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Delivery of Periodontopathogenic Extracellular Vesicles to Brain Monocytes and Microglial IL-6 Promotion by RNA Cargo
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Gram-negative bacterial extracellular vesicles (EVs), also known as outer membrane vesicles (OMVs), are secreted from bacterial cells and have attracted research attention due to their role in cell-to-cell communication. During OMV secretion, a variety of cargo such as extracellular RNA (exRNA) is loaded into the OMV. The involvement of exRNAs from a range of bacteria has been identified in several diseases, however, their mechanism of action has not been elucidated. We have recently demonstrated that OMVs secreted by the periodontopathogen Aggregatibacter actinomycetemcomitans can cross the blood–brain barrier (BBB) and that its exRNA cargo could promote the secretion of proinflammatory cytokines in the brain. However, it was unclear whether the brain immune cells could actually take up bacterial OMVs, which originate outside of the brain, in an appropriate immune response. In the present study, using monocyte-specific live CX3CR1-GFP mice, we visualized OMV-colocalized meningeal macrophages and microglial cells into which bacterial OMVs had been loaded and intravenously injected through tail veins. Our results suggested that meningeal macrophages uptake BBB-crossed OMVs earlier than do cortex microglia. BV2 cells (a murine microglia cell line) and exRNAs were also visualized after OMV treatment and their proinflammatory cytokine levels were observed. Interleukin (IL)-6 and NF-κB of BV2 cells were activated by A. actinomycetemcomitans exRNAs but not by OMV DNA cargo. Altogether, these findings indicate that OMVs can successfully deliver exRNAs into brain monocyte/microglial cells and cause neuroinflammation, implicating a novel pathogenic mechanism in neuroinflammatory diseases.
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INTRODUCTION

Bacterial extracellular vesicles (EVs), also known as outer membrane vesicles (OMVs) in gram-negative bacteria, are around 10–300 nm sized particles released during all growth stages (Bonnington and Kuehn, 2014). Extracellular RNAs (exRNAs) are RNAs that are incorporated in EVs, which can transport them to other cells. Moreover, as bacterial exRNAs are well protected by EV membranes from the harsh milieu outside of cells, they have been suggested to function as intercellular communication molecules (Choi et al., 2017a; Das et al., 2019). Not only RNAs but also various types of cargo such as proteins, DNA, and lipids are transported by EVs, however, RNAs have gained more research attention due to their sustained biological activities in recipient cells (Lee, 2019). In addition, a recent study suggested the potential involvement of bacterial exRNAs in systemic diseases and their use as biomarkers (Lee, 2020). The majority of exRNAs in OMVs are small RNAs in the size range of 15 and 40 nucleotides (nts) (Ghosal et al., 2015), similar in size to eukaryotic microRNAs (miRNAs) or miRNA-sized small RNAs (msRNAs) in bacteria, implying their regulatory role in host cells (Lee and Hong, 2012; Kang et al., 2013; Blenkiron et al., 2016; Koeppen et al., 2016). Although their precise mechanism of action has not been clearly elucidated, microbial exRNAs are known to have certain roles in host gene regulation, immune response, and diseases (see the review Lee, 2020). For these reasons, the degree of penetration of bacterial EVs to tissues and organs from circulation in the blood from their originated bacterial residency remains an important question to uncover the function of bacterial exRNAs and their relationship with systemic diseases.

A previous short report asserted that intracisternally inoculated Haemophilus influenzae type b OMVs could increase the permeability of BBB in rat, which was tested by using radioisotope-labeled albumin (Wispelwey et al., 1989), but it was not clear whether OMVs themselves could actually cross the BBB until our recent demonstration of the evidence (Han et al., 2019). We reported that OMVs from the periodontopathogen Aggregatibacter actinomycetemcomitans (Aa) could cross the BBB after intracardiac injection, being detectable in the cortex of mice by using brain clearance technique. Furthermore, we observed that exRNAs contained in the Aa OMVs activate TNF-α in the mouse brain cortex (Han et al., 2019). However, it was not clear what type of brain cells were responsible for promoting the production of TNF-α by Aa exRNAs even though the exRNAs of Aa increased the expression of TNF-α in the activated human-macrophage-like cells.

Mononuclear phagocytes, i.e., monocytes and macrophages, are key players in protective immunity and homeostasis (Ginhoux and Jung, 2014). Microglial cells are resident monocytes/macrophages in the central nervous system (CNS) whose primary role as immune defense against infection is critical in modulating neuroinflammation as well as the development of several neurodegenerative disorders such as Alzheimer’s disease (AD) (Block et al., 2007; Ginhoux et al., 2013; Li and Barres, 2018).

In the present study, to explore the neuroinflammatory effect of pathogenic OMVs, we characterize how intravenously injected Aa OMVs can be taken up by monocyte-derived cells using intravital imaging analysis of monocyte marker-expressing CX3CR1-GFP knock-in mice. Tail-vein-injected OMVs and exRNA cargo were delivered into meningeal macrophages and cortex microglial cells in a time-sequential manner. Moreover, analysis of the effect of Aa exRNAs on the murine microglial BV2 cell line showed that a proinflammatory cytokine other than TNF-α, Interleukin (IL)-6, is promoted in microglia cells by Aa exRNAs. We anticipate that our results will shed light on the novel mechanisms underlying immune signals to the brain in response to systemic pathogenic infection.



MATERIALS AND METHODS


Culture

A. actinomycetemcomitans (Aa, ATCC 33384) was inoculated on brain heart infusion (BHI; Difco, Sparks, MD, United States) agar plates in an anaerobic incubator. After 24 h, the colonies were picked and cultured in BHI media for 48 h. Picked colonies were also checked for ribosomal DNA to avoid any contamination. The anaerobic incubator was maintained at 37°C in 5% CO2, 5% H2, and 90% N2. Aa were grown anaerobically in BHI until the desired optical density (OD) was reached (around 0.7 of OD600).

Supernatants were collected for OMV purification and bacterial pellets were collected for RNA isolation and purity evaluation.

The BV2 cells, mouse macrophage-like microglial brain cells, were maintained on 6-well plates with 5× 105 cells per well in DMEM medium supplemented with 10% FBS and 100 IU/ml penicillin G. The complete medium was changed three times a week.



Animals

The G-protein-coupled receptor CX3CR1 is expressed in human monocytes, and CX3CR1-GFP transgenic mice are widely used in studies on microglial cells (Jung et al., 2000). The CX3CR1-GFP mice (B6.Cg-Ptprca Cx3cr1tm1Litt/LittJ, The Jackson Laboratory, Bar Harbor, ME, United States) were housed in accordance with the standard guidelines for the care and use of laboratory animals, the animal protocols having been approved by the Institutional Animal Care and Use Committee (IACUC) of the Korean Advanced Institute of Science and Technology (KAIST, Daejeon, South Korea) for the company IVIM Technology (Daejeon, South Korea). All mice underwent surgery under anesthesia, and all efforts were made to minimize their suffering. Mice were individually housed in ventilated, temperature- and humidity-controlled cages (22.5°C, 52.5%) under a 12:12 h light:dark cycle and provided with standard diet and water ad libitum.



OMV Sample Preparation

Aa OMV samples were prepared as previously described (Han et al., 2019). Briefly, OMVs were obtained from the filtered and concentrated supernatant using ExoBacteria OMV Isolation Kits (SBI, Mountain View, CA, United States) according to the manufacturer’s protocol. The isolated OMVs were treated with 1 μl of RNase A (1 U/μl, Thermo Fisher Scientific, Wilmington, DE, United States) and DNase I (2 U/μl, Thermo Fisher Scientific) to make a 1.5 ml volume of the OMVs, which was then incubated at 37°C for 25 min. This was done to remove any residual nucleic acids in the OMV preparation. The OMVs were purified again using the ExoBacteria OMV Isolation Kits to get rid of unnecessary remained enzymes. Transmission electron micrographs (TEM) of Aa OMVs (pre-purification and purified) were compared in Supplementary Figure S1.

For physical lysis, the OMVs were frozen and thawed five times followed by sonication using a sonicator (100 W and 20 KHz; KSC-100 portable ultrasonicator, Korea Process Technology, Seoul, South Korea) for 30 s and then placed on ice for 30 s. Subsequently, 1 μl of RNase A and/or DNase I was added to 1 ml of the lysed OMVs and incubated at 37°C for 25 min. The purified OMVs were checked for sterility by spreading 10 μl of the purified OMVs on BHI agar plates for 3–4 days and stored at −80°C until use.

For staining, the OMVs (resuspended in 100 μl in PBS, without calcium and magnesium; GE Healthcare Bio-Sciences, Pittsburgh, PA, United States) were incubated with 2 μM SYTO RNASelect Green Fluorescent Cell Stain Kit (Thermo Fisher Scientific) and/or 10 μM red fluorescent Lipophilic Tracer DiD (1,1’-dioctadecyl-3, 3, 39, 39-tetramethylindodicarbocyanine, 4-chlorobenzenesulfonate salt; Thermo Fisher Scientific) for 1 h at 37°C. The samples were washed once with PBS followed by ultracentrifugation at 150,000 × g for 1 h at 4°C.

Both intact OMVs and lysed OMVs were analyzed for lipopolysaccharide (LPS) concentrations, for which the Pierce LAL Chromogenic Endotoxin Quantitation Kit (Thermo Fisher Scientific) was used according to the manufacturer’s instructions.



OMV Analysis

The OMVs underwent nanoparticle tracking analysis using the NanoSight system (NanoSight NS300; Malvern Panalytical, Malvern, United Kingdom) according to the manufacturer’s protocols. Samples were diluted 100 times in a total volume of 1 ml of PBS. PBS was introduced into the chamber using a 1 ml syringe and assessed whether it was free from particles and whether the chamber was clean (i.e., no light scattering). Particle size was measured based on Brownian movement and particle concentration was quantified in each sample. Protein quantification of OMVs and OMV lysates were done using Bradford reagent (Bio-Rad, Hercules, CA, United States) and the NanoSight system as previously described (Han et al., 2019).



Intravital Imaging

Three weeks before intravital imaging, cranial window surgery of CX3CR1-GFP mice was accomplished according to a previously published protocol (Holtmaat et al., 2009). Briefly, the skin and skull were removed followed by drilling to remove the cranial bone. The exposed brain was covered by glass, and dental cement was applied on the top of the skull and part of the cover glass, sealing off the exterior. All the exposed skull and wound edges were covered with dental cement. The strategy used for the intravital image acquisition of Aa OMV-injected mice is depicted in Figure 1A. Mice were housed for 3 weeks for stabilization before conducting intravital imaging.
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FIGURE 1. Delivery of Aa OMVs into microglial cells. (A) Schematic diagram of intravital imaging process performed in this study. (B) Nanoparticle tracking analysis (NTA) of Aa OMVs used in this study. OMVs from Aa were analyzed using the NanoSight system to visualize the size distribution (X-axis) and particle numbers (Y-axis). (C) Intravital image was captured 24 h after Aa OMV i.v. injection. OMVs were colocalized with GFP-positive microglial cells. Scale bar: 50 μm. Additional Figures can be found in Supplementary Figure S3.


After performing mouse tail vein (intravenous, i.v.) injections of DiD-stained OMVs (100 μl; approximately 3.0 × 108 particles) and anti-CD31 monoclonal antibody (60 μl; 553708, BD Bioscience) conjugated with Alexa Fluor 555 (A- 20009, Invitrogen), a laser scanning intravital confocal microscope (IVM-C, IVIM Technology) with an objective lens (Nikon, Japan; magnifications: × 25; numerical aperture: 1.1) was used to visualize the brain cellular uptake of OMVs. During the intravital imaging, the body temperature of the mouse was maintained at 37°C using a homeothermic controller. Mice were anesthetized using intramuscular injections of a cocktail mixture of zoletil (30 mg/kg) and xylazine (10 mg/kg). The imaging analysis was conducted as previously described (Ahn et al., 2017). All experiments were performed in duplicate using two independent OMV sample preparations and at least two mice for each experiments.

All the intravital imaging experiments conducted using mice were performed by IVIM Technology according to institutional and national guidelines.



Confocal Microscopic Imaging

The OMVs and RNAs inside were stained as described earlier in the OMV sample preparation section of “Materials and Methods.” Stained OMVs were added to BV2 cells cultured on chamber slides and incubated for 24 h at 37°C, then washed four times with 500 μl of PBS, followed by incubation with DAPI (Vector Laboratories, Burlingame, CA, United States). The stained OMVs with the added cells were visualized on a laser scanning confocal microscope (LSM Zeiss 800; Carl Zeiss Microscopy, Jena, Germany) equipped with an objective lens (magnifications: × 40 with water immersion; numerical aperture: 1.2; resolution: 0. 28 μm).



Total RNA Extraction

Total RNA was extracted using both TRIzol (Invitrogen, Carlsbad, CA, United States) and the miRNeasy Mini Kit (QIAGEN, Valencia, CA, United States) according to the manufacturers’ protocols, with some modifications. Each sample was resuspended in 300 μl TRIzol reagent (Invitrogen). Resuspension was homogenized for 30 s using a Kontes Pellet Pestle Cordless Motor (Sigma-Aldrich, St. Louis, MO, United States) and placed on ice for 30 s, the steps being repeated 5 times for full homogenization. Then, an additional 700 μl TRIzol was added to the samples and incubated at room temperature for 5 min. 1-bromo-3-chloropropane (200 μl, Sigma-Aldrich) was then added to each sample, followed by incubation for 3 min. Next, the samples were centrifuged at 13,499 × g for 15 min at 4°C using a centrifuge (Smart R17 plus, Hanil Science, Incheon, South Korea). The supernatant (approximately 750 μl) of each sample was mixed with 750 μl of 100% isopropanol. The mixed samples were incubated at -20°C for 2 h. The columns of miRNeasy Mini Kit (QIAGEN) were additionally used to purify the small RNA-enriched RNA and clean RNA according to the manufacturer’s protocol.



qRT-PCR

Total RNA (1 μg) was reverse-transcribed using OmniScript (QIAGEN). The qRT-PCR was performed with diluted cDNA using primer sets for TNF-α, IL-1β, IL-6, and β-actin (Supplementary Table S1). The PCR was performed in 96-well plates using the 7,500 Real-Time PCR System (Applied Biosystems, Foster City, CA, United States). The expression of each gene was determined from three replicates in a single qRT-PCR experiment.



Immunoassays of Cytokines

BV2 cells were incubated with purified OMVs for 24 h, after which the filtered supernatants using 0.22 μm pore filter (Sigma-Aldrich) were analyzed for four cytokines (IL-1β, IL-6, TNF-α, and IFN-γ) using a quantitative multiplex ELISA (Mouse Cytokine Panel 2 (4-plex); QUANSYS Biosciences, Logan, UT, United States) according to the manufacturer’s instruction. Data were analyzed using the Q-View Software (Quansys Biosciences). All experiments were conducted in triplicate.



Western Blotting

For the western blotting of NF-κB p65 and phospho-p65, 20 μg of whole cell lysates was used for SDS polyacrylamide gel-running, followed by transfer to a polyvinylidene difluoride (PVDF) membrane using Pierce Power Blotter (Thermo Fisher Scientific) at 110 V (80 mA) for 80 min. The membrane was incubated in 5% skim milk/0.1% TBS-Tween 20 at room temperature for 1 h, followed by incubation with a 1:1,000 final diluted NF-κB p65 (#8242, Cell Signaling Technology) and phospho-p65 antibody (Ser536, #3033, Cell Signaling Technology) and then an anti-rabbit secondary antibody conjugated with horseradish peroxidase (#7074, Cell Signaling Technology). The control for loading was assessed using a β-actin antibody (at a dilution of 1:1,000, SC-47778, Santa Cruz Biotechnology Inc., Santa Cruz, CA, United States).



Statistical Analysis

All data are presented as mean ± SD. Differences among sample group values were analyzed using a one-way ANOVA and post hoc analyses were performed using the Tukey Test. All analyses were conducted using Origin 8.0 software (OriginLab, Northampton, MA, United States), and p< 0.05 were considered to be statistically significant.




RESULTS


Intravital Imaging Reveals That Tail-Vein-Injected Aa OMVs Can Enter Mouse Brain Monocytes

Unlike eukaryotic EV (exosomes), which have been shown to deliver cargo to the brain after crossing BBB (Matsumoto et al., 2017; Yuan et al., 2017), little is known about the ability of peripheral bacterial EVs to reach the brain; we recently suggested that Aa exRNAs are the primary causative agents promoting the secretion of proinflammatory cytokines in macrophages and the mouse brain (Han et al., 2019). We therefore intended to confirm, using intravital imaging technique, whether brain monocytes or microglial cells can take up bacterial OMVs and their cargo when injected through the tail vein.

To investigate whether Aa OMVs can be taken up by mouse microglial cells, we first investigated the Aa OMVs injected (tail i.v. injection) into monocyte-specific CX3CR1-GFP mice using the intravital imaging system (Figure 1A). The number and size distribution of Aa OMVs used in this study were analyzed using a nanoparticle tracking analysis system. The majority of OMVs were in the size range of 100–280 nm (Figure 1B). As the NTA system could not precisely detect particle sizes < 60 nm (Bachurski et al., 2019), some smaller OMVs of Aa might have been missed. Therefore, the actual particle numbers might be greater than the measurement results we present here. Our previous study found that Aa OMVs apparently crossed the mouse BBB after 24 h of intracardiac injection (Han et al., 2019). To reduce the risk of cardiac damage, we switched to i.v. tail injections to administer stained Aa OMVs. Membrane-stained (red) OMVs were colocalized with GFP+ microglial cells 24 h after the injection of Aa OMVs into the cortex (Figure 1C and Supplementary Figure S3).

To ensure detection of localized of OMVs, brain blood vessels were also fluorescently labeled by i.v. injection of anti-CD31 antibody 1 h before imaging. At an imaging depth of around 80 μm (from surface of the brain), where mouse meninges are located, the GFP-positive meningeal monocytes/macrophages were first identified using intravital imaging analysis. As shown in Figure 2A, the majority of OMVs in the meningeal blood vessel lumen are observed at 4 h, suggesting that tail-injected OMVs can disseminate into several organs through blood vessels. OMVs were taken up by GFP-positive “patrolling” monocytes/macrophages in the lumen of vessel (yellow arrow), whereas some OMVs began to cross the blood vessel wall and colocalize with meningeal macrophages at 8 h (white arrowhead in Figure 2A). The magnified and stack images of monocytes/macrophages shown in Figure 2A at 8 h clearly demonstrate the OMVs and GFP-positive cell colocalization (Figure 2B). Another region of colocalized monocytes/macrophages (the dotted area in the magnified images) inside and outside of the meningeal blood vessel was also observed at 4–8 h, as seen in the magnified images in the region marked with yellow squares (Figure 2C). Colocalized monocytes (marked in yellow in the merged images) in the dotted area are clearly observed in both the exterior and lumen of the meningeal blood vessel.
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FIGURE 2. Visualization of tail-vein-injected OMVs and meningeal macrophages of live CX3CR1-GFP mice. (A,B) OMVs taken up by monocytes were compared between 4 and 8 h after OMV injection. Confocal microscopic acquisition results show the OMV distribution before and 4 and 8 h after OMV i.v. injection of mice. (A) The white dotted line delineates the lumen of blood vessels. White arrowheads indicate Aa OMV-colocalized meningeal macrophages, and yellow arrows indicate OMV-colocalized monocytes/macrophages in the lumen of vessel. Scale bar: 50 μm. (B) Representative image stacks (5 μm intervals) acquired during confocal imaging of mice with GFP-positive microglial cells for OMVs injected (8 h) shown in (A). The white dotted area refers to the colocalization of OMVs (red) and CX3CR1-GFP-positive monocytes (green). Scale bar: 50 μm; magnified scale: 20 μm. (C) Colocalized monocytes/macrophages (dotted areas in the magnified images) in the exterior and lumen of the meningeal blood vessel were compared. Magnified images (scale bar: 20 μm) of colocalized monocytes (shown in yellow in the merged images) in the dotted area are clearly seen in both the exterior and lumen of the meningeal blood vessel.


To observe whether the injected OMVs can reach microglial cells, intravital images of cortex were captured at 24 and 48 h as more time was required for observation. Three random field images (Figure 3A) revealed that the OMVs (red) taken up by GFP-positive microglial cells (Figure 3A, arrowheads). Moreover, in the magnified stack images acquired during confocal imaging shown in Figure 3A, the OMV-colocalized microglial cells are clearly visualized in the exterior region of the vessel at 48 h (Figure 3B, arrowheads of S1 and S2 random fields). Although we could not observe whether the OMVs had crossed the BBB and colocalized with cortex microglial cells at 8 h of OMV injection, it was assumed that OMVs that were i.v. injected into the tail crossed the BBB and reached the cortex sometime after 8 h (Figure 3C). These data demonstrate that OMVs can pass through the BBB and internalize into meningeal macrophages, thus allowing cargo into microglial cells of the brain.


[image: image]

FIGURE 3. Visualization of tail-vein-injected OMVs and microglial cells in the cortex of live CX3CR1-GFP mice. (A) OMVs taken up by microglial cells were imaged at 24 and 48 h after OMV injection. White arrowheads indicate OMVs taken up by microglial cells. Fluorescence-dye-conjugated anti-CD31 antibody was injected 1 h before imaging. Three different regions were captured. Scale bar: 50 μm. (B) Representative image stacks (5 μm intervals) acquired during confocal imaging of experimental mice with GFP-positive microglial cells for OMVs injected (48 h). The arrowheads refer to the colocalization of BBB-crossed OMVs (red) and CX3CR1-positive microglial cells (green) localized in the exterior of vessels. Scale bar: 50 μm; magnified scale: 20 μm. (C) Confocal microscopic acquisition results showing the OMV distribution before OMV injection (–1 h) and 8, 24, and 48 h after OMV i.v. injection of mice. The white dotted rectangle in the left panel was magnified. Right panel: magnified images of OMVs taken up by microglial cells (dotted circles). Scale bar: 100 μm; magnified scale: 20 μm.




Aa OMVs Are Delivered Into the BV2 Microglial Cells

We previously reported that Aa OMVs can penetrate macrophage cells along with their RNA cargo (Han et al., 2019). Due to differences between macrophages and microglial cells, we repeated the confocal microscopy analysis of OMVs with the RNA cargo. As the SYTO RNA-Select reagent is membrane-permeable, we could detect RNA colocalization with the OMV membrane inside BV2 cells (Figure 4). The stained OMVs along with the RNA cargo were incubated with BV2 cells for 24 h, followed by counterstaining with DAPI to visualize the nuclei. Observation indicated OMVs and RNA cargo can internalize microglial cells, consistent with previous studies conducted using other cell types (Ho et al., 2015; Blenkiron et al., 2016; Koeppen et al., 2016; Choi et al., 2017a; Han et al., 2019).
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FIGURE 4. Delivery of Aa OMVs and RNA into BV2 cells. Aa OMVs were prestained with the lipid tracer dye DiD (red) and RNA-specific dye SYTO RNASelect (green). Stained OMVs (approximately 4.5 × 108 particles) were incubated with BV2 cells on a chamber slide for 24 h at 37°C. DAPI was also counterstained with DAPI (blue) to visualize the nuclei. (A) Confocal microscopy analysis of Aa OMVs revealed colocalized OMVs and the RNA cargo inside (overlay). Bar = 20 μm. (B,C) 3D rendering of confocal fluorescence images. Bar = 10 μm.




Aa exRNAs in OMVs Activate IL-6 in BV2 Microglial Cells Through NF-κB Activation

To explore the effect of Aa OMVs and the RNAs in OMVs on BV2 cells, we treated BV2 cells with Aa OMVs and OMV lysate for 16 h (the LPS levels being approximately 50 ng/ml in both OMV and OMV lysates). We infected around 4.5 × 108 particles of Aa OMVs to the cells (5 × 105 cells), the higher number of OMVs resulting in cell death under our experimental condition (cell viability results are shown in Supplementary Figure S2).

We performed 4-flex cytokine (IL-1β, IL-6, TNF-α, and IFN-γ) arrays from the BV2 cells treated with Aa OMVs and OMV lysate to investigate the effect of Aa OMVs and exRNAs on microglial cells. The levels of IL-1β and IFN-γ were too low to detect, whereas IL-6 and TNF-α levels were detectable. However, unlike macrophage-like U937 cells (Han et al., 2019), TNF-α was not detectable in the BV2 cells treated OMVs and OMV lysates (Supplementary Table S2). The level of IL-6 protein measured from accumulated culture media of BV2 cells was upregulated by intact OMVs but not in OMV lysates treated with nucleases (DNase and RNase). This result indicated that the nucleic acid cargo of Aa OMVs is responsible for the activation of IL-6. Moreover, OMV lysates were treated with DNase or RNase to examine whether DNA or RNA is further responsible for the elevated IL-6 secretion. The result indicated that RNA rather than DNA cargo is the pivotal factor for IL-6 promotion because the OMV lysate treated with only RNase demonstrated less IL-6 secretion than that treated with only DNase (Figure 5A). Similar results were obtained at the RNA transcript level of IL-6, which was measured by qRT-PCR (Figure 5B).
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FIGURE 5. ExRNAs of Aa activate IL-6 in BV2 cells through the NF-κB signaling pathway. (A) Secreted IL-6 protein levels were upregulated at 16 h after treatment with intact OMVs. IL-6 secretion by OMV lysate was decreased by RNase-only treated OMV lysates in BV2 cells at 16 h. (B) qRT-PCR analysis revealed that the transcript levels of IL-6 activation by Aa OMV lysates were decreased by RNase-only pretreatment at 16 h. (C) NF-κB activation (phosopho-p65, upper panel) was significantly decreased by RNase-only-treated OMV lysates compared with DNase-treated OMV lysates at 16 h. Total NF-κB p65 (middle panel) and actin (bottom panel) levels were assessed for controls. BV2 cells were seeded onto 6-well plates (5 × 105 cells/well) and treated with Aa OMVs (approximately 4.5 × 108 particles/well in 2 ml of media) and OMV lysates (the same amount of proteins as in 4.5 × 108 OMV particles). Data are presented as mean ± SD from three independent experiments. The letters (a–c) indicate significant differences at p < 0.05.


The human IL-6 gene promoter possesses a binding site for NF-κB, which activates the expression of IL-6 [known to be induced by various stimuli such as LPS, TNF-α, and Poly (I:C) (Tanaka et al., 2014; Kumar, 2019)]. Our previous investigation demonstrated that OMV RNA of Aa promoted the activation of NF-κB via TLR8 in macrophage U937 cells (Han et al., 2019). Therefore, to explore the effect of Aa exRNAs on NF-κB activation, we performed western blotting using anti-phospho-p65 antibody to detect phosphorylated p65, which is the active subunit of NF-κB. We found that removal of RNA cargo of OMVs by treatment with RNase reduced phosphorylation activity, whereas total p65 expression showed no apparent differences (Figure 5C). The overall findings indicated that Aa exRNAs promote the production of IL-6 in microglial BV2 cells through NF-κB activation.




DISCUSSION

Among the numerous bacteria involved in periodontitis, Aa is a small gram-negative bacterium previously well-known for causing localized aggressive periodontitis (Henderson et al., 2010). Aa is also implicated in various systemic diseases such as non-alcoholic fatty liver disease (Komazaki et al., 2017), diabetes (Demmer et al., 2015), and rheumatoid arthritis (Konig et al., 2016). Furthermore, recent evidence suggests that Aa and other oral microorganisms are associated with neuroinflammatory diseases such as AD (Laugisch et al., 2018; Dominy et al., 2019; Díaz-Zúñiga et al., 2019; Han et al., 2019; Wu et al., 2019). However, whether bacteria themselves directly or their derivatives are involved in diseases remains debatable (Lee, 2020).

Microglial cells are activated by various stimuli such as LPS, IFN-γ, and β-amyloid and also release proinflammatory cytokines such as IL-6, IL-1β, and TNF-α, which have been investigated with regard to AD (Wang et al., 2015). However, there is limited information regarding the effect of pathogenic exRNAs in microglial cells on proinflammatory cytokine secretion.

The meninges consist of three layers, the dura mater, the arachnoid mater, and the pia mater. The arachnoid mater is a membrane barrier that separates the dura mater from the remaining portion of the brain and has well-regulated junctions, similar to the BBB (Rua and McGavern, 2018). Studies conducted using CX3CR1-GFP transgenic mice reported a high density of meningeal macrophages in the dura mater and pia mater (Chinnery et al., 2010). Along with other CNS macrophages (perivascular and choroid plexus), meningeal macrophages are non-parenchymal immune modulators at brain boundaries (Goldmann et al., 2016; Rua and McGavern, 2018). Therefore, their immune response against infection could have pivotal consequences for CNS homeostasis and diseases. However, these macrophages have received little research attention with respect to oral pathogens and commensal bacteria in the context of brain pathogenesis due to the tight defenses of the CNS. Recently, considerable effort has been devoted to understanding tiny particles originated from bacteria (i.e., bacterial EVs) and their roles as messengers in human diseases given their ability to travel freely from cell to cell in the body (Choi et al., 2017b; Lee, 2019).

In the present study, we demonstrated for the first time, using intravital imaging analysis, the transport of OMVs from peripheral introduction to brain microglial cells through the meninges. The delivery of bacterial EVs into the brain after crossing the BBB suggests that infection at any place in the body can cause a fatal immune response in the brain. Since the number of human commensal bacteria has been estimated to be the same as the total number of human cells (Sender et al., 2016), bacterial EVs would be continually produced and the effect of chronic brain stimulation by bacterial EVs from commensal bacteria may be attributed bacterial OMVs crossing the BBB.

OMVs are taken up by host cells through various methods, and it is known that Aa OMVs are internalized into cells by membrane fusion or clathrin-mediated endocytosis (Rompikuntal et al., 2012; Thay et al., 2014). Our results clearly demonstrated that Aa OMVs and RNA cargo (i.e., exRNA) can enter into microglial cells (Figure 4).

It is known that LPS isolated from Aa has the ability to stimulate the production of TNF-α, IL-1β, and IL-6 in human whole blood (Schytte Blix et al., 1999) and microglial cells (Díaz-Zúñiga et al., 2019), however, little is known about the effect of other pathogenic factors of Aa on microglial cells. Because intact LPS of OMVs might have less effect than purified or released forms of OMVs, internalized OMVs and their cargo may activate various immune signals as cytosolic LPS activates caspase-11 and exRNAs enhance the TLR8 pathway (Vanaja et al., 2016; Han et al., 2019).

Interestingly, murine BV2 microglial cells reacted in a manner unlike human U937 macrophage cells upon treatment with Aa OMVs and exRNAs. Because we used a relatively low number (4.5 × 108 particles) of OMVs compared to that in a previous study (4.5 × 1010 particles) to infect macrophage cells while avoiding BV2 cell damage, the lower dose of OMVs may be similar to the actual immune response that occurs in vivo. Among the various proinflammatory cytokines, IL-6 is the main player as it elevates the activity of proinflammatory signaling pathways and is associated with a large number of immune diseases (Luo and Zheng, 2016). Therefore, the increased IL-6 production in BV2 microglial cells by Aa exRNAs might be a novel causative agent of neuroinflammatory diseases.

Furthermore, our previous data showing that increased production of TNF-α by Aa OMVs in the mouse brain (Han et al., 2019) might be modulated by other cell types such as astrocytes suggests that activated microglial cells induce the secretion of TNF-α by astrocytes (Liddelow et al., 2017). As TNF-α stimulates the induction of IL-6 production as observed in brain pericytes and astrocytes and pericyte-originated IL-6 activated BV2 microglial cells (Matsumoto et al., 2018), various types of brain cells interact with each other via cytokines they produce in response to exogenous bacterial EVs and their cargo.

Taken together, our findings reveal a previously unrecognized mechanism of RNA transport in bacterial EV-based induction of brain immune response to peripheral bacterial infections. Further studies are necessary to investigate the range of bacterial EVs and exRNAs that are constantly produced and affect entire organs. It is also necessary to further explore strategies for preventing the chronic stress caused by bacterial EVs and exRNAs in relevant immune diseases.



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 the Institutional Animal Care and Use Committee (IACUC) of the Korean Advanced Institute of Science and Technology (KAIST, Daejeon, South Korea).



AUTHOR CONTRIBUTIONS

JH, S-YC, and JL contributed to the data collection and analysis. S-HH contributed to the data analysis and critically revised the manuscript. H-JL drafted the manuscript and contributed to the data collection and analysis as well as conception and design. All authors gave their final approval and agreed to be held accountable for all aspects of the work.



FUNDING

This research was supported by the Basic Science Research Program through the National Research Foundation of Korea (NRF), funded by the Korean Government (MSIT 2017R1A5A2015391 and 2018R1D1A3B07043539).



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fmolb.2020.596366/full#supplementary-material



REFERENCES

Ahn, S., Choe, K., Lee, S., Kim, K., Song, E., Seo, H., et al. (2017). Intravital longitudinal wide-area imaging of dynamic bone marrow engraftment and multilineage differentiation through nuclear-cytoplasmic labeling. PLoS One 12:e0187660. doi: 10.1371/journal.pone.0187660

Bachurski, D., Schuldner, M., Nguyen, P.-H., Malz, A., Reiners, K. S., Grenzi, P. C., et al. (2019). Extracellular vesicle measurements with nanoparticle tracking analysis - An accuracy and repeatability comparison between NanoSight NS300 and ZetaView. J. Extracell. Vesicles 8:1596016. doi: 10.1080/20013078.2019.1596016

Blenkiron, C., Simonov, D., Muthukaruppan, A., Tsai, P., Dauros, P., Green, S., et al. (2016). Uropathogenic Escherichia coli releases extracellular vesicles that are associated with RNA. PLoS One 11:e0160440. doi: 10.1371/journal.pone.0160440

Block, M. L., Zecca, L., and Hong, J.-S. (2007). Microglia-mediated neurotoxicity: uncovering the molecular mechanisms. Nat. Rev. Neurosci. 8, 57–69. doi: 10.1038/nrn2038

Bonnington, K. E., and Kuehn, M. J. (2014). Protein selection and export via outer membrane vesicles. Biochim. Biophys. Acta 1843, 1612–1619. doi: 10.1016/j.bbamcr.2013.12.011

Chinnery, H. R., Ruitenberg, M. J., and McMenamin, P. G. (2010). Novel characterization of monocyte-derived cell populations in the meninges and choroid plexus and their rates of replenishment in bone marrow chimeric mice. J. Neuropathol. Exp. Neurol. 69, 896–909. doi: 10.1097/NEN.0b013e3181edbc1a

Choi, J.-W., Kim, S. C., Hong, S.-H., and Lee, H.-J. (2017a). Secretable small RNAs via outer membrane vesicles in periodontal pathogens. J. Dent. Res. 96, 458–466. doi: 10.1177/0022034516685071

Choi, J.-W., Um, J.-H., Cho, J.-H., and Lee, H.-J. (2017b). Tiny RNAs and their voyage via extracellular vesicles: secretion of bacterial small RNA and eukaryotic microRNA. Exp. Biol. Med. 242, 1475–1481. doi: 10.1177/1535370217723166

Das, S., Extracellular RNA Communication Consortium, Ansel, K. M., Bitzer, M., Breakefield, X. O., Charest, A., et al. (2019). The Extracellular RNA communication consortium: establishing foundational knowledge and technologies for extracellular RNA research. Cell 177, 231–242. doi: 10.1016/j.cell.2019.03.023

Demmer, R. T., Jacobs, D. R., Singh, R., Zuk, A., Rosenbaum, M., Papapanou, P. N., et al. (2015). Periodontal bacteria and prediabetes prevalence in ORIGINS: the oral infections, glucose intolerance, and insulin resistance study. J. Dent. Res. 94, 201S–211S. doi: 10.1177/0022034515590369

Díaz-Zúñiga, J., Muñoz, Y., Melgar-Rodríguez, S., More, J., Bruna, B., Lobos, P., et al. (2019). Serotype b of Aggregatibacter actinomycetemcomitans triggers pro-inflammatory responses and amyloid beta secretion in hippocampal cells: a novel link between periodontitis and Alzheimer’s disease? J. Oral Microbiol. 11:1586423. doi: 10.1080/20002297.2019.1586423

Dominy, S. S., Lynch, C., Ermini, F., Benedyk, M., Marczyk, A., Konradi, A., et al. (2019). Porphyromonas gingivalis in Alzheimer’s disease brains: evidence for disease causation and treatment with small-molecule inhibitors. Sci. Adv. 5:eaau3333. doi: 10.1126/sciadv.aau3333

Ghosal, A., Upadhyaya, B. B., Fritz, J. V., Heintz-Buschart, A., Desai, M. S., Yusuf, D., et al. (2015). The extracellular RNA complement of Escherichia coli. Microbiologyopen 4, 252–266. doi: 10.1002/mbo3.235

Ginhoux, F., and Jung, S. (2014). Monocytes and macrophages: developmental pathways and tissue homeostasis. Nat. Rev. Immunol. 14, 392–404. doi: 10.1038/nri3671

Ginhoux, F., Lim, S., Hoeffel, G., Low, D., and Huber, T. (2013). Origin and differentiation of microglia. Front. Cell. Neurosci. 7:45. doi: 10.3389/fncel.2013.00045

Goldmann, T., Wieghofer, P., Jordão, M. J. C., Prutek, F., Hagemeyer, N., Frenzel, K., et al. (2016). Origin, fate and dynamics of macrophages at central nervous system interfaces. Nat. Immunol. 17, 797–805. doi: 10.1038/ni.3423

Han, E.-C., Choi, S.-Y., Lee, Y., Park, J.-W., Hong, S.-H., and Lee, H.-J. (2019). Extracellular RNAs in periodontopathogenic outer membrane vesicles promote TNF-α production in human macrophages and cross the blood-brain barrier in mice. FASEB J. 33, 13412–13422. doi: 10.1096/fj.201901575R

Henderson, B., Ward, J. M., and Ready, D. (2010). Aggregatibacter (Actinobacillus) actinomycetemcomitans: a triple A∗ periodontopathogen? Periodontol. 2000, 54, 78–105. doi: 10.1111/j.1600-0757.2009.00331.x

Ho, M.-H., Chen, C.-H., Goodwin, J. S., Wang, B.-Y., and Xie, H. (2015). Functional advantages of Porphyromonas gingivalis Vesicles. PLoS One 10:e0123448. doi: 10.1371/journal.pone.0123448

Holtmaat, A., Bonhoeffer, T., Chow, D. K., Chuckowree, J., De Paola, V., Hofer, S. B., et al. (2009). Long-term, high-resolution imaging in the mouse neocortex through a chronic cranial window. Nat. Protoc. 4, 1128–1144. doi: 10.1038/nprot.2009.89

Jung, S., Aliberti, J., Graemmel, P., Sunshine, M. J., Kreutzberg, G. W., Sher, A., et al. (2000). Analysis of fractalkine receptor CX(3)CR1 function by targeted deletion and green fluorescent protein reporter gene insertion. Mol. Cell. Biol. 20, 4106–4114. doi: 10.1128/mcb.20.11.4106-4114.2000

Kang, S.-M., Choi, J.-W., Lee, Y., Hong, S.-H., and Lee, H.-J. (2013). Identification of microRNA-Size, small RNAs in Escherichia coli. Curr. Microbiol. 67, 609–613. doi: 10.1007/s00284-013-0411-9

Koeppen, K., Hampton, T. H., Jarek, M., Scharfe, M., Gerber, S. A., Mielcarz, D. W., et al. (2016). A Novel mechanism of host-pathogen interaction through sRNA in bacterial outer membrane vesicles. PLoS Pathog. 12:e1005672. doi: 10.1371/journal.ppat.1005672

Komazaki, R., Katagiri, S., Takahashi, H., Maekawa, S., Shiba, T., Takeuchi, Y., et al. (2017). Periodontal pathogenic bacteria, Aggregatibacter actinomycetemcomitans affect non-alcoholic fatty liver disease by altering gut microbiota and glucose metabolism. Sci. Rep. 7:13950. doi: 10.1038/s41598-017-14260-9

Konig, M. F., Abusleme, L., Reinholdt, J., Palmer, R. J., Teles, R. P., Sampson, K., et al. (2016). Aggregatibacter actinomycetemcomitans-induced hypercitrullination links periodontal infection to autoimmunity in rheumatoid arthritis. Sci. Transl. Med. 8:369ra176. doi: 10.1126/scitranslmed.aaj1921

Kumar, V. (2019). Toll-like receptors in the pathogenesis of neuroinflammation. J. Neuroimmunol. 332, 16–30. doi: 10.1016/j.jneuroim.2019.03.012

Laugisch, O., Johnen, A., Maldonado, A., Ehmke, B., Bürgin, W., Olsen, I., et al. (2018). Periodontal pathogens and associated intrathecal antibodies in early stages of Alzheimer’s disease. J. Alzheimers Dis. 66, 105–114. doi: 10.3233/JAD-180620

Lee, H.-J. (2019). Microbe-host communication by small RNAs in extracellular vesicles: vehicles for transkingdom RNA transportation. Int. J. Mol. Sci. 20:1487. doi: 10.3390/ijms20061487

Lee, H.-J. (2020). Microbial extracellular RNAs and their roles in human diseases. Exp. Biol. Med. 245, 845–850. doi: 10.1177/1535370220923585

Lee, H.-J., and Hong, S.-H. (2012). Analysis of microRNA-size, small RNAs in Streptococcus mutans by deep sequencing. FEMS Microbiol. Lett. 326, 131–136. doi: 10.1111/j.1574-6968.2011.02441.x

Li, Q., and Barres, B. A. (2018). Microglia and macrophages in brain homeostasis and disease. Nat. Rev. Immunol. 18, 225–242.

Liddelow, S. A., Guttenplan, K. A., Clarke, L. E., Bennett, F. C., Bohlen, C. J., Schirmer, L., et al. (2017). Neurotoxic reactive astrocytes are induced by activated microglia. Nature 541, 481–487. doi: 10.1038/nature21029

Luo, Y., and Zheng, S. G. (2016). Hall of fame among pro-inflammatory cytokines: interleukin-6 gene and its transcriptional regulation mechanisms. Front. Immunol. 7:604. doi: 10.3389/fimmu.2016.00604

Matsumoto, J., Dohgu, S., Takata, F., Machida, T., Bölükbaşi Hatip, F. F., Hatip-Al-Khatib, I., et al. (2018). TNF-α-sensitive brain pericytes activate microglia by releasing IL-6 through cooperation between IκB-NFκB and JAK-STAT3 pathways. Brain Res. 1692, 34–44. doi: 10.1016/j.brainres.2018.04.023

Matsumoto, J., Stewart, T., Banks, W. A., and Zhang, J. (2017). The transport mechanism of extracellular vesicles at the blood-brain barrier. Curr. Pharm. Des. 23, 6206–6214. doi: 10.2174/1381612823666170913164738

Rompikuntal, P. K., Thay, B., Khan, M. K., Alanko, J., Penttinen, A.-M., Asikainen, S., et al. (2012). Perinuclear localization of internalized outer membrane vesicles carrying active cytolethal distending toxin from Aggregatibacter actinomycetemcomitans. Infect. Immun. 80, 31–42. doi: 10.1128/IAI.06069-11

Rua, R., and McGavern, D. B. (2018). Advances in meningeal immunity. Trends Mol. Med. 24, 542–559. doi: 10.1016/j.molmed.2018.04.003

Schytte Blix, I. J., Helgeland, K., Hvattum, E., and Lyberg, T. (1999). Lipopolysaccharide from Actinobacillus actinomycetemcomitans stimulates production of interleukin-1beta, tumor necrosis factor-alpha, interleukin-6 and interleukin-1 receptor antagonist in human whole blood. J. Periodont. Res. 34, 34–40. doi: 10.1111/j.1600-0765.1999.tb02219.x

Sender, R., Fuchs, S., and Milo, R. (2016). Revised Estimates for the number of human and bacteria cells in the body. PLoS Biol. 14:e1002533. doi: 10.1371/journal.pbio.1002533

Tanaka, T., Narazaki, M., and Kishimoto, T. (2014). IL-6 in inflammation, immunity, and disease. Cold Spring Harb. Perspect. Biol. 6:a016295. doi: 10.1101/cshperspect.a016295

Thay, B., Damm, A., Kufer, T. A., Wai, S. N., and Oscarsson, J. (2014). Aggregatibacter actinomycetemcomitans outer membrane vesicles are internalized in human host cells and trigger NOD1- and NOD2-dependent NF-κB activation. Infect. Immun. 82, 4034–4046. doi: 10.1128/IAI.01980-14

Vanaja, S. K., Russo, A. J., Behl, B., Banerjee, I., Yankova, M., Deshmukh, S. D., et al. (2016). Bacterial outer membrane vesicles mediate ytosolic localization of LPS and Caspase-11 activation. Cell 165, 1106–1119. doi: 10.1016/j.cell.2016.04.015

Wang, W.-Y., Tan, M.-S., Yu, J.-T., and Tan, L. (2015). Role of pro-inflammatory cytokines released from microglia in Alzheimer’s disease. Ann. Transl. Med. 3:136. doi: 10.3978/j.issn.2305-5839.2015.03.49

Wispelwey, B., Hansen, E. J., and Scheld, W. M. (1989). Haemophilus influenzae outer membrane vesicle-induced blood-brain barrier permeability during experimental meningitis. Infect. Immun. 57, 2559–2562. doi: 10.1128/IAI.57.8.2559-2562.1989

Wu, Y., Du, S., Johnson, J. L., Tung, H.-Y., Landers, C. T., Liu, Y., et al. (2019). Microglia and amyloid precursor protein coordinate control of transient Candida cerebritis with memory deficits. Nat. Commun. 10:58. doi: 10.1038/s41467-018-07991-4

Yuan, D., Zhao, Y., Banks, W. A., Bullock, K. M., Haney, M., Batrakova, E., et al. (2017). Macrophage exosomes as natural nanocarriers for protein delivery to inflamed brain. Biomaterials 142, 1–12. doi: 10.1016/j.biomaterials.2017.07.011


Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2020 Ha, Choi, Lee, Hong and Lee. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OPS/images/cross.jpg
3,

i





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Delivery of Periodontopathogenic Extracellular Vesicles to Brain Monocytes and Microglial IL-6 Promotion by RNA Cargo



		INTRODUCTION



		MATERIALS AND METHODS



		Culture



		Animals



		OMV Sample Preparation



		OMV Analysis



		Intravital Imaging



		Confocal Microscopic Imaging



		Total RNA Extraction



		qRT-PCR



		Immunoassays of Cytokines



		Western Blotting



		Statistical Analysis







		RESULTS



		Intravital Imaging Reveals That Tail-Vein-Injected Aa OMVs Can Enter Mouse Brain Monocytes



		Aa OMVs Are Delivered Into the BV2 Microglial Cells



		Aa exRNAs in OMVs Activate IL-6 in BV2 Microglial Cells Through NF-κB Activation







		DISCUSSION



		DATA AVAILABILITY STATEMENT



		ETHICS STATEMENT



		AUTHOR CONTRIBUTIONS



		FUNDING



		SUPPLEMENTARY MATERIAL



		REFERENCES

















OPS/images/fmolb-07-596366-g005.jpg
ELISA °  gRT-PCR
IL-6 IL-6

30 -3
=
—(
S
— N=2
1
=
o
2 =]
E () = 2
$
9y 5
2 5 | b
10 @ 9
L
=
]
p—(
]
0 o
oMV - + + + + + OMV & + + ¥
lysis - - + + + + lysis = - + +
DNase - - + = + - DNase = = + &
RNase - - + - - + RNase = & = +
C
Phospho-p65 © — | — | —

p6s | D S

win | " -

oMV - + + +
lysis - + + +
DNase - + + =
RNase - + - +






OPS/images/fmolb-07-596366-g004.jpg





OPS/images/fmolb-07-596366-g003.jpg
100 pm

50 pm

» | CX3CR1

% | CD31






OPS/images/fmolb-07-596366-g002.jpg
omy
CX3CR1

50 im

Y
>

i

oMV
CX3CR1

XY!






OPS/images/fmolb-07-596366-g001.jpg
A B ks Aa OMVs
=
g e i
@
i
- S

o
T
& os
=2
N’
=
° 0.6
=
<
- 04
&
= o1
8 0.2

Time =
S 16

3 weeks o 6 g2
] 100 200 300 400 500 600 700 800 900 1000
Cranial window oMV isl:;‘r‘;lv‘i’:’a‘;‘;;:din .
operation (i.v. injection) ging Size (nm)

Colocalization
Hours

oMV
(i.v. injection)

Skull open

Intravital imaging

stcm? el





OPS/images/cover.jpg






OPS/images/logo.jpg
’frontiers
in Molecular Biosciences





