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Recent evidence suggests that probiotics can restore the mucosal barrier integrity, ameliorate inflammation, and promote homeostasis required for metabolism in obesity by affecting the gut microbiota composition. In this study, we investigated the effect of Akkermansia muciniphila and its extracellular vesicles (EVs) on obesity-related genes in microarray datasets and evaluated the cell line and C57BL/6 mice by conducting RT-PCR and ELISA assays. A. muciniphila-derived EVs caused a more significant loss in body and fat weight of high-fat diet (HFD)-fed mice, compared with the bacterium itself. Moreover, treatment with A. muciniphila and EVs had significant effects on lipid metabolism and expression of inflammatory markers in adipose tissues. Both treatments improved the intestinal barrier integrity, inflammation, energy balance, and blood parameters (i.e., lipid profile and glucose level). Our findings showed that A. muciniphila-derived EVs contain various biomolecules, which can have a positive impact on obesity by affecting the involved genes. Also, our results showed that A. muciniphila and its EVs had a significant relationship with intestinal homeostasis, which highlights their positive role in obesity treatment. In conclusion, A. muciniphila-derived EVs can be used as new therapeutic strategies to ameliorate HFD-induced obesity by affecting various mechanisms.
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INTRODUCTION

Obesity, defined as the excessive accumulation of body fat, is considered a global public health problem in children and adolescents. According to reports by the World Health Organization in 2016, up to 650 million adults suffer from obesity worldwide. In the past, obesity was only a common problem in developed countries, while today, it also occurs in developing countries (WHO, 2016). Increased body mass index (BMI) is considered a major risk factor for diseases associated with obesity, such as metabolic syndrome, cardiovascular disease, type II diabetes, and cancer (Emerging Risk Factors Collaboration, 2011; Singh et al., 2013; Lauby-Secretan et al., 2016).

Obesity is generally a multifactorial phenomenon. The gut microbiota is one of the factors, which has been recently considered in obesity (Bouter et al., 2017). The gut microbiota is defined as trillions of microbes, which colonize in the gastrointestinal tract, and play a crucial role in human health (Zhang et al., 2015). Changes in the intestinal microbiota occur instantly after dietary changes, affecting numerous molecular pathways (David et al., 2014). Evidence shows that a high-fat diet (HFD) can cause an increase in the adipocyte size and improve weight gain. It can also result in the local inflammation of adipose tissues, which play an effective role in obesity through modulation of host metabolism by secretion of various hormones and cytokines (Turnbaugh et al., 2009; Grant and Dixit, 2015; Rastelli et al., 2018; Torres et al., 2019).

Obesity-induced adipose tissue dysfunction causes an increase in the level of free fatty acids and inflammatory cytokines and promotes hypertrophy and hyperplasia. In addition, HFD is associated with dysbiosis, mucosal barrier disruption, lipopolysaccharide (LPS) diffusion, and metabolic endotoxemia (Cani et al., 2007; Everard et al., 2013). On the other hand, accumulating evidence shows that probiotics can ameliorate obesity by improving the gut microbiota disruption, strengthening the gut barrier, alleviating inflammation, reducing body weight and fat storage, and inducing energy balance by affecting various mechanisms (Ejtahed et al., 2016, 2019; Plovier et al., 2017; Torres et al., 2019).

Akkermansia muciniphila is a beneficial gastrointestinal microbiota, which was recently introduced as a next-generation probiotic (Cani and de Vos, 2017). This mucin-degrading bacterium can influence the regulation of energy homeostasis and weight control (Everard et al., 2013; Plovier et al., 2017) and promote the intestinal barrier function (Everard et al., 2013; Reunanen et al., 2015; Ottman et al., 2017). Reduction in the abundance of this bacterium, as reported in multiple studies, indicates its pivotal role in the prevention of obesity (Everard et al., 2013; Schneeberger et al., 2015; Dao et al., 2016). It is known that the intestinal microbiota can modulate different signaling pathways by secreting extracellular vesicles (EVs). According to recent studies, not only EVs seem to be capable of passing the mucus and internalizing the epithelium, but they can also access the immune cells in the lamina propria as well as play a crucial role in the maintenance of immune and gut homeostasis by upregulation of tight junction proteins and modulation of immune responses (Lee et al., 2007; Fábrega et al., 2016; Ahmadi Badi et al., 2017; Behrouzi et al., 2018). Animal studies show that A. muciniphila-derived EVs were able to improve the intestinal barrier by increasing tight junctions (Chelakkot et al., 2018) and ameliorating inflammation caused by colitis (Kang C.-S. et al., 2013).

Involvement of the gut microbiota in weight changes is considered an important issue in obesity; therefore, it is essential to determine the association of microbiota with weight loss using probiotics. In the present study, nine HFD microarray datasets were selected. A meta-analysis of obesity-related genes was performed after batch effect removal. The anti-obesity and anti-inflammatory effects of A. muciniphila and its EVs were examined in epididymal adipose tissues (EAT). Also, colonic immunomodulatory properties of this bacterium and its EVs were assessed by measuring the concentration of cytokines in colon carcinoma cells (Caco-2) and evaluating the expression of cytokines and TLR-2/4 receptors in the colon of mice. Finally, the effects of A. muciniphila and its EVs on the intestinal barrier integrity, fat storage, and energy homeostasis were examined.



MATERIALS AND METHODS


Preparation of A. muciniphila

Akkermansia muciniphila MucT (ATCC BAA-835) was obtained from the DSMZ institute (German collection of microorganisms and cell cultures). The bacterium was cultured in a basal mucin-based medium under the anaerobic conditions at 37°C for 3–7 days (Derrien et al., 2004). After growth, the bacterium was inoculated into brain heart infusion (BHI) Broth (Quelab, Canada) supplemented with 0.5% mucin (Sigma-Aldrich) with mild shaking (150 rpm) under the abovementioned conditions for 48 h until an OD600 of 1 was reached. Bacterial pellets were removed by centrifugation (11,000 g for 20 min) and washed twice with an anaerobic PBS. The remaining supernatant was used for EVs extraction. A. muciniphila suspension was immediately placed on ice and then used for cell culture treatment and oral administration in mice.



EVs Isolation

After filtering the supernatant, EVs were extracted with ultracentrifuge at 200,000 g for 2 h at 4°C as previously described (Kang C.-S. et al., 2013). The pellets were resuspended in PBS and stored at –80°C. Scanning electron microscopy (SEM) was used to identify the morphology of its EVs and then the pattern of protein sample was assessed by SDS-PAGE. The presence of LPS in EVs was measured by LAL Chromogenic Endotoxin Quantitation Kit (Thermo Fisher Scientific, United States) according to the manufacturer’s instructions.



Animal Experiments

Thirty male C57BL/6 mice were purchased from Pasteur Institute of Karaj (Iran), maintained in equal conditions (12 h light, 22–23°C, and 40% humidity) with ad libitum access to food and autoclaved water. After 1 week of acclimation with standard normal diet (ND) (A03, safe diet, France), 8-week-old mice were randomly divided into two groups, and each group was divided into three subgroups as follows:

The first group was fed HFD (260 HF 60% energy from butter, safe diet, France) for 3 months. After weight gain, treatment for 5 weeks along with HFD (Figure 1A):
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FIGURE 1. Morphologic characterization of EVs and impact of Akkermansia muciniphila and its EV administration on body and adipose weight, food intake, and blood parameters in both ND- and HFD-fed mice after 5 weeks (n = 5 for each group). (A) Illustration showing obesity induction and amelioration after treatment. (B) Scanning electron micrograph image of A. muciniphila-derived EVs. (C) Body weight gain per mouse. (D) Average daily food intake. (E) Epidydimal adipose weight (EAT). (F) Histopathology image. Scale bar is 50 μm. (G) Total cholesterol levels. (H) Triglyceride levels and (I) glucose levels. ∗P < 0.05 and ∗∗P < 0.01 were considered statistically significant, respectively. ND, normal diet + PBS; NA.m, normal diet + A. muciniphila (109 CFU); NEV, normal diet + EVs (10 μg protein); HFD, high-fat diet + PBS; HA.m, high-fat diet + A. muciniphila (109 CFU); HEV, high-fat diet + EVs (10 μg protein).



(1) HFD + 200 μl PBS (HPBS)

(2) HFD + 109 CFU/200 μl alive A. muciniphila (HA.m)

(3) HFD + 10 μg protein/200 μl EVs (HEV)

The second group was fed normal diet (A03) under the above conditions (Figure 1A):

(1) ND + 200 μl PBS (NPBS)

(2) ND + 109 CFU/200 μl alive A. muciniphila (NA.m)

(3) ND + 10 μg protein/200 μl EVs (NEV)

Body weight, average food, and water intake were measured once a week. Note that at the end of the experiment, HFD-fed mice exhibiting aggressive behavior and resistant to obesity were excluded from our study. Before and after oral gavage, blood was collected via tail vein and stored at –80°C until biochemical analysis. At the end of treatment, all of the mice were sacrificed by cervical dislocation, and EAT and colon samples were snap frozen with liquid nitrogen and stored at –80°C. Moreover, the tissues are saved for histopathology analysis. We followed the institute guidelines regarding the care and use of laboratory animals. The study protocol was approved by the Animal Experiment Committee of Pasteur Institute of Iran.



Computation of Selected Gene Expression

Gene expression datasets were downloaded from the National Center for Biotechnology Information gene expression omnibus (GEO). Our inclusion criteria to obtain relevant datasets were as follows: (a) studies qualifying as HFD experiments; (b) mouse samples for the experimental setups; (c) the number of samples for each group ND and HFD must be more than one; (d) using epididymal adipose tissue; and (e) survey the expression of all selected genes. A total of nine datasets (Table 1) that qualified for our study were obtained.

TABLE 1. List of datasets used in meta-analysis.
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All analyses were undertaken using the R (version 3.5.2) statistical computing environment and Bioconductor (version 3.9). The individual datasets were normalized followed by log2 transformation before meta-analysis. We mapped the probeset identifiers in each gene expression dataset into their corresponding gene symbol using an annotation table available with the respective data at GEO. Multiple probeset identifiers can be mapped to the same gene symbol, and we removed the duplicity by using the means factor of respective entry. We performed data merging to correct for batch effects using the ComBat function of the SVA package (Leek et al., 2019). Then, we surveyed the expression of all selected genes across the nine datasets.



Biochemical Parameters Analysis

After blood collection, fasting blood glucose (Glc), total cholesterol (TC), and triglyceride (TG) concentrations were measured in the plasma using a commercial kit (Bioclin-Quibasa, Belo Horizonte, MG, Brazil).



Histological Evaluation

At first, colon and EAT were immersed in 10% neutral buffered formalin, dehydrated, and embedded in paraffin. The tissue sections were stained with hematoxylin and eosin (H&E). Microscopic observation of the histological slides was performed using a light microscope (Erben et al., 2014).



Tissue RNA Isolation, cDNA Synthesis, and Real-Time PCR

Frozen colon and EAT were homogenized in 1 ml of Trizol (cat # BS410, Bio Basic, Canada) using a Precellys 24 homogenizer, and then total RNA was extracted according to the manufacturer’s instructions. For genomic DNA removal, RNA was treated with DNase I (Qiagen) and then cDNA was synthesized using PrimeScript RT Reagent Kit (Takara). Real-time PCR was performed using SYBR Premix Ex Taq II (Takara). A sequence of primers used in this study is shown in Table 2.

TABLE 2. Sequence of primers used in qPCR in cell line and mice.
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Cell Culture Conditions

The Caco-2 (ATCC® HTB-37) was cultured at 37°C in 5% CO2 in Dulbecco’s modified eagle’s medium (DMEM) (Gibco, United Kingdom), supplemented with 10% heat-inactivated fetal bovine serum (FBS, Gibco), and 1% penicillin–streptomycin (Gibco) in six-well plates (Sorfa, China). The medium was changed every 2–3 days. Mycoplasma spp. contamination was assessed using PCR method.



Cell Culture Treatment

After 21 days, Caco-2 monolayer was infected with A. muciniphila at multiplicity of infection (MOI) ratios of 100 (100 bacteria per cell). Besides, 10 μg of EV was used for Caco-2 treatment. An equal volume of PBS was used as a control. Hence, cell viability was checked after treatments.



RNA Extraction, cDNA Synthesis, and Quantitative Real-Time PCR

After 24 h, total RNA was extracted from treated cells using the RNeasy Plus Mini Kit (Qiagen, United States, Cat No./ID: 74134). cDNA synthesis was performed by PrimeScript RT Reagent Kit (Takara, Japan, Cat. # RR037A) according to the manufacturer’s instruction. Real-time PCR was performed by 2X SYBR Premix Ex Taq II (Tli RNase H, Plus Takara, Japan, Cat. #RR820L). A sequence of primers used in this study is shown in Table 2.



Cytokine Assay

After 24 h post-treatment, both treated and untreated cell supernatants were collected and stored at –80°C. After thawing and prior to using, the supernatant was centrifuged for 10 min at 1000 g to remove any residual cells. The level of cytokines and chemokines (IL-1A, IL-1B, IL-2, IL-4, IL-6, IL-8, IL-10, IL-12, IL-17A, IFN-γ, TNF-α, and GM-CSF) was measured by Human Inflammatory Cytokines Multi-Analyte ELISA ArrayTM Kits (Qiagen, Cat. no. MEH-004A) according to the manufacturer’s instructions. This assay was performed in duplicate.



Statistical Analysis

The ΔΔCT method was used for the relative gene expression analysis, and GAPDH in cell line and RPL-19 in colon and HPRT in adipose tissue of mice were used as an internal control. GraphPad Prism 8.0 (GraphPad Software Inc., CA, United States) was used for cycle threshold (CT) values analysis to calculate changes in gene expression and cytokine concentration comparison. A P value of less than 0.05 was considered statistically significant.




RESULTS


Morphology and Size Range of EVs

The extracted EVs from A. muciniphila were evaluated by SEM; the results showed a spherical shape and a range of 40 to 150 nm in size (Figure 1B).



A. muciniphila and Its EVs Reduced Food Intake and Body and Adipose Weight Gain

High-fat diet-induced obese mice were used in this experiment to evaluate the role of A. muciniphila and its EVs on weight control. HFD-fed mice showed increase diet-induced body weight after 3 months. Obese mice were gavaged by A. muciniphila-derived EVs and showed low level of body weight gain and significant reduction in food intake (Figures 1C,D). Hence, feeding obese mice with this bacterium caused body and EAT weight loss, but lower effect on body weight and adipose weight was observed compared to its EVs (Figures 1C,E). Interestingly, both of them significantly influence body weight in ND mice, whereas food intake did not change significantly (Figure 1D). The HFD group included the largest adipocytes compared to other groups (Figure 1F). In HFD-fed mice, administration of this bacterium and EVs considerably decreased the adipocyte size while the effects of EVs were more noticeable (Figure 1F). The smallest adipocytes were found in the ND group that received A. muciniphila and its EVs, compared to that in other groups (Figure 1F). Overall, the adipocyte size and infiltration were enhanced after feeding HFD whereas administration with this bacterium and EVs reduced them (Figure 1F).

The extracellular vesicles corrected HFD-induced hypercholesterolemia with significantly lower plasma TC (Figure 1G). After EVs administration, TG levels did not change (Figure 1H). Moreover, treatment with EVs displayed significantly lower plasma glucose in both groups (Figure 1I). Obese mice treated with A. muciniphila displayed significantly lower plasma TG and glucose concentrations (Figures 1H,I). In the normal group, the bacterium treatment elicited significantly decreasing plasma TG and glucose levels compared to the control (PBS) group (Figures 1H,I).



Different Genes Involved in Inflammation and FA Oxidation Change in the Adipose Tissues of HFD-Fed Mice

After meta-analyzing, we found that the expression of these genes in EAT are closely related to obesity and were significantly differentially expressed with P value < 0.05 by the Mann–Whitney method. As it is shown in the heatmap plot (Figure 2A), inflammatory mediators (i.e., TNF-α and IL-6), TLR-4, and TGF-β were expressed at significantly higher levels in the obese than in the normal group (P value TLR4 and IL-6 = 0.0004, TNF-α and TGF-β < 0.0001), moreover regulator genes involved in FA oxidation and inflammation were downregulated in HFD- compared to ND-fed mice (P value PPAR-γ = 0.01 and PPAR-α = 0.001). Principal component analysis (PCA) was applied for the selected gene between all 34 HFD and 34 ND samples from nine datasets. PCA (Figure 2B) showed that the ND group (indicated by blue color) was clustered relatively from the HFD group (indicated by orange color). Since these genes showed similar and significant trends in all datasets and also play a key role in adiposity and inflammation, these genes were selected to study the effect of A. muciniphila and its EVs on obesity-related genes.
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FIGURE 2. Heatmap and PCA correlation show different genes involved in inflammation and FA oxidation in the epididymal adipose tissue between HFD and ND mice. (A) Heatmap plot revealed inflammatory genes (TNF-α, IL-6, and TLR-4) and TGF-β were expressed at significantly higher levels in the obese than in the normal group. (B) Regulator genes involved in FA oxidation and inflammation (PPAR-γ and PPAR-α) were downregulated in HFD- compared to ND-fed mice. PCA plot showed that the ND group was clustered relatively from the HFD group. The HFD and ND groups are indicated by orange and blue colors, respectively.





Treatment With A. muciniphila and Its EVs Was Correlated With the Regulation of Gene Expression Involved in FA Oxidation and Energy Metabolism of Adipose Tissues

To investigate the effect of A. muciniphila and its EVs on FA oxidation and energy metabolism in mice, expression of PPAR-α/γ and TGF-β in adipose tissue was evaluated by real-time PCR. In obese mice, A. muciniphila influenced fatty acid oxidation and energy metabolism, accompanied by increased expression of PPAR-α, and PPAR-γ in adipose tissue (Figures 3A,B). The EVs significantly induced overexpression of PPAR-α in EAT in obese groups in comparison to the bacterium (Figure 3B). Both treatments enhanced expression of PPAR-α and PPAR-γ in normal mice, and the EV effects were more noticeable (Figures 3A,B). In obese mice, a significant rise in levels of TGF-β expression in EAT was observed; in contrast, in normal mice being treated with the bacterium, EVs reduced this expression (Figure 3C). The bacterium induced significantly more reduction in levels of TGF-β expression in EAT of obese and normal groups, compared to EVs (Figure 3C).
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FIGURE 3. The effect of A. muciniphila and its EVs on mRNA expression of genes in epidydimal adipose tissue in C57bl/6 mice. Relative mRNA expression of (A) PPAR-γ, (B) PPAR-α, (C) TGF-β, (D) TLR-4, (E) TNF-α, and (F) IL-6. Data are normalized using HPRT as control gene. ∗P < 0.05 and ∗∗P < 0.01 were considered statistically significant, respectively. ND, normal diet + PBS; NA.m, normal diet + A. muciniphila (109 CFU); NEV, normal diet + EVs (10 μg protein); HFD, high-fat diet + PBS; HA.m, high-fat diet + A. muciniphila (109 CFU); HEV, high-fat diet + EVs (10 μg protein).





Adipose Inflammation Alleviated After Oral Administration of A. muciniphila and Its EVs in Obese Mice

Since obesity is associated with a low-grade inflammatory state in adipose tissues, the role of A. muciniphila and its EVs on expression of adipose inflammatory genes was assessed in HFD-induced obese mice. Administration of A. muciniphila reduced the mRNA expression of TLR-4 and IL-6 genes in EAT in both groups, but it did not affect TNF-α expression in obese mice, while there was an increase in this gene in normal mice (Figures 3D–F). However, EVs induced more reduction in inflammatory cytokines (TNF-α and IL-6) and TLR-4 expression in HFD mice (Figures 3D–F). In normal mice, EVs had more reduction in TNF-α and TLR-4 expression (Figures 3D,E), compared to the bacterium.



Administration of A. muciniphila and Its EVs Ameliorated HFD-Induced Intestinal Barrier Dysfunction in Obese Mice

The colon is the first site affected by HFD, and dysbiosis induces different obesity pathways. Therefore, we investigated the effects of A. muciniphila and its EVs on pathology of colon tissues. Crypt depth and thickness of the mucous layer of the colon showed a considerable decrease in the HFD group, compared to that in the control group. Furthermore, mild infiltration of inflammatory cells in the lamina propria of the colon was present after HFD. On the contrary, no inflammatory reaction was present in other groups. An increase in crypt depth and mucosal thickness of colon tissue was observed in groups that received A. muciniphila and its EVs, compared to that in the HFD group (a). In the normal group, both administration of the bacterium and its EVs showed an increase in mucosal thickness (Figure 4A). Since an increase in the intestinal mucosal permeability occurs in obesity, HFD-induced obese mice that disrupted the intestinal barrier were selected. In obese mice, the EVs significantly reduced gut barrier permeability. These observations were accompanied by upregulated tight junction expression (ZO-1, OCLDN, and CLDN-1) and downregulated CLDN-2 in the colon of mice treated with EVs (Figures 4B–E). There was an increase in mRNA level of tight junction in response to being treated with A. muciniphila in obese mice, while EVs had better effect. In normal mice, the bacterium effects were more noticeable (Figures 4B–E). Also, to determine whether A. muciniphila and its EVs have a direct effect on the intestinal epithelial cells or indirectly play a role by making changes in the composition of gut microbiota, Caco-2 cell lines were used. In terms of cell viability, more than 98% of the cells survived after treatment with the bacterium, and its EVs (data not shown). After treatment, the bacterium and EVs strongly increased intestinal integrity by tight junction genes’ upregulation in the cell line (Figure 5A).
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FIGURE 4. The assessment of A. muciniphila and its EVs effect on obesity-related genes in the colon of HFD- and ND-fed mice. Both mice administrated to this bacterium and EVs for 5 weeks. (A) Histopathology image. M, tunica muscularis; S, submucosa layer. Crypt depth (arrows). Mucous thickness (arrowheads). Scale bar is 200 μm. Expression of (B) ZO-1, (C) OCLDN, (D) CLDN-1, (E) CLDN-2, (F) TLR-4, (G) TLR-2, (H) TNF-α, (I) IL-10, and (J) ANGPTL4. Data are normalized using RPL-19 as control gene. ∗P < 0.05 and ∗∗P < 0.01 were considered statistically significant, respectively. ND, normal diet + PBS; NA.m, normal diet + A. muciniphila (109 CFU); NEV, normal diet + EVs (10 μg protein); HFD, high-fat diet + PBS; HA.m, high-fat diet + A. muciniphila (109 CFU); HEV, high fat-diet + EVs (10 μg protein).
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FIGURE 5. The effect of A. muciniphila and its EVs on the study’s genes and cytokine secretion in the Caco-2 cell line. Caco-2 monolayers were treated with A. muciniphila (MOI100) and EV concentration (10 μg) for 24 h. The expression of genes: (A) ZO-1, OCLDN, and CLDN-1; (B) TLR-2 and TLR-4; and (C) ANGPTL4. The levels of cytokines: (D) IL-6 and IL-8; (E) TNF-α and IL-10; and (F) IFN-γ and IL-4. Expression data are normalized using GAPDH as control gene. ∗P < 0.05 and ∗∗P < 0.01 were considered statistically significant, respectively.





A. muciniphila and Its EVs Regulated Inflammation and Energy Homeostasis in the Colon of Obese Mice

High-fat diet seems to cause disruption of the intestinal barrier and consequently leads to inflammation. Therefore, the anti-inflammatory effect of A. muciniphila and its EVs by TLRs was evaluated in HFD-induced mice. After EV administration, the expression of TLR-4 reduced more in obese mice when compared with this bacterium (Figure 4F). In comparison with A. muciniphila, EVs induced significantly lower TLR-2 expression in both mice’s colon (Figure 4G). In the Caco-2 cell line, this bacterium did not stimulate TLR-4 while it induced TLR-2 expression. Similar to in vivo, EVs induced upregulation in expression of TLR-2 and downregulation in expression of TLR-4 in the cell line (Figure 5B). Both this bacterium and EVs induced intestinal immune homeostasis through regulated ratio of pro- and anti-inflammatory cytokine expression in obese mice’s colon (Figures 4H,I). In normal mice, a slight increase of pro-inflammatory cytokine TNF-α expression was observed after being gavaged by the bacterium (Figure 4H). Conversely, the EVs downregulated significantly the expression of this cytokine. Also, significant anti-inflammatory cytokine IL-10 upregulation was seen after both administration in normal mice (Figure 4I). A. muciniphila and its EVs induced both pro- and anti-inflammatory cytokine secretion, while EVs induced significantly lower levels of IL-8 and the levels of IL-4 increased compared with A. muciniphila in the Caco-2 cell line (Figures 5D,F). A. muciniphila had a significant effect on an increase in the level of IL-10, compared to EVs (Figure 5E). In addition, the increase in TNF-α level following both treatments was not significant (Figure 5E). Both treatments significantly reduced the level of IFN-γ in comparison with the control group (Figure 5F).

To investigate the role of A. muciniphila and its EVs on fat storage, gene expression of Angiopoietin-like 4 (ANGPTL4), which plays a key role in regulatory pathways involving energy and lipid metabolism under HFD, was evaluated in colon of mice. Treatment of A. muciniphila and its EVs influences improvement of lipid and energy metabolism in obese mice. These observations were accompanied by increased expression of intestinal ANGPTL4 expression in mice treated with this bacterium (Figure 4J). Moreover, administration of EVs showed slight effects on ANGPTL4 expression in obese mice (Figure 4J). Additionally, treatment with A. muciniphila in normal mice induced a high mRNA level of ANGPTL4 in the colon (Figure 4J), whereas EVs were not effective in Angptl4 upregulation, similar to the in vitro study (Figure 5C).




DISCUSSION

Obesity is characterized by weight gain, fat accumulation, disruption of metabolic and energy homeostasis, and low-grade inflammation (Choe et al., 2016; WHO, 2016). Multiple studies have confirmed the effects of probiotics on obesity, as they improve metabolic parameters and reduce body weight by changing the microbiota composition (Schneeberger et al., 2015; Ejtahed et al., 2019). Recent evidences show that OMV-released probiotic and commensal bacteria can internalize intestinal epithelial cells and play a crucial role in the modulation of various pathways (Alvarez et al., 2016; Cañas et al., 2016; Fábrega et al., 2016). Our findings showed that A. muciniphila-derived EVs alleviated more body and fat weight gain in obese mice after 5 weeks, compared to the bacterium. Both treatments had effects on the weight of normal mice, while the bacterium had greater effects on EAT weight. In addition, blood glucose and cholesterol levels reduced following treatment with EVs in obese mice.

In comparison with the control group, administration of A. muciniphila induced significantly lower levels of glucose and TG in obese mice. In normal mice, the bacterium had more significant effects on TG, compared with EVs. These results may indicate the potential role of the bacterium and its EVs in obesity treatment. Similarly, a recent study revealed that the abundance of A. muciniphila decreased in HFD-fed mice, which is strongly correlated with weight gain, increased inflammation, increased expression of lipid-metabolism genes in adipose tissues, and increased level of blood markers (e.g., lipid and glucose) in obese mice (Schneeberger et al., 2015). Accumulating evidence shows that probiotic administration leads to a reduction in body weight gain, adipose weight, and obesity biomarkers (e.g., glucose and plasma lipid) in HFD-fed mice (Rather et al., 2014; Parker et al., 2017). In addition, the effect of probiotics on the improvement of metabolism was confirmed in normal mice (Zhao et al., 2017).

Several studies indicate that HFD induces an increase in adipocyte size, macrophage infiltration, and secretion of inflammatory mediators associated with obesity pathogenesis (Blüher, 2016). Our meta-analysis, consistent with previous studies, showed that the levels of PPAR-γ and PPAR-α decreased due to obesity, while TGF-β level and inflammation increased in adipose tissues. PPARs, as lipid sensors, regulate the host metabolism by affecting the genes involved in fat storage and energy homeostasis and modulate inflammatory responses; accordingly, they are regarded as the link between lipid signaling and inflammation (Wahli and Michalik, 2012). Previous findings suggest that PPAR-γ contributes to the regulation of FA metabolism and alleviation of inflammation and fibrosis (Huang and Glass, 2010). Moreover, increased activation of PPAR-α in adipocytes induces FA oxidation, decreases food intake, increases energy expenditure, and regulates inflammatory responses (Goto et al., 2011; Allen and Bradford, 2012; Gross et al., 2017). A recent study revealed that activation of both PPAR-α and PPAR-γ by synthetic agonists might have greater effects on inflammation and obesity amelioration (Feng et al., 2016). Our findings showed that administration of A. muciniphila and its EVs triggers an increase in PPAR-α and PPAR-γ mRNA content of EAT in both groups, which is indicative of their influence on FA oxidation and energy metabolism. Notably, EVs had a greater effect on the expression of PPARs in EAT in comparison to the bacterium.

In a previous study, administration of Lactobacillus gasseri BNR17 showed that alleviation of white adipose tissue weight gain increases FA oxidation by changing PPAR-α expression (Kang J.-H. et al., 2013). An increase in the level of TGF-β in adipose tissues influences the production of inflammatory mediators, regulation of energy homeostasis, fat mass expansion, and promotion of collagen deposition, which are associated with obesity in animals and humans (Samad et al., 1997; Fain et al., 2005; Lin et al., 2009; Yadav et al., 2011; Sousa-Pinto et al., 2016). Yadav et al. (2011) showed that neutralization of TGF-β with antibodies has protective effects on diabetes and obesity by improving metabolism. We found that HFD causes an increase in TGF-β mRNA content of EAT, compared with the normal diet; in fact, the mRNA level decreased after both administrations in mice. These findings may indicate the potential effect of this bacterium and its EVs on regulating energy metabolism and counteracting obesity.

A large number of studies have reported a correlation between obesity amelioration and PPARs, which directly affect the reduction of inflammatory cytokines or indirectly influence lipid metabolism in adipose tissues (Stienstra et al., 2007; Wahli and Michalik, 2012). PPAR-α and PPAR-γ are capable of reducing the expression of pro-inflammatory cytokines through influencing adipose size and reversing macrophage infiltration, respectively (Tsuchida et al., 2005; Stienstra et al., 2007). On the other hand, activation of TLR-4 in adipose tissues occurs through interactions with gut microbiota LPS or adipocyte lipolysis-released free fatty acids, which can induce the secretion of inflammatory adipocytokines (i.e., IL-6 and TNF) in obesity (Cani et al., 2007; Gross et al., 2017).

Besides the impact on PPARs, we found that EVs have more significant anti-inflammatory effects on the EAT of obese mice, compared with the bacterium itself. These effects are accompanied by a decrease in the expression of TLR-4 and pro-inflammatory cytokines, TNF-α and IL-6, in EAT.

In addition, both treatments had positive effects on normal mice. Several animal studies have shown that probiotic treatments downregulate pro-inflammatory cytokine genes and upregulate the expression of FA oxidation-related genes in white adipose tissues (Núñez et al., 2015; Qiao et al., 2015). Collectively, our results showed that both treatments could ameliorate obesity and reverse the obesity effects. These results possibly represent that nano-sized EVs can enter the bloodstream and access other tissues such as adipose tissue as well as regulate a variety of cellular and molecular pathways.

Correlation of dysbiosis with obesity is indicated in several animal and human studies (Cani et al., 2008; Armougom et al., 2009; Turnbaugh et al., 2009; Fei and Zhao, 2013; Schneeberger et al., 2015). It is known that obesity increases intestinal permeability, caused by switching of tight junction proteins (Kim et al., 2012). Therefore, the level of these proteins such as zonula occludens-1 (ZO-1), occludin (OCLDN), and claudin-1 (CLDN-1) reduces, while CLDN-2 expression in permeable epithelial cell increases (Everard et al., 2013; Ahmad et al., 2017). Our findings showed that HFD-induced colon barrier dysfunction improves significantly after administration of EVs by switching tight junction protein expression in obese mice. Moreover, A. muciniphila and its EVs upregulated the expression of tight junction proteins not only in Caco-2 cells, but also in mice.

Additionally, we found a significant increase in CLDN-2 expression among HFD-fed mice, while EVs had a considerable effect on CLDN-2 downregulation in obese mice. In this regard, a previous study showed that A. muciniphila could regulate tight junction protein expression and strengthen the intestinal barrier in obese mice by affecting TLR-2 expression (Plovier et al., 2017). Chelakkot et al. (2018) demonstrated weight loss in HFD-fed mice after treatment with A. muciniphila-derived EVs, which also diminished the HFD-induced gut permeability. Moreover, a recent study showed that A. muciniphila EVs have more beneficial effects on the mucosal integrity and weight gain of colitis mice, compared with the bacterium (Kang C.-S. et al., 2013). Other animal studies have shown that oral administration of probiotics improves the gut barrier integrity and metabolic disorders (Everard et al., 2013; Plovier et al., 2017; Le Barz et al., 2018). In line with the abovementioned findings, we showed that probiotics and their bioactive factors reinforce the epithelial barrier integrity through upregulation of several tight junction-related genes. An increase in the gut permeability stimulates the immune cells in the lamina propria by pathogenic and beneficial bacteria (i.e., LPS) and ultimately leads to inflammation. Probiotic, as a potential therapeutic option to target obesity, interacts with TLRs on intestinal epithelial or immune cells and stimulates the secretion of various cytokines in the gut, ultimately leading to mucosal immune homeostasis (Van Baarlen et al., 2013).

Since Akkermansia muciniphila is closer to the host epithelial cells, it exhibits significant immune regulatory responses. In our study, the cell line, after exposure to A. muciniphila, showed activated cells expressing TLR-2, but no change in TLR-4 expression was found, similar to normal mice. Generally, TLR-4 is the best marker for identifying Gram-negative LPS, while commensal bacterial LPS are different from pathogenic bacteria, which stimulate TLR-2 instead of TLR-4 and cause immune system tolerance (Alhawi et al., 2009). In this regard, an in vitro study, comparing the effects of A. muciniphila with E. coli LPS on HT29 cells, showed that A. muciniphila LPS are distinct from E. coli LPS (Reunanen et al., 2015). Conversely, another study demonstrated that A. muciniphila is a strong inducer of TLR-4 activation in HEK-Blue cells (Ottman et al., 2017). Differences in TLR-4 stimulation may be due to variations in cell type and culture medium.

Recent studies have revealed that gut microbiota possibly communicates with the host by secreting EVs and mediates immune signaling pathways by interacting with TLRs (Shen et al., 2012; Fábrega et al., 2016). Our findings showed that treatment with A. muciniphila-derived EVs activated TLR-2 expression, while reducing TLR-4 expression in the cell line and mice. In the present study, treatment with A. muciniphila in obese mice induced TLR-2 upregulation and TLR-4 downregulation. We found that the bacterium induces higher levels of pro-inflammatory cytokines in the cell line, compared with EVs. Similarly, another study on the same cell line showed that A. muciniphila stimulates IL-8 secretion, and the concentration of IL-8 was significantly lower than that reported in E. coli treatment (Reunanen et al., 2015). Moreover, another study reported that A. muciniphila EVs induce IL-6 secretion in CT26 cells. However, before treatment with E. coli-derived EVs, pretreatment with A. muciniphila EVs indicated the anti-inflammatory effects of these EVs (Kang C.-S. et al., 2013). Previous studies show that probiotics can modulate immune homeostasis by inducing pro- and anti-inflammatory cytokines in the cell line (Ottman et al., 2017; Rabiei et al., 2019). Following the administration of A. muciniphila in our study, high expression levels of pro-, and anti-inflammatory cytokines were observed in comparison with EV treatment in normal mice. These observations, which are in line with recent research, may show that induction of pro-inflammatory cytokine secretion by this bacterium in a normal intestine can play a key role in the immune system preparation for confronting bacterial pathogens and developing intestinal tolerance to commensal microbiota (Ottman et al., 2017).

On the other hand, gavage of obese mice with A. muciniphila and its EVs showed that both treatments could ameliorate intestinal inflammation. In addition, both A. muciniphila and its EVs induced anti-inflammatory cytokine expression in obese mice by affecting TLR-2 activation. Multiple studies have demonstrated that probiotics can ameliorate inflammation, caused by TLR-2-dependent induction of IL-10 secretion (Macho Fernandez et al., 2011; Jeon et al., 2012; Kaji et al., 2018). Overall, our findings, in line with previous studies, revealed the anti-inflammatory properties of A. muciniphila and its secretory vesicles in inflammatory diseases, especially obesity.

The gut microbiota can influence the energy balance, as well as weight control in the host through various mechanisms, including intestinal ANGPTL4, which diminishes lipogenesis, fat storage, and finally energy balance in the host (Jacouton et al., 2015; Tabasi et al., 2019). Moreover, it increases the plasma TG level and reduces inflammation (Galaup et al., 2012). Angptl4 is considered a link between the gut microbiota and obesity, preventing FA-induced inflammation (Lichtenstein et al., 2010). Since ANGPTL4 expression reduces in obesity, use of probiotics for ANGPTL4 upregulation may be the main target of HFD-induced obesity prevention or treatment (Zandbergen et al., 2006). In the current study, A. muciniphila induced the upregulation of ANGPTL4 expression in both Caco-2 cell line and mice. A recent study also revealed that A. muciniphila metabolites, such as propionate, regulate ANGPTL4 expression in intestinal organoids, and modulate lipid metabolism (Lukovac et al., 2014). Moreover, comparison of ANGPTL4 knockout (ANGPTL4–/–) and wild-type mice in an in vivo study showed that ANGPTL4–/– mice do not counteract HFD-induced weight gain due to increased LPL activity (Bäckhed et al., 2004). In the present study, we found that bacterium-derived EVs are not effective in Angptl4 upregulation in the cell line and normal mice, which is in contrast with the slight change in Angptl4 expression in obese mice. Regarding ANGPTL4 expression, it has been reported that treatment with live Lactobacillus rhamnosus CNCMI-4317 upregulates Angptl4 expression in HT29 cells, whereas the heat-inactivated bacterium and its supernatant do not affect Angptl4 regulation (Jacouton et al., 2015).

Our findings, in line with previous research, reveal that live probiotics probably affect the intestinal Angptl4 upregulation via surface molecules and prevent obesity (Jacouton et al., 2015). Moreover, the minor effect of EVs on the regulation of intestinal Angptl4 expression could be attributed to surface-exposed molecules in obese mice. These observations support the hypothesis that inflammation of the intestine, as the first site affected by HFD, can induce adipose inflammation and contribute to the progression of obesity (Kim et al., 2012). Therefore, early detection of intestinal inflammation and amelioration via probiotic treatment may have beneficial effects on the prevention of obesity.

In summary, HFD consumption can influence dysbiosis, inflammation, permeability of the mucosal barrier, accumulation of fat, and weight gain, and consequently lead to obesity. It was revealed that A. muciniphila and administration of its EVs could reverse adverse effects of obesity in obese mice (Figure 6). In fact, A. muciniphila-derived EVs showed more significant effects on adipose dysfunction, inflammation reduction, alleviation of intestinal permeability, and reversal of obesity effects compared to this bacterium. Therefore, these EVs may be considered as a possible target of HFD-induced obesity prevention or treatment. Finally, regarding the distinct effects of EV–host interaction on the treatment of obesity, further research is necessary to corroborate our findings.
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FIGURE 6. Administration of A. muciniphila and its EVs improves the intestinal and metabolic homeostasis in obese mice. Obesity is associated with the disruption of the intestinal barrier integrity, inflammation, and fat mass gain (left). Oral administration of A. muciniphila or its EVs increase the expression of tight junction proteins and TLR-2 and reduce the expression of TLR-4 and pro-inflammatory cytokines in the colon of obese mice (right). Also, treatment with A. muciniphila and its EVs affects FA oxidation, local inflammation genes, and fat-mass loss in the EAT of obese mice. HFD, high-fat diet; EVs, extracellular vesicles; TLR, toll-like receptor; LPS, lipopolysaccharide; PPAR, peroxisome proliferator-activated receptor; Zo-1, zonula occludens-1; Ocldn, occludin; Cldn, claudin; Angptl4, angiopoietin-like 4; TNF-α, tumor necrosis factor-α; IL-10, interleukin-10; TGF-β, transforming growth factor-β; and Glc, glucose.





CONCLUSION

Despite molecular interactions between the intestinal microbiota, host energy balance, and inflammation, some obesity and clinical studies show that manipulation of gastrointestinal microbiota with probiotics can promote the pathophysiology of obesity. Our results indicated the crucial role of A. muciniphila and its EVs in health promotion and obesity treatment. Based on our findings and the leaky-gut hypothesis, A. muciniphila-derived EVs can be considered as more appropriate targets in new therapeutic strategies for obesity.
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Francisella tularensis is a Gram-negative, facultative intracellular bacterium, causing a severe disease called tularemia. It secretes unusually shaped nanotubular outer membrane vesicles (OMV) loaded with a number of virulence factors and immunoreactive proteins. In the present study, the vesicles were purified from a clinical isolate of subsp. holarctica strain FSC200. We here provide a comprehensive proteomic characterization of OMV using a novel approach in which a comparison of OMV and membrane fraction is performed in order to find proteins selectively enriched in OMV vs. membrane. Only these proteins were further considered to be really involved in the OMV function and/or their exceptional structure. OMV were also isolated from bacteria cultured under various cultivation conditions simulating the diverse environments of F. tularensis life cycle. These included conditions mimicking the milieu inside the mammalian host during inflammation: oxidative stress, low pH, and high temperature (42°C); and in contrast, low temperature (25°C). We observed several-fold increase in vesiculation rate and significant protein cargo changes for high temperature and low pH. Further proteomic characterization of stress-derived OMV gave us an insight how the bacterium responds to the hostile environment of a mammalian host through the release of differentially loaded OMV. Among the proteins preferentially and selectively packed into OMV during stressful cultivations, the previously described virulence factors connected to the unique intracellular trafficking of Francisella were detected. Considerable changes were also observed in a number of proteins involved in the biosynthesis and metabolism of the bacterial envelope components like O-antigen, lipid A, phospholipids, and fatty acids. Data are available via ProteomeXchange with identifier PXD013074.

Keywords: Francisella tularensis, FSC200, outer membrane vesicles, stress response, virulence factor, host–pathogen interaction


INTRODUCTION

Francisella tularensis is a Gram-negative, facultative intracellular bacterium, causing a severe disease known as tularemia. Being one of the most infectious pathogenic bacterium (as few as 10 bacteria can initiate the disease), F. tularensis has been classified as a potential biological warfare agent by the Working Group on Civilian Biodefense (Dennis et al., 2001). F. tularensis is transmitted to humans via inhalation, ingestion of contaminated food or water, bites by arthropods, or through direct contact with infected animals. Three different F. tularensis subspecies are distinguished which differ in their geographical distribution, virulence, and severity of the disease. Subsp. tularensis (type A) is found almost exclusively in North America and is characterized by the highest virulence, severity of the disease, and mortality. Subsp. holarctica (type B) is spread along the north hemisphere and exhibits moderate virulence. The last subsp. mediasiatica exhibits comparable virulence and is found in central Asia (Oyston, 2008).

Francisella has a broad range of environmental reservoirs with quite a high number of potential cold-blooded hosts (insects, arthropods, and fresh-water protozoans) as well as homeothermic hosts (rodents, lagomorphs, and other mammals including human), which indicates the remarkable adaptability of the bacterium (Hazlett and Cirillo, 2009; Zellner and Huntley, 2019). Transition of the bacterium from an environmental compartment or a vector into the mammalian host requires adaptation to new hostile conditions characterized by higher temperature, presence of reactive oxygen species, low pH, lack of iron, and limitations in nutrients. Francisella actively invades a wide range of host cells, macrophages, and dendritic cells being the primary phagocytic targets (Celli and Zahrt, 2013). After the engulfment, the bacterium alters maturation of the vacuole by a yet unexplained mechanism, decomposes the phagosomal membrane, and escapes into the cytosol where it multiplies (Clemens and Horwitz, 2007; Jones et al., 2012; Celli and Zahrt, 2013). Proteomic response of Francisella to various stress conditions like high temperature, stationary phase, iron restriction, or oxidative stress were comprehensively studied previously and revealed activation of number of virulence factors (Lenco et al., 2005, 2007, 2009).

Release of OMV is an alternative way of protein secretion that is common to all Gram-negative bacteria and it is independent of the secretion systems I–VI. OMV are 20–300 nm, usually spherical, double-layered membranous particles that are released from the bacterial OM. They are formed when a portion of OM separates and encapsulates part of the periplasmic space with its contents. As such they contain OM and periplasmic proteins, phospholipids, LPS, and peptidoglycan. Nevertheless, they can also harbor nucleic acids and cytosolic or inner membrane proteins (Ellis and Kuehn, 2010; Haurat et al., 2015). OMV have numerous functions in the bacterial lifestyle, and they can act both in their defense and offense (Kulp and Kuehn, 2010; Olsen and Amano, 2015). OMV serve as a delivery vehicle for insoluble or degradable material, for toxins and other virulence factors, DNA, or small molecules for bacterial communication. The release of misfolded or aggregated proteins in OMV has also been presented as an envelope-stress response mechanism (McBroom and Kuehn, 2007). In some bacteria OMV serve as a decoy for bacteriophages or antimicrobial peptides (Manning and Kuehn, 2011) and they present an important component of biofilms where they contribute to communication between bacteria and surfaces attachment (Baumgarten et al., 2012; Cooke et al., 2019). OMV also play a significant role in the interaction with host cells and with the immune system. OMV from a wide range of pathogenic bacteria have been found in various infected host tissues which suggests their contribution to pathogenesis. The immunomodulatory content of OMV (notably OM proteins, LPS, lipids) enables them to interact with host pattern recognition receptors to initiate the signaling cascades that lead to altered production of cytokines, chemokines, and antimicrobial peptides either to facilitate or limit inflammation (Kaparakis-Liaskos and Ferrero, 2015).

Production of OMV has previously been described in F. novicida (McCaig et al., 2013) and F. tularensis subsp. tularensis SchuS4 (Sampath et al., 2017) and a novel and unusual nanotubular shape was observed. Similar structures were also found in F. noatunensis, a related fish pathogen (Brudal et al., 2015). An increased OMV secretion together with enhanced biofilm formation and increased antibiotic resistance was observed in the fupA/B mutant of F. tularensis subsp. holarctica the live vaccine strain (Siebert et al., 2019). The protein composition of OMV was found to be related to the protein contents of the capsule-like complex (CLC) (Champion et al., 2018).

In the present study we demonstrate release of these nanotubular vesicles from F. tularensis subsp. holarctica strain FSC200, a virulent clinical isolate from a patient during the 1998 outbreak of ulceroglandular tularemia in central Sweden (Johansson et al., 2000). We have isolated OMV from bacteria cultivated at different conditions with the purpose to simulate various environments of Francisella life cycle. These included conditions mimicking the environment inside the mammalian host during infection: oxidative stress, low pH, and high temperature (42°C); and, in contrast, low temperature (25°C) that mimicked the external environment. The contribution of OMV to stress response and to host–pathogen interaction in Francisella is here demonstrated by differential OMV secretion under conditions simulating hostile environment of a mammalian host. The response was manifested by a several-fold increase in vesiculation rate at high temperature and low pH, both conditions characteristic of inflammation. A novel approach to the proteomic characterization of OMV is here presented in which a comparison of OMV protein cargo to membrane fraction is performed in order to find proteins significantly concentrated in OMV. Only these OMV-enriched proteins were further considered to be really involved in the OMV function and/or their exceptional structure. Further comprehensive proteomic characterization of OMV gave us an insight how the bacterium responds to the hostile environment of a mammalian host through the release of differentially loaded OMV.



MATERIALS AND METHODS


Bacterial Strain and Growth Media

Francisella tularensis subsp. holarctica strain FSC200 (Johansson et al., 2000) was kindly provided by Åke Forsberg (Swedish Defence Research Agency, Umeå, Sweden). Stock bacteria were precultivated on McLeod agar supplemented with bovine hemoglobin and IsoVitalex (Becton Dickinson) at 37°C for 24 h. BHI (Becton Dickinson) was prepared according to manufacturer, pH was adjusted with HCl to 6.8 (unless otherwise stated), and it was sterile-filtered instead of autoclaving. For pH stress analysis, a scale of media was prepared as follows: pH 7.4 (unadjusted), 6.8, 6.3, 5.8, 5.3, 4.8, and 4.3.



Determination of Growth Curves Under Stress Conditions


Temperature and pH Stress

Bacteria were inoculated into BHI and cultivated overnight at 37°C and 200 RPM. The overnight culture was pelleted (6000 × g, 15 min, 25°C) and diluted with fresh medium to OD600 0.1. The growth curves at 37°C, 42°C, and at various pH (see Table 1 and above for the pH levels) were monitored in plate reader FLUOstar OPTIMA (BMG LabTech) for 42 h under constant shaking. OD was scanned every 10 min and it was normalized on 1 cm cuvette. OD at 25°C was monitored in a test-tube and measured at 0, 4, 16, 24, and 40 h.


TABLE 1. Cultivation conditions and stress treatments summary.
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Oxidative Stress

The overnight culture was pelleted as above, diluted with fresh medium to OD600 0.1, and cultivated at 37°C for 12 h. Then hydrogen peroxide was added at final concentrations of 0, 5, 10, and 50 mM. The growth of bacteria was then monitored by OD reading and CFU plating every hour for next 4 h.



OMV Quantification Under Stress Conditions

Bacteria for OMV quantification were cultivated in small scale (3 mL) in test-tubes under conditions described for growth curves. In the time of harvest a portion of the bacterial suspension was taken for serial dilution and CFU plating. The summary of cultivation conditions and harvest times for individual stress treatments is specified in Table 1. Bacteria were pelleted (10,000 × g, 15 min, 4°C) and the supernatants were sterile-filtered through syringe-driven filters (0.22 μm, PVDF). The quantity of OMV in the supernatants was assessed with the fluorescent dye SynaptoGreenTM C4 (FM1-43, Biotium), similarly as described before (MacDonald and Kuehn, 2013). Culture supernatants were incubated with the dye at final concentration of 2.5 μg/mL for 10 min at 37°C in the dark. Fluorescence was measured using the FLUOstar OPTIMA plate reader at 485 (excitation) and 590 nm (emission). Acquired fluorescence was then normalized to CFU/mL at the time of vesicle harvest. Six to nine replicates were performed for each cultivation condition. Vesiculation rates were calculated as percent of the untreated cultivation. Ratios ± SD were estimated, one-way analysis of variance was used to evaluate the p-value, and post hoc test (FDR = 0.01) was employed to find the significant pairs against control. Statistical analysis was performed in Perseus software ver. 1.6.2.3 (Tyanova et al., 2016). In pH stress monitoring the pH of the culture media after bacteria harvest was checked using pH indicator strips (range 2.0–9.0, Macherey-Nagel) with the accuracy of 0.5.



OMV Isolation

Outer membrane vesicles for TEM and MS analysis were prepared from large-scale cultivations (2–4 L). Overnight cultures were pelleted (6000 × g, 15 min, 25°C), diluted with fresh medium to OD600 0.1, and cultivated as defined in Table 1. Bacteria were removed by centrifugation (10,000 × g, 20 min, 4°C), the supernatants were filtered through 0.22 μm PVDF filter and subsequently concentrated using Amicon® Stirred Ultrafiltration Cell through the membrane of regenerated cellulose with nominal molecular weight cut-off of 100 kDa (both Millipore) to a final volume of ca. 20 mL. Concentrated supernatants were then pelleted (100,000 × g, 90 min, 4°C). The pellet was resuspended in 0.8 mL of 45% (w/v) OptiPrep (Sigma–Aldrich) in 10 mM HEPES/0.85% NaCl, pH 7.4 (HEPES buffer), and overlaid with OptiPrep gradient formed by: 40, 35, 30, 25, and 20% (0.8 mL each). The gradients were centrifuged at 100,000 × g for 16–20 h at 4°C in a swinging-bucket rotor. After centrifugation 12 0.4 mL fractions were carefully withdrawn from the top, a clearly visible opaque-white band was observed located in the upper part of the gradient (in fractions 1–3). Aliquots of the fractions were precipitated by 20% (w/v) trichloroacetic acid and subjected to SDS-PAGE. The proteins were visualized by Coomassie blue staining or electroblotted onto PVDF membrane, immunodetected with mouse monoclonal antibodies against LPS (FB11, Abcam), FopA, IglA, IglB, or IglC (all Moravian Biotechnology), and visualized by BM Chemiluminescence Blotting Substrate (Roche) on the iBrightTM FL1000 Imaging System (ThermoFisher Scientific). Fractions containing the visible white band were combined, diluted 8× with HEPES buffer, and centrifuged (100,000 × g, 90 min, 4°C). The supernatant was removed and the pellet was washed again (same conditions) to remove the residual OptiPrep. The final pellet was suspended in HEPES buffer and protein concentration was determined by Micro BCATM Protein Assay Kit (Pierce).

Outer membrane vesicles from agar plates grown bacteria were prepared as follows. Bacteria were grown on McLeod agar supplemented with bovine hemoglobin and IsoVitalex overnight. Bacteria were harvested into phosphate-buffered saline, washed gently by several aspirations in the pipette, and removed by centrifugation (10,000 × g, 20 min, 4°C). The washing step was repeated twice, supernatants were combined, and filtered through 0.22 μm PVDF filter. The procedure then followed as in the liquid culture OMV preparation.



Transmission Electron Microscopy of OMV

Five microliters of OMV sample was applied onto glow-discharge activated formvar-/carbon-coated 300 Mesh copper grids (Benada and Pokorný, 1990). After 60 s of adsorption, the grids were negatively stained with 1% ammonium molybdate, pH 6.5. Alternatively, a mixture of 1% ammonium molybdate and 0.1% trehalose was used (Harris et al., 1995). The grids were examined in Philips CM100 Electron Microscope (Philips EO, now Thermo Fisher Scientific) at 80 kV. The digital images were recorded using MegaViewII or MegaViewIII slow scan CCD cameras (Sis GmbH; Olympus, now EMSIS GmbH). All digital images were processed in the AnalySis3.2 Pro software suite (Version Build 788, 2003) using standard modules (shading correction and digital contrast enhancement).



Scanning Electron Microscopy of Whole Bacteria

Bacteria were cultivated in small-scale under conditions described in Table 1. A volume corresponding approximately to 2 × 109 CFU was pelleted (6000 × g, 15 min, 4°C) and washed twice in 100 mM sodium cacodylate/5 g/L NaCl, pH 7.2. Bacteria were then fixed by 3% glutaraldehyde in the same buffer at RT for 1 h and then at 4°C overnight with slow rotation. Sterility of the fixed solution was checked by aliquot plating. The washed bacterial cells were then allowed to sediment overnight onto poly-L-lysine treated circular coverslips at 4°C. The coverslips with attached bacteria were post-fixed with 1% OsO4 for 1 h at room temperature and three times washed with ddH2O. Washed coverslips with the bacteria were dehydrated through an alcohol series (25, 50, 75, 90, 96, 100, and 100%) followed by absolute acetone and critical point dried from liquid CO2 in a K850 Critical Point Dryer (Quorum Technologies Ltd.). The dried samples were sputter coated with 3 nm of platinum in a Q150T Turbo-Pumped Sputter Coater (Quorum Technologies Ltd.). The final samples were examined in a FEI Nova NanoSEM 450 scanning electron microscope (Thermo Fisher Scientific) at 5 kV using CBS and TLD detectors.



Preparation of Membrane-Enriched Fraction

Bacteria were cultivated as in the OMV isolation from the untreated control. Bacteria were washed twice by ice-cold phosphate-buffered saline, resuspended in 50 mM NH4HCO3 supplemented with protease inhibitors cocktail (complete EDTA-free, Roche Diagnostics), and disrupted by two passages in French pressure cell (Thermo IEC) at 1600 psi. The lysate was then treated with benzonase (Sigma–Aldrich) in a final concentration of 150 U/mL for 10 min on ice. Unbroken cells were removed by centrifugation (12,000 × g, 20 min, 4°C) and the supernatant was filter sterilized by syringe-driven 0.22 μm filter. The insoluble membrane fragments were pelleted at 100,000 × g for 30 min at 4°C, supernatant was discarded. Pellet was washed with fresh 50 mM NH4HCO3 supplemented with protease inhibitors and pelleted again. The final membrane pellet was suspended in 50 mM NH4HCO3 supplemented with protease inhibitors. Protein concentration was determined as above.



Proteomic Analysis

For proteomic comparison of stress-derived OMV three large-scale cultivations were performed to evaluate three replicates from each condition: control (untreated), oxidative (10 mM H2O2 for 4 h), 42°C, 25°C, low pH (5.3), and McLeod agar plate. Each replicate was once digested and measured. For comparison of OMV vs. membrane fraction two large-scale cultivations were performed, each sample was split to two before digest to yield four final replicates. LC–MS/MS analysis was performed on Ultimate 3000 RSLCnano System (Dionex) coupled on-line through Nanospray Flex ion source with Q-Exactive mass spectrometer (Thermo Scientific). Data were processed by MaxQuant ver. 1.6.2.3 coupled with Andromeda search engine (Cox and Mann, 2008) and downstream proteomic analysis was performed in Perseus software ver. 1.6.1.1 (Tyanova et al., 2016). For detailed methods of proteomic analysis and data evaluation see Supplementary Material S1.

The MS proteomics data have been deposited to the ProteomeXchange Consortium via the PRIDE (Perez-Riverol et al., 2019) partner repository with the dataset identifier PXD013074.



RESULTS


F. tularensis FSC200 OMV Have Tubular Shape

Bacteria were cultivated in the complex medium – BHI, which is known to support the bacterium to switch to the so-called host-adapted phenotype (Hazlett et al., 2008; Zarrella et al., 2011; Holland et al., 2017). This phenotype is characteristic of the production of longer O-antigen carbohydrate chains in LPS and higher molecular weight of capsular polysaccharides on the bacterial surface. The bacteria also elicit decreased proinflammatory response in macrophages and show an accelerated pathogenesis in mice (Zarrella et al., 2011). BHI also stimulates the bacterium in enhanced production of number of virulence factors together with the proteins from the LPS O-antigen gene cluster (Holland et al., 2017). The bacteria were grown to the early stationary phase for 16 h to reach an OD of ca. 0.6.

Outer membrane vesicles of tubular shape were isolated from FSC200 strain by culture medium ultrafiltration followed by high speed centrifugation and density gradient purification (Figure 1B). Simple pelleting of the secreted material led to a complex and rich mixture of spherical and tubular vesicles on the background of other extracellular material such as high molecular weight protein complexes and aggregates, chaperons, or pili (Figure 1A). Density gradient purification was thus performed to remove this material. OMV floated on the top of the density gradient as a clearly visible white opaque band (Figure 1C). Separation from the non-OMV-associated proteins was confirmed by SDS-PAGE and Coomassie staining of individual fractions (Figure 1D) and Western blot analysis by antibodies against LPS, FopA and IglA, IglB, and IglC (Figures 1E,F). LPS and the OmpA family protein FopA were here used as vesicular markers, while proteins from the FPI IglA, IglB, and IglC peaked in the medium density region of the gradient (Figure 1F) showing thus that they are probably not secreted via OMV. See in Supplementary Material S2 how the storage conditions influence the tubular shape and overall condition of the vesicles. SEM of the whole bacteria cultivated in BHI revealed the presence of membrane protrusions of the same tubular character as in the isolated OMV fractions (Figure 2). These tubules were most frequently budding directly from the bacterial surface, sometimes in two different directions from the same cell and often connecting two adjacent cells.
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FIGURE 1. OMV isolation and purification. (A) TEM of pelleted culture filtrate and (B) OMV purified by density gradient; (C) density gradient separation – fractions 1–12 were collected from the top, white opaque band between the dashed lines corresponds to purified OMV; (D) SDS-PAGE of the density gradient fractions; (E) Western blot detection of LPS in the density gradient fractions; (F) Western blot detection of vesicular marker FopA and proteins IglA, IglB, and IglC in the density gradient fractions, dashed box highlights fractions 1–3 which were combined and taken as the OMV fraction for further analyses, corresponds to the part of the density gradient between the dashed lines in panel (C). M, MW marker; 1–12, density gradient fractions collected from the top of the density gradient; A and B bars: 200 nm.
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FIGURE 2. Scanning electron microscopy of bacteria cultured under various conditions. (A) Control: BHI, 37°C, pH 6.8, 16 h, arrows point to the tubular protrusions connecting adjacent cells; (B) oxidative stress: 10 mM H2O2; (C) 42°C, full arrowheads point to the small spherical vesicles on the background, inset: higher magnification of these small spherical vesicles; (D) 25°C; (E) pH 5.3; and (F) agar plate grown bacteria, empty arrowheads point to the unspecified material. Bars in main images: 5 μm; C-inset: 200 nm.




Protein Characterization of OMV

Evaluation of the FSC200 OMV contents revealed quite a large group of 520 proteins. Many of them have previously been presented as OMV-associated in F. novicida (McCaig et al., 2013). The detailed list of all identified proteins is presented in Supplementary Table S1. To narrow the OMV protein pattern to proteins enriched in vesicles we compared the proteomic composition of isolated and purified OMV with the membrane fraction prepared from the whole cell lysate. We suppose that only the OMV-enriched proteins are the real effectors of OMV function(s) and/or contribute to their unusual shape. The proteomic comparison was performed using the algorithm of riBAQ (Krey et al., 2014), a label-free quantitative approach suitable for comparison of complex protein mixtures with large differences in protein abundancies. The enrichment coefficients were calculated as ratios of protein amounts in OMV over membrane. With the criteria described in Supplementary Material S1 the number of detected OMV-associated proteins decreased to 163, from which seven were more than 100× enriched in OMV, 48 were in the range of 10–100×, and 20 were found exclusively in OMV. The list of OMV most enriched proteins (enrichment factor higher than 20) is shown in Table 2. Full list of all OMV-enriched proteins with references regarding their role in virulence is in Supplementary Material S3 and the details from the proteomic analysis are in Supplementary Table S2.


TABLE 2. Proteins enriched in OMV in comparison with the membrane fraction, only proteins with enrichment factor >20 are shown.

[image: Table 2]The enrichment resulted in remarkable changes in the distribution of functional categories as well as cellular localization when comparing enriched OMV proteins vs. all identified (Figure 3). Regarding cellular localization, the most visible changes were observed in cytoplasmic proteins and proteins from cytoplasmic membrane. The proportion of these proteins decreased in both cases; in cytoplasmic proteins from 38 to 17% and in cytoplasmic membrane proteins the decrease was even more prominent – from 27 to only 2%. In agreement with the OMV biogenesis mechanism, the portion of OM proteins increased from 4 to 14% and in periplasmic proteins from 3 to 8%. In the predicted functional categories, we have observed enrichment in “cell wall/membrane/envelope biogenesis” and in the general category of “poorly characterized proteins.” On contrary, an inconsiderable decrease was observed in the proportion of proteins from the general category of “information storage and processing,” especially those from “translation, ribosomal structure, and biogenesis” (from 10 to only 1%). This finding implicates that ribosomal proteins even though they are quite frequent in the vesicular samples don’t represent the real vesicular cargo but rather a contamination. Similarly, the following categories were decreased in OMV-enriched proteins: “energy production and conversion” (7 vs. 0.5%), “amino acid transport and metabolism” (6 vs. 3%), and “lipid transport and metabolism” (6 vs. 1%). In the non-enriched data, multiple subunits of the oxidative phosphorylation machinery were detected while none of them was significantly OMV enriched.
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FIGURE 3. Categorization of detected proteins according to their cellular localization as predicted by PSORTb v.3.0.2: (A) in all identified OMV proteins and (B) in proteins enriched in OMV over membrane. Distribution of functional categories based on COG: (C) in all identified OMV proteins and (D) in proteins enriched in OMV. M (cell wall/membrane/envelope biogenesis), O (posttranslational modification, protein turnover, chaperones); U (intracellular trafficking, secretion, and vesicular transport), D (cell cycle control, cell division, chromosome partitioning), V (defense mechanisms), T (signal transduction mechanisms), N (cell motility), W (extracellular structures), Z (cytoskeleton), J (translation, ribosomal structure, and biogenesis), L (replication, recombination, and repair), K (transcription), C (energy production and conversion), E (amino acid transport and metabolism), I (lipid transport and metabolism), H (coenzyme transport and metabolism), P (inorganic ion transport and metabolism), G (carbohydrate transport and metabolism), Q (secondary metabolites biosynthesis, transport, and catabolism), F (nucleotide transport and metabolism), S (function unknown), and R (general function prediction only).


Fifteen members of the FPI were detected in the non-enriched OMV data, while only three of them passed the statistical criteria and with low enrichment coefficients: FTS_0101 (FTT_1335, PdpE, Hcp; enriched 3.9×), FTS_0111 (FTT_1346, IglE; enriched 3.7×), and FTS_0107 (FTT_1349, IglG; enriched 2.7×). We have observed that the FPI proteins with the greatest homology to the T6SS IglA, IglB, and IglC were not OMV-associated by the Western blot analysis of individual fractions from the OptiPrep density gradient (Figure 1F). While OMV were isolated from the top low density fractions, the IglA–C proteins peaked in the medium density part of the gradient.

Among the most enriched OMV proteins we have observed several major structural OM proteins of the OmpA and OmpH family, which are described to act as channel-forming transmembrane porins: OM protein of unknown function (OmpH-like, FTS_0008), OmpA family peptidoglycan-associated lipoprotein (pal, FTS_0334), OmpA family protein (FopA, FTS_1295), OmpA family protein (FTS_0323), as well as the OM protein OmpH (FTS_0538). The latter one is a Skp/OmpH molecular chaperone that interacts with unfolded proteins as they emerge in the periplasm from the Sec translocation machinery. Similarly, the proteins involved in the Tol-PAL system which is required for the bacterial OM integrity were enriched in OMV: the group A colicin translocation tolB protein (TolB, FTS_0332), hypothetical protein FTS_1076 (type I secretion OM protein, TolC family), OM protein tolC precursor (TolC, FTS_1817), TPR repeat-containing protein (a putative tol-pal system protein YbgF, FTS_0201), and OM efflux protein (SilC–TolC ortholog, FTS_0687).

Regarding the major OM proteins mentioned above, it should be noted that also the components of Bam-complex (β-barrel assembly machinery) were highly enriched in OMV: OM protein of unknown function (BamA, FTS_0537), hypothetical protein FTS_1681 (BamB), competence lipoprotein ComL (FTS_0701, putative BamD), and OM lipoprotein (OmlA, FTS_0061, putative BamE). The Bam complex is responsible for the assembly of other β-barrel proteins into the OM of virtually all Gram-negative bacteria and homologs are found also in mitochondria and chloroplasts (Malinverni and Silhavy, 2011).

Other proteins with previously described relation to virulence and/or immunoreactivity were found to be concentrated in OMV. Examples concern the lipoprotein of unknown function (LpnA, FTS_0412, 17 kDa lipoprotein TUL4 precursor) and hypothetical protein FTS_0415 (LpnB, a putative TUL4), LpnA is the immunodominant lipoprotein of F. tularensis and a known TLR2 agonists (Sjöstedt et al., 1992; Forestal et al., 2008; Thakran et al., 2008). Furthermore, histidine acid phosphatase (FTS_0029) was highly OMV enriched together with two other acid phosphatases (histidine acid phosphatase FTS_0996 and hypothetical protein FTS_1178). Acid phosphatases hydrolyze phosphate esters, optimally at low pH, and they are suspected to be involved in the virulence by inhibiting reactive oxygen species production in host cells. Disruption of all four acid phosphatases in SchuS4 strain disabled it from the phagosomal escape (Mohapatra et al., 2013). Three proteins were here significantly OMV-enriched that were previously found up-regulated after infection in macrophages: hypothetical protein FTS_1538, peptide methionine sulfoxide reductase (MsrA, FTS_1906), and ATP-dependent Clp protease proteolytic subunit (ClpP, FTS_0883) (Pávková et al., 2013). Two chitinases (ChiA, FTS_1485 and ChiB, FTS_0083) were here found among the most OMV-enriched proteins together with the hypothetical protein FTS_1749, another putative chitinase class II group protein.



Stress Induced OMV Release

We exposed the bacteria to several cultivation conditions that induced various growth stresses to simulate the diverse conditions of F. tularensis life cycle. These included oxidative stress, low pH, high temperature (42°C), low temperature (25°C), and as an alternative to liquid media cultivation we have also isolated OMV from agar plate-grown bacteria.

Outer membrane vesicles for relative quantification of the vesiculation rate were not isolated and purified from the culture supernatants but they were stained directly in the bacterium-free culture media. For this purpose the fluorescent membrane probe FM1-43 was employed. This dye has negligible fluorescence in aqueous solutions but it has high affinity to lipid membranes and upon insertion into the membrane its fluorescence increases. The fluorescence of the solution is thus an indirect measure of membranes in the medium. Fluorescence of culture media was normalized to CFU/mL at the time of harvest and expressed as percent of the untreated cultivation. Table 1 summarizes cultivation conditions used in the study and Figure 4 shows the respective growth curves and relative vesiculation rates under different conditions. The conditions that led to the greatest changes in vesiculation rates were further used to study the OMV morphology by TEM (Figure 5), morphology of the bacteria by SEM (Figure 2), and proteomic comparison.
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FIGURE 4. Stress cultivation growth curves (left) and relative vesiculation rates (right). Fluorescence of the culture media was normalized to CFU/mL and expressed as percent of the control cultivation. (A) Oxidative stress: bacteria were grown for 12 h under standard cultivation conditions, then they were treated with 5–50 mM H2O2 (50 mM H2O2 had a considerable bactericidal effect, large amount of dead cells distorted OMV quantification); (B) high and low temperature stress; and (C) cultivation at different pH. Results show ratios ±SD from six to nine independent experiments; ∗ significant (p < 0.01) against control cultivation.
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FIGURE 5. Transmission electron microscopy of vesicles isolated from different cultivation conditions. (A) Oxidative stress caused by 10 mM H2O2; (B,C) 42°C; (D) 25°C; (E) pH 5.3; and (F) vesicles from agar plate grown bacteria. Arrows point to the extremely long nanotubes characteristic for high temperature cultivation. Bars A,B and D–F: 0.5 μm; and C: 2 μm.



Oxidative Stress

To induce oxidative stress hydrogen peroxide was here added to exponentially growing bacteria after 12 h of standard cultivation in the final concentrations of 5, 10, and 50 mM, respectively. The cultivation then continued for next 4 h. As resulted from the growth curves (Figure 4A), 5 and 10 mM H2O2 had negligible influence on the growth, while 50 mM H2O2 was bactericidal. The concentrations of 5 and 10 mM had also quite low effect on the vesiculation rate, which was only raised by 15 and 34%, respectively. For further analyses only the 10 mM concentration was used and it revealed similar OMV morphology (Figure 5A) as in the standard cultivation conditions (shown in Figure 1B). No visible effect was also observed on the morphology of treated bacteria (Figures 2A,B).



High and Low Temperature Cultivation

The growth of FSC200 at 42°C was here reduced to ca. one half of the control cultivation (Figure 4B, left); nevertheless, the viability of bacteria wasn’t affected and a considerable increase in the secreted membrane material was observed, the rate being on 475% in comparison with 37°C cultivation (Figure 4B, right). Moreover, TEM of the vesicles here isolated revealed a great number of extremely long nanotubes (Figures 5B,C). On the SEM images of the 42°C treated bacteria (Figure 2C) the protrusions were slightly longer than in control and on the background there were numerous spherical membrane vesicles (Figure 2C-inset).

At 25°C the growth was slightly lower than at 42°C and the vesiculation rate was only 63% above the control after 16 h of cultivation (Figure 4B). In contrary to the high temperature-derived vesicles, these appeared to be more “damaged” with a relatively lower proportion of the nanotubes and higher number of spherical vesicles among which a larger variety of diameters was observed than in the control samples (Figure 5D). SEM images of these bacteria show no tubular protrusions and a little amount of spherical vesicles, the size of bacteria was considerably smaller (Figure 2D).



Low pH Stress

Culture media were here adjusted to pH ranging from 7.4 (the non-adjusted BHI medium) to 4.3. According to the growth curves (Figure 4C), pH optimum for FSC200 growth ranged between 5.8 and 6.3, but vesiculation rate in these media was comparable or even slightly lower than in control (pH 6.8). At extremely low pH (4.8 and lower) the bacteria didn’t grow at all and vesiculation rate wasn’t determined. The vesiculation was most enhanced at pH 5.3, reaching as much as 308% of the control cultivation at the same harvest time. The growth at pH 5.3 was considerably retarded in the beginning, but after ca. 35 h it reached the same OD as control. The pH value of media after the harvest of bacteria was checked and except for the extremely low values, the pH raised gradually during cultivation to ca. 7.0–7.5. In the case of starting pH 5.3 the value raised to 6.0 after 16 h and it reached 7.0 after 40 h (see Supplementary Material S4). The morphology of isolated vesicles resembled to the control sample (Figure 5E), morphology of bacteria showed lower amount of protrusions than control (Figure 2E).



OMV From Agar Plate Cultivated Bacteria

Isolation and purification of OMV in good quality, quantity, and satisfactory reproducibility presents an inconsiderable challenge. The yields of OMV isolated and purified from FSC200 strain under the described standard cultivation conditions (BHI medium, pH 6.8, 37°C, late exponential phase of growth) were quite low, ranging usually around 20–30 μg of protein per 1 L of the bacterial suspension. For this reason we have tested the possibility to avoid the large volume cultivations by isolating OMV from agar plate cultivated bacteria. The bacteria were harvested from the McLeod agar plates after an overnight cultivation at 37°C and extracellular material was washed three times into PBS. The yields were good and the preparation was much faster and easier; however, the vesicles differed in their morphology from the liquid media cultivation (Figure 5F) resembling most to those isolated from 25°C cultivation with even more damaged appearance. Similarly, the whole bacteria as visualized by SEM expressed higher variability in size and shape and a considerable amount of unspecified intercellular material was observed on the background (Figure 2F), possibly a material resembling the CLC as described in Bandara et al. (2011) and Champion et al. (2018). Moreover, as the proteomic comparison indicated, the composition of such sample differed too much from the control probably due to material from dead cells. For these reasons we conclude that agar cultivation is not suitable for further OMV research.



Protein Cargo of OMV in Different Stress Conditions

The proteomic comparison was performed similarly to the enrichment study described above by label-free quantitative approach with the algorithm of riBAQ. Six samples were included in the comparison: untreated control, oxidative stress, low pH of 5.3, high temperature of 42°C, low temperature of 25°C, and agar plate cultivation; the conditions and harvest times are summarized in Table 1. Two approaches were applied on the same data. First, the whole dataset of all quantified proteins was evaluated to see the overall quality of the data and comparability between the samples. Multiple sample test (ANOVA) was used to compare the differences among all cultivation conditions. Hierarchical clustering was employed to find proteins with similar responses to the studied different conditions and Fisher exact test was applied on the resulting clusters to find significantly enriched categories in protein annotations as metabolic pathways or subcellular localizations. In the second approach the ANOVA significant proteins were filtered on proteins previously in this study found to be OMV-associated.

From 843 proteins identified from the whole dataset 467 were ANOVA significant, see Supplementary Table S3 for the detailed proteomic comparison. The PCA revealed a good clustering of the cultivation conditions according to their similarity (Supplementary Material S5). Oxidative stress appeared to be the most similar to untreated control. High temperature clustered with low pH cultivation which is in agreement with the fact that both these two conditions are characteristic for the hostile environment of infected mammalian host during inflammation. On the other hand, cultivation at 25°C and on agar plate appeared to induce the most changes in OMV composition, the observations corresponding to the most damaged view of isolated OMV.

This part of the study was focused on the identification of the clusters of proteins with patterns characteristic for different cultivation conditions. The obtained clusters are summarized in Supplementary Material S6 (Supplementary Figure 6-1 and Supplementary Table 6-1). The proteins that were significantly more abundant at 25°C and on agar and at the same time unchanged in all other conditions (cluster 435) were statistically enriched in proteins with predicted cytoplasmic localization. Similarly, proteins with the opposite pattern (decreased on agar and at 25°C while unchanged in all other conditions, clusters 414 and 327) were enriched in proteins with predicted unknown and periplasmic localization and in proteins designed in this study as OMV-associated, too. These results suggest that OMV from agar plates and from 25°C cultivation were probably significantly contaminated by material from dead or non-proliferating cells. Proteins in cluster no. 406 were unchanged at 25°C and on agar while significantly down-regulated at high temperature, oxidative as well as pH stress. This cluster was enriched in proteins from the KEGG pathways: RNA polymerase, pyrimidine metabolism, and purine metabolism, and in proteins with Gene Ontology term GO:0006807 (nitrogen compound metabolism). Two small clusters were observed with the same change direction in all studied conditions in comparison to control. Proteins in cluster no. 157 were raised in all conditions over control and contained putative ABC transporter ATP-binding protein (FTS_1893), isocitrate dehydrogenase (FTS_0587) and acetyl-CoA carboxylase, and biotin carboxylase subunit (FTS_1551). On the other hand, proteins from cluster no. 430, which was decreased in all conditions over control, included two FPI proteins (FTS_0099, IglC and FTS_0107, IglG) and a putative glycosyltransferase that occurs in three copies in the FSC200 chromosome (hypothetical protein FTS_1842, FTS_1289, FTS_0261).

A relatively high number of proteins that participate on LPS biosynthesis were among the ANOVA-significant group obtained in this study. The wbt locus was here quantified on 14 out of 15 proteins and 11 of them were ANOVA-significant, see Supplementary Material S6 (Supplementary Figure 6-2A and Supplementary Table 6-2). Genes from this cluster are involved in O-antigen and capsule biosynthesis (Raynaud et al., 2007; Apicella et al., 2010). Two distinct patterns of proteins abundances in different cultivation conditions were observed. The first group (WbtC, WbtD, WbtE, WbtG, WbtH, WbtI, and WbtK) was unchanged in oxidative stress, much decreased in low pH and in 42°C, and slightly decreased at 25°C. These proteins were described to participate in the biosynthesis of the first three sugar moieties of the four-sugar O-antigen subunit and their glycosidic binding (Prior et al., 2003). Proteins in the second group (WbtB, Wzy, and Wzx) were increased in oxidative stress, at 25°C and on agar plate, and decreased in low pH and in 42°C. WbtB is proposed to initiate O-antigen biosynthesis by adding the first sugar moiety to undecaprenyl phosphate, Wzy is an O-antigen polymerase, and Wzx an O-antigen flippase (Prior et al., 2003). Finally, protein WbtJ was only slightly elevated at high temperature, oxidative and pH stress while extremely elevated at 25°C and on agar. This protein is a formyltransferase responsible for formylation of the fourth sugar moiety (Prior et al., 2003).

Lipid A (endotoxin) biosynthetic pathway was also strongly represented in our results. From 10 proteins that take part in the biosynthesis of lipid A and joining it with KDO 9 were here quantified and 5 were ANOVA-significant, see Supplementary Figure 6-2B and Supplementary Table 6-2. These proteins were decreased in low pH and in 42°C, and increased at 25°C and on agar plate. They were unchanged in oxidative stress except for LPS fatty acid acyltransferase (FTS_0176, HtrB), which was there increased.

A similar pattern to that described above (decreased in low pH and in 42°C, and increased or not changed at 25°C and on agar plate) was also observed in proteins involved in the LPS export system except for the organic solvent tolerance protein, OstA (OstA1 or LptD, FTS_1557) that was unchanged at high temperature, oxidative and pH stress but decreased at 25°C and on agar plate (Supplementary Figure 6-2C and Supplementary Table 6-2). The pattern was also followed by proteins from phospholipid biosynthesis and transport pathways (Supplementary Figure 6-2D and Supplementary Table 6-2): three phospholipid acyltransferases (PlsC, FTS_0079; PlsC, FTS_1865; and PlsX, FTS_1113) and four phospholipid ABC transporters (MlaD, FTS_0516; MlaF, FTS_0518; MlaD, FTS_0696; and MlaE, FTS_0698). The fifth phospholipid ABC transporter, a membrane protein of unknown function (ttg2 or MlaC, FTS_0515, a toluene tolerance protein) was unchanged in all the stresses but it was decreased at 25°C and on agar plate.

We also report changes in the metabolic pathways of fatty acids. Twelve proteins of this pathway were ANOVA-significant (Supplementary Figures 6-2E,F and Supplementary Table 6-2). Most of them were unchanged at high temperature, oxidative and pH stress but increased at 25°C and on agar plate. Three proteins of the fatty acid synthase complex (FabG, FTS_1110; FabI, FTS_1414; and CaiC, FTS_0691) were decreased only at low pH. FabG was the only one OMV-enriched.

In further comparison of the influence of different cultivation conditions on OMV protein content the data were reduced to OMV-enriched proteins only, which revealed 91 ANOVA-significant proteins (highlighted in Supplementary Table S3). Hierarchical clustering on this dataset revealed two large clusters of proteins that were all similarly decreased at 25°C and on agar plate and increased at high temperature, oxidative as well as at pH stress – clusters nos. 56 and 57 (Supplementary Figure 6-3). The two clusters together contained 35 proteins (Supplementary Table 6-3), which was more than one-third of all significant proteins. These proteins are thus expected to be preferentially packed into OMV during infection. An inconsiderable portion of them has previously been mentioned in publications to be connected to virulence or strong immunostimulators (Kilmury and Twine, 2011; Chandler et al., 2015). Most of them are hypothetical with no known or proposed function; few exceptions are here referred. Peroxidase/catalase (FTS_1471, KatG) is connected to resistance of Francisella against reactive oxygen species (Lindgren et al., 2007), it is secreted into culture media (Konecna et al., 2010) and into macrophages during infection where it restricts macrophage signaling and cytokine production (Melillo et al., 2010). One of the above mentioned acid phosphatases (FTS_0029) was found in this cluster too, as well as all three chitinases discussed above in connection with biofilm formation (ChiA, FTS_1485; ChiB, FTS_0083; and FTS_1749). The first one was previously found to be highly up-regulated in vivo in mice (Twine et al., 2006), while both ChiA and ChiB were found to have anti-biofilm formation properties in F. novicida (Chung et al., 2014). Peptide methionine sulfoxide reductase (FTS_1906, MsrA) and methionine sulfoxide reductase B (FTS_0370, MsrB) are repair enzymes for proteins that have been inactivated by oxidation and were both described to be up-regulated in macrophages in the early stages post-infection (Wehrly et al., 2009; Pávková et al., 2013).

For hypothetical protein FTT_1538c (a homolog of FTS_0572 in F. tularensis subsp. tularensis SchuS4 strain) the interactions with host cell proteins AP3M1 and WDR48 were previously discovered which strongly links this protein to biological processes involved in intracellular fate of the bacterium (Wallqvist et al., 2015). AP3M1 is involved in the maturation of endosomes to late endosomes and lysosomes and interfering with this molecule could alter endosome maturation or endosome–lysosome fusion. WDR48 regulates deubiquitinating complexes and interaction with it might provide a mechanism to interfere with targeted destruction of pathogen proteins. FTS_0572 thus probably contributes to intracellular survival by interfering with vesicular trafficking and contributes to phagosomal escape (Wallqvist et al., 2015). Together with its 100× enrichment in OMV in comparison to membrane makes it a very interesting OMV-associated protein. Hypothetical protein FTS_0163 is a putative regulator of chromosome condensation, but according to Rohmer et al. (2007) it contains an α-tubulin suppressor domain and may thus interact with the cytoskeleton of the host cell which also connects the protein with intracellular trafficking.



DISCUSSION

Release of OMV plays an important role in the physiology and/or pathogenesis in all Gram-negative bacteria; nevertheless, the nanotubular shape of OMV secreted by Francisella spp. is quite unique among other bacteria. The vesicles here obtained from F. tularensis subsp. holarctica strain FSC200 were comparable in size and shape to those that were previously documented in F. novicida and F. tularensis subsp. tularensis SchuS4 (McCaig et al., 2013; Sampath et al., 2017). Similarly, the nanotubular protrusions as well as membranous bridges between adjacent bacteria were described in F. tularensis LVS (Gil et al., 2004).

The proteomic analysis of OMV fraction revealed a huge number of proteins. The group contained a considerable number of previously described virulence factors as well as proteins with known immunostimulatory potential (Janovská et al., 2007; Kilmury and Twine, 2011; Chandler et al., 2015; Straskova et al., 2015). Nevertheless, the number of detected proteins seems to be excessively high regarding that it forms approximately one-third of the F. tularensis proteome database. According to the mechanism of OMV biogenesis their protein cargo should contain preferentially OM and periplasmic proteins; however, the relative amounts of individual proteins differ a lot between OMV and isolated OM or periplasmic fractions. Furthermore, an inconsiderable portion of proteins with predicted cytoplasmic or inner membrane localization are being found in vesicles as well. These findings indicate that there is a yet unknown mechanism of specific protein enrichment and/or exclusion during the process of OMV formation (Haurat et al., 2011, 2015; Bonnington and Kuehn, 2014). From this point of view, the OMV biogenesis doesn’t only represent a passive membrane shedding with random diffusion of envelope contents, but it is an active process. In this way, bacterium can flexibly respond to actual environmental changes.

For these reasons we searched for proteins that are effectively enriched in OMV in comparison to the membrane fraction. Even though many proteins have previously been attributed to OMV in Francisella (Pierson et al., 2011; McCaig et al., 2013; Sampath et al., 2017; Champion et al., 2018), we have shown here that many of them do not reach OMV for a particular purpose but rather because they reside on the membrane or in periplasm from which OMV originate. For example, the proteins from the oxidative phosphorylation pathway or, even more relevant, the FPI proteins, represent a notable proof of this phenomenon. Some of the FPI proteins are structural and/or functional constituents of T6SS (Bröms et al., 2012; Clemens et al., 2015; Spidlova and Stulik, 2017); as such they are probably not released by the vesicular mechanism. Some of them are expressed and secreted (or mechanically shed) in quite high amounts so they can be found in the vesicular fractions as well (McCaig et al., 2013). Recently also the localization of IglE in OM was confirmed (Bröms et al., 2016), which further explains its presence in OMV. These facts suggest that these proteins reach OMV by random diffusion in the membrane.

On the other hand, the most OMV-enriched proteins were from the groups of the channel-forming transmembrane porins, peptidoglycan-associated glycoproteins, and proteins from the Tol-PAL system. Many of these proteins are known to be highly immunogenic in F. tularensis (Kilmury and Twine, 2011). Moreover, proteins from this group also generally serve as receptors of bacteriophages, targets of bacteriocins, or other natural antibiotics and in the case of pathogenic bacteria serve also as targets for human antimicrobial peptides and antibodies. From this point of view the secretion of OMV helps to defend the bacterium during its extracellular phase because they function as a decoy to those OM-acting agents and can reduce their concentration to the sub-lethal level (Manning and Kuehn, 2011).

From a different point of view OMV secretion not only relates to virulence but also enables bacteria to survive and prosper during their environmental phase. The chitinases here reported as highly OMV-enriched present an example of such environmental adaptation. Chitinases A and B enable Francisella to persist on chitin as a sole carbon source (Margolis et al., 2010), they are essential for biofilm formation (van Hoek, 2013) and in F. novicida they are negative regulators of biofilm formation (Chung et al., 2014).

We further described the contribution of OMV to stress response in Francisella. Differences in OMV secretion under various cultivation conditions were observed in their amount, morphology, and also in their protein cargo. The conditions were designed to simulate either the environment inside a homeothermic host during infection or the external environment. Oxidative stress caused by sub-lethal concentration of H2O2 was performed to mimic treatment of the bacteria by the reactive oxygen species, which represent one of the host-employed microbicidal strategies during F. tularensis infection. A straight correlation has previously been described between in vitro resistance to H2O2 and the virulence of F. tularensis strains: the subsp. tularensis SchuS4 strain was more resistant than subsp. holarctica FSC200 and the attenuated LVS strain was the least resistant (Lindgren et al., 2007, 2011). Nevertheless, here the response to H2O2 treatment was negligible in vesiculation rate as well as in the protein load. These findings suggest that either oxidative stress alone is not a strong inducer of vesiculation and that H2O2 detoxification doesn’t rely on OMV release, similarly as stated earlier in F. novicida (Sampath et al., 2017), or FSC200 response is too rapid and efficient to be captured by the used methods.

On the other hand, elevated temperature as well as low pH raised the amount of membranous material in the culture supernatants similarly by several fold and also the protein changes were also comparable. Both these conditions were characterized also by lower bacterial proliferation as assessed by the growth curves. Heat stress associated with the transfer of the bacterium into the mammalian host was previously described to induce the production of virulence factors in Francisella (Horzempa et al., 2008; Lenco et al., 2009) and to increase the in vitro and in vivo virulence of the bacterium (Bhatnagar et al., 1995). Hyper-vesiculation was also described in other bacteria as a general response to high temperature stress through which bacteria avoid accumulation of misfolded proteins in their envelope (McBroom and Kuehn, 2007). The presence of extremely long nanotubes in higher temperature cultivation suggests that the stability of the nanotubes was enhanced so that they were more rigid and more resistant to mechanical damage during cultivation and sample processing. In F. novicida an alteration in the lipid A structure was described upon a temperature shift from environmental to mammalian temperature and the authors suggested that LPS/lipid A modifications resulting in alterations of membrane fluidity, as well as integrity, may represent a general paradigm for bacterial membrane adaptation and virulence-state adaptation (Shaffer et al., 2007; Li et al., 2012). Nevertheless, we also observed a significant amount of spherical membrane vesicles present on the background of the heat stressed bacteria as shown by SEM. This observation explains the several fold increase in the vesiculation rate rather than the presence of longer nanotubes or higher number of them.

Regarding the low pH stress, in F. tularensis the maturation of bacteria containing vacuole is arrested and it does not fuse with lysosome but, on the contrary, the bacteria disintegrate the vacuole membrane by a not yet elucidated mechanism, escape to the cytosol, and multiply there. The question of acidification of the bacteria containing vacuole remains disputable but at least transient acidification cannot be ruled out (Clemens et al., 2004, 2009). It has been described previously that when F. tularensis is cultured in acidified medium, the pH of the medium increases (Chamberlain, 1965), reportedly due to the generation of ammonia (Traub et al., 1955; Larsson et al., 2005). The high vesiculation rate at low pH together with the ability of Francisella to adjust the pH of its medium to a more favorable level suggests that vesiculation is somehow related to avoiding the acid pH stress.

Significant protein changes observed in the non-OMV-enriched data indicate alterations of the enzymatic pathways involved in the biosynthesis and metabolism of the envelope components: O-antigen, lipid A, phospholipids, and fatty acids. Most proteins that participate on the LPS biosynthesis expressed an opposite response to high temperature, oxidative and low pH stress when compared to low temperature and agar cultivation. O-antigen modification of LPS as well as the polysaccharide capsule play an important role in the Francisella virulence strategy of avoiding the immune system recognition (Rowe and Huntley, 2015) and O-antigen remodeling under different cultivation conditions is highly probable. Similarly, it has been described previously that Francisella and other bacteria with environmental and mammalian reservoirs can modify their lipid A in response to environmental stimuli, especially temperature (Li et al., 2012; Powell et al., 2012). Furthermore, the presence, composition, and amount of the CLC which is a complex mixture of high molecular weight polysaccharides with proteins, and glycoproteins, also relates to the cultivation conditions (Champion et al., 2018).

On the other hand, only three of the reported proteins involved in any stage of the LPS biosynthesis were found to be OMV-enriched and their function is thus expected to be directly associated to OMV. One of them was WbtE (FTS_0595), which takes part in the biosynthesis of O-antigen. Two other of these proteins were unchanged at high temperature, oxidative, and low pH stress but they were strongly decreased at low temperature and on agar: OstA1 (or LptD, FTS_1557) and ttg2 (or MlaC, FTS_0515). The first one takes part in the transport and assembly of LPS on the outer leaflet of OM and the second one maintains lipid asymmetry in the OM by retrograde trafficking of phospholipids from the OM to the inner membrane and thus prevents phospholipid accumulation at the cell surface. These results suggest that the modulation of cell surface as well as modulation of OMV surface is activated in response to hostile environment. Likewise, the similarity in the responses of the LPS and phospholipid biosynthetic pathways makes sense because these pathways in Gram-negative bacteria are synchronized to achieve a proper balance in membrane composition (Emiola et al., 2016). The reported changes in the metabolic pathways of fatty acids are also in close connection to the above discussed LPS and phospholipid biosynthesis changes as well as to the rigidity of the bacterial/OMV membrane.

Regarding their biogenesis, the protein composition of OMV highly reflects the composition of bacterial OM plus the periplasmic compartments. Nevertheless, the mechanism of selection of proteins to be preferentially secreted via OMV is still unknown. Having this in mind, it is questionable whether the observed proteome changes of OMV isolated from different cultivation conditions correspond to the overall regulations in the whole cellular proteome or they really reflect the stress-induced directing of particular proteins into OMV. The reduction of the studied proteins to OMV-enriched gave us a more specific insight on how the bacterium responses to the hostile environment of a mammalian host through the release of differentially loaded OMV. The proteins selectively packed into OMV mostly involved hypothetical proteins with unknown function but some previously described virulence factors connected to the unique intracellular fate of Francisella were found, as well. Together with the above discussed modulations of bacterial membrane and OMV surface structures in response to either host or environmental compartments, the results also show the possibility that proteins may be selectively directed to OMV in response to stressful host-like conditions and that some of these proteins thus might interfere with intracellular trafficking mechanisms.

Packaging of secreted proteins into OMV has many advantages including their enhanced stability to proteolysis or avoiding recognition by immune system. Beyond that, we can also expect interaction of the membrane of OMV with endosomal membranes and misguiding of the classical endosomal pathway. Such membrane-to-membrane interactions on the intracellular level could have some relation with endosomal membrane disruption and Francisella escape to the cytosol. Further studies directed on the OMV fate during infection are required to prove that.



DATA AVAILABILITY STATEMENT

The datasets generated for this study can be found in the ProteomeXchange, PXD013074.



AUTHOR CONTRIBUTIONS

JK and JS conceived and designed the study. JK, IP, LH, and JB performed the experiments. OB and OK performed and interpreted the electron microscopy. JK performed the MS analyses and bioinformatic analysis, and wrote the manuscript. JS and IP edited the manuscript.



FUNDING

This work was supported by the Grant Agency of the Czech Republic (Project No. 17-04010S) and the Ministry of Defense of the Czech Republic (long-term organization development plan Medical Aspects of Weapons of Mass Destruction). The authors gratefully acknowledge the access to the electron microscopy facility of IMIC, supported by the project LO1509 of the Ministry of Education, Youth and Sports of the Czech Republic.



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fmicb.2019.02304/full#supplementary-material

TABLE S1 | List of all proteins identified in OMV.

TABLE S2 | List of proteins that were OMV enriched in comparison with membrane fraction.

TABLE S3 | Proteomic comparison of OMV from different cultivation conditions.

MATERIAL S1 | Detailed methods of proteomic analysis and proteomic data evaluation.

MATERIAL S2 | Notes to the OMV storage.

MATERIAL S3 | Full list of all OMV-enriched proteins with references regarding their role in virulence.

MATERIAL S4 | pH of BHI medium before and after cultivation of F. tularensis subsp. holarctica strain FSC200.

MATERIAL S5 | Exploratory analysis of the proteomic data – comparison of OMV isolated from different cultivation conditions.

MATERIAL S6 | Hierarchical clustering of the proteomic data – comparison of OMV isolated from different cultivation conditions.


ABBREVIATIONS

 BHI, brain heart infusion; CFU, colony-forming unit; FPI, Francisella pathogenicity island; LC–MS/MS, liquid chromatography coupled with tandem mass spectrometry; LPS, lipopolysaccharide; MS, mass spectrometry; OM, outer membrane; OMV, outer membrane vesicles; PCA, principal component analysis; PVDF, polyvinylidene difluoride; riBAQ, relative intensity-based absolute quantification; T6SS, type six secretion system; SEM, scanning electron microscopy; TEM, transmission electron microscopy.


REFERENCES

Apicella, M. A., Post, D. M. B., Fowler, A. C., Jones, B. D., Rasmussen, J. A., Hunt, J. R., et al. (2010). Identification, characterization and immunogenicity of an O-antigen capsular polysaccharide of Francisella tularensis. PLoS One 5:e11060. doi: 10.1371/journal.pone.0011060

Bandara, A. B., Champion, A. E., Wang, X., Berg, G., Apicella, M. A., McLendon, M. K., et al. (2011). Isolation and mutagenesis of a capsule-Like complex (CLC) from Francisella tularensis, and contribution of the CLC to F. tularensis virulence in mice. PLoS One 6:e19003. doi: 10.1371/journal.pone.0019003

Baumgarten, T., Sperling, S., Seifert, J., Bergen, M., von Steiniger, F., Wick, L. Y., et al. (2012). Membrane vesicle formation as a multiple-stress response mechanism enhances Pseudomonas putida DOT-T1E cell surface hydrophobicity and biofilm formation. Appl. Environ. Microbiol. 78, 6217–6224. doi: 10.1128/AEM.01525-12

Benada, O., and Pokorný, V. (1990). Modification of the Polaron sputter-coater unit for glow-discharge activation of carbon support films. J. Electron Microsc. Tech. 16, 235–239. doi: 10.1002/jemt.1060160304

Bhatnagar, N. B., Elkins, K. L., and Fortier, A. H. (1995). Heat stress alters the virulence of a rifampin-resistant mutant of Francisella tularensis LVS. Infect. Immun. 63, 154–159.

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

Bröms, J. E., Meyer, L., and Sjöstedt, A. (2016). A mutagenesis-based approach identifies amino acids in the N-terminal part of Francisella tularensis IglE that critically control Type VI system-mediated secretion. Virulence 8, 821–847. doi: 10.1080/21505594.2016.1258507

Bröms, J. E., Meyer, L., Sun, K., Lavander, M., and Sjöstedt, A. (2012). Unique substrates secreted by the Type VI secretion system of Francisella tularensis during intramacrophage infection. PLoS One 7:e50473. doi: 10.1371/journal.pone.0050473

Brudal, E., Lampe, E. O., Reubsaet, L., Roos, N., Hegna, I. K., Thrane, I. M., et al. (2015). Vaccination with outer membrane vesicles from Francisella noatunensis reduces development of francisellosis in a zebrafish model. Fish Shellfish Immunol. 42, 50–57. doi: 10.1016/j.fsi.2014.10.025

Celli, J., and Zahrt, T. C. (2013). Mechanisms of Francisella tularensis intracellular pathogenesis. Cold Spring Harb. Perspect. Med. 3:a010314. doi: 10.1101/cshperspect.a010314

Chamberlain, R. E. (1965). Evaluation of live tularemia vaccine prepared in a chemically defined medium. Appl. Microbiol. 13, 232–235.

Champion, A. E., Bandara, A. B., Mohapatra, N., Fulton, K. M., Twine, S. M., and Inzana, T. J. (2018). Further characterization of the capsule-like complex (clc) produced by Francisella tularensis Subspecies tularensis: protective efficacy and similarity to outer membrane vesicles. Front. Cell. Infect. Microbiol. 8:182. doi: 10.3389/fcimb.2018.00182

Chandler, J. C., Sutherland, M. D., Harton, M. R., Molins, C. R., Anderson, R. V., Heaslip, D. G., et al. (2015). Francisella tularensis LVS surface and membrane proteins as targets of effective post-exposure immunization for tularemia. J. Proteome Res. 14, 664–675. doi: 10.1021/pr500628k

Chung, M.-C., Dean, S., Marakasova, E. S., Nwabueze, A. O., and van Hoek, M. L. (2014). Chitinases are negative regulators of Francisella novicida biofilms. PLoS One 9:e93119. doi: 10.1371/journal.pone.0093119

Clemens, D. L., Ge, P., Lee, B.-Y., Horwitz, M. A., and Zhou, Z. H. (2015). Atomic structure and mutagenesis of T6SS reveals interlaced array essential to function. Cell 160, 940–951. doi: 10.1016/j.cell.2015.02.005

Clemens, D. L., and Horwitz, M. A. (2007). Uptake and intracellular fate of Francisella tularensis in human macrophages. Ann. N. Y. Acad. Sci. 1105, 160–186. doi: 10.1196/annals.1409.001

Clemens, D. L., Lee, B.-Y., and Horwitz, M. A. (2004). Virulent and avirulent strains of Francisella tularensis prevent acidification and maturation of their phagosomes and escape into the cytoplasm in human macrophages. Infect. Immun. 72, 3204–3217. doi: 10.1128/IAI.72.6.3204-3217.2004

Clemens, D. L., Lee, B.-Y., and Horwitz, M. A. (2009). Francisella tularensis phagosomal escape does not require acidification of the phagosome. Infect. Immun. 77, 1757–1773. doi: 10.1128/IAI.01485-8

Cooke, A. C., Nello, A. V., Ernst, R. K., and Schertzer, J. W. (2019). Analysis of Pseudomonas aeruginosa biofilm membrane vesicles supports multiple mechanisms of biogenesis. PLoS One 14:e0212275. doi: 10.1371/journal.pone.0212275

Cox, J., and Mann, M. (2008). MaxQuant enables high peptide identification rates, individualized p.p.b.-range mass accuracies and proteome-wide protein quantification. Nat. Biotechnol. 26, 1367–1372. doi: 10.1038/nbt.1511

Dennis, D. T., Inglesby, T. V., Henderson, D. A., Bartlett, J. G., Ascher, M. S., Eitzen, E., et al. (2001). Tularemia as a biological weapon: medical and public health management. JAMA 285, 2763–2773. doi: 10.1001/jama.285.21.2763

Ellis, T. N., and Kuehn, M. J. (2010). Virulence and immunomodulatory roles of bacterial outer membrane vesicles. Microbiol. Mol. Biol. Rev. 74, 81–94. doi: 10.1128/MMBR.00031-9

Emiola, A., Andrews, S. S., Heller, C., and George, J. (2016). Crosstalk between the lipopolysaccharide and phospholipid pathways during outer membrane biogenesis in Escherichia coli. Proc. Natl. Acad. Sci. 113, 3108–3113. doi: 10.1073/pnas.1521168113

Forestal, C. A., Gil, H., Monfett, M., Noah, C. E., Platz, G. J., Thanassi, D. G., et al. (2008). A conserved and immunodominant lipoprotein of Francisella tularensis is proinflammatory but not essential for virulence. Microb. Pathog. 44, 512–523. doi: 10.1016/j.micpath.2008.01.003

Gil, H., Benach, J. L., and Thanassi, D. G. (2004). Presence of pili on the surface of Francisella tularensis. Infect. Immun. 72, 3042–3047. doi: 10.1128/IAI.72.5.3042-3047.2004

Harris, J. R., Gebauer, W., and Markl, J. (1995). Keyhole limpet haemocyanin: negative staining in the presence of trehalose. Micron 26, 25–33. doi: 10.1016/0968-4328(94)00049-V

Haurat, M. F., Aduse-Opoku, J., Rangarajan, M., Dorobantu, L., Gray, M. R., Curtis, M. A., et al. (2011). Selective sorting of cargo proteins into bacterial membrane vesicles. J. Biol. Chem. 286, 1269–1276. doi: 10.1074/jbc.M110.185744

Haurat, M. F., Elhenawy, W., and Feldman, M. F. (2015). Prokaryotic membrane vesicles: new insights on biogenesis and biological roles. Biol. Chem. 396, 95–109. doi: 10.1515/hsz-2014-0183

Hazlett, K. R. O., Caldon, S. D., McArthur, D. G., Cirillo, K. A., Kirimanjeswara, G. S., Magguilli, M. L., et al. (2008). Adaptation of Francisella tularensis to the mammalian environment is governed by cues which can be mimicked in vitro. Infect. Immun. 76, 4479–4488. doi: 10.1128/IAI.00610-8

Hazlett, K. R. O., and Cirillo, K. A. (2009). Environmental adaptation of Francisella tularensis. Microbes Infect. 11, 828–834. doi: 10.1016/j.micinf.2009.06.001

Holland, K. M., Rosa, S. J., Kristjansdottir, K., Wolfgeher, D., Franz, B. J., Zarrella, T. M., et al. (2017). Differential growth of Francisella tularensis, which alters expression of virulence factors, dominant antigens, and surface-carbohydrate synthases, governs the apparent virulence of Ft SchuS4 to immunized animals. Front. Microbiol. 8:1158. doi: 10.3389/fmicb.2017.01158

Horzempa, J., Carlson, P. E., O’Dee, D. M., Shanks, R. M., and Nau, G. J. (2008). Global transcriptional response to mammalian temperature provides new insight into Francisella tularensis pathogenesis. BMC Microbiol. 8:172. doi: 10.1186/1471-2180-8-172

Janovská, S., Pávková, I., Hubálek, M., Lenčo, J., Macela, A., and Stulík, J. (2007). Identification of immunoreactive antigens in membrane proteins enriched fraction from Francisella tularensis LVS. Immunol. Lett. 108, 151–159. doi: 10.1016/j.imlet.2006.12.004

Johansson, A., Berglund, L., Eriksson, U., Göransson, I., Wollin, R., Forsman, M., et al. (2000). Comparative analysis of PCR versus culture for diagnosis of ulceroglandular tularemia. J. Clin. Microbiol. 38, 22–26.

Jones, C. L., Napier, B. A., Sampson, T. R., Llewellyn, A. C., Schroeder, M. R., and Weiss, D. S. (2012). Subversion of host recognition and defense systems by Francisella spp. Microbiol. Mol. Biol. Rev. 76, 383–404. doi: 10.1128/MMBR.05027-11

Kaparakis-Liaskos, M., and Ferrero, R. L. (2015). Immune modulation by bacterial outer membrane vesicles. Nat. Rev. Immunol. 15, 375–387. doi: 10.1038/nri3837

Kilmury, S. L. N., and Twine, S. M. (2011). The Francisella tularensis proteome and its recognition by antibodies. Front. Microbiol. 1:143. doi: 10.3389/fmicb.2010.00143

Konecna, K., Hernychova, L., Reichelova, M., Lenco, J., Klimentova, J., Stulik, J., et al. (2010). Comparative proteomic profiling of culture filtrate proteins of less and highly virulent Francisella tularensis strains. Proteomics 10, 4501–4511. doi: 10.1002/pmic.201000248

Krey, J. F., Wilmarth, P. A., Shin, J.-B., Klimek, J., Sherman, N. E., Jeffery, E. D., et al. (2014). Accurate label-free protein quantitation with high- and low-resolution mass spectrometers. J. Proteome Res. 13, 1034–1044. doi: 10.1021/pr401017h

Kulp, A., and Kuehn, M. J. (2010). Biological functions and biogenesis of secreted bacterial outer membrane vesicles. Annu. Rev. Microbiol. 64, 163–184. doi: 10.1146/annurev.micro.091208.073413

Larsson, P., Oyston, P. C. F., Chain, P., Chu, M. C., Duffield, M., Fuxelius, H.-H., et al. (2005). The complete genome sequence of Francisella tularensis, the causative agent of tularemia. Nat. Genet. 37, 153–159. doi: 10.1038/ng1499

Lenco, J., Hubálek, M., Larsson, P., Fucíková, A., Brychta, M., Macela, A., et al. (2007). Proteomics analysis of the Francisella tularensis LVS response to iron restriction: induction of the F. tularensis pathogenicity island proteins IglABC. FEMS Microbiol. Lett. 269, 11–21. doi: 10.1111/j.1574-6968.2006.00595.x

Lenco, J., Link, M., Tambor, V., Zaková, J., Cerveny, L., and Stulik, A. J. (2009). iTRAQ quantitative analysis of Francisella tularensis ssp. holarctica live vaccine strain and Francisella tularensis ssp. tularensis SCHU S4 response to different temperatures and stationary phases of growth. Proteomics 9, 2875–2882. doi: 10.1002/pmic.200700820

Lenco, J., Pavkova, I., Hubalek, M., and Stulik, J. (2005). Insights into the oxidative stress response in Francisella tularensis LVS and its mutant DeltaiglC1+2 by proteomics analysis. FEMS Microbiol. Lett. 246, 47–54. doi: 10.1016/j.femsle.2005.03.040

Li, Y., Powell, D. A., Shaffer, S. A., Rasko, D. A., Pelletier, M. R., Leszyk, J. D., et al. (2012). LPS remodeling is an evolved survival strategy for bacteria. Proc. Natl. Acad. Sci. U.S.A. 109, 8716–8721. doi: 10.1073/pnas.1202908109

Lindgren, H., Honn, M., Salomonsson, E., Kuoppa, K., Forsberg, Å, and Sjöstedt, A. (2011). Iron content differs between Francisella tularensis subspecies tularensis and subspecies holarctica strains and correlates to their susceptibility to H2O2-induced killing. Infect. Immun. 79, 1218–1224. doi: 10.1128/IAI.01116-0

Lindgren, H., Shen, H., Zingmark, C., Golovliov, I., Conlan, W., and Sjöstedt, A. (2007). Resistance of Francisella tularensis strains against reactive nitrogen and oxygen species with special reference to the role of KatG. Infect. Immun. 75, 1303–1309. doi: 10.1128/IAI.01717-6

MacDonald, I. A., and Kuehn, M. J. (2013). Stress-induced outer membrane vesicle production by Pseudomonas aeruginosa. J. Bacteriol. 195, 2971–2981. doi: 10.1128/JB.02267-12

Malinverni, J. C., and Silhavy, T. J. (2011). Assembly of outer membrane β-barrel proteins: the Bam complex. EcoSal Plus 4. https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4231818/

Manning, A. J., and Kuehn, M. J. (2011). Contribution of bacterial outer membrane vesicles to innate bacterial defense. BMC Microbiol. 11:258. doi: 10.1186/1471-2180-11-258

Margolis, J. J., El-Etr, S., Joubert, L.-M., Moore, E., Robison, R., Rasley, A., et al. (2010). Contributions of Francisella tularensis subsp. novicida chitinases and sec secretion system to biofilm formation on chitin. Appl. Environ. Microbiol. 76, 596–608. doi: 10.1128/AEM.02037-9

McBroom, A. J., and Kuehn, M. J. (2007). Release of outer membrane vesicles by gram-negative bacteria is a novel envelope stress response. Mol. Microbiol. 63, 545–558. doi: 10.1111/j.1365-2958.2006.05522.x

McCaig, W. D., Koller, A., and Thanassi, D. G. (2013). Production of outer membrane vesicles and outer membrane tubes by Francisella novicida. J. Bacteriol. 195, 1120–1132. doi: 10.1128/JB.02007-12

Melillo, A. A., Bakshi, C. S., and Melendez, J. A. (2010). Francisella tularensis antioxidants harness reactive oxygen species to restrict macrophage signaling and cytokine production. J. Biol. Chem. 285:27553. doi: 10.1074/jbc.M110.144394

Mohapatra, N. P., Soni, S., Rajaram, M. V. S., Strandberg, K. L., and Gunn, J. S. (2013). Type A Francisella tularensis acid phosphatases contribute to pathogenesis. PLoS One 8:56834. doi: 10.1371/journal.pone.0056834

Olsen, I., and Amano, A. (2015). Outer membrane vesicles – offensive weapons or good Samaritans? J. Oral Microbiol. 7:27468. doi: 10.3402/jom.v7.27468

Oyston, P. C. F. (2008). Francisella tularensis: unravelling the secrets of an intracellular pathogen. J. Med. Microbiol. 57, 921–930. doi: 10.1099/jmm.0.2008/000653-0

Pávková, I., Brychta, M., Strašková, A., Schmidt, M., Macela, A., and Stulík, J. (2013). Comparative proteome profiling of host–pathogen interactions: insights into the adaptation mechanisms of Francisella tularensis in the host cell environment. Appl. Microbiol. Biotechnol. 97, 10103–10115. doi: 10.1007/s00253-013-5321-z

Perez-Riverol, Y., Csordas, A., Bai, J., Bernal-Llinares, M., Hewapathirana, S., Kundu, D. J., et al. (2019). The PRIDE database and related tools and resources in 2019: improving support for quantification data. Nucleic Acids Res. 47, D442–D450. doi: 10.1093/nar/gky1106

Pierson, T., Matrakas, D., Taylor, Y. U., Manyam, G., Morozov, V. N., Zhou, W., et al. (2011). Proteomic characterization and functional analysis of outer membrane vesicles of Francisella novicida suggests possible role in virulence and use as a vaccine. J. Proteome Res. 10, 954–967. doi: 10.1021/pr1009756

Powell, D. A., Li, Y., and Ernst, R. K. (2012). Turning up Francisella pathogenesis. Virulence 3, 594–595. doi: 10.4161/viru.22496

Prior, J. L., Prior, R. G., Hitchen, P. G., Diaper, H., Griffin, K. F., Morris, H. R., et al. (2003). Characterization of the O antigen gene cluster and structural analysis of the O antigen of Francisella tularensis subsp. tularensis. J. Med. Microbiol. 52, 845–851. doi: 10.1099/jmm.0.05184-0

Raynaud, C., Meibom, K. L., Lety, M.-A., Dubail, I., Candela, T., Frapy, E., et al. (2007). Role of the wbt locus of Francisella tularensis in lipopolysaccharide O-antigen biogenesis and pathogenicity. Infect. Immun. 75, 536–541. doi: 10.1128/IAI.01429-6

Rohmer, L., Fong, C., Abmayr, S., Wasnick, M., Larson Freeman, T. J., Radey, M., et al. (2007). Comparison of Francisella tularensis genomes reveals evolutionary events associated with the emergence of human pathogenic strains. Genome Biol. 8:R102. doi: 10.1186/gb-2007-8-6-r102

Rowe, H. M., and Huntley, J. F. (2015). From the outside-in: the Francisella tularensis envelope and virulence. Front. Cell. Infect. Microbiol. 5:94. doi: 10.3389/fcimb.2015.00094

Sampath, V., McCaig, W. D., and Thanassi, D. G. (2017). Amino acid deprivation and central carbon metabolism regulate the production of outer membrane vesicles and tubes by Francisella. Mol. Microbiol. 107, 523–541. doi: 10.1111/mmi.13897

Shaffer, S. A., Harvey, M. D., Goodlett, D. R., and Ernst, R. K. (2007). Structural heterogeneity and environmentally regulated remodeling of Francisella tularensis subspecies novicida lipid A characterized by tandem mass spectrometry. J. Am. Soc. Mass Spectrom. 18, 1080–1092. doi: 10.1016/j.jasms.2007.03.008

Siebert, C., Lindgren, H., Ferré, S., Villers, C., Boisset, S., Perard, J., et al. (2019). Francisella tularensis: FupA mutation contributes to fluoroquinolone resistance by increasing vesicle secretion and biofilm formation. Emerg. Microbes Infect. 8, 808–822. doi: 10.1080/22221751.2019.1615848

Sjöstedt, A., Sandström, G., and Tärnvik, A. (1992). Humoral and cell-mediated immunity in mice to a 17-kilodalton lipoprotein of Francisella tularensis expressed by Salmonella typhimurium. Infect. Immun. 60, 2855–2862.

Spidlova, P., and Stulik, J. (2017). Francisella tularensis type VI secretion system comes of age. Virulence 8, 628–631. doi: 10.1080/21505594.2016.1278336

Straskova, A., Spidlova, P., Mou, S., Worsham, P., Putzova, D., Pavkova, I., et al. (2015). Francisella tularensis type B ΔdsbA mutant protects against type A strain and induces strong inflammatory cytokine and Th1-like antibody response in vivo. Pathog. Dis. 73:ftv058. doi: 10.1093/femspd/ftv058

Thakran, S., Li, H., Lavine, C. L., Miller, M. A., Bina, J. E., Bina, X. R., et al. (2008). Identification of Francisella tularensis lipoproteins that stimulate the toll-like receptor (TLR) 2/TLR1 heterodimer. J. Biol. Chem. 283, 3751–3760. doi: 10.1074/jbc.M706854200

Traub, A., Mager, J., and Grossowicz, N. (1955). Studies on the nutrition of Pasteurella tularensis. J. Bacteriol. 70, 60–69.

Twine, S. M., Mykytczuk, N. C. S., Petit, M. D., Shen, H., Sjöstedt, A., Wayne Conlan, J., et al. (2006). In vivo proteomic analysis of the intracellular bacterial pathogen, Francisella tularensis, isolated from mouse spleen. Biochem. Biophys. Res. Commun. 345, 1621–1633. doi: 10.1016/j.bbrc.2006.05.070

Tyanova, S., Temu, T., Sinitcyn, P., Carlson, A., Hein, M. Y., Geiger, T., et al. (2016). The Perseus computational platform for comprehensive analysis of (prote)omics data. Nat. Methods 13, 731–740. doi: 10.1038/nmeth.3901

van Hoek, M. L. (2013). Biofilms an advancement in our understanding of Francisella species. Virulence 4, 833–846. doi: 10.4161/viru.27023

Wallqvist, A., Memišević, V., Zavaljevski, N., Pieper, R., Rajagopala, S. V., Kwon, K., et al. (2015). Using host-pathogen protein interactions to identify and characterize Francisella tularensis virulence factors. BMC Genomics 16:1106. doi: 10.1186/s12864-015-2351-1

Wehrly, T. D., Chong, A., Virtaneva, K., Sturdevant, D. E., Child, R., Edwards, J. A., et al. (2009). Intracellular biology and virulence determinants of Francisella tularensis revealed by transcriptional profiling inside macrophages. Cell. Microbiol. 11, 1128–1150. doi: 10.1111/j.1462-5822.2009.01316.x

Zarrella, T. M., Singh, A., Bitsaktsis, C., Rahman, T., Sahay, B., Feustel, P. J., et al. (2011). Host-adaptation of Francisella tularensis alters the bacterium’s surface-carbohydrates to hinder effectors of innate and adaptive immunity. PLoS One 6:e22335. doi: 10.1371/journal.pone.0022335

Zellner, B., and Huntley, J. F. (2019). Ticks and tularemia: do we know what we don’t know? Front. Cell. Infect. Microbiol. 9:146. doi: 10.3389/fcimb.2019.00146


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 © 2019 Klimentova, Pavkova, Horcickova, Bavlovic, Kofronova, Benada and Stulik. 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.











	
	ORIGINAL RESEARCH
published: 22 November 2019
doi: 10.3389/fmicb.2019.02708






[image: image2]

Vesicles From Vibrio cholerae Contain AT-Rich DNA and Shorter mRNAs That Do Not Correlate With Their Protein Products

Petter Langlete1,2, Anders Kristian Krabberød2,3 and Hanne Cecilie Winther-Larsen1,2*


1Section for Pharmacology and Pharmaceutical Biosciences, Department of Pharmacy, University of Oslo, Oslo, Norway

2Centre for Integrative Microbial Evolution (CIME), Department of Biosciences, University of Oslo, Oslo, Norway

3Section for Genetics and Evolutionary Biology (EVOGENE), Department of Biosciences, University of Oslo, Oslo, Norway

Edited by:
Araceli Contreras-Rodriguez, National Polytechnic Institute, Mexico

Reviewed by:
Yosuke Tashiro, Shizuoka University, Japan
 Rosana Puccia, Federal University of São Paulo, Brazil

*Correspondence: Hanne Cecilie Winther-Larsen, hannewi@farmasi.uio.no

Specialty section: This article was submitted to Microbial Physiology and Metabolism, a section of the journal Frontiers in Microbiology

Received: 06 August 2019
 Accepted: 08 November 2019
 Published: 22 November 2019

Citation: Langlete P, Krabberød AK and Winther-Larsen HC (2019) Vesicles From Vibrio cholerae Contain AT-Rich DNA and Shorter mRNAs That Do Not Correlate With Their Protein Products. Front. Microbiol. 10:2708. doi: 10.3389/fmicb.2019.02708



Extracellular vesicles secreted by Gram-negative bacteria have proven to be important in bacterial defense, communication and host–pathogen relationships. They resemble smaller versions of the bacterial mother cell, with similar contents of proteins, LPS, DNA, and RNA. Vesicles can elicit a protective immune response in a range of hosts, and as vaccine candidates, it is of interest to properly characterize their cargo. Genetic sequencing data is already available for vesicles from several bacterial strains, but it is not yet clear how the genetic makeup of vesicles differ from that of their parent cells, and which properties may characterize enriched genetic material. The present study provides evidence for DNA inside vesicles from Vibrio cholerae O395, and key characteristics of their genetic and proteomic content are compared to that of whole cells. DNA analysis reveals enrichment of fragments containing ToxR binding sites, as well as a positive correlation between AT-content and enrichment. Some mRNAs were highly enriched in the vesicle fraction, such as membrane protein genes ompV, ompK, and ompU, DNA-binding protein genes hupA, hupB, ihfB, fis, and ssb, and a negative correlation was found between mRNA enrichment and transcript length, suggesting mRNA inclusion in vesicles may be a size-dependent process. Certain non-coding and functional RNAs were found to be enriched, such as VrrA, GcvB, tmRNA, RNase P, CsrB2, and CsrB3. Mass spectrometry revealed enrichment of outer membrane proteins, known virulence factors, phage components, flagella and extracellular proteins in the vesicle fraction, and a low, negative correlation was found between transcript-, and protein enrichment. This result opposes the hypothesis that a significant degree of protein translation occurs in vesicles after budding. The abundance of viral-, and flagellar proteins in the vesicle fraction underlines the importance of purification during vesicle isolation.

Keywords: Vibrio cholerae, extracellular vesicles, bacteriophages, RNA, DNA, extracellular proteomics


1. INTRODUCTION

Extracellular vesicles (EVs) are membrane-bound bodies regularly secreted by Gram-negative bacteria (Listgarten and Lai, 1979). At large, EVs consist of the same proteins, RNAs, DNAs, metabolites and lipopolysaccharides as their originator cell, but some reports indicate that specific proteins are enriched (Haurat et al., 2011; McMahon et al., 2012). EVs display highly diverse characteristics in shape (McCaig et al., 2013), single-, or double membrane structure (Pérez-Cruz et al., 2013), and typically vary in diameter by an order of magnitude (20–200 nm) (Chatterjee and Chaudhuri, 2011). Several bacterial mechanisms have been proven to be associated with the secretion of EVs, such as biofilm formation, nutrient acquisition and secretion of virulence determinants into host cells (Kulp and Kuehn, 2010). For example, EVs inhibit the adhesion of the pathogen Xylella fastidiosa inside xylem vessels, enabling wider spread throughout host plants (Ionescu et al., 2014), and they arm Vibrio cholerae with a defense mechanism against bacteriophages (Reyes-Robles et al., 2018). Interestingly, EVs can also transfer membrane portions that contain phage receptor proteins, and in this way propagate susceptibility to certain phages (Ofir and Sorek, 2017). This raises the question whether some phages could induce production of EVs for this very purpose. Other findings indicate that certain plasmids may induce the production of EVs, and thereby facilitate their own spread (Erdmann et al., 2017).

EVs are known to contain mRNA and non-coding RNA (ncRNA), and it has been demonstrated that they can deliver their RNA cargo into eukaryotic cells (Dauros-Singorenko et al., 2018). While some inclusion of RNA is expected when volumes of the intracellular space is incorporated during vesicle formation, the mechanisms behind DNA inclusion in EVs are still unclear. When not undergoing chromosome replication, it is generally assumed that bacteria contain a similar quantity of any part of their chromosomes. The same is not necessarily true for vesicles, which could be secreted in order to communicate specific DNA sequences into the environment. While the genetic transfer capability of certain EVs is established, it is of interest to gain an overview of which DNAs and RNAs that are specifically enriched, and understand how these might affect their environment. The genetic content of EVs from several bacteria have previously been sequenced (Biller et al., 2014; Sjöström et al., 2015; Bitto et al., 2017), revealing that specific genome regions and transcripts are significantly more abundant than others. These data, however, were not quantitatively compared to coverage discrepancies in sequence data from the parent bacteria. It is not known whether the genetic content of vesicles is actively transcribed or translated after secretion, calling for a precise proteomic profile of the vesicles in question. Being that EVs have a lower surface area to volume ratio, intuition states that vesicles should contain a higher proportion of membrane-associated proteins than their parent cell, but they may also be enriched with non-membrane proteins of vesicle-specific function. The proteomes of EVs from several bacteria have been mapped previously, revealing that they include proteins from all subcellular locations, while mainly membrane proteins, such as those related to biofilm formation, virulence and antimicrobial resistance, are enriched (Altindis et al., 2014; Lagos et al., 2017).

Due to their compositional similarity to their parent and non-replicative nature, EVs have been proposed as vaccines against many pathogens (Acevedo et al., 2014), and is being used commercially against e.g., Neisseria meningitidis (Holst et al., 2009). As vaccine candidates, it is important to assess the capacity of EVs for genetic transfer, since they may potentially be administered in environments that frequently contain other pathogens, such as hospitals, aquaculture facilities or livestock farms. They are known to enable cross-species transfer of virulence genes, including antibiotic resistance (Yaron et al., 2000), which may call for some restrictions when it comes to strains, antibiotic markers and growth conditions that are fit for the production of EV-based vaccines. Furthermore, the production of vesicles carrying specific DNAs or RNAs may be of interest in therapeutic or microbiological applications, underlining the importance of identifying motifs or other attributes that may increase genetic enrichment. While some basic research on vesicles requires purification steps such as density gradient centrifugation, this may not be cost-efficient for some industrial or pharmaceutical purposes, e.g., vaccines meant for farmed fish. It is therefore of interest to analyse the complete EV isolate, so that any non-EV material included in a potential vaccine is not ignored.

The main aim of this work was to investigate the potential preferential inclusion of genetic material in EVs, using V. cholerae O395 mutant TCP2 (Mekalanos et al., 1983) as a model organism. V. cholerae is naturally competent when grown on chitin, an abundant material in its natural environment (Meibom et al., 2005), indicating that it maintains a level of interspecies genetic communication. Furthermore, V. cholerae continues to be a detrimental pathogen, meaning that the results may carry strain-specific medical relevance. The TCP2 mutant lacks a complete CTXϕ bacteriophage, including the genes encoding both subunits of the cholera toxin that leads to the debilitating diarrhea associated with cholera. CTXϕ is a temperate phage, and its genomic DNA may at times be present in wild-type O395 strains in quantities sufficient to overshadow other DNA fragments during sequencing. In addition, the two copies of toxin co-regulated pilin precursor gene tcpA are deleted, which could have given rise to excessive non-vesicular extracellular matter. The TCP2 genome harbors a streptomycin resistance gene, and the use of a selective medium minimizes the risk of interference by foreign DNA from potential contamination. The genome of V. cholerae is divided into chromosome 1 (ChI) at approximately 3.0 Mbp, and chromosome 2 (ChII) at 1.1 Mbp, which may give further insight in specific packaging of genetic material into the EVs (Sjöström et al., 2015). In general, ChI harbors the larger portion of essential genes, while ChII encodes a larger proportion of hypothetical proteins (Cameron et al., 2008). ChII includes a ~35 kbp K139 prophage (Reidl and Mekalanos, 1995), as well as a superintegron containing hundreds of seemingly species-specific gene cassettes (Rowe-Magnus et al., 1999), which may also be differentially included in EVs.



2. METHODS AND MATERIALS


2.1. Cultures and Media

All cultures were grown using LB medium or LB agar at 37°C with 200 μg/mL streptomycin, and liquid cultures were grown at 100 rpm shaking. Frozen stock of V. cholerae was plated and grown overnight. Two 100 mL starter cultures were inoculated from plate colonies and grown overnight. Twenty-five milliliters of starter culture was added to each of four or eight 2.5 L volumes of medium, and grown overnight to late log phase, i.e., OD600 ≈ 1 (Figure S1), when contamination from lysed cells is minimal (Sjöström et al., 2015). The process was performed three times to yield independent biological triplicates (n = 3).



2.2. EV Isolation

The EV isolation protocol is largely the same as described for marine samples (Biller et al., 2014). A minimum of 10 L V. cholerae culture was centrifuged (using Andreas Hettich Bottles: 0551, part no. 4AJ-7900519) at 4,000 × g for 30 min, transferred to cleaned bottles and centrifuged at 4,000 × g for another 30 min. The bacterial pellets were kept at −20°C until DNA, RNA and protein isolation. The supernatant was filtered through 0.45 μm and then 0.2 μm filters (durapore cat no. HVLP14250 and qvwp14250), using a 142 mm filter holder (Millipore Corporation 01730) and a peristaltic pump. The volume was then concentrated to approximately 25 mL using a 100,000 NMWC hollow cartridge filter (GE Healthcare 56-4101-72) at 15 psi inlet pressure. Three hundred milliliters of PBS was added and this dilution was again concentrated to approx 150 mL. The volume was split in 10 mL aliquots and kept at −20°C (< 7 days) to reduce RNA degradation while performing replicates. The whole volume was filtered through a 0.45 μm filter and then ultracentrifuged at 100,000 × g for 2 h (SW 32 Ti rotor). The supernatant was discarded and another volume of filtrate was added before another centrifugation (100,000 × g, 2 h). The supernatant was discarded and the tubes were filled with PBS and centrifuged again (100,000 × g, 2 h). Each pellet was resuspended in approximately 1.5 mL PBS and kept at −20°C (< 7 days) to reduce RNA degradation until RNA isolation. This isolate is henceforth referred to as the extracellular vesicle fraction (EVf), and each of all three EVf replicates was used for DNA, RNA, and protein analysis, in order to minimize the effect of biological variations between the techniques. The protein content of the isolates was measured to be approximately 11.8 mg/mL. The samples were inspected by negative-stain electron microscopy to assess vesicle integrity and presence of contaminations. A ~ 100 μl portion of the bacterial pellet was resuspended in 5 ml PBS. This isolate is henceforth referred to as the whole cell fraction (WC).



2.3. DNA and RNA Preparation

Before DNA was isolated, the vesicle isolate was split in 100 μL aliquots, 4U DNase was added to each aliquot and incubated at 37°C for 30 min. Another 4U was added and the incubation repeated, before the DNase was inactivated at 75°C for 15 min. RNase was not deemed fitting before RNA isolation, due to the fact that RNases are not as easily inactivated as DNases, and excessive heat or chemical treatment could reduce the integrity of the vesicles or their RNA cargo before isolation. Furthermore, some secondary structures may provide certain RNAs with protection from RNAses, making the definite localization of these difficult (Blenkiron et al., 2016).


2.3.1. DNA Isolation

All DNA quantification was performed using Qubit™ dsDNA HS assay kit (Thermo Fisher). For EVf-DNA isolation, 200 μL aliquots were treated with the Qiagen EZNA mini kit type 1, according to manufacturer's protocol, with the exception of adding four volumes of supernatant lysate to the same HiBind® DNA Mini Column, and eluted in 30 μL kit-provided nuclease-free water. This kit preferentially isolates fragments under 45–50 kbp in length, with an effective cutoff at 150 kbp (Qiagen, 2012). Therefore, this kit was also used to isolate DNA from WC, to ensure similar conditions for both samples, and to avoid coverage lost to genomic DNA (gDNA). Similarly, 200 μL aliquots of WC were used for DNA isolation, as described for EVf-DNA above. The DNA isolation yielded 60–70 ng/μL for WC-DNA samples, and approximately 0.4–0.6 ng/μL for the EVf-DNA samples. This corresponds to approximately 1.75 ng DNA isolated per mg of protein in the EVf, and 3 ng EVf-DNA per liter bacterial culture. The samples were cleaned with Agencourt® AMPure® XP according to manufacturer's protocol. gDNA for genome assembly was isolated from the bacterial pellet with QIAGEN Genomic-tip 100/G according to manufacturers protocol.



2.3.2. RNA Isolation

All RNA quantification was performed using Qubit™ RNA HS assay kit (Thermo Fisher). RNA was isolated from EVf with Allprep® DNA/RNA Mini Kit (Qiagen cat. 80204) treating 200 μL aliquots as starting material, and adding 500 μL RLT buffer. Four to six of these volumes were passed through a single DNA column, and the flowthrough from 2 to 3 of these columns were treated according to protocol, and passed through a single RNA column. RNA was eluted in 30 μL RNase-free water, resulting in approximately 7 ng/μL. This corresponds to approximately 23 ng RNA per mg of protein in the EVf, or 40 ng EVf-RNA per liter bacterial culture. RNA from WC was isolated in the same manner, and yielded approximately 70 ng/μL. The EVf-RNA samples and 1 μg of the each of the WC-RNA samples were prepared with Truseq mRNA stranded kit (Illiumina), quality controlled with NGS kit (Agilent) on Fragment Analyser (ATII), and amplified with KAPA Library Quantification Kit (Roche), all according to manufactures protocol.




2.4. Sequencing and Analysis

DNA and RNA samples were sent to Norwegian Sequencing Centre to be sequenced on Illumina HiSeq 4000, 2x150 paired-end run with 350 bp insert size.


2.4.1. Reference Genome Assembly

The 5.1 M gDNA reads were assembled de novo using SPAdes (v3.10.1). They were also aligned to an O395 reference genome (GenBank: GCA_000016245.1) with the burrows-wheeler aligner (BWA, v0.7.8)(Li and Durbin, 2010), resulting in 99.68% of the reads being successfully mapped. The alignment was inspected in Geneious (v10.1.3)1 to identify regions with no coverage. Four regions of zero coverage were identified, and replaced with the corresponding sequence data from the SPAdes assembly. After correction, the number of aligned reads increased with 2.6 k reads to 99.73%, with no gaps in coverage. The modified genome was annotated using RAST (Job# 492506) (Aziz et al., 2008). Putative phage genes were predicted using PHAST (Zhou et al., 2011).



2.4.2. Coverage Analysis

The raw EVf-DNA and WC-DNA reads were trimmed using trim-galore (v0.3.3), aligned to the O395 TCP2 genome using BWA, and replicates removed using picard-tools (v2.10.4)2. Cuffdiff (through cufflinks v2.2.1) was used for enrichment analysis for DNA and RNA, analogously to an RNA differential expression analysis. Cuffdiff uses a genome annotation file for expression analysis, and since intergenic regions could be of interest, placeholder annotation files were created, assigning an identifier to every kbp of the genome. Ten such files were created with 100 bp offsets, with starting bp = 0, 100, 200…, in order to construct a sliding window enrichment table after enrichment analysis. The GC-content of each sliding window was calculated using bedtools (v2.17.0). The process was identical for RNA data, with the exception that duplicate reads were not removed, and the RAST-annotated genome was used for expression analysis. The enrichment of very abundant ncRNAs was also calculated using per-base coverage provided by bamtools (v2.4.0) (Barnett et al., 2011), normalizing ncRNA coverage by the average RNA read coverage over the full genome for each sample.




2.5. Protein Analysis

Protein was quantified using PierceTM BCA Protein Assay Kit (Thermo ScientificTM 23225) according to manufacturer's protocol. In-solution digestion and liquid chromatography mass spectrometry (MS) was performed on EV and WC samples as previously described (Aqrawi et al., 2017), with the exception that database searches were performed on a protein database with 3920 entries constructed from the RAST-annotated V. cholerae TCP2 genome using transeq through EMBOSS (Rice et al., 2000) (v6.5.7). Data were analyzed using Scaffold (v4.8.4, Proteome Software Inc., Portland, OR). Peptide identifications were accepted if they could be established at greater than 95.0% probability by the Scaffold Local FDR algorithm, while protein identifications were accepted if they could be established at greater than 99% probability and contained at least 2 identified peptides. Using Scaffold, a T-test and multiple test correction with Benjamini–Hochberg was done using WC as fold change reference category. The subcellular location of each gene was found using PSORTb version 3.0.2 (Yu et al., 2010).



2.6. Electron Microscopy

Freshly formvar-coated 200 mesh grids were used for both negative stain- and immunogold electron microscopy, and all micrographs were captured with a JEOL 1400 plus microscope at 100 keV. For negative stain images, grids were placed on droplets of EVf for 1 min, washed 3 times on PBS for 1 min, and fixed on 4% paraformaldehyde (PFA) in PBS for 2 min. Finally, the grids were washed 10 times on H2O for 1 min, and stained on 4% uranyl acetate (UA) for 2 min. Excess UA was dried off using a filter paper, and the grids were left to dry for 10 min before imaging.


2.6.1. Immuno-Gold Labeling

10 μL of EVf-sample was diluted in 12% gelatine at 37°C to a total volume of 200 μL. Thirty microliters droplets of the solution were placed on parafilm in room temperature to solidify for 10 min. The solid droplets were fixed in 4% PFA/PBS at 4°C overnight, then submerged in sucrose and cut into ~0.5 mm cubes, which were placed on silver rods and flash-freezed in liquid nitrogen. The samples were sectioned in a cryomicrotome at −120°C to a thickness of approximately 45 nm, and picked up using a loop dipped in 2% methyl cellulose (MC) at 4°C and transferred onto the grids. The grids were suspended on a droplet of PBS on ice for 3 min, and placed on a droplet of 1:1 Antibody (MAB030 anti-dsDNA clone BV16-13 from Sigma-Aldrich)/1% fish skin gelatine (FSG) for 50 min. The grids were then washed 5 times on PBS for 3 min, before being transferred to a droplet of 1%FSG/proteinA-gold for 20 min. The grids were washed 3 times on PBS for 3 min, followed by 10 times on H2O for 1 min. Finally, the grids were stained on 4% UA for 2 min, after which the grids were picked up with a loop, excess liquid removed and left to dry for 10 min before imaging.





3. RESULTS AND DISCUSSION


3.1. Electron Micrographs Reveal DNA Associated With EVs From V. cholerae

Micrographs reveal that the extracellular fraction of V. cholerae contains both double- and single membrane vesicle structures (Figure 1A). Some of the visible filamentous structures are likely viral-, flagellar-, or pilin constructs, similar to previous observations (Kondo et al., 1993), but certain endogenous phages of Vibrio species can be difficult to distinguish from vesicles (Lorenz et al., 2016), making precise EM characterization of EV samples challenging. No complete tailed phage structures were visually confirmed in our samples. The ultrathin-section micrographs labeled with dsDNA antibodies reveal the presence of DNA within the outline of membrane vesicles (Figures 1B1–B3). The background labeling is insignificant, confirming that DNA in the EVf is largely confined within vesicular bodies or embedded in their membranes, although some DNA may still reside within phage particles too small to effectively access during thin-sectioning. This observation is similar to previous localization of DNA in vesicles from Streptococcus mutans (Zheng et al., 2009) and Pseudomonas aeruginosa (Bitto et al., 2017). The nature of double-membrane vesicle budding allows transport of cytoplasmic matter, including chromosomal DNA. However, regarding the secretion of single-membrane vesicles, intuition states that their interior should originate from the periplasmic space, and therefore not contain considerable quantities of DNA of chromosomal origin. Some unknown mechanism(s) may therefore transport DNA-fragments out into the periplasmic space before budding, or freely diffusing DNA may be absorbed into the periplasm from the extracellular space, before or after budding (Renelli et al., 2004; Mashburn-Warren et al., 2008; Seitz et al., 2014). A so far unreported explanation could be that the outer membrane may be shed during or after budding, due to perforations in the outer membrane, post-budding stress, or some other uncharacterized mechanism. A process reminiscent of this has been reported in the Gram-positive Bacillus subtilis, where vesicles form in prophage-induced holes in the peptidoglycan wall (Toyofuku et al., 2017).


[image: Figure 1]
FIGURE 1. (A) Negative stain electron micrograph of the vesicular fraction of V. cholerae, with white and black arrows indicating examples of single-, and double membrane vesicles, respectively. Some filamentous structures are also visible. (B1–B3) Ultrathin-section electron micrographs of the vesicular fraction of V. cholerae labeled with anti-dsDNA antibodies and gold nanoparticles, indicated by black arrows. Black bars are 200 nm long.




3.2. EV-Associated DNA Is Characteristically Different From Whole Cell DNA

Sequencing of WC-DNA yielded 3.7–19.6M reads per sample, of which 97.0–99.3% were successfully mapped to the genome. Sequencing of EVf-DNA yielded 3.7–34.6M reads per sample, of which 97.2–98.6% were successfully mapped to the genome. The mapped read coverage reveals certain regions of the genome that are more abundant across all replicates, some characteristic to either EVf- or WC-samples (Figures S2A,B).


3.2.1. Phage DNA

The highest peak in coverage in EVf-DNA spans the K139 prophage, and in WC-DNA spans the superintegron (Figure S2B). The ratio between sequencing coverage of ChII and ChI in WC did not differ significantly when including or excluding the K139 prophage (Figure S2C), while the difference was considerable for EVf (Figure S2D). This stands testament to the abundance of the K139 prophage DNA in EVf, and suggests that the prophage DNA escapes the bacteria into extracellular DNase-protected states shortly after synthesis. Cuffdiff determined several significantly enriched kbp partitions of the genome (Figure 2). The K139 prophage was the most enriched DNA in EVf (Figure 2L) (some kbp partitions up to 2,300×, and on average 246×), and insert size estimation in Geneious revealed a high number of reads mapped approximately -34.5 kbp apart in ChII, suggesting that the phage is undergoing a significant amount of rolling-circle amplification. Within the ~700–800 kbp region of ChI, PHAST detected two inverted copies of a Mu-like prophage. Between these prophages, a ~43,200 bp region encodes a series of genes associated with metabolism and regulation, such as hns (Ramisetty et al., 2017), hisD (Chiariotti et al., 1986), cspD (Yamanaka et al., 2001), and atoS (Theodorou et al., 2012). Mu is a dsDNA bacteriophage (Bukhari and Ambrosio, 1978), but its lack of DNA enrichment suggests that it is not a replicating phage under the present growth conditions. Some other partial prophages were detected by PHAST; a triple repeat of phage replication protein Cri (Figures 2C,E), as well as remnants of the partially deleted CTXϕ phage (Figures 2D,I) were highly enriched in EVf, while not nearly as dramatic as the K139 phage genome. Although K139 DNA is enriched in EVf, the phage structures may not be abundant in electron micrographs, as the DNA density of the capsid is ~425 Mbp/μm3 (assuming a roughly spherical capsid 54 nm across and 35 kbp genome; Reidl and Mekalanos, 1995), while the average DNA density the of V. cholerae interior is ~22 Mbp/μm3 (assuming a cylindrical cell shape with hemispherical ends, 1.6 μm long and 0.4 μm in diameter, harboring a 4.1 Mbp genome; Baker et al., 1983). Additionally, since many vesicles may not contain DNA, only a few complete capsids could potentially amount to the same DNA quantity as hundreds of vesicles.


[image: Figure 2]
FIGURE 2. Log2 enrichment of kbp partitions of the V. cholerae genome according to cuffdiff, red denoting statistically significant enrichment. Red bars at the top are regions in which PHAST recognized phage genes, black arrowheads indicate a ToxR binding motif of the form AAAAAAMATMAAA, and green arrowheads indicate a toxbox region (TTTTGAT heptad repeat). Dotted lines are replication origo of the chromosomes. The bottom panels (A–L) display regions of interest, in which yellow tracks denote characterized genes, gray hypothetical, and red phage components.




3.2.2. ToxR Binding Motifs

There are a number of non-prophage regions that are highly enriched in EVf. The most enriched of these sequences harbor known binding sites for ToxR (Figures 2A–D,F,G,I), a transcriptional regulator located in the cytoplasmic membrane. Interestingly, an association between EVs and proteins regulated by ToxR has been reported previously (Altindis et al., 2014). ToxR is known to regulate e.g., transcription of ompU, ompT, and acfA by binding to an upstream binding motif (AAAAAANATNAAA) (Kazi et al., 2016), and the upstream regions of these three genes were all highly enriched (Figure 2A,B,F). Additionally, the most enriched DNA region of ChI (Figure 2G) contains this motif, upstream of a putative membrane protein. This protein, a homolog of lysoplasmalogenase YhhN (Jurkowitz et al., 2015), could potentially also be under the regulation of ToxR. All the sites in the genome matching this motif were identified (Figure S3A), and we observe the consensus motif for the most enriched (>4×) regions, AAAAAAMATMAAA (M signifying an amine; A or C) (Cornish-Bowden, 1985). DNA mapped to this refined binding motif was significantly enriched (~5.6×) in EVf (Figure S3B), while the most enriched (~10.6×) unambiguous motif was AAAAAAAATAAAA. ToxR also regulates ctxAB by binding to a “toxbox” region (TTTTGAT tandemly repeated 3–8 times) (Miller et al., 1987), and while both copies of ctxAB is deleted from the TCP2 genome, their toxbox regions are intact and significantly enriched, directly downstream of the gene encoding Zona occludens toxin (zot) (Figures 2D,I). Aside from zot, RTX cytotoxin proteins were enriched (Figure 2D), which is similar to a previous report demonstrating that DNA encoding cytotoxin ExoS was abundant in EVs from P. aeruginosa (Bitto et al., 2017). The enrichment in EVf of sequences containing ToxR binding motifs may have its explanation in that ToxR is membrane-associated, and its binding can thus provide a direct connection to the cytoplasmic membrane, which in turn may be enriched in the vesicles. Additionally, ToxR binding could protect the motif itself from DNases, which may also contribute to enrichment (Goss et al., 2013).



3.2.3. Restriction Sites

One of the few highly enriched regions that do not contain the ToxR binding motif, harbors a 12× repeat of the motif 5′-TCTAGAATCC-3′ (Figure 2H). This sequence provides a number of restriction sites for restriction enzymes XbaI and TfiI, between a putative DNA-binding protein and DNA-binding protein Fis. Restriction sites could potentially increase the probability of DNA inclusion in vesicles, as loose ends and smaller DNA fragments may be more likely to enter protrusions in the bacterial membrane during vesiculation.



3.2.4. Superintegron

Although a less prominent phenomenon, some regions of DNA were significantly depleted in EVf. Most notably, relatively lengthy parts of the superintegron structure in ChII (Figures 2J,K). This region is high in coverage in WC-samples, which stands in contrast to previous V. cholerae sequence data from fecal samples (Sealfon et al., 2012). This could be explained by the fact that in the present study a different DNA isolation kit was used, tailored for shorter fragments. The discrepancy may be due to the mobile nature of transposons (Marin and Vicente, 2013), as excised fragments may be enriched in the WC sample with our kit.



3.2.5. GC-Content

The enrichment of kbp genome partitions and their GC-content was found to correlate negatively, both for the K139 phage DNA (p = 2.1·10−14) and the rest of the genome (p = 1.5·10−99) (Figure 3). There are several factors that may be contributing to this phenomenon; firstly, AT-rich regions of the genome are more accessible (Gomes and Wang, 2016), and a higher density of protein binding to these regions could increase their association with the bacterial membranes, or provide protection against DNases. Protein binding sites are preferentially located between protein coding regions (Ishihama, 2010), and the intergenic GC content of the TCP2 genome is only 41.4% while it is 48.5% for protein-coding regions, according to the RAST-annotation.


[image: Figure 3]
FIGURE 3. Log2 DNA enrichment of kbp partitions of the V. cholerae genome and GC-content. Blue color denotes windows within the K139 prophage, while orange denotes windows of the rest of the genome, respectively.





3.3. EV-Associated RNA Is Characteristically Different From the Whole Cell Transcriptome

The EVf-RNA sequencing resulted in 23.6M–78.2M reads per sample, whereof 99.5–99.9% were mapped to the genome. WC-RNA sequencing resulted in 23.7–96.3M reads per sample, of which 96.8–99.6% were mapped to the genome. The mapped read coverage reveals that similar to the DNA data, certain regions display higher coverage across all replicates, some being characteristic to either EVf- of WC-samples (Figures 4A,B). According to cuffdiff, a total of 214 annotated transcripts were significantly enriched in the EVf, distributed irregularly across both chromosomes (Figure 5).


[image: Figure 4]
FIGURE 4. RNA sequencing coverage over ChI (A) and ChII (B) of V. cholerae from EVf (red) and WC (blue) from three biological replicates (Log scale). A selection of ncRNAs are named, while asterisks denote ribosomal RNA. Made using circleator (v1.0.0) (Crabtree et al., 2014). (C,D) Average RNA coverage ratio ChII/ChI in WC and EVf, for total RNA, or protein coding sequences (CDS) only.



[image: Figure 5]
FIGURE 5. Log2 Enrichment of annotated RNAs in EVf, according to cuffdiff, red denoting statistically significant enrichment. Red bars are the regions in which PHAST recognized phage genes. The bottom row (A–N) displays regions of interest, in which yellow tracks signify characterized genes, gray hypothetical, red phage components, and green ncRNA.



3.3.1. Ribosomal RNA

A large portion of sequencing reads stem from ribosomal RNA, and since they are all encoded in ChI, transcriptional products from ChII are very scarce in comparison. Counting only read coverage mapped to protein coding sequences (CDS), the difference is not that pronounced, but EVf maintains a significantly lower coverage in ChII than in ChI (Figures 4C,D). Results from previous RNA sequencing of V. cholerae reveal that genes on ChI are more frequently transcribed than those on ChII during growth in rich media, although the difference is less pronounced when grown in rabbit intestine (Xu et al., 2003). This upregulation of certain genes on ChII in intestine led to the suggestion that ChII-genes may be more important during infection, e.g., in response to nutritional stresses. The difference in ChII/ChI coverage ratio when counting total RNA or only CDS is smallest in EVf, implying that rRNA is depleted in the extracellular fraction.



3.3.2. Functional-, and Non-coding RNA

A series of conserved functional and non-coding RNAs are visible as peaks in mapped read coverage, most notably RNase P type A, tmRNA and CsrB1 in ChI, and CsrB3 in ChII (Figures 4A,B). CsrB3 is the most abundant form of RNA from in ChII, and in this study amounts to ~70% of RNA mapped to this chromosome for both EVf and WC. The most consistently enriched of these are tmRNA and RNase P (Figure S4). The protein component of RNAse P has been found to be anchored to the inner membrane in Escherichia coli, which could partly explain its abundance in EVf (Miczak et al., 1991). The abundance of tmRNA has been observed in the extracellular milieu of E. coli previously (Ghosal et al., 2015), and this enrichment could partly be due to its binding to elongation factor Tu, commonly found in vesicle preparations (Blenkiron et al., 2016). sRNAs CsrB1, CsrB2, CsrB3 (Nguyen et al., 2018) and GcvB are also significantly enriched (Figure S4). CsrB sRNAs have been found to take part in virulence and biofilm formation, and to be regulated by quorum sensing (Lenz et al., 2005). In E. coli CsrB RNAs is known to antagonistically regulate the action of carbon storage regulator CsrA (Liu et al., 1997). CsrA binds to the 5' untranslated regions (UTRs) of mRNA, recognizing GGA motifs in apical loops of RNA secondary structures. These motifs are also present on CsrB sRNAs, effectively sequestering the CsrA protein, allowing translation of the formerly inhibited mRNAs (Dubey et al., 2005; Duss et al., 2014). Interestingly, CsrA was only detected in WC, suggesting that other factors may be responsible for the enrichment of CsrB sRNAs in EVf. GcvB is known to regulate several genes in E. coli, e.g., RNA polymerase sigma S (RpoS), which enables the bacteria to survive under lower pH (Jin et al., 2009). This sRNA is dependent on binding to Hfq for its regulatory effect (Pulvermacher et al., 2009), and this may contribute to its enrichment, as Hfq preferentially associates with the bacterial membrane (Diestra et al., 2009).



3.3.3. Phage mRNAs

While enrichment in EVf-DNA was characterized by enrichment of CTXϕ and K139 phage genes (Figures 2C,L), the inverted Mu-like prophages in ChI are more pronounced in RNA enrichment (Figure 5D). Mu-like phage DNA was not particularly enriched, but several of its transcripts are, including tail sheath and capsid genes. Similarly, mRNA for many structural proteins of phage K139 were significantly enriched (Figures 5L,M). Enrichment of phage RNA associated with host-relationship modulation has previously been observed in EVs from Salmonella enterica (Malabirade et al., 2018).



3.3.4. Bacterial mRNAs

Cuffdiff found that a probable iron binding protein mRNA and ompU were enriched (Figure 5A), the latter of which was also associated with a coverage peak in DNA. Other highly enriched genes from ChI were rmf (Terui et al., 2010), acpP (Kutchma et al., 1999), atpD, atpC (Dunn et al., 2000), and hupA (Mart́ınez et al., 2015) (Figures 5G–K). Interestingly, the other subunit of DNA-binding protein HU, hupB (Mart́ınez et al., 2015) was enriched as well (Table S1). The HU dimer is in E. coli known to bind with high affinity to the mRNA encoding RpoS, and the ncRNA DsrA (Balandina et al., 2001), which in turn regulates transcription by overcoming the silencing effect of DNA-binding protein H-NS on the expression of RpoS. HU has also been found to regulate virulence of Vibrio parahaemolyticus (Phan et al., 2015). ChII harbors a number of enriched genes, e.g., an Outer membrane protein mRNA (Figure 5K), and cspE (Figure 5N). Cold-shock protein E (CspE) is regularly expressed at 37°C, and was originally identified as a multicopy suppressor of a temperature-sensitive chromosome partition mutant (Yamanaka et al., 1994).

The etiology of mRNA enrichment in vesicles is not yet fully understood, but there are presumably three important mechanisms that are most important for this phenomenon; half-life, location, and size. Firstly, mRNA synthesis is likely low in EVs compared to living bacteria, meaning that mRNA with longer half-lives will be enriched in vesicles over time. It has been reported that mRNAs in thermophile prokaryotes are biased toward purine tracts, indicating that it provides thermostability (Paz et al., 2004), and in this study, a positive correlation was indeed found between purine content and enrichment of mRNAs in EVf (Figure 6A). Although the samples have been subjected to the lowest possible thermal stress during isolation, it could still be that some level of purine-dependent degradation has occurred in the duration of filtration and isolation. It has been observed that the uracil content of membrane mRNAs is higher in prokaryotes than in eukaryotes (Prilusky and Bibi, 2009), a pattern that coincides with the differing mRNA turnover requirements of the two branches of life. To check whether the purine–enrichment correlation in our cultures could be caused by more complex underlying sequence dependencies, the pearson correlation coefficient was calculated between occurrences of all possible RNA nonuplets and mRNA enrichment. Some of these yielded very low p-values (Figure S5), especially for specific purine tracts, such as NNNAAGNNN, NNNNGAAGA, and NNAAGAAGA. This indicates some level of sequence dependency of the mRNA enrichment, which in turn could be due to increased stability, or perhaps affinity to localizing-, or protecting, biomolecules. Curiously, the sextuplet that correlates most significantly with mRNA enrichment is AGAAGA, the in-vivo binding motif for the human mRNA splicing protein TRA2B (Änkö and Neugebauer, 2012), which shares significant RNA-binding domain similarity with an uncharacterized RNA-binding protein in V. cholerae (NCBI Reference Sequence: WP_001884322.1, 2018). In addition, this protein is likely a cytoplasmic membrane protein, according to PSORTb.


[image: Figure 6]
FIGURE 6. (A) Fold-change enrichment of mRNAs in EVf, plotted against purine content. (B) mRNA enrichment according to transcript length.


The second mechanism that could give rise to mRNA enrichment in EVf is indeed the location, affected by potential affinity to membranes or membrane proteins, such as the signal recognition particle (SRP), which is associated with the membrane through the SRP receptor (Akopian et al., 2013). Through SRP, mRNAs could be co-localized with their protein products during translation, which in turn could place them close to the cytoplasmic membrane. While this may be true for certain mRNAs, no significant enrichment was found for genes destined for any location in this study (Figure S6). However, mRNAs have been found to localize to the membrane in E. coli independent of translation (Nevo-Dinur et al., 2011), meaning some motifs or secondary structures may increase an mRNAs affinity toward the membrane regardless of their protein product. Even though a number of RNA motifs correlate positively with enrichment in this study (Figure S5), the folding nature of RNA makes their protein interactions more complex than what may be deduced from the primary structure alone.

A third mechanism likely to affect enrichment is size, as a portion of the vesicles are smaller than many mRNA sequences. While vesicles can be as small as 20 nm, typical RNAs can vary in size from ~7 to 33 nm for 0.7–8.9kbp sequences, respectively (Borodavka et al., 2016). In accordance with this restriction, the correlation between mRNA length and enrichment in EVf was negative and statistically significant (Figure 6B). This result is similar to findings on the size-dependent inclusion of plasmids in EVs (Tran and Boedicker, 2019), and suggests that vesicles maintain a significant size exclusion bias for genetic cargo. This correlation holds for annotated gene length, and is independent of the lengths of the actual isolated RNA fragments, information that is lost in the sequencing protocol.




3.4. The EV Proteome Is Enriched in Periplasmic-, Membrane-, and Extracellular Proteins

The results from genetic sequencing prompted us to map the proteomic profile of EVs in order to asses a possible correlation between enrichment of genes and protein products. By LC-MS, a total of 1312 proteins were detected, 670 of which in common while 222 and 420 were exclusively detected in the EVf or WC, respectively.


3.4.1. Subcellular Location

Proteins associated with the extracellular milieu, outer membrane and periplasm are significantly enriched in EVf compared to cytoplasmic proteins (Figure 8). The variation within each category is considerable, which indicates that the composition of proteins in each category is different from WC to EVf. For instance, one could expect all the outer membrane proteins to be enriched along with the membrane itself, but their variation from a high degree of enrichment to a high degree of depletion suggests that the mechanisms of protein enrichment are more complex than random budding of the membranes. The specific enrichment or depletion of certain membrane proteins has been observed before (Lee et al., 2008; Aguilera et al., 2014), supporting the hypothesis that vesicles are not simply random membrane blebs, but at least somewhat specifically constructed.



3.4.2. mRNA–Protein Correlation

580 genes were detected both as mRNA and their protein products in both WC and EVf. Only genes destined for the periplasm demonstrated a statistically significant mRNA–protein enrichment correlation, that being negative (Figure 7). These results suggest that post-budding translation of vesicle-associated mRNA is low. This does not, however, refute the possibility that mRNA cargo could be translated in a potential target cell for the EVs. Worth to mention in this context is that no genes were found as both protein and mRNA in one fraction uniquely, with the sole exception of Soluble cytochrome b562, a protein that was found in only one of three EVf replicates.


[image: Figure 7]
FIGURE 7. Genes detected as both mRNA and their protein products in both EVf and WC, sorted by their predicted subcellular location. Periplasmic proteins yielded the only statistically significant regression analysis, showing a negative correlation between mRNA and protein enrichment.




3.4.3. RNA-Binding Protein

An interesting EVf-enriched protein in the context of RNA enrichment is the methionine ABC transporter substrate-binding protein (Table S2B). This membrane protein, also called ProQ, has been shown in S. enterica and E. coli to bind to sRNA and mRNA, increasing their stability (Smirnov et al., 2016). This protein is enriched >8× in EVf, which is well-beyond the standard deviation of the general enrichment of cytoplasmic membrane proteins (Figure 8). The presence of this protein could in part responsible for the enrichment of certain sRNAs or mRNAs; for instance, it is known to bind to and stabilize cspE mRNA (Holmqvist et al., 2018), which was enriched >16× in EVf. This protein could act as a link between certain RNAs and the membrane, and depending on its RNA-binding affinities, be decisive for the composition of the RNA cargo of vesicles. Several CsrB sRNAs are abundant in EVf, and while these are known to bind to CsrA protein, no CsrA protein was found in the EVf. This is surprising, as one could expect that biomolecules with demonstrated affinity to each other would be co-localized. A possible explanation could be that these RNAs also bind to ProQ (Holmqvist et al., 2018), contributing to their enrichment.


[image: Figure 8]
FIGURE 8. Violin plot of log2 enrichment of proteins in EVf relative to WC and their cellular location.




3.4.4. Flagella and Phage Proteins

A number of flagellar and extracellular proteins were the most abundant in the extracellular fraction compared to whole cells. Of the 48 known flagella-associated proteins in the O395 proteome, a total of 39 were detected in the samples. 9 were found only in the bacterial fraction, including regulators such as FleN and FleQ, motor switch proteins such as FliG and FliM, and synthesis proteins such as FliS and FlgN. 17 flagellar proteins were uniquely detected in the EVf, mostly structural components such as FliD, FlaG, FlaF, FlgL, FlgK, FlgG, FlgC, FlgB, FlgF, but also the biosynthesis protein FlhF, L- and M-ring proteins FlgH and FliF, and the hook-length control protein FliK (Kim and McCarter, 2000). 13 proteins encoded by the K139 prophage were detected by LC-MS; 10 unique to EVf, 1 unique to WC, and 2 detected in both samples; tail fiber and major capsid protein, enriched 5.7× and 27×, respectively. This not nearly as dramatic as the enrichment of the prophage DNA, which according to cuffdiff was 249× on average. This indicates enrichment of phage DNA in other DNase-protected states than within phage particles, such inside- or embedded in the membrane of EVs, or possibly in other phage capsid structures. Structural components of both the Mu-like phage in ChI and K139 in ChII were enriched in the EVf, while no complete phage structures were visible in the micrographs, as has been observed before (Reidl and Mekalanos, 1995). This could imply that the K139 tail structures may be utilized by V. cholerae as a tailocin (Ghequire and De Mot, 2015), but this hypothesis needs testing. The high presence of flagellar and phage components in EVf sheds light on the importance of purification when working with EVs. This may be especially important in their application of vaccine candidates, when certain epitopes are of interest, and protein quantification may be used as a dose measurement. Since phages are co-isolated due to their similar sizes, they can pose a significant problem when working on vesicles specifically. One solution to this is density gradient centrifugation, but as this process may take 16 h (Olaya-Abril et al., 2014), mRNA stability is a concern.



3.4.5. Virulence Factors

Beyond flagellar-, and phage constituents, there were many proteins highly enriched and depleted in EVf (Table S2). Expectedly, among the most enriched were proteins associated with membranes or the periplasmic space. Furthermore, many of the abundant proteins uniquely detected in EVf (Table S2A) are associated with virulence, e.g., OmpK (Ningqiu et al., 2008), TraF-related protein (also called type IX secretion protein SprF/PorP) (Laanto et al., 2014), colonization factor AcfA (Hughes et al., 1995), and OmpT (Provenzano and Klose, 2000). Similarly, among the most enriched proteins detected in both samples are virulence factors such as TonB (Abdollahi et al., 2018), OmpU (Provenzano et al., 2001), OmpV (Liu et al., 2017), haemagglutinin biogenesis protein MshL (Hsiao et al., 2006), hemolysin Vcp, and outer membrane protein LapE of the TolC family (Smith et al., 2018). A surprising observation is the enrichments of OmpK, OmpU and OmpV, which mirror the high enrichment of their mRNAs, and may point to a degree of co-translational localization. Many of these virulence factors (e.g., AcfA, OmpU, MshL, TolC) have been observed in the proteome of EVs from V. cholerae previously (Altindis et al., 2014) and stands testament to the potential of EVs to modulate host–pathogen relationships. For instance, vesicles with hemolytic proteins could be used as a remote agent to damage host cells, increasing the nutritional value of the bacterial environment.



3.4.6. Iron Transport Proteins

There are several proteins associated with iron uptake that are enriched significantly in EVf. For instance, a ferrichrome-iron receptor was only found in EVf, while heme-, and sidophore receptors HutA (Henderson and Payne, 1994) and IrgA (Wyckoff et al., 2015) were highly enriched (Table S2). These proteins mediate iron uptake, which has some metabolic implications. If vesicles could contribute to iron depletion of the surroundings, this would supposedly affect the bacteria negatively unless they have mechanisms for vesicle re-absorption.



3.4.7. Antimicrobial Resistance

While the bacteria need to effectively absorb iron compounds in low-iron conditions, antimicrobials are preferably effluxed out. Several relevant acriflavin-resistance proteins are highly enriched in EVf (Tables S2A,B). For instance, VexH, VexB, and VexD were enriched while VexK was only detected in EVf. These are members of the AcrB/AcrD/AcrF protein family, known multidrug efflux transporters (Buckley et al., 2006). The AcrB protein is located in the inner membrane, where it interacts with the outer membrane protein TolC through periplasmic protein AcrA. Deletion of acrB or tolC is associated with hypersensitivity to a range of antibiotics in S. enterica (Buckley et al., 2006). Another enriched protein related to resistance is YcfM, also known as LpoB, which has been identified as an activator of penicillin-binding-protein PbpG (Jean et al., 2015). A second protein from the ycf operon, YcfL, was among the most abundant only detected in EVf. Its location on the same operon could imply an association with drug resistance, but little is known about this lipoprotein (Alam et al., 2013). The presence of efflux pumps on vesicles could mean that the bacteria gain some benefit from them being largely void of antimocrobials, which does not contradict the hypothesis that they can be re-absorbed.



3.4.8. Adhesion and Biofilm Formation

Two other proteins previously detected in EVs fromV. cholerae are RmbA and RmbC (Altindis et al., 2014). These were both enriched in EVf (Tables S2A,B) and have been found to be important for biofilm formation. RbmA is a extracellular protein that forms tandem fibronectin type III (FnIII) folds (Giglio et al., 2013), and is required for rugose colony formation and biofilm structure integrity (Fong et al., 2006). RbmC has been recognized as a hemolysin and a central agent in biofilm and pellicle formation, perhaps binding to carbohydrates in the extracellular matrix (Fong and Yildiz, 2007). It is secreted and localized on the cell surface (Teschler et al., 2015). The association of EVs with biofilm formation has been established for some time (Kulp and Kuehn, 2010), and have been found to be a major structural part of biofilm in Staphylococcus aureus (He et al., 2019).



3.4.9. Protein Depletion in EVf

A thorough analysis of proteins depleted in EVf is beyond the main scope of this study, but some interesting observations deserve comment. As expected, cytoplasmic proteins were significantly depleted in EVf (Figure 8), but many DNA-binding proteins stemming from genes that were enriched in EVf (Table S1) were depleted considerably (Tables S2B,C). For instance, HU-α and HU-β are depleted by 70 and 80%, while hupA and hupB mRNA were some of the most enriched mRNAs in EVf. Similarly, H-NS protein is depleted by 80% in EVf, while hns mRNA was enriched >7× on average. Ssb is depleted by 80% while ssb mRNA was enriched >11×, and transcription termination factor Rho is only detected in WC while rho was enriched >3× in EVf. While the mechanisms behind this is unknown, it could be that these mRNAs are more stable than the average, or that they somehow localize to the membrane, maybe by protein binding. DNA-binding protein HU has been found to bind to both tmRNA and RNase P RNA in E. coli (Macvanin et al., 2012), which were both enriched in EVf.





4. CONCLUSION

The present study is the first exploratory work that directly compares the DNA, RNA and protein content of V. cholerae, to that of its extracellular vesicles. Many interesting observations shed light on the general composition of the vesicle fraction, including their cargo of DNA, functional RNA, mRNA, RNA-binding proteins and virulence factors. While the observed nucleic acid enrichment patterns seem to have possible explanations in membrane protein binding, specific investigations are required to confirm the specific mechanisms involved. For instance, a future research objective is to investigate the effect of ToxR and its binding sites on the enrichment of DNA in vesicles. An alternative study could be on the effect of ProQ or other RNA-binding proteins on RNA enrichment. A series of known virulence proteins were enriched in EVf, which is to be expected, as the host-pathogen interaction is modulated in part by the outer membrane proteins of V. cholerae. Tail tube and tail fiber proteins of several prophages were abundant in EVf, while no complete phage structures were visible in electron microscopy. This could imply function as tailocins, but further research is required to assess this hypothesis. A discrepancy between transcript enrichment and the enrichment of their protein products in EVf argues against significant translation occurring after vesicle isolation, but the effects of mRNA turnover in this context is unclear. A future prospect is therefore to investigate the effects of translation-, transcription-, and RNase inhibitors on the bacterial culture before vesicle isolation. An interesting observation in the EVf proteome is that enrichment of genes for several DNA-binding proteins contrasted the depletion of their protein product, while for a number of outer membrane proteins, mRNA enrichment mirrored the proteomic profile. This could suggest either a certain level of co-translational mRNA localization, or perhaps differing turnover requirements for the transcripts of DNA-binding- and membrane proteins. A research prospect is to locate these mRNAs within the living bacteria, and identify the affinities of RNA-binding membrane proteins. If the mechanisms behind the observed enrichment in DNA, RNA and protein are well-characterized, this would be a big step on our way to produce customized vesicles. In turn, this could greatly expand our possibilities when it comes to the utilization of vesicles as vaccines or vessels for gene-, or drug delivery.
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Membrane blebs are released from Gram-negative bacteria, however, little is known about Brucella blebs. This work pursued two objectives, the first was to determine and identify the proteins in the membrane blebs by proteomics and in silico analysis. The second aim was to evaluate the use of membrane blebs of Brucella abortus 2308 and B. abortus RB51 as an acellular vaccine in vivo and in vitro. To achieve these aims, membrane blebs from B. abortus 2308 and RB51 were obtained and then analyzed by liquid chromatography coupled to mass spectrometry. Brucella membrane blebs were used as a “vaccine” to induce an immune response in BALB/c mice, using the strain B. abortus RB51 as a positive vaccine control. After subsequent challenge with B. abortus 2308, CFUs in spleens were determined; and immunoglobulins IgG1 and IgG2a were measured in murine serum by ELISA. Also, activation and costimulatory molecules induced by membrane blebs were analyzed in splenocytes by flow cytometry. Two hundred and twenty eight proteins were identified in 2308 membrane blebs and 171 in RB51 blebs, some of them are well-known Brucella immunogens such as SodC, Omp2b, Omp2a, Omp10, Omp16, and Omp19. Mice immunized with membrane blebs from rough or smooth B. abortus induced similar protective immune responses as well as the vaccine B. abortus RB51 after the challenge with virulent strain B. abortus 2308 (P < 0.05). The levels of IgG2a in mice vaccinated with 2308 membrane blebs were higher than those vaccinated with RB51 membrane blebs or B. abortus RB51 post-boosting. Moreover, mice immunized with 2308 blebs increased the percentage of activated B cells (CD19+CD69+) in vitro. Therefore, membrane blebs are potential candidates for the development of an acellular vaccine against brucellosis, especially those derived from the rough strains so that serological diagnostic is not affected.
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INTRODUCTION

The membrane blebs have been described in Gram-negative bacteria for more than 50 years (Manning and Kuehn, 2013). These membrane blebs are released from the outer membrane of the cell to the external milieu, showing spherical shapes, and ranging in sizes from 20 to 250 nm. In general, membrane blebs are composed of outer membrane proteins (OMPs), periplasmic and cytoplasmic proteins, phospholipids, lipopolysaccharide (LPS), as well as DNA and RNA (Bitto et al., 2017; Jan, 2017). Several authors have described the release of membrane blebs from different pathogens, as well as their effects in vitro or in vivo (Holst et al., 2009; McConnell et al., 2011; Stevenson et al., 2018; Zhang et al., 2018). Recently, Marion et al. (2019), showed pulmonary inflammation and neutrophil recruitment as well as cytokine production in mice inoculated with Acinetobacter baumannii membrane blebs intranasally. Also, membrane blebs from Aeromonas hydrophila induced B and T cell activation and the production of TNFα, IL-1β, and stimulated peripheral blood mononuclear cells producing IL-8 (Avila-Calderón et al., 2018).

Membrane blebs have been involved in protein transportation including virulence factors, nutrient acquisition, horizontal genetic transfer, bactericidal action, inter-kingdom communication, and modulation of the host immune response (Jan, 2017; Lynch and Alegado, 2017; Yu et al., 2017).

Because of the amount of antigen present in membrane blebs and its ability to modulate the immune response, they have been tested as acellular vaccines candidates (Cai et al., 2018). Membrane blebs from different pathogens such as Escherichia coli, Vibrio cholerae or Neisseria meningitidis have been used to immunize animals and then challenge them with the progenitor pathogenic bacterium to assess the efficacy of the protective immune response (Yu et al., 2017; Cai et al., 2018). One of the characteristics that make membrane blebs attractive to develop vaccines is that these contain natural components of the bacterial cells, so they may induce an immune response in vitro and in vivo but without generating infection in the host, because blebs are considering acellular entities. Membrane blebs also have shown to be good adjuvants (Tan et al., 2018). For example, blebs from Neisseria meningitidis mixed with capsular polysaccharide from meningococcal A group were used as adjuvants to immunize rabbits, increasing the humoral immune response (Siadat et al., 2011). Because membrane blebs both contain cellular components, such as antigenic proteins, but they are not virulent, as they aren’t the whole cell, both of these characteristics make them safer, secure and effective platform to develop acellular vaccines.

The vaccines currently used against animal brucellosis are based on live attenuated cells. The most widely used vaccines in the world to protect cattle against brucellosis are B. abortus strain 19 (S19) and RB51; the first one is a smooth strain, whereas RB51 is a rough mutant (Schurig et al., 1991; Avila-Calderón et al., 2013). All commercially available vaccines including those based on B. abortus strains are virulent for humans. Some occupational human infections have been reported, as well as infection due to raw milk consumption since vaccine strains have been shown to be excreted for short periods of time in the milk (Wallach et al., 2008; Cossaboom et al., 2018). Therefore, it is important to develop a safer acellular vaccine against human brucellosis.

Membrane blebs from B. melitensis 16M and the rough mutant VTRM1 induced protection in mice against the challenge with virulent B. melitensis. The level of protection was similar to that achieved by the live vaccine B. melitensis Rev 1. The composition of B. melitensis membrane blebs revealed proteins involved in the immune response (Avila-Calderón et al., 2012). Because Brucella is an intracellular pathogen, it is important that the vaccine elicits a cellular immune response to provide protection. Several subunit vaccines based on purified proteins have also been tested, however, in most of the cases, these proteins provided moderate levels of protection compared with live vaccine control (Avila-Calderón et al., 2013).

The aims of this work, were to identify the protein cargo of membrane blebs and to analyze the protective immune response induced by blebs from B. abortus 2308 and RB51 in the murine model. To reach these aims, the protein cargo in membrane blebs from both strains were performed through a proteomic and in silico analysis. Membrane blebs obtained from B. abortus 2308 and B. abortus RB51 were used to immunize mice and then challenged with virulent B. abortus 2308, the residual bacterial burden in spleen, the induction of IgG subtype antibodies as well as the expression of surface activation markers on lymphocytes and antigen presenting cells (APCs) were determined.



MATERIALS AND METHODS


Bacterial Strains

The smooth strain B. abortus 2308, B. abortus RB51 a naturally occurring rough strain which is used as a vaccine, and the Group B Salmonella sp. were used. Brucella strains were cultured on tryptic soy agar supplemented with 0.5% yeast extract (TSA-YE), whereas Salmonella strain was cultured on tryptic soy agar (TSA) plates. Prior to obtaining the membrane blebs, antigenic variation from both strains was checked by agglutination by agglutination with polyclonal anti-Brucella serum (MICSA®) and acriflavine 0.1%.



Obtaining Blebs of B. abortus

The membrane blebs were obtained following the protocol described previously (Avila-Calderón et al., 2012; Cooke et al., 2019; Bagheri-Nejad et al., 2019). Briefly, B. abortus strain 2308 and the vaccine B. abortus strain RB51 were cultured in large-scale, on TSA-YE plates and incubated for 48 h at 37°C. Then bacteria were harvested with a rubber policeman and suspended in 200 mL of sterile phosphate saline buffer (PBS). The bacterial suspension was centrifuged at 10,000 × g for 30 min to remove intact cells. The supernatant was passed through a 0.22 μm filter (Millipore Corp). Then, a sterility test was performed by culturing an aliquot of the filtered supernatant onto a TSA-YE plate followed by incubation for 96 h at 37°C. The sterile supernatant was centrifuged at 100,000 × g for 2 h at 4°C in an ultracentrifuge. The pellet obtained by ultracentrifugation was washed twice with 25 mL of sterile PBS and the membrane blebs were suspended in 1 mL of sterile PBS. The membrane blebs samples were divided into 0.5 mL aliquots and stored at −80°C until used.



Protein and Lipid Quantification

The protein concentration of membrane blebs was determined using PIERCE-BCA reagents (Thermo Fisher Scientific Inc.) following manufacturer’s recommendations. The lipids of membrane blebs were measured using the lipophilic dye PKH26 (Sigma-Aldrich). Briefly, 25 μg of protein of membrane blebs were stained with 50 μL of PKH26 (diluted 1:500 with diluent C) during five min at 28°C in dark. Then, the staining was stopped adding 100 μL of bovine serum albumin (BSA) 1% in PBS (Wong-Baeza et al., 2016). The samples were washed and concentrated with microcon® device (Milipore) with a cutoff of 10 kDa and finally resuspended with 200 μL of PBS. The samples were read in a fluorometer Fluoroskan Ascent FL (Thermo Fisher Scientific) at 550nm/565nm excitation/emission. The lipid quantification was reported as the fluorescent units per 25 μg of protein. The quantification of lipid and proteins was performed in triplicate.



Observation of Membrane Blebs by Electronic Microscopy

Thirty microliter of membrane blebs (25 μg of protein) from both strains were placed onto copper grids coated with formvar and dried using filter paper. Then, 1% phosphotungstic acid was added on the samples. The grids were allowed to dry 10 h and they were observed in a transmission electron microscope (JEOL model JEM 10-10). The micrographs were taken with ATM image capture engine V. 5. 4. 2 software with different magnifications. The membrane blebs diameter was measured and the blebs were counted from ten fields with the same software. To observe membrane blebs released from the whole bacteria, cells of B. abortus strain 2308 and B. abortus strain RB51were grown on TSA plates for 36 h at 37°C, and then molten soft agar was poured to cover the growth. Once solidified the agar, small cubes (2 mm) of agar were cut. Blocks were fixed in 2.5% glutaraldehyde in PBS, rinsed with Sorensen’s PBS, dehydrated with ethanol, and prepared for transmission electron microscopy (TEM). All preparations were stained with OsO4, and they were observed in a transmission electron microscope (JEOL model JEM 10-10) and the micrographs were obtained as described above.



Denaturing Gel Electrophoresis

SDS-PAGE was performed in 15% acrylamide slab gels by the method of Laemmli (1970). The gels were stained by Silver staining. The molecular masses of the proteins contained in the membrane blebs were determined by comparing their electrophoretic mobility with that of the wide range molecular mass markers (PageRulerTM Prestained protein ladder, Thermo Fisher Scientific) using the computer program ImageJ v.1.49.



Liquid Chromatography Coupled to Mass Spectrometry in Tandem (LC-MS/MS)

After the separation of the proteins contained in membrane blebs by denaturing electrophoresis, the gel was stained with Coomasie staining. Subsequently, each sample from the acrylamide gel was cut into four sections. Each section of the gel was treated with 50 mM dithiothreitol, alkylated with iodoacetamide and then “in gel” digested with trypsin. The peptides were desalted using a ZipTip® (Merck KGaA, Darmstadt, German) and then concentrated in a Speed-Vac SPD 1010 Thermo-Electron (Instituto Nacional de Biotecnología-UNAM, Cuernavaca, Mexico). Each sample of membrane blebs was run in duplicate. The samples were dissolved with 50% acetonitrile containing 1% acetic acid and then placed into a Finnigan LCQ equipment. The eluate at 10 L/min was split to allow only 5% of the sample to enter the nanospray source (0.5 L/min). LC-MS/MS was performed with a PicoFrit needle/column RP C18 (New Objective, Woburn, MA, United States), using a fast gradient system from 5 to 60% of solution 100% acetonitrile with 1% acetic acid, for 45 min. The electrospray ionization source voltage was set at 1.8 kV and the capillary temperature at 130°C. Collision-Induced Dissociation (CID) was performed using 25 V of collision energy, 35–45% (arbitrary units) of normalized collision energy and the scan had the wideband activated. All spectra were obtained in the positive-ion mode. Data acquisition and the deconvolution of data were carried out using Xcalibur software on a Windows XP PC system. The MS/MS spectra from enzymatically generated peptides were analyzed by Sequest software from Finnigan (Palo Alto, CA, United States) and MASCOT search engine from Matrix Science Ltd. (Boston, MA, United States).



In silico Analysis

The hits from the proteomic identification were analyzed by BlastP, using the genomic sequence of the B. abortus strains 2308 and RB51 (obtained from NCBI)1, and Uniprot2. Evpedia3 and Orthovenn4 analysis for enrichment of gene ontology terms were also used (Wang et al., 2015). Each protein was searched in PSORTb v. 3. 0. from ExPASy Bioinformatics Resource Portal5 and ProtCompB from Softberry database6 were used to pinpoint subcellular location of each protein. MyHits database7 was used to determine motif sequence on each protein.



Protection Assay

Mice immunization was performed as previously described (Avila-Calderón et al., 2012). Briefly, female BALB/c mice of 8 weeks of age (5 per group) were vaccinated by intramuscular inoculations, at day 0 and boosted on day 30, with 5 μg of membrane blebs from virulent B. abortus 2308 (2308 blebs) or B. abortus RB51 (RB51 blebs) strains at a final volume of 50 μL adjusted with saline. One week after boosting, mice were bled from retro-orbital plexus under anesthesia (post-boost). As a positive control, a group of mice was vaccinated with 1.5 × 104 CFU of vaccine strain B. abortus RB51. As a negative control, one group of mice was injected with saline. Mice were challenged intraperitoneally with 5 × 104 CFUs of virulent strain B. abortus 2308 at 2 weeks post-boost vaccination. One week after challenge with the virulent B. abortus strain, blood was collected as before under anesthesia (post-challenge). At 2 weeks after challenge, all the mice were euthanized by CO2 asphyxiation followed by cervical dislocation. Spleens were collected aseptically, and CFUs/spleen of challenge strain were determined. The serum was separated from the clotted blood and stored at −20°C until use for detection of IgG subtypes.



Indirect ELISA

Immunoglobulins IgG, IgG1, and IgG2a against antigenic proteins of 2308 membrane blebs and RB51 membrane blebs were determined in immunized mice serum post-boost and post-challenge by indirect ELISA. Sera from mice immunized with 2308 blebs was tested against purified 2308 membrane blebs and RB51 membrane blebs as antigens, while sera from mice immunized with RB51 membrane blebs was tested with 2308 membrane blebs and RB51 membrane blebs as antigens. Membrane blebs from B. abortus 2308 and RB51 were diluted in carbonate buffer pH 9.6 (2.5 μg/mL). The wells of 96 well polystyrene plates (Nunc-Immunoplate with maxisorp surface) were coated with 100 μL/well of membrane blebs. After incubation for 8 h at 4°C, plates were washed four times with wash buffer (Tris-buffered saline at pH 7.4, 0.5% Tween 20) and blocked with 2% bovine serum albumin (BSA) in Tris-buffered saline. After 1 h incubation at 37°C, mice sera diluted at 1:1000 in blocking buffer were added to each well (50 μL/well). The serum sample from each mouse was tested by triplicate. The plates were incubated 4 h at room temperature and then washed four times. Horseradish peroxidase-labeled anti-mouse isotype-specific conjugates (Southern Biotechnology Associates Inc., Birmingham, Alabama) were added (50 μL/well) at a dilution of 1:1000. After 1 h of incubation at 25°C, the plates were washed four times. Then, 100 μL of substrate solution (TMB Microwell peroxidase substrate; Kirkegaard and Perry Laboratories, Gaithersburg, Md) were dispensed to each well. After 20 min incubation at room temperature in the dark, the enzyme reaction was stopped by adding 100 μL of stop solution (0.185 M sulfuric acid), and the absorbance at 492 nm was recorded using microplate reader (Molecular Devices, Sunnyvale, CA, United States).



Cytotoxicity of Membrane Blebs Through Determination of Cell Viability

The cytotoxic effect of the membrane blebs was analyzed, through an indirect cell viability analysis. Briefly, the splenocytes were cultured in a 24-well microplate with a density of 1 × 106 cell/mL with supplemented media, then the splenocytes were stimulated with 1, 10, and 25 μg/mL of membrane blebs and incubated 24 h with 5% CO2 at 37°C. The cells were harvested, washed with sterile PBS. Phytohemagglutinin (PHA) 20 μg, was used as positive control. 1 μL of eBioscience fixable viability dye eFluor 450 (Thermo Fisher-Scientific) was added, incubated 30 min in the darkness, washed with FACS buffer, fixed with PBS containing1% paraformaldehyde (PFA), and suspended in 400 μL of FACS buffer. Samples were analyzed in LSRFortessaTM cytometer (Becton-Dickinson), 30,000 events were acquired and data were analyzed with FlowJo® software v. 10 (FlowJo, LLC, Ashland, Ore).



Evaluation of Activation Surface Markers by Flow Cytometry

Three mouse groups were included in this assay, with three animals per group. The first group was immunized with 5 μg of purified 2308 membrane blebs, a second group was immunized with 5 μg of purified RB51 membrane blebs, and the third group was injected with saline by intramuscular route. Three days after boosting, all mice were euthanized by CO2 asphyxiation followed by cervical dislocation, and the spleens were collected aseptically. Spleens were mashed with 5 mL of sterile PBS on a cell strainer (Corning®) and splenocytes were collected in a 50 mL sterile tube. Then, 10 mL of lysis solution (KHCO3-NH4Cl-EDTA) was added, mixed and kept on ice for 8 min. Subsequently, 25 mL of cold sterile PBS was added and centrifuged 10 min, 1200 rpm at 4°C. The cells were placed in RPMI medium supplemented with 10% fetal calf serum (FCS), 100 IU penicillin/100 μg/mL streptomycin, and 2.5 μg/mL fungizone. Cells were counted by trypan blue exclusion assay. Two mL of a suspension of 1 × 106 spleen cells/mL was added to each well in a 24-well plate (in duplicate). Spleen cells coming from mice immunized with 2308 membrane blebs, RB51 membrane blebs or mice injected with saline were stimulated with either 5 μg of 2308 membrane blebs, 5 μg RB51 membrane blebs, or 5 μg of Salmonella lysate. Plates were incubated 24 h, at 37°C under 5% CO2.

After stimulation, spleen cells were collected and washed with FACS buffer (PBS, 1% FCS, sodium azide 0.01%) and incubated with diluted mAbs in FACS buffers: anti-mouse CD19-APC, anti-mouse CD3-FITC, anti-mouse CD4-PerCP, anti-mouse CD69-PE, anti-mouse CD11c-APC, anti-mouse CD86-PE, and anti-mouse MHC-II (I-A/I-E)-FITC for 1 h at 4°C protected from the light. Then, the cells were washed with FACS buffer, fixed with PBS containing 1% paraformaldehyde (PFA), and suspended in 400 μL of FACS buffer. Samples were analyzed in LSRFortessaTM cytometer (Becton-Dickinson), 500,000 events were acquired and data were analyzed with FlowJo® software v. 10 (FlowJo, LLC, Ashland, Ore).



Identification of Antigenic Proteins in the Membrane Blebs

30μg of blebs obtained from B. abortus 2308 and RB51 were loaded in each well of an 15% SDS-PAGE. A wide range molecular mass markers was included (PageRulerTM Prestained protein ladder, Thermo-Fisher Scientific). After running the gel was transferred to a PVDF membrane (Inmobilon-P Millipore®) in a semidry chamber for 30 min at 20 V. The PVDF membrane was washed with TBS-Tween 20 (0.05%) during 5 min. The membrane was blocked with 5% low fat dry milk in TBS-Tween 20 during 2 h at room temperature. Then, the membrane washed three times with 10 mL of TBS-Tween 20. After that, the serum of immunized mice diluted in TBS-Tween 20 (1:5000) was added and incubated 2 h at room temperature. The membrane was washed three times, and incubated with a secondary antibody Anti-Mouse IgG (whole molecule) coupled to peroxidase (Sigma-Aldrich) diluted 1:5000 with TBS-Tween 20 during 1 h at room temperature. Finally, the membrane was washed three times and revealed with Inmobilon Western kit (Millipore®), the images were obtained with a Gel Doc system (Bio-Rad) and the Image LabTM software (Bio-Rad).



Ethics Statement

All the mice experiments were done in AAALAC approved facility and the mice experimental protocols were approved by the Institutional Animal Care and Use Committee (IACUC) (protocol # CVM-10-048) at Virginia Tech, which follows protocols approved by the American Veterinary Medical Association (AVMA). For retro-orbital bleeding, mice were anaesthetized under isofluorane using Vet Equip Mobile Laboratory Animal Anesthesia System. Mice were euthanized using an overdose of carbon dioxide followed by cervical dislocation.



Statistics

Two-way ANOVA analysis with Bonferroni post-tests was performed for analysis of the mean fluorescence intensity of the surface markers expression and IgG subtypes by ELISA, and One-way ANOVA analysis with Tukey post-test was used to compare results from protection experiments and analysis of the surface marker activation in the splenocytes. An unpaired t test with 95% confidence interval was performed to analyze the results obtained for protein and lipid quantification and membrane blebs counting. GraphPad Prism v.5.01 software was used for the statistical analyzes.



RESULTS


Obtaining Membrane Blebs From B. abortus Strains

In the micrographs, the membrane blebs released from the whole cell of B. abortus 2308 and RB51 were observed (Figure 1A). Membrane blebs from B. abortus 2308 showed sizes from 27.9 to 135 nm with an average of 66. 9 nm, while the membrane blebs from the vaccine strain showed blebs with sizes from 27.7 to 135 nm with an average of 56.27 nm (Figure 1B). In both strains, membrane blebs showed a spherical shape and a bilayer-lipidic membrane. In several electron microscope images, we noticed that B. abortus RB51 strain released more membrane blebs than the B. abortus 2308, in a ratio of 30:8.9 membrane blebs per field (unpaired t test with 95% confidence) (Figure 1C). Regarding the protein and lipid quantitation, an average of 1.421 ± 3. 6 mg/mL of protein for 2308 membrane blebs and 1.377 ± 9.6 mg/mL for RB51 membrane blebs was obtained, but the differences were not statistically significant (unpaired t test with 95% confidence). In the case of the lipid quantification, it an average of 61.18 ± 7.8 fluoresce units for 2308 blebs and 102.6 ± 7.9 fluoresce units for RB51 membrane blebs (P < 0.05) (unpaired t-test with 95% confidence) was obtained. These quantification, indicated that B. abortus RB51 produced more blebs than the B. abortus 2308.


[image: image]

FIGURE 1. Electron microscopy of B. abortus membrane blebs. (A) Agar embedded whole bacteria was processed for the thin section and negatively stained with OsO4. In the electron micrographs, blebs are pinched off from the bacterial surface (black arrows). Membrane blebs stained with phosphotungstic acid showed vesicles with a double membrane (arrowheads). Membrane blebs showed ranging in from size from 29.7 to 135 nm in the virulent strain, while in the vaccine strain it ranged from 27.7 to 135 nm. (B) Membrane blebs counted from ten fields from both strains (P = 0.0031; ∗∗P < 0.05). (C) Diameters in nm of the membrane blebs from both B. abortus strains measured with AMT image capture engine V. 5. 4. 2 software. Bar = 100 nm.




Proteomic Analysis

The electrophoretic protein profile showed proteins from 10 to 92 kDa for 2308 membrane blebs and 10 to 139 kDa for RB51 membrane blebs (Figure 2). After electrophoretic separation, proteomic analysis was performed in order to identify the protein composition of membrane blebs of B. abortus. The resulting peptide sequences were used to query databases that led to the identification of 271 hits for the B. abortus 2308 strain and 214 hits for B. abortus RB51 strain. A query result was only considered as significant if the overall score was higher than 20 and more than two tryptic peptides as well as their fragment ions matched to the protein and the calculated molecular weight corresponded to the molecular weight in the original gel section (Avila-Calderón et al., 2012).


[image: image]

FIGURE 2. Protein profile of membrane blebs from B. abortus 2308 and the vaccine strain RB51. Blebs were obtained by differential centrifugation and loaded onto 15% Acrylamide gel for electrophoresis. Gel stained by Silver staining. Lane 1; proteins profile of membrane blebs from B. abortus 2308. Lane 2; proteins profile of membrane blebs from B. abortus RB51. 45 μg of the protein of membrane blebs were loaded onto each well. Protein Ladder; PageRulerTM Prestained protein ladder, Thermo-Fisher Scientific.


These aforementioned hits were analyzed with BlastP using the genome of B. abortus RB51-AHVLA strain from the NCBI database. Hits from the 2308 membrane blebs strain were analyzed with Uniprot database against B. abortus 2308 genome. The hits that were unambiguously identified in the genome were 228, meanwhile 171 were identified as unique proteins for membrane blebs from B. abortus 2308 and B. abortus RB51 respectively. The rest of the sequences were discarded from further analysis. The identified proteins from both B. abortus strains were annotated according to aminoacid length, molecular weight, isoelectric point, locus tag, subcellular location, COG functional classification and protein domains (Supplementary Tables S1, S2). In silico analysis revealed that proteins identified in 2308 membrane blebs were 42% cytoplasmic, 31% periplasmic, 14% outer membrane, and 11% inner membrane. In the case of RB51 membrane blebs, the proteins were 35% cytoplasmic, 33% periplasmic, 17% outer membrane, and 10% inner membrane (Figure 3).
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FIGURE 3. Protein in silico analysis from B. abortus membrane blebs. Subcellular locations of blebs proteins using PSORT3b and Softberry database. Periplasmic (P), cytoplasmic (C), outer membrane (OM), inner membrane (IM), and extracellular (EC) locations are indicated as mentioned.


Analysis of orthologous proteins was performed to identify the overlapping orthologous clusters in the membrane blebs from both strains. The analysis showed that proteins from 2308 membrane blebs were classified into 115 clusters, while proteins from RB51 membrane blebs were classified into 113 clusters. From these clusters, 112 were shared in blebs from both tested strains, whereas 3 clusters were unique for membrane blebs from B. abortus 2308 and 1 was unique for RB51 membrane blebs. On the other hand, 108 proteins from 2308 membrane blebs were not classified into the orthologous clusters (singletons) in the same way 57 proteins were found in RB51 membrane blebs.

From the 112 orthologous clusters shared between both strains, the proteins were grouped based on their biological process ontology into 33 groups and 13 based on their molecular function ontology (Supplementary Figures S1A,B). The most important groups based on biological process ontology were translation (GO: 0006412), biological process (GO: 0008150), metabolic process (GO: 0008152), and cellular process (GO: 0009987). The most important groups based on molecular function process were structural molecule activity (GO: 0005198), nucleic acid binding (GO: 0003676), binding (GO: 0005488) nucleotide and nucleoside binding (GO: 0000166, GO:0001882) and ion binding (GO: 0043167) (Supplementary Figure S1A). The prevalence of some proteins in membrane blebs from both strains was not unexpected, for example, SodC, Omp25, Omp31-1, Omp19, and Omp16, since these were also found previously in membrane blebs purified from B. melitensis 16M and B. suis 1330 (Boigegrain et al., 2004; Avila-Calderón et al., 2012).



Immune Protection Assays

Mice immunized with membrane blebs from B. abortus 2308 and B. abortus RB51 were challenged with B. abortus 2308. Protection was defined as a significant reduction in bacterial burden in the spleens of mice immunized with membrane blebs, found 2 weeks post-challenge. The group of mice immunized with the vaccine strain B. abortus RB51 induced 1.288 log units of protection compared to saline control (P < 0.05) (one-way ANOVA with Tukey’s Multiple Comparison Test, confidence interval of 95%). In the case of mice vaccinated with membrane blebs from B. abortus 2308 induced 1.8 log units (P < 0.01), while membrane blebs from B. abortus RB51 induced 2.618 log units of protection compared to saline control (P < 0.001) (Figure 4).
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FIGURE 4. Protection assay in mice immunized with membrane blebs from B. abortus strains. Impact of vaccination on bacterial burdens after intraperitoneal challenge with virulent B. abortus 2308. Mice were immunized intramuscularly with 5 μg of proteins from membrane blebs and boosting 1 month later with the same amount of blebs. Control group were vaccinated with live vaccine B. abortus RB51 and a negative control with saline. ∗P < 0.05, ∗∗P < 0.01, ∗∗∗P < 0.001.




Determination of IgG Antibodies in Mice Immunized With B. abortus Blebs

In this work the IgG subtypes were evaluated, because it is known that IFNγ (Th1 cytokine) and IL-4 (Th2 cytokine) induce isotype switching to IgG2a and IgG1, respectively. Therefore, different IgG isotype levels could support how the immune response is directed. This methodology has been used in other reports, being a valid assay to determine indirectly the Th1 or Th2 response (Snapper and Paul, 1987; Finkelman et al., 1990; Rostamian et al., 2017). To evaluate the induction of specific and cross-reacting antibodies against membrane blebs, sera from mice immunized with 2308 blebs were tested against 2308 membrane blebs and RB51 blebs as antigens. Similarly, sera from mice immunized with RB51 membrane blebs were tested against 2308 blebs and RB51 blebs as an antigens. The quantification of the antibodies was performed in serum collected 1 week after boosting and 1 week after the challenge with the virulent strain B. abortus 2308. After the challenge with the virulent B. abortus, mice immunized with 2308 blebs increased the total IgG and IgG1 levels to a greater extent than mice vaccinated with the live vaccine, when wells were coated with blebs 2308 (P < 0.001) (Two-way ANOVA with Bonferroni post-tests, confidence interval of 95%). Also, high levels of IgG2a were observed in the mice group immunized with 2308 membrane blebs after the boost, when wells were coated with blebs 2308 or blebs RB51 (P < 0.05) (Figures 5A–C). Mice immunized with RB51 membrane blebs did not induce significant levels of total IgG, IgG1, and IgG2a against RB51-antigens after the boost. The highest levels of antibodies against RB51 antigens from mice immunized with RB51 membrane blebs was observed after the challenge with the virulent B. abortus strain (P < 0.001) (Figures 5D–F). On the other hand, the immunization with membrane blebs from B. abortus 2308 induced the highest levels of IgG2a against RB51 antigens mainly after the boost (P < 0.001) (Figures 5D,F). The mice vaccinated with the live vaccine strain RB51, the antibodies induced were probably against the common antigens present in both membrane blebs. In this group of mice, the levels of antibodies against 2308 membrane blebs antigens were higher after the challenge, whereas the levels of antibodies against RB51 membrane blebs antigens were not different at two times measured (Figures 5A–F).


[image: image]

FIGURE 5. Analysis of IgG antibody responses of BALB/c mice to blebs from B. abortus. Membrane blebs were obtained from B. abortus 2308 and RB51, and mice were immunized as described above (Figure 4). Sera from each mouse were collected and were assayed individually by ELISA. Antibody levels are expressed as optical density (OD) at 492 nm. (A–C) Indirect ELISA for quantification of IgG, IgG1, and IgG2a from immunized mice with coated plates with 2.5 μg/mL of proteins of membrane blebs from B. abortus 2308. (D–F) Indirect ELISA to quantification of IgG, IgG1, and IgG2a from immunized mice using coated plates with 2.5 μg/mL of proteins of membrane blebs from B. abortus RB51. ∗P < 0.05, ∗∗P < 0.01, ∗∗∗P < 0.001.




Cytotoxicity of Membrane Blebs Through Determination of Cell Viability

The cytotoxic effect of the blebs was analyzed in splenocytes, through an indirect cell viability analysis. Results showed that different concentrations of membrane blebs from both strains had no effect on the cell viability of splenocytes at 24 h (Supplementary Figure S2). Through this experiment it could be possible to demonstrate that Brucella membrane blebs are not cytotoxic for splenocytes.



Evaluation of Activation Surface Markers Induced by B. abortus Membrane Blebs

During the acute phase of brucellosis, the number of CD4+ and CD8+ T cells at the spleen decrease and, the main antibodies producing cells, the B-lymphocytes CD19+, are located also in this organ (Grilló et al., 2012). Therefore, it was expected to have a decrease in cells (at least in the lymphocytic population) in the negative control mice, which were not vaccinated with Brucella blebs, 2 weeks post-challenge with B. abortus 2308. Interestingly, mice immunized with RB51 membrane blebs increased the percentage of total APCs, whereas immunization with 2308 blebs increased the percentage of total T CD3+CD8+ cells compared with the negative control group (Figures 6A,B) (P < 0.05) (one-way ANOVA with Tukey’s Multiple Comparison Test, confidence interval of 95%).
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FIGURE 6. Analysis of expression of surface markers on lymphocytes and APCs from mice immunized with B. abortus membrane blebs. (A) Activation was measured by flow cytometry using mAbs against surface molecules (CD86) on APCs. The percentage of APCs and T CD3+ cells was measured to evaluate possible changes in the percentages of these populations. T helper lymphocytes (CD3+CD4+) were gated to analyze individually the expression of surface molecule CD69. Cytotoxic T cells were gated as the exclusion of the CD3+CD4–. (B) The total of APCs and T and B cells also was measured. (C) Spleen cells from 2308 membrane blebs immunized mice were cultured with 5 μg of membrane blebs from either B. abortus strain membrane blebs during 24 h. (D) Spleen cells from RB51 blebs immunized mice were cultured with 5 μg of blebs from either B. abortus strain blebs during 24 h ∗P < 0.05, ∗∗P < 0.01, ∗∗∗P < 0.001.


Stimulation of splenocytes from immunized mice with 2308 membrane blebs increased the percentage of T helper, cytotoxic and B cells expressing the activation surface marker CD69 (Figure 6C) (P < 0.05) (one-way ANOVA with Tukey’s Multiple Comparison Test, confidence interval of 95%). There was a slight increase in the APCs and B cells after stimulation with RB51 membrane blebs, but this difference was not statistically significant (Figure 6D) (one-way ANOVA with Tukey’s Multiple Comparison Test, confidence interval of 95%).

Immunization with membrane blebs from both strains did not affect the expression of CD86 molecules since Mean Fluorescence Intensity (MFI) values did not change significantly compared with mice injected with saline. Also, the MHC-II MFI values decreased drastically in mice immunized with RB51 membrane blebs while CD11c expression decreased in mice immunized with membrane blebs from both Brucella strains, so these results were merely based on activated cells but not by up- or down-regulation of molecules analyzed (Supplementary Figure S3A) (Two-way ANOVA with Bonferroni post-test, confidence interval of 95%). The expression (MFI) of the CD4 or CD69 molecules in the T helper cells or CD3 or CD69 in the cytotoxic T cells were not affected, whereas the CD19 expression decreased in mice immunized with membrane blebs (Supplementary Figures S3B–D) (Two-way ANOVA with Bonferroni post-test, confidence interval of 95%).



Identification of Antigenic Proteins in the Blebs

The total antibodies of serum from immunized mice with membrane blebs of B. abortus 2308, recognized a band of approximately 23 kDa in the western blot. While the serum from immunized mice with blebs of B. abortus RB51 recognized proteins from 10 to 70 kDa (Supplementary Figure S4). Also, in the western blot it is possible to observe that antibodies bound to LPS, just in the sample of the membrane blebs from B. abortus 2308 that is a smooth strain, but no in the rough strain RB51.



DISCUSSION

The release of membrane blebs from the surface of Gram-negative bacteria is still an intriguing bacterial process. These membrane blebs carry cellular components from the progenitor cell naturally; this makes them useful to induce an immunological response in vitro and in vivo without being infectious like the complete cell. Based on these features membrane blebs from different pathogens have been tested as an acellular vaccine in animal models and more recently they have been proposing as a target for drug delivery (Tan et al., 2018). Herein for the first time, we describe the complete proteomic profile of membrane blebs from B. abortus virulent strain 2308 and the vaccine B. abortus RB51 and tested as an acellular vaccine in vivo. B. abortus is the etiologic agent of the bovine brucellosis, a zoonotic disease that causes public health and economic losses issues. Previously, Pollak et al. (2012) purified membrane blebs from B. abortus strain 2308 reporting membrane blebs ranging in sizes from 30 to 130 nm with an average of 85 nm. Later, Kaur et al. (2016) isolated membrane blebs from B. abortus strain 99 observing membrane blebs from 20 to 300 nm. In this work, the sizes of membrane blebs observed for 2308 membrane blebs were from 27.9 to 135 nm and from 27.7 to 135 nm for the strain RB51.

In the last decades, proteomics became a crucial tool to reveal the protein composition, being the 1D-SDS-PAGE coupled to the liquid chromatography and mass spectrometry the most common methodology to know the content of membrane blebs (Lee et al., 2016). Through proteomic analysis of membrane blebs isolated from B. abortus 2308 and RB51 were identified proteins such as SodC, Omp16, Omp19, Omp31-1, and Omp25, which have been previously reported as virulence factors or immunogenic proteins in Brucella. Also, these proteins were part of the 112 orthologous proteins shared in membrane blebs from 2308 and RB51 strains. These proteins showed similar distribution in the subcellular location in both strains. Based on the analysis of the constituent proteins in the membrane blebs we could estimate that at least 49% of the proteins were common in both strains tested in this work. It was expected to find some similarities between both strains since the RB51 vaccine is a rough mutant derivated from the 2308 strain; RB51 strain has an IS711 insertional sequence in the wboA gene (Moriyón et al., 2004). The wboA gene encodes for a glycosiltransferase, essential for the biosintesis of the O-side chain (McQuiston et al., 1999). Previous reports have demonstrated that O-side chain lacking in the LPS alters protein cargo of membrane blebs. For example, deletion of the galactosyltransferase gene wbbO of Klebsiella pneumoniae leads to O-side chain lacking phenotype, this modification altered the protein composition of membrane blebs compared with membrane blebs from the wild-type, without affecting the release of blebs or the cell growth (Cahill et al., 2015). The lack of O-side chain likely affects protein packing of membrane blebs from the vaccine strain in number, type of proteins and reflects slightly different metabolic pathways enrichment likewise in K. pneumoniae wbbO mutant. In the case of the wildtype K. pneumoniae, their membrane blebs were enriched with proteins involved in the cell wall, membrane, and envelope biogenesis, whereas vesicles purified from K. pneumoniae wbbO mutant contained proteins involved in the post-translational modification, protein turnover, and chaperones. In the case of B. abortus 2308, its membrane blebs were enriched with proteins involved in the environmental processing information, carbohydrate metabolism, amino acid metabolism, and genetic processing information. Whereas, membrane blebs from B. abortus RB51 were enriched with proteins involved in lipid metabolism, cellular process, and genetic information processing (Supplementary Figure S1C). It has been proposed that proteins bound to a negatively charged O-side chain leading to protein packing into the membrane blebs, however, in some enterobacteria, negative charge come from the core, rather than O-side chain (Frirdich and Whitfield, 2005; Bonnington and Kuehn, 2014). In B. melitensis the core oligosaccharide branch, not linked to the O-antigen, has a positive charge and balances the negative internal charges (Fontana et al., 2016). We suggest that O-side chain lacking, inbalance in their charges at the surface and this affects protein packing into the RB51 membrane blebs.

In the last decades an effort has been made to improve vaccines against brucellosis, so the research focus has been to test bacterial extracts, pure recombinant proteins, mutant strains, or DNA vaccines in animal models. Omp16, Omp19, Omp25, Omp31, and SodC have been described as immunogenic and protective antigens against brucellosis (Avila-Calderón et al., 2013). However, these proteins and others tested as vaccines have not elicited the level of the cellular response required to eliminate the intracellular bacteria, not like the one induced by a live Brucella vaccine. Previously, Omp19, Omp25, Omp31, and SodC were identified in B. melitensis membrane blebs by proteomics, also these membrane blebs were able to protect mice against the challenge with B. melitensis 16M (Avila-Calderón et al., 2012). The report of B. melitensis membrane blebs was the first evidence about the use of membrane blebs as a vaccine against brucellosis, which elicited a cellular protective response in mice, similar to that induced by the B. melitensis Rev1 live vaccine. This finding was particularly important because currently the Brucella vaccines are made with live cells, so the use of membrane blebs would avoid the use of Brucella whole cell and would be much safer. In this work, membrane blebs obtained from B. abortus 2308 and RB51 contain Omp16, Omp19, Omp25, Omp31, SodC among others identified by proteomics, as we mentioned before, these proteins were previously described as antigenic and protective proteins in Brucella. The results of the western blot showed that, the proteins recognized by the antibodies in the serum of immunized mice corresponded to the group 3 of outer membrane proteins of Brucella, based on the molecular weight, probably Omp25/Omp31.

Membrane blebs from the B. abortus 2308 and RB51 were used to evaluate protection and immunological antibody response in mice. In this work we evaluated the IgG subtypes, because it is known that IFNγ (Th1 cytokine) and IL-4 (Th2 cytokine) induced isotype switching to IgG2a and IgG1, respectively. Therefore, different IgG isotype levels could support how the immune response is drive. This methodology has been used in other reports, being a valid assay to determine indirectly the Th1 or Th2 response (Snapper and Paul, 1987; Finkelman et al., 1990; Rostamian et al., 2017). Membrane blebs from both strains demonstrated the ability to induce protection and reduce bacterial burden at a similar level compared to the live vaccine B. abortus RB51 (P < 0.05). Moreover, IgG antibodies were measured post-boosting and post-challenge (Figure 5). It was expected to find cross-reaction of IgG antibodies tested positive against 2308 membrane blebs and RB51 membrane blebs since the rough vaccine RB51 strain is a derivate from the virulent strain 2308. As previously mentioned, several proteins were common in membrane blebs from both strains. Mice immunized with the live vaccine and with membrane blebs from either of the strains, induced total IgG, IgG1 and IgG2a antibodies against 2308 membrane blebs antigens at post-boosting, whereas the levels of antibodies against RB51 membrane blebs were more elevated after the challenge with the virulent B. abortus 2308. Mice immunized with 2308 membrane blebs induced IgG and IgG1 anti-RB51 antigens post-boosting and post-challenge, but only induced specific IgG2a antibodies after boosting. On the other hand, humoral immune response elicited by immunization with membrane blebs from the RB51 strain was almost exclusively against antigens from the same blebs and elicited high levels of IgG1 after the challenge. Clearly, 2308 membrane blebs induced better humoral response since IgG1 and the IgG2a response was elicited after the boosting and remained high post-challenge. Although IgG1 response elicited by RB51 membrane blebs immunization was higher post-challenge, it was likely due to the antibodies level induced by the challenge itself instead of vaccination, since specific IgG1 anti-RB51 membrane blebs were not observed post-boosting. Moreover, the blood sample was taken 1 week after the challenge when the infection is in the acute phase. The levels of IgG antibodies induced by 2308 membrane blebs and RB51 membrane blebs (OD values higher than 3) were higher than those reported by Kaur et al. (2016) elicited by membrane blebs from the B. abortus strain 99 (OD values lower than 2). However it is important to mention that methodology followed by Kaur et al., and the one followed in this work showed substantial differences. Previously, it was observed similar and slightly high (OD values higher than 5 for IgG2a) values of antibodies in immunized mice with membrane blebs from B. melitensis (Avila-Calderón et al., 2012). Antibodies promote host defense as direct or indirect effector molecules for the immune response by complement activation or interacting with FcR receptors on the phagocytes and modulating the release of cytokines. Although it was observed a high humoral immune response in mice vaccinated with Brucella membrane blebs, the humoral response is not considered the most critical component of the immune response to control intracellular bacteria (Casadevall and Pirofski, 2006).

In this work, analysis of the immune response induced by membrane blebs in lymphocytes and APCs from mice spleens was performed. During the acute phase of brucellosis, the number of CD4+ and CD8+ T cells at the spleen decreased and, the main antibody producing cells, the B-lymphocytes CD19+, also reside in the spleen (Grilló et al., 2012). Therefore, it was expected to have a decrease in cell number (at least in the lymphocytic population) in the negative control mice, which had not been vaccinated with Brucella membrane blebs, 2 weeks post-challenge with B. abortus 2308, due to the effect of challenge. We observed that the splenocytes from mice immunized with 2308 membrane blebs were able to increase the percentage of total activated cells (lymphocytes) after the treatment with 2308 or RB51 membrane blebs, while the splenocytes from mice immunized with membrane blebs of B. abortus RB51 did not. Similar results were observed by Stevens et al. (1994). In this experiment, mice were inoculated with B. abortus 2308, RB51 and S19, and splenocytes were obtained from mice at 6, 10, and 20 weeks post-infection. Splenocytes were subsequently treated with protein fractions of a lysate of B. abortus (22 fractions from 18 to 106 kDa) to evaluate lymphoproliferation at day 5. Authors observed lymphoproliferation in cells (from mice at 10, and 20 weeks post-infection) treated with fraction of 18 kDa, except in cells coming from mice inoculated with B. abortus RB51 (at week 20). Based on knowing that membrane blebs are constituted of cellular components but not virulent like the whole cell, and taking into account the protection results observed in this work, Brucella membrane blebs position themselves as new model to research development of acellular vaccines against brucellosis.

Interestingly, stimulation of the splenocytes from immunized mice with 2308 membrane blebs or RB51 membrane blebs decreased the expression of MHC-II, being more evident in mice immunized with RB51 blebs (Supplementary Figure S2A). Pollak et al. (2012) also observed the down-regulation of MHC-II induced by IFN-γ in vitamin D3-differentiated THP-1 cells stimulated with membrane blebs from B. abortus 2308. Omp19 was identified in the 2308 membrane blebs and RB51 membrane blebs, this protein induces the secretion of IL-6 decreasing the transcription of the master regulator of MHC-II, thus downregulating MHC-II expression (Velásquez et al., 2017). It is noteworthy that T cytotoxic cells percentage increased on mice immunized with membrane blebs from both strains. Kaur et al. (2016) observed lymphoproliferation in mice immunized with membrane blebs from B. abortus 99S higher than the negative control group but lesser than the cells stimulated with concanavalin A (Kaur et al., 2016). On the other hand, in this work, the immunization and stimulation of splenocytes with 2308 membrane blebs increased significantly the percentage of activated B cells. Previously, membrane blebs purified from B. melitensis VTRM1, a rough strain, induced high expression levels of Th1 cytokines genes such as IL-12, TNFα, and IFNγ in bone-marrow derived dendritic cells (BMDC) (Avila-Calderón et al., 2012).

In this work, immunization with membrane blebs from both B. abortus strains induced protective immune response against virulent B. abortus challenge. Likely, the protective immune response elicited by B. abortus membrane blebs immunization rely on the action of professional phagocytes such as macrophages or neutrohils rather than APCs. Clearly, immunization with B. abortus 2308 membrane blebs induced cellular and humoral immune response, since stimulation of the splenocytes induced increased levels of T and B cells expressing CD69 and strong IgG2a immune response after the boost. However, we propose the use of membrane blebs from the live vaccine B. abortus RB51: (i) first, immunization with RB51 membrane blebs induced 1.33 log units of protection more than the whole live vaccine strain which is approved for their use in animals; (ii) the membrane blebs, from a rough strains like the RB51 strains do not induce antibodies against Brucella-LPS, therefore, do no interfere with the serological diagnostic; (iii) although 2308 membrane blebs induced strong IgG response, this could be detrimental in chronic brucellosis phase. In fact, infection with smooth Brucella strains induced high titers of antibodies against LPS, whereas immunization of cattle with RB51 vaccine induced IgG antibodies but not against B. abortus 2308-LPS (Stevens and Olsen, 1996; Letesson et al., 1997).

In conclusion: Membrane blebs from B. abortus 2308 and RB51 induced protection similarly than the live vaccine B. abortus RB51 in mice, membrane blebs offer the advantage of being non-virulent as live Brucella vaccines and contain antigenic and cellular components able to induce protective response. This work contributes to the current knowledge of the Brucella membrane blebs, showing encouraging results concerning protection provided by blebs, specially membrane blebs derived from the rough strain RB51, against Brucella challenge infection.
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FIGURE S1 | Enrichment of function for orthologous proteins identified in B. abortus membrane blebs. Distributions of B. abortus specific 112 orthologous protein sets in Molecular function (A) and biological process (B) GO slim terms. (C) Enrichment metabolic pathways of B. abortus 2308 and RB51 membrane blebs proteins. The proteins identified were sorted according to the indicated clusters of orthologous groups. The functional classification was obtained from the KEEG database according to KEEG terms.

FIGURE S2 | Analysis of membrane blebs cytotoxicity in splenocytes. Splenocytes were cultured with different concentrations of membrane blebs (1, 10, and 25 μg) to determine cytotoxicity. Cytotoxicity was determined indirectly through cell viability measurement by flow cytometry. Phytohemagglutinin (PHA) 20 μg, was used as positive control. The graphs showed the percentage of total live cells stimulated with membrane blebs compared with non-stimulated cells. ∗∗∗P < 0.001.

FIGURE S3 | Analysis of expression of surface markers on splenocytes from mice immunized with B. abortus membrane blebs. (A) Expression of the MHC-II molecule, CD11c and CD86 was evaluated with Mean intensity fluorescence (MFI) from gated APCs in the spleen of immunized mice with membrane blebs from B. abortus 2308 and RB51 strains. (B) Expression of the CD4+ and CD69 from gated T cells CD3+ was evaluated with Mean intensity fluorescence (MFI). (C) Also, the expression of the CD3 and CD68 from the cytotoxic T cells from gated CD3+CD4– was measured in the splenocytes of immunized mice with blebs from B. abortus 2308 and RB51 strains. (D) The expression of the CD19 molecule and CD69 were evaluated with Mean intensity fluorescence (MFI) from gated CD19+ cells in the spleens of immunized mice with membrane blebs from B. abortus 2308 and RB51 strains. ∗P < 0.05, ∗∗P < 0.01, ∗∗∗P < 0.001.

FIGURE S4 | Detection of antigenic proteins in the B. abortus membrane blebs by Western Blot. The electrophoretic running was performed with 30 μg of proteins of blebs obtained from each strain. Then the gel was transferred to PVDF membrane, blocked and incubated with immunized mice serum. (A) Western blot incubated with serum from mice immunized with 2308 membrane blebs; lane 1, B. abortus 2308 membrane blebs; lane 2, B. abortus RB51 membrane blebs. (B) Western blot incubated with serum from mice immunized with B. abortus RB51 membrane blebs; lane 1, B. abortus 2308 membrane blebs; lane 2, B. abortus RB51 membrane blebs.

TABLE S1 | Annotation of identified proteins of membrane blebs from B. abortus 2308 by LC-MS/MS.

TABLE S2 | Annotation of identified proteins of membrane blebs from B. abortus RB51 by LC-MS/MS.


FOOTNOTES

1
https://www.ncbi.nlm.nih.gov/protein/?term=brucella+abortus+rb51

2
https://www.uniprot.org/uniprot/?query=brucella+abortus+2308&sort=score

3
http://student4.postech.ac.kr/evpedia2_xe/xe/

4
http://www.bioinfogenome.net/OrthoVenn

5
http://www.psort.org/psortb/index.html

6
http://linux1.softberry.com/berry.phtml?topic=pcompb&group=programs&subgroup=proloc

7
https://myhits.isb-sib.ch/
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Membrane vesicles (MVs) are nanoparticles composed of lipid membranes that are produced by both Gram-negative and Gram-positive bacteria. MVs have been assigned diverse biological functions, and they show great potential for applications in various fields. However, the mechanisms underlying their functions and biogenesis are not completely understood. Accumulating evidence shows that MVs are heterogenous, and different types of MVs with different compositions are released from the same species. To understand the origin and function of these MVs, determining the biochemical properties of MVs is important. In this review, we will discuss recent progress in understanding the biochemical composition and properties of MVs.

Keywords: membrane vesicles, proteome, lipidome, cargo selection, endocytosis, membrane fusion


INTRODUCTION

Membrane vesicles (MVs), which are produced by most bacteria, have diverse biological functions. These functions are not only interesting from a biological perspective but also for their great potential for broad applications in immunology and biotechnology.

Membrane vesicles consist of various types of lipids derived from cellular membranes along with numerous other biomolecules, such as membrane, periplasmic, and cytoplasmic proteins; DNA; RNA; and low molecular mass organic compounds that confer various biological functions (Brown et al., 2015; Schwechheimer and Kuehn, 2015; Dauros-Singorenko et al., 2018; Toyofuku et al., 2019). Recent studies have shown that there are different pathways of MV biogenesis, which produce different types of MVs (Toyofuku et al., 2019). Thus, the mechanism of MV formation determines its biochemical composition. Knowledge of the composition of MVs is important for understanding both the mechanisms of biogenesis and their biological functions. A number of studies have examined the biochemical properties of MVs, and in this review, we will summarize the recent progress in understanding the basic properties of MVs.



COMPOSITION AND BIOGENESIS OF BACTERIAL MVs

In the following sections, we summarize biochemical analyses of bacterial MVs that provided insights into their biogenesis.


Protein Composition of MVs in Gram-Negative Bacteria

Classical MVs are often referred as outer membrane vesicles (OMVs), which are generated through blebbing of the outer membrane in Gram-negative bacteria (Schwechheimer and Kuehn, 2015; Jan, 2017).

Hoekstra et al. (1976) reported that MVs from <volume>Escherichia coli are derived from the outer membrane. In this study, they demonstrated that the lipid composition, SDS-PAGE protein profile, and specific activities of several membrane enzymes in these MVs are similar to those in the outer membrane (Hoekstra et al., 1976). This pioneering study showed that some proteins, including lipoproteins, were less abundant in OMVs than in the cellular outer membrane, suggesting that OMVs may originate from specific outer membrane regions (Hoekstra et al., 1976). Lpp is the most abundant lipoprotein in E. coli, and its lipid moiety is anchored to the outer membrane (Schwechheimer et al., 2013). Lpp exists in both “free” and “bound” forms, which are respectively outer membrane-anchored or covalently cross-linked to peptidoglycan through a linkage between the outer membrane and peptidoglycan layer (Schwechheimer et al., 2013). The cross-link between Lpp and peptidoglycan is formed at the C-terminal lysine by L,D-transpeptidases in E. coli (Magnet et al., 2007). Wensink and Witholt (1981) reported that E. coli OMVs contained only 35% “free” lipoprotein and almost no “bound” lipoprotein. Several studies have provided supporting results to these observations, suggesting that membrane-peptidoglycan cross-linking plays a role in OMV formation in Gram-negative bacteria (Figure 1). For example, in E. coli, a lack of either Lpp or the L,D-transpeptidases YcfS, YbiS, and ErfK resulted in increased MV production compared with that in a wild type strain (Schwechheimer et al., 2013). In Salmonella typhimurium, a lack of Lpp or a mutation in the C-terminal lysine of Lpp also increased MV production (Deatherage et al., 2009). In Neisseria meningitidis, several proteins anchored to the outer or inner membrane through peptidoglycan, such as the pilus pore PilQ, peptidoglycan-binding protein RmpM, and the multidrug efflux pump channel protein MtrE, were less abundant in OMVs than in the outer membrane (Lappann et al., 2013).


[image: image]

FIGURE 1. Mechanisms of MV biogenesis. Several mechanisms underlying MV formation in bacteria have been proposed. In Gram-negative bacteria, outer membrane vesicles and outer-inner membrane vesicles are produced through outer membrane blebbing or explosive cell lysis. Outer membrane blebbing is induced by structural changes in the cell envelope, such as a decrease in outer membrane-peptidoglycan cross-linking proteins, intercalation of molecules [such as Pseudomonas Quinolone Signal (PQS)] in the membrane, or the accumulation of misfolded proteins at specific regions of the cell envelope. Explosive cell lysis is triggered by phage-derived endolysin, which degrades the cell wall. In Gram-positive bacteria, cytoplasmic membrane vesicles are produced through bubbling cell death, in which phage-derived endolysin degrades the cell wall and the cytoplasmic membrane protrudes through the resulting holes in the peptidoglycan. In mycolic acid-containing bacteria, the mechanism of MV formation remains unknown, although there is evidence that these bacteria produce MVs containing inner membrane lipids or cell envelope associated-proteins such as S-layer component proteins.


In addition to the above proteins, OmpA is thought to be anchored to peptidoglycan through a non-covalent interaction with diaminopimelic acid, which cross-links two peptide stems to the peptidoglycan of Gram-negative bacteria (Smith et al., 2007; Park et al., 2012). Notably, a lack of OmpA also leads to increased OMV production in various Gram-negative bacteria (Sonntag et al., 1978; Song et al., 2008; Deatherage et al., 2009). These observations provide evidence for the following model of OMV formation: depletion of certain cell envelope-associated proteins, such as Lpp and OmpA, at a specific site in the outer membrane weakens outer membrane-peptidoglycan cross-linking and promotes blebbing of the outer membrane and subsequent OMV formation (Figure 1). Lpp and OmpA can be downregulated by activation of σE, suggesting that Gram-negative bacteria may modulate OMV production in response to the accumulation of misfolded outer membrane proteins in the cell envelope (Schwechheimer et al., 2013).

Further studies showed that the accumulation of misfolded proteins in the periplasm is involved in OMV formation. In E. coli, the periplasmic sensor protease DegS binds to the exposed peptides of misfolded outer membrane proteins (OMPs) and initiates signal transduction through the σE pathway upon cell envelope stress. The dual function protease/chaperone DegP is regulated by σE and prevents the accumulation of misfolded proteins in the periplasm. A lack of DegP leads to increased OMV production in a temperature-dependent manner (McBroom and Kuehn, 2007). In addition, when an OMP sequence-fused cytochrome was expressed that is misfolded and accumulates in the periplasm, the chimeric protein was enriched in OMVs compared to a control periplasm protein (McBroom and Kuehn, 2007). Based on this finding and those of related studies (McBroom et al., 2006; Schwechheimer and Kuehn, 2013), it has been proposed that the accumulation of misfolded proteins, such as OMPs, expands the physical distance between the outer membrane and peptidoglycan, leading to OMV formation, which releases these toxic components into the extracellular space (Figure 1).

Several proteomic analyses of MVs that were regarded as OMVs showed that inner membrane proteins and cytoplasmic proteins are also abundant in MVs. These results were often thought to be contaminating cell fragments or debris, such as protein aggregates. Still, a large proportion of cytoplasmic proteins are frequently detected in carefully purified MV fractions (Berleman et al., 2014; Kulkami et al., 2014; Oliver et al., 2017). To explain this, Kadurugamuwa and Beveridge suggested that localized and transient breakage in the peptidoglycan, catalyzed by autolysin, leads to the formation of OMVs containing inner and outer membrane components and cytoplasmic materials in Pseudomonas aeruginosa (Kadurugamuwa and Beveridge, 1995; Clarke, 2018). Eighteen years later, another group showed clear images of double-bilayer OMVs from Shewanella vesiculosa, which were called outer-inner membrane vesicles (O-IMVs) (Pérez-Cruz et al., 2013). Although the O-IMVs were estimated to represent only 0.1% of the total MVs in this bacterium under the condition used, proteomic analyses identified some cytoplasmic proteins in the purified MV fraction (Pérez-Cruz et al., 2013). A more recent study showed that expression of an endolysin encoded by a prophage triggers MV formation in P. aeruginosa (Turnbull et al., 2016; Toyofuku et al., 2019). In the proposed mechanism, the cell wall is degraded by endolysin, which triggers explosive cell lysis, causing the fragmentated membrane to round up and form MVs (Figure 1). During this process, nearby intracellular components, such as DNA, become trapped in the MVs (Turnbull et al., 2016; Toyofuku et al., 2019). Explosive cell lysis triggered by DNA damage can lead to MV formation in biofilms and under anoxic conditions (Toyofuku et al., 2014; Florez et al., 2017; Cooke et al., 2019). In addition, a similar route of MV formation has been suggested in Stenotrophomonas maltophilia, as production of O-IMVs and phages was detected in response to ciprofloxacin stress (Devos et al., 2017). The involvement of cell lysis in MV formation would explain why inner membrane and cytoplasmic components are detected in many proteomic analyses of OMV fractions (Kulkami et al., 2014; Olaya-Abril et al., 2014; Oliver et al., 2017; Avila-Calderón et al., 2018; Taheri et al., 2018).



Lipid Composition of MVs From Gram-Negative Bacteria

Lipidomics has recently attracted much interest as it provides fundamental information about the biochemical properties and the structural bases of MVs (Lynch and Alegado, 2017). Lipid analyses are performed using various chromatography and mass spectrometry techniques, focusing on the structures of polar head groups, chain length, and saturation of fatty acid moieties. Typically, phosphoglycerolipids (PLs) are the most abundant lipids in MVs, and numerous other lipids, including glycerolipids and lipopolysaccharides (LPS), have also been detected in MVs by lipidomic analyses. As described above, Hoekstra et al. (1976) performed lipid analyses of E. coli OMVs and found that their lipid composition and phospholipid/protein ratio were similar to those of the outer membrane. However, the ratio of unsaturated fatty acids to cyclopropane fatty acids was significantly higher in OMVs (1.56) than in the outer membrane (0.19). Since unsaturated fatty acids are substituted by cyclopropane fatty acids when cells enter stationary phase, the authors suggested that these OMVs were released from cells during exponential phase (Hoekstra et al., 1976).

The structures of the fatty acid moieties are often suggested to be important factors in the biogenesis of MVs because these fatty acids affect the rigidity and fluidity of the lipid membrane. Several studies have analyzed the saturation of fatty acids in MVs and the outer membrane and discussed its significance in MV biogenesis. For example, the ratio of saturated fatty acids to unsaturated and/or branched fatty acids in OMVs was higher than that in the outer membrane of P. aeruginosa (Tashiro et al., 2011) and Prochlorococcus MED4 (Biller et al., 2014), while opposite results were obtained in Pseudomonas syringae (Kulkami et al., 2014). In some cases, fatty acid saturation was not significantly different between OMVs and the outer membrane (Fulsunder et al., 2014; Resch et al., 2016). More direct evidence was shown in Shewanella livingstonensis, where depletion of a branched fatty acid, eicosapentaenoic acid (EPA), increased MV production (Yokoyama et al., 2017). EPA was also involved in the folding of the outer membrane proteins in this bacterium (Dai et al., 2012), and may influence MV formation through the accumulation of misfolded proteins.

In addition to fatty acid moieties, lipid polar head groups may play a role in MV formation, as these head groups influence lipid conformation. Phosphatidylethanolamine (PE) is a typical conical lipid that can cause membrane curvature by clustering or sequestration (Agrawal and Ramachandran, 2019). In Haemophilus influenzae, the PE content of OMVs from PL transporter mutants (hypervesiculation mutants), which transport PLs from the outer membrane to the inner membrane, was two-fold higher than that of wild type (Roier et al., 2016). Differences in PE content between MVs and the outer membrane have also been reported in P. aeruginosa (Tashiro et al., 2011). Local and asymmetrical PE accumulation or depletion in the membrane leaflet may cause structural changes in the lipid membrane that ultimately lead to blebbing of the membrane to form MVs. Interestingly, another cone-shaped lipid molecule, deacylated LPS, has been shown to induce MV production when accumulated in the membrane (Elhenawy et al., 2016).



Composition of MVs From Gram-Positive Bacteria and Mycolic Acid-Containing Bacteria

Compared to Gram-negative bacteria, little is known about the biogenesis and composition of MVs in Gram-positive bacteria (Brown et al., 2015; Liu et al., 2018). Given that Gram-positive bacteria lack an outer membrane in their cell envelope, an important question in MV biogenesis is how the vesicles pass through the thick peptidoglycan layer.

There are several hypotheses regarding the biogenesis of MVs in Gram-positive bacteria (reviewed in Brown et al., 2015; Toyofuku et al., 2019). Notably, cell wall modification is thought to be a key process in MV formation in these bacteria. For example, endolysin is involved in MV formation by Bacillus subtilis (Toyofuku et al., 2017a, 2019). In contrast to the explosive cell lysis induced by the action of endolysin in P. aeruginosa cells (Turnbull et al., 2016), the cytoplasmic membrane of B. subtilis cells protrudes through the holes in the peptidoglycan that are formed by the endolysin while the cell morphology remain intact (Toyofuku et al., 2017a, 2019) (Figure 1). Endolysin-triggered MV formation has also been demonstrated in another Gram-positive bacterium, Staphylococcus aureus (Andreoni et al., 2019). Another peptidoglycan-hydrolyzing enzyme, autolysin, has been suggested to induce MV formation in S. aureus further indicating that cell wall damage is a key step in MV formation in Gram-positive bacteria (Wang et al., 2018). In this study, proteomic analysis showed that autolysins were present in MVs. Gene deletion experiments further showed that autolysins, such as Sle1, facilitate MV release by hydrolyzing peptidoglycan, particularly at sites of active cell division (Wang et al., 2018).

Several studies have focused on the lipid compositions of MVs from Gram-positive bacteria. Resch et al. (2016) reported the accumulation of phosphatidylglycerol (PG) and the depletion of cardiolipin (CL) in MVs isolated from Streptococcus pyogenes culture. It can be assumed that the accumulation of cylindrical lipids, such as PG, and the depletion of conical lipids, such as CL, lead to MV formation in this bacterium; however, how these MVs pass through the cell wall is unclear. In addition, MVs from Propionibacterium acnes possessed a remarkedly reduced amount of triacylglycerol (TG) compared to the cell membrane (Jeon et al., 2018), suggesting that the biochemical and physical properties of these MVs may be largely different from those of the cell membrane.

In addition to typical Gram-positive bacteria, there is evidence that mycolic acid-containing bacteria also produce MVs (Marsollier et al., 2007; Prados-Rosales et al., 2011; Theresia et al., 2018; Chiplunkar et al., 2019) (Figure 1). These bacteria include clinically and industrially important Mycobacterium and Corynebacterium species and are characterized by unique cell envelope structures that contain mycolic acid-containing outer membrane. Prados-Rosales et al. (2011) reported seven Mycobacterium species that produce MVs. In the study, they performed proteomic analyses of MVs from Mycobacterium bovis Bacillus Calmette-Guérin (BCG), Mycobacterium tuberculosis H37Rv, and Mycobacterium smegmatis. These analyses revealed that MVs from BCG and M. tuberculosis H37Rv were enriched in lipoproteins, including well-known TLR2 ligands, whereas no lipoproteins were detected in M. smegmatis MVs (Prados-Rosales et al., 2011). In addition, the total extractable lipids in BCG MVs predominantly consisted of polar lipids, such as PE and diacylated phosphatidylinositol dimannoside (Ac2PIM2), while mycolic acid esters were not detected in the extracted lipids (Prados-Rosales et al., 2011). Given that mycolic acid esters are major lipids in the outer membrane of Mycobacteria, it is possible that these MVs may originate from the inner membrane (Prados-Rosales et al., 2011) (Figure 1). Prados-Rosales and colleagues also reported that the composition of MVs from M. tuberculosis is influenced by iron availability. Under iron-deficient conditions, acylated glycerides and PE were enriched in the MVs, whereas acyl trehalose, an important mycobacterial cell wall component, was more abundant in MVs produced under iron-sufficient conditions (Prados-Rosales et al., 2014; Rodriguez and Prados-Rosales, 2016). Interestingly, Rath et al. (2013) reported that a cytosolic membrane-associated protein, VirR, controls MV production and cargo selection in M. tuberculosis (Rodriguez and Prados-Rosales, 2016). VirR contains a disordered domain, suggestive of a binding partner, in its N-terminus and was found to be associated with several proteins, including lipoproteins (Rath et al., 2013). Notably, the VirR C-terminus has a LytR family transcriptional regulator domain that plays important roles in the formation and maintenance of the cell envelope (Brown et al., 2015).

Corynebacterium, another genus of mycolic acid-containing bacteria, also produces MVs. Theresia et al. (2018) reported that EGTA, a calcium chelator, induced MV production by Corynebacterium glutamicum. CspB, a major protein component of the para-crystalline surface layer (S-layer) of the bacterium, was predominantly detected in these MVs. The authors proposed that depletion of calcium ions altered the integrity of the S-layer and subsequently triggered the release of CspB-containing MVs (Theresia et al., 2018) (Figure 1). Other proteins detected in these MVs included CspA, CmytC, and CmytB, which are cell envelope-associated proteins (Theresia et al., 2018).

Although the mechanisms underlying MV formation in Mycobacteria and Corynebacteria are still unclear, identification of additional regulatory proteins and vesiculation-inducing factors should provide clues as to how MVs are formed and released beyond the complex cell envelope of these mycolic acid-containing bacteria.



WHAT DETERMINES MV COMPOSITION?

Many biochemical analyses have revealed that certain proteins and lipids are selectively accumulated in MVs through their biogenesis. Although how these molecules are selected is largely unknown, here we describe recent observations concerning the mechanisms underlying their selection.

As described above, the accumulation of misfolded proteins in OMVs has been reported in Gram-negative bacteria, suggesting that, in some cases, OMV cargo selection is a consequence of the cell envelope stress response (McBroom and Kuehn, 2007; Olofsson et al., 2010; Schwechheimer and Kuehn, 2013). Additionally, Bonnington and Kuehn (2016) reported that the LPS composition of OMVs from Salmonella enterica changed in response to various stresses, such as low pH. The authors hypothesized that these cells may use OMV formation as a way to selectively remove environmentally disadvantageous LPS species from the outer membrane under certain conditions. Another study showed that the size and lipid composition of Klebsiella pneumoniae OMVs was altered after polymyxin treatment, suggesting that the lipid composition of OMVs reflects the outer membrane remodeling associated with cell envelope stress induced by polymyxin (Jasim et al., 2018). In contrast, several studies have suggested a mechanism in which certain proteins determine the MV composition. In Vibrio cholerae, proteomic analysis revealed that DegP was present in the MVs (Altindis et al., 2014). Interestingly, this study demonstrated the importance of DegP in the incorporation of at least nine proteins into OMVs (Altindis et al., 2014). The authors suggested that DegP can control the protein composition of OMVs by acting as a chaperone for certain proteins. Although the determinants of protein composition in bacterial MVs are still largely unknown, it is possible that the Bam complex, which catalyzes the assembly of outer membrane proteins, may, in part, determine protein cargo selection (Bonnington and Kuehn, 2014; Hussain and Bernstein, 2018).

Haurat et al. (2011) reported that anionic LPS (A-LPS) plays a critical role in OMV protein cargo selection in Porphyromonas gingivalis. In this study, gingipains and TonB-dependent outer membrane proteins were excluded from OMVs in the absence of A-LPS. Yokoyama et al. (2017) reported another example of lipid-dependent cargo selection, showing that a lack of EPA altered the protein composition of OMVs. In addition, the VacJ/Yrb lipid transporter system has been suggested to be involved in phospholipid accumulation in the outer leaflet of the outer membrane and the consequent OMV formation in H. influenzae (Roier et al., 2016).

Although the mechanism underlying MV cargo selection in Bacteroides fragilis is still unknown, it is noteworthy that most of the OMV-exclusive proteins were acidic hydrolases, whereas alkaline proteins were mainly found in the outer membrane (Elhenawy et al., 2014). The authors also demonstrated that an acidic hydrolase from another Bacteroides bacterium was heterologously expressed and selectively packed in B. fragilis OMVs (Elhenawy et al., 2014). Therefore, at least in some Bacteroides species, there may be an interesting mechanism in which the cargo proteins are selectively packed into OMVs based on their function or biochemical properties, such as pI.

Another interesting observation is a correlation between OMV size and protein contents (Turner et al., 2018). The authors found less protein content and diversity in small Helicobacter pylori OMVs (20–100 nm) than in larger OMVs (90–450 nm). These OMV may have originated from different formation routes leading to different protein contents.



COMPOSITION AND ACTION MECHANISMS OF OMVs

Membrane vesicles play important roles in bacteria-host interactions. Bacterial MVs often have immunomodulating activities in host animals due to the presence of numerous molecules with microorganism-associated molecular patterns (MAMPs), including DNA, RNA, lipoproteins, LPS, and peptidoglycan (Kaparakis-Liaskos and Ferrero, 2015; Tan et al., 2018; Wang et al., 2019). For this reason, MVs have been intensively investigated for their potential in the development as novel vaccine platforms. Diverse hydrolytic enzymes are contained in the MVs of pathogens, suggesting that they may act in infection processes, such as the invasion of epithelial barriers (Olofsson et al., 2010; Lappann et al., 2013; Liu et al., 2018; Zarzecka et al., 2019). In addition, proteins involved in biofilm formation have been detected in MVs, suggest their potential role in biofilm formation and pathogen colonization in host animals (Altindis et al., 2014; Wagner et al., 2018).

In MV-dependent immunomodulation, the attachment and uptake of MVs by host cells has been proposed as an initial step (Kaparakis-Liaskos and Ferrero, 2015; Tan et al., 2018; Wang et al., 2019). So far, it is proposed that bacterial MVs are taken up by mammalian host cells through similar routes as other extracellular vesicles (EVs) (Figure 2). In mammalian cells, EVs (originating from mammalian cells) are taken up by recipient cells through phagocytosis or clathrin, caveolin-mediated endocytosis (Mulcahy et al., 2014). There is also evidence showing that lipid rafts are involved in EV uptake (Mulcahy et al., 2014). In addition, EVs may also fuse with the plasma membrane or be internalized via macropinocytosis, during which the EVs are enclosed into the lumen of macropinosomes or caught in membrane raffles before entry (Mulcahy et al., 2014).


[image: image]

FIGURE 2. Routes of MV entry into mammalian and bacterial cells. In mammalian cells, bacterial MVs are thought to be internalized through several routes. Cholesterol-rich lipid rafts in the plasma membrane of the mammalian cell mediates MV entry through caveolin-mediated endocytosis or fusion of the lipid raft and bacterial MV. Clathrin-mediated endocytosis is also involved in MV internalization. In bacterial cells, two types of MV entry have been proposed: MV components, such as DNA, may be internalized into bacterial cells through type IV pili, or MVs may also fuse with the cellular membrane of the bacterial cell, depending on the membrane composition.


Schaar et al. (2011) reported that Moraxella catarrhalis OMVs enter host cells by binding to lipid rafts associated with caveolin, after interaction with Toll-like receptor 2 (TLR2). The authors also identified the adhesins and virulence factors responsible for triggering the immune response (Schaar et al., 2011). Several studies have also shown that specific, potent inhibitors of endocytosis decrease MV entry into host cells (Kesty et al., 2004; Bomberger et al., 2009; Furuta et al., 2009; Parker et al., 2010; Schaar et al., 2011; Crowley et al., 2013; O’Donoghue et al., 2017). MV fusion with the host cell membranes has been shown (Kesty et al., 2004). It was also suggested that the route of cellular entry may vary according to the MV composition and size. Parker et al. (2010) showed that H. pylori OMVs are internalized via clathrin-mediated endocytosis in the absence of VacA toxin, while VacA+ OMVs can be taken up through several routes. Turner et al. (2018) reported that smaller H. pylori OMVs (20–100 nm) preferentially entered host cells via caveolin-mediated endocytosis instead of clathrin-mediated endocytosis, while larger OMVs (90–450 nm) entered via several pathways including endocytosis. Based on the result that OMV size appears to be correlated with their protein composition, the authors proposed that the difference in the mechanisms of OMV entry may reflect the variation in OMV size and protein composition. O’Donoghue et al. (2017) showed that the LPS composition of an OMV determines major route and kinetics of host cell entry. OMVs lacking O-antigen are internalized via clathrin-mediated endocytosis, while in the presence of O-antigen, OMVs are likely to enter via lipid raft-dependent and receptor-independent routes (O’Donoghue et al., 2017).

Compared to MV entry into mammalian cells, MV uptake by bacterial cells is poorly understood. Although the entry of the membranous components or cargo into bacterial cells is an important step for MV function (Klieve et al., 2005; Mashburn and Whiteley, 2005; Domingues and Nielsen, 2017; Tashiro et al., 2017; Toyofuku et al., 2017b), the underlying mechanisms are unclear.

Fulsunder et al. (2014) showed that MVs mediate horizontal gene transfer between E. coli and Acinetobacter baylyi. In their experiments, a plasmid harboring an antibiotic resistance gene was transferred from one bacterium to the other via OMVs. They also demonstrated that OMVs were attached to or internalized by the recipient cells via transmission electron microscopy using immunogold-labeled OMVs. Importantly, the authors showed that the competence proteins of A. baylyi, such as ComA and ComB, play a role in the uptake of DNA delivered by OMVs. Therefore, it has been suggested that OMVs are lysed upon contact with the outer membrane of the bacterium, followed by type IV pilus-mediated transport of DNA (Fulsunder et al., 2014).

It has also been proposed that MVs transport their contents into bacterial cells through membranous fusion (Kadurugamuwa and Beveridge, 1996; Kim et al., 2016; Tashiro et al., 2017). For the membranes to fuse, they need to come into contact. Reducing intermembrane hydration repulsion, decreasing bilayer surface density or polarity, and increasing the hydrophobicity of the intermembrane hydrophilic region are known to bring two membranes in close contact (Ohki, 1982; Cevc et al., 1985; Rand and Parsegian, 1989; Burgess et al., 1992; Mondal Roy and Sarker, 2011). Kadurugamuwa suggested that two divalent cations, Mg2+ and Ca2+, which form salt bridges between MVs and the outer membrane, initiate membrane fusion and deliver the autolysin cargo to the cell (Kadurugamuwa and Beveridge, 1996; Wang et al., 2016; Oshima and Sumitomo, 2017). Tashiro and colleagues showed that Buttiauxella agrestis MVs selectively interact with Buttiauxella species. Based on Derjaguin-Landau-Verwey-Overbeek (DLVO) theory and physicochemical analyses, they suggested that van der Waal’s forces and electric repulsion energy are involved in the selective interaction of the bacteria with MVs (Tashiro et al., 2017).

Given that bacterial MVs can fuse with the lipid rafts in eukaryotic cells, microdomains in bacterial cells may also function as the contact sites for MVs. Functional microdomains in the membrane that contain certain lipids, such as PE, CL, diacylglycerols, cholesterols, or polyisoprenoids, have been suggested in various bacteria, including both Gram-negative and Gram-positive species (Matsumoto et al., 2006; LaRocca et al., 2010, 2013; López and Kolter, 2010; Toledo et al., 2018) although their compositions and structural bases remain largely unknown. PE and CL, which are inverted hexagonal phase-forming lipids, are major components of bacterial MVs, and the transition from the lamellar bilayer phase to the inverted hexagonal phase could facilitate the merging of lipids required for membrane fusion, once MVs come in contact with the cell (Powell and Marsh, 1985; Lewis and McElhaney, 1993; Kinnunen, 1996; Mondal Roy and Sarker, 2011). Some proteins, such as dynamin-like protein DynA, that mediate lipid mixing (Guo and Bramkamp, 2019), may also be involved in vesicle fusion, and this requires further investigations.



CONCLUSION

As we have reviewed here, biochemical approaches are powerful tools for elucidating the composition, biogenesis, and function of MVs. Proteomic and lipidomic analyses indicate that the composition of MVs depends on the growth conditions (Choi et al., 2014; Kim et al., 2016; Wagner et al., 2018; Taboada et al., 2019), suggesting that the MVs are heterogenous and their functions differ depending on the environment. On the other hand, recent studies have shown different pathways of MV formation, which lead to different MV compositions. Given this heterogeneity, we need to develop methods that enable separation and analysis of different types of MVs in cell culture as well as natural settings and body fluids. Currently, most MVs are isolated and purified by density-gradient ultracentrifugation or gel-filtration chromatography in which the particles are separated depending on their density or size in liquid solutions. Although these procedures can exclude the major contaminants (such as flagella and protein aggregates) from the purified MV solution, other techniques separating and sorting MVs depending on different properties, such surface charges, are required to investigate more precisely the biochemical properties of each MVs produced via different routes. To fully understand the true functions of each MV particles, we also need to understand the molecular mechanisms of how each types of MVs deliver their cargos to the target cells. Integrating biochemical information with imaging techniques and molecular biological approaches, may help us tackle such challenges.
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Gram-negative bacteria ubiquitously produce and release nano-size, non-replicative outer membrane vesicles (OMVs). In the gastrointestinal (GI-) tract, OMVs generated by members of the intestinal microbiota are believed to contribute to maintaining the intestinal microbial ecosystem and mediating bacteria–host interactions, including the delivery of bacterial effector molecules to host cells to modulate their physiology. Bacterial OMVs have also been found in the bloodstream although their origin and fate are unclear. Here we have investigated the interactions between OMVs produced by the major human gut commensal bacterium, Bacteroides thetaiotaomicron (Bt), with cells of the GI-tract. Using a combination of in vitro culture systems including intestinal epithelial organoids and in vivo imaging we show that intestinal epithelial cells principally acquire Bt OMVs via dynamin-dependent endocytosis followed by intracellular trafficking to LAMP-1 expressing endo-lysosomal vesicles and co-localization with the perinuclear membrane. We observed that Bt OMVs can also transmigrate through epithelial cells via a paracellular route with in vivo imaging demonstrating that within hours of oral administration Bt OMVs can be detected in systemic tissues and in particular, the liver. Our findings raise the intriguing possibility that OMVs may act as a long-distance microbiota–host communication system.
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INTRODUCTION

The mammalian GI-tract is home to a vast number of microbes that make up the intestinal microbiota which has co-evolved with the host to establish a mutualistic relationship (Round and Mazmanian, 2009). Complex interactions between the intestinal microbiota and the host intestinal epithelium and underlying immune cells play a vital role in maintaining GI homeostasis, host health, and preventing infection (Sommer and Backhed, 2013). Although the mucus layer that coats the entirety of the intestinal epithelium prevents direct contact of luminal microbes with host cells, bacterial products such as metabolites or bacterial OMVs, can access and cross the epithelial barrier (Fateh et al., 2015) to influence both local and systemic host responses (Bomberger et al., 2009; Stentz et al., 2014).

Gram-negative bacteria ubiquitously shed bilayer OMVs into their external environment (Brown et al., 2015; Schwechheimer and Kuehn, 2015). These non-replicative spherical vesicles bud from the bacterial outer membrane and range in size from 20 to 400 nm (Toyofuku et al., 2019). The protective outer lipid bilayer encapsulates and protects their cargo of bioactive proteins, nucleic acids, and metabolites (Bryant et al., 2017). OMVs are increasingly being recognized as a key mode of interkingdom communication between bacteria and host tissues, contributing to a diverse range of functions including nutrient uptake, gene transfer, biofilm formation, antimicrobial protection, and transfer of microbial toxins and virulence factors during infection (Kulp and Kuehn, 2010; Jan, 2017). However, the molecular basis and pathways of host-OMV uptake and the fate of host-cell acquired OMVs and their cargo remain elusive (Margolis and Sadovsky, 2019). Bacterial OMVs have been shown to interact with many different mammalian cell types including IECs (Parker et al., 2010; Bielaszewska et al., 2013; Stentz et al., 2014; O’Donoghue et al., 2017), lung epithelial cells (Bauman and Kuehn, 2009), endothelial cells (Kim et al., 2013), and immune cells (Vidakovics et al., 2010; Yoon et al., 2011; Hickey et al., 2015; Vanaja et al., 2016; Deo et al., 2018). Bacterial DNA of potential OMV origin has also been detected in human blood and urine (Yoo et al., 2016; Lee et al., 2017; Park et al., 2017) as well as in body compartments previously thought to be sterile, such as the heart (Svennerholm et al., 2017), suggesting OMVs can reach distant sites from their site of origin and production, including the lumen of the GI-tract (Stentz et al., 2018).

Historically, studies of OMVs have focused on those produced by pathogenic Gram-negative bacteria and their role in transporting virulence factors and toxins into host cells (Kunsmann et al., 2015; Bielaszewska et al., 2017; Deo et al., 2018; Rasti et al., 2018). Recently, studies have emerged showing OMVs released by commensal and probiotic bacteria may confer beneficial effects on the host by maintaining microbial and GI-tract homeostasis by influencing host epithelial and immune cell responses. For example, we have shown that OMVs generated by the major human commensal gut bacterium Bt can activate host immune responses when delivered intranasally and via the GI-tract (Carvalho et al., 2019). Probiotic Escherichia coli strain Nissle 1917 OMVs have been shown to aid in maintaining the gut barrier by upregulating expression of barrier enhancing TJ proteins zonula occludens-1 and claudin-14 (Alvarez et al., 2016), and by enhancing production of antimicrobial proteins and anti-inflammatory cytokines (Fabrega et al., 2016, 2017; Alvarez et al., 2019). Similarly, OMVs generated by Bacteroides fragilis have been shown to elicit immunomodulatory effects and prevent gut inflammation in a mouse model of colitis (Shen et al., 2012).

Although these findings highlight the ability of OMVs to influence host cell physiology, we still do not fully understand the diverse mechanisms of OMV uptake and cargo delivery. The study of OMV uptake is challenging due to their nano-size and the fact that the molecular mechanisms OMVs might use to drive microbiota–host interactions are poorly understood compared to studies of pathogenic bacteria (Stentz et al., 2018). Several OMV internalization pathways have been identified for certain bacterial species including actin-dependent macropinocytosis, clathrin-mediated endocytosis, caveolin-mediated endocytosis, or clathrin- and caveolin-independent mechanisms such as membrane fusion or lipid raft formation (O’Donoghue and Krachler, 2016). However, uptake of OMVs generated by commensal microbiota species such as Bacteroides spp. have not been studied in detail. The aim of the present study therefore was to evaluate Bt OMV uptake and trafficking pathways within host cells and track their biodistribution using the strain VPI- 5482. This strain is widely used as a model commensal bacterium for investigating host–bacteria interactions (Hooper et al., 2003; Eckburg et al., 2005; Rakoff-Nahoum et al., 2014; Stentz et al., 2014, 2015; Zakharzhevskaya et al., 2017). Using a combination of in vitro and in vivo imaging techniques we have shown that commensal Bt OMVs are internalized by IECs via several routes including dynamin-dependent endocytosis, macropinocytosis, and caveolin-mediated endocytosis and are ultimately sorted to a peri-nuclear localization through host–cell endo-lysosomal pathways. We also demonstrate that a proportion of Bt OMVs localize to cellular junctions whereby they can cross the intestinal epithelium by paracellular transmigration to disseminate widely throughout the host.



MATERIALS AND METHODS


Animal Handling

Eight- to twelve-week-old C57BL/6 and Atg16lΔIEC (Jones et al., 2019) single sex mice were bred and maintained in the University of East Anglia (United Kingdom) animal facility. All mice were housed in individually ventilated cages and exposed to a 12 h light/dark cycle with free access to water and a standard laboratory chow diet. Animal experiments were conducted in full accordance with the Animal Scientific Procedures Act 1986 under UK HO approval and HO project license 70/8232.



Mammalian Cell Culture

The human colonic epithelial cell line Caco-2 (ECACC 86010202) was cultured at 37°C and 5% CO2 in Dulbecco’s Modified Eagle Medium with 4.5 g/L glucose and 2 mM L-glutamine (Sigma) supplemented with 5% fetal bovine serum (Lonza), 1% non-essential amino acids (Sigma), penicillin (100 U/ml), and streptomycin (100 μg/ml) (Sigma).



Intestinal Organoid Monolayer Culture

Small intestinal or caecal crypts were isolated from mouse tissue using a modified method of Jones et al. (2019). Briefly, the GI-tract tissues were opened longitudinally, washed in ice-cold DPBS then cut into 5-mm pieces. The tissue fragments were incubated in GCDR (StemCell Technologies) for 15 min then transferred to ice-cold DPBS for shaking, then returned to GCDR for 5 min. This process was repeated until three to five fractions were generated and then inspected for released crypts. The crypt suspensions were passed through a 70-μm filter to remove debris, then centrifuged at 300 × g for 5 min. Crypt pellets were resuspended in murine organoid growth media (StemCell Technologies) supplemented with 10 μg/ml rho-associated coiled-coil containing protein kinase inhibitor (Y-27632, TOCRIS) and seeded onto culture ware coated with Cultrex reduced growth factor basement membrane matrix, type 2 (R&D Systems) at a density of 1000 crypts/ml.



Bacterial Strains and OMV Isolation

Bt VPI-5482 was grown under anaerobic conditions at 37°C in BHI medium (Oxoid) supplemented with 15 μM hemin or with 0.75 μM hemin for OMV preparations. Bt OMVs were isolated and purified following a method adapted from Stentz et al. (2014). Briefly, cultures (500 mL) of Bt were centrifuged at 5500 × g for 45 min at 4°C and the supernatants filtered through 0.22-μm pore-size polyethersulfone membranes (Sartorius) to remove debris and cells. The supernatants were concentrated by crossflow ultrafiltration (100 kDa MWCO, Vivaflow 50R, Sartorius) and the retentate rinsed once with 500 mL of PBS (pH 7.4). The OMV suspensions were concentrated to 1 ml in sterile PBS, filtered through 0.22 μm pore-size syringe-filters (Sartorius), and stored at 4°C. The sterility of the OMV suspension was confirmed by plating onto BHI–hemin agar. The size and concentration of Bt OMVs was determined using a Nanosight nanoparticle instrument (Malvern Instruments). A 1-min AVI file was recorded and analyzed using nanoparticle tracking analysis (Version 2.3 Build 0011 RC, Nanosight) software to calculate size distributions and vesicle concentrations, expressed as particle size (nm) versus number of particles per milliliter. The settings were as follows: calibration: 166 nm/pixel; blur: auto; detection threshold: 10, minimum track length: auto, temperature: 21.9°C, and viscosity: 0.96 cP.



Fluorescence Microscopy

Bt OMVs (1 × 1011/mL) were labeled with 5% (v/v) DiO or DiD Vybrant cell-labeling solution (Molecular probes) by incubating at 37°C for 30 min. Unbound dye was removed by washing with 3× PBS using centrifugal filters (100 kDa MWCO, Sartorius). Labeled OMVs (1 × 1010/mL) were added to Caco-2 monolayers cultured on collagen solution (Sigma) coated 24-well chamber slides (IBIDI) or primary mouse organoid monolayers cultured on BME2-coated slides for up to 48 h. This OMV concentration was determined to represent optimal fluorescence signal for microscopy imaging (data not shown). Samples were fixed using Pierce 4% PFA (ThermoFisher), permeabilized with 0.25% Triton X100 (Sigma), and blocked with 10% goat serum in PBS. Intracellular membranes were visualized using Alexa 647-Phalloidin, anti-PDI for ER, anti-58k for Golgi network, anti-Tomm20 for mitochondria, anti-Lamin B1 for nuclear membrane, anti-Rab5 for early endosomes, anti-LAMP1 for lysosomes, and anti-E-cadherin for lateral cell membranes. All secondary antibodies were Alexa 594-conjugated goat anti-rabbit or anti-mouse unless otherwise stated. Antibodies were prepared using TBS (50 mM) (pH 7.6; Sigma) as diluent containing 1% bovine serum albumin (Sigma). For nuclear visualization, cells were incubated with Hoechst 33342 (ThermoFisher). TBS was used as a wash buffer throughout (unless otherwise stated) and all incubations were carried out at ambient temperature. Cells were mounted with high precision glass slides (IBIDI) using Fluoromount-G antifade mounting medium (SouthernBiotech). Images were taken using a Zeiss Axioimager.M2 microscope, equipped with a Plan-Apochromat 63×/1.4 oil immersion objective and ZEN blue software. Fluorescence was recorded at 405 (blue, nucleus), 488 (green, OMVs), and 594 nm (red, Alexa-594 immunostaining). Uptake of DiO-OMVs by Caco-2 was quantified using sum fluorescent pixel intensity of the field of view using a macro written in Image J/FIJI v1.52p. The arbitrary fluorescence units were normalized to PBS control and the mean of each group expressed as average fluorescence intensity (AU). For pH-dependent staining of lysosomes, Caco-2 were cultured on collagen-coated glass coverslips in a 24-well plate prior to treatment with Bt OMVs as above and staining with LysoID red detection kit (ENZO) according to manufacturer’s instructions. Images were taken as above with an EC Plan-Neofluar 20×/0.50 objective. All image analysis was performed using Image J/FIJI v1.52p. Yellow coloration in merged image panels indicates co-localization of Alexa-594 immunostaining with DiO-OMVs. Co-localization analysis of pixel intensity was quantified using the Coloc2 plugin in Image J/FIJI v1.52p and represented in the text as Pearson’s correlation coefficient (r). In addition, a Zeiss LSM880 Airyscan confocal microscope equipped with a 63×/1.4 Oil DIC objective and ZEN black software (ZEISS) was used to obtain higher resolution images with Z-stack images (6.4–7.6 μm) at 0.38–0.4 μm per slice.



Live Imaging Using Confocal Fluorescence Microscopy

Caco-2 monolayers were cultured on collagen (Sigma) coated 35 mm glass bottom μ-dishes (IBIDI) and stained with CellTracker red CMTPX dye (ThermoFisher) according to manufacturer’s instructions. Briefly, cells were incubated with 5 μM CellTracker red CMTPX dye for 15 min followed by repeated washes with cell media. Cells were treated with DiO-labeled Bt OMVs (1 × 1010/mL) and live imaging immediately performed using a Zeiss LSM880 Airyscan confocal microscope equipped with a W N-Achroplan 63×/0.9 dipping objective. Fluorescence was recorded at 405 (blue, nucleus), 488 (green, OMVs), and 602 nm (red, CellTracker). Z-stacks at 0.9 μm per slice were acquired using ZEN Black software (ZEISS). All image analysis was performed using Image J/FIJI v1.52p. Yellow coloration in merged image panels indicates co-localization of CellTracker with DiO-OMVs.



Electron Microscopy

Bt OMVs were observed using negative staining with transmission electron microscopy (TEM) as previously described (Stentz et al., 2015). Briefly, isolated Bt OMVs were adsorbed to carbon–formvar-coated copper EM grids (Agar Scientific) for 1 min before wicking off with filter paper and negatively staining with 2% uranyl acetate solution (BDH) in water for 1 min. Grids were air-dried before analysis using a Tecnai G2 20 Twin TEM (FEI) at 29,000× magnification.



Endocytosis Assay

Caco-2 monolayers were pre-treated with inhibitors of endocytosis: Dynasore (80 μM; clathrin- and caveolin-mediated endocytosis inhibitor), cytochalasin D (1 μg/mL; macropinocytosis membrane fusion inhibitor), chlorpromazine (15 μg/mL; clathrin-dependent endocytosis inhibitor), nystatin (50 μM; caveolin-mediated endocytosis and lipid raft inhibitor), or amiloride (10 mM; macropinocytosis inhibitor) (all Sigma) for 1 h at 37°C and 5% CO2 with gentle rocking prior to treatment with Bt OMVs (1 × 1010/mL) or PBS control for 6 h. Samples were washed with 3 × PBS and extracellular DiO fluorescence quenched using 0.025% trypan blue (Sigma) prior to fixing with Pierce 4% PFA (ThermoFisher) for 20 min. OMV uptake was quantified by fluorescence microscopy using a Zeiss Axioimager.M2 equipped with an EC Plan-Neofluar 40×/0.75 objective and ZEN blue software. Fluorescence was recorded at 488 nm (green, OMVs) and image analysis was performed using Image J/FIJI v1.52p. Internalization of DiO-OMVs was quantified using sum fluorescent pixel intensity of the field of view using a macro written in Image J/FIJI v1.52p. The mean arbitrary fluorescence units of each group were expressed as % of control.



Transepithelial Electrical Resistance

Transepithelial electrical resistance measurements were performed using a 24-well plate Transwell system (Greiner). Caco-2 monolayers were seeded on the apical compartment of 0.4 μm transparent polyethylene terephthalate (PET) membrane inserts until fully confluent. Bt OMVs (1 × 1010/mL) or PBS control were added to the apical compartment and TEER measurements recorded using an EVOM2 epithelial voltmeter with chopstick electrode (World Precision Instruments Inc.).



FITC–Dextran Translocation

Using the Transwell system above, confluent Caco-2 monolayers were treated with 1 mg/mL 3–5 kDa FITC–dextran (Sigma) in the media of the apical compartment. Translocation of fluorescent FITC–dextran into the basal media compartment was recorded using a FLUOStar OPTIMA (BMG Labtech) at excitation 485 and 520 nm emission.



In vivo Biodistribution Imaging

Eight-week-old female C57BL/6 mice (n = 4/grp) were orally administered DiD-labeled Bt OMVs at a dose of 2 × 1010 OMV/mouse or PBS (200 μL total volume/mouse). Organs including heart, lungs, liver, kidney, spleen, and entire GI-tract were excised at 8 h post administration and far-red fluorescence acquired using an in vivo Xtreme multi-modal optical and x-ray small animal imaging system (Bruker) equipped with a back-illuminated 4MP CCD detector. Foreground far-red DiD fluorescence was recorded with the following settings: excitation 650 nm and emission 700 nm, 19 cm field of view, 20 s exposure time, fStop 1.1, and focal plane 0. Background image was recorded by reflectance as above with an exposure time of 1 s. Radiant efficiency of each organ was measured using Bruker Molecular Imaging software (v 7.2.0.21148) by overlaying foreground and background images and recording organs as individual regions of interest (ROI). Data were displayed as absolute fluorescence (photons/s/mm2) or normalized to PBS control and calculating % fluorescence of all organs.



Statistical Analysis

All data are presented as the mean ± standard error of the mean (SEM) with the indicated sample sizes. Data were subjected to D’Agostino and Pearson omnibus normality test and p-values calculated using Student’s unpaired t-test (fluorescence uptake assay) one-way ANOVA followed by Dunnett’s (endocytosis assay) or Bonferroni post hoc tests (OMV uptake assay, FITC–dextran assay, and biodistribution assay) or two-way ANOVA followed by Bonferroni post hoc test (TEER assay) using GraphPad Prism 5 software (version 5.04). Statistically significant differences between two mean values were considered when ∗p = 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001, and ****p < 0.0001.



RESULTS


Characterization of Bt OMVs

Bt generated OMVs were isolated using ultracentrifugation and filtration (Stentz et al., 2014). Electron microscopy imaging showed that the isolated Bt OMV population comprised of spherical, bilayered nano-sized vesicles of various sizes (Figure 1A). Dynamic light scattering revealed Bt OMVs ranged in size from 20 to 400 nm with a mean size of approximately 200 nm (Figure 1B). Furthermore, the majority (62.0%) were routinely between 100 and 200 nm, with 40.8% between 200 and 400 nm, with 0.5% <100 nm, and with 0.46% >400 nm (data not shown).


[image: image]

FIGURE 1. Bt OMVs are rapidly acquired by intestinal epithelial cells. (A) Bt generates OMVs of heterogeneous sizes when grown in nutrient-rich media as shown by TEM. Scale bar = 200 nm. Images are representative of more than three independent preparations. (B) Size distribution and concentration of Bt OMVs using Nanosight NTA. Data are representative of more than three independent preparations with the gray shading representing the extent of variation of the different preparations. (C) Visualizing uptake of DiO-labeled Bt OMVs by Caco-2 monolayers using live imaging and confocal microscopy. Cell Tracker red CMTPX dye was used to visualize Caco-2 cells. The main panel shows merged XY image with the bottom panel showing XZ orthogonal view. Arrow heads indicate intracellular OMVs. The images shown are representative of more than three independent experiments. (D) The uptake of DiO-OMVs by Caco-2 monolayers increases over 48 h as determined by quantification of DiO-OMVs using sum fluorescent pixel intensity of each field of view using a macro written in Image J/FIJI v1.52p. The arbitrary fluorescence units were normalized to PBS control samples and the mean of each group expressed as average fluorescence intensity (AU). The graph depicts mean ± SEM values from one independent experiment with ≥10 technical replicates.




Bt OMV Uptake by Intestinal Epithelial Cells

Using live cell imaging, it was observed that within 15 min of exposure to Caco-2 cells Bt OMVs were associated with the apical cell membrane with some already being internalized and in close proximity to the nucleus (Figure 1C). To determine the kinetics of OMV uptake, DiO-labeled Bt OMVs were incubated with Caco-2 monolayers and intracellular fluorescence intensity quantified at various timepoints over a 48 h period. Fluorescence from extracellular OMVs was quenched using trypan blue. A small proportion of Bt OMVs were internalized after 30 min (1.4%), which increased over time up to 24 h at which time a plateau of OMV uptake was evident (35.6%). A significant proportion of OMVs were still visible 48 h after administration (39.4%) (Figure 1D and Supplementary Figure S3) which was not statistically different from the 24 h timepoint (p = 0.197). Therefore, for subsequent studies of OMV uptake and intracellular trafficking, the 24 h timepoint of incubation was used. To confirm the intracellular fluorescence was attributable to Bt OMVs and not free dye, OMV–Caco-2 co-cultures were stained with an in-house generated rabbit anti-Bt OmpA (BT_3852) antisera. DiO OMVs co-localized with OmpA immune-labeled OMVs, confirming the DiO signal was specifically associated with Bt OMVs (Supplementary Figure S1A). Over the time course of the imaging study, Caco-2 cell viability was unaltered (Supplementary Figure S1B).



Intestinal Epithelial Cells Internalize Bt OMVs Primarily via Dynamin-Dependent Endocytosis

The route of bacterial OMV entry by host cells can occur via several endocytosis pathways, often with multiple pathways being utilized concurrently (Bielaszewska et al., 2013, 2017; Olofsson et al., 2014; Kunsmann et al., 2015; Canas et al., 2016). Therefore, to determine the mechanism of Bt OMV uptake by IECs, chemical inhibitors were used to block specific endocytosis pathways using published protocols (Bielaszewska et al., 2013; Kunsmann et al., 2015). DiO-labeled Bt OMVs were incubated with Caco-2 monolayers for 24 h prior to trypan blue quenching and quantification of internalized Bt OMVs by fluorescence microscopy (Figure 2A). All inhibitors reduced Bt OMV uptake compared to non-treated control with dynamin-dependent Dynasore and macropinocytosis inhibitor amiloride significantly reducing OMV uptake (by 78.1 and 63.42%, respectively). By comparison, caveolin-mediated inhibitor nystatin (42.32%) and macropinocytosis F-actin inhibitor cytochalasin D (47.85%) had only a moderate effect, with clathrin-mediated inhibitor chlorpromazine (21.11%) having the lowest reduction in OMV uptake (Figure 2B). These results indicate that uptake of Bt OMVs occurs predominantly via dynamin-dependent endocytosis or macropinocytosis with caveolin- and clathrin-mediated routes of endocytosis also being used but to a lesser degree.
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FIGURE 2. Dynamin-dependent endocytosis is the main route by which Bt OMVs are acquired by intestinal epithelial cells. (A) Caco-2 monolayers were incubated with the endocytosis inhibitors Dynasore, cytochalasin D, chlorpromazine, nystatin, or amiloride for 1 h prior to the addition of DiO-OMVs which were subsequently visualized by fluorescence microscopy. The images shown are representative of those obtained from two independent experiments. Scale bars = 20 μm. (B) Internalized DiO-OMVs were quantified using sum fluorescent pixel intensity of each field of view using a macro written in Image J/FIJI v1.52p. The arbitrary fluorescence units were normalized to PBS control samples and the mean of each group expressed as average fluorescence intensity (AU). The data are depicted as the mean of each group expressed as % of control. The box plots depict mean ± SEM of ≥10 images and the whiskers min–max values. *p < 0.05, **p < 0.01, ***p < 0.001.




Intracellular Trafficking of Bt OMVs

As internalized Bt OMVs consistently localized to an intracellular compartment, we sought to identify the pathway(s) of Bt OMV trafficking within IECs. To visualize OMV association with host–cell organelles, DiO-labeled Bt OMVs were incubated with Caco-2 monolayers or murine caecal- or SI-derived organoid monolayers for 24 h and assessed by immunofluorescence microscopy. Organoid cell monolayers were used to reflect the heterogeneous populations of absorptive and secretory cell types within the intestinal epithelium and to provide a comparison with the widely used Caco-2 model. Both caecal and SI-derived IECs form polarized monolayers within 16 h with apical microvilli and TJ that comprised the major cell types of the caecal- and SI epithelium in vivo as determined using antibodies specific for stem cells, goblet cells, and enteroendocrine cells (Supplementary Figures S2A–C). Co-localization of Bt OMVs with host cellular organelles was investigated using the ER marker PDI, the Golgi apparatus marker 58k, the mitochondrial marker Tomm20, and the nuclear envelope marker Lamin-B1. In Caco-2 cells, co-localization (denoted by yellow coloration in merged image panels of Figure 3) was observed between DiO-OMVs and the Golgi apparatus (r = 0.599), ER (r = 0.573), and mitochondria (r = 0.554) (Figure 3A). In caecal organoids (Figure 3B) co-localization was observed between DiO-OMVs and Golgi apparatus (r = 0.422), ER (r = 0.417), and mitochondria (r = 0.516). This suggests that after endocytic uptake at the apical membrane Bt OMVs traffic to the host Golgi apparatus, ER, and mitochondria. Although direct DiO-OMV co-localization with the nuclear envelope was not quantifiable in Caco-2 (r = 0.003) or caecal organoid monolayers (r = 0.037), DiO-OMVs were observed in very close proximity with the nucleus at a distance of between 0.00 and 11.23 μm with a median distance of 0.819 μm for Caco-2 and between 0.00 and 7.782 μm with a median distance of 0.800 μm for caecal organoids.
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FIGURE 3. Intracellular trafficking of Bt OMVs. (A) Caco-2 monolayers and (B) caecal organoid epithelial monolayers were incubated with DiO-OMVs for 24 h after which samples were stained with antibodies to visualize the ER (PDI), Golgi network (58K), mitochondria (Tomm20), nuclear membrane (Lamin B1), and the nucleus (Hoechst 33342). Stained cells were imaged by fluorescence microscopy. The main panels represent merged images from three separate channels that are individually shown in the side panels. Images are representative of more than three independent experiments. Scale bars = 20 μm.


The peri-nuclear accumulation of DiO-positive host vesicles suggested some OMVs may be sequestered by the host endo-lysosomal pathway. To identify peri-nuclear vesicles, DiO-labeled OMVs were incubated with Caco-2 monolayers and caecal organoid monolayers for 24 h and OMV co-localization with early endosomes (Rab5+) and lysosomes (LAMP1+ and LysoID+) investigated (denoted by yellow coloration in merged image panels of Figure 4). A small population of peri-nuclear OMVs was shown to co-localize with Rab5+ early-endosomes in Caco-2 cells (r = 0.371) but not caecal organoid monolayers (r = 0.166) (Figures 4A,B). Peri-nuclear OMVs were shown to co-localize with LAMP1/LysoID in Caco-2 cells (r = 0.325 and r = 0.727 respectively) and with LAMP1 in caecal monolayers (r = 0.581) (Figures 4A,B), suggesting the peri-nuclear vesicles containing OMVs are late endosomes or lysosomes. Additionally, since LysoID detects only organelles with an acidic pH, Bt OMV uptake did not inhibit endo-lysosomal acidification. Clear association between Bt OMVs and large DiO-positive host-derived peri-nuclear vesicles was seen in both caecal and SI organoid monolayers (Figure 4B and data not shown). This co-localization of OMVs with the peri-nuclear membrane was confirmed using high-resolution confocal microscopy, in which DiO-positive OMVs were shown to be in intimate association with the nucleus in both Caco-2 and caecal organoid monolayers (Figures 5A,B). Interestingly, the vesicles presented as frequent, small puncta (0.2–2.1 μm) in Caco-2 monolayers but as larger host-associated vesicular compartments (0.2–10.7 μm) in organoid monolayers (Figure 5C). Taken together these results indicate that Bt OMVs traffic to the host Golgi apparatus and ER as well as the nucleus via the endo-lysosomal pathway where they ultimately accumulate in lysosomal vesicles, presumably for membrane fusion and release of their cargo.
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FIGURE 4. Endo-lysosomal trafficking of Bt OMVs. (A) Caco-2 monolayers and (B) caecal organoid epithelial monolayers were treated with DiO-OMVs for 24 h, fixed and stained with antibodies to visualize early endosomes (Rab5), lysosomes (LAMP1 and LysoID), and the nucleus (Hoechst 33342). The main panels depict merged images with the side panels showing the individual channels. Images are representative of more than three independent experiments. Scale bars = 20 μm.
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FIGURE 5. Localization of Bt OMVs to a peri-nuclear membrane. (A) Caco-2 cell monolayers and (B) caecal organoid epithelial monolayers were incubated with DiO-OMVs for 24 h and stained with phalloidin to visualize the apical membrane and the nuclear stain Hoechst 33342 prior to imaging by confocal microscopy. The main panels depict merged XY images with the side panels showing XZ and XY orthogonal views. Arrow heads indicate peri-nuclear localization of OMVs. Images are representative of more than three independent experiments. Scale bars = 20 μm. (C) Quantification of the host peri-nuclear vesicle size was performed using the straight-line selection tool in Image J/FIJI v1.52p. The box plots depict mean ± SEM and the whiskers min–max values from more than three independent experiments with more than 200 vesicles quantified per group. (D) Primary SI epithelial organoid monolayers were generated from wild-type control (Left) or autophagy-deficient (Atg16l1ΔIEC) mice (Right) and incubated with DiO-OMVs as above and analyzed by fluorescence microscopy. The main panels depict merged images with the side panels showing the individual channels. Images are representative of more than three independent experiments. Scale bars = 20 μm. ****p < 0.0001.




Intracellular Trafficking of Bt OMVs Is Autophagy Independent

To establish if OMV trafficking to lysosomes via the endo-lysosomal pathway is autophagy dependent, an IEC specific, Atg16l1-deficient mouse model (Atg16l1ΔIEC) was used as previously described (Jones et al., 2019). The Atg16l1 protein is a key component of the canonical autophagy pathway and alongside proteins such as LC3 is required for formation of autophagosomes. Consequently, Atg16l1ΔIEC mice show reduced autophagy (Jones et al., 2019). Using SI organoid monolayers generated from wild-type and Atg16l1ΔIEC mice the localization of DiO-labeled Bt OMVs to peri-nuclear host-associated vesicles was comparable in both WT and Atg16l1ΔIEC organoid monolayers (p = 0.074) (Figure 5D) excluding any role of autophagy as a cellular process in Bt OMV intraepithelial trafficking.



Bt OMV Transmigration of the Intestinal Epithelium

In addition to cellular uptake, OMVs can transmigrate across the host intestinal epithelium and reach the lamina propria to access underlying immune cells, the vasculature, and systemic tissues (Stentz et al., 2018). Caco-2 monolayers were used to determine if Bt OMVs alter the integrity of the IEC barrier using a cell culture insert system to measure TEER and translocation of 3–5 kDa FITC-labeled dextran. In comparison with PBS control, a significant reduction in TEER was observed within 2 h of OMV administration which was restored by 24 h (Figure 6A). In contrast, there was no evidence of FITC–dextran translocation in response to Bt OMV exposure (Figure 6B) and no loss or redistribution of the TJ proteins ZO-1 and occludin were observed Supplementary Figure S4), suggesting Bt OMVs can modulate certain aspects of the intestinal epithelial barrier.
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FIGURE 6. Bt OMV transmigrate the host GI-tract. (A) Non-labeled Bt OMVs were administered to the apical compartment of tissue culture inserts containing a confluent, polarized monolayer of Caco-2 cells. Transepithelial electrical resistance (TEER) was measured at regular intervals post-treatment. The graph depicts mean ± SEM values from two independent experiments with five technical replicates. (B) To assess cell permeability, 3–5 kDa FITC-labeled dextran (1 μg/ml) was added to the apical compartment during OMV administration and FITC fluorescence measured in both the apical and basal compartments at 24 h post-administration of OMVs. The bar graph depicts mean ± SEM values from two independent experiments with five technical replicates. (C) Small intestinal (SI) organoid epithelial monolayers were incubated with DiO-OMVs for 24 h and stained with antibodies to visualize lateral cell membranes (E-cadherin) and with a nuclear stain (Hoechst 33342) prior to fluorescence microscopy. The main panel shows merged images with the side panels depicting the separate channels. Arrow heads indicate lateral cell membrane localization of OMVs. (D) Caecal organoid epithelial monolayers were incubated with DiO-OMVs for 24 h and stained with phalloidin to visualize apical cell membranes and the nuclear stain Hoechst 33342 prior to analysis by confocal microscopy. The main panels show merged XY images and the side panels show XZ and XY orthogonal views. Arrow heads indicate paracellular localization of OMVs. Images are representative of more than three independent experiments. Scale bars = 20 μm. *p < 0.05, ****p <0.0001.


To investigate this further, fluorescence and confocal imaging was used to visualize Bt OMV interaction with cellular junctions and their transmigration across epithelial cell monolayers. After 24 h exposure, Bt DiO-OMVs were seen to localize to lateral cellular membranes of murine SI organoid monolayers, forming a distinct chicken-wire like pattern of OMV puncta (Figure 6C). Confocal imaging of caecal organoid monolayers revealed that DiO-OMVs were found between cells in a basolateral location (Figure 6D). Collectively this data suggest Bt OMVs transiently modulate the host TJ barrier in order to transmigrate across the intestinal epithelium via the paracellular pathway.



In vivo Biodistribution of Bt OMVs Following Oral Administration

Following our observation that Bt OMVs transmigrate across the intestinal epithelium, we sought to determine if after oral administration Bt OMVs could reach systemic tissues. Using an in vivo model adapted from those previously described (Park et al., 2010, 2018; Jang et al., 2015; Wiklander et al., 2015; Kim et al., 2017), far-red fluorescent DiD-labeled Bt OMVs were orally administered to mice for 8 h prior to organ excision and imaging using a Bruker in vivo Xtreme imaging system. This time-point of tissue collection was optimal to observe the early stages of Bt OMV biodistribution to tissues via the blood stream. Radiant efficiency of each organ was normalized to PBS control. An increase in far-red fluorescence was observed in various organs of DiD-OMV treated mice compared to PBS control (background autofluorescence) (Figure 7A). The highest signal was detected in the GI-tract and in particular the SI (51.35%), stomach (11.71%), caecum (19.70%), and colon (10.14%). Lower intensity signals were evident in systemic tissues including the liver (9.99%), lungs (1.04%), and heart (0.63%) (Figure 7B). When the far-red fluorescence of each organ was analyzed separately to the tissues of the GI-tract, only the liver exhibited a significant increase in DiD fluorescence (Figure 7C). As a whole, our in vivo biodistribution data suggest that Bt OMVs can translocate through the host GI-tract to reach various systemic tissues with the greatest accumulation in the liver.
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FIGURE 7. In vivo biodistribution of Bt OMVs following oral administration. (A) Mice were orally administered with DiD-OMVs (OMVDiD, 2 × 1010/mouse) or PBS and individual organs (Right) excised at 8 h post-administration for imaging using a Bruker in vivo Xtreme imaging system. The images shown are representative of those obtained from four mice per group. (B,C) The graphs depict the proportion (B) or absolute (C) amount of the fluorescence signal from the OMVDiD inoculum or PBS control administered to each animal that was subsequently detected in each organ. The box plots depict mean ± SEM and the whiskers min–max values. ***p < 0.001.




DISCUSSION

Bacterial OMVs normally produced by Gram-negative bacteria are increasingly being recognized as a secretory inter- and intra-kingdom communication system (Jan, 2017; Cecil et al., 2019). However, many features of this mechanism remain to be defined (Margolis and Sadovsky, 2019). Due to their nano-size and biophysical properties, OMVs have the potential to cross the sterile mucous layer that coats the intestinal epithelium to gain access to host cells and in particular, boundary epithelial cells. However, their nano-size also proves a challenge in identifying their specific routes of uptake by and trafficking within host cells. Here we have exploited lipophilic dyes that are highly fluorescent upon incorporation into the OMV membrane bilayer (Parker et al., 2010; Bielaszewska et al., 2013; Mulcahy et al., 2014; Kunsmann et al., 2015) to visualize Bt OMVs and track their uptake and intracellular localization in cultured IECs of the caecum and small and large intestine, and their subsequent biodistribution in vivo.

Using high-resolution live-imaging we demonstrate that Bt OMV cellular uptake occurs rapidly (within 15 min) in IEC monolayers, which is consistent with previous studies (Furuta et al., 2009b; Parker et al., 2010; Olofsson et al., 2014; Kunsmann et al., 2015). In contrast to studies using pathogen-derived OMVs that are generally toxic (Furuta et al., 2009a; Bielaszewska et al., 2017), Bt OMVs have no discernable adverse effect on epithelial viability. Uptake of Bt OMVs by IECs occurs via all four main pathways of endocytosis: actin-driven macropinocytosis, clathrin-mediated endocytosis, caveolin-mediated endocytosis, or non-caveolin- and non-clathrin-mediated endocytosis (O’Donoghue and Krachler, 2016) with dynamin-dependent endocytosis and macropinocytosis being the most prominent. The utilization of different pathways by Bt OMVs for their uptake may reflect their size heterogeneity (20 to >400 nm) and the size selectivity of each route of endocytosis with macropinocytosis for instance allowing uptake of OMVs < 1 μm whereas clathrin- and caveolin-mediated endocytosis enables uptake of smaller OMVs < 120 nm (O’Donoghue and Krachler, 2016). This interpretation is supported by the recent finding that the size of Helicobacter pylori OMVs determined their mechanism of endocytosis (Turner et al., 2018).

Most endocytic routes of Bt OMV uptake culminate in lysosomes located in a peri-nuclear region (Furuta et al., 2009b; Bielaszewska et al., 2013; Figure 8), which we found does not require autophagosome formation and therefore autophagy (Tooze et al., 2014). We have observed that intracellular Bt OMVs persist within lysosmes for >72 h (data not shown) suggesting they may resist intracellular degradation for prolonged periods of time after their acquisition. As the caveolin-dependent endocytosis pathway bypasses lysosomes it is likely that OMVs are transported via the caveolar network to the host ER/Golgi apparatus (Figure 8) thereby escaping lysosomal degradation (Kiss and Botos, 2009; Figure 8). An important caveat to this interpretation is that endocytosis pathways used by transformed, proliferating cells in culture such as Caco-2 may differ to those in primary cells such as the intestinal epithelium where quiescent, senescent, and terminally differentiated cells are present (Hinze and Boucrot, 2018). Our use of primary epithelial cells in the form of organoid monolayers which reflect the cellular heterogeneity of the intestinal epithelium in vivo represents one approach to overcoming the limitations of using immortalized cell lines.
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FIGURE 8. A schematic representation of the uptake and fate of Bt OMVs in the GI-tract. The diagram depicts the predicted pathways of Bt OMV uptake and transmigration of the host GI-tract epithelium to reach the systemic circulation and systemic organs such as the liver. (1) Transcellular transmigration. (2) Caveolin-mediated endocytosis and subsequent inclusion in caveolar vesicles (CV) and trafficking to the endoplasmic reticulum (ER) and Golgi network (GN). (3) Endo-lysosomal trafficking via early endosomes (EE), late endosomes (LE), and lysosomes (L) to co-localize to the nucleus (N) and the peri-nuclear membrane. (4) Paracellular transmigration and passage through tight junctions (TJ). (5) Translocation to lamina propria and interaction with immune cells such as dendritic cells (DCs). (6) Distribution to the hepatic circulation and portal vein (PV) and subsequent delivery to the liver (7). (8) Distribution to lymphatic vessels and/or the systemic circulation and dissemination to more distant organs such as the heart and lungs (9). The solid arrows identify confirmed pathways with dashed arrows representing predicted pathways.


Our findings reveal that commensal Bt OMVs are internalized by primary murine organoid monolayers derived from the SI and caecum which contain proliferating and non-proliferating cell types such as goblet cells and enteroendocrine cells (Sato et al., 2009; Zachos et al., 2016). Some differences in the fate of Bt OMVs between organoid and Caco-2 cell culture systems were evident. Larger peri-nuclear host-associated vesicles, of up to 10.7 μm, were observed in primary organoid monolayers compared to smaller peri-nuclear host-associated vesicle puncta (average 0.8 μm) in Caco-2 cells. This may reflect differences in lysosomal storage, degradation, and exocytosis of Bt OMVs between immortalized and tumor-derived Caco-2 cells and primary IECs. Further studies are required to determine how these differences relate to the fate of internalized OMVs and their potential delivery to the nucleus.

Under normal healthy conditions, the selectively permeable TJ barrier of the intestinal epithelium allows the flux of ionic solutes (leak pathway) as well as larger non-charged molecules (pore pathway) (Shen et al., 2011). As paracellularly located OMVs were only observed in primary caecal organoid cultures and not Caco-2 monolayers, this may reflect different TJ pore capacities of the different cell types. TJs in primary cells are “leakier” than in Caco-2 monolayers (Van Itallie et al., 2008; Turner et al., 2014) as reflected by electrical resistance (TEER) and permeability (FITC–dextran) measurements demonstrating that only the leak pathway appears to be modulated by Bt OMVs. It was therefore not surprising that OMVs could not be detected in basal supernatants of Caco-2 monolayers (data not shown). The more permeable TJ barrier of primary compared to immortalized IECs enables the paracellular transmigration of a small population of Bt OMVs (Figure 8), allowing them to access underlying cells and the vasculature (Figure 8). A disrupted TJ barrier as a result of injury or inflammation could lead to a greater proportion of Bt OMVs being translocated across the GI-tract to host tissues. Further investigations are required to determine if Bt OMV cellular uptake and fate changes in disease states.

Based on our in vitro findings and the fact that bacterial EVs have previously been detected in human serum (Tulkens et al., 2018), we speculated that orally administered Bt OMVs can cross the murine GI-tract and be delivered to other tissues systemically. We have shown that within 8 h of oral administration small numbers of labeled OMVs are evident in several organs and most notably the liver. In contrast to the parenteral administration of OMVs described in previous studies (Jang et al., 2015; Wiklander et al., 2015; Kim et al., 2017; Park et al., 2018), oral administration of Bt OMVs facilitates their interaction with the host GI-tract that is analogous to that of endogenously produced OMVs (Sonnenburg et al., 2005; Porter et al., 2017). The finding that the vast majority of Bt OMVs remain in the lumen of the GI-tract suggests that the general fate of OMVs generated in vivo is excretion. Our biodistribution study does however indicate that a small population of luminal Bt OMVs can enter the circulatory or lymphatic systems via the GI-tract. As the liver was the primary site for OMV biodistribution in our study, it is likely that OMVs transmigrating through the intestinal epithelium enter the hepatobiliary system (Figure 8). The finding of Bt OMVs in the heart and lungs also suggests that some OMVs can also enter the blood stream. As OMVs are proteoliposomes, they likely move through the lymphatics prior to entering the blood circulation (Figure 8). Our results suggest therefore that Bt OMVs interact with and can cross several host cellular barriers including the intestinal epithelial barrier and the lymphatic- and vascular-endothelium (Figure 8).

While our combined in vitro and in vivo approach to studying OMV-mediated interactions between members of the intestinal microbiota with their host has verified the delivery of intact Bt OMVs into and across the intestinal epithelium, identifying the pathways of Bt OMV transport within the body and the sites of delivery of their cargo remains a challenge.



CONCLUSION

We have shown that OMVs from the prominent gut commensal bacterium Bt have the potential to act as a long-distance microbiota–host communication system. Bt OMVs interact with cells of the GI-tract via several endocytosis pathways, ultimately localizing to endo-lysosomal vesicles in close proximity to the peri-nuclear membrane. Additionally, a proportion of Bt OMVs transmigrate through epithelial cells via a paracellular route and in vivo can cross the IEC barrier to reach systemic organs. Understanding in more detail the biodistribution pathways and ultimate targets of OMVs is key to elucidating their benefit to host health.



DATA AVAILABILITY STATEMENT

All datasets generated for this study are included in the article/Supplementary Material.



ETHICS STATEMENT

The animal experiments were conducted in full accordance with the Animal Scientific Procedures Act 1986 under the UK HO approval and HO project license 70/8232.



AUTHOR CONTRIBUTIONS

SC, EJ, and RS conceived and designed the experiments. EJ and SC wrote the manuscript. SC supervised the work. EJ, CB, SF, AP, KC, RS, AM-C, and IH executed the experimental work. EJ carried out the data interpretation and statistical analysis. UM and TW provided the reagents and/or advice. All authors revised, and read and approved the final manuscript.



FUNDING

This work was supported in part by the UK Biotechnology and Biological Sciences Research Council (BBSRC) under grant numbers BB/J004529/1, BB/R012490/1, and BBS/E/F000PR10355 (SC), and by a BBSRC DTP Ph.D. studentship BB/M011216/1 (AM-C).



ACKNOWLEDGMENTS

We acknowledge Dr. Klaus Wellner, Quadram Institute Core Sciences Resources for scientific and technical support in confocal microscopy. We thank Matthew Jefferson, University of East Anglia, for assistance with animal experimentation.



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fmicb.2020.00057/full#supplementary-material


ABBREVIATIONS
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Dynamic Light Scattering (DLS), Small Angle X-ray Scattering (SAXS) and Transmission Electron Microscopy (TEM) are physical techniques widely employed to characterize the morphology and the structure of vesicles such as liposomes or human extracellular vesicles (exosomes). Bacterial extracellular vesicles are similar in size to human exosomes, although their function and membrane properties have not been elucidated in such detail as in the case of exosomes. Here, we applied the above cited techniques, in synergy with the thermotropic characterization of the vesicles lipid membrane using a turbidimetric technique to the study of vesicles produced by Gram-negative bacteria (Outer Membrane Vesicles, OMVs) grown at different temperatures. This study demonstrated that our combined approach is useful to discriminate vesicles of different origin or coming from bacteria cultured under different experimental conditions. We envisage that in a near future the techniques employed in our work will be further implemented to discriminate complex mixtures of bacterial vesicles, thus showing great promises for biomedical or diagnostic applications.

Keywords: outer membrane vesicle, dynamic light scattering, transmission electron microscopy, small-angle X-ray scattering, gram negative bacteria


INTRODUCTION

In all domains of life Eukarya, Archaea, and Bacteria produce and release membrane vesicles for reasons that are still not completely understood (Deatherage and Cookson, 2012). In humans, many cells such as dendritic cells, lymphocytes, and tumor cells actively release (i.e. by exocytosis) small (∼30–100 nm of diameter) membrane vesicles, referred as exosomes, into biofluids (i.e. plasma/serum, urine, cerebrospinal fluid, and saliva). These vesicles are powerful cell-to-cell messengers as they transfer lipids, proteins, DNA, and ribonucleic acids (i.e. mRNA, microRNA, lncRNA, and other RNA species) between cells (Valadi et al., 2007; Simpson et al., 2009; Chen et al., 2012). In the last few years, exosomes and their inner content have been also exploited as innovative and effective biomarkers for the diagnosis of many different diseases (i.e. tumors, obesity, gastrointestinal disorders, fibromyalgia, etc.) (Taylor and Gercel-Taylor, 2008; Logozzi et al., 2009; Felli et al., 2017; Masotti et al., 2017).

Similarly to human cells, either Gram-negative and Gram-positive bacteria produce extracellular vesicles, referred as Outer-membrane vesicles (OMVs) and membrane vesicles (MVs), respectively. The production and release of vesicles by bacteria is a natural process and it is necessary for inter-species (bacteria-bacteria) and inter-kingdom (bacteria-host) interactions (Leitão and Enguita, 2016).

One of the main structural differences between Gram-positive and Gram-negative bacteria relies on the composition of their cell envelope. In both cases, the bacterial envelope comprises the plasma membrane and a layer of peptidoglycans. However, in the case of Gram-negative bacteria an additional layer (i.e. the outer membrane) is also observed. The space between the cytoplasmic membrane and the outer membrane is the periplasmic space or periplasm. The outer membrane is made by negatively charged phospholipids and lipopolysaccharides that confer to the Gram-negative wall an overall negative charge. Owing to the presence of these lipopolysaccharides on the outer membranes, many gram-negative bacteria are often pathogenic.

Gram-negative bacteria (e.g. Escherichia coli, Pseudomonas aeruginosa, etc.) spontaneously secrete OMVs, small (20–100 nm of diameter) spherical bi-layered vesicles, delivered in a variety of environments, including planktonic cultures, fresh and salt water, biofilms, inside eukaryotic cells and within mammalian hosts (Beveridge et al., 1997; Beveridge, 1999; Hellman et al., 2000; Biller et al., 2014). Gram positive bacteria as well, such as Staphylococcus aureus, Bacillus subtilis, Bacillus anthracis, Streptomyces coelicolor, Listeria monocytogenes, Clostridium perfringens, Streptococcus mutants, and Streptococcus pneumoniae spontaneously produce MVs (Lee et al., 2009, 2013; Rivera et al., 2010; Schrempf et al., 2011; Jiang et al., 2014; Liao et al., 2014).

Recently, it has been observed that also non-pathogenic bacteria (i.e. probiotics), such as Lactobacilli, release extracellular vesicles. Given the importance and the positive impact that probiotic effects have on human health, the study of Lactobacilli MVs may be an interesting opportunity for various applications, from vaccines to therapeutic delivery (van der Pol et al., 2015; Dean et al., 2017). In this context, a detailed physicochemical characterization of MVs from Lactobacillus acidophilus ATCC 53544, Lactobacillus casei ATCC 393, and Lactobacillus reuteri ATCC 23272, was recently reported (Grande et al., 2017; Dean et al., 2019). Among the Lactobacilli, the Lactobacillus rhamnosus GG (LGG), is emerging as an important probiotic strain due to its validated effects in both treating and preventing some gastro-intestinal diseases (Wolvers et al., 2010). Behzadi et al. (2017) revealed the cytotoxic and inhibitor role of LGG-derived extracellular vesicles on hepatic cancer cells, but the characterization of these vesicles has not still been reported. Moreover, owing to the recent employ of OMVs and MVs as adjuvants in vaccines (van der Pol et al., 2015; Bottero et al., 2016) or as novel vaccines platform (Wang et al., 2018) to regulate host activity processes (Chen et al., 2017; Grandi et al., 2017) or other pathogenic processes (Ellis and Kuehn, 2010), an in depth biophysical characterization (i.e. identification, discrimination and quantification) of these types of vesicles is highly desired for biomedical applications.

Among the most employed biophysical techniques available to characterize such small particles in aqueous suspension, Dynamic Light Scattering (DLS) represents one of the most versatile ones [see for example (Berne and Pecora, 1976)]. DLS is generally used to determine vesicles size but at the same time it provides information about the reorganization of lipid molecules of the membrane bilayer with a turbidimetric method (Michel et al., 2006). Actually, the intensity of light scattered at a fixed angle by particles in a suspension depends on their size and on their optical properties (hence on the structure and on the refractive index of the components). By measuring the time-averaged intensity of scattered light as a function of the temperature, this experiment allows the determination of thermotropic lipid phase transitions (with characteristic transition temperatures Tc), related to the lipid organization and their remodeling within the bilayer, which affects the membrane optical properties (refractive index) (Aleandri et al., 2012). Consequently, if different thermotropic behaviors feature different kind of vesicles, DLS experimental set-up can be used as a tool to discriminate them, too. In fact, it was previously known that E. coli outer membranes show a phase transition due to conformational changes of their lipid components (Trauble and Overath, 1973). Lipid composition modifications have been also observed in their outer membranes when the environmental conditions are changed (i.e. at growing temperatures) (Marr and Ingraham, 1962; Morein et al., 1996; Mika et al., 2016). A similar behavior can be expected also for OMVs produced by E. coli as well.

Therefore, aimed at providing a useful tool to characterize better OMVs and MVs, we propose a solid set of experimental physical techniques, including this turbidimetric approach that is able to discriminate extracellular vesicles originating from bacteria grown at different environmental conditions.



MATERIALS AND METHODS


Bacterial Strains and Culturing Conditions

Escherichia coli (ATCC 8739) was cultured at three different temperatures: 20°C, 27°C and 37°C in essential M9 microbial growth medium consisting in Na2HPO4 (6.8 g/L), KH2PO4 (3 g/L), NH4Cl (1 g/L) and NaCl (0.5 g/L). To M9 medium, a solution containing D-glucose (4 g/L), MgSO4 (241 mg/L) and CaCl2⋅2H2O (15 mg/L) was added and the resulting solution was adjusted to pH = 7. Bacteria were cultured overnight until the culture reached an OD600 of approximately 1. Lactobacillus rhamnosus LGG (ATCC 53103) (Dicoflor 60®, DICOFARM) was cultured overnight in a De Man, Rogosa and Sharpe medium (SigmaAldrich, MRS broth, 51 g/L) at 37°C in anaerobic conditions up to an OD600 of approximately 2. Aliquots (5 ml) of the bacterial cultures (both E. coli and L. rhamnosus) were retained for further analysis and to be used as controls.

To isolate either OMVs or MVs, bacteria were removed from culture media by centrifugation (Beckman Avanti J-25 centrifuge, JA-10 rotor, 6000 × g, 15 min), and the supernatant was filtered through a 0.45 μm filter unit (Sartorius). The supernatant, which contains vesicles, was concentrated by ultrafiltration (Vivaflow 200, Sartorius) up to small volume (50 mL), then filtered through a 0.45 μm filter.



Isolation of Bacterial Extracellular Vesicles

Bacterial vesicles (OMVs or MVs) were separated by ultracentrifugation (107,000 × g for 3 h at 4°C) (OptimaTM XPN-100 Ultracentrifuge, Beckman Coulter, SW 40 Ti-rotor) of the ultrafiltered solution obtained previously. The pellet was washed once in sterile phosphate buffered saline (Dulbecco’s Phosphate-Buffered Saline – PBS) and suspended in the same buffer.

At the end of the isolation protocol, a drop of the purified solution was cultured on agar plates at 37°C for one day to exclude the presence of residual bacteria.

The suspension obtained with this method contains a concentrated amount of vesicles (OMVs or MVs) that have been characterized by dynamic light scattering and turbidimetric analyses.



Dynamic Light Scattering and Turbidimetric Analyses

Dynamic Light Scattering experimental set-up has been employed to provide vesicles size and to characterize the bilayer organization because of its sensitivity to the sample refractive index (Berne and Pecora, 1976). In this case, we use the term “turbidimetric” measurements for this unconventional way of using a light scattering apparatus, although this term is not strictly appropriate, because we observe changes in the refractive index of the lipid membranes, concerning the scattered light and not the transmitted light, as in conventional turbidimetric measurements.

Dynamic Light Scattering and turbidimetric measurements were performed employing a MALVERN Nano Zetasizer apparatus equipped with a 5 mW HeNe laser (Malvern Instruments LTD, United Kingdom). This system uses backscatter detection, i.e. the scattered light is collected at 173°. To obtain the size distribution, the measured autocorrelation functions were analyzed using the CONTIN algorithm (Provencher, 1982). Decay times are used to determine the distribution of the diffusion coefficients D0 of the particles, which in turn can be converted in a distribution of apparent hydrodynamic diameter, Dh, using the Stokes-Einstein relationship Dh = kBT/3πηD0, where kB is the Boltzmann constant, T the absolute temperature and η the solvent viscosity (Berne and Pecora, 1976). The values of the radii shown in this work correspond to the average values on several measurements and are obtained from intensity weighted distributions (Provencher, 1982; De Vos et al., 1996). The thermal protocol used for both OMVs, MVs and bacteria in DLS measurements consists of an ascending ramp from 10 to 45°C with temperature step of 1°C. At each step, samples were left to thermalize at the target temperature for few minutes. In particular, for samples grown at 37, 27, and 20°C the thermalization times were 360, 720, and 1080 s, respectively.

For the turbidimetric determination of vesicles’ membranes thermotropic behavior, we measured the mean count rate of scattered photons (i.e. the time-averaged intensity of the scattered light), I, versus temperature, T, and fitted the data to a Boltzmann sigmoidal curve:
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where the fitting parameters are I0 and I1, the minimum and maximum intensity, respectively, the transition temperature T0 and the so called ‘slope’ ΔT that describes the steepness of the curve. ΔT roughly measures the transition width.



Small Angle X-ray Scattering

Small Angle X-ray Scattering (SAXS) experiments were performed at the Austrian SAXS beamline of the Elettra Synchrotron in Trieste, Italy (Amenitsch et al., 1995). SAXS images were recorded with a 2D pixel detector Pilatus3 1M spanning the Q-range between 0.1 and 6 nm–1, with Q = 4πsin(2Θ)/λ, where 2Θ is the scattering angle and λ = 0.0995 nm the X-ray wavelength. The image conversion to one-dimensional SAXS pattern was performed with FIT2D (Hammersley, 2004). Detector calibration was performed with silver behenate powder (d-spacing = 0.05838 nm). Samples were held in a 1 mm glass capillary (Hilgenberg, Malsfeld, Germany). Experiments were carried out between 10 and 45°C, by using the same heating rate already adopted in DLS experiments. Each measurement was performed for 1 s and followed by a dead time of at least 10 s in order to avoid radiation damage. We obtained a set of SAXS curves resulting from the average of several overlapping SAXS spectra obtained at about the same temperature (±1°C), in order to analyze data with an improved signal-to-noise ratio. SAXS data were fitted according to a core-shell model (Berndt et al., 2005) by GENFIT software (Spinozzi et al., 2014), and taking into account the vesicles polydispersion, in agreement with the DLS results. The fitting parameters are OMVs radius R and thickness d, as well as the electron densities of the core and of the shell, ρi and ρe, respectively.



Transmission Electron Microscopy

Transmission electron microscopy (TEM) was used for the morphological characterization of OMVs and MVs. TEM images were performed at Department of Occupational and Environmental Medicine, Epidemiology and Hygiene of INAIL-Research in Rome. Samples for TEM measurements were prepared at room temperature by depositing 20 μl of vesicles suspensions on a 300-mesh copper grid for electron microscopy covered by a thin amorphous carbon film. A negative staining was realized by addition of 10 μl of 2% aqueous phosphotungstic acid (PTA) solution (pH-adjusted to 7.3 using 1 N NaOH). Measurements were carried out by using a FEI TECNAI 12 G2 Twin (FEI Company, Hillsboro, OR, United States), operating at 120 kV and equipped with an electron energy loss filter (Biofilter, Gatan Inc., Pleasanton, CA, United States) and a slow-scan charge-coupled device camera (794 IF, Gatan Inc., Pleasanton, CA, United States).



Scattering Cross Section Simulations

To better understand the behavior of phase transitions in OMVs and bacteria, Mie scattering simulations were performed using the MiePlot 4.6 simulator by Laven (2003). This simulator allows to calculate the scattered intensity as a function of scattering angle for inhomogeneous spheres where the refractive index is a function of the radius. For simplicity sake, both OMVs and bacteria were described as multiple-shelled spheres. In all calculations, we assumed a wavelength of 633 nm for the incident light and a scattering angle of 173°. For the refractive index of the aqueous core (of both vesicles and bacteria) we used the value ncytoplasm = 1.367 according to the literature (Marquis, 1973; Choi et al., 2007), whereas for the bacterial cell wall we used ncellwall = 1.455 (Marquis, 1973). Finally, we assumed that the dependence of the refractive index as a function of the temperature of the lipid membrane (for vesicles and bacteria) was described by a Boltzmann sigmoidal curve (Eq. 1).



RESULTS AND DISCUSSION


Isolation of OMVs and MVs

The overall workflow followed for the isolation of bacterial extracellular vesicles comprehensive of the quality control steps has been depicted in Supplementary Figure S1. Briefly, to have an enriched solution of bacterial vesicles, we started from a large amount of culture medium that has been first centrifuged and filtered to remove bacteria. Then the tangential flow ultrafiltration procedure allowed us to concentrate the sample up to 100 times and reduce the operating time compared to traditional ultrafiltration techniques. The ultrafiltered solution undergone ultracentrifugation to obtain a transparent pellet of bacterial vesicles that after a washing step afforded a very clean sample without residual proteins contaminants. Our extraction and purification protocol allowed us to obtain pure and concentrated samples of OMVs from cultures of E. coli grown at three different temperatures (i.e. 20, 27, and 37°C). In fact, following the procedure reported in this work, we were able to reach a concentration of ∼0.5 mg/ml of proteins (measured by BCA assay) for OMV samples obtained after culturing bacteria at 37°C, ∼0.2 mg/ml for OMVs obtained at 27°C, and ∼0.1 mg/ml for OMVs obtained at 20°C. Similar procedures were adopted for the isolation of MVs from LGG.



Morphological Characterization

Dynamic Light Scattering intensity weighed distribution (Figure 1) and TEM analysis of OMVs from E. coli grown at 37°C (inset of Figure 1) revealed that vesicles have a spherical shape with a mean hydrodynamic diameter of 48 ± 3 nm (FWHM = 24 ± 2 nm). Notably, the DLS analysis revealed that the vesicle size decreases as the growth temperature is lowered (Table 1). OMVs grown at 27 and 20°C have a mean diameter of 37 ± 4 nm (FWHM = 32 ± 2 nm) and 24 ± 2 nm (FWHM = 20 ± 3 nm), respectively. Typical TEM images and DLS intensity weighed distributions for vesicles growth at 27 and 20°C are reported in Supplementary Figure S2.


[image: image]

FIGURE 1. (A) Dynamic Light Scattering intensity-weighed distribution of vesicles by E. coli grown at 37°C. (B) Transmission Electron Microscopy image of vesicles by E. coli grown at 37°C obtained without negative staining. In the inset is shown a detail of a TEM image obtained with negative staining.



TABLE 1. Mean hydrodynamic diameter and Full Width Half Maximum (FWHM) of DLS intensity weighed size distribution obtained by CONTIN analysis of correlation function measured at 23°C of OMVs by Escherichia coli growth at different temperature; reported errors are the standard deviation of three measurements.

[image: Table 1]It is known that E. coli can undergo remarkable modifications (i.e. conformational and/or compositional changes of the lipid components) of the outer membrane as a function of the different environmental conditions such as the growth temperature. Therefore, to investigate if the size reduction of OMVs as a function of the growing temperature could be related to a different conformational state of the lipids that form the vesicle itself or their remodeling within the bilayer, we performed turbidimetric measurements on OMV samples extracted from bacteria grown at the same temperatures.



Turbidimetric Experiments

The intensity of light scattered at a fixed angle by the particles in a suspension depends on their size, geometry and optical properties (structure and refractive index of the components). In particular, the refractive index of a lipid bilayer depends on the conformational state of the lipids and on their ordering in the bilayer. Hence, by measuring the time-averaged intensity of scattered light as a function of the temperature, the instrument allowed us to determine the thermotropic lipid phase transitions (with characteristic transition temperatures Tc), related to the lipid organization and their remodeling within the bilayer (Michel et al., 2006; Aleandri et al., 2012). We used the term “turbidimetric measurements” for this unconventional way of using a light scattering apparatus although this term is not strictly appropriate, since in the present case to reveal possible changes in the refractive index of the lipid membranes as a function of temperature, the scattered light and not the transmitted light, as in conventional turbidimetric measurements, is monitored. Turbidimetric measurements were performed in the temperature range 10–45°C on OMVs samples and on bacteria grown at 37, 27, and 20°C.


Characterization of OMVs Extracted From E. coli Cultured at 37°C

In Figure 2 the results obtained from turbidimetric measurements for vesicles (Figure 2A) and E. coli (Figure 2B) (as comparison) grown at 37°C have been reported. As far as the vesicles are concerned, the mean scattering intensity (Figure 2A, upper panel) decreased significantly (about 25%) when the temperature was increased. We determined a transition temperature by fitting a Boltzmann sigmoidal curve [Eqn. 1] to the experimental data (red line in Figure 2A, upper panel). The fitting procedure provided a transition temperature of 32 ± 2°C, where the uncertainty is the fitted slope ΔT.
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FIGURE 2. (A) Mean scattering intensity (upper panel) and hydrodynamic diameter (lower panel) resulting from DLS measurements at increasing temperatures between 10°C and 45°C of vesicles grown at 37°C; solid lines results from Boltzmann fit and linear fit respectively while the dashed line highlights the transition temperature. (B) Mean scattering intensity of a DLS measurement at increasing temperatures between 10°C and 35°C of E. coli bacteria grown at 37°C. Inset shows the mean scattering intensity up to 45°C (above 35°C the bacteria start to grow).


The observed change of the scattered intensity could be ascribed to different factors (Berne and Pecora, 1976) (i.e. to a decrease of the concentration and/or the size of the suspended particles) or to a variation of vesicles refractive index (Michel et al., 2006). However, we did not observe any phase separation (flocculation or precipitation of the particles) and the hydrodynamic diameter of the particles determined by DLS (lower panel of Figure 2A) did not show any appreciable dependence on temperature. Hence, we ascribed the observed decrease of the scattered intensity to a change of the refractive index of the particles, likely due to a phase transition of the membrane lipid bilayer or, more in general, to a structural reorganization of the membrane (Berne and Pecora, 1976). Figure 2B shows the results obtained from a suspension of E. coli. Again, also with bacteria a rather steep variation of the scattered intensity was observed within the same temperature range observed in the case of OMVs suggesting the occurrence of a similar membrane transition. However, in the case of E. coli the scattered intensity increased, whereas in the case of OMVs decreased. Although the scattered intensity measurements were unreliable above 35°C (owing to the proliferation of bacteria that altered the optical properties of the suspension), a transition temperature of 30 ± 3°C was obtained (Figure 2B). We attributed the opposite behavior of the scattered intensity to the different structures of the bacteria cell wall and, as a consequence, of the OMVs membrane.



Characterization of OMVs Extracted From E. coli Cultured at 27°C and 20°C

Similar results were obtained also for samples grown at 27 and 20°C. At these growth temperatures, OMVs were smaller (diameters were 37 ± 4 and 24 ± 2 nm, respectively, compared to 48 ± 3 nm at 37°C) and their concentration was found to be systematically lower than that obtained for the samples grown at 37°C. As a consequence, also the mean scattering intensity was significantly lower. Nevertheless, also in these conditions the trend of the registered data points suggested the presence of a phase transition. In Figure 3 we compared the scattering intensity of vesicles (Figure 3A) and bacteria (Figure 3B) grown at different temperatures. For each sample we reported the normalized scattering intensity, the fitting curve (solid line) and the value of the fitted transition temperature. All the samples analyzed shown a similar behavior in terms of phase transitions. Interestingly, for both OMVs and bacteria a strong correlation between the growth temperature at which E. coli was cultured and the transition temperature of the membrane was found (Figure 4).


[image: image]

FIGURE 3. Normalized scattering intensity as a function of temperature: comparison between membrane phase transitions of OMVs (A) and E. coli bacteria (B) grown at 37°C, 27°C and 20°C; vertical dashed lines highlights the transition temperatures.
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FIGURE 4. Comparison between phase transitions temperature of OMVs and E. coli bacteria grown at 37, 27, and 20°C; the error bars represent the transition widths whereas the blue ovals are guide to eyes that highlight the clear separation between transitions from different membranes.


From previous E. coli studies, we know that by reducing the temperature of the growth medium the content of unsaturated lipids, which confer a higher flexibility to the membrane, increases consequently. Moreover, bacteria membranes show thermotropic phase transitions whose characteristic transition temperature depends on the lipid composition (Trauble and Overath, 1973) which in turn is related to the growth temperature (Morein et al., 1996). It is reasonable to think that OMVs, that originate from the bacterial outer membrane, may have a similar composition and similar thermotropic behaviors.



Simulations of Bacteria and OMVs Scattering Cross Section

To better understand the different optical response observed for vesicles and bacteria, we calculated the scattering cross section of different structures simulating vesicles and bacteria by using the Mie theory (Laven, 2003). Vesicles and bacteria have been represented and modeled as shown in Figure 5. In particular, OMVs have been modeled as a single-shelled sphere, where the core is the cytoplasm (assumed homogeneous) and the shell represents the lipid membrane, whereas in the case of E. coli also a second (internal) shell is added, which represents the cell wall, mainly composed of peptidoglycans. To take into account the thermotropic behavior and evaluate the refractive index n(T) of the lipid bilayer, we assumed the Boltzmann function dependence on the temperature (see Eqn. 1) with the T0 and ΔT values determined from experimental turbidimetric measurements. We also imposed the ratio of the asymptotic values of the refractive index (n0/n1) equal to the ratio of the measured intensities (I0/I1). Finally, we constrained the Boltzmann curve to assume the value of 1.44 at T = 23°C according to the literature (White et al., 2000).
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FIGURE 5. Outer membrane vesicle and E. coli models representing core and shell structures of different densities (as for SAXS analysis) or different refractive index (scattering intensity simulations).


The results of the calculations obtained using MiePlot 4.6 simulator were reported in Figure 6. In particular, Figure 6A showed the transitions of OMV models, whereas Figure 6B the corresponding curves calculated for the E. coli models. Notably, the simulations clearly confirmed not only the temperature-dependent transition trend but also the opposite scattering intensity behavior of OMVs and bacteria, as we previously observed experimentally. Simulations gave us the possibility to identify the reason behind the transition differences observed in the case of OMVs and bacteria and ascribe this behavior to the presence of a second ‘layer’ beneath the outer membrane (the cell wall comprising the peptidoglycan layer) with a fixed refractive index. In fact, this is the only difference between these two models (at least from the optical point of view).


[image: image]

FIGURE 6. Normalized scattered intensity as a function of the temperature: comparison between simulated membrane phase transitions of OMVs (A) and E. coli bacteria (B) grown at 37, 27, and 20°C.


This strongly support the concept the trend of the transition temperature may represent a characteristic “fingerprint” of OMVs and this behavior could be employed as a characteristic “marker” to distinguish vesicles from the bacteria that originated them.



Small Angle X-ray Scattering Experiments

To investigate in more details the effects of the temperature on OMVs structure we performed SAXS experiments. Due to the low concentration of vesicles obtained at 27 and 20°C, we performed these measurements only on vesicles grown at 37°C. We reported SAXS patterns in Figure 7A. The overall SAXS pattern, which is typical of shelled spheres, did not change significantly when the temperature increased. These data confirmed that OMVs size did not vary in the temperature range investigated and no membrane damages were reported. However, the smooth peak centered at Q ≈ 1 nm–1 (inset of Figure 7A) is related to the thickness of the membrane and has been already detected by SAXS on Alix-positive exosome-like small extracellular vesicles (Romancino et al., 2018). This peak significantly changed the shape and moved toward higher Q values at increasing temperatures, although this variation was modest. In order to better understand the significance of this peak position shift, SAXS curves were analyzed considering the simplified model of OMVs reported in Figure 5. Although OMVs membrane contain a mixture of different lipids (i.e. sterols, polyisoprenoids, etc.) (Bramkamp and Lopez, 2015) and proteins, this simple model appeared to be able to reproduce reasonably our SAXS data. The thickness as a function of temperature obtained from the fitting procedure was reported in Figure 7B. The radius and the electron densities as a function of temperature were reported in the Supplementary Figure S3. The thickness of the OMVs membrane changed significantly as the temperature increased, whereas vesicles size was not affected by temperature, remained intact in this temperature range as indicated by the core electron density as well as the shell’s one that remained constant. These findings suggested that temperature was able to induce a general rearrangement of the membrane structural motifs and that these motifs are linked to the reorganization of the lipid membrane and/or to the conformational changes of its components.


[image: image]

FIGURE 7. (A) SAXS spectra of vesicles maintained at temperatures between 10 and 45°C as in the legend. (B) Vesicles bilayer thickness as resulting from SAXS data fitting procedure, as a function of temperature.




OMVs Have a Distinct Phase Transition Behavior Compared to Other MVs

In order to assess the feasibility of using the phase transition profile to discriminate extracellular vesicles coming from different bacteria (i.e. Gram-negative and Gram-positive bacteria) and potentially use this information for diagnostic purposes in the microbiology field, we decided to measure the phase transition properties of MVs from the Gram-positive LGG comparing the results with those obtained with OMVs from the Gram-negative E. coli.

In this specific case, we studied only the phase transition of MVs from LGG by turbidimetric measurements as this technique is easy to reproduce, does not require expensive equipment, is cheap and also relatively fast. All of these characteristics are highly desirable when thinking to techniques for diagnostics applications.

In Figure 8 we reported the results of the scattering intensity measurements in the temperature range between 10 and 45°C. By examining the profile of MVs from LGG, we observed the presence of multiple transitions, two of them at a T < 35°C and another one likely around 37°C. DLS analysis confirmed that the diameter was 88 ± 4 nm (FWHM = 110 ± 10 nm) and remained constant (as shown in Supplementary Figure S4) throughout all the temperature range. Similarly to what observed for OMVs, flocculation or precipitation of MVs did not occur, confirming that the transitions are related only to membrane modifications.


[image: image]

FIGURE 8. Mean scattered intensity of a DLS measurement of MVs by Lactobacillus rhamnosus LGG grown at 37°C monitored at temperatures between 10 and 45°C.


The intensity data were fitted with a double Boltzmann function in the region at T < 35°C, providing two transition temperatures of 16 ± 2 and 28 ± 3°C. Interestingly, the scattering profile of MVs was completely different than that of OMVs, suggesting that MVs and OMVs have a different lipid composition of the membrane, although these results have been obtained studying vesicles originating only from one Gram positive and one Gram negative bacteria.



CONCLUSION

In this work, the thermotropic behavior of OMVs and bacteria grown at different temperatures have been studied. The analysis of mean scattering intensity as a function of the temperature has shown the presence of peculiar membrane phase transitions characteristic of both OMVs and bacteria. In particular, the transition temperature that we measured allowed to discriminate not only vesicles of different composition (i.e. OMVs and MVs) but also to correlate them to bacteria that originated them and to their culture conditions (i.e. temperature).

The results we obtained have shown that it is possible to distinguish vesicles coming from a gram-positive (i.e. E. coli) and a gram-negative bacteria (i.e. L. rhamnosus) by simply studying the phase transitions of their membranes. Although the protein and lipid composition of bacteria tend to change during the culture (i.e. “ageing”), these differences seemed not to interfere in the measurements and did not prevent us to obtain statistically significant differences between OMVs and MVs.

In a close future, by further improving this technique, it could be even possible to perform microbiological analysis by discriminating different bacteria in complex mixtures or matrices (i.e. biological fluids, stool, blood, tissues, etc.). Once implemented and validated on a higher number of samples (i.e. vesicles originating from different Gram negative and Gram positive bacteria), this technique could be also employed in fields such as oncology, for example to discriminate human exosomes originating from tumors from that produced by normal cells and help clinicians to diagnose different form of tumors.
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Bacterial membrane vesicles are proteoliposomal nanoparticles produced by both Gram-negative and Gram-positive bacteria. As they originate from the outer surface of the bacteria, their composition and content is generally similar to the parent bacterium’s membrane and cytoplasm. However, there is ample evidence that preferential packaging of proteins, metabolites, and toxins into vesicles does occur. Incorporation into vesicles imparts a number of benefits to the cargo, including protection from degradation by other bacteria, the host organism, or environmental factors, maintenance of a favorable microenvironment for enzymatic activity, and increased potential for long-distance movement. This enables vesicles to serve specialized functions tailored to changing or challenging environments, particularly in regard to microbial community interactions including quorum sensing, biofilm formation, antibiotic resistance, antimicrobial peptide expression and deployment, and nutrient acquisition. Additionally, based on their contents, vesicles play crucial roles in host-microbe interactions as carriers of virulence factors and other modulators of host cell function. Here, we discuss recent advances in our understanding of how vesicles function as signals both within microbial communities and between pathogenic or commensal microbes and their mammalian hosts. We also highlight a few areas that are currently ripe for additional research, including the mechanisms of selective cargo packaging into membrane vesicles and of cargo processing once it enters mammalian host cells, the function of vesicles in transfer of nucleic acids among bacteria, and the possibility of engineering commensal bacteria to deliver cargo of interest to mammalian hosts in a controlled manner.
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INTRODUCTION

At both the macro and micro level, life on this planet revolves around complex interactions between individuals, their neighbors, and their environment. At the macro scale researchers study nations, populations, and even communities of humans and animals alike. As we focus in, doctors and scientists examine biological systems, organs, tissues, and individual cells of species to examine how these complex units cooperatively function within a single creature. At an even smaller scale, we can see how these cells and microbes interact both within species and between species to survive in environments that are based on fluctuating models of competition and cooperation. To maintain these balances, cells transmit and receive chemical signals that modulate gene expression and cellular function, transfer biomolecules and metabolites that improve community persistence and viability, and also activate defense strategies that serve to control species competing for the same valuable resources. Many of these biological signaling pathways occur through the cellular synthesis and release of biomolecules into the environment, however, this simplicity is not applicable to all biological systems. Often biomolecules are insoluble, labile, or require specific targeting mechanisms in order to ensure proper transmittance of the signal. In these situations, cells are often able to encapsulate target biomolecules within small proteoliposomes that are loaded and released from the outermost membrane of the parental organism.

Whether stemming from prokaryotes, eukaryotes, or Archaea, most cells studied to date shed portions of their outermost membrane that are loaded with biomolecules. Interestingly, the mechanisms driving vesicle production and release share a number of features across the three domains, underscoring their importance to biological processes (reviewed in Deatherage and Cookson, 2012). Bacterial membrane vesicles, which will be the focus of this review, are referred to as outer membrane vesicles (OMVs) or membrane vesicles (MVs) largely depending upon whether they originate from Gram-negative or Gram-positive bacteria, respectively. Hereafter the term “MVs” will be used to refer to both types of vesicles together or to vesicles specifically from Gram-positive species, while “OMV” will refer specifically to vesicles from Gram-negative bacteria which possess an outer membrane. Bacterial MVs typically range from 25 to 250 nm in diameter and are comprised of and contain within their lumen the proteins, lipids, nucleic acids, and other biomolecules of the parental bacterium (Figure 1; Schwechheimer et al., 2013; Schwechheimer and Kuehn, 2015; Jan, 2017). Once viewed as nothing more than cellular debris or products of membrane rejuvenation, over the past several decades researchers have shown that these biological nanoparticles have a much greater role in cellular function and community interactions. In the subsequent sections, this review will highlight recent discoveries and the understanding they have fostered in the role of bacterial membrane vesicles in microbe-microbe interaction and in interactions between microbial species and the hosts in which they reside (summarized in Table 1).


TABLE 1. Membrane vesicle functions in microbe-microbe and microbe-host interactions.
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FIGURE 1. Formation of Gram-negative OMVs. Nascent OMVs form as a constriction of the outermost membrane leading to a blebbing structure that contain both membrane and periplasmic proteins that are encapsulated as cargo. Reproduced with permission from Jan (2017).




SECTION 1: MVS AS MEDIATORS OF MICROBIAL COMMUNITY INTERACTIONS

The bulk of research on MV biology has focused on their function in pathogenesis; however, important roles for MVs in microbial community interactions have also been identified and will be described in detail below. Packaging of cargo into MVs allows them to serve specialized functions under changing or challenging environmental conditions including quorum sensing (QS), biofilm formation, nutrient acquisition, antibiotic resistance, and competition with or defense against other microbes. There is evidence that vesiculation is not just a passive process, but rather functions as a controlled mechanism for secretion of cell or envelope components (Schwechheimer et al., 2013; Volgers et al., 2018). For example, the outer membrane protein OmpA is required for maintaining the link between the bacterial outer membrane and peptidoglycan in Gram-negative bacteria, and lower levels of OmpA are correlated with reduced membrane stability and increased vesiculation (Sonntag et al., 1978; Clavel et al., 1998). In Vibrio cholerae, the small RNA vrrA is upregulated under conditions inducing membrane stress and represses translation of OmpA mRNA. This leads to increased OMV release (inversely correlated with OmpA protein levels) (Song et al., 2008). While the specific mechanisms involved have not yet been fully detailed, packaging of cargo into vesicles appears to occur as both a bulk-flow process as the amount of a specific cargo in the periplasm increases, as well as by preferential packaging method(s). The latter has been shown to be the case for misfolded proteins as a way to selectively eliminate potentially toxic material under stressful conditions (McBroom and Kuehn, 2007). Additionally, selective export of cargo under specific conditions and for specific functions outside the cell has also been demonstrated, and will be discussed in the below sections as it pertains to community interactions among microbes.


MV Functions in QS and Biofilm Formation

Membrane vesicles play important roles in the dispersal of QS signals, which allow bacteria to communicate with each other and are an important driver of virulence for many pathogens. One of the major QS molecules of Pseudomonas aeruginosa, Pseudomonas quinolone signal (PQS), mediates numerous functions including generation of virulence factors, modulation of host immune responses, cytotoxicity against competing microbes, and iron acquisition (Lin et al., 2018). Due to its chemical composition, PQS is highly hydrophobic and thus is not likely to efficiently diffuse through the environment. Instead, it has been shown that about 86% of PQS is packaged into OMVs (Mashburn and Whiteley, 2005). Similarly, the hydrophobic QS molecules C16-HSL of Paracoccus denitrificans and CAI-1 of Vibrio harveyi are packaged into vesicles, which allows for stabilization, concentration, and dispersal through the environment (Toyofuku et al., 2017; Brameyer et al., 2018). QS mechanisms can also influence OMV production, as PQS is both necessary and sufficient for vesiculogenesis in P. aeruginosa and can even induce MV formation in other Gram-negative and even Gram-positive species such as E. coli, Burkholderia cepacia, and B. subtilis (Mashburn and Whiteley, 2005; Tashiro et al., 2010). The mechanism of OMV biogenesis has been studied in detail and a “bilayer-couple” model has been proposed in which interaction of PQS with the lipid A portion of lipopolysaccharide (LPS) found in the outer leaflet of the bacterial outer membrane causes expansion of the outer leaflet relative to the inner leaflet, resulting in membrane curvature and eventual pinching off of vesicles (Mashburn-Warren et al., 2008; Schertzer and Whiteley, 2012). Additional functions of QS signaling on MV biogenesis and content will be discussed in the later section on host-pathogen interactions.

Membrane vesicles are an important component of the biofilm matrix for bacterial species, including P. aeruginosa, Myxococcus xanthus, and Helicobacter pylori (Schooling and Beveridge, 2006; Palsdottir et al., 2009; Yonezawa et al., 2009). As bacterial biofilms are communities that may contain multiple different species, contributions to the biofilm matrix by one species may benefit other species as well and enhance the overall function of the biofilm for cooperation, nutrient acquisition, and enhanced survival (Flemming et al., 2016). In P. aeruginosa, quantitative and qualitative differences exist between planktonic- and biofilm-derived OMVs, and they possess proteolytic activity and antibiotic-binding abilities, indicating that they are involved in some of the functions attributed to biofilms (Schooling and Beveridge, 2006). Similar differences have been observed in size and size distribution of planktonic- vs. biofilm-derived MVs of the Gram-positive commensal Lactobacillus reuteri and this may indicate differences in function in relation to other members of the microbiome or to the human host (Grande et al., 2017). DNA also functions as a matrix component of biofilms of P. aeruginosa and is released specifically in late log-phase cultures in response to QS signals, and this appears to occur at least in part via lysis of DNA-containing OMVs (Allesen-Holm et al., 2006). In H. pylori, the strong biofilm-forming ability of strain TK1402 relative to other strains was highly correlated to its production of OMVs, and the addition of the OMV fraction of TK1402 could enhance biofilm formation in another strain (Figure 2; Yonezawa et al., 2009). OMVs from one organism may also facilitate adhesion of another organism in a biofilm; for example, OMVs of the oral pathogen Porphyromonas gingivalis could enhance aggregation and adhesion of multiple other oral microorganisms in dental plaque biofilms (Singh et al., 1989; Kamaguchi et al., 2003).
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FIGURE 2. Outer membrane vesicles in H. pylori biofilms. TEM micrograph shows the formation and release of OMVs (arrows) of H. pylori during the formation of a biofilm in a rich bacterial media. Reproduced with permission (Yonezawa et al., 2009).




MV Functions as “Public Goods” for Resource Acquisition

In a microbial community, there is the potential for MVs released by one cell to provide a benefit to other bacteria of the same or of different species. For example, polysaccharide metabolism plays an important role in the establishment and composition of the human intestinal microbiome (Koropatkin et al., 2012). Several species of the genus Bacteroides are present, each having different capacities for utilization of the various polysaccharides that reach the human colon intact (Elhenawy et al., 2014). This depends on genes termed polysaccharide utilization loci (PUL), which typically encode surface proteins that can bind, cleave, or import specific polysaccharides and their cleavage products, as well as proteins to further break down those products once inside the cell, and regulatory proteins (Rakoff-Nahoum et al., 2014). Proteomic analysis of OMVs versus the outer membrane (OM) of B. fragilis and B. thetaiotaomicron identified groups of proteins found exclusively in either the OMVs or the OM, with the OMV-specific proteomes particularly enriched in acidic lipoproteins with hydrolytic or carbohydrate-binding activities that are encoded by PULs (Elhenawy et al., 2014; Valguarnera et al., 2018). These OMVs are able to break down polysaccharides and the resulting products can be consumed by all present bacterial species, even those that did not produce the initial OMVs. This enrichment of PUL-encoded hydrolytic enzymes into OMVs suggests that a mechanism exists to selectively pack certain proteins into the OMVs for function outside the cell, rather than on the cell surface (Elhenawy et al., 2014). Thus, the glycoside hydrolases packaged into OMVs function as “public goods” that benefit the entire bacterial community (Rakoff-Nahoum et al., 2014).

In situations of shared nutrient utilization based on metabolic enzymes exported in MVs, it is not always clear whether the use of these MV-derived nutrients is purely exploitative by recipient cells or if they confer a reciprocal benefit to the MV producers. There is at least one known case of a dedicated cooperative feeding strategy based on OMVs, which occurs between Bacteroides ovatus and Bacteroides vulgatus, two species that are commonly found together at high densities in the human gut (Rakoff-Nahoum et al., 2014, 2016). B. ovatus produces and exports two PUL enzymes for digestion of the polysaccharide inulin inside OMVs, despite the fact that it preferentially imports inulin for intracellular breakdown and extracellular digestion of inulin is not required for optimal B. ovatus growth. Additionally, B. ovatus exports these enzymes at a cost to itself, as wild type bacteria grow more poorly under conditions inducing inulin hydrolase export than deletion mutants for the two PUL genes. In contrast to B. ovatus, B. vulgatus cannot utilize the inulin molecule itself but thrives on inulin breakdown products provided by B. ovatus OMVs. B. ovatus receives a reciprocal benefit in fitness from B. vulgatus through a mechanism that is currently unknown but may be due to B. vulgatus production of a growth-promoting factor or detoxification of inhibitory substances. This benefit is specific to the interaction between these two species, as B. ovatus does not have increased fitness when it is grown in co-culture with another member of the gut Bacteroides community, B. fragilis. Thus, OMVs provide a vehicle for a formal cooperative relationship between at least two species in the gut microbial community.

Membrane vesicles can also contribute to nutrient acquisition within a microbial community in other ways. They are vehicles for horizontal gene transfer of genes for metabolic enzymes, as is the case for cellulolytic Ruminococcus species in the gut rumen. Klieve et al. (2005) identified linear, double-stranded DNA in MVs of R. alba, and hypothesize that chromosomal DNA is specifically processed for packaging into MVs based on its small fragment size, the presence of repetitive DNA sequences that are possibly used for packaging, and its resistance to restriction digestion (perhaps due to modification such as methylation), which they suggest is indicative of DNA intended for export outside the cell. Vesicles from wild type R. alba could rescue mutants that are unable to degrade crystalline cellulose and this acquisition of cellulose degradation was heritable, indicating a function of the vesicles in horizontal gene transfer of cellulolytic genes. While cellulolytic bacteria were previously known to produce MVs containing cellulosomes, this report was the first to identify DNA associated with vesicles of R. alba, indicating a secondary role of MVs beyond direct cellulose degradation. Further examples of horizontal gene transfer via OMVs are discussed below.

There are multiple examples of MV function in the acquisition of iron, which is essential to bacterial growth but is often limited in the environment due to its poor solubility in water in the presence of oxygen and to active effects by host organisms to sequester it as an immune mechanism to slow pathogen proliferation. For example, Mycobacterium tuberculosis increases vesiculation under iron-limited conditions, and these MVs contain high amounts of mycobactin, an iron-chelating protein (siderophore) (Prados-Rosales et al., 2014). Mycobactin is a hydrophobic molecule that accumulates either within or in close proximity to the cell membrane and can then be efficiently incorporated into MVs. Once released into the environment, these MVs can scavenge available iron and then deliver it back to bacterial cells, whether that is the cells that originally produced the MVs or their neighbors. Sequestering mycobactin in MVs may serve a protective function, as in that state it is inaccessible to siderocalin, a siderophore-inhibiting factor released by macrophages during immune responses. MVs purified from cells grown in iron-limited medium can restore growth to mutant cells deficient in siderophore biosynthesis, indicating the potent iron-scavenging ability of these MVs as well as their nature as a community resource (Prados-Rosales et al., 2014). Similarly, the P. aeruginosa quorum sensing molecule PQS is primarily exported on the surface of OMVs and can bind Fe3+ in the environment (Figure 3; Mashburn and Whiteley, 2005; Lin et al., 2017). OMVs containing the PQS-Fe3+ complex are then recaptured by TseF, a type 6 secretion system (T6SS) – exported protein that binds PQS and bridges interaction with siderophore receptors on the cell surface (Lin et al., 2017). As with mycobactin, PQS is a hydrophobic molecule and OMVs provide a vehicle for protection and dispersal through the environment as well as a mechanism to traffic an essential element through a microbial population.
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FIGURE 3. Proposed model for OMV-mediated iron acquisition. Here it is proposed that a soluble protein, TseF, is exported and accumulates on the surface of OMVs containing the QS molecule PQS-Fe3+. The TseF protein interacts with cell-surface receptors to facilitate iron uptake into the cell, panel A. AS shown in panel B, mutants lacking the gene (blue) show a severe growth inhibition which can be recovered through supplementation with OMVs containing TseF protein (red). Reproduced with permission from Lin et al. (2017).


As a counterpoint to the evidence for MV function as public goods that benefit an entire bacterial community, there is also evidence that MV interaction with bacterial cells can be selective. OMVs derived from the enterobacterium Buttiauxella agrestis specifically interact with cells of the same or other Buttiauxella species, as opposed to with E. coli (Tashiro et al., 2017). This is hypothesized to be due to the particular physiochemical properties of cells and OMVs of these species, as Buttiauxella spp. have significantly lower zeta potential as compared to many other gram-negative bacteria (producing less electrostatic repulsion between cells and OMVs), as well as to an as-yet-unidentified cell surface protein that may facilitate a specific OMV-cell interaction (Tashiro et al., 2017). Further examination of this specificity in MV-cell interaction could lead to strategies for directed MV-based delivery of cargo to target bacterial cells for biotechnological purposes.



MV Functions in Microbial Defense

Membrane vesicles can also provide protective function to a microbial community against harmful substances such as reactive oxygen species, antibiotics, antimicrobial peptides, and phage. In many cases, this again occurs through MVs functioning as “public goods” as described in the above section. For example, in H. pylori, OMVs are deployed as a protective mechanism against reactive oxygen species released from host immune cells (Figure 4). OMVs of multiple strains are selectively enriched in the catalase KatA as compared to the bacterial outer membrane, and these OMVs display greater activity for H2O2 hydrolysis than whole cell lysates, which serves to protect the surrounding bacteria from oxidative damage (Lekmeechai et al., 2018). Similarly, strains of Acinetobacter baumannii that are resistant to the antibiotic carbapenem selectively release the carbapenem-hydrolyzing enzyme OXA-58 in OMVs, which serves to shelter both the producing strains as well as coexisting carbapenem-susceptible bacteria (Liao et al., 2015). Release of β-lactamases in MVs has been demonstrated for several other species and these MVs have protective effects on other bacteria that may coinhabit their respective communities, including P. aeruginosa, Moraxella catarrhalis (protects Streptococcus pneumoniae and Haemophilus influenzae), Staphylococcus aureus (protects E. coli, Salmonella enterica, and other Staphylococcus strains), and several Bacteroides species (protect Salmonella typhimurium and the commensal Bifidobacterium breve) (Ciofu et al., 2000; Schaar et al., 2011; Lee et al., 2013; Stentz et al., 2014). This effect is not just limited to β-lactamases, as E. coli OMVs provide resistance to both the producer E. coli strain and to P. aeruginosa and Acinetobacter radioresistens to the antimicrobial peptide melittin, and this is hypothesized to be due to the presence of membrane-bound proteases on the surface of the OMVs that degrade melittin in the environment (Kulkarni et al., 2015).


[image: image]

FIGURE 4. Outer membrane vesicle-mediated protection from environmental stresses. H. pylori and other bacterial species often load enzymes capable of degrading reactive oxygen species such as hydrogen peroxide and other environmental compounds. Lekmeechai et al. (2018) showed that OMVs of wild-type H. pylori (which contain the catalase KatA) could protect H. pylori mutants lacking KatA from the bactericidal effects of H2O2, while OMVs from katA mutants or heat-inactivated OMVs could not. Data is shown as mean ± SD count of colony forming units (CFU); n = 3, *p < 0.05, **p < 0.01. Reproduced with permission from Lekmeechai et al. (2018).


In addition to carrying enzymes for benefit of the microbial community, MVs can also serve as vehicles for horizontal gene transfer. A. baumannii has been shown to package DNA encoding multiple β-lactamase genes into OMVs, which allows both intra- and interspecies transfer (to E. coli) of resistance (Rumbo et al., 2011; Chatterjee et al., 2017). Similarly, transfer of a penicillin resistance gene has been demonstrated in Neisseria gonorrhoeae OMVs (Dorward et al., 1989). Yaron et al. (2000) studied the transfer of genetic material in E. coli OMVs in detail, and found that virulent E. coli O157:H7 packages DNA in the form of both linear chromosomal DNA and circular plasmids. This DNA could then be transferred via OMVs to a non-virulent E. coli strain, resulting in antibiotic resistance and increased virulence (Yaron et al., 2000). Transfer of other genes besides those for antibiotic resistance has also been demonstrated, including virulence genes encoding intimin (required for attachment of bacteria to host epithelial cells) and shiga toxin in E. coli OMVs (Kolling and Matthews, 1999). There may be a mechanism for selective packaging of particular DNA sequences into vesicles, as DNA found in P. aeruginosa OMVs is enriched in genes involved in particular biological functions including antibiotic resistance, survival under stress conditions, metabolism, and membrane synthesis (Bitto et al., 2017).

In the above examples, MVs provide a protective effect based on cargo that is specifically packaged inside them. In other cases, protection conferred by MVs is due to their ability to act as “decoys” for harmful substances, especially membrane-active antibiotics. Multiple strains of E. coli (a clinical enterotoxigenic isolate or the laboratory strain K12) increase vesiculation when exposed to the antimicrobial peptides (AMP) polymyxin B and colistin, which exert their effects by forming pores in the bacterial outer membrane. The addition of purified OMVs of either of these strains to cultures at the same time as AMP treatment results in increased bacterial survival, due to their similarity to the native bacterial outer membrane and ability to interact with the AMPs and titrate them out of the environment (Manning and Kuehn, 2011). Similar results were observed by Roszkowiak et al. (2019), who demonstrated that OMVs produced by the bacterial pathogen M. catarrhalis could provide passive protection against polymyxin B to H. influenza, P. aeruginosa, and A. baumannii, as well as the fungal pathogen Candida albicans. As polymyxin B can also be a potent antifungal treatment when it is administered with fluconazole, this finding may have important implications when it comes to treating fungal infections at sites where bacterial biofilms may also be involved. OMVs also provide resistance to T4 bacteriophage, again by serving as decoys and binding to the phage before they can reach and infect the bacterial cells (Manning and Kuehn, 2011). Similarly, biofilms of P. gingivalis are known to persist after treatment with the antiseptic chlorhexidine, and this is likely due to the fact that LPS found in P. gingivalis OMVs can bind to chlorhexidine (Grenier et al., 1995; Yamaguchi et al., 2013). As this protective effect would extend to all bacterial species present in a biofilm, this contributes to the role of P. gingivalis as one of the keystone species of chronic periodontitis.



MV Functions in Antagonistic Interactions Between Microbes

While the above examples describe situations where MVs provide benefits to other bacteria in the community, the opposite case also exists in which they can be used as weapons against other microbes. This has been well studied in the case of P. aeruginosa, which produces OMVs containing multiple virulence factors for killing host cells or other bacteria including proteases, hemolysin, phospholipase C, alkaline phosphatase, antibacterial quinolones, and murein hydrolases (Li et al., 1996; Mashburn and Whiteley, 2005; Tashiro et al., 2013). MVs from strains of Citrobacter, Enterobacter, Escherichia, Klebsiella, Morganella, Proteus, Pseudomonas, Salmonella, and Shigella have also been shown to lyse various Gram-positive and Gram-negative bacteria (Kadurugamuwa and Beveridge, 1996; Li et al., 1998). For Gram-positive bacteria, OMVs attach to the cell wall surface and release peptidoglycan hydrolases, which digest the peptidoglycan cell wall and lead to lysis (Kadurugamuwa and Beveridge, 1996; Kadurugamuwa et al., 1998). Against other Gram-negative bacteria, OMVs produced by Gram-negatives fuse with the outer membrane and release their contents into the host’s periplasm to cause lysis (Li et al., 1998).

In the predatory bacterium Myxococcus xanthus, OMVs may play a role in lysing prey cells. M. xanthus produces abundant OMVs that contain proteases, hydrolases, and secondary metabolites with antimicrobial activity (Evans et al., 2012; Berleman et al., 2014). Of the identified OMV cargo, alkaline phosphatase is almost exclusively associated with OMVs, suggesting that it is actively packaged, while other OMV cargo appears to be packaged passively as it is found at similar levels in OMVs and parent cells (Evans et al., 2012). These OMVs are thought to fuse with the outer membrane of prey organisms such as E. coli, as M. xanthus also secretes glyceraldehyde-3-phosphate dehydrogenase (GAPDH) which stimulates membrane fusion. Predation by M. xanthus occurs at the community level, as a population of cells secretes antimicrobial substances (free or in OMVs) into the environment, and the resulting lysis products of prey cells can be taken up by the population of predator cells (Marshall and Whitworth, 2019).

Two other species of myxobacteria, Cystobacter velatus Cbv34 and Sorangiineae species strain SBSr073, have also been shown to produce OMVs that contain antimicrobial factors that inhibit the growth of E. coli (Schulz et al., 2018). As myxobacteria are non-pathogenic soil bacteria, their OMVs are biocompatible and showed low endotoxin activity and low acute inflammatory properties when added to human intestinal epithelial cells. OMVs of Cbv34 inhibited E. coli growth as well as the established antibiotic gentamicin, making them a promising avenue for further study as a potential alternative to traditional antibiotics. Two bacteriocins produced by lactic acid bacteria, nisin and pediocin PA-1, are used in the food industry to inhibit bacterial contamination and are of interest for clinical antibacterial use; however, their transfer to clinical use has been impeded by the lack of a reliable delivery system (Arthur et al., 2014). As most Lactobacillus species are non-pathogenic, generally regarded as safe, and naturally found in the human microbiome; the possibility exists that MVs of these bacteria could be used for bacteriocin delivery for therapeutic purposes as an alternative to traditional antibiotics once they are further characterized.




SECTION 2: INTERACTION OF MVS WITH MAMMALIAN HOST CELLS

Due to the importance of MVs in pathogenesis, interaction, and communication between microorganisms and their hosts (mammalian and otherwise), a significant amount of work has been dedicated to understanding the function of MVs in these contexts. However, large gaps remain in our understanding of the mechanisms of cargo packaging into MVs, their uptake into host cells, and the ultimate function and fate of their contents after uptake. In this section, we will discuss our current understanding of how MVs function in both pathogenic and beneficial contexts, with emphasis on the mechanisms of cargo packaging and delivery into host cells. This topic has also been recently reviewed by other researchers and their work may be referred to for additional information (O’Donoghue and Krachler, 2016; Lynch and Alegado, 2017; Tsatsaronis et al., 2018; Cecil et al., 2019).


Membrane Vesicle Function in Pathogenesis

The capacity for MVs to carry and deliver virulence factors into host cells has made them the subject of extensive research in the context of a number of diseases. As they possess mucosal surfaces which serve as battlegrounds of interaction between pathogens and mammalian hosts, the lungs, oral cavity, and digestive tract and the pathogens associated with these tissues have seen the most study to date. Consequently, much of our understanding of the mechanisms of MV action comes from studies of pathogenic organisms including P. aeruginosa, P. gingivalis, Vibrio cholerae, H. pylori, and E. coli.

It has long been known that MVs of various pathogens serve as delivery vehicles for virulence factors and toxins to host cells. For example, OMVs of pathogens of the gastrointestinal tract have been shown to contain toxins that lead to cellular distension and lysis in the human intestinal epithelium, such as Shiga toxin and hemolysin (E. coli, Shigella dysenteriae), cytolethal distending toxin (E. coli, Campylobacter jejuni), and cholera toxin (V. cholerae) (Dutta et al., 2004; Lindmark et al., 2009; Chatterjee and Chaudhuri, 2011; Bielaszewska et al., 2013; Kunsmann et al., 2015). P. aeruginosa packages virulence factors including alkaline phosphatase, β-lactamase, hemolytic phospholipase C and CFTR inhibitory factor into its OMVs, which have varying functions including biofilm formation, degradation of host antimicrobial peptides, cytotoxicity, and inhibition of chloride secretion in the airways (Bomberger et al., 2009; Choi et al., 2011). Oral pathogens such as P. gingivalis and Treponema denticola secrete virulence factors such as gingipains and dentilisin in their OMVs, which can induce detachment or disrupt tight junctions of oral squamous epithelial cells, facilitating bacterial penetration (Rosen et al., 1995; Chi et al., 2003; Nakao et al., 2014). This list is by no means exhaustive, but gives an idea of the variety of pathogens that employ vesicles as delivery vehicles and the breadth of functions carried out by these virulence factors.

A subset of vesicle cargo contributing to pathogenesis that deserves special mention is that of nucleic acids packaged into MVs. Study of the presence and function of DNA and especially RNA in vesicles has accelerated in recent years and nucleic acids have been discovered in the vesicles of Gram-negative and Gram-positive bacteria, fungi, protists, and archaea (reviewed extensively in Tsatsaronis et al., 2018). As is the case for protein cargo, vesicles represent an ideal delivery mechanism for microbial RNAs as they can protect them from degradation by extracellular RNAses, serve as a vehicle for transport across distances within a host, and deliver them into host cells. Many of the identified nucleic acids packaged in MVs are small RNAs that derive from intergenic regions of the bacterial genome or from non-coding RNAs such as tRNA (Ghosal et al., 2015; Ho et al., 2015; Sjöström et al., 2015; Choi et al., 2017). It has been demonstrated that some of these RNAs can function similarly to miRNAs and direct silencing of target host genes. For example, P. aeruginosa packages an sRNA derived from tRNA coding for methionine (tRNA-Met) into OMVs, which then deliver it into lung cells. Once delivered, it modifies the host immune response by suppressing expression of MAP kinases and thus reducing OMV-induced IL-8 secretion in human bronchial epithelial cells and in the lungs of mice (Koeppen et al., 2016). This was the first example of trans-kingdom delivery of bacterial regulatory RNA via vesicles, and since then similar discoveries have been made of reduced cytokine production caused by regulatory sRNAs in OMVs of the periodontal pathogens Aggregatibacter actinomycetemcomitans, P. gingivalis, and Treponema denticola (Choi et al., 2017). Very recently, RNA carried in A. actinomycetemcomitans OMVs was additionally shown to activate the pro-inflammatory cytokine TNF-α via the TLR-8 and NF-κB signaling pathways in human macrophages (Choi et al., 2019). As periodontal pathogens are thought to contribute to neuroinflammatory diseases including Alzheimer’s disease and OMVs of these species can cross the blood-brain barrier, the possibility exists that pathogenic sRNAs may be behind some aspects of disease development (Choi et al., 2019). These advances in our understanding of the function of regulatory RNAs in vesicles are very recent, but highlight the need for more research in this area and further illustrate the breadth of functions carried out by MV cargo.



Cargo Packaging in MVs

As in the context of communication between different microbial species, there is ample evidence of differential packaging of cargo into MVs depending on the bacterial growth stage, environment within the host, and status of the microbial community. The following section will highlight various examples of differential OMV production and content to illustrate the variety of behaviors that have been identified. Importantly, evidence in this area has been gathered for various bacterial species on an individual basis, and whether or not any of these behaviors might be widespread and function in additional species is unknown. Additionally, the specific mechanisms underlying each of these cases are still unclear for the most part. Thus, the control processes behind how MV number and content is regulated represent a major area in which further research is needed.

Analysis of H. pylori OMVs revealed that the size and protein content is variable depending on the bacterial growth stage (Zavan et al., 2019). As growth progresses, OMVs increase in number, become less heterogeneous in size, and mediate a stronger pro-inflammatory response in human epithelial cells as measured by interleukin-8 (IL-8) production. As described by the authors, OMVs isolated from three different time points contained proteins that were not found in the parent bacteria, indicating that cargo proteins were selectively packaged into OMVs. Proteins involved in metabolic pathways, metabolism in diverse environments, and amino acid transport were more abundant in later-stage OMVs, while OMVs from earlier time points were more enriched in virulence factors including vacuolating cytotoxin autotransporter (VacA), urease, and cag pathogenicity island proteins (Zavan et al., 2019). This variation in OMV size and composition highlights the dynamic nature of OMVs and their potential flexibility as mediators of infection or of communication between organisms.

Outer membrane vesicle content can also be altered in response to environmental conditions. For example, C. jejuni is considered a commensal organism in avian hosts, but is pathogenic and causes bacterial gastroenteritis in humans. It was previously shown by proteomics analyses of cultures grown at 42°C (avian body temperature) vs. 37°C (human body temperature) that growth at 37°C results in increased expression of proteins involved in colonization (Zhang et al., 2009). Recently, proteomic analysis of the OMVs themselves identified numerous proteins with differential abundance between the two temperatures, with significantly higher amounts of proteins associated with virulence found in the OMVs from the 37°C culture (Taheri et al., 2019). Comparison between the OMV proteome and the previously published bacterial proteome indicates that the OMV proteome is significantly different from that of the parent cells, again suggesting that a mechanism exists for specifically loading proteins into the OMVs (Zhang et al., 2009; Taheri et al., 2019). Additionally, OMVs from 37°C cultures could induce greater inflammation in mouse bone marrow-derived macrophages as measured by IL-1β activation, supporting a role for temperature in influencing the cargo of C. jejuni OMVs and their role in infection (Taheri et al., 2019).

There is also evidence that QS plays a role in the regulation of the production and content of MVs, and this can assist in evasion of host immune responses. One avenue for innate immune response activation is through the detection of conserved pathogenic motifs called pathogen-associated molecular patterns (PAMPs) such as flagellin, LPS, or peptidoglycan by pattern recognition receptors (PRRs) either on the surface of cells such as the Toll-like Receptors (TLRs) or within cells such as the NOD-like receptors NOD1 and NOD2. NOD1 is highly expressed in intestinal epithelial cells, and specifically recognizes a particular moiety found in peptidoglycan of Gram-negative bacteria (Chamaillard et al., 2003). Peptidoglycan has been found in the OMVs of several pathogens including H. pylori, P. aeruginosa, and Neisseria gonorrhoeae and activates NOD1-dependent immune responses after these OMVs enter intestinal epithelial cells via lipid rafts (Kaparakis et al., 2010). In contrast, certain V. cholerae strains of the NOVC serogroups are able to attenuate the inflammatory potential of their OMVs by reducing peptidoglycan packaging into OMVs in a QS-dependent manner (Bielig et al., 2011a, b). At low cell densities, the virulence gene repressor HapR is inactive, which allows expression of virulence factors such as cholera toxin and genes involved in biofilm formation, and also prevents accumulation of peptidoglycan in OMVs. At high cell densities, HapR is stable and virulence genes are repressed, and peptidoglycan is found in OMVs. This repression of virulence factors at high cell densities has been proposed to help cells detach and find a new site of infection or a new host, as would be expected to occur at later stages of infection (Liu et al., 2008). NOVC serogroups of V. cholerae lack a number of important virulence factors but are still able to cause sporadic outbreaks, and this may be due in part to their ability to evade NOD1-dependent immune activation (Bielig et al., 2011b).

Aside from the QS effects on MV production described above, there is also evidence for other virulence factors driving OMV biogenesis and cargo sorting. The first virulence factor shown to be directly involved in the production of OMVs was HlyF, a plasmid-encoded protein carried by certain strains of pathogenic E. coli (Murase et al., 2015). Strains engineered to express HlyF produce more OMVs than the control strain in which the hlyF gene is disrupted, and these OMVs contain increased amounts of the virulence factors ClyA and CDT. Culture supernatants from HlyF-producing strains can induce autophagy in human cell lines, and expression of HlyF contributes to significantly increased virulence in a chicken model (Murase et al., 2015). The exact mechanism by which HlyF drives OMV biogenesis has not yet been determined, but its function was shown to be dependent on a putative catalytic domain indicative of proteins in the short-chain dehydrogenase/reductase (SDR) family (Kavanagh et al., 2008; Murase et al., 2015). SDRs constitute a large family of enzymes involved in lipid, amino acid, carbohydrate, and cofactor metabolism as well as redox sensor mechanisms, thus further work will be required to determine the specific function of HlyF in OMV production (Kavanagh et al., 2008).

Preferential packaging of outer membrane proteins into OMVs has also been shown for the human oral pathogen P. gingivalis. Virulence factors such as gingipains are enriched in OMVs, while other abundant outer membrane proteins that do not contribute to infection are excluded, along with periplasmic and cytoplasmic proteins (Haurat et al., 2011). Again, the exact mechanism by which this selective sorting of proteins occurs is not yet known, though it was shown to require the LPS variant containing the negatively charged O-antigen (A-LPS). Haurat et al. (2011) propose a mechanism by which the outer membrane is organized into patches of different LPS molecules sorted by polysaccharide composition or length. Outer membrane proteins are selectively recruited or excluded from those patches based on LPS content, and OMVs could then be produced from those regions that contain selectively packaged proteins (Haurat et al., 2011).

A fascinating example of controlled membrane vesicle production occurs in M. tuberculosis. It has coevolved with human hosts to elicit a balanced host immune response, which is enough to restrict pathogen growth but rarely, if ever, completely eliminates the bacteria. This allows it to persist in a latent state in up to one third of the human population, in which it sometimes activates a stronger adaptive immune response that contributes to tissue damage and subsequent transmission to other host individuals (Ernst, 2012; Rath et al., 2013). MVs of M. tuberculosis are abundant in factors that bind TLR2 receptors on host macrophages and trigger an immune response; thus, control of MV production is critical to maintaining a low profile. Rath et al. (2013) identified VirR, a membrane-associated protein that restricts vesiculogenesis via an as-yet undetermined mechanism. As MVs from bacteria lacking VirR are hyperinflammatory, this raises the possibility for development of improved vaccines from VirR mutant strains, either in the form of whole cells carrying virulence-attenuating mutations, or of an MV-based vaccine that would be a potent immunogen in non-replicative form (Rath et al., 2013).



Entry of MVs Into Host Cells

While there is abundant evidence that MVs can enter host cells and release their cargo to affect host cell physiology, the specific mechanisms underlying how MVs associate with and are taken up by host cells are still not fully understood. The following section will give a general overview of uptake pathways and then highlight some representative examples of MV entry into host cells to illustrate our current understanding of the processes involved and how some bacteria may exploit these processes to cause infection. In general, there are five different endocytic pathways by which MVs can be taken into non-phagocytic host cells: macropinocytosis, clathrin-mediated endocytosis, caveolin-mediated endocytosis, lipid raft-mediated endocytosis, and direct membrane fusion. Examples exist of MVs entering by each of these pathways (reviewed in Mulcahy et al., 2014; Anand and Chaudhuri, 2016; O’Donoghue and Krachler, 2016; Figure 5).
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FIGURE 5. Mechanisms of OMV entry into host cells. OMVs can enter by clathrin-mediated endocytosis, lipid-raft-mediated endocytosis that may or may not be dependent on caveolin, or by macropinocytosis or phagocytosis which are more general pathways for uptake of material from the environment. Reproduced with permission from Anand and Chaudhuri (2016).


Actin-dependent macropinocytosis is driven by the polymerization of an actin ring below the cell membrane, resulting in a circular ruffled protrusion that eventually closes at the top to envelop a portion of the extracellular space (Bloomfield and Kay, 2016). It generally functions in cellular feeding and in antigen sampling by immune cells, but can also be exploited by viruses such as HIV and Ebola, or bacteria including Salmonella and Listeria, to enter cells (Maréchal et al., 2001; Saeed et al., 2010; Rosales-Reyes et al., 2012; Czuczman et al., 2014). This mechanism produces the largest endocytic vesicle of the various pathways (> 1 μm) (Amano et al., 2010). There is some evidence supporting OMV uptake through this mechanism, as uptake of Pseudomonas OMVs was reduced when cells were treated with cytochalasin D or wiskostatin, which inhibit actin polymerization (Figure 6; Bomberger et al., 2009). An actin-dependent pinocytic process is also involved in the uptake of P. gingivalis OMVs (Furuta et al., 2009).
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FIGURE 6. Model for fusion of P. aeruginosa OMVs with airway epithelial cells. Virulence factors and Cif are packaged into OMVs released by P. aeruginosa. These OMVs fuse with host cells at lipid raft microdomains in the plasma membrane. Reproduced with permission from Bomberger et al. (2009).


Clathrin-mediated endocytosis can be triggered by a ligand binding to a cell surface receptor, and is followed by the formation of clathrin-coated pits which mature into vesicles (McMahon and Boucrot, 2011). Uptake via clathrin-mediated endocytosis can be tested for using chlorpromazine, which prevents formation of clathrin-coated pits, or with inhibitors of dynamin (such as dynasore), which is required for scission of the vesicle. Using these inhibitors, this pathway was shown to be a route of entry for a number of free virulence effectors including shiga toxin and cholera toxin, and for OMVs of several pathogens including H. pylori, Brucella abortus, A. actinomycetemcomitans, and multiple strains of E. coli (Sandvig and van Deurs, 2002; Pollak et al., 2012; Bielaszewska et al., 2013; Thay et al., 2014; Kunsmann et al., 2015; Vanaja et al., 2016).

Caveolin-mediated endocytosis involves membrane lipid raft domains that become enriched in caveolin protein, cholesterol, and sphingolipids, resulting in the formation of membrane invaginations called caveolae which are then internalized in a dynamin-dependent manner (Mulcahy et al., 2014). Endocytosis via the caveolin-mediated pathway is generally tested for using chemical inhibitors such as filipin or methyl−β cyclodextrin, which remove or disrupt cholesterol-rich membrane domains, or dynasore, which inhibits dynamin function to prevent internalization of vesicles. A number of bacterial species have been shown to use caveolin-mediated endocytosis as an alternate pathway to enter cells, including E. coli, C. jejuni, S. typhimurium, and P. aeruginosa, as well as a number of viruses (Machado et al., 2012). It has been suggested that this mechanism might be preferred by pathogens, as in contrast to clathrin-coated pits, bacteria internalized via caveolae are thought to avoid trafficking to lysosomes and subsequent degradation (O’Donoghue and Krachler, 2016). For example, E. coli, Chlamydia trachomatis, and Leishmania chagasi are able to avoid detection and persist within host cells when they enter through this pathway (Baorto et al., 1997; Norkin et al., 2001; Rodríguez et al., 2006). Entry by caveolin-mediated endocytosis has been shown for OMVs of some bacterial species, including H. influenzae, Moraxella catarrhalis, E. coli, and V. cholerae (Kesty et al., 2004; Chatterjee and Chaudhuri, 2011; Schaar et al., 2011; Sharpe et al., 2011). The specific interactions between bacterial ligands and host cell receptors that drive this internalization process have been identified in some cases; for example, cholera toxin produced by V. cholerae binds to the glycosphingolipid GM1 that is present in caveolin-enriched lipid rafts (Chatterjee and Chaudhuri, 2011). Similarly, enterotoxigenic E. coli vesicles containing the heat-labile enterotoxin LT1 also bind GM1 and are internalized via endocytic vesicles enriched in caveolin (Kesty et al., 2004). M. catarrhalis OMVs require interaction with the TLR2 receptor found within lipid rafts, though the specific bacterial ligand is not known (Schaar et al., 2011).

A fourth category of endocytic mechanism includes ones that do not depend on clathrin or caveolin but still utilize lipid rafts, which are membrane domains enriched in cholesterol and sphingolipids that are highly ordered and more rigid than the surrounding bilayer, and can accumulate signaling molecules (Mulcahy et al., 2014). Uptake via lipid rafts can be tested using filipin or methyl−β cyclodextrin to deplete cholesterol-rich domains in the membrane, though additional experiments are needed to distinguish between this mechanism and caveolin-mediated endocytosis, which also requires lipid rafts. OMVs from P. aeruginosa, P. gingivalis, Vibrio vulnificus, A. baumannii, C. jejuni, V. cholerae have all been shown to require lipid rafts for endocytosis using treatments with these inhibitors (Bauman and Kuehn, 2009; Furuta et al., 2009; Kim et al., 2010; Jin et al., 2011; Elmi et al., 2012; Mondal et al., 2016). Finally, OMVs are able to enter host cells through direct fusion with the host plasma membrane. This has been demonstrated for P. aeruginosa, A. actinomycetemcomitans, and L. monocytogenes using membrane-binding fluorescent dyes such as Rhodamine R-18, and appears to preferentially occur at lipid raft domains (Bomberger et al., 2009; Rompikuntal et al., 2012; Jäger et al., 2015).

It must be remembered that most of the chemical inhibitors of endocytic pathways have effects on more than one mechanism, thus it is often difficult to conclusively determine the pathway of uptake. Additionally, the mechanism of uptake of MVs for a given species may vary based on size and content – isolated MVs are heterogeneous in size and different sizes may enter more easily by different mechanisms, or particular lipid or protein cargo of the MVs might direct them to specific uptake pathways, as discussed in the following examples. The route of uptake has consequences for the delivery and eventual fate of the vesicle and its cargo, as will be discussed in the next section.

Some of the most extensive work to characterize uptake mechanisms for a given bacterial species has been done in H. pylori. Kaparakis et al. (2010) determined that H. pylori OMVs enter by a lipid raft-dependent mechanism, as disruption of lipid rafts with pharmacological inhibitors prevents OMV entry and OMV-triggered innate immune response in host cells. However, another study determined that entry of H. pylori OMVs is not dependent lipid rafts, but occurs via the clathrin-mediated pathway (Parker et al., 2010). Vesicles from a strain unable to produce the vacuolating cytotoxin VacA were more strongly affected by pharmacological inhibition of clathrin-dependent endocytosis, while OMVs containing VacA were shown to associate more strongly with host cells (potentially due to binding of VacA with cell surface components in lipid raft domains) and could still be internalized, though via an undetermined mechanism (Parker et al., 2010). Further work in this area by Olofsson et al. (2014) confirmed that uptake of H. pylori OMVs of a single strain occurs via both clathrin-dependent and clathrin-independent pathways. Membrane fluidity also appears to play a role in internalization, as uptake was reduced when membrane cholesterol was depleted, though not when it was sequestered to prevent formation of lipid rafts (Olofsson et al., 2014). Recently, it was determined that size is a determinant of uptake pathway for H. pylori OMVs: using careful controls, multiple pharmacological inhibitors, and siRNA knockdowns of various endocytic pathways, Turner et al. (2018) determined that a heterogeneously sized population of H. pylori could be internalized by macropinocytosis, clathrin-dependent, and caveolin-dependent mechanisms. Smaller OMVs (20 to 100 nm in size) were preferentially taken in by caveolin-dependent endocytosis, while larger OMVs (90 to 450 nm) were more dependent on clathrin- and dynamin-dependent processes (Turner et al., 2018). Importantly, this study also identified a role for vesicle size in determining protein content; smaller OMVs contained fewer proteins than large OMVs (28 vs. 137, as determined by LC-MS/MS). Vesicles of both sizes contained proteins associated with virulence and survival, but large OMVs also contained proteins involved in adhesion that were not found in small OMVs (Turner et al., 2018). This difference in protein content likely contributes to the variation in endocytic pathway favored by the differently sized OMVs. It was also independently shown by another group that bacterial growth stage determines OMV size and protein content for H. pylori (Zavan et al., 2019). This work highlights the complexity and variability of OMV biogenesis and interaction with host cells, and this represents an exciting area where further research is needed to better understand OMV biogenesis in the context of disease development.

Another interesting example of OMV content affecting the pathway of uptake to host cells occurs in E. coli (O’Donoghue et al., 2017). O’Donoghue et al. (2017) developed a novel, highly sensitive probe that allows for real-time detection of OMV entry into mammalian cells via an OMV-bound probe protein that cleaves a FRET reporter to result in a change in fluorescence once it enters host cells (Figure 7). They used this probe to test the entry kinetics of OMVs from three different E. coli strains, two of which are pathogenic [enterohemorrhagic (ETEC), and enteroaggregative (EAEC)] and one laboratory strain. OMVs from pathogenic E. coli entered host cells faster than those from the non-pathogenic strain, and this difference was dependent on the O antigen, which is a variant of the outermost structural region of LPS that is found in numerous pathogenic strains of E. coli. OMVs that contained the O antigen had a higher rate of uptake over a longer period of time, thus they entered host cells more efficiently than OMVs from control strains lacking the antigen (O’Donoghue et al., 2017). Using pharmacological inhibitors of endocytic pathways, the authors determined that OMVs lacking the O antigen primarily enter through clathrin-mediated endocytosis, while those containing the O antigen enter by the faster lipid raft mechanism (Figure 8). In addition to increasing the uptake efficiency of OMVs, it is also possible that directing uptake to the lipid raft pathway has consequences for the eventual fate of the OMV and its cargo in the host cell, however, more research is needed to determine whether this is the case. This work provides important insight into the sort of specific adaptations that might be used by pathogenic bacteria to effectively colonize the host and represents a promising topic for further research to better understand these processes.
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FIGURE 7. A FRET-based assay to monitor OMV entry. Target mammalian cells are loaded with a FRET-based reporter (indicated by the green color) that can be cleaved by an enzyme loaded within the OMV (Bla). Enzyme is released into the cytoplasm as OMVs fuse to the membrane of target cells, cleaving a ligand within the FRET reporter and leading to a shift in the emission wavelength (indicated by the blue color). Reproduced with permission from O’Donoghue et al. (2017).
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FIGURE 8. Lipopolysaccharide composition determines the mechanism of entry for OMVs into host cells. E. coli OMVs with LPS lacking the O-antigen enter via clathrin-coated pits, and uptake can be blocked experimentally with the use of dynasore or papain. OMVs with LPS containing the O-antigen enter via lipid rafts, a more efficient pathway, as evidenced by blocking of this uptake by filipin and methyl–β cyclodextrin. Reproduced with permission from O’Donoghue et al. (2017).


In addition to OMV content, the mechanism of OMV biogenesis can also have an effect on how they are internalized by mammalian cells. The probiotic strain E. coli Nissle 1917 (EcN) produces OMVs that enter host cells via clathrin-mediated endocytosis. In laboratory contexts, hypervesiculating bacterial mutants are often utilized to achieve greater OMV production and isolation, including the tolR mutant of EcN. This mutant produces greater than 30-fold more OMVs and the protein profile of the OMVs is generally similar to wild type, however, TEM observation indicated that they are much more structurally heterogeneous and have membrane morphologies not found in wild type OMVs (Pérez-Cruz et al., 2016). As compared to OMVs from the wild type strain, OMVs from the tolR mutant still enter via clathrin-mediated endocytosis, but far fewer are actually internalized as they have reduced ability to bind epithelial cell membranes (Pérez-Cruz et al., 2016). The authors suggest that perhaps only “conventionally produced” OMVs may be able to efficiently interact with host cells. Differences in OMV protein content, immunogenicity, and efficiency of uptake to host cells have also been reported for ΔtolB and Δpal mutants of H. pylori, further highlighting the importance of OMV structure and cargo content in driving their role in their function (Turner et al., 2015).

Taken together, the above examples highlight the importance not just of determining which endocytic pathway(s) are responsible for uptake of MVs from a given bacterial species in a single context, but of more exhaustive studies that take into account variation in bacterial growth rate, environment, genotype, and mechanism of biogenesis if we are to gain a fuller understanding of their interaction with host cells. OMVs have the potential for use in numerous biotechnological applications including vaccines and drug delivery (Figure 9) and it is likely that such uses would benefit from strain modifications that increase production and uptake, thus it will be critical to gain a greater understanding of how alterations in OMV biogenesis might affect the eventual function of the vesicles and their ability to interact with host cells. Further research in this area will greatly expand our ability to identify MV function in pathogenesis and to exploit the properties of MVs for biotechnological uses.
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FIGURE 9. Potential roles for bacterial MVs. Membrane vesicles isolated directly from bacterial culture have seen some success as vaccine candidates. Engineered MVs have also been used for successful expression and/or delivery of biomolecules such as proteins and nucleic acids, indicating potential in areas such as vaccine development and industrial catalysis.




Fate and Function of MV Cargo Inside Host Cells

While we now have detailed information on the various processes that govern uptake of MVs into host cells, a gap remains in our understanding of what happens to MVs and their cargo after internalization. Once inside host cells, MVs must escape degradation long enough to release their cargo and that cargo must itself escape degradation for long enough to perform its function. In general, MVs that are taken up in endocytic vesicles progress through the endolysosomal pathway and are eventually broken down in lysosomes, though vesicles internalized through caveolin-mediated endocytosis are instead delivered to the endoplasmic reticulum/Golgi complex (Pelkmans and Helenius, 2002; O’Donoghue and Krachler, 2016). As mentioned above, it has been suggested that this is the favored mechanism of uptake for bacterial MVs for this reason, as it may allow MVs and their cargo to escape degradation (O’Donoghue and Krachler, 2016). The specific mechanisms that govern MV persistence inside host cells and how their associated virulence factors (and other components, in the case of beneficial interactions) are released and carry out their functions remain unclear, though a few recent studies have provided insight in this area.

Enterohemorrhagic E. coli (EHEC) O157 strains are the leading serogroup of E. coli that cause human disease, namely hemolytic-uremic syndrome. They have been extensively studied and a number of virulence factors identified in OMVs that contribute to their ability to cause disease, including shiga toxin (Stx2A), cytolethal distending toxin V (CdtV), and hemolysin (ETEC-Hly) (Karch et al., 2005; Kunsmann et al., 2015). Two excellent and detailed studies by Bielaszewska et al. (2013, 2017) used a combination of proteomics, microscopy, immunoblotting, and bioassays to produce a comprehensive analysis of the fate of EHEC OMVs and their associated virulence factors after internalization. EHEC OMVs are internalized via dynamin-dependent endocytosis and in part by clathrin-mediated endocytosis, after which they follow the endocytic pathway from early endosomes to lysosomes, where they are degraded. Their toxin cargo separates from the vesicles during intercellular trafficking. The shiga toxin Stx2a separates from the OMVs in early endosomes, possibly due to the slightly lowered pH in those compartments. It then associates with its receptor globotriaosyl ceramide within lipid raft domains of endocytosed membranes, and is trafficked to the endoplasmic reticulum and Golgi and then to the cytosol. CdtV consists of three subunits which have different fates: CdtV-B, which is a DNase-like subunit, also separates from the OMVs in early endosomes and travels to the endoplasmic reticulum and then to the nucleus, where it causes DNA damage that leads to G2 cell cycle arrest. In contrast, the CdtV-A and CdtV-C subunits remain with the OMVs and are sorted to lysosomes for degradation. Cellular lethality results from G2 cell cycle arrest due to CdtV-B subunit activity, followed by caspase-9-activated apoptosis triggered by Stx2A (Figure 10; Bielaszewska et al., 2017). EHEC-Hly travels with the OMVs to lysosomes, where the acidic pH allows it to escape into the cytosol and subsequently to the mitochondria where it triggers apoptotic cell death (Bielaszewska et al., 2013). Interestingly, ETEC-Hly is also secreted in free form, in which it causes lysis of microvascular endothelial cells, presumably by inserting itself into the host cell plasma membrane and causing formation of pores that lead to lysis (Aldick et al., 2007). However, OMV-associated hemolysin is more stable and has prolonged activity, indicating that it is the most efficient form of the toxin and highlighting the importance of understanding the mechanisms of OMV-based virulence factor delivery (Aldick et al., 2009).
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FIGURE 10. Intracellular trafficking of bacterial toxins delivered via OMVs. In this example toxins contained in OMVs of E. coli O157 are endocytosed into an endosome (1) where the cargo toxins separate into individual subunits (2) which escape the endosome and migrate to the Golgi (3) and endoplasmic reticulum (4). These compounds eventually make their way to their cellular targets of DNA (5) or the ribosome (6). Additional cytotoxic components within the OMV enter the late endosome (7) and eventually escape to interact with the mitochondria (8,9) while remaining OMV-associated components are degraded in the lysosome (10). Reproduced with permission from Bielaszewska et al. (2017).




Beneficial Interactions of MVs With Host Cells

While the majority of research on MVs and their interaction with host cells has been done on pathogenic species, there are also a number of relatively recent reports that detail the effects of MVs from commensal bacteria on host cells, particularly those that reside in the digestive tract. Probiotic bacteria have beneficial effects on gut function including prevention or reduction in symptoms of certain diseases, often through modulation of immune function of the host but also through competitive exclusion of pathogenic bacteria and strengthening of the epithelial cell barrier in the gut (Ohland and MacNaughton, 2010; Plaza-Díaz et al., 2017). The exact mechanisms by which they exert these effects are still under study, but there is increasing awareness that communication between probiotic bacteria and host cells is mediated by MVs. Direct physical contact between bacteria in the gut and the intestinal epithelium is inhibited by a thick layer of mucus, thus for a long time it was unclear how probiotic bacteria are able to exert their effects on the host. It is becoming increasingly clear that MVs, which are able to pass through the mucus layer, provide at least one important avenue of communication between microbes and their hosts. In this section we will provide representative examples of beneficial effects of MVs from commensal bacteria on host cells. This topic has been recently reviewed by others as well, and their work may be referred to for additional information (Cecil et al., 2019; Molina-Tijeras et al., 2019).

The first report of beneficial effects of MVs from a commensal bacterium came in 2012, when Shen et al. (2012) showed that OMVs from Bacteroides fragilis could induce immunomodulatory effects and prevent development of experimentally induced colitis in mice. Species of the genus Bacteroidetes are the most common commensal organisms in the human digestive tract, and B. fragilis had been previously shown to protect against inflammatory bowel disease and multiple sclerosis in animal models (Mazmanian et al., 2008; Ochoa-Repáraz et al., 2010). This protective effect was due to a single molecule, Polysaccharide A (PSA), which both induces the development of regulatory T cells that suppress inflammation and also suppresses immune responses directed against B. fragilis (Ochoa-Repáraz et al., 2010; Round and Mazmanian, 2010). As PSA is a large polysaccharide and B. fragilis is not thought to possess genes encoding secretion machinery for PSA, it had been a mystery as to how it is delivered to host cells (Cerdeño-Tárraga et al., 2005). Shen et al. (2012) provided evidence that it is packaged into OMVs, and orally administered OMVs containing PSA provided protection against experimentally induced colitis in mice. The OMVs were internalized by bone marrow-derived dendritic cells (DC) in a toll-like receptor 2-dependent manner and could induce expression of IL-10, a protective anti-inflammatory molecule. Dendritic cells specialize in antigen capture and presentation to T-cells, and as such those DCs that internalize B. fragilis OMVs induce production of regulatory T-cells which also make IL-10 and provide the protective effect against colitis (Shen et al., 2012). OMVs of B. fragilis also cause a reduction in pro- inflammatory (IFNγ) cytokines while increasing expression of anti-inflammatory (IL-4 and IL-10) cytokines in human intestinal epithelial (Caco-2) cells (Ahmadi Badi et al., 2019). An interesting question that remains to be investigated is the mechanism that accounts for PSA from B. fragilis found in the gut providing protection against multiple sclerosis (Ochoa-Repáraz et al., 2010). How does this molecule produced in the gut have an effect on the central nervous system? As MVs from species of the intestinal microbiota are able to migrate into the bloodstream, it is tempting to speculate that PSA-containing OMVs of B. fragilis may interact with dendritic cells in organs outside the digestive tract (Park et al., 2017). In support of this hypothesis, it was recently demonstrated that injection of L. plantarum MVs into the bloodstream of mice could reduce stress-induced depressive behaviors and restore expression of BDNF, a neurotrophic factor that is reduced during depression, effects that had been previously demonstrated for oral supplementation with Lactobacillus species (Choi et al., 2019).

Outer membrane vesicles from the probiotic E. coli strain Nissle 1917 (EcN) have also been demonstrated to have a protective effect against colitis (Alvarez et al., 2016; Fábrega et al., 2017). Pretreatment of mice with OMVs prior to chemical induction of colitis results in reduced expression of the inflammatory enzymes cyclooxygenase (COX)-2 and inducible nitric oxide synthase (iNOS), reduced production of inflammatory cytokines, and an overall decrease in symptoms (Fábrega et al., 2017). It was also shown by Alvarez et al. (2016) that EcN OMVs strengthen the intestinal barrier and reduce permeability by causing upregulation of the tight-junction proteins ZO-1 and claudin-14, and down-regulation of claudin-2 (which induces channel formation, contributing to leakiness).

Similar immunomodulatory effects and strengthening of the intestinal barrier against colitis have been reported for OMVs of other Gram-negative commensal species, including Bacteroides vulgaris and the relatively recently identified probiotic Akkermansia (Kang et al., 2013; Chelakkot et al., 2018; Maerz et al., 2018). This is also the case for multiple Gram-positive species of the genus Lactobacillus, including L. rhamnosus, L. sakei, and the kefir-derived strains L. kefir, L. kefiranofaciens, and L. kefirgranum (Al-Nedawi et al., 2015; Seo et al., 2018; Yamasaki-Yashiki et al., 2019). These effects occur through various mechanisms, including stimulation of dendritic cells, modulation of inflammatory cytokine expression, reduction in oxidative stress, and stimulation of IgA production, which regulates the composition of the gut microbiome and contributes to strengthening of the epithelial cell barrier.

Beyond the above examples in which membrane vesicles have been clearly shown to mediate probiotic effects, similar stimulation of dendritic cells and induction of regulatory T-cells has been reported for a number of other probiotic species including Lactobacillus reuteri, Lactobacillus casei, Bifidobacterium animalis and Bifidobacterium adolescentis. While not yet confirmed experimentally, it is likely that these effects occur at least in part through MVs (Smits et al., 2005; Baba et al., 2008). In support of this hypothesis, p40 and p75, two proteins found in L. casei and Lactobacillus rhamnosus that have anti-apoptotic and cell protective effects on human intestinal epithelial cells, have been identified in MVs isolated from L. casei cultures (Bäuerl et al., 2010; Domínguez Rubio et al., 2017).

In addition to their protective effects against colitis, the anti-inflammatory properties of membrane vesicles can protect against allergic responses. MVs of the Gram-positive commensal Bifidobacterium bifidum have been shown to stimulate dendritic cells, resulting in production of regulatory T-cells and IL-10, and this has a protective effect against allergies (Kalliomäki and Isolauri, 2003; López et al., 2012). Similar alleviation of food allergy symptoms has been observed for Bifidobacterium longum, which induces apoptosis of mast cells (Kim et al., 2016). This has led to speculation that MVs of this or other probiotic species could be used as adjuvants for allergen-specific immunotherapy (López et al., 2012). This may be true for other conditions as well, including obesity; for example, OMVs of Akkermansia muciniphila were very recently shown to reduce weight gain, adipose tissue inflammation, gut barrier permeability, blood glucose, and blood cholesterol when fed to mice given a high fat diet (Ashrafian et al., 2019). Interestingly, some of these effects were stronger in response to the OMVs than in response to the parent bacteria.

There is evidence that probiotic bacteria may have cancer prevention properties, particularly against colon cancer (Commane et al., 2005; Uccello et al., 2012; dos Reis et al., 2017). This effect is due at least in part to pro-apoptotic factors released by the bacteria (reviewed in Uccello et al., 2012; Dasari et al., 2017). For example, L. reuteri promoted apoptosis and suppressed expression of cell proliferative and anti-apoptotic proteins in cells treated with tumor necrosis factor (TNF), a pro-inflammatory cytokine that may be involved in inflammation-induced carcinogenesis (Iyer et al., 2008). Pretreatment of rats with L. rhamnosus GG in combination with the NSAID drug celecoxib prior to chemically induced carcinogenesis reduced the expression of pro-carcinogenic markers and induced expression of pro-apoptotic proteins, and reduced the number of colonic tumors observed (Sharaf et al., 2018). Similarly, treatment of multiple human cancer cell lines with Bacillus coagulans resulted in decreased proliferation and increased expression of apoptotic markers (Madempudi and Kalle, 2017). Interestingly, this effect was observed for heat-killed culture supernatant as well as for live bacterial cells, so it is likely that some or all of these anti-cancer effects are mediated by MVs. In support of this, it was recently shown that purified MVs from L. rhamnosus have significant cytotoxic effects on hepatic cancer cells (Behzadi et al., 2017). As membrane vesicles derived from the microbiota in the gastrointestinal tract can travel to the liver and other nearby organs through the bloodstream, this provides further evidence for the potent anti-cancer potential of probiotic bacteria and their membrane vesicles (Park et al., 2017). As probiotic bacteria generally do not have deleterious effects on the host, use of these bacteria and/or their MVs may make possible the development of new cancer treatments that do not also cause the damaging side effects of traditional chemotherapeutic agents (Behzadi et al., 2017; Sharaf et al., 2018).

Probiotic bacteria also have protective effects against pathogen infection. The mechanisms underlying this protection are not fully understood, but occur through a number of mechanisms including (but not limited to) production of antimicrobial substances such as bacteriocins and other metabolites, competitive exclusion of pathogens, binding of pathogen-generated toxins, or through modulation of host immune signaling (Oelschlaeger, 2010). Again, there is mounting evidence that MVs play a role in this communication between probiotic bacteria and host cells. For example, Lactobacillus acidophilus has been demonstrated to activate immune signaling pathways against Gram-positive bacteria in Caenorhabditis elegans and prolongs survival after challenge with vancomycin-resistant Enterococcus faecium (VRE) (Kim and Mylonakis, 2012). It was later shown by the same group that MVs derived from L. plantarum induced upregulation of multiple defense genes in human Caco-2 cells, and when given to C. elegans, resulted in upregulation of homologous defense genes and protection against VRE (Li et al., 2017). Similarly, MVs isolated from L. sakei could stimulate production of IgA by Peyer’s patch cells in the mouse intestine (Yamasaki-Yashiki et al., 2019). Very recently, MVs of Lactobacillus crispatus and Lactobacillus gasseri were demonstrated to inhibit HIV-1 infection of human cervico-vaginal and tonsillar tissues ex vivo (Ñahui Palomino et al., 2019). This effect is mediated in part by a reduction in exposure of the Env protein that mediates virus-cell interactions in MV-treated viral particles, as well as by several other EV-associated bacterial proteins and metabolites whose specific functions in protection are yet to be identified (Ñahui Palomino et al., 2019). Other probiotic bacteria have been shown to have protective effects based on their modulation of host immune responses, including E. coli Nissle 1917 and multiple Lactobacillus and Bifidobacterium species, against pathogens including enteropathogenic E. coli, S. typhimurium, and P. gingivalis, and C. albicans, to name only a few examples (Zyrek et al., 2007; Castillo et al., 2011; Albuquerque-Souza et al., 2019), reviewed in Kosgey et al. (2019) and Sanders et al. (2019). It is likely that some or all of these effects occur at least in part through MVs, and further experimentation in that area may lead to the development of MV-based therapeutics.




SECTION 3: FUTURE DIRECTIONS OF BACTERIAL MVS

As has been described in preceding sections, naturally derived MVs and OMVs play an important role in microbial community regulation and interactions with host cells and tissues. With a greater understanding of the microbial systems that control packaging of MVs and the environmental conditions that initiate these genetic and cellular systems, researchers may one day be able to develop microbial “cocktails” that convey specific benefits or advantages to the individual as a form of personalized probiotic. One can easily envision the short-term benefits of these advancements such as post-surgical supplements that stimulate host immune responses for defense against opportunistic pathogens or long-term alleviation of conditions such as Irritable Bowel Syndrome (IBS) or other food allergies through introduction of organisms capable of colonizing the gut microbiome and continuously producing and releasing biomolecules that alleviate these conditions. In many instances, these successes may be realized using natural bacterial flora as seen by the diverse contingent of organisms already described in the literature. Alternatively, the potential for designer organisms tailored to produce specific components and release them on demand is also on the horizon. In these instances, implementing engineered MVs as delivery vehicles allows for the potential long-range delivery to specific cell types and tissues while affording protection from environmental conditions including pH, proteases, nucleases, and other biomolecules that could reduce the efficacy of the recombinant biomolecule (Figure 9).


Engineering Bacterial Membrane Vesicles

In most microbial species, the cellular and genetic machinery that enable MV production and packaging are poorly understood and not typically defined, rather directed packaging is often described in phenomenological terms. Despite this lack of molecular definition of cellular systems for MV loading, many researchers have shown that localization of recombinant proteins to the periplasmic space is often sufficient to ensure MV encapsulation of the recombinant proteins. As an example, Kesty et al. simultaneously demonstrated MV loading of green fluorescent protein (GFP) and cellular uptake using a surface localized bacterial peptide (Kesty and Kuehn, 2004; Kesty et al., 2004). In this instance, simple over-expression of recombinant protein was sufficient to drive OMV encapsulation in E. coli. This mechanism, however, is not always successful. As described by Alves et al. (2015) in their works with an organophosphate hydrolyzing enzyme, successful encapsulation of the enzyme could only be achieved through a more active loading via a membrane anchor and protein-protein interaction. The researchers were unable to determine why this particular enzyme was unable to passively load into nascent OMVs, however, this phenomenon has been described for both native and recombinant proteins by others. Comparison of the proteome of parental cells and their MVs from multiple bacterial species has shown that in many cases the abundance of proteins in the periplasm and outer membrane do not correlate to proportional concentrations within the MVs (Lee et al., 2007, 2008; Dean et al., 2019).

To realize MVs and OMVs as delivery vehicles researchers have had to develop strategies to ensure successful encapsulation of recombinant proteins and biomolecules using an active form of MV loading (Figure 11). Some success has been achieved for active loading via fusions to abundant OMV proteins such as the ClyA toxin protein of E. coli (Wai et al., 2003; Chen et al., 2010; Baker et al., 2014) or through recombinant membrane spanning proteins that provide a mechanism for decorating the exterior of OMVs with recombinant proteins of interest (Gujrati et al., 2014; Park et al., 2014; Alves et al., 2017; Su et al., 2017). Systems can also be designed de novo allowing researchers to develop modular systems that allow for rapid exchange of cargo proteins as seen in several publications by Alves et al. (2015, 2016, 2018).


[image: image]

FIGURE 11. Modification of OMVs. A number of strategies have been employed to functionalize bacterial MVs both at the surface and within the lumen. MVs can be passively loaded through periplasmic localization of recombinant proteins (green) or through other anchoring mechanisms that can position recombinant proteins both internally or externally (blue). Peptides and proteins have been anchored to the surface for targeting and purification (pink sphere) while protein scaffolds have been used to assemble enzyme cascades.


The use of engineered bacteria for therapeutic purposes may still be quite a few years off, however, these foundational studies in MV engineering will undoubtedly aid in moving the community forward. Membrane vesicles from several bacterial species have already seen success as potential vaccine candidates as summarized in several excellent reviews (Cai et al., 2018; Tan et al., 2018; Caruana and Walper, 2020). Additionally, engineered OMVs displaying recombinant antigens designed to serve as both adjuvant and antigen are emerging as another vaccine concept as shown in current efforts by several groups and reviewed by van der Pol et al. (van der Pol et al., 2015; Chen et al., 2016; Irene et al., 2018; Stevenson et al., 2018). Many of the other potential therapeutic applications such as community regulation and immunoregulation have been discussed in the preceding sections and are reviewed elsewhere by Baker et al. (2014) and Qing et al. (2019).

The fields of synthetic biology and metabolic engineering will continue to enable microbial engineering for applications ranging from biomanufacturing to improving human health and performance. Whether in traditional laboratory strains or within new microbial chassis species, the role of MVs in enabling these processes will be invaluable as researchers are able to customize non-replicating biological particles that can be field-deployed without concerns for releasing genetically modified organism, catalysts that can be used for Green manufacturing practices, or even tailoring vaccines and medicines that no longer require a consistent cold-chain for delivery to austere environments. Advances such as these have already been described in the literature and will serve as foundations for what is yet to come.
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Almost all bacteria secrete spherical membranous nanoparticles, also referred to as membrane vesicles (MVs). A variety of MV types exist, ranging from 20 to 400 nm in diameter, each with their own formation routes. The most well-known vesicles are the outer membrane vesicles (OMVs) which are formed by budding from the outer membrane in Gram-negative bacteria. Recently, other types of MVs have been discovered and described, including outer-inner membrane vesicles (OIMVs) and cytoplasmic membrane vesicles (CMVs). The former are mainly formed by a process termed endolysin-triggered cell lysis in Gram-negative bacteria, the latter are formed by Gram-positive bacteria. MVs carry a wide range of cargo, such as nucleic acids, virulence factors and antibiotic resistance components. Moreover, they are involved in a multitude of biological processes that increase bacterial pathogenicity. In this review, we discuss the functional aspects of MVs secreted by bacteria associated with cystic fibrosis and nosocomial pneumonia. We mainly focus on how MVs are involved in virulence, antibiotic resistance, biofilm development and inflammation that consequently aid these bacterial infections.
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DIVERSITY OF MEMBRANE VESICLES

Secretion of membrane vesicles (MVs) is a common feature in almost all bacteria. Over the last decade, studies of the MV content and physiological analyses revealed that bacterial MVs are involved in a wide range of biological processes, including virulence, antibiotic resistance, horizontal gene transfer, cell-cell communication, iron scavenging, nutrient acquisition, modulating the host immune system, and protection against phage infections (Manning and Kuehn, 2011; Elhenawy et al., 2014; Haurat et al., 2015; Schwechheimer and Kuehn, 2015). MVs protect their cargo against extracellular degrading enzymes, enable long distance transport, facilitate efficient delivery to target host cells and deliver their cargo at increased concentrations, which makes them perfectly suited for secretion or uptake of nucleic acids, proteins and other biomolecules (Bonnington and Kuehn, 2014).

Early MV research focused on one specific type of MVs, namely the outer membrane vesicles (OMVs). They are formed by pinching of the outer membrane (OM) of Gram-negative bacteria and are enriched for OM proteins and periplasmic components. Several mechanisms of OMV production have already been described (Mashburn-Warren et al., 2008, 2009; Deatherage et al., 2009; Tashiro et al., 2010; Schwechheimer et al., 2014; Haurat et al., 2015; Schwechheimer and Kuehn, 2015; Roier et al., 2016a, b; Florez et al., 2017; Horspool and Schertzer, 2018; Cooke et al., 2019). Up until recently, OMVs were the only known MVs secreted by Gram-negative bacteria. Today, several other types of MVs have been discovered and described, for example outer-inner membrane vesicles (OIMVs) and cytoplasmic membrane vesicles (CMVs). Compelling evidence was provided that OIMV production in Pseudomonas aeruginosa is dependent on the action of a prophage endolysin, resulting in a phenomenon referred to as phage endolysin-triggered cell lysis (Turnbull et al., 2016). Lastly, it was thought that MVs only arose from Gram-negative bacteria, but the observation of vesiculation in several Gram-positive bacteria changed that view (Brown et al., 2015). Since Gram-positive bacteria do not possess an OM, MVs released by these bacteria are termed cytoplasmic membrane vesicles (CMVs). CMV release can be triggered by phage endolysin-triggered cell lysis as well, as was demonstrated in Bacillus subtilis and Staphylococcus aureus (Toyofuku et al., 2017; Andreoni et al., 2019). The different MV types each with their own formation routes were recently reviewed by Toyofuku et al. (2019). It should be recognized that some forms of MVs were only recently described. Previous studies may have ignored them and their results could thus refer to a mixture of different types of MVs instead of pure OMVs. Consequently, in this review, we use the term MVs to cover all types.



MEMBRANE VESICLES FROM BACTERIA ASSOCIATED WITH CYSTIC FIBROSIS AND NOSOCOMIAL PNEUMONIA

Several bacterial species are associated with airway infections in immunocompromised and cystic fibrosis (CF) patients, including the Gram-negative bacteria P. aeruginosa, Acinetobacter baumannii, Stenotrophomonas maltophilia, Klebsiella pneumoniae, Haemophilus influenzae, Moraxella catarrhalis, and Burkholderia spp., and the Gram-positive bacteria Streptococcus pneumoniae and S. aureus. They all produce MVs involved in a multitude of biological processes that increase bacterial pathogenicity (Figure 1). Table 1 gives an overview of the different pathogenicity mechanisms associated with MVs secreted by these pathogens.
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FIGURE 1. Overview of functions of MVs secreted by bacteria involved in CF and nosocomial lung infections.



TABLE 1. Overview of the impact on membrane vesicles produced by species associated with CF and nosocomial pneumonia on pathogenicity, based on factors identified in MVs.
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The cargo of MVs can be very versatile, from nucleic acids to virulence factors and antibiotic resistance components. Depending on the different MV formation routes, different types of cargo are selected. Logically, OMVs tend to be enriched for OM proteins and periplasmic components, while OIMVs and CMVs are enriched for DNA, RNA and cytoplasmic proteins. Extracellular oriented membrane components such as lipopolysaccharides (LPS) might be expected in any of these vesicles.

Pseudomonas aeruginosa MVs released during the exponential growth phase were specifically packed with chromosomal DNA, consisting of specific chromosomal regions encoding proteins involved in stress response, virulence, metabolism and antibiotic resistance. These MVs can transfer DNA or sRNA into cultured lung epithelial or bronchial cells and by doing so, modulate the host cell responses (Koeppen et al., 2016; Bitto et al., 2017). Next to nucleic acids, P. aeruginosa MVs tend to pack several proteinaceous virulence factors, including hemolytic phospholipase C, alkaline phosphatase and the cystic fibrosis transmembrane conductance regulator (CFTR) inhibitory factor Cif. The latter inhibits CFTR-mediated chlorine secretion in the airways resulting in a decreased mucociliary clearance (Kadurugamuwa and Beveridge, 1995; Bomberger et al., 2009). Other proteins identified in P. aeruginosa MVs are involved in proteolysis, antibiotic resistance, and bacteria-host interactions (Choi et al., 2011).

Acinetobacter baumannii MVs are likewise enriched for several virulence factors, such as proteases, phospholipase C, hemolysins and leukotoxins. The MVs seem to interact with and deliver their content to host cells. In addition, the cytotoxic outer membrane protein A (OmpA) was identified in these MVs as well. OmpA, an important virulence factor in A. baumannii, is targeted to the mitochondria in epithelial cells and consequently induces apoptosis in these cells (Kwon et al., 2009; Jha et al., 2017). Moreover, Dallo et al. (2012) discovered that the elongation factor Tu (EF-Tu) is associated with A. baumannii MVs and interacts with macrophages through its binding with fibronectin.

Burkholderia cepacia MVs contain peptidoglycan-degrading enzymes together with a variety of virulence factors, including lipases, phospholipases and proteases (Allan et al., 2003). In S. pneumoniae, MVs are mainly enriched for lipoproteins as well as the cytosolic pore-forming toxin pneumolysin (Olaya-Abril et al., 2014). Further, MVs from clinical S. aureus isolates have a different cytotoxic activity on host cells, depending on their MV proteomes. The exfoliative toxin A (ETA) was specifically enriched in MVs with a high cytotoxic activity (Jeon et al., 2016).



Interaction of MVs With Lung Epithelial Cells and Macrophages

The presence of MVs in the lungs of patients with severe lung infections (Bomberger et al., 2009) and the fact that MVs can carry virulence factors, may point to a role of these MVs in the infection process. A few examples of MV-host cell interactions were already mentioned above. Additionally, Bauman and Kuehn (2009) discovered that MVs from a P. aeruginosa CF isolate interact with human lung cells and were internalized in a time- and dose-dependent manner. These bacteria secrete PaAP, an aminopeptidase mainly present on the surface of MVs and was found to be important for the association of the MVs with the lung cells. Further, MVs secreted by P. aeruginosa interact with cholesterol-rich lipid rafts in the apical membrane of lung epithelial cells. By doing so, P. aeruginosa is able to deliver the virulence factor Cif to the cytoplasm of the host cell and consequently reduce the CFTR chloride secretion (Bomberger et al., 2009, 2011; Ballok et al., 2014; O’Donoghue and Krachler, 2016). Lowering the cholesterol content of CF airway epithelial cells (Phe508del) by cyclodextrin lowers the impact of P. aeruginosa vesicles on Cl– secretion after lumacaftor treatment (Barnaby et al., 2019).

Likewise, purified vesicles secreted by Non-Typeable H. influenzae (NTHi) co-localize with caveolin, a protein involved in endocytosis. This indicates that the uptake of MVs is mediated by caveolae, which are cholesterol-rich lipid rafts. On top of that, the interactions of these MVs with epithelial cells resulted in the release of the immunomodulatory cytokine interleukin-8 (IL-8) and the antimicrobial peptide LL-37 (Sharpe et al., 2011). Further, NTHi released MVs while infecting primary respiratory epithelial cells grown at the air-liquid interface. Transmission electron microscopy (TEM) revealed that these MVs directly interact with the host-cell membranes. However, the role of these vesicles during NTHi infection is yet to be determined (Ren et al., 2012).

Membrane vesicles released by S. aureus also fuse in a cholesterol-dependent manner with the plasma membrane of human cells, resulting in the delivery of α-toxin. This toxin, also known as α-hemolysin (HIa), is a 33 kDa pore-forming protein and a key virulence factor capable of lysing human cells and the induction of apoptosis in T-lymphocytes. Furthermore, this MV-associated protein is involved in HeLa cell cytotoxicity and erythrocyte lysis (Thay et al., 2013). Gurung et al. (2011) discovered that S. aureus MVs interact with the plasma membrane of human cells through a cholesterol-rich micro-domain as well. The MVs subsequently delivered the immunoglobulin G-binding protein (protein A) and induced apoptosis of HEp-2 cells in a dose-dependent manner.

The same mechanism is true for A. baumannii. MVs from A. baumannii ATCC 19606(T) interacted with lipid rafts in the plasma membrane of human cells and induced apoptosis in the host cells. The effect was lost when MVs secreted by the ΔompA mutant strain were studied. Suggesting a role of the MV-associated virulence factor OmpA in host cell-death (Jin et al., 2011).

While most of these studies were performed in in vitro systems, a few studies in mice models also indicate the impact of bacterial membrane vesicles in lungs. Jang et al. (2015) injected Escherichia coli derived vesicles intraperitoneally and showed that these vesicles spread into lungs. Proteins from A. baumannii MVs delivered intranasally in mice were detected in the lungs and provoked an immune response (Marion et al., 2019).



Effect of Antibiotics on MV Secretion and Function

Devos et al. (2015) demonstrated that antibiotic stress leads to an increased secretion of MVs in S. maltophilia 44/98, suggesting that this could have potential implications on the function of these MVs. Indeed, the exposure of S. maltophilia to the β-lactam antibiotic imipenem led to an increased secretion of MVs comprising two chromosomally encoded β-lactamases. These β-lactamase-containing MVs are capable of mediating extracellular β-lactam degradation and consequently enhance the β-lactam tolerance of other CF pathogens, including P. aeruginosa and Burkholderia cenocepacia (Devos et al., 2016). Several other bacteria exposed to β-lactam antibiotics release MVs containing functional β-lactamases as well. MVs secreted by β-lactam-resistant M. catarrhalis and NTHi can hydrolyze amoxicillin and consequently protect co-localized species, such as Group A Streptococci, S. pneumoniae and H. influenzae, from killing by amoxicillin (Schaar et al., 2014). In this regard, imipenem-treatment of A. baumannii resulted in an elevated secretion of MVs, containing β-lactamase OXA-23, with a higher cytotoxicity toward A549 human lung cells (Yun et al., 2018).

Moreover, Allan and Beveridge (2003) discovered that the treatment of P. aeruginosa PAO1 with the aminoglycoside antibiotic gentamicin resulted in the release of MVs containing gentamicin and peptidoglycan hydrolase. By becoming bactericidal, these MVs are capable of killing group IIIa B. cepacia. Also B. subtilis 168 and S. aureus D2C were affected by these type of MVs and Listeria monocytogenes ATCC 19113 was susceptible to a lesser extent (MacDonald and Beveridge, 2002).

On another note, P. aeruginosa infections treated with tobramycin led to a reduced secretion of MV-associated virulence factors, including AprA, which is an alkaline protease that reduces CFTR-mediated chloride secretion. AprA is essential for the survival of P. aeruginosa in the lungs as it inhibits the bacterial clearance (Koeppen et al., 2019).



Interspecies Interactions of MVs

Cell-cell communication between bacteria during lung infections is key to the survival of the infecting species, e.g., in the mixed species biofilm in the lungs of patients with CF. Most interspecies interactions have been studied in vitro, but some advanced three-dimensional lung cell culture models approve some of the findings performed in co-culturing experiments (Rodriguez-Sevilla et al., 2018). Communication via MVs can mediate changes in the expression of biofilm-related genes, or protect other species from antibiotics and host defense mechanisms. Kadurugamuwa and Beveridge (1999) discovered that MVs secreted by P. aeruginosa and Shigella flexneri can be integrated into the membrane of other Gram-negative bacteria. Moreover, the MVs of two carbapenem-resistant clinical strains of A. baumannii harboring the plasmid-borne blaOXA–24 gene, encoding a β-lactamase, were capable of protecting a carbapenem-susceptible A. baumannii strain. The presence of these plasmids in the carbapenem-susceptible strain suggests that A. baumannii releases MVs to mediate horizontal gene transfer of antibiotic-resistance genes (Rumbo et al., 2011). In addition, vesicles released by A. baumannii can mediate gene transfer of the blaNDM–1 and aac(6′)-Ib-cr genes to other A. baumannii and E. coli recipient cells (Chatterjee et al., 2017). Next to this, the MVs of M. catarrhalis mediated protection of H. influenzae against the complement system during infection (Tan et al., 2007).



MVs in Biofilm

Single- or poly-microbial infections in the lungs are mostly paired with biofilm formation. Biofilms are characterized by a thick layer of bacterial cells formed by the co-operation of several virulence factors, including flagella, fimbriae, pili and LPS, and is surrounded by a self-producing extracellular matrix consisting of polysaccharides, proteins, lipids and nucleic acids (O’Toole et al., 2000; Flemming and Wingender, 2010).

Membrane vesicles are very abundant in biofilm related infections (Schooling and Beveridge, 2006; Toyofuku et al., 2012; Grande et al., 2015). Indeed, the proteome analysis of P. aeruginosa biofilms revealed that MV-associated proteins contribute to more or less 20% of the whole matrix proteome. The MV-related proteins identified were OM enzymes and proteins involved in the transport of small molecules, the uptake of iron and antibiotic resistance (Couto et al., 2015). In addition, vesicles purified from late-stage P. aeruginosa biofilms are enriched for drug-binding proteins, which makes the bacterial species inside these biofilms even better protected against antibiotics (Park et al., 2014). It has been suggested further that MVs secreted by P. aeruginosa are under the control of the quorum sensing system and supply the forming biofilm with extracellular DNA (eDNA) and LPS (Nakamura et al., 2008). Moreover, studies in P. aeruginosa biofilms revealed that MVs secreted by one species are able to lyse neighboring bacteria in order to release nutrients as a source for growth and eDNA to build the biofilm (Beveridge et al., 1997). However, following research revealed that the MVs themselves are actually incorporated in the biofilm matrix (Schooling and Beveridge, 2006). This was seen in Francisella biofilms as well (van Hoek, 2013).

He et al. (2017, 2019) discovered that MV secretion in methicillin-resistant S. aureus (MRSA) was correlated with biofilm formation during improper vancomycin chemotherapy. They also demonstrated that the treatment of MRSA with β-lactam antibiotics induces biofilm formation as a consequence of MV secretion with a higher hydrophobicity.



Immunomodulatory Effects of MVs

Several reports indicated that MVs can exert immunomodulatory effects and aid in pathogenesis, a few examples were already mentioned. MVs secreted by P. aeruginosa are able to activate an IL-8 response by lung epithelial cells, as was seen in NTHi as well (see above). In this way, vesicles could contribute to inflammation (Bauman and Kuehn, 2006). It was demonstrated that P. aeruginosa MVs induce the upregulation of pro-inflammatory cytokines in macrophages. The response was even greater compared to the induction of cytokines with purified LPS. This study revealed that MV-associated LPS is required for binding to the macrophages and the internalization is mediated by the protein content of the MVs. Interestingly, they also showed that intensity of IL-8 response is strain dependent and was the highest in a CF isolate (compared to the acute PAO1 strain). In addition, flagellin (FliC) was identified as one of the most abundant proteins in P. aeruginosa MVs and is responsible for the cytokine release in macrophages (Ellis et al., 2010). Moreover, MVs from P. aeruginosa cause pulmonary inflammation in a bacteria-free in vivo setting. The MVs caused a time- and dose-dependent pulmonary inflammation comparable to the response of live bacteria (Park et al., 2013). A. baumannii MVs provoked an inflammatory response in vivo (mouse model) resulting in secretion of cytokines and chemokines, mediated via Toll-like receptors (Marion et al., 2019). Although LPS embedded in MVs might be very important in this inflammatory response, it should be noted that MVs obtained from LPS-free Neisseria meningitidis did not provoke a significant different response than LPS positive MVs, indicating that other components like OMPs can function as complement activators (Bjerre et al., 2002).

Similarly, S. pneumoniae MVs are internalized into A549 lung epithelial cells and human monocyte-derived dendritic cells and result in pro-inflammatory cytokine responses (Codemo et al., 2018). Also M. catarrhalis MVs are internalized by human epithelial cells and induce an inflammatory response. On the other hand, proteomic analyses revealed that these MVs contain factors that aid these bacteria to evade the host defense system as well (Schaar et al., 2011). Further, MVs secreted by respiratory pathogens, including NTHi, M. catarrhalis, and P. aeruginosa, induce a strong pro-inflammatory response by naïve THP-1 macrophages (Volgers et al., 2017b). Regarding to this, N-acetyl-L-cysteine (NAC), a mucolytic that reduces the production of thick mucus, induced the release of pro-inflammatory MVs by these respiratory pathogens, but decreased the release of pro-inflammatory cytokines in macrophages (Volgers et al., 2017a). Moreover, MVs secreted by S. maltophilia ATCC 13637 were cytotoxic to A549 epithelial cells and induced the expression of pro-inflammatory cytokine and chemokine genes in these lung cells (Kim et al., 2016). MVs originated from K. pneumoniae ATCC 13883 likewise induced changes in the expression of immune-related genes in epithelial cells. The expression of genes encoding for IL-8, IL-1b, MIP-1α, HMOX1, HSPA1A, and IL-24, was increased after treatment of these cells with K. pneumoniae MVs (Lee et al., 2012; You et al., 2019). Further, several Gram-negative bacteria bind to epithelial cells through lipid rafts and deliver peptidoglycan-containing MVs to the intracellular sensor NOD1 to promote inflammation (Kaparakis et al., 2010).

Koeppen et al. (2016) discovered a novel mechanism of host-pathogen interaction mediated by MVs secreted by P. aeruginosa. The MVs are packed with sRNA molecules that bind to mRNA inside human lung cells and in this way quench the human immune response. Similarly, an extracellular DNase was identified in MVs from S. pneumoniae that blocks neutrophil activity and helps to evade the host innate immune response (Jhelum et al., 2018). Porin-loss, which is common in antibiotic-resistant strains of K. pneumoniae, impacts the MV composition and the host-inflammatory response. MVs lacking several OM porins were less likely to elicit the secretion of pro-inflammatory cytokines in macrophages. Antibiotic resistance resulting in porin-loss in K. pneumoniae can thus have an impact on the survival of this pathogen (Turner et al., 2015). Further, MVs from Gram-negative bacteria induced vitronectin in mouse lungs and in A549 epithelial cells, which is released into the bronchoalveolar space and mediates protection against complement-mediated clearance (Paulsson et al., 2018).

The immunomodulatory effects of MVs can be useful to protect patients from bacterial infections. A vaccine based on detergent-extracted OMVs originating from the pathogenic bacterium Neisseria meningitides, complemented with recombinant proteins, has recently been approved and used to protect people against meningitis B. Several traits, such as the overexpression of certain antigens or the modification of the LPS reactogenicity, can be altered by genetically engineering the OMV-producing bacteria to yield a vaccine that meets the specific needs (van der Pol et al., 2015). Furthermore, active immunization of mice with P. aeruginosa MVs resulted in mice that were protected from P. aeruginosa infections (Zhang et al., 2018). Also NTHi, K. pneumoniae and S. aureus MVs are potential vaccine candidates, as was demonstrated in several studies (Lee et al., 2015; Roier et al., 2015; Winter and Barenkamp, 2017; Askarian et al., 2018).



CONCLUDING REMARKS

Bacteria associated with lung infections are increasingly posing a threat for the public health worldwide. In particular, the impact on CF and immunocompromised patients is concerning. Therefore, it is crucial to shed more light on the mechanisms these bacteria use to increase their pathogenicity. MVs were discussed to play an important role herein. By targeting MV-associated components that are involved in the interaction of these vesicles with human lung cells or macrophages, new therapeutic options to treat these infections could arise. Furthermore, the immunomodulatory effects of MVs could be exploited to produce vaccines leading to the protection of patients against the infecting bacteria. Taken together, it is important to further investigate the role of MVs during bacterial infection and the use of MVs to eventually combat these infections. Importantly, more in vivo studies are required to investigate the real impact of MVs on the progression of disease.
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Newborns and unvaccinated infants, compared to other age groups, are more susceptible to pertussis infection, manifesting severe symptoms leading to a higher mortality. The recent increase in pertussis cases demands more effective strategies to overcome this major health problem. In parallel with maternal-immunization, neonatal-immunization (NI) is a strategy needing revision. Here, using the intranasal-challenge-mouse-model we evaluated the protective capacity of NI in both naïve-mice and those with maternally acquired immunity. We tested our acellular-vaccine-candidate based on outer-membrane-vesicles derived from Bordetella pertussis (OMVP) that induces Th2-profile but also the recommended Th-profile for protection: Th1/Th17-profile and CD4 T-memory-cells that reside in the lungs. Commercial acellular-vaccine (aP) and whole cell-vaccine (wP) inducing mainly Th2-profile and Th1-profile, respectively, were also tested. Analyzing the induced immunity and protection capability of NI included in 1- or 2-dose schedules with the same or different types of vaccine, we detected that the aP-vaccine administered in either single- or 2-dose schedules protected against sublethal B. pertussis infection. Schedules consisting of doses of aP neonatally and of OMVP or wP vaccine during infancy greatly reduced bacterial lung colonization while inducing the highest levels of high-avidity anti-pertussis toxin (PTx) IgG. That OMVP or wP neonatal dose did not interfere with the protection of transferred maternal immunity was especially encouraging. Moreover, OMVP- or wP used as a neonatal dose enhanced the quality of the humoral immune response in immunized pups. Antibodies generated by OMVP-or wP-vaccinated mice born to aP-immunized mothers were of higher avidity than those from mice that harbored only maternal immunity; but when mothers and neonates were immunized with the same aP-vaccine, the humoral response in the neonates was partially suppressed through the blunting of the level of anti-PTx IgG induced by the neonatal aP dose. These results demonstrated that neonatal immunization is a possible strategy to be considered to improve the current pertussis epidemiology. For neonates without maternal-immunity, mixed-vaccination schedules that include the aP- and OMVP-vaccines appear to be the most appropriate to induce protection in the pups. For offspring from immune mothers, to avoid blunting-effect, NI should be carried out with vaccines other than those applied during pregnancy.
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INTRODUCTION

The first month of life represents one of the most vulnerable periods for contracting infectious diseases that can be fatal to neonates. During 2018, 5.3 million children under 5 died and almost 50% of those fatalities occurred during the neonatal period before turning 1-month old (2.6 million newborn deaths, slightly 7.000 per day on average) (Liu et al., 2016; UNICEF, 2018). Some of the diseases that affect that age group are vaccine preventable, but the majority of the infants who die are not old enough to receive the number of vaccine doses required for inducing protection. Within this context, and in an effort to reverse this serious health problem, maternal immunization was implemented as a possible solution for various pathogens (Munoz et al., 2018). An example of that strategy is maternal immunization against pertussis or whooping cough. Pertussis is a vaccine-preventable respiratory disease mainly caused by the Gram-negative coccobacillus Bordetella pertussis that can affect all individuals regardless of age, but with the highest morbidity and mortality rates being among newborns and infants that have received either no vaccine or an incomplete vaccination schedule (Tanaka et al., 2003; Somerville et al., 2007; Masseria et al., 2016). Pertussis has resurged as a major public-health concern in many countries, including those with high vaccination coverages (Cherry, 2012; Tan et al., 2015). Until two decades ago, the control of the disease was mainly carried out through a vaccination scheme either with the traditional whole-cell vaccine (wP) or with the later developed acellular vaccine (aP) consisting of a three-dose primary series, with the first dose being administered as early as at 6 weeks of life and with subsequent doses being completed as of 6 months of age (World Health Organization [WHO], 2016). The weakness in the vaccines currently used lies in the duration of the induced immunity (shorter for aP-vaccinated individuals) together with the lack of optimal vaccination coverage. Furthermore, an evolution of the pathogen to greater vaccination resistance has contributed to the recent rise in the incidence of pertussis and fatalities (He and Mertsola, 2008; Klein et al., 2016; Eberhardt and Siegrist, 2017). While coverage has improved and better vaccines are designed, many countries have added vaccination boosters beyond the primary doses with the main aim being to reduce both the disease burden and the incidence in the most vulnerable populations. Maternal pertussis immunization during the third trimester of every pregnancy (27–36 weeks of gestation) is one of the recent strategies recommended in several countries to improve pertussis control in newborns and older infants (Healy, 2016; Hoang et al., 2016). The rationale for this strategy is that mothers are detected as the main source of infection for unprotected infants, who then are at high risk of complications and death, and that antibody-mediated immunity is achieved by placental transfer and breast-feeding (Cherry, 2016). In primate, pigs, and murine models and also in humans, results on the protection against pertussis in the neonates born to mothers that had been immunized during pregnancy have argued in favor of this strategy (Elahi et al., 2006, 2017; Warfel et al., 2014). Using a baboon model, Warfel et al. (2014) reported that maternal vaccination induced in newborns a full protection from severe pertussis symptoms following direct challenge with B. pertussis at few weeks of age. Using a porcine model, Elahi et al. (2017) demonstrated that immunization of pregnant sows with inactivated bacteria induced protection in piglets as a consequence of passive transfer of a wide range of cytokines in addition to pertussis-specific antibodies. Using mice, we detected that pertussis immunization of pregnant females with the acellular vaccine conferred protective immunity that is transferred both transplacentally and via offspring breast-feeding without compromising the protection boostered by subsequent infant vaccination (Gaillard et al., 2017). In humans, extremely significant data recently obtained would support the following statements: (1) human maternal immunization is safe for women and fetuses, (2) maternal-immunization strategy is able to decrease the lethality rates in newborns and infants born to immunized mothers (Fabricius et al., 2018; Gentile et al., 2018) and (3) maternal immunization is highly protective against pertussis, especially in the first 2 months of life, but also up to the first year. Moreover, Baxter et al. (2017) found that maternal immunization provided additional protection for infants who received the first dose of pertussis vaccine.

Unfortunately, vaccination coverage in pregnant women for pertussis and other pathologies, although improved over time, is still inadequate, leaving mothers and newborns without specific immunity against pertussis. The situation is further complicated for premature neonates because even if the mother is immunized, her immunity may not be transferred to the newborn, as its birth was premature. Within this context, whereas approaches to increase maternal-immunization coverages are being improved and evidence has indicated that maternal immunization can be performed earlier, in the second trimester of pregnancy; neonatal immunization could become a complementary strategy to improve pertussis epidemiology in newborns. Neonatal immunization is an extremely attractive approach because, in terms of coverage, high levels could be achieved since birth is a reliable point of contact with medical care. Moreover, neonatal vaccination would represent an opportunity for the protection of premature newborns (Kent et al., 2016). In fact, vaccines like Bacillus Calmette Guérin (BCG) and those for hepatitis B (HBV) and polio have proven to be safe and effective at birth despite the difference in immunity and the reduced immune responses detected in the vaccinated newborns. In the example of pertussis, evidence has been cited of successful neonatal immunization both in animal models (Roduit et al., 2002; Warfel et al., 2014) and in humans (Wood et al., 2010), thus pointing to the feasibility of that vaccination strategy. Nevertheless, whether this approach will interfere with future vaccinations during infancy or with transferred maternal antibodies still remains controversial. In fact, certain studies suggested that, in infants of mothers vaccinated during pregnancy, the circulating maternal pertussis antibodies blunt the specific antibody responses in the neonate after the administration of aP vaccines in a primary series (Ladhani et al., 2015; Vono et al., 2019). In addition, certain evidence suggests that a dose of aP at birth may suppress the immune response to subsequent aP doses and suppress the immune responses to vaccines against Haemophilus influenza type B and hepatitis B virus (Knuf et al., 2008); but that interaction seems to depend on the brand of aP vaccine. What is of utmost relevance here is that the majority of the reported data were obtained by using the current acellular vaccines. Those vaccines were developed during a later period in response to reports on the induction of adverse reactions associated with the vaccinations involving the first pertussis vaccine developed, which preparation consisted in a suspension of killed B. pertussis bacteria (wP) that induced a potent antibody and Th2-polarized response plus weak Th17 responses (Ross et al., 2013; Brummelman et al., 2015). Unfortunately, immunization with the aP vaccines has appeared to be less effective than the current wP vaccines in inducing immunologic memory (including tissue resident T cells, Trm) and in conferring long-term protection against pertussis (Brummelman et al., 2015; Allen et al., 2018; Borkner et al., 2018).

We have designed a new multi-antigen acellular pertussis-vaccine formulation obtained from membrane components of B. pertussis (outer-membrane vesicles, OMVs) that shares the beneficial properties of the current aP vaccines in terms of biosafety and those of the wP vaccines with respect to immunogenicity and protective capability (with the international patent having been granted in the United States and in process in other countries, Application Number: PCT/IB2014/060143) (Roberts et al., 2008; Asensio et al., 2011; Gaillard et al., 2014). We have reported that the OMV-based vaccine (OMVP) was capable of inducing a more robust immune response than current aP vaccines with a Th1/Th17 and Th2 cellular profile (Zurita et al., 2016) that confers long lasting protection against B. pertussis (Gaillard et al., 2014). Thus, in this study we used the mouse model and different types of vaccines and vaccination schedules in order to substantially enhance our understanding of the efficacy of neonatal pertussis immunization in the protection of offspring that have been born to vaccinated and unvaccinated mothers. We also determined the potential interference of vaccination during the neonatal period with the eventual protection achieved by the primary vaccination against B. pertussis.



MATERIALS AND METHODS


Mice

BALB/c mice (4 weeks old), obtained from the Facultad de Ciencias Veterinarias of the Universidad Nacional de La Plata, were kept in ventilated cages and housed under standardized conditions with regulated daylight, humidity, and temperature. The animals received food and water ad libitum. Day 1 of gestation was determined when vaginal plugs were observed. Breeding cages were checked daily for new births, and the pups were kept with their mothers until weaning at the age of 3 weeks.

The animal experiments were authorized by the Ethical Committee for Animal Experiments of the Faculty of Science at La Plata National University (approval number 004-06-15, 003-06-15 extended in validity until August 10, 2023).



Bordetella pertussis Strain and Growth Conditions

Bordetella pertussis Tohama phase I strain CIP 8132 was used throughout this study as the strain for challenge in the murine model of protection. B. pertussis was grown in Bordet–Gengou agar supplemented with 15% (v/v) defibrinated sheep blood (BG-blood agar) for 72 h at 36.5°C. Isolated colonies were replated in the same medium for 24 h and then resuspended in phosphate-buffered saline (PBS: 123 mM NaCl, 22.2 mM Na2HPO4, 5.6 mM KH2PO4 in MilliQ® nanopure water; pH 7.4). The optical density at 650 nm was measured and serial 10-fold dilutions plated onto BG-blood agar to determine the density of the challenge inoculum.



Vaccines

The maternal immunization protocols were performed with the three-valent pertussis aP BOOSTRIX® (GSK, GlaxoSmithKline), with the composition per human dose: pertussis toxoid (8 μg), pertactin (2.5 μg), filamentous hemagglutinin (8 μg), tetanic toxoid (20 IU), and diphtheria toxoid (2 IU). For all experiments, the immunization was carried out through the use of a 1/10 human dose of that vaccine, hereafter referred to as a mouse dose. The vaccinations of neonatal or infant mice were performed with 1 mouse of the aP, a commercial wP vaccine (DTP vaccine, PT. BIO FARMA, Indonesia), or the B. pertussis–outer-membrane-vesicle–based vaccine formulated by us as previously described (Asensio et al., 2011), to be referred to as the OMVP vaccine.



Experimental Protocol


Maternal, Neonatal, and Infant Immunization

Female BALB/c mice (n = 8) were immunized (i.m) with three doses of commercial acellular vaccine (aP) Boostrix TM at 1/10 of the human dose (HD) at days 0 and 14. This dose was selected based on the basis of our previous work and also since, in the mouse-intranasal-challenge model, 1/10 HD had appeared to be more sensitive for detecting variations in the efficacy of the different vaccines than 1/4 HD (Queenan et al., 2014). Before applying the third dose of the vaccine, the females were housed with males within the same cage and checked daily for pregnancy. When mucosal vaginal plug was detected, a third vaccine dose was applied. Pregnancy eventually occurred after detection of the vaginal mucosal plug. Mouse couples stayed cohoused until the end of the experiment. Non-immunized mice were used as a negative control of protection. Offspring born to either immunized or non-immunized mothers were immunized subcutaneously in the upper back with 1/10 the human dose of aP, wP, or OMVP [50 μl at the concentration used by Asensio et al. (2011)] at the age of 1 week (neonates) and/or 3 weeks (infants). The ages of the mice used for the neonatal and infant immunizations were selected on the basis of published antibody responses to vaccine antigens and the colonization of secondary lymphoid organs where 7-day-old mice had been reported to be similar to newborn children (Adkins, 2005). Immunologic maturity is thereafter acquired gradually over the next 3 to 5 weeks of life. These schedules had been previously used to investigate the immune responses induced in a neonatal-mouse model by heterologous prime boosting, with the live attenuated pertussis vaccine BPZE1 (a derivative of the B. pertussis strain Tohama I) being used for priming and aPV for boosting (Feunou et al., 2014). Those authors had compared the immune responses and protection conferred in animals primed as neonates (at 7 to 10 days old) with those primed in infancy (at 3 weeks old) (Feunou et al., 2014).

To evaluate the protective capability induced by the different vaccination strategies used, we performed an intranasal challenge with a sublethal dose [106–107 colony-forming units (CFUs) in 40 μl–1] of B. pertussis Tohama phase I at 14 days after the last immunization. Seven days after the challenge, the mice were sacrificed, and their lungs were harvested, homogenized in PBS and plated in serial dilutions onto BG-blood agar to count the colonies formed after incubation at 36.5°C for 3–4 days. At least three independent assays were performed.



Enzyme-Linked Immunosorbent Assay (ELISA)

As we described previously (Bottero et al., 2016), plates (Nunc A/S, Roskilde, Denmark) were coated with the purified pertussis toxin (PTx) at 3 μg/ml in 0.5M carbonate buffer pH 9.5, by means of an overnight incubation at 4°C. The rinsed plates were then blocked with 3% milk in PBS (2 h, 37°C) before incubation with serially diluted samples of mouse serum (1 h, 37°C). In the experiments described above, blood samples were collected from the mothers at delivery, from the pups at weaning, from the mothers and the pups before pup challenge, and from the pups 13 days after immunization. The sera were obtained after leaving the blood samples to clot for 1 h at 37°C followed by centrifuging for 10 min at 7,000 × g. The IgGs from individual or pooled sera bound to the plates were detected after a 2-h incubation with horseradish-peroxidase–labeled goat anti-mouse IgG (Invitrogen, United States) at 1:8,000. For measuring the IgG isotypes, the bound antibody was incubated with horseradish-peroxidase labeled subclass-specific anti(mouse IgG1) at 1:8,000 or anti(mouse IgG2a) at 1:1,000 (Sigma, Aldrich). The substrate used was 1.0 mg/ml o-phenylendiamine (Bio Basic Canada, Inc.) in 0.1M citrate-phosphate buffer, pH 5.0 containing 0.1% (v/v) hydrogen peroxide. Optical densities were measured with Titertek Multiskan Model 340 microplate reader (ICN, United States) at 492 nm and then plotted as a function of the log of the (serum dilution)–1. A successful assay for each antibody sample produced a sigmoidal curve in this type of plot. The titer of each antibody sample was determined from this curve by identifying by GraphPad Prism® software the concentration (expressed as inverse of the dilution of the antibody) that provokes a half way between the basal response and the maximal response. The cut-off levels determined for IgG, IgG1, and IgG2a assays were 12.5 ± 3.6, 1.9 ± 0.9, and 5.8 ± 2.7, respectively.

From the experimental protocol, performed in triplicate, one representative experiment is presented throughout the Results.



Avidity Assay

Avidity was measured by an ELISA-elution assay as the overall strength of binding between antibody and antigen, using plates incubated for 15 min with increasing concentrations of ammonium thiocyanate (NH4SCN) from 0 to 0.375M. Antibody avidity was defined as the amount (percentage) of antibody eluted for each NH4SCN concentration.



Protein Assay

The protein content was estimated by the Bradford method with BSA as the standard (Bradford, 1976).



Sodium Dodecylsulfate-Polyacrylamide Gel Electrophoresis (SDS-PAGE) and Immunoblotting

Purified PTx was solubilized in Laemmli sample buffer (Laemmli, 1970) and heated at 100°C for 10 min. The purified protein was separated by SDS-PAGE and then transferred onto polyvinylidine difluoride (PVDF; Immobilon P, Millipore) at constant voltage (100 V). After the transfer, the PVDF membranes were probed with immune sera or non-immune sera (1: 1,000) followed by incubation with anti(mouse IgG) conjugated with alkaline phosphatase at a 1:1,000 dilution. Nitroblue tetrazolium and 5-bromo-4-chloro-3-indolyl-phosphate were used as the phosphatase substrates according to the manufacturer’s protocol (Biodynamics SRL Buenos Aires Argentina).




Statistical Analysis

The data were evaluated statistically by a one-way analysis of variance (ANOVA) followed by the Tukey test post hoc (via the GraphPad Prism® software). Differences were considered significant at a p < 0.05.




RESULTS


Neonatal Immunization and Protection Against B. pertussis Infection in Naïve Mice

To evaluate the protection of naïve offspring against B. pertussis infection through neonatal-vaccine–induced immunity, the model we used involved the immunization of neonatal mice followed by a sublethal intranasal challenge with B. pertussis. Neonatal (7-day-old) BALB/c mice were either simply primed or primed and then boosted subcutaneously 2 weeks later (at 21 days-old; Figure 1A) with the following vaccines selected for this study: commercial aP, which induces mainly a Th2 profile, wP, which generates mainly Th1 and Trm response; or OMVP vaccine; which induces a mixed Th1/Th17 and Th2 mixed profile plus Trm response (Zurita et al., 2019). Non-immunized mice sacrificed at 28 or 42 days of age served as the negative controls for 1- and 2-dose-vaccination schedules, respectively. For both vaccination schedules the mice tested were challenged (intranasally) with 106–107 CFUs of B. pertussis Tohama phase I at 14 days after the last immunization (Figure 1). Significant differences were observed between the bacterial counts recovered from the lungs of mice immunized with 1 dose of vaccine and those from the negative control group (Figure 1B, gray columns; p < 0.001) were observed. The highest protection was detected in the animals immunized during the neonatal period with aP (with the CFUs being reduced by some 2 orders of magnitude in comparison to the non-immunized mice; p < 0.001). This result is in accordance with the information on the neonatal immune system indicating a preferential differentiation of the CD4+ helper T cells into Th2 cells in response to danger signals and antigens (Mohr and Siegrist, 2016) along with the induction of mainly a Th2 profile by the aP vaccine. Experiments involving the 2-dose–vaccination schedule in which one dose was administered at 7 days of age and the second at infancy (21 days of age) in comparison with schedules that included a single dose at infancy indicated that neonatal vaccination did not interfere with the eventual protection induced by the primary vaccination (Figure 2). Moreover, while a single neonatal dose with any of the vaccines tested induced protection (Figure 1B, gray columns), a single dose in infancy did not confer protection unless the vaccine used for the immunization was the aP (Figure 2, p < 0.05). In addition, with the aP vaccine, a higher protection was detected in the 2-dose schedule compared to either a single neonatal aP dose (difference of 2.25 orders of magnitude, p < 0.001, Figure 1) or to the 2-dose schedule performed with the other 2 vaccines tested here (difference of at least two orders of, magnitude p < 0.001; Figure 2). For the other vaccination schedules tested: wP-wP or OMVP-OMVP, non-significant differences were detected compared to the single-vaccination schedule during the neonatal period (Figure 1B, black columns vs. gray columns).
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FIGURE 1. Effect of neonatal immunization on the protection of offspring against Bordetella pertussis infection. (A) Schematic representation of vaccination and challenge protocols. Seven-day-old neonatal mice were vaccinated with a commercial aP, OMVP or a commercial wP vaccines (n = 8 in each group). For the two-dose vaccination schedules consisting in two doses, the second dose (black horizontal arrow) was administered 14 days after the first dose. Mice immunized with 1 dose (gray horizontal arrow) or 2 doses (black arrow) were challenged with B. pertussis at 28 and 35 days after birth, respectively. Non-immunized mice of the same age (used as a negative control for protection) were also challenged with B. pertussis. (B) Protection of offspring through the vaccination schedules of (A). The number of bacteria recovered from the mouse lungs, expressed as the log10(CFUs per lung), is plotted on the ordinate for the type and vaccine schedule indicated on the abscissa, with the data representing the means ± the SD. The dotted horizontal line demarcates the lower limit of detection. ∗∗∗p < 0.001 for both the non-immunized mice versus the 1-dose–immunized mice and the aP-immunized mice versus all the other treatments performed for the 2-dose–schedule assays.
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FIGURE 2. Effect of neonatal immunization on the first dose administered during the infancy. The infant doses were administered in both immunized or non-immunized mice at 21 days during the neonatal period in either the presence or the absence of a neonatal dose at 7 days of age. In the neonates immunized (upper indications on the abscissa), the type of vaccine used was the same as that administered during infancy (lower indications on the abscissa). The non-immunized mice were used as a negative control of protection. All the groups of mice (n = 8) were challenged with B. pertussis at 35 days after birth. The number of bacteria recovered from mouse lungs, expressed as the log10(CFUs per lung), is plotted on the ordinate for the type and vaccine schedule indicated on the abscissa, with the data representing the means ± the SD. The dotted horizontal line indicates the lower limit of detection. ∗∗∗p < 0.001, ∗∗p < 0.05.




Effect of Immunization Schedules Involving Two Different Types of Vaccines on Protection Against B. pertussis Infection in the Neonatal-Mouse Model

On the basis of the results indicating that the inclusion of aP vaccine in the neonatal immunization model exhibited the highest protective capability, we decided to evaluate whether adding aP to the 2-dose-vaccination schedule that contained a second type of vaccine was able to induce higher levels of protection. To that end, we performed the in vivo protection assays described above using the following schedules that included aP as the primary or the booster dose—that is: aP-OMVP; OMVP-aP; aP-wP, and wP-aP. As a control for protection, we included a group of mice vaccinated with the schedule that up to now conferred the highest level of protection that is the aP-aP schedule. As a negative control, we used non-immunized mice. Of interest to us was that we observed the highest levels of protection in those schedules in which the neonatal dose was performed with the aP vaccine (Figure 3). The reduction in the CFUs recovered from lungs of the aP- aP-, aP- OMVP-, and aP-wP–immunized mice ranged from 2.9 to 3.6 orders of magnitude (non-significant differences between those treatments) in comparison to the highly significant difference relative to non-immunized animals (p < 0.001). Indeed, the protection levels conferred by OMVP-aP or wP-aP (Figure 3) were higher than those detected with the OMVP-OMVP or wP –wP schedules (Figure 1B). The comparison of theses results is valid because in both sets of experiments we used for the challenge the same sublethal dose of B. pertussis.
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FIGURE 3. Effect of 2-dose schedules including neonatal immunization on protection of offspring against B. pertussis infection. (A) Schematic representation of vaccination and challenge protocols. Seven-day-old neonatal mice were vaccinated with a commercial aP, OMVP, or a commercial wP vaccine (n = 8 in each group). The second dose, involving a different type of vaccine from the first, was administered 14 days after the first dose. Non-immunized and aP-aP–immunized mice were used as respective negative and positive controls of protection. All the mice were then challenged with B. pertussis at 35 days after birth followed by sacrifice at 42 days. (B) Protection of offspring through the vaccination schedules of (A). The number of bacteria recovered from mouse lungs, expressed as the log10 of the CFUs per lung, is plotted on the ordinate for the combination of vaccine types indicated on the abscissa, with the data representing the means ± the SD. The dotted horizontal line demarcates the lower limit of detection. ∗∗∗p < 0.001, ∗∗p < 0.05.




Anti-Ptx Antibodies Induced by the 2-Dose Vaccination Schedules

In this study, the IgG titers against pertussis toxin (anti-PTx IgG) were measured regularly after the last immunization. None or very low values of those titers were detected in a single-dose-vaccination schedule (data not shown). These results on a single neonatal dose were in agreement with those reported by Vono et al. (2018) for influenza vaccines. For the 2-dose-vaccination schedules, the PTx-specific antibody responses were detected in all the immunized mice (Figure 4A). Among the schedules that included the same type of vaccine for the first and second dose, the aP-aP and OMVP-OMVP vaccination schedules induced the highest values of anti-PTx IgG titers (Figure 4A). High values of the IgG titers were also detected in those mixed schedules that included the aP vaccine in the neonatal immunization. An interesting observation was the higher proportion of anti-PTx IgG with high avidity detected in the sera of the mice immunized with schedules that contained a neonatal dose of OMVP or wP in comparison to those induced in mice immunized with schedules started with an aP neonatal dose (Figure 4A). Consistent with the anti-PTx IgG titers and avidity results, a differential PTx-recognition intensity was observed in blots from SDS-PAGE gels probed with the vaccine-induced sera that were tested (Figure 4B). Thus, Figure 4 illustrates how, with the heterologous schedules involving different types of vaccine for neonatal and infant immunizations, the recognition of PTx was more intense in those that began with an aP neonatal dose. For the mixed schemes in which aP was used as a dose in infancy, the recognition signal for PTx was either reduced (for the OMVP-aP schedule) or null (for the wP-aP schedule) compared to the signals detected when the aP vaccine was used as the neonatal dose. All these results pointed to the occurrence of a prime-boost effect.
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FIGURE 4. Anti-Ptx antibodies induced by 2-dose vaccination schedules. (A) Anti-PTx IgG titers along with the IgG isotypes were measured 14 days after the second vaccination dose. The titers are expressed as the geometric mean of the data from each group. The cut-off levels for IgG, IgG1, and IgG2a assays were 12.5 ± 3.6, 1.9 ± 0.9, and 5.8 ± 2.7, respectively. No values were detected in the non-immunized control animals. The values detected were significantly different from those of the non-immunized mice (p < 0.05). The avidity of IgG antibodies was also measured by ammonium thiocyanate (NH4SCH) elution 14 days after the second dose and is expressed as the percentage of PTx-specific antibodies eluted. (B) Immunoblotting of purified PTx separated by 12.5% (w/v) SDS-PAGE and probed with polyclonal sera obtained from immunized mice. The sera are designated according to the vaccination schedule used to raise the immune response in the donor mice.


For the 2-dose schedules with the same vaccine type in both doses, the recognition of PTx was sharp in those combinations in which the vaccine induced mainly a Th2 profile, either aP or OMVP. By contrast, for a 2-dose schedule with a vaccine that induced a robust Th1 profile response, such as with the wP vaccine, the PTx detection was null.

Another important observation was that the schedules that included OMVP or wP triggered murine-antibody responses with an IgG2a/IgG1 > 1.5 (Figure 4A). The high IgG2a/IgG1 ratio observed in the schedules consisting of a neonatal dose with OMVP or wP and an aP-dose in infancy not only suggested that OMVP or wP skewed the immune response toward a Th1 profile but also provided evidence of a heterologous prime-boost effect.



Neonatal Immunization and Protection Against B. pertussis Infection in Mice With Maternal Immunity

To evaluate the effect of neonatal immunization in mice with maternal immunity (hereafter referred to as Ipups), we first had to generate a pool of adult female mice primed by anti-pertussis vaccination. Since in humans the aP vaccine is used for maternal immunization, we included this type of vaccine for the female-vaccination schedule in our experiments. We accordingly vaccinated adult female mice with 1/10 of the human dose of aP in three doses with the third one being administered during pregnancy (Gaillard et al., 2017). By using this model in a previous study, we demonstrated that infants born to vaccinated mothers were protected against B. pertussis infection, with a humoral immune response being mainly responsible for the protection detected in the Ipups. In the present experiments, we assessed whether the neonatal immunization could be used in mice with maternal immunity. To that end, mice born to vaccinated mothers were immunized at 7 days of age with each one of the three tested vaccines: the commercial aP and wP vaccines or our novel OMVP vaccine candidate (Figure 5A), with non-immunized mice being used as a control group.
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FIGURE 5. Effect of neonatal immunization on the protection of pups with maternal immunity against B. pertussis infection. (A) Schematic representation of the vaccination and challenge protocols. Seven-day-old neonatal mice born either 3 weeks or later than 2.5 months after maternal aP immunization were vaccinated with a commercial aP or wP or the OMVP vaccine (n = 6 in each group). Non-immunized mice were used as a negative control for protection. All the groups were challenged with B. pertussis at 28 days after birth. (B) Protection of offspring through the vaccination schedules of (A). The number of bacteria recovered from the mouse lungs, expressed as the log10 of the CFUs per lung, is plotted on the ordinate for the treatments indicated on the abscissa, with the data representing the means ± the SD. The dotted horizontal line indicates the lower limit of detection. The left side of the panel depicts the CFU values for the different groups of mice born 3 weeks after the last maternal vaccination, while the right side contains the corresponding data for the same experimental groups born 2.5 months after that last maternal vaccination. ∗∗∗p < 0.001 non-immunized mice versus immunized Ipups. A significant difference (p < 0.05) was also recorded between the CFU values detected in the aP-vaccinated Ipups born 2.5 months after maternal immunization and those values detected in the non-vaccinated and vaccinated Ipups born 3 weeks after the completion of maternal immunization.


To evaluate the protection, all the mice were challenged at 21 days of age with 106 CFUs of the B. pertussis strain Tohama phase I. As we described before (Gaillard et al., 2017), all the unvaccinated animals born to immunized mothers were protected against B. pertussis infection. The CFU counts in the lungs of those Ipups, regardless of whether or not they had received a vaccine dose during the neonatal period, were not detectable. Moreover, the levels of protection were equally high independently of the type of vaccine used as a neonatal dose (Figure 5B). These results were obtained in mice born 3 weeks after their mothers received the last aP dose during pregnancy. An important degree of protection against B. pertussis infection was also observed in mice born later than 2.5 months after their mothers had received the last dose during pregnancy (Figure 5B). The levels of CFUs detected in this instance, however, were slightly higher than those recorded in infants born 3 weeks after the mothers had received their final dose during pregnancy. In particular, the highest values of CFUs recovered were detected in those animals that were vaccinated with aP vaccine (with CFU counts approximately 10-fold higher than those of the non-vaccinated Ipups, p < 0.05), thus indicating that neonatal immunization with aP interfered with the functionality of the maternal antibodies (Figure 5B).

As to the antibody titers, we quantified of anti-PTx IgG antibodies in the vaccinated pups. In contrast to the undetectable titers in the pups born to non-immunized females (data not shown), significant levels of anti-PTx IgG were present in the sera of the Ipups (Figure 6A). The lowest values of IgG titers were detected in the aP-immunized neonates (p < 0.05, vs. all other treatments). Non-significant differences were detected between the IgG levels of wP or OMVP vs. non-immunized Ipups animals (Figure 6A). Since one of the most transferred IgG isotypes from the mother to the fetus is IgG1, we also evaluated this isotype in vaccinated or unvaccinated Ipups (Figure 6A). The results indicated again that the Ipups immunized during the neonatal period with aP manifested IgG1 titers significantly lower than those in the non-immunized Ipups (p < 0.05).


[image: image]

FIGURE 6. Anti-Ptx antibodies in pups born to aP immunized mothers. (A) Anti-PTx IgG titers and the IgG1 isotype were measured at 21 days of life in the Ipups. The titers are expressed as the geometric mean of the data from each group. No values were detected in pups born to non-immunized mothers used as the control group (not indicated in the figure). The values detected in the aP-immunized Ipups were significantly lower (p < 0.05) than those of the non-immunized mice. The cut-off levels for IgG and IgG1 assays were 12.5 ± 3.6 and 1.99 ± 0.98, respectively. The avidity of the IgG antibodies was also measured in the Ipups at 21 days of life, as indicated by the percentages of PTx-specific antibodies eluted after treatment with increasing concentrations of ammonium thiocyanate (NH4SCN). (B) Immunoblotting of purified PTx separated by 12.5% (w/v) SDS-PAGE and probed with the polyclonal antisera obtained from immunized mice. The sera are designated according to the vaccination schedule used to raise the immune response in mice.


As an indication of the antibody avidities, we observed that in mice with maternal aP-induced immunity that were also immunized with aP the percentages of elution with NH4SCN were considerably higher than those detected in the sera of Ipups immunized with wP or OMVP (Figure 6A).

Consistent with the ELISA-IgG and avidity results obtained, we observed a marked intensity in the recognition of PTx in blots from SDS-PAGE gels probed with some of the tested vaccine-induced sera (Figure 6B). We noted that, although with sera from both the non-immunized and immunized Ipups with OMVP- or wP, the PTx band was clearly recognized by the specific antibodies, with the sera from Ipups that received aP as a neonatal dose that recognition against PTx was null.

The data presented corresponded to those obtained in mice born 3 weeks after their mothers were immunized during pregnancy. Similar results were observed in the pups born to mothers whose immunization during pregnancy occurred at least 2.5 months before the birth of those offspring (data not shown).




DISCUSSION

Within the current epidemiologic context of pertussis, many countries in which the number of cases have increased in mainly newborns and infants not receiving primary doses because of age (Fabricius et al., 2018; Agrawal et al., 2019) have once again begun discussion on neonatal vaccination and its possible implementation (Lumbreras Areta et al., 2019). Neonatal immunization would provide an early protection for newborns and infants, thus narrowing the critical period of vulnerability intrinsic to routine vaccination schedules that start later in life. This strategy is easily implementable—given that birth is a crucial point of contact with the healthcare systems globally—and could also cover the gaps that the recently implemented maternal vaccination leaves, either because of the low coverage achieved in pregnant women or as a result of preterm birth. This strategy has, however, potential limitations that include poor immunogenicity (PrabhuDas et al., 2011), an immune response skewed toward a Th2-dominated immunity (Dowling and Levy, 2014), safety concerns, and the development of hyporesponsiveness to the same antigen and/or concomitant antigens administered at birth or in the subsequent months (Siegrist, 2003; Niewiesk, 2014). Nevertheless, the effectiveness of the currently used vaccines in the neonatal period is proof of the concept that vaccines can be successfully administered to the newborns to induce protection against different diseases (Wood and Siegrist, 2011).

In the study reported here, we used a mouse model to analyze whether neonatal immunization with pertussis vaccines that induce different Th-profiles—an OMVP-based vaccine giving rise to a Th1/Th2/Th17 mixed response, the aP resulting in mainly Th2, and the wP inducing Th1/Th17—led to a protection of offspring against B. pertussis. In agreement with previous findings on the preferential differentiation of CD4+ helper T cells into Th2 cells in response to danger signals and antigens in neonates (Mohr and Siegrist, 2016), the protection against B. pertussis was higher in neonatal mice immunized with 1 dose of the vaccine inducing mainly Th2 (aP) than the coverage recorded after immunization with the OMVP or wP vaccines. The protection against pertussis—as evidenced in a significant reduction in the bacterial colonization of the lungs in the mice challenged with sublethal doses of B. pertussis (Figure 3)—was increased in the schemes consisting of two immunizations, with a first dose at 7 days and a second at 21 days. In these two-dose schedules, the increase occurred to the greatest extent both when the aP vaccine was used for the two doses and when mixed schemes were implemented that contained aP for the first dose and OMVP or wP for the second. The scheme consisting of the OMVP-based vaccine in the first dose and the aP in the second also proved to be successful in terms of causing a reduction in the CFUs in comparison to non-immunized mice by more than 2 orders of magnitude (p < 0.001). We need to stress here that the two-dose schedules involving exclusively vaccines that induced immune profiles with Th1, such as wP or the OMVP-based vaccine, were not significantly effective (Figure 1B). This failure occurs because the neonatal immunologic milieu is polarized toward the Th2-type immunity with a dampening of the Th1-type responses (Zaghouani et al., 2009; Basha et al., 2014). The lower IL-12 production by dendritic cells was proposed as part of the cause of the lower capability of neonatal cells to generate memory cells and Th1-effector responses (Zhang et al., 2017). Furthermore, neonates do not yet have an anatomical microenvironment that is fully developed and thus equipped for the interaction between dendritic cells and T and B lymphocytes (Marchant and Kollmann, 2015). In fact, no defined demarcation exists between different lymphoid zones and T-CD4 zones in neonates. In agreement with that information, we detected no B. pertussis–specific T cells in the mice that only received one dose at 7 days of age (data not shown), suggesting that protection was mediated by anti(B. pertussis) antibodies rather than by cell-mediated immunity. The enhanced levels of protection detected for the aP-aP schedules, and for those that included neonatal immunization with the aP vaccine, was paralleled by increased levels of anti-PTx antibodies. Of interest to us was that the antibodies generated in mice from mixed-immunization schedules were of higher avidity than those elicited in the aP-aP–immunized mice and especially that, for the mixed-vaccination schemes, the increase in the percentage of elution of anti-PTx antibodies in the presence of NH4SCN (for the lower binding avidity; Figure 4A, second column) was always greater after a neonatal dose of aP, thus suggesting the presence of a prime-boost effect. Other evidence of that effect was the highest IgG2a/IgG1 ratios detected for mixed schemes having a neonatal dose with vaccines that induced a Th1 profile, that is OMVP or wP (Figure 4A, sixth column). Consistent with the IgG titers and the results of the avidity assays, we observed a differential recognition intensity of PTx in blots from SDS-PAGE gels probed with the vaccine-induced sera (Figure 4B). These results demonstrate the necessity of choosing the appropriate type of vaccine to be used in an immunization schedule beginning with a neonatal dose. Moreover, an evaluation of the type of adjuvant to use is essential. Although alum is the one most widely used, others are being tested to ensure an adequate response in the neonates. The capability of the oil-in-water emulsion called MF59 as an adjuvant in early life has begun to be investigated (Morris and Surendran, 2016). This adjuvant, when used for neonatal immunization, was recently found to induce a prolonged stimulation of a vaccine antigen and to enhance a recruitment of antigen-presenting cells and subsequently a promotion of CD4+-effector–T-cell activity (Morris and Surendran, 2016). Another approach that has been successfully tested in the murine model for promoting a robust T-cell response is the coadministration of IL-12 and the specific subunit vaccine to newborn mice. This combination accordingly led to an increased splenic expression of IFNγ and an enhanced protective efficacy of the tested vaccines (Arulanandam et al., 2000).

In our experiments, we also observed that in mice with maternal aP antibodies, the protection level induced by the transferred maternal immunity was not affected by neonatal immunization performed with any of the vaccines tested (Figure 5B). Under these conditions—and in contrast to what was observed in vaccination schemes consisting of a single neonatal dose in mice without maternal immunity—appreciable levels of IgG against PTx were detected (Figure 6A). What is noteworthy, however, is that, in the example of neonatal immunization with the aP vaccine, the IgG levels against PTx were significantly lower than those detected in the sera of the mice immunized at 7 days with the OMVP or wP vaccines, or those detected in the neonates with maternal immunity alone (p < 0.05 throughout). We also observed similar results in pups born to mothers whose immunization during pregnancy had occurred at least 2.5 months before the birth of those offspring (data not shown). This phenomenon, known as blunting, was confirmed by immunoblotting assays (Figure 6B; the second blot). The results obtained by these assays demonstrated that the recognition against PTx was null for the sera from aP-vaccinated offspring born of mothers that had been immunized with that same vaccine during pregnancy. As in naïve animals, the antibodies induced by that aP neonatal dose were of lower avidity than those raised by the OMVP or wP vaccines.

The mechanism by which maternal antibodies limit the offspring’s vaccine responses is still poorly understood. Vono et al. (2019) evidenced that maternal immunity exerts an influence on the germinal-center–B-cell differentiation into antibody-secreting plasma cells. Those authors proposed that high-avidity maternal antibodies bind to immunodominant epitopes and are thereafter able to force the binding of early-life B cells into non-immunodominant epitopes of lower affinity (Vono et al., 2019). This mechanism would then limit their chance of surviving through the germinal-center selection and plasma-cell differentiation (Phan et al., 2006). The authors speculated that the use of different vaccines in mothers and infants was possibly recruiting disparate types of B cells into the immunodominant response. This hypothesis is supported in the present work by the observation that antibody responses generated in aP-vaccinated offspring born to aP-immunized mothers was of lower avidity than in both the OMVP- or wP-vaccinated Ipups.

In the animals born at least 2.5 months after their mothers received the last aP dose and then were immunized with a neonatal dose of aP, a slight decrease in protection was observed in parallel to the IgG titers and the avidity results. We need to stress, however, that the levels of protection detected for the Ipups with maternal immunity born 3 weeks after their mothers received the last aP dose and then vaccinated at 7 days with aP were similar to those registered with the pups from mothers either unvaccinated or vaccinated with the other two vaccines tested. The differences in protection detected between the neonates immunized with aP and born at 3 weeks and the offspring immunized with aP but born at 2.5 months after maternal immunization could be due to differences in the proportion of maternal antibodies that mediate an effective protection in pups, with those being at a higher titer in pups born at 3 weeks after the last maternal booster. The explanation could be that in mice born after maternal immunization, high-avidity maternal antibodies bind to immunodominant epitopes present in the vaccine used for neonatal immunization (causing the blunting effect); but apart from that occurrence, other maternal antibodies capable of inducing a robust protective response are still present. The levels of those antibodies would be dependent on the time of birth after the last maternal immunization. Unfortunately, because of the design of our experiment, this hypothesis could not be tested since the discrimination of maternal antibodies from those induced by neonatal vaccination is still not possible.

As expected from previous reports on the aP vaccine (Allen et al., 2018), we detected in preliminary assays that in the animals born either at 3 weeks or at least 2.5 months after their mothers received the last aP dose, the aP neonatal dose did not prevent B. pertussis colonization in the nose.

A major finding from our work was that neonatal immunization with OMVP or wP at any of the times tested (3 weeks or 2.5 months after maternal immunization) did not affect the protection conferred by maternal immunity.

The present results on the dependence of interference in immunization efficacy by the types of vaccine used for the mothers and the infants are in agreement with those reported by Feunou et al. (2016), who demonstrated that the protection induced by neonatal vaccination was affected by maternal antibodies when the vaccine used for the neonatal dose was the same as that used in the pregnancy. When the mothers and the infants were immunized with two different types of vaccines, no interference of neonatal vaccination in the protective effects of maternal antibodies was noted.

All the results presented here demonstrate that in this murine model, the application of a neonatal-vaccination strategy against pertussis is feasible even in those infants who have maternal immunity. For infants with maternal immunity induced by the aP vaccine, however, using a second type of vaccine for neonatal immunization and/or a different adjuvant would be advisable (Sakala et al., 2019). Though the use of mouse models to investigate neonatal vaccination is admittedly not a forum for completely replicating human physiology, the results obtained with a model of this design will nevertheless enable a test of the proposed hypotheses under controlled conditions, where the forthcoming results can then refine those concepts for further validation in subsequent human studies.
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Recent reports have shown that Gram-positive bacteria actively secrete spherical nanometer-sized proteoliposome membrane vesicles (MVs) into their surroundings. Though MVs are implicated in a broad range of biological functions, few studies have been conducted to examine their potential as delivery vehicles of antimicrobials. Here, we investigate the natural ability of Lactobacillus acidophilus MVs to carry and deliver bacteriocin peptides to the opportunistic pathogen, Lactobacillus delbrueckii. We demonstrate that upon treatment with lactacin B-inducing peptide, the proteome of the secreted MVs is enriched in putative bacteriocins encoded by the lab operon. Further, we show that purified MVs inhibit growth and compromise membrane integrity in L. delbrueckii, which is confirmed by confocal microscopy imaging and spectrophotometry. These results show that L. acidophilus MVs serve as conduits for antimicrobials to competing cells in the environment, suggesting a potential role for MVs in complex communities such as the gut microbiome. With the potential for controlling their payload through microbial engineering, MVs produced by L. acidophilus may be an interesting platform for effecting change in complex microbial communities or aiding in the development of new biomedical therapeutics.
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INTRODUCTION

Microbial communities such as the gut microbiota are comprised of numerous microorganisms that persist in a steady state of competition and cooperation. Chemical signals, metabolites, and other biomolecules constantly flood the community, effecting changes to the composition of the community as individual species struggle to remain viable. The human gastrointestinal (GI) tract contains at least 1000 species of bacteria, where they grow up to 1011 organisms per gram of intestinal material (Rajilic-Stojanovic and de Vos, 2014). Beyond contributing to digestion of foodstuffs, these GI bacteria perform many other functions for the host, including essential vitamin production, education of the immune system, communication with cells of the intestines, and altering behavior of the host (Backhed et al., 2005; Lathrop et al., 2011; Cryan and Dinan, 2012; Rajilic-Stojanovic, 2013). In the human GI tract, home to many diverse bacteria, both commensal and potentially pathogenic, lactic acid bacteria typically constitute a small portionl of the bacterial population. Detailed in a review by Walter, lactobacilli abundance within fecal samples ranges from 0.01 to 6.6% with the upper value including members of the Enterococcus genus (Walter, 2008; Yoneyama et al., 2009). To remain viable members of this diverse population of competing microorganisms, bacteria have evolved an arsenal of mechanisms to kill other species, including the production of lactic acid, reactive oxygen species, and bacteriocin peptides (Rajilic-Stojanovic and de Vos, 2014).

Bacteriocins are a subgroup of antimicrobial peptides that have bactericidal activity toward some closely related species, while the producer species exhibits specific immunity due to an inherent property of the bacterial physiology (Perez et al., 2014). There are an estimated 74 distinct bacteriocin-encoding clusters found in the GI tract, based on the human microbiome project reference genome database (Walsh et al., 2015). Many of the identified clusters were found in lactobacilli and have been reported to enable the killing of not only some pathogenic organisms but also other commensal, including members of the Lactobacillus genus that are in competition for the same community niche (Human Microbiome Project, 2012; Walsh et al., 2015). Bacteriocins are ribosomally synthesized antimicrobial peptides (AMPs). They typically range in size from 20 to 60 amino acids and most often have a net positive charge (Hammami et al., 2010). Despite these similarities, bacteriocins have heterogeneous amino acid compositions. There has been much debate as to a system of classification for bacteriocins with researchers arguing as to whether there should be two, three, or even four classifications based on structural features and mode of action (Klaenhammer, 1993; Diep and Nes, 2002; Cotter et al., 2005; Heng et al., 2007; Perez et al., 2014). Broadly, bacteriocins are classified into two groups based on whether they are post-translationally modified (class I) or remain unchanged (class II) following synthesis. Although some broad-spectrum bacteriocins exist and have the potential for use in combating infections of unknown cause, potent narrow-spectrum bacteriocins have also been identified, allowing for the targeted control of pathogens without disrupting commensal populations (Cotter et al., 2013; Kommineni et al., 2015).

The ever-rising number of sequenced genomes of Lactobacillus species has established the consistent presence of bacteriocins within the genus. The system of production for certain bacteriocins has been described at least in part in many lactic acid bacteria, and the consensus elements required for bacteriocin production have been elucidated for class II. These include auto-induction via a signal peptide, a structural gene encoding a prepeptide characterized by a conserved N-terminal double-glycine leader sequence, and activation of the peptide by cleavage at a conserved location (Alvarez-Sieiro et al., 2016). Reports investigating two strains of the important probiotic species L. acidophilus have shed light on its bacteriocin lactacin B and its cognate inducer signal peptide that is produced in the presence of target bacteria (Dobson et al., 2007; Tabasco et al., 2009). However, the details of lactacin B delivery to its bacterial target have not been described beyond its presence in culture supernatant.

One possible mechanism for lactacin B delivery to target bacteria is through membrane vesicles (MVs). Reports have demonstrated that outer membrane vesicles (OMVs) of Gram-negative bacteria can function as delivery vehicles for DNA, virulence factors, antimicrobial metabolites (Schulz et al., 2018), and other cargo to host cells and bacteria in the environment (Bomberger et al., 2009; Bitto et al., 2017), with MVs isolated from Gram-positives thus far exhibiting similar characteristics (Lee et al., 2009). Previous proteomic analysis of L. acidophilus ATCC 53544 cells and MVs revealed an enrichment (50-fold increase compared to the whole cell) of bacteriocin pathway proteins in the MVs (Dean et al., 2019). Tabasco et al. had previously described that in response to induction with an autoinducer peptide, the lactacin B operon (lab) produced and released antimicrobials into the culture media capable of bactericidal activity in the closely related species Lactobacillus delbrueckii (Dobson et al., 2007; Tabasco et al., 2009). Based on our previous proteomic analyses and those described by Tabasco et al., we investigated the ability of L. acidophilus MVs to carry and deliver bacteriocin peptides to its niche competitor and reported opportunistic pathogen, L. delbrueckii (Darbro et al., 2009; Duprey et al., 2012). The results described here suggest that MVs could play a role in the gut microbiome as potential mechanisms of regulating bacterial populations in complex communities through targeted bactericidal activity. With this in mind, and with the potential for engineering MVs to control protein composition (surface and cargo), MVs of probiotic bacteria have the potential to emerge as a new platform for therapeutic delivery of community-control peptides or other cargo to populations within the gut.



RESULTS


Examination of the Lactacin B Operon in L. acidophilus Strain ATCC 53544

Recently, we reported the complete genome of L. acidophilus ATCC 53544 and comparative analysis with the genome of L. acidophilus NCFM (Dean et al., 2017b). Alignment of the lab operons of the two strains identified a single missense mutation in the hypothetical protein CGZ81_00680/LBA1794 which results in a Pro178Thr change. Within the confines of these studies, CGZ81_00680 was not shown to be specifically enriched in the MVs and therefore will not be discussed further.

The lab operon is represented in Figure 1A, with putative bacteriocin-encoding genes [including the lactacin B inducer peptide (LabIP)] highlighted in red and with the location of LabIP and lactacin B labeled. For additional context, the location of Rho-independent transcription terminators predicted using ARNold1 (Naville et al., 2011) are also shown. Most of the unannotated genes within and surrounding the lab operon are predicted to encode cationic peptides or small proteins (<70 amino acids), consistent with the properties of many bacteriocins. To investigate whether the genes outside of those encoding peptides of known function (lactacin B and LabIP) were likely to produce bacteriocins, the amino acid sequences of these peptides were aligned against known antimicrobial peptides in the Antimicrobial Peptide Database (APD3)2 (Wang et al., 2016) and BActeriocin GEnome mining tooL (BAGEL4)3 (van Heel et al., 2018). This analysis identified genes outside of the lab operon (LBA1791–LBA1803) defined by Dobson et al. (2007) indicating an area of interest extending from CGZ81_00665 to CGZ81_00730. According to our analysis, in addition to the LabIP and lactacin B genes of the previously defined operon, the products of the genes CGZ81_00665, CGZ81_00715, CGZ81_00720, and CGZ81_00730 are predicted to encode bacteriocins. These results are consistent with the putative bacteriocin peptides produced by L. acidophilus NCFM listed by Kjos et al. (2010). Though there are no reports to date of LabIP having antimicrobial properties consistent with it being categorized as a bacteriocin, its identification as a putative bacteriocin by various models is not without precedent: Nisin, the well-studied auto-inducer peptide produced by Lactococcus lactis, also has known antimicrobial properties (Verbeke et al., 2017). For each of the genes examined, Table 1 reports the closest peptide in sequence similarity according to the APD3 along with relevant physicochemical characteristics calculated using the Peptides R package4 (Osorio et al., 2015).
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FIGURE 1. Putative bacteriocins in L. acidophilus ATCC 53544. (A) Gene organization of the lactacin B operon (lab) in L. acidophilus ATCC 53544. Abbreviated locus names are used for clarity; e.g., “730” is “CGZ81_00730.” Genes predicted to be bacteriocins are colored red. Putative intrinsic terminators are indicated by black symbols. Lactacin B regulation- and export-related genes are labeled; unlabeled genes are of unknown function. (B) Alignment of putative bacteriocin peptides [colored red in (A)] using Clustal Omega, with leader peptide indicated.



TABLE 1. Putative L. acidophilus bacteriocin peptides.

[image: Table 1]To further investigate potential bacteriocins produced by ATCC 53544, computational analysis of the lab operon and the peptides it encodes was performed using Clustal Omega (Sievers and Higgins, 2018). Alignment of lab components from ATCC 53544 shows that each pre-peptide has relatively high sequence similarity of >30% identity (average = 42%) in the leader sequence, while the pro-peptide following cleavage at the double-glycine (GG) motif does not, with each at an identity <30% (average = 17%) (Figure 1B), where 30% is a generally cited threshold for identity (Pearson, 2013). This property of a conserved N-terminal leader sequence paired with a C-terminal sequence with very little, if any, sequence similarity is a common feature among bacteriocins (Drissi et al., 2015) and antimicrobial peptides in general.



Identification of Bacteriocins Within MVs

Previously we reported that several lab operon members including CGZ81_00730 and LabIP were identified as being uniquely enriched in MVs relative to the cell (Dean et al., 2019). To expand upon this work, we sought to investigate the bactericidal activity related to the elevated concentration of lab operon products in the MVs of LabIP-induced cultures. As Tabasco et al. had reported previously, basal levels of bacteriocin were insufficient to induce cell-death in L. delbrueckii; we therefore chose to follow a similar protocol and induce over-expression of lab proteins through induction with the LabIP inducer (Tabasco et al., 2009). To ensure adequate activation and high levels of bacteriocin production we induced expression of all cultures with a 500 nM final concentration of the inducer peptide.

The protein content of MVs purified from both LabIP-induced and non-induced L. acidophilus ATCC 53544 cultures was subjected to shotgun proteomic analysis. A total of 885 proteins were identified, among which 26 were unique to the non-induced MVs, 23 were unique to the LabIP-induced MVs, and 804 protein IDs were found in both samples (Supplementary Table S1). Calculation of the mean fold change in weighted spectral counts from non-induced and induced samples was used to identify those proteins that had the highest relative change in abundance in the MVs following induction with LabIP (Table 2). Out of the top ten most changed, six proteins are components of the lab operon: CGZ81_00665, LabIP, lactacin B, CGZ81_00715, CGZ81_00720, and CGZ81_00730. With the exception of CGZ81_00720, each had a mean fold change greater than 15. When fold change and p-values are visualized via volcano plot, four lab proteins stand out (Figure 2), and importantly, significantly more weighted spectral counts of the confirmed bacteriocin, lactacin B, were measured in the induced samples (p < 0.05; Student’s t-test).


TABLE 2. Identified proteins with the highest fold change between uninduced and induced samples.
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FIGURE 2. Protein enrichment within LabIP-induced MVs. Volcano plot of assigned MS spectra where each dot represents an identified protein. Fold change was calculated from average spectrum counts of LabIP-induced vs. uninduced and significance values were calculated. Red dots represent proteins with p < 0.05 and log2 fold change of < |2|. Black dots correspond to non-significant change between conditions by p-value or fold change.


The presence of six lab proteins in the top ten most differentially loaded proteins in the MVs is significant when compared to the expected quantity resulting from a random process (p < 0.05; hypergeometric probability). This suggests that lab proteins are specifically enriched within MVs during conditions of lab upregulation. Overall, nine of the 15 lab-encoded proteins were not only identified in the MVs but also measured at a higher abundance in the induced samples compared to the non-induced control. None of the other proteins identified in the LabIP-induced samples were classified as bacteriocin or antimicrobial peptides allowing subsequent experiments to focus on the products of the lab operon.

For quantification that is more precise and to confirm the shotgun analysis, targeted mass spectrometry was performed on the five proteins with the highest mean fold change in the shotgun data (CGZ81_00665, lactacin B, LabIP, CGZ81_00715, and CGZ81_00730). Nine tryptic peptides from these five proteins of interest were selected for targeting. Peptide abundance was measured in the LabIP-induced and non-induced samples and is listed in Table 3 as area under the curve (AUC; shown in Figure 3). Out of the nine tryptic peptides targeted, six were detected in both samples (two distinct peptides from LabIP were detected). In the non-induced samples, the abundance of targeted peptides was substantially lower than in the LabIP induced samples or they were not detected at all. In contrast, clearly detectable peaks for each targeted peptide were found in LabIP-induced samples. Critically, in measuring the total ion abundance of the targeted peptides, these results confirm the significant increase in abundance of CGZ81_00665, lactacin B, LabIP, CGZ81_00715, and CGZ81_00730 in MVs following LabIP induction as determined via shotgun proteomics. The AUC of the peptide representative of lactacin B was 42-fold higher with LabIP-induction, a value similar to the shotgun results. Also of note, the LabIP itself was identified at increased levels following LabIP induction as would be expected for a Gram positive two-component quorum sense signaling system; however, the possibility of measuring exogenous LabIP bound to the purified MVs cannot be ruled out.


TABLE 3. Quantitative mass spectrometry of putative bacteriocins in MVs.
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FIGURE 3. Targeted mass spectrometry of putative bacteriocins in MVs. Extracted ion chromatogram for each targeted precursor ion representing five most abundant proteins with from shotgun proteomics results. Peptide abundance was measured by the area of the peak. Chromatograms from LabIP-induced samples are colored red; uninduced are black.




Growth Inhibition and Pore Formation in L. delbrueckii by Membrane Vesicles

The presence of bacteriocins within MVs does not necessarily ensure bactericidal activity as MV localization or packaging can often be the product of over-expression and passive encapsulation of abundant cytoplasmic proteins within nascent MVs. We therefore employed a number of conventional cell viability assays to assess the antimicrobial activity of our LabIP-induced MVs.

MVs were prepared from cultures treated with a range of LabIP concentrations and under both aerobic and anaerobic conditions. From these preparations, MVs were diluted to equivalent concentrations based on quantitation of particles/mL as determined using nanoparticle tracking instrumentation and software. Bacteriocin-containing MVs and non-induced control samples were spotted directly onto a lawn of the sensitive indicator strain, L. delbrueckii subsp. lactis ATCC 15808. Under the conditions in this study, 125 nM was the minimum LabIP concentration necessary for observable bacteriocin activity of the MVs (representative plate shown in Figure 4). As expected, the incubation with increasing LabIP concentrations corresponded to increased clearing of L. delbrueckii growth. Under the conditions of these studies, MVs isolated from LabIP-induced cultures grown under anaerobic conditions appeared to have slightly increased the bacteriocin activity compared to those isolated from aerobically grown cultures. No inhibitory activity was observed for MVs from cultures that were not induced with LabIP suggesting that the bacteriocin concentration within these particles was negligible and unable to inhibit growth of L. delbrueckii.
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FIGURE 4. Bacteriocin production under different conditions. Spot-on-lawn assays for bacteriocin production associated with MVs (top) or free in the supernatant (bottom) from cultures grown under aerobic or anaerobic conditions and induced with a range of LabIP concentrations, from non-induced (“0” at the left) to a maximum concentration of 500 nM at the right. L. delbrueckii subsp. lactis ATCC 15808 was used as the bacteriocin indicator strain; lawns were grown on MRS agar under anaerobic conditions. A representative image is shown.


While many bacteriocins are believed to function through membrane pore formation, MV-mediated delivery of bacteriocins to target cells has not previously been described and we could not ensure that a similar mechanism of antimicrobial activity was occurring. To assess membrane integrity in L. delbrueckii subsequent to MV exposure we employed a conventional live/dead staining assay using propidium iodide and SYTO9 stains to quantitate the pore formation and potential bactericidal activity of LabIP-induced culture media and purified MVs. In these experiments, a fluorescence shift from green (live cells) to red (dead cells) can be monitored as a measure of the pore-forming activity of the L. acidophilus bacteriocins. In a fluorescent plate assay, we observed an increase in red wavelength fluorescence relative to green fluorescence indicating that peptides in both the culture media and the purified MVs from LabIP-induced cultures compromise the L. delbrueckii cell wall and/or membrane (Figures 5A,B). These samples were also examined using confocal microscopy to visualize the results of LabIP-induced MV exposure (Figure 5C). Images were taken using both green and red filters of L. delbrueckii treated with MVs from either non-induced or LabIP-induced L. acidophilus cultures. Red:green ratios for the two conditions differed by ∼19-fold, quantitatively confirming the significant increase of visible red cells (p < 0.05; Student’s t-test).
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FIGURE 5. Pore formation caused by MV-associated bacteriocins. Increase in red wavelength fluorescence from LIVE/DEAD stain indicates peptides in the LabIP-induced L. acidophilus ATCC 53544 supernatant (A) and those associated with MVs (B) create pores in the L. delbrueckii cell wall and/or membrane. (C) Representative fluorescence microscopy images of LIVE/DEAD-stained L. delbrueckii show an increase in red-fluorescing cells after incubation with MVs from LabIP-induced L. acidophilus, while L. delbrueckii treated with MVs from non-induced cultures show a minimal number of red-fluorescing cells.




Active Bacteriocin Is Stably Contained Within MVs

In previous work, Tabasco et al. (2009) found that a portion of the lactacin B produced remained adhered to the cell wall following secretion. As it pertains to MV localization, this leads to the question of whether lactacin B and others are externally facing or contained within the lumen of the proteoliposomes. As shown in Figure 1B, each of the putative bacteriocins of the lab operon contains several cleavage sites for either proteinase K and/or trypsin protease. As the MV lipid bilayer is impenetrable to proteases, only peptides displayed on the exterior of MVs are accessible, allowing for a simple loss of function assay to be developed. This method has been employed by others to assess the localization of nanoluciferase in Escherichia coli OMVs and was modified here to determine bacteriocin location in MVs (Chen et al., 2017).

Incubation of MVs with 1 mg/mL of proteinase K and trypsin did not have an observable impact on the subsequent growth inhibition facilitated by the LabIP-induced MVs (Figure 6). This suggests that although some MV-associated bacteriocin may be externally localized and accessible to proteases, a sufficient amount is contained within the lumen or embedded deep in the membrane of the MV and retains bactericidal activity. To further examine whether free or loosely associated bacteriocin may be responsible for the growth inhibitory activity of the MVs, we used gradient ultracentrifugation to ensure the removal of peptides and proteins not associated with the MVs. Individual fractions collected post-centrifugation were tested in spot-lawn assays as previously described to assess antimicrobial activity. Activity was only observed in the fraction containing MVs, while no activity was observed in gradient fractions corresponding to free bacteriocin (Figure 7). The active fraction was examined using particle tracking analysis to ensure the presence of MVs.
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FIGURE 6. Localization and stability of MV-associated bacteriocins. A protease accessibility assay was used to evaluate the localization of bacteriocin. MVs were treated with trypsin or proteinase K and then evaluated by spot-on-lawn assay.
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FIGURE 7. Optiprep purification of MVs. (A) Following fractionation MV concentration (particles/mL) was determined using NanoSight from 1:100 diluted fractions in PBS. (B) Coomassie stain of SDS-PAGE gel of the 10 Optiprep fractions. (C) Spot-on-lawn of L. delbrueckii following Optiprep fractionation; control (ctrl) is the input MVs prior to fractionation.


Given the protective barrier provided by the encapsulating lipid membrane, MVs have the potential to serve as long-range delivery vehicles shielding contents from environmental proteases or inactivation molecules that would be prevalent in a microbial community. As MVs contain membrane proteins, channels, and pores identical to those in the parental bacterium, it was necessary to assess whether bacteriocins remained within the MVs or gradually diffused across the membrane into the surrounding environment. Here we resuspended purified MVs in phosphate buffered saline (PBS) and stored them at 4°C for 7 days. MVs were then separated from released peptides and other biomolecules using 30,000 MWCO spin concentrators and the manufacturer’s protocol (Pierce). The retained MVs were recovered and the volume adjusted to 1 mL with PBS, and bacteriocin activity was assessed using spot-on-lawn assays targeting L. delbrueckii. The recovered MVs, filtrate, and solubilized filtride (material remaining on the filter) were compared in parallel (Figure 8). The results of these studies indicate that the bacteriocin and bactericidal activity remains associated with the MV fraction.
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FIGURE 8. Sequestration of bacteriocins within MVs. The stable maintenance of bacteriocin peptide within MVs was determined by weeklong incubation followed by separation by MWCO filtration. Fractions were tested for bacteriocin activity using spot-on-lawn assays. Images are representative of triplicate experiments.




Membrane Fusion of L. acidophilus MVs and L. delbrueckii

MVs secreted by several bacterial species, including Gram-positive Bacillus subtilis, have previously been shown to fuse with the cell membrane of other species, as a possible delivery mechanism for the contents of the MV lumen (Kim et al., 2016). To help determine the mechanism of the bacteriocin delivery that leads to growth inhibition of L. delbrueckii by L. acidophilus MVs, membrane fusion was investigated by DiO [DiOC18(3) (3,3-dioctadecyloxacarbocyanine perchlorate] staining. DiO was used previously for tracking of E. coli and Pseudomonas aeruginosa OMV internalization into cells (Perez-Cruz et al., 2016; Alves et al., 2017; Bitto et al., 2017), by binding specifically to MV membrane lipids, which are transferred to the target cell upon fusion. L. acidophilus MVs were labeled with DiO and incubated with L. delbrueckii or E. coli cells, and flow cytometry was used to measure shifts in cell size and fluorescence. Both L. delbrueckii and E. coli cells displayed a dose-dependent shift in fluorescence with addition of L. acidophilus MVs from LabIP-induced cultures (Figure 9A and Supplementary Figure S1), suggesting fusion and incorporation of DiO from L. acidophilus MVs into the membrane of L. delbrueckii, where the contents of the MVs are likely transferred into the cell.
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FIGURE 9. Membrane fusion of MVs with L. delbrueckii. (A) Flow cytometry plots of forward scatter over FL1 fluorescence (533/30 nm) showing L. delbrueckii incubated with increasing amounts of DiO-labeled MVs purified from LabIP-induced L. acidophilus cultures. (B) Atomic force microscopy (AFM) images of L. delbrueckii incubated with increasing amounts (from left to right: no MVs, 4 × 106 or 8 × 106) of MVs purified from LabIP-induced L. acidophilus cultures.


MV association and fusion to L. delbrueckii was also visualized by atomic force microscopy (AFM). A range of concentrations of purified MVs were incubated with washed, glutaraldehyde-fixed L. delbrueckii cells overnight, after which the mixtures were analyzed with AFM. After incubation with either 0, 4 × 106, or 8 × 106 MVs as determined by NanoSight, the MVs were observed to adhere to the membrane of L. delbrueckii (Figure 9B). Interestingly, in the sample using 4 × 106 MVs all observable vesicles were found to be cell-associated, supporting the MV-cell association indicated by the fluorescent shift seen in the membrane fusion results above. Altogether, these data support a possible mechanism of MV-cell fusion for the delivery of bacteriocin to L. delbrueckii.



DISCUSSION

In this study, a known bacteriocin was found to be contained within secreted MVs from L. acidophilus that are capable of killing a potential member of its GI niche-competition and opportunistic pathogen L. delbrueckii. Bacteriocins produced by lactic acid bacteria are of particular interest due to the safe use and FDA approval of Nisin (Mokoena, 2017) and the Generally Regarded As Safe (GRAS) and Qualified Presumption of Safety (QPS) statuses that several lactic acid bacteria possess (Alvarez-Sieiro et al., 2016). However, the role of bacteriocins in the function of commercial probiotics is unknown. One recent study investigating the composition of current commercial probiotics found that the only bacteriocin-producing organisms identified were lactacin B-producing L. acidophilus strains (Hegarty et al., 2017), highlighting the importance of understanding the function and delivery of this specific bacteriocin. Bacteriocins are also of interest clinically. In one recent report, Kommineni et al. (2015) demonstrated that bacteriocins produced by commensals that occupy a specific niche in the GI tract are capable of specifically eliminating intestinal colonization by MDR bacteria, killing target the pathogen without significant disruption of the commensal microbiota. Despite promising results, the introduction of bacteriocins into the biomedical industry and their further development in food applications have been impeded due to the lack of reliable delivery systems (Arthur et al., 2014).

The use of MVs to deliver cargo is a field of research that has recently reported some success. In one such study using MVs as a delivery device for an anti-cancer therapy, Gujrati et al. (2014) displayed an anti-HER2 antibody on an OMV and showed that the engineered OMV could specifically target and eliminate tumors. Beyond this example, other proteins and peptides have been engineered to be packaged or displayed on bacterial OMVs and demonstrate their potential in the development of future therapeutics (Dean et al., 2017a). Although lactobacilli have not yet been engineered to produce MVs containing a specific cargo, their widespread, ubiquitous use as probiotics and their GRAS status has increased interest in the biotechnological potential of lactobacilli including exploration through comparative genomics of 213 strains and associated genera (Sun et al., 2015) and success in large trials of probiotics (Panigrahi et al., 2017). In addition, the probiotic characteristics of the genera have led to continuous effort in engineering, where lactobacilli have been engineered to deliver factors other than bacteriocins, such as elafin, superoxide dismutase, and pro-insulin to target cells (Bermudez-Humaran et al., 2013).

In our previous efforts and those described here, we have shown that L. acidophilus is capable to enriching its MVs with bactericidal peptides able to inhibit the growth and proliferation of L. delbrueckii (Dean et al., 2019). Here we showed that this phenomenon was specifically associated with the induction of the lab operon via the LabIP peptide which was added exogenously. While several of the putative bacteriocins were detected in the non-induced samples, as shown here and also by Tabasco et al. (2009), basal levels of these peptides and proteins are insufficient to induce bactericidal activity. Therefore, MV packaging and concentrations of the lab-associated bacteriocins likely occurs in response to an over-expression of these proteins as we showed here using a number of different growth assays and pore formation studies. The studies performed here will be foundational for future efforts in the development of L. acidophilus MVs as potential delivery vehicles for natural and recombinant molecules to other cells within a mixed community.

In light of the recent discovery of MVs produced by lactic acid bacteria, the potential use of both natural and engineered MVs in food and biomedical applications has been proposed (Liu et al., 2018). However, certain research questions remain. Are currently used probiotic strains of lactacin B-producing L. acidophilus providing MVs that kill L. delbrueckii and other sensitive species in vivo in the GI tract? The results of Hegarty et al. (2017) suggest that only lactacin B-producing L. acidophilus strains are used in commercial probiotics. It is unclear whether this is coincidental or the result of lactacin B production being a favorable probiotic characteristic. Currently it is unknown whether bacteriocins of other L. acidophilus strains such as acidocin CH5 (Chumchalova et al., 2004) and acidocin J1132 (Tahara et al., 1996) are also naturally found within MVs when their production is initiated. Outside of the lab operon, no other putative bacteriocins were identified in the present study. Future work can determine whether any specific signal sequence or mechanism is required for peptide packaging into MVs in L. acidophilus. Although some sequence similarity was observed among the putative bacteriocins found in the MVs, which may suggest the involvement of that sequence in peptide packaging, it is possible that local concentration effects in the cytoplasm at the point of MV formation may be responsible for non-specific loading into the vesicles. Previous studies looking at Gram-negative OMVs have shown their ability to enter eukaryotic cells and deliver their protein contents, as well as LPS and other biomolecules, into host cells (Bomberger et al., 2009; Kaparakis-Liaskos and Ferrero, 2015; Bitto et al., 2017). It is unclear whether MVs of the Gram-positive L. acidophilus would behave similarly. Our results show that the purified L. acidophilus MVs fuse with both L. delbrueckii and E. coli, suggesting non-specific binding with bacterial cells.

The identification of bacteriocin pathway components as enriched proteins in the MVs produced by L. acidophilus (Dean et al., 2019) provided the impetus to explore the relationship between bacteriocins and MVs. In this study, we investigated the ability of L. acidophilus MVs to carry and deliver putative bacteriocin peptide to a target organism. While we did show bactericidal activity with purified, LabIP-induced MVs, due to the presence of other putative bacteriocins including CGZ81_00730, we cannot conclude that lactacin B was the only bacteriocin responsible for the observed activity targeting L. delbrueckii. In previous work by Dobson et al., synthetically produced LabIP, LBA1801, LBA1802, and LBA1803 failed to exert antimicrobial activity against L. delbrueckii (Dobson et al., 2007). Therefore, among the putative bacteriocins of the lab operon identified both computationally and by shotgun proteomics of MVs, only LBA1791 (CGZ81_00665) and LBA1805 (CGZ81_00730) remained possible candidates for antimicrobial peptides against L. delbrueckii aside from lactacin B. Analysis of the lab operon, however, does not identify the requisite immunity proteins that would indicate the presence of multiple bacteriocins within this operon. It is therefore possible that each of the other putative bacteriocins within this operon are non-functional. In subsequent studies, we anticipate examining each of these individually through the construction of deletion mutants for each of the bacteriocins of the lab operon. Our results do, however, suggest that MVs produced by probiotic bacteria may be an interesting platform for therapeutic delivery of community-control peptides or other cargo, and that MVs may play a role in the gut microbiome niche as a mechanism for elimination or inhibition of competing bacteria.



MATERIALS AND METHODS


Bacterial Strains

L. acidophilus (ATCC 53544; Dean et al., 2017b) was grown in de Man, Rogosa, Sharpe (MRS) broth under both aerobic and anaerobic conditions. Anaerobic conditions were maintained using AnaeroGen anaerobic atmosphere generation bags (Fluka, St. Louis, MO, United States) in AnaeroJar jars (Thermo Fisher Scientific, Hampton, NH, United States). Oxygen level (< 1%) was monitored using anaerobic indicator strips (Thermo Fisher Scientific, Hampton, NH, United States). Lactacin B indicator strain L. delbrueckii subsp. lactis ATCC 15808 was grown in MRS under anaerobic conditions in AnaeroJar jars at 37°C. Agar media was prepared by adding 1.5% (w/v) agar to liquid broth. E. coli BL21 (DE3) were grown in LB broth with shaking at 37°C.



Membrane Vesicle Purification

The procedure for purification of MVs from L. acidophilus culture supernatants was similar to methods previously described for OMV purification from E. coli (Alves et al., 2015), with some modifications. Briefly, 40 mL cultures were grown overnight statically at 37°C. After the cells were pelleted twice at 5000 × g for 30 min, the supernatant fraction was filtered at 0.45 μm. The filtrate was ultracentrifuged at 129,000 × g for 1.5 h in a Sorvall WX Ultra 90 centrifuge using an AH-629 rotor (Thermo Fisher Scientific, Rockford, IL, United States), the supernatant was decanted or collected for use as an MV-free control in experiments, and the MV pellet was incubated overnight at 4°C in PBS. The final solubilization step concentrated the MVs 36-fold in PBS.

OptiPrep purification (gradient ultracentrifugation) was performed as previously described by Kieselbach and Oscarsson (Chen et al., 2013). To separate the purified MVs from loosely associated peptides and proteins they were purified using OptiPrep medium (Progen Biotechnik GmbH, Heidelberg, Germany). MV pellets were resuspended in 150 μL PBS – OptiPrep mixture (45% v/v) placed at the bottom of a 5 mL ultracentrifuge tube and sequentially covered with decreasing density layers (35, 30, 25, 20, 15, and 10%). The gradient was ultracentrifuged at 236,000 × g for 3 h in a Sorvall WX Ultra 90 centrifuge using an AH-650 rotor (Thermo Fisher Scientific, Rockford, IL, United States), following which ten equal-volume (500 μL) were sequentially removed. The fractions were assessed for MV concentration using NanoSight, protein composition using Coomassie stained SDS-PAGE, and growth inhibitory activity by spot-on-lawn assay (described below).



NanoSight

Vesicle count as well as size, volume, and surface area distributions were obtained on a NanoSight LM10 system (Malvern Instruments Ltd., Worcestershire, United Kingdom) using NTA 2.3 Nanoparticle Tracking and Analysis software. Samples were diluted 1:100 or 1:1000 in pH 7.4 PBS with camera shutter and gain optimized for data collection. Videos (90 s) were taken and frame sequences were analyzed under auto particle detection and tracking parameters: detection threshold, pixel blur, minimum track length, and minimum expected particle size. All samples were run at RT and allowed to equilibrate prior to analysis. NanoSight counting was utilized for normalization required for experiments in the study. Output concentration in particles/mL was used for all experiments in this study.



Bacteriocin Production Assays

For assessing bacteriocin production, cultures of L. acidophilus were grown overnight with varying concentrations of LabIP peptide, sequence: KKAPISGYVGRGLWENLSNIFKHHK (GenScript, Piscataway, NJ, United States). OD 600 nm was checked to assure equal growth. From these cultures, MVs were purified (as described above). Bacteriocin growth inhibitory activity was assayed using an adaptation of the spot-on-lawn assay for detection of bacteriocins (Lewus and Montville, 1991). From an overnight culture of L. delbrueckii, 150 μL was spread on to MRS agar plates and allowed to air dry. After drying, 4 μL of solution (either buffer, purified MVs (1010 particles/mL), or supernatant) was spotted onto the plates. The plates were incubated at 37°C overnight (∼19–24 h) and any zones of inhibition indicating antagonistic activity of bacteriocin were recorded.

Protease accessibility assays on MVs was performed using trypsin and proteinase K. Three biological replicates of purified MVs solubilized in PBS were incubated with 1 mg/mL of trypsin and proteinase K at 37°C for 1 h as previously described (Richins et al., 1997). Following incubation, MVs were plated on a L. delbrueckii lawn and zones of inhibition of indicator strain growth were recorded.

Time-dependent stability of MVs in buffer was carried out using three biological replicates of purified MVs solubilized in PBS and incubated at 4°C for 7 days. Following incubation, MVs were centrifuged in Pierce Concentrators, PES, 30K MWCO (Thermo Fisher Scientific, Rockford, IL, United States). MVs prior to filtration, the filtrate, and solubilized filtride (material remaining on the filter) were plated on a L. delbrueckii lawn.



Confocal Microscopy

LIVE/DEAD-stained L. delbrueckii was prepared by incubating an overnight culture of L. delbrueckii with SYTO9 and propidium iodide (LIVE/DEAD BacLight Bacterial Viability Kit, Thermo Scientific, Rockford, IL, United States) following centrifugation and resuspension in phosphate buffer to a concentration 108 cells/mL. This preparation was incubated with MVs purified from L. acidophilus cultures induced with LabIP (described in section Materials and Methods sections above) overnight at RT. A suspension of 10 μL of labeled cells were pipetted onto 20 × 20 mm glass coverslips (VWR, Radnor, PA, United States). The cover glass was inverted onto precleaned microscope slides and sealed with acrylic nail polish. Confocal images were taken with a Zeiss AxioObserver.Z1/7 LSM 800 Airyscan confocal microscope with a Plan-Apochromat 20x/0.8 M27 objective. SYTO9 and propidium iodide fluorescence was excited at 488 nm: 0.20% laser power and 561 nm: 0.20% laser power, respectively. The emission spectra of SYTO9 was collected with 490–550 nm filters and detected with the LSM 800 Airyscan detector. PI emission spectra was collected with 550–700 nm filters and detected with the LSM 800 GaAsP-Pmt2 detector. Each image was taken with a 2.06 μs pixel dwell, 10.13 s scan time per frame with 4x averaging. Images are maximum intensity projections composed of 6 optical sections over a 4.7 μm Z-stack interval in a 319.45 μm × 319.45 μm field of view. Images were collected using the Zeiss Zen Blue imaging software (Carl Zeiss, LLC, Thornwood, NY, United States).

To analyze the collected images, the ratio of red:green fluorescing cells was calculated using ImageJ (Schneider et al., 2012), where objects larger than 50 × 50 pixels were counted following conversion of green and red-channel images to binary 16-bit grayscale images with background subtraction, and the red:green ratio of cells was calculated.



Atomic Force Microscopy Measurements

L. delbrueckii used for AFM were grown overnight and fixed for 10 min with 0.25% glutaraldehyde. The cells were then pelleted and washed three times with water. The fixed cells were then incubated overnight without or with ∼4 × 106 or ∼8 × 106 L. acidophilus MVs. Samples were dried onto mica discs mounted on standard glass microscope slides and rinsed by immersion in deionized water to remove salts, then dried again. Samples were imaged using a JPK NanoWizard 4a AFM equipped with a Tap300Al-G tip in AC mode, recording height, lock-in phase, and lock-in amplitude channels. Image processing was performed using JPK Data Processing Software.



Flow Cytometry

L. acidophilus MVs were stained by incubation with 5 μM DiO [DiOC18(3) (3,3-Dioctadecyloxacarbocyanine Perchlorate], Thermo Fisher Scientific, Waltham, MA, United States) for 30 min, subsequently washed on a 30K MWCO membrane with phosphate buffer to remove unbound dye and resuspended to equal the starting volume. Dyed MVs were then incubated in a range of concentrations with either L. delbrueckii or E. coli cells and incubated overnight. Cell-MV mixtures were run on an Accuri C6 Cytometer (BD Biosciences, Franklin Lakes, NJ, United States) and analyzed using forward scatter and the FL1 detector (533/30 nm).



Mass SPECTROMETRY


Sample Preparation

Following incubation with 500 nM LabIP, MVs were purified from cultures of L. acidophilus and uninduced control. Triplicate biological samples of MV pellets were solubilized in 10% n-propanol in 50 mM ammonium bicarbonate in a 10 mL suspension. Samples were normalized by total protein content prior to digestion using the Pierce BCA Protein Assay Kit (Thermo Fisher Scientific, Rockford, IL, United States). Fifty micrograms of protein was digested with sequencing-grade modified trypsin (Promega, Madison, WI, United States) at a ratio of 50:1 in a Barocycler (HUB 440-SW16, Pressure Biosciences Inc., Easton, MA, United States) at 45 kpsi for 50 s, then no pressure for 10 s, for 60 cycles at room temperature. Digested samples (150 μL) were evaporated via speed-vac then reconstituted in 0.1% formic acid in water (solvent A).



Liquid Chromatography Tandem Mass Spectrometry (LC-MS/MS)

Shotgun LC-MS/MS was performed on a Thermo Scientific Orbitrap Fusion Lumos equipped with a Nanospray Flex Ion Source in data-dependent acquisition mode. Peptides (3 μg) were loaded onto a reversed-phase C18 column by a Dionex Ultimate WPS3000 autosampler. A Dionex Ultimate 3000 RSLCnano system separated peptides across a 90 min gradient of 2–60% solvent B (0.1% formic acid in acetonitrile) at a flow rate of 300 nL/min. Peptide samples were further analyzed using a Sciex Triple TOF 5600 coupled to an eksigent HPLC chromatography system, essentially as described previously (Schultzhaus et al., 2019). To target peptides from specific proteins of interest, the AnalystTF software (version 1.7.1) was set to preferentially fragment peptide ions that eluted across a 40-min gradient from 5% to 40% acetonitrile. Mass spectrometry data were searched using Mascot (version 2.6.1, Matrix Science, London, United Kingdom) and X!Tandem. Peptide-spectrum matches were validated in Scaffold (version 4.8.2, Proteome Science Inc., Portland, OR, United States). The fragment ion mass tolerance was ±0.60 Da and the parent ion tolerance was ±0.60 Da. Proteins identified by ≥2 peptides (protein probability 80%, peptide probability 95%) were used.

Mass spectrometry data were deposited in the ProteomeXchange Consortium via the PRIDE partner repository with the dataset identifier PXD012967 and 10.6019/PXD012967.



Computational Analysis

Clustal Omega was used to align predicted protein and DNA sequences (Sievers and Higgins, 2018). Alignment images were generated using JalView (Waterhouse et al., 2009). Rho-independent transcription terminators were predicted using ARNold (Naville et al., 2011). For peptide analysis, cleaved sequences were aligned against confirmed antimicrobial peptides found in the Antimicrobial Peptide Database 3 (APD3) (Wang et al., 2016) and physicochemical characteristics of the peptides were determined using the Peptides R package (Osorio et al., 2015). The limma R package was used to perform the two-sample t-tests using an empirical Bayes method to adjust the estimate of variance of each protein according the protocol described by Kammers et al. (2015) and Ritchie et al. (2015), the output of which was each protein with its log2 fold-change and moderated p-value corresponding to the moderated t-statistic, which were used to create the volcano plots.
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Bacterial outer membrane vesicles (OMVs) attract increasing interest as immunostimulatory nanoparticles for the development of vaccines and therapeutic agents. We previously engineered the autotransporter protein Hemoglobin protease (Hbp) into a surface display carrier that can be expressed to high density on the surface of Salmonella OMVs. Moreover, we implemented Tag-Catcher protein ligation technology, to obtain dense display of single heterologous antigens and nanobodies on the OMVs through coupling to the distal end of the Hbp passenger domain. Here, we aimed to further expand the versatility of the Hbp platform by enabling the coupling of heterologous proteins to internal sites of the Hbp passenger. Inserted SpyTags were shown to be accessible at the Salmonella OMV surface and to efficiently couple SpyCatcher-equipped fusion proteins. Next, we combined distally placed SnoopCatcher or SnoopTag sequences with internal SpyTags in a single Hbp molecule. This allowed the coupling of two heterologous proteins to a single Hbp carrier molecule without obvious steric hindrance effects. Since coupling occurs to Hbp that is already exposed on the OMVs, there are no limitations to the size and complexity of the partner proteins. In conclusion, we constructed a versatile modular platform for the development of bivalent recombinant OMV-based vaccines and therapeutics.
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INTRODUCTION

Outer membrane vesicles (OMVs) are nanoparticles (20–100 nm) that shed from the outer membrane of Gram-negative bacteria in a natural continuous process. They are non-replicating and non-invasive, hence safe, but still contain the immunostimulatory properties that are a facsimile of the parental cells (Alaniz et al., 2007). This makes OMVs an attractive platform for the development of recombinant vaccines (Bitto and Kaparakis-Liaskos, 2017; Gnopo et al., 2017). One effective strategy involves the display of heterologous antigens on the surface of OMVs for which various concepts have been described (Gerritzen et al., 2017).

We have previously engineered a protein display system based on the bacterial autotransporter Hemoglobin protease (Hbp; Daleke-Schermerhorn et al., 2014) to allow surface decoration of bacterial cells and derived OMVs with recombinant proteins. To cross the complex Gram-negative bacterial cell envelope, autotransporters are organized in three domains (Pohlner et al., 1987; Figure 1A): (i) an N-terminal signal peptide that targets the protein to the Sec translocon for translocation across the inner membrane, (ii) a secreted passenger domain that carries the effector function, and (iii) a C-terminal β-domain that integrates into the outer membrane (OM) and facilitates translocation of the passenger from the periplasm into the extracellular space. The latter process also involves the host-derived β-barrel assembly machinery (Bam) complex (Ieva and Bernstein, 2009; Sauri et al., 2009). Following translocation, autocatalytic cleavage in the β-domain interior results in cleavage of the passenger from its β-domain and release into the extracellular environment (Barnard et al., 2007). The cleaved and released passenger domain is a long β-helical stem structure from which small loops and larger functional domains extend (Otto et al., 2005). We previously identified five subdomains (1–5; Figure 1A) that can be replaced by heterologous polypeptides without compromising Hbp expression and secretion. Furthermore, mutagenesis of residues critical for autocatalytic cleavage created an Hbp passenger that remains anchored to the OM to allow permanent exposure of fused antigens (Jong et al., 2012). This platform was successfully used to display multiple inserted antigens from Mycobacterium tuberculosis, Streptococcus pneumonia, and pathogenic Escherichia coli (ETEC) on the surface of OMVs derived from a hypervesiculating and genetically LPS-detoxified Salmonella Typhimurium strain (Jong et al., 2012; Daleke-Schermerhorn et al., 2014; Jong et al., 2014; Kuipers et al., 2015; Hays et al., 2018). These OMVs induced strong protective responses in animal models (Kuipers et al., 2017; Hays et al., 2018), underscoring the potential of recombinant antigen-decorated OMVs for vaccination.
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FIGURE 1. Schematic representations of Hbp derivatives and recombinant proteins used for Spy- and Snoop-based coupling at the surface of OMVs (A) Hbp fusions. Wild-type Hbp is synthesized with an N-terminal signal sequence (ss) that is cleaved off after translocation across the inner membrane. The C-terminal β-domain (black) integrates into the outer membrane, facilitating translocation of the passenger domain. After translocation, autocatalytic cleavage separates the passenger and the β-domain (after Asn1100). The passenger domain contains five subdomains (white, numbered 1 to 5) protruding from a β-helical stem structure (blue). The derived HbpD-(d2)SpT display platform lacks the autocatalytic cleavage site and contains a SpyTag instead of domain 2. In HbpD-(d4)SpT the SpyTag is integrated in domain 4. HbpD-(d1)SnC-(d2)SpT and HbpD-(d1)SnC-(d4)SpT are further derivatives in which domain 1 has been replaced by SnoopCatcher and the linkers surrounding the SpyTag have been extended. (B) Examples of Catcher- and Tag-fused model proteins. HA, HA-tag; H6, hexa histidine-tag; and FLAG, FLAG-tag. (C) Cartoon of Hbp-mediated Spy-and Snoop-ligation to the surface of outer membrane vesicles. HbpD-(d1)SnT-(d2 or d4)SpT is embedded in the membrane of an outer membrane vesicle. The N-terminal SnoopTag is available for ligation with SnC-MBP (SnC, orange; MBP, pink) and the internal SpyTag is available for ligation with SpC-TrxA (SpC, green; TrxA, deeppurple). Positions of subdomains 1–5 as present in the native Hbp passenger are indicated. The protein structure cartoons were assembled from PBD files 1WXR, 3AEH, 4MLI, 2WW8, 5HR3, and 1LLS using PyMOL.


Although Hbp tolerates integration of heterologous protein sequences, it has a limited capacity to translocate very bulky and/or complex fusion partners (Jong et al., 2007; Daleke-Schermerhorn et al., 2014; Jong et al., 2014; Kuipers et al., 2015). With the development of protein ligation systems, such as the Tag-Catcher technology that creates covalent links between proteins (Zakeri et al., 2012; Veggiani et al., 2016), the display of complex proteins on the surface of OMVs has become much easier. This so called-bacterial superglue is based on domains of streptococcal adhesins that spontaneously form intramolecular isopeptide bonds. These domains can be split into a small Tag and a larger Catcher that reconstitute and covalently bind upon mixing, even when fused to other proteins. We have recently shown that the SpyTag and the SnoopTag, as well as the SpyCatcher and the SnoopCatcher, can be incorporated into the Hbp display platform when fused to the distal end of the Hbp passenger, thereby replacing the N-terminal protease domain. Full-length complex antigens as well as functional nanobodies could be linked to the OMV platform (Van Den Berg et al., 2018). Moreover, the coupling procedure appeared versatile and robust, allowing fast production of experimental vaccines, and therapeutic agents through a modular plug-and-display procedure.

Here, we aimed to further expand the versatility of the Hbp display platform by incorporating a second protein ligation site. We show that heterologous proteins can be efficiently coupled to Hbp on the surface of Salmonella OMVs via SpyTag at an internal position of the passenger domain. Importantly, the coupling did not affect SnoopCatcher-SnoopTag ligation at the distal end of the same passenger. The ability to couple multiple heterologous proteins simultaneously, for instance complex antigens and/or targeting moieties like antibodies and nanobodies, is of considerable interest for the development of more effective OMV-based vaccines and biomedicines.



MATERIALS AND METHODS


Bacterial Strains and Growth Media

Escherichia coli BL21(DE3) was used for the production of recombinant proteins carrying Spy or Snoop elements. This strain was grown in lysogeny broth (LB; 10 g/liter tryptone, 5 g/liter yeast extract, and 10 g/liter NaCl). S. Typhimurium SL3261 ΔtolRA ΔmsbB (Kuipers et al., 2017) was used for the isolation of OMVs and grown in TYMC (10 g/liter tryptone, 5 g/liter yeast extract, 2 mM MgSO4, and 2 mM CaCl2).



Construction of Plasmids

Plasmid constructs and primers used in this study are listed in Table 1 and Supplementary Table S1, respectively.


TABLE 1. Plasmids used in this study.

[image: Table 1]To create display construct pHbpD-(d2)SpT 5/5, a SacI/BamHI compatible insert encoding SpyTag flanked by 5-amino acid spacer sequences (see Table 1) was generated through annealing the long oligonucleotides SpT S/B 5 fw and SpT S/B 5 rv. The insert was ligated into the SacI/BamHI sites of pHbpD(Δd2; Jong et al., 2012), yielding pHbpD-(d2)SpT. To create pHbpD-(d4)SpT 5/5, a secretory version with an intact cleavage site between Hbp passenger and β-domain was created first. To this end, the annealing product of long oligonucleotides SpyTag S/B fw and SpyTag S/B rv was ligated into the SacI/BamHI sites of pHbp(d4in; Jong et al., 2014), yielding pHbp-(d4)SpT 5/5. Next, the KpnI/EcoRI segment of pHbp-(d4)SpT 5/5 was replaced by that of pHbpD(Δd1) to generate display construct pHbpD-(d4)SpT 5/5.

To create 10/10 versions of pHbpD-(d2)SpT and pHbpD-(d4)SpT, an insert encoding SpyTag flanked by 10-amino acid spacer sequences (see Table 1) was generated through annealing the long oligonucleotides SpT S/B 10 fw and SpT S/B 10 rv. The insert was cloned into the SacI/BamHI sites of pHbpD-(d2)SpT 5/5 and pHbpD-(d4)SpT 5/5 to replace the domain 2 or domain 4 insertions, creating pHbpD-(d2)SpT 10/10, and pHbpD-(d4)SpT 10/10, respectively.

To create pHbpD-(d1)SnT-(d2)SpT, gBlocks® Gene Fragment (Integrated DNA Technologies) Hbp-SpT-d2 was obtained encoding a segment of Hbp carrying a SpyTag at the position of domain 2 (Supplementary Table S2). The fragment was cloned by Gibson assembly into the NdeI-NsiI sites of pHbpD-(d1)SnT, yielding pHbpD-(d1)SnT-(d2)SpT. Similarly, gBlocks® fragment Hbp-SpT-d4, encoding an Hbp segment carrying a SpyTag in domain 4, was obtained and cloned into the NsiI-KpnI sites of pHbpD-(d1)SnT and pHbpD-(d1)SnC (Van Den Berg et al., 2018) to yield pHbpD-(d1)SnT-(d4)SpT, and pHbpD-(d1)SnC-(d4)SpT, respectively. Subsequently, to replace SnoopTag by SnoopCatcher, the XbaI/BamHI segment of pHbpD-(d1)SnC was cloned into the XbaI/BamHI sites of pHbpD-(d1)SnT-(d2)SpT, and yielding pHbpD-(d1)SnC-(d2)SpT.

MBP and TrxA encoding constructs were created as follows: The MBP encoding sequence was amplified with a C-terminal His6-tag by PCR from pET28a SnoopTag-MBP (Addgene #72323) using the primers EcoRI-MBP fw and HindIII-His MBP rv. Likewise, the TrxA encoding sequence was amplified with a C-terminal His6-tag by PCR from pIBA-ssTorA/TrxA(3×; Jong et al., 2017) using the primers EcoRI-TrxA fw and HindIII-His TrxA rv. The products were cloned EcoRI-HindIII into pET28 SpC-HA-SnT-His6 and pET28 SnC-FLAG-SpT-His6 replacing the SnT-His6 and SpT-His6 part (Van Den Berg et al., 2018). This yielded pET28 SpC-MBP, pET28 SpC-TrxA, pET28 SnC-MBP, and pET28 SnC-TrxA. To create SnoopTagged versions of these plasmids, a SnT-FLAG encoding DNA fragment was generated by PCR using pET28 SnC-MBP as a template and the primers NcoI-SnT-FLAG fw and BamHI-FLAG-SpT2 rv. The fragment was cloned into the NcoI-EcoRI sites of pET28 SnC-MBP and pET28 SnC-TrxA to replace the SnC of the constructs, yielding pET28 SnT-MBP and pET28 SnT-TrxA, respectively.



OMV Isolation, Analysis of OMV Integrity, and HbpD Surface Display

The OMV production strain S. Typhimurium SL3261 ΔtolRA ΔmsbB carrying one of the HbpD expression plasmids (Table 1) was grown at 30°C in TYMC supplemented with glucose (0.2%), chloramphenicol (30 μg/ml), and kanamycin (25 μg/ml). Overnight precultures were used to inoculate fresh medium to an to an optical density at 660 nm (OD660) of 0.07. After 7 h of incubation and reaching an OD660 of approximately 1.0 this culture was used to inoculate fresh medium containing 50 μM of Isopropyl β-D-1–thiogalactopyranoside (IPTG) to an OD660 of 0.02. Growth under these inducing conditions was continued overnight. To isolate OMVs, cells were removed by two successive centrifugation steps at 5,000 × g. The supernatant was passed through 0.45 μm-pore-size filters (Millipore) and centrifuged at 235,000 × g for 1 h to sediment the OMVs. The OMVs were finally resuspended in PBS containing 15% glycerol (1 OD unit of OMVs per μl). An amount of 1 OD unit of OMVs is derived from 1 OD660 unit of cells. The integrity of the OMVs and the surface display of HbpD variants on OMVs was analyzed using a Proteinase K accessibility assay as described previously (Daleke-Schermerhorn et al., 2014).



Protein Ligation to HbpD on OMVs

To OMVs displaying a variant of HbpD a >4-fold molar excess of purified SpC-MBP, SpC-TrxA, SnC-MBP, SnC-TrxA, SnT-MBP, and/or SnT-TrxA was added. After 24 h of incubation at 4°C, the reaction mixtures were analyzed by SDS-PAGE and Coomassie staining.



Analysis of Protein Content of OMVs

Protein profiles of OMV samples were analyzed using SDS-PAGE and Coomassie G-250 (BioRad) staining. Densitometric analysis on Coomassie-stained gels was carried out using a Molecular Imager GS-800 Calibrated Densitometer and ImageJ software1. To quantify protein ligation efficiencies, the respective densities of protein bands corresponding to ligated and non-ligated Hbp fractions were calculated after correcting for the difference in molecular mass. Quantifications were performed on samples of a representative experiment and correspond to the Coomassie-stained gels shown, where appropriate. For immunodetection of protein samples after Western blotting, monoclonal anti-FLAG M2 antibody (F3165; Sigma), and HA tag monoclonal antibody (2-2.2.14; ThermoFisher Scientific) were used.



Purification of Recombinant Proteins for Coupling to OMVs

Escherichia coli BL21(DE3) cells harboring a pET28a plasmid for expression of recombinant proteins carrying Spy or Snoop elements were grown in LB containing glucose (0.2%) and kanamycin (50 μg/ml) to early log phase. Protein expression was induced by the addition of IPTG to a final concentration of 0.5 mM, and the cells were incubated for a further 2 h. After centrifugation, the cells containing pellet was resuspended in buffer A (pH7.4) containing 50 mM sodium phosphate (Na2HPO4 + NaH2PO4), 300 mM NaCl, and 125 μM phenylmethylsulfonyl fluoride (PMSF). The cells were disrupted by two passages through a One Shot cell disruptor (Constant Systems, Ltd.) at 1.2 × 108 Pa. Cell debris and membranes were removed by centrifugation at 10,000 × g and 293,000 × g, respectively, at 4°C. His6-tagged proteins were isolated from the cleared lysate using Talon Superflow medium (GE Healthcare Life Sciences) according to the manufacturer’s instructions. Eluates were dialyzed overnight at 4°C against 500 volumes of PBS (pH 7.4). After dialysis, glycerol was added to 10%, and aliquots were stored at −80°C.




RESULTS


Protein Ligation to Internal Sites of the Hbp Passenger

In previous work we have shown highly efficient Spy and Snoop-based ligation of proteins to the non-cleaved Hbp display construct (HbpD) at the surface of OMVs. Tag and Catcher sequences were positioned at the “tip” of the Hbp passenger through genetic replacement of the native subdomain 1 at the N-terminus of the passenger (Van Den Berg et al., 2018; Figures 1A,C). Four additional subdomains (2–5) are present in the Hbp passenger that protrude from the β-helical stem (see Figure 1C) and are also tolerant toward substitution by heterologous sequences (Jong et al., 2014). To investigate whether protein ligation can be achieved at these internal positions in the Hbp passenger, we genetically integrated SpyTag (SpT) at domain 2 (d2) and 4 (d4) (Jong et al., 2007; Sauri et al., 2012; Jong et al., 2014), both located almost halfway down the β-helical stem on opposite sides (Figure 1C). To optimize its ability to contact the SpyCatcher in this context, the SpyTag was flanked by flexible 5-amino acid Gly-Ser linkers. Given the small spatial distance of the fusion sites in the Hbp passenger structure (6 Å apart; see PDB 1WXR), we considered the possibility that these short linkers (5/5) would force the 13 amino acid SpyTag sequence into a bent conformation, inhibiting functional interaction of the SpyCatcher-SpyTag pair. Hence, longer 10-residue linkers (10/10) were also tested that allow more conformational freedom, but may be more prone to proteolysis.

OMVs were isolated from cultures of hypervesiculating S. Typhimurium cells expressing the generated constructs HbpD-(d2)SpT 5/5, HbpD-(d4)SpT 5/5, HbpD-(d2)SpT 10/10 or HbpD-(d4)SpT 10/10. OMVs expressing the HbpD(d1)-SpT carrying an N-terminally fused SpyTag (Van Den Berg et al., 2018) were produced for comparison. Analysis of the protein profiles by SDS-PAGE and Coomassie staining showed that all variants were well expressed to high densities in the OMVs, at their expected molecular mass (see Table 2), and with no apparent differences between the variants containing an internal SpyTag (Figure 2, lanes 1, 4, 7, 10, and 13).


TABLE 2. Spy-ligation efficiencies to HbpD on OMVs.
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FIGURE 2. Spy ligation to the Hbp display platform containing an internal SpyTag. OMVs containing the Hbp display platform with a SpyTag at different positions (domain 1, 2, or 4) between either five amino acid long linkers (5/5) or ten amino acid long linkers (10/10) were incubated with SpC-MBP (M) or with SpC-TrxA (T). Protein ligation was analyzed by SDS-PAGE with Coomassie staining. Identical amounts of OMV material (OD660 units) were loaded in each lane. Below the gel image lane numbers are indicated.


To test ligation to the HbpD-SpT fusions on the surface of the OMVs, we used two soluble model proteins of different size, the relatively small thioredoxin1 (TrxA, 12 kDa, roughly 40 × 40 × 40 Å; PDB 5HR3), and the larger maltose-binding protein (MBP, 40 kDa, roughly 45 × 65 × 70 Å; PDB 1LLS). Both were equipped with a SpyCatcher (SpC) for coupling, an HA-tag for immunodetection and a polyhistidine tag for purification (Figure 1B and Supplementary Figure S1). The OMVs were incubated overnight with purified SpC-MBP or SpC-TrxA and analyzed by SDS-PAGE (Figure 2 and Table 2). Adducts with the expected molecular mass (see Table 2) appeared upon addition of SpC-MBP and SpC-TrxA (Figure 2, lanes 2–3) at the expense of the HbpD-(d1)SpT carrier (cf. lane 1). These are specific for the presence of a SpyTag as no adducts are formed upon addition of Catchered model proteins to Salmonella OMVs carrying HbpD without a SpyTag (Van Den Berg et al., 2018). Densitometric scanning analysis showed 95% and 87% ligation efficiency, respectively, similar to previous ligation experiments with the same carrier (Van Den Berg et al., 2018). Efficient ligation (≥74%) to the model proteins was also seen for the HbpD constructs carrying internal SpyTags, irrespective of the length of the flanking linkers (Figure 2 and Table 2). Yet, the corresponding adducts ran with lower mobility in SDS-PAGE than expected for their molecular mass (see Table 2) and different running forms of the same adduct were observed for TrxA. This aberrant and unpredictable migration may be due to the branched nature of polypeptides upon linkage to SpyTag at the internal domain 2 and 4 positions of the Hbp passenger. Of note, immunodetection showed that these ligation products contained an HA-tag, confirming the identity of the HbpD-MBP and HbpD-TrxA adducts (Supplementary Figure S2). In conclusion, the internal domain 2 and domain 4 positions of HbpD are suitable sites for Spy-based protein ligation at the surface of OMVs.



Simultaneous Ligation of Multiple Proteins to the Hbp Passenger

Being able to link two independent proteins at the same time would be a valuable addition to the functionality of the HbpD display platform. To achieve this, we investigated whether elements of the Spy and Snoop ligation system could be functionally combined in a single HbpD molecule. Importantly, cross-talk between these systems is absent (Veggiani et al., 2016), which should allow site-specific coupling of recombinant proteins to the Hbp platform.

Previously, we have shown efficient protein ligation using the SnoopCatcher (SnC) or the SnoopTag (SnT) at the N-terminal domain 1 (d1) position of Hbp (Van Den Berg et al., 2018). Likewise, to construct bivalent Spy-Snoop HbpD variants, either SnoopCatcher, or SnoopTag was placed at the domain 1 position of HbpD constructs already containing an internal SpyTag at either the position of domain 2 or 4 (Figure 1A). We chose to build on the ten-amino acid-long linker (10/10) variants only, which seemed to yield marginally more efficient protein ligation compared to the variants carrying shorter linkers (5/5; see Table 2). Moreover, future cargo proteins other than MBP or TrxA may be sterically more restricted in the coupling reaction, requiring longer linkers.

Four constructs were made: HbpD-(d1)SnC-(d2)SpT, HbpD-(d1)SnC-(d4)SpT, HbpD-(d1)SnT-(d2)SpT, and HbpD-(d1)SnT-(d4)SpT (Figure 1A). OMVs from cells expressing the constructs were isolated and the fusion proteins appeared present at high density, roughly similar to the major OM protein OmpA (Figure 3, lanes 2, 5, 8, and 11). To confirm surface exposure of the passenger domains, the OMVs were treated with proteinase K to digest external proteins. Clearly, the HbpD derivatives were specifically degraded (Figure 3, lanes 3, 6, 9, and 12). As a control for OMV integrity, the periplasmic domain of the outer membrane protein A (OmpA) was not accessible unless the OMVs were permeabilized with Triton X-100 (Figure 3, lanes 1, 4, 7, and 10).
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FIGURE 3. Analysis of expression and surface exposure of HbpD containing both Spy and Snoop elements. OMVs, in the absence or presence of 1% Triton X-100 (TX), were incubated with proteinase K (PK). The samples were analyzed by SDS-PAGE and Coomassie staining. Full-length HbpD fusion proteins, OmpA, and proteinase K are indicated on the right side of the panel. Below the gel image lane numbers are indicated.


Model fusion proteins were produced to enable (immuno)detection of coupling to the various positions in the dual Spy-Snoop HbpD constructs. In addition to the above-described HA-tagged SpC-MBP and SpC-TrxA proteins for engagement of the internal SpyTag at the domain 2 and 4 positions, we created FLAG-tagged versions of TrxA and MBP carrying SnoopCatcher (SnC-MBP and SnC-TrxA) or SnoopTag (SnT-MBP and SnT-TrxA) for coupling to the domain 1 position (Figure 1B and Supplementary Figure S1). Of note, during purification of the model fusion proteins we noticed that SnC-MBP was rather prone to aggregation, the reason for which is unclear. This protein was not further analyzed in coupling experiments. To investigate Spy and Snoop-based protein ligation, OMVs displaying one of the four Hbp variants (see Figure 3) were incubated overnight with the cognate MBP and TrxA versions (Table 3). In the cases where simultaneous coupling to both attachment sites in the HbpD passengers was studied, the Snoop- and Spy-equipped model proteins were added together in a single reaction mix. The reaction mixes were analyzed by SDS-PAGE (Figures 4A,C) and the coupling efficiencies were determined by densitometry of the Coomassie stained carriers and adducts (Table 3). The identity of the adducts, both single and double, was confirmed by immunodetection of the HA-tag and the FLAG-tag (Figures 4B,D).


TABLE 3. Spy- and Snoop-coupling efficiencies to HbpD displayed on OMVs.
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FIGURE 4. Dual coupling of proteins to the Hbp display platform. OMVs containing the Hbp display platform with either an N-terminal SnoopTag (SnT) or SnoopCatcher (SnC) combined with an internal SpyTag (SpT, in domain 2 or domain 4) were incubated with complementing proteins. Protein ligation was analyzed by SDS-PAGE with Coomassie staining (A,C) and immunodetection on Western blot (B,D). Reaction mixes contained either a single complementing protein or two at the same time (T + M or M + T). Complementing proteins containing a SnT or a SnC also contained a FLAG-tag, while those with a SpyCatcher (SpC) contained an HA-tag, to identify adducts. Corresponding samples analyzed by Coomassie staining and immunodetection have been indicated with a shared number above the respective lanes. Below the gel image lane numbers are indicated. Bands in sample c corresponding to HbpD-(d1)SnT-(d2)SpT only coupled to SpC-MBP are indicated (*).


Initially we focused on coupling to the individual sites. Successful Snoop-based ligation of SnC-TrxA and SnT-TrxA to the N-terminus of Hbp in the absence of a SpyCatcher protein (Figure 4A, lane 2 and 8; Figure 4C, lane 2, 6, 10, and 14) showed that the SnoopTag as well as the SnoopCatcher can be coupled efficiently at this position (up to 92 and 69%, respectively). However, SnT-MBP ligated to the SnoopCatcher at the domain 1 position with a much lower efficiency (∼25%; Figure 4C, lane 6, and 14), which is puzzling since similar fusions to SpyTag couple more efficiently (Van Den Berg et al., 2018). On the other hand, Spy ligation to the internal SpyTag was highly efficient (between 93 and 100%) both with TrxA and MBP fusion proteins. In fact, coupling appeared to proceed more efficiently than to the comparable HbpD-(d2)SpT and HbpD-(d4)SpT constructs (see Table 2). These fusions still carried the native 27 kDa protease domain 1 at the N-terminus (Figure 1A), which possibly interferes with coupling to SpyTags integrated further downstream in the Hbp passenger. Remarkably, SpC-MBP adducts migrated quite differently, depending on whether coupling took place to the position of domain 2 or 4 (Figure 4A, cf. lanes 3 and 9; Figure 4C, cf. lanes 3 and 9). Coupling to either of these internal positions of the Hbp passenger did result in branched structures with different arm lengths that apparently have distinct mobilities in SDS-PAGE. Yet, these products were all detected by α-HA, confirming their identity as HbpD-MBP adducts (Figures 4B,D).

Next, we analyzed whether the TrxA and MBP model proteins could be simultaneously linked to the dual Spy and Snoop sites in the same HbpD derivative. Clearly, in all tested combinations, adducts were detected by SDS-PAGE at a higher apparent molecular mass than those formed upon incubation with the corresponding single TrxA and MBP model proteins (Figures 4A,C). Moreover, immunodetection (Figures 4B,D) demonstrated the presence of both an HA-tag and FLAG-tag in the highest molecular mass adducts in all but one sample (Figure 4C, lane 16), confirming their identity as coupling products comprising HbpD and both TrxA and MBP. Interestingly, the efficiency of formation of these adducts was roughly equivalent to the product of the two individual ligation efficiencies (Figure 4 and Table 3), suggesting that ligation to the N-terminal Snoop elements and the internal SpyTag in Hbp did not affect each other.

In conclusion, Spy and Snoop elements can be functionally combined in single HbpD molecules and exploited for the simultaneous coupling of different heterologous proteins at the surface of OMVs.




DISCUSSION

We combine OMV technology with autotransporter-based display of recombinant proteins in order to create semi-synthetic, safe and immunogenic nanoparticle vectors for vaccine formulation and therapeutic purposes. To this end, we previously genetically removed TolRA in an existing attenuated (ΔaroA) S. Typhimurium strain to overproduce OMVs for easy and cost-effective harvesting (Daleke-Schermerhorn et al., 2014). Secondly, we deleted the msbB gene, resulting in penta-acylated lipidA to reduce the reactogenicity of OMVs while retaining the intrinsic adjuvant effect (Kuipers et al., 2017). We further engineered the autotransporter Hbp into a scaffold that allows display of multiple integrated heterologous protein sequences (Jong et al., 2012; Jong et al., 2014). Although the Hbp display platform is relatively tolerant toward genetically inserted polypeptides, increasing the number, size and structural complexity of insertions generally lowers the expression of the fused constructs at the OMV surface due to the limited capacity of translocation across the Salmonella cell envelope. To overcome this limitation, the Spy and Snoop protein ligation technologies (Veggiani et al., 2016) were successfully used to covalently link purified heterologous proteins to Hbp passengers that are already present on the surface of OMVs (Van Den Berg et al., 2018).

Whereas Catchers and Tags of the ligation systems were previously located at the distal domain 1 position of the Hbp passenger, we show here that Tags also function at the domain 2 and domain 4 position, roughly halfway down the β-helical stem structure. Consistent with other studies using internally placed Tags (Zhang et al., 2013; Sun et al., 2014; Gao et al., 2016), integration of the SpyTag in Hbp did not limit its potential to couple SpyCatchered model proteins. Also, the position closer to the OM surface did not appear to hinder efficient protein ligation, as almost all Hbp-(d2)SpT and HbpD-(d4)SpT copies could be coupled (Table 3). Although not tested here, we expect that these results can be extrapolated to the integration of Tag sequences of other ligation systems such as Snoop, which was shown to function under a wide range of conditions, similar to Spy (Zakeri et al., 2012; Veggiani et al., 2016). Catchers, on the other hand, are expected to be less compatible because their integration in the Hbp passenger will likely interfere with translocation across the OM (Jong et al., 2007; Daleke-Schermerhorn et al., 2014; Jong et al., 2014; Kuipers et al., 2015). Also, fusion of the Catchers to internal positions may well affect their folding into a functional conformation, more than fusion to the passenger N-terminus where they have full conformational freedom. Of note, this limitation can be overcome by making use of the robust tripartite variants of both Spy and Snoop in which two short ligation Tags are covalently bonded by a separate active ligase (Fierer et al., 2014; Andersson et al., 2019).

Next, we examined the simultaneous coupling of two proteins to a single display platform molecule. To have independent control over the positioning and degree of occupation of the two separate ligation sites we chose to use the SnoopTag-SnoopCatcher pair as the secondary system. In this proof-of-principle study a non-optimized protocol was used in which OMVs carrying the HbpD fusions were simply mixed with both complementing model proteins at the same time and left to incubate. The efficiencies of dual adduct formation (Table 3) were approximately equivalent to the product of the ligation efficiencies of the individual reactions. The observation that ligation to one site is not intrinsically restrictive to ligation to the second site is important in cases where both components are needed at the highest possible density on the surface of the OMVs. Moreover, it allows high densities of dual adducts in which both attachments are fixed in close proximity to each other. A potential application for this is the simultaneous engagement of different receptors, for instance to stimulate T cells (Wu et al., 2020). In any case, the coupling of multiple proteins to one Hbp allows for a simple and cost-efficient production process in which only one batch of OMVs needs to be produced, without the need to express different display systems in parallel, which may be tedious. It also circumvents approaches involving the simultaneous expression of multiple Hbp constructs with a single attachment site in the same OMV production host, which may lead to instability at the genetic level due to homologous recombination events.

One obvious application of our technology is the attachment of multiple different complex antigens from any source to a single OMV for multivalent vaccine production. However, antigen display can also be combined with the coupling of for instance antibodies, nanobodies or adhesins for targeting to certain tissues and immune cells to tailor immune responses. The compatibility of our OMV platform with the attachment of SpyTagged nanobodies (Van Den Berg et al., 2018) and antibodies (data not shown) indeed suggests such a dual functionality is possible, not only for prophylactic but also for therapeutic use (Bitto and Kaparakis-Liaskos, 2017; Zhang et al., 2019). In conclusion, by functionally incorporating two protein ligation sites in HbpD we created a versatile modular platform for the development of recombinant OMV-based vaccines and therapeutics.
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Agrobacterium tumefaciens Small Lipoprotein Atu8019 Is Involved in Selective Outer Membrane Vesicle (OMV) Docking to Bacterial Cells
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Outer membrane vesicles (OMVs), released from Gram-negative bacteria, have been attributed to intra- and interspecies communication and pathogenicity in diverse bacteria. OMVs carry various components including genetic material, toxins, signaling molecules, or proteins. Although the molecular mechanism(s) of cargo delivery is not fully understood, recent studies showed that transfer of the OMV content to surrounding cells is mediated by selective interactions. Here, we show that the phytopathogen Agrobacterium tumefaciens, the causative agent of crown gall disease, releases OMVs, which attach to the cell surface of various Gram-negative bacteria. The OMVs contain the conserved small lipoprotein Atu8019. An atu8019-deletion mutant produced wildtype-like amounts of OMVs with a subtle but reproducible reduction in cell-attachment. Otherwise, loss of atu8019 did not alter growth, susceptibility against cations or antibiotics, attachment to plant cells, virulence, motility, or biofilm formation. In contrast, overproduction of Atu8019 in A. tumefaciens triggered cell aggregation and biofilm formation. Localization studies revealed that Atu8019 is surface exposed in Agrobacterium cells and in OMVs supporting a role in cell adhesion. Purified Atu8019 protein reconstituted into liposomes interacted with model membranes and with the surface of several Gram-negative bacteria. Collectively, our data suggest that the small lipoprotein Atu8019 is involved in OMV docking to specific bacteria.

Keywords: outer membrane vesicles, lipoprotein, small protein, surface protein, Atu8019, entericidin, cell attachment, Agrobacterium tumefaciens


INTRODUCTION

The release of membrane vesicles (MVs) is ubiquitous among bacteria. MVs from Gram-negative bacteria are usually termed outer membrane vesicles (OMVs). They can be formed by budding off the outer membrane (OM) after cargo enclosure by various mechanisms (Hoekstra et al., 1976; Zhou et al., 1998; Lee et al., 2008; Bonnington and Kuehn, 2014; Kim et al., 2015; Schwechheimer and Kuehn, 2015; Toyofuku et al., 2017; Toyofuku, 2019). These spherical bilayered particles (20–400 nm) are composed of lipopolysaccharides (LPS), peptidoglycan, phospholipids, and proteins. Remarkably, the lumen of OMVs carries a cocktail of diverse molecules including lytic enzymes, antimicrobial compounds, hydrophobic signal molecules, and genetic material (Renelli et al., 2004; Koeppen et al., 2016). MVs have multiple functions, which are determined by their cargo molecules. They promote bacterial fitness and survival, especially in mixed communities (Guerrero-Mandujano et al., 2017). As lipid-enclosed particles, they serve as delivery vehicles over long distances and time periods protecting a variety of biomolecules by increasing their extracellular stability. Hence, they play important roles in bacterial communication with the environment and surrounding (micro-) organisms. They contribute to highly communicative processes like biofilm formation, bacterial competition, quorum sensing, and DNA/RNA-transfer in bacterial communities (Kulp and Kuehn, 2010; Park et al., 2014; Kaparakis-Liaskos and Ferrero, 2015; Sjöström et al., 2015; Wang et al., 2015). In pathogenic bacteria, MVs often play important roles in host colonization, modulation of host immunity, and pathogenicity (Kuehn and Kesty, 2005; Ionescu et al., 2014; O’Donoghue and Krachler, 2016). Internalization of MVs by mammalian host cells is well-studied and different mechanisms have been described. MVs can enter eukaryotic cells by clathrin or caveolin-dependent endocytosis, via lipid-raft domains, or by direct membrane fusion (Kaparakis et al., 2010; Berleman and Auer, 2013; O’Donoghue and Krachler, 2016; Tashiro et al., 2017; Nagakubo et al., 2019). Although transfer of MV’s cargo into target bacteria has been shown in many studies, content uptake by bacterial cells is poorly understood (Klieve et al., 2005; Mashburn and Whiteley, 2005; Tashiro et al., 2017; Toyofuku et al., 2017; Nagakubo et al., 2019). It has been proposed that MVs are lysed after target cell contact and the content (DNA) is taken up by Type IV pilus-mediated transport (Fulsundar et al., 2014). Other studies suggested uptake of MV content by membrane fusion (Kadurugamuwa and Beveridge, 1996; Tashiro et al., 2017; Nagakubo et al., 2019). Recent studies provided evidence that MVs selectively interact with bacteria in order to transfer their content to the target cells (MacDonald and Beveridge, 2002; Lin et al., 2017; Tashiro et al., 2017; Brameyer et al., 2018). However, the underlying mechanism(s) of specific vesicle docking and internalization by target bacteria remains poorly understood. As recently shown, MVs from the Gram-negative enterobacterium Buttiauxella agrestis specifically interact with bacteria from the same genus. For this selective interaction, special physiochemical cell-surface properties of B. agrestis were discussed. Since B. agrestis MV-cell attachment is reduced by proteinase K treatment, the selective interaction seems to require yet unknown surface-exposed proteins (Tashiro et al., 2017; Tashiro et al., 2019). A specific ligand-receptor mediated interaction of MVs from Pseudomonas aeruginosa and Vibrio harveyi has been recently suggested. In P. aeruginosa, uptake of OMVs containing Pseudomonas quinolone (PQS)-Fe3+ is proposed to be mediated by the OMV-associated TseF protein and the cell-surface receptors FptA or OprF (Lin et al., 2017; Lin et al., 2018). The marine pathogen V. harveyi packages the quorum sensing (QS) molecule CAI-1 into OMVs, which trigger a QS phenotype in CAI-1 lacking V. harveyi and in Vibrio cholerae cells (Brameyer et al., 2018). Indeed, OMVs are enriched with surface-attached proteins, particularly lipoproteins (LPPs; Kaparakis-Liaskos and Ferrero, 2015; Valguarnera et al., 2018), which could mediate specific attachment and internalization of OMVs to target bacteria. Bacterial LPPs are involved in diverse physiological processes like cell shape maintenance, OM biogenesis, transport, motility, signal transduction, virulence, and stimulation of innate immune reactions by mammalian Toll-like receptors (Cascales et al., 2002; Kovacs-Simon et al., 2011; Nakayama et al., 2012; Narita and Tokuda, 2017; Burgess et al., 2018). LPPs are characterized by their N-terminal signal peptidase II sequence and a “lipobox” [(LVI) (AST VI) (GAS) (C)]. The lipobox within the N-terminal signal sequence targets the protein for lipid modification. The highly conserved cysteine residue within the lipobox is crucial for the acylation of LPPs (Hantke and Braun, 1973; Inouye et al., 1977; Nakayama et al., 2012; Sutcliffe et al., 2012). The prepro-LPP is synthesized in the cytoplasm and translocated to the periplasmic site of the inner membrane where the modifications can take place. An S-diacylglyceroltransferase diacylates the thiol group of the conserved cysteine within the lipobox. This enables the signal peptidase II to hydrolyse the signal peptide and to form the mature diacylated LPP. Depending on protein and organism, an N-acyltransferase can acylate the newly generated α-amino group to produce a triacylated LPP. The fatty acids attached to LPPs are derived from phospholipids and offer a powerful regulatory tool to modulate localization and function (Sankaran and Wu, 1994; Nakayama et al., 2012; Buddelmeijer, 2015; Vogeley et al., 2016). Depending on the N-acylation and specific sorting signals, LPPs either remain in the inner membrane or they are translocated to the inner leaflet of the OM by the LPP OM-localization pathway (Lol; Zückert, 2014; Goolab et al., 2015; Kaplan et al., 2018). Once located in the OM, LPPs either remain at the periplasmic site or they are transported to the cell surface. The underlying mechanism(s) of LPP transport across the OM is not fully understood. Different mechanisms have been proposed for surface exposure of LPPs like the involvement of Type II or Type V secretion systems, the beta-barrel assembly machinery (BAM), and species-specific lipid transporters. Some LPPs are surface-exposed even in heterologous host cells, suggesting an additional, and yet unidentified universally conserved mechanism (Arnold et al., 2014; Zückert, 2014; Konovalova and Silhavy, 2015; Hooda et al., 2016; Wilson and Bernstein, 2016; Fantappie et al., 2017).

In the present study, we investigated OMV formation and the functional role of a small lipoprotein (Atu8019), which we found in OMVs from the phytopathogen Agrobacterium tumefaciens. A. tumefaciens is the causative agent of crown-gall disease and routinely used as vehicle for plant transformation (Goodner et al., 2001; Wood et al., 2001; Escobar and Dandekar, 2003). If and how OMVs play a role in A. tumefaciens physiology and virulence has never been investigated.



MATERIALS AND METHODS


Strains, Plasmids, and Growth Conditions

Bacterial strains and plasmids used in this study are listed in Supplementary Table S1. Escherichia coli JM83 served as host for plasmid construction and storage. The BL21 (DE3) strain was used for recombinant protein production using the pET-expression system. E. coli strains were routinely cultivated in Luria-Bertani (LB) medium with respective antibiotics if required (ampicillin 100 μg/mL or kanamycin 50 μg/mL) at 37°C. BL21-expression cultures containing pET-derivatives were induced with 0.4 mM IPTG at an optical density (OD) of ∼0.6–0.8 and cultivated for 4 h at 30°C. A. tumefaciens C58 wildtype and derivatives were routinely cultivated in LB medium at 30°C. A. tumefaciens overexpression strains containing pTrc-derivatives were cultivated in LB medium containing 100 μg/mL streptomycin and 300 μg/mL spectinomycin. Protein expression was induced with 0.4 mM IPTG when the cultures reached an OD600 of ∼0.6–0.8. Expression cultures were incubated for 18 h at 30°C after induction, if not stated differently. Target bacteria E. coli DH10B and Bacillus subtilis were cultivated in LB medium at 37°C. Xanthomonas campestris and Pseudomonas syringae were grown in LB medium at 30°C and Sinorhizobium meliloti was cultivated in TY-medium (0.5% tryptone, 0.3% yeast extract, and 0.07% CaCl2) at 30°C.



Construction of Expression Vectors to Produce HIS-Tagged Proteins

The atu8019 gene was purchased from Eurofins Genomic (Würzburg) in a pEX-A2 vector (pEX_8019_syn) flanked by NdeI and XhoI restriction sites. The gene was restricted by NdeI and XhoI and cloned into the pET24b expression vector. The resulting plasmid (pBO6126) encodes a C-terminally HIS-tagged Atu8019-fusion protein.

For homologous overproduction of C-terminally HIS-tagged Atu8019-fusion proteins, we used the broad host IPTG-inducible expression vector pTrc200 (Schmidt-Eisenlohr et al., 1999). The plasmid pBO6126 served as DNA template for PCR amplification of the atu8019 gene including the 3’prime HIS-coding sequence (primers are listed in Supplementary Table S2). The PCR product was cloned into pTrc200 with appropriate enzyme sites, resulting in the plasmid pBO6128 (pTrc-atu8019-HIS).

To construct a plasmid for recombinant Atu2451 production, the corresponding gene was PCR-amplified from chromosomal DNA with appropriate primers (Supplementary Table S2). The PCR product was cloned via the restriction sites NdeI and XhoI into pET24b resulting in the plasmid pBO1920 encoding the Atu2451 protein with a HIS-tag at the C-terminus.



Construction of the Atu8019C22AHIS Variant

To create an Atu8019C22A variant, site-directed mutagenesis was performed using the QuikChange mutagenesis kit (Agilent, Waldbronn, Germany) according to manufacturer’s protocol. The QuikChange-PCR was performed with pBO6128 (pTrc-derivative) or pBO6126 (pET-derivative) as template and appropriate oligonucleotides (Supplementary Table S2). The resulting plasmids pBO6104 (pTrc-atu8019C22A) and pBO6127 (pET-atu8019C22A) encode Atu8019C22A variants carrying a C-terminal HIS-tag.



Construction of a Markerless A. tumefaciens atu8019-Deletion Mutant

The markerless atu8019-deletion strain was constructed as described before (Wessel et al., 2006) using the suicide plasmid pK19mobsacB and appropriate primers listed in Supplementary Table S2. PCR fragments corresponding to upstream (517 bp) and downstream (422 bp) regions of the atu8019 gene were cloned with appropriate enzyme sites into pK19mobsacB. The resulting plasmid (pBO6100) was transferred into A. tumefaciens and potential deletion mutants, indicated by sucrose resistance and kanamycin sensitivity, were confirmed by Southern blot analysis.



Construction of A. tumefaciens atu8019FLAG Reporter Strain and Epitope Tagging

The plasmid for the atu8019FLAG reporter strain construction was cloned according to (Hoffmann et al., 2015). Primer pairs used to PCR amplify the A. tumefaciens atu8019 gene are listed in Supplementary Table S2. The amplification product, in which the stop codon was exchanged against three cytidine residues (CCC) was blunt-end cloned into the SmaI site of pYP168. The SmaI site downstream of the atu8019-coding region was recovered by the CCC extension and was used to insert the SmaI fragment carrying the FLAG-KaT cassette from plasmid pYP247. The resulting pBO6102 (atu8019FLAG) hybrid plasmid was transferred by electroporation into A. tumefaciens. Agrobacterium strains, which integrated the plasmid into their chromosome by single homologous recombination were selected by kanamycin resistance. The resulting A. tumefaciens: pBO6102 (atu8019FLAG), strain was examined for Atu8019FLAG production by Western blot analysis using FLAG-epitope-specific antibodies.

All plasmids constructed in this study were verified by DNA sequencing.



Subcellular Fractionation and Protein Localization

For Atu8019 localization studies, A. tumefaciens atu8019FLAG reporter strain was cultivated in LB medium (kanamycin, 50 μg/mL) to an OD600 of 1.0. For Atu2451 localization, an E. coli BL21 expression culture carrying pBO1920 was prepared. Cells were harvested and the culture supernatants were used for OMV isolation as described below. The cell pellet was resuspended in lysis buffer (50 mM Tris, 100 mM NaCl, and pH 8.0) and treated with a spatula tip of lysozyme, DNaseI, and PMSF for 30 min on ice. Cells were disrupted using a French pressure cell (SLM Instruments; 3 × 900 kpsi). After cell lysis, debris was removed by centrifugation (15,000 × g, 4°C, and 20 min) and the cell lysates were fractionated into cytosol and membrane-fractions by high-speed centrifugation (200,000 × g, 4°C, and 1.5 h). The cytosol fractions were stored at -20°C and membranes were further fractionated into inner and outer membranes by N-lauroylsarcosine extraction. This detergent dissolves selectively inner membranes, leaving outer membranes intact (Hobb et al., 2009). Membrane pellets were solubilized in 0.5% N-lauroylsarcosine in lysis buffer for 12 h at 4°C and inner and outer membranes were separated by high-speed centrifugation (100,000 × g, 1 h, and 4°C). Outer membrane pellets were dissolved in lysis buffer containing 0.5% Triton X-100. Proteins from the corresponding fractions were precipitated using TCA (trichloroacetic acid) and resolved in SDS sample buffer. For protein detection, 50 μg of protein from each fraction was loaded onto an SDS gel and specific proteins were detected by Western blot analysis.



Immunofluorescence Staining

Agrobacterium tumefaciens FLAG reporter strains were cultivated in LB medium until stationary phase. Cells were harvested from 2 mL cultures, washed three times with TBS buffer (25 mM Tris, 150 mM NaCl, and pH 7.6), and suspended in 1 mL TBS buffer to a final OD600 of 2.0. Cells were fixed with 162.5 μL paraformaldehyde (16%, v/v) and 11.7 μL glutaraldehyde (1%, v/v) for 15 min at RT and then washed with TBS buffer (3 × 1 mL, 10,000 × g; RT) followed by washing with 1 mL GTE-buffer (50 mM glucose, 20 mM Tris, and 10 mM EDTA). For cell wall permeabilization, 5 mg/mL lysozyme in 5 mM EDTA (dissolved in water) was added. After 5 min on ice, cells were washed with 1 mL TBS buffer and incubated for 5 min at RT in TBS buffer containing 0.1% Triton X-100 (TBST). Blocking was performed with TBST buffer containing 3% (w/v) BSA for 1 h at RT. After a washing step with TBS, FLAG-tagged proteins were labeled by incubating the samples with an anti-FLAG antibody [1:70 in TBST containing 0.1% (w/v) BSA] for 1 h at 30°C. AlexaFluor488 coupled goat-anti-mouse antibody was used at 1:250 as secondary antibody. For fluorescence microscopy cells were resuspended in 200 μL TBS buffer and 2 μL were spotted onto a microscopy slide covered with agarose [1.5% (w/v) in TBS].



Outer Membrane Vesicle Isolation

For OMV isolation from A. tumefaciens wildtype and derivatives, strains were cultivated in LB medium to an OD600 of 1.0 if not stated otherwise. For OMV isolation from E. coli, we used 4 h expression cultures carrying the appropriate expression plasmid. Cells were harvested at 15,000 × g for 10 min at 4°C. The culture supernatants were filtered (0.2 μm) and the cell-free filtrates were fractionated into OMV-associated and secreted soluble proteins by high-speed centrifugation (150,000 × g, 4 h, and 4°C). The OMV pellet isolated from 100 mL culture supernatant, was resuspended in 1 mL 10 mM KH2PO4 (pH 7.4) if not stated differently. Sterility of samples was assessed on LB-agar plates. The supernatant containing secreted soluble proteins was precipitated with TCA and 50 μg of proteins from each fraction were analyzed by SDS-PAGE and Western blot.



Proteinase Accessibility Assays With Cells and OMVs

Surface exposure of Atu8019 in A. tumefaciens cells and OMVs was analyzed by proteinase-accessibility assays. Briefly, the A. tumefaciens atu8019FLAG reporter strain was cultivated to stationary phase in 50 mL LB medium (kanamycin 50 μg/mL). The culture was split in two aliquots and centrifuged (1.500 × g, 10 min, and 4°C). Cell pellets were resuspended in 3.5 mL Tris buffer (50 mM Tris, 7.5 mM CaCl2, and pH 8.8). One of the samples was lysed using French press and the debris was removed by centrifugation (15.000 × g, 20 min, and 4°C). Aliquots of the lysed and intact cells were incubated with increasing amounts of proteinase K (0, 10, 25, and 100 μg/mL) and incubated for 30 min at RT. The reaction was stopped by addition of 20 μL of PMSF (100 mM in isopropanol), followed by 5 min incubation at RT. Samples were boiled for 5 min at 97°C in SDS sample buffer and equal amounts were loaded onto a 12.5% SDS gel for protein visualization and Western blot analysis.

To test display of Atu8019 in the context of OMVs, proteinase-accessibility assays were performed with OMVs derived from the atu8019FLAG reporter strain. Equal amounts of OMV aliquots were incubated in PBS buffer (137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 2 mM KH2PO4, and pH 7.5) with 0.5 μg/mL proteinase K in the absence or presence of 1% SDS to disrupt the vesicles. An untreated OMV sample and an OMV-reaction mixture containing SDS, proteinase K, and 2 mM PMSF were included as controls. Samples were incubated for 30 min at 37°C before reaction was stopped by addition of 2 mM PMSF. Atu8019FLAG was detected by Dot blot analysis.



Transmission Electron Microscopy of OMVs

For visualization by transmission electron microscopy, a 10 μL aliquot of isolated OMVs was negatively stained with 1% uranyl acetate for 7 min at RT. Samples were spotted onto a copper grid and analyzed using the Philips 420 Transmission Electron Microscope equipped with a Gatan digital camera. To estimate the size of OMVs, 10 nm sized gold particles were used for the appropriate magnification.



Dynamic Light Scattering Analysis of OMVs

Isolated OMVs were diluted 1:100 in PBS buffer and vesicle size was determined by dynamic light scattering (Particle sizer, Malvern instruments). Data was collected from 1 mL of PBS buffer suspended OMVs by 15 acquisitions at 25°C.



SDS-PAGE, Western Blot and Dot Blot Analyses

Protein samples from cellular or subcellular fractions were precipitated using TCA and subjected to standard SDS-PAGE followed by coomassie brilliant blue staining. For Dot blot, samples (4 μl) were spotted onto a nitrocellulose membrane (GE healthcare). Western blot analyses were carried out by standard methods using specific antibodies: For RpoA, FtsH, and OmpA detection, first antibodies specific for the respective protein (1:5,000), and an anti-rabbit HRP conjugate were used (1:5,000). For FLAG-tagged proteins, we used a FLAG-specific first antibody (1:4,000), and an anti-mouse HRP conjugate (1:5,000). HIS-tagged proteins were detected using a penta-HIS-HRP conjugate (1:4,000). Proteins were detected by chemiluminescence using the FluorChemTM SP Multiimager (AlphaInnotech).



Mass Spectrometry Analysis

For MS analysis, we isolated OMVs from A. tumefaciens WT cells cultivated in LB medium to an OD600 of 1.0. OMV proteins were precipitated using TCA and concentration was determined in Tris buffer (10 mM Tris–HCl, and pH 8.0) by IR spectrometry (DirectDetect® Infrared spectrometer, Merck Millipore). Samples for replicates 1, 2 and 3 contained 0.99, 1.69, and 1.45 μg/μL protein, respectively. 8 μL of each samples were loaded onto a 14% SDS-gel. To reduce protein loss, gels were stopped directly after the samples entered the separating gel. Bands were excised from the gel and proteins were digested tryptically and subjected to LC-MS as described previously (Wenzel et al., 2013) with the following modifications. After tryptic digestion, peptides were eluted using 50% acetonitrile containing 0.1% formic acid. Samples for replicates 1, 2, and three were dried in vacuo and resuspended in 105.9, 180.5, and 155.1 μL 0.1% formic acid, respectively. 4 μL of each sample were subjected to LC-MS. Data were analyzed using the ProteinLynx Global Server (version 2.5.2; Waters) with a nonredundant A. tumefaciens database (BioProject PRJNA57865) containing 5,557 protein entries (including sequences for trypsin and keratin). Processing and workflow parameters were as follows: chromatographic peak width, automatic; MS TOF resolution, automatic; lock mass for charge 2, 556.2771 Da/e; lock mass window, 0.3 Da; low energy threshold, 50 counts; elevated energy threshold, 15 counts; intensity threshold, 500 counts; peptide tolerance, automatic; fragment tolerance, automatic; min fragment ion matches per peptide, 2; min fragment ion matches per protein, 2; min peptide matches per protein, 1; maximum protein mass, 250,000 Da; primary digest reagent, trypsin; secondary digest reagent, none; missed cleavages, 1; fixed modifications, carbamidomethyl C; variable modifications, deamidation N, deamidation Q, oxidation M; and false positive rate, 4.



Lipid Analysis

Membrane lipids from cells or OMVs were isolated according to Bligh and Dyer (1959). For isolation of cellular lipids, an aliquot of 2 mL cells was harvested, washed, and resuspended in 100 μL water. For isolation of OMV lipids, we used 500 μL of OMV samples, isolated from the supernatant of 100 mL cultures. Lipids were spotted onto HPTLC silica 60 plates (Merck, Darmstadt, Germany) and separated by 2-dimensional thin layer chromatography (2D-TLC) using chloroform:methanol:water [65:25:4 (v/v)] for the first dimension and chloroform:methanol:acetic acid:water [90:15:10:3.5 (v/v)] for the second dimension. Lipids were visualized by cupric sulfate charring (300 mM CuSO4 × 5 H2O, 8.5% phosphoric acid, 7 min at 70°C). The TLC plates were scanned using an Epson perfection V700 Photo (Epson) scanner. Relative lipid amounts were calculated from spot densities using the AlphaEaseFC software.



Quantification of OMV Production

The relative quantity of isolated OMVs from A. tumefaciens strains was determined by measuring the protein and lipid content. Protein concentration was determined by the BCA assay (Pierce, Thermo Fisher, Waltham, MA, United States) according to manufacturer’s instruction. The lipid content was measured using the lipophilic membrane dye FM4-64 (Thermo Fisher) as described in different reports (McBroom et al., 2006; Frias et al., 2010; Pérez-Cruz et al., 2016). Briefly, an aliquot of OMVs was incubated with FM4-64 (5 μg/mL in PBS) for 30 min at 30°C. OMVs alone and the FM4-64 probe alone were included as negative controls. FM4-64-labeled OMVs were washed three times and suspended in 200 μL PBS buffer. Fluorescence measurements were performed with the Infinite M Nano + multiplate reader (Tecan; λEX = 525 nm, λEM = 705 nm). Protein- and lipid-based measurements were normalized to the OD600 of the cell culture.



Analysis of OMV Interaction With Bacteria

Outer membrane vesicle interaction with bacteria was assayed as described by Tashiro et al. (2017) with some modifications. Bacteria were cultivated as described above until early stationary phase, harvested, and washed three times with PBS buffer. The OD value of the respective cells was adjusted to 1.0 in 162 μL PBS buffer. Afterwards, 5 μL of FM4-64 labeled OMVs with a protein concentration of 80 μg/mL were added to the cell suspensions and samples were incubated for 30 min at 30°C. As negative control, cells incubated with 5 μL buffer were included. Cells were harvested, washed once with PBS, and resuspended in 110 μL PBS. For quantification of the OMV-bacteria cell interaction, 50 μL of the OMV-cell mixtures were transferred to 96 well plates (Corning 96 Well Half-Area Microplate flat bottom, black polystyrene, Merck, Darmstadt, Germany) and fluorescence was recorded with Infinite M Nano+ (Tecan) with the following settings: λEX = 525 nm, λEM = 705 nm, 240% gain, and Z-position: 20674 μm. The red fluorescence signal of bacterial cells was buffer-corrected and normalized to the initially measured OMV fluorescence.

For fluorescence-microscopy analysis 10 μL of the OMV-cell mixtures were incubated with 0.5 μg/mL Hoechst33342 (DNA stain dissolved in H2O, Thermo Fischer Scientific) for 5 min at RT to label viable cells.



FM4-64 Labeling of Cells

Agrobacterium tumefaciens Atu8019HIS and Atu8019C22AHIS production strains and cells carrying the empty vector (EV) were cultivated in LB medium with 0.1 mM IPTG and respective antibiotic to stationary phase. Cells were harvested, washed twice in TBS buffer and the OD600 value was adjusted to 1.0. For fluorescence labeling, 100 μL of the cell suspensions were mixed with 50 μg/mL FM4-64 for 5 min at RT.



Fluorescence Microscopy

Fluorescence microscopy and image acquisition were carried out using an Olympus BX51 microscope equipped with CCD camera (Retiga 3, QImaging), and LED light source (SOLA-365, Lumencor) driven by VisiView® 3.× (Visitron systems) software. All images were acquired using a Plan-APO 100×/1.4 NA oil objective with the following filter sets: BP 450–488, FT 495 nm, and BP 512–542 (AlexaFluor488); BP 535–580, FT 595 nm, and BP 608–680 (FM4-64); BP 360–370, FT 400 nm, and BP 420–460 (Hoechst33342). Images were processed using the Image J software (Schneider et al., 2012).



Bioorthogonal Labeling of Lipoproteins in E. coli

Bioorthongonal labeling of LPPs was performed according to (Rangan et al., 2010) with modifications. E. coli BL21 Atu8019HIS and Atu8019C22AHIS production strains and E. coli BL21 harboring the EV were cultivated in 20 mL M9 medium supplemented with 50 μg/mL kanamycin for 5–6 h at 37°C. Protein expression was induced with 0.4 mM IPTG. For metabolic labeling, 25 μM alkyne-palmitic acid in DMSO (BaseClick) was added. As negative control, cells treated with DMSO were included. After overnight incubation at 37°C, cells were harvested (10,000 × g for 1 min) and washed twice with PBS. Cells were dissolved in 0.1% SDS-TEA buffer [50 mM triethanolamine, 150 mM NaCl; 0.1% (w/v) SDS] supplemented with 5 mM PMSF and lysed by sonication (10 s in Sonorex Super RK1024 sonication bath, Bandelin). The lysate was incubated for 10 min on ice. Lysozyme (0.25 μg/mL) and DNaseI (0.1 μg/mL) were added and cells were further incubated for 30 min on ice. Final concentration of SDS was adjusted to 4% with 12% SDS-TEA-buffer and a second sonication for 10 s was performed. Debris was removed by centrifugation (5,000 × g, 5 min, and 4°C) and the protein concentration of supernatant was determined by BCA assay. The master mix for the Cu(I)-catalyzed azide-alkyne cycloaddition (CuAAC) reaction was prepared as follows. 0.1 mM Azide-Fluor 488 (Sigma Aldrich), 0.1 mM TBTA (Tris[(1-benzyl-1H-1,2,3-triazol-4-yl)methyl]amine, Sigma Aldrich) and 1 mM CuSO4 × 5 H2O were set under protection gas (Ar-flow). Then 10 mM sodium ascorbate (freshly prepared) were added. 100 μg protein (lysate) was mixed with 4% SDS-TEA buffer to a final volume of 90 μL and set under Ar-flow in a boron-silicon glass vial. Afterwards, 10 μL master mix were added and samples were incubated for 1.5 h at RT under protection gas in the dark. Proteins were precipitated using methanol/chloroform as described before (Rangan et al., 2010). The protein pellet was dissolved in 40 μL TBS by sonication for 15 min and 10 μL 5 × SDS sample buffer were added. The samples were boiled for 5 min at 97°C and for in-gel visualization of labeled LPPs, 15 μL of samples were loaded on a 16% Schägger (2006) gel. The labeled proteins were visualized using the DyLight488 (Excitation: 488 nm, Emission: 525 nm) filter set of the GelDocTM MP imaging system (BioRad, Feldenkirchen, Germany). As loading control, the SDS gel was afterwards stained with coomassie blue. To check for recombinant protein synthesis, Western blot was performed.



Quantification of Cell Aggregation

Quantification of cell aggregation was performed as described by De Windt et al. (2006) with modifications. Briefly, round flasks containing 20 mL LB medium supplemented with 100 μg/mL streptomycin, 300 μg/mL spectinomycin, and 0.1 mM IPTG were inoculated with bacterial cells and incubated at 30°C for 28 h. At different time points, 1 mL culture was vortexed rigorously to destroy cell aggregates and the OD600 (ODTOTAL) was measured. To determine the OD of non-aggregated cells, another 1 mL of the culture was centrifuged for 2 min at 650 × g and the OD600 of the supernatant (ODSUPERNATANT) was determined. The aggregation index (AI) is defined as follows: AI = (ODTOTAL-ODSUPERNATANT)/(ODTOTAL).



Biofilm Formation

Biofilm formation was determined using the crystal violet assay. Agrobacterium strains were cultured in LB medium in 24 well plates with a starting OD600 of 0.5. If required, medium was supplemented with the appropriate antibiotics and 0.1 mM IPTG (overexpression strains). Cultures were incubated for 24 and 72 h at 30°C. After incubation, 50 μL crystal violet (0.5%) were added and the plate was incubated for 10 min at RT with gentle rocking. The biofilm was washed three times with 1.5 mL water and dissolved in 1 mL 100% ethanol. For biofilm quantification, absorbance at 570 nm (A570) was determined.



Protein Purification and Reconstitution Into Liposomes

For protein purification, A. tumefaciens Atu8019HIS-expression cultures or E. coli BL21 Atu2451HIS-expression cultures were disrupted and total membranes were extracted, as described above. The membrane pellet was solubilized with 2% (v/v) Triton X-100 in Tris buffer (50 mM Tris–HCL, 150 mM NaCl, and pH 8.0) with gentle stirring at 4°C overnight. The mixture was diluted with Tris buffer to a final Triton X-100 concentration of 0.5% (v/v) and loaded onto a Ni-IDA column (Protino, Macherey-Nagel, Düren, Germany). Unspecific proteins were removed by washing with Tris buffer containing 0.5% Triton X-100 and increasing imidazole concentrations (20, 50, and 70 mM). Finally, protein of interest was eluted with Tris buffer containing 0.5% (v/v) Triton X-100 and 300 mM imidazole. Purification success was analyzed by SDS-PAGE and Western blot analysis. Protein concentration was determined in coomassie stained SDS gels using GelDocTM MP imaging system (BioRad).

For protein reconstitution, lipid films (3.2 mg) consisting of 99.9 mol% DOPC (1,2-dioleoyl-sn-glycero-3-phosphatidylcholine, Avanti polar lipids), and 0.1 mol% N-NBD-PE [1,2-dipalmitoyl-sn-glycero-3-phosphoethanolamine-N-(7-nitro-2-1,3-benzoxadiazol-4-yl; ammonium salt), Avanti Polar Lipids] or 99.9 mol% of DOPC and 0.1 mol% DiI (1,1-Dioctadecyl-3,3,3,3-tetramethylindocarbocyanine perchlorate, AAT Bioquest) were prepared under N2-flow. The lipid films were rehydrated with 1 mL Tris buffer supplemented with 1% (v/v) Triton X-100 by vortexing with glass beads. Purified protein (10 μg of Atu8019 and 12 μg of Atu2451) was added followed by a 30-min incubation at RT with end-over-end rotation. Then, bio-beads SMII (100 mg; BioRad) were added and the mixture was incubated at RT for 4 h followed by addition of 200 mg SM-2 beads and incubation at 4°C for 12 h. Protein-free liposomes were prepared similarly by replacing purified protein with Tris buffer.

For density flotation, samples were mixed in an equal volume of 60% (w/v) sucrose in floating buffer in 11 × 60 mm centrifuge tubes (Beckmann) and overlaid with 1 mL each of 25 and 0% (w/v) sucrose steps in floating buffer. After centrifugation (150,000 × g, 6 h, and 4°C), eight fractions were collected from the top for fluorescence and protein analysis.

Successful reconstitution was confirmed by proteinase K protection assays as described above for the OMVs.



Giant Unilamellar Vesicle (GUV) Preparation

For GUV formation, 5 μg DOPC and 0.1 mol% N-AlexaFluor488-PE were mixed in 10 μL chloroform:methanol [1:1 (v/v)] and 5 μL were spotted onto two platinum electrodes. After solvent evaporation under vacuum, both electrodes were assembled to one teflon chamber filled with 340 μL swelling buffer (200 mM sucrose, 2 mM Tris, 4 mM NaCl, and pH 8.0). Electroformation was performed overnight at RT using 10 Hz AC electrical field with an amplitude change of 20–1100 mV every 6 min. Subsequently, GUVs were detached from the electrodes for 30 min at 4 Hz, and 1100 mV. The GUVs were used within 24 h for interaction studies and stored at 4°C.



Interaction of Proteoliposomes With GUVs and Bacteria

For liposome-GUV interaction studies, we used DiI-labeled liposomes. GUVs (20 μL) were incubated with DiI-labeled empty liposomes (4 μL), Atu8019HIS or Atu2451HIS proteoliposomes for 5 min at RT. Afterwards, 50 μL microscopy buffer (270 mM glucose, 2 mM Tris, 4 mM NaCl, and pH 8.0) were added and the mixture was spotted onto a cover slide. GUVs were let to sediment for 5 min. Samples were examined under a Leica microsystems TCS SP8 confocal laser scanning microscope using a 63× water objective. Laser lines and notch filters used during confocal microscopy: λEX = 488 nm, λEM = 525 nm, notch filter AlexaFluor488 (N-AlexaFluor488-PE); λEX = 550 nm, λEM = 569 nm, and notch filter TexasRed® (DiI). Images were processed using the LasX (Leica microsystems) software.

Target bacteria were prepared as described for the OMV-cell interaction assay. Target bacteria and DiI-labeled proteoliposomes were mixed at RT for 2 h in TBS buffer (10 liposomes per cell). Target bacteria were stained with Hoechst33342 for 5 min at RT and liposome-cell mixtures were analyzed by fluorescence microscopy.



Quantification of A. tumefaciens Attachment to Arabidopsis thaliana Roots

The ability of different A. tumefaciens derivatives to attach to Arabidopsis thaliana roots was analyzed according to Petrovicheva et al. (2017). A. tumefaciens wildtype and atu8019 deletion strains carrying the EV and the atu8019 overexpression strain (p8019) were grown in LB medium with 0.1 mM IPTG for 5 h at 30°C. Afterwards, cells were washed once in PBS buffer and cell concentration was adjusted to 108 cells per mL. A. thaliana Columbia-0 seeds were cold treated as described in Wu et al. (2014) prior to seed decollation onto Murashige and Skoog plates (4.32 g MS salts, 0.5 g MES, 10 g sucrose, 0.8% agar in 1 L H2O, and pH 5.7). Seedlings were grown for 14 days at 24°C in a phytochamber (24 h/day, 10 h light, and 14 h/dark). Roots were carefully decollated and cut in 0.5 cm fragments, before 10 root segments were incubated with 108 A. tumefaciens cells for 2 h at 30°C with end-over-end rotation. Root fragments in PBS puffer served as negative control. Unbound bacteria were removed carefully from the root segments. The DNA from root bundles with bound bacteria was extracted (mericon kit; Qiagen) to quantify the yields of attached bacteria by qPCR using primer for an A. tumefaciens specific gene (chvE). The qPCR reaction mixture contained 2 μL of the isolated DNA, 5 μL 2× iTaq universal SYBR green supermix (BioRad), 2.5 pM chvE forward and reverse primers (Supplementary Table S2) and 2.5 μL nuclease free water. The PCR reaction was run on the CFX ConnectTM real time system (BioRad) with an initial activation for 3 min at 95°C then 40 cycles of denaturation at 95°C for 10 s followed by annealing and elongation at 55°C for 30 s. To generate a standard curve for correlation of recorded Cq values to cell equivalents (CE), DNA from serial dilutions of A. tumefaciens wildtype cells (108–104) was extracted and processed through qPCR assay. The obtained regression line was y = 3.24x + 42.01 with an R2 of 0.9964 for the shown replicate. Using this standard curve, the CE values were calculated from the recorded Cq values and for representation, the Cq values in dependency of the log10 of CE were correlated. As internal control for DNA extraction, we added 10 ng linearized pBO6102 plasmid (carrying the FLAG-epitope) to the cell pellets prior to DNA-extraction and performed qPCRs with appropriate primer pairs specific for the FLAG-epitope (Supplementary Table S2).



Agrobacterium-Mediated Transient Transformation in Arabidopsis Seedlings

T-DNA transfer of different A. tumefaciens derivatives into plant cells was analyzed by Arabidopsis seedlings infection assays using the AGROBEST method (Wu et al., 2014) as published previously (Groenewold et al., 2019). β-glucuronidase (GUS) was used as reporter to monitor T-DNA transfer.




RESULTS


Agrobacterium tumefaciens Releases OMVs With a Specific Protein and Lipid Composition

To study OMV release and composition from A. tumefaciens, we isolated OMVs from cell-free supernatants of early stationary phase cultures grown in LB medium. As evident from transmission electron microscopy (TEM), the isolated OMVs were characterized by their spherical shape with a size ranging from 20–80 nm (Figure 1A, upper panel). The same vesicle size range was found by dynamic light scattering (DLS; Figure 1A, lower panel), a method estimating the hydrodynamic diameter of particles.
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FIGURE 1. Characterization of OMVs isolated from A. tumefaciens culture supernatants. A. tumefaciens C58 cultures were grown in LB medium to an OD600 value of 1.0 before OMVs were isolated from the cell-free culture supernatants and further characterized. (A) Transmission electron microscopy (TEM) images and size distribution of OMVs determined by dynamic light scattering (DLS). The arrows indicate isolated OMVs. Scale bar: 100 nm. (B) SDS-PAGE analysis and proteinase K (PNK)-protection assays of OMV proteins. (C) Analysis of cellular and (D) OMV lipids by 2-dimensional TLC. Lipids were visualized and quantitated by copper (II) sulfate charring. Lipid standards were used to assign the phospholipid species. PS, protein standard; CP, cell pellet; S, cell-free culture supernatant; S*, S after ultracentrifugation containing secreted soluble proteins; OMV, pellet containing outer membrane vesicles after ultracentrifugation; CL, cardiolipin; PE, phosphatidylethanolamine; MMPE, monomethyl-PE; PC, phosphatidylcholine; PG, phosphatidylglycerol; and OL1/2, ornithine lipids 1/2.


SDS-PAGE analysis of the OMV preparation revealed a strong reduction of the number of protein bands in comparison with whole-cell lysates (CP) and an enrichment of proteins of about 13 to 35 kDa (Figure 1B). Proteinase K treatment of the OMV fractions showed that a large number of proteins was protected by intact vesicles. This protection was abrogated, when OMV integrity was compromised by SDS. Further, the OMV proteins were protected from the proteinase in the presence of the proteinase inhibitor PMSF.

Lipids are important structural components of OMVs. To confirm the presence of vesicles in the isolated fraction and investigate the lipid composition, OMV lipids were isolated and analyzed by 2-dimensional thin layer chromatography (2D-TLC). The membrane-lipid composition of A. tumefaciens is well-documented and the most abundant phospholipids in this organism are phosphatidylethanolamine (PE), monomethyl-PE (MMPE), phosphatidylglycerol (PG), cardiolipin (CL), and phosphatidylcholine (PC; Wessel et al., 2006). In addition, Agrobacterium produces phosphate-free lipids such as ornithine lipids (OL1/2; Geske et al., 2013; Aktas et al., 2014). 2D-TLC analysis of isolated OMV lipids revealed that, except for CL, all lipids found in Agrobacterium cells (PE, MMPE, PC, PG, and OL1/2; Figure 1C) were also detected in the OMV fraction (Figure 1D). However, the relative proportion of the lipids differed between OMVs and cells. The presence of membrane lipids corroborated the identity of the isolated material as OMVs. Overall, our data clearly demonstrate that A. tumefaciens sheds OMVs into culture supernatant with a specific protein and lipid composition.



A. tumefaciens OMVs Contain the Small Lipoprotein Atu8019

To identify the protein cargo of A. tumefaciens OMVs, we applied mass spectrometry (MS) and found 52 proteins with high confidence in at least two of three independent biological replicates (Supplementary Table S3). Among these was the small protein Atu8019 (53 aa), which is annotated as an entericidin A/B family lipoprotein. Details for MS-based identification of Atu8019 in OMVs are given in Supplementary Tables S4, S5. Entericidin proteins are proposed to be pore-forming lipopeptide toxins with bacteriolytic activity (Bishop et al., 1998). Protein analysis tools such as LipoP (Juncker et al., 2003) and PrediSi (Hiller et al., 2004) predict an N-terminal lipoprotein signal-peptidase cleavage site with a consensus lipobox, a hallmark of LPPs (Figure 2A). Like in canonical lipoboxes, it contains a conserved cysteine (C22) at position +1, which is typically acylated during the maturation process. Thus, Atu8019 very likely represents a membrane-active lipoprotein, which is post-translationally lipidated and processed. The mature protein is expected to comprise 32 aa (Figure 2A).
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FIGURE 2. Experimental validation of Atu8019 lipidation. (A) Atu8019 protein sequence and predicted motifs/domains. (B) Schematic illustration of the lipoprotein labeling approach. (C) E. coli BL21 expression cultures containing the pET24 empty vector (EV) or producing one of the Atu8019HIS derivatives (WT or C22A) were grown over night with alkyne-palmitic acid. After labeling, cells were harvested, lysed, and a copper (I)-catalyzed azide-alkyne cycloaddition (CuAAC)-reaction with Azide-Fluor488 (AF488) was performed for in-gel fluorescence profiling of lipoproteins (top). The arrows indicate acylated Atu8019 protein before and after signal-peptidase II cleavage. Atu8019HIS production was verified by Western blot (middle) and the coomassie blue-stained gel served as loading control (bottom). PS, protein standard.


To validate the predicted lipid modification of Atu8019 experimentally, we performed a two-step bioorthogonal-labeling strategy using alkyne-fatty acids (Rangan et al., 2010). Briefly, after labeling E. coli BL21 cells producing C-terminally HIS-tagged Atu8019 from a pET24b expression vector with alkyne-palmitic acid, the LPPs in the cell lysate were labeled with Azide-Fluor488 using a Cu(I)-catalyzed azide-alkyne cycloaddition (Figure 2B). The labeled LPPs were then visualized by in-gel fluorescence (Figure 2C top). Atu8019 synthesis was verified by Western blot analysis using anti-HIS antibodies (Figure 2C, middle) and a coomassie-stained gel served as loading control (Figure 2C, bottom). As negative controls, we used strains expressing the EV or the Atu8019C22A variant, which should no longer be lipidated due to the loss of the invariable cysteine 22. Two prominent fluorescent bands with molecular masses around 10 kDa were detected in the atu8019 expressing E. coli strain (Figure 2C, top). These bands were missing in the control strains confirming the proposed lipidation of Atu8019 at cysteine 22. The presence of two bands is most likely due to the acylated Atu8019 protein before and after signal-peptidase II cleavage.



Atu8019 Is an Outer Membrane Protein, Which Is Exposed at the Surface of Cells and OMVs

For a detailed characterization of Atu8019 localization in cells and OMVs, we constructed an A. tumefaciens strain expressing a C-terminally FLAG-tagged Atu8019 derivative from the authentic locus on the chromosome. Protein localization was monitored by subcellular and extracellular fractionation. To evaluate the separation quality of the isolated subcellular and extracellular fractions, we used RpoA as marker protein for cytosolic and inner membrane fractions. As expected from previous studies (Lasserre et al., 2006; Waite et al., 2012) RpoA was detected in cytosol and inner membrane fractions but not in the outer membrane or OMVs (Figure 3A). Atu8019 was found in the inner and outer membrane (Figure 3A). Membrane localization was confirmed by immunofluorescence microscopy. In contrast to the cytosolic control protein HfqFLAG, Atu8019FLAG exhibited a distinct homogenous membrane location (Figure 3B). Most importantly, we also detected Atu8019 in the cell-free supernatant (S), clearly showing that the protein is secreted. Fractionation of the supernatant into secreted soluble proteins (S∗) and OMV-associated proteins revealed that Atu8019 is OMV associated (Figure 3A) consistent with the MS data.
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FIGURE 3. Localization of Atu8019FLAG in A. tumefaciens. (A) SDS-PAGE and Western blot analysis of different cell fractions from the Atu8019FLAG reporter strain. Cells were cultivated in LB medium until stationary growth phase. The cell pellet (CP) was resuspended in buffer and cells were disrupted and separated into cytosolic (C) and membrane fractions (M) by ultracentrifugation. The membrane fraction was treated with N-lauroylsarcosine to separate it into inner and outer membranes (IM/OM). For the extracellular localization of proteins, the cell-free culture supernatant (S) was fractionated into secreted soluble proteins (S*) and OMV-associated proteins (OMV) by ultracentrifugation. Atu8019FLAG was detected with anti-FLAG antibodies and RpoA, detected by a specific antibody, served as a cytoplasmic, and inner-membrane reference protein. (B) Immunofluorescence imaging of Atu8019FLAG. HfqFLAG served as cytosolic reference protein. Scale bars: 5 μm. (C) Surface exposure of Atu8019FLAG in cells. Proteinase K (PNK)-protection assays were performed with viable and lysed Atu8019FLAG reporter strain cells to determine the orientation of Atu8019 in the outer membrane. (D) Surface exposure of Atu8019 in OMVs. PNK-protection assay and Dot blot with intact and SDS-treated OMVs isolated from an Atu8019FLAG reporter strain.


Outer membrane LPPs can be either located at the inner surface of the outer membrane or exposed to the outer surface. To investigate whether Atu8019 is displayed at the surface, proteinase K (PNK) accessibility assays with cells and OMVs were performed. Atu8019 was detected by Western blot (cells) or Dot blot (OMVs) analysis using FLAG-specific antibodies. RpoA served as a proteinase-sensitive intracellular control protein. As expected, RpoA was stable in viable cells and completely degraded in lysed cells. In contrast, some Atu8019 molecules were degraded, even in intact cells, indicating that a pool of Atu8019FLAG was surface exposed and accessible to proteinase digestion (Figure 3C). Similar to the situation in cells, some Atu8019 molecules were degraded in intact OMVs (Figure 3D), demonstrating that a pool of the protein is facing the vesicle surface.



Overproduction of Atu8019 in A. tumefaciens Enhances Cell Aggregation and Biofilm Formation

To investigate the biological role of Atu8019, we constructed a markerless atu8019 deletion and an overexpression strain and screened for phenotypic changes. For overexpression, the corresponding atu8019 gene was cloned into the pTrc200, a broad host and IPTG-inducible expression vector to obtain protein with a C-terminal HIS-tag. Overproduction of Atu8019HIS slightly delayed E. coli growth (Supplementary Figure S1). However, despite the predicted entericidin domain, cell lysis upon overproduction of Atu8019HIS was not observed in E. coli or in A. tumefaciens (Supplementary Figures S1, S3B). Overall, A. tumefaciens deletion and overexpression strains showed wildtype-like phenotypes concerning growth, susceptibility against different antibiotics and ions or oxidative stress, motility, plant attachment, and plant transformation (Supplementary Figures S2, S3). Moreover, biofilm formation of the atu8019 mutant was similar to the wildtype strain (Supplementary Figure S3D). Quantification of OMV yields by determination of their lipid and protein content suggested increased OMV formation by the atu8019 overexpression strain (Supplementary Figure S4). The most obvious phenotype after 24 h overproduction of Atu8019 in A. tumefaciens was the formation of visible clumps in liquid culture (Figure 4A, above). This phenotype was also observed when we overproduced tag-less recombinant Atu8019 (Supplementary Figure S5) demonstrating that the C-terminal tag does not compromise function of the protein. The aggregation phenotype was confirmed by fluorescence microscopy of FM4-64-labeled cells (Figure 4A, below). For quantitative analysis, we determined the aggregation index (AI) after 2, 4, 6, 24, and 28 h of atu8019 expression (Figure 4B). In the first 6 h of expression, similar AIs were determined for Agrobacterium expressing the empty vector (EV) or producing the Atu8019C22A derivative. A substantial increase in the AI was recorded after 24 h of wildtype-atu8019 overexpression. Furthermore, overproduction of Atu8019 changed colony morphology and increased biofilm formation (Figure 4C). Importantly, overproduction of the immature Atu8019C22A variant in A. tumefaciens did not change colony morphology or induced clumping and only slightly increased biofilm formation after 72 h. Interestingly, however, biofilm formation after 24 h of the Atu8019C22A producing strain was reduced compared to the wildtype strain (Figure 4C). Localization studies of Atu8019C22A revealed that its translocation to the OM and secretion by OMVs was impaired (compare Supplementary Figures S6A,B). Thus, OM and/or OMV localization of Atu8019 seems to be crucial for the enhanced cell aggregation and biofilm phenotype. As evaluated by Western blot analysis, less amounts of C22A accumulated after 2, 4, and 6 h of expression compared to the wildtype-protein. However, after 24 h of expression similar amounts of proteins were produced of both wildtype-protein and the C22A variant (Figure 4D). All these results indicate that Atu8019 might be involved in cell-cell and/or OMV-cell adhesion.
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FIGURE 4. Overproduction of Atu8019 in A. tumefaciens enhances cell clumping and biofilm formation. (A) Enhancedcell aggregation by Atu8019-overproduction inA. tumefaciens. Agrobacterium strains transformed with the empty vector (pTrc200; EV), pTrc-Atu8019HIS (p8019), or pTrc-Atu8019C22AHIS (pC22A) were cultivated in LB medium supplemented with 0.1 mM IPTG at 30°C for 24 h. Cells were stained with the membrane dye FM4-64 and visualized by fluorescence microscopy (below). (B) Quantification of cell aggregation. Values are averages of triplicate assays and error bars are standard deviations. (C) Morphology and biofilm formation. Strains were cultivated on LB-agar plates supplemented with IPTG for 4 days before colony morphology was documented (top). Quantitative crystal violet staining biofilm assay at 24 and 72 h (bottom). Values were normalized to culture OD600 and are averages of quintuplicate assays. Error bars are standard deviations. (D) Verification of protein synthesis by Western blot. The P-values noted a * are less than 0.05, ** are less than 0.01, and *** are less than 0.001. Statistical testing was performed in Excel using T-test with unequal variance and two-tail hypothesis. ns, not significant.




Agrobacterium OMVs Attach to Gram-Negative Bacteria

To study whether Atu8019 is involved in OMV attachment to cells, we compared interaction of the OMVs derived from the wildtype and atu8019 deletion strains with a range of bacteria. Prior to this analysis, the size, protein profile, and lipid composition of OMVs isolated from the Δatu8019 strain were characterized. Importantly, the results show that loss of atu8019 did not affect OMV production and properties in general (Supplementary Figures S7A–D). Next, the interaction of FM4-64-labeled OMVs (red-fluorescent) from the wildtype and the atu8019 mutant with different bacteria was visualized by fluorescence microscopy. Bacteria were labeled with Hoechst33342 (blue). In case of an attachment or fusion of the red-labeled OMVs with bacteria we expected blue cells surrounded by a red halo. As target bacteria, we used the parental strain, the Gram-negative plant-interacting S. meliloti, X. campestris, and P. syringae as well as E. coli, and the Gram-positive Bacillus subtilis. A. tumefaciens OMVs derived from wildtype or the atu8019 mutant strain did not interact with B. subtilis. In contrast, a red-labeled surface of all other tested Gram-negative bacteria indicated an interaction (Figure 5A). These results demonstrate that A. tumefaciens OMVs associate with the surface of Gram-negative bacteria. At first glance, this process was independent of Atu8019 but quantification of OMV fluorescence revealed a subtle but reproducible reduction of attachment of Δatu8019-derived OMVs to almost all tested Gram-negative bacteria (Figure 5B). However, the subtle reduction of attachment to S. meliloti did not reach statistical significance. In summary, A. tumefaciens OMVs have the propensity to associate with Gram-negative cells and Atu8019 is partially involved in this interaction.
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FIGURE 5. A. tumefaciens OMVs attach to Gram-negative bacteria. (A) OMV-attachment to different bacteria visualized by fluorescence microscopy. Equal amounts of FM4-64-labeled OMVs isolated from wildtype or the atu8019-mutant were incubated with equal amounts of Hoechst33342 (blue)-stained cells. As controls, bacteria directly stained with FM4-64, and FM4-64-free buffer controls were included. Scale bars: 5 μm. (B) Quantification of OMV-attachment to bacteria by determination of the relative fluorescence of cells, which were incubated with equal amounts of FM4-64 labeled OMVs. Values are averages of quadruplicate assays and error bars are standard deviations. AT, Agrobacterium tumefaciens; SM, Sinorhizobium meliloti; XC, Xanthomonas campestris; PS, Pseudomonas syringae; EC, Escherichia coli; and BS, Bacillus subtilis. The P-values noted a *are less than 0.05, **are less than 0.01, and ***are less than 0.001. Statistical testing was performed in Excel using T-test with unequal variance and two-tail hypothesis. ns, not significant.




Purification and Reconstitution of Atu8019HIS Into Vesicles

To assess whether Atu8019 is involved in OMV attachment to bacteria, we purified HIS-tagged protein from Triton X-100 solubilized membranes of the Agrobacterium atu8019 overexpression strain introduced above (Figure 6A). Purified Atu8019HIS was reconstituted into liposomes containing fluorescent N-NBD-PE for detection. Empty liposomes served as control. Efficient reconstitution was confirmed by flotation experiments (Figure 6B). Topology of Atu8019HIS in the proteoliposomes was evaluated by proteinase K digestion of intact and disrupted vesicles. Approximately 50% of the total protein was protected in intact liposomes showing that the protein is reconstituted (Figure 6C).
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FIGURE 6. Purification and reconstitution of Atu8019HIS into liposomes. (A) SDS gel and Western blot analysis of elution fractions after Ni-IDA purification of Atu8019HIS. (B) Efficiency of Atu8019HIS reconstitution in liposomes containing the reporter lipid NBD-PE was analyzed by a flotation assay of Atu8019HIS proteoliposomes in a sucrose gradient. Fractions were analyzed for NBD fluorescence (lipid marker) and protein content (Dot blot using anti-HIS antibodies). Reconstitution was evident from co-migration of phospholipid and Atu8019HIS. (C) Proteinase K (PNK)-protection assay with reconstituted liposomes. A Dot blot using anti-HIS antibodies was conducted to detect Atu8019HIS in intact or SDS-treated liposomes.




Atu8019 Proteoliposomes Interact With Model Membranes

To investigate the interaction of Atu8019 proteoliposomes with model membranes, we prepared GUVs clomposed of DOPC with trace amounts of green-fluorescent AlexaFluor488-PE (0.1 mol%). The Atu8019 proteoliposomes were labeled with the red-fluorescent probe DiI. As negative controls, DiI-labeled liposomes without protein (empty liposomes) or containing the predicted lipoprotein Atu2451 were included. Atu2451 is annotated as a lysozyme-like protein and was also identified in A. tumefaciens OMVs by mass spectrometry (Supplementary Tables S3, S4). A HIS-tagged version of Atu2451 was overproduced from a pET24b expression vector and OMV localization was confirmed in E. coli (Supplementary Figure S8A). As described for Atu8019HIS, Atu2451HIS was purified and reconstituted into DiI-labeled DOPC liposomes (Supplementary Figures S8B–D).

DiI-labeled empty or proteoliposomes were incubated for 5 min with green-fluorescent GUVs and potential interactions were visualized by confocal scanning microscopy (Figure 7). In case of an interaction of proteoliposomes with GUVs, we expected a co-localization of the green GUVs and the red proteoliposomes. Neither empty liposomes, nor Atu2451HIS proteoliposomes associated with GUVs (Figures 7A,B). In contrast, a clear association between Atu8019 liposomes and GUVs was visible as indicated by the co-localization of red-labelled Atu8019 liposomes and green GUVs (Figures 3–6, 7C). Atu8019 liposomes associated with the surface of GUVs without entering the lumen. This was further confirmed by 3-dimensional imaging (Figures 6, 7C) of the GUVs illustrating that Atu8019 proteoliposomes were attached to the GUV surface.
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FIGURE 7. Atu8019HIS proteoliposomes interact with model membranes. Interaction of Atu8019 proteoliposomes with giant unilamellar vesicles (GUVs). Left side shows a schematic illustration of the used liposomes in the corresponding experiment. Green-fluorescent GUVs (DOPC, AlexaFluor488-PE) were incubated for 5 min with red-fluorescent (proteo)liposomes (DOPC, DiI) and subjected to confocal scanning microscopy. Interaction of empty liposomes (A), Atu2451 proteoliposomes (25 proteins/vesicle; B) and Atu8019 proteoliposomes (C1-3: 25 proteins/vesicle; C4-6: 100 proteins/vesicle) with GUVs. A3, B3, and C6 represent Z-stack images. All images were obtained at RT in microscopy buffer. Scale bars: 20 μm.


To examine a possible lytic activity of Atu8019, as based on its predicted entericidin domain, we performed liposome disruption assays (Ambroggio et al., 2005) using DOPC-liposomes with incorporated fluorescent probe (fluorescein) in the absence and presence of Atu8019 proteoliposomes. Membrane disruptive or pore-forming properties for Atu8019 were not observed within 15 min incubation at RT (Supplementary Figure S9).



Atu8019 Proteoliposomes Attach to the Cell Surface of Specific Gram-Negative Bacteria

Our in vitro membrane-interaction studies showed that Atu8019 interacts with model membranes. Next, we investigated the interaction of Atu8019HIS proteoliposomes with bacterial cells. To this end, various bacteria (introduced in Figure 5) were labeled with Hoechst33342 (blue cells) and incubated with DiI-labeled (red) Atu8019HIS proteoliposomes for 2 h. An interaction between proteoliposomes and cells was monitored by fluorescence microscopy. Empty liposomes or Atu2451HIS proteoliposomes did not associate with the tested strains (Figures 8A,B). Similarly, an interaction of Atu8019 liposomes with X. campestris, B. subtilis, and E. coli was not detectable (Figure 8C below). Interestingly, however, Atu8019 liposomes decorated the parental A. tumefaciens strain and the two plant-interacting Gram-negative bacteria P. syringae and S. meliloti (Figure 8C above). The interaction of Atu8019 with P. syringae and S. meliloti did not lyse the target cells as evident from the microscopic analyses (Figure 8C) and demonstrated by survival tests in the presence and absence of native Atu8019-enriched OMVs derived from Agrobacterium atu8019 overexpression strain (Supplementary Figure S10). These data show that Atu8019 not only interacts with model membranes but also with some bacteria without lysing them.
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FIGURE 8. Specific interaction of Atu8019HIS proteoliposomes with P. syringae and S. meliloti. Interaction of empty liposomes (A), Atu2451 proteoliposomes (B) and Atu8019 proteoliposomes (C) with target cells. DiI-labeled (proteo)liposomes and Hoechst33342-labeled target bacteria were incubated for 2 h before imaging by fluorescence microscopy. Scale bars: 5 μm.





DISCUSSION

Most bacteria release MVs with a specific cargo destined for intra- and interspecies communication. While there has been a substantial and increasing number of proteomic studies on the cargo of bacterial MVs, mechanistic details of OMV biogenesis and function are largely unknown. In this study, we investigated OMV formation and the role of the OMV-associated protein Atu8019 in the phytopathogen A. tumefaciens. Atu8019 is a small surface-exposed lipoprotein (mature protein: 32 aa), which is constitutively secreted by OMVs. The protein is annotated as an entericidin B homolog (EcnB). Entericidins are proposed to be pore-forming lipopeptide toxins with bacteriolytic activity (Bishop et al., 1998; Schubiger et al., 2015). EcnB homologs have been annotated in genomes of diverse species of Proteobacteria (Schubiger et al., 2015) suggesting a highly conserved but largely unexplored function.

Like in many human pathogenic bacteria, the ecnB gene in E. coli is located within the ecnAB operon. The E. coli ecnAB genes are proposed to code for a toxin-antitoxin system regulating bacteriolysis during stationary phase. Overproduction of the lipoprotein EcnB resulted in increased bacteriolysis, whereas expression of ecnA and ecnB in cis counteracted bacteriolytic activity. Hence, EcnA was designated the antitoxin neutralizing the toxin EcnB in E. coli (Bishop et al., 1998). If this were true, deletion of the ecnA gene should be lethal, which does not seem to be the case as an ecnA mutant is available in the E. coli Keio collection (Baba et al., 2006). This apparent controversy warrants further investigation of EcnB homologs.

The bacteriolytic activity of a 3 kDa secreted EcnB homolog from Enterobacter sp. strain C6-6 against Flavobacterium psychrophilum supports the toxin activity of bacterial EcnB homologs (Schubiger et al., 2015). The EcnAB toxin-antitoxin system is not restricted to human pathogens as thought previously, but is also present in Xanthomonas species. In the phytopathogen Xanthomonas citri, expression of ecnAB is positively regulated by quorum sensing by the RpfF system. A X. citri ecnA-mutant is characterized by less biofilm and extracellular polymeric substances formation, reduced sliding motility, virulence, and survival under stress conditions (Granato et al., 2019). ecnAB mutants of the human pathogen Moraxella catarrhalis exhibit a subtle decrease in adherence to the respiratory tract (de Vries et al., 2013) which is reminiscent of the attachment activity we observed with Atu8019. Interestingly, A. tumefaciens and many other Proteobacteria encoding an ecnB-like gene lack an ecnA homolog suggesting different protective immunity mechanism(s) or divergent functions for EcnB-like proteins in ecnA-lacking organisms. Indeed, the EcnB homolog Atu8019 from A. tumefaciens did not exhibit an obvious bacteriolytic or inhibitory effect on bacterial cells, even when bacteria were treated with Atu8019-enriched OMVs or proteoliposomes suggesting a function that differs from the proposed bacteriolytic activity.

Entericidin B homologs were detected in OMVs from different Gram-negative pathogens such as Klebsiella, Shigella, Acinetobacter, and different E. coli strains (Lee et al., 2007; Lee et al., 2012; Mendez et al., 2012; Kunsmann et al., 2015) indicating a conserved OMV-related function. To the best of our knowledge, this is the first biochemical and functional study of an EcnB-like lipoprotein with respect to its OMV-associated function. Our localization studies show that Atu8019 is a surface-exposed lipoprotein. Surface-exposed LPPs play important roles as structural proteins, antigens, toxins, nutrient-binding proteins, or adhesins in many pathogenic bacteria (Wilson and Bernstein, 2016). RNA-seq analysis shows that expression of atu8019 is downregulated in the absence of the transcription regulator LsrB (Tang et al., 2018). The lsrB mutant shows several defects like reduced succinoglycan production, resistance to oxidative stress, plant attachment and transformation. This is probably due to the mis-regulation of hundreds of genes because atu8019 was dispensable for plant-cell attachment and transformation, biofilm and OMV formation, motility, and resistance against different cations or antibiotics and oxidative stress. While deletion of atu8019 was asymptomatic, overexpression of the gene triggered cell aggregation and biofilm formation. Moreover, the atu8019 overexpression strain produced more OMVs, which were enriched with Atu8019 protein. This prompted us to speculate that Atu8019 might mediate cell-cell or OMV-cell attachment resulting in cell clumping. In line with this notion, OMVs isolated from Agrobacterium adhered to various Gram-negative bacteria. OMVs isolated from the atu8019 mutant exhibited a subtle but consistent decrease in OMV-cell attachment to all tested Gram-negative cells. Most likely, OMV attachment depends on multiple factors and not on Atu8019 alone, but our results support an involvement of Atu8019 in this process. Specific molecular patterns seem to be required since A. tumefaciens OMVs did not interact with the Gram-positive B. subtilis. There are two possible explanations for this finding. (i) LPS or OM proteins only found in Gram-negative bacteria are required for OMV-cell contact, or (ii) A. tumefaciens OMV-cell interaction is mediated by membrane phospholipids, which would be shielded by the peptidoglycan layer of Gram-positive bacteria. P. aeruginosa OMVs can attach to both Gram-negative and Gram-positive bacteria probably by salt bridging through cations. Once attached to the cell surface, Pseudomonas OMVs fuse with the OM of Gram-negative bacteria and release their bacteriolytic content (Kadurugamuwa and Beveridge, 1996; Tashiro et al., 2010; Tashiro et al., 2017). In contrast, attachment to Gram-positive bacteria induces liberation of autolysin from OMVs, which break down the cell wall (Kadurugamuwa and Beveridge, 1996). In case of Agrobacterium OMVs based on the tested strains, we have no evidence for a lytic activity. Furthermore, we cannot discriminate whether A. tumefaciens OMVs attach to the cell surface or fuse with the OM of the investigated bacteria. Since Agrobacterium OMVs adhere to all tested Gram-negative bacteria, this may be a general mechanism to exchange non-specialized cargo between bacterial species as suggested for MV-mediated DNA-transfer by Tran and Boedicker (2017). On the other hand, it is conceivable that Agrobacterium OMVs generally adhere to Gram-negative bacteria, and once attached to the cell surface, a species-specific cargo delivery mechanism is activated. In this context, it is interesting to note that in contrast to native OMVs, artificial Atu8019 liposomes exhibited a species-specific interaction. The Atu8019 liposomes adhered only to Agrobacterium cells and the two plant-interacting bacteria S. meliloti and P. syringae. These data suggest that Atu8019 confers vesicle-attachment to selected Gram-negative bacteria. The molecular mechanism(s) underlying this selective interaction and the consequences on the target strains remain(s) to be investigated. Since Atu8019 liposomes also attached to the surface of atu8019 mutant strains (Supplementary Figure S11), we can exclude that surface-displayed Atu8019 in recipient cells is required for this vesicle-cell interaction.

The selective delivery of signals in natural mixed microbial communities is important for the survival of bacteria. Several studies indicate that surface-exposed proteins mediate selective OMV-cell interactions. MVs from B. agrestis are exclusively delivered to the same genus. This specific interaction is proposed to be mediated by a combination of certain physiochemical surface interactions and surface-exposed proteins (Tashiro et al., 2017). Gujrati et al. (2014) have engineered MVs, which can be trafficked to certain types of cells by changing the composition of surface proteins.

Taken together, our data revealed that A. tumefaciens produces OMVs with a specific cargo and lipid composition. Isolated OMVs attach to the cell surface of Gram-negative bacteria without lysing them and the small lipoprotein Atu8019, which is exposed at the OMV surface, contributes to this interaction. Interestingly, artificial liposomes containing Atu8019 do not attach to all tested but to selected Gram-negative bacteria and the parental strain suggesting a role for Atu8019 in target-specific OMV-cargo delivery. The current work lays the foundation for studying A. tumefaciens OMV-interactions within bacterial communities.
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Outer membrane vesicles (OMVs) produced by Gram-negative bacteria and their RNA content have recently received increasing attention as novel mediators of host-guest intercellular and interspecies communication. These kinds of vesicles allow not only the export of proteins, but also of DNA and other small RNAs. We previously reported that the production of bacterial vesicles could represent a way to communicate with the surrounding environment. This general mechanism, exploited by bacteria and viruses, allows conveying “messages” to the surrounding cells and tissues, thus leading to the manipulation of the host immune response. Many functions attributed to OMVs are a consequence of their high capability to survive in different environmental stressors and to enter into cells quite easily. As these properties can be exploited to advantage human health, in this review, we summarized the papers that reported the use of OMVs as modulators of cellular activities through the involvement of the RNAs contained within. We also discussed what has been done with OMVs and what remains to be discovered in order to prompt the investigations toward the complete elucidation of the role and functions of these vesicles.
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INTRODUCTION

It is well acknowledged that bacteria are able to secrete extracellular vesicles (EVs) in the surrounding environment and that these vesicles are employed to communicate with other cells (Lee et al., 2009; Deatherage and Cookson, 2012; Kim et al., 2015). Just like human cells that produce extracellular vesicles (referred as exosomes), Gram-negative bacteria release vesicles that are named outer membrane vesicles (OMVs).

Dick Hoekstra was one of the first researchers to discover vesicles from Escherichia coli in 1976, characterize them, and report a freeze-fracture electron micrograph of OMVs (Hoekstra et al., 1976). In the following years, vesicles were also discovered in Gram-positive bacteria (Brown et al., 2015), and novel types of outer membrane vesicles were continuously discovered (Perez-Cruz et al., 2013).

OMVs are small vesicles with a diameter ranging from 20 to 200 nm, which contain proteins, lipids, nucleic acids, and other bacterial metabolites. These vesicles have interesting properties, especially when they interact with human cells; they can deliver functional molecules to host cells, acting as nanosized delivery vectors and adjuvants in immunization strategies and likely participating in cell-to-cell communication processes (Aghasadeghi et al., 2011; Sedaghat et al., 2019). Interestingly, small RNAs (sRNAs) contained within OMVs have been considered as candidate interspecies-communication molecules due to their demonstrated capacity to modulate gene expression in multiple cell types and species (Koeppen et al., 2016; Choi et al., 2017). One of the main functions of OMVs is not only to transport but also to protect their content (in particular sRNAs) from RNAses present in the extracellular environment and to allow them to reach the host cell (Koeppen et al., 2016; Lee, 2019). Therefore, OMVs have recently received growing attention, especially for the suggested gene-regulatory roles of their sRNAs content. However, how OMVs interact with human cells, the precise mechanisms of internalization into the host cells, and the regulatory function of sRNAs remain an under-investigated area of research, especially in the context of gut microbiota field (Ahmadi Badi et al., 2017).

In order to contribute to understanding a part of the overall picture, in this review, we will briefly summarize the current findings of Gram-negative bacterial OMVs, especially by focusing on their sRNAs content, their function, and their modulatory role in the interaction with the host. Therefore, we will discuss our opinion on what should be discovered in the field of bacterial OMVs and prompt the investigations toward the complete elucidation of the roles and functions of these vesicles and their sRNAs.



BACTERIAL SRNAS

In eukaryotes, small RNAs such as siRNAs and miRNAs that act as antisense regulators share common biogenesis and functional protein components (Filipowicz et al., 2005). In prokaryotes, sRNAs are structurally very heterogeneous and different in size but conserved in closely related pathogens (Bloch et al., 2017).

Many of these sRNAs have an assigned cellular function that somehow classifies them into different functional categories (Wassarman, 2002). Bacterial sRNAs have many regulatory mechanisms. Bacterial sRNAs can bind to protein targets and modify their functions such as MicF RNA of E. coli that represses the production of the outer membrane protein OmpF (Delihas and Forst, 2001) or CsrB and CrsC RNAs that bind the CsrA protein and reduce its activity by sequestering it from its targets (Liu et al., 1997). To regulate gene expression, bacterial sRNAs can bind to the Hfq protein (somehow similar to the RISC complex in eukaryotes) and exploit RNA base pairing to regulate the expression of target microRNAs (mRNAs). Hfq is a highly conserved and very abundant protein that has implications in a number of RNA-mediated events (Moller et al., 2002; Zhang et al., 2002). Finally, sRNAs can unmask or block the ribosome-binding site (Waters and Storz, 2009).

Bacterial sRNAs (i.e., tRNA fragments) can be internalized within extracellular vesicles, released in the surrounding environment, and transferred to other microbes and host cells (Koeppen et al., 2016; Tsatsaronis et al., 2018; Lee, 2019) as already reported by the protozoan pathogen Trypanosoma cruzi (Garcia-Silva et al., 2014). However, intracellular bacterial pathogens can express sRNAs that have regulatory functions similarly to miRNAs. In fact, after the infection of human THP-1 macrophage cells with the Mycobacterium marinum, the authors observed the production of sRNAs able to bind the host RNA-induced silencing complex (RISC) that interfered with the miRNA-mediated post-trascriptional gene regulation (Furuse et al., 2014). Also the fungal pathogen Botrytis cinereal has virulent sRNAs that can bind RISC and inhibit host-immunity genes (Weiberg et al., 2013). Moreover, the sRNA PinT produced by the intracellular pathogen Salmonella enterica has been demonstrated to regulate the expression of host genes and mediate the activity of invasion-associated bacterial effectors and virulence genes required for intracellular survival (Westermann et al., 2016).

Finally, periodontal pathogens have been reported to produce miRNA-sized sRNAs (msRNAs) that can be packed in OMVs and transferred into eukaryotic cells (i.e., in T lymphocytes) and induce the production of cytokines such as IL-5, IL-13, and IL-15 (Choi et al., 2017). Similarly, the Pseudomonas aeruginosa-derived methionine tRNA can be conveyed by OMVs into human epithelial airway cells and decreases the secretion of IL-8 (Koeppen et al., 2016).

Therefore, all of these studies emphasize the importance of microbial sRNAs as crucial communication molecules that are able to mediate host-microbe interactions.



BIOGENESIS OF OMVS

To our knowledge, there are four main proposed mechanisms for OMVs biogenesis (Raposo and Stoorvogel, 2013; Jan, 2017). The first model is based on the loss or rearrangement of covalent linkages between the outer membrane (OM) molecules and the underlying peptidoglycan (PG) layer allowing OM to protrude and generate OMV (Kulp and Kuehn, 2010; Kulkarni and Jagannadham, 2014). The second model hypothesizes the generation of a higher pressure inside the periplasmic space owing to the accumulation of peptidoglycan fragments or misfolded proteins in the periplasmic space that causes the OM to bulge (Haurat et al., 2015). The third suggested mechanism takes into account the enhancement of the B band lipopolysaccharide and the Pseudomonas quinolone signal (PQS) considered to be crucial for membrane curvature in P. aeruginosa and for the formation of OMVs (Kulp and Kuehn, 2010; Schertzer and Whiteley, 2012). Finally, the fourth model comes from the observation that the repression or abolishment of VacJ/Yrb, two genes associated with the transport and accumulation of phospholipids in the outer leaflet of OM, led to an asymmetric expansion of the outer leaflet together with a bulging of the OM and OMVs production in some Gram-negative bacteria (Roier et al., 2016).

OMVs biogenesis is modulated by growth conditions (Sarra et al., 2020) and by a different bacterial gene expression (McBroom et al., 2006; Gerding et al., 2007). Nutrients availability is another factor that could influence OMVs biogenesis. In fact, Lysobacter sp., and Pseudomonas fragi release more OMVs in response to a small or large amount of nutrients, respectively (Thompson et al., 1985; Vasilyeva et al., 2009).

In Gram-negative bacteria, the overproduction of OMVs is mediated by sRNAs through a conserved mechanism (Argaman et al., 2001; Song et al., 2008). In fact, the overexpression of VrrA in Vibrio cholerae, that has sRNAs homologs in E. coli, S. enterica serovar Typhimurium (S. Typhimurium), Yersinia pestis, and Klebsiella pneumoniae, increased the vesiculation by downregulating OmpA, a protein connecting OM to PG (Argaman et al., 2001; Song et al., 2008).

Different mechanisms for the selection of small RNA and miRNAs sorting into mammalian EVs have been proposed (Abels and Breakefield, 2016). These include the presence of a particular motif on the miRNA sequences (Batagov et al., 2011) that facilitate the sorting into EVs by ribonucleoproteins (i.e., hnRNPA2B1), the posttranscriptional modifications of miRNAs (i.e., 3' end uridylation), or the active involvement of crucial proteins for EVs biogenesis such as nSMase2 and AGO2.

Conversely, very little is known regarding the effect of bacterial processes and proteins involved in the selective packaging of RNA molecules into OMVs. We know that OMV biogenesis is linked to RNA packaging and sorting processes and that this process is regulated by different culture conditions (Malabirade et al., 2018). However, although during OMVs biogenesis there is a selective packaging of specific RNAs similar to that of mammalian exosomes, to our knowledge the precise sorting mechanism has never been described so far.



CHARACTERIZATION OF THE RNA CONTENT OF BACTERIAL OMVS

OMVs can be typically separated from cell-free culture supernatants, liquid cultures, or body fluids (Jung et al., 2017) by differential centrifugation steps, filtration (through 0.22–0.45 μm porosity filters), and ultracentrifugation (Moon et al., 2012; Dean et al., 2019) although this isolation method does not completely remove small contaminants such as protein aggregates or membrane debris (Klimentova and Stulik, 2015). Gel filtration and density gradient ultracentrifugation are other two widely employed procedures to isolate and purify Gram-negative OMVs (Nevot et al., 2006; Chutkan et al., 2013; van de Waterbeemd et al., 2013; Antenucci et al., 2017; Kohl et al., 2018). More recently, another ultrafiltration method through a tangential flow filtration (TFF) apparatus coupled to ultracentrifugation/washing steps has been adopted to obtain a concentrated pellet of OMVs (Sarra et al., 2020).

The analysis of the inner content confirmed that these OMVs are heterogeneous nanostructures that are able to pack and transport many bacterial products and small molecules such as proteins, lipopolysaccharides (LPS), DNA fragments, and also sRNAs (Yaron et al., 2000; Renelli et al., 2004; Rumbo et al., 2011; Koeppen et al., 2016; Bitto et al., 2017; OʼDonoghue et al., 2017).

Many previous studies focused on the identification and study of OMV-associated proteins as these proteins significantly contribute to the structure and functions of Gram-negative bacterial vesicles (Kesty and Kuehn, 2004; Bai et al., 2014; Thoma et al., 2018; Veith et al., 2018). However, only recently the interest has focused also on the sRNAs content for their possible modulatory role. Table 1 reports the main papers dealing with this topic that we will discuss below. Although previous studies suggested that vesicles produced by E. coli and Streptococcus mutans contain “microRNA-like” molecules (Lee and Hong, 2012; Kang et al., 2013), the structures of these sRNAs are substantially different from eukaryotes’ microRNAs. In fact, these molecules have bulges, but not 3' overhangs, that represent two important features for mediating gene expression regulation. Ghosal and collaborators characterized the extracellular components of the OMVs of E. coli substrain MG1655, and they accurately described the presence of small non-coding RNAs (sRNAs; Ghosal et al., 2015). In the same year, other works emphasized the role of sRNAs and OMVs in V. cholerae (Sjostrom et al., 2015). In other pathogenic bacteria, such as the uropathogenic E. coli strain 536 and P. aeruginosa, independent evidence has revealed the presence of secretory bacterial sRNAs within OMVs (Blenkiron et al., 2016; Koeppen et al., 2016). More recently, also periodontal pathogens, such as Aggregatibacter actinomycetemcomitans, Porphyromonas gingivalis, and Treponema denticola, have been reported to secrete sRNAs in OMVs (Choi et al., 2018). Similarly, OMVs secreted by S. Typhimurium were characterized, revealing the presence of RNAs. The analysis of the RNA fraction showed that part of the extracellular RNA content is made by mRNAs and other non-coding RNAs that were specifically enriched in OMVs (Malabirade et al., 2018). In fact, the authors demonstrated that these sRNAs packed inside OMVs were not degraded by RNAse or proteinases as the RT-PCR of non-coding regulatory RNAs was not inhibited.



TABLE 1. Papers covering the isolation, identification and characterization of OMV-derived sRNAs.
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UPTAKE OF OMVS BY HUMAN CELLS

One of the most exciting features of OMVs is their supposed function as mediators of the communication between bacteria, the environment, and host cells through the protection of their cargo and the delivery even to distant sites (Celluzzi and Masotti, 2016; Ahmadi Badi et al., 2017). Two types of OMVs cargos have been described and they include: (i) compounds incorporated into membranes or their components and (ii) compounds contained within the OMVs lumen such as nucleic acids (i.e., DNA and RNA; Jan, 2017). It is widely accepted that several pathways promote the entry of OMVs: micropinocytosis, lipid raft-dependent or lipid raft-independent endocytosis, and clathrin‐ and caveolin-dependent entry (Canas et al., 2016; OʼDonoghue and Krachler, 2016; Turner et al., 2018). The internalization of endocytic vesicles up to 1 μm in diameter is mediated via micropinocytosis, whereas clathrin‐ and lipid raft-mediated endocytosis are usually implicated for the uptake of smaller vesicles.

Recent studies have demonstrated that some molecules are responsible for the entry of OMVs into host cells. Among them, LPS and the O antigen structural region are critical for OMVs entry. OMVs lacking O antigen exploit clathrin-mediated endocytosis as the main route of entry, whereas the uptake of OMVs with intact O antigen is raft-dependent (OʼDonoghue et al., 2017). Other important molecules of OMVs surface, such as the pathogen-associated molecular patterns (PAMPs), can activate TLR signaling and facilitate the entry of OMVs into the host cells. In fact, it has been demonstrated that the activation of toll-like receptor 4 (TLR4) facilitates the delivery of LPS by OMVs into the cytosol (Gu et al., 2019). Moreover, it has been observed that the OMVs membrane of Legionella pneumophila can fuse with eukaryotic membrane, thus mixing pathogen factors with the host cell membrane (Jager et al., 2015). Therefore, owing to the presence of different molecules, bacterial OMVs may have specific and distinct delivery routes to host cells. However, the uptake is a “multifactorial” process as it depends on many factors (for example, size, composition of the membrane and structure of its components, environmental temperature, etc.,). The complete understanding of all these parameters will help to reveal not only the biological processes that underline the guest-host communication processes, but also to devise new strategies to inhibit the action of pathogenic bacteria, facilitate the entry of OMVs for biomedical applications, and design a novel generation of powerful OMV-based engineered delivery vectors.



DELIVERY OF SRNAS BY OMVS AND THEIR EFFECT ON HUMAN CELLS

OMVs from Gram-negative bacteria mediate various bacteria-bacteria interactions (Yaron et al., 2000) nutrient acquisition, biofilm development and pathogenesis (Kulp and Kuehn, 2010), antibiotic resistance (Rumbo et al., 2011), and killing of competing bacteria by directly stimulating target cells or delivering their cargos. More recently, many studies focused on the role of OMVs and their ability to enter human cells and interact with the host (Nakao et al., 2011; Pollak et al., 2012; Choi et al., 2017). Although virulence factors and other molecules can be delivered by OMVs to host cells (Kuehn and Kesty, 2005; Ellis and Kuehn, 2010), little is still known about the role (i.e., fate and function) of sRNAs contained within OMVs once delivered into host cells. As we believe that the regulatory potential of RNA molecules, including microRNAs, can have a significant impact on modulating critical biological processes in human cells, ultimately affecting human health, we focused the discussion on the most recent studies reported in the literature dealing with the delivery of OMVs containing sRNAs molecules.

In a quite recent study, Koeppen and collaborators characterized the RNA content of OMVs from P. aeruginosa by RNA-Seq (Koeppen et al., 2016). Among the differentially packaged sRNAs, they studied sRNA52320, a fragment of a methionine tRNA. This sRNA is abundant in OMVs and has a stable secondary structure. The authors studied the transfer of this sRNA to human airway cells and observed a reduction of IL-8 levels as sRNA52320 was predicted to target MAP-kinases mRNA (Koeppen et al., 2016).

Choi and collaborators, investigated the effect of msRNAs contained in three periodontal pathogens (i.e., A. actinomycetemcomitans, P. gingivalis, and T. denticola) and demonstrated the uptake of OMVs by host cells (Choi et al., 2017). The authors selected one highly expressed msRNA from each periodontal pathogen and examined the levels of 16 cytokines after transfection of a synthetic msRNA oligo in Jurkat cells. They observed that the msRNAs secreted into OMVs by these periodontal pathogens were able to affect the host immune system by decreasing the expression level of IL-5, IL-13, and IL-15. Many studies in the past have linked periodontal diseases to neuroinflammation without elucidating the mechanisms of this relationship. Therefore, to explore this link, another work focused on periodontal pathogens and the role of OMV-derived RNAs, thus providing evidence about the activity of OMV-derived sRNAs in host gene regulation (Han et al., 2019). The authors demonstrated the increased production of TNF-α promoted by OMV-derived sRNAs via the TLR-8 and NF-κB signaling pathways. Interestingly, the intracardiac injection of OMVs in mice resulted in the successful delivery also into the brain (after BBB crossing) followed by an increased expression of TNF-α.

Although limited, these lines of evidence suggest a functional similarity of bacterial OMVs and mammalian exosomes. Similarly to exosomes that harbor miRNAs, bacterial OMVs possess sRNAs that are well protected by RNAses as demonstrated by several studies, in which OMVs RNAse treatment prior to RNA extraction did not prevent the recovery of RNA contained inside OMVs (Sjostrom et al., 2015; Koeppen et al., 2016; Choi et al., 2017). Additionally, bioinformatics approaches demonstrated that many abundant RNAs contained within OMVs are able to form stable secondary structures very similar to those of precursor miRNAs. Moreover, the sRNAs identified in E. coli OMVs may function through a RNA interference mechanism by pairing with complementary target genes (Masse et al., 2003).

In conclusion, it has been demonstrated that sRNAs stably incorporated within OMVs can be transferred to other bacteria or to host tissues and may play a critical regulatory role similarly to exosomal miRNAs. However, only few examples of interspecies communication via extracellular sRNAs appeared so far in the literature. Undoubtedly, the identification of such pathways and their species conservation strongly outline the fact that the communication through sRNAs contained into OMVs represents an important but still unexplored issue.



CONCLUSIONS AND PERSPECTIVES

Despite numerous papers demonstrated the effects of OMVs on human cells, either mediated by proteins or nucleic acids, the exact mechanisms of bacterial vesicles and their content are still largely unknown. Some of us, after the paper of Liu and coworkers (Liu et al., 2016) that reported the ability of human exosomes to regulate bacterial gene expression, suggested that bacterial vesicles might, in turn, regulate the human transcriptome and potentially induce epigenetic modifications (Celluzzi and Masotti, 2016).

As a significative example of how this concept could be valid also in other systems, we downloaded the raw data reported by Choi and colleagues (Choi et al., 2018), and we followed the same experimental bioinformatics procedures that we have already discussed in one of our previous paper (Celluzzi and Masotti, 2016). We found that the reads belonging to the three periodontal pathogens aligned against some histone mark regions of the human genome, as previously observed also for the sRNA contained in the OMVs of E. coli (Figure 1; Celluzzi and Masotti, 2016). These results suggested not only that these small bacterial RNAs have some similarities with regulatory regions of the human genome, but also that these molecules could function similarly to other long non-coding RNAs, already characterized in humans but still underexplored in bacteria. Therefore, we believe that these exciting findings should prompt further investigations to unravel completely the potential regulatory effects that these bacterial sRNAs might have on human cells.
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FIGURE 1. UCSC genome browser depicts one representative genomic region where the bacterial small RNAs (sRNAs) (the reads) of the three periodontal pathogens align. Brown boxes represent bacterial reads aligned (Bowtie2 with default parameters) against the human genome; the multi-view composite tracks (colored regions) reported below indicate the occurrence of ENCODE Histone Modification Track H3K27Ac found in different cell types (colored in cyan, green, yellow, red, magenta, and violet). Human genome assembly as of December 2013 (GRCh38/hg38).


Owing to the relevant regulatory potential that these bacterial sRNAs might have and the potential application of bacterial OMVs in many biomedical fields, we think that further studies should focus particularly on understanding the functions and the molecular mechanisms of these sRNAs. Moreover, we think that by studying the secondary structure of bacterial sRNAs and the similarities with other human coding and non-coding RNAs, we should be able to completely understand their function once entered into human cells. Moreover, it would be crucial to learn how to modulate important biological processes (and diseases) by engineering bacteria to produce OMVs with a specific RNA content.
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Outer membrane vesicles (OMVs), produced by nonpathogenic Gram-negative bacteria, have potentially useful biotechnological applications in extraterrestrial extreme environments. However, their biological effects under the impact of various stressors have to be elucidated for safety reasons. In the spaceflight experiment, model biofilm kombucha microbial community (KMC) samples, in which Komagataeibacter intermedius was a dominant community-member, were exposed under simulated Martian factors (i.e., pressure, atmosphere, and UV-illumination) outside the International Space Station (ISS) for 1.5 years. In this study, we have determined that OMVs from post-flight K. intermedius displayed changes in membrane composition, depending on the location of the samples and some other factors. Membrane lipids such as sterols, fatty acids (FAs), and phospholipids (PLs) were modulated under the Mars-like stressors, and saturated FAs, as well as both short-chain saturated and trans FAs, appeared in the membranes of OMVs shed by both post-UV-illuminated and “dark” bacteria. The relative content of zwitterionic and anionic PLs changed, producing a change in surface properties of outer membranes, thereby resulting in a loss of interaction capability with polynucleotides. The changed composition of membranes promoted a bigger OMV size, which correlated with changes of OMV fitness. Biochemical characterization of the membrane-associated enzymes revealed an increase in their activity (DNAse, dehydrogenase) compared to wild type. Other functional membrane-associated capabilities of OMVs (e.g., proton accumulation, interaction with linear DNA, or synaptosomes) were also altered after exposure to the spaceflight stressors. Despite alterations in membranes, vesicles did not acquire endotoxicity, cytotoxicity, and neurotoxicity. Altogether, our results show that OMVs, originating from rationally selected nonpathogenic Gram-negative bacteria, can be considered as candidates in the design of postbiotics or edible mucosal vaccines for in situ production in extreme environment. Furthermore, these OMVs could also be used as promising delivery vectors for applications in Astromedicine.

Keywords: outer membrane vesicles, Mars-like stressors, lipids, functionality, biosafety


INTRODUCTION

Different populations of outer membrane vesicles (OMVs) produced by Gram-negative bacteria are naturally enriched with lipopolysaccharides (LPSs), nucleic acids, lipids, and proteins. Such contents endow vesicles with distinct capabilities for interacting with surrounding biopolymers, bacteriophages, cells, or organisms (Schwechheimer and Kuehn, 2015; Toyofuku et al., 2019). OMVs of Gram-negative bacteria have several functions related to intercellular communications and signaling events (Ahmadi Badi et al., 2017) that include transfer of enzymes and antimicrobials (Schulz et al., 2018), immunomodulation (Cañas et al., 2018; Ahmadi Badi et al., 2019; Ladinsky et al., 2019; Molina-Tijeras et al., 2019), contribution to intestinal homeostasis (Patten et al., 2017; Cecil et al., 2019), and epigenetic processes (Celluzzi and Masotti, 2016; Vdovikova et al., 2018). Multifunctionality of OMVs endow bacteria the capability to withstand changed or harsh environment, and this phenomenon has attracted research interests in elucidating adaptation mechanisms under stress-related conditions. McBroom and Kuehn (2007) showed that vesiculation is an independent stress response that mobilizes bacterial populations for survival via alterations in their cell membranes that enhance the export of damaged polymer products under environmental stress.

Spaceflight-associated and simulated Mars-like stressors such as radiation, changed gravity and atmosphere, and temperature fluctuations can be challenging for the survival of microorganisms, and a complex mixture of these extraterrestrial factors promotes global genomic, proteomic, and secondary metabolomic changes that result in impaired cellular processes and functions, affecting cell growth, cell morphology and development, virulence and resistance, and biofilm formation (Huang et al., 2018; Zea et al., 2018; de Vera et al., 2019; Romsdahl et al., 2019). Microorganisms evolve different response and adaptation mechanisms to extreme environments; however, many of them are still unknown. Biological effects of OMVs shed by nonpathogenic Gram-negative bacteria under stressful conditions remain to be elucidated from the point of view of their practical application in extraterrestrial settlements. Under space exploration, microorganisms can produce many special secondary metabolites that could be fabricated (Camere and Karana, 2018) and used as medicine for both humans and animals (e.g., antibiotics, vaccines; Huang et al., 2018). An issue of practical significance for such extracellular vesicles (EVs) is the evaluation of possible risks in terms of safety of modified vesicles with alternated functionality under the effects of various stressors.

A growing body of preclinical and clinical evidence supports the concept of bidirectional microbiota-gut-brain interactions (Mohajeri et al., 2018; Toribio-Mateas, 2018; Mohajeri, 2019), in which OMVs are active players (Choi et al., 2019; Ladinsky et al., 2019). In this context, the maintenance of healthy gut microbiota during the interplanetary journeys, e.g., to Mars, will be a challenge in the near future. During a spaceflight, the lifestyle (diet, low physical activities, and antibiotic usage, etc.) of crew-members, sterility of spaceship confined systems, and environmental stresses (radiation, changed gravity, etc.) result in microbiome alterations, mainly, in species richness, without any significant effects onto the species diversity (Iosim et al., 2019; Voorhies et al., 2019). On the other hand, spaceflight and associated stressors promote changes in gut bacterial physiology (Nickerson et al., 2004; Wilson et al., 2007; Morrison et al., 2019) that could potentially lead to an impaired immunity (Guéguinou et al., 2009; Crucian et al., 2015; Cervantes and Hong, 2016) and predisposition to illnesses among astronauts (Smith, 2018). This concern is heightened by the reported increase in virulence of pathogens in microgravity conditions, as well as a potentially increased risk of bacterial and viral infections (Mehta et al., 2014). Mitigating the adverse effects on astronauts’ health has been difficult and mostly included palliative care, which involves an integrated approach or some medications (Iosim et al., 2019). In the future, during the spaceflight, astronauts may be given cellular therapy for improving their response to spaceflight and helping to ameliorate known hazards (e.g., radiation; Iosim et al., 2019; Schäfer, 2019). While the safety of cell therapy application under extreme conditions is yet to be proven, noncellular EV-based therapy can serve as a safe substitute. The restoration of normal microbial community during a spaceflight may be facilitated by mucosal vaccination, using OMVs of safe rationally selected bacteria or microbiome-targeted probiotics (Sakai et al., 2018; Gorreja, 2019). Protective mucosal immune responses are most effectively induced by mucosal immunization through oral, nasal, rectal, vaginal routes, or by injection (Neutra and Kozlowski, 2006). In spite of significant shifts, occurring in immune function pathways under spaceflight, vaccination is quite possible and T-cell response is expected to be adequate (Iosim et al., 2019). OMVs could also be potentially employed for treating stress-induced depression of crew members during spaceflight (Choi et al., 2019) or amelioration of metabolic dysfunctions (Ashrafian et al., 2019).

In the Biology and Mars Experiment (BIOMEX; de Vera et al., 2019), living kombucha microbial community (KMC; bacterial and yeast species, inhabiting the cellulose-based pellicle film) was exposed outside the International Space Station (ISS) under simulated Mars-like stressors with the purpose of finding out the extent of survival of the KMC-members, as well as to assess the safety of the returned microbial samples and their nanostructures. An increased pool of EVs, produced by the surviving post-flight KMC-members, was discovered and has been published recently (Podolich et al., 2019). The purpose of this study was to characterize the vesicleome of a key KMC bacterium – Komagataeibacter intermedius – exposed to space/Mars-like stressors. Additionally, we aimed to assess whether the populations of OMVs shed by the recovered bacterial strains show any changes in their fitness, and whether these alterations compromise in anyway the safety of the K. intermedius OMVs compared to the KMC metavesicleome (all the membrane vesicle populations shed by many individual microorganisms, KMC-members).



MATERIALS AND METHODS


Exposure Conditions and Reactivation of Space Returned KMC Samples

Dry organo-mineral samples, containing embedded KMC pellicle fragments, were placed in three positions (top, middle, and bottom) in carrier C2 in tray 2, which has a three-level architecture, each one hosting four kombucha samples (along with samples of other experiments) and maintained under a simulated Mars atmosphere (95.55% CO2, 2.70% N2, 1.60% Ar, 0.15% O2, and ~370 ppm H2O) and a pressure of 980 Pa (Supplementary Figure S1). The top level (tKMCs) samples were additionally exposed to a solar UV flux cutoff by optical filters to wavelengths of >200 nm as prevalent on the Martian surface, whereas the middle (mKMC) and bottom (bKMC) levels were kept in darkness (protected from UV radiation); however, in Mars-like atmosphere and pressure for reference. Returned KMC samples were cultivated for reactivation in a filter-sterilized black tea, as previously described (Podolich et al., 2017).



Culture of Kombucha and Bacterial Strains

Kombucha culture of ecotype IMBG-1 was grown in filter-sterilized sugared (7%) black tea infusions at 28°C, for 3–5 days. The previously re-isolated strains of K. intermedius IMBG180 from initial KMC (iKMC), 183 (bKMC), 184 (mKMC), and 185 (tKMC; Podolich et al., 2019) were cultured in HS medium (Hestrin and Schramm, 1954) at 28°C, for 3 days. Bacillus subtilis IMBG132, Escherichia coli S-17 (obtained from Prof. A. Puehler, Germany), and Pseudomonas aeruginosa IMBG188 (the collection of Institute of Molecular Biology and Genetics, Kyiv, Ukraine) were cultured in LB medium (Miller, 1972) at 28°C, overnight for antimicrobial assays. E. coli DH5α (pTZ19R; Thermo Fisher Scientific, Lithuania) was grown overnight in LB using ampicillin (100 mg ml−1).



EVs and OMVs Isolation and Visualization

Reactivated kombucha planktonic culture (at the stage when the pellicle appeared) or K. intermedius cultures were centrifuged at 17,000 rpm for 20 min at 4°C. The supernatants were collected and further ultra-centrifuged at 100,000 × g for 1 h at 4°C (Beckman Instruments Inc., L8M, rotor 55.2 Ti). The resulting pellets were resuspended in sterile filtered (0.10 μ pore size filter; Minisart, Sartorius, Germany) phosphate-buffered saline (PBS). Before visualization, fresh vesicle preparations were filtered (0.20 μ). The isolated vesicle preparations were estimated by the microvolume protein content determination method using NanoDrop ND-1000 spectrophotometer (NanoDrop Technologies, Wilmington, DE). Visualization of isolated vesicles was performed using transmission electron microscopy (TEM) and scanning electron microscopy, and the relative size of vesicles was estimated by dynamic light scattering (DLS), as previously described (Podolich et al., 2019). Zeta potential determination was performed on a Zetasizer Nano S (Malvern, UK) at 25°C. Colloids were irradiated with helium-neon laser with λ = 633 nm, and the scattered light was recorded at an angle of 173°.

In this study, we adopted the following scientific community terms: EVs for vesicles produced by KMC-members (bacteria and yeasts) and OMV for Gram-negative bacterium K. intermedius.



DNA and RNA Isolation From OMVs and Analyses

DNAse I (final concentration of 1 μg/μl, Thermo Fisher Scientific, Lithuania) was added to the OMV samples and incubated at 37°C, for 30 min. A 50 mM EDTA solution was used for inactivation of DNAse I at 65°C, for 10 min. Total DNA from K. intermedius OMVs was isolated with the PowerSoil DNA Isolation Kit (MO BIO Laboratories, USA).

Total RNA from the OMVs was isolated with an RNA Clean & Concentrator kit (Zymo Research Corp., USA). In separate experiments before RNA extraction, the OMVs were treated with RNase A (final concentration of 1 μg/μl, Thermo Fisher Scientific, Lithuania) for 30 min, at 37°C and frozen for 15 min, at −20°C, to stop RNase before vesicle lysis. RNA integrity was validated by the microchip electrophoresis system (MCE-202/MultiNA SHIMADZU, Japan).



Lipid Analyses

Total lipids were extracted from vesicle samples as recommended (Bligh and Dyer, 1959; Palmer, 1971). The lipid extracts were separated by thin-layer chromatography on standard plates, using a solvent system of hexane: diethyl ether:glacial acetic acid (85:15:1, by vol.). The total phospholipid (PL) content was determined, as previously described (Vaskovsky et al., 1975). The Carlo Erba HRGC 5300 gas chromatograph (Italy) with flame ionization detector equipped with a glass packed column (length: 3.5 m, internal diameter: 3.0 mm) completed with 10% SP-2300 phase (Silar 5CP) on Chromosorb W/HP was used to separate and identify FA methyl esters. The temperature was programmed from 140 to 250°C, at 2°C/min with a final hold. The Agilent Technologies 7890A gas chromatograph (USA) with SP-2560 column (100 m × 0.25 mm, df 0.20 μm, Germany) was used to separate and identify cis/trans isomers of unsaturated FA methyl esters. The temperature was programmed from 140 to 240°C, at 4°C/min with a final hold. Individual FAs in samples were identified on the basis of their retention time compared to appropriate commercially available standards (Sigma-Aldrich, USA; Serva, Germany). Results were expressed as percentage of total FAs. All the experiments were repeated three times.



The Electrophoresis Mobility Shift Assay (EMSA)

The interaction of the OMVs with plasmid pTZ19R DNA EcoRI-linearized form (Fermentas, Lithuania) was indicated by a slower electrophoretic mobility of their complexes in the agarose gel, as described in Podolich et al. (2019).



Assessment of the Translocation of Protons Across Membranes of OMVs

The vesicle suspensions (0.1 mg ml−1 final protein concentration) in the PBS supplemented with 2 mM CaCl2 were pre-incubated for 10 min, at 37°C, and then transferred to a stirred cuvette thermostat at 37°C. The recording was initiated from the time of the addition of acridine orange to the final concentration of 5 μM. Fluorescence changes were measured using a Hitachi MPF-4 spectrofluorometer at the excitation and emission wavelengths of 490 and 530 nm, respectively.



OMVs Dehydrogenase(s) Activity Assay

Тhe MTT [a tetrazolium salt, 3-(4,5-dimethyl-thiazoyl-2-yl)-2,5-diphenyltetrazolium bromide] assay (Mosmann, 1983) was used with some modifications. In brief, a sample of 0.1 ml of OMVs (4 mg ml−1 in protein) in PBS was incubated with 10 μl of 2 mg ml−1 MTT solution (in PBS) for 2.5 h, at 37°C. After incubation, the samples were centrifuged at 8,000 × g for 2 min. The formazan pellet was dissolved in 10 μl dimethyl sulfoxide (DMSO). Optical absorbance of the converted dye was measured at 570 nm. The molar extinction coefficient for MTT-formazan in DMSO, needed to calculate its content in the samples, was 1.35 × 104 M−1 cm−1. The results were converted into mM of produced formazan mg−1 protein min−1.



Antimicrobial Activity of OMVs and EVs

Antimicrobial effects of both OMVs and KMC EV preparations on model living bacteria were determined by the spot test method, using minimal vesicle concentration that generated clear halos on a bacterial lawn. The grown lawn of target cells (B. subtilis, E. coli, P. aeruginosa) was coated with 20 μl of vesicle preparation (2 mg ml−1 of the total protein). The agar plates were incubated at 30°C, overnight. Antimicrobial activity of vesicles was indicated by the appearance of clear zones at the site of vesicle sample application. A sterile PBS was used as a negative control.



Plasmid DNA Degradation Assay

Plasmid pTZ19R DNA from E. coli DH5α was isolated with the innuPREP Plasmid Mini Kit 2.0 (Analytik Jena AG, Germany). OMVs (5 mg ml−1) were suspended in PBS (pH 7.4), filtered (0.20 μ), and added to 300 ng of plasmid pTZ19R DNA (Fermentas, Lithuania), and a final reaction mixture (20 ml) was incubated for 16 h at 37°C in the DEPC-treated water. After incubation, the samples were separated by electrophoresis in 1.2% agarose gel in Tris acetate-EDTA buffer (pH 7.0). The stained gels were visualized under the UV-light.



Murine and Human Cell Lines and Culture Conditions

Murine embryonic fibroblast (MEF) cells were obtained from muscles of the buttocks of a 17-day murine embryo, as described in Jozefczuk et al. (2012) and cultured in DMЕМ-F12 (Biowest, USA) supplemented with the Biowest Antibiotic-Antimycotic solution (2.0 μl/ml). Human colon carcinoma cells COLO 205 (Sigma-Aldrich, USA) were cultured in RPMI 1640 (Sigma-Aldrich, USA) with heat-inactivated fetal bovine serum (10%), 2 mМ ʟ-glutamine, and gentamicin (40 μg/ml) added. Cultures were incubated at 37°C in a humidified atmosphere of 5% CO2/95% air in 100 ml flasks.



Cellular Uptake of Fluorescently Labeled OMVs

Isolated OMVs were labeled with DiO (3,3′-dioctadecyloxacarbocyanine perchlorate; Thermo Fisher Scientific, USA), a fluorescent lipophilic stain, with 20 μg/ml. Nuclei were stained with 0.4 μg/ml DAPI (4′,6-diamidine-2′-phenylindole dihydrochloride; Sigma-Aldrich, USA), and imaging was performed using LEICA DM1000 microscope (100× objective lens).



Cytotoxicity Assay

MEF or COLO 205 cells were harvested by centrifugation and suspended at lg5 cells/ml in complete medium. Fifty-microliter aliquots of the cell suspension were transferred in duplicate to the 96-well microtiter plate, containing diluted samples (total volume, 100 μl). As a positive control, amitozyn (1 mg ml−1; Hermant et al., 2013) kindly provided by Dr. A. Potopalsky (IMBG, Kyiv) was used, and as a negative control, PBS was used. Cytotoxicity test was performed using the MTT reduction assay (Mosmann, 1983). The optical density of each well was measured with a microplate spectrophotometer (Multiscan Tirertek MMC 340, USA) equipped with a 540 nm filter.



Endotoxicity Assay

Biological activity of OMV-associated LPS was quantified by the end-point chromogenic Limulus amebocyte lysate (LAL) assay, using Pierce™ LAL Chromogenic Endotoxin Quantitation Kit (Thermo Fisher Scientific, USA). The optical density of each sample was measured at 405 nm by NanoDrop ND-1000 spectrophotometer (NanoDrop Technologies, USA). Endotoxin concentration in test samples was calculated using the E. coli Endotoxin Standard (011:B4) for calibration.



OMVs Interaction With Synaptosomes

Experiments on neurotoxicity risk assessment have been performed at the neurochemical level of the nervous system organization and involved an analysis of radiolabeled glutamate transport characteristics, which is a key excitatory neurotransmitter in the central nervous system, using synaptosomes (according to Guidelines for Neurotoxicity Risk Assessment of US Environmental Protection Agency, 1998, based on paragraph 3. Hazard Characterization: 3.1.3.4. In Vitro Data in Neurotoxicology; US Environmental Protection Agency, 1998). Synaptosomes’ preparation from a rat brain and measurements of the ambient level of ʟ-[14C] glutamate in the preparations of nerve terminals were conducted, as previously described (Borisova et al., 2016). Briefly, the synaptosomal suspensions (125 μl, 0.5 mg of protein/ml) were pre-incubated at 37°C, for 10 min, and the OMVs (70 μg of protein/ml) were added and incubated for 7 min, following sedimentation (10,000 g, 20 s). The release value was measured in the aliquots of the supernatants (100 μl) and in the pellets by liquid scintillation counting with scintillation cocktail (1.5 ml). The results were expressed in nMol of ʟ-[14C] glutamate/mg of protein.



Animal Ethical Approval

Pregnant ICR mice (body weight 19–23 g) and Wistar rats (body weight 100–120 g) were maintained in special animal facilities at the Institute of Molecular Biology and Genetics and the Palladin Institute of Biochemistry of NAS in Ukraine, respectively. Animals were housed in quiet, temperature-controlled rooms (22–23°C) with a 12 h light:12 h dark cycle (lights on between 08:00 and 20:00 h). The animals were provided with purified water and dry food pellets ad libitum. The experimental procedures were carried out according to the standard ethical guidelines (European Community Guidelines on the Care and Use of Laboratory Animals 86/609/EEC) and approved by Institutes’ Ethics Committees.



Statistical Tests

Results were expressed as mean ± standard deviation (SD) of independent experiments performed in triplicate. The difference between groups was compared by two-tailed Student’s t-test. The differences were considered to be significant when p ≤ 0.05.




RESULTS


Simulated Martian Stressors Promote OMVs With Changed Membranes

Cellulose-synthesizing K. intermedius constitutes more than 90% of prokaryotic microbes of the kombucha community (Podolich et al., 2019), and it is a carrier of LPS without O-antigen–endotoxin–integrated into the outer membrane (Barja et al., 2016). Previously, K. intermedius were re-isolated from the returned and reactivated space-exposed samples and identified using the 16S rDNA as a phylogenetic marker (Podolich et al., 2019). These strains were used in this study.

Bacterial OMV samples analyzed by DLS displayed larger average sizes (IMBG185: 70.31 ± 0.5 nm; IMBG184: 78.33 ± 1.3 nm; IMBG183: 66.41 ± 0.2 nm; Supplementary Figure S2), compared to OMVs from ground-based bacteria (IMBG180: 65.81 ± 0.3 nm). The DLS data were in agreement with the data obtained from the SEM and TEM micrographs of OMVs (Figures 1A–F). Furthermore, vesicles originating from the isolates of K. intermedius had partially deformed membranes as shown on both the scanning electron microscopy and TEM micrographs in Figures 1B,E.
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FIGURE 1. Outer membrane vesicles (OMVs) of the key kombucha microbial community (KMC)-member Komagataeibacter intermedius recovered from the KMC samples exposed to the space/Mars-like stressors outside the International Space Station (ISS) and their interaction with a linear plasmid DNA. Scanning electron micrographs of OMVs of reference K. intermedius IMBG180 (A); OMVs of K. intermedius IMBG185 from KMC exposed at the top level of the carrier on the exposure platform (tKMC) (B); OMVs of K. intermedius IMBG183 from KMC exposed at the bottom level of the carrier on the exposure platform (bKMC) (C); transmission electron micrographs of OMVs with one‐ and double-bilayer membranes (indicated with an arrow) derived from initial reference K. intermedius IMBG180 (D); IMBG185, in the inset, outer-inner membrane vesicle is shown (E); IMBG183 (F). Scale bars are 50–100 nm. (G) Effect of interaction of the EcoRI-linearized plasmid pTZ19R (Fermentas, Lithuania) with OMVs of K. intermedius from the initial kombucha microbial culture (KMC) (I) and KMCs exposed to Mars-like conditions, in LEO: a top level (II), a bottom level (III), and a middle level (IV). Lane C is the reference EcoRI-linearized plasmid pTZ19R. Lanes 1–6 are various concentrations of OMVs (1.25–0.25 mg ml−1).


Gram-negative bacterium K. intermedius IMBG180 releases conventional one-bilayer OMVs and, to a lesser extent, outer-inner membrane vesicles (characterized by the protrusion of both outer and plasma membranes; Figure 1D). The same pattern was visible in vesicles produced by K. intermedius strains recovered from KMCs exposed to space/Mars-like stressors (inset of Figure 1E). In OMVs, only the periplasm is entrapped while in more complex vesicles, with a double-bilayer structure, cytoplasmic content can also be entrapped, including such cellular components as DNA, RNAs, enzymes, and other metabolites. Exogenous DNA was detected in all OMV preparations, including OMVs from a reference strain, by staining with the fluorogenic DNA-binding dye DAPI (data not shown). When intact OMVs were treated with DNAse I, the DNA in the OMV preparations was digested by the enzyme. It indicates that DNA molecules were located on the vesicle surface. Although the presence of a small size RNA (42 nt) was detected with the Agilent 2100 Bioanalyzer (Thermo Scientific; data not shown), the isolation of RNA from OMVs after the treatment with RNase A did not yield detectable material. Post-stress K. intermedius OMVs had a negative charge; however, their zeta potential changed from −5.5 (OMVs/iKMC) to −1.5 mV (OMVs/tKMC).



Electrophoresis Mobility Shift Assay May Show Membrane Surface Alterations

Changes in the post-stress K. intermedius OMVs’ membrane surface charge can be reflected in the OMV interactions with biopolymers, e.g., polynucleotides. Electrophoresis mobility shift assay (EMSA) is a rapid and sensitive method to detect nucleic acid complexation with polymers, e.g., membrane proteins (Garner and Revzin, 1986). The electrophoretic patterns of the linearized plasmid pTZ19R DNA showed the concentration-dependent formation of molecular complexes with OMVs from non-exposed strain, which slowed their movement in the gel, and did not exhibit the mobility shifts after incubation with vesicles originated from K. intermedius isolated from the exposed KMCs (Figure 1G).



Mars-like Stressors Alter Lipid Structures in OMVs

As OMVs are derived from outer membranes via budding, they carry information about their composition. By studying the membrane lipid profiles in post-stress K. intermedius OMVs and comparing them with the profile characterizing non-extreme conditions, we aimed to determine the response of bacterial lipids to simulated Martian stressors. Compositional analysis of membrane lipids revealed that vesicles of all K. intermedius strains consisted mostly of the following classes of lipid molecules: PLs, triglycerides, FAs, and sterols. Similarly, across all the strains, several minor lipid components of the OMVs such as 1,3-diglycerides, sterol ethers, and monoglycerides were also revealed (Figures 2A,B).
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FIGURE 2. Classes of lipids of OMVs of bacterial monocultures Komagataeibacter intermedius (A,B); alterations in the lipid content in OMVs of K. intermedius strains recovered from post-spaceflight kombucha microbial cultures (KMC) (C,D). (A) Representative thin layer chromatography separation of lipids isolated from OMVs of K. intermedius IMBG185 recovered from the top level of the exposure platform (on the left); on the right–lipid markers (M): 1 – phospholipids (PLs); 2 – sterols; 3 – 1,3-diglycerides; 4 – free fatty acids; 5 – triglycerides; 6 – sterol ethers. (B) Lipids of OMVs of initial K. intermedius IMBG180 (on the left); on the right–markers (M). (C) Content of total lipids in OMVs of K. intermedius strains of post-spaceflight KMCs. (D) PLs of OMVs of K. intermedius strains of post-spaceflight KMCs. (E) Content of fatty acids in OMVs of K. intermedius strains of post-spaceflight KMCs. Three replicates were used in the experiments on lipid content measurements. Data were shown as mean ± SD (n = 3). *p ≤ 0.05; **p ≤ 0.01.


The total yield of lipids (in milligram of protein) in the OMVs of K. intermedius re-isolated from all the tKMC, bKMC, and mKMC space samples increased, compared with the reference (Figure 2C). After the spaceflight experiment, the relative content of zwitterionic phosphatidylethanolamine, as well as anionic PL phosphatidic acid decreased while other anionic PLs like phosphatidylserine and lysine-phosphatidylcholine increased (Figure 2D and Supplementary Table S1), probably producing a change in surface properties of outer membranes, including their charge.

The free FA content of OMVs isolated from the K. intermedius/tKMC increased significantly, compared to the untreated control (Figure 2A). The quantity of total saturated FAs had a 1.2–2 fold (p < 0.05) increase while unsaturated FAs (mainly monounsaturated) decreased 7.5 fold (p < 0.05) in OMVs from K. intermedius/tKMC, in contrast to wild type K. intermedius OMVs/iKMC. The amount of unsaturated FAs–polyenes–was found to have increased by 1.2–1.3 fold (p < 0.05) in OMVs of re-isolates from mKMC and bKMC as compared to preparations of OMVs from the reference strain (Figure 2E and Supplementary Table S2). At the same time, it was established that the UV-illumination caused the appearance of short-chain saturated FAs (С6:0–С11:0) in the OMVs/tKMC and OMVs/mKMC and trans FAs – elaidic (18:1w9) and linolelaidic (18:2w6) – in the OMVs/tKMC.



Functionality of OMVs After Exposure of K. intermedius to Mars-like Stressors


A Weaker Membrane Proton Translocation

Structure deviations in cell/OMV membranes may lead to changes in membrane permeability, and we assessed a proton gradient formation in OMVs of post-flight K. intermedius strains. A pH-sensitive fluorescent dye, acridine orange, is commonly used to detect acidification in the whole cells, isolated lysosomes, endocytotic granules, and synaptic vesicles (Zoccarato et al., 1999; Borisova, 2014). Acridine orange is easily permeable via the membranes as the unprotonated amine, and thereafter, it converts itself to the protonated form and is concentrated in the acidic compartments, where this dye dimerizes, changing the optical features (Zoccarato et al., 1999). As shown in Figure 3A, an addition of acridine orange dye to OMVs/K. intermedius/iKMC  caused a partial quenching of the fluorescence signal due to an accumulation of the dye inside of the vesicles that indicated a definite vesicle acidification. In contrast, a treatment of OMVs/K. intermedius/tKMCs with acridine orange did not change the fluorescence intensity of the dye. OMVs of K. intermedius from other locations – medium and bottom levels – exhibited some capability to form proton gradient; however, it was weaker compared to K. intermedius OMVs from initial KMC.
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FIGURE 3. Functionality of OMVs of K. intermedius, isolated from post-flight KMCs (A,B,D,E) and extracellular vesicles (EVs) isolated from the post-flight KMC samples (C). (A) OMVs acidification measured using a pH-sensitive fluorescent dye acridine orange. Typical recording of acidification of OMVs from K. intermedius isolated from initial KMC and KMCs located at the top, middle, and bottom levels of a carrier mounted outside the ISS. (B) Dehydrogenase activity of OMVs of K. intermedius re-isolated from different KMCs. Data were shown as mean ± SD (n = 3), *p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001. (C) The image of Bacillus subtilis lawn spotted with EVs. Clear zones are seen in spots of EVs from initial KMC (4) and EVs from bottom-located KMC (2). No visible changes seen after spotting with EVs of top‐ (1) and middle-located KMC (3). (D) Inhibitory activity of OMVs from K. intermedius in regard to B. subtilis. (E) Electrophoregram of plasmid pTZ19R after incubation with OMVs of K. intermedius. M–DNA ladder (ThermoFisher Scientific GeneRuler DNA Ladder Mix). 1 – control DNA (without incubation); 2 – control DNA (incubation, 37°С); 3 – control DNA (+PBS, incubation, 37°С); 4 – OMVs of K. intermedius from initial KMC; 5–7 – OMVs of K. intermedius from bottom-, middle-, and top-located KMCs, incubated with DNA at 37°С.





Deviations in Enzymatic Activities Associated With Membrane Vesicles in Post-flight Microorganisms

Membrane leaflet is a harbor of bioactive molecules, including enzymes, and alterations in membrane lipid composition may lead to changes in its activities or its deprivation. We selected a set of membrane-associated enzymatic activities for OMVs/EVs (dehydrogenases, DNAse, hydrolyses) to study their activities associated with vesicles from exposed microorganisms.


Increased Dehydrogenase(s) Activity

Dehydrogenases are enzymes belonging to a group of oxidoreductases that oxidize the substrate by transferring protons and electrons through a chain of intermediate electron carriers [usually, Flavin adenine dinucleotide (FAD)‐ or pyrroloquinoline quinone (PQQ)-dependent in Gram-negative bacteria] to a final electron acceptor (Adachi et al., 2007). These activities have increased in all OMVs from post-exposed strains of K. intermedius: 1.6-fold (from tKMC), 3-fold (from mKMC), and 8.6-fold (from bKMC), when compared to a control sample from wt K. intermedius (Figure 3B).



Changed Antimicrobial Activity Against Gram-Positive Bacteria

Antimicrobial compounds and bacteriolytic enzymes, including autolysins carried by bacterial OMVs, are suggested to exert an inhibitory or killing effect on co-existing bacteria or fungi (Vasilyeva et al., 2013; Schulz et al., 2018). EVs from initial KMC had a weak lytic action on the B. subtilis lawn in the form of a translucent lysis zone (Figure 3C). A stronger lytic effect was seen as a clear visible zone of lysis at the site of application by EVs/bKMC. No clear spots were produced by EVs from tKMC and mKMC, or even a negative control. Nonetheless, in the case of Gram-negative bacterial species E. coli and P. aeruginosa, which have different membrane structures as compared to Gram-positive bacilli, the results were the opposite: EVs of KMCs supported growth of these cultures (data not shown) and probably were used as nutrients. The antimicrobial activity in relation to Gram-positive bacilli was less expressed in K. intermedius OMVs from exposed bacteria compared to EVs/bKMC and the wt OMVs (Figure 3D).



Higher Level of Deoxyribonuclease Activity

Nucleases perform different roles to fit bacterial lifestyle (Al-Wahaibi et al., 2019; Pressler et al., 2019). Extracellular nucleases are known as enzymes to accommodate invading bacteria in hosts via the formation of a set of diverse oligonucleotides with immunomodulatory properties (Takahashi et al., 2006) or help evade the innate immune response (Jhelum et al., 2018). Single-stranded specific deoxyribonuclease activity was detected on a formation of open-circular and linear plasmid DNA forms from a supercoiled form of pTZ19R by K. intermedius OMVs (Figure 3E, wells 5–7). Conversely, control OMVs had lower activity and formed only an open-circular form of the plasmid (Figure 3E, well 4).




Martian Stressors Practically Do Not Alter Cytotoxicity and Endotoxicity of Extracellular Vesicles

As exposed Komagataeibacter possess LPS in their outer membrane, known as endotoxin, and as both this bacteria and KMC are promising probiotics, we examined their safety after a spaceflight, using vesicles as their representatives. First, OMVs were labeled with lipophilic dye DiO and introduced into MEF to show the vesicles interaction with murine cells. The cell interior of MEF showed the fluorescence of DiO labeled OMVs of both wt and space-exposed (UVC-illuminated) K. intermedius (Figure 4A, panels 1 and 3). Exposure of MEF cells to total vesicle preparation isolated just after revival of returned tKMC had a small inhibitory effect (15%) on the cell growth at concentration of 50 ng ml−1 (Figure 4C) compared to vesicles of iKMC. Nevertheless, this effect did not reach a threshold level (50%) and did not cause cytotoxicity in MEF. Co-incubation of the OMVs with cell culture COLO 205 did not exhibit cytotoxicity of the OMVs in both spaceflight-related and control OMVs (Figure 4D).
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FIGURE 4. A biosafety assessment of EVs after exposure of kombucha multimicrobial culture (KMC) under space/Mars-like stressors outboard the ISS and OMVs of K. intermedius, isolated from post-flight KMCs. (A) A micrograph of OMVs stained with the lipophilic dye DiO visible in murine fibroblasts. Fibroblast nuclei were stained with DAPI. (1, 2) – OMVs of K. intermedius from initial KMC; (3, 4) – OMVs of K. intermedius from top-located KMC (tKMC). Scale bar, 10 μm. (B) The environment level of ʟ-[14C] glutamate in the preparations of rat brain nerve terminals after co-cultivation with EVs from post-flight KMCs. (C) Survival rate of murine embryo fibroblasts after co-cultivation with different concentrations of OMVs from K. intermedius isolated from tKMC. (D) Survival rate of colorectal carcinoma cells COLO 205 after co-cultivation with different concentrations of OMVs/K. intermedius, isolated from KMCs exposed outboard the ISS. (E) Endotoxin activity of EVs/KMCs detected with the Limulus amebocyte lysate (LAL) assay compared to standard endotoxin activity from Escherichia coli. (F) Endotoxin activity of OMVs/K. intermedius detected with the LAL assay. Data were shown as mean ± SD (n = 3), *p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001.


EVs isolated from iKMC, representing the LPS-bearing fraction of Gram-negative bacteria (including K. intermedius), displayed 50-fold lower endotoxin activity level in the LAL assay compared to E. coli, as an endotoxin standard (Figure 4E). Levels of endotoxin activity in metavesicleomes from tKMC and mKMC were 18.4‐ and 5-fold higher, respectively, compared to the iKMC. Nonetheless, their levels were 21‐ and 6-fold lower, compared to E. coli. Endotoxin activity of OMVs of bacteria isolated from tKMC and mKMC exhibited a 2-fold increase compared to the OMVs from K. intermedius/iKMC, and it was less than 0.01% of the E. coli activity (Figure 4F). The level of endotoxin activity of OMVs/K. intermedius/tKMC was practically the same as in vesicles of the iKMC.



Martian Stressors Do Not Cause Neuromodulation by Extracellular Vesicles From KMCs

The ambient glutamate level between episodes of exocytosis is a crucial characteristic of synaptic neurotransmission and depends on numerous individual presynaptic parameters (Borisova, 2019). The total nanovesicle pool of revived post-flight KMCs did not increase the ambient level of ʟ-[14C] glutamate in the synaptosome suspensions in the rat brain nerve terminals, i.e., it did not acquire neuromodulation. The EVs of tKMC even decreased the ʟ-[14C] glutamate content, but EVs from KMC specimens, exposed at the middle and bottom levels, did not differ from the EVs of iKMC (Figure 4B).




DISCUSSION

Within the BIOMEX project, different extraterrestrial stressors subjected to different sample carrier layers had a distinct mode of action, and some of them were lethal to KMC-members, resulting in changes in the microbial community structure (Podolich et al., 2019). A key community member, the Gram-negative bacterium K. intermedius, has survived under harsh Mars-like radiation, atmosphere, and low gravity within the returned KMC samples. OMVs mirrored, to some extent, changes in their outer membrane structure, as well as membrane-associated activities of the K. intermedius re-isolates. An increase in both K. intermedius OMVs size and their number resulted from microbial adaptation to extraterrestrial stressors, apparently via cellular envelope remodeling, which is known from other Gram-negative bacteria exposed to stressful environmental or induced conditions (Sabra et al., 2003; Gerritzen et al., 2019; Klimentova et al., 2019). The increase in envelope thickness and production rate of OMVs with respect to the ground-based reference was previously demonstrated in the spaceflight samples of E. coli under microgravity (Zea et al., 2017).


Long-Duration Exposure of KMC Samples on the ISS Caused a Modification of Lipid Composition of the Cellular Membrane, a Change of Surface Properties, and Membrane Permeability

The core lipids of K. intermedius, which serve as the framework for fully mature membrane lipids, are PLs, triglycerides, FAs, and sterols. Typical membrane parameters adversely affected by environmental challenges are permeability and fluidity, which, in turn, affect the function and mobility of membrane proteins, diffusion of nutrients, and energy sources (Rowlett et al., 2017; Siliakus et al., 2017; Jasim et al., 2018). In our study, the most striking changes were recorded in the membranes of OMVs from the UV-exposed K. intermedius, compared to the OMVs from K. intermedius/iKMC, and this correlated with increased synthesis of lipids, especially, PLs, free FAs, and sterols, which could cause alteration in membrane fluidity. Shortening of FA chain lengths occurred, probably by degrading the unfavorable membrane PLs that retained adequate membrane fluidity during the bacterial growth. Detected imbalance in saturated and unsaturated FAs and increased membrane condensation in cells/OMVs of K. intermedius/tKMC is an adaptive response to stressors that allow bacteria to limit metabolism, save energy, and survive under harsh conditions of Mars-like UV, simulated pressure, and atmosphere. Deformed membranes of the OMVs (tKMC), as shown in both the scanning electron microscopy and TEM micrographs, can be explained by membrane saturation leading to its rigidity. Additional strategies were also adopted by cells, such as maintenance of a changed membrane potential and development of a chemiosmotic barrier to protons. The polar PL head groups could also play a significant role in the maintenance of membrane fluidity and permeability. The membrane PLs diversity allows for different non-covalent forces, i.e., van der Waals, electrostatic, solvation (hydration and hydrophobic), steric, and entropic. Changes in the PL pattern led to alteration of the membrane surface properties, including charge, and this was reflected in the OMV interactions with biopolymers. For instance, modified membranes of vesicles could lose the capability to interact and form complexes with polynucleotides, in contrast to the reference OMVs, which interacted with plasmid DNA, resulting in the formation of supramolecular complexes or aggregates. Our data on the membrane lipid composition alterations are consistent with the previously reported membrane lipid modifications, including PL content, occurring under other stressful conditions in closely related acetic acid bacteria (Trcˇek et al., 2007; Ogawa et al., 2010) or other bacteria (Pei et al., 2019).

The capability to form proton gradient of post-flight OMVs was weaker, as compared to the OMVs of initial untreated strain. The bacterial membrane controls the traffic of various molecules into and out of the cell and also participates in signal transduction and chemical processing of incoming molecular species. The outer membrane contains porins involved in the influx of various compounds in bacteria (Masi et al., 2019), and membrane H+-ATPase, which performs secondary active transport processes across the membrane, energizing the membrane and forming an electrochemical gradient of protons (Turina et al., 2006). K. intermedius OMVs from KMC, exposed at upper unprotected level of the sample carrier, had very low capacity to build the proton gradient. It should be noted that UV can act as a trigger for modulation of membrane structure modification, leading to either loss of implicated proteins or their suppression (Ghorbal et al., 2019). To sum up, Mars-like illumination, gravity, and atmosphere influenced outer membrane alterations, and UV, as a stressful factor, was the most pronounced for K. intermedius. Usually, UV is detrimental for microorganisms and even fatal, especially when UV-C induces bacterial death by targeting DNA (Dai et al., 2012). Bacterial exposure to sublethal UV doses leads to membrane PL bilayer rearrangement and pore formation (Smith et al., 2009), inducing changes in the amounts and composition of FAs (Khefacha et al., 2015) and affecting LPSs (Chourabi et al., 2017). These modifications caused by UV lead to altered membrane permeability (Santos et al., 2013). Under stressful conditions, bacterial adaptation, regarded as a stress response to the physicochemical change, occurs and aids in the survival of bacterial cell populations via physiological membrane adaptations (Siliakus et al., 2017).

Most of the structural changes occur in the membranes of unprotected microorganisms exposed to UV similar to Martian surface, translated in proton translocation, and interacted with synaptosomes. Other complex stressors affected exposed bacteria that were protected from UV. For example, the appearance of short-chain saturated FAs in membranes of bacteria/OMVs from middle level of exposure has been recorded. Comparative genomics of wild-type and post-stress K. intermedius revealed a reduction of genome in the UV-irradiated returned bacteria (manuscript in preparation). We hypothesize, that such changes may be related to multiple deletions.



The Changes in Cell Membranes Correlated With the Altered Functional Membrane-Associated Capabilities of OMVs

In this study, we observed increased DNAse activity in OMVs of post-stress K. imtermedius from all levels of exposure (top, middle, and bottom) compared to ground reference. This phenomenon can be attributed to modifications in membrane structure, more specifically, in PL pattern, and, consequently, membrane charge. As OMVs of reference K. intermedius probably may change the topological form of the plasmid linear DNA, e.g., as under the influence of topoisomerase, leading to knotting or catenation of DNA (Portugal and Rodríguez-Campos, 1996), OMVs of post-stress bacteria did not change the spatial architecture of linear DNA and had target DNA more accessible. Enhanced DNAse activities observed in OMVs from post-spaceflight re-isolates correlated with a poor biofilm production in parental bacteria, when the activity of such nucleases was demonstrated to balance the extent of biofilm formation, and this is congruent with the previously published results by Sharma and Singh (2018). Nucleases also contribute to the lower bacterial transformation capability of different bacteria, preventing horizontal gene transfer (Binnenkade et al., 2018; Jhelum et al., 2018). The nuclease-associated OMVs of the dominant KMC K. intermedius can be represented as safeguards, keeping the essential genome stability in this microecosystem. This is the first step toward the understanding of enzymatic properties of DNAses associated with OMVs, affecting K. intermedius survival, genome stability, and cellulose-synthetic fitness in the planktonic and pellicle environment of kombucha multi-species community.

We also observed increased dehydrogenase(s) activity in the order top > middle > bottom of reference OMV samples. In acetic acid bacteria of the Komagataeibacter genus, membrane-bound dehydrogenases are mainly represented by PQQ-dependent alcohol dehydrogenase, and the glucose dehydrogenase that contains PQQ as the prosthetic group (Matsutani and Yakushi, 2018). PQQ-dependent dehydrogenases catalyze the oxidation of non-phosphorylated substrates and can be beneficial for detoxifying cellular toxic compounds. In some organisms, they are induced under energy stress, providing an auxiliary energy generation pathway (Tribelli et al., 2015). In other organisms, they play a role in maintaining the transmembrane proton gradient (Liu et al., 2018). In our study, the increase in total DH-activities of post-spaceflight K. intermedius OMVs probably mirrors the compensatory mechanism of impaired proton gradient formation: the less proton gradient is, the higher membrane-associated DH-activities are.

Nanovesicle preparations derived from wild ecotype of KMC showed a killing activity toward B. subtilis, in a context of known KMC antimicrobial properties (Chakravorty et al., 2019), probably due to the hydrolytic enzyme(s), destroying the cell wall of Gram-positive bacterium. On the other hand, total vesicles from UV-illuminated tKMC lost this activity. Notably, EVs from “dark” bKMC did not change antimicrobial activity toward bacilli. OMVs isolated from K. intermedius did not exhibit a lytic activity; however, inhibited the growth of bacilli while OMVs isolated from K. intermedius/tKMC exhibited lower inhibitory activity toward B. subtilis.

In order to summarize the results on enzymatic activities associated with K. intermedius OMVs, we suppose that, as long as membrane-associated enzymes used in this study belong to the integral outer membrane protein types (e.g., DNAse belong to the β-barrel superfamily of phospholipase D; Nelson and Frohman, 2015) and penetrate the peripheral regions of the lipid bilayer, an activation of their biological activity depends on the impact of stressors that can perturb the membrane. Alterations in cell membrane result in the promotion of conformational changes within the enzyme structural domains and in their activity (Johnson and Cornell, 1999). Alternatively, changes in the outer membrane structure may prevent enzyme integration and result in a loss of appropriate function.



Alterations in Microbial Membranes Inevitably Lead to a Change in the Mode of Communications With Eukaryotic Cells and Its Nanostructures

Changes in the K. intermedius OMV membrane structure were vital for its communications not only with alien bacteria, but also with mammalian cell cultures. In this study, internalized OMVs interacted with MEF cells and human colorectal carcinoma cells but these communications did not result in acquisition of cytotoxicity. Despite occurring at low concentrations, the OMVs inhibited both murine and human cell proliferation. The metavesicleome of post-flight KMCs did not increase the ambient level of ʟ-[14C] glutamate in the synaptosome suspensions in the rat brain nerve terminals, i.e., it did not acquire neuromodulation, and the vesicles of tKMC even decreased the ʟ-[14C] glutamate content. Biological activity of the post-flight K. intermedius OMV-associated LPS was slightly increased; however, it was almost identical to the wt KMC/EVs LPS-activity. To sum up, we can conclude that, despite alterations in membranes after the impact of extraterrestrial and simulated stressors outside the ISS, K. intermedius OMVs did not acquire endotoxicity, cytotoxicity, and neuromodulation. Therefore, OMVs, originating from carefully selected nonpathogenic Gram-negative bacteria, can be considered as potential candidates in the design of postbiotics or edible mucosal vaccines for in situ production in extreme environments, besides being promising delivery vectors for applications in Astromedicine.




DATA AVAILABILITY STATEMENT

All datasets generated for this study are included in the article/Supplementary Material.



ETHICS STATEMENT

This study was carried out in accordance with the standard ethical guidelines (European Community Guidelines on the Care and Use of Laboratory Animals 86/609/EEC) and approved by the Ethics Committees of the Institute of Molecular Biology and Genetics and the Palladin Institute of Biochemistry of NAS in Ukraine.



AUTHOR CONTRIBUTIONS

OP, J-PV, and NK conceived and designed the experiments. NK, GZ, DB, and PG were responsible for drafting the article. IZ, OK, IO, OR, LP, LZ, TH, MG, VK, MS, and SS were involved in performing the experiments and TB, HK, DB, AG-N, VA, MK, and NK analyzed the data. All authors reviewed and approved the final version of the manuscript.



FUNDING

This study was supported by National Academy of Sciences of Ukraine (grant 47/2018).


ACKNOWLEDGMENTS

Authors thank Ms. Rosa Suleimanova, Dr. V.M. Klimashevsky, Ms. Natalia Andryushyna, and Ms. Natalia Melnychuk for their excellent technical assistance.



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fmicb.2020.01268/full#supplementary-material.



REFERENCES

 Adachi, O., Ano, Y., Toyama, H., and Matsushita, K. (2007). “Biooxidation with PQQ‐ and FAD-dependent dehydrogenases” in Modern biooxidation: Enzymes, reactions and applications. eds. R. D. Schmid and V. B. Urlacher (Weinheim, Germany: WILEY-VCH Verlag GmbH & Co. KGaA), 1–41.

 Ahmadi Badi, S., Khatami, S. H., Irani, S. H., and Siadat, S. D. (2019). Induction effects of Bacteroides fragilis derived outer membrane vesicles on toll like receptor 2, toll like receptor 4 genes expression and cytokines concentration in human intestinal epithelial cells. Cell J. 21, 57–61. doi: 10.22074/cellj.2019.5750 

 Ahmadi Badi, S., Moshiri, A., Fateh, A., Rahimi Jamnani, F., Sarshar, M., Vaziri, F., et al. (2017). Microbiota-derived extracellular vesicles as new systemic regulators. Front. Microbiol. 8:1610. doi: 10.3389/fmicb.2017.01610 

 Al-Wahaibi, A. S. M., Lapinska, E., Rajarajan, N., Dobretsov, S., Upstill-Goddard, R., and Burgess, J. G. (2019). Secretion of DNases by marine bacteria: a culture based and bioinformatics approach. Front. Microbiol. 10:969. doi: 10.3389/fmicb.2019.00969 

 Ashrafian, F., Shahriary, A., Behrouzi, A., Moradi, H. R., Keshavarz Azizi Raftar, S., Lari, A., et al. (2019). Akkermansia muciniphila-derived extracellular vesicles as a mucosal delivery vector for amelioration of obesity in mice. Front. Microbiol. 10:2155. doi: 10.3389/fmicb.2019.02155 

 Barja, F., Andrés-Barrao, C., Ortega Pérez, R., Cabello, E. M., and Chappuis, M. L. (2016). “Physiology of Komagataeibacter spp. during acetic acid fermentation” in Acetic acid bacteria. eds. K. Matsushita, H. Toyama, N. Tonouchi, and A. Okamoto-Kainuma (Tokyo: Springer).

 Binnenkade, L., Kreienbaum, M., and Thormann, K. M. (2018). Characterization of ExeM, an extracellular nuclease of Shewanella oneidensis MR-1. Front. Microbiol. 9:1761. doi: 10.3389/fmicb.2018.01761 

 Bligh, E. G., and Dyer, W. J. (1959). A rapid method of total lipid extraction and purification. Can. J. Biochem. Physiol. 37, 911–917. doi: 10.1139/o59-099 

 Borisova, T. (2014). “The neurotoxic effects of heavy metals: alterations in acidification of synaptic vesicles and glutamate transport in brain nerve terminals” in Horizons in neuroscience research. Vol. 14. eds. A. Costa and E. Villalba (Hauppauge, NY: Nova Science Publisher, Inc.), 89–112.

 Borisova, T. (2019). Perspective express assessment of neurotoxicity of particles of planetary and interstellar dust. NPJ Microgravity 5:2. doi: 10.1038/s41526-019-0062-7

 Borisova, T., Borysov, A., Pastukhov, A., and Krisanova, N. (2016). Dynamic gradient of glutamate across the membrane: glutamate/aspartate-induced changes in the ambient level of ʟ-[14C] glutamate and d-[3H] aspartate in rat brain nerve terminals. Cell. Mol. Neurobiol. 36, 1229–1240. doi: 10.1007/s10571-015-0321-4 

 Camere, S., and Karana, E. (2018). Fabricating materials from living organisms: an emerging design practice. J. Clean. Prod. 186, 570–584. doi: 10.1016/j.jclepro.2018.03.081

 Cañas, M. A., Fábrega, M. J., Giménez, R., Badia, J., and Baldomà, L. (2018). Outer membrane vesicles from probiotic and commensal Escherichia coli activate NOD1-mediated immune responses in intestinal epithelial cells. Front. Microbiol. 9:498. doi: 10.3389/fmicb.2018.00498 

 Cecil, J. D., Sirisaengtaksin, N., O’Brien-Simpson, N. M., and Krachler, A. M. (2019). Outer membrane vesicle-host cell interactions. Microbiol. Spectr. 7, 1–18. doi: 10.1128/microbiolspec.PSIB-0001-2018 

 Celluzzi, A., and Masotti, A. (2016). How our other genome controls our epigenome. Trends Microbiol. 24, 777–787. doi: 10.1016/j.tim.2016.05.005 

 Cervantes, J. L., and Hong, B. -L. (2016). Dysbiosis and immune dysregulation in outer space. Int. Rev. Immunol. 35, 67–82. doi: 10.3109/08830185.2015.1027821 

 Chakravorty, S., Bhattacharya, S., Bhattacharya, D., Sarkar, S., and Gachhui, R. (2019). “Kombucha: a promising functional beverage prepared from tea” in Non-alcoholic beverages, volume 6: The science of beverages. eds. A. M. Grumezescu and A. M. Holban (Woodhead Publishing, Elsevier Inc.), 285–327. doi: 10.1016/B978-0-12-815270-6.00010-4

 Choi, J., Kim, Y. K., and Han, P. L. (2019). Vesicles derived from Lactobacillus plantarum increase BDNF expression in cultured hippocampal neurons and produce antidepressant-like effects in mice. Exp. Neurobiol. 28, 158–171. doi: 10.5607/en.2019.28.2.158 

 Chourabi, K., Campoy, S., Rodriguez, J. A., Kloula, S., Landoulsi, A., and Chatti, A. (2017). UV-C adaptation of Shigella: morphological, outer membrane proteins, secreted proteins, and lipopolysaccharides effects. Curr. Microbiol. 74:1261. doi: 10.1007/s00284-017-1311-1 

 Crucian, B., Stowe, R., Mehta, S., Quiriarte, H., Pierson, D., and Sams, C. (2015). Alterations in adaptive immunity persist during long-duration spaceflight. NPJ Microgravity 1:15013. doi: 10.1038/npjmgrav.2015.13 

 Dai, T., Vrahas, M. S., Murray, C. K., and Hamblin, M. R. (2012). Ultraviolet C irradiation: an alternative antimicrobial approach to localized infections? Expert Rev. Anti-Infect. Ther. 10, 185–195. doi: 10.1586/eri.11.166 

 de Vera, J. P., Alawi, M., Backhaus, T., Baqué, M., Billi, D., Böttger, U., et al. (2019). Limits of life and the habitability of Mars: the ESA Space Experiment BIOMEX on the ISS. Astrobiology 19, 145–157. doi: 10.1089/ast.2018.1897 

 Garner, M. M., and Revzin, A. (1986). The use of gel electrophoresis to detect and study nucleic acid-protein interactions. Trends Biochem. Sci. 11, 395–396. doi: 10.1016/0968-0004(86)90149-0

 Gerritzen, M. J. H., Martens, D. E., Uittenbogaard, J. P., Uittenbogaard, J., Wijffels, R., and Stork, M. (2019). Sulfate depletion triggers overproduction of phospholipids and the release of outer membrane vesicles by Neisseria meningitidis. Sci. Rep. 9:4716. doi: 10.1038/s41598-019-41233-x 

 Ghorbal, S. K. B., Chourabi, K., Maalej, L., Ammar, A. B., Ouzari, H. -I., Hassen, A., et al. (2019). Pseudomonas aeruginosa swarmer cells adaptation toward UVc radiations. Front. Microbiol. 10:556. doi: 10.3389/fmicb.2019.00556 

 Gorreja, F. (2019). Gene expression changes as predictors of the immune-modulatory effects of probiotics: towards a better understanding of strain-disease specific interactions. NFS J. 14, 1–5. doi: 10.1016/j.nfs.2019.02.001

 Guéguinou, N., Huin-Schohn, C., Bascove, M., Bueb, J. L., Tschirhart, E., Legrand-Frossi, C., et al. (2009). Could spaceflight-associated immune system weakening preclude the expansion of human presence beyond Earth’s orbit? J. Leukoc. Biol. 86, 1027–1038. doi: 10.1189/jlb.0309167 

 Hermant, B., Gudrun, A., Potopalsky, A. I., Chroboczek, J., and Tcherniuk, S. O. (2013). Amitozyn impairs chromosome segregation and induces apoptosis via mitotic checkpoint activation. PLoS One 8:e57461. doi: 10.1371/annotation/0b7ab40b-2246-4426-a98d-36b028029c5c 

 Hestrin, S., and Schramm, M. (1954). Synthesis of cellulose by Acetobacter xylinum. II. Preparation of freeze-dried cells capable of polymerizing glucose to cellulose. Biochem. J. 58, 345–352. doi: 10.1042/bj0580345 

 Huang, B., Li, D., Huang, Y., and Liu, C. -T. (2018). Effects of spaceflight and simulated microgravity on microbial growth and secondary metabolism. Mil. Med. Res. 5:18. doi: 10.1186/s40779-018-0162-9 

 Iosim, S., MacKay, M., Westover, C., and Mason, C. E. (2019). Translating current biomedical therapies to astronaut medicine. Precis. Clin. Med., pbz022. doi: 10.1093/pcmedi/pbz022 

 Jasim, R., Han, M. L., Zhu, Y., Hu, X., Hussein, M. H., Lin, Y. W., et al. (2018). Lipidomic analysis of the outer membrane vesicles from paired polymyxin-susceptible and -resistant Klebsiella pneumoniae clinical isolates. Int. J. Mol. Sci. 19:E2356. doi: 10.3390/ijms19082356 

 Jhelum, H., Sori, H., and Sehgal, D. (2018). A novel extracellular vesicle associated endodeoxyribonuclease helps Streptococcus pneumoniae evade neutrophil extracellular traps and is required for full virulence. Sci. Rep. 8:7985. doi: 10.1038/s41598-018-25865-z 

 Johnson, J. E., and Cornell, R. B. (1999). Amphitropic proteins: regulation by reversible membrane interactions (review). Mol. Membr. Biol. 16, 217–235. doi: 10.1080/096876899294544 

 Jozefczuk, J., Drews, K., and Adjaye, J. (2012). Preparation of mouse embryonic fibroblast cells suitable for culturing human embryonic and induced pluripotent stem cells. J. Vis. Exp. 64:3854. doi: 10.3791/3854 

 Khefacha, S., Chatti, A., Maalej, L., Gottardi, D., Kloula, S., Vannini, L., et al. (2015). Survival and fatty acid composition of UV-C treated Staphylococcus aureus. Ann. Microbiol. 65:235. doi: 10.1007/s13213-014-0855-6

 Klimentova, J., Pavkova, I., Horcickova, L., Bavlovic, J., Kofronova, O., Benada, O., et al. (2019). Francisella tularensis subsp. holarctica releases differentially loaded outer membrane vesicles under various stress conditions. Front. Microbiol. 10:2304. doi: 10.3389/fmicb.2019.02304 

 Ladinsky, M., Araujo, L., Zhang, X., Veltri, J., Galan-Diez, M., Soualhi, S., et al. (2019). Endocytosis of commensal antigens by intestinal epithelial cells regulates mucosal T cell homeostasis. Science 363:eaat4042. doi: 10.1126/science.aat4042 

 Liu, Y., Defourny, K. A. Y., Smid, E. J., and Abee, T. (2018). Gram-positive bacterial extracellular vesicles and their impact on health and disease. Front. Microbiol. 9:1502. doi: 10.3389/fmicb.2018.01502 

 Masi, M., Winterhalter, M., and Pagès, J. M. (2019). Outer membrane porins. Subcell. Biochem. 92, 79–123. doi: 10.1007/978-3-030-18768-2_4

 Matsutani, M., and Yakushi, T. (2018). Pyrroloquinoline quinone-dependent dehydrogenases of acetic acid bacteria. Appl. Microbiol. Biotechnol. 102, 9531–9540. doi: 10.1007/s00253-018-9360-3 

 McBroom, A. J., and Kuehn, M. J. (2007). Release of outer membrane vesicles by Gram-negative bacteria is a novel envelope stress response. Mol. Microbiol. 63, 545–558. doi: 10.1111/j.1365-2958.2006.05522.x 

 Mehta, S. K., Laudenslager, M. L., Stowe, R. P., Crucian, B. E., Sams, C. F., and Pierson, D. L. (2014). Multiple latent viruses reactivate in astronauts during space shuttle missions. Brain Behav. Immun. 41, 210–217. doi: 10.1016/j.bbi.2014.05.014 

 Miller, J. H. (1972). Experiments in molecular genetics. New York: Cold Spring Harbour Laboratory Press.

 Mohajeri, M. H. (2019). Brain aging and gut-brain axis. Nutrients 11:E424. doi: 10.3390/nu11020424 

 Mohajeri, M. H., Brummer, R. J. M., Rastall, R. A., Weersma, R. K., Harmsen, H. J. M., Faas, M., et al. (2018). The role of the microbiome for human health: from basic science to clinical applications. Eur. J. Nutr. 57, 1–14. doi: 10.1007/s00394-018-1703-4 

 Molina-Tijeras, J. A., Gálvez, J., and Rodríguez-Cabezas, M. E. (2019). The immunomodulatory properties of extracellular vesicles derived from probiotics: a novel approach for the management of gastrointestinal diseases. Nutrients 11:E1038. doi: 10.3390/nu11051038 

 Morrison, M. D., Fajardo-Cavazos, P., and Nicholson, W. L. (2019). Comparison of Bacillus subtilis transcriptome profiles from two separate missions to the International Space Station. NPJ Microgravity 5:1. doi: 10.1038/s41526-018-0061-0 

 Mosmann, T. (1983). Rapid colorimetric assay for cellular growth and survival: application to proliferation and cytotoxicity assays. J. Immunol. Methods 65, 55–63. doi: 10.1016/0022-1759(83)90303-4 

 Nelson, R. K., and Frohman, M. A. (2015). Physiological and pathophysiological roles for phospholipase D. J. Lipid Res. 56, 2229–2237. doi: 10.1194/jlr.R059220 

 Neutra, M., and Kozlowski, P. (2006). Mucosal vaccines: the promise and the challenge. Nat. Rev. Immunol. 6, 148–158. doi: 10.1038/nri1777 

 Nickerson, C. A., Ott, C. M., Wilson, J. W., Ramamurthy, R., and Pierson, D. L. (2004). Microbial responses to microgravity and other low-shear environments. Microbiol. Mol. Biol. Rev. 68, 345–361. doi: 10.1128/MMBR.68.2.345-361.2004 

 Ogawa, S., Tachimoto, H., and Kaga, T. (2010). Elevation of ceramide in Acetobacter malorum S24 by low pH stress and high temperature stress. J. Biosci. Bioeng. 109, 32–36. doi: 10.1016/j.jbiosc.2009.07.007 

 Palmer, F. B. (1971). The extraction of acidic phospholipids in organic solvent mixtures containing water. Biochim. Biophys. Acta 231, 134–144.

 Patten, D. A., Hussein, E., Davies, S. P., Humphreys, P. N., and Collett, A. (2017). Commensal-derived OMVs elicit a mild proinflammatory response in intestinal epithelial cells. Microbiology 163, 702–711. doi: 10.1099/mic.0.000468 

 Pei, H., Wang, C., Wang, Y., Yang, H., and Xie, S. (2019). Distribution of microbial lipids at an acid mine drainage site in China: insights into microbial adaptation to extremely low pH conditions. Org. Geochem. 134, 77–91. doi: 10.1016/j.orggeochem.2019.05.008

 Podolich, O., Kukharenko, O., Haidak, A., Zaets, I., Zaika, L., Storozhuk, O., et al. (2019). Multimicrobial kombucha culture tolerates Mars-like conditions simulated on low-earth orbit. Astrobiology 19, 183–196. doi: 10.1089/ast.2017.1746 

 Podolich, O., Zaets, I., Kukharenko, O., Orlovska, I., Reva, O., Khirunenko, L., et al. (2017). The first space-related study of a kombucha multimicrobial cellulose-forming community: preparatory paboratory experiments. Orig. Life Evol. Biosph. 47, 169–185. doi: 10.1007/s11084-016-9483-4 

 Portugal, J., and Rodríguez-Campos, A. (1996). T7 RNA polymerase cannot transcribe through a highly knotted DNA template. Nucleic Acids Res. 24, 4890–4894. doi: 10.1093/nar/24.24.4890 

 Pressler, K., Mitterer, F., Vorkapic, D., Reidl, J., Oberer, M., and Schild, S. (2019). Characterization of Vibrio cholerae’s extracellular nuclease Xds. Front. Microbiol. 10:2057. doi: 10.3389/fmicb.2019.02057 

 Romsdahl, J., Blachowicz, A., Chiang, A. J., Chiang, Y. M., Masonjones, S., Yaegashi, J., et al. (2019). International Space Station conditions alter genomics, proteomics, and metabolomics in Aspergillus nidulans. Appl. Microbiol. Biotechnol. 103, 1363–1377. doi: 10.1007/s00253-018-9525-0 

 Rowlett, V. W., Mallampalli, V. K. P. S., Karlstaedt, A., Dowhan, W., Taegtmeyer, H., Margolin, W., et al. (2017). Impact of membrane phospholipid alterations in Escherichia coli on cellular function and bacterial stress adaptation. J. Bacteriol. 199, e00849–e00816. doi: 10.1128/JB.00849-16 

 Sabra, W., Lunsdorf, H., and Zeng, A. P. (2003). Alterations in the formation of lipopolysaccharide and membrane vesicles on the surface of Pseudomonas aeruginosa PAO1 under oxygen stress conditions. Microbiology 149, 2789–2795. doi: 10.1099/mic.0.26443-0 

 Sakai, T., Moteki, Y., Takahashi, T., Shida, K., Kiwaki, M., Shimakawa, Y., et al. (2018). Probiotics into outer space: feasibility assessments of encapsulated freeze-dried probiotics during 1 month’s storage on the International Space Station. Sci. Rep. 8:10687. doi: 10.1038/s41598-018-29094-2 

 Santos, A. L., Moreirinha, C., Lopes, D., Esteves, A. C., Henriques, I., Almeida, A., et al. (2013). Effects of UV radiation on the lipid and proteins of bacteria studied by mid-infrared spectroscopy. Environ. Sci. Technol. 47, 6306–6315. doi: 10.1021/es400660g 

 Schäfer, R. (2019). Advanced cell therapeutics are changing the clinical landscape: will mesenchymal stromal cells be a part of it? BMC Med. 17:53. doi: 10.1186/s12916-019-1289-6 

 Schulz, E., Goes, A., Garcia, R., Panter, F., Koch, M., Müller, R., et al. (2018). Biocompatible bacteria-derived vesicles show inherent antimicrobial activity. J. Control. Release 290, 46–55. doi: 10.1016/j.jconrel.2018.09.030 

 Schwechheimer, C., and Kuehn, M. J. (2015). Outer-membrane vesicles from gram-negative bacteria: biogenesis and functions. Nat. Rev. Microbiol. 13, 605–619. doi: 10.1038/nrmicro3525 

 Sharma, K., and Singh, A. P. (2018). Antibiofilm effect of DNase against single and mixed species biofilm. Foods 7:E42. doi: 10.3390/foods7030042 

 Siliakus, M., van der Oost, J., and Kengen, S. (2017). Adaptations of archaeal and bacterial membranes to variations in temperature, pH and pressure. Extremophiles 21, 651–670. doi: 10.1007/s00792-017-0939-x 

 Smith, J. K. (2018). IL-6 and the dysregulation of immune, bone, muscle, and metabolic homeostasis during spaceflight. NPJ Microgravity 4:24. doi: 10.1038/s41526-018-0057-9 

 Smith, H. L., Howland, M. C., Szmodis, A. W., Li, Q., Daemen, L. L., Parikh, A. N., et al. (2009). Early stages of oxidative stressinduced membrane permeabilization: a neutron reflectometry study. J. Am. Chem. Soc. 131, 3631–3638. doi: 10.1021/ja807680m 

 Takahashi, N., Kitazawa, H., Iwabuchi, N., Xiao, J. Z., Miyaji, K., Iwatsuki, K., et al. (2006). Immunostimulatory oligodeoxynucleotide from Bifidobacterium longum suppresses Th2 immune responses in a murine model. Clin. Exp. Immunol. 145, 130–138. doi: 10.1111/j.1365-2249.2006.03111.x 

 Toribio-Mateas, M. (2018). Harnessing the power of microbiome assessment tools as part of neuroprotective nutrition and lifestyle medicine interventions. Microorganisms 6:E35. doi: 10.3390/microorganisms6020035 

 Toyofuku, M., Nomura, N., and Eberl, L. (2019). Types and origins of bacterial membrane vesicles. Nat. Rev. Microbiol. 17, 13–24. doi: 10.1038/s41579-018-0112-2 

 Trcˇek, J., Jerneje, K., and Matsushita, K. (2007). The highly tolerant acetic acid bacterium Gluconacetobacter europaeus adapts to the presence of acetic acid by changes in lipid composition, morphological properties and PQQ-dependent ADH expression. Extremophiles 11, 627–635. doi: 10.1007/s00792-007-0077-y 

 Tribelli, P. M., Solar Venero, E. C., Ricardi, M. M., Gómez-Lozano, M., Raiger Iustman, L. J., Molin, S., et al. (2015). Novel essential role of ethanol oxidation genes at low temperature revealed by transcriptome analysis in the antarctic bacterium Pseudomonas extremaustralis. PLoS One 10:e0145353. doi: 10.1371/journal.pone.0145353 

 Turina, P., Rebecchi, A., D’Alessandro, M., Anefors, S., and Melandri, B. A. (2006). Modulation of proton pumping efficiency in bacterial ATP synthases. Biochim. Biophys. Acta 1757, 320–325. doi: 10.1016/j.bbabio.2006.04.018 

 US Environmental Protection Agency (1998). Guidelines for neurotoxicity risk assessment. Federal Register 63 (93), 26926–26954. EPA/630/R-95/00IF (Washington, DC), 79.

 Vasilyeva, N. V., Tsfasman, I. M., Kudryakova, I. V., Suzina, N. E., Shishkova, N. A., Kulaev, I. S., et al. (2013). The role of membrane vesicles in secretion of Lysobacter sp. bacteriolytic enzymes. J. Mol. Microbiol. Biotechnol. 23, 142–151. doi: 10.1159/000346550 

 Vaskovsky, V. E., Kostetsky, E. Y., and Vasendin, I. M. (1975). A universal reagent for phospholipid analysis. J. Chromatogr. 114, 129–141.

 Vdovikova, S., Gilfillan, S., Wang, S., Dongre, M., Wai, S. N., and Hurtado, A. (2018). Modulation of gene transcription and epigenetics of colon carcinoma cells by bacterial membrane vesicles. Sci. Rep. 8:7434. doi: 10.1038/s41598-018-25308-9 

 Voorhies, A. A., Ott, M., Mehta, S., Pierson, D. L., Crucian, B. E., Feiveson, A., et al. (2019). Study of the impact of long-duration space missions at the International Space Station on the astronaut microbiome. Sci. Rep. 9:9911. doi: 10.1038/s41598-019-46303-8 

 Wilson, J. W., Ott, C. M., Höner Zu Bentrup, K., Ramamurthy, R., Quick, L., Porwollik, S., et al. (2007). Space flight alters bacterial gene expression and virulence and reveals a role for global regulator Hfq. Proc. Natl. Acad. Sci. U. S. A. 104, 16299–16304. doi: 10.1073/pnas.0707155104 

 Zea, L., Larsen, M., Estante, F., Qvortrup, K., Moeller, R., Dias de Oliveira, S., et al. (2017). Phenotypic changes exhibited by E. coli cultured in space. Front. Microbiol. 8:1598. doi: 10.3389/fmicb.2017.01598 

 Zea, L., Nisar, Z., Rubin, P., Cortesao, M., Luo, J., and McBride, S. A. (2018). Design of a spaceflight biofilm experiment. Acta Astronautica 148, 294–300. doi: 10.1016/j.actaastro.2018.04.039

 Zoccarato, F., Cavallini, L., and Alexandre, A. (1999). The pH-sensitive dye acridine orange as a tool to monitor exocytosis/endocytosis in synaptosomes. J. Neurochem. 72, 625–633. doi: 10.1046/j.1471-4159.1999.0720625.x 


Conflict of Interest: MK, VK, and MS were employed by NanoMedTech LLC, Kyiv.

The remaining 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 Podolich, Kukharenko, Zaets, Orlovska, Palchykovska, Zaika, Sysoliatin, Zubova, Reva, Galkin, Horid’ko, Kosiakova, Borisova, Kravchenko, Skoryk, Kremenskoy, Ghosh, Barh, Góes-Neto, Azevedo, de Vera and Kozyrovska. 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.










	 
	ORIGINAL RESEARCH
published: 19 October 2020
doi: 10.3389/fmicb.2020.556795





[image: image]
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Similar to what has been described in other Gram-negative bacteria, Brucella melitensis releases outer membrane vesicles (OMVs). OMVs from B. melitensis 16M and the rough-mutant B. melitensis VTRM1 were able to induce a protective immune response against virulent B. melitensis in mice models. The presence of some proteins which had previously been reported to induce protection against Brucella were found in the proteome of OMVs from B. melitensis 16M. However, the proteome of OMVs from B. melitensis VTRM1 had not previously been determined. In order to be better understand the role of OMVs in host-cell interactions, the aim of this work was to compare the proteomes of OMVs from B. melitensis 16M and the derived rough-mutant B. melitensis VTRM1, as well as to characterize the immune response induced by vesicles on host cells. Additionally, the effect of SDS and proteinase K on the stability of OMVs was analyzed. OMVs from B. melitensis 16M (smooth strain) and the B. melitensis VTRM1 rough mutant (lacking the O-polysaccharide side chain) were analyzed through liquid chromatography-mass spectrometry (LC-MS/MS). OMVs were treated with proteinase K, sodium deoxycholate, and SDS, and then their protein profile was determined using SDS-PAGE. Furthermore, PBMCs were treated with OMVs in order to measure their effect on cytoskeleton, surface molecules, apoptosis, DNA damage, proliferation, and cytokine-induction. A total of 131 proteins were identified in OMVs from B. melitensis16M, and 43 in OMVs from B. melitensis VTRM1. Proteome comparison showed that 22 orthologous proteins were common in vesicles from both strains, and their core proteome contained Omp31, Omp25, GroL, and Omp16. After a subsequent detergent and enzyme treatment, OMVs from B. melitensis VTRM1 exhibited higher sensitive compared to OMVs from the B. melitensis 16M strain. Neither OMVs induced IL-17, proliferation, apoptosis or DNA damage. Nonetheless, OMVs from the smooth and rough strains induced overproduction of TNFα and IL-6, as well as actin and tubulin rearrangements in the cytoskeleton. Moreover, OMVs from both strains inhibited PD-L1 expression in T-cells. These data revealed significant differences in OMVs derived from the rough and smooth Brucella strains, among which, the presence or absence of complete LPS appeared to be crucial to protect proteins contained within vesicles and to drive the immune response.

Keywords: outer membrane vesicles, Brucella, proteomics, OMVs, bacterial vesicles, extracellular vesicle


INTRODUCTION

Brucella is a Gram-negative pathogen that can cause brucellosis, a worldwide zoonotic disease still prevalent in many countries. In animals, brucellosis can lead to abortion and infertility in infected males. Consumption of unpasteurized dairy-products made using milk from infected animals is the main infection cause for humans. Initial illness symptoms include fever, sweating, malaise, headaches, backaches, joint and muscle pain. When symptoms persist for more than a year, brucellosis is then classified as chronic, developing different signs and symptoms such as arthritis, endocarditis, recurrent fevers, and depression (Seleem et al., 2010).

Similar to other Gram-negative bacteria, B. melitensis releases OMVs (Lynch and Alegado, 2017). These vesicles are nanostructures consisting of a bi-lipid membrane and a spherical shape, ranging from 25 to 250 nm in size. Production of OMVs begins with membrane bulging and ends with membrane fusion, followed by the release of vesicles into the external space (Toyofuku et al., 2019). Many studies have contributed in determining the composition of bacterial vesicles, which include phospholipids, outer membrane proteins (OMPs), lipopolysaccharides (LPS), periplasmic/cytoplasmic proteins, as well as nucleic acids (Pathirana and Kaparakis-Liaskos, 2016; Bitto et al., 2017).

Given that these nanostructures contain molecules from the progenitor bacterial cell, OMVs can interact with the host cells. OMVs can trigger different immune responses both in vitro and in vivo. OMVs purified from Aeromonas hydrophila induced the expression of the surface activation marker CD69 in B and T lymphocytes in vitro (Avila-Calderón et al., 2018). On the other hand, OMVs have been used as an in vivo vaccine, inducing protection in mice after exposing them with the virulent strain as observed in OMVs from Acinetobacter baumannii, Helicobacter pylori, Escherichia coli, and Brucella (Avila-Calderón et al., 2012; Araiza-Villanueva et al., 2019; Liu et al., 2019; Wang et al., 2019; Pulido et al., 2020).

Previous testing of OMVs purified from B. melitensis and B. abortus as an acellular vaccine in mice, resulted in a level of protection comparable to that obtained from live Brucella vaccines (Avila-Calderón et al., 2012; Araiza-Villanueva et al., 2019). Such results demonstrated that OMVs are not infectious unlike whole Brucella cells, and they elicited a cell-mediated protective immune response to kill the intracellular pathogen (Avila-Calderón et al., 2012; Araiza-Villanueva et al., 2019). Additionally, several proteins involved in the immune response against B. abortus and B. melitensis were found within their OMVs. Interestingly, when comparing OMVs from the B. melitensis and B. abortus rough strains against smooth strains from the same species, important differences were observed. For instance the absence of the O-polysaccharide side chain of the LPS in rough strains was shown to improve the exposition of protein epitopes in OMVs; thus, increasing immune protection in vivo (Avila-Calderón et al., 2012; Araiza-Villanueva et al., 2019). The LPS has been related to biogenesis of OMVs as well as to the selective mechanism of protein sorting (Bonnington and Kuehn, 2014; Murphy et al., 2014; Cahill et al., 2015). Brucella-LPS are crucial molecules that contribute to virulence, and to the stealthy nature of this facultative intracellular pathogen (Cardoso et al., 2006).

Outer membrane vesicles from B. melitensis 16M and the rough-mutant B. melitensis VTRM1 were able to elicit a protective immune response against virulent B. melitensis in mice models. The presence of some proteins which had previously been reported to induce protection against Brucella were found in the proteome of OMVs from B. melitensis 16M. However, the proteome of OMVs from B. melitensis VTRM1 had not previously been determined. For a better understanding in the role of OMVs, pertaining to host-cell interactions, the aim of the present work was to compare the proteome of OMVs from B. melitensis 16M and the derived rough-mutant B. melitensis VTRM1, as well as to characterize the immune response induced by vesicles on host cells. Furthermore, the effect of SDS and proteinase K on OMVs integrity was analyzed. In this study, OMVs from rough and smooth B. melitensis strains were compared to assess the effect of the LPS O-side chain on host cell response, protein composition and resistance to detergents as well as proteinase K.



MATERIALS AND METHODS


Purification of OMVs

Purification of OMVs was performed according to the protocol described by Avila-Calderón et al. (2012). In short, the B. melitensis 16M and VTRM1 strains were cultured on tryptic soy agar plates supplemented with 0.5% yeast extract (TSA-YE) (Becton Dickinson-BDTM) and incubated 24 h at 37°C. The bacteria were harvested with a rubber policeman and suspended in 250 mL sterile PBS 0.1M (Gibco®). The bacterial suspension was centrifuged at 10,000 × g for 30 min (Thermo ScientificTM SorvallTM LegendTM XT/XF.). The supernatant was decanted through a 0.22 μm filter (Millipore Corp.), and a sterility test was performed by culturing an aliquot on a TSA-YE plate followed by incubation for 1 week at 37°C. The sterile supernatant was centrifuged at 100,000 × g for 2 h at 4°C (Beckman Coulter Optima L-90K). The pellet containing the isolated OMVs was washed twice using 25 mL sterile PBS and OMVs were suspended in 1 mL sterile PBS (OMVs). Total protein concentration was determined using the PIERCE-BCA (Thermo Fisher Scientific Inc.) reagents, following the manufacturer’s recommendations. OMVs were purified through a density-gradient with the aid of the OptiPrep protocol (Sigma-Aldrich, Inc.), following the Fernandez-Moreira et al. (2006). Concisely, sterile PBS-OptiPrep solutions were prepared at final concentrations of 10, 15, 20, 25, and 30%. A volume of 2.6 mL from these OptiPrep solutions were subsequentially layered in an ultracentrifuge tube from the highest to the lowest density. OMVs were placed at the bottom of the tube. Tubes were centrifuged at 100,000 × g for 16 h at 4°C. Finally, OMVs could be observed as an opalescent band within the density gradient. Bands containing OMVs were collected, washed twice using sterile PBS at 100,000 × g for 2 h at 4°C and they were ultimately resuspended in 500 μL PBS. OMVs were divided into 0.5 mL aliquots and stored at −20°C until usage. These purified OMVs were used in all the experiments.



Observation of OMVs Using Electronic Microscopy

Twenty-five microliters from the OMVs suspension (25 μg of protein) from both strains were placed onto copper grids coated with formvar and they were subsequently dried using filter paper. Then, 1% phosphotungstic acid was added onto the samples. The grids were allowed to dry for 10 h and they were observed with the aid of a transmission electron microscope (JEOL model JEM 10-10). In order to observe OMVs released from whole bacteria, cells from the B. melitensis strain 16M and B. melitensis VTRM1 were grown on TSA plates for 36 h at 37°C. Subsequently, molten soft agar was poured onto the plates to cover the growth. Once the agar had solidified, small agar cubes (2 mm) were cut. Blocks were fixed using 2.5% glutaraldehyde in PBS, rinsed with Sorensen’s PBS, dehydrated with ethanol, and prepared for transmission electron microscopy (TEM). Thin-section preparations were stained with OsO4, and they were observed using the JEOL model JEM 10–10, transmission electron microscope. Images were obtained using the aforementioned transmission electron microscope at ENCB’s (IPN, Mexico City, Mexico) Microcopy Facility.



Denaturing Gel Electrophoresis (SDS-PAGE)

The SDS-PAGE protocol was performed using 15% acrylamide gel slabs, in accordance with Laemmli’s method (Laemmli, 1970). The gel slabs were stained with Coomassie blue and Silver Stain Plus Kit (Biorad). The apparent molecular masses of proteins contained in purified OMVs were determined by comparing their electrophoretic mobility against that of wide range molecular mass markers, using the SigmaGel® V1.0 computer program.



Liquid Chromatography Coupled to Mass Spectrometry in Tandem (LC-MS/MS)

After separation of proteins contained in OMVs through SDS-PAGE, the acrylamide gel was stained with Coomassie blue. The gel was then cut into four sections. Each gel section was analyzed as follows: Adjustment of the instrument parameters was performed with a Calmix solution containing N-butylamine, caffeine, Met-Arg-Phe-Ala (MRFA) and Ultramark 1621 (Pierce LTQ Velos ESI Positive Ion Calibration Solution). These reagents are used to calibrate the LTQ Veils module with ion trap and the Orbitrap module with FT (Fourier Transform) mass detector in the ESI positive ionization mode. The N-butylamine is used to extend the mass calibration at lower m/z (73.14 Da) values. This type of calibration allows for the determination of molecular masses with accuracy variations no higher than 5 ppm. Each gel section was reduced with dithiothreitol (Sigma-Aldrich; St Louis, MO, United States), which was alkylated with iodoacetamide (Sigma-Aldrich) and digested “in gel” with Trypsin (Promega Sequencing Grade Modified Trypsin; Madison, WI, United States). The digestion reaction was performed in a solution containing 50 mM ammonium bicarbonate (pH 8.2) and incubated for 18 h at 37°C. Peptides produced by enzymatic cleavage were desalinated using Zip Tip C18 (Millipore; Billerica, MA, United States) and applied into an LC-MS (Liquid Chromatography-Mass Spectrometry) system composed of an ACCELA pump (Thermo-Fisher, San Jose, CA, United States) coupled to an LTQ-Orbitrap Velos mass spectrometer (Thermo-Fisher Co., San Jose, CA, United States) with a nano-electrospray (ESI) ionization source. For the nano-flow liquid chromatography in line, a gradient system containing 5–80% solvent B (acetonitrile with 0.1% formic acid) was used with a set run-time of 120 min using an RP-C18 capillary column (0.75 μm internal diameter and 20 cm long). The system flow was set to 300 nL/min. The total ion scan (Full Scan) was performed on the Orbitrap analyzer with a resolution mass of 60,000. Peptide fragmentation was performed using the CID (Collision-Induced Dissociation) and the ion trap (IT) methods. These fragmentation methods are used because they provide more information about the peptide. All spectra were acquired using the positive detection mode. Execution and capture of fragmentation data were performed depending on the total ion scan according to pre-determined charges (ions with z2+, z3+, and z4+) charges were fragmented with an isolation width of 2.0 (m/z), normalized collision energy of 35 arbitrary units, Q activation of 0.250, activation time of 10 ms and maximum injection time of 10 ms per micro-scan. During automatic data capture, the dynamic ion exclusion was used as following: (i) 500 ion exclusion list, (ii) 30 s pre-exclusion time and (iii) 90 s exclusion time. Protein identification was performed by inputting spectrometric raw-data into the Proteome Discoverer v1.4 program. (Thermo-Fisher Co., San Jose, CA, United States) by means of the Sequest HT search engine. As for protein identity, the B. melitensis 16M genome was downloaded from the Uniprot database. An FDR-False Discovery Rate (Minimum) of 0.01 and FDR 0.05 (Maximum) was used in addition to the inverted database (Decoy database) as a tool for the “Percolator” validation program. The maximum tolerance of molecular mass difference for the precursor ion when compared to the theoretical versus experimental values (precursor mass tolerance) was 20 ppm and the tolerance for fragments obtained by dissociation of the precursor ion (fragment mass tolerance) was 0.6 Da. Constant modifications [carbamidomethylation of cysteines (C) and variables such as oxidation of methionines (M) and deamination of asparagine (N) and glutamine (Q)] were established for the automatic search. The samples were processed in duplicate.



In silico Analysis of the Peptides Obtained From OMVs

Hits obtained from proteomic identification were analyzed with the aid of the by BlastP database, using the B. melitensis 16M genome (obtained from NCBI1). OrthoVenn2 analysis for enrichment of gene ontology terms was also used.2 Each protein along with its putative function was looked for in the PSORTb v3.0. ExPASy Bioinformatics Resource Portal3 and ProtCompB4 were used to determine the subcellular location of each protein. The protein Homology/analogy Recognition Engine V 2.0 (PHYRE2) database was used to find homologous proteins.5 The pathway enrichment was made using the KEEG database and the GhostKOALA tool.6



Treatment of OMVs With Enzymes and Detergents

Outer membrane vesicles protect proteins that could be delivered to the host cells via fusion of the vesicles with the host cell or through endocytosis (McCaig et al., 2013). The purpose of this experiment was to evaluate resistance of OMVs against the effect of detergents and proteinase K. Purified OMVs (100 μg) from the B. melitensis 16M and VTRM1 strains were treated separately with 10 μL of proteinase K (Thermo Fisher Scientific) (10 mg/mL), SDS (0.02%), proteinase K 10 μL (10 mg/mL) plus SDS (0.5%) (Sigma-Aldrich, Inc), and sodium deoxycholate (0.5%) (Sigma-Aldrich, Inc). OMVs subjected to the different treatments were incubated at 37°C for 2 and 24 h. After incubation, phenylmethylsulfonyl fluoride (PMSF; Merck Millipore) (0.1 mM) was added to inhibit proteinase K, then all the samples were processed for SDS-PAGE analysis and subsequently stained with Silver Stain Plus Kit (Biorad) following the manufacturer’s recommendations.



Isolation of Peripheral Blood Mononuclear Cells

Peripheral blood mononuclear cells (PBMCs) were separated from buffy coats provided by healthy donors. In short, blood units were diluted with sterile PBS and layered into a centrifuge tube with an equal volume of Ficoll-Paque Premium medium (GE Healthcare). Blood was centrifuged at 2, 000 × g for 25 min at room temperature, followed by two consecutive whases. The cells were then counted using a Neubauer chamber and adding Trypan blue. The cell suspension was adjusted a 1 × 106/mL concentration in RPMI (Gibco®) supplemented with 10% fetal calf serum (FCS), 50 μg/mL gentamicin (Gibco®) and 2.5 μL/mL Fungizone (Gibco®). PBMCs platting was adjusted to 1 × 106/mL/well, using a 24-well plate, and incubated under a CO2 atmosphere. After that, PBMCs were treated with different concentration of OMVs. For each experiment, PBMCs were obtained fresh and they were incubated overnight under same conditions. Healthy donors signed a written consent to participate in this study.



Assessment of Apoptosis, DNA Damage and Cell Proliferation in PBMCs Treated With OMVs

The apoptosis, DNA damage and cell proliferation kit was used as per manufacturer’s instructions (BD PharmingenTM). PBMCs were stimulated with either a 1, 10, and 25 μg/mL suspension of OMVs or 10 μL a of 1 mM Carbonyl cyanide 3-chlorophenylhydrazone solution (CCCP; Abcam) (de Graaf et al., 2004), the latter was used as a positive control for apoptosis. Furthermore, a 10 μg/mL suspension prepared using Escherichia coli-LPS (Sigma-Aldrich, Inc.) was used as a positive control for cell proliferation for a period of 24 h. Subsequently, bromodeoxyuridine (BrdU) was added to the cell suspension, followed by incubation for 1 h at a final 10 μM concentration. The cells were collected, washed using FACS buffer (PBS, 1% FCS, sodium azide 0.01%), and stained with monoclonal antibodies (mAbs) according to the manufacturer’s instructions: anti-human H2AX-Alexa Flour 647, and anti-cleaved PARP-PE. PARP (Poly [ADP-Ribose] Polymerase) is a nuclear chromatin-associated enzyme that is involved in DNA repair. During apoptosis, Caspase-3 cleaves PARP, resulting in its inactivation and a general inability of cells to repair DNA damage. For this reason, the 89-kDa-cleaved PARP fragment serves as a marker for cellular apoptosis. A total number of 50,000 events were acquired using the LSRFortessa cytometer (BD Biosciences), and the resulting data was analyzed with the aid of the FlowJo® software v.10 (FlowJo, LLC, Ashland, OR, United States).



Evaluation of Surface Markers of PBMCs Stimulated With OMVs

Peripheral blood mononuclear cells were stimulated with either a 1, 10, or 25 μg/mL suspension of OMVs from both strains or a 5 μg phytohemagglutinin (PHA) solution for 12, 24, and 48 h. Plates were incubated at 37°C under 5% CO2. Monoclonal antibodies (mAbs) coupled to the following fluorochromes were used: anti-human CD91-eFluor 660 (eBioscience), anti-human CD3-APC (BD PharmingenTM), anti-human CD19-PE-Cy7 (BD Biosciences), anti-human PD-L1-PE (BioLegend), anti-human PD-1-FITC (BioLegend), anti-human CD86-PE (BioLegend), anti-human CD69-TRI-COLOR (Molecular Probes). After stimulation, 100 μL of supernatant were collected from wells and stored at −70°C until usage. Then, PBMCs were collected and washed with FACS buffer, followed by incubation with diluted mAbs in FACS buffer for 1 h at 4°C (protecting the reaction from light). Finally, cells were washed with FACS buffer, fixed with PBS-PFA (Paraformaldehyde) 1%, and resuspended in 400 μL of FACS buffer. Samples were analyzed in LSRFortessaTM cytometer (BD Biosciences), providing a total number of 30,000 events, and the resulting data was analyzed with the aid of the FlowJo® software.



Immunomodulatory Effects of OMVs

In order to assess the potential regulatory effects of OMVs from B. melitensis on the expression of activation and inhibition surface markers, PBMCs were pre-incubated together with either OMVs or PHA. Briefly, 1 × 106 cells/mL/well were incubated together with either 25 μg of OMVs from both strains or 5 μg of PHA with the supplemented medium at 37°C under 5% CO2 for a period of during 12 h. Then, the medium was replaced with freshly prepared supplemented medium. The cells that had been pre-incubated with OMVs were re-stimulated with 5 μg of PHA to evaluate the potential inhibitory effects of OMVs on the expression of surface markers. To determine possible regulatory effects of OMVs on the expression of the surface markers, cells pre-incubated with PHA were re-stimulated with 25 μg of OMVs from both strains. The expression of the activation (CD69, CD86) and inhibition (PD-1, PD-L1) surface markers were measured by flow cytometry as mentioned above.



Cytokine Quantification

Cytokine quantification of Th1/Th2/Th17 cytokines; IL-2, IL-4, IL-6, IL-10, TNF, IFNγ, and IL-17A was performed with the aid of the CBA Human Th1/Th2/Th17 cytokine kit (BD Biosciences, San Diego, CA United States) and using the supernatants of cells that had been stimulated with either OMVs or PHA for 24 h, following the manufacturer’s instructions. Samples were read by using the LSRFortessaTM cytometer (BD Biosciences) with CBA template, a total of 2000 events were recorded, and the resulting data was analyzed with the FCAP ArrayTM software v3.0 (BD Biosciences).



Effect of OMVs on PBMCs Cytoskeleton

Peripheral blood mononuclear cells were adjusted to 1 × 106 and they were plated on sterile cover slips, followed by stimulation with 25 μg/mL of either OMVs or PHA for 2 and 6 h. Then, the cells were fixed using increasing concentrations of PFA (0.5, 1, and 2%) in PBS for 30 min. PBMCs were fixed onto cover slips by duplicated and permeabilized with Triton X-100 0.5% in PBS. Subsequently, one set of cells were treated with PBS/BSA 1% plus human serum 1% during 1 h at room temperature and it was later washed with PBS/BSA 0.2%. After that, 50 μL of mAb anti-tubulin (Biolegend) diluted 1:100 in PBS/BSA 1%, were added to the cells, to be incubated overnight at 4°C in a humid chamber. Cover slips were washed three times and incubated with mAb goat anti-mouse IgG Alexa fluor-488 (InvitrogenTM, Thermo Fisher Scientific Inc.) during 1 h at room temperature, under darkness. On the other hand, the other remained set of cover slips of fixed cells were incubated with rhodamine-phalloidin (Molecular ProbesTM) diluted 1:100 in PBS during 30 min under darkness. Both sets of cover slips were washed and stained with DAPI 1 mg/mL diluted 1:10 in PBS for 1 min. Cover slips were washed and mounted using DABCO solution. Cells were analyzed with the aid of a confocal microscopy Leica TCS SP8 AOBS (Acousto-Optical Beam Splitter) DMI6000 (Leica Microsystems, Germany). A minimum of three fields were captured for analysis and nuclei were measured with ImageJ software.



Ethics Statement

The present work was approved by the ethic committee of Escuela Nacional de Ciencias Biológicas, Instituto Politécnico Nacional with the approval number 4265. Written informed consent was signed by healthy donors.



Statistics

Two-way ANOVA analysis with Bonferroni post-tests and One-way ANOVA analysis with Tukey/Dunnett post-test were used. GraphPad Prism V5.01 was used for statistical calculations.




RESULTS


OMVs’ Purification and Treatment of OMVs With Proteinase K, Deoxycholate and SDS

Outer membrane vesicles released from the whole cell of B. melitensis 16M and VTRM1 and purified vesicles were observed as showed in the micrographs (Figure 1). Protein profiles of OMVs purified from B. melitensis 16M and VTRM1 displayed bands ranging from 10 to 88 kDa, along with two notably major bands of 20 and 23 kDa (Figure 2A). OMVs from B. melitensis 16M treated with SDS, sodium deoxycholate and a mixture of proteinase K and SDS did not show changes in protein profile. Only a prominent band of 45 kDa was consistently observed in OMVs after both treatments (Figures 2B,D). A 45 kDa band was also observed in OMVs from B. melitensis VTRM1, treated with SDS and proteinase K (Figures 2C,E). The protein profile of OMVs of B. melitensis VTRM1, treated with proteinase K and SDS for 2 h, yielded two 16–18 kDa bands (Figure 2C). OMVs belonging to B. melitensis 16M, treated with deoxycholate, and a combination of proteinase K and SDS for 24 h showed a decreased in intensity of the bands corresponding to 18–20 kDa (Figure 2D). OMVs from the VTRM1 strain, treated with proteinase K for 24 h, displayed bands ranging from 14 to 65 kDa, while the resulting bands obtained from treatment with proteinase K together with SDS, showed several low-molecular-weight bands which are indicate the presence of partially degraded proteins. On the other hand, OMVs from the VTRM1 strain, treated with SDS or deoxycholate for 24 h, also affected proteins. However, two major bands in the vicinity of 18 and 20 kDa were still evident after SDS treatment (Figure 2E). In general, OMVs from B. melitensis 16M were more resistant to proteinase K as well as detergent treatment, whereas OMVs from B. melitensis VTRM1 were more sensitive.
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FIGURE 1. Electron microscopy of OMVs from B. melitensis. Micrographs show OMVs being released from B. melitensis 16M and B. melitensis VTRM1 cells (black arrowheads). OMVs stained with phosphotungstic acid evidence vesicles with a double membrane (black arrowheads). Bar = 100 nm.
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FIGURE 2. Protein profile obtained from B. melitensis’ OMVs treated with detergents and proteinase K. (A) The protein profile of OMVs from B. melitensis 16M and VTRM1 strains exhibited similar profiles with two major bands of 23 and 26 kDa. (B) OMVs from B. melitensis 16M and (C) OMVs from B. melitensis VTRM1 were incubated at 37°C under different conditions for 2 h. (D) OMVs from B. melitensis 16M and (E) OMVs from B. melitensis VTRM1 were incubated at 37°C under different conditions for 24 h. The OMVs were treated with 10 μL proteinase K 10 mg/mL (lane 1), SDS 0.02% (lane 2), proteinase K together with SDS (lane 3), and deoxycholate 0.5% (lane 4). Denaturing electrophoresis was performed in 15% polyacrylamide slabs and stained with silver stain.




In silico Analysis

The resulting peptide sequences obtained from the mass spectrometry analysis were used to scan through the databases. This analysis revealed 51 hits (proteins) for B. melitensis VTRM1 and 254 hits for B. melitensis 16M. A scan result was only accepted if the score or the coverage was higher than 20 and at least two tryptic peptides as well as their fragment ions matched the protein (Avila-Calderón et al., 2012, 2018). These hits were analyzed with the BlastP tool using the genomic sequence of B. melitensis 16M obtained from the NCBI. The proteins unambiguously identified were 131 for the B. melitensis 16M and 43 for the B. melitensis VTRM1 (Supplementary Table S1). The proteins contained in OMVs from both B. melitensis 16M and VTRM1 were identified according to aminoacid length, molecular weight (Mw), isoelectric point (pI), locus tag, subcellular location and COG (cluster of orthologous groups) functional classification (Supplementary Table S1). Supplementary Table S2, shows the proteins identified in two prominent bands obtained from the electrophoretic profile of OMVs from both strains, corresponding to 20 and 23 kDa. Any uncharacterized or hypothetical proteins lacking COG classification, were annotated along with the following information: string relation, protein domains (motifs) or homologous proteins found using the PHYRE2 analysis to characterize or assign a putative function. According to the subcellular location of proteins identified in OMVs, some notable differences regarding proportions were observed. Identified proteins in OMVs from the 16M strain were 29% cytoplasmic, 19% periplasmic, 37% outer membrane, 11% inner membrane, and 4% extracellular. In the case of OMVs from VTRM1, the identified proteins were 67% cytoplasmic, 5% periplasmic, 14% outer membrane, 14% inner membrane and no proteins from the extracellular location were found (Figure 3A). In order to compare the identified proteins found in OMVs from the smooth and rough strains, an analysis of orthologous proteins was performed. Proteins found in OMVs from B. melitensis16M were grouped into 25 clusters (22 proteins), while proteins contained in OMVs from B. melitensis VTRM1 were classified into 23 clusters. OMVs from both strains shared a total of 22 clusters, and only 3 clusters were exclusive for OMVs from B. melitensis16M (Figure 3B). The proteins shared in OMVs from both species are: Lon protease, Omp25, Omp31, and Omp16 (Supplementary Table S1). The 22 orthologous clusters shared in OMVs from both strains were grouped based on their biological-process ontology into five groups considering translation as the most important ontology group (GO: 0006412). Based on the molecular function process, orthologous proteins were grouped into nine groups and the most important ontologies were nucleic acid-binding (GO: 0003676) and structural molecule activity (GO: 0005198) (Supplementary Figure S1). Moreover, an uncharacterized orthologous protein was identified by this research team, BMEI0542, which showed a high degree of homology compared to OprG from Pseudomonas aeruginosa (98.8% confidence by PHYRE2). The latter protein has been associated to iron-uptake and cytotoxicity on the human bronchial epithelial cell line (McPhee et al., 2009) (Supplementary Table S1). A total of 103 proteins were found in OMVs from B. melitensis 16M and 21 proteins in OMVs from VTRM1 which were not classified into the orthologous clusters (singletons). The enrichment pathway showed a high number of proteins in OMVs from B. melitensis 16M that are related to genetic-information processing, environmental-processing information, signaling, cellular processes and carbohydrate metabolism. In the case of proteins identified in OMVs from the VTRM1 strain, these were mainly related to genetic-information processing, signaling and cellular processes (Figure 3C).
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FIGURE 3. In silico analysis of peptides obtained from B. melitensis’ OMVS identified by LC-MS/MS. (A) After identification of peptides found in OMVs from B. melitensis, the peptide sequences were analyzed for protein location. Location of proteins of OMVs from B. melitensis 16M is highlighted in dark gray, while OMVs from B. melitensis VTRM1 in light gray. Periplasmic (P), cytoplasmic (C) outer membrane (OM) and inner membrane proteins (IM); (B) Orthologous proteins found in OMVs from the smooth and the rough strains were analyzed; the total proteins were grouped into 25 orthologous clusters for OMVs from the16M strain and 22 orthologous clusters for proteins found in the OMVs from the VTRM1 strain. A total of 22 clusters were shared by OMVs from both strains. (C) A metabolic pathway enrichment analysis showed a major enrichment pathway for proteins contained in OMVs.




OMVs Produced by B. melitensis Show No Cytotoxic Effects on PBMCs

It has previously been demonstrated that purified, lipidated-Omp19, from B. abortus 2308 induces apoptosis in T lymphocytes (Velásquez et al., 2012). On the other hand, B. abortus LPS induces DNA damage through the production of reactive oxygen species in polymorphonuclear cells (Barquero-Calvo et al., 2015). LPS and Omp19 are present in OMVs produced by B. melitensis, thus, both the analysis of apoptosis induction and DNA damage was performed. To determine whether OMVs display a cytotoxic-effect upon host cells, DNA damage and apoptosis were analyzed using PBMCs stimulated with OMVs from both B. melitensis strains. DNA damage was analyzed through the expression of the phosphorylated histone H2AX, while the induction of apoptosis was evaluated by measuring expression of the cleaved PARP [Poly (ADP-ribose) polymerase-1]. OMVs from both smooth and rough B. melitensis strains did not induce the expression of either cleaved PARP (cPARP) or phosphorylated H2AX on gated cells from the lymphocyte and monocyte region. Although gated cells from the monocyte region showed slight increase in cPARP expression, it was not statistically significant (one-way ANOVA with Dunnett post-test, 95% confidence interval) compared with the unstimulated control cells (Supplementary Figures S2A,B). These results demonstrated that OMVs show no cytotoxic effect in PBMCs. Moreover, OMVs did not induce cell proliferation in gated cells from the monocyte and lymphocytic regions (Supplementary Figure S2C).



Pre-treatment Using OMVs From B. melitensis Modulates the Subsequent Expression of the Activation/Inhibition Surface Markers

Sonicated B. melitensis Rev1 induced lymphocyte activation through CD69 expression (Almajid, 2011). On the other hand, recombinant Omp25, identified in OMVs from B. melitensis, decreased IL-12 production through PD-1 signaling in monocyte/macrophages (Cui et al., 2017). Thus, it was expected that OMVs produced by B. melitensis induce the expression of surface activation or inhibition markers. Results showed no differences in the expression of either the activation (CD69 and CD86) or inhibition (PD-1 and PD-L1) markers on PBMCs stimulated with OMVs at the different time intervals tested (two-way ANOVA with Bonferroni post-test, 95% confidence interval) (Supplementary Figures S3, S4). The percentage of CD3+CD69+, CD19+CD69+, CD3+PD-1+, and CD19+PD-1+ cells showed an increase after 24 h and a decrease 48 h after treatment with different concentrations of OMVs; however these changes were not statistically significant. To determine how the manner in which OMVs from B. melitensis regulate the expression of activation and inhibition cell surface markers on PBMCs, the cells were pre-incubated with OMVs before a subsequent PHA-treatment, which showed that the number of T cells (CD3+) expressing CD69 decreased. It should be noted that significant differences was observed only when cells were treated with OMVs from the VTRM1 strain compared with cells stimulated with PHA in absence of OMVs (p < 0.005) (one-way ANOVA with Tukey post-test, 95% confidence interval). Additionally, the number of T cells expressing the PD-L1 marker decreased significantly when PBMCs were pre-incubated with OMVs from both strains, in comparison with PHA stimulated cells (p < 0.05) (Figures 4A–D). Pre-incubation with OMVs not only decreased the number of CD3+ PD-L1+ cells, but also the expression level of the PD-L1 molecule expressed by mean fluoresce intensity (MFI) in gated T-cells (p < 0.05) (Figures 4B,C). Conversely, incubation of PBMCs with OMVs from B. melitensis 16M prior to or after the stimulation with PHA, increased the number of B cells (CD19+) expressing PD-1, in comparison with the positive control (p < 0.005) (Figures 4E–G). Therefore, OMVs seem to exert an inhibitory effect on the expression of the surface markers in both T and B cells, which in turn modulates the expression of the CD69 and PD-1/PD-L1 molecules. OMVs decreased the number of CD3+ CD86+, CD3+ PD-1+, and CD91+ PD-1+ cells but not to a significant degree (Supplementary Figures S5, S6).
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FIGURE 4. Immunomodulatory analysis of effects on the expression of activation/inhibition surface markers in PBMCs stimulated with OMVs from B. melitensis. PBMCs from healthy donor were stimulated using 25 μg/mL of OMVs from B. melitensis 16M and VTRM1 or PHA (5 μg/mL). Then, the preincubated cells with OMVs were re-stimulated with 5 μg of PHA in order to assess the inhibitory effect of OMVs on the expression of surface markers. Activation molecules were measured by flow cytometry using mAbs against CD69 and CD86 surface molecules and inhibition molecules were measured using mAbs against PD-1 and PD-L1. Expression was measured through mean fluorescence intensity (MFI) for each surface marker from the gated cells: monocytes (CD91+) and lymphocytes (CD3+, CD19+) and percentage of gated cells is also shown. Only the CD3+CD69+ gated cells pre-incubated with OMVs from VTRM1 strains showed a decrease in percentage (A,B), whereas CD3+PD-L1+ cells incubated with both OMVs displayed a decrease in PD-L1 expression (C,D). B cells were not affected by pre-incubation of OMVs, since no differences in the expression (MFI) of the surface markers were observed (E–G). #P < 0.05, ##P < 0.01, and ### P < 0.001. #,##,###Significant differences were observed in comparison with cells stimulated with PHA only.




OMVs Produced by B. melitensis Inhibit the Th17 Cytokine but Increase Production of TNFα/IL-6

To determine whether the vesicles drive the immune response through a Th1, Th2 or Th17 profile, the production of each specific cytokine was measured. Figure 5 shows that OMVs produced by both B. melitensis strains did not induce the production of either the Th2- (IL-4 and IL-10) or Th1-type cytokines (IL-2, IFNγ) (one-way ANOVA with Tukey post-test, 95% confidence interval). IL-17A decreased in the presence of different concentrations of OMVs, while production of TNFα and IL-6 increased using 10 and 25 μg/mL of OMVs from B. melitensis 16M (p < 0.005, p < 0.05 respectively), and 25 μg/mL of OMVs from the rough VTRM1 strain induced cytokine production (p < 0.005) (Figure 5).
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FIGURE 5. Cytokine quantification from PBMCs stimulated with B. melitensis OMVs. Cytokines were determined using the CBA cytometric assay at different time intervals. PHA was used as positive control and Th1/Th2/Th17 cytokines levels were measured. *P < 0.05, **P < 0.01, and ***P < 0.001. *Significant differences were observed in comparison with the unstimulated cells.




OMVs Induce Actin and Tubulin Depolymerization in PBMCs

It has previously been reported that Brucella is able to induce cytoskeleton rearrangements (Czibener et al., 2016). In order to evaluate the effect of OMVs release by Brucella on the cytoskeleton ultrastructure, PBMCs were treated with OMVs and noticeable morphological changes were observed by confocal microscopy. After incubation with OMVs for 2 h, PBMCs showed small actin foci within the cells and the nucleus showed a different affinity to the DAPI stain (Figures 6A,B). After 6 h stimulation with OMVs, the PBMCs showed evident actin and tubulin depolymerization, as well as morphological changes in the nucleus. The observed cells displayed an enlarged nucleus and different affinity for the DAPI stain. Moreover, the microtubule-organizing center was not well-defined in some cells that had been stimulated with OMVs (Supplementary Figures S7A,B). Even though these changes were observed in cells treated with OMVs from both strains, the effect was more evident in cells treated with OMVs from the rough strain. The nucleus areas of the treated cells were measured and after incubation with OMVs for about 2 h, the nuclei exhibited a significant increase in area size, though only when using OMVs from the smooth strain (2 h, p < 0.001; 6 h, p < 0.005) (Figures 6C,D) (one-way ANOVA with Tukey post-test, 95% confidence interval).
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FIGURE 6. Cytoskeleton rearrangement and morphological chances in PBMCs induced by OMVs from B. melitensis. After 6 h post-stimulation with B. melitensis OMVs from the smooth and rough strains, morphologic changes in PBMCs were observed compared with unstimulated PBMCs. Confocal microscopy showed defective actin (A) and tubulin (B) polymerization in PBMCs stimulated with OMVs from both strains. Stimulation of PBMCs with OMVs from smooth and rough B. melitensis strains induce morphological changes in the nucleus at 2 h (C) and 6 h (D) of stimulation. Cells stimulated using OMVs from both Brucella strains displayed enlarged nucleus shaped. *P < 0.05, **P < 0.01, and ***P < 0.001. *Significant differences were observed in comparison with unstimulated cells. Bar = 10 μm.





DISCUSSION

Outer membrane vesicles from B. melitensis were first observed by Gamazo and Moriyon (1987) using samples from the smooth, B. melitensis 16M and the rough, B. melitensis 115 strains, both of which had been cultured in tryptic soy broth. The protein profile of OMVs from B. melitensis 16M and VTRM1 obtained in this study showed two major bands corresponding to 25 and 30 kDa along with other less-intense bands corresponding to 18, 22, and 84 kDa. These results were similar to those reported for protein profiles of OMVs from B. melitensis 16M and B. melitensis 115 rough strain cultured in liquid tryptic soy broth (Gamazo and Moriyón, 1987). However, different protein profiles have been observed in B. melitensis strains cultured under different conditions. For instance, Gamazo et al. (1989) analyzed proteins contained in OMVs from B. melitensis strains, isolated from humans and animals and cultured on blood agar plates. Protein profiles of these OMVs were obtained by SDS-PAGE electrophoresis. They observed proteins grouped as following: 67-30 kDa (designated as group A), 21.5 kDa (group B), 19.5-18.2 kDa (group C), and 15-13.5 kDa (group D). Jain-Gupta et al. (2012) observed a great number of bands ranging from about ∼15 up to ∼70 kDa in the electrophoretic profile of OMVs from B. melitensis 16M cultured on tryptic soy plates. In 2019, a recent study by Bagheri-Nejad obtained OMVs from a clinical human isolate, the pathogen was identified as B. melitensis biovar 1, which was cultured on Brucella-agar medium. They observed in the protein profile bands corresponding to sizes smaller than 20 kDa and a bigger band than 25 kDa in OMVs (Bagheri-Nejad et al., 2019).

The electrophoretic protein profiles of OMVs from B. melitensis 16M and VTRM1, obtained in the present work, were similar to those reported in Avila-Calderón et al. (2012). Nonetheless, the methodology to obtain the vesicles were different in both works: a density-gradient centrifugation was used for purification of OMVs in this work, whereas Avila-Calderón et al. (2012) only used ultracentrifugation steps without a density gradient. It should be mentioned that, this difference in methodology did not impact the protein profile obtained from OMVs. It is known that culture conditions in vitro define the protein content of OMVs (Sidhu et al., 2008; Choi et al., 2014). In this work as well as the one published by Avila-Calderón et al. (2012), culture conditions for Brucella strains were the same.

In last few decades, proteomics has become a powerful tool in the identification of proteins contained within OMVs. A total of 131 proteins were identified in OMVs purified from the B. melitensis 16M smooth strain, and 43 in OMVs from the B. melitensis VTRM1 rough strain, employing an LTQ orbitrap-Velos mass spectrometer. Avila-Calderón et al. (2012) identified 49 proteins in OMVs from B. melitensis 16M using the Finnigan LCQ ion trap mass spectrometer, though the identification of proteins contained in OMVs from B. melitensis VTRM1 was not performed. Differences found in the number of proteins detected in OMVs from B. melitensis 16M could be attributed to the use of different equipment. In 2019, a recent study by Araiza-Villanueva et al. (2019) reported 228 proteins identified in OMVs from B. abortus 2308 and 171 in membrane vesicles from the B. abortus rough strain RB51.

In all three studies: Omp25, Omp31, SodC, Omp19, and Omp16 among others were found in OMVs from Brucella among others. Boigegrain et al. (2003) had previously identified Omp25 and Omp31 in OMVs from B. suis 1330. In 2019, a recent study by Araiza-Villanueva et al. (2019) identified 171 proteins found in vesicles from the B. abortus RB51 rough-vaccine strain, while vesicles from the B. abortus 2308 smooth strain, yielded a total of 228 proteins. In the present work, a less number of proteins were identified in OMVs from B. melitensis VTRM1 rough mutant, in comparison to proteins found in OMVs from the B. melitensis 16M smooth reference strain. B. abortus RB51 is a rough strain used as a live attenuated vaccine to prevent brucellosis in cattle. B. abortus RB51 is a rough strain derived from B. melitensis 2308, lacking glucosyl transferase activity (responsible for O-side chain synthesis), obtained by disruption of the wboA gene (Schurig et al., 1991; Avila-Calderón et al., 2013). B. melitensis VTRM1 is a stable rough-mutant derived from the B. melitensis 16M strain, obtained by allelic exchange of the rfbU gene (encoding for a mannosyltransferase), which is known to induce protection against virulent Brucella strains (Winter et al., 1996). Some findings in bacterial LPS mutants have contributed to a better understanding in the role played by LPS on protein selection for the assembly of OMVs. For example, OMVs from Klebsiella pneumoniae wbbO mutant (unable to synthesize the O-side chain), displayed a different protein composition compared with OMVs from the wild-type strain which contain complete LPS (Cahill et al., 2015). OMVs purified from the K. pneumoniae wild-type strain contained proteins involved in cell wall, membrane, as well as envelope biogenesis, while OMVs from the K. pneumoniae wbbO mutant carried proteins associated with post-translational modification, protein turnover, and chaperones (Cahill et al., 2015). OMVs from the B. melitensis VTRM1 rough strain a exhibited higher concentration of proteins involved in genetic-information processing, signaling and cellular processes. In contrast, OMVs from the B. melitensis 16M smooth strain contained proteins engaged in genetic-information processing, environmental-processing information, signaling, and cellular processes. Therefore, the O-side chain belonging to LPS could define the type and number of proteins packed in Brucella vesicles.

Outer membrane vesicles from a P. aeruginosa OSA-mutant contained periplasmic proteins and little OMPs, whereas OMVs from a P. aeruginosa CPA-mutant contained a higher number of OMPs and little periplasmic proteins (Murphy et al., 2014). OSA, is a negatively charged O-specific antigen and it is highly immunogenic, while CPA is a short O-antigen referred to as common polysaccharide antigen in P. aeruginosa (Lam et al., 2011). OMVs from B. melitensis 16M displayed a high number of OMPs, cytoplasmic and periplasmic proteins. Contrastingly, OMVs from B. melitensis VTRM1 contained mainly cytoplasmic proteins; OMPs and proteins from the inner membrane at a similar ratio. The negative charge of Brucella-LPS is mainly located at the core, not at the O-side chain. The wadC gene encodes for a glycosyltransferase involved in the synthesis of the core oligosaccharide branch, which is not linked to the O-antigen, and it has a positive charge that balances internal, negative LPS charges (Soler-Lloréns et al., 2014; Fontana et al., 2016). Probably an O-side chain lacking in B. melitensis VTRM1 (rough mutant), may be responsible for a charge imbalances on the surface of Brucella, affecting protein composition, the number of proteins and the proportion in the location of proteins within OMVs derived from this rough strain.

Lipopolysaccharides structure integrity may not only be affected by the mechanisms for protein sorting but also by the resistance of OMVs to detergents and enzymes. Incubation of vesicles along with proteinase K results in degradation of surface proteins, while SDS impairs the integrity of OMVs, allowing for the access of the protease into the vesicle lumen (McCaig et al., 2013). The protein profile of OMVs from B. melitensis 16M displayed minimal changes after a 24 h treatment with either detergents or proteinase K and combination of both. While, OMVs from B. melitensis VTRM1, which lacks the O-side chain, were in fact affected and showed a different profile after treatment. OMVs from B. melitensis VTRM1, treated with proteinase K for 24 h, showed a higher number of protein bands, in comparison with non-treated OMVs for the same period of time. Similar results had previously been reported in OMVs from Francisella novicida treated with proteinase K. Results showed that surface proteins were degraded, while SDS impaired the integrity of the outer membrane, allowing for the access of proteinase K into the vesicle lumen, which led to changes of the protein profile obtained from the electrophoretic profile (McCaig et al., 2013). Quite possible, the protein profile observed in OMVs from the rough-mutant VTRM1 may correspond to proteins from the surface and lumen of OMVs which were extracted with detergents and then degraded by proteinase K. These results clearly demonstrated differences between OMVs from the smooth and rough Brucella strains, while OMVs from the rough strain were affected by detergents and proteinase K. The presence of complete LPS in OMVs derived from the smooth strain somehow protected the protein content. LPS plays a decisive role in determining the protein content of OMVs and it also protects bacteria from cationic antimicrobial peptides, reactive oxygen species and complement-mediated lysis (Lapaque et al., 2005). OMVs from smooth Brucella strains transport proteins (including virulence factors) which can be protected by complete LPS. Lamontagne et al. (2007) were able to identify the Omp31b and Omp25 in membrane fragment from B. abortus using mass spectrometry. Moreover, they showed that B. abortus altered the membrane-protein expression pattern after macrophage infection. For instance, the concentration of GroEL, SodC and membrane transport increased in OMVs from B. melitensis under oxidative stress, during macrophage infection (Lamontagne et al., 2009). Thus, OMVs may serve as a delivery vehicle for virulence factors into host cells.

Outer membrane vesicles from both Brucella strains studied in the present work, neither induced apoptosis mediated by cleaved PARP nor the expression of histone H2AX (DNA damage). Additionally, different concentrations of OMVs from both strains did not induce the expression of activation (CD69 and CD86) or inhibitory (PD-1, PD-L1) markers. However, pre-treatment of PBMCs with OMVs from B. melitensis 16M and VTRM1 decreased the number of CD3+CD69+ and CD3+PD-L1+, whereas only OMVs from B. melitensis 16M increased the number of CD19+PD-1+ cells. Although OMVs from B. melitensis 16M and VTRM1 decreased the numbers of CD3+CD69+, the effect was significant only with OMVs from B. melitensis VTRM1. It appears that OMVs from B. melitensis inhibit T-cell responses. Programmed death-1 (PD-1) and their corresponding ligand programmed death ligand-1 (PD-L1) are molecules belonging to the B7/CD28 superfamily and they have previously been described to play an inhibitory role on lymphoid and myeloid cells. PD-1/PD-L1 regulates T cell function by inhibition of the proliferation and cytokine regulation (Hofmeyer et al., 2011). However, PD-1/PD-L1 role appears to be a source of discussion, since some authors have reported an inhibitory role for these surface molecules, and others have reported a positive role in the immune response. For instance, after mice are infected with Listeria monocytogenes, PD-1 and PD-L1 were up-regulated in CD4+, CD8+, NK cells, and macrophages. Inactivation of PD-L1 by mAb, increased susceptibility to lethal bacterial doses, inhibited production of TNFα as well as nitric oxide in macrophages and production of IFNγ in NKC cells (Seo et al., 2008). Considering the case of infected cattle with Mycoplasma bovis, animals showed proliferation of CD4+PD-1+ and CD4+ PD-L1+ cells, decreasing IFNγ production, and the inactivation of the PD-1 and PD-L1, using mAbs restored IFNγ production in PBMs from infected animals (Goto et al., 2017). PD-1 expression has been related to exhausted CD8 + T cells in chronic brucellosis (Durward-Diioia et al., 2015). Recent studies, have demonstrated up-regulation of PD-1in THP-1 cells, induced by recombinant B. suis Omp25. The up-regulation of PD-1 and PD-L1 in THP-1 cells induced the expression of microRNAs (miRNAs) that inhibits IL-12 production. The inactivation of PD-1 decreases miRNAs expression. Although PD-1/PD-L1 have been related to miRNAs expression, only the PD-1 pathway modulated IL-12 cytokine levels (Cui et al., 2017). The present work revealed a decrease in the number of CD3+PD-L1+ in PBMCs pre-treated with OMVs from both Brucella strains studied, as well as inhibition in the expression (MFI) of the PD-L1 marker in gated T-cells. Furthermore, pre-treatment and re-stimulation with OMVs from B. melitensis 16M increased the number of CD19+PD-1+. Xu et al. (2013) described a costimulatory effect of PD-L1 in CD8+ T-cells against L. monocytogenes infection, and this effect may be attributed to interactions with an unknown receptor. Likewise, an increase of bacterial clearance was observed in the liver and spleen of mice infected with L. monocytogenes, treated with blocked PD-1 (Xu et al., 2013). Based on these results it was proposed that costimulatory and inhibitory roles of PD-L1 and PD-1 occurred simultaneously, while PD-L1 blockage reduced CD8+ against L. monocytogenes infection, PD-1 blockage improved elimination of bacteria without altering CD8+ T-cells. Considering the interactions found among PBMCs and OMVs Brucella, it is proposed that PD-L1 inhibition on CD3+ cells is related to T-cell malfunction or poor T-cells activity. This inhibitory effect was independent on the presence of the O-side chain, being that OMVs from the B. melitensis 16M smooth strain and VTRM1 rough mutant led to a decrease in the CD3+PD-L1+ percentage and MFI values. The inhibitory effect of OMVs from B. melitensis was observed directly on T-cell populations; that is, the pre-treatment of PBMCs with OMVs neither reduced nor increased the numbers of B cells expressing activation/inhibition surface markers through a second stimulus (PHA). Clearly, OMVs do not affect the expression (MFI) of surface activation/inhibition or CD19 markers (Supplementary Figure S3) on B cells.

Hence, after PBMCs were stimulated with PHA, either an increase or null-effect in the number of B cell populations like CD19+PD-1+ cells could be observed. Conversely, pre-treatment with OMVs from Brucella either inhibited or reduced the number of T-cells expressing the activation/inhibition surface markers after exposure to the second stimuli, supporting the idea that OMVs from B. melitensis of both strains exert an inhibitory effect on lymphocytic cells.

Stimulation of PBMCs using OMVs produced by both B. melitensis strains induced high concentrations of IL-6 and TNFα, but inhibited IL-17A production. IL-6 is a pleiotropic cytokine involved in inflammatory and anti-inflammatory responses. B. abortus 2308 cells and B. abortus Omp19 down-regulated the IFNγ-induced MHC-II expression via IL-6 secretion in THP-1 monocytes (Velásquez et al., 2016). TNFα is an important cytokine in Th1 immune responses to eliminate intracellular pathogens. Lou et al. (2018) showed TNFα down-regulation on the expression of miRNAs induced by cells of B. suis and B. suis Omp25 protein in porcine and murine macrophages. Other Brucella antigens such as the Lon protease, phosphoglyceromutase, and dihydrodipicolinate reductase induce TNFα production (Park et al., 2013; Li et al., 2018). IL-17A has been found at high concentrations in patients with acute brucellosis (Sofian et al., 2016). IL-17 has been described to be involved in osteoclastogenesis; T CD4+ cells were activated with supernatant from peritoneal macrophages infected with B. abortus, activated T cells induced osteoclastogenesis in bone marrow macrophages via IL-17 (Giambartolomei et al., 2012). OMVs from B. melitensis VTRM1 induced TNFα expression in murine BMDCs, but OMVs from B. melitensis 16M did not. Moreover, IL-6 and IL-17 expression was observed early (1 h) in cells stimulated with OMVs from B. melitensis VTRM1, whereas cells stimulated with OMVs from B. melitensis 16M expressed both cytokines after 12 h (Avila-Calderón et al., 2012). Th17 cells are induced by IL-6 and TGFβ, and Th17 differentiation requires signal transducer and activator of transcription STAT-3 activation and suppression of STAT1 (Kimura and Kishimoto, 2010). IL-6 signals through the Janus family tyrosine kinases (JAK1, JAK2) and gp130 and induce STAT1 and STAT3 activation (Naka et al., 2002). It is possible that, an IL-6 overproduction in PBMCs stimulated with OMVs from B. melitensis induced strong STAT1 activation, inhibiting Th17 and subsequently IL-17 production.

Results demonstrated actin and tubulin cytoskeleton rearrangements in PBMCs stimulated with OMVs from B. melitensis after stimulation period of 6 h. The cytoskeleton is involved in a variety of cellular processes such as intracellular trafficking and signaling, among others (Gundersen and Cook, 1999). It has previously been demonstrated that Brucella is able to induce cytoskeleton rearrangements; for instance, BigA, an adhesion protein containing the immunoglobulin-like domain found in B. abortus, induces actin-cytoskeleton rearrangement in Caco-2 and the dog cell line MDCK (Czibener et al., 2016). Alves-Silva et al. (2017) demonstrated that BtpA induced microtubule bundling in bone-marrow derived macrophages (BMDM) and increased B. abortus virulence. In addition, BMDM stimulated with BtpA and infected with B. abortus induced IL-12 and IL-1β production (Alves-Silva et al., 2017). Cytoskeleton rearrangement and TNFα production have been linked to cytokine production by way of common signal pathways such as ERK kinases, a component of the mitogen-activated protein kinase (MAPK) signaling pathway (Rosengart et al., 2002). Based on the results of this work, it can be proposed that TNFα and/or IL-6 overproduction may be involved in cytoskeleton rearrangements in PBMCs stimulated with OMVs from B. melitensis. Moreover, it is possible that uncharacterized antigens carried within OMVs from Brucella could induce the effect on the cytoskeleton. The orthologous hypothetical membrane-associated protein (BMEII0692) (Accession Q8YC40) was found in OMVs from B. melitensis 16M and VTRM1, and possesses an invasion associated locus B (IalB) protein motif (15–147 aa), and it is highly homologous to the IalB protein from Bartonella henselae (Supplementary Table S1). B. henselae IalB is located at the outer membrane and is required for erythrocyte invasion (Deng et al., 2016). Brucella hypothetical protein BMEII0692 or the BMEI0542 homologous to OprG from P. aeruginosa should be further analyzed for their role in B. melitensis infection.



DATA AVAILABILITY STATEMENT

The proteomic data analyzed in this study was obtained from Proteomic Facility at Instituto de Biotecnología Universidad Autónoma de México, the dataset is restricted by the third party. Requests to access these datasets should be directed to Unidad de Proteómica, upro@ibt.unam.mx. Flow cytometry data is available at the following links: http://flowrepository.org/experiments/3065, http://flowrepository.org/experiments/3067, http://flowrepository.org/experiments/3068, http://flowrepository.org/experiments/3066.



ETHICS STATEMENT

The studies involving human participants were reviewed and approved by Comité de Ética de la Escuela Nacional de Ciencias Biológicas del Instituto Politécnico Nacional. The patients/participants provided their written informed consent to participate in this study.



AUTHOR CONTRIBUTIONS

EA-C, AC-R, AL-M, and LF-R conceived and designed the experiments. EA-C, AC-R, OM-C, JH-H, and ZG-L performed the experiments. EA-C, ER, MA-A, and BA-R analyzed the data. EA-C, MA-A, LF-R, SW, and AC-R wrote the manuscript. LF-R and MA-A gave practical suggestions to perform the experiments. All the authors contributed to the article and approved the submitted version.



FUNDING

This work was funded by CONACYT 61529, SIP-IPN 20182152, 20195737, 20200594, SAGARPA-CONACYT 2017-02-291311. EA-C was supported by CONACYT and PIFI-IPN scholarships. MA-A, ER, ZG-L, and AC-R were supported by fellowships from COFAA-IPN, SIP-EDI, and SNI-CONACYT.



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fmicb.2020.556795/full#supplementary-material

Supplementary Figure 1 | GO enrichment analysis of identified proteins in OMVs from B. melitensis. The orthologous proteins shared between both OMVs were analyzed for functional classification. Orthologous proteins were grouped based on their biological process ontology into five groups, being the most important ontology, translation (GO: 0006412). Based on molecular function process the orthologous proteins were grouped into nine groups and the most important ontologies were nucleic acid binding (GO: 0003676) and structural molecule activity (GO: 0005198).

Supplementary Figure 2 | Apoptosis, DNA damage and cell proliferation of PBMCs induced by OMVs from B. melitesis. PBMCs from healthy donor were stimulated with different concentrations of OMVs from B. melitensis for 24 h. Apoptosis, DNA damaged and cells proliferation were evaluated by flow cytometry with mAbs anti-PARP, anti-H2AX and-BrdU. CCCP was used as control for apoptosis induction, while E. coli LPS 10 μg/mL was used as control for proliferation. ∗P < 0.05, ∗∗P < 0.01, and ∗∗∗P < 0.001. ∗Significant differences were observed in comparison with the unstimulated cells (two-way ANOVA with Bonferroni post-test).

Supplementary Figure 3 | Analysis of expression of activation/inhibition surface markers in PBMCs stimulated with B. melitensis OMVs. PBMCs from healthy donors were stimulated with 1, 10, and 25 μg/mL of OMVs from B. melitensis 16M and VTRM1 strains during 12, 24, and 48 h. Activation markers were measured by flow cytometry using mAbs against surface molecules CD69 and CD86 and inhibition markers using mAbs against PD-1 and PD-L1. Expression was measured with the Mean fluorescence intensity (MFI) of each surface marker from the gated cells: monocytes (CD91+) and lymphocytes (CD3+, CD19+). PHA (5 μg/mL) was used as control for the expression of surface markers. ∗P < 0.05, ∗∗P < 0.01, and ∗∗∗P < 0.001. ∗The significant differences were observed against the unstimulated cells.

Supplementary Figure 4 | Analysis of the surface expression of activation/inhibition markers in PBMCs stimulated with OMVs from B. melitensis. PBMCs were stimulated with either a 1, 10, or 25 μg/mL suspension of OMVs from both strains or a 5 μg phytohemagglutinin (PHA) solution for 12, 24, and 48 h. Activation was measured by flow cytometry using mAbs against surface molecules CD69 and CD86 and inhibition was measured using mAbs against PD-1 and PD-L1. The percentage of total gated cells monocytes (CD91+) and lymphocytes (CD3+, CD19+) expressing the activation/inhibition surface markers are presented. PHA (5 μg/mL) were used as control for the expression of surface markers. ∗P < 0.05, ∗∗P < 0.01, and ∗∗∗P < 0.001. ∗Significant differences were observed in comparison with unstimulated cells (two-way ANOVA with Bonferroni post-test).

Supplementary Figure 5 | Analysis of immunomodulatory effects on expression of activation surface markers in PBMC stimulated with OMVs from B. melitensis. PBMCs from healthy donor were stimulated with 25 μg/mL of OMVs from B. melitensis 16M and VTRM1 or PHA only (5 μg/mL). Cells were pre-incubated with OMVs, and then re-stimulated with 5 μg of PHA to assess the inhibitory effect of the OMVs in the expression of surface markers. Activation was measured by flow cytometry using mAbs against surface molecules CD69 and CD86. Expression was measured by mean fluorescence intensity (MFI) of each surface marker from the gated cells: monocytes (CD91+) and lymphocytes (CD3+, CD19+) and the percentage of gated cells also is shown. The gated CD19+CD69+ (A,B), CD91+CD69+ (C,D), CD3+CD86+ (F,G), CD19+CD86+ (H,I), and CD91+CD86+ (J,K) cells did not change the expression or percentage of gated cells expressing activation surface markers.

Supplementary Figure 6 | Analysis of immunomodulatory effect on expression of inhibition surface markers in PBMC stimulated with OMVs from B. melitensis. PBMCs from healthy donor were stimulated with 25 μg/mL of OMVs from B. melitensis 16M and VTRM1 or PHA (5 μg/mL). Cells pre-incubated with OMVs were re-stimulated with 5 μg of PHA to assess the inhibitory effect of OMVs in the expression of surface markers. Activation was measured by flow cytometry using mAbs against surface molecules PD-1 and PD-L1. Expression was measured with the Mean fluorescence intensity (MFI) of each surface marker from the gated cells: monocytes (CD91+) and lymphocytes (CD3+, CD19+) and the percentage of gated cells also is shown. The gated CD3+PD-1+ (A,B), CD19+PD-L1+ (C,D), CD91+PD-1+ (E,F), and CD91+PD-L1+ (G,H) cells did not change the expression or percentage of gated cells expressing inhibition surface markers.

Supplementary Figure 7 | Morphological changes induced by OMVs from B. melitensis in PBMCs. After 2 h post-stimulation with OMVs from smooth and rough B. melitensis strains morphological changes of PBMCs were observed compared with unstimulated PBMCs. Cells stimulated with OMVs showed differences in the affinity of the dye to the nucleus (DAPI) displaying enlarged shaped. Confocal microscopy did not show evident defective actin (A) and tubulin (B) polymerization in PBMCs stimulated with OMVs from both Brucella strains. Bars = 10 μm.

Supplementary Table 1 | Identified proteins in OMVs from B. melitensis 16M and VTRM1.

Supplementary Table 2 | Identified proteins in OMVs from B. melitensis observed in the electrophoretic profile at 20 and 23 kDa.


FOOTNOTES
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4http://linux1.softberry.com/berry.phtml?topic=pcompb&group=programs&subgroup=proloc

5http://www.sbg.bio.ic.ac.uk/∼phyre2/html/page.cgi?id=index

6https://www.kegg.jp/ghostkoala/
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Fundamental aspects of outer membrane vesicle (OMV) biogenesis and the engineering of producer strains have been major research foci for many in recent years. The focus of this study was OMV production in a variety of Escherichia coli strains including wild type (WT) (K12 and BW25113), mutants (from the Keio collection) and proprietary [BL21 and BL21 (DE3)] strains. The present study investigated the proteome and prospective mechanism that underpinned the key finding that the dominant protein present in E. coli K-12 WT OMVs was fimbrial protein monomer (FimA) (a polymerizable protein which is the key structural monomer from which Type 1 fimbriae are made). However, mutations in genes involved in fimbriae biosynthesis (ΔfimA, B, C, and F) resulted in the packaging of flagella protein monomer (FliC) (the major structural protein of flagella) into OMVs instead of FimA. Other mutations (ΔfimE, G, H, I, and ΔlrhA–a transcriptional regulator of fimbriation and flagella biosynthesis) lead to the packaging of both FimA and Flagellin into the OMVs. In the majority of instances shown within this research, the production of OMVs is considered in K-12 WT strains where structural appendages including fimbriae or flagella are temporally co-expressed throughout the growth curve as shown previously in the literature. The hypothesis, proposed and supported within the present paper, is that the vesicular packaging of the major FimA is reciprocally regulated with the major FliC in E. coli K-12 OMVs but this is abrogated in a range of mutated, non-WT E. coli strains. We also demonstrate, that a protein of interest (GFP) can be targeted to OMVs in an E. coli K-12 strain by protein fusion with FimA and that this causes normal packaging to be disrupted. The findings and underlying implications for host interactions and use in biotechnology are discussed.
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INTRODUCTION

The role of outer membrane vesicles (OMVs) in a range of bacteria has been the subject of intense research in recent years since they were first shown in Vibrio cholerae by electron microscopy in the 1960’s (Chatterjee and Das, 1966; Work et al., 1966). Their diversity and ubiquity have been shown extensively and the principal foci has been on their pathogenic roles in a range of organisms with their proteomes [Myxococcus xanthus (Kahnt et al., 2010); Pseudomonas aeruginosa (Choi et al., 2011); Campylobacter jejuni (Jang et al., 2014)] being much more studied than their lipidomes [Klebsiella pneumoniae (Jasim et al., 2018); Haemophilus influenzae and Vibrio cholerae (Roier et al., 2016)]. Over this time, the range of cargoes that are carried by OMVs has grown, encompassing DNA (Deatherage et al., 2009), RNA (Ghosal et al., 2015), and a wide range of proteins (Horstman and Kuehn, 2002; Kaparakis-Liaskos and Ferrero, 2015).

Outer membrane vesicle formation has been speculated to play a variety of roles in intra- and inter- cellular communication as well as a specific secretion pathway (Guerrero-Mandujano et al., 2017). Strong bodies of evidence now support the hypothesis that the loading of OMVs is a regulated mechanism and does not arise due to random events nor cell death in a vast array of species (Schwechheimer et al., 2014; Schwechheimer and Kuehn, 2015). Recently, and especially since the advent of “synthetic biology,” it has also been recognized that OMVs may be beneficial for the delivery of cargo and for “synthetic” vaccines and cancer therapy using Escherichia coli strains (Gujrati et al., 2014; Hedari et al., 2014). OMVs are non-viable but mimic their producer cells and possess a range of beneficial features such as multiple epitopes and adjuvancy (Acevedo et al., 2014; Sanders et al., 2015).

Escherichia coli is the prokaryotic workhorse of microbiology and industrial biotechnology and has been sequenced and annotated across a broad range of strains to underpin resources such as the EcoCyc database1. Some strains of E. coli can also become pathogenic and cause a range of diseases such as urinary tract infections, kidney infections, cystitis, cholangitis, food poisoning, and bacteremia. Treatment for infections caused by E. coli is also becoming more difficult as they have developed resistance mechanisms to most first-line antibiotics (Poirel et al., 2018). Virulence factors of pathogenic E. coli include adhesins, flagella, fimbriae, and hemolysin. Within this study, OMVs produced by both E. coli K-12 and B strains are directly compared. The origin of the E. coli K-12 strain can be traced to a stool sample in 1922 at Stanford University (Bachmann, 1972). Although the origins of the E. coli B strain are unclear, it led to the widely used BL21 strains which are chemically competent and suitable for transformation (Bachmann, 1972). For the present study, it is important to note that one of the main differences between E. coli B strains and K-12 strains is that B strains are deficient in producing fimbriae and flagella.

While each strain might share some broad characteristics in genotype and phenotype, the variability in composition and characteristics in E. coli OMV formation within the literature is stark [e.g., BL21 (DE3) in Thoma et al. (2018) cf. Nissle 1917 in Hong et al. (2019)]. In many E. coli studies, OMV biogenesis and yield are studied post-engineering to discover what factors underpin cargo and composition for use in biotechnology and do not possess the virulence determinants (e.g., fimbriae and flagella) that are ubiquitously present in wild type (WT) strains (Lane et al., 2007; Cooper et al., 2012). We have attempted to do this herein to discover how OMV formation may be affected by the host genome and may underpin their use as a chassis for engineering cells. Importantly, we have considered the formation and composition of OMVs when structures such as fimbriae and flagella (important in motility and adhesion/invasion) are co-expressed in WT and mutant strains.

The present study focused on the effect of modifying the genome of an E. coli strain in an attempt to create an engineered OMV producer (i.e., that had capability to allow protein targeting). During these studies, E. coli K12 clearly demonstrated protein targeting [of fimbrial protein monomer (FimA) and/or flagella protein monomer (FliC)] to OMVs in particular strain backgrounds. Moreover, the mutually exclusive targeting and packaging of FimA and FliC to OMVs were shown for the first time and could be rationalized on the basis of their competing effects in host systems (Cooper et al., 2012). Using this information, the specificity of this targeting was investigated using FimA to explore the feasibility of engineering a novel OMV producer that could target cargo proteins to the arising OMVs.



MATERIALS AND METHODS


Strains

Escherichia coli strains and sources were as follows:

From the Keio collection (Baba et al., 2006) strain number indicated in brackets: B Strain (#2507), MG1655 (#6300), BW2513 (#7636), ΔfimA (#11065), ΔfimB (#11063), ΔfimC (#11066), ΔfimD (#11607), ΔfimE (#11064), ΔfimZ (#11159), ΔfimF (#11067), ΔfimG (#11770), ΔfimH (#11068), ΔfimI (#11573), ΔfliC (#9586), ΔlrhA (#11785), fliD (#9587), fliS (#9588), and flhA (#9554).

From New England BioLabs: BL21 (DE3) (#C25271) and BL21 (#C2530H).

From Dr. Ian Blomfield, University of Kent: FimB-LacZ (#BGEC056, El-Labany et al., 2003) and Fimbriae production locked on strain (#AAEC356, McClain et al., 1993).

From Professor Sander Tans, AMOLF, Netherlands: MG1655 with FimA-GFP (Adiciptaningrum et al., 2009).

Clinical isolates, all obtained from Dr. Mark Shepherd, University of Kent. Strains 1, 5, and 6 (East Kent Hospitals University NHS Foundation (#MS207, #MS190, and #MS234 respectively). Strain 2 (#MS10, Totsika et al., 2011), Strain 3 (#MS1, Welch et al., 2002), and Strain 4 (#MS343, Klemm et al., 2006).

Further descriptions of the strain characteristics can be found in Supplementary Information 1.



Microbial Cultivation


Media

All media was prepared by addition of components listed to the desired volume of distilled water which were then sterilized by autoclaving. The main media used for bacterial growth was Lysogeny broth (LB) composed of 10 g/L Bacto tryptone, 5 g/L Bacto yeast extract, and 5 g/L sodium chloride. 25 μg/ml chloramphenicol was added to LB when required for selection. Agar (Oxoid) was added (20 g/L) to media before autoclaving for the preparation of agar plates.



Growth Conditions

Escherichia coli strains were inoculated into LB and incubated at 37°C, shaking at 180 RPM for 18 h unless otherwise stated. A Shimadzu UV-1800 spectrophotometer was used to measure the optical density of cultures (at 600 nm).



Cell Fractionation and OMV Purification


Standard Protocol for Purifying OMVs From Gram-Negative Bacteria

The OMV purification protocol was adapted from Nieves et al. (2010). The strain of interest was inoculated into 500 ml–1 L LB media and incubated at 37°C, 180 RPM for 18 h. The bacterial culture was pelleted by centrifugation at 12,000 RPM (14,515 × g) for 10 min at 4°C. The supernatant (containing OMVs) was extracted and filtered through a 0.45 μm polyethersulfone (PES) membrane filter (Nalgene Rapid-Flow) to remove any whole bacterial cells or large bacterial fragments. To ensure that all live bacterial cells had been removed, 500 μL–1 mL of filtered supernatant was spread onto LB agar plates and incubated for 24–48 h at 37°C to check for growth. OMVs were precipitated out of solution by slowly adding 1.5 M ammonium sulfate then incubated overnight at 4°C with gentle stirring. The OMVs were pelleted by centrifugation at 16,000 RPM (25,805 × g) for 30 min at 4°C. The resulting OMV pellets were resuspended in 10 mM N-2-hydroxyethylpiperazine-N-ethanesulfonic acid (HEPES)/0.85% NaCl, pH 7.4 for further analysis.



Standard Protocol for Purifying OMVs From Competent Cells Containing Desired Plasmid

One colony from a successful transformation was inoculated into 50 ml LB containing 25 μg/ml chloramphenicol and incubated at 37°C, 180 RPM overnight to generate a starter culture. The culture was diluted one in 100 in fresh LB with 25 μg/ml chloramphenicol (500 ml total volume). Cells were induced to express the desired plasmid by addition of 0.5 mM isopropyl β-d-1-thiogalactopyranoside (IPTG) at an OD600 of 0.25–0.3 (early stationary phase). When the induced cells had reached an OD600 of 1.0, OMVs were purified using the standard protocol for Gram-negative bacteria outlined above.



Outer Membrane and Periplasmic Protein Extractions

Outer membrane (OM) proteins and periplasmic proteins were isolated using Tris/sucrose/EDTA (TSE) buffer extraction (Quan et al., 2013). Isolation of periplasmic proteins, OM proteins and OMVs were performed on the same E. coli culture concurrently for direct comparison. In each case, the colony of interest was inoculated into 750 ml LB and grown overnight. 500 ml of this culture was used to purify OMVs and 100 ml was used for the periplasmic and OM extraction.



OMV Characterization


Microscopy


Standard transmission electron microscopy protocol to visualize OMVs

Outer membrane vesicles resuspended in HEPES buffer were concentrated for electron microscopy (EM) by centrifugation at 13,200 RPM (14,220 × g) for 30 min at 4°C. The OMV pellets were resuspended in 10 μl HEPES buffer and added to a formvar/carbon-coated copper EM grid (mesh size 400) and left to settle for 10 min. OMVs were then fixed by adding 10 μl of 4% formaldehyde in PBS for 10 min. The grids were subject to 4 × 1 min water washes then negatively stained using 2% uranyl acetate in water. Grids were air dried and loaded on to the Jeol transmission electron microscope (model JEM 1230). Photos taken using a Gatan multiscan digital camera and operated at an accelerating voltage of 80 kV.



Embedding bacterial cells and omvs in resin for immunogold labeling and TEM analysis

Methods used for embedding bacterial cells and OMVs in resin for immunogold labeling were developed based on a protocol in the literature (Lee et al., 2016). See Supplementary Information 2 for details on embedding, sectioning, immunogold labeling and visualization of embedded samples.



Protein Manipulation Techniques


Bradford assay

The concentration of protein in cells, outer membrane fractions, periplasmic fractions and OMV samples were determined using a Bradford assay. Bradford reagent (Bio-Rad catalog # 5000006) was used and the assay was performed as per the manufacturer’s instructions.



TCA precipitation of OMVs

Purified OMVs [resuspended in HEPES (HEPES is 10 mM + 0.85% NaCl adjusted to pH7.4 and filter sterilized)] were thoroughly mixed with cold 100% trichloroacetic acid (TCA) stock solution (Sigma-Aldrich catalog #T4885) to make a final concentration of 20% TCA. Samples were incubated on ice for 30 min then centrifuged at 13,200 RPM (14,220 × g) for 30 min at 4°C. The supernatant was removed and the pellet was resuspended in 0.5 ml ice-cold acetone. The samples were centrifuged at 13,200 RPM (14,220 × g) for 15 min at 4°C. The supernatant was removed and each pellet was resuspended in HEPES and 4x RSB (Reducing Sample Buffer, Invitrogen catalog #NP0008) in a 3:1 ratio.



SDS-PAGE

Samples were standardized to the same protein concentration then subject to TCA precipitation to concentrate. Each sample was then mixed with the appropriate volume of 4x RSB and heated to 95°C for 5 min. SDS-PAGE (sodium dodecyl sulfate–polyacrylamide gel electrophoresis) gels were run using the Invitrogen Novex Xcell II Mini-Cell system for Electrophoresis with NuPAGE pre-cast 10 well 4–12% Bis-Tris gels. 20 μl of each sample was loaded into each well. 0.2 μl markers (Bio-Rad, catalog #1610374) were used each time to estimate protein size when visualized using silver staining and 5 μl for Western blotting. Gels were run at 165 V for 48 min in MES [2-(N-morpholino) ethanesulfonic acid] running buffer or 55 min in MOPS [3-(N-morpholino) propanesulfonic acid] running buffer.



Detection of proteins via silver staining

SDS-PAGE gels were developed using the Pierce Silver Stain kit (Thermo-Fisher catalog #24612) as described in the manufacturer’s protocol.



Western blot protocol

Transfer of proteins from an SDS-PAGE gel to a PVDF membrane was performed using the Bio-Rad electro transfer cell equipment (catalog #1703930) following the manufacturer’s instructions. All steps below were carried out on an orbital shaker (Stuart Scientific). After transfer, the membrane was blocked in 5% (w/v) milk powder in 10 mM Tris, 137 mM NaCl, 0.1% Tween 20 at pH 7.4 (TBST) for 30 min then incubated overnight at 4°C with primary antibody diluted in 5% milk in TBST (see Supplementary Information 3 for details of dilutions for each primary antibody). Membranes were then subject to 4 × 5 min washes in 1X TBST then incubated for 1 h with secondary antibody (diluted 1:5,000 in 5% milk in TBST). Membranes were then subject to 4 × 5 min washes in 1X TBST. Bands were developed in the dark using BCIP/NBT substrate (Sigma-Aldrich) for 1–10 min.



Imaging of SDS-PAGE gels and western blots

Gels and blots were imaged using Syngene G:BOX and associated software.



Mass spectrometry (matrix-assisted laser desorption/ionization, MALDI).

SDS-PAGE gels containing the bands of interest were subject to 2 × 10 min washes with ultrapure water. Bands of interest were then carefully excised from the SDS-PAGE with a clean washed scalpel and cut further into 1 mm × 1 mm squares. A protocol for in-gel digestion was carried out as described in Shevchenko et al. (1996). Proteins were identified using Bruker ultrafleXtreme MALDI-TOF/TOF mass spectrometer and associated software. See Supplementary Information 4 for further information.



Proteinase K test

The protocol for the Proteinase K test was adapted from McCaig et al. (2013). Purified OMV samples were treated with a working concentration of 10 μg/ml Proteinase K (resuspended in 10 mM HEPES/0.85% NaCl/20 mM CaCl2 buffer, pH 7.4) and/or varying concentrations of SDS (in sterile ultrapure water). The OMVs (resuspended in HEPES buffer) were incubated in the presence and absence of Proteinase K and SDS for 30 min at 37°C. Phenylmethylsulfonyl fluoride (Sigma-Aldrich) was added to every sample (at a working concentration of 0.5 mM) to inhibit Proteinase K and incubated for 30 min at 37°C. Samples were TCA precipitated to concentrate for loading on to an SDS-PAGE gel.



Cloning


Plasmid Construction

A plasmid (pSB001) was constructed to produce a FimA-mNeon Green protein fusion with a N-terminal hexa-histidine tag. Primers used were from Integrated DNA Technologies (IDT). Further plasmid and primer information can be found in Supplementary Information 5.



Preparation of Competent Cells

Escherichia coli parental BW25113 (CGSC #7636) and E. coli ΔfimA (CGSC #11065) were made chemically competent using standard protocols (Ausubel et al., 1994).



DNA Manipulation

The cloning techniques used in this study were carried out using standard protocols (Ausubel et al., 1994). Plasmid DNA was isolated using the Plasmid Miniprep kit (Qiagen) and AscI and NdeI restriction enzymes were purchased from New England BioLabs. PCR reactions were performed in Veriti 96 Well Thermocycler (Applied Biosystems). Agarose gels were prepared using the multiSUB Midi electrophoresis unit, 10 cm × 10 cm UV Tray, 2 × 16 sample combs, loading guides, and dams. 1 or 2% agarose gels were run at 150 V for 25 min on the Fisherbrand multiSUB Midi Horizontal Gel System then stained for 30 min in 0.5 μg/ml ethidium bromide in ultrapure water. Bands were visualized using G:Box machine by SynGene and associated software. Lastly, samples were sent to Genewiz for Sanger Sequencing2.



RESULTS


Characterizing the Proteome of Escherichia coli K12 and Escherichia coli B Strains

There have been many studies of OMV formation in a range of bacterial species and strains. Herein we investigated how different E. coli strains, the major chassis for many biotechnological processes, vary in OMV yield and composition. All E. coli strains were grown at 37°C, 180 RPM for 18 h to reach late stationary phase. OMVs were purified concurrently from two recombinant E. coli B strains: BL21 and BL21 (DE3) and two E. coli K-12 strains: E. coli WT MG1655 and E. coli FimB-LacZ fusion strain (where fimbriae production is locked off). As outlined in the Introduction, these strains differ in their production of fimbriae and flagella and the methods used to distinguish between the two are outlined in Supplementary Information 6. They are absent in BL21 strains but present in the K12 strain MG1655 (which expresses Type 1 fimbriae) and the FimB-LacZ protein fusion strain which possesses flagella (as fimbriae production is locked off) (Figure 1A).
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FIGURE 1. Comparison of the OMV yield (A) and proteome (B) from E. coli K-12 wild type MG1655 strain, FimB-LacZ fusion strain (where fimbriae production is locked off) vs. B [BL21 and BL21 (DE3)] strains. OMVs were purified concurrently for a direct comparison. Samples were from the same harvest points and with equivalent gel loading concentrations. It is noted that OMVs from E. coli K-12 strains were co-purified with either flagella (Δ) or fimbriae (□).


At present, the variability in the proteins associated with E. coli OMVs is not well documented, especially when comparing WT strains with proprietary strains. As shown in Figure 1, there is a significant difference in both the OMV yield (Figure 1A) and the OMV protein profile (Figure 1B) of the WT K12 strains when compared with the E. coli B strains [BL21 and BL21 (DE3)]. Both E. coli BL21 and BL21 (DE3) have a diverse array of proteins when compared with K12 strains that have clearly demonstrable enrichment of very few proteins (Figure 1B). These proteins were analyzed by mass spectrometry and the results are shown in Supplementary Information 7 and Figure 1. As highlighted, it is shown that the dominant and identifiable proteins were monomeric FimA (the main structural protein of Type 1 fimbriae) in E. coli MG1655 OMVs and Flagellin/FliC (main structural protein of flagella) in E. coli FimB-LacZ fusion protein OMVs. Interestingly, the packaging of FimA and FliC within E. coli K-12 OMVs appeared to be mutually exclusive.



FimA (Type 1 Fimbriae Major Subunit) and FliC (Major Flagella Filament Structural Protein) Are Reciprocally Packaged Into Wild Type Escherichia coli OMVs

Using different strains, we investigated further whether FimA or FliC is present in E. coli K-12 whole cells, periplasmic fractions and OMVs. When comparing a K-12 WT strain (BW25133) with a fimA or fliC mutant, it can be seen that either FimA or FliC is enriched in the OMV samples (Figures 2A,B). Additionally, if the abundance of each of the monomers (FimA or FliC) is compared with whole cells and periplasmic fractions, it is evident that FimA (in BW25113 and ΔfliC) and FliC (in ΔfimA) are enriched in the OMV samples (Figures 2B,C).
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FIGURE 2. Enrichment and location of preferentially packaged proteins in the OMVs of E. coli. The co-purification of either fimbriae (□) or flagella (Δ) but not both is highlighted next to TEM images of OMV preparations derived from K12 strains (A). FimA and Flagellin are enriched in E. coli K-12 OMVs compared to levels in the periplasm and whole cell (B,C).


It can also be concluded from these results that FimA is the key protein in the E. coli K-12 (BW25113) OMV proteome. However, the main cargo found in the OMV switches from FimA to FliC when there is a single gene deletion (ΔfimA) or the regulation of Type 1 fimbriae is disrupted (FimB-LacZ strain) i.e., there is a switch from the most abundant structural protein in fimbriae (FimA) to the most abundant structural component of flagella (FliC). See Supplementary Information 7 for mass spectrometry details. A Proteinase K test was also performed to distinguish which proteins are outside the OMVs and which are protected within the lumen. These experiments clearly showed that flagellin (FliC), but not FimA, was accessible and hydrolyzed by Proteinase K only when SDS was present to disrupt the integrity of the OMVs (see Supplementary Information 8).



Abrogation of Fimbrial Assembly Alters OMV Cargo

The biosynthesis of fimbriae in E. coli is controlled by the fim operon which co-ordinately regulates 8 genes (fimA-H) via the invertible 314 bp fim switch comprising the recombinases FimB and FimE (Gally et al., 1994). Using the Keio collection (Baba et al., 2006), we investigated how different deletion mutants would alter both the formation of the OMVs and the proteomes therein. While it may have been expected that the biosynthesis of fimbriae and the loading of “monomeric” FimA into OMVs is linked, it is not a clear-cut story. Using the bank of Keio mutants in conjunction with the WT strain (BW25113), it can be seen that all form OMVs but the presence or absence of either fimbriae or flagella varied (Figure 3A). It may have been expected that any mutant that affects the formation of flagella (such as ΔfliC) leads to fimbriae formation and any mutant that effects fimbriae formation (ΔfimA, B, C, D, E, F, G, H, I, and Z) leads to flagella formation but this was not shown with ΔfimE and ΔfimZ producing fimbriae and ΔfimI appearing to produce both fimbriae and flagella.
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FIGURE 3. The effect of mutations in various genes of the fim operon using WT (E. coli BW25113) and mutants from the Keio collection. (A) OMV co-purification with either fimbriae (□) or flagella (Δ); (B) Proteome of the OMVs labeled with proteins identified by mass spectrometry (C) Western blot using anti-FimA (monomer and polymerized) and anti-Flagellin antibodies.


The proteomes of the OMVs from each mutant strain were examined and this is shown in Figures 3B,C, Supplementary Information 7, and Figure 3. Two antibodies were used to distinguish between monomeric FimA (which has the potential to be OMV-associated) and polymerized FimA (which forms the main structure of Type 1 fimbriae). Monomeric FimA was detected at 18 kDa while remaining undenatured polymeric FimA was detected in the wells of the SDS-PAGE gel. This is because the structure of type 1/polymerized FimA fimbriae is too large to migrate through the gel and therefore this is the area examined after Western blotting (Figure 3C). In the WT strains, the arising OMVs contained monomeric FimA as the dominant protein (and no FliC present). Mutants in fimA, fimB, fimC (periplasmic chaperone for fimbrial proteins) and fimF (fimbrial tip protein) altered the OMV proteome which was shown to contain FliC as the major protein (with no FimA present). Interestingly, mutations in fimE (fimbrial production locked off switch), fimG (fimbrial minor subunit), fimH (adhesin on fimbrial tip), and fimI (fimA homolog with unknown function) disrupted the exclusivity leading to both FimA and FliC being packaged into the OMVs.

Polymerized FimA (within Type 1 fimbriae) was detected in the following samples: WT (BW25113), ΔfliC,ΔfimE,ΔfimI,ΔfimZ [activator of the promoter to express the fim structural genes in Salmonella (Saini et al., 2009)], MG1655, and fimbriae locked on strains. Interestingly, Figure 3C indicated that ΔfimG and ΔfimH OMV samples contained no polymeric FimA but did contain FimA monomer. These results suggested that the FimA monomers are packaged independently of fimbrial formation and/or packaging of OMVs is coordinately regulated and abrogation of that control leads to mispackaging. ΔfimE and ΔfimI are key to this demonstrating that altered regulation leads to both FimA (monomers) and Flagellin (monomers) being packaged in the OMVs. See Supplementary Informations 9, 10 for summary tables of these findings and Supplementary Information 11 for further discussion of each finding.



The Effect of Regulatory Mutants on the Composition of OMVs and Co-purified Appendages in Escherichia coli WT (BW 25113)

It might be expected that other control systems, known to regulate the synthesis of either fimbriae or flagella, also modulate the packaging of cargo into OMVs. If disrupted, this may cause the dysregulation of the packaging of FimA and FliC into OMVs. As can be seen in Figures 4B,C, only ΔlrhA (a deletion in a key transcriptional regulator of fimbriation and flagella biosynthesis via the master regulator FlhDC, Lehnen et al., 2002; Blumer et al., 2005) caused dysregulation where both FimA and FliC were packaged into OMVs (see Supplementary Information 7 and Figure 4 for MS identification). It can also be seen that ΔlrhA caused production of both fimbriae and flagella on the OMV-producing cell. Lastly, OMVs were also purified from E. coli strains containing knockouts of various proteins associated with flagella biosynthesis: ΔfliD,ΔfliS, and ΔflhA. Absence of these genes had no effect on the packaging of FimA in the OMVs produced (Figures 4B,C).
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FIGURE 4. The effect of regulatory mutants on the composition and co-purified appendages in E. coli WT (BW25113). (A) OMV co- purification with either fimbriae (□) or flagella (Δ). (B) Proteome of the OMVs and proteins identified by mass spectrometry (C) Western blot using anti-FimA (monomer and polymerized) and anti-Flagellin antibodies.




Investigating Mutual Exclusion in Escherichia coli Clinical Isolates

Having demonstrated that FimA and FliC appear to be packaged in a mutually exclusive way, it was interesting to speculate whether this was also true of clinical isolates. In a small study, six clinical isolates were examined using EM, SDS-PAGE, Western blotting and mass spectrometry to ascertain whether FimA and/or FliC monomers were packaged in OMVs (Figures 5A–C and see Supplementary Information 7; Figure 5 for MS identifications). Clinical isolate 5 OMVs contained FimA monomer and no FliC and Clinical isolate 6 OMVs contained FliC but no FimA monomer, which fits the mutual exclusivity hypothesis. However, Clinical isolate 3 contained both FimA and FliC, which means that the mutual exclusivity theory is not a clear picture. Further discussion on these findings can be found in Supplementary Information 11. Lastly, all isolates appeared to contain OmpA within their OMVs which is a multifunctional membrane protein and known modulator of infection and virulence determinants (Wang, 2002; Ortiz-Suarez et al., 2016).
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FIGURE 5. The ubiquity of mutual exclusivity using E. coli WT, deletion mutants (ΔfimA and ΔfliC) and a range of E. coli clinical isolates (described in section “Materials and Methods”). (A) OMV co-purification with either fimbriae (□) or flagella (Δ). (B) Proteome of the OMVs and (C) Western blot using anti FimA (monomer and polymerized) and anti-Flagellin antibodies. Proteins identified in panel (B): 1, Flagellin; 2, FimA; 3, Antigen 43α chain; 4, OmpA; 5, FimH; 6, KS71A fimbrillin; 7, F7-2 fimbrial protein precursor.




Use of FimA as a Potential Delivery Tag in Escherichia coli OMVs

A major motivation for understanding OMV synthesis in bacterial strains is to manipulate the cargo to enrich the OMVs for chosen proteins and other small molecules. Herein, we have shown that FimA and FliC appear to be selectively enriched in the OMVs depending on the prevailing regulatory conditions. We speculated that it should be possible to selectively target proteins to the OMVs using FimA although we were not clear whether FimA alone was sufficient or what part of the protein was necessary to facilitate correct targeting. We obtained and created two proteins that were differentially tagged with either GFP (chromosomal FimA + GFP) or Neon Green (exogenously expressed FimA + Neon Green as outlined in section “Materials and Methods”). We found that use of the two constructs gave two contrasting results.

Firstly, Figure 6A indicates that fimbriae production in the E. coli MG1655 FimA-GFP (Adiciptaningrum et al., 2009) was disrupted and this led to the production of flagella, which was found co-purified with the OMVs. This was in contrast to the WT MG1655 strain which produced fimbriae only. When the purified OMVs were further analyzed (Figures 6B,C), it appeared that OMVs from the FimA-GFP fusion strain successfully contained the FimA-GFP fusion protein at 50 kDa. Interestingly, the OMVs also contained monomeric flagellin at 51 kDa and this appeared to be present at a higher concentration than the FimA-GFP fusion protein (Figures 6B,C and see Supplementary Information 5, Figure 6 for MS identification).
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FIGURE 6. The transport and packaging of a GFP-FimA fusion protein in E. coli MG1655. (A) OMV co-purification with either fimbriae or flagella; (B) Proteome of the OMVs and (C) Western blot using anti FimA (monomer and polymerized) and anti-Flagellin antibodies. (D,E) TEM analysis of thin-sectioned OMVs (D) and E. coli FimA-GFP strain cells (E) embedded in resin. The sections were immunogold labeled and probed with: anti-GFP antibody, anti-FimA monomer antibody, anti-FimA monomer/anti-GFP antibodies mixed and anti-Flagellin antibody. As a negative control, the embedded OMVs were incubated in TBST only (no primary antibody). The samples were then incubated with the following secondary antibodies: 15 nm gold label or 10 nm gold label.


Using antibodies to both GFP and FimA, the FimA-GFP fusion protein was detected at approximately 50 kDa within the isolated OMV sample (Figure 6C) and at lower levels in the periplasm and OM. Therefore, the fusion of GFP to FimA chromosomally appeared to be sufficient for trafficking the FimA-GFP protein to the OMVs. Lastly, a transmission electron microscopy (TEM) analysis of thin-sectioned OMVs and cells embedded in resin was performed. The sections were immunogold labeled and probed with the following antibodies: (i) anti-GFP antibody, (ii) anti-FimA monomer antibody, (iii) both anti-FimA monomer and anti-GFP antibodies, and (iv) anti-Flagellin antibody (Figures 6D,E). These images support the conclusion that the FimA-GFP fusion protein and the Flagellin monomer protein were present within the OMVs from this strain.

A plasmid containing a FimA-mNeon green fusion protein (pSB001) was made and expressed in the E. coli (BW25133) and ΔfimA strain. When induced with IPTG, the cells of both strains appeared to hypervesiculate, giving rise to an increased yield of OMVs (Figure 7A). The proteome of the producer strains and the OMVs were analyzed by Western blotting. It was shown that the cells produced a FimA-Neon Green protein (when examined using an anti-Neon Green antibody) but they did not reach the OMVs (Figure 7B). This finding suggested that the Neon-Green-FimA construct was either incorrectly processed/targeted which was further supported by the absence of the construct in either the periplasm or the OM (Figures 7C,D).
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FIGURE 7. The transport and packaging of a mNeonGreen-FimA fusion protein in E. coli BW25113 and a ΔfimA mutant. (A) TEM images show purified OMVs from the E. coli BW25113 and ΔfimA mutant strains containing the pSB001 plasmid (encoding the mNeonGreen-FimA fusion protein) in presence or absence of IPTG. (B) Presence of mNeon green in either the cells or OMVs of the WT and ΔfimA mutant both in the presence or absence of IPTG induction. (C) Western blot using anti-Neon green on whole cells and subcellular [periplasm, outer membrane (OM) and OMV] fractions in the presence and absence of IPTG induction. (D) As C using anti-FimA monomer and anti-Flagellin antibodies.


Overall, the results using both the FimA-GFP and the FimA-NeonGreen constructs show that the disruption of the endogenous control circuits/regulation in some strains cause hypervesiculation and dysregulation in the processing and packaging of OMVs.



DISCUSSION

Unlike all previous studies into OMVs, we have focused the studies presented on the production of OMVs in E. coli WT strains that ordinarily produce either flagella (for motility) or fimbriae (for adherence and invasion) to give us an insight into the concurrent expression of OMVs and these important co-occurring cellular features. Previous studies have demonstrated that the production and regulation of these appendages are under complex control with flagella synthesis being dependent on a multitude of factors such as growth rate (Sim et al., 2017) and complex pulsatile regulatory networks that produce rich temporal dynamics and phenotypic heterogeneities (Kim et al., 2020). Similarly, it is recognized that Type 1 fimbrial production is a phase variable system that is produced uniformly throughout the growth curve but subject to regulatory controls such as CRP-cAMP (Müller et al., 2009). Taken as a whole, while flhDC and lrhA are recognized as central players in integrated transcriptional co-regulation of fimbriae and flagella (Lane et al., 2007), many complex regulatory circuits exist at both the cell and population level.

The assemblage of these extracellular structures (fimbriae and flagella) has been extensively reviewed elsewhere (Auvray et al., 2001; Nishiyama et al., 2005). The main structural subunits of these structures are formed by polymerization of monomers (FimA/FliC) that are delivered to the base of a growing filament in either the periplasm (fimbriae) or the cytoplasm (flagella). In this way, they are spatially separated and delivered via different mechanisms. Moreover, the function of fimbriae and flagella (principally invasion and motility) are mutually exclusive although there are suggestions that both are involved in adhesion and virulence events (Haiko and Westerlund-Wikström, 2013). Despite their ubiquity and co-occurrence in E. coli WT strains, it is noted that very few OMV studies acknowledge this and suggest that the purification of the OMVs by ultracentrifugation allows clean separation of the fimbriae or flagella.

A key finding in the present work was the clear demonstration of the presence of the major structural monomers [either FimA (from fimbriae) or FliC (from flagella)] in OMVs arising from E. coli K-12 strains. This is in contrast to E. coli strains that are stressed or engineered e.g., BL21 strains which are shown to hypervesiculate and appear to contain non-specific protein cargo (Figure 1). FimA and Flagellin are rarely found as monomers i.e., not in the polymerized form. FimA is the major structural protein in fimbriae and the monomers are synthesized and delivered to the bottom of the growing fimbriae by crossing the periplasm in a highly regulated chaperone/usher pathway in a wide variety of bacterial phyla (Liu and Ochman, 2007). FliC is the major filamentous protein in the flagella and is delivered to the growing filament within the MS ring/basal body present in the cytoplasmic membrane. Therefore, it was interesting to find monomeric FimA and Flagellin (that are formed in different regions of the cell) present in OMVs purified from WT strains.

It was also shown that the mutual exclusivity of the FimA (fimbrial monomer) and FliC (flagella monomer) is abrogated if some components of the regulation and assembly pathway were mutated/attenuated. As shown in Figures 2–5, the absence of components essential for the correct regulation and polymerization of FimA into fimbrial appendages (Δfim B, C, D and F) predominantly prevented FimA packaging into OMVs. Additionally, if the “correct” WT packaging of FimA did not occur, then it was shown that FliC was packaged instead (Δfim A, B, C, and F). When OMVs were analyzed from six clinical isolates, clinical isolate 5 OMVs contained FimA (but no Flagellin), and clinical isolate 6 contained Flagellin (but no FimA) which fits the mutual exclusivity hypothesis (Figure 5). However, OMVs from clinical isolate 3, ΔfimE, G, H, and I contained both FimA and FliC packaged within the OMVs so this is not a clear-cut story. See Supplementary Information 11 for further hypotheses on these findings.

Our findings led us to speculate on the possible advantages of the reciprocal regulation of fimbrial (FimA) and flagellar (FliC) monomers within E. coli OMVs. For example, it is likely to mirror the reciprocal regulation of adherence (by production of Type 1 fimbriae) and motility (by production of flagella) shown previously in UPEC E. coli (Cooper et al., 2012). In addition to this, it might further be reasoned on the basis of competing immunomodulation and immunevasion phenotypes for each of the two proteins in various hosts and niches:

FimA monomer – Immunoevasion/immunomodulation – as planktonic or adhering cells, it makes sense that an abundant protein (FimA) possesses gain of function to suppress host via OMV packaging. Its role has previously been demonstrated by Sukumaran et al. (2010) who suggested a FimA homolog could suppress host cell apoptosis by targeting a mitochondrial complex, the Bax-mediated release of cytochrome C. FimA has also been found in OMVs from other bacterial strains including Porphyromonas gingivalis (Mantri et al., 2015).

Flagellin monomer – Immunostimulation – Flagellin enrichment in OMVs has previously been shown in E. coli K12 (W3110) (Manabe et al., 2013), Enterotoxigenic E. coli (ETEC), and Pseudomonas aeruginosa PA01 and S470, a clinically relevant strain originating from a cystic fibrosis patient (Bauman and Kuehn, 2006). Flagellin is a virulence factor that is recognized by the innate immune system and known to induce a pro-inflammatory immune response in mice (Zgair, 2012), recognition by the NAIP5/NLRC4 inflammasome (Hajam et al., 2017) and known to bind both TLR-5, activating NF–κB signaling (Yoon et al., 2012) and TLR-11 (Hatai et al., 2016). Counter to this, there is clear evidence that, in Salmonella, while flagella interacts with TLR5, monomeric flagellin does not (Hayashi et al., 2001).

Finally, the present work sought to use the knowledge gained in this study to engineer a strain capable of selectively transporting a cargo protein to the OMV. Two approaches were used in the study, a chromosomally modified FimA-GFP obtained from AMOLF in the Netherlands (Adiciptaningrum et al., 2009) and a construct of pSB001 FimA-mNeon Green (entire). Using the chromosomally modified FimA-GFP in E. coli MG1655, it was shown that the FimA-GFP construct (50 kDa) was packaged into the OMVs but at low concentration, with flagellin being the major protein in this engineered system (Figures 6B,C). Using the FimA-mNeon Green constructs (expressed using a plasmid) it was shown that the fusion proteins did not traffic as expected and were not packaged into OMVs. It may therefore be concluded that it may be possible to use FimA to target cargo to OMVs but only when correctly or endogenously regulating and expressing the protein. This is simply because OMV targeting and increased yield, the major criteria for biotechnological production and downstream harvest and utility, would be better achieved by use of hypervesiculating strains (e.g., BL21 and derivatives) with appropriate OMV targeting proteins such as BL21 (DE3) ΔompA (Fantappié et al., 2014). If exceptionally there was a desire to use a whole-cell OMV producing system capable of co-producing flagella or fimbriae it would be beneficial to both induce and overexpress the target and cargo to maximize the yield of downstream OMVs. Such a design brief was shown not to be possible using the FimA protein fusions (Figures 6, 7) and it is concluded that if the endogenous regulation is circumvented the correct trafficking and packaging of OMVs breaks down limiting its potential utility.

Overall, the work presented in the present paper shows that:


(i) Outer membrane vesicle yield and proteome is tightly regulated in K-12 WT E. coli strains. While it may be possible to simply engineer hypervesiculation, this is shown to be at the cost of selectivity of packaging.

(ii) Monomeric FimA is consistently and selectively enriched and packaged in the E. coli WT strains including MG1655 and BW25113.

(iii) FimA and FliC appear to be reciprocally regulated and generally mirror the regulation of adherence (by expression of Type 1 fimbriae) and motility (by expressing flagella) in cells.

(iv) FimA packaging into OMVs is dependent upon other components of the fim operon. Mutation of genes fimA, B, C, E, F, G, H, I caused the packaging of FliC into OMVs, either exclusively or in combination with FimA.

(v) In a study of six E. coli K-12 clinical isolates, two isolate OMVs contained monomeric FimA and two isolates contained Flagellin. Two of these isolates contained either FimA or Flagellin packaged in a mutually exclusive way.

(vi) Using a chromosomally modified FimA-GFP in E. coli MG1655, it was shown that the FimA-GFP construct (50 kDa) was successfully targeted to the OMVs.

(vii) Using the FimA-mNeon Green constructs (expressed using a plasmid) it was shown that the fusion proteins did not traffic as expected and were not packaged into OMVs.



In summary, the present work shows that two of the major externally transported and polymerizable proteins in E. coli, FimA (the major protein in Type 1 fimbriae), and FliC/Flagellin (the major structural protein in flagella), are reciprocally regulated and can switch the dominant protein packaged in the OMVs when normal regulatory circuits are abrogated. The exact mechanism and reasons for the packaging of such proteins have been speculated upon herein but are likely to be strain and host dependent and will require further study.
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Outer membrane vesicles (OMVs) from Gram-negative bacteria were first described more than 50 years ago. However, the molecular mechanisms involved in biogenesis began to be studied only in the last few decades. Presently, the biogenesis and molecular mechanisms for their release are not completely known. This review covers the most recent information on cellular components involved in OMV biogenesis, such as lipoproteins and outer membrane proteins, lipopolysaccharide, phospholipids, quorum-sensing molecules, and flagella.
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INTRODUCTION

Outer membrane vesicles (OMVs) are nanostructures released by pathogenic and non-pathogenic Gram-negative bacteria in vivo and in vitro. OMVs range in size from 20 to 300 nm and are released during bacterial growth (Jan, 2017). These vesicles are formed from the bacterial outer membrane; thus, they contain phospholipids, lipopolysaccharide (LPS), outer membrane proteins (OMPs), and periplasmic proteins trapped during membrane budding (Jan, 2017). Because of their composition, these vesicles have been linked to many physiological processes, such as protein transport, nutrient acquisition, cell-intercellular communication, antibacterial activity, toxin delivery, and host-immune response modulation (Avila-Calderón et al., 2015).

Outer membrane vesicle generation begins with outer membrane bulging and ends with the release of vesicles into the external surroundings. The molecular mechanism for OMV production is still unclear. However, genetic and biochemical evidence has revealed some clues towards a better understanding of this complex process (Pathirana and Kaparakis-Liaskos, 2016).

The present review discusses new findings concerning OMV biogenesis as well as some important molecular determinants involved in vesicle formation, including lipoproteins, LPS, phospholipids, quorum-sensing molecules, and flagella.


Models for OMV Biogenesis

The first observation of bacterial vesicles dates back to the 1960s, but only in recent decades has there been a significant increase in reports on the biogenesis, physiological roles, and applications of OMVs. Some of the first reports were performed using Escherichia coli strains, and researchers observed that the lysine-requiring mutant E. coli 12,408 produced “globules” surrounded by membranes with no evidence of cell lysis (Knox et al., 1966). Moreover, E. coli JC411 released vesicles containing lipids and proteins (Hoekstra et al., 1976). Other experiments using E. coli W3110 showed that membrane vesicles were released from the cell surface after heating the cells at 55°C. These vesicles contained lipid, LPS, and protein compositions similar to those of the outer membrane from whole cells (Katsui et al., 1982). After these findings were reported, the number of published studies concerning OMVs has increased (Gamazo and Moriyón, 1987; Grenier and Bélanger, 1991; Kadurugamuwa and Beveridge, 1995).

Three models propose a role for lipoproteins, LPS, and peptidoglycan in the biogenesis of OMVs. Recently, new reports contributed to the knowledge of OMV production, some of which agree with the early models proposed, whereas others shed light on new molecules involved in vesiculation. In this section, the three early models are described initially; in the subsequent section, new insights into the molecular determinants involved in OMVs are described.

The first model explains the formation of OMVs due to the low number of lipoproteins attached to the peptidoglycan layer. The low number of lipoprotein linkages leads to outer membrane bulging, affecting vesicle production. In 1976, Hoekstra et al. determined the number of lipoproteins found in the outer membrane of E. coli as well as those contained in the vesicles. These authors reported fewer lipoproteins in the vesicles than in the outer membrane. Based on these results, the authors proposed that vesicles are released from outer membrane sites with few lipoprotein linkages (Hoekstra et al., 1976; Mashburn-Warren and Whiteley, 2006). The second model was based on the presence of peptidoglycan residues with autolysins in the OMVs. This model proposes that during synthesis of the peptidoglycan layer, sites exist where the concentration of peptidoglycan is higher, causing protrusions in the outer membrane and indicating the beginning of vesicle formation. An important finding that supported this model was the presence of muramic acid, a known peptidoglycan layer precursor, in OMVs purified from Porphyromonas gingivalis (Zhou et al., 1998). Furthermore, mutation of an autolysin involved in peptidoglycan replacement increased the synthesis of OMVs (Hayashi et al., 2002). These findings suggest that the accumulation of peptidoglycan residues increases outer membrane bulging, triggering the release of OMVs (Zhou et al., 1998; Hayashi et al., 2002). The third and last model involves the electric charge of LPS in OMV formation. Pseudomonas aeruginosa produces two types of LPS: negatively charged LPS and neutrally charged LPS. OMVs released by P. aeruginosa cultured under oxidative stress conditions primarily comprise negatively charged LPS. Therefore, an increase in negatively charged LPS within the cell envelope was proposed to favor the release of OMVs because of the repulsion caused by negative charges in the outer membrane (Kadurugamuwa and Beveridge, 1995; Sabra et al., 2003).

These models highlighted the importance of lipoproteins, LPS, and peptidoglycan during OMV formation. However, it remains unknown whether these mechanisms act in tandem. Some of the most important and widely accepted mechanisms for OMV formation are outlined in the following sections.



Some Lipoproteins and the Outer Membrane Protein OmpA are Involved in OMV Biogenesis

The envelope of Gram-negative bacteria is made up of the inner and outer membranes, which are separated by the periplasmic space. Peptidoglycan is bound to proteins in the outer and inner membranes through covalent and noncovalent bonds (Silhavy et al., 2010). Peptidoglycan is composed of linear glycans (g β-1,4-connected N-acetylglucosamine and N-acetylmuramic acid) that are cross-linked by short peptides (Pazos and Peters, 2019). Braun’s lipoprotein, commonly referred to as Lpp, is the major lipoprotein in E. coli and is the only lipoprotein covalently that is linked to the peptidoglycan layer and plays a unique role in the envelope architecture. The N-terminal domain of Lpp is acylated and inserted into to the outer membrane, while the C-terminal domain is covalently linked to the peptidoglycan layer (Lee and Inouye, 1974). OmpA in E. coli is a β-barrel, and its C-terminal domain interacts with peptidoglycan through a 20-aa residue linker region (Smith et al., 2007). In 2017, Samsudin et al. have shown that interactions among OmpA, peptidoglycan, and Lpp are essential in maintaining the integrity of the cellular envelopes. The research team showed that Lpp aids in the interaction of monomeric OmpA with the peptidoglycan layer. In the absence of Lpp, the C-terminal domain of OmpA binds to the outer membrane. Additionally, an OmpA homodimer can easily interact with the peptidoglycan layer in the absence of Lpp (Samsudin et al., 2017). These lipoproteins and outer membrane proteins are associated with outer membrane stability.

Initially, the production of “blebs” (OMVs) was considered an alteration or instability of the outer membrane rather than a physiological phenomenon. For example, in 1969, Koike et al. observed bleb formation on the surface of E. coli after treatment with polymyxin B. However, the same authors observed that polymyxin B induced outer membrane projections rather than blebs in P. aeruginosa. These projections diminished as the concentration of the antibiotic was decreased. Thus, blebs and outer membrane projections were considered to be affected by the action of the antibiotic on the outer membrane (Koike et al., 1969). Subsequently, the release of OMVs was observed in more bacterial species, and vesicles were found not to be the product of cell lysis (Zhou et al., 1998). The exclusion of some periplasmic and outer membrane components and enrichment of other components in vesicles led to the consideration of the existence of a specific mechanism to select molecules carried on OMVs (Kadurugamuwa and Beveridge, 1995; Horstman and Kuehn 2000; Kato et al., 2002; Bonnington and Kuehn, 2014). Based on this background, “OMV release” is the product of a physiological phenomenon but not the product of cell lysis or membrane instability.

In 1976 and 1978, the first molecular evidence regarding OMV biogenesis was revealed by Weigand et al. whose results were obtained using Salmonella enterica serovar Typhimurium (hereafter referred to as Salmonella typhimurium) and Suzuki et al. whose work focused on E. coli. Their works showed that the E. coli lpo mutant and S. typhimurium lkyD mutant lacking the murein lipoprotein (the product of these genes was later designated Braun’s lipoprotein or Lpp) released “blebs” from the outer membrane. Although Suzuki et al. (1978) observed the production of blebs from Salmonella cells, Weigand et al. (1976) reported bleb production at the septal region in E. coli. Bernadac et al. (1998) studied two mutated E. coli strains, the lpp and ompA mutants, both of which exhibited a hypervesiculation phenotype. Similarly, Lpp was also associated with OMV production in bacterial species such as Yersinia pestis (Eddy et al., 2014). The hypervesiculation phenotype was also observed in Acinetobacter baumannii and Vibrio cholerae ompA (Moon et al., 2012; Valeru et al., 2014). A. baumannii, V. cholerae, and other Gram-negative bacteria with a mutation in the ompA gene could not establish bonds between the peptidoglycan and the outer membrane, leading to OMV overproduction (Figure 1; Jin et al., 2011; Moon et al., 2012). These results demonstrate that lipoproteins and the outer membrane proteins involved in membrane stability are linked to OMV biogenesis.
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FIGURE 1. Lipoproteins and outer membrane proteins are involved in OMV biogenesis. The Lpp, NlpI, OmpA, and Tol-Pal members maintain the stability of cellular envelopes joining the peptidoglycan layer with the inner membrane. Interruption or deletion of the genes encoding these proteins decrease the number of linkages, inducing OMV formation. For example, mutation of the pal gene decreases linkage with the outer membrane, leading to membrane protrusion and OMV release. Additionally, the accumulation of components in the periplasm, such as peptidoglycan precursors, triggers vesicle formation.


The role of Lpp and OmpA in the formation of OMVs has also been analyzed. However, some discrepancies were observed in the results obtained by different research groups. In 2009, Deatherage et al. analyzed the effect on OMV formation in S. typhimurium LT2 caused by specific mutations in the lpp and ompA genes. Further experiments on the S. typhimurium LT2 tolA, tolB, and pal mutants suggested that they could not form outer-membrane-peptidoglycan-inner membrane linkages, and vesicle formation was observed around the cell body. Weigand et al. (1976) reported OMV formation in the septa of the S. typhimurium lpp mutant. However, Deatherage et al. (2009) observed vesicle formation in the cell bodies of different S. typhimurium lpp gene mutants. Differences observed in both studies can be attributed to S. typhimurium harboring two copies of the lipoprotein gene that are separated by 82 bp (lppA and lppB). Deatherage et al. (2009) mutated both lpp genes, while Weigand mutated only one of them. These findings showed two possible hypotheses: (i) the bonds between the outer membrane and peptidoglycan layer dissociate, leading to OMV release into the periphery of the cell body (Deatherage et al., 2009); and (ii) during bacterial division, the bonds between the peptidoglycan layer and inner membrane decrease within the division septum, affecting the number of linkages among the cytoplasmic membrane, cell wall, and outer membrane, and leading to membrane protrusion and vesicle release (Deatherage et al., 2009). OMVs are released from either the septa or cell body likely because of specific interactions among Lpp, OmpA, and peptidoglycan. OmpA, as a monomer or homodimer, interacts with peptidoglycan and the outer membrane in the presence or absence of Lpp. Most likely, the presence of OmpA as a monomer or homodimer and its distribution on the outer membrane determine the sites where vesicles can form.

Deatherage et al. (2009) and Nevermann et al. (2019) treated S. typhi and S. typhimurium LT2 ompA mutants with deoxycholate together with vancomycin and evaluated bacterial viability. Nevermann et al. (2019) reported that the S. typhi ompA mutant was sensitive to deoxycholate and that the S. typhimurium ATCC14028s ompA mutant was sensitive to vancomycin. However, Deatherage et al. (2009) found that the S. typhimurium LT2 ompA mutant was not sensitive to deoxycholate. The sensitivity of the S. typhi and S. typhimurium ompA mutants to deoxycholate suggests defective outer membrane stability. Additionally, the hypervesiculating phenotype might be expressed because of defective outer membrane permeability. Although S. typhi and S. typhimurium are phylogenetically closely related, differences observed in the membrane stability of the mutants in the study suggest a different role for the OmpA lipoprotein in OMV biogenesis.

The accumulation of periplasmic compounds, including proteins and peptidoglycan, induces membrane protrusion and vesicle release (Hayashi et al., 2002; McBroom and Kuehn, 2007). Schwechheimer et al. (2014) analyzed the relationship among the accumulation of periplasmic compounds, Lpp linkages, and OMV release. The effects of the periplasmic content on OMV formation were analyzed using three E. coli mutants: (i) E. coli ΔampGΔamiD, a mutant defective in the transport of peptidoglycan-recycling residues; (ii) E. coli ΔrfaC, ΔrfaG, and ΔrfaP mutants defective in the transport and assembly of LPS; (iii) E. coli ΔdegP, a mutant that cannot degrade misfolded peptides in the periplasm. The hypervesiculation phenotype was exhibited by the three E. coli mutants likely because of the accumulation of peptidoglycan fragments, LPS, and proteins in the periplasm. However, the overall number of Lpp bonds were not affected because the levels of Lpp cross-linking were similar to those observed in the wild-type strain (Schwechheimer et al., 2014). By contrast, the E. coli ΔmepAΔdacBΔpbpG mutant, defective in three peptidoglycan hydrolases, showed a decreased number of Lpp-peptidoglycan linkages and increased OMV production (Schwechheimer et al., 2014). The vesiculation process was analyzed for E. coli strains displaying deficient genes encoding L,D-transpeptidases (ynhG and ycbB). ynhG (now renamed ldtE) and ycbB (ldtD) encode enzymes that catalyze the formation of meso-diaminopimelyl → meso-diaminopimelyl crosslinks (also called DAP→DAP or 3–3 cross-links) in peptidoglycan (Magnet et al., 2007). The E. coli ΔynhGΔycbB mutant produced fewer OMVs than the wild-type strain, and the number of Lpp cross-links in this mutant increased (Schwechheimer et al., 2014). Therefore, the authors propose that the E. coli ΔynhGΔycbB mutant, lacking DAP-DAP linkages, exhibits Lpp and peptidoglycan cross-links formed randomly around the cell body, decreasing OMV release. These data revealed that the modulation of the peptidoglycan structure leads to a decrease in Lpp linkages and an increase in OMV production, while a decrease in OMV production is related to an increase in covalently bound Lpp to peptidoglycan (Schwechheimer et al., 2014).

Another lipoprotein found to be involved in OMV biogenesis is NlpA, which is an inner membrane lipoprotein. Mutation of this protein decreases OMV production in E. coli (Yamaguchi and Inouye, 1988; McBroom et al., 2006; Schwechheimer and Kuehn, 2013). Furthermore, Schwechheimer et al. (2014) observed that the single mutation of the inner-membrane-anchored lipoprotein NlpA decreased vesiculation in E. coli, while a specific mutation of the ompA gene increased OMV production. The E. coli ΔnlpAΔompA double mutant exhibited heightened vesiculation (Schwechheimer et al., 2014). However, the E. coli ΔycfSΔybiSΔerfKΔnlpA mutant (defective in L,D-transpeptidases involved in the covalent crosslink between Lpp and peptidoglycan, and NlpA) showed increased vesiculation compared with that of the E. coli ΔycfSΔybiSΔerfK mutant. The heightened vesiculation observed in both the E. coli ΔnlpAΔompA and E. coli ΔycfΔybiΔerfKΔnlpA mutants can be explained in terms of NlpA, which provides stabilization of sites of the bacterial envelope necessary for Lpp and OmpA linkages (Schwechheimer et al., 2014). In 1998, Bernadac et al. used a Tol-Pal system mutated E. coli strain to purify and analyze OMVs using electron microscopy. The research team observed that the tolA, tolQ, and tolR mutants displayed a hypervesiculation phenotype, whereas the tolB and pal mutants showed a reduced vesicle production (Bernadac et al., 1998). The Tol-Pal system comprises proteins associated with outer membrane integrity. TolA, TolQ, and TolR link the inner membrane to peptidoglycan, whereas TolB and the peptidoglycan-associated lipoprotein (Pal) interact with the outer membrane (Gerding et al., 2007). McBroom et al. (2006) phenotyped random transposon mutants and found that the E. coli tolA, tolB, and pal mutants showed a hypervesiculation phenotype. Similar results of hypervesiculation were observed in the P. aeruginosa oprL and oprI mutants (Wessel et al., 2013). OprL and OprI are homologs to the Pal and Lpp proteins, respectively (Hancock et al., 1990). P. aeruginosa oprI and oprF mutants produced more OMVs than wild-type P. aeruginosa (Wessel et al., 2013). A recent study by Nevermann et al. (2019) identified genes related to OMV biogenesis in S. typhi employing transposon mutagenesis. Mutation of the tolR gene led to the expression of the hypervesiculation phenotype. The S. typhi tolR mutant was treated with deoxycholate together with vancomycin. Subsequently, cell viability was measured to evaluate whether membrane integrity had been affected. Following treatment with deoxycholate, neither cell growth nor hypervesiculation in the S. typhi tolR mutants was affected. These results indicated that OMV production was due to defective lipoprotein linkages. Tol-Pal members are highly homologous (possibly because of speciation events, gene duplication, and/or lipoprotein redundancy), and their distinct functions may be essential to OMV biogenesis.

NlpI is an outer-membrane-anchored lipoprotein whose function remains unknown. Although it was previously associated with cell division in E. coli, it has also been related to biofilm formation in S. typhimurium (Ohara et al., 1999). Inactivation of the nlpI gene in E. coli resulted in abnormal cell division and formation of membrane projections, whereas overexpression of this gene inhibited cell growth (Rouf et al., 2011; Banzhaf et al., 2020). The S. typhimurium ATCC14028s nlpI mutant expressed the hypervesiculation phenotype and was more resistant to vancomycin than the S. typhi nlpI mutant (Nevermann et al., 2019). However, the E. coli nlpI mutant displayed the hypervesiculation phenotype (McBroom et al., 2006). Schwechheimer et al. (2015) obtained an E. coli nlpI mutant displaying the hypervesiculation phenotype but no sensitivity to deoxycholate, concluding that the hypervesiculation phenotype observed was neither due to defects in membrane integrity nor cell lysis. NlpI regulates the activity of the peptidoglycan hydrolases Spr and PBP4, which play an essential role in cell wall renewal. Mutation of the nlpI gene in E. coli increased Spr and PBP-4 activity, as well as peptidoglycan cleavage and peptidoglycan synthesis. The increased activity of Spr and PBP-4 hydrolyses observed in the E. coli nlpI mutant led to decreased linkages between Lpp and peptidoglycan and vesicle overproduction. Most likely, peptidoglycan dynamics (i.e., growth and renewal) are regulated by NlpI in the E. coli wild-type strain. However, peptidoglycan hydrolases Spr and PBP-4 decrease Lpp-peptidoglycan linkages, inducing outer membrane protrusion and subsequent OMV formation. Importantly, peptidoglycan dynamics and/or Lpp-peptidoglycan linkages are also affected by different hydrolases that are not regulated by NlpI. Based on these findings, NlpI lipoprotein is likely closely associated with OMV formation (Schwechheimer et al., 2015).



Bacterial LPS Plays an Essential Role in OMV Production

The outer membrane is an asymmetric structure comprising an inner leaflet made up of phospholipids along with proteins and an outer leaflet that contains phospholipids, proteins, and LPS. LPS is an essential structure for Gram-negative bacteria and is the most abundant antigen found on their cell surface; for example, the outer membrane of E. coli and Salmonella genera can contain up to 75% LPS (Klein and Raina, 2019).

The structure of smooth LPS comprises an O-side chain, an intermediate region known as the core oligosaccharide and a glycolipid (lipid A) anchored to the outer membrane. Although smooth strains contain the O-side chain in their LPS, rough strains do not (Raetz and Whitfield, 2002). The core oligosaccharide is divided into two sections: the inner core, proximal to lipid A, and the outer core, which is the attachment site for the O-antigen. Lipid A can become chemically modified. For example, phosphoethanolamine, 4-amino-4-deoxy-L-arabinose (L-Ara4N), and additional palmitate groups were added (Raetz and Whitfield, 2002). Such lipid A modifications make the bacteria more resistant to cationic antibacterial peptides and polymyxin (Raetz and Whitfield, 2002).

P. aeruginosa produces two variants of the O-side chain antigen: the common polysaccharide antigen, also called the CPA or A-band (a short, neutrally charged molecule), together with the O-specific antigen, also referred to as the OSA or B-band (a highly immunogenic, negatively charged molecule; Lam et al., 2011). Both OSA and CPA were detected in OMVs obtained from a P. aeruginosa strain cultured in the presence and absence of gentamicin. OMVs exhibited a higher concentration of OSA in the absence of gentamicin; however, in the presence of this antibiotic, CPA was hardly detected within the vesicles (Kadurugamuwa and Beveridge, 1995). The addition of gentamicin (a polycation) to P. aeruginosa cultures modified electric charges in the outer membrane, affecting LPS packing into the OMVs. The role of negatively charged LPS in the biogenesis of OMVs was confirmed using P. aeruginosa CPA−, OSAB−, and CPA−OSA− mutants. In 2003, Nguyen et al. confirmed that the OSA−LPS complex also contributes to OMV formation because the P. aeruginosa CPA− mutant, which only synthesizes negatively charged LPS, released larger OMVs than those released by the OSA− mutant (Nguyen et al., 2003). These data showing that OMVs contain a higher concentration of negatively charged LPS suggest that OSA plays a role in vesicle formation.

In 2015, Cahill et al. while working with the Klebsiella pneumoniae wbbO mutant, a glycosyltransferase-defective strain lacking the O-side chain, reported that the release of OMVs was not affected, whereas, the outer membrane and vesicles from the K. pneumoniae wbbO mutant exhibited a different protein profile and were quite distinct from the vesicles of the wild-type strain. Furthermore, vesicles released by the K. pneumoniae wbbO mutant contained a higher concentration of proteins associated with posttranslational modification, protein turnover, and chaperones. However, OMVs produced by the K. pneumoniae wild-type strain contained proteins involved in cell wall, membrane, and envelope biosynthesis (Cahill et al., 2015). P. gingivalis, an etiologic agent of chronic periodontitis, also expresses two types of LPS, neutrally charged LPS (O-LPS) and negatively charged LPS (A-LPS; Paramonov et al., 2005, 2009). Studies performed on P. gingivalis porS and waaL P mutants demonstrated that neither A-LPS nor O-LPS is essential for OMV biogenesis. The P. gingivalis porS mutant, lacking the flippase PorS, did not display the O-antigen in lipid A. However, the P. gingivalis waaL mutant lacks the O-antigen ligase WaaL, generating rough cells. Nonetheless, the electrophoretic profile of proteins associated with OMVs produced by the P. gingivalis waaL mutant was different from that obtained from the wild-type strain (Haurat et al., 2011). These results suggest that negatively charged LPS influence protein packing into OMVs.

In 2014, Murphy et al. analyzed lipid concentrations in OMVs released from P. aeruginosa CPA−, OSA−, and CPA−OSA− mutants. No differences were found in either the concentration of lipids or number of vesicles released by all three mutants (Murphy et al., 2014). Most likely, repulsion between the core and lipid A produced an inducing effect on the P. aeruginosa CPA−OSA− double mutant but not on the CPA or OSA single mutant. By contrast, the double mutant exhibited an increased number of OMVs, but no change in size was observed. OMVs from the P. aeruginosa CPA−OSA− mutant and wild-type strain contain proteins sharing similar functions. Nevertheless, OMVs from the P. aeruginosa CPA− mutant showed the highest accumulation of proteins involved in the transport of small molecules. The P. aeruginosa OSA− mutant displayed the highest proportion of proteins involved in adaptation, protection, and transcriptional regulation (Murphy et al., 2014). A high content of periplasmic proteins and a low number of OMPs were detected in OMVs from the P. aeruginosa OSA− mutant. Conversely, high numbers of OMPs and periplasmic proteins were observed in OMVs from the P. aeruginosa CPA−OSA− double mutant, CPA− mutant and wild-type strain (Murphy et al., 2014). These results suggest that OSA-LPS plays an important role in the selection of proteins. Proteins interacting with specific LPS lead to OMVs with different contents due to LPS composition. It is highly probable that the lack of the O-side chain modifies the electric charge on the surface of the membrane, impairing electrostatic interactions between proteins and electrically charged LPS, and ultimately affecting the protein packing of OMVs.

PagL is an enzyme that modifies lipid A by removing the acyl chain at the 3-position of the disaccharide backbone (King et al., 2009). In S. typhimurium, a deacylated lipid A (i.e., penta-acylated lipid A) modified by PagL makes LPS less detectable to Toll-like receptor 4 of the mouse B-cell line (Kawasaki et al., 2004). PagL activity is regulated by a two-component system (represented as PhoP/PhoQ), Mg+2 and temperature, being less active at low Mg+2 concentrations and temperatures (Trent et al., 2001a; Ernst et al., 2006). OMVs from P. gingivalis displayed higher concentrations of deacylated lipids (Haurat et al., 2011). Therefore, the effect of lipid A deacylation on OMV biogenesis was evaluated using the expression of the PagL enzyme. The pagL gene was cloned using a low-copy expression vector lacking a control from the PhoP/PhoQ two-component system. S. typhimurium expressing PagL produced almost four times more OMVs than the wild-type strain (Elhenawy et al., 2016). The outer membrane of the S. typhimurium strain expressing PagL showed that hexa-acylated lipid A was predominant, while OMVs mainly contained penta-acylated lipid A (Elhenawy et al., 2016). The authors explained that these differences are likely based on conformational changes in the lipid A structure because hexa-acylated lipid A has a conical shape, while deacylated lipid A has a cylindrical or inverted cone shape. Thus, either the cylindrical or inverted-cone shape decreases hydrophobic interactions, leading to membrane protrusion and favoring OMV formation (Figure 2A; Schromm et al., 2000; Elhenawy et al., 2016). The presence of deacylated lipid A in other Gram-negative bacteria should be investigated to determine whether this is a common molecule implicated in OMV biogenesis. The quantitative comparison analysis of subtypes of LPS in OMVs and outer membranes of wild type S. typhimurium undergoing environmental shift conditions that do not rely on PagL supported an additional role for polymorphic regulation of membrane LPS composition in vesiculation (Bonnington and Kuehn, 2016). Nonlamellar types of lipids, which have an overall conical shape and a preference for the hexagonal phase, are thought to aid in the formation of nonbilayer structures. Accordingly, both the geometry and the propensity of individual membrane components to form nonbilayer lipid phases in the membrane are both likely to be important to vesiculation processes.
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FIGURE 2. LPS modifications are implicated in OMV release. Negatively charged LPS causes an outer membrane imbalance, subsequent membrane protrusion, and OMV release. LPS modifications also contribute to OMV formation. (A) The S. typhimurium strain expressing PagL without the PhoPQ control produces more OMVs than the wild-type strain. The outer membrane of S. typhimurium expressing PagL shows that hexa-acylated lipid A is predominant, while OMVs primarily contain penta-acylated lipid A. Thus, either the cylindrical or inverted-cone shape decreases hydrophobic interactions, leading to membrane protrusion and favoring OMV formation. (B) Citrobacter rodentium uses a two-component system to modify LPS. PmrB, a member of this system, senses high Fe+3 concentrations and regulates the modification of lipid A. C. rodentium ΔpmrB cannot add groups to lipid A, leading to increased vesiculation.


Citrobacter rodentium, a murine enteric pathogen, lacks the pagL gene. This bacterium uses two-component systems to modify LPS, and these systems may indirectly regulate OMV production, similar to PagL. One of these systems is PmrAB, a two-component system regulated by low pH and Fe+3 concentration. PmrAB regulates the expression of the pmrD gene. PmrB senses high Fe+3 concentrations. Once PmrA is activated through phosphorylation, it triggers the differential expression of pmrC (also known as eptA) and cptA; both pmrC and cptA catalyze LPS modifications (Perez and Groisman, 2007). In Salmonella enterica, PmrC and CptA link phosphoethanolamine, while ArnT links 4-amino-4-deoxy-L arabinose to lipid A and the LPS core; these bonds are regulated by PmrAB (Trent et al., 2001b; Lee et al., 2004; Tamayo et al., 2005). Once 4-amino-4-deoxy-L arabinose and phosphoethanolamine are linked to lipid A and the core, the synthesis of negatively charged LPS is decreased, and molecules attached to LPS enhance resistance to antimicrobial peptides and oxidative stress (Sinha et al., 2019). The C. rodentium ΔcptA, ΔpmrC, and ΔpmrAB mutants produce more OMVs than the wild-type strain (Sinha et al., 2019). Furthermore, decreased vesiculation was observed in C. rodentium strains overexpressing the pmrC (eptA) or cptA genes, as shown in Figure 2B (Sinha et al., 2019). PmrC and CptA are putative transferases in C. rodentium; hence, mutations of these genes could lead to decreased modification of LPS with phosphoethanolamine, increasing the overall negative charge of LPS and causing outer-membrane curvature imbalance, subsequent membrane protrusion, and OMV release.

Nevermann et al. (2019) demonstrated that the waaC and rfaE genes are also associated with OMV biogenesis in S. typhi. Additionally, RfaE has been associated with heptose (Hep) precursors necessary for inner-core LPS assembly in E. coli and S. typhimurium (Valvano et al., 2002). Heptoses are found in the oligosaccharide core, and they play a fundamental role in outer membrane stability and the crosslinking of adjacent LPS; they also interact with the positive charges of certain proteins (Heinrichs et al., 1998). Heptosyltransferase I (HepI or WaaC) catalyzes the addition of the first heptose to the inner Kdo (3-deoxy-D-manno-oct-2-ulosonic acid; Czyzyk et al., 2011). The S. typhi waaC mutant produced fewer vesicles than the wild-type strain, while the OMV protein profiles from both the mutant and wild-type strains were similar. Additionally, the S. typhi rfaE mutant produced more vesicles; however, when comparing OMV protein profiles from both the mutant and wild-type strains, relevant differences could clearly be observed. Lateral interactions with LPS molecules provide a significant fraction of the driving force necessary to establish lipid asymmetry in the outer membrane (Nikaido, 2003). Regarding the S. typhi rfaE mutant, it is likely that a defective link of heptose in the inner core alters its assembly, modifying certain interactions between positively and negatively charged LPS groups, and affecting the overall protein interaction with LPS. This finding could explain why the protein composition of OMVs from the S. typhi rfaE mutant was different from that obtained for OMVs from the wild-type strain. WaaC and RfaE induced an opposite effect on vesiculation. Mutation of the waaC gene led to the expression of the hypovesiculation phenotype, while mutation of the rfaE gene induced a hypervesiculation phenotype. These data confirmed the same effects on the OMV phenotypes by waaC and rfaE mutants found for E. coli (Kulp et al., 2015). Further research should focus on these enzymes, which are associated with inner core assembly, and how they contribute to OMV formation.



Contribution of Phospholipids to OMV Biogenesis

Most reports concerning OMV biogenesis focus on the role of lipoproteins and LPS. However, little is known about phospholipids, which are the major components of OMVs. The main phospholipids comprising the outer membrane of E. coli, in order of proportion, are phosphatidylethanolamine (PE), phosphatidylglycerol (PG), and cardiolipin (CL; Raetz and Dowhan, 1990). Using thin-layer chromatography, Horstman and Kuehn (2000) determined that the phospholipid composition of the outer membranes of the E. coli HB101 and ETEC 2 strains, as well as their respective vesicles, share similar components, including PE, PG, and CL. OMVs from Actinobacillus actinomycetemcomitans displayed higher CL and PE concentrations and a low proportion of unidentified lipids, which are not present in the outer membrane (Kato et al., 2002). OMVs from P. aeruginosa showed high PG and stearic acid concentrations, but a low percentage of unsaturated fatty acids released from vesicles composed of a rigid membrane (Tashiro et al., 2011). The orf5 and plsC1 genes of Shewanella livingstonesis play an essential role in eicosapentaenoic acid biosynthesis, while plsC1 and plsC4 code for acyltransferases that are involved in the synthesis of membrane phospholipids. Mutation of orf5, plsC1, and plsC4 in S. livingstonesis increased the production of vesicles (Yokoyama et al., 2017).

Gram-negative bacteria maintain asymmetric distribution of phospholipids in their membranes through the translocation of phospholipids from the inner membrane to the inner leaflet of the outer membrane (known as phospholipid anterograde transport) and inversely (known as phospholipid retrograde transport; Shrivastava and Chng, 2019). Regarding anterograde transport, the molecular determinants implicated in the process are still not fully understood; however, the PbgA/YejM lipoprotein is involved in CL transport from the inner to the outer membrane in Shigella flexneri and S. typhimurium (Dalebroux et al., 2015; Rossi et al., 2017). Regarding retrograde transport, two systems have been described: (i) the Tol-Pal system is involved in the movement of phospholipids from the inner leaflet of the outer membrane to the inner membrane; (ii) the OmpC-Mla system is responsible for outer membrane asymmetry by transporting misplaced phospholipids found in the outer leaflet of the outer membrane to the inner membrane (Chong et al., 2015; Shrivastava et al., 2017). The MlaA lipoprotein interacts with OmpC, which is embedded in the outer membrane and removes phospholipids in the outer leaflet of the outer membrane to another component of the system the MlaC protein. Subsequently, MlaC delivers these phospholipids to the MlaFEDB complex located in the inner membrane. This complex can then reintegrate these phospholipids to the inner membrane (Malinverni and Silhavy, 2009; Chong et al., 2015). Mutation of mla in E. coli induces vesicle production at the septa, increases hepta-acylated LPS, and promotes cell death (Sutterlin et al., 2016). Vesicle overproduction decreases the lipid levels in the outer membrane that are then replaced by lipids from the inner membrane. The decrease in lipids of the inner membrane leads to cell lysis (Sutterlin et al., 2016).

Roier et al. (2016) mutated the vacJ and yrbE genes of Haemophilus influenzae, which are homologous to the mlaA and mlaE genes (respectively) of E. coli and are involved in lipid membrane asymmetry. Vesiculation increased 1.6‐ and 2.2-fold in the H. influenzae vacJ and yrbE mutants, respectively, while vesicle production decreased in the complemented mutants. Vesicles from the H. influenzae vacJ and yrbE mutants exhibited higher levels of PE and myristic acid (C14:0), similar to the outer membrane composition in the wild-type strain; however, the PE and C14:0 fatty acid ratio increased only in vesicles produced by the mutants. Hypervesiculation in H. influenzae vacJ and yrbE was directly due to phospholipid accumulation in the outer membrane because the genes involved in retrograde transport were mutated. The H. influenzae vacJ and yrbE mutants showed the hypervesiculation phenotype, which could be caused by the regulation of the transport of phospholipids from the inner leaflet to the outer leaflet of the outer membrane. Mutation of the homologous genes vacJ and yrbE, which are associated with phospholipid transport in V. cholerae, E. coli, and Campylobacter jejuni, increased vesiculation, confirming the hypothesis that phospholipid asymmetry (retrograde trafficking of phospholipids) plays a role in OMV biogenesis (Roier et al., 2016; Davies et al., 2019). Homologous proteins to the phospholipid ABC transport system were found in phylogenetically distant species, such as Pasteurella multocida, P. aeruginosa, S. typhimurium, and Yersinia enterocolitica, among others. This finding suggests that the mechanism of OMV formation may be strongly linked to phospholipid transport (Roier et al., 2016). To trigger vesicle formation in the outer membrane, the transport of phospholipids from the inner membrane to the outer membrane should be significantly faster than that from the outer membrane to the inner membrane. Disorganization in phospholipid transport leads to phospholipid accumulation in the outer membrane, provoking OMV release (Figure 3).
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FIGURE 3. Phospholipid transport regulates OMVs biogenesis. H. influenzae vacJ and yrbE mutants show a hypervesiculation phenotype because of the accumulation of phospholipids in the outer membrane. The vacJ and yrbE genes are involved in retrograde transport, maintaining membrane asymmetry. To trigger vesicle formation in the outer membrane, the transport of phospholipids from the inner membrane to the outer membrane should be significantly faster than phospholipid transport from the outer membrane to the inner membrane. Disorganization in phospholipid transport leads to the accumulation of phospholipids in the outer membrane, provoking OMV release.


Differences found in the composition of these phospholipids suggest that vesicles are released from the microdomains of diverse phospholipid compositions. However, the possibility of a different mechanism that can regulate phospholipids in OMVs should not be excluded. The composition of predominant phospholipids in OMVs has already been determined. For example, vesicles purified from E. coli ETEC exhibited high concentrations of PG, CL, and PE. By contrast, OMVs from A. actinomycetemcomitans contained high concentrations of CL and PE, whereas OMVs from P. aeruginosa only showed high concentrations of PG, and OMVs from H. influenzae mainly comprised PE (Kato et al., 2002). The accumulation of certain lipids, such as PG and PE, in OMVs is essential to decipher a mechanism for OMV biogenesis.

Tol-Pal helps maintain outer membrane stability through lipoprotein linkages. This system is involved in phospholipid retrograde transport and contributes to OMV biogenesis (Masilamani et al., 2018; Shrivastava and Chng, 2019). Because the S. typhimurium tolA, tolQ, and tolR mutants display high levels of PG and PE in the outer membrane, the presence of glycerophospholipids may promote OMV release (Masilamani et al., 2018). Because Tol-Pal proteins lack a phospholipid-binding domain, they may stabilize unidentified phospholipid transporters or act as phospholipid transporters from the inner to the outer membrane (Shrivastava and Chng, 2019).



Bacterial Flagellin Induces OMV Release

Several studies have shown an association between the bacterial flagellum and OMVs. The flagellum comprises a basal body, a flexible linker known as the hook, and a filament that drives the bacterium’s movement. The filament of the bacterial flagellum comprises the flagellin protein (Chen et al., 2011). Using a density gradient protocol, OMVs from E. coli were purified, and flagellin (FliC) was identified using proteomics (Lee et al., 2007). Manabe et al. analyzed vesicles from E. coli W3110 and the E. coli ΔfliC mutant derived from the W3110 strain. OMVs were obtained using a density gradient protocol. Both flagellin and OMVs from the wild-type strain were found in the same fraction collected from the density gradient. Moreover, flagellin was detected in the lumen of fractioned vesicles from the wild-type strain, and only in the mutant did OMV production decrease (Manabe et al., 2013). In another study, researchers tried to correlate the presence of flagella and OMV production in Vibrio fischeri; in this bacterium, the flagellum shaft is encased by a membranous sheath (Millikan and Ruby, 2004; Aschtgen et al., 2016). In this study, vesicle production was determined in the V. fischeri motB1 mutant (MotB1 is a sodium pump and the main motor protein for the flagellum machinery), V. fischeri nonflagellated flrA mutant (flrA codes for a transcriptional activator), V. fischeri hyperflagellated swarmer strain (expresses 3‐ to 4-fold more flagella), and V. fischeri wild-type strain. However, the number of vesicles decreased in the V. fischeri flrA mutant that lacks flagella. Vesicle production increased in the hyperflagellated strain. The addition of phenamil (a sodium-pump blocking reagent) to the V. fischeri hyperflagellated strain decreased OMV production, suggesting that flagellum rotation improves vesicle release (Aschtgen et al., 2016). To demonstrate the association of flagella with OMV production, the following organisms were analyzed: V. fischeri and V. parahaemolyticus (which expresses several sheathed flagella), V. cholerae (which contains unique polar sheathed flagella), E. coli (which expresses an unsheathed flagellum), and the V. fischeri nonflagellated flrA mutant. V. fischeri and V. parahaemolyticus released more vesicles than V. cholerae and E. coli, while the V. cholerae nonflagellated mutant exhibited decreased OMV production (Aschtgen et al., 2016). They concluded that species expressing flagella such as E. coli and Vibrio released more vesicles. Clearly, unsheathed and sheathed flagella perturb the outer membrane and promote OMV release. To better ascertain the relationship between flagella and OMV production, more flagellated strains along with their corresponding nonflagellated mutants and hyperflagellated strains should be studied. It is important to explore whether flagellum movement only promotes the release of vesicles from the surrounding outer membrane area or promotes vesiculation from the whole cell body.



Pseudomonas Quinolone Signaling and Its Role in OMV Biogenesis

Bacterial species such as P. aeruginosa regulate the secretion of virulence factors by sensing bacterial density through the quorum-sensing mechanism (Strateva and Mitov, 2011). P. aeruginosa produces a quinolone called the Pseudomonas quinolone signal (PQS). To regulate the expression of some genes, PQS binds to the PqsR receptor (Lin et al., 2018). The synthesis of PQS is regulated by pqsABCDE along with other genes, including phnAB and pqsH. PqsA triggers PQS synthesis. PqsB, PqsC, and PqsD then produce 2-heptyl-4-quinolone (HHQ) or quinolone and other precursors. Finally, PqsH catalyzes the conversion of HHQ into PQS. The P. aeruginosa pqsH mutant synthesizes quinolones but not PQS (Lin et al., 2018).

The quorum-sensing system in P. aeruginosa comprises quinolone molecules, including 3-oxo-dodecanoyl homoserine lactone (3OC12-HSL), butyryl homoserine lactone (C4-HSL), and 2-heptyl-3-hydroxy-4-quinolone (PQS; Déziel et al., 2004). OMVs from P. aeruginosa contain higher PQS (86%) than 12-HSL and C4-HSL, which were measured using thin-layer chromatography (TLC) and mass spectrometry (Mashburn-Warren and Whiteley, 2005). Additionally, the P. aeruginosa pqsA mutant (displaying defective quinolone synthesis) showed a 10-fold decrease in OMV production. Vesicle production was restored after treating mutants with a synthetic quinolone. Thus, PQS may also be involved in OMV release. However, when the P. aeruginosa mvfR mutant (which lacks the PQS mvfR regulator) was treated with exogenous PQS, it yielded the same number of vesicles as that of the wild-type strain. This finding suggests physical interactions among PQS and different undetermined molecules found in outer membrane sites where it begins to bulge (Mashburn-Warren and Whiteley, 2005). Additionally, the interaction of LPS with either PQS or the alkyl chain and hydroxyl group (-OH) of PQS induced a curvature in the outer membrane necessary to start vesicle formation. Hence, a synthetic compound similar to PQS (which lacks the alkyl chain and hydroxyl group) does not interact with LPS, while the natural PQS molecule interacts with LPS (Mashburn-Warren et al., 2008). Moreover, PQS could impair the interaction among divalent cations (Mg+2 and Ca+2) and phosphate at the 4-position of lipid A, affecting the motility of lipid A and destabilizing the outer membrane, improving outer membrane protrusion and vesicle release (Bredenbruch et al., 2006; Mashburn-Warren et al., 2008).

In 2012, Schertzer and Whiteley proposed a novel bilayer-coupled model to explain OMV biogenesis, which they theorized could be mediated by PQS in P. aeruginosa (Schertzer and Whiteley, 2012). This model requires the presence of an amphiphilic molecule that, due to specific electric interactions, would concentrate in the outer leaflet of the membrane, leading to the expansion of the outer leaflet while promoting membrane curvature (Sheetz and Singer, 1974). To study the effect of small molecules on the cell membrane, a solution prepared with a low concentration of PQS was added to red blood cells. The erythrocytes showed crenation and membrane protrusions, an effect similar to that elicited during vesicle production (Schertzer and Whiteley, 2012). The addition of chlorpromazine, which induces cup formation in red blood cells, prevented the formation of protrusions in the membrane. Such evidence indicates that PQS may contribute to OMV release, in accordance with the bilayer-coupled model proposed by Schertzer and Whiteley (2012).

P. aeruginosa PA01 strain was previously shown to produce a higher concentration of PQS in the inner membrane and released fewer OMVs. By contrast, PQS production in P. aeruginosa PA14 was extracellular, and a higher OMV production was observed. These results suggest that a relevant difference between the strains could be defective PQS export (Florez et al., 2017). Temporal analyses showed PQS accumulation in the inner membrane of the P. aeruginosa PA01 strain due to PQS saturation. This saturation was observed after culturing the strain for 10 h in Luria-Bertani medium (Florez et al., 2017). When the PA01 strain was cultured using brain infusion broth, vesicle production increased along with PQS export compared with that obtained in Luria-Bertani medium. These results were similar to those reported in clinical strains of P. aeruginosa isolated from patients with cystic fibrosis. These strains showed an increase in OMV production and PQS export in brain infusion broth culture (Florez et al., 2017). Future research is required to analyze PQS transport in Gram-negative clinical strains and define possible PQS-associated mechanisms in OMV biogenesis.

In 2018, Horspool and Schertzer treated different strains of gammaproteobacteria, such as E. coli, Klebsiella pneumoniae, and Proteus mirabilis, with exogenous PQS. All the strains increased vesicle production up to 3.5-fold. This effect was not observed in alphaproteobacteria such as Agrobacterium tumefaciens and Caulobacter crescentus. Importantly, the authors observed an increase in OMV production when using the P. aeruginosa strain that was stimulated with a concentrated supernatant from cultures of E. coli and K. pneumoniae (Horspool and Schertzer, 2018). Molecules present in the supernatants induced OMV production in P. aeruginosa, but these molecules have yet to be identified. Although Mashburn-Warren and Whiteley attributed OMV production in P. aeruginosa exclusively to PQS, they also observed a minimal concentration of acyl-homoserine lactone packaged in OMVs. Therefore, exogenous acyl-homoserine lactone from E. coli and K. pneumoniae induce membrane curvature, leading to OMV release in P. aeruginosa (Mashburn-Warren and Warren, 2005; Schertzer and Whiteley, 2012).




CONCLUDING REMARKS

Several works have focused on explaining the different possible OMV biogenesis mechanisms. Lipoproteins, outer membrane proteins, LPS, and flagellin have been proposed as the key pieces in different mechanisms of OMV biogenesis.

Lipoproteins and outer membrane proteins involved in linkages within the bacterial envelopes regulate membrane protrusion and subsequent OMV release. Further investigation is needed and should focus on the search for lipoproteins and outer membrane proteins homologous to those reviewed here involved in OMV biogenesis. The interaction with the peptidoglycan and/or outer membrane and null mutants were then analyzed to determine their role in vesicle formation. It is possible that more than one molecule, such as LPS, outer membrane proteins, and phospholipids, could contribute to vesicle formation. Although LPS differs considerably among bacterial species, it has also been associated with OMV biogenesis. LPS charge and architecture are involved in OMV formation and protein composition. In addition, it should be explored which LPS component (O-antigen, core, and/or lipid A) plays the major role in vesiculation. However, retrograde phospholipid transport is involved in OMV release; phospholipid accumulation increases outer membrane protrusion and subsequent vesicle release. Other molecules, including PQS or flagellin, could be involved in vesicle formation. Although the secretion of PQS molecules or presence of flagella in the cell body is restricted to a few bacterial species, their role in vesiculation must be explored in more detail.



AUTHOR CONTRIBUTIONS

All authors listed have made a substantial, direct and intellectual contribution to the work, and approved it for publication.



FUNDING

This work was funded by CONACYT 61529, SIP-IPN 20182152, 20195737, 20200594, and SAGARPA-CONACYT 2017-02-291311. EA-C was supported by CONACYT and PIFI-IPN scholarships. MA-A, ER, ZG-L, and AC-R were supported by fellowships from COFAA-IPN, SIP-EDI, and SNI-CONACYT.


REFERENCES

 Aschtgen, M. S., Lynch, J. B., Koc, E., Schwartzman, J., McFall-Ngai, M., and Ruby, E. (2016). Rotation of Vibrio fischeri flagella produces outer membrane vesicles that induce host development. J. Bacteriol. 198, 2156–2165. doi: 10.1128/JB.00101-16 

 Avila-Calderón, E. D., Araiza-Villanueva, M. G., Cancino-Diaz, J. C., López-Villegas, E. O., Sriranganathan, N., Boyle, S. M., et al. (2015). Roles of bacterial membrane vesicles. Arch. Microbiol. 197, 1–10. doi: 10.1007/s00203-014-1042-7 

 Banzhaf, M., Yau, H. C., Verheul, J., Lodge, A., Kritikos, G., Mateus, A., et al. (2020). Outer membrane lipoprotein NlpI scaffolds peptidoglycan hydrolases within multi-enzyme complexes in Escherichia coli. EMBO J. 39:e102246. doi: 10.15252/embj.2019102246 

 Bernadac, A., Gavioli, M., Lazzaroni, J. C., Raina, S., and Lloubès, R. (1998). Escherichia coli tol-pal mutants form outer membrane vesicles. J. Bacteriol. 180, 4872–4878. doi: 10.1128/JB.180.18.4872-4878.1998 

 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

 Bonnington, K. E., and Kuehn, M. J. (2016). Outer membrane vesicle production facilitates LPS remodeling and outer membrane maintenance in Salmonella during environmental transitions. MBio 7, e01532–e01616. doi: 10.1128/mBio.01532-16 

 Bredenbruch, F., Geffers, R., Nimtz, M., Buer, J., and Häussler, S. (2006). The Pseudomonas aeruginosa quinolone signal (PQS) has an iron-chelating activity. Environ. Microbiol. 8, 1318–1329. doi: 10.1111/j.1462-2920.2006.01025.x 

 Cahill, B. K., Seeley, K. W., Gutel, D., and Ellis, T. N. (2015). Klebsiella pneumoniae O antigen loss alters the outer membrane protein composition and the selective packaging of proteins into secreted outer membrane vesicles. Microbiol. Res. 180, 1–10. doi: 10.1016/j.micres.2015.06.012 

 Chen, S., Beeby, M., Murphy, G. E., Leadbetter, J. R., Hendrixson, D. H., Briegel, A., et al. (2011). Structural diversity of bacterial flagellar motors. EMBO J. 30, 2972–2981. doi: 10.1038/emboj.2011.186 

 Chong, Z. S., Woo, W. F., and Chng, S. S. (2015). Osmoporin OmpC forms a complex with MlaA to maintain outer membrane lipid asymmetry in Escherichia coli. Mol. Microbiol. 98, 1133–1146. doi: 10.1111/mmi.13202 

 Czyzyk, D. J., Liu, C., and Taylor, E. A. (2011). Lipopolysaccharide biosynthesis without the lipids: recognition promiscuity of Escherichia coli heptosyltransferase I. Biochemistry 50, 10570–10572. doi: 10.1021/bi201581b 

 Dalebroux, Z. D., Edrozo, M. B., Pfuetzner, R. A., Ressl, S., Kulasekara, B. R., Blanc, M. -P., et al. (2015). Delivery of cardiolipins to the Salmonella outer membrane is necessary for survival within host tissues and virulence. Cell Host Microbe 17, 441–451. doi: 10.1016/j.chom.2015.03.003 

 Davies, C., Taylor, A. J., Elmi, A., Winter, J., Liaw, J., Grabowska, A. D., et al. (2019). Sodium taurocholate stimulates Campylobacter jejuni outer membrane vesicle production via down-regulation of the maintenance of lipid asymmetry pathway. Front. Cell. Infect. Microbiol. 9:177. doi: 10.3389/fcimb.2019.00177 

 Deatherage, B. L., Lara, J. C., Bergsbaken, T., Rassoulian Barrett, S. L., Lara, S., and Cookson, B. T. (2009). Biogenesis of bacterial membrane vesicles. Mol. Microbiol. 72, 1395–1407. doi: 10.1111/j.1365-2958.2009.06731.x 

 Déziel, E., Lépine, F., Milot, S., He, J., Mindrinos, M. N., Tompkinset, R. G., et al. (2004). Analysis of Pseudomonas aeruginosa 4-hydroxy-2-alkylquinolines (HAQs) reveals a role for 4-hydroxy-2-heptylquinoline in cell-to-cell communication. Proc. Natl. Acad. Sci. U. S. A. 101, 1339–1344. doi: 10.1073/pnas.0307694100 

 Eddy, J. L., Gielda, L. M., Caulfield, A. J., Rangel, S. M., and Lathem, W. W. (2014). Production of outer membrane vesicles by the plague pathogen Yersinia pestis. PLoS One 9:e107002. doi: 10.1371/journal.pone.0107002 

 Elhenawy, W., Bording-Jorgensen, M., Valguarnera, E., Haurat, M. F., Wine, E., and Feldman, M. F. (2016). LPS remodeling triggers formation of outer membrane vesicles in Salmonella. MBio 7, e00940–e01016. doi: 10.1128/mBio.00940-16 

 Ernst, R. K., Adams, K. N., Moskowitz, S. M., Kraig, G. M., Kawasaki, K., Stead, C. M., et al. (2006). The Pseudomonas aeruginosa lipid a deacylase: selection for expression and loss within the cystic fibrosis airway. J. Bacteriol. 188, 191–201. doi: 10.1128/JB.188.1.191-201.2006 

 Florez, C., Raab, J. E., Cooke, A. C., and Schertzer, J. W. (2017). Membrane distribution of the Pseudomonas quinolone signal modulates outer membrane vesicle production in Pseudomonas aeruginosa. MBio 8, e01034–e01117. doi: 10.1128/mBio.01034-17 

 Gamazo, C., and Moriyón, I. (1987). Release of outer membrane fragments by exponentially growing Brucella melitensis cells. Infect. Immun. 55, 609–615. doi: 10.1128/IAI.55.3.609-615.1987 

 Gerding, M. A., Ogata, Y., Pecora, N. D., Niki, H., and De Boer, P. A. (2007). The trans-envelope Tol-Pal complex is part of the cell division machinery and required for proper outer-membrane invagination during cell constriction in E. coli. Mol. Microbiol. 63, 1008–1025. doi: 10.1111/j.1365-2958.2006.05571.x

 Grenier, D., and Bélanger, M. (1991). Protective effect of Porphyromonas gingivalis outer membrane vesicles against bactericidal activity of human serum. Infect. Immun. 9, 3004–3008. doi: 10.1128/IAI.59.9.3004-3008.1991 

 Hancock, R. E., Siehnel, R., and Martin, N. (1990). Outer membrane proteins of Pseudomonas. Mol. Microbiol. 4, 1069–1075. doi: 10.1111/j.1365-2958.1990.tb00680.x 

 Haurat, M. F., Aduse-Opoku, J., Rangarajan, M., Dorobantu, L., Gray, R. M., Curtis, M. A., et al. (2011). Selective sorting of cargo proteins into bacterial membrane vesicles. J. Biol. Chem. 286, 1269–1276. doi: 10.1074/jbc.M110.185744 

 Hayashi, J., Hamada, N., and Kuramitsu, H. K. (2002). The autolysin of Porphyromonas gingivalis is involved in outer membrane vesicle release. FEMS Microbiol. Lett. 216, 217–222. doi: 10.1111/j.1574-6968.2002.tb11438.x 

 Heinrichs, D. E., Yethon, J. A., and Whitfield, C. (1998). Molecular basis for structural diversity in the core regions of the lipopolysaccharides of Escherichia coli and Salmonella enterica. Mol. Microbiol. 30, 221–232. doi: 10.1046/j.1365-2958.1998.01063.x 

 Hoekstra, D., van der Laan, J. W., de Leij, L., and Witholt, B. (1976). Release of outer membrane fragments from normally growing Escherichia coli. Biochim. Biophys. Acta 455, 889–899. doi: 10.1016/0005-2736(76)90058-4 

 Horspool, A. M., and Schertzer, J. W. (2018). Reciprocal cross-species induction of outer membrane vesicle biogenesis via secreted factors. Sci. Rep. 8:9873. doi: 10.1038/s41598-018-28042-4 

 Horstman, A. L., and Kuehn, M. J. (2000). Enterotoxigenic Escherichia coli secretes active heat-labile enterotoxin via outer membrane vesicles. J. Biol. Chem. 275, 12489–12496. doi: 10.1074/jbc.275.17.12489 

 Jan, A. T. (2017). Outer membrane vesicles (OMVs) of gram-negative bacteria: a perspective update. Front. Microbiol. 8:1053. doi: 10.3389/fmicb.2017.01053 

 Jin, J. S., Kwon, S. O., Moon, D. C., Gurung, M., Lee, J. H., Kim, S. I., et al. (2011). Acinetobacter baumannii secretes cytotoxic outer membrane protein a via outer membrane vesicles. PLoS One 6:e17027. doi: 10.1371/journal.pone.0017027 

 Kadurugamuwa, J. L., and Beveridge, T. J. (1995). Virulence factors are released from Pseudomonas aeruginosa in association with membrane vesicles during normal growth and exposure to gentamicin: a novel mechanism of enzyme secretion. J. Bacteriol. 177, 3998–4008. doi: 10.1128/jb.177.14.3998-4008.1995 

 Kato, S., Kowashi, Y., and Demuth, D. R. (2002). Outer membrane-like vesicles secreted by Actinobacillus actinomycetemcomitans are enriched in leukotoxin. Microb. Pathog. 32, 1–13. doi: 10.1006/mpat.2001.0474 

 Katsui, N., Tsuchido, T., Hiramatsu, R., Fujikawa, S., Takano, M., and Shibasaki, I. (1982). Heat-induced blebbing and vesiculation of the outer membrane of Escherichia coli. J. Bacteriol. 151, 1523–1531. doi: 10.1128/JB.151.3.1523-1531.1982 

 Kawasaki, K., Ernst, R. K., and Miller, S. I. (2004). 3-O-deacylation of lipid a by PagL, a PhoP/PhoQ-regulated deacylase of Salmonella typhimurium, modulates signaling through toll-like receptor 4. J. Biol. Chem. 279, 20044–20048. doi: 10.1074/jbc.M401275200 

 King, J. D., Kocíncová, D., Westman, E. L., and Lam, J. S. (2009). Review: lipopolysaccharide biosynthesis in Pseudomonas aeruginosa. Innate Immun. 15, 261–312. doi: 10.1177/1753425909106436 

 Klein, G., and Raina, S. (2019). Regulated assembly of LPS, its structural alterations and cellular response to LPS defects. Int. J. Mol. Sci. 20:E356. doi: 10.3390/ijms20020356 

 Knox, K. W., Vesk, M., and Work, E. (1966). Relation between excreted lipopolysaccharide complexes and surface structures of a lysine-limited culture of Escherichia coli. J. Bacteriol. 92, 1206–1217. doi: 10.1128/JB.92.4.1206-1217.1966 

 Koike, M., Iida, K., and Matsuo, T. (1969). Electron microscopic studies on mode of action of polymyxin. J. Bacteriol. 97, 448–452. doi: 10.1128/JB.97.1.448-452.1969 

 Kulp, A. J., Sun, B., Ai, T., Manning, A. J., Orench-Rivera, N., Schmid, A. K., et al. (2015). Genome-wide assessment of outer membrane vesicle production in Escherichia coli. PLoS One 10:e0139200. doi: 10.1371/journal.pone.0139200 

 Lam, J. S., Taylor, V. L., Islam, S. T., Hao, Y., and Kocíncová, D. (2011). Genetic and functional diversity of Pseudomonas aeruginosa lipopolysaccharide. Front. Microbiol. 2:118. doi: 10.3389/fmicb.2011.00118 

 Lee, E. Y., Bang, J. Y., Park, G. W., Choi, S. C., Seoun, J., Kim, H. -J., et al. (2007). Global proteomic profiling of native outer membrane vesicles derived from Escherichia coli. Proteomics 7, 3143–3153. doi: 10.1002/pmic.200700196 

 Lee, H., Hsu, F. F., Turk, J., and Groisman, E. A. (2004). The PmrA-regulated pmrC gene mediates phosphoethanolamine modification of lipid a and polymyxin resistance in Salmonella enterica. J. Bacteriol. 186, 4124–4133. doi: 10.1128/JB.186.13.4124-4133.2004 

 Lee, N., and Inouye, M. (1974). Outer membrane proteins of Escherichia coli: biosynthesis and assembly. FEBS Lett. 39, 167–170. doi: 10.1016/0014-5793(74)80043-8 

 Lin, J., Cheng, J., Wang, Y., and Shen, X. (2018). The Pseudomonas quinolone signal (PQS): not just for quorum sensing anymore. Front. Cell. Infect. Microbiol. 8:230. doi: 10.3389/fcimb.2018.00230 

 Magnet, S., Bellais, S., Dubost, L., Fourgeaud, M., Mainardi, J. L., Petit-Frère, S., et al. (2007). Identification of the L,D-transpeptidases responsible for attachment of the Braun lipoprotein to Escherichia coli peptidoglycan. J. Bacteriol. 189, 3927–3931. doi: 10.1128/JB.00084-07 

 Malinverni, J. C., and Silhavy, T. J. (2009). An ABC transport system that maintains lipid asymmetry in the gram-negative outer membrane. Proc. Natl. Acad. Sci. U. S. A. 106, 8009–8014. doi: 10.1073/pnas.0903229106 

 Manabe, T., Kato, M., Ueno, T., and Kawasaki, K. (2013). Flagella proteins contribute to the production of outer membrane vesicles from Escherichia coli W3110. Biochem. Biophys. Res. Commun. 441, 151–156. doi: 10.1016/j.bbrc.2013.10.022 

 Mashburn-Warren, L., Howe, J., Garidel, P., Richter, W., Steiniger, F., Roessle, M., et al. (2008). Interaction of quorum signals with outer membrane lipids: insights into prokaryotic membrane vesicle formation. Mol. Microbiol. 69, 491–502. doi: 10.1111/j.1365-2958.2008.06302.x 

 Mashburn-Warren, L. M., and Whiteley, M. (2005). Membrane vesicles traffic signals and facilitate group activities in a prokaryote. Nature 437, 422–425. doi: 10.1038/nature03925 

 Mashburn-Warren, L. M., and Whiteley, M. (2006). Special delivery: vesicle trafficking in prokaryotes. Mol. Microbiol. 61, 839–846. doi: 10.1111/j.1365-2958.2006.05272.x 

 Masilamani, R., Cian, M. B., and Dalebroux, Z. D. (2018). Salmonella Tol-pal teduces outer membrane glycerophospholipid levels for envelope homeostasis and survival during bacteremia. Infect. Immun. 86, e00173–e00218. doi: 10.1128/IAI.00173-18 

 McBroom, A. J., Johnson, A. P., Vemulapalli, S., and Kuehn, M. J. (2006). Outer membrane vesicle production by Escherichia coli is independent of membrane instability. J. Bacteriol. 188, 5385–5392. doi: 10.1128/JB.00498-06 

 McBroom, A. J., and Kuehn, M. J. (2007). Release of outer membrane vesicles by gram-negative bacteria is a novel envelope stress response. Mol. Microbiol. 63, 545–558. doi: 10.1111/j.1365-2958.2006.05522.x 

 Millikan, D. S., and Ruby, E. G. (2004). Vibrio fischeri flagellin a is essential for normal motility and for symbiotic competence during initial squid light organ colonization. J. Bacteriol. 186, 4315–4325. doi: 10.1128/JB.186.13.4315-4325.2004 

 Moon, D. C., Choi, C. H., Lee, J. H., Choi, C. W., Kim, H. Y., Park, J. S., et al. (2012). Acinetobacter baumannii outer membrane protein a modulates the biogenesis of outer membrane vesicles. J. Microbiol. 50, 155–160. doi: 10.1007/s12275-012-1589-4.

 Murphy, K., Park, A. J., Hao, Y., Brewer, D., Lam, J. S., and Khursigara, C. M. (2014). Influence of O polysaccharides on biofilm development and outer membrane vesicle biogenesis in Pseudomonas aeruginosa PAO1. J. Bacteriol. 196, 1306–1317. doi: 10.1128/JB.01463-13 

 Nevermann, J., Silva, A., Otero, C., Oyarzún, D. P., Barrera, B., Gil, F., et al. (2019). Identification of genes involved in biogenesis of outer membrane vesicles (OMVs) in Salmonella enterica serovar Typhi. Front. Microbiol. 10:104. doi: 10.3389/fmicb.2019.00104 

 Nguyen, T. T., Saxena, A., and Beveridge, T. J. (2003). Effect of surface lipopolysaccharide on the nature of membrane vesicles liberated from the gram-negative bacterium Pseudomonas aeruginosa. J. Electron Microsc. 52, 465–469. doi: 10.1093/jmicro/52.5.465 

 Nikaido, H. (2003). Molecular basis of bacterial outer membrane permeability revisited. Microbiol. Mol. Biol. Rev. 67, 593–656. doi: 10.1128/mmbr.67.4.593-656.2003 

 Ohara, M., Wu, H. C., Sankaran, K., and Rick, P. D. (1999). Identification and characterization of a new lipoprotein, NlpI, in Escherichia coli K-12. J. Bacteriol. 181, 4318–4325. doi: 10.1128/JB.181.14.4318-4325.1999 

 Paramonov, N. A., Aduse-Opoku, J., Hashim, A., Rangarajan, M., and Curtis, M. A. (2009). Structural analysis of the core region of O-lipopolysaccharide of Porphyromonas gingivalis from mutants defective in O-antigen ligase and O-antigen polymerase. J. Bacteriol. 191, 5272–5282. doi: 10.1128/JB.00019-09 

 Paramonov, N., Rangarajan, M., Hashim, A., Gallagher, A., Aduse-Opoku, J., Slaney, J. M., et al. (2005). Structural analysis of a novel anionic polysaccharide from Porphyromonas gingivalis strain W50 related to Arg-gingipain glycans. Mol. Microbiol. 58, 847–863. doi: 10.1111/j.1365-2958.2005.04871.x 

 Pathirana, R. D., and Kaparakis-Liaskos, M. (2016). Bacterial membrane vesicles: biogenesis, immune regulation and pathogenesis. Cell. Microbiol. 18, 1518–1524. doi: 10.1111/cmi.12658 

 Pazos, M., and Peters, K. (2019). Peptidoglycan. Subcell. Biochem. 92, 127–168. doi: 10.1007/978-3-030-18768-2_5 

 Perez, J. C., and Groisman, E. A. (2007). Acid pH activation of the PmrA/PmrB two-component regulatory system of Salmonella enterica. Mol. Microbiol. 63, 283–293. doi: 10.1111/j.1365-2958.2006.05512.x 

 Raetz, C. R., and Dowhan, W. (1990). Biosynthesis and function of phospholipids in Escherichia coli. J. Biol. Chem. 265, 1235–1238.

 Raetz, C. R., and Whitfield, C. (2002). Lipopolysaccharide endotoxins. Annu. Rev. Biochem. 71, 635–700. doi: 10.1146/annurev.biochem.71.110601.135414

 Roier, S., Zingl, F. G., Cakar, F., Durakovic, S., Kohl, P., Eichmann, T. O., et al. (2016). A novel mechanism for the biogenesis of outer membrane vesicles in gram-negative bacteria. Nat. Commun. 7:10515. doi: 10.1038/ncomms10515 

 Rossi, R. M., Yum, L., Agaisse, H., and Payne, S. M. (2017). Cardiolipin synthesis and outer membrane localization are required for Shigella flexneri virulence. MBio 8, e01199–e01217. doi: 10.1128/mBio.01199-17 

 Rouf, S. F., Ahmad, I., Anwar, N., Vodnala, S. K., Kader, A., Römling, U., et al. (2011). Opposing contributions of polynucleotide phosphorylase and the membrane protein NlpI to biofilm formation by Salmonella enterica serovar Typhimurium. J. Bacteriol. 193, 580–582. doi: 10.1128/JB.00905-10 

 Sabra, W., Lünsdorf, H., and Zeng, A. P. (2003). Alterations in the formation of lipopolysaccharide and membrane vesicles on the surface of Pseudomonas aeruginosa PAO1 under oxygen stress conditions. Microbiology 149, 2789–2795. doi: 10.1099/mic.0.26443-0 

 Samsudin, F., Boags, A., Piggot, T. J., and Khalid, S. (2017). Braun's lipoprotein facilitates OmpA interaction with the Escherichia coli cell wall. Biophys. J. 113, 1496–1504. doi: 10.1016/j.bpj.2017.08.011 

 Schertzer, J. W., and Whiteley, M. (2012). A bilayer-couple model of bacterial outer membrane vesicle biogenesis. MBio 3, e00297–e00311. doi: 10.1128/mBio.00297-11 

 Schromm, A. B., Brandenburg, K., Loppnow, H., Moran, A. P., Koch, M. H., Rietschel, E. T., et al. (2000). Biological activities of lipopolysaccharides are determined by the shape of their lipid a portion. Eur. J. Biochem. 267, 2008–2013. doi: 10.1046/j.1432-1327.2000.01204.x 

 Schwechheimer, C., and Kuehn, M. J. (2013). Synthetic effect between envelope stress and lack of outer membrane vesicle production in Escherichia coli. J. Bacteriol. 195, 4161–4173. doi: 10.1128/JB.02192-12 

 Schwechheimer, C., Kulp, A., and Kuehn, M. J. (2014). Modulation of bacterial outer membrane vesicle production by envelope structure and content. BMC Microbiol. 14:324. doi: 10.1186/s12866-014-0324-1 

 Schwechheimer, C., Rodriguez, D. L., and Kuehn, M. J. (2015). NlpI-mediated modulation of outer membrane vesicle production through peptidoglycan dynamics in Escherichia coli. Microbiology 4, 375–389. doi: 10.1002/mbo3.244 

 Sheetz, M. P., and Singer, S. J. (1974). Biological membranes as bilayer couples. A molecular mechanism of drug-erythrocyte interactions. Proc. Natl. Acad. Sci. U. S. A. 71, 4457–4461. doi: 10.1073/pnas.71.11.4457 

 Shrivastava, R., and Chng, S. S. (2019). Lipid trafficking across the gram-negative cell envelope. J. Biol. Chem. 294, 14175–14184. doi: 10.1074/jbc.AW119.008139 

 Shrivastava, R., Jiang, X., and Chng, S. S. (2017). Outer membrane lipid homeostasis via retrograde phospholipid transport in Escherichia coli. Mol. Microbiol. 106, 395–408. doi: 10.1111/mmi.13772 

 Silhavy, T. J., Kahne, D., and Walker, S. (2010). The bacterial cell envelope. Cold Spring Harb. Perspect. Biol. 2:a000414. doi: 10.1101/cshperspect.a000414 

 Sinha, A., Nyongesa, S., Viau, C., Gruenheid, S., Veyrier, F. J., and Moual, H. L. (2019). PmrC (EptA) and CptA negatively affect outer membrane vesicle production in Citrobacter rodentium. J. Bacteriol. 201, e00454–e00518. doi: 10.1128/JB.00454-18 

 Smith, S. G., Mahon, V., Lambert, M. A., and Fagan, R. (2007). A molecular Swiss army knife: OmpA structure, function and expression. FEMS Microbiol. Lett. 273, 1–11. doi: 10.1111/j.1574-6968.2007.00778.x 

 Strateva, T., and Mitov, I. (2011). Contribution of an arsenal of virulence factors to pathogenesis of Pseudomonas aeruginosa infections. Ann. Microbiol. 61, 717–732. doi: 10.1007/s13213-011-0273-y

 Sutterlin, H. A., Shi, H., May, K. L., Miguel, A., Khare, S., Huang, K. C., et al. (2016). Disruption of lipid homeostasis in the gram-negative cell envelope activates a novel cell death pathway. Proc. Natl. Acad. Sci. U. S. A. 113, E1565–E1574. doi: 10.1073/pnas.1601375113 

 Suzuki, H., Nishimura, Y., Yasuda, S., Nishimura, A., Yamada, M., and Hirota, Y. (1978). Murein-lipoprotein of Escherichia coli: a protein involved in the stabilization of bacterial cell envelope. Mol. Gen. Genet. 167, 1–9. doi: 10.1007/BF00270315 

 Tamayo, R., Choudhury, B., Septer, A., Merighi, M., Carlson, R., and Gunn, J. S. (2005). Identification of cptA, a PmrA-regulated locus required for phosphoethanolamine modification of the Salmonella enterica serovar typhimurium lipopolysaccharide core. J. Bacteriol. 187, 3391–3399. doi: 10.1128/JB.187.10.3391-3399.2005 

 Tashiro, Y., Inagaki, A., Shimizu, M., Ichikawa, S., Takaya, N., Nakajima-Kambe, T., et al. (2011). Characterization of phospholipids in membrane vesicles derived from Pseudomonas aeruginosa. Biosci. Biotechnol. Biochem. 75, 605–607. doi: 10.1271/bbb.100754 

 Trent, M. S., Pabich, W., Raetz, C. R., and Miller, S. I. (2001a). A PhoP/PhoQ-induced lipase (PagL) that catalyzes 3-O-deacylation of lipid a precursors in membranes of Salmonella typhimurium. J. Biol. Chem. 276, 9083–9092. doi: 10.1074/jbc.M010730200 

 Trent, M. S., Ribeiro, A. A., Lin, S., Cotter, R. J., and Raetz, C. R. (2001b). An inner membrane enzyme in Salmonella and Escherichia coli that transfers 4-amino-4-deoxy-L-arabinose to lipid a: induction on polymyxin-resistant mutants and role of a novel lipid-linked donor. J. Biol. Chem. 276, 43122–43131. doi: 10.1074/jbc.M106961200 

 Valeru, S. P., Shanan, S., Alossimi, H., Saeed, A., Sandström, G., and Abd, H. (2014). Lack of outer membrane protein a enhances the release of outer membrane vesicles and survival of Vibrio cholerae and suppresses viability of Acanthamoeba castellanii. Int. J. Microbiol. 2014:610190. doi: 10.1155/2014/610190 

 Valvano, M. A., Messner, P., and Kosma, P. (2002). Novel pathways for biosynthesis of nucleotide-activated glycero-manno-heptose precursors of bacterial glycoproteins and cell surface polysaccharides. Microbiology 148, 1979–1989. doi: 10.1099/00221287-148-7-1979 

 Weigand, R. A., Vinci, K. D., and Rothfield, L. I. (1976). Morphogenesis of the bacterial division septum: a new class of septation-defective mutants. Proc. Natl. Acad. Sci. U. S. A. 73, 1882–1886. doi: 10.1073/pnas.73.6.1882 

 Wessel, A. K., Liew, J., Kwon, T., Marcotte, E. M., and Whiteley, M. (2013). Role of Pseudomonas aeruginosa peptidoglycan-associated outer membrane proteins in vesicle formation. J. Bacteriol. 195, 213–219. doi: 10.1128/JB.01253-12 

 Yamaguchi, K., and Inouye, M. (1988). Lipoprotein 28, an inner membrane protein of Escherichia coli encoded by nlpA, is not essential for growth. J. Bacteriol. 170, 3747–3749. doi: 10.1128/jb.170.8.3747-3749.1988

 Yokoyama, F., Kawamoto, J., Imai, T., and Kurihara, T. (2017). Characterization of extracellular membrane vesicles of an Antarctic bacterium, Shewanella livingstonensis Ac10, and their enhanced production by alteration of phospholipid composition. Extremophiles 21, 723–731. doi: 10.1007/s00792-017-0937-z 

 Zhou, L., Srisatjaluk, R., Justus, D. E., and Doyle, R. J. (1998). On the origin of membrane vesicles in gram-negative bacteria. FEMS Microbiol. Lett. 163, 223–228. doi: 10.1111/j.1574-6968.1998.tb13049.x 


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 © 2021 Avila-Calderón, Ruiz-Palma, Aguilera-Arreola, Velázquez-Guadarrama, Ruiz, Gomez-Lunar, Witonsky and Contreras-Rodríguez. 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.



[image: image]


OPS/images/fmicb-12-557455/fmicb-12-557455-g006.jpg
Markers

MG1655 cells
MG1655 periplasm
MG1655 OM
MG1655 OMV
GFP-FimA cells
GFP-FimA periplasm
GFP-FimA OM

'1] GFP-FimA OMV

kDa
250

150!

OMVs from E.coli
MG1655

Flagellar hook-
associated
protein

£
Cc E z
= 0 = >
t §E 2% ¥ &3 3
o Q o (@]
n n n n E £ £ =
© ) © © i i L. o
— — — - ] g g T
(] o o o [ o o o
= = = = (U] (U] G [G]
50kDa| — s | GFp antibody

50kDa . wew W | FimAmonomerantibody
51kDa —.—-_m Flagellin antibody

18kDa[ ‘ I FimA monomer antibody
D Anti-GFP antibody Anti-FimA antibody Anti-GFP antibody & E Anti-GFP antibody Anti-FimA antibody  Anti-Flagellin antibody
(10nm gold label) (15nm gold label) Anti-FimA antibody (10nm gold label) (15nm gold label) (15nm gold label)

3 =

E-

No primary antibody ~ No primary antibody
(15nm gold label) (10nm gold label)

A;\tiFIagelliﬁ antibody No primary antibody A No priméry antibody
(15nm gold label) (15nm gold label) (10nm gold label)






OPS/images/fmicb-12-557455/fmicb-12-557455-g005.jpg
Flagellin monomer

FimA polymer
FimA monomer

9 33e|0s! [eajuly 1103

|

G @3e(0s! [eAUIP /0T

 33e[0s! [eajulpo 1023

€ 91e[0S| [B2IUIP /02T

L]
=

7 33e(0S! [e21UI}D 1/02°F

Clinical isolate 2

1000m

T 23e[0S! [ea1uIpD /027

|

Clinical isolate 6

2711093

vwify 11023

|equaled 1M /j02°F

Clinical isolate 1

18kDa
51kDa |

>250kDa |7 _

Clinical isolate 5

E.coli AfliC

Clinical isolate 4

9 31e(0s| [e2UI}D /027

§ @1e(0s| [ea1UI}D 1j02°F

 33e|os! [eajuild /023

E.coli K-12 parental

€ 91e[0S] [BI1UIJD //02°F

Clinical isolate 3

 21e(0s! [e21UIP 1j02°F

T 91€|0S] [B21UID /j02'F

E.coli AfimA

21§ 11023

YWy 1jo>3 ~

ETTSIME LM Jj02'3
(&

sonen IR DS 9

‘
o > S 3 n o
< m - A ®» ~&& 8 8
=R

~
—

Q
S ~
1

150





OPS/images/fmicb-12-557455/fmicb-12-557455-g004.jpg
A B 5
£ §F g £ o g E
§ 23 § 3 5 % %
" " . = § 3 S S 3 S S
E.coli AlrhA E.coli AfliD wa = 8 & & & & & 4
250

150

100
75 Flagellin (51kDa)
50 Antigen 43 a
chain (50kDa)
37
25
20

FimA (18kDa)

15

10

-
N
w
N
v
o
~
00

E.coli AflhA

E.coli Afiis E.coli AflhA

E.coli AfimA
E.coli AfliC
E.coli AlrhA
E.coli AfliD
E.coli AfliS

E.coli WT

18kDa M- * -.— FimA monomer
51kDa ‘».m \oded | Flagellin monomer





OPS/images/fmicb-12-557455/fmicb-12-557455-g003.jpg
E.coli WT Parent strain

»
>
=
o
S
5
3
i

(BW25113) OMVs E.coli AfliC OMVs

E.coli AfimA OMVs

E.coli AfimD OMVs

E.coli AfimE OMVs

E.coli AfimZ OMVs

E.coli AfimB OMVs

oli AfimH OMVs

li AfimF OMVs

E.coli Afiml OMVs

E.coli AfimG OMVs

SANO U0 pax0]
sequiy /1023

SAWO uoisny
Zoe7-guild Jjoo°3

SSOTOW LM Jj02°3
SAWO Zwifv 1j02°3
SAWO [wifi7 1j02°3
SAWO quwilfy jj02'3

SAWO Ywifv 1j02°3

SAINO (ETTSZMS)
1M [eauased jo2°3

sidje

©
[=}
~

SAINO HWHv 1023
SAINO DWify 11023
SAINO WiV 1j03°3
SAWO Fwifi7 1j02°3
SAWO gwiv 1103°3
SAINO DWilfv 1023
SAINO YWHV 1j02°3
SAWO (€TTSZM8)

1M [eruased jo2°3

SAWO DIV 102°3

iR

o
n
9

a)

Flagellin (51kD:

Antigen 43a

chain (50 kDa)

37

25

20

FimA 18 kDa

FimA (18 kDa)

15

10

10

HwIv 1023

owify 1102’3

Jwify 1023

Jwifv 1023

quify 1102’3

Jwilfy 1103°3

YWwijv 1j03°3

|ejuated | /00T

10

DIV 1j02°3

FimA (Polymerised)

>250kDa

FimA (Monomeric)

-» e |

18kDa

Flagellin

51kDa I

(€30) 1218 1j02°7

1cgor3

uo paydo|
3eLIqIY YUM //09°3

2oe7-guild 02’3

SS9TON 1M /[0

|euazed | M /023

Zwifv 11023

wify 11023

quiy 11023

FimA (Polymerised)

>250kDa

§ | FimA (Monomeric)

18kDa

Flagellin

51kDa|






OPS/images/fmicb-12-557455/fmicb-12-557455-g002.jpg
E.coli fimbriae production

E.coli FimB-LacZ fusion A locked on []

E.coli Parental (BW25113) []

~ E.coli Aflic [ E.coli AfimC A

E.coli AfimA A\

kDa
250
150
100

75

chain (50kDa)
FimA (18kDa)
membrane
prolipoprotein Lpp
(8kDa)

[Flageliin (51kDa)

‘ Major outer

suieyo4d
NWO Dwifv 11023

10

suiaj04d ojwseduad
owifi 11023

S1192 Jwify 1j02°3
suloud
AWO DIlf7 11023

suiajoud
onwsediiad Jyfy 1j02°3 i

>

51199 pasA| D1fv 1102°3
"
suiajoud

NWO vwify 11023

suajo4d djwsejduad
vwify 1j02°3

~ sutajosd ANQ uo
pax20] seuquuy jjo2'3

J1wsejduad uo

83 3 8w 2 & 24 8 2 pay20] SeLquily /j09°F
-~ o~ - -
S||92 pasA| uo
pax20] denquuly 1j03°3
= =
1
—| 1@ i o suiajoad
E i £ : 2 19104d AWO
1 — = " g
=iz 1 = . B uoisny zoe7-gui4 033
ol ! a ] F
ol o = £209
£lic \m_,“ 3 38 2 suizjoud ojwisejduad pash|
= [ 1 =i e}
oli2 2 < SE & uolisny zoel-guild 1/03°3
F1E S £ T T o
T|i< 2 i S Ea
1

L - S92 pasA|
— 2 T 1 uoisny zoeT-gWid /j03°3

w
|

sutayo.d ANO uo
pax20| senquuly fjo2'3

Jjwsejduad uo |
pay20| euquily 1j02°F sutaoud ANO
|ejuaied 1M /093
5|99 pasA| uo

payo0| aeLquiy /j02°F suiajoud olwsejduad

|ejuaied IM /j02°3
sutajold AINO
uolsny 7oe7-gwl4 //02°3 51192 pasA|

ejualed | M /j02°3
sutajo4d ojwse|diiad pasA| , ¢

uoisny ZoeT-gWtd /073

S22 pasA|
uoisny zoeT-guil 02°3

sutajold ANO
|e3uaied LM /023

suiaj04d ojwseyduiad
|ejualed IMm /033

$|192 pasA|
|e3uaied LM /023

DENLIY

Flagellin (51kDa)

FimA (18kDa)

~

suajoud
NWO Jwifi 1j03°3

suiajoud ojwsediiad

owify 1jo2°3

SI192 Jwiv 11023

suiaoud
AWO DIV 11093

suiajoud
owwseduad o1y 1j02°3

s|192 pash| D1fv 1102’3

sui@joud
AWO vwifi 1j02'3

suia1o4d djwse|duiad
ywify 1j02°3

$|192 pasA| ywifv 1103

Flagellin (51kDa)

| FimA (18kDa)






OPS/images/fmicb-12-557455/fmicb-12-557455-g001.jpg
E.coli BL21

E.coli BL21 (DE3)

SAWO SS9TOIN

SAINO uoisny
2oe71-guid Jj03°3

1M fjox3

I
E.coli B strains : E.coli K-12
£ 1
L 1
= BL21 BL21 1 MG1655 FimB-
ka = (DE3) Poowr Lacz
el g L
250 | thi . B .
150 i :
&4 1 " . (L]
100 ! . [S— 1
75 | . E :
: i ‘
- Flagellin (51 kDa)
1 a
50 . : l: -
= . '

7 [——— ] . ompFesien

25

15 FimA (18 kDa)

10






OPS/images/fmicb-12-557455/cross.jpg
3,

i





OPS/images/fmicb-11-556795/fmicb-11-556795-g006.jpg
, ! o ﬁ,
o . e . -_v-
¢ ) ¥ 3 ) P w W. W_
s ; o 4
* A % e :
e o' @ o M, | ﬁ
< C G % R G
PIO][EUC dV({ 29b.13 387 o|V dvQ 3613






OPS/images/fmicb-11-556795/fmicb-11-556795-g005.jpg
IL-17A

pg/mL

*kk KK i

e QQy. NS P N P
b@& ug of protein ug of protein
&
Ny OMVs Bm 16M OMVs Bm VTRM1
TNFa
2000
*%k
1500 S
1000 * id
|
£ 500 ;
D 150
o
100
50
0
y@@" N P N P
\Seé;\ ng of protein ng of protein
OMVs Bm 16M OMVs Bm VTRM1
IL-6
60000+ Lig . >k
40000+
20000+ i i
= L =
S 2000
Q
15004
10004
5004
0 T T
@b R\ \ I N I
R N3
i}@ ug of protein ng of protein
Q)
N
S OMVs Bm 16M OMVs Bm VTRM1
IL-2
2000+
15004 %
1000-
. 100-
£ 801
j=d
o 604
40
204
0-
b s N
&
\}‘Q ng of protein ng of protein
&

OMVs Bm 16M OMVs Bm VTRM1

IFNy
2000+
15004
Fekdk
10004
- 5004 i
E L
o 201
o
154
104
5
0-
&
o\’} QQ‘V. N® N
ooéi} ng of protein ng of protein
OMVs Bm 16M OMVs Bm VTRM1
IL-10
2000+
1500
-
£ 1000
>
o
500 *
O-H
S X N P NS P
® R ) :
. ng of protein ng of protein
&
S OMVs Bm 16M OMVs Bm VTRM1
IL-4
2000+
15004
10004
5009 il
-
E
o
o
amm
T T T T T T
N e N
ng of protein ng of protein
o(‘

OMVs Bm 16M OMVs Bm VTRM1





OPS/images/fmicb-11-556795/fmicb-11-556795-g004.jpg
@

%Gated cells CD3* PD-L1* %Gated cells CD3* CD69*

%Gated cells CD19* PD-1*

Mean fluorescence intensity

B CD69 (Gated CD3")

>
100+ £ 15000
=
kS
801 £
S 10000
60 # §
8
404 S 5000
E
&
20 < Ilil
©
D
Ul S S A
F & F Sy L & ¢ &K
AR NS & &F & S8
R q‘z‘ & & q-é N Q & ¥ S&
R QQ < Ny <

PD-L1 (Gated CD3")

2
'g 15000
sl 4 'E
10000
60 ]
8
40 7]
g 5000
20 =
=
c
ol T T s 0
& & & S = g@ ¢e3'-9
& &S & & qs?‘ <$z5” LS "
\)o\ & \\o X
+
PD-1 (Gated CD19*)
>
100+ F £ 150001
<
3
801 £
#Ht @ 10000
60 # 2
]
404 3 50004
S
204 3
=
c
oL— - - g 0 T — .
>
F & FF S = & & F S
S TSEE & & & & S
< & > N < & 3
N Q (\e‘\ R\ <\Q- 009\ QQ?' &
N
50000 cD19
40000
30000
20000
10000
0 T T T
y NN
q§€b v;@ & 359 S w'e
& & {}\& & &
R





OPS/images/fmicb-11-00710/fmicb-11-00710-g006.jpg
control

trypsin
proteinase K |






OPS/images/fmicb-11-00710/fmicb-11-00710-g007.jpg
A
1.5e+08 1
-
€
"% 1.0e+08 ]
Q
o
=
8 5.0e+07 1
0.0e+00 i iiai—iﬁiﬁ
1 2 3 4 5 6 7 8 9 10
fraction
B

12 3 45 6 7 8 910

100

75 )

50 ! -
37

2 -
T8






OPS/images/fmicb-11-00710/fmicb-11-00710-g008.jpg
before <30 > 30
separation MWCO MWCO






OPS/images/fmicb-11-00710/fmicb-11-00710-g009.jpg
0e+00 MVs 5e+06 MVs 1e+07 MVs 2e+07 MVs 3e+07 MVs

forward scatter

1e+04 1e+06 1e+04 1e+06 1e+04 1e+06 1e+04 1e+06 1e+04 1e+06
fluorescence






OPS/images/fmicb-11-00710/fmicb-11-00710-g002.jpg
CGZ81_00730~g
LabIP

CGZ81_00665®

Lactacin B-®

3

2 1 0 1 2 3
log, fold change

® |ogFC>|2| & p <0.05
® non-significant





OPS/images/fmicb-11-00710/fmicb-11-00710-g003.jpg
2066 l

2565 H‘ 1565
> 205 CGZ81_00665 .0 Lactacin B LablP
] i 10e5

1565
§ 1066,

1065
= 50e4

5084 5065

0060 P e — o

B U B B F BN 0 51 5

Time (min)

3ed.

CGZ81_00715

CGZ81_00730






OPS/images/fmicb-11-00710/fmicb-11-00710-g004.jpg
LablP concentration (nM)
0 125 250 500

aerobic
MVs :
. anaerobic
i aerobic
MV-free
supernatant

. anaerobic





OPS/images/fmicb-11-00710/fmicb-11-00710-g005.jpg
normalized RFU

=)
w
=
o

1.00 5
£ 0.350
§0325
0.75 1 g 0300
g
H
0.50 1
0.25 1
O ) O ) O
(,_.’Q (093 Q)Q ‘2;0 ,\0
wavelength (nm)
0 =—125
LablP (nM) __ 625 — 250

uninduced

normalized RFU

_‘

o

o
:

e

o

o

o
"

0.25 1

\,
)]
L

Red:Green fluorescece ratio

o o o N o
& & & &

wavelength (nm)

0 — 125

LablP (nM) __ 625 — 250

induced






OPS/images/fmicb-11-00710/cross.jpg
3,

i





OPS/images/fmicb-11-00710/fmicb-11-00710-g001.jpg
A

lablP IbaB

sl i et e==io) 4t

730 725 720 710 705 700 695 690 685 680 670 665
715 660

cGz81
€Gz81
€Gz81
€Gz81
€Gz81
€Gz81

00720/1-53 --MQ EW

L J
L J
T T

Regulation Export

L N S T N R
00665/1-64 - - - SNN IBWT--RV K SLINWTTKAVSC.AK.LYAAV——-——Rl --------------
00695/1-83 - E NBlxvanc-Hso AvE----0avla LBBa B8 suBy ixBsaacvsyrrrurun
00710/1-47 M KKKWMV KKA s@y - -
00715/1-63 - - -MK L RRDMILVALBlHA sErEE@E oM R A IlS

SAKS----Y/IRR D R ESK L IAMAD
_00730/1-58 - - - - MIK su EMIKN SVBRL e@lsn@8lsT 88 10 sFrE

Y
leader peptide





OPS/images/fmicb-11-556795/fmicb-11-556795-g003.jpg
Percentage (%)

B
OMVs Bm VTRM1 OMVs Bm 16M
100-
80-
60- 3
40
20
0-
¢ <§: & (d§» Q
Subcellular location
Metabolic pathways enrichment
Signaling and cellular processes
= OMVsBm 1M
Metabolism
B OMVs Bm VTRMS

Environmental processing information
Unclassified
Carbohydrate metabolism

Amino acid metabolism

Metabolic pathways

Energy metabolism

Genetic information processing

|
20 40 60 80 100
Number of proteins

|
0





OPS/images/fmicb-11-556795/fmicb-11-556795-g002.jpg
A OMVs OMVs
MWM Bm 16M Bm VTRM1

D E

Kpa Mwm 1 2 S 4 kpa Mwm 1 2 3 4
97 4
56.2

45

31
21

14.2
6.5






OPS/images/fmicb-11-556795/fmicb-11-556795-g001.jpg
B. melitensis 16M thin section B. melijtensis VTRM1 thin section

LI S s Rt s

B. melitensis 16M OMVs  B. melitensis VTRM1 OMVs





OPS/images/fmicb-11-556795/cross.jpg
3,

i





OPS/images/fmicb-11-01268/fmicb-11-01268-g004.jpg
o3 0 Control
2 . (without vesicles)|
H mKvC
5 % (initial)
o L
g% mKmC
s (iaboratory)
Zo
JE mKnC
53, (top level)
3% oKmC
g (middle level)
& mKvC
0 i (bottom level)
Variants
DIO+DAPI
c D
20 180
e——; Y| T
100 (initial) 150
& ——KMC s
zw (top level) £ 0
k]
3 |~ K.intermedius| | &
5 ® (initial) 3 %
2 ——K.intermedius| [ 2
& % (top level) a®
o~ Negative 2
2 control
0 ——Positive 3
0005 005 05 5 50 control 045 15 15 100
Concentration (mkg/mL) Concentration (mkg/mL)
E F
12 0012 T—— 12
- L = i =
3
22 EY £ 0.009 2%
Zx 08 Zx 2, 08 £ X
sg & 5§ ||stoplevel 5 EE
£ £ H £ 5
g2 06 £8 2 o006 06 £2
$o g3 > i3
2 E 04 S E ||omiddle E 04 SE
2 2
s2 G3 | tevel 3 0.003 w3
e 02 = = L=
obottom
0 level o
Kombucha  E.coli Kintermedius ~ E.coli






OPS/images/fmicb-11-01268/fmicb-11-01268-g003.jpg
A B
02 y
R I
£ 01 § o0 [
g I
g EE
H sopiov] |55 e
H i
i £5 1eem
£g 005 omiddie | |22 -
2o level
£ el 28 o
H
H
o obotm L mm [
level
Variants

138

=

o 60 120
Time, min

180 240

—Control —OMV top level ~OMV initial

miaE ="






OPS/images/fmicb-11-01268/fmicb-11-01268-g002.jpg
3

g2

3

1 ?

w15

£

SE 1

]

g805

3

o 0
9
2
T
£
§s
e
3

K.intermedius

dle level)

K.intermedius
(bottom level)

Phospholipids content (%)

Kintermedius

Kntermedius

Blysophosphatidyl-
choline

Phosphatidic acid

@Phosphatidyl
nositol
Phosphatidy-
Phosphatidy-
ethanolamine
DPhosphatidy-
choline

st ottty s 000
[R——

[ ——
[RU———.
[ES————

sshort i stused oty i
sttty it

Kintermedius
(top level)

Kintermedius
(middle level)






OPS/images/fmicb-11-01268/fmicb-11-01268-g001.jpg





OPS/images/fmicb-11-01268/crossmark.jpg
©

2

i

|





OPS/images/fmicb-11-01209/crossmark.jpg
©

2

i

|





OPS/images/fmicb-10-02304/fmicb-10-02304-t002.jpg
Protein name

Outer membrane protein of unknown function
Outer membrane protein OmpH
Hypothetical protein FTS_1462
Hypothetical protein FTS_1201
Hypothetical protein FTS_1538
Hypothetical protein FTS_0495
Hypothetical protein FTS_0572
Hypothetical protein FTS_0814
Chitinase family 18 protein
Hypothetical protein FTS_0402
Peroxidase/catalase

Histidine acid phosphatase
Beta-lactamase class A
Hypothetical protein FTS_1681
Hypothetical protein FTS_0755
Gamma-glutamyltranspeptidase
Rhodanese-like family protein
Pyrrolidone carboxylylate peptidase
Hypothetical protein FTS_1495
Hypothetical protein FTS_1272
DNA topoisomerase |
Protein-disulfide isomerase
Exodeoxyribonuclease VI large subunit
Hypothetical protein FTS_0815
Hypothetical protein FTS_0974
Single-strand DNA-binding protein
Outer membrane lipoprotein
Hypothetical protein FTS_0065

Gene name

ompH

katG

bla

ggt

pcp

topA

XSeA

ssb

FTS locus tag

FTS_0008
FTS_0538
FTS_1462
FTS_1201
FTS_1538
FTS_0495
FTS_0572
FTS_0814
FTS_1485
FTS_0402
FTS_1471
FTS_0029
FTS_0870
FTS_1681
FTS_0755
FTS_0764
FTS_0824
FTS_0203
FTS_1495
FTS_1272
FTS_0417
FTS_1514
FTS_0754
FTS_0815
FTS_0974
FTS_0013
FTS_1885
FTS_0065

FTT locus tag

FTT_1747
FTT_1572¢
FTT_1334c

FTT_0975

FTT_0484

FTT_0423
FTT_1538¢
FTT_1137¢

FTT_0715
FTT_1303c
FTT_0721c
FTT_0611c
FTT_0165¢
FTT_1181c

FTT_1127

FTT_0296

FTT_0704
FTT_0364c
FTT_0906¢

FTT_0507
FTT_1190c
FTT_1136¢
FTT_0540c

FTT_1752
FTT_0211c

FTT_1676

FTL locus tag

FTL_0009
FTL_0536
FTL_1494
FTL_1225
FTL_1579
FTL_0493
FTL_0573
FTL_0822
FTL_15621
FTL_0411
FTL_1504
FTL_0031
FTL_0879
FTL_1724
FTL_0755
FTL_0766
FTL_0834
FTL_0207
FTL_1532
FTL_1299
FTL_0426
FTL_1550
FTL_0754
FTL_0823
FTL_0994
FTL_0014
FTL_1939
FTL_0073

Enrichment?

424.2
254.3
246.4
126.9
126.5
102.0
101.6
73.0
69.8
60.9
56.7
56.5
48.9
44.8
38.4
37.6
35.5
35.5
35.3
341
26.7
25.2
24.5
23.5
23.4
23.4
21.9
20.4

The entire list together with references regarding their role in virulence is in Supplementary Material S3. 2OMV/membrane enrichment coefficient.
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Condition Time of harvest (h) OMV quantification = OMV isolation for TEM  SEM of bacteria  Proteomic comparison
Untreated? 37°C, pH 6.8 16 Yes Yes Yes Yes
High temperature 42°C 16 Yes Yes Yes Yes
Low temperature 25°C 16/40 Yes/yes Yes/no Yes/no Yes/no
pH 7.4 16 Yes No No No
6.3 16 Yes No No No
58 16 Yes No No No
5.3 16/40P Yes/yes Yes/no Yes/no Yes/no
4.8 16 No No No No
4.3 16 No No No No
Oxidative stress 5 mM HyO0s 12 h of standard Yes No No No
cultivation, 4 h of
treatment
10mM HyOo Yes Yes Yes Yes
50mM H,Oo No° No No No
Agar plate MclLeod 24 No Yes Yes Yes

aUntreated control, FSC200 cultivated in BHI pH 6.8, at 37°C for 16 h (late logarithmic phase); represents 100% of the vesiculation rate. bt pH 5.3, the growth is delayed
but it reaches untreated level at ca. 40 h of cultivation (see growth curves in Figure 4C). ©50 mM H»O» had a considerable bactericidal effect (Figure 4A), large amount
of dead cells distorted OMV quantification.
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Plasmid

pHbpD(Ad1)-SpT

pHbpD(Ad1)-SpC

pHbpD-(d2)SpT 5/5

pHbpD-(d4)SpT 5/5

pHbpD-(d2)SpT 10/10

pHbpD-(d4)SpT 10/10

pHbpD-(d1)SNT-(d2)SpT

pHbpD-(d1)SnT-(d4)SpT

pHbpD-(d1)SNC~(d2)SpT

pHbpD-(d1)SNC-(d4)SpT

pET28 SpC-MBP
PET28 SpC-TrxA
pET28 SnC-MBP
PET28 SnC-TrxA
pET28 SnT-MBP
PET28 SnT-TrxA

Protein expressed

HbpD with a SpyTag replacing
domain 1 (AA 53-307)

HbpD with a SpyCatcher replacing
domain 1 (AA 53-307)

HbpD with a
GSGSS-SpyTag-GSGSG sequence
replacing domain 2 (AA 534-607)
HbpD with a
GSGSS-SpyTag-GSGSG sequence
inserted in domain 4 (replacing AA
760-764)

pHbpD with a
GSGSSGSASG-SpyTag-
GEGTGGSGSG sequence
replacing domain 2 (AA 534-607)
HbpD with a
GSGSSGSASG-SpyTag-
GEGTGGSGSG sequence inserted
in domain 4 (replacing AA 760-764)
pHbpD-(d2)SpT 10/10 with a
SnoopTag replacing domain 1 (AA
53-307)

pHbpD-(d4)SpT 10/10 with a
SnoopTag replacing domain 1 (AA
53-307)

pHbpD-(d2)SpT 10/10 with a
SnoopCatcher replacing domain 1
(AA 53-307)

pHbpD-(d4)SpT 10/10 with a
SnoopCatcher replacing domain 1
(AA 53-307)
SpyCatcher-HA-MBP-Hisg
SpyCatcher-HA-TrxA-Hisg
SnoopCatcher-FLAG-MBP-Hisg
SnoopCatcher-FLAG-TrxA-Hisg
SnoopTag-FLAG-MBP-Hisg
SnoopTag-FLAG-TrxA-Hisg

Source

Van Den Berg
etal., 2018

Van Den Berg
etal, 2018

This work

This work

This work

This work

This work

This work

This work

This work

This work
This work
This work
This work
This work
This work
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Displayed HbpD variant Ligation product

SpC-MBP (53.5) SpC-TrxA (24.6)
HobpD-SpT {117y (171) 95%* (142) 87%
HopD-(d2)SpT 5/5 (136) (190) 78% (161) 84%
HbpD-(d2)SpT 10/10 (137) (191) 83% (162) 85%
HobpD-(d4)SpT 5/5 (144) (198) 74% (169) 87%
HbpD-(d4)SpT 10/10 (145) (199) 84% (170) 86%

*Protein molecular mass in kDa is given between brackets. *Percentage of Hbp
ligated with SpC-fusion protein.
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ATCC 53544 locus

CGz81_00665

CGz81_00695

CGz81_00710
CGz81_00715

CGz81_00720
CGz81_00730

NCFM locus

LBA1791

Lactacin B

LablP
LBA1802

LBA1803
LBA1805

Propeptide sequence

SNNIFWTRVGVGWAAEARCMIKPSLGNWTTKA
VSCGAKGLYAAVRG

GNPKVAHCASQIGRSTAWGAVSGAATGTAVGQA
VGALGGALFGGSMGVIKGSAACVSYLTRHRHH

KKAPISGYVGRGLWENLSNIFKHHK
RRDMILVALPHAVGPDGMPGSGRGGGAQMRAT
GSIPPWRPNWWK
SAKSYIRRLGPDGGYGGRESKLIAMADMIRRRI

SLYEMKNSVPRLLGPDGMEGSMGGSTGGIQS
FHFPGFGR

MW (Da)

4900

6275

2880
4751

3695
4259

pl

10.6

10.9
12.3

11.4
9.3

ADP3

Brevinin-2CG1

Brochocin C

Dahlein 5.6
rtCATH_1

Kenojeinin |
rnCATH-1b

Percent identity

35%

41%

38%
34%

35%
33%
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ATCC 53544 NCFM Uninduced Uninduced Uninduced Induced Induced Induced Fold change Fold change Fold change Fold change

locus locus replicate 1 replicate 2 replicate 3 replicate 1 replicate 2 replicate 3 replicate 1 replicate 2 replicate 3 average
CGZ81_00695 Lactacin B 0.0 0.0 6.3 39.0 5.3 13.0 131.0 18.8 2.0 50.6
CGZ81_00710 LablP 0.0 0.0 0.0 9.5 3.3 4.0 a7 124 14.3 19.7
CGZ81_00665 LBA1791 0.0 0.0 0.0 9.0 27 2.3 31.0 9.9 8.8 16.6
CGZ81_00730 LBA1805 05 0.3 0.7 215 8.0 6.0 27.3 13.1 6:5 15.6
CGZ81_00715 LBA1802 0.0 0.3 0.3 13.0 0.0 0.7 44.3 05 15 15.4
CGZ81_03950 LBA0444 0.0 0.0 0.0 2.0 0.7 4.3 g 3.2 1584 8.8
CGZ81_02665 LBA0222 0.0 0.0 0.7 05 47 0.7 27 16.6 N4 6.7
CGZ81_00205 LBA1697 0.0 1.3 0.0 3.5 1.0 1.7 12.7 0.8 6.6 6.7
CGZ81_00720 LBA1803 0.0 0.0 0.0 4.0 0.3 0.7 14.3 21 3.2 6.6
CGZ81_07900 epA 0.0 23 0.0 3.5 0.7 0.0 12.7 0.4 13 4.7

Proteins sorted by highest mean fold change in MVs from cultures induced with LablFR, relative to non-induced. Values for each replicate represent weighted spectral counts. The complete list of proteins can be found
in Supplementary Table S1.
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ATCC 53544 NCFM Targeted peptide Precursor ion m/z (Da) MW Charge Retentiontime Uninduced Induced
locus locus sequence (min) sample sample
CGZ81_00665 LBA1791 VGVGWAAEAR 508.27 1015.563 2 32.46 NA 4.64E+06
CGZ81_00695  Lactacin B~ STAWGAVSGAATGTAVG 1059.89 3176.63 3 32.97 5.07E+04 2.15E+06
QAVGALGGALFGGSMGVIK
CGZ81_00710  LabIP APISGYVGR 460.25 918.48 2 27.67 NA 4.97E+06
GLWENLSNIFK 660.88 1319.69 2 51.15 1.71E+06 3.40E+09
CGZ81_00715 LBA1802 RDMILVALPHAVGPDGM 749.39 224515 3 NA NA NA
PGSGR
DMILVALPHAVGPDGM 697.36 2089.05 3 42.69 NA 5.57E+05
PGSGR
AIGSIPPWRPNWWK 569.98 1706.89 3 NA NA NA
CGZ81_00730 LBA1805 LLGPDGMEGSMGGSTG 1077.5 21563.02 2 39.48 NA 8.14E+05
GIQSFR
RHFPGFGR 409.21 816.38 2 NA NA NA

“NA” indicates that the tryptic peptide was not detected. Values for uninduced and induced samples are the calculated Area Under the Curve (AUC).
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GSEB5557 GPL6246 [(MoGene-1_0-st) 3 3 60% EAT 2015
Affymetrix Mouse Gene 1.0 ST
Array (transcript (gene) version)]

GSE44653 3 3 42% EAT 2013
GSE28440 3 3 45% EAT 2011
GSE100388 GPL1261 [(Mouse430_2) 5 5 39.9% EAT 2017
Affymetrix Mouse Genome 430
2.0 Array]
GSE71367 9 9 39.9% EAT 2015
GSE19954 2 2 30% EAT 2010
GSE36033 GPL11533 [(MoGene-1_1-st) 3 3 60% EAT 2012

Affymetrix Mouse Gene 1.1 ST
Array (transcript (gene) version)]

GSE39549 GPL6887 (lllumina MouseWG-6 3 3 39.2% EAT 2012
v2.0 expression beadchip)
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m-TGF-B1
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GAPDH
TLR-2
TLR-4
ZO-1
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CLDN-1
ANGPTL4

m, mice.

Forward primer

TCAGCCACAACATTCTCA
TCCTGCGAACTCCTATCC
GCCTTTCAGGGAATTAAGCTCC
GCCGCTAAGAGCACAGCAA
TCTGCCACTTCTCACTTCCA
CAACTGGTGGGCTACATCCTA
TTGAAAGTCCACCTCCTTACAGA
GCACTACCAAAGCCACAAG
AACAACTACTCAGAAACACAAG
ACTGTGAGATGACTTCAGATGG
TCAGTCAACGGGGGACATAAA
CACTTGCTCACTACTGTCCTT
GGTGCTCCAGAAGATGACAGA
AATTCCTGGCGTTACCTT
TCCATCCAGTTGCCTTCT
GGAGCGAGATCCCTCCAAAAT
TTATCCAGCACACGAATACACAG
AGACCTGTCCCTGAACCCTAT
CAACATACAGTGACGCTTCACA
AAGAGTTGACAGTCCCATGGCATAC
GCATGAAGTGTATGAAGTGCTTGG
ATGCCCAGTACGAACATTTCC

Reverse primer

GCACCTCCAACAGTAAGT
CCTGGTGACATTCCAAGAC
GATCAACCGATGGACGTGTAAA
TCCCCACTCTGAAAATGAGGA
GCCTATACCCTTGCTCTCTGT
CCCTTGGAAAAGCCAACCG
CCGGATAAAAAGAGTACGCTGG
AGTAAGAGCAGGCAGCATAG
GCAGAACTCAGGAATGGA
ATTGGCTTCCTCGGTTCC
GGGGCTGTACTGCTTAACCAG
GATGCTGGTATCGGCTCAA
TCAGCGGGTGGGACTTTC
TGTATTCCGTCTCCTTGG
TAAGCCTCCGACTTGTGAA
GGCTGTTGTCATACTTCTCATGG
AGGCATCTGGTAGAGTCATCAA
CGATGGACTTCTAAACCAGCCA
CACTATTGACGTTTCCCCACTC
ATCCACAGGCGAAGTTAATGGAAG
CGATTCTATTGCCATACCATGCTG
CTGAGTCAAGGGTGCTAAAGC

Product size (bp)

138
151
114
134
95

128
129
85

130
174
142
110
154
116
137
197
160
147
105
133
132
135
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sRNAs species identified

The authors identified sSRNAs that they called
“microRNA-like” molecules. These molecules are similar
to eukaryotes’ miRNAs: they have buiges but not 3'
overhangs.

The authors identified SRNAs that they called
“microRNA-like” molecules. These molecules are similar
to eukaryotes’ miRNAs: they have buiges but not 3'
overhangs.

The authors analyzed the extracellular RNA complement
of both outer membrane vesicle (OMV)-associated and
OMV-free RNAS.

The authors characterized the RNA profiles of bacterial
OMVs and found that RNA is among the wide variety of
bacterial components associated with OMVs.

Authors characterized differentially packaged SRNAS in
OMVs that they transferred into human airway cells. One
candidate SRNA (sSRNA52320) was further studied based
onits stable secondary structure and predicted mRANA
targets.

The authors employed density gradient centrifugation to
fractionate and characterize OMVs and they found that
they carry a range of RNA species. The authors reported
the first complete bacterial OMV-associated RNA profile
by using RNA-sequencing of ibraries derived from three
different “size” RNA populations (<50 nt, 50-200 nt and
200 nt+) isolated from OMVs.

The authors identified SRNAs using deep sequencing and
characterized dozens of well conserved SRNAS through
bioinformatic analysis. Highly expressed microbial SRNAs
were selected for further validation. They also assessed the
ability of bacterial OMVs to deliver sRNAs into eukaryotic
cells and identlfy their potential effects on human immune-
related target genes (.., suppression of certain cytokines
in Jurkat T cells).

The authors analyzed that the extracellular RNA content
specifically enriched in OMVs is made by mRNAs and
other non-coding RNAs. The analysis of OMV-
associated RNA indicated that some sRNAs are
protected by OMVs and that they can be functionally
active.

Followed approach

High-throughput sequencing

High-throughput sequencing

High-throughput sequencing

High-throughput sequencing

High-throughput sequencing

RNA-Seq (MySeq sequencing)

High-throughput sequencing

High-throughput sequencing
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