing Vital River Laboratory Animal Technology Co., Ltd., (Beijing, China) and cultivated in the State Key Laboratory of Quality Research in Chinese Medicine of Macau University of Science and Technology. All animal experiments were performed in accordance with Macau University of Science and Technology regulations, and the animal studies were supervised and approved by the Ethics Committee for Animal Studies at the Macau University of Science and Technology.




2.3 Binding affinity assay

For analysis of the binding kinetics of compounds on the recombinant proteins, biotinylation of recombinant human Keap1 protein was performed using EZ-Link™ NHS-LC-LC-Biotin according to manufacturer’s instructions (Thermo Fisher Scientific, Waltham, MA, USA). Biotinylated protein was immobilized on the streptavidin biosensor at a concentration of 6 ng μL-1 by incubating in phosphate-buffered saline (PBS) overnight at 4°C. ORI was dissolved in 10% DMSO-PBS solution, and different concentrations were prepared by serial dilution. ORI was incubated with biotinylated recombinant protein at different concentrations, and the binding affinity assay was analyzed by an Octet RED96 instrument (ForteBio, Fremont, CA, USA). The collected data were analyzed using custom ForteBio software.




2.4 Preparation of ORI-loaded PLGA-PEG nanoparticles

ORI-NPs were produced by emulsification and evaporation methods as previously described (20). Briefly, an oil phase emulsion was formed by dissolving 20 mg ORI and 60 mg PLGA or PLGA-PEG in 5 mL DCM and sonicated on ice for 3 min. Next, 20 mL of PVA (1%, w/w) was then mixed with the oil phase emulsification and ultrasonicated for an additional 3 min to form an aqueous phase emulsification. Finally, this aqueous phase emulsification was added dropwise to 60 mL of water and stirred for 6 hours to allow the DCM to evaporate resulting in the hardening of the NPs. Finally, ORI-NPs were gathered by centrifugation at 8,500 rpm for 30 min and rinsed 3 times with water. The concentrations of ORI-NPs were measured by UV-Vis Spectrophotometers (UV-2700, Shimadzu Corp., Japan) at 247 nm. Alternatively, ORI was replaced with coumarin-6 (C6), which was added to the PLGA or PLGA-PEG mixture. The concentration of NPs was determined at 460 nm with SpectraMax Paradigm Multimode Microplate Reader (Molecular Devices, San Jose, CA, USA).




2.5 Preparation of anti-CD31 antibody-conjugated PLGA-PEG nanoparticles

Antibody-conjugated PLGA-PEG NPs were generated via NHS/EDC-mediated COOH-NH2 coupling (21, 22). For activation of NPs, ORI-NPs were resuspended in 295 μL of 1 M MES (pH 5.5) under mild vortexing and allowed to equilibrate for 5 min. Then, 295 μL of EDC and NHS were instantly added to the NP solution at 100 mg mL-1 under mild vortexing. The activated NPs were then gathered by centrifugation for 10 min at 20,000 g to remove excess EDC and NHS. Moreover, 75 μL of MES (1 M, pH 5.5) was added to anti-CD31 antibodies or anti-IgG antibodies under mild vortexing. Then, NPs were resuspended in 50 μL of MES (50 mM, pH 5.5) using sonication and gently mixed with antibody solution. NPs and antibody solution were then mixed by vigorous vortexing for 1 hour, and the coupling reaction was terminated with 100 μL of Tris (1 M, pH 8.0). The antibody-conjugated NPs were centrifuged for 10 min at 20,000 g and resuspended in PBS. The NP concentration was determined by UV-Vis spectrophotometry.




2.6 Characterization of NPs

The Z-average size and zeta potential with the polydispersity index (PDI) of NPs were assessed by dynamic laser scattering (Zetasizer Nano ZS, Malvern Instruments, Malvern, UK) (23). The morphology of NPs was imagined by scanning electron microscopy (SEM, SU8020 FE-SEM, HITACHI, Ltd, Chiyoda City, Tokyo, Japan).




2.7 ORI entrapment efficiency

The ORI entrapment efficiency of NPs was measured by UV-Vis spectrophotometry. Briefly, the first supernatants of nanoparticles after centrifuge were collected and the amount of free drug were measured by UV-Vis spectrophotometer under 247 nm. The efficiency of drug entrapment was calculated using the following equation:

	




2.8 Antibody conjugation efficiency

Antibody conjugation efficiency was evaluated by directly calculating the antibody on NPs using the Bradford protein assay (Bio-Rad, Hercules, CA). Briefly, the antibody-bound NPs were centrifuged at 8,500 rpm for 10 min, and the supernatant was saved to measure protein content. Antibody conjugation efficiency was evaluated using the following equation:

	




2.9 Evaluation of ORI release from NPs in vitro

ORI release was estimated in vitro using the dialysis method as previously described (24). Briefly, dialysis bags with 1,000 Da molecular weight cut-off containing 1 mg ORI-NPs were placed in a water bath of 20 mL PBS (pH 7.4) and incubated at 37°C. At various time points, 1 mL of receiving buffer was collected and supplemented with 1 mL of PBS. The amount of ORI release from the dialysis bag into PBS was calculated by UV-Vis spectrophotometry as previously described (25).




2.10 Cellular uptake

HUVECs (5 × 104 cells per well) were seeded in 24-well plates. Cells were cultured with anti-CD31-conjugated C6-NPs or anti-IgG-conjugated C6-NPs for the indicated time points and then rinsed 3 times in PBS to remove extra NPs. Cellular uptake of NPs was visualized using fluorescence microscopy (Olympus, Japan; Ex = 466 nm, Em = 504 nm).




2.11 Cell cytotoxicity assay

The cytotoxicity of NPs, free ORI, ORI-NPs or anti-CD31-ORI-NPs was evaluated using the MTT assay. Briefly, HUVECs (5 × 103 per well) were cultured in 96-well plates and incubated overnight to obtain 80% confluence. After incubation with the indicated drug at various concentrations for 24 hours, 10 μL MTT solution per well (5 mg mL-1) was added. After another 4 hours incubation, the supernatants were aspirated out and replaced with 100 μL of DMSO. The absorbance was evaluated at 490 nm with a microplate reader. The IC50 value was calculated by GraphPad Prism software.

	




2.12 Murine model of LPS-induced ALI

The LPS-induced acute lung injury (ALI) model was established according to previously described methods (26). Briefly, after pretreatment with the indicated drugs by intravenous injection for 1 hour, the mice were intratracheally injected with 2.5 mg kg-1 LPS in saline and sacrificed in 12 hours. Tissue and blood were gathered and stored at -80°C.




2.13 In vivo NPs distribution study

LPS was intratracheally injected into C57BL/6 mice after pretreatment with the indicated drugs for 1 hour. The mice were sacrificed, and all the organs were collected after 6 hours. NP distribution was imaged using the fluorescence mode of the In Vivo Imaging Systems (IVIS, PerkinElmer, Inc., Waltham, MA, USA) (Ex = 460 nm, Em = 530 nm).




2.14 Vascular permeability assay

For determination of vascular permeability, an Evans blue dye extravasation assay was performed as previously described (27). Briefly, Evans blue (20 mg kg-1) was injected retro-orbitally into mice 30 min before scarification. Lungs were perfused free of blood and weighed. For quantification of the results, the lung tissues were homogenized in formamide and incubated at 56°C for over 18 hours. Homogenates were centrifuged at 14,000 rpm for 30 min, and supernatants were measured at 620 nm and 740 nm in spectrophotometer. The results are presented as microgram of EB dye per gram of lung tissue.




2.15 Myeloperoxidase assay

Myeloperoxidase (MPO) activity was assessed as previously described (28). Briefly, lung tissues were harvested after perfusion with sterile saline and then homogenized by a mechanical homogenizer in ice-cold 50 mM phosphate buffer (PB). Homogenates were then centrifuged at 14,000 rpm at 4°C and washed with PB. Pellets were resuspended in 500 μL of HTAB solution and freeze at -80°C for 30 min. After thawing in a 37°C water bath for 1 min, the mixtures were centrifuged at 14,000 rpm for another 10 min. Supernatants were quickly combined with PB (50 mM), 0.015% H2O2 solution and O-DHC for 5 seconds. Absorbance was assessed at 460 nm for 3 min using a DU 700 Series UV/Vis Spectrophotometer (Beckman Coulter, Brea, CA, USA). The results are presented as △OD460/min/g tissue.




2.16 Immunohistochemistry and immunocytochemistry

For histological analysis, lung tissues were fixed in 4% paraformaldehyde (PFA) and embedded in paraffin. Paraffin sections (10 μm) were then stained with hematoxylin and eosin (H&E) to analyze inflammatory cell infiltration under a microscope (Leica DM2500, Wetzlar, Germany).

For immunohistochemistry analysis, lung tissue sections (10 μm) were fixed with 4% PFA for 20 min, permeabilized using 0.1% Triton X-100, and blocked with 5% BSA. Primary antibodies (1:500) were incubated with sections at 4°C overnight. The sections were then washed in PBS with 0.1% Tween 20 solution (PBST) five times and incubated with fluorescence-conjugated secondary antibodies (Alexa Fluor® 488) for 2 hours in dark. After washing with PBST and staining with DAPI, slides were mounted, and images were captured using a confocal fluorescence microscopy system (Leica TCS SP8, Wetzlar, Germany).

For immunocytochemistry analysis, HUVECs were seeded on coverslips overnight. After the treatment, the cells were stimulated with LPS. The cells were incubated for 24 hours, followed by 4% PFA fixation for 20 min. The HUVECs were permeabilized and stained with the indicated primary antibodies at 4°C overnight. The cells were incubated with fluorescence-conjugated secondary antibodies (Alexa Fluor® 488) for 2 hours, followed by incubation with phalloidin and DAPI for 15 min. Finally, cytoskeleton and protein expression were visualized by a confocal fluorescence microscopy system.




2.17 Quantitative real-time PCR analysis

Quantitative real-time PCR was employed to determine mRNA expression. The lung total RNA was isolated with TRIzol reagent. Reverse transcription reactions were performed using Transcriptor First Strand cDNA Synthesis Kit (Roche, Inc., Basel, Switzerland). Quantitative real-time PCR analysis was conducted using real-time PCR ViiATM7 with SYBR Green master mix kit (Roche).




2.18 Determination of ROS production

Cell intracellular ROS was measured using DCFH-DA ROS Assay Kit according to the manufacturer’s instructions (Sigma-Aldrich, St. Louis, MO, USA). Briefly, HUVECs (3 × 105 per well) were seeded in 6-well plates and were treated with compounds for 1 hour. LPS was then added to cells and incubated for 24 hours. For the assessment of ROS, after wash the cells with PBS, DCFH-DA (10 μM) was added into the cells and incubated for 30 min at 37 °C. Cells were collected and free DCFH-DA was removed. The ROS level was examined using a flow cytometer (BD FACS Aria, Franklin Lakes, NJ, USA).

For determination of ROS production in the lung, LPS-induced ALI mice models were treated with the indicated drugs for 24 hours. Lung samples were collected, ground in culture medium and isolated using a 40 μm cell strainer (Corning, Corning, NY, USA). Samples were rinsed with PBS three times and incubated with DCFH-DA at 37 °C. ROS level were analyzed using a flow cytometer.




2.19 Western blot and ELISAs

Western blotting was conducted according to previously described (29). Briefly, cells or tissue were lysed with RIPA lysis buffer and incubated on ice for 30 min After centrifugation, the supernatant of lysates were transferred to new tubes, and concentrations of protein were determined by BCA assay kit. Proteins were analyzed by SDS gel electrophoresis and transferred to a nitrocellulose (NC) membrane. After blocking with 5% nonfat milk or 3% BSA, the membrane was incubated with indicated primary antibodies overnight at 4 °C and secondary HRP-linked antibody for 1 hour. Blots were visualized by chemiluminescent substrate.

The expression of IL-6 in the cell supernatant was assessed using a Human Interleukin-6 (IL-6) ELISA kit (R&D Systems, Minneapolis, MN, USA) according to the manufacturer’s instructions.




2.20 Statistical analysis

Multiple comparisons were performed using ANOVA using GraphPad Prism software. Values of p< 0.05 were considered to be statistically significant. All values are the mean ± standard error of the mean (S.E.M).





3 Results



3.1 Keap1 is the molecular targets of ORI to mediate anti-inflammatory effect

It was reported that ORI treated ALI and ARDS via activation of Nrf2 antioxidant signaling. To better understand the molecular target of ORI that mediated its antioxidant and anti-inflammatory effects, we performed a binding assay and demonstrated that Keap1 is the molecular target of ORI (Figure 1A). Accordingly, ORI binding to Keap1 mediated an inhibitory effect on the cytokines expression and ROS production by inducing Nrf2 nuclear localization and Nrf2-p62 signaling activation in primary HUVECs, a commonly used primary endothelial cell line for in vitro studies (Figures 1B, C; Supplementary Figure 1). Hence, we knocked down p62 by siRNA, and the results demonstrated that the ORI-mediated enhancement of Nrf2 accumulation was abolished in the cells (Figure 1D) and the inhibitory effect of ORI on ROS generation was prevented (Figures 1E, F). In line with the in vitro results, ORI inhibited ROS production, improved blood vessel permeability and suppressed proinflammatory cytokine expression both in tissue and BALF to alleviate ALI in the animal model (Supplementary Figure 2). These results indicated that ORI activated Nrf2-p62 signaling to inhibit inflammation of endothelial cells by binding to Keap1.




Figure 1 | Keap1 is the molecular targets of ORI to mediate anti-inflammatory effect. (A) The interaction between Keap1(PDB 1U6D) and ORI was determined by binding affinity assay. (B) After the pretreatment with 2 μg mL-1 ORI, HUVECs were stimulated with 1 μg mL-1 LPS. Nrf2 nucleus localization was determined by immunohistochemistry. The arrow showed the Nrf2 accumulation. Bars: 50 μm. (C) After the pretreatment with ORI at indicated concentrations, HUVECs were then stimulated with 1 μg mL-1 LPS for 24 hours. Protein expression of Nrf2, Keap1, p62, HO-1 and β-actin were analyzed by Western blot analysis. (D) HUVECs were transiently transfected with p62 siRNA or control siRNA for 24 hours. After the pretreatment with 2 μg mL-1 ORI for 1 hour, the HUVECs were stimulated with 1 μg mL-1 LPS. The protein expression of Nrf2, p62, HO-1 and β-actin were analyzed by Western blot. (E, F) ROS production was measured by flow cytometry. Data were representative three independent experiments and expressed as mean ± S.E.M. *p< 0.05, **p< 0.01, compared to the LPS-stimulated group.






3.2 Preparation and characterization of anti-CD31-ORI-NPs

To increase the ORI bioavailability and solubility, we applied emulsion-solvent evaporation method to assemble NPs composed of ORI and PLGA (ORI-PLGA-NPs) or PLGA-PEG-block copolymers (ORI-PLGA-PEG NPs, also termed ORI-NPs) (Figure 2A). We found that ORI-PLGA-NPs were obviously aggregated and that the solubility was significantly reduced compared to ORI-NPs, indicating PEG decoration improve the stability and dispersibility of the ORI-PLGA-NPs (Supplementary Figure 3A).




Figure 2 | The characterization of NPs. (A) The preparation procedures of anti-CD31-ORI-NPs. (B) The morphology of NPs was observed by scanning electron microscopy. Bars:1μm. (C) The NPs size was detected by dynamic laser scattering. (D) In vitro release of ORI from various NPs were determined by UV spectrophotometers.



Because spherical NPs were more easily internalized by cells than irregular shapes (30), we applied SEM to analyze the morphology of the ORI-NPs. As shown in Figure 2B and Supplementary Figure 3B, the ORI-NPs exhibited small, smooth and spherical particles, suggesting that ORI-NPs can more easily penetrate cells than free ORI.

It was known that CD31 is highly expressed on endothelial cells (31). To increase the targeting of ORI-NPs to the epithelia of lung tissues, we conjugated such NPs to an anti-CD31 antibody (anti-CD31-ORI-NPs) via covalent coupling to terminal COOH end groups on PEG. After analyzing the correlation between conjugation efficiency and antibody concentration, we found that 0.5 mg mL-1 was the optimal antibody conjugation concentration to achieve the highest antibody loading (Supplementary Table 1).

To indicate the cellular uptake efficiency and dispersion with or without anti-CD31 modification, we examined the particle size and polydispersity index (PDI) of the NPs. The results demonstrated that the size and PDI of ORI-NPs were slightly larger than those of NPs. However, there was no significant difference between anti-CD31-ORI-NPs and ORI-NPs regarding the size, PDI and absolute value of zeta potentials (Figure 2C; Table 1). We then observed the location of NPs by confocal fluorescence microscopy. The results demonstrated that the NPs accumulated in the HUVECs in a time-dependent manner and attained a peak at 6h (Supplementary Figure 4). Moreover, anti-CD31 antibody modification could not affect the ORI release (Figure 2D).


Table 1 | Characterization of the NPs.






3.3 Anti-CD31-ORI-NPs significantly enhanced anti-inflammatory effect of ORI via targeting to the endothelial cells

To evaluate the targeting ability of anti-CD31 antibody-carrying NPs, we employed the fluorescent dye coumarin 6 (C6) instead of ORI to prepare the NPs and conjugated them to either an anti-CD31 antibody (anti-CD31-C6-NPs) or an anti-IgG antibody (anti-IgG-C6-NPs), and the NPs were then incubated with HUVECs (Figure 3A). The results of fluorescence microscopy clearly demonstrated that anti-CD31-C6-NPs obviously accumulated in the cells compared to anti-IgG-C6-NPs (Figures 3B, C), indicating that anti-CD31 modification facilitated the cellular uptake capacity of the NPs.




Figure 3 | Anti-CD31-ORI-NPs enhanced anti-inflammatory effect of ORI via targeting to the endothelial cells (A) HUVECs were pretreated with 2 μg mL-1 blank NPs, ORI, ORI-NPs, anti-CD31-C6-NPs or anti-IgG-C6-NPs. (B, C) Cellular uptake of anti-CD31-C6-NPs and anti-IgG-C6-NPs in HUVECs was observed by fluorescence microscopy. The fluorescence intensity was analyzed and quantified. Bars: 1 mm. ***p< 0.001, compared to anti-IgG-C6-NPs group. (D) HUVECs were incubated with indicated treatments for 24 hours. The cytotoxicity was analyzed by MTT assay. *** p< 0.001, compared to the ORI treatment group. (E–G) The effects of NPs, ORI, ORI-NPs and anti-CD31-ORI-NPs on ROS and IL-6 production. HUVECs were pretreated with 2 μg mL-1 NPs, ORI, ORI-NPs, anti-CD31-ORI-NPs, and then stimulated with 1 μg mL-1 LPS. ROS and IL-6 production was evaluated by flow cytometry and ELISA, respectively. *p< 0.05, **p< 0.01 and ***p< 0.001, compared to the LPS-stimulated group. Data were representative three independent experiments and expressed as mean ± S.E.M.



The toxicity of NPs is a major challenge and cannot be ignored for further clinical application. Our results demonstrated that the IC50 was 10 μg mL-1 for anti-CD31-modified and unmodified ORI-NPs, while the IC50 of free ORI was 4.2 μg mL-1 (Figure 3D). These results indicated that anti-CD31 conjugation effectively enhanced the binding ability of NPs to endothelial cells but decreased the cytotoxicity compared to that of ORI. Accordingly, 2 μg mL-1 ORI, ORI-NPs, and anti-CD31-ORI-NPs were applied in the following study to evaluate the effect on cells.

We then determined the inhibitory effect of NPs, ORI, ORI-NPs and anti-CD31-ORI-NPs on ROS production and IL-6 secretion. The results showed that anti-CD31-ORI-NPs possessed the strongest ability to reduce the intercellular ROS level and IL-6 secretion in endothelial cells compared to ORI and ORI-NPs (Figures 3E–G).

Filamentous actin (F-actin) and vascular endothelial cadherins (VE-cadherins) play an essential role in regulating endothelial barrier function, and the is significantly increased in endothelial cells. Under inflammatory conditions, depolymerization of F-actin and disruption of VE-cadherin adhesion lead to an increase in endothelial permeability (32). As shown in Figures 4A, B, we found that ORI-NPs and anti-CD31-ORI-NPs greatly restored F-actin polymerization and VE-cadherin expression, indicating that both ORI-NPs and anti-CD31-ORI-NPs have the potential to recover LPS-induced endothelial injury.




Figure 4 | Anti-CD31-ORI-NPs recover LPS-induced endothelial injury (A, B) The effects of NPs, ORI, ORI-NPs and anti-CD31-ORI-NPs on cellular adhesion adjacent. After the pretreatment with 2 μg mL-1 NPs, ORI, ORI-NPs, anti-CD31-ORI-NPs, HUVECs were stimulated with 1 μg mL-1 LPS. The expression of F-actin and VE-Cadherin were analyzed by confocal fluorescence microscopy. (C) The effects of NPs, ORI, ORI-NPs and anti-CD31-ORI-NPs on Nrf2 nuclear localization. After the pretreatment with 2 μg mL-1 NPs, ORI, ORI-NPs, anti-CD31-ORI-NPs, HUVECs were stimulated with 1 μg mL-1 LPS. Nrf2 expression were reflected under confocal fluorescence microscopy. The arrow showed the Nrf2 accumulation. Bars: 50 μm. The nucleus was stained with DAPI (blue), and cytoskeleton was stained with phalloidin (red). F-actin, VE-Cadherin expression and Nrf2 localization were exhibited by the antibody of F-actin, VE-Cadherin or Nrf2 with fluorescence-conjugated secondary antibodies (green). (D) The cell extracts were prepared to determine the expression of Nrf2, p62, HO-1 and β-actin by western blot. Data were representative three independent experiments.



Because Keap1 is the molecular target of ORI. we then investigated whether the anti-inflammatory effects of the NPs resulted from activation of Nrf2 signaling. As our expectation, we found anti-CD31-ORI-NPs obviously increased Nrf2 accumulation and nuclear localization, p62 and HO-1 expression in the cells compared to ORI and ORI-NPs (Figures 4C, D).




3.4 Anti-CD31-ORI-NPs selectively accumulated in the lung tissues

To further validate whether the anti-CD31 antibody conjugation could specifically accumulating the NPs in the lung tissues, we then employed an in vivo imaging system (IVIS) to observe the specificity and accumulation of the NPs in the different organs with or without anti-CD31 antibody modification (Figure 5A). Consistent with in vitro results, the fluorescence of anti-CD31-modified NPs was significantly and specifically concentrated in lung tissues compared with that of C6-NPs and anti-IgG-C6-NPs both at 3h and 6h treatment (Figures 5B–D, Supplementary Figure 5A). However, C6-PLGA-NP distribution in the lung tissues was obviously decreased compared to that of C6-NPs (Supplementary Figure 5B). These results suggested that PEG is the key component of the system to improve the solubility and delivery efficiency and targeting CD31 remarkably facilitated the NPs distributing in lung tissues.




Figure 5 | Anti-CD31-ORI-NPs selectively accumulated in the lung tissues. (A) C57BL/6 mice (n=3) were intravenously injected with 5 mg kg-1 NPs (Control), C6-NPs, anti-IgG-C6-NPs or anti-CD31-C6-NPs, respectively. The mice organs were collected for fluorescence examination by IVIS after 6 hours. (B) The NPs biodistribution was analyzed by in vivo imaging system to calculate the fluorescence intensity. (C, D) The fluorescence intensity of lung tissue sections was examined and quantified. Representative fluorescence image of C6 (green) distribution in lung tissue. DAPI (blue) counterstains cell nucleus. Bars: 50 μm. Data were expressed as mean ± S.E.M. ****p< 0.0001, compared to the C6-NPs group.






3.5 Anti-CD31-ORI-NPs increases the anti-inflammatory effect to treat ALI in vivo via selectively accumulated in the lung tissues

Since anti-CD31-ORI-NPs mainly accumulated in lung tissues by targeting CD31, we determined whether intensive treatment could be provided in ALI mouse model (Figure 6A). In coincided with the results, ORI, ORI-NPs and anti-CD31-ORI-NPs inhibited neutrophil infiltration and increased VE-cadherin expression level in lung sections derived from the mice with ALI. Among of the treatments, anti-CD31-ORI-NPs showed the strongest ability to inhibit the inflammation and restore the level of ZO-1, Occludin and VE-Cadherin expression (Figures 6B, C; Supplementary Figure 6A).




Figure 6 | Anti-CD31-ORI-NPs increases the anti-inflammatory effect to treat ALI in vivo via selectively accumulated in the lung tissues. (A) C57BL/6 mice (n=10) were intravenously injected 5 mg kg-1 NPs, ORI, ORI-NPs and anti-CD31-ORI-NPs for 1 hour, respectively. Mice were then intratracheally injected with 2.5 mg kg-1 LPS. Mice were sacrificed and the tissues were collected. (B) Representative histological section of the lungs was stained with hematoxylin and eosin. Bars: 100 μm. Magnification × 200. (C) The sections of lung tissues were prepared to determine the expression level of VE-cadherin with fluorescence-conjugated secondary antibodies (green). DAPI (blue) counterstains cell nucleus. Bars: 50 μm. (D, E) The pulmonary vascular permeability of lung tissues was evaluated and quantified by Evans blue extravasation assay. (F) The wet-to-dry ratios of lungs derived from different treatment groups were calculated. (G) The neutrophil migration and infiltration were determined by measuring MPO activity. (H)The protein concentration in BALF was quantified using Bradford protein assay. (I, J) The secretion of IL-6 and TNF-α in BALF were determined by ELISA. (K, L) The mRNA expression of IL-6 and TNF-α in lungs was quantified by QRT-PCR. (M) ROS production in the lung tissues was analyzed by flow cytometry. (N) The expression of Nrf2, p62, HO-1, and β-actin in the lung tissues with indicated treatments were examined by western blot. Data were expressed as mean ± S.E.M. *p< 0.05, **p< 0.01, ***p< 0.001 and ****p< 0.0001, compared to the LPS-stimulated group.



Under physiological conditions, the endothelium is impermeable to albumin. In acute lung injury, vascular endothelial cells were damaged resulting in the increase of capillary permeability, and fluids from capillaries leak into the interstitial space and the alveoli, causing pulmonary edema and filling with protein-rich edema fluid. Evans blue, which can bind serum albumin, was used to test blood vessel permeability.(33) In the study, we found that anti-CD31-ORI-NPs remarkably recovered the permeability in the lung tissues compared to unmodified ORI-NPs, although ORI-NPs demonstrated obvious restoration of the permeability compared to ORI (Figures 6D, E). Consistent with the results, the wet/dry ratio from the lung tissues with the indicated treatments showed the same trend (Figure 6F). Neutrophil migration and infiltration are usually assessed by myeloperoxidase (MPO) assays and associated with NET formation, one of the features of ALI/ARDS in COVID-19 patients. Our results demonstrated that MPO activity could be significantly attenuated by anti-CD31-ORI-NPs, which was better than ORI or ORI-NPs (Figure 6G).

To further validate that the effect of anti-CD31-NPs-ORI on the mice with ALI resulted from inhibition of ROS release and cytokines production, we examined ROS generation, mRNA expression and secretion of IL-6 and TNF-α. The results showed that ROS levels and IL-6 expression were suppressed in the lung tissues of the treated groups compared to the LPS-stimulated group. TNF-α expression was also obviously suppressed by ORI-NPs and anti-CD31-ORI-NPs. Remarkably, the anti-CD31-ORI-NP treatment was the best among the indicated treatments (Figures 6H–M; Supplementary Figure 6B). H&E results demonstrated that the NPs have no influence on the morphology of the kidney and liver, indicating the NPs did not exhibit significant toxicity on the tissues (Supplementary Figure 7).

These results demonstrated that anti-CD31-ORI-NPs improved the efficacy at least three times compared with free ORI to ameliorate ALI. In line with the beneficial effect in the mice with ALI and the in vitro results, anti-CD31-ORI-NPs were the most effective at enhancing the p62-Nrf2-HO-1 axis (Figure 6N). These results suggested that anti-CD31-ORI-NPs enhanced the accumulation of NPs in the lung and in turn suppressed ROS production, inhibited IL-6 mRNA expression and restored endothelial injury to ameliorate ALI via activation of the Nrf2-p62 feedback loop.





4 Discussion

Nearly 50% of non-survivors of COVID-19 patients experienced secondary bacterial infections and induced ALI and ARDS causing the mortality of patients (34), but so far, there is no effective drug in clinical application. Compared to the patients with influenza-associated ARDS, the patients with COVID-19 showed severe endothelial injury associated with the presence of intracellular virus and disrupted cell membranes, which induced neutrophil infiltration in pulmonary capillaries and migrated into the alveolar spaces, leading to neutrophilic mucositis and NETs (35, 36). Neutrophil infiltration generates production of ROS, which contributes to COVID-19 disease severity via induction of tissue damage and thrombosis. Furthermore, it was reported that SARS-CoV-2-triggered NETs mediate COVID-19 pathology and NET formation requires ROS (37, 38). These studies indicated that suppression of ROS production and neutrophil activation are important strategies to treat ARDS and ALI associated with COVID-19.

Despite understanding of the pathogenesis of ALI, therapeutic strategies for this disease are still limited. Due to the pathogenesis role of ROS in ALI, it is now widely recognized that activation of Keap1-Nrf2-p62 axis is a key mechanism. Because Keap1 possesses highly reactive cysteine and modification of cysteine thiols of Keap1 most likely changes the structure of the Nrf2/Keap1 complex and activation of Nrf2, Keap1 is considered as a molecular target for the prevention and treatment of many diseases associated with oxidant stress. In recent years, increasing natural products have been used to attenuate the symptoms of ALI/ARDS models (39–41). However, the efficiency and safety of is still a challenge for clinical application of those compounds. Previous studies have shown that ORI possessed potent anti-inflammatory activates (9, 42, 43), while the molecular target of ORI has not been well elucidated. Our results revealed that ORI directly bound to Keap1 to activate p62-Nrf2 feedback loop and inhibited ROS production to attenuated ALI symptoms. Importantly, ORI could significantly suppress mRNA expression and secretion of IL-6, which is one of crucial cytokines contributing to the “cytokine storm” of the patients with COVID-19. However, the clinical application of ORI is restrained by its tolerance and efficacy, although it has been approved in China to treat inflammatory diseases.

Compared with traditional drugs, nanomedicines can quickly accumulate at the target site at high concentration with strong specificity and low side effects. NPs loading a variety of drugs and biomolecules have been applied to treat ALI due to specific target, controlled release and well tolerance (16). However, intracellular proteins are easily adsorbed on NPs, forming the so-called protein corona (PC), which may greatly change NP’s surface charge, affect their dispersion and ability to recognize targets (44), and then remarkably reduce the efficacy of the drugs carried by the NPs. NPs modified by PEG can change the surface charge and prevent the formation of protein crowns and the degradation of NPs (45). However, the delivery system of NPs-PEG could not effectively act on the injured lung. Therefore, development of delivery system of drugs directly to the desired lung site is under spot light.

ACNPs is a newly drug delivery system taking advantages of ADC and nanotechnology by using antibodies conjugated NPs encapsulating drugs. Compared with ADC and NPs, ACNPs overcome pharmacokinetic limitations and ensure the drug delivered to the site in the required amount to provide a better therapeutic effects (12). It was reported that ICAM-1 modified drug can alleviate pulmonary inflammation by directly delivered to lung (46). Unlike ICAM-1 localized in the luminal membrane (47), CD31 is localized predominantly in the neutrophil and interendothelial borders, and the lung tissues are rich in capillaries and endothelial cells, which have a large surface area for receiving targeted therapy. Notably, endothelial cells interact with neutrophil to mediate neutrophil migration and infiltration via CD31-CD31 (48). Therefore, anti-CD31 antibodies not only specifically target to the endothelial of lung tissues but also prevent neutrophil migration and infiltration to form NETs in ARDS and ALI patients. Hence then, CD31 is an ideal target to increase the efficacy of the encapsulated drug to treat ARDS and ALI.

In the present study, we prepared a novel delivery system of anti-CD31-conjugated oridonin-PLGA-PEG nanoparticles (anti-CD31-ORI-PLGA-PEG NPs, also termed anti-CD31-ORI-NPs). The system showed highly efficient treatment ALI/ARDS by exploiting the advantages of these materials, including specific targeting to endothelial cells via CD31, the accurate identification of its molecular target Keap1 by the anti-inflammatory drug ORI, and the controlled release and few side effects of PLGA-PEG NPs (Figure 7).




Figure 7 | The mechanism of anti-CD31-ORI-NPs to ameliorate ALI/ARDS. (i), anti-CD31-ORI-NPs prevent neutrophil migration and infiltration via interruption of CD31-CD31 bond. (ii), anti-CD31-NPs specifically target to endothelial cell via CD31 for ORI release to inhibit ROS and IL-6 expression via (iii), binding to Keap1.



By immunotargeting CD31, we specifically delivered ORI to endothelial cells, where ORI was released and bound to Keap1 to inhibit ROS and IL-6 expression and suppress ALI and ARDS. However, endothelial cells mediate neutrophil transmigration via CD31-CD31 under inflammatory conditions and in turn aggravate ALI and ARDS. By immunotargeting CD31, anti-CD31-ORI-NPs interfered with the interaction between endothelial cells and neutrophils to attenuate neutrophil transmigration and infiltration, eventually ameliorating ALI and ARDS.




5 Conclusion

In conclusion, our study provides intensive evidence in vitro and in vivo to demonstrate that anti-CD31-ORI-NPs targeting endothelial cells in lung tissues not only enhanced the anti-inflammatory and antioxidant effects of ORI but also prevented neutrophil migration and infiltration to alleviate ALI/ARDS with low cytotoxicity. This high efficacy and low toxicity nanomedicine with dual targets may pave a new way for the development of approved anti-inflammatory drugs to combat ALI and ARDS in COVID-19 patients.





Data availability statement

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





Ethics statement

The animal study was reviewed and approved by Macau University of Science and Technology.





Author contributions

TL conceived the study and supervised experiments. TL and YZ wrote the manuscript. YZ and HJ, performed experiments, analyzed data, and assisted in manuscript writing. KL, ZG, CW and YT performed experiments. XZ and JC assisted in manuscript writing. L-PB and HP provided the financial support. All authors contributed to the article and approved the submitted version.





Funding

This work was supported by Macau Science and Technology Development Fund (project code 0058/2020/A, 0059/2020/A, 0074/2019/AMJ).




Acknowledgments

We are grateful to Department of Science and Technology of Guangdong Province for financially supporting Guangdong-Hong Kong-Macao Joint Laboratory of Respiratory Infectious Disease.





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.





Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fimmu.2023.1163397/full#supplementary-material




References

1. Grasselli, G, Tonetti, T, Protti, A, Langer, T, Girardis, M, Bellani, G, et al. Pathophysiology of COVID-19-associated acute respiratory distress syndrome: a multicentre prospective observational study. Lancet Respir Med (2020) 8:1201–8. doi: 10.1016/S2213-2600(20)30370-2

2. Sinha, P, Matthay, MA, and Calfee, CS. Is a "Cytokine storm" relevant to COVID-19? JAMA Intern Med (2020) 180:1152–4. doi: 10.1001/jamainternmed.2020.3313

3. Wu, C, Chen, X, Cai, Y, Xia, J, Zhou, X, Xu, S, et al. Risk factors associated with acute respiratory distress syndrome and death in patients with coronavirus disease 2019 pneumonia in wuhan, China. JAMA Intern Med (2020) 180:934–43. doi: 10.1001/jamainternmed.2020.0994

4. Barnes, PJ, Bonini, S, Seeger, W, Belvisi, MG, Ward, B, and Holmes, A. Barriers to new drug development in respiratory disease. Eur Respir J (2015) 45:1197–207. doi: 10.1183/09031936.00007915

5. Cao, X. COVID-19: immunopathology and its implications for therapy. Nat Rev Immunol (2020) 20:269–70. doi: 10.1038/s41577-020-0308-3

6. Ronit, A, Berg, RMG, Bay, JT, Haugaard, AK, Ahlstrom, MG, Burgdorf, KS, et al. Compartmental immunophenotyping in COVID-19 ARDS: A case series. J Allergy Clin Immunol (2020) 147(1), P81–91. doi: 10.1016/j.jaci.2020.09.009

7. Jain, A, Lamark, T, Sjottem, E, Larsen, KB, Awuh, JA, Overvatn, A, et al. p62/SQSTM1 is a target gene for transcription factor NRF2 and creates a positive feedback loop by inducing antioxidant response element-driven gene transcription. J Biol Chem (2010) 285:22576–91. doi: 10.1074/jbc.M110.118976

8. Ackermann, M, Verleden, SE, Kuehnel, M, Haverich, A, Welte, T, Laenger, F, et al. Pulmonary vascular endothelialitis, thrombosis, and angiogenesis in covid-19. N Engl J Med (2020) 383:120–8. doi: 10.1056/NEJMoa2015432

9. He, H, Jiang, H, Chen, Y, Ye, J, Wang, A, Wang, C, et al. Oridonin is a covalent NLRP3 inhibitor with strong anti-inflammasome activity. Nat Commun (2018) 9:2550. doi: 10.1038/s41467-018-04947-6

10. Wang, B, Shen, C, Li, Y, Zhang, T, Huang, H, Ren, J, et al. Oridonin overcomes the gemcitabine resistant PANC-1/Gem cells by regulating GST pi and LRP/1 ERK/JNK signalling. Onco Targets Ther (2019) 12:5751–65. doi: 10.2147/OTT.S208924

11. Yang, H, Lv, H, Li, H, Ci, X, and Peng, L. Oridonin protects LPS-induced acute lung injury by modulating Nrf2-mediated oxidative stress and Nrf2-independent NLRP3 and NF-kappaB pathways. Cell Commun Signal (2019) 17:62. doi: 10.1186/s12964-019-0366-y

12. Johnston, MC, and Scott, CJ. Antibody conjugated nanoparticles as a novel form of antibody drug conjugate chemotherapy. Drug Discovery Today Technol (2018) 30:63–9. doi: 10.1016/j.ddtec.2018.10.003

13. He, Q, and Shi, J. MSN Anti-cancer nanomedicines: chemotherapy enhancement, overcoming of drug resistance, and metastasis inhibition. Adv Mater (2014) 26:391–411. doi: 10.1002/adma.201303123

14. Du, L, Robles, AJ, King, JB, Powell, DR, Miller, AN, Mooberry, SL, et al. Corrigendum: Crowdsourcing natural products discovery to access uncharted dimensions of fungal metabolite diversity. Angew Chem Int Ed Engl (2015) 54:6671. doi: 10.1002/anie.201503831

15. Irvine, DJ, and Dane, EL. Enhancing cancer immunotherapy with nanomedicine. Nat Rev Immunol (2020) 20:321–34. doi: 10.1038/s41577-019-0269-6

16. Mosquera, J, Garcia, I, and Liz-Marzan, LM. Cellular uptake of nanoparticles versus small molecules: A matter of size. Acc Chem Res (2018) 51:2305–13. doi: 10.1021/acs.accounts.8b00292

17. Zhao, H, Zeng, Z, Liu, L, Chen, J, Zhou, H, Huang, L, et al. Polydopamine nanoparticles for the treatment of acute inflammation-induced injury. Nanoscale (2018) 10:6981–91. doi: 10.1039/C8NR00838H

18. Millar, FR, Summers, C, Griffiths, MJ, Toshner, MR, and Proudfoot, AG. The pulmonary endothelium in acute respiratory distress syndrome: insights and therapeutic opportunities. Thorax (2016) 71:462–73. doi: 10.1136/thoraxjnl-2015-207461

19. Muller, WA. Transendothelial migration: unifying principles from the endothelial perspective. Immunol Rev (2016) 273:61–75. doi: 10.1111/imr.12443

20. Zhao, Y, Xiao, W, Peng, W, Huang, Q, Wu, K, Evans, CE, et al. Oridonin-loaded nanoparticles inhibit breast cancer progression through regulation of ROS-related Nrf2 signaling pathway. Front Bioeng Biotechnol (2021) 9:600579. doi: 10.3389/fbioe.2021.600579

21. Bartczak, D, and Kanaras, AG. Preparation of peptide-functionalized gold nanoparticles using one pot EDC/sulfo-NHS coupling. Langmuir (2011) 27:10119–23. doi: 10.1021/la2022177

22. Tietjen, GT, Hosgood, SA, Dirito, J, Cui, J, Deep, D, Song, E, et al. Nanoparticle targeting to the endothelium during normothermic machine perfusion of human kidneys. Sci Transl Med (2017) 9. doi: 10.1126/scitranslmed.aam6764

23. Jin, H, Pi, J, Yang, F, Jiang, J, Wang, X, Bai, H, et al. Folate-chitosan nanoparticles loaded with ursolic acid confer anti-breast cancer activities in vitro and in vivo. Sci Rep (2016) 6:30782. doi: 10.1038/srep30782

24. Xie, X, Tao, Q, Zou, Y, Zhang, F, Guo, M, Wang, Y, et al. PLGA nanoparticles improve the oral bioavailability of curcumin in rats: characterizations and mechanisms. J Agric Food Chem (2011) 59:9280–9. doi: 10.1021/jf202135j

25. Gong, PW, Du, JY, Wang, DD, Cao, BB, Tian, M, Wang, YH, et al. Fluorinated graphene as an anticancer nanocarrier: an experimental and DFT study. J Materials Chem B (2018) 6:2769–77. doi: 10.1039/C8TB00102B

26. Peng, X, Hassoun, PM, Sammani, S, Mcverry, BJ, Burne, MJ, Rabb, H, et al. Protective effects of sphingosine 1-phosphate in murine endotoxin-induced inflammatory lung injury. Am J Respir Crit Care Med (2004) 169:1245–51. doi: 10.1164/rccm.200309-1258OC

27. Ren, J, Zhou, T, Pilli, VSS, Phan, N, Wang, Q, Gupta, K, et al. Novel paracrine functions of smooth muscle cells in supporting endothelial regeneration following arterial injury. Circ Res (2019) 124:1253–65. doi: 10.1161/CIRCRESAHA.118.314567

28. Zhou, Y, Li, P, Goodwin, AJ, Cook, JA, Halushka, PV, Chang, E, et al. Exosomes from endothelial progenitor cells improve outcomes of the lipopolysaccharide-induced acute lung injury. Crit Care (2019) 23:44. doi: 10.1186/s13054-019-2339-3

29. Martin-Medina, A, Lehmann, M, Burgy, O, Hermann, S, Baarsma, HA, Wagner, DE, et al. Increased extracellular vesicles mediate WNT5A signaling in idiopathic pulmonary fibrosis. Am J Respir Crit Care Med (2018) 198:1527–38. doi: 10.1164/rccm.201708-1580OC

30. Li, Y, Kroger, M, and Liu, WK. Shape effect in cellular uptake of PEGylated nanoparticles: comparison between sphere, rod, cube and disk. Nanoscale (2015) 7:16631–46. doi: 10.1039/C5NR02970H

31. Thaunat, O. Soothing touch of CD31 protects endothelium during cellular immune responses. Proc Natl Acad Sci United States America (2015) 112:13133–4. doi: 10.1073/pnas.1517580112

32. Peng, F, Setyawati, MI, Tee, JK, Ding, X, Wang, J, Nga, ME, et al. Nanoparticles promote in vivo breast cancer cell intravasation and extravasation by inducing endothelial leakiness. Nat Nanotechnol (2019) 14:279–86. doi: 10.1038/s41565-018-0356-z

33. Weng, Z, Patel, AB, Panagiotidou, S, and Theoharides, TC. The novel flavone tetramethoxyluteolin is a potent inhibitor of human mast cells. J Allergy Clin Immunol (2015) 135:1044–52 e5. doi: 10.1016/j.jaci.2014.10.032

34. Zhou, F, Yu, T, Du, R, Fan, G, Liu, Y, Liu, Z, et al. Clinical course and risk factors for mortality of adult inpatients with COVID-19 in wuhan, China: a retrospective cohort study. Lancet (2020) 395:1054–62. doi: 10.1016/S0140-6736(20)30566-3

35. Barnes, BJ, Adrover, JM, Baxter-Stoltzfus, A, Borczuk, A, Cools-Lartigue, J, Crawford, JM, et al. Targeting potential drivers of COVID-19: Neutrophil extracellular traps. J Exp Med (2020) 217. doi: 10.1084/jem.20200652

36. Golonka, RM, Saha, P, Yeoh, BS, Chattopadhyay, S, Gewirtz, AT, Joe, B, et al. Harnessing innate immunity to eliminate SARS-CoV-2 and ameliorate COVID-19 disease. Physiol Genomics (2020) 52:217–21. doi: 10.1152/physiolgenomics.00033.2020

37. Goudsmit, J, Geelen, J, Keulen, W, Notermans, D, Kuiken, C, Ramautarsing, C, et al. Characterization of the African HIV-1 isolate CBL-4 (RUT) by partial sequence analysis and virus neutralization with peptide antibody and antisense phosphate-methylated DNA. AIDS (1990) 4:559–64. doi: 10.1097/00002030-199006000-00010

38. Veras, FP, Pontelli, MC, Silva, CM, Toller-Kawahisa, JE, De Lima, M, Nascimento, DC, et al. SARS-CoV-2-triggered neutrophil extracellular traps mediate COVID-19 pathology. J Exp Med (2020) 217. doi: 10.1084/jem.20201129

39. Xu, YX, Pindolia, KR, Janakiraman, N, Chapman, RA, and Gautam, SC. Curcumin inhibits IL1 alpha and TNF-alpha induction of AP-1 and NF-kB DNA-binding activity in bone marrow stromal cells. Hematopathol Mol Hematol (1997) 11:49–62.

40. Chu, X, Ci, X, Wei, M, Yang, X, Cao, Q, Guan, M, et al. Licochalcone a inhibits lipopolysaccharide-induced inflammatory response in vitro and in vivo. J Agric Food Chem (2012) 60:3947–54. doi: 10.1021/jf2051587

41. Kim, TW, Joh, EH, Kim, B, and Kim, DH. Ginsenoside Rg5 ameliorates lung inflammation in mice by inhibiting the binding of LPS to toll-like receptor-4 on macrophages. Int Immunopharmacol (2012) 12:110–6. doi: 10.1016/j.intimp.2011.10.023

42. Wang, X, Cummins, C, Gu, Y, Song, J, Zhou, J, and Radhakrishnan, R. Therapeutic effect of oridonin against inflammatory bowel disease involves inhibition of intestinal fibrosis via NF-κB pathway. FASEB J (2020) 34:1–1. doi: 10.1096/fasebj.2020.34.s1.06182

43. Xu, L, Li, L, Zhang, CY, Schluesener, H, and Zhang, ZY. Natural diterpenoid oridonin ameliorates experimental autoimmune neuritis by promoting anti-inflammatory macrophages through blocking notch pathway. Front Neurosci (2019) 13:272. doi: 10.3389/fnins.2019.00272

44. Liu, J, and Peng, Q. Protein-gold nanoparticle interactions and their possible impact on biomedical applications. Acta Biomater (2017) 55:13–27. doi: 10.1016/j.actbio.2017.03.055

45. Dai, Q, Walkey, C, and Chan, WC. Polyethylene glycol backfilling mitigates the negative impact of the protein corona on nanoparticle cell targeting. Angew Chem Int Ed Engl (2014) 53:5093–6. doi: 10.1002/anie.201309464

46. Ferrer, MC, Shuvaev, VV, Zern, BJ, Composto, RJ, Muzykantov, VR, and Eckmann, DM. Icam-1 targeted nanogels loaded with dexamethasone alleviate pulmonary inflammation. PloS One (2014) 9:e102329. doi: 10.1371/journal.pone.0102329

47. Almenar-Queralt, A, Duperray, A, Miles, LA, Felez, J, and Altieri, DC. Apical topography and modulation of ICAM-1 expression on activated endothelium. Am J Pathol (1995) 147:1278–88. doi: 10.1371/journal.pone.0102329

48. Luu, NT, Rainger, GE, Buckley, CD, and Nash, GB. CD31 regulates direction and rate of neutrophil migration over and under endothelial cells. J Vasc Res (2003) 40:467–79. doi: 10.1159/000074296




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


Copyright © 2023 Zhao, Jin, Lei, Bai, Pan, Wang, Zhu, Tang, Guo, Cai and Li. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fimmu-14-1163397-g003.jpg
DCFHDA Fluorescence

ORI-NPs  anti-CD31-ORI-NPs B
4

Anti-IgG-
C6-NPs

&
& .
© = e
S
€5
HUVECs 2
D
s
= _ 120
3 *
2 2.4]1" Anti-IgG-C6-NPs *k ok < 100 55
= ¥ Anti-CD31-C6-NPs °
g20 £ 80
316 ) i
510 — 2 = NPs
2 i 4 = 40 i
8 * % 2 + ORI
= =]
s 05 r S 20{* ORI-NPs
] 4 Anti-CD31-ORI-NPs
S 0.0 — 0
z 0.5h 1h 2h 3h 0 0625125 25 5 10
Concentration (ng mL™7)
LPS+Anti-CD31-
Control LPS+NPs LPS+ORI LPS+ORI-NPs ORI-NPs
§ W U\J U\J W W
=
z
=
o
o}
FITC
G
> [ Control
" LPS
2 500 600 = LPS+NPs
3 5 [ LPS+ORI
z = " LPS+ORI-NPs
=g- 600 z LPS+Anti-CD31-ORI-NPs
= ** gk 2
s — =
S 400 <
£ g
£ 200 h
£ =
£
S 0
S0





OEBPS/Images/fimmu-14-1163397-g006.jpg
~ ~
¥ ¥y

e o8

Oh 1h 24h
ORI/ORI-NPs/anti-CD31-ORI-NPs LPS Sacrifice
Administrations intratracheal instillation
LPS

H&E

staining

=
=
B
L
=
=
<
%]

Evans
blue dye

E F G
5
= & Control
P ) _ o LPS
3 3 g B LPS+NPs
2 3 5 1 LPS+ORI
é ] g I LPS+ORI-NPs
F H B LPS+Anti-CD31-ORI-NPs
]
H | J N
£ 04 1500
3 2 ) T
203 E E 11 s -t o+ o+ o+
5 ; EIWU iz +
Eo % H T ORI -~ ~ - -
Zo 5 g “vwe ORINPs -~ - -t -
3 = 1 Anti-CD31-

ORI-NPs

Fol
-

800

- - - - +
T 1
-
200 ——

TL-6 mRNA level
TNF-. mRNA level

DCFHDA Fluorescence
(geometric mean fluorescence)






OEBPS/Images/M2.jpg
oot i PPN

antibody conjugation (%) e





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Oridonin inhibits inflammation of epithelial cells via dual-targeting of CD31 Keap1 to ameliorate acute lung injury

      

        		

          Introdcution

        



        		

          Methods

        



        		

          Results

        



        		

          Discussion

        



        		

          1 Introduction

        



        		

          2 Materials and methods

        

          		

            2.1 Reagents

          



          		

            2.2 Cell culture and animals

          



          		

            2.3 Binding affinity assay

          



          		

            2.4 Preparation of ORI-loaded PLGA-PEG nanoparticles

          



          		

            2.5 Preparation of anti-CD31 antibody-conjugated PLGA-PEG nanoparticles

          



          		

            2.6 Characterization of NPs

          



          		

            2.7 ORI entrapment efficiency

          



          		

            2.8 Antibody conjugation efficiency

          



          		

            2.9 Evaluation of ORI release from NPs in vitro

          



          		

            2.10 Cellular uptake

          



          		

            2.11 Cell cytotoxicity assay

          



          		

            2.12 Murine model of LPS-induced ALI

          



          		

            2.13 In vivo NPs distribution study

          



          		

            2.14 Vascular permeability assay

          



          		

            2.15 Myeloperoxidase assay

          



          		

            2.16 Immunohistochemistry and immunocytochemistry

          



          		

            2.17 Quantitative real-time PCR analysis

          



          		

            2.18 Determination of ROS production

          



          		

            2.19 Western blot and ELISAs

          



          		

            2.20 Statistical analysis

          



        



        



        		

          3 Results

        

          		

            3.1 Keap1 is the molecular targets of ORI to mediate anti-inflammatory effect

          



          		

            3.2 Preparation and characterization of anti-CD31-ORI-NPs

          



          		

            3.3 Anti-CD31-ORI-NPs significantly enhanced anti-inflammatory effect of ORI via targeting to the endothelial cells

          



          		

            3.4 Anti-CD31-ORI-NPs selectively accumulated in the lung tissues

          



          		

            3.5 Anti-CD31-ORI-NPs increases the anti-inflammatory effect to treat ALI in vivo via selectively accumulated in the lung tissues

          



        



        



        		

          4 Discussion

        



        		

          5 Conclusion

        



        		

          Data availability statement

        



        		

          Ethics statement

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Acknowledgments

        



        		

          Conflict of interest

        



        		

          Supplementary material

        



        		

          References

        



      



      



    



  



OEBPS/Images/fimmu-14-1163397-g005.jpg
anti-CD31-C6-NPs
A

o
b C6-NPs
R

e
e
*
Ve

o
IS a

Y  anticosiabs
PLGA-PEG-COOH

Coumarin 6 (C6)

Anti-IgG-C6-NPs Anti-CD31-C6-NPs
Heart

Liver

Control
[ C6-NPs
W Anti-IgG-C6-NPs
Anti-CD31-C6-NPs

*kkk

Luminescent
area of lung %
o w
2 =
= S
S 5

=






OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fimmu-14-1163397-g001.jpg
"3 — 600pM
5 L — 800uM
H oo — 1000pM
i [dve — 1200pM
] a — 1400pM
AAA — 1600pM
00 A
0 60 120 180 240 300 360
Time(sec)
B c
ay - -
Nuclear Phalloidin Merge ORI(pg mL1) 02505 1 2
LPS(pgmLt) - + + + + +
HO-1 -——
Nrf2 b4 1§ 1

Keapl | ™ #= == == s =»

o ...

) .-..
LpS - - +
e siRNAp62 - - - )
@4 SIRNA Control - + - - - -
' 62 [r ==
ORI : B
. HO-1 L L
\— 8 = Nrf2 [*= o= o . . quy .

B-actin | e e —————

L e

B-actin | e w— - =

+ o+
#
+ + +

E F
1

ORI (pgmL) - - - - + + £
LPS (pg mL™) - - + + 4 + = i
siRNA p62 - - - + @ + E £
siRNA Control - + - - - - Q g
&

E ORI - - - - + +
. LPS - - + + + +
siRNA p62 - - -+ - o+

. »siRNA Control - + -





OEBPS/Images/fimmu-14-1163397-g002.jpg
ORI-NPs Anti-CD31-ORI-NPs

-COOH  emulsion-solvent b Y , Y
.’ + evaporation method ¢ anti-CD31
O eV S —D
@

ORI PLGA-PEG

NHS + EDC

4*\‘

D

807+ ORI-NPs
— NPs = Anti-CD31-ORI-NPs
25 ORI-NPs
— Anti-CD31-ORI-NPs

intensity (%)
—_
0 B
ORI release (%)
IS EN
S S

(54
=

100 1000 0 2 6 8 10 12 18 24 48
Size (d.nm) Time ()





OEBPS/Images/M3.jpg
cell survival rate (%)

O treatment _—
0Dt —





OEBPS/Images/logo.jpg
, frontiers | Frontiers in Immunology





OEBPS/Images/fimmu-14-1163397-g007.jpg
Yﬁ’
~

Migration and infiltration (i) Prevent migration and infiltration

(ii) Target to CD31

Endothelial cell

® ® .. o ¥

Neutrophil Endothelial cell ORI anti-CD31-ORI-NPs





OEBPS/Images/M1.jpg
‘total drug - free di
drug entrapment (%) = =~ T8-S0 100,





OEBPS/Images/fimmu-14-1163397-g004.jpg
A LPS

ORI-NPs

Nuclear F-actin

Merge

ORI-NPs

Nuclear

Nrf2

Phalloidin

Merge

Anti-CD31-ORI-NPs

Anti-CD31-ORI-NPs

VE-Cadherin

Nuclear

Merge

Control LPS

ORI (2pg mL)
LPS (Ipg mL1)

Nrf2
p62
HO-1

p-actin

ORI-NPs (2jg mL1)
LPS (Ipg mL")

Nrf2

p62

HO-1

p-actin

Anti-CD31-ORI-NPs
(2pg mLY)

LPS(Ipg mL1)
Nrf2
p62
HO-1

p-actin

LPS

NPs ORI ORI-NPs  Anti-CD31-ORI-NPs

ORI (h)
05 1 15 2 3 6 12 24

S T S S S
B e S

Ll e e = =

ORI-NPs (h)

05 1 15 2 3 6 12 24
B T T
B e S

T T e e T

e ——— —— S~

e ————

[ S S— —— — —— S— —

Anti-CD31-ORI-NPs (h)

05 1 15 2 3 6 12 24
B S
L - T T

- . G ——— . |
e ———— ——— —

o ————— ———






OEBPS/Images/table1.jpg
e Type e (n PDI Zeta Potential (mV) ORI entrapment efficiency
NPs 1616 + 3.1 0.038 + 0.002 2876 + 0.115 -
ORI-NPs 1923 0.9 0.097 +0.01 -24.00 + 0.964 71%
Anti-CD31-ORI-NPs 2172+ 1.34 0.115 + 0.16 [ 217 £0.265 68%

Values represent means + S.EM, n =






OEBPS/Images/fimmu.2023.1163397_cover.jpg
& frontiers | Frontiers in Immunology

Oridonin inhibits inflammation of epithelial
cells via dual-targeting of CD31 Keap1 to
ameliorate acute lung injury





