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Outer Membrane Vesicles Derived From Escherichia coli Regulate Neutrophil Migration by Induction of Endothelial IL-8
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Outer membrane vesicles (OMVs) are spherical, proteolipid nanostructures that are constitutively released by Gram-negative bacteria including Escherichia coli. Although it has been shown that administration of E. coli OMVs stimulates a strong pulmonary inflammatory response with infiltration of neutrophils into the lungs in vivo, the mechanism of E. coli OMV-mediated neutrophil recruitment is poorly characterized. In this study, we observed significant infiltration of neutrophils into the mouse lung tissues in vivo, with increased expression of the neutrophil chemoattractant CXCL1, a murine functional homolog of human IL-8, on intraperitoneal administration of E. coli OMVs. In addition, OMVs and CD31-positive endothelial cells colocalized in the mouse lungs. Moreover, in vitro results showed that E. coli OMVs significantly increased IL-8 release from human microvascular endothelial cells and toll-like receptor (TLR)4 was found to be the main component for recognizing E. coli OMVs among human endothelial cell-associated TLRs. Furthermore, the transmigration of neutrophils was suppressed in the lung tissues obtained from TLR4 knockout mice treated with E. coli OMVs. Taken together, our data demonstrated that E. coli OMVs potently recruit neutrophils into the lung via the release of IL-8/CXCL1 from endothelial cells in TLR4- and NF-κB-dependent manners.
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INTRODUCTION

Although Escherichia coli and other Gram-negative bacteria are normal flora in the human colon, they can induce sepsis through robustly activating the host immune system (Costerton et al., 1974; Annane et al., 2005; O’Hara and Shanahan, 2006). Sepsis-involved Gram-negative bacteria, such as E. coli, Pseudomonas aeruginosa, and Acinetobacter baumannii, can secrete outer membrane vesicles (OMVs) (Lee et al., 2007; Kwon et al., 2009; Park et al., 2010; Choi et al., 2011). OMVs are spherical bilayered nanovesicles with diameters ranging from 20 to 200 nm, and are composed of outer membrane proteins, periplasmic proteins, lipopolysaccharides (LPS), nucleic acids, and other virulence factors (Beveridge and Kadurugamuwa, 1996; Horstman and Kuehn, 2002; Kuehn and Kesty, 2005; Lee et al., 2016). OMVs elicit host immune responses by activating several sentinel cells and inducing the release of cytokines/chemokines, further promoting recruitment of inflammatory cells to the inflamed tissues (Zhang et al., 1997; Opal, 2007). Collectively, OMVs released by Gram-negative bacteria are considered to play key roles in sepsis pathogenesis (Park et al., 2010; Kim O.Y. et al., 2013).

Recent reports demonstrated that E. coli OMVs induced systemic inflammatory response syndrome (SIRS), characterized by systemic and pulmonary inflammation (Park et al., 2010; Kim J.H. et al., 2013; Jang et al., 2015). On intraperitoneal administration, E. coli OMVs are distributed to the whole mice and are accumulated in the lungs within 3 h (Jang et al., 2015). In addition, E. coli OMVs induce dysfunction of the lungs by attracting leukocytes, especially neutrophils, and increasing lung permeability and the release of cytokines in the lung tissues (Park et al., 2010; Kim J.H. et al., 2013). During lung injury, circulating neutrophils pass through the endothelial barriers, and transmigrate into the lung tissues (Wagner and Roth, 2000; Craig et al., 2009). Attracted by chemokines, circulating neutrophils first adhere to the endothelium and then transmigrate out of the vasculature into the interstitial tissues (Smith et al., 1991).

In Gram-negative bacterium-associated sepsis, endothelial cells play key roles in sensing the pathogens and recruiting leukocytes to the infected sites (Andonegui et al., 2003, 2009; Harari et al., 2006; Zhou et al., 2009). Although endothelial cells function as the primary barriers to OMVs, the mechanisms underlying OMV-induced modulation of endothelial cells to cause adhesion and transmigration of neutrophils are not fully understood. Recently, our group reported that E. coli OMVs induced upregulated expression of cell adhesion molecules in endothelial cells, facilitating neutrophil adhesion to endothelial cells (Kim J.H. et al., 2013). In addition to neutrophil adhesion, endothelial cells can produce neutrophil chemoattractants, such as IL-8 and CXCL1, with consequent transmigration of circulating neutrophils to the inflammatory lesions (Smith et al., 1991; Mohsenin et al., 2007). Endothelial cells, when stimulated with TNF-α, IL-1β, and LPS, secrete IL-8, resulting in transendomigration of neutrophils following the increasing gradient of IL-8 concentration (Huber et al., 1991; Wagner and Roth, 2000). Furthermore, endothelial cells stimulated with cytokines or LPS present IL-8 on the luminal surface to promote neutrophil adhesion (Huber et al., 1991; Middleton et al., 1997). Collectively, OMVs increase endothelial cell adhesion molecules to regulate adhesion of neutrophils (Kim J.H. et al., 2013). However, how these OMVs produce endothelial IL-8 to modulate transmigration of neutrophils is still unknown.

In this report, we provide evidence that E. coli OMVs, administered intraperitoneally, can mediate expression of a neutrophil chemoattractant CXCL1 (a murine functional homolog of human IL-8) (Mohsenin et al., 2007; Hol et al., 2010), and neutrophil transmigration into the lung tissues in vivo. To elucidate the detailed mechanisms of IL-8 induction, we used several cell types and diverse types of OMVs derived from Gram-negative bacteria. In addition, the roles of toll-like receptors (TLRs) and downstream signaling pathways in IL-8 release from endothelial cells were assessed in vitro. Finally, we determined the roles of TLR4 in OMV-induced neutrophil transmigration in vivo.

MATERIALS AND METHODS

Mice

This study was carried out in accordance with the recommendations of the Institutional Animal Care and Use Committee at Pohang University of Science and Technology, Pohang, South Korea. The protocol was approved by the Institutional Animal Care and Use Committee at Pohang University of Science and Technology (Approval number: 2011-01-0022). Wild-type and TLR4 knockout mice of the C57BL/6 background were purchased from Jackson Laboratories (Bar Harbor, ME, United States), and 6- to 8-week-old male mice were used for experiments.

Cell Culture

Human immortalized microvascular endothelial cells (HMEC-1s) and primary microvascular endothelial cells (HMVECs) were cultured in EGM-2 medium (Lonza, Walkersville, MD, United States) (Kim et al., 2002). Human lung adenocarcinoma (A459), bronchial epithelial cells (BEAS2B), monocytes (THP-1 and U937), and T cells (Jurkat and MOLT-4) were cultured in Roswell Park Memorial Institute 1640 (RPMI1640; Invitrogen, Carlsbad, CA, United States) supplemented with 10% FBS, 100 units/mL penicillin, and 0.1 mg/mL streptomycin. Mouse macrophages (RAW264.7) and fibroblasts (NIH-3T3) were cultured in Dulbecco’s modified Eagle medium (DMEM; Invitrogen) supplemented with 10% FBS, 100 units/mL penicillin, and 0.1 mg/mL streptomycin. All cells were cultured at 37°C with 5% CO2 in a humidified incubator. All cells were confirmed to be mycoplasma-free, using the e-MycoTM Mycoplasma PCR Detection Kit (iNtRON Biotechnology, Inc., Seongnam, South Korea).

Isolation and Characterization of OMVs

Escherichia coli was obtained from the peritoneal lavage fluids of mice operated with cecal ligation and puncture (Park et al., 2010), and P. aeruginosa PAO1 and A. baumannii ATCC 15150 were purchased from American Type Culture Collection (ATCC; Manassas, VA, United States). The bacteria were grown in lysogeny broth (Merck, Darmstadt, Germany) at 37°C with gentle shaking (200 rpm) until A600 = 1.5. The bacterial OMVs were purified from the bacterial culture as described previously, with some modifications (Park et al., 2010, 2013; Kim J.H. et al., 2013). The bacterial cells were centrifuged twice at 5,000 × g for 15 min at 4°C. The supernatants were filtrated with a 0.45 μm pore-sized filter, and the filtrates were concentrated using ultrafiltration using a QuixStand Benchtop System (GE Healthcare, Piscataway, NJ, United States) having a 100 kDa hollow-fiber membrane (GE Healthcare). The concentrates were further filtrated with a 0.22 μm pore-sized filter, removing any remaining cells. OMVs were isolated by ultracentrifugation of the filtrate at 150,000 × g for 3 h at 4°C and resuspended in phosphate-buffered saline (PBS). To further purify E. coli OMVs using buoyant density gradient ultracentrifugation, E. coli OMV pellets, resulting from ultracentrifugation of the filtrate at 150,000 × g for 3 h at 4°C, were resuspended in 50% iodixanol. The resuspended OMVs were applied to the bottom of density gradients (10 and 40% iodixanol) and subjected to buoyant density gradient ultracentrifugation at 200,000 × g for 2 h at 4°C. The fraction containing the purified OMVs were collected from the third fraction from the top layer and subjected to ultracentrifugation at 150,000 × g for 3 h at 4°C. The final pellets were resuspended in PBS. The protein concentrations of bacterial OMVs were quantified by the Bradford assay (Bio-Rad Laboratories, Hercules, CA, United State). OMVs diluted in PBS were aliquoted and stored at -80°C until use, as previously reported (Park et al., 2010).

The isolated OMVs were absorbed to glow discharged and carbon-coated 300-mesh copper grids (Electron Microscopy Sciences, Matfield, PA, United States). The OMV-absorbed grids were washed with deionized water and negatively stained with 2% uranyl acetate (Ted Pella, Redding, CA, United States). Electron microscopy was performed with a JEM1011 microscope (JEOL, Tokyo, Japan), at an accelerating voltage of 100 kV.

The size distribution of E. coli OMVs was measured by dynamic light scattering with Zetasizer Nano ZS (Malvern Instruments, Malvern, Worcestershire, United Kingdom). Protein samples from whole cell lysates and OMVs (5 μg in total protein amounts) were analyzed using sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS–PAGE; 10% resolving gel), followed by gel staining with Coomassie Brilliant Blue R-250 (Sigma-Aldrich, St. Louis, MO, United States).

Protein samples from whole cell lysates and OMVs (1 or 5 μg in total protein amounts for detecting OmpA or FtsZ, respectively) were subjected to SDS–PAGE (10% resolving gel) and transferred to a polyvinylidene difluoride membrane. After blocking with 5% skim milk, the membrane was incubated with a rabbit anti-OmpA (lab-made) or anti-FtsZ IgG polyclonal antibody (R&D Systems, Minneapolis, MN, United States), followed by goat anti-rabbit IgG (Santa Cruz Biotechnology, Santa Cruz, CA, United States), which were conjugated with horseradish peroxidase. A chemiluminescent substrate (iNtRON Biotechnology Inc.) was used to visualize immunoreactive bands.

The vesicular LPS was purified from E. coli OMVs (20 μg in total protein amounts) using an LPS extraction kit (iNtRON Biotechnology Inc.), according to the manufacturer’s instructions. The purified vesicular LPS was quantified with the purpald assay (Lee and Tsai, 1999).

E. coli OMV-Induced SIRS Model

Systemic inflammatory response syndrome was induced in mice by E. coli OMVs, as previously described with some modifications (Park et al., 2010). Five animals were used in each group. Briefly, E. coli OMVs (15 μg in total protein amounts) were intraperitoneally introduced into mice. At 3 or 6 h after the introduction of OMVs, a catheter was inserted into the trachea of anesthetized mice. Bronchoalveolar lavage (BAL) fluids were obtained by introducing and aspirating two successive volumes of PBS 1 mL and pooling these two volumes. After centrifugation at 2,000 × g for 10 min, the BAL fluid supernatants were stored at -80°C until use. The lungs were retrieved after whole body perfusion.

Immunohistochemistry in the Lung Tissues

The harvested lungs were fixed with 4% paraformaldehyde and embedded in paraffin. The embedded lung tissues were sectioned (4 μm thickness), and deparaffinized. The Target Retrieval Solution (DAKO, Glostrup, Denmark) was used for antigen unmasking, and the non-specific binding was blocked with the Protein Block Serum-Free blocking solution (DAKO). The lung tissue sections were incubated with primary antibodies: rat anti-NIMP-R14 (Abcam, Cambridge, United Kingdom), goat anti-CD31 (Santa Cruz Biotechnology), rabbit anti-SP-C (Santa Cruz Biotechnology), or 200 ng/mL of lab-made rabbit IgG polyclonal anti-E. coli OMVs (Jang et al., 2015). After treating with secondary antibodies conjugated with fluorescent Alexa Fluor dyes (Molecular Probes, Eugene, OR, United States), the lung tissues were counterstained with Hoechst 33258 (Sigma-Aldrich). Representative images were photographed using an FV1000 Olympus confocal microscope (Olympus, Tokyo, Japan) equipped with FV1000-ASW 3.0 software (Olympus). The number of neutrophils per field was measured by counting random fields in fluorescent images from each lung specimen.

Real-Time RT-PCR

RNA was isolated from HMEC-1 treated with PBS or E. coli OMVs (0.5 ng/mL) for 12 h, using the RNeasy Mini Kit (QIAGEN, Hilden, Germany), following the manufacturer’s protocol. Total RNA (100 ng in total amounts) was subject to amplification with the One Step SYBR RT-PCR Kit (Takara Bio Inc., Kusatsu, Japan) using the LightCycler 2.0 PCR System (Roche Diagnostics, Basel, Switzerland). Primers were designed using the Primer3 program (Untergasser et al., 2012), and the primers used for real-time RT-PCR are shown in Supplementary Table 1. Amplification was performed by heating the samples at 50°C for 2 min, then at 95°C for 10 min, followed by repeating cycles of 95°C for 15 s, 55°C for 10 s, and 72°C for 10 s, for a total of 45 cycles. The comparative Ct method was employed to relatively quantify the expression of target genes against that of a house-keeping gene GAPDH (Livak and Schmittgen, 2001).

Induction and Measurement of IL-8 or CXCL1

To investigate which cell types were the main functional targets of OMVs, various human (A549, BEAS2B, HMEC-1, HMVEC, THP-1, U937, Jurkat, and MOLT-4) and mouse cells (RAW264.7 and NIH-3T3) were plated (1 × 105 cells/well) and treated with E. coli OMVs (0.5 ng/mL in total protein concentration) in the presence of 5% FBS at 37°C for 12 h. HMEC-1 were also treated with OMVs (0.5 ng/mL in total protein concentration) from other Gram-negative bacteria (P. aeruginosa and A. baumannii) in the presence of 5% FBS at 37°C for 12 h.

To study the effects of TLR agonists on endothelial cells, human TLR agonists (InvivoGen, San Diego, CA, United States) or E. coli OMVs (0.5 ng/mL in total protein concentration) were treated to HMEC-1 (1 × 105 cells/well) in the presence of 5% FBS at 37°C for 12 h at the following concentration: TLR1/2 agonist, Pam3CSK4, 100 ng/mL; TLR2/6 agonist, FSL1, 100 ng/mL; TLR2 agonist, heat-killed Listeria monocytogenes (HKLM), 107 cells/mL; TLR3 agonist, poly (I:C), 1 μg/mL; TLR4 agonist, LPS from E. coli K-12 (LPS-EK), 10 ng/mL; TLR5 agonist, flagellin from Salmonella enterica serovar Typhimurium (FLA-ST), 100 ng/mL; TLR7 agonist, imiquimod, 100 ng/mL; TLR8 agonist, ssRNA40, 10 ng/mL; and TLR9 agonist, ODN2006, 500 nM. Furthermore, to find the role of TLR4 in IL-8 release, LPS-EK (10 ng/mL) or E. coli OMVs (10 ng/mL in total protein concentration) were treated to HMEC-1 (1 × 105 cells/well) in the presence of 5% FBS at 37°C for 12 h, with or without TLR4 antagonist [LPS from Rhodobacter sphaeroides (InvivoGen); 1 μg/mL].

To find which signaling pathways involved in IL-8 release from endothelial cells, PBS or E. coli OMVs (0.5 ng/mL in total protein concentration) were treated to HMEC-1 (1 × 105 cells/well) in the presence of 5% FBS at 37°C for 12 h with 0.05% dimethyl sulfoxide or signaling inhibitors (final concentration = 10 μM in 0.05% dimethyl sulfoxide). The signaling inhibitors were PD98059 (ERK1/2 inhibitor), SB203580 (p38 MAPK inhibitor), SP600125 (JNK inhibitor), LY294002 (PI3K inhibitor), and BAY11-7082 (NK-κB inhibitor), and they were obtained from Biomol Research Laboratories (Plymouth Meeting, PA, United States).

Quantification of human IL-8, human CXCL10, or mouse CXCL1 proteins in the culture supernatants or BAL fluid supernatants was performed using the DuoSet ELISA kit (R&D Systems), following the manufacturer’s instructions. The detection limit of human IL-8, human CXCL10, or mouse CXCL1 was 31.3–2,000 pg/mL, 7.8–500 pg/mL, and 15.6–1,000 pg/mL, respectively. Some samples that contained more human IL-8, human CXCL10, or mouse CXCL1 over the detection limit were diluted to measure human IL-8, human CXCL10, or mouse CXCL1 within the detection limit.

Uptake and Internalization of OMVs by HMEC-1

PBS or E. coli OMVs (900 μg/mL in total protein concentration) were mixed with 1 mM of DiI fluorescent dye (Molecular Probes) and incubated at 37°C for 30 min. After adding Solution R of the ExoLutE® Conditioned Medium Exosome Isolation Kit (Rosetta Exosome Inc., Seoul, South Korea), the reaction mixture was passed through a size-exclusion spun column (column S of ExoLutE®) to remove residual DiI. HMEC-1 cells (1 × 104 cells) were seeded on 0.1% gelatin-coated cover glass overnight at 37°C and incubated with the eluents from column S (DiI-labeled OMVs, 5 μg/mL in total protein concentration; free DiI, the equivalent volume of the eluents) for 3 h at 37°C. Subsequently, the cells were washed with PBS, stained with 5-chloromethyl fluorescein diacetate (10 μM, Molecular Probes), and fixed with 4% paraformaldehyde for 30 min at room temperature. Images were acquired with a confocal microscope LSM700 (Carl Zeiss, Oberkochen, Germany).

Western Blot

HMEC-1 cells (1 × 105 cells/well) were treated with E. coli OMVs (0.5 ng/mL in total protein concentration) in the presence of 5% FBS at 37°C for 0, 10, 30, 60, 120, and 360 min. Whole cell lysates (20 μg in total protein amounts) were subject to SDS–PAGE and transferred to a polyvinylidene difluoride membrane. After blocking with 5% non-fat skim milk, the membrane was incubated with mouse anti-phospho-IκB (Cell Signaling Technology, Hitchin, United Kingdom), or goat anti-β-actin (Santa Cruz Biotechnology), followed by goat antimouse IgG or donkey antigoat IgG (Santa Cruz Biotechnology), which were conjugated with horseradish peroxidase. A chemiluminescent substrate (iNtRON Biotechnology Inc.) was used to visualize immunoreactive bands, which were subsequently subjected to densitometric analysis using ImageJ software (National Institute of Mental Health, Bethesda, MD, United States1). The density of phospho-IκB bands was normalized using that of β-actin.

Statistical Analysis

All values were represented as means ± standard error means (SEM) with the indicated sample sizes. The sample sizes (n) represent technical and biological replicates in vitro studies and in vivo studies, respectively. P-values were calculated using the unpaired Student’s t-test as well as one- or two-way analyses of variance (ANOVA) with Bonferroni correction for multiple comparisons. A P-value < 0.05 was considered as statistically significant. All statistical analyses were conducted using Prism 5 software (GraphPad, La Jolla, CA, United States).

RESULTS

E. coli OMVs Increased Neutrophil Transmigration in the Murine Lungs

From the cell culture supernatants, we isolated E. coli OMVs by the combination of ultrafiltration and ultracentrifugation as previously reported (Park et al., 2010; Kim et al., 2018). When we characterized isolated E. coli OMVs with transmission electron microscopy and dynamic light scattering, E. coli OMVs had spherical bilayered vesicular structures with diameters ranging from 20 to 100 nm (Supplementary Figures 1A,B). SDS–PAGE analysis demonstrated that OMVs contain distinct proteins when compared with whole cell lysates (Supplementary Figure 1C): OMVs were enriched with outer membrane proteins such as OmpA and de-enriched with cytosolic proteins such as FtsZ (Supplementary Figure 1D). In addition, E. coli OMVs harbored 75 ng of LPS per 100 ng of OMV proteins (Park et al., 2010).

We first investigated the mechanisms by which E. coli OMVs regulate neutrophil transmigration out of the vascular spaces into the alveolar interstitial tissues, on intraperitoneal administration into mice. At 6 h after OMV administration, the majority of neutrophils were found in the alveolar interstitial tissues, whereas a minority of neutrophils were found within the vasculature (Figure 1A). In addition, we observed that the total number of neutrophils infiltrating the lung tissues was significantly increased in response to OMVs (Figures 1B,C). The concentration of the murine functional homolog of human IL-8, CXCL1, which is a neutrophil chemoattractant, was increased in the BAL fluid (Figure 1D). Our results demonstrated that E. coli OMV-induced neutrophil transmigration in the lungs was associated with the increased release of CXCL1 in the BAL fluid as a consequence of treatment with OMVs.
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FIGURE 1. Neutrophil transmigration in murine lungs induced by E. coli OMVs. Wild-type mice were intraperitoneally administered with either PBS or E. coli OMVs (15 μg in total protein amounts per mouse). Five animals were used in each group. Different groups of mice administered with either PBS or OMVs were killed at 6 h after OMV administration, and the lung tissues as well as BAL fluids were obtained from the five mice. (A–C) The lung sections of five mice were immunostained with anti-NIMP-R14 (green; neutrophils) and anti-CD31 (red; endothelial cells) antibodies (A), or anti-NIMP-R14 (green; neutrophils) and anti-SP-C (red; lung epithelial cells) antibodies (B). The sections were then counterstained with Hoechst 33258 (blue; nuclei). Representative fluorescence images are shown here. Scale bars = 50 μm. The number of neutrophils per field was counted from five confocal microscopy images obtained from the lung sections of five mice (C). (D) The concentration of CXCL1 was measured in the BAL fluid by ELISA (n = 5). Data were represented as mean ± SEM. ∗∗∗P < 0.001, calculated by unpaired Student’s t-test.



Endothelial Cells Were Main Functional Targets of OMVs

We next attempted to identify the main functional target cells of E. coli OMVs. At 3 h after OMV administration, E. coli OMV components were colocalized extensively with CD31-positive endothelial cells (Figure 2A), suggesting that endothelial cells could be the cell targets that avidly uptake OMVs in the circulation. This result also suggests that OMVs might migrate to the lung tissues via the blood vessels by functional interaction with endothelial cells. Next, we treated various doses of E. coli OMVs to diverse cell types: epithelial cells (A549 and BEAS2B), endothelial cells (HMEC-1 and HMVEC), monocytes (THP-1 and U937), T cells (Jurkat and MOLT-4), macrophages (RAW264.7), and fibroblasts (NIH-3T3). We measured human IL-8 from the culture supernatants of human A549, BEAS2B, HMEC-1, HMVEC, THP-1, U937, Jurkat, and MOLT-4 cells, and mouse CXCL1 (a murine functional homolog of human IL-8; Mohsenin et al., 2007) from those of mouse RAW264.7 and NIH-3T3 cells. Although the concentrations of human IL-8 or mouse CXCL1 were significantly increased in the culture supernatants of several cell types in dose-dependent manners, human endothelial cells were most prominent among them (Supplementary Figure 2). Indeed, when the several types of cells were exposed to the same concentration of E. coli OMVs (0.5 ng/mL in total protein concentration), the concentrations of IL-8 reached extremely high levels in endothelial cells (Figure 2B). In addition, IL-8 release from endothelial cells was also induced by OMVs from other Gram-negative bacteria, such as P. aeruginosa and A. baumannii (Figure 2C). We also found that the concentration of human CXCL10 was also increased in the conditioned media of HMEC-1 exposed to E. coli OMVs (0.5 ng/mL in total protein concentration) in a time-dependent manner (Figure 2D). Taken together, these results suggest that endothelial cells might be functional targets of OMVs in the lung tissue, and respond to OMVs by releasing IL-8.
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FIGURE 2. Endothelial cells as main functional targets of OMVs. (A) Wild-type mice were intraperitoneally administered with either PBS or E. coli OMVs (15 μg in total protein amount per mouse). Five animals were used in each group. At 3 h after OMV administration, the lung tissues were retrieved. The lung sections of five mice were immunostained with anti-OMVs (green; E. coli OMVs) and anti-CD31 (red; endothelial cells) antibodies. Representative fluorescence images are shown here. Scale bars = 30 μm. White arrows indicate E. coli OMV-positive endothelial cells. (B) After treating E. coli OMVs (0.5 ng/mL in total protein concentration) to various human (A549, BEAS2B, HMEC-1, HMVEC, THP-1, U937, Jurkat, and MOLT-4) and mouse cells (RAW264.7 and NIH-3T3), the concentrations of human IL-8 or mouse CXCL1 were measured in the culture supernatants by ELISA (n = 3). (C) After treating various OMVs (E. coli, P. aeruginosa, and A. baumannii OMVs; 0.5 ng/mL in total protein concentration) to human HMEC-1 endothelial cells, the concentration of human IL-8 was measured in the culture supernatants by ELISA (n = 3). (D) After treating E. coli OMVs (0.5 ng/mL in total protein concentration) to human HMEC-1 endothelial cells, the concentrations of human CXCL10 were measured in the culture supernatants by ELISA (n = 3). Data were represented as mean ± SEM. ∗∗P < 0.01 and ∗∗∗P < 0.001, respectively, calculated by two-way (B,D) or one-way ANOVA (C) with Bonferroni correction for multiple comparisons.



TLR4 and NF-κB Were Involved in IL-8 Release From OMV-Stimulated Endothelial Cells

We next investigated the mechanisms underlying IL-8 release from endothelial cells. When HMEC-1 were incubated with DiI-labeled E. coli OMVs, we found strong red fluorescent signals indicating DiI in the cytoplasm of HMEC-1 (Figure 3 and Supplementary Figure 3). These results indicate that HMEC-1 uptake and internalize E. coli OMVs. Because endothelial cells were known to express TLRs, particularly TLR4, which recognizes LPS on Gram-negative bacteria and OMVs (Faure et al., 2000), we measured the mRNA expression of TLRs, MD2 [a coreceptor cooperating with TLR4 to bind LPS (Shimazu et al., 1999)], and CD14 in HMEC-1. Real-time RT-PCR revealed that TLR4 and MD2 were expressed at higher levels than other TLRs, CD14, and cytosolic NOD receptors (NOD1 and NOD2) in HMEC-1 (Figure 4A). Furthermore, we observed that the expression of TLR4 and MD2 was a little upregulated in HMEC-1 at 12 h after exposed to 0.5 ng/mL of E. coli OMVs (Figure 4A). Although expression levels of NOD1 and NOD2 in HMEC-1 are extremely low (Figure 4A), OMVs derived from Gram-negative bacteria such as Helicobacter pylori, P. aeruginosa, and Neisseria gonorrhoeae activate NF-κB of intestinal epithelial cells in an NOD1-dependent manner (Kaparakis et al., 2010). Thus, further studies to elucidate endothelial NOD1/NOD2 pathways in OMV-mediated neutrophil recruitment in the lung would be valuable. To characterize TLR functions in HMEC-1, we treated various TLR agonists to HMEC-1 and observed that IL-8 release was most significantly increased by treating with LPS-EK, a TLR4 agonist (Figure 4B). This result was corroborated by the suppression of IL-8 release by E. coli OMVs or LPS-EK in the presence of a TLR4 antagonist (Figure 4C). In addition, we observed that E. coli ΔmsbB mutant OMV-treated HMEC-1 did not produce significant amounts of IL-8, whereas high levels of IL-8 were produced by E. coli wild-type OMV-treated cells (Figure 4D). As E. coli ΔmsbB mutant has impaired lipid A structure due to the deletion of gene encoding lipid A acyltransferase (msbB), E. coli ΔmsbB mutant OMVs cannot stimulate TLR4 (Somerville et al., 1999; Kim et al., 2009, 2017). These results lead us to the conclusion that E. coli OMVs induce IL-8 release from endothelial cells via TLR4.
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FIGURE 3. Internalization of OMVs into endothelial cells. Uptake and internalization of free DiI control or DiI-labeled E. coli OMVs (red fluorescent signal) by HMEC-1 labeled with 5-chloromethylfluorescein (CMFDA, green fluorescent signal) was examined using a confocal microscopy. Representative three-dimensional fluorescence images are shown here. Scale bars = 5 μm. Note that free DiI control or DiI-labeled E. coli OMVs were prepared by a size-exclusion spun column to remove residual DiI: free DiI control itself does not contain any fluorescent signal. Low magnificent two-dimensional fluorescence images and high magnificent two-dimensional fluorescence images with representative three-dimensional fluorescence images are shown in Supplementary Figure 3.
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FIGURE 4. The roles of TLR4 and NF-κB in IL-8 release from OMV-stimulated endothelial cells. (A) Total RNA was isolated from HMEC-1 treated with PBS or E. coli OMVs (0.5 ng/mL) for 12 h, and mRNA expression of TLRs (TLR1–TLR9), MD2, CD14, NOD1, and NOD2 were analyzed by real-time RT-PCR (n = 3). Fold changes were calculated by dividing the expression of each gene by that of GAPDH. (B) HMEC-1 was treated with E. coli OMVs (0.5 ng/mL in total protein concentration) or TLR agonists for 12 h, and the concentrations of IL-8 were quantified in the culture supernatants by ELISA (n = 3). Human TLR agonists were used as follows: TLR1/2 agonist, Pam3CSK4, 100 ng/mL; TLR2/6 agonist, FSL1, 100 ng/mL; TLR2 agonist, HKLM, 107 cells/mL; TLR3 agonist, poly (I:C), 1 μg/mL; TLR4 agonist, LPS-EK, 10 ng/mL; TLR5 agonist, FLA-ST, 100 ng/mL; TLR7 agonist, imiquimod, 100 ng/mL; TLR8 agonist, ssRNA40, 10 ng/mL; and TLR9 agonist, ODN2006, 500 nM. (C) PBS, E. coli OMVs (10 ng/mL in total protein concentration), or LPS-EK (10 ng/mL) were treated to HMEC-1, with or without TLR4 antagonist (1 μg/mL) for 12 h, and the concentrations of IL-8 were measured in the culture supernatants by ELISA (n = 3). (D) Various concentrations (0, 0.01, 0.1, 1, and 10 ng/mL in total protein concentrations) of E. coli W3110 wild-type OMVs or E. coli W3110 ΔmsbB mutant OMVs were treated to HMEC-1 for 12 h, and the concentrations of IL-8 were measured in the culture supernatants by ELISA. (E) PBS or E. coli OMVs (0.5 ng/mL in total protein concentration) were treated to HMEC-1 for 12 h with 0.05% dimethyl sulfoxide (–) or the following signaling inhibitors (final concentration = 10 μM in 0.05% dimethyl sulfoxide): PD98059 (ERK1/2 inhibitor), SB203580 (p38 MAPK inhibitor), SP600125 (JNK inhibitor), LY294002 (PI3K inhibitor), and BAY11-7082 (NK-κB inhibitor), and the concentrations of IL-8 were measured in the culture supernatants by ELISA (n = 3). (F) PBS or E. coli OMVs (0.5 ng/mL in total protein concentration) were treated to HMEC-1 for 12 h with various concentrations of BAY11-7082 (0, 0.1, 1, 5, and 10 μM), and the concentrations of IL-8 were measured in the culture supernatants by ELISA (n = 3). (G,H) HMEC-1 were treated with PBS or E. coli OMVs (0.5 ng/mL in total protein concentration) for 0, 10, 30, 60, 120, or 360 min. Whole cell lysates (20 μg in total protein amount) were subjected to analyzing the expression of phosphorylated-IκB (P-IκB) and β-actin by Western blot. The representative blot of two independent experiments (G) and the average values of the relative ratios calculated by dividing the densitometry quantification values for P-IκB by those of β-actin (H). (I) Various concentrations (0, 0.01, 0.1, 1, 10, and 100 ng/mL) of E. coli LPS, OMVs-UC, or OMVs-BDG were treated to HMEC-1 for 12 h, and the concentrations of IL-8 were measured in the culture supernatants by ELISA. LPS, LPS isolated from E. coli; OMVs-UC, OMVs isolated by the combination of ultrafiltration and ultracentrifugation (UC); OMVs-BDG, OMVs isolated by the combination of ultrafiltration, ultracentrifugation, buoyant density gradient ultracentrifugation (BDG), and ultracentrifugation. (J) Wild-type mice were intraperitoneally administered with PBS, E. coli LPS (11.25 μg per mouse), or E. coli OMVs-UC (15 μg in total protein amounts per mouse) or E. coli OMVs-BDG (15 μg in total protein amounts per mouse). Five mice were used for each group. At 6 h after administration, the mice were killed. The BAL fluids were retrieved, and the concentration of CXCL1 was measured in the BAL fluid by ELISA (n = 5). Data were represented as mean ± SEM. ns, non-significant; ∗∗P < 0.01; ∗∗∗P < 0.001, calculated by one-way (B,H,J) or two-way ANOVA (A,C–F) with Bonferroni correction for multiple comparisons.



We further investigated to determine which signaling pathways are associated with E. coli OMV-induced IL-8 release from endothelial cells, using inhibitors of various signaling pathways (Figure 4E). PD98059 (ERK1/2 inhibitor) and LY294002 (PI3K inhibitor) did not suppress OMV-induced release of IL-8. SB203580 (p38 MAPK inhibitor) and SP600125 (JNK inhibitor) slightly attenuated IL-8 release, whereas BAY11-7082 (NK-κB inhibitor) completely abrogated OMV-induced IL-8 release (Figure 4E). BAY11-7082 dose-dependently inhibited IL-8 release (Figure 4F). Because phosphorylation of the NF-κB inhibitor IκB is a prerequisite for IκB degradation and consequent NF-κB activation (Karin and Ben-Neriah, 2000; Shimada and Rajagopalan, 2010), we treated HMEC-1 with E. coli OMVs and found that E. coli OMVs significantly increased IκB phosphorylation within an hour (Figures 4G,H). These results indicate that NF-κB is involved in propagating TLR4 signaling pathways toward IL-8 release from OMV-stimulated endothelial cells.

To exclude the possibility that our in vitro and in vivo observed biological activities of OMVs isolated by the combination of ultrafiltration and ultracentrifugation are derived from non-vesicular potential contaminants such as flagella, fimbria, pili, LPS, and large protein complexes/aggregates (Kulp and Kuehn, 2010; Klimentová and Stulík, 2015), we further isolated OMVs by the combination of ultrafiltration, ultracentrifugation, buoyant density gradient ultracentrifugation, and ultracentrifugation (OMVs-BDG), as previously reported (Kim et al., 2017). Similarly with E. coli OMVs isolated by the combination of ultrafiltration and ultracentrifugation (OMVs-UC; Supplementary Figure 1), E. coli OMVs-BDG had spherical bilayered vesicular structures with diameters ranging from 20 to 100 nm (Supplementary Figures 4A,B). In addition, E. coli OMVs-BDG were enriched with outer membrane proteins such as OmpA and de-enriched with cytosolic proteins such as FtsZ (Supplementary Figure 4C). However, E. coli OMVs-BDG harbored 102 ng of LPS per 100 ng of OMV proteins, whereas 100 ng of E. coli OMVs-UC harbored 75 ng of LPS. In vitro experiments showed that E. coli OMVs-BDG were more potent than E. coli OMVs-UC in inducing IL-8 release from HMEC-1 (Figure 4I). On intraperitoneal administration into a mouse, E. coli OMVs-UC were slightly more potent than E. coli OMVs-BDG in inducing CXCL1 from the BAL fluid (Figure 4J). Furthermore, non-vesicular free LPS isolated from E. coli was much less potent than both E. coli OMVs-UC and OMVs-BDG (Figures 4I,J). Taken together, all these observations suggested that our observed biological activities of OMVs isolated by the combination of ultrafiltration and ultracentrifugation are not mainly derived from the non-vesicular potential contaminants, especially non-vesicular free LPS.

OMV-Induced Neutrophil Transmigration in the Murine Lungs Was Suppressed in TLR4 Knockout Mice

Escherichia coli OMVs induced IL-8 release from endothelial cells in a TLR4-dependent manner in vitro, and IL-8 can induce neutrophil transendothelial migration (Smith et al., 1991). Thus, we determined whether OMV-induced neutrophil transmigration in the lungs was impaired in TLR4 knockout mice. We observed that neutrophils were mostly located in the alveolar interstitial tissues of wild-type mice, whereas few if any neutrophils were found in the same tissues of TLR4 knockout mice (Figure 5A). In addition, we found that on OMV administration, the number of neutrophils infiltrating the lung tissues was significantly decreased in TLR4 knockout versus wild-type mice (Figures 5A,B). The concentration of CXCL1 in the BAL fluid was also significantly decreased in TLR4 knockout mice, when compared with wild-type mice (Figure 5C). Our results demonstrated that TLR4 is important in OMV-induced neutrophil transmigration in the lungs and the release of CXCL1 in the BAL fluid.


[image: image]

FIGURE 5. Suppression of OMV-induced neutrophil transmigration in murine lungs of TLR4 knockout mice. Wild-type and TLR4 knockout mice were intraperitoneally administered with PBS or E. coli OMVs (15 μg in total protein amount) for 6 h. Five animals were used in each group. (A,B) The lung sections of five mice at 6 h after E. coli OMV introduction were immunostained with anti-NIMP-R14 (green; neutrophils) and anti-CD31 (red; endothelial cells) or anti-SP-C (red; lung epithelial cells) antibodies, and counterstained with Hoechst 33258 (blue; nuclei). Representative fluorescence images are shown here. Scale bars = 50 μm. The number of neutrophils per field was counted from five confocal microscopy images obtained from the lung sections of five mice (B). (C) The concentration of CXCL1 was measured in the BAL fluid by ELISA (n = 5). Data were represented as mean ± SEM. ∗∗∗P < 0.001, calculated by two-way ANOVA with Bonferroni correction for multiple comparisons.



DISCUSSION

We have previously demonstrated that E. coli OMVs induce neutrophilic inflammation in the lungs (Park et al., 2010; Jang et al., 2015) and upregulate the expression of cell adhesion molecules in the lung endothelium (Kim J.H. et al., 2013). However, the molecular mechanisms by which OMVs recruit neutrophils and allow them to adhere and transmigrate into the lung tissues are not well understood. In this study, we demonstrated that E. coli OMVs induce expression of the neutrophil chemoattractant CXCL1, a murine functional homolog of human IL-8, and transmigration of neutrophils into the lung tissues in vivo. E. coli OMVs significantly increased IL-8 release from human endothelial cells in vitro in a TLR4- and NK-κB-dependent manner. Finally, CXCL1 induction and the transmigration of neutrophils into the lung tissues were remarkably diminished in TLR4 knockout mice.

Circulating neutrophils migrate into the lung tissues during bacterium-induced acute lung injury and mediate the lung damage (Martin, 2002; Craig et al., 2009). The lung damage can be reduced by depleting neutrophils or blocking neutrophil chemoattractants, suggesting that neutrophil trafficking into the lungs is crucial in acute lung injury (Craig et al., 2009). Neutrophil chemoattractants are produced by resident cells, such as endothelial cells, epithelial cells, and alveolar macrophages, as well as infiltrating leukocytes (Huber et al., 1991; Middleton et al., 1997). In the lung tissues, the source of IL-8 depends on the types of cells interacting with bacteria or with their components for the first time. For instance, during lower respiratory tract bacterial infection, alveolar epithelial cells and macrophages release chemoattractants for neutrophils, on interacting with bacteria (Mizgerd and Skerrett, 2008). Similarly, P. aeruginosa OMVs can activate alveolar macrophages after intranasal administration into mice and subsequently induce expression of CXCL1 and infiltration of neutrophils into the lung tissues (Park et al., 2013). Unlike pulmonary inflammation, endothelial cells are the first cells to encounter bacteria in sepsis (Peters et al., 2003). In the E. coli OMV-induced SIRS model, a significant amount of OMVs were detected in the blood and lungs at 3 h after intraperitoneal administration of OMVs (Jang et al., 2015). In this study, we showed that E. coli OMVs were colocalized with CD31-positive lung endothelial cells on intraperitoneal administration. Subsequently, OMV-stimulated endothelial cells produce CXCL1, allowing circulating neutrophils to adhere and transmigrate across the endothelium toward an increasing gradient of CXCL1. Additional in vitro experiments showed that E. coli OMVs were taken up and internalized by HMEC-1.

Outer membrane vesicles are enriched with a variety of pathogen-associated molecular patterns, including lipoproteins, LPS, flagellin, and CpG DNA, most of which are TLR ligands (Ellis et al., 2010). These TLR ligands are recognized by diverse sentinel cells, triggering the rapid release of cytokines and chemokines, paralleled by increased expression of cell adhesion molecules (Akira and Takeda, 2004; Meylan et al., 2006). In particular, these cytokines and chemokines are necessary for the transmigration of circulating leukocytes to the infection sites and for the removal of pathogens (Agace et al., 1995; Aird, 2003). In addition, upregulation of cell adhesion molecules, such as intercellular adhesion molecule-1 (ICAM-1) and E-selectin, enhances the adhesion of leukocytes to the endothelium (Haraldsen et al., 1996; Ley et al., 2007). OMVs derived from Porphyromonas gingivalis or E. coli increased the expression of ICAM-1 and E-selectin, resulting in neutrophil infiltration into the inflamed tissues (Srisatjaluk et al., 1999; Kim J.H. et al., 2013). Moreover, OMVs triggered the release of TNF-α, IL-6, IL-1β, and IL-8 from epithelial cells, macrophages, and dendritic cells (Ismail et al., 2003; Bauman and Kuehn, 2006; Alaniz et al., 2007; Ellis et al., 2010). However, only a few studies have investigated the functional roles of OMV-induced cytokines/chemokines, and as far as we know, there are no reports regarding OMV-induced release of IL-8 from endothelial cells. In this study, we demonstrated that E. coli OMVs increased the release of IL-8/CXCL1 from endothelial cells, which were responsible for neutrophil transmigration. It has been shown that E. coli can induce IL-8 expression in endothelial cells (Galanakis et al., 2006) and IL-8 can induce neutrophil transendothelial migration (Smith et al., 1991). Thus, as observed with E. coli OMVs, we can speculate that live E. coli can recruit neutrophils into the lungs by stimulation of endothelial CXCL1 release. Future studies to determine the physiological concentration of OMVs during infections may help us to further understand the role of OMVs and their relations with bacteria in clinical diseases (Park et al., 2013).

Unlike other cells, endothelial cells predominantly express TLR4, which can activate both MyD88-dependent and -independent pathways (Andonegui et al., 2003, 2009). After binding of LPS, TLR4 stimulates the early and late activation of NF-κB, resulting in the production of TNF-α, IL-8, CXCL1, and ICAM-1 (Dauphinee and Karsan, 2006; Kagan et al., 2008; Gais et al., 2012). In addition, endothelial TLR4 can stimulate other signaling pathways, such as ERK1/2, p38 MAPK, and JNK, to produce cytokines and chemokines (Dauphinee and Karsan, 2006). In this study, E. coli OMVs induced IL-8 release, predominantly by NF-κB activation. Moreover, TLR4 inhibition completely blocked IL-8 release in OMV-stimulated human endothelial cells and the release of CXCL1 in the BAL fluid of mice treated with E. coli OMVs. Therefore, we showed the importance of OMV-associated LPS and TLR4 on endothelial cells in OMV-induced production of neutrophil chemoattractants, although it is possible that internalized OMVs can also activate non-canonical inflammasomes and cytokine release via host guanylate-binding proteins in a TLR4-independent manner (Santos et al., 2018).

In summary, our study revealed that E. coli OMVs potently stimulate expression of IL-8/CXCL1 in the lung endothelium via TLR4- and NF-κB-dependent pathways, resulting in neutrophil transmigration into the inflamed tissues. Our findings will improve the understanding of the proinflammatory activities of OMVs in vascular inflammation by bacterial infection.
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