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Editorial on the Research Topic
 What is known and what remains to be discovered about bacterial outer membrane vesicles, volume II





Introduction

In 2019–2020, Frontiers in Microbiology published a collection of 13 research articles and five reviews under Volume I of the specialized Research Topic entitled “What is Known and What Remains to be Discovered about Bacterial Outer Membrane Vesicles” (the collection of Volume I articles can be accessed at <What Is known and What Remains To Be Discovered About Bacterial Outer Membrane Vesicles | Frontiers Research Topic (frontiersin.org)>) (References to the 18 publications of Volume I are also given in the references section and grouped under the subsection “Volume I”).

Given the success of Volume I of this Research Topic (reflected in a collective total of more than 100,000 online views) and the rapid scientific evolution of the subject area, it was decided in 2020 to launch Volume II. In this editorial, we, the topic editors of both volumes, present a bird's eye view of the seven original research articles and two reviews that compose the research collection published under Volume II in 2020–2021. The collection of Volume II articles can be accessed at <What is known and what remains to be discovered about bacterial outer membrane vesicles, Volume II|Frontiers Research Topic (frontiersin.org)>) (references to the nine publications of Volume II are also given in the references section and grouped under the subsection “Volume II”).



Bacterial membrane vesicles at a glance

In the 1960s, some reports described the presence of “blebs” or “vesicles” released from the surface of the outer membrane of Gram-negative bacteria (Bayer and Anderson, 1965). It was then thought that outer membrane vesicles (OMVs) were fragments of lysed cells. However, over time, it was demonstrated that OMVs were actually formed at and released from live whole bacterial cells. Early electron microscopy observations showed the presence of numerous 50- to 300-nm spherical OMVs associated with whole bacterial cells, and their content was initially determined by SDS-PAGE (e.g., Gamazo and Moriyon, 1987). Since OMVs are formed from the outer membrane of Gram-negative bacteria, many components derive from this envelope and from the periplasm, including LPS, outer membrane proteins, and phospholipids. In early years of bacterial membrane vesicle research, no one thought that OMVs were relevant to the physiology and virulence of bacteria. However, historically, investigators have found toxins, hydrolases, and even nucleic acids contained in OMVs, which suggested potential roles of OMVs in pathogenesis and environmental fitness.

With the advent of more refined analytical tools (under the proteomics umbrella), it became possible to evaluate the complete protein composition of OMVs isolated from different bacteria, which in turn contributed to a better understanding of the complexity of these nanostructures (Langlete et al., 2019; Blackburn et al., 2021). One of the main discoveries made possible by the refinement afforded by proteomics is that the presence of proteins in vesicles is not randomly determined but instead proteins are targeted (directed), and their sorting is controlled by still ill-defined mechanisms.

All the new information has brought were new questions. What triggers the release of OMVs? How are proteins in OMVs selected? How does vesicle release occur without altering the integrity of the bacterial cell body? Why do OMVs transport virulence factors? Finally, what is the cell's purpose for releasing “custom-loaded” vesicles? The answers to these questions have been the focus of recent research efforts in different laboratories worldwide. Parts of this research effort constitute the core of the publications of Volume II of “What is Known and What remains to be Discovered about Bacterial Outer Membrane Vesicles”, as summarized in the five themes presented below.



Biogenesis and stability of bacterial membrane vesicles

Vesicle formation requires the insertion of hydrophobic molecules into lipid bilayers that act as “wedges” and force the lipid bilayers to curve outward. The type and size of these wedge-type molecules, as well as the number of these molecules that get inserted, determine the size (diameter) and number of membrane vesicles formed. Therefore, a typical approach to determine the involvement of given molecules in the production (or origin/biogenesis) of vesicles is to simply observe changes in these physical properties (vesicle diameter and number of vesicles produced) in the presence or absence of such given molecules. Bacterial strains or mutants that produce an increased number of vesicles are called “hypervesiculating”, and several vesicle biogenesis factors have been identified by studying hypervesiculating deletion mutants, for instance lipoproteins, OmpA, LPS, and phospholipids (Nagakubo et al., 2020; Ávila-Calderón et al., 2021). In the case of Lysobacter sp. strain XL1, it has been now established that the bacteriolytic enzyme AlpB (which forms part of the OMVs' cargo) plays a role in vesicle biogenesis, since deletion of the alpB gene alters the quantity and quality of OMVs produced by this bacterium (Kudryakova et al.). It is important to note here that because AlpB is part of the OMV cargo, it also plays a role in mediating microbe-microbe interactions, as will be explained in the next section.

Besides biomolecules, environmental physical factors can affect the production/biogenesis of OMVs as well as their stability and function. It is thus important to establish how membrane vesicles are affected by (and how stable they are under) different environmental conditions. For instance, it is known that stress factors like pH, temperature, oxidative stress, and even simulated extraterrestrial Mars-like stressors in the international space station, i.e., Martian pressure, atmosphere, and UV illumination, affect the biogenesis and (or) stability of vesicles produced by different bacteria (Klimentova et al., 2019; Podolich et al., 2020; Sarra et al., 2020). Shishpal et al. have demonstrated that in Gardnerella vaginalis, extracellular changes in pH result in (i) morphological changes in vesicles (shown by electron microscopy), (ii) altered protein composition of vesicles (showing the presence of protein chaperones), and (iii) loss of cytotoxicity of OMVs toward vaginal epithelial cells.

Finally, for Shewanella vesiculosa, a cold-adapted Antarctic bacterium that produces great quantities of vesicles, Baeza et al. performed high resolution flow cytometry, combined with cryo-electron microscopy, to demonstrate the production of several types of membrane vesicles including double-layered vesicles (known as inner-outer membrane vesicles) that contain DNA. These authors also found that the prophage-mediated explosive cell lysis in S. vesiculosa is key in mediating the biogenesis and release of single- and double-layered membrane vesicles, and proposed that the vesicles produced as a result of bacteriophage-mediated bacteriolysis have different properties than the vesicles produced by blebbing (Baeza et al.).



Bacterial membrane vesicles as mediators of microbe-microbe and microbe-host interactions

Vesicles are involved in microbe-microbe and microbe-host interactions (reviewed by Caruana and Walper, 2020). Bacteria may interact with other microorganisms playing the role of competitors (Knoke et al., 2020). In such interactions, the production and release of antimicrobial factors (e.g., antibiotics, cytolysins, or toxins) are key. The packaging of these antimicrobial factors into OMVs can increase their effectiveness. That is, instead of secreting free antimicrobials into the extracellular milieu (which can easily diffuse, get diluted, or be degraded), bacteria can keep these factors contained/protected in vesicles, which can then fuse with membranes of other microorganisms to produce effects (van den Berg van Saparoea et al., 2020). One example of this type of interaction is that mediated by membrane vesicles produced by Lysobacter sp. This bacterium produces vesicles loaded with the bacteriolytic enzyme AlpB, which besides playing a role in vesicle biogenesis (see previous section), is also responsible for killing competing bacteria (Kudryakova et al.).

The internalization of bacterial membrane vesicles by mammalian host cells is a typical microbe-host interaction mediated by vesicles, as previously demonstrated with vesicles produced by the intestinal commensal Bacteroides thetaiotamicron and are internalized by gastrointestinal tract cells (Jones et al., 2020). Now, it has been shown that the unusually shaped tubular OMVs released by the intracellular bacterial pathogen Francisella tularensis are internalized by bone-marrow-derived macrophages by micropinocytosis, chlatrin-mediated endocytosis, or lipid raft-dependent endocytosis. These tubular vesicles contain virulence factors and bacterial immunomodulatory proteins but, upon internalization, show no obvious cytotoxity toward macrophages. Instead, the internalized tubular vesicles induced pro-inflammatory responses in macrophages and appeared to somehow mediate the entry of this pathogen into macrophages (Pavkova et al.).



Role of bacterial membrane vesicles as immunogenic antigens

Through proteomics or by the use of specific antibodies, it has been determined that some bacterial protein antigens carried naturally into vesicles are able to elicit a protective immune response in mammalian hosts. Based on this finding, and the fact that the lipidic nature of membrane vesicles makes these nanostructures a natural delivery vehicle for antigens, membrane vesicles have been proposed as a platform for developing novel vaccines. Thus, the vesicles produced by a number of bacterial pathogens have been evaluated as acellular vaccines in animal models (e.g., Araiza-Villanueva et al., 2019; Aispuro et al., 2020; Ávila-Calderón et al., 2020). The flexibility/adaptability of OMV-based vaccines has now been demonstrated in vaccines against pertussis. Since the currently circulating clinical strains of Bordetella pertussis (the causal agent of pertussis or whooping cough) have an increased ability to form biofilms, Carriquiriborde et al. used OMVs produced by a clinical B. pertussis strain grown in biofilms to develop a 2nd-generation vaccine that not only is more effective than the vaccine based on OMVs produced by the planktonically-grown strain but also induces a tissue-resident memory immune response.

Although OMVs have advantages in the development of novel acellular vaccines, some methodological problems still need to be resolved, especially those related to vesicle yield during the purification process as well as reducing the presence of full-length immunotoxic LPS, which could induce an inflammatory reaction (and even shock) in the human host. Solutions for these imminent problems include the use of rough bacterial mutants (obtained by natural spontaneous mutations or by induced mutagenesis, which produces LPS lacking the O-antigen) (Araiza-Villanueva et al., 2019), and the development of novel production platforms to provide recombinant OMV-based vaccines using the generalized modules for membrane antigens (GMMA) approach, as explained in the thorough review of Mancini et al.



The two opposing roles of bacterial membrane vesicles in relation to infection treatments

Clinical bacterial infections are typically treated by use of antibiotics. Therefore, on the one hand, effective delivery of antibiotics (or alternate natural or synthetic antimicrobials) to bacterial pathogens would aid in treatment of infections. On the other hand, the emergence of antibiotic resistance in bacterial pathogens is a deterrent in treatment of clinical bacterial infections. Interestingly, there have been reports implicating OMVs as effective delivery vehicles of antibiotics like the bacteriocin-loaded OMVs of Lactobacillus acidophilus (Dean et al., 2020), as well as reports implicating OMVs in mediating the antibiotic resistance of bacterial pathogens (e.g., Vitse and Devreese, 2020), thereby establishing the opposing roles that OMVs could play in relation to infection treatments.

Now, the subject of using OMVs as delivery vehicles of antibiotics (and other naturally produced antimicrobials) has been reviewed comprehensively, establishing OMVs as tools for treatment of bacterial infections (Collins and Brown).

On the opposite side of the spectrum of bacterial infection treatments, it has now been demonstrated that OMVs from Salmonella enterica sv. Typhi can transiently transfer polymyxin B resistance to susceptible bacteria in cocultures. This finding is relevant since polymyxin is used as a clinical treatment for infections when other antimicrobial treatments fail to eradicate multi-resistant strains (Marchant et al.). The mechanism proposed by Marchant et al. involves sequestration by OMVs of a soluble polymyxin from the extracellular milieu rather than transfer of antimicrobial resistance genes via DNA-loaded OMVs.



The diversified cargo of OMVs includes DNA and RNA

As mentioned before, OMVs contain components of the outer membrane, as well as the periplasm. In this respect, proteins that have been secreted across the inner membrane into the periplasm of Gram-negative bacteria constitute a common OMV cargo. However, recently, it has been unequivocally shown that OMVs can carry DNA and(or) RNA (e.g., Ashrafian et al., 2019; Langlete et al., 2019; Ahmadi Badi et al., 2020). The demonstrated presence of DNA in membrane vesicles is indeed intriguing, and the current question researchers in this area are asking is how this large cytoplasmic molecule gets targeted, and transported into OMVs? Now, Aktar et al., using the non-mobilizable, high copy number plasmid pUC19 and hypervesiculating mutants of Escherichia coli, observed that defects in peptidoglycan synthesis (intrinsic by genetic defects or externally induced by addition of 1% glycine) are linked to the presence of increased copy numbers of pUC19 in membrane vesicles. These authors proposed that plasmid DNA reaches the bacterial membrane vesicles of peptidoglycan-defective E. coli via two possible routes (mechanisms). One route implies increased membrane permeation leading to leakage of cytoplasmic contents without lysis, and the other involves the formation of intermediate inner-outer membrane vesicles (Aktar et al.).



Conclusion

The information presented in this Research Topic regarding bacterial membrane vesicles, provide but a sample of the abundant literature derived from recent research efforts in the field. The five themes that we used to group the nine articles published under Volume II of this Research Topic represent forefront areas of the field, where most of the research activity is currently happening. It is therefore our privilege to present the nine articles of Volume II, which are in combination with the 18 articles published in Volume I and clearly show that this Research Topic is becoming increasingly exciting, touching on many aspects of bacterial physiology and bacteria-eukaryote interactions.
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The appearance of multi-resistant strains has contributed to reintroducing polymyxin as the last-line therapy. Although polymyxin resistance is based on bacterial envelope changes, other resistance mechanisms are being reported. Outer membrane vesicles (OMVs) are nanosized proteoliposomes secreted from the outer membrane of Gram-negative bacteria. In some bacteria, OMVs have shown to provide resistance to diverse antimicrobial agents either by sequestering and/or expelling the harmful agent from the bacterial envelope. Nevertheless, the participation of OMVs in polymyxin resistance has not yet been explored in S. Typhi, and neither OMVs derived from hypervesiculating mutants. In this work, we explored whether OMVs produced by the hypervesiculating strains Salmonella Typhi ΔrfaE (LPS synthesis), ΔtolR (bacterial envelope) and ΔdegS (misfolded proteins and σE activation) exhibit protective properties against polymyxin B. We found that the OMVs extracted from S. Typhi ΔtolR and ΔdegS protect S. Typhi WT from polymyxin B in a concentration-depending manner. By contrast, the protective effect exerted by OMVs from S. Typhi WT and S. Typhi ΔrfaE is much lower. This effect is achieved by the sequestration of polymyxin B, as assessed by the more positive Zeta potential of OMVs with polymyxin B and the diminished antibiotic’s availability when coincubated with OMVs. We also found that S. Typhi ΔtolR exhibited an increased MIC of polymyxin B. Finally, we determined that S. Typhi ΔtolR and S. Typhi ΔdegS, at a lesser level, can functionally and transiently transfer the OMV-mediated polymyxin B resistance to susceptible bacteria in cocultures. This work shows that mutants in genes related to OMVs biogenesis can release vesicles with improved abilities to protect bacteria against membrane-active agents. Since mutations affecting OMV biogenesis can involve the bacterial envelope, mutants with increased resistance to membrane-acting agents that, in turn, produce protective OMVs with a high vesiculation rate (e.g., S. Typhi ΔtolR) can arise. Such mutants can functionally transfer the resistance to surrounding bacteria via OMVs, diminishing the effective concentration of the antimicrobial agent and potentially favoring the selection of spontaneous resistant strains in the environment. This phenomenon might be considered the source for the emergence of polymyxin resistance in an entire bacterial community.

Keywords: Salmonella Typhi, outer membrane vesicles, OMVs, polymyxin, rfaE, degS, tolR, antibiotic resistance


INTRODUCTION

Salmonella enterica serovar Typhi (S. Typhi) is the etiologic agent of typhoid fever in humans, a disease producing hundreds of deaths worldwide per year, especially in developing countries (Ajibola et al., 2018; Bhutta et al., 2018; Johnson et al., 2018). S. Typhi infection begins with the ingestion of contaminated water or food (Hook et al., 1990). Bacteria reach the small intestine and promote their internalization through intestinal epithelial cells and the M cells of the Peyer’s patches, reaching the underlying lymphoid tissue. At this point, bacteria are disseminated to deep organs inside dendritic cells, macrophages, or neutrophils (Galan, 1996; Miao et al., 2003), allowing the systemic bacterial spread (typhoid fever). During the infection, host cells from the innate immune defense respond to bacterial elements [e.g., lipopolysaccharides (LPS)], producing cationic antimicrobial peptides (<100 amino acids), which interact with the anionic bacterial membranes to produce microbial death (Hancock and Scott, 2000; Zasloff, 2002).

The full progression of typhoid fever was commonly observed in the pre-antibiotic era. Nevertheless, the emergence of multi-resistant strains represents a severe problem, with an increased recurrence rate of the disease (Als et al., 2018; Schwartz and Morris, 2018). The appearance of multidrug-resistant strains introduced the use of quinolones (Parry et al., 2013; Karkey et al., 2018), albeit the appearance of quinolone-resistance variants led to increased use of azithromycin and third-generation cephalosporins (Pandit et al., 2007; Karkey et al., 2018). Unfortunately, S. Typhi strains that produce extended-spectrum β-lactamase have been increasingly reported (Ahamed Riyaaz et al., 2018; Karkey et al., 2018). This scenario underlines the importance of studying antibiotic resistance in S. Typhi.

The appearance of multi-resistant strains (Payne et al., 2007; Kumarasamy et al., 2010; Cornaglia et al., 2011) contributed to reintroducing polymyxins (cationic peptides) as the last-line therapy when more commonly used antibiotics are inefficient (Velkov et al., 2013; Garg et al., 2017). It is generally accepted that polymyxins exert their antimicrobial activity by first interacting with the outer-membrane components of Gram-Negative bacteria. Polymyxins are peptides carrying a hydrophobic acyl tail with positively charged residues (Daugelavicius et al., 2000). Due to their cationic and amphipathic nature, polymyxins electrostatically interact with the negatively charged lipopolysaccharides (LPS). Interestingly, evidence shows that a fluorescent polymyxin derivative can also bind to unspecified outer membrane proteins (van der Meijden and Robinson, 2015), strongly suggesting that polymyxins interact with different kinds of molecules in the outer membrane of Gram-negative bacteria. At this point, the “self-promoted uptake” occurs, a process based on the presence of the hydrophobic acyl tail of polymyxin, enabling polymyxin to insert into the outer membrane by displacing membrane-stabilizing cationic ions, such as Ca2+ and Mg2+, and interacting with the lipid A, a recognized polymyxin-binding target in the outer membrane (Velkov et al., 2010; Trimble et al., 2016). Polymyxin insertion in the outer membrane weakens the packing of contiguous lipid A, disrupting the permeability barrier (Falagas and Kasiakou, 2006; Velkov et al., 2013; Trimble et al., 2016). Although subsequent steps are not fully elucidated, the evidence argues for the fusion of the inner membrane’s outer leaflets with the outer membrane’s inner leaflet to form pores, leading to an osmotic imbalance and a subsequent death (Daugelavicius et al., 2000). At present, an increasing number of reports regarding polymyxin resistance are being published (Li et al., 2019). Some chromosomal mutations have been associated with increased resistance to polymyxins, including modifications of the pmrCAB and phoPQ operons, among other genes (Li et al., 2019). In Salmonella enterica and Escherichia coli, many of those mutations lead to LPS modifications, decreasing the anionic charges and diminishing the electrostatic binding of polymyxin to bacterial outer membranes (Li et al., 2019). Nevertheless, the spread of polymyxin resistance has been only associated with the transferable gene mcr, which encodes a phosphoethanolamine transferase that modifies the lipid A (Olaitan et al., 2014). Although significant advances in understanding polymyxin-resistance mechanisms have been made, this area needs further research.

OMVs are nanosized proteoliposomes formed and secreted from the outer membrane of Gram-negative bacteria (Kulp and Kuehn, 2010). OMVs biogenesis mainly relies on (1) changes in LPS composition, (2) the dissociation of the outer membrane in specific zones, and (3) accumulation of misfolded proteins in the periplasm (Kulp and Kuehn, 2010; Kulkarni and Jagannadham, 2014). OMVs play different roles in the bacterial life cycle, such as delivering proteins and defense against harmful agents such as phages and antibiotics, among other functions (Kulp and Kuehn, 2010; Jan, 2017). OMVs contribute to resistance to diverse molecules with antimicrobial properties either by sequestering (“decoy”) and/or expelling the harmful agent from the bacterial envelope. Some examples include resistance to toluene in Pseudomonas putida, chlorhexidine in Porphyromonas gingivalis, and polymyxins in Escherichia coli (Grenier et al., 1995; Kobayashi et al., 2000; Manning and Kuehn, 2011; Roszkowiak et al., 2019). In this context, the participation of OMVs in polymyxin resistance has not yet been explored in S. Typhi, and neither OMVs derived from hypervesiculating mutants.

A recent study screened 15,000 mutants searching for genes involved in OMVs biogenesis in S. Typhi (Nevermann et al., 2019). S. Typhi ΔrfaE, ΔtolR, and ΔdegS showed some of the most potent hypervesiculation phenotypes compared with the wild type (WT) (Nevermann et al., 2019). In particular, the rfaE (waaE) gene product is thought to be involved in the formation of ADP-L-glycero-D-manno-heptose of LPS. Salmonella Typhimurium ΔrfaE mutants synthesize heptose-deficient LPS, exhibiting only lipid A and 3-deoxy-D-manno-octusolonic (KDO) acid (Jin et al., 2001). TolR is an inner membrane protein belonging to the trans-envelope Tol-Pal complex, highly conserved in Gram-negative bacteria (Sturgis, 2001). In E. coli, TolR contributes to maintaining the envelope structure and participates in the retrograde phospholipid transport (Muller et al., 1993; Boags et al., 2019). In E. coli, DegS is a serine protease harboring a PDZ domain that inhibits the protease activity in the absence of stress (Alba et al., 2001). Under stress, mainly due to overexpression of outer membrane proteins, misfolded proteins accumulate in the periplasm, activate the DegS protease activity to cleave the anti-sigma factor RseA, releasing σE. In Salmonella Typhimurium, σE is required under envelope stress and in the presence of antimicrobial peptides (Testerman et al., 2002; Palmer and Slauch, 2020).

In this work, we explored the protective effect of OMVs produced by S. Typhi WT, ΔrfaE, ΔtolR, and ΔdegS. Besides, we tested whether the polymyxin resistance can be functionally transferred to polymyxin-susceptible bacteria. We found that S. Typhi OMVs protect bacteria against polymyxin B in a concentration-dependent manner by sequestering the antibiotic, where OMVs from S. Typhi ΔtolR and ΔdegS showed the highest protection levels. OMVs from S. Typhi ΔtolR also protected Candida albicans against limonene, a membrane-active antimicrobial agent. Finally, we found that S. Typhi ΔtolR and, at a lesser level, S. Typhi ΔdegS can functionally transfer the OMV-mediated polymyxin B resistance to susceptible bacteria. This study underlines that some mutations affecting vesiculation in a population can increase polymyxin resistance in a bacterial community.



MATERIALS AND METHODS


Bacterial Strains, Media, and Culture Conditions

Salmonella Typhi strain STH2370 (S. Typhi WT) was used as parental strain (Valenzuela et al., 2014). S. Typhi ΔrfaE::FRT, ΔtolR::FRT, and ΔdegS::FRT were previously reported (Nevermann et al., 2019). S. Typhimurium LT2 ompD::Mud-J (Lac+) was kindly provided by Dr. Guido Mora (Santiviago et al., 2003). Strains were routinely grown in liquid culture using Luria Bertani medium (Bacto peptone, 10 g/L; Bacto yeast extract, 5 g/L; NaCl, 5 g/L; prepared in phosphate buffer pH 7.0) at 37 °C with shaking. When required, the medium was supplemented with X-gal (5-bromo-4-chloro-3-indolyl-β-D-galactopyranoside) (40 μg/mL) and/or agar (15 g/L). Candida albicans corresponds to a clinical isolate from the Hospital Clínico de la Universidad de Chile (Carreno et al., 2018; Carreño et al., 2021). Yeasts were cultured in Sabouraud agar (Bacto peptone, 10 g/L; glucose, 40 g/L; agar, 15 g/L; pH 5.6) at 28°C.



OMV Isolation, Quantification, and Size Measurement

To isolate OMVs (Liu et al., 2016b; Nevermann et al., 2019), bacteria were grown in LB at 37 °C with shaking (OD600 = 1.1) before being centrifuged 10 min at 5,400 × g at 4°C. The pellet was discarded, and the supernatant was filtered (0.45 μm), ultrafiltered (Ultracel® 100 kDa ultrafiltration discs, Amicon® Bioseparations), and ultracentrifuged 3 h at 150,000 × g at 4°C. The supernatant was discarded, and the pellet was resuspended in 1 mL DPBS (Dulbecco’s phosphate-buffered saline) (Gibco). OMVs were stored at −20°C until their use. We quantified OMV yield by determining the protein content (BCA assay) and/or the lipid content (FM4-64 molecular probe) (McBroom et al., 2006; Deatherage et al., 2009). We determined OMV size as described (Deatherage et al., 2009; Nevermann et al., 2019). Results were presented as the diameter, classified into the median (P50), and P25 and P75.



Transmission Electron Microscopy (TEM)

OMV extracts were bound to formvar-coated slot grids, stained with 1% aqueous uranyl acetate for 1 min, and viewed with a Philips Tecnai 12 (Biotwin) transmission electron microscope, as described (Nevermann et al., 2019).



Determination of Zeta Potential

The Zeta potential of OMVs was measured at room temperature (25°C) by a Zetasizer Nano series MPT-Z multi Purpose Titrator (Malvern, United Kingdom). The device was equipped with a Helium-Neon laser (633 nm) as a light source. The detection angle of Zetasizer at aqueous media was 173.13° (measurement range: 0.3 nM—10 μm diameter). Capillary cells DTS 1070 were used. To measure the Zeta potential, polymyxin B and OMVs were resuspended in Mili-Q water.



Determination of Minimal Inhibitory Concentration (MIC)

Minimum inhibitory concentration (MIC) was obtained by broth dilution as described (Cuenca-Estrella et al., 2003), with modifications. Briefly, bacteria and yeast were previously cultured as described above. Microorganisms were then diluted in PBS (0.5 McFarland) and then diluted again (1000-fold) in LB for bacteria or Bacto Tryptic Soy broth (Sigma Aldrich) for yeasts, before seeding a 96-well plate. In each well, 180 μL of this dilution was placed, along with 10 μL polymyxin B sulfate (AppliChem GmbH), ciprofloxacin (Sigma Aldrich) or (R)-(+)-limonene [(+)-p-mentha-1,8-diene,(+)-carvene,(R)-4-isopropenyl-1-methyl-1-cyclohexene] (Sigma Aldrich) (stock prepared in 95% ethanol) to achieve a final known concentration, and 10 μL DBPS. When indicated, the 10 μL DBPS were replaced by 10 μL of purified OMVs to achieve a final known concentration. Alternatively, and when indicated, the 10 μL DBPS were replaced by 10 μL of bacterial supernatant. To obtain the supernatant, bacteria were cultured in LB as stated above (OD600 = 1.0–1.3), centrifuged 10 min at 5,400 × g at 4°C, the pellet was discarded, and the supernatant fraction was filtered (0.45 μm). The 96-well plates were incubated overnight at 37°C (bacteria) or 24 h at 28°C (yeasts). The MIC was determined by OD600 measurement and corroborated by visual inspection and plating onto agar plates.



Estimation of Polymyxin Sequestration by OMVs

To determine Zeta potential changes due to the interaction with polymyxin B, OMV extracts (50 μg/mL) were mixed with 0, 5, 50, or 100 μg/mL polymyxin B and incubated 30 min at 37°C with gentle agitation. The mixture was ultrafiltered in Ultracel® 100 kDa ultrafiltration column (Amicon® Bioseparations) at 5,400 × g for 10 min to remove the unbound polymyxin B. The ultrafiltrated obtained with 100 μg/mL polymyxin B was reserved (see below). OMVs were resuspended in 1 volume of Mili-Q water before measuring the Zeta potential. As control of polymyxin B removal, we measured the Zeta potential of water alone (−0.05 ± 0.35 mV), water + 100 μg/mL polymyxin B (5.57 ± 2.98 mV), and water + 100 μg/mL polymyxin ultrafiltered and resuspended in 1 volume of Mili-Q water (0.73 ± 0.43 mV). To estimate the relative amount of polymyxin B sequestered by OMVs, the reserved ultrafiltered was diluted 10 times in LB and then serially diluted in LB to determine the last dilution that inhibited the S. Typhi WT growth. As a control, we used a solution with no OMVs.



Protection Assay of a Reporter Strain (“One for All”)

Approximately 5 × 105 CFU/mL of S. Typhi WT or mutant derivatives were mixed with 5 × 106 CFU/mL of S. Typhimurium ompD::Mud-J. Bacteria were previously washed three times with PBS to remove all the accumulated OMVs and resuspended in LB. This mixture was incubated 0 (with no incubation), 1 or 2 h at 37°C with shaking before adding polymyxin B (final concentration: 2.5 μg/mL). Bacterial mixtures were incubated at 37°C with shaking overnight, and CFUs were counted on LB agar with X-gal (S. Typhi strains: white colonies, S. Typhimurium reporter strain: blue colonies). Alternatively, the serovar was corroborated by PCR (Fuentes et al., 2008) for some colonies. As a control, the strains were tested separately under this same procedure.



Determination of μ and td

Bacteria were cultured in LB as described above, and OD600 was recorded every 10 min to construct a growth curve. To calculate μ and td, we used:
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Where μ (h–1): growth rate; N: bacteria at the end of the logarithmic phase (OD600); N0 bacteria at the beginning of the logarithmic phase (OD600); t: time at the end of the logarithmic phase (h); t0: time at the end of the logarithmic phase (h); td: duplication time (min).



LPS Profile Determination

To observe the LPS profile of OMVs, we followed a protocol previously reported (Kulikov et al., 2019). OMVs were extracted as described above prior to being mixed with 1 volume of lysis buffer (2% w/v of SDS, 4% v/v of 2-mercaptoethanol, 10% v/v glycerol, 1 M Tris-HCl pH 6.8, and 0.05% w/v bromophenol blue). The mixture was incubated at 95 °C for 10 min, cooled to room temperature, and 10 μL of 2.5 mg/mL Proteinase K solution made in the lysis buffer was added before being incubated at 56°C for 1 h in a heating shaker. The preparation obtained was directly loaded on a conventional protein SDS polyacrylamide gel with 12% acrylamide (19:1 acrylamide:bisacrylamide), and it was run at a constant 20 mA current in Tris-glycine-SDS buffer. In order to observe the LPS profile, the gel was treated with fixer-oxidizer solution (40% v/v ethanol, 5% v/v acetic acid, 1% w/v sodium periodate, Milli-Q water up to 1 v) and incubated for 15 min. Then, the gel was washed three times with distilled water (7 min each time). The gel was treated with the stain solution (15 mL Milli-Q water, 1.4 mL 0.1 M NaOH, 100 μL concentrated 35% w/w ammonia, 250 μL of 20% silver nitrate) for 10 min in an orbital shaker (75 rpm). The solution was removed before washing the gel three times with distilled water (15 s each time). After all washes, a pre-warmed 40 °C developer solution (100 μL 3% citric acid, 25 μL 30% formaldehyde, 50 mL Milli-Q water) was added and incubated in darkness. When the bands were visible, the developer solution was removed, and the gel was washed with distilled water.



RESULTS


Characteristic of OMVs Extracted From S. Typhi WT and Hypervesiculating Mutant Derivatives

To show some features of the OMVs under study, we characterize them by TEM, showing different morphologies and abundance (Figure 1). In addition, we determined their size (Table 1), showing that the OMVs from S. Typhi ΔtolR and ΔdegS present a bigger size than OMVs from S. Typhi WT and ΔrfaE. Also, we determined the Zeta potential, where OMVs from S. Typhi ΔdegS showed a more negative value. Previously, it has been reported that these OMVs present different protein content (Nevermann et al., 2019), which could contribute to such differences. All these results show the OMVs under study present distinct features.
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FIGURE 1. OMVs produced by S. Typhi WT, ΔrfaE, ΔtolR, and ΔdegS mutants. Bacteria were grown in LB to OD600 = 1.0 before extracting OMVs. OMV extracts were observed by transmission electron microscopy (TEM). Arrowheads show OMVs. The black bar corresponds to 200 nm. In all cases, the horizontal field width and the magnification corresponded to 1.5 μm and 60,000×, respectively. In each case, a representative experiment is shown (n = at least 3).



TABLE 1. Some characteristics of OMVs used in this study.
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OMVs Obtained From S. Typhi Mutants Increased the MIC of Polymyxin B in a Concentration-Dependent Manner

OMVs contribute to the resistance against some antimicrobial compounds, including polymyxin in Escherichia coli and Pseudomonas aeruginosa (Grenier et al., 1995; Kobayashi et al., 2000; Manning and Kuehn, 2011; Roszkowiak et al., 2019). In this context, we determined the MIC of polymyxin B for S. Typhi WT in the presence OMVs extracted from S. Typhi WT, ΔrfaE, ΔtolR, or ΔdegS. As shown in Figures 2A,B, the presence of OMVs from S. Typhi ΔtolR or ΔdegS increased the MIC of polymyxin B for S. Typhi WT (~0.3125 μg/mL) 3–8 times. Nevertheless, OMVs extracted from S. Typhi WT or S. Typhi ΔrfaE did not significantly increase the MIC of polymyxin B. As a control, we tested whether purified OMVs could protect against ciprofloxacin, a quinolone that inhibits DNA gyrase and topoisomerase IV (Zhang et al., 2018), i.e., it is not a membrane-active antibiotic. As shown in Figure 2C, the presence of OMVs did not increase the MIC of ciprofloxacin for S. Typhi WT. To determine whether the OMVs can protect against other membrane-acting antimicrobials, we tested the limonene’s antifungal effect. Limonene is a monoterpene that induces membrane stress in Candida albicans, producing oxidative stress leading to DNA damage and apoptosis (Thakre et al., 2021). Figure 2D shows that only the presence of OMVs extracted from S. Typhi ΔtolR increased the MIC of limonene. The other OMV extracts showed no effect in this case. All these results show that OMVs from S. Typhi ΔtolR and ΔdegS protect S. Typhi WT against polymyxin B, and OMVs S. Typhi ΔtolR protects Candida albicans against limonene.
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FIGURE 2. Purified OMVs from S. Typhi mutant derivatives contributed to the resistance of polymyxin B and limonene. MIC of polymyxin B for S. Typhi WT supplemented with OMVs extracted from S. Typhi WT, ΔrfaE, ΔtolR, or ΔdegS (A,B). OMV concentration was standardized as protein (A) or lipide content (B) and expressed as the final concentration. (C) MIC of ciprofloxacin for S. Typhi WT supplemented with OMVs extracted from S. Typhi WT, ΔrfaE, ΔtolR, or ΔdegS. OMVs were standardized by protein content. (D) MIC of limonene for a clinical isolate of Candida albicans supplemented with OMVs extracted from S. Typhi WT, ΔrfaE, ΔtolR, or ΔdegS. OMVs were standardized by protein content. In all cases, PBS was used as the negative control. FAU: Fluorescent arbitrary units obtained with the FM4-64 probe (Nevermann et al., 2019) as a measure of lipid concentration. (n = at least 4; bars represent the standard error; One-way ANOVA, Tukey as a post hoc test, ∗p < 0.05; ∗∗p < 0.01; ∗∗∗p < 0.001; compared with PBS).


To establish whether OMVs offer concentration-dependent protection against polymyxin B, we tested the MIC in the presence of increasing concentrations of OMVs. As shown in Figure 3, augmenting the concentration of OMVs from S. Typhi WT or S. Typhi ΔrfaE bearly increased the MIC of polymyxin B, even with the highest concentrations tested. By contrast, the presence of OMVs from S. Typhi ΔtolR or S. Typhi ΔdegS showed a high protective effect, increasing almost linearly the protection under the range of concentration tested. The concentration-dependence protection against polymyxin B offered by OMVs (especially OMVs extracted from S. Typhi ΔtolR and ΔdegS) is consistent with the role of OMVs capturing polymyxin B and decreasing its effective concentration.
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FIGURE 3. The MIC of polymyxin B depends on the concentration of OMVs. MIC of polymyxin B for S. Typhi WT was determined in the presence of different known concentrations of OMVs. Linear trend lines are represented by dotted lines (n = at least 4; bars represent the standard error).




OMVs From S. Typhi Exert Their Protective Effect by Sequestering Polymyxin B

Previous works showed that OMVs from Escherichia coli and Pseudomonas aeruginosa sequester polymyxin B, decreasing the free concentration of the antibiotic (Kulkarni et al., 2015; Roszkowiak et al., 2019). The Zeta potential has been used as an indicator of interaction between bacterial membranes or OMVs with polymyxin B (Halder et al., 2015; Roszkowiak et al., 2019). Usually, OMVs present a negative Zeta potential, which can be depolarized by the interaction with cationic peptides such as polymyxin B. Thus, we mixed 50 μg/mL OMVs obtained from S. Typhi WT or mutant derivatives with polymyxin B. The mixture was incubated for 30 min at 37°C, and then ultrafiltered to remove any unbound polymyxin B prior to determining the Zeta potential of OMVs. As shown in Figure 4, the presence of polymyxin B tended to neutralize the Zeta potential of OMVs in a concentration-dependent manner, showing that the antibiotic remained retained by the vesicles. Interestingly, only OMVs from S. Typhi ΔtolR showed a significant depolarization with the lowest concentration tested. In all other cases, significant depolarization was achieved only with 50 μg/mL polymyxin B. This result suggests that OMVs from S. Typhi ΔtolR have a higher affinity for polymyxin B, plausibly removing more efficiently the polymyxin B from the medium and lowering the effective concentration.
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FIGURE 4. Polymyxin B interacts with OMVs from S. Typhi, depolarizing the Zeta potential of OMVs. Increasing concentrations of polymyxin B were mixed with 50 μg/mL OMVs obtained from S. Typhi WT (A), ΔrfaE (B), ΔtolR (C), or ΔdegS (D). The mixture was incubated for 30 min at 37 °C and ultrafiltered to remove the unbound polymyxin B prior to determining the Zeta potential. (n = 3, bars represent standard error, One-way ANOVA, Tukey as a post hoc test, ∗p < 0.05; ∗∗p < 0.01; compared the control with no polymyxin B).


To estimate the relative amount of polymyxin B sequestered by OMVs, we mixed 50 μg/mL OMVs extracted by S. Typhi WT or mutant derivatives with 100 μg/mL polymyxin B. We incubated for 30 min at 37 °C with gentle shaking before discarding the OMVs by ultrafiltration. To determine the relative amount of the unbound polymyxin B, the ultrafiltered fraction was diluted 10-fold in LB and then serially diluted in LB prior to being seeded with S. Typhi WT. The inhibition of bacterial growth was used as an indicator for the presence of polymyxin B. Table 2 shows that all the OMVs decreased the effective concentration of polymyxin B compared to the control. Furthermore, OMVs showed differential polymyxin-B sequestration abilities, in decreasing order: OMVs from ΔtolR, ΔdegS, ΔrfaE, and WT. These results agree with those showing the protective effect of OMVs (Figure 3) and the Zeta potential determination (Figure 4). We obtained similar results when we determined the sequestration of polymyxin B by S. Typhi WT and mutant derivatives instead of OMVs (Supplementary Figure 1).


TABLE 2. Bioassay to determine the relative amount of polymyxin B in a solution previously incubated with OMVs extracted from S. Typhi WT or derivatives.

[image: Table 2]Thus, all these results together show that OMVs from S. Typhi exert their protective effect against polymyxin B by sequestering the antibiotic. Moreover, the OMVs from S. Typhi WT and mutant derivative are not equivalent, showing that mutations affecting different processes associated with OMV biogenesis generate OMVs with diverse properties.



S. Typhi ΔtolR and ΔdegS Can Functionally Transfer Their Polymyxin Resistance to Polymyxin-Susceptible Bacteria

Our results show that purified OMVs from S. Typhi ΔtolR and ΔdegS exert the highest protective effect against polymyxin B. In this context, we wondered whether the amount of OMVs present in the supernatant of these mutants is sufficient to protect against polymyxin B. Thus, we determined the MIC of polymyxin B for S. Typhi WT in the presence of supernatant from S. Typhi WT, ΔrfaE, ΔtolR, or ΔdegS. We added 10 μL of the corresponding filtered supernatant to a final volume of 200 μL to determine the MIC of polymyxin B. As shown in Figure 5A, the supernatant of S. Typhi ΔtolR and ΔdegS, diluted 20 times, was sufficient to increase two-fold the MIC of polymyxin B. By contrast, the supernatant obtained from S. Typhi WT or ΔrfaE showed no noticeable effects. Since OMVs are produced and released to the supernatant fraction during the normal bacterial growth (Kulp and Kuehn, 2010), we hypothesized that the S. Typhi ΔtolR and S. ΔdegS mutants might protect surrounding bacteria against polymyxin B by producing and releasing protective OMVs. However, to exert a protective effect, OMV-producing bacteria should present an increased MIC to polymyxin B in order to reproduce and release sufficient OMVs to achieve the OMV-mediated protection. Thus, we determined the MIC of polymyxin B for the strains under study. As shown in Figure 5B (light gray bars), S. Typhi ΔrfaE and ΔdegS exhibited a diminished MIC of polymyxin B (30% and 20% the MIC of the S. Typhi WT, respectively) (see a summary in Table 3). By contrast, S. Typhi ΔtolR showed a twofold increased MIC of polymyxin B. When we determined the MIC of polymyxin B but using 10-fold less diluted bacteria (dark gray bars), we found an increased resistance in all cases. Nevertheless, we observed a higher increase with the S. Typhi ΔtolR strain, which exhibited 10.7 times the MIC of the WT under the same conditions. Since polymyxin B can remain attached to biological membranes exerting a detergent-like effect (Velkov et al., 2013; Roszkowiak et al., 2019), it was expected that the MIC of polymyxin B would increase with a higher bacterial concentration. However, we postulate that the more notorious MIC rise showed by S. Typhi ΔtolR, compared with the WT, can also be explained by protective OMVs in the bacterial inoculum.
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FIGURE 5. (A) MIC of polymyxin B for S. Typhi WT in the presence of supernatant (1:20 v/v) of S. Typhi WT, ΔrfaE, ΔtolR, or ΔdegS. Supernatants were obtained from bacteria grown in LB at 37°C with shaking (OD600: 1.0–1.3). (n = at least 4). (B) MIC of polymyxin B of strains S. Typhi WT, ΔrfaE, ΔtolR or ΔdegS, and S. Typhimurium LT2 ompD::MudJ (S. Tm). We used two bacterial concentrations to seed the wells for the MIC determination (n = at least 4). In all cases, bars represent the standard error; One-way ANOVA, Tukey as a post hoc test, ∗p < 0.05; ∗∗p < 0.01; ∗∗∗p < 0.001; compared with S. Typhi WT under the same condition.



TABLE 3. MIC of polymyxin B for strains used in this study.

[image: Table 3]
To test the resistance of S. Typhi and the most potent hypervesiculating strains (S. Typhi ΔtolR and ΔdegS) with an alternative procedure, we performed a challenge with a high polymyxin B concentration (2.5 μg/mL, corresponding to 8 times the MIC of the WT). To that aim, the strains (OD600 = ∼1.2) were washed three times and diluted in fresh LB to remove all OMVs previously accumulated in the supernatant (input). Then, bacteria were resuspended directly in LB supplemented with 2.5 μg/mL polymyxin B (time 0 h) or incubated in LB alone for 1 or 2 h at 37 °C with shaking to allow OMVs accumulation, before adding 2.5 μg/mL polymyxin. Bacteria were then incubated overnight at 37 °C with shaking prior to determining the final CFU/mL (output). As shown in Figure 6A, we were unable to recover colonies when we added polymyxin B immediately after washing (0 h), plausibly due to the absence of OMVs exerting a protective effect. However, when bacteria were incubated in LB for 1 or 2 h before adding polymyxin B, we could recover S. Typhi ΔtolR. We also recovered S. Typhi ΔdegS but only after 2 h of incubation in LB before the polymyxin-B challenge. This result could be explained by accumulating protective OMVs during the incubation in LB prior to adding polymyxin B. The differences between S. Typhi ΔtolR and ΔdegS strains can be attributed to their MIC of polymyxin B. By contrast, we could not recover S. Typhi WT after the challenge with polymyxin B, even after 2 h of incubation in LB.


[image: image]

FIGURE 6. “One for all” assay of a challenge with 2.5 μg/mL polymyxin B. S. Typhi WT, ΔtolR, ΔdegS, and S. Typhimurium ompD::Mud-J (Lac+) were washed and diluted in LB to remove OMVs, and incubated in LB at 37°C with shaking for 0, 1, or 2 h at 37°C to allow OMVs accumulation, before adding polymyxin B (final concentration of 2.5 μg/mL, corresponding to 8 times the MIC of S. Typhi WT). Bacteria were incubated with polymyxin B overnight at 37°C with shaking prior to determining the CFU/mL (output). (A) Strains were challenged separately. (B) S. Typhi WT and S. Typhimurium ompD::Mud-J were mixed (1:10) before the challenge. (C) S. Typhi ΔtolR and S. Typhimurium ompD::Mud-J were mixed (1:10) before the challenge. (D) S. Typhi ΔdegS and S. Typhimurium ompD::Mud-J were mixed (1:10) before the challenge. To determine the CFU/mL, bacteria were plated onto LB supplemented with X-gal (white colonies: S. Typhi WT or derivatives, blue colonies: S. Typhimurium ompD::MudJ). Alternatively, the serovar was corroborated by a PCR for the SPI-18 as previously described (Fuentes et al., 2008). (In all cases, n = at least 4).


If the growth of S. Typhi ΔtolR and ΔdegS after the challenge with polymyxin B involves OMVs, this resistance should be functionally and transiently transferred to susceptible bacteria since OMVs are diffusible elements. Thus, we tested whether mutants can protect a polymyxin-susceptible strain (S. Typhimurium ompD::Mud-J, Lac+) in an assay that we denominated “one for all.” S. Typhimurium ompD::Mud-J has a MIC of polymyxin B corresponding to around twice the MIC exhibited by S. Typhi WT (∼0.625 μg/mL, Figure 5). In addition, we could not recover colonies of this strain in the challenge with 2.5 μg/mL, even after 2 h of incubation in LB before adding the antibiotic (Figure 6A), demonstrating its susceptibility to polymyxin B under the tested conditions. To perform the protection assay, S. Typhi WT, ΔtolR, or ΔdegS were cultured, washed and diluted as described above, and mixed with S. Typhimurium ompD::Mud-J (also washed and diluted) before the challenge with 2.5 μg/mL polymyxin B. The output was determined by plating onto LB with X-gal (white colonies: S. Typhi WT or mutant derivatives, blue colonies: S. Typhimurium ompD::Mud-J). As shown in Figure 6B, S. Typhi WT could not protect the reporter strain even after 2 h of incubation in LB before adding polymyxin B and vice-versa.

In the S. Typhi ΔtolR + S. Typhimurium ompD::Mud-J mixture, we observed that S. Typhi ΔtolR could resist the polymyxin challenge after 1 o 2 h of preincubation in LB. Accordingly, only the presence of S. Typhi ΔtolR efficiently protected the susceptible reporter strain since no colonies were seen with no preincubation (0 h) (Figure 6C). Consistent with a higher accumulation of protective OMVs, the mixture incubated for 2 h before the challenge with polymyxin B showed the highest protection for S. Typhi ΔtolR and S. Typhimurium ompD::Mud-J.

Finally, the mixture of S. Typhi ΔdegS + S. Typhimurium ompD::Mud-J showed colonies of both bacteria only after 2 h of preincubation in LB (Figure 6D). Again, we attribute this result to the accumulation of protective OMVs. Despite the high degree of protection provided by OMVs from S. Typhi ΔdegS, the lower protective effect of such mutant is consistent with its lower MIC of polymyxin B, compared with S. Typhi ΔtolR.

S. Typhimurium ompD::Mud-J recovered after the challenge showed an unaffected MIC of polymyxin (∼0.625 μg/mL), showing that the protection received by S. Typhi ΔtolR or ΔdegS is transient and could not be attributed to genetic changes (Table 3). Besides, it is important to state that the obtained results cannot be attributed to a faster-growing phenotype of S. Typhi ΔtolR or S. Typhi ΔdegS (Table 4).


TABLE 4. Growth rate (μ) and duplication time (td) of S. Typhi strains used in this study.

[image: Table 4]At this point, OMVs extracted from S. Typhi ΔtolR and ΔdegS showed the most noticeable protective effect against polymyxin B. This result suggests that their compositions are different from the OMVs produced by the WT. Previously, it has been reported that the protein cargo of OMVs from S. Typhi WT, ΔtolR, and ΔdegS are different among them (Nevermann et al., 2019). Since LPS is crucial regarding polymyxin interaction, we assessed the LPS profile in these OMVs to complement this information. As shown in Figure 7 and Supplementary Figure 2, the LPS profile of OMVs extracted from S. Typhi ΔtolR and ΔdegS present a distinct pattern. These differences could also be contributing to the protective effect of these OMVs against polymyxin B.
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FIGURE 7. LPS of OMVs extracted from S. Typhi WT, ΔtolR, and ΔdegS. OMVs were extracted as described, and the LPS profile was resolved as described in section “Materials and Methods.” In each lane, 40 μg/mL (proteins) of OMVs were loaded.


All these results show that a susceptible strain efficiently can grow in the presence of a high amount of polymyxin B when is cocultured with a hypervesiculating strain producing protective OMVs. We observed this protective effect even with S. Typhi ΔdegS, which presents a very low MIC of polymyxin B when this mutant encounters conditions that allow OMVs accumulation. This protective effect is more potent with a strain exhibiting a higher MIC of polymyxin B, as shown with S. Typhi ΔtolR.



DISCUSSION

In this work, we found that the OMVs from S. Typhi WT and mutant derivatives exert a protective effect against polymyxin B, albeit the OMVs from S. Typhi ΔtolR and ΔdegS were much more protective. Furthermore, we found that S. Typhi ΔtolR (and at a lesser degree, S. Typhi ΔdegS) can functionally transfer the polymyxin-resistance to susceptible bacteria, plausibly via OMVs. To our knowledge, this is the first report exploring OMVs from S. Typhi as protective agents against antimicrobial agents. Furthermore, this is the first study showing that OMVs obtained by different genetic backgrounds exhibit, in turn, different protective effects.

We found that the presence of purified OMVs exerted a protective effect against polymyxin B and limonene but not against ciprofloxacin. Both polymyxin B and limonene exert their antimicrobial effect by interacting with biological membranes, while ciprofloxacin targets gyrase and topoisomerase IV (Velkov et al., 2013; Zhang et al., 2018; Thakre et al., 2021). OMVs from E. coli can protect against membrane-active antibiotics, i.e., polymyxin B, colistin (polymyxin E) and melittin, but no against antibiotics with other targets, such as ciprofloxacin, streptomycin and trimethoprim (Manning and Kuehn, 2011; Kulkarni et al., 2015). Although polymyxin B and limonene do not share structural similarities, their modes of action require the interaction with biological membranes, suggesting that the protection exerted by S. Typhi OMVs is based on an unspecific mechanism involving membranes. In this sense, this work showed that OMVs from S. Typhi and mutant derivatives sequester polymyxin B and remove it from the solution. The fact that OMVs increased the MIC of polymyxin B in a concentration-dependent manner supports this assertion. Furthermore, in the present manuscript, the sequestration of polymyxin B by OMVs was shown by measuring the Zeta potential of OMVs exposed to polymyxin B and determining the polymyxin B activity that remained after coincubating with OMVs. A similar strategy was previously used to demonstrate the sequestration of polymyxin B by Pseudomonas aeruginosa OMVs (Roszkowiak et al., 2019), and this same mechanism was also shown in E. coli (Kulkarni et al., 2015). The data that we obtained with the Zeta potential agrees with the bioassay designed to assess the polymyxin B removed by OMVs, where we found that all OMVs tested showed the ability to decrease the amount of effective polymyxin B. According to our results and previous works showing the sequestration of polymyxin B by OMVs from other bacteria (Kulkarni et al., 2015; Roszkowiak et al., 2019), the most straightforward explanation is that OMVs from S. Typhi sequester polymyxin B. However, we cannot rule out that other mechanisms were also acting. Kulkarni et al. (2015) showed that OMVs from Escherichia coli sequester both colistin and melittin. Furthermore, they demonstrated that the OMVs from Escherichia coli also degrade melittin, but not colistin (Kulkarni et al., 2015). Thus, determining whether OMVs from S. Typhi can degrade polymyxin B, as an additional mechanism, remains to be elucidated.

A previous study showed that OMVs from S. Typhi WT, ΔrfaE, ΔtolR, and ΔdegS present different features, such as size and protein content (Nevermann et al., 2019). Besides, rfaE, tolR, and degS are genetic determinants of three different processes involved in OMV biogenesis (Schwechheimer and Kuehn, 2015; Nevermann et al., 2019). It has been shown that mutations affecting different OMV biogenesis processes produce OMVs with different cargo (Altindis et al., 2014; Bonnington and Kuehn, 2014; Murphy et al., 2014; Schwechheimer and Kuehn, 2015). For these reasons, it was postulated that OMVs from S. Typhi WT, ΔrfaE, ΔtolR, and ΔdegS should present different properties regarding biological functions (Nevermann et al., 2019). As stated above, polymyxin B, a cationic amphipathic peptide, can interact with negatively charged LPS, as well as with proteins, to get inserted into the outer membrane, interacting with the lipid A (Daugelavicius et al., 2000; Falagas and Kasiakou, 2006; Velkov et al., 2013; van der Meijden and Robinson, 2015; Trimble et al., 2016). Since OMVs are discharged from the outer membrane, mutations affecting the bacterial envelope also affect the OMV content, including both LPS and proteins (Kim et al., 2009; Liu et al., 2016a), potentially affecting the polymyxin—OMVs interaction or affinity. In the present manuscript, we found apparent differences among mutants, where OMVs can be sorted in decreasing protective effect as OMVs from S. Typhi ΔtolR, ΔdegS, ΔrfaE, and WT. Why OMVs from S. Typhi ΔtolR showed the most potent protective effect against polymyxin B could be attributed to their higher affinity by polymyxin B as the Zeta potential measurement suggests and the sequestration bioassay showed.

Previously published works support the high affinity showed by OMVs from S. Typhi ΔtolR shown in the present study. The tolR gene encodes an inner membrane protein of the trans-envelope Tol-Pal complex (Sturgis, 2001). In E. coli and S. Typhimurium, TolR participates in maintaining the envelope structure and retrograde phospholipid transport (Muller et al., 1993; Masilamani et al., 2018; Boags et al., 2019). Furthermore, E. coli mutants in genes encoding Tol-Pal components showed defective O-antigen polymerization (Vinés et al., 2005), while Pseudomonas aeruginosa defective in a Tol-Pal component (TolA) showed membranes with high affinity for cationic compounds, including polymyxin B, due to changes in the LPS (Rivera et al., 1988). Furthermore, the hypervesiculating Shigella flexneri ΔtolR produces OMVs with alterations in the LPS O-chain (Pastor et al., 2018). Thus, we propose that OMVs from S. Typhi ΔtolR present a higher affinity for polymyxin B than the other OMVs tested due to changes in their membrane profile. On the other hand, we observed an increased MIC of polymyxin B for S. Typhi ΔtolR than the WT. Nevertheless, when the S. Typhi ΔtolR was washed, it was necessary, at least, to incubate bacteria for 1 h to obtain CFU after the challenge with 2.5 μg/mL polymyxin B, or to protect susceptible bacteria in a coculture. From these results, we inferred that the increased MIC of polymyxin B exhibited by S. Typhi ΔtolR can be attributed to OMVs. Nevertheless, other mechanisms can also be contributing to this phenotype. According to the Zeta potential experiments and sequestering of polymyxin B, OMVs from S. Typhi ΔtolR have the highest affinity by polymyxin B. In this sense, the bioassay of the polymyxin B activity after incubation with bacteria strongly suggests that the S. Typhi ΔtolR envelope has increased affinity for polymyxin B than the WT (Supplementary Figure 1). In this case, a membrane with a high affinity for polymyxin B might also increase antibiotic resistance via OMV production. S. Typhi ΔtolR presents one of the most hypervesiculating phenotypes in S. Typhi, showing a high release of OMVs when grown under standard conditions (LB, 37°C with shaking), without the need for additional stimuli (Nevermann et al., 2019). Thus, the polymyxin B bound to bacterial membranes might be rapidly discharged from the cells by the hyperproduction of OMVs. Supporting this point, it has been described a toluene elimination system in Pseudomonas putida, where the toluene adhered to the outer membrane is rapidly eliminated by shedding OMVs, rendering this strain resistant to such compound (Kobayashi et al., 2000). The role of OMVs to eliminate toxic compounds from the bacterial envelope has already been reviewed (Schwechheimer and Kuehn, 2015).

We also found that OMVs from S. Typhi ΔdegS protect bacteria against polymyxin B. DegS regulates σE activation under membrane stress (Alba et al., 2001). In Salmonella Typhimurium, σE is required under oxidative stress, envelope stress, and the presence of antimicrobial peptides (Testerman et al., 2002; Palmer and Slauch, 2020). Crosstalk between outer membrane protein and LPS biogenesis with the activation of σE has been reported (Kim, 2015), suggesting a different composition in the lipidic components in OMVs from S. Typhi ΔdegS, as found in Figure 7 and Supplementary Figure 2. The most negative Zeta potential in these OMVs could support this hypothesis. On the other hand, σE is necessary for resistance to cationic peptides in S. Typhimurium (Crouch et al., 2005). The lack of DegS may be impairing the σE activation, explaining the low MIC exhibited by the S. Typhi ΔdegS mutant. In addition, although the S. Typhi ΔdegS envelope seems to present a similar affinity for polymyxin B than S. Typhi ΔtolR, as inferred by Supplementary Figure 1, the OMV release by S. Typhi ΔtolR is 1,000 times more than the OMV release by S. Typhi ΔdegS (measured as protein content). Thus, an envelope with increased affinity for polymyxin B but insufficient OMVs production could be considered detrimental regarding polymyxin resistance.

OMVs from S. Typhi WT and ΔrfaE showed low protection levels against polymyxin B. Nevertheless, the S. Typhi ΔrfaE strain exhibited a much lower MIC of polymyxin B than the WT strain. In Salmonella Typhimurium, it has been reported that ΔrfaE and other mutants involved in the LPS synthesis present an increased membrane permeability, decreasing the resistance to diverse antimicrobial compounds, including polymyxin B (Vaara, 1993; Acuna et al., 2016). In particular, rfaP (waaP), whose product is responsible for phosphorylation of the first heptose residue of the LPS inner core region, is necessary for polymyxin resistance in E. coli. The authors concluded that the absence of phosphoryl modifications in the LPS core region leads to an increased polymyxin susceptibility, despite the more depolarized membrane (Yethon et al., 2000). Salmonella Typhimurium ΔrfaE mutants synthesize heptose-deficient LPS (Jin et al., 2001) (i.e., no phosphorylation by WaaP would be possible), providing a possible explanation of the phenotype found with S. Typhi ΔrfaE.

Polymyxin mode of action requires two main kinds of interactions to get inserted into the bacterial outer membrane. (1) Electrostatic interaction between the cationic moiety of polymyxin and negatively charged LPS, and (2) hydrophobic interaction between the aliphatic acyl tail of polymyxin and hydrophobic segments of the membrane, including lipid A (Velkov et al., 2010; Trimble et al., 2016). The evidence also suggests polymyxin interaction with outer membrane proteins (van der Meijden and Robinson, 2015). In this sense, OMV from S. Typhi ΔtolR shows the highest sequestering ability (Figure 4 and Table 2), albeit their Z potential is similar to that observed with OMVs from the WT (Table 1). This result suggests that the hydrophobic interaction might be most important concerning the increased protection ability of OMVs from S. Typhi ΔtolR. On the other hand, OMVs from ΔdegS could be exerting their protective effect by increasing the electrostatic interactions with polymyxin B, as their more negative Z potential suggests (Table 1). Nevertheless, since OMVs are complex supramacromolecular entities, both the hydrophobicity and the negative charge can be achieved by a complex interaction of protein and lipid cargo. Accordingly, OMVs from S. Typhi ΔtolR and ΔdegS showed a pattern of protein cargo that is different from OMVs extracted from the WT (Nevermann et al., 2019), where preliminary proteomic analyses show that OMVs from S. Typhi ΔtolR and ΔdegS have approximately 180 and 500 proteins, respectively, absent from OMVs from the WT (unpublished results). Furthermore, OMVs from S. Typhi WT and mutant derivatives show different LPS profiles (Figure 7 and Supplementary Figure 2), strongly suggesting that increased affinity for polymyxin B is multifactorial.

At present, the role of OMVs as protective agents against polymyxin, or other antimicrobial compounds, has been assessed by extracting OMVs and adding them to axenic reporter cultures to determine the degree of protection (Manning and Kuehn, 2011; Kulkarni et al., 2015; Roszkowiak et al., 2019). However, studies showing the participation of OMVs in more physiological conditions are less common. In this study, we tested whether the hypervesiculating strains could protect a susceptible strain from a challenge with a high amount of polymyxin B in a coculture. We found that, when the strains were washed to remove OMVs, no colonies were observed after the challenge. Nevertheless, when the culture was incubated for 1 h to allow the bacterial growth and OMV accumulation, we found that S. Typhi ΔtolR could resist the challenge with polymyxin B. Longer incubation times allowed even the S. Typhi ΔdegS growth. We inferred that the survival of S. Typhi ΔtolR and, at a lesser level, S. Typhi ΔdegS, depends on the OMV accumulation. Consistently, both strains could transiently transfer their polymyxin B resistance to a susceptible reporter strain. Since the reporter strains did not show an increased MIC of polymyxin B after the challenge, we ruled out any genetic change. Altogether, these results argue for a functional and transient transfer of OMV-mediated polymyxin B resistance from S. Typhi ΔtolR and ΔdegS to susceptible bacteria in more physiological conditions, i.e., in a coculture. The most potent protective effect shown by S. Typhi ΔtolR is consistent with the high protection level of its OMVs, the apparent higher affinity of its OMVs for polymyxin B, and the increased MIC of polymyxin B. It has been reported that mutations leading to changes in the bacterial envelope can increase the resistance to polymyxin B by decreasing the anionic charges (Olaitan et al., 2014; Li et al., 2019). Nevertheless, this kind of resistance could be considered “selfish” since it is not generally thought to be shared, except for the mcr genes (Olaitan et al., 2014). However, in this study, we showed that it is possible to transfer the polymyxin resistance via OMVs to the bacterial community without genetic exchange.

This work showed that mutants in genes related to OMVs biogenesis can release vesicles with improved abilities to protect bacteria against membrane-active agents such as polymyxin B. Since mutations affecting OMV biogenesis can involve the bacterial envelope (Kulp and Kuehn, 2010; Kulkarni and Jagannadham, 2014; Nevermann et al., 2019), it is possible to obtain mutant bacteria with increased resistance to membrane-acting agents that, in turn, produce protective OMVs with a high vesiculation rate (e.g., S. Typhi ΔtolR). Such mutants can functionally transfer the resistance to surrounding bacteria via OMVs, diminishing the effective concentration of the antimicrobial agent and potentially favoring the selection of spontaneous resistant strains in the environment. Finally, since OMVs can also protect against other agents such as antimicrobial peptides, which can be produced by the innate immune system (Urashima et al., 2017), the possible role of vesicles in bacterial pathogenesis as protective agents is progressively gaining attention.
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Generalized Modules for Membrane Antigens (GMMA) are outer membrane vesicles derived from Gram-negative bacteria engineered to provide an over-vesiculating phenotype, which represent an attractive platform for the design of affordable vaccines. GMMA can be further genetically manipulated to modulate the risk of systemic reactogenicity and to act as delivery system for heterologous polysaccharide or protein antigens. GMMA are able to induce strong immunogenicity and protection in animal challenge models, and to be well-tolerated and immunogenic in clinical studies. The high immunogenicity could be ascribed to their particulate size, to their ability to present to the immune system multiple antigens in a natural conformation which mimics the bacterial environment, as well as to their intrinsic self-adjuvanticity. However, GMMA mechanism of action and the role in adjuvanticity are still unclear and need further investigation. In this review, we discuss progresses in the development of the GMMA vaccine platform, highlighting successful applications and identifying knowledge gaps and potential challenges.
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Introduction

Both pathogenic and nonpathogenic Gram-negative bacteria are able to spontaneously release 25–250 nm vesicles during growth, especially during the end of log phase (1). Since they originate from the bacterial outer membrane, these vesicles reflect the membrane composition and are then named outer membrane vesicles (OMVs). They contain bacterial antigens such as lipopolysaccharides (LPS) and proteins in their original environment, and additional immunostimulatory molecules (i.e. lipoproteins, peptidoglycans). Because of their composition, they raise high scientist interest and have been widely investigated as a promising vaccine platform (2, 3).

However, bacteria naturally release OMV but in relatively low amounts, and contain endotoxins in the natural form, which might cause systemic reactogenicity in humans depending on the vaccine dose used. Hence, in order to overcome issues of limited yield and to reduce the levels of endotoxicity, bacterial strains have been genetically modified to increase outer membrane vesiculation (4–6) and reduce LPS endotoxicity (7–9). We named the resulting vesicles, deriving from the over-vesiculating strain and with mutations in the LPS genes, Generalized Modules for Membrane Antigens (GMMA) whereas others called them mutant-derived or genetically detoxified OMV. Through a three-step process consisting on fermentation of the GMMA-producing strain coupled with two consecutive tangential flow filtration steps (4), GMMA can be produced at high yield and purity through a simple process. Indeed, the entire production process from fermentation to final purified GMMA lasts 3 days and thus, depending on the size of the vaccine dose, a relatively small manufacture facility with a 500 L fermenter could produce 100 000 000 doses of vaccines per year at a manufacturing cost of approximately $1 per dose (10). GMMA from Shigella (4, 5, 7, 9, 11–13), Salmonella (8, 14, 15), and Neisseria (16, 18) species have been already generated using this approach, which is shown to be flexible enough to be potentially extended with minimal adjustments to any Gram-negative bacterial species. Indeed multiple industrial (17–19) and research (20–22) approaches based on genetic engineering of bacteria for hyper-vesiculating and surface-expression of a variety of homologous and heterologous antigens, including bacterial (20–22), viral (23), parasitic (24) and even cancer antigens (25) have been described.

In this review, we will refer to genetically modified OMV as GMMA, and will focus our attention on GMMA-based vaccines that are in an advanced stage of the development and already moved or are approaching to move in clinical trials rather than on research vaccines. We will discuss progress in the development of the GMMA vaccine platform, highlighting successful applications, gaps and potential challenges.



GMMA As A Vaccine Platform

GMMA constitute a straightforward technology based on low-cost of production and high purification yields and is therefore suitable for the development of vaccines against bacterial pathogens and particularly of affordable vaccines targeting low- and middle-income countries (LMICs).

GMMA resemble faithfully the outer membrane of the bacterial pathogen they shed from but lack the ability to cause the associated disease. They present to the immune system key antigens in their natural environment and conformation, facilitating uptake by immune cells and inducing strong immune response (26). The GMMA outer membrane also displays several Pathogen Associated Molecular Patterns (PAMPs), small molecular motifs well conserved in bacteria which are recognized by Patter Recognition Receptors (PRRs) expressed on mammalian cells (27). PAMPs interaction with PRRs rapidly activates the complex signaling pathway, with the induction of pro-inflammatory cytokines and chemokines, and that may be the basis of GMMA self-adjuvanticity. However, while activation of the innate immune system can result in a high immune response to an antigen, it may also induce local and severe adverse effects in humans, from febrile response to septic shock (28). Thus, fine tuning the balance between immune stimulation and reactogenicity is key for an acceptable GMMA-based vaccine.

LPS, the most abundant component of GMMA, is a key antigen in Gram-negative bacteria, but it is also the main component for systemic reactogenicity (29). Intrinsic LPS endotoxicity can be reduced by genetically modifying the lipid A structure. Lipid A is the endotoxic component of LPS which mediates the binding to toll like receptor (TLR) 4 inducing innate immune activation. TLR4 recognition of LPS is strongly influenced by the structure of its lipid A component which, in most Gram-negative bacteria (i.e., E. coli, Shigella, Salmonella), is composed of a β-1’,6-linked disaccharide of glucosamine phosphorylated at the 1 and 4’ positions and acylated at 2, 3, 2’ and 3’ position with R-3-hydroxymyristate (called lipid IV A). This scaffold is then decorated in various positions with fatty acids differing in length and saturation level or with substituents of phosphoryl groups of glucosamines (30). The most reactogenic form of lipid A is the bis-phosphorylated and hexa-acylated with 12 to 14 carbon acyl chains and an asymmetric (4/2) distribution, whereas the penta-acylated lipid A is much less active than the hexa-acylated form in activating human TLR4 (31–33). Bacteria use lipid A modifications as immune evasion mechanism and to adapt to environmental changes (e.g., temperature, nutrient, osmolarity) (30, 34). The selection of the appropriate modified lipid A structure, depending on the structure present in the parent bacteria, is key to balance immunogenicity and reactogenicity of GMMA-based vaccines. Indeed, the selection of the modifications on the lipid A acylation status are critical, as most of the genes implicated in LPS biosynthesis are necessary to preserve bacterial membrane stability and therefore viability. Genes that encode for acyltransferases such as HtrB or MsbB in Shigella (4, 5, 7, 9), MsbB and PagP in Salmonella (8), or LpxL1 in N. meningitidis (16, 17, 35) have been mutated to generate GMMA with different penta-acylated lipid A forms.

In addition to LPS, other molecules contained in GMMA, like lipoproteins, are able to stimulate the innate immune system through the activation of TLR2. Indeed, GMMA from Shigella and Salmonella were able to stimulate peripheral blood mononuclear cells (PBMCs) and induce interleukin (IL)-6 release, which was almost completely abolished when a combination of antibodies blocking TLR4 and TLR2 was used (7, 8), indicating that they are the PRRs mostly involved in GMMA mediated cytokine release.

GMMA act as effective adjuvant and carrier, thus having an intrinsic ability to improve immunogenicity of protein and carbohydrate antigens. The glycoconjugate approach is the gold standard for enhancing immunogenicity, particularly for polysaccharides (36). Bacterial polysaccharides are T-cell-independent antigens which are generally not able to elicit germinal center (GC) formation and therefore immunological memory, persistence of antibody response, and affinity maturation of B cell receptors. Covalent linkage to a suitable carrier protein confers to saccharide antigens the ability to elicit a T-cell-dependent response, overcoming the limitation listed above. Consequently, vaccination with conjugates enhances polysaccharide immunogenicity and protective efficacy, especially in infants and children under 2 years of age (37, 38). As carriers for polysaccharides, GMMA can be somehow considered multi-valent antigens, as they may present multiple polysaccharide molecules and proteins in natural conformation (39). GMMA was shown to be superior to traditional glycoconjugate vaccines in animal models, likely due to the nano-sized particle properties, ability to present multiple saccharide epitopes and self-adjuvanticity. GMMA from S. Typhimurium and S. Enteritidis strains elicited levels of anti-O polysaccharide-specific immunoglobulins (Ig)G comparable to those observed after vaccination with corresponding CRM197 glycoconjugates formulated with Alhydrogel, but showed an increased IgG antibody isotype profile and improved complement-mediated bactericidal activity and protective ability in challenge model (40). Similarly, GMMA from S. flexneri 6 strain induced higher anti-O-antigen IgG titers compared to CRM197 glycoconjugate when both were administered to mice without Alhydrogel (13).

GMMA can also be carriers for heterologous antigens, which renders them even a more powerful vaccine platform. Bacterial strains can be engineered for overexpression in GMMA of key homologous and heterologous antigens or multiple antigenic variants (6, 41–43). In alternative to genetic manipulation, decoration of GMMA with heterologous polysaccharide or protein antigens can also be achieved through chemical conjugation (44).



Successful Applications Of GMMA Vaccine Platform

Safe, cost-effective and affordable technologies such as GMMA constitute ideal vaccine candidates to prevent diseases prevalent in LMICs (10). Indeed, many GMMA-based vaccines targeting several bacterial pathogens are in development (45, 46). Currently, the most advanced GMMA-based vaccine is the Shigella sonnei 1790GAHB that has been extensively tested in preclinical (5) and clinical studies (47–49). Shigella sonnei GMMA formulated with Alhydrogel were highly immunogenic in mice and rabbits and had low stimulatory activity in the in vitro monocyte activation test. The low reactogenicity was also confirmed by two in vivo models: a modified rabbit pyrogenicity test based on the intramuscular administration of the full human dose and a multiple dose toxicology study in rabbits using intramuscular, intranasal, and intradermal administration routes (5). Moreover, Shigella sonnei GMMA elicited in the animal model antibodies not only against the key antigen LPS, but also against GMMA proteins (9). In phase I and II clinical studies, the vaccine was well tolerated up to 100 μg following intramuscular (two or three doses), intradermal or intranasal administrations (48). Moreover, the vaccine induced anti-LPS specific antibodies in healthy adults in Europe and in Kenya, where shigellosis is endemic (47, 48). In addition, immune response was significantly increased following a booster dose, administered two-three years after the primary immunization (49). Antibodies elicited were able to induce complement mediated bactericidal killing in a dose dependent manner (50). The promising results obtained with Shigella sonnei GMMA vaccine corroborated the ability of GMMA to be an ideal delivery system for Shigella LPS, and to induce high levels of anti-Shigella LPS IgG considered as the most promising correlate of protection against shigellosis (51). However, based on recent results not yet published from a controlled human infection model (CHIM) study, it seems that Shigella LPS amount is critical to induce a level of IgG antibodies able to protect from Shigella infection and additional work has been done for improving the design of a 4-component Shigella GMMA-based vaccine that is entering clinical testing.

An additional GMMA-based vaccine in an advanced stage of development is the HOPS-G meningococcal vaccine adjuvanted with aluminum hydroxide. GMMA were derived from an engineered meningococcal B strain, containing the deletion of the lpxL1 and synX genes to remove the expression of capsular polysaccharide and reduce LPS reactogenicity, over-expressing factor H binding protein, two PorAs and the stabilized OpcA (17). When tested in a human clinical trial as a three doses vaccine, it resulted to be safe and immunogenic. Sera form 79% of volunteers, collected two weeks after third dose had a fourold or greater increase in bactericidal activity against the homologous strain by which the GMMA were derived. 68% of volunteers showed cross-protection against strains carrying the L3-5,7-5 phase variant of the parent strain. Similar results were obtained with a vaccine differing only for the strategy used to detoxify the lipo-oligosaccharide: lipid A acylation status was indeed modified through disabling the lpxL2 gene instead of the lpxL1 (18).

The results obtained so far with the GMMA-based vaccines tested in clinical trials paved the way for other GMMA-based vaccines. Indeed multi component GMMA-based vaccines consisting in GMMA derived from the key disease-causing invasive nontyphoidal Salmonellae (Salmonella Typhimurium and Salmonella Enteritidis) strains, either alone or in combination with the recently licensed Vi-CRM conjugate vaccines are moving to Phase I/II clinical studies. Results in mice showed that S. Typhimurium and S. Enteritidis GMMA were able to elicit strong and functional bactericidal anti-LPS O-antigen antibodies and a broad IgG range of antibodies. Moreover, induced antibodies were able to protect in an in vivo mouse challenge model (40).



Gaps On Understanding The Basis Of GMMA Immunogenicity And Potential Challenges

Recent clinical trials not only showed good immunogenicity data but highlighted a satisfactory tolerability profile of GMMA. However, due to differences in maturation of TLR in children and adults (52), the risk of systemic reactogenicity in different age groups needs to be further evaluated, and age-de-escalation clinical trials will be necessary, especially for GMMA vaccines targeting diseases mainly affecting children.

Moreover, Alhydrogel has been used in preclinical and clinical studies in S. sonnei GMMA vaccine formulation as absorbent agent with the solely purpose of reducing GMMA reactogenicity, mainly due to results observed after intramuscular immunization of rabbits (29). Indeed, intramuscular immunization of rabbits with 100 µg of 1790GAHB caused only a low and transient temperature rise, comparable to what observed with 5 µg of S. sonnei GMMA delivered alone. However, no results in humans comparing non-adjuvanted and Alhydrogel-adsorbed GMMA are yet available. Similar preclinical results have been obtained when OMV from Neisseria meningitidis (Nm) were tested in a rabbit pyrogenicity study alone or adsorbed to aluminum hydroxide. Differently from GMMA which display a modified LPS, Nm OMV were obtained by extraction with deoxycholate detergent and therefore wild type LPS was largely removed. When OMV were adsorbed to aluminum hydroxide, the pyrogenicity was reduced four-fold in rabbits and this reduction was also observed in the Limulus Amebocyte Lysate (LAL) test. However, when reactogenicity was evaluated in human volunteers, the adsorbed vaccine gave more local side effects and longer duration of tenderness at the site of injection than the unadsorbed vaccine, whereas no differences were observed between the two formulations in terms of minimal, unspecific systemic reactions (53). Therefore, more studies in humans are needed to better elucidate the contribution of Alhydrogel to reactogenicity.

Preclinical studies in mice showed that immunization with S. Typhimurium GMMA not adjuvanted with Alhydrogel elicited antigen-specific IgG titers higher than after immunization with GMMA with adjuvant. For S. Enteritidis and S. flexneri 6 GMMA, addition of Alhydrogel did not increase or decreased anti-O-antigen-specific IgG response (13, 40). On the opposite, a preclinical study with Nm OMV showed that the addition of aluminum hydroxide improved antigen-specific IgG levels and bactericidal activity (54). Differences in the LPS content and structure in GMMA and detergent extracted OMV can have an impact on innate immunity activation and therefore on self-adjuvanticity. More studies will be needed to evaluate the added value of Alhydrogel or alternative adjuvants on GMMA immunogenicity.

GMMA vaccines are highly immunogenic, but there are no many insights into their mechanism of action. Few experiments have been performed so far to understand what happens at the injection site and after injection, and to identify the factors which influence the cellular and humoral responses elicited.

It has been shown that after injection, nanoparticles are coated by proteins present in the interstitial fluid (55). The nature and amount of these proteins is influenced by their particle size and physico-chemical properties that may result in augmented or reduced interaction with immune cells. No information is available so far for GMMA, and it may be important to consider that GMMA from different bacteria can display LPS with different charge, which can in turn influence the quality of the interstitial fluid proteins binding on their surface. Indeed, net charge and hydrophobicity are some of the several physical–chemical features of nanoparticles which influence their interactions with plasma proteins (56).

At the injection site, GMMA encounter tissue resident immune cells and dendritic cells (DCs) recruited at the site through the inflammation process (Figure 1A-I). GMMA uptake by DCs should favor DC maturation, allowing trafficking to the lymph node (LN), but this interaction has not been proven so far. It is known that OMV are able to drive DC maturation. Indeed, native OMV derived from the facultative-intracellular bacterium Burkholderia pseudomallei were shown to favor DC maturation and activation both in vitro and in vivo in a mouse model (57). Moreover, Schetters et al. demonstrated that the LPS present on OMV was able to induce, through the myeloid differentiation primary response 88 (Myd88) adapter protein, maturation of human monocyte-derived DCs, murine bone marrow-derived DCs and CD11c+ splenic DCs (58).




Figure 1 | GMMA mechanism of action. (A) GMMA vaccines have been administered intramuscularly. At the injection site, GMMA may be coated by proteins present in the interstitial fluid. The kind and amount of these proteins is influenced by GMMA size and physico-chemical properties. GMMA trafficking to the lymph node (LN) may require cellular transport from antigen presenting cells (APCs) (A-I) but GMMA can also be able to drain freely to the LN (A-II). (B) Upon arrival into the LN, GMMA and APCs circulate into the LN subcapsular sinus where subcapsular sinus macrophages (SCSM) reside. SCSM can uptake GMMA in complex with IgG and can reach the LN follicular area where they transfer the antigen to B cells. B cell receptor crosslinking and B cell activation is facilitated by repetitive display of optimally spaced antigen on GMMA. Also follicular dendritic cells (FDCs) play a major role in germinal center (GC) kinetics and in the development of humoral responses. GMMA delivered to the LN via active transport are presented to naïve T cells with antigen-cognate T cell receptors in the T cell zone. T cells also interact with activated B cells, that present them antigen-derived peptides thus providing T cell ‘help’ to B cells, sustaining their activation and driving the formation of GCs. (C) GMMA drive the selection of B cell clones with high antigen affinity into long-lasting memory B cells and/or long-lived antibody-producing plasma cells and possibly the differentiation of T cells in different subsets of T helper (Th) cells.



Since GMMA are 25-250 nm vesicles, their size should allow them direct diffusion into lymphatic vessels (Figure 1A-II). It has been shown that nanoparticles of 20–200 nm and 30 nm virus-like particles (VLPs) are detected in LN resident CD8+ DCs and macrophages two hours after vaccination, thus indicating that they can be rapidly drained to the LN without active transport by antigen presenting cells (APCs) (59). As particle size increases over 200 nm, antigens are likely to require APCs for trafficking to the LNs.

Upon arrival into the LN, nanoparticulated antigens like GMMA and cells circulate into the LN subcapsular sinus where subcapsular sinus macrophages (SCSM) reside (Figure 1B). SCSM can uptake GMMA in complex with IgG and can reach the LN follicular area where they transfer the antigen to B cells via CR2 (60). The GMMA-IgG complexes allow B cell receptor crosslinking with the CR2 complex thus lowering the affinity threshold for B cell activation (61). B cell receptor crosslinking is facilitated by repetitive display of optimally spaced antigen on GMMAs. The antigen is also transferred to follicular dendritic cells (FDCs), which play a major role in the development of humoral responses. Indeed, FDCs secrete the B cell attracting chemokine CXCL13 which induces activated B cell migration into the GC, produce B-cell activating factor (BAFF), which regulates GC B cell survival and retain the antigen for long time, thus enabling persistent GC reactions and resulting in long-lasting plasma cells that secrete high affinity antibodies (62). VLPs rapid delivery to FDCs was proven to be dependent on natural IgM and complement (60), and their ability to facilitate antigen persistence in the LN shown in comparison to soluble antigens (63). Besides many similarities between VLPs and GMMA, no data are available so far for GMMA. If GMMA are delivered to the LN via active DC transport, the outer membrane antigens are presented to naïve T cells with antigen-cognate T cell receptors in the T cell zone. Moreover, T cells also interact with activated B cells, presenting them antigen-derived peptides thus providing T cell ‘help’ to B cells, sustaining their activation and driving the formation of GCs (64).

Preclinical and clinical studies conducted with GMMA-based vaccines have addressed humoral responses but poorly the cellular response (Figure 1C). Baker and co-authors demonstrated that OMV could induce robust cellular immune responses that exceeded those induced by a live-attenuated strain (65).

GMMA could also be used as adjuvants and as alternative carrier. When OMV have been tested as adjuvants for heterologous peptides or ovalbumin, they elicited broad antigen-specific immune responses, including antibody, B cells, CD4 T cells, and CD8 T cells. Humoral immune responses to ovalbumin elicited upon immunization with OMV were higher compared to those induced by ovalbumin adjuvanted with Alhydrogel and CpG DNA (57). When used as carrier, GMMA have shown superior immunogenicity compared with conventional carrier proteins such as CRM197 (13, 40, 44). It will be interesting to understand the immunological mechanisms behind this superiority.



Future Directions

GMMA is recognized as a powerful vaccine technology. It has the unique advantage to be a multivalent vaccine with a straightforward production process and simple purification steps to generate high yield, and which does not need the addition of detergents as in the case of classical OMV purification which may alter vaccine composition and antigen conformation. The presentation of multiple antigens in their natural environment and the inherent GMMA characteristics are the driving force of the high immunogenic profile.

However, there are still many immunogenicity aspects that need to be unraveled for a deep understanding of the full potential of GMMA-based vaccines. We have recently started to investigate more in depth the impact that GMMA structural features may have on the immune response. One of these features is the saccharide length, a well-known parameter that can modulate the intensity and quality of immune response elicited by glycoconjugate vaccines. In contrast with what observed for traditional glycoconjugates, O-antigen length did not result to be a critical parameter for GMMA immunogenicity, independently by the pathogen and by the sugar structural characteristics (11). Moreover, we demonstrated that exposure of GMMA to high-temperature (100°C for 40 min) did not impact GMMA stability and immunogenicity in mice, whereas milder temperatures for a longer period of time did (37°C or 50°C for 4 weeks). Major differences were related to O-antigen O-acetylation and its release from vesicles (66). Although what makes GMMA a unique antigen and delivery system is known, the mechanism of action in vivo is still unknown. Therefore, more efforts should be directed towards the dissection of what happens at the GMMA injection site and afterwards and the mechanisms which mediate the immune response, either in presence or absence of an adjuvant. Unravelling such mechanisms will allow to improve the design of GMMA-based vaccines. Clinical studies conducted so far with GMMA-based vaccines have confirmed the good immunogenicity and safety profile observed in preclinical studies. However, even though GMMA technology has been applied to several bacterial targets in preclinical studies, only few of them have progressed into clinical trials in adults but none in children and infants. More clinical data will be needed to corroborate the preclinical findings, and further evaluation of GMMA-based Shigella and Salmonella vaccines are expected to provide a better understanding of the immunological potential of this platform.
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Deletion of alpB Gene Influences Outer Membrane Vesicles Biogenesis of Lysobacter sp. XL1
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Outer membrane vesicles (OMVs) produced by Gram-negative bacteria constitute important factors in defining interactions with the extracellular milieu. Lysobacter sp. XL1 produces OMVs capable of lysing microbial cells due to the presence in their cargo of bacteriolytic protease L5 (AlpB). Although protein L5 has been functionally and biochemically characterized (including aspects of its packing into OMVs), its role in vesicle biogenesis through genetic deletion of alpB had not been studied previously. Here, we have successfully deleted alpB by allelic replacement and show that the alpB deletion mutant produces a significantly lower amount of OMVs that lack bacteriolytic activity and display altered ultrastructural characteristics in relation to the OMVs produced by the wild-type strain. These results confirm that, as previously proposed, protein L5 participates in OMV production through a mechanism that is not yet fully understood.

Keywords: biogenesis of vesicles, Lysobacter sp. XL1, antimicrobial potency of vesicles, deletion in gene alpB, bacteriolytic protease L5


INTRODUCTION

Outer membrane vesicles (OMVs) are structures 50–300 nm in diameter that all Gram-negative bacteria form from their outer membrane (OM). OMVs perform a number of vital activities in relation to nutrient uptake, microbe–microbe interactions (including horizontal gene transfer), pathogen–host interactions, symbiotic interactions, and cell protection like phage and toxin release (Mashburn-Warren and Whiteley, 2006; Avila-Calderón et al., 2015; Schwechheimer and Kuehn, 2015; Guerrero-Mandujano et al., 2017; Nagakubo et al., 2020). In light of this, the topicality of vesicle studies is evident.

At present, one of the most intriguing issues in vesicle subject matter is OMV biogenesis. At first, vesicles were considered to form due to spontaneous evagination of the OM, followed by the release of these fragments (Knox et al., 1966). Later on, three models of vesicle biogenesis were formulated. According to the first model, vesicles form in the region of a decreased concentration of lipoproteins (Hoekstra et al., 1976; Deatherage et al., 2009; Schwechheimer et al., 2014). The second model explains the presence of cell debris [misfolded proteins, peptidoglycan and lipopolysaccharide (LPS) fragments] in vesicles (Zhou et al., 1998; Hayashi et al., 2002; Schwechheimer et al., 2014). According to the third model, the formation of vesicles occurs under the action of curvature-inducing molecules (B-type LPS, signalling molecule 2-heptyl-3-hydroxy-4-quinolone (PQS) (Kadurugamuwa and Beveridge, 1995; Mashburn-Warren and Whiteley, 2006; Schertzer and Whiteley, 2012). Thus, all these models indicate that vesicles form from OM destabilization loci, and their contents are periplasmic components randomly captured in the process of vesicle formation.

With time, the view of vesicle biogenesis began to change. Data supporting a model for the specific sorting of vesicle components emerged (Horstman and Kuehn, 2000; Kato et al., 2002; Haurat et al., 2011, 2015; Schwechheimer and Kuehn, 2015). This contributed to the emergence of the theory of the formation of various vesicle groups (subpopulations) produced by one cell type (Olofsson et al., 2010; Rompikuntal et al., 2012; Kunsmann et al., 2015; Kudryakova et al., 2015; Afoshin et al., 2020). It should be noted that this theory enables understanding the ability of vesicles to perform various vital activities of the bacterial cell. It is evident that a relation between vesicle biogenesis processes and component sorting is bound to exist. It is hypothesized that these components themselves are factors contributing to vesicle biogenesis. We addressed this hypothesis by studying of vesicle biogenesis in Lysobacter sp. XL1.

The Gram-negative bacterium Lysobacter sp. XL1 has been studied at our laboratory for about 45 years. This bacterium is a potent producer of a complex of extracellular bacteriolytic enzymes. To date, five bacteriolytic enzymes (L1–L5) have been isolated and partially characterized. By the specificity of their action on bacterial peptidoglycans, the lytic enzymes of Lysobacter sp. XL1 are endopeptidases (L1, L4, L5), amidase (L2), and a muramidase (L3). The bacteriolytic complex is highly efficient in breaking down competitive cells of bacteria, yeasts, mycelial fungi and some protozoa (Kulaev et al., 2006). This property makes Lysobacter sp. XL1 an active participant of microbial biocenoses in nature and a biotechnologically promising strain producing novel antimicrobial agents. In 2008, we found Lysobacter sp. XL1 to form vesicles that lysed cells of Gram-positive bacteria, yeasts, mycelial fungi and possessed a curative action with respect to staphylococcal and anthrax infections. The lytic action of vesicles is determined by bacteriolytic enzyme L5, which is a component of their cargo (Vasilyeva et al., 2008, 2014). Research into the OMV biogenesis of Lysobacter sp. XL1 found their formation to occur in OM segments enriched with cardiolipin (Kudryakova et al., 2017). Fractionation of vesicles revealed a group/subpopulation of vesicles containing protein L5. Electron immunocytochemistry of Lysobacter sp. XL1 cell sections established protein L5 to concentrate in certain loci of the periplasm at the inner leaflet of the OM; it is from these loci that vesicles form (Kudryakova et al., 2015). We hypothesized that protein L5 could participate in vesicle biogenesis. To study this, the gene of protein L5 (alpB) was expressed in cells of a phylogenetically close genus Pseudomonas fluorescens Q2-87/B. It was found that in the recombinant strain, protein L5 was contained in vesicles. Cells of the recombinant strain were shown to form a larger number of vesicles as compared with the parent strain (Kudryakova et al., 2017). All these data indirectly confirmed the involvement of bacteriolytic protein L5 in the biogenesis of that group of vesicles by means of which it was released into the extracellular milieu. To substantiate this model, the goal of the present study to investigate OMV production by an alpB mutant strain compared with that of the wild-type strain. We have deleted alpB in Lysobacter sp. XL1, which in itself is an important experimental accomplishment mainly because the ill-developed molecular tools available for conducting genetic studies on Lysobacter had not previously permitted gene knockouts. Here, we report that the quantity of vesicles produced by the mutant strain was significantly lower than that of the wild-type strain and the lytic properties of mutant strain vesicles were lost practically completely, confirming that protein L5 influences OMV formation.



MATERIALS AND METHODS


Bacterial Strains, Plasmids, and Growth Conditions

All bacterial strains and plasmids used are listed in Table 1.


TABLE 1. Strains and plasmid used in this study.

[image: Table 1]Escherichia coli strain XL1-Blue used for molecular cloning was grown in a Luria–Bertani (LB) medium containing (g/l): tryptone, 10; yeast extract, 5; NaCl, 10; pH 7.0 at 37°C. Wild-type Lysobacter sp. XL1, Lysobacter sp. XL1ΔalpB::tet, and Lysobacter sp. XL1ΔalpB::alpB strains were grown at 29°C in modified LB (LB-M) broth (in g/l: peptone, 5; yeast extract, 5; NaCl, 5; pH 7.5). Lysobacter cultures were grown for 20 h, which corresponds to the end of the exponential growth phase. Antibiotics were added as necessary at the following final concentrations (μg/ml): for E. coli: tetracycline (Tc), 10; gentamicin (Gm), 10; ampicillin (Ap), 100; for Lysobacter sp. XL1: Tc, 10; Gm, 20. For screening clones that had undergone double crossover events, sucrose was added to a final concentration of 10%. When plates of solid media were required, agar at a concentration of 15 g/L was added to the corresponding broths.

Bacterial cultures used in lysis tests (Staphylococcus aureus 209P, Micrococcus luteus B-1813, Micrococcus roseus B-1236, and Bacillus cereus B-454) were grown at 29°C as confluent lawns on plates of IBPM RAS medium (in g/l: yeast extract, 1; soybean extract, 30; tryptone, 5; aminopeptide, 60; agar, 15; pH 7.2).



DNA Manipulations

DNA recombinant techniques were performed according to standard procedures (Sambrook and Russell, 2001). All restriction endonucleases, T4 polynucleotide kinase, shrimp alkaline phosphatase, and T4 DNA ligase were obtained from Thermo Fisher Scientific (United States) and used according to the manufacturer’s recommendations. TaqSE DNA polymerase was from SybEnzyme (Russia), and Q5 high-fidelity DNA polymerase was purchased from New England Biolabs (United States). Plasmid DNA was isolated and purified using a Quantum Prep Plasmid Miniprep Kit (Bio-Rad, United States). The PCR reactions (total volume is 50 μl) were conducted in the following conditions: 200 μM dNTPs, 0.5 μM forward and reverse primers, 0.05 ng/μl Lysobacter sp. XL1 genomic DNA (for amplification of a 924-bp DNA fragment containing the 3′ end of alpB and downstream region, an 825-bp DNA fragment containing the 5′ end of alpB and upstream region and the full-length alpB gene with downstream and upstream genome sequences) or 7 ng/μl pBR322 plasmid (for amplification of 1.43 kb TcR cassette), 0.02 U/μl Q5 high-fidelity DNA polymerase (New England Biolabs) in 1 × reaction buffer containing 2 mM MgCl2. The thermo cycles were programmed according to the manufacturer’s protocol: initial denaturation at 98°C for 30 s, followed by 30 cycles of 98°C for 10 s, annealing temperature 60°C for 20 s, 72°C for time that was determined by amplicon length (extension times are 30 s per kb), and a final extension at 72°C for 2 min. Amplicons were separated in gels of 0.8% agarose (Merck, Germany) in Tris-acetate-ethylenediaminetetraacetic acid (TAE) buffer containing 0.5 μg/ml ethidium bromide, visualized in a Bio-Print ST4 gel documentation system (Vilber lourmat, France), at 354 nm, and purified by QIAquick spin-column (Qiagen, United States). The concentration of DNA was measured using NanoPhotometer P360 (IMLEN, Germany) and by electrophoretic assay in 0.8% agarose gel.



Plasmid Constructions

Deletion of alpB was done by allelic replacement using a suicide plasmid construct (Figure 1). Briefly, a 924-bp DNA fragment containing the 3′ end of alpB and its downstream region was amplified from the genomic DNA of Lysobacter sp. XL1 with a pair of primers L5_SacI(for) and L5_SmaI(rev). All primers are listed in Supplementary Table 1. The resulting amplicon was ligated into SacI/SmaI-digested suicide vector pJQ200SK to form pJQ200SKΔ5′alpB. Subsequently, an 825-bp DNA fragment containing the 5′ end of alpB and its upstream region was amplified with primers L5_SmaI(for) and L5_XhoI(rev) and ligated into SmaI/XhoI-digested pJQ200SKΔ5′alpB to give pJQ200SKΔalpB. In pJQ200SKΔalpB, the alpB gene carries an 880-bp deletion in its central region. Finally, the deletion allele was marked by the insertion of a 1.43-kb TcR cassette amplified from pBR322 with primers Tc(for) and Tc(rev), which was phosphorylated with T4 polynucleotide kinase and ligated into SmaI-digested pJQ200SKΔalpB pretreated with shrimp alkaline phosphatase to produce the suicide vector plasmid pJQ200SKΔalpB::tet (Figure 1 and Supplementary Figure 1A).
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FIGURE 1. Scheme of inserting a mutation into the alpB gene of Lysobacter sp. XL1. The pJQ200SKΔalpB::tet recombinant plasmid was introduced into cells of Lysobacter sp. XL1 via electroporation. Integration of the plasmid into the chromosome was testified by the resistance of transformants to gentamicin (plasmid marker) and tetracycline (cassette marker inserted into the deletion locus) and by the sensitivity to sucrose. As a result of merodiploid resolution, SucRTcRGmS clones with double crossovers between the mutant and wild-type alleles of the alpB gene were selected.


To replace the alpB::tet allele in the deletion mutant with the wild-type alpB gene, the full-length alpB gene (which is 1,200 bp long) plus its immediate downstream and upstream sequences was amplified using primers L5_SacI(for) and L5_XhoI(rev) followed by ligation of the amplicon into the SacI/XhoI-digested pJQ200SK to yield pJQ200SKΔalpB::alpB (Supplementary Figure 1B). All cloned DNA fragments were sequenced at the Evrogen JSC (Russia) to confirm the correctness of inserts and the absence of random mutations.



Bacterial Transformation and Electroporation

E. coli cells were transformed by the RbCl method according to Hanahan (1983). Lysobacter sp. XL1 electro-competent cells were prepared according to Lin and McBride (1996). Briefly, 20-μl aliquots of Lysobacter sp. competent cells in 10% ice-cold glycerol were mixed with 250 ng of pJQ200SKΔalpB::tet or pJQ200SKΔalpB::alpB plasmid DNA in 2-mm gapped cuvettes (Bio-Rad, United States). Electroporation was performed using a Gene Pulser apparatus (Bio-Rad, United States) under conditions at 12.5 kV/cm. Immediately after the electric pulse, 1 ml of an LB-M medium was added to the pulsed bacterial cell suspension, which was then incubated for 3 h at 29°C without agitation, and subsequently plated on solid medium containing the appropriate antibiotics.



Selection of Lysobacter sp. XL1ΔalpB::tet Deletion Strain and Complementation of Mutation

After electroporation of pJQ200SKΔalpB::tet into Lysobacter sp. XL1 (or of pJQ200SKΔalpB::alpB into the Lysobacter sp. XL1 alpB::tet mutant), single crossover (SCO) clones with the SucSTcRGmR phenotype were screened (Figure 1). Double crossover clones (DCOs) with the SucRTcRGmS phenotype were counter-selected after growing one SCO clone in LB-M broth containing sucrose for 3 h at 29°C, followed by plating and cultivation for 72 h at 29°C on LB-M agar containing Tc. DCOs were confirmed by PCR for the presence of the wild-type or deletion allele using primers in Supplementary Table 1, which amplify a 2.62-kb product from the wild-type allele, or a 3.17-kb product from the mutant allele. The sites of recombination in DCOs were confirmed by sequencing.



Obtaining Outer Membrane Vesicles

OMVs were isolated by ultracentrifugation from equal volumes of the culture liquids of Lysobacter sp. XL1, Lysobacter sp. XL1ΔalpB::tet, and Lysobacter sp. XL1ΔalpB::alpB strains grown in LB-M liquid medium. Briefly, cells from a 0.3-L culture were pelleted by centrifugation at 7,500 × g for 20 min at 4°C, and the supernatant was recovered. Vesicles were then pelleted from 300-ml supernatants by centrifugation in an L5-50 ultracentrifuge (Beckman, United States) at 113,000 × g for 2 h at 4°C. The OMV pellet was washed once with 50 mM Tris-HCl, pH 8.0, by resuspension and centrifugation at the same speed for 1 h. The washed vesicle pellet was resuspended in 600 μl of 50 mM Tris-HCl, pH 8.0, and stored at –20°C.



Sodium Dodecyl Sulfate–Polyacrylamide Gel Electrophoresis

For the electrophoretic assay, preparations of wild-type Lysobacter sp. XL1 OMVs and Lysobacter sp. XL1ΔalpB::tet OMVs were sedimented with trichloroacetic acid at a final concentration of 10%. Preparations of OMVs were equal and contained 0.04 mg of total proteins. Protein residues were analyzed by electrophoresis with 0.1% sodium dodecyl sulfate (SDS) in 12.5% polyacrylamide gel (PAG). Electrophoresis in stacking gel was run at 60 V; in separating gel, at 180 V. Protein bands in gels were revealed by staining with a solution of Coomassie Brilliant Blue R-250 (Serva, Germany). As molecular weight markers, we used SM0431 (Thermo Fisher Scientific, United States): β-galactosidase (116 kDa), bovine serum albumin (66.2 kDa), ovalbumin (45 kDa), lactate dehydrogenase (35 kDa), REase Bsp981 (25 kDa), β-lactoglobulin (18.4 kDa), and lysozyme (14.4 kDa).



Thin-Layer Chromatography

Preparations of wild-type Lysobacter sp. XL1 OMVs and Lysobacter sp. XL1ΔalpB::tet OMVs were aligned by mass of protein (20 μg) for phospholipid extraction. Phospholipids were extracted from both preparations with chloroform–methanol mixture (1:2 v/v) according to the method of Ames (1968). Individual phospholipids were separated by two-dimensional chromatography on silica gel plates 60 F254 (HPTLC; Merck, Germany) using CHCl3–CH3OH–H2O (65:25:4 v/v) mixture as the first-dimension separation system and CHCl3–CH3OH–CH3COOH–H2O (40:7.5:6:1.8 v/v) as the second-dimension separation system. Phospholipids were visualized using molybdenum blue solution.



Quantitation of Outer Membrane Vesicles by Biochemical Analysis

The total protein concentration in OMV preparations was measured by the Lowry method (Lowry et al., 1951) against a standard curve done with bovine serum albumin (Sigma, United States) in the 2–20 μg/ml range.

The concentration of 2-Keto-3-deoxyoctanate (Kdo, a core LPS component) was determined by the reaction with thiobarbituric acid, exactly as described by Karkhanis et al. (1978). The standard curve was done with an aqueous solution of Kdo (Sigma, United States) in the 1.85–29.60 μg/ml range.



Measurement of Lytic Activity

The total bacteriolytic activities of culture supernatants were determined by turbidimetry as previously reported (Vasilyeva et al., 2014). Briefly, liquid cultures of Lysobacter strains in LB-M were centrifuged at 7,500 × g for 20 min at 4°C to pellet bacterial cells. Then, 25 μl of the clear supernatant were added to 975 μl of heat-killed cells of S. aureus 209P suspended to an OD540 = 0.5 in 10 mM Tris-HCl, pH 8.0, and incubated at 37°C for 5 min. The reaction was arrested by placing test tubes on ice, and the OD540 of the suspension was measured in a Beckman DU 730 (United States) spectrophotometer. A decrease in 0.01 optical units/min (at 37°C) was taken as a lytic unit (LU). Therefore, LUs were calculated by the following formula: {[0.5 (initial OD540 of suspension) – final OD540] × 1,000 μl (total reaction volume)}/[5 min (time of reaction) × 25 μl (volume of sample) × 0.01 (correction coefficient for OD reduction per minute)].

The lytic action of OMVs against live Gram-positive bacteria was determined by the spot assay with S. aureus 209P, M. roseus B-1236, M. luteus B-1813, and B. cereus B-454 (Vasilyeva et al., 2014). Three independent experiments were carried out. Vesicle preparations (as 12-μl aliquots) were applied on a pre-grown lawn of the target bacterium on an agar plate after the concentration of OMVs had been adjusted to have identical amounts (0.09 μg) of Kdo. Applied OMV samples were allowed to absorb into the lawn for 30 min, and plates were then incubated at 29°C overnight (16 h). The lytic action of the preparations was then assessed by simple observation where the presence of a clear lysis zone indicated strong activity, a hazy lysis zone indicated weak activity, and the absence of a lysis zone indicated no activity.



Transmission Electron Microscopy

Samples of OMVs (obtained from two independent isolation runs) of Lysobacter sp. XL1, Lysobacter sp. XL1ΔalpB::tet, and Lysobacter sp. XL1ΔalpB::alpB were diluted fivefold in 50 mM Tris-HCl, pH 8.0, and 10 μl were placed on top of a formvar-coated copper grid. The applied sample was allowed to adsorb for 2 min, and sample excess was then removed using filter paper. After air-drying, the samples were stained with 10 μl of 0.3% aqueous solution of uranyl acetate (pH 4.0), placed on the grids, and immediately removed using filter paper. Negatively stained preparations were examined with a JEM-1400 transmission electron microscope (JEOL, Japan) at an accelerating voltage of 80 kV, and random images of representative fields of observation were captured with an 11-Megapixel TEM Camera MORADA G2 (EMSIS GmbH, Germany). All micrographs were done with 25,000 magnification. The six micrographs were obtained from each experiment. All vesicles of wild-type Lysobacter sp. XL1, Lysobacter sp. XL1ΔalpB::tet, and Lysobacter sp. XL1ΔalpB::alpB in all obtained micrographs were studied. Ultrastructural observations, including various degrees of density (full and empty vesicles), and measurements were done on the acquired images. The ratio of full/empty vesicles was estimated by visual analysis of micrographs: full OMVs have compact packaging or local crystal packing, and in the case of the empty OMVs, it was possible to distinguish the backing film of the grid.



Statistical Analysis

All experiments were in triplicates. Statistical analysis was done using GraphPad Prism (version 9.1.0; GraphPad Software, San Diego, CA). The analytical results were compared by Student’s t-test. Data are presented as the mean ± standard deviation. Statistical significance was considered at p < 0.05.



RESULTS


alpB Is Not an Essential Gene in Lysobacter sp. XL1

The deletion of alpB in Lysobacter sp. XL1ΔalpB::tet was genetically confirmed by the production of a 3,177-bp PCR amplicon (Figure 2) that was subsequently sequenced to show that the TcR cassette had indeed replaced, as expected, the region between 117 and 997 bp of the alpB gene. Lysobacter sp. XL1ΔalpB::tet grew well in LB-M (Table 2), indicating that alpB is not an essential gene and does not affect the gross overall physiology of the bacterium. The mutation was confirmed biochemically and functionally by the reduction in bacteriolytic activity of the mutant strain (Table 2 and Supplementary Figure 4). Since the total lytic activity of Lysobacter sp. XL1 is attributed to several secreted bacteriolytic enzymes (reviewed by Vasilyeva et al., 2013), it seems reasonable to surmise that the observed difference in lytic activities between Lysobacter sp. XL1 and Lysobacter sp. XL1ΔalpB::tet corresponds to the activity contributed by protein L5 (AlpB).
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FIGURE 2. Molecular evidence of the deletion of alpB in Lysobacter XL1. Agarose gel stained with ethidium bromide after the electrophoresis of PCR amplicons produced with primers L5_SacI(for) and L5_XhoI(rev). The PCR amplicon for the mutant allele is 3,177 bp long (including alpB flanking sequences + the TcR cassette), whereas the wild-type allele produces a 2,623-bp product (including the full-length alpB gene + adjacent regions). M, SM0331 GeneRuler DNA Ladder Mix (Thermo Fisher Scientific, United States) (lane taken from Supplementary Figure 3); (1) Lysobacter sp. XL1ΔalpB::tet clone (from Supplementary Figure 2); (2) pJQ200SKΔalpB::tet plasmid (from Supplementary Figure 2); (3) Lysobacter sp. XL1ΔalpB::alpB clone (from Supplementary Figure 3); and (4) Lysobacter sp. XL1 clone (from Supplementary Figure 3).



TABLE 2. Effect of alpB gene knockout on Lysobacter sp. XL1 growth and bacterial activity.
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Effect of alpB Gene Knockout on Vesicle Formation of Lysobacter sp. XL1

Vesicle preparations obtained from equal volumes of the culture liquids of the wild-type, complemented strain, and mutant strains were analyzed by TEM and characterized biochemically.

In the preparation of mutant strain vesicles, the predominant species are larger vesicles 100–150 nm (47%) and 150–190 nm (30%) in diameter (Figure 3B and Supplementary Figure 5A). Vesicles 50–100 nm in diameter are few (14%). Vesicles in the preparation produced from the wild-type culture liquid are predominantly 50–100 nm (73%) and 100–150 nm (24%) in diameter (Figure 3A and Supplementary Figure 5B). Large vesicles 150–190 nm in diameter are 3% of the total number of vesicles occurring in all fields of vision. Vesicles in the preparation produced from the complemented strain are two groups as wild-type: 100–150 nm (46%) and 50–100 nm (33%) (Figure 3C and Supplementary Figure 5C). Vesicles 150–190 nm and 190–250 nm in diameter are few (17 and 4%, respectively).
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FIGURE 3. Electron microscopy of vesicle preparations. (A) Wild-type Lysobacter sp. XL1 vesicles. (B) Lysobacter sp. XL1ΔalpB::tet mutant strain vesicles. (C) Lysobacter sp. XL1ΔalpB::alpB complemented strain vesicles. (D) Representative outer membrane vesicle (OMV) with a clear-cut dense polygonal core. (E) Representative OMV with diffusely distributed low-density contents. (F) Representative OMV with small contents in the form of a small loose granule at the periphery inside the vesicle. (G) Representative empty (or broken) vesicle that seems to have spilled its contents. Vesicles from (D–G) are from the mutant strain. EV, empty vesicle; FV, full vesicle.


The main distinction of the preparations is the various degrees of density (full and empty vesicles). The micrographs in Figures 3D–G show OMVs with representative ultrastructures observed in all preparations. Vesicles with clear-cut dense cores of polygonal shapes occur (Figure 3D). Such structures bear resemblance to crystals and may form as a result of a dense packing of their contents. Besides these, vesicles with diffusely distributed contents of low densities (Figure 3E) and with small contents in the form of a small loose granule at the periphery inside the vesicle (Figure 3F) occur, as well as broken vesicles with their contents released outside (Figure 3G). Although all these types of vesicles were observed in all preparations, they were present in very different proportions. TEM obtained that the preparations of wild-type OMVs and complemented strain OMVs contain more full vesicles than that of mutant strain vesicles. Thus, the ratio of full/empty vesicles in the wild-type strain and complemented strain is 2, whereas in the mutant strain, it is 0.7. This analysis considered only intact vesicles.

The main components of vesicles are proteins, lipids, and LPS. By the content of protein and Kdo (the essential constituent of LPS) in the preparations, we can assess the quantity of formed vesicles. The general analysis of protein revealed that its content in the vesicle preparation of the mutant strain is 2.4 times and 1.6 times lower than that in the vesicle preparation of the wild-type strain and complemented strain, respectively (Table 3 and Supplementary Figure 6). The content of Kdo in the vesicle preparation of the mutant strain is 2.1 times and 1.6 times lower than in the vesicle preparation of the wild-type strain and complemented strain, respectively (Table 3 and Supplementary Figure 7).


TABLE 3. Content of protein and Kdo in OMV preparations.

[image: Table 3]The general electrophoretic pattern for the distribution of major proteins in the vesicle preparation of the mutant strain did not differ from that in the wild-type strain. The phospholipid composition of mutant strain vesicles did not change either (Supplementary Figure 8). The main phospholipid of vesicles of the wild-type and mutant strains is cardiolipin.

In summary, the knockout of the alpB gene led to a decrease of the quantity of formed vesicles and to a change in the degree to which they are filled.

The obtained results confirm the influence of protein L5 on vesicle biogenesis of Lysobacter sp. XL1.



Effect of alpB Gene Knockout on the Lytic Properties of Vesicles

To study the effect of alpB gene knockout on the lytic activity of vesicles, as test cultures, we used living cells of several bacteria (Table 4 and Figure 4).


TABLE 4. Lytic action of vesicles.

[image: Table 4]
[image: image]

FIGURE 4. Lytic activities of Lysobacter sp. XL1ΔalpB::tet (1), Lysobacter sp. XL1ΔalpB::alpB (2), and wild-type Lysobacter sp. XL1 (3) vesicle preparations with respect to live test cultures. (A) S. aureus 209P. (B) M. luteus B-1813.


As seen in the figure and table, vesicles of the mutant strain practically lost their ability to lyse living target cells, whereas vesicles of the wild-type and complemented strains possess a strong lytic action. Thus, knockout of the alpB gene was accompanied by a significant decrease of vesicles’ lytic properties, in addition to the reduction of the antimicrobial potential of Lysobacter sp. XL as a whole.



DISCUSSION

The results presented in this work continue the investigation of the influence of bacteriolytic enzyme L5 on the vesicle biogenesis in the Gram-negative bacterium Lysobacter sp. XL1.

Based on our earlier work, we proposed that protein L5 could be involved in the biogenesis of the subpopulation of vesicles by means of which it was released into the extracellular milieu and proposed a model of the process. Immediately, a question arose how enzyme L5 could initiate the formation of vesicles. One of the existing models of vesicle biogenesis in Gram-negative bacteria assumes a pressure of cell debris (misfolded proteins, peptidoglycan, and LPS fragments) on the inner leaflet of the OM, which provokes vesicle formation (Zhou et al., 1998; Hayashi et al., 2002; Schwechheimer et al., 2014). At some point, we assumed that vesicle biogenesis in Lysobacter sp. XL1 could occur according to that model. However, on the premise that the OM is a dynamic and well-regulated cell structure of complex organization, it is impossible to imagine that a pressure caused by accumulation of protein at the inner leaflet of the OM could evoke vesicle formation. In our view, this single condition is insufficient.

Further investigation of the biogenesis revealed that the main phospholipid of Lysobacter sp. XL1 vesicles was cardiolipin (Kudryakova et al., 2017). That meant that vesicles formed from OM loci enriched with this phospholipid. The hydrophilic head of cardiolipin carries two negative charges, and, due to their intermolecular repulsion, the rigidity of the OM can be disturbed in loci enriched in this phospholipid, which leads to the emergence of a destabilization locus. According to two more known models, vesicles form from certain loci of OM destabilization, which can emerge due to a decreased lipoprotein content (Hoekstra et al., 1976; Deatherage et al., 2009; Schwechheimer et al., 2014) or an increased content of curvature-inducing molecules (B-type LPS, signaling molecule PQS) (Kadurugamuwa and Beveridge, 1995; Mashburn-Warren and Whiteley, 2006; Schertzer and Whiteley, 2012). We note here once again that the cell envelope has a complex organization, and the occurrence of destabilization loci leading to spontaneous evagination and release of OM fragments is not probable. Thus, it is also hard to consider that destabilization loci in the OM are the sole condition for vesicle formation.

Instead, we showed that Lysobacter sp. XL1 vesicles formed from cardiolipin-enriched OM loci, and a particular subpopulation contained bacteriolytic protein L5 (Figure 5). Based on these results, we suggested that vesicle formation was due to a set of several factors. An obligatory factor is the occurrence of an OM destabilization locus, and a factor initiating vesicle formation is a component of the inner contents; in the case of Lysobacter sp. XL1, it is bacteriolytic enzyme L5. We should single out here one more vesicle biogenesis model based on specific sorting of vesicles’ inner components, proposed by American scientists Amanda Horstman and Meta Kuehn (Horstman and Kuehn, 2000). Their idea is intensively developed now (Haurat et al., 2011, 2015; Evans et al., 2012; Elhenawy et al., 2014; Schwechheimer and Kuehn, 2015). In our opinion, at present, this model can be considered to be the most significant for understanding vesicle biogenesis. It is proposed to be supplemented by the idea that vesicles form in the OM destabilization locus, and additionally, a vesicle-formation initiator is a sorted vesicle component. Other results can be taken to be in favor of this concept. Haurat et al. (2011) present possible models of selective protein sorting due to the occurrence of domains, which can interact with B-type LPS (from which destabilization loci form). The work considers the selective sorting of gingipain into Porphyromonas gingivalis vesicles. Besides, the same authors assume the occurrence of a sorting factor, which binds protein directed into vesicles to B-type LPS (Haurat et al., 2015). In this model, they draw an analogy with the role of galectin in protein sorting in the formation of eukaryotic exosomes. Those authors were the first to show a relation of the prospective vesicle component (the sorting component) with B-type LPS, which leads to OM destabilization. Our model assumes that alkaline protein L5 possesses some affinity to the acid cardiolipin. Notably, studies of the structural and functional features of this enzyme have revealed the formation of amyloid-like structures with increased concentration. It has been found that, in vesicles, this enzyme is namely in its amyloid-like form (Kudryakova et al., 2018). This property can be assumed to be important for initiating the formation of vesicle in the destabilization locus. However, proof of this requires integrated molecular, genetic, and structural studies, which will enable understanding the accurate mechanism of the process.
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FIGURE 5. Model of Lysobacter sp. XL1 vesicle biogenesis (Kudryakova et al., 2015) with modification. Lysobacter sp. XL1 forms several subpopulations of vesicles from OM loci enriched with CL. The hydrophilic head of cardiolipin carries two negative charges, and, due to their intermolecular repulsion, the rigidity of the OM can be disturbed in loci enriched with this phospholipid, which leads to the initiation of vesicle formation (Kudryakova et al., 2017). One of the vesicle subpopulations contains bacteriolytic enzyme L5. In the process of its topogenesis, this protein accumulates in the periplasm at the inner leaflet of the OM (Kudryakova et al., 2015) in the form of amyloid-like structures (Kudryakova et al., 2018). This may lead to a pressure on the cardiolipin-enriched inner leaflet of the OM (the destabilization locus) and contribute to the formation of a subpopulation of antibacterial vesicles containing protein L5. This vesicle subpopulation is a “bacterial bomb” for competitive bacteria and is involved in invasion expansion of ecological niches for Lysobacter sp. XL1. L5(+)OMVs, antibacterial subpopulation of vesicles containing protein L5; L5(–)OMVs, other subpopulations of vesicles; LPS, lipopolysaccharide; OM, outer membrane; P, periplasm; CM, cytoplasmic membrane; Lpp, lipoprotein; PG, peptidoglycan; CL, cardiolipin.


Additional confirmation that protein L5 possesses an ability to initiate vesicle formation is the result of the expression of enzyme L5 in the recombinant strain P. fluorescens Q2-87/B (Kudryakova et al., 2017). As the result of expression of this protein gene, the recombinant strain formed a larger number of vesicles, which produced enzyme L5 and acquired lytic properties.

To confirm the role of protein L5 in Lysobacter sp. XL1 vesicle biogenesis, we lacked genetic studies, in particular, of the knockout of a corresponding gene. The generation of gene knockouts in Lysobacter spp. constitutes a very recent development, as the availability of molecular genetic tools for this bacterium has evolved slowly. Only a few investigations to date are known to involve the deletion of Lysobacter genes, like the chitinase gene and the genes responsible for the biosynthesis of antibiotics and for regulation of this process in L. enzymogenes OH11 (Qian et al., 2012; Xu et al., 2015; Wang et al., 2016, 2017). Therefore, the successful deletion of alpB represents an important contribution to this field of genetic investigation.

In this work, we present the results of research into the effect of bacteriolytic enzyme L5 gene knockout on vesicle formation in Lysobacter sp. XL1. As a result of this gene knockout, the total bacteriolytic activity of the culture liquid in the mutant strain decreased. The following results became crucial for our hypothesis: the mutant strain formed fewer vesicles, the degree of their filling decreased, the lytic properties of vesicles were lost practically completely. The latter result indicates that, in the mutant strain, there is no subpopulation of vesicles containing enzyme L5. However, other subpopulations of vesicles continued to form.

Thus, we conclude that bacteriolytic enzyme L5 influences the formation of vesicle subpopulations that contain it. The molecular mechanisms of this effect are yet to be established by future research.
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Outer membrane vesicles (OMV) derived from Bordetella pertussis—the etiologic agent of the resurgent disease called pertussis—are safe and effective in preventing bacterial colonization in the lungs of immunized mice. Vaccine formulations containing those OMV are capable of inducing a mixed Th1/Th2/Th17 profile, but even more interestingly, they may induce a tissue-resident memory immune response. This immune response is recommended for the new generation of pertussis-vaccines that must be developed to overcome the weaknesses of current commercial acellular vaccines (second-generation of pertussis vaccine). The third-generation of pertussis vaccine should also deal with infections caused by bacteria that currently circulate in the population and are phenotypically and genotypically different [in particular those deficient in the expression of pertactin antigen, PRN(-)] from those that circulated in the past. Here we evaluated the protective capacity of OMV derived from bacteria grown in biofilm, since it was observed that, by difference with older culture collection vaccine strains, circulating clinical B. pertussis isolates possess higher capacity for this lifestyle. Therefore, we performed studies with a clinical isolate with good biofilm-forming capacity. Biofilm lifestyle was confirmed by both scanning electron microscopy and proteomics. While scanning electron microscopy revealed typical biofilm structures in these cultures, BipA, fimbria, and other adhesins described as typical of the biofilm lifestyle were overexpressed in the biofilm culture in comparison with planktonic culture. OMV derived from biofilm (OMVbiof) or planktonic lifestyle (OMVplank) were used to formulate vaccines to compare their immunogenicity and protective capacities against infection with PRN(+) or PRN(-) B. pertussis clinical isolates. Using the mouse protection model, we detected that OMVbiof-vaccine was more immunogenic than OMVplank-vaccine in terms of both specific antibody titers and quality, since OMVbiof-vaccine induced antibodies with higher avidity. Moreover, when OMV were administered at suboptimal quantity for protection, OMVbiof-vaccine exhibited a significantly adequate and higher protective capacity against PRN(+) or PRN(-) than OMVplank-vaccine. Our findings indicate that the vaccine based on B. pertussis biofilm-derived OMV induces high protection also against pertactin-deficient strains, with a robust immune response.




Keywords: Bordetella pertussis, outer membrane vesicles, biofilm, planktonic, protection, vaccine



Introduction

Pertussis, a highly contagious respiratory disease mainly caused by the Gram-negative bacterium Bordetella pertussis, has resurged in many countries even in those with high vaccination coverage (1–5). In order to confront this worrying epidemiological situation in the short term, vaccination schedules have been modified in many countries by implementing additional boosters (6–8). Currently, whole cell vaccines (wP) based on standardized cultures of B. pertussis strains and acellular vaccines (aP) composed of two (pertussis toxin and filamentous hemagglutinin), three (pertussis toxin, filamentous hemagglutinin and pertactin) or five (pertussis toxin, filamentous hemagglutinin, pertactin and fimbriae-2 and -3) immunogens are available. However, these vaccines manifest some weaknesses, such as the reactogenicity associated to wP or the faster waning immunity induced by aP (9, 10). This situation requires a third generation of vaccines with the capacity to overcome such weaknesses in the medium-long term (11). Thus, this new generation of vaccines must be i) safer than wP, ii) able to induce an immune response profile that is mostly Th1 and Th17 (12) with proliferation of the memory cell population resident in tissues (13, 14), iii) made up of multiple epitopes to minimize the selection pressure that it may exert on the circulating bacterial population, iv) able to protect against the circulating bacterial population, and v) biotechnologically easy to produce, ensuring accessibility to the entire population (5, 15).

The World Health Organization recommends, in Annex 6 of vaccines production against pertussis, that the strain used (hereafter referred to as vaccine strain) must be characterized and have a known history (https://www.who.int/biologicals/publications/trs/areas/vaccines/whole_cell_pertussis/Annex%206%20
whole%20cell%20pertussis.pdf?ua=1visited on June 15 of 2021). Under this context, we designed a novel acellular vaccine candidate based on OMV derived from B. pertussis. This candidate was obtained from the strain B. pertussis Tohama phase I from the Collection of the Pasteur Institute in Paris (France), whose genome was sequenced and whose genotypic and phenotypic characteristics were widely studied by different laboratories (16–18). This strain was isolated in 1954 in Japan and since then, it has been used to produce wP and more recently to obtain immunogens that constitute aP. We already showed that OMV derived from B. pertussis Tohama phase I are safe and effective in preventing bacterial colonization in the lungs of immunized animals (19, 20). Furthermore, we have shown that vaccine formulations containing OMV derived from B. pertussis are capable of inducing a mixed Th1, Th2 and Th17 profile, but even more interestingly, they may induce a tissue-resident memory immune response (13). More recently, we described that these OMV induce inflammasome by the canonical and non- canonical ways (21). In addition, the OMV-based vaccine may protect against modern circulating isolates that possess the ptxP3, prn2 and ptxA1 genotypes (10, 22). The current challenge, however, is generating protection against strains that do not express the pertactin (PRN) vaccine antigen. PRN-deficient B. pertussis strains have recently been detected as prevalent bacteria in countries using aP vaccines (e.g. United States: 85%, Australia:> 80%, Sweden: 69%, etc.) (23–25). On the contrary, the prevalence of PRN-deficient B. pertussis strains in countries that switched to aP vaccines that exclude pertactin in their composition or use wP vaccine to cover the primary vaccination series, is low. As examples, Japan reduced the prevalence of PRN-deficient B. pertussis strains from 41% to 8% (26) and Argentina has very rare detection of PRN-deficient B. pertussis strains (27). All these observations provide a strong correlation between the use of aP vaccines containing PRN and a higher prevalence of PRN-deficient strains, suggesting a lower protective capacity of such aP vaccines against PRN-deficient B. pertussis in comparison with that conferred by wP vaccine. Furthermore, experiments using the murine model of protection have shown that PRN-deficient strains are more resistant to the immunity induced by aP vaccines than those expressing PRN (28, 29).

To further improve the protective capacity of OMV against the newest PRN(-) genotypes, one possible strategy is to obtain OMV from currently circulating clinical isolates. Since bacteria continue to evolve with a bottleneck caused by vaccines selective pressure, this strategy would force us not only to continuously select a representative clinical isolate but also to establish the frequency of this change. A rational alternative strategy is to identify a common and specific characteristic among the clinical isolates not present in the strains used for vaccine production. After decades of laboratory adaptation, vaccine strains evolved for planktonic growth in culture media under controlled conditions. By contrast, biofilm growth is detected in a much larger extent in clinical isolates—which present the characteristic of having recent contact with the host—than in laboratory-adapted strains (30). The formation of biofilms has been shown to increase the virulence and persistence of B. pertussis in the human nasopharynx (31). Furthermore, it has been shown that membrane proteins derived from the B. pertussis biofilm have immunogenic characteristics with protective capacity against virulent infection by B. pertussis in the murine protection model (32–34). At this point it is important to underscore that all currently available pertussis vaccines are formulated with antigens derived from planktonic bacterial cells. Under this context, we turned our efforts towards the investigation of OMV obtained from B. pertussis biofilms as an improved vaccine candidate. In this study we have evaluated whether a vaccine formulated with those OMV is capable of overcoming the deficiencies of commercial vaccines in both controlling infections caused by the PRN(-) isolate/strain and inducing the recommended immunity for protection.



Materials and Methods


Animals

Animal experiments were performed using female BALB/c mice 3 to 4 weeks of age, obtained from Faculty of Veterinary Sciences of the National University of La Plata (UNLP, Argentina). The studies have been approved by the Ethical Committee for Animal Experiments of the Faculty of Science of UNLP (Argentina, approval number 004-06-15 and 003-06-15).



Bacterial Strains and Growth Conditions

B. pertussis Tohama phase I strain, the Argentinian clinical isolate BpAR106 collected in 2001 from an infant patient residing in Buenos Aires (35), and PRN-deficient clinical isolates from both 2012 Washington (US) outbreak (36) and Argentinian collection of our Reference Laboratory (27) were used throughout this study. PRN deficiency in this isolate was caused by IS481 insertion in its prn gene, and its MLVA-MLST type is the most prevalent among the isolates from that outbreak (ptxP3, ptxA1, prn2).

Bacteria were grown on Bordet-Gengou agar (BGA, Difco) supplemented with 10% defibrinated sheep blood at 36.5°C for 72 h and plated again in the same medium for 24 h before each infection.

To carry out the planktonic culture of B. pertussis, the biomass obtained after replating for 24 h on BGA was used as inoculum for the Stainer-Scholte (37, 38) liquid medium supplemented with 1% casaminoacids (SSC). This inoculated medium was incubated at 36.5°C with shaking at 160 rpm until the optical density at 650 nm reached 1.2. For biofilm cultures, a planktonic culture was used as starting biomass and petri dishes as abiotic support. These petri dishes containing SSC medium were incubated at 36.5°C under static conditions for 96 h. To evaluate the biofilm formation, a modified version of the crystal violet assay described by O`Toole (39) was performed. At the incubation endpoint, the plates were washed out using PBS (pH 7.2) to remove the planktonic bacteria. Attached bacteria were then stained with 1 mL of 0.1% crystal violet solution (Biopack). The stain was dissolved by adding 1000 µL of 33% acetic acid solution. One-hundred µL of the stain solution was transferred to flat bottom microplates and quantified by measuring at 595 nm.

The biomasses from both planktonic and biofilm cultures were used to obtain outer membrane vesicles (OMV) as described below.



Isolation and Characterization of Outer Membrane Vesicles (OMV)

OMV were produced and characterized as previously described (40). Briefly, samples from the decelerating growth phase in liquid medium or 96 h-biofilm cultures were centrifuged and the bacterial pellets were resuspended in 20 mM Tris–HCl, 2 mM EDTA, pH 8.5. The suspension was sonicated (ultrasonic bath) in cool water for 20 min. After two centrifugations at 10,000 ×g for 20 min at 4°C, the supernatant was pelleted at 100,000 ×g for 2 h at 4°C. This pellet was resuspended in 20 mM Tris–HCl, pH 7.2. The samples obtained were negatively stained for electron microscope examination and size estimation. Protein content was estimated by the Bradford method using bovine serum albumin as standard (41). The presence of the main immunogenic proteins in the OMV was corroborated by immunoblot assays using specific antibodies as previously described (20, 42).



Scanning Electron Microscopy

The biomass obtained in the biofilm culture was fixed on the abiotic support by adding 2.5% glutaraldehyde. Increasing alcohol solutions ranging from 20 to 100% were used for dehydration. For observation, the sample was dried by the critical point technique and coated in gold. This procedure was performed by the microscopy service of the Metallurgical Physical Research Laboratory Ing. Gregorio Cusminsky (LIMF) from the Faculty of Engineering of UNLP, the equipment used for the observation was the FEI Quanta 200.



Transmission Electron Microscopy - Negative Staining

Transmission electron microscopy was carried out with a suspension of OMV in 0.1 mM ammonium acetate, pH 7.0. A drop of this suspension was placed on a grid covered with a reinforced carbon film. After 30 seconds, the excess liquid was gently removed with a filter paper and the grid was stained with a 2% phosphotungstic acid, pH 5.2. Observations were done with a Jeol JEM 1200EX Microscope.



Sodium Dodecylsulfate-Polyacrylamide Gel Electrophoresis (SDS-PAGE)

Samples of OMV obtained from B. pertussis cells were treated with Laemmli sample buffer and run on 12.5% SDS gels as previously described (42). Electrophoresis was performed at room temperature and constant voltage. Polypeptides and lipo-oligosaccharides were visualized by Coommassie Blue- and the BioRad silver-staining techniques, respectively.



Comparative Proteomic Study Between Samples Obtained From Planktonic and Biofilm Cultures

For this study, the methodology described by Nilsson et al. (43) was performed with the BpAR106 isolate. Briefly, 3 biological replicates of a bacterial lysate from a biofilm culture and another 3 from a planktonic culture were used. To obtain the samples, a bacterial suspension of OD650nm = 20 was started, which was then subjected to rupture using a Rybolizer Precellys equipment. After eliminating the cellular debris, a precipitation was carried out with 100% trichloroacetic acid at 4°C ON. The sediments obtained from this precipitation were resuspended in 50 mM ammonium bicarbonate and treated with trypsin (Promega V5111). The trypsinized samples were desalted with Zip-Tip C18 columns (Millipore) and injected on a Nanoflow Ultrahigh-performance Liquid Chromatography (Thermo Scientific, model EASYnLC 1000) with an Easy-spray column (P/N ES801, C18, 2 μm, 100 Å, 50 μm × 15 cm, serial number: 10433446, temperature 50°C, Thermo Scientific) coupled to a quad Orbitrap mass spectrometer (Thermo Scientific, model Q-Exactive). The threshold for ion precursor selection was 10,000. The number of precursors chosen in each scan cycle was 15, and the accepted mass window for this selection was 1.6 m/z. The collision energy was normalized at 27. These analyzes were carried out at the Center for Chemical and Biological Studies by Mass Spectrometry (CEQUIBIEM), of the University of Buenos Aires (UBA).

For the analysis of the mass spectra and the identification of the peptides, the Max Quant software (version 1.5.3.30) was used. The search was carried out using the information on the genomic sequences of B. pertussis present in the Uni-Prot database. The identification of the peptides was carried out with a falsehood range (FDR) of 1% and the peptides thus selected were linked to a protein with a FDR also of 1%. The search parameters allowed up to 2 erroneous cuts with trypisin/P in the sequence and oxidation of methionine. In the identification of the proteins, a minimum of 2 peptides was used; the quantification of unlabeled proteins was performed as found with the MaxQuant software (version 1.5.3.30). All biological replicas of both culture conditions were included in the experimental design of the quantification of the level of label free proteins (LFQ) and normalization was carried out with 0.01 and 0.05 FDR filters for peptides and proteins respectively. For the statistical analysis, the Perseus program (version 1.5.6.0, from the Max Planck Institute of Germany) was used. The significance of the changes between biofilm and planktonic growth was determined with the Student’s t-test with a p value <0.05.



Formulation of OMV-Based Vaccine

The characterized OMV from planktonic or biofilm growth conditions that range in size from approximately 50 to 200 nm in diameter were used to formulate the vaccine in suboptimal quantity for protection (0.75 µg total protein per dose) with tetanus (5 to 7 Lf/dose with a power greater than or equal to 2 UIA/ml serum) and diphtheria (1 to 3 Lf/dose with an output of 0.1 UIA/ml serum) toxoids as previously described. The safety of this vaccine was confirmed by human whole-blood IL-6–release assays. The results were presented in Figure S1 of Supplementary Material.



Immunization of Mice

Groups of 4-5 female BALB/c mice were immunized with OMV-based vaccine formulated as previously described (0.75 µg total protein per dose) using a two-dose schedule. For protection assays mice were challenged with sublethal doses (107-108 CFU/40 μl) of B. pertussis BpAR106 PRN(+), USA PRN(-) B. pertussis clinical isolate, or Argentinian PRN(-) B. pertussis clinical isolate. Mice were sacrificed 1 week after challenge and bacterial counts from the lungs of treated animals were performed as we previously described (20).



Enzyme-Linked Immunosorbent Assay (ELISA)

As we previously described (44), plates (Nunc A/S, Roskilde, Denmark) were coated with sonicated B. pertussis BpAR106 (whole-cell lysates) at 3 µg/ml in 0.5 M 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 at 37°C) and incubated with serially diluted samples of mouse serum (1 h at 37°C). In the experiments described above, blood samples were collected and 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. IgG from individual serum or pooled sera bound to the plates were detected after a 2-h incubation with goat anti–mouse-IgG–linked horseradish peroxidase (1:8,000 Invitrogen, USA). For measuring IgG isotypes, detection of bound antibodies was performed using HRP labeled subclass-specific anti-mouse IgG1 (1:8,000) or IgG2a (1:1,000) (Sigma, Aldrich). As substrate, 1.0 mg/ml o-phenylendiamine (OPD, Bio Basic Canada Inc) in 0.1 M citrate-phosphate buffer, pH 5.0 containing 0.1% hydrogen peroxide was used. Optical densities (ODs) were measured with Titertek Multiskan Model 340 microplate reader (ICN, USA) at 492 nm, and the OD was plotted as a function of the log of the inverse of serum dilution factor. A successful assay produced, for each antibody sample, a sigmoidal curve in this type of plot. The titer of each antibody sample was determined from this curve by identifying the concentration by GraphPad Prism® software (expressed as the inverse of the dilution factor of the antibody) that provokes a half-way between the basal and maximal responses.

From the experimental protocol performed in triplicate, one representative experiment is presented in 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 concentration of ammonium thiocyanate (NH4SCN) from 0 to 0.375 M. Antibody avidity was defined as the amount (percentage) of antibody eluted for each increment of NH4SCN concentration.



Statistical Analysis

For the analysis of CFU counts in animal lungs, we evaluated the normality of the data by using Shapiro-Wilk test (http://scistatcalc.blogspot.com.ar/2013/10/shapiro-wilk-test-calculator.html) before applying the statistical methods described below. After verifying that our CFU data follows a normal distribution, we analyzed them by one-way analysis of variance (ANOVA) followed by Bonferroni´s multiple comparison test. Differences were considered to be significant when p<0.05. All statistical analyses were performed using GraphPadPrism® version 6.00 for Windows, GraphPad® Software.




Results


B. pertussis BpAR106 Growth in Biofilm Culture Condition

Based on a relatively recent report on the higher capacity of Argentinian B. pertussis clinical isolates to form biofilms in comparison with reference strains adapted to laboratory growth condition (30) we decided to perform this study with the BpAR106 clinical isolate, which was sequenced and characterized by our group, possesses the ptxP3, ptxA1, prn2 genotype, and expresses pertactin (45). We evaluated the ability of BpAR106 to form biofilm in petri dishes in comparison with the reference strain B. pertussis Tohama phase I. Negative controls consisted of uninoculated petri dishes containing sterile medium only. In agreement with a previous report (30) BpAR106 exhibited more than twofold mature biofilm biomass after 96 h of culture compared with the reference strain B. pertussis Tohama I (Figure 1).




Figure 1 | Biofilm formation by B. pertussis Tohama I strain (gray column) and the clinical isolate BpAR106 (black column) on an abiotic surface. Biofilm biomass was quantified at 96 h of growth by staining with crystal violet and absorbance was measurement at OD 595 nm. Each value represents the mean from three independent experiments and the bars indicate standard deviation. Statistically significant differences in Student’s t-test between the clinical isolate and B. pertussis Tohama I biomass absorbance are indicated by * (p < 0.05).



The formation of a biofilm (pellicle) at the air-liquid interface for BpAR106 was analyzed by scanning electron microscope observations. While at 24 h of incubation bacteria looked dispersed on the surface (Figure 2A), at 96 h of culture the bacteria adhered to each other, forming a complex internal architecture characteristic of biofilm growth. In addition, bacteria were stacked forming three-dimensional towers separated by bacteria-free furrows. Through these electron microscopic observations, the presence of OMV in the biofilm condition was detected (Figure 2B).




Figure 2 | (A) Scanning electron microscopy of B. pertussis BpAR106 biofilm culture on abiotic surface at 24h and 96h of growth. For observation through the FEI Quanta 200 electron microscope (24,000 x magnification), the samples were dried by the critical point technique and coated in gold. (B) To visualize the OMV, an electronic zoom of panel (A) is shown. White arrows were used to mark the presence of OMV.



To add evidence that the starting bacteria from which OMV were isolated actually came from biofilm lifestyle, we conducted a proteomic study to detect those differential proteins that were reported as characteristic of this lifestyle. Perseus software (version 1.5.6.0, Max Planck Institute, Germany) was used for the statistical analysis and visualization of the differences and common proteins obtained from biofilm or from planktonic cultures. The statistical significance of the relative quantitative changes between the growth conditions in biofilm vs planktonic cultures was determined by Student’s t-test at p <0.05. To assign a location to each protein in the respective routes, the Kyoto Encyclopedia of Genes and Genomes (KEGG) and STRING version 9.1 were used, in addition to protein-by-protein searches. In total, 1144 proteins were detected, of which 402 were found as differential between the two culture conditions analyzed. From these 402 proteins (the list of proteins is presented in Table 1 of the Supplementary Material), 316 were overexpressed in biofilm, and 86 were overexpressed in planktonic culture (Figure 3A). Among the overexpressed proteins, BipA, fimbria, and other adhesins reported as marker of biofilm culture condition were detected (31, 46). In agreement to the findings reported by de Gouw et al. (32) and Dorji et al. (33), functional analysis using B. pertussis database showed that proteins involved in cell envelope, energy metabolism and protein synthesis were significantly overproduced in biofilm cells compared to planktonic cells (Figure 3B).




Figure 3 | (A) Volcano plot of protein samples from the clinical isolate B. pertussis BpAR106 grown in biofilm (Biof) or planktonic (Plank) condition. -Log10 of the p-value associated with the magnitude of the fold-change of a given protein between the biofilm and planktonic growth conditions is plotted on the ordinate as a function of the log2 of that fold change on the abscissa. M = log2(fold-change). The overexpressed proteins are indicated in red (M ≥ 1), and the underexpressed proteins in blue (M ≤ −1) based on p<0.05. The proteins located on the 0 line correspond to the ON/OFF proteins since those proteins did not have an associated p-value. (B) Representation of the different clusters of orthologous groups (COGs) containing the proteins differentially expressed under biofilm culture condition of B. pertussis BpAR106. In the figure, the bar length represents the number of overexpressed (black) or underexpressed (gray) proteins within each COG among the total differentially expressed proteins.





Isolation and Immunogenic Characterization of OMV Derived From BpAR106 Grown in Biofilm

We obtained OMV from BpAR106 in biofilm (OMVbiof) or planktonic (OMVplank) cultures using the protocol described by our group (20, 42). Similar unidimensional SDS-PAGE profiles of proteins (Figure 4A) and lipo-oligosaccharides (Figure 4B) were observed in extracts from OMVbiof and OMVplank. When observed under transmission electron microscopy, the sizes of both OMV were similar, and consistently with previously reported, had a size range between 50 and 250 nm (Figure 4C) (42). Then, we proceeded to the vaccine formulation of OMVbiof or OMVplank following the protocol described in the Materials and Methods section. To evaluate whether OMVbiof improved the protective capacity of OMVplank we used suboptimal protective OMV doses 0.75 μg of OMV (as total protein) per animal instead of the previously described protective dose of 3 μg (42, 44). This suboptimal protective dose was determined by the dose-response experiment showed in the Supplementary Material (Figure S2).




Figure 4 | (A) SDS-PAGE (12.5%) of OMV derived from B. pertussis BpAR106 grown under planktonic or biofilm culture conditions. Molecular weights are indicated at the left. (B) Lipo-oligosaccharides content in OMVplank and OMVbiof suspensions normalized by total protein content. (C) Scanning electron micrographs of negative stained OMV obtained from B. pertussis BpAR106 grown under planktonic or biofilm culture conditions (scale bar: 200 nm).



First, we evaluated the effect of a schedule consisting in 2 doses of vaccine on inducing specific IgG against B. pertussis (Figure 5). IgG2a and IgG1 levels were also evaluated after the second dose of each OMV. Higher values of IgG titers were detected in OMVbiof-immunized mice in comparison with OMVplank-immunized mice (p<0.05, Figure 5A). An interesting observation was the higher proportion of anti-Bp IgG with high avidity detected in the sera of OMVbiof-immunized mice (Figure 5B). In addition, we observed differential recognition patterns in blots from SDS-PAGE probed with the tested vaccine-induced sera (Figure 5C). When sera induced by OMVbiof are confronted with BpAR106 lysates obtained from biofilm or planktonic cultures, more complex recognition profiles were detected in comparison with the patterns detected with OMVplank-induced sera. As expected, the recognition of naïve animal sera was null (data not shown). Both OMVbiof and OMVplank-induced sera recognized the 2 characteristic electrophoretic bands (Band A and Band B) of the LOS extracted from both culture conditions (Figure 5D).




Figure 5 | Anti-B. pertussis antibodies induced by 2-dose vaccination schedules. (A) Anti-B. pertussis IgG titers as well as 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. (B) The avidity of IgG antibodies was also measured 14 days after the second dose and is represented as percentages of eluted B. pertussis-specific antibodies after treatment with increasing concentrations of ammonium thiocyanate (NH4SCN). The asterisk indicates statistically significant difference with p < 0.05. (C) Immunoblotting of total proteins of B. pertussis BpAR106 separated by 12.5% (w/v) SDS-PAGE and probed with the polyclonal antiserum obtained from immunized mice. The sera are designated according to the OMV-based vaccine used to immunize the mice. (D) Immunoblotting of BpAR106 LOS from both culture condition here tested separated by 12.5% (w/v) SDS-PAGE and probed with the polyclonal antiserum obtained from immunized mice. The sera are designated according to the OMV-based vaccine used to immunize the mice.



Moreover, both OMV triggered murine antibody responses with an IgG2a/IgG1 > 1.2 (Figure 5A) suggesting that both OMV skewed the immune response to a Th1 profile.



Protective Capacity of OMVbiof Against Current Circulating Bacteria

To compare the protective capacity of OMVbiof and OMVplank vaccines, mice were immunized twice with each formulation and challenged with a sublethal dose of B. pertussis 2 weeks after the second immunization. For the first challenge we used BpAR106 bacteria expressing prn gene (ptxP3, ptxA1 and prn2, PRN+). As negative control of protection we used mice treated with PBS. Significant differences in lung CFU between immunized animals and negative controls were observed (p<0.001) (Figure 6A). While almost 2.5 log10 differences between OMVplank-vaccinated and non-immunized mice were detected, more than 4 log10 differences were observed between OMVbiof-vaccinated and non-immunized mice (Figure 6A).




Figure 6 | Protection against B. pertussis PRN(-) isolates induced with OMVbiof- or OMVplank-based vaccines in a mouse model. BALB/c mice were immunized (i.m) twice, 2 weeks apart. Mice were challenged with sublethal doses (5 x 107 CFU/40 μl) of B. pertussis BpAR106 PRN(+) (A), USA PRN(-) B. pertussis clinical isolate (B) or Argentinian PRN(-) B. pertussis clinical isolate (C), 2 weeks after the second immunization with OMV-based vaccine. Non-immunized animals were included as negative control of protection. Three independent experiments were performed for each strain/isolate. Results from one representative experiment are shown. Results depicted are means of 5 mice per group sacrificed at 7 days post-challenge. The dashed line indicates the lower limit of detection. The number of bacteria recovered from mouse lungs is expressed as the average log10 CFU ± SEM (error bars) per lung. Data obtained were analyzed statistically by using one-way analysis of variance (ANOVA) followed by Bonferroni´s multiple comparison test (GraphPadPrism®). For panel (A) significant differences among the treatments with p < 0.001 were detected. For panels (B, C) significant differences among the treatments with p < 0.05 were detected.



When the challenge was performed with a PRN(-) clinical isolate obtained during an outbreak in USA (ptxP3, ptxA1 and prn2, PRN-), again the protective capacity of OMVbiof vaccine was significantly higher than that of OMVplank vaccine (Figure 6B). Mice immunized with the OMVbiof had more than 4 log10 reduction in lung CFU 7 days after challenge with B. pertussis PRN(-) compared with the non-immunized mice, whereas in the lungs of mice immunized with the OMVplank vaccine the reduction was only 2.5 log10 (p < 0.05, Figure 6B). Similar results were found against another PRN(-) clinical isolate obtained in Argentina: while OMVbiof reduced the number of lung CFU by 3 log10, OMVplank did it by 1.9 log10 (p < 0.05, Figure 6C).




Discussion

In response to the need of a safer pertussis vaccine, a second generation of vaccine consisting in purified B. pertussis immunogens (aP vaccines) was developed. Thus, the first aP vaccines containing only pertussis toxin or pertussis toxin and filamentous hemagglutinin were licensed in the 80s (47). Current aP vaccines contain between two and five immunogens. These aP vaccines mainly induce Th2 response with poor induction of memory B-cells (48). On the other hand, T-cell responses were detected mainly in wP-primed children boosted by aP or natural infections but not in aP-primed children (49). The high concentration of immunogens in aP vaccines and their immune response not very robust seem to have contributed to the selection of B. pertussis strains more resistant to vaccination, favoring the emergence of genetically and phenotypically distinct B. pertussis strains (50). A novel P3 linage antigenically distinct from vaccine strains that produces higher levels of pertussis toxin is now common in most countries (51, 52). B. pertussis strains that are deficient in the production of the pertactin immunogen are prevalent in countries where only aP vaccines are used. In many of these countries the number of pertussis cases was increasing during the last decades (23, 53, 54).

To improve the epidemiological situation of pertussis, a third generation of acellular vaccines that stimulate a potent T-cell response, confer long lasting immunity and do not generate a selection pressure on the circulating bacterial population is necessary (10). In this context, our group has designed an OMV-based vaccine candidate that overcomes the weaknesses of current acellular vaccines (55). Preclinical tests in mice have shown that our vaccine candidate is safe and effective in avoiding the colonization of animals caused by different genotypes of B. pertussis (13, 44). We have also found that our candidate improves protection against pertactin-deficient isolates as compared to current commercial aP vaccines (13). The levels of protection detected for the OMV-based vaccine against these PRN(-) B. pertussis isolates are high; however, improvements to increase the reduction of pathogen colonization are still required to achieve protection levels similar as those detected for the PRN(+) B. pertussis isolates (13). Based on the knowledge that current circulating B. pertussis isolates form biofilms more readily than the strains used for vaccine production, and that all currently available pertussis vaccines are formulated with antigens derived from planktonic bacterial cells, an attractive improvement could be the obtaining of OMV from clinical isolate grown in biofilm culture. This hypothesis is also supported by the fact that proteins that are expressed only when bacteria grow in biofilms are immunogenic and possess immunoprotective capacity in the murine model (32). We prepared biofilms with a B. pertussis clinical isolate obtained in Argentina since these isolates were reported as good biofilm producers (30). This growth capability was evidenced here for BpAR106 clinical strain. Proteomic studies carried out with this strain comparing bacteria grown in biofilm with those obtained from planktonic culture showed that 316 proteins were overexpressed in the biofilm culture, among them BipA, fimbria, and other adhesins reported as biofilm markers (31, 46). In addition, we detected OMV within the B. pertussis biofilm, with a size range similar to OMV obtained from B. pertussis planktonic cultures. This finding raises questions about the OMV formation mechanism and its role within the biofilm, as well as about biofilm formation in vivo. Though these topics are interesting, they were not addressed in this work since our objective was focused on obtaining OMVbiof to improve our vaccine candidate protective capacity.

The vaccine formulated with OMVbiof obtained from B. pertussis BpAR106 was more immunogenic than the OMVplank vaccine candidate not only in terms of specific antibody titers but also in their quality (higher avidity). Furthermore, the formulation based on OMVbiof induced a mixed Th1 and Th2 profile according to the IgG2a/IgG1 ratio detected and was more protective in mice assays challenged with the PRN(+) B. pertussis clinical isolate. This higher immunogenicity is in agreement with earlier findings by Dorji et al. (34) who demonstrated in mice model that proteins typical of bacteria grown in biofilm led to a more Th1-type response profile when added to commercial aP vaccines and additionally, retained lower bacterial loads than mice vaccinated with aP alone (34). Moreover, de Gouw et al. also shown that BipA, a biofilm characteristic protein, induces a significant reduction in colonization of mice lungs (56). These authors also detected that membrane proteins derived from biofilm bacteria induced protection against respiratory B. pertussis infection. Lipoproteins and Fim chaperones, in addition to the LOS adjuvant action, are also expected to play a role in the induction of protection. Regarding the LOS molecule, here we detected LOS specific antibodies induced by OMV-based vaccines as was previously reported by Raeven et al. (57). Previous results showed that antibodies against LOS, detected in the sera from individuals convalescing from natural infection, have bactericidal activity (58). These results showed the importance of LOS presence in the new generation of pertussis vaccines in lower quantities than in the wP vaccine, as occurred in the case of OMV-based formulation. Other non-excluding alternative might be the use of formulation with LOS containing modified lipid A (42) since antibodies to the terminal trisaccharide appear to be sufficient to elicit bactericidal activity (58).

The boundary condition of suboptimal OMV amounts to induce protection allowed us to detect the impact of OMVbiof on improvement in vaccine design. With this approach, we also showed that OMVbiof are superior in terms of protective capacity against PRN(-) isolates, which are currently prevalent in countries that use only aP vaccines in their calendars. Thus, protection level detected of OMVbiof against both PRN(-) clinical isolates (obtained in USA or in Argentina) not only were higher than those observed for OMVplank but also were within the accepted protection standard for a pertussis vaccine.

The representativeness of a given B. pertussis isolate from which a new vaccine is generated might be narrow and, above all, limited in time. The attempt to overcome this is that the growth in biofilm by itself has characteristics that seem to go beyond the specificity of each isolate and that may cushion the differences. The broad protective capacity shown in Figure 6 would be in line with this idea. An alternative might be the use of a mixture of OMV from different strains.

Undoubtedly, all these data position OMVbiof as an interesting approach to overcome the weaknesses of current commercial vaccines formulated with immunogens obtained from planktonic cultures, which do not necessarily reflect the composition and physiology of the pathogen during the in vivo infection.
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Bacterial outer membrane vesicles (OMVs) are nanometer-scale, spherical vehicles released by Gram-negative bacteria into their surroundings throughout growth. These OMVs have been demonstrated to play key roles in pathogenesis by delivering certain biomolecules to host cells, including toxins and other virulence factors. In addition, this biomolecular delivery function enables OMVs to facilitate intra-bacterial communication processes, such as quorum sensing and horizontal gene transfer. The unique ability of OMVs to deliver large biomolecules across the complex Gram-negative cell envelope has inspired the use of OMVs as antibiotic delivery vehicles to overcome transport limitations. In this review, we describe the advantages, applications, and biotechnological challenges of using OMVs as antibiotic delivery vehicles, studying both natural and engineered antibiotic applications of OMVs. We argue that OMVs hold great promise as antibiotic delivery vehicles, an urgently needed application to combat the growing threat of antibiotic resistance.
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1 Introduction

The treatment of bacterial infections continues to be more difficult due to the growing number of antibiotic-resistant organisms and the slow pace of antibiotic discovery. Recently, the United States Centers for Disease Control and Prevention (CDC) reported that annually, almost three million people develop antibiotic-resistant infections in the United States, and more than 35,000 die as a result (1). Gram-negative bacteria, in particular, are extremely difficult to treat with many classes of antibiotics due to their complex, dual-membrane cell envelopes (2). A majority of the CDC’s biggest antibiotic resistant threats are Gram-negative bacteria, including carbapenem-resistant Acinetobacter and Enterobacterales, and drug-resistant Neisseria gonorrhoeae (1). Gram-negative bacteria have been reported to be responsible for more than 30% of nosocomial infections, including 70% of infections acquired in intensive care units (ICUs) in the United States (3). In order to combat Gram-negative-associated infections, research has focused on developing new types of drugs as well as new delivery strategies to overcome the limitations of currently available drugs.

Like most other cells, Gram-negative bacteria release membrane vesicles, often referred to as outer membrane vesicles (OMVs) to aid in numerous cellular processes. OMVs are biological spheres that are naturally produced by many, if not all, bacterial species. These bilayered vesicles are derived from the outer membrane of the Gram-negative bacteria, range in size from 50-250 nm in diameter, and contain many of the same components as the outer membrane of the bacterial cell (4–7) (Figure 1). In recent years, the role of OMVs in intracellular communication, both between bacterial cells and the host as well as between bacterial cells, has been established (5, 8). This communication is possible due to the ability of the OMVs to deliver a wide range of biomolecules, including proteins, lipids, nucleic acids, peptidoglycan, and small molecules to other cells (8–15). In particular, the unique ability of OMVs to deliver molecules across the Gram-negative cell envelope (10, 14, 16–19) suggests that OMVs have potential as natural antibiotic delivery vehicles to overcome the limitations of antibiotic delivery to these difficult-to-treat bacteria (20–23).




Figure 1 | OMV Biogenesis. OMVs are formed due to blebbing of the bacterial outer membrane. The vesicle contains outer membrane-associated proteins and lipids (including lipopolysaccharide), as well as periplasmic components such as peptidoglycan.



In this paper, we describe the intrinsic delivery functions of OMVs in relation to their potential use as antibiotic delivery vehicles. We provide examples demonstrating successful application of these vehicles for therapeutic purposes and discuss the limitations that remain to be addressed to enable the translation of OMVs as antibiotic delivery vehicles.



2 Natural Functions of OMVs

Derived from the outer membrane of Gram-negative bacteria, OMVs contain many similar components, including lipids, proteins, peptidoglycan, and nucleic acids, though not necessarily in the same proportions as in the donor cell (14, 24–27). One of the primary functions of OMVs is to transport these molecules to other cells, including both host and bacterial cells. While much focus has been placed on understanding OMV-mediated virulence factor delivery to host cells to understand the role of OMVs in the host-pathogen interaction, it has become clear that OMVs are also used by bacteria to communicate with neighboring bacterial cells by delivering proteins, genetic material, and quorum sensing molecules. In this section, we describe several specific natural functions of OMVs that provide them with advantages that could be harnessed for the delivery of antibiotics.


2.1 Transport Across the Bacterial Cell Envelope

The primary advantage of using OMVs as antibiotic delivery vehicles is their inherent ability to deliver their cargo across the cell envelope of Gram-negative bacteria. With a cell envelope that consists of two membranes, Gram-negative bacteria are inherently resistant to many antibiotics (2). Several reports of the OMV-mediated delivery of active proteins or genes across the Gram-negative cell envelope highlight the potential utility of OMVs to enhance antibiotic delivery to these cells. Although detailed mechanisms of this process remain elusive, future work to better understand this delivery processes will further enhance research into the use of OMVs as antibiotic delivery vehicles to overcome current transport limitations.

The first reports of OMV-mediated transport across the Gram-negative cell membrane focused on the delivery of peptidoglycan-degrading hydrolases (19, 22). These “predatory” OMVs were hypothesized to fuse with the target cell’s outer membrane, delivering their enzyme cargo to the periplasm of the target cells (22). This hypothesis was supported by subsequent experiments demonstrating that components of Shigella flexneri and Pseudomonas aeruginosa OMVs are incorporated into the membranes of other bacterial cells (Salmonella typhi, Salmonella typhimurium, and Escherichia coli) (18). More recently, myxobacteria, small Gram-negative soil-dwelling bacteria (28), have been found to produce OMVs encapsulating hydrolytic enzymes (29, 30), which exhibited lytic activity against E. coli (14, 31). Together, these findings demonstrate that OMVs are able to deliver cargo to the periplasm of certain bacteria (Figure 2A).




Figure 2 | Natural Delivery Functions of OMVs. (A) Protein Delivery. Proteins derived from a donor cell are encapsulated within OMVs and delivered to recipient cells. (B) Gene Delivery. DNA (plasmid, chromosomal, and/or phage-associated) is encapsulated within OMVs and delivered to recipient cells. In some cases, this new gene is expressed by daughter cells. (C) C16-HSL and CAI-1. Hydrophobic quorum sensing molecules, such as C16-HSL and CAI-1, have been observed to be delivered to bacterial cells via OMVs. (D) Quorum sensing. PQS is a hydrophobic quorum sensing molecule. As it intercalates into the outer leaflet of the bacterial membrane, a wedge-like force promotes the formation of PQS-containing OMVs.



In addition to the delivery of intact, functional proteins, OMVs have been observed to facilitate delivery of DNA to bacterial cells (Figure 2B). The first evidence of DNA in OMVs was uncovered in 1995, when Kadurugamuwa and Beveridge observed its presence in the OMVs produced by two strains of P. aeruginosa (H103 and ATCC 19660) (32). Kolling and Matthews later demonstrated the presence of DNA in OMVs produced by E. coli O157:H7. They observed that these OMVs contained DNA encoding certain virulence genes, including stx1 and stx2, which encode for Shiga toxins 1 and 2, respectively. These genes were delivered to noncompetent recipient cells, E. coli JM109 (33). Yaron et al. later demonstrated that E. coli O157:H7 OMVs transfer DNA to E. coli JM109 and Salmonella cells, and the recipient cells were shown to express the virulence proteins encoded in the genes (34).

The role of OMVs in the horizontal transfer of antibiotic resistance genes has also been demonstrated. Rumbo et al. observed that two clinical strains of Acinetobacter baumannii that were resistant to carbapenem released OMVs containing the blaOXA-24 gene, which encodes for a β-lactamase. When these blaOXA-24-containing OMVs were incubated with a carbapenem-susceptible strain of A. baumannii, resistance to several β-lactam drugs was observed. Importantly, this previously susceptible strain was subsequently found to express blaOXA-24 and to release blaOXA-24-containing OMVs (35). Similarly, OMV-mediated horizontal gene transfer has also been identified in the oral pathogen Porphyromonas gingivalis (36), E. coli O104:H4 (37), and S. typhi (38).

Delivery of functional genes and the important role of OMVs in horizontal gene transfer indicates that the OMVs enable delivery of their DNA cargo into the bacterial cytosol. This process was first visualized by Fulsunder et al. by using immunogold labeling of double-stranded DNA to observe movement of DNA from the donor bacterial cells (Acinetobacter bayli, JV26) into OMVs and then recipient cells (both E. coli DH5α and A. bayli JV26) (15).

Together, these observations of OMV-mediated protein and DNA delivery demonstrate that OMVs are able to deliver functional cargo across the Gram-negative cell envelope. This behavior is particularly appealing for the delivery of antibiotics as it suggests that encapsulation of the drugs within OMVs might decrease the transport issues that limit the efficacy of many antibiotics against Gram-negative bacteria.



2.2 Delivery of Hydrophobic Molecules

With their membrane structure, OMVs have a unique property of being able to transport both hydrophilic and hydrophobic molecules simultaneously. This property has been demonstrated in the natural delivery processes of OMVs and holds great importance in the future development of OMVs for antibiotic delivery.

Quorum sensing is the process by which bacteria sense cell population density and as a result, alter gene expression. In bacteria, this process occurs through the release of certain molecules; as cell density increases, the concentration of these quorum sensing molecules increases correspondingly, thus serving as a signal of high population density (39). N-acyl-homoserine lactones (AHLs) are the most common quorum sensing molecules employed by Gram-negative bacteria (40). A long-standing question in the quorum sensing field was how hydrophobic, long-chain containing AHLs were delivered through the aqueous extracellular environment. Toyofuku demonstrated that N-hexadecanoyl-L-homoserine lactone (C16-HSL, Figure 2C), produced by Paracoccus denitrificans, is packaged into outer membrane vesicles to promote solubility of the molecule (41). Similarly, CAI-1, a long-chain ketone QS molecule (Figure 2C), was observed to be released in association with OMVs produced by Vibrio harveyi. The OMV-associated CAI-1 was able to be delivered in an active form to non-CAI-1-producing cells, including Vibrio cholerae (42).

P. aeruginosa produces several quorum sensing molecules, including 2-heptyl-3-hydroxy-4-quinolone (Pseudomonas quinolone signal, PQS). Mashburn and Whiteley demonstrated that a majority of the produced PQS was released in association with OMVs, while less hydrophobic signaling molecules were not. Interestingly, the authors observed that the PQS molecule itself promotes OMV formation (43). Subsequent work by this group found that PQS intercalates into the outer membrane to induce membrane curvature, thereby promoting OMV formation (42, 44, 45) (Figure 2D).

Recently, Choi et al. demonstrated that Chromobacterium violaceum delivers the hydrophobic molecule, violacein, to bacterial cells by packaging it in OMVs (46). This process appeared to be regulated, as the OMVs were found to contain more violacein than protein. The OMV-encapsulated violacein retained its activity against the Gram positive organism, Staphylococcus aureus (46).

Thus, the natural ability of OMVs to solubilize hydrophobic molecules could enable improved delivery of lipophilic antibiotics, which often exhibit low bioavailability due to poor solubility, limited absorption, and rapid metabolism (47).



2.3 Selective Delivery of OMVs to Specific Bacterial Cells

OMVs have been observed to naturally interact with other bacterial cells, both from the same and different species. Selective delivery of their cargo has been observed, but the processes mediating this phenomenon remain unclear.

Tashiro et al. used a classical colloidal science theory, the Derjaguin-Landau-Verwey-Overbeek (DLVO) theory in an attempt to explain the interaction of certain OMVs with specific bacterial cells. This group observed that OMVs produced by Buttiauxella agrestis selectively associated with B. agrestis cells, enabling delivery of plasmid DNA and gentamicin specifically to B. agrestis cells. Because this selective association of OMVs with the bacterial cells did not require the cells to be viable, the authors hypothesized that interaction energies, as calculated using the DLVO theory, might explain this behavior. In this theory, the interaction energy is defined as the sum of the attractive London-van der Waals forces, which depend on OMV radius, and the repulsive electric force, which is a function of the surface charge (zeta potential) of the OMV. The authors observed a correlation between interaction energies and OMV association, which was not entirely linear; therefore, they proposed that this interaction energy is only one factor that regulates OMV specificity for certain bacterial cells, and they hypothesized that surface proteins on both the OMV and bacterial cell surface likely play an additional role in this specific delivery process (48).

Tran and Boedicker investigated whether OMV-mediated DNA transfer is regulated by the relatedness of the OMV donor and recipient cells. The authors observed that E. coli is able to encapsulate plasmids with different replication origins within its OMVs and deliver this genetic cargo to recipient cells. Aeromonas veronii and Enterobacter cloacae exhibited similar behavior. The rate of gene transfer between the three types of OMVs and five types of cells: E. coli, A. veronii, E. cloacae, C. violaceum, and P. aeruginosa was studied, but no relation between the rates of uptake and the relatedness of the donor and recipient cells was observed (49). The authors did observe that the rates of delivery differed depending on the origin of the OMVs, with A. veronii OMVs being the most efficient (49).

Recently, some evidence of the involvement of an OMV surface protein in selective delivery of OMVs was reported. Agrobacterium tumefaciens is a phytopathogen that releases OMVs containing a small lipoprotein called Atu8019. The authors of this study observed that OMVs produced by a ΔAtu8019 deletion mutant were similar in properties to the OMVs released by wildtype cells; however, OMVs from the deletion mutant exhibited an inhibited propensity for cell association, suggesting a role for this protein in selective OMV delivery (50).

The naturally targeted delivery of OMVs to specific bacterial cells holds exciting promise in their development for drug delivery. However, the details of this process have yet to be elucidated. Future research to identify the biological determinants enabling this specificity will enhance the design of targeted delivery systems, both natural and synthetic, for improved antibiotic function.



2.4 OMV Stability

A final advantage of using OMVs for antibiotic delivery is their extreme stability and their ability to protect their luminal content from enzymatic degradation, thus promoting long-distance delivery.

The inherent ability of OMVs to protect their cargo from degradation has been widely reported, particularly in the transfer of β-lactamases between bacteria. This process has been observed in a number of organisms, including A. baumanii, Moraxella catarrhalis, Stenotrophomonas maltophilia, E. coli, and P. aeruginosa (51–55). The luminal location of these antibiotic resistance enzymes has been demonstrated to protect the proteins from enzymatic degradation (54) as well as serum IgG-mediated neutralization (56). In addition, transfer of various protein toxins via OMVs has been reported to protect them from enzymatic degradation (12, 57–60), which has been hypothesized to enable long-distance delivery in vivo (12).

OMVs are also able to protect their nucleic acid cargo from enzymatic degradation. Koeppen et al. observed that inclusion of RNA within the OMV lumen protected it from RNase digestion (61). Similarly, OMV-encapsulated genes were protected from DNase digestion (34, 35, 62).

In addition to protecting their cargo from enzymatic degradation, OMVs appear to protect their cargo from degradation due to handling and storage. In a systematic study of the stability of OMV-encapsulated cargo, Alves et al. packaged an enzyme, phosphotriesterase (PTE) into the lumen of E. coli OMVs. The authors observed increased stability of the protein cargo relative to free PTE against multiple freeze-thaw cycles (63). Later work by this group demonstrated that encapsulation within OMVs protected long-term enzyme activity under multiple storage conditions, including freezing, heating, and lyophilization (64).

Together these observations demonstrate that encapsulation within the OMV lumen is able to protect the cargo from degradation, both in vivo and during storage. This property is likely to enhance the activity of encapsulated antibiotics, enabling delivery of reduced dosages.




3 Natural Antibiotic Properties of OMVs

OMVs play important roles in the interactions of the microbiota, including interspecies competition. This innate antibiotic property has inspired some groups to propose the use of native OMVs as natural antibiotics (65). These “predatory OMVs” have been observed in many different systems, showing a conservation of this trait across bacterial species.

P. aerguinosa OMVs have a well-documented ability to interact with foreign bacteria. Kadurugamuwa and Beveridge observed fusion between native OMVs from strain PAO1 and both Gram-positive and Gram-negative bacteria. Electron micrographs demonstrated the degradation of the bacterial peptidoglycan after incubation with PAO1 OMVs, leading the authors to hypothesize that the OMVs may be carrying autolysins that act to disintegrate the wall of other bacteria cells. Interestingly, the authors found that when the cells were grown in the presence of a sub-inhibitory concentration of gentamicin, the resulting OMVs were even more potent. These antibiotic-loaded OMVs contained less gentamicin than what would normally be used for treatment, but with the added protection from the OMVs, and the additional lytic ability of the OMVs, the antibiotic loaded OMVs were effective in killing the gentamicin-resistant strain, P. aeruginosa 8803 (22).

Li et al. investigated the lytic behavior of OMVs produced by 15 different strains of Gram-negative bacteria against 17 different species of Gram-positive and Gram-negative bacteria. They observed significant and broad lytic activity in P. aeruginosa PAO1 OMVs, particularly against E. coli K12 cells and other cells with similar peptidoglycan structures. Not all OMVs demonstrated lytic activity; those from Enterobacter agglomerans, Klebsiella pneumoniae, Citrobacter freundii, and Morganella morganii had very little activity. No OMVs were able to lyse cells of the parent strain (19). This group had previously demonstrated that P. aeruginosa OMVs contain a murein hydrolase that is capable of degrading peptidoglycan (66). Additionally, this group has shown that OMVs from P. aeruginosa are able to break open the S-layer, the planar paracrystalline structures on some Gram-negative and Gram-positive bacteria that protects the peptidoglycan, and release a peptidoglycan hydrolase (67). They therefore hypothesized that the lytic behavior of the OMVs was due to the presence of these peptidoglycan-degrading enzymes in the OMVs (19).

More recently, OMVs from the soil bacterium, Myxococcus xanthus, were demonstrated to lyse E. coli cells. The authors observed that the addition of glyceraldehyde-3-phosphate dehydrogenase (GAPDH), an enzyme that enhances membrane fusion, increased the cytotoxicity of the M. xanthus OMVs; as a result, the authors concluded that the predatory activity of M. xanthus OMVs arises from fusion of the OMVs with the target cell membrane (14). Proteomic analysis demonstrated that M. xanthus OMVs contain numerous putative hydrolytic enzymes (30), which may be responsible for this predatory activity. OMVs produced by two additional myxobacterial strains, SBSr073 and Cbv34, were also shown to inhibit E. coli growth, a property the authors attributed to the presence of cystobactamids (myxobacterial-derived inhibitors of bacterial gyrase) within the OMVs (68). This group subsequently showed that OMVs produced by CBv34 and Cbfe23 (another myxobacterial strain) were taken up by host cells and inhibited intracellular growth of Staphylococcus aureus cells (69).

In addition to encapsulation of anti-bacterial molecules, some OMVs have been observed to naturally encapsulate anti-fungal molecules. Meers et al. demonstrated that Lysobacter enzymogenes OMVs exhibit chitinase activity and are able to inhibit the growth of the fungi, Saccharomyces cerevisiae and Fusarium subglutinans. Importantly, the OMVs were responsible for almost all of the anti-fungal activity of the L. enzymogenes supernatant, demonstrating that OMV-mediated transfer of these molecules is the primary pathway for this anti-fungal activity (70).



4 Methods of Engineering OMVs to Improve Their Potential as Drug Delivery Vehicles

The ability of OMVs to deliver functional molecules, including proteins, nucleic acids, and small molecules, combined with their natural selectivity has increased interest in their potential as natural delivery vehicles. In particular, OMVs have an intrinsic ability to protect cargo from enzymatic degradation, and with their hydrophobic membrane and hydrophilic lumen, they have the ability to encapsulate a range of drug types. OMVs have been reported to be highly stable (12, 63), and they are readily functionalized to enhance targeted delivery. Despite these numerous advantages, several issues must first be address to enable the translational potential of OMVs as drug delivery vehicles. These challenges include increasing the vesicle yield, reducing the immunogenicity of the OMVs, incorporating specific molecules, and promoting targeting of specific cell types. Continued advancement of these techniques will improve the therapeutic potential of OMVs, particularly as antibiotic delivery vehicles.


4.1 Strategies to Increase Vesicle Yield

OMVs are naturally produced throughout bacterial growth; however, the resulting yields are too low for biotechnological applications. To overcome this challenge, many groups have looked towards genetic modifications that result in increased vesiculation. Mutations in the Tol-Pal system have been particularly appealing for this purpose. The tol-pal operon consists of seven genes, including the five genes comprising the Tol-Pal system: tolQ, tolR, tolA, tolB, and pal. These genes express proteins that together, form a complex linking the inner membrane, peptidoglycan, and outer membrane (71) (Figure 3A). Mutation of any one of the genes results in increased vesiculation in E. coli (72, 73). A similar approach that included mutation of the tolR gene along with the galU gene, which is involved in LPS biogenesis, was found to increase vesiculation in Shigella sonnei (74). In Helicobacter pylori, deletion of tolB but not pal increased vesiculation (75).




Figure 3 | Engineered OMVs. (A) The Tol-Pal System. The Tol-Pal system consists of five proteins, TolA, TolQ, and TolR located in the inner membrane (IM), TolB located in the peptidoglycan layer, and Pal located in the outer membrane. Mutation of any of these components has been shown to affect vesiculation. (B) Structure of LPS. LPS consists of a hydrophobic lipid A, which is commonly hexaacylated and di-phosphorylated (P). The polysaccharide portion of the molecule consists of a well conserved inner and outer core and a nonconserved O-antigen.



Building on the finding of the importance of the Tol-Pal system in vesiculation, Henry et al. demonstrated that genetic modifications to promote production of certain protein domains that interact with elements of the Tol-Pal system can likewise increase OMV production. Specifically, they found that periplasmic production of a TolR domain induced a high level of vesiculation in E. coli. Additionally, periplasmic production of the translocation domain of colicin A, colicin E3, and minor coat protein g3p also increased vesiculation. Finally, the authors demonstrated that the approach could be used in other bacteria, including Shigella flexneri and Salmonella enterica (76).

These multiple genetic approaches to increase OMV production have already enabled the use of OMVs for biotechnological purposes, particularly as vaccines and are likely to enable future development of OMVs as natural antibiotic delivery vehicles.



4.2 Engineering to Decrease LPS Toxicity

Another important limitation in the use of OMVs as drug delivery vehicles is their inflammatory nature. Derived from the outer membrane, the surface of OMVs is primarily composed of lipopolysaccharide (LPS). LPS consists of a hydrophobic lipid A molecule, which is tethered to the membrane via six acyl chains, core oligosaccharides, and the O-antigen (77) (Figure 3B). The lipid A portion, also called endotoxin, is responsible for the inflammatory response induced by LPS (78). Thus, to use OMVs as drug delivery vehicles, it is imperative that the toxicity of the LPS be reduced.

One strategy to reduce the toxicity of LPS is to genetically modify the genes leading to full acylation of the lipid A moiety. Nine enzymes are required for the biosynthesis of lipid A (77) and knockout of certain genes encoding these enzymes, in particular lpxL and lpxM (also known as msbB) have been demonstrated to result in under-acylated strains with reduced endototoxicity (79–81).

Alternatively, modification of the phosphorylation of the lipid A moiety can be an effective strategy to reduce endotoxicity of LPS. Lipid A is usually diphosphorylated (82). Edgar Ribi observed that monophosphorylated lipid A is significantly less immunogenic (83), and since then, monophosphoryl lipid A (MPL) has been FDA-approved as an adjuvant (84). A promising strategy to create OMVs consisting of monophosphorylated lipid A is to express the Helicobacter pylori Hp0021 gene in the OMV-producing organism. This enzyme removes the 1-phosphate of the lipid A moiety, resulting in monophosphorylated lipid A (85). When this gene was heterologously expressed in E. coli, the 1-phosphate group of lipid A was removed (86). While promising, this approach has not yet been used to develop OMVs for biotechnological purposes.

While LPS toxicity remains a serious concern with using OMVs as drug delivery vehicles, multiple promising approaches have demonstrated the potential to reduce the inflammatory response, thus enabling their future use as antibiotic delivery vehicles.



4.3 Strategies for Drug Loading

While certain OMVs naturally possess some antibiotic properties, additional work has focused on encapsulating specific molecules within the OMV lumen to expand on the potential of OMVs as delivery vehicles. Several methods to encapsulate different molecules, including antibiotics, have been explored, as described below. Further optimization of these approaches will enable full realization of the potential of OMVs as drug delivery vehicles.


4.3.1 Antibiotic Export via OMVs

The role of OMVs in removing unwanted material from the cell has been employed as a method to load OMVs with antibiotics. In this passive loading approach, bacterial cells are grown in the presence of the desired drug. The resulting antibiotic-containing OMVs are collected and tested to measure drug loading efficiencies (Figure 4A).




Figure 4 | Strategies for Drug Loading. (A) Bacterial Incubation. Bacteria grown in the presence of antibiotics have been found to release antibiotic-containing OMVs. (B) Electroporation and Sonication. Electroporation and sonication can enhance drug loading within the OMV lumen.



Kadurugamuwa and Beveridge first discovered that bacteria grown in the presence of antibiotics release vesicles containing some drug (22). The authors cultured P. aeruginosa strain PAO1 in gentamicin and discovered that the OMVs contained 4 ng of drug per μg of protein. These gentamicin-containing OMVs killed S. aureus, E. coli, and P. aeruginosa (strains PAO1 and Pa8803). Importantly, the authors observed that in Pa8803, which is a permeability mutant, OMV encapsulation enhanced gentamicin delivery significantly, demonstrating the potential of OMV-mediated drug delivery to overcome this mechanism of resistance (22). However, the Beveridge group later demonstrated that OMV-mediated delivery is unable to overcome all mechanisms of resistance. The group observed that Burkholderia cepacia strain CEP0248 was susceptible to both free and OMV-associated gentamicin, but the highly resistant strain C5424 was not. The OMVs were able to deliver gentamicin; however, the cells were not sensitive to the drug. The authors therefore hypothesized that this strain must possess another mechanism of resistance beyond inhibition of drug uptake (87). Gentamicin-containing P. aeruginosa OMVs were also found to be effective in killing some Gram-positive organisms as well, including Bacillus subtilis and S. aureus (23).

Tashiro et al. hypothesized that the selective delivery of B. agrestis OMVs to B. agrestis cells (as described in Section 2.4) could enable OMV-mediated selective antibiotic delivery. To test this, the authors grew B. agrestis until the late stationary phase, then added gentamicin at a concentration four times higher than the MIC for 30 mins. The purified OMVs were found to contain gentamicin, and selective delivery of gentamicin to B. agrestis cells was observed (48).

Huang et al. grew A. baumanii in sub-MIC concentrations of levofloxacin and observed that the resulting OMVs contained a high concentration of levofloxacin (20). They demonstrated that OMV encapsulation increased the stability of levofloxacin under a number of storage conditions. The levofloxacin-containing OMVs were able to kill enterotoxigenic E. coli (ETEC) cells, and at a low dose, the levofloxacin-containing OMVs were more effective than free levofloxacin. The authors also demonstrated that these levofloxacin-containing OMVs were effective in killing K. pneumoniae and P. aeruginosa as well, and the procedure for loading could be accomplished with other antibiotics, demonstrating a broad potential of the approach. In a mouse model of ETEC infection, the levofloxacin-containing OMVs were more effective than free drug. Finally, the authors observed that the levofloxacin-containing OMVs were biocompatible (20).



4.3.2 Active Loading Techniques

To enhance the incorporation of drugs and other therapeutics in OMVs and other extracellular vesicles, several active incorporation techniques have been proposed, including electroporation and sonication, (Figure 4B). Although none of these techniques have yet been used specifically to load antibiotics into OMVs, it is likely that these approaches could improve the encapsulation efficiencies of antibiotics, as has been observed with other drugs and vesicle types.


4.3.2.1 Electroporation

Electroporation involves the use of a strong electric field to induce the formation of transient pores in a biological membrane (88). This technique has long been used to enhance DNA uptake by bacterial cells (88), and more recently has been used to promote loading of content into human-derived extracellular vesicles (89–93). Gujrati et al. demonstrated that the approach could also be used with OMVs, when they loaded OMVs with siRNA against kinesin spindle protein (KSP) to develop anti-cancer therapeutics. To accomplish loading, the authors electroporated the OMVs in the presence of the siRNA using an empirical approach to identify the optimal conditions (700 V, 50 μF) that promoted loading but did not affect OMV integrity (94). Similarly, Ayed et al. optimized electroporation conditions to load gold nanoparticles (7 nm) into P. aeruginosa PAO1 OMVs. The authors observed that one pulse of 0.47 kV was sufficient to encapsulate 55% of the nanoparticles without disrupting OMV integrity (95). These results suggest that electroporation is an effective method for loading a variety of cargo into the OMV lumen, and could have great potential for improving the encapsulation efficiencies of antibiotics.



4.3.2.2 Sonication

Sonication is the use of ultrasonic energy to increase the fluidity of a membrane to enhance drug diffusion. While this technique has not yet been reported as a means of loading drug into bacterial vesicles, it has been used to improve loading efficiencies within human-derived vesicles (96, 97). The primary drawback of this approach is that it may permanently disrupt the integrity of the vesicles (98).




4.3.3 OMV Coating Approach

Wu et al. took advantage of the natural delivery properties of OMVs to enhance delivery of rifampicin-loaded mesoporous silica nanoparticles (MSNs). Rifampicin is a hydrophobic antibiotic with limited effectiveness against Gram-negative bacteria due to its inability to cross the cell envelope. Incorporation of rifampicin within MSNs improves drug solubility, but uptake by Gram-negative bacteria is low. The authors observed that coating the rifampicin-loaded MSNs with E. coli OMVs extended the release of drug and the OMV-coated MSNs were taken up by E. coli cells more effectively than uncoated MSNs or free drugs. The OMV-coated nanoparticles also displayed good biocompatibility (99).




4.4 Surface Engineering

In order to enhance targeting or functionality of OMVs, several approaches to display particular moieties on the vesicle surface have been employed. These genetic approaches involve the development of fusions between the desired protein and certain surface-localized proteins (42, 100–102), or the use of the SpyCatcher/Tag or SnoopCatcher/Tag systems to promote isopeptide bond formation between the desired protein and a surface-localized protein (103, 104) (Figure 5). These approaches have been primarily developed for vaccine technology; however, targeted delivery of antibiotics specifically to pathogenic cells could likely be accomplished using similar approaches.




Figure 5 | Surface Engineering of OMVs. Several genetic strategies have been used to localize certain proteins on the surface of OMVs. Fusion proteins between cytolysin A (ClyA) and several cargos, including GFP have been created in E. coli. Ice nucleation protein (INP) was used to tether an antibody on the surface of the OMV by creating a fusion between INP, a cohesin-containing Scaf3 domain, and an antibody-binding Z-domain. Simultaneously, SlyB was used to localize luciferase to the OMV lumen. Up to four bacterial antigens were tethered to the surface of OMVs using the hemoglobin protease (Hbp). This protein was also used in combination with the SpyCatcher/Tag and SnoopCatcher/Tag systems to display heterologous proteins on the OMV surface.



The ClyA toxin expressed by many E. coli strains and enriched in OMVs (27) has been commonly employed as a fusion partner to localize specific proteins to the OMV surface. Kim et al. first demonstrated the power of this approach by creating a series of chimeric ClyA fusion proteins, using green fluorescent protein (GFP), β-lactamase, β-galactosidase, organophosphorous hydrolase (OPH), and a single chain Fv antibody fragment (100). The authors observed that each fusion partner retained its activity and was located on the surface of the vesicles (100). In engineering their siRNA-containing OMVs, Gujrati et al. genetically fused a targeting affibody to the ClyA protein and demonstrated that this approach enabled targeted delivery of the siRNA-containing OMVs to HER2-expressing cells (94).

Another fusion protein approach that has been shown to be successful takes advantage of the autotransporter (AT) Hbp. Mycobacterium tuberculosis antigens were localized to the surface of E. coli or Salmonella enterica OMVs through fusion to Hbp. Hbp is one of the most abundant proteins detected in E. coli and S. enterica OMVs, making it a strong fusion partner candidate. In addition, the authors exploited the dispensability of certain side domains of Hbp to simultaneously display multiple heterologous antigens on the OMV surface (101). In subsequent work, the authors developed a strategy to overcome limitations in the size and complexity of proteins that can be displayed on the surface of the OMVs via fusion to Hbp. In this approach, the authors fused the SpyTag protein (105) to Hbp. Upon translocation of the Hbp across the outer membrane, the SpyTag protein was found to be displayed on the surface of the OMVs. Large protein antigens or nanobodies were then conjugated to the SpyCatcher protein to enable efficient ligation to the OMV. The SnoopTag/SnoopCatcher system (106) was used in tandem to facilitate surface display of heterologous proteins (103, 104).

Chen et al. developed an approach to simultaneously localize proteins of interest within and on the surface of E. coli OMVs. To target the OMV lumen, the authors created a fusion protein with SlyB, a native lipoprotein that is localized at the inner leaflet (periplasmic side) of the outer membrane (107). At the same time, they localized an antibody on the surface of the OMV using an ice nucleation protein (INP) anchor (108) tethered to an antibody-binding Z domain via a scaffold assembly consisting of 3 cohesin domains (Scaf3). As proof of concept, the authors encapsulated nanoluciferase for detection purposes and tethered IgG to the surface to target thrombin (102).

The ability to functionalize the surface of the OMV to enable selective delivery holds great promise for the targeted delivery of antibiotics. Although not yet commonly employed, targeted delivery of antibiotics represents a promising approach to limit the development of antibiotic resistance, as it would limit exposure of the healthy microbiota to the drug.




5 Future Directions

OMVs have several properties that make them promising antibiotic delivery vehicles as described above, including overcoming the entry limitation of certain antibiotics for Gram-negative bacteria. However, while the potential is strong, a number of limitations and challenges remain to be addressed before the use of this novel delivery system can be fully realized.

The mechanisms by which OMVs deliver cargo to bacterial cells remains understudied. While great advances have been made in our understanding of OMV delivery to host cells, little work has focused on delivery to bacterial cells. Additionally, the factors leading to targeted delivery to certain cell types remain unclear. As a more detailed understanding of mechanisms leading to inter-bacterial delivery emerges, researchers will be well-equipped to engineer better performing OMVs or to incorporate specific OMV features into synthetic (liposome) systems to enhance delivery.

In order to realize OMVs as biotechnological devices, several manufacturing advances are necessary. OMV purification remains time-consuming and inefficient, relying on long ultracentrifugation runs as well as filtration and other slow processes. Although OMVs are produced throughout growth, the yield remains low, even for hypervesiculating strains. Thus, more advanced techniques to scale-up these systems are needed. In addition, the heterogeneity of OMVs has recently been established (57, 109–111). For biotechnological applications, it will be essential to develop optimized strategies to purify more homogeneous OMV populations. Furthermore, while some work has demonstrated stability of OMVs under certain storage conditions (63), additional research to identify and/or develop optimal processing and storage conditions that do not affect OMV integrity are necessary.

Finally, standardization of techniques and analyses has been lacking in the OMV field. To overcome this issue, the International Society for Extracellular Vesicles (ISEV) has worked diligently towards developing a set of standards to be applied to all EV studies (112–114). Full adoption of such standards in the OMV field would greatly advance the rate of development of OMVs for biotechnological applications.



6 Conclusions

Despite these challenges, the potential of OMVs for antibiotic delivery remains a promising approach to treat Gram-negative bacterial infections, which are otherwise difficult to treat. The field has advanced rapidly over the past 10 years, and it is expected that new discoveries will further advance the biotechnological applications of OMVs, particularly as antibiotic delivery vehicles.
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Shewanella vesiculosa M7T is a cold-adapted Antarctic bacterium that has a great capacity to secrete membrane vesicles (MVs), making it a potentially excellent model for studying the vesiculation process. S. vesiculosa M7T undergoes a blebbing mechanism to produce different types of MVs, including outer membrane vesicles and outer-inner membrane vesicles (O-IMVs). More recently, other mechanisms have been considered that could lead to the formation of O-IMVs derived from prophage-mediated explosive cell lysis in other bacteria, but it is not clear if they are of the same type. The bacterial growth phase could also have a great impact on the type of MVs, although there are few studies on the subject. In this study, we used high-resolution flow cytometry, transmission electron microscopy, and cryo-electron microscopy (Cryo-EM) analysis to determine the amount and types of MVs S. vesiculosa M7T secreted during different growth phases. We show that MV secretion increases during the transition from the late exponential to the stationary phase. Moreover, prophage-mediated explosive cell lysis is activated in S. vesiculosa M7T, increasing the heterogeneity of both single- and double-layer MVs. The sequenced DNA fragments from the MVs covered the entire genome, confirming this explosive cell lysis mechanism. A different structure and biogenesis mechanisms for the explosive cell lysis-derived double-layered MVs was observed, and we propose to name them explosive O-IMVs, distinguishing them from the blebbing O-IMVs; their separation is a first step to elucidate their different functions. In our study, we used for the first time sorting by flow cytometry and Cryo-EM analyses to isolate bacterial MVs based on their nucleic acid content. Further improvements and implementation of bacterial MV separation techniques is essential to develop more in-depth knowledge of MVs.

Keywords: membrane vesicles, gram-negative bacteria, explosive cell lysis, OMV, O-IMV, DNA, flow cytometry, electron microscopy


INTRODUCTION

Membrane vesicles (MVs) are produced by most bacteria and are involved in essential biological functions such as pathogenesis, inter- and intraspecies communication, biofilm formation, nutrient acquisition, and DNA transfer. In addition, they have great potential in immunology and biotechnology applications. For these reasons in recent years, numerous studies have investigated and reviewed all the aspects of bacterial MVs, including their composition, functions, biogenesis mechanisms, immunomodulatory capacity, and potential applications (Mashburn-Warren and Whiteley, 2006; Schooling and Beveridge, 2006; Lee et al., 2008; Kaparakis-Liaskos and Ferrero, 2015; Schwechheimer and Kuehn, 2015; Jan, 2017; Mozaheb and Mingeot-Leclercq, 2020).

Studies on membrane vesicles (MVs) in Gram-negative bacteria established an initial model that demonstrated how MVs formed from outer membrane protrusions solely contained the outer membrane and periplasmic material (Kadurugamuwa and Beveridge, 1996; Beveridge, 1999). These initially discovered MVs were named outer membrane vesicles (OMVs). However, increasing studies have highlighted how, depending on the mechanism of formation, Gram-negative bacteria give rise to different types of MVs having different structures and compositions. The different types of MVs and their origins have recently been discussed in detail (Gill et al., 2019; Toyofuku et al., 2019; Avila-Calderón et al., 2021).

Shewanella vesiculosa M7T, is a cold-adapted Gram-negative bacteria isolated from marine sediments of Antarctica (Bozal et al., 2009). Specifically, S. vesiculosa M7T was named on the basis of its considerable capacity for producing MVs, which makes it a potentially excellent model for studying the vesiculation process (Frias et al., 2010). In previous studies, we demonstrated that S. vesiculosa M7T produces a type of MV called outer-inner membrane vesicles (O-IMVs) containing two lipid bilayers (Pérez-Cruz et al., 2013). The O-IMVs are formed by the joint protrusion of the outer membrane and the plasma membrane with cytoplasmic content entrapped within the vesicles. These new types of vesicles are also found to be secreted by pathogenic Gram-negative bacteria (Pérez-Cruz et al., 2015). Although the roles played by stress factors such as antibiotics and environmental growth conditions in promoting vesiculation in many bacteria are already known (Mozaheb and Mingeot-Leclercq, 2020), no stress factors have been identified that help to produce blebbing O-IMVs in S. vesiculosa M7T.

More recently, other mechanisms have been considered that could lead to the formation of O-IMVs. Turnbull et al. (2016) demonstrated how explosive cell lysis through cryptic prophage endolysin activity can give rise to MV formation in Pseudomonas aeruginosa biofilms. They showed how the endolysin causes cell explosion leading to the fragmentation of the cell membranes that subsequent re-annealing, trapping different cytoplasmic components of the lysed cell. It is interesting to note that this explosive mechanism can give rise to both OMVs and O-IMVs. This model also holds in Stenotrophomonas maltophilia treated with ciprofloxacin, which leads to the induction of prophage and explosive cell lysis with the production of a pool of MVs including O-IMVs. These vesicles characteristically contain both outer and inner membranes and are enriched with cytosolic proteins (Devos et al., 2017). Recently, Mandal et al. (2021) demonstrated that bacteriophage infection of Escherichia coli generates different types of MVs through explosive cell lysis and membrane blebbing. The activation of prophages and their role in the maintenance of bacterial populations has been extensively studied; however, their importance as a mechanism of biogenesis of MVs is only now being considered (Catalao et al., 2012).

Prophage activation can be due to different stressors such as anoxia, UV radiation, iron depletion and antibiotic treatment among others (Kageyama et al., 1979; Bamford et al., 1987; Beaber et al., 2004; Binnenkade et al., 2014; Fang et al., 2017) and can trigger several morphological and physiological changes in bacteria that are commonly associated to apoptosis-like death (ALD) processes (Peeters and de Jonge, 2018; Mozaheb and Mingeot-Leclercq, 2020). Although prokaryotic ALD is currently a developing field, the morphological changes that have been observed are cell size and shape variation, chromatin condensation, DNA fragmentation and increased MV production (Andryukov et al., 2018). The physiological changes that have been observed are caspases activation, reactive oxygen species formation or metabolites levels alteration (NADH/NAD+, ADP/ATP or pyruvate, among others; Raju et al., 2006; Wadhawan et al., 2010). These stress responses can lead to the release of MVs enriched with stressed response proteins (Devos et al., 2017) or with a significantly higher amount of DNA (Andreoni et al., 2018), hence, prophage activation may play a key role in MV cargo and the functions that they may be involved.

The processes of blebbing or explosive lysis leading to O-IMV generation explain the different cytoplasmic components, such as nucleic acids, proteins, and ATP, found in MVs from various bacteria (Pérez-Cruz et al., 2013; Berleman et al., 2014; Kulkarni and Jagannadham, 2014; Turnbull et al., 2016; Cooke et al., 2019). Numerous studies have described the presence of DNA in MVs, but the mechanism by which it is packaged in the MVs remains largely unexplored (Dorward et al., 1989; Lotvall and Valadi, 2007; Rumbo et al., 2011; Biller et al., 2014, 2017; Bitto et al., 2017). The blebbing model for O-IMV could explain how plasmid and chromosomal DNA are packaged into MVs without cell death, specifically considering the existence of numerous mobile genetic elements capable of moving between plasmids or from a plasmid to the chromosome or vice versa (Partridge et al., 2018). On the contrary, the presence of heterogeneously sized DNA fragments in MVs from different regions of the chromosome points to O-IMV formation by mechanisms that cause cell death. These O-IMV formation mechanisms do not have to be mutually exclusive, although they do give rise to different types of O-IMVs.

Other relevant aspects to be considered are the growth stages in which O-IMVs are formed, and the proportion released to the media. It is unknown if the O-IMVs are produced during all stages of growth or if their formation is induced by stage-specific factors (Kuehn and Kesty, 2005; McBroom and Kuehn, 2007; MacDonald and Kuehn, 2013; Hagemann et al., 2014; Devos et al., 2017). Until now, O-IMV proportion estimations have mainly been based on Transmission Electron Microscopy (TEM) and Cryo-Electron Microscopy (Cryo-EM) observations. Using these methods, widely varying proportions of O-IMVs have been reported in different bacteria, such as 0.1% in S. vesiculosa M7T, 0.5% for Pseudomonas PAO1, 0.23% for A. baumannii AB41, or 49% in strains of Pseudoalteromonas marina (Pérez-Cruz et al., 2013, 2015; Hagemann et al., 2014; Devos et al., 2017).

In this study, we used flow cytometry with FM4-64 and SYBR™ Gold labeling to show that the various amounts and types of MVs produced by S. vesiculosa M7T change during its growth. TEM after high-pressure freezing and freeze substitution (HPF-FS) of S. vesiculosa M7T cultures revealed changes in the types of MVs during the different growth phases. The high resolution provided by TEM analysis confirmed the activation of a prophage-mediated explosive cell lysis leading to the formation of a different type of O-IMVs, and the production of MVs through re-annealing of ruptured membranes. We also sequenced MV DNA to characterize and map these nucleic acids. The heterogeneity of MVs produced point to the need to separate them for subsequent studies, for this reason, we specifically aimed to separate nucleic acid-containing MVs using flow cytometry-based sorting and Cryo-EM analysis.



MATERIALS AND METHODS


Bacteria Used and the Growth Conditions

All studies were performed with S. vesiculosa M7T (Bozal et al., 2009). For MV isolation and TEM observation, S. vesiculosa M7T was grown in trypticase soy broth (TSB, Oxoid) using 2L baffled flasks filled with 500ml medium. Cultures were always inoculated at 1% with a 12h-incubated pre-inoculum. The flasks were shaken at 180rpm in an orbital shaker (Innova® 44, New Brunswick Scientific) and incubated at 15°C. For MV analysis directly from supernatants and TEM, cytometry and apoptosis cell analysis, S. vesiculosa M7T was grown in 500ml baffled flasks filled with 150ml of TSB (Oxoid) using the same culture conditions described above. When necessary, the growth was monitored by counting colony-forming units (CFU/ml) using the serial dilution method of plating on Trypticase soy agar plates.



MV Isolation

Shewanella vesiculosa M7T naturally secrete MVs into media. MVs were collected from the 500ml TSB cultures at different times-points (12, 18, 24, 48, 72 and 96h) using an adaption of the method described by McBroom et al. (2006). Cells were pelleted by centrifugation at 10,000×g for 30min at 4°C, and the supernatant was filtered through 0.45-μm pore-size filters to remove the remaining bacterial cells. MVs were obtained by centrifugation at 44,000×g for 1h at 4°C in an Avanti® J-20 XP centrifuge (Beckman Coulter, Inc). The pelleted MVs were then resuspended in 50ml of Dulbecco’s phosphate-buffered saline (DPBS, Gibco, Life Technologies) and filtered through 0.22-μm pore-size Ultrafree spin filters (Millipore). Finally, the MVs were pelleted again at 44,000×g for 1h at 4°C and resuspended in a minimal volume of DPBS.



High-Resolution Flow Cytometry for MV Analysis

Flow cytometry analysis of MV was performed as previously described by Wieser et al. (2014) with certain modifications. S. vesiculosa M7T cultures were centrifuged at 10,000g for 30min, and 5ml of the supernatants were filtered through 0.22μm syringe filters (Puradisc™, Millipore) to analyze and quantify MVs in the supernatants. The supernatants were diluted in sterile DPBS to obtain the desired frequency of events per second (ev/s) between 1,000 and 10,000. The MVs were stained with the lipophilic fluorochrome FM4-64 (Invitrogen, T13320), resuspended in filtered-sterile DPBS at a final concentration of 0.5μg/ml, and incubated for 5min in the dark at room temperature (20–22°C). Sterile DPBS and sterile DPBS with FM4-64 were used as background controls. After incubation, controls and samples were analyzed with the BD FACS Aria™ Fusion II cytometer (BD Biosciences). The analyses were carried out for 30s at a flow rate of 2 with a trigger on FM4-64 fluorescence.

FM4-64 and SYBR™ Gold (Invitrogen, S11494) labeling were carried out to detect MVs with internalized nucleic acids. The SYBR™ Gold labeling was done using a 1/10,000 dilution of the stock solution, and the samples were incubated for 15min at room temperature in the dark. Samples treated with sterile DPBS, sterile DPBS with FM4-64, and sterile DPBS with FM4-64 and SYBR™ Gold were used as controls, and a fluorescence threshold was established.

A relation between the number of cytometer events and the number of MVs was established using FluoSpheres™ Carboxylate-Modified Microspheres (Life Technologies, F8803), with a size of 100nm and a concentration of 3.63×1013 microspheres/ml, to quantify MVs by flow cytometry. The FluoSpheres™ were diluted in filtered-sterile DPBS to obtain frequencies of events/s between 1,000 and 10,000 to quantify the isolated MVs. The FluoSpheres™ were diluted in filtered-sterile TSB, in the same way to quantify MVs from bacterial culture supernatants.



Sorting of MVs by High-Resolution Cytometry

MVs were isolated and stained with both SYBR™ Gold and FM4-64 to separate MVs from those only stained with FM4-64 to identify the ones with internalized nucleic acids. A 70-μm nozzle was used on the BD FACS Aria™ Fusion II cytometer (BD Bioscience) for separation. First, the controls (sterile and filtered DPBS, sterile and filtered DPBS with FM4-64, and sterile and filtered DPBS with FM4-64 and SYBR™ Gold) and samples to be separated were analyzed to verify the percentage of events detected to have both fluorochrome labels and to identify the range of events/s. Then, two sterile 15ml collecting tubes (TPP®, Merk) containing 100μl of sterile water were used to collect each separated sample. PBS FacsFlow™ was used as the dilution buffer used during the sorting process (Fischer Scientific, United Kingdom). Once the sorting started, the injection flow was monitored and adjusted to keep the separation efficiency above 85%. The collected MVs were transferred to 8ml polycarbonate centrifuge tubes (Beckman Coulter) and centrifuged in the OPTIMA™ L-90K ultracentrifuge (Beckman Coulter) with Ti/70 rotor at 100.000xg for 90min at 4°C. Supernatants were discarded, and pellets were resuspended in 20μl of sterile water and kept at 4°C until fixation for Cryo-EM.



TEM Observation After HPF-FS

TEM observation of S. vesiculosa M7T was performed as described previously (Pérez-Cruz et al., 2015) with some modifications. Briefly, liquid cultures at different incubations times were centrifuged at 40,000×g for 1h at 4°C and cryo-immobilized using a Leica HPM100 high-pressure freezer (Leica Microsystems, Vienna, Austria) to observe the cells and MVs simultaneously. The cryo-immobilized samples were then freeze-substituted in pure acetone containing 2% (w/v) osmium tetraoxide (EMS, Hatfield, United States) and 0.1% (w/v) uranyl acetate (EMS, Hatfield, United States) at −90°C for 72h in an EM AFS2 (Leica Microsystems, Vienna, Austria). Then, they were warmed up to 4°C at a 5°C/h slope, kept at 4°C for 2h, and then kept at room temperature for 2h in darkness. The samples were washed in acetone at room temperature, infiltrated in increasing concentrations of Epon-812 resin (Epon 812, Ted Pella, Inc., United States) in acetone till pure Epon-812 was obtained. Finally, the samples were embedded and polymerized in Epon-812 at 60°C for 48h. Ultrathin sections (50–60nm) were obtained with a UC6 ultramicrotome (Leica Microsystems, Vienna, Austria) and placed on Formvar coated copper grids. The sections were stained with 2% (w/v) uranyl acetate for 30min and lead citrate for 5min. The samples were examined in a Tecnai Spirit microscope (FEI, Eindhoven, Netherlands) equipped with a tungsten cathode. Images were captured at 120kV with a 1,376×1,024-pixel CCD camera (FEI, Eindhoven, Netherlands).



Cryo-EM Observation of Isolated MVs

The MVs were cryoimobilized using the Plunge Freezing technique (Delgado et al., 2019) for Cryo-EM visualization. The cryo-immobilization was performed in the Vitrobot Mark III (FEI, Eindhoven, Netherlands). One 3μl drop of the suspension was applied on the carbon surface of a glow-discharged Lacey Carbon 300 mesh copper grid (Ted Pella, United States) and held for 1–4min at 100% humidity. The excess liquid was automatically blotted with filter paper, and the sample was immediately plunge-frozen in liquefied ethane. The vitrified sample was then transferred to a Tecnai F20 EM (FEI, Eindhoven, Netherlands) using a cryo-holder (Gatan, Pleasanton, United States). The visualization of samples was carried out at 200kV, at temperatures between −180 and−170°C and at low-dose image conditions. The images were acquired with a 4,096×4,096-pixel CCD Eagle camera (FEI, Eindhoven, Netherlands). The quantification and subsequent analyses of the different MVs were carried out with the ImageJ program (Schindelin et al., 2012).



Analysis of Phosphatidylserine Exposure

The Annexin V-FITC Apoptosis Detection Kit (Sigma) was used to identify the amount of exposed phosphatidylserine of S. vesiculosa M7T cells at different times of growth to investigate apoptosis. Two 1ml aliquots of each sample were centrifuged at 10,000g for 10min at 20°C and washed twice in DPBS. Cells were resuspended and diluted to 106 cells/ml in 1×Binding Buffer (BB). The Annexin V-FITC was added to each sample at a final concentration of 0.5μg/ml. Propidium iodide (PI) was also added to the samples at a final concentration of 2μg/ml, and they were incubated for 10min at room temperature in the dark. Stained cells were analyzed with the BD FACS Aria™ Fusion II cytometer (BD Bioscience). Several negative controls were used to optimize the analyses: 1×BB, 1×BB with both the fluorochromes, and 1×BB with S. vesiculosa M7T cells without fluorochromes. This experiment was carried out with each condition in duplicates in four independent experiments.



DNA Fragmentation Assay

TheAPO-BrdU™ TUNEL Assay (Invitrogen) was performed on the bacteria to analyze their cellular DNA damage at different times of growth. Two 1ml aliquots of each sample were diluted to 107 cells/ml in DPBS in a final volume of 500μl. The bacterial suspension was added to 4.5ml of 2% (w/v) paraformaldehyde and incubated for 15min on ice. The cells were then centrifuged at 10,000×g, at 20°C and the supernatant was discarded. The pellet was resuspended in DPBS and washed twice. The cells resuspended in 100μl of DPBS were added to 900μl of 70% (v/v) ethanol and kept at −20°C for 12h. The alcohol suspension was centrifuged at 10,000g for 5min to remove the alcohol, and the pellet was resuspended in 50μl of the labeling solution. The cells were incubated at 37°C in the dark for 4h and shaken every 15min. Washing buffer (450μl) was then added and centrifuged at 10,000g for 5min. The pellet was resuspended in 100μl of the kit antibody solution. The cells were incubated at room temperature in the dark for 30min. A total of 500μl of the staining solution containing RNase A and PI was added to the resuspended cells and incubated at room temperature in the dark for 30min. Cell analysis was performed on the BD FACS Aria™ Fusion II cytometer (BD Bioscience). This experiment was carried out with each condition in duplicates in two independent experiments.



Determination of Intracellular NAD(H) Levels

A colorimetric assay kit for NAD+/NADH Quantification (Sigma-Aldrich) was used to determine the intracellular levels of NADH and NAD+. Two 1ml aliquots were collected from each bacterial culture and were centrifuged at 10,000g for 10min and washed twice in DPBS. Extraction of the cytoplasmic material from the S. vesiculosa M7T cells was carried out using the perchloric acid method (Bagnara and Finch, 1972) without further purification of the NAD+ and NADH molecules. Detection of total NAD (H) and only NADH was carried out according to the manufacturer’s instructions. This experiment was carried out with each condition in duplicates in three independent experiments.



Determination of Intracellular ATP Levels

Two 1ml aliquots of S. vesiculosa M7T liquid cultures were centrifuged at 10,000g for 10min and washed twice in DPBS. The cytoplasmic material of the cells was extracted using the perchloric acid method (Bagnara and Finch, 1972). Then the intracellular ATP levels were measured using the BacTiter-Glo™ Microbial Cell Viability Assay Reagent kit (Promega). The experiment was carried out with each condition in duplicates in three independent experiments.



Extraction and Sequencing of DNA Coming From the MVs

Isolated MVs were pre-treated with DNase I (2U/μl, 1h, 40°C; Thermo Scientific), diluted 1/100 in sterile DPBS, and re-pelleted (44,000×g for 1h at 4°C) to remove the DNAse I. The amount of MVs was quantified by the Purpald method (Lee and Tsai, 1999). The DNA from the MVs was extracted with the PureLink™ Microbiome DNA Purification kit (Invitrogen). The extraction was performed from 50μl of MVs resuspended in DPBS with an LPS concentration of 0.5μg/μl. The extracted DNA was eluted with 50μl of the elution buffer. Quantification of the DNA extracted from the MVs from S. vesiculosa M7T was carried out with the Quant-iT™ PicoGreen® dsDNA kit (ThermoFisher Scientific). A phage λ DNA standard curve was established with 1:10 serial dilutions from 0.05ng/ml to 50ng/ml. TE buffer (10mm TRIS-HCl, 1mm EDTA, pH 7.5) was used as the negative control, and a genomic DNA sample of S. vesiculosa M7T of known concentration was used as a positive control. Fluorescence measurement was carried out in the Modulus microplate reader (Turner Biosystems) with an excitation of 485/20nm and an emission of 528/20nm. Three independent DNA extraction experiments were performed, and DNA was measured in duplicate for each sample.

Libraries preparation from the DNA samples extracted from the MVs of S. vesiculosa M7T was done using the NEBNext® Ultra DNA Library Prep kit (Illumina). For each sample, the DNA was end-repaired, adenines were added to the 3' end, and the NEB adapters were ligated. The DNA bound to the adapter was cleaned in two steps to select both small and large fragments. A first incubation was carried out with 0.75×AMPure Beads (Beckman Coulter) to obtain the fraction with the large fragments. Then, the supernatant was purified with 1.1×AMPure Beads (Beckman Coulter) to obtain the fraction with the small fragments. Both fractions were separated into two aliquots: one (10%) to determine the number of amplification cycles up to the plateau phase using real-time PCR, and the other (remaining 90%) to carry out the PCR with the amplification cycles already optimized. This PCR was done using the NEBNext® Multiplex Oligos for Illumina in both aliquots. Final libraries were analyzed using Agilent Bioanalyzers (Agilent, Germany) to estimate the quantity and size distribution of the quantified PCR products using the KAPA Library Quantification kit (KapaBiosystems) before amplification with Illumina’s cBot. This method allowed library preparation from low amounts of DNA and separation of the two fractions according to the size of the DNA fragments. Once the library was prepared, it was sequenced using the HiSeq 2500 System (Illumina), generating paired-end reads of 125bp in length. The entire sequencing process was monitored using the Sequencer Software HiSeq Control Software 2.2.58.



S. vesiculosa M7T Genome Sequencing

DNA from S. vesiculosa M7T cells was prepared for subsequent sequencing using the Illumina DNA prep kit (Illumina). Once the library was prepared, it was sequenced using the HiSeq 2500 System (Illumina), generating 125bp long paired end reads with each fragment generated in the library being sequenced from both ends. The entire sequencing process was monitored using the Sequencer Software HiSeq Control Software 2.2.58. The genome of the strain was also sequenced using the Nanopore system. The library preparation kit used for the DNA extracted from S. vesiculosa M7T cells was SQK-LSK109 (Nanopore Systems) to obtain the assembled and recircularized S. vesiculosa M7T genome by using the Flongle FLO-FLG001 flow cell (Nanopore Systems). The monitoring and capturing of the sequencing results were performed using the main MinKnow software (v3.6.0) and the Bream software (v4.3.12). First, base-calling was performed to obtain the reads resulting from sequencing using the Guppy software (v3.2.8). Minimap2 was used (Li, 2016) to align the nucleotide sequences and correct possible errors. For the assembly of the S. vesiculosa M7T genome, Miniasm software was used (Li, 2016). Finally, Racon (v1.4.13, Vaser et al., 2017) was used to correct raw contigs generated polish the final genome after assembly. Additionally, to further correct assembly errors, the reads from the previous Illumina sequencing studies were mapped to the new assembly using bowtie2 (v 2.3.0, Langmead et al., 2019) and analyzed using Pilon (Walker et al., 2014) to correct the assembly errors. Once the genome was assembled, the genes were predicted using the Quast tool (v5.0.2, Gurevich et al., 2013) and subsequently identified using the Glimmer tool (v3.02, Delcher et al., 2007) that distinguishes coding from non-coding regions in bacterial genomes. The genes identified to code for proteins were translated into amino acid sequence by transeq (v24) and aligned with the Uniref90 database by Diamond (v0.9.24, Buchfink et al., 2015). The closest match to the database was kept as the most likely protein description for each estimated gene. PHASTER tool (PHAge Search Tool Enhancer Release, Arndt et al., 2016) was used to identify potential phage presence in S. vesiculosa M7T genome. The assembled genome was input in the FASTA format.



In silico Analysis of the DNA From MVs of S. vesiculosa M7T

After sequencing the DNA fragments from S. vesiculosa M7T MVs, sequences of the adapters were removed using the skewer tool (v0.2.2, Jiang et al., 2014), and pairs of overlapping reads were joined using the PEAR tool (v0.9.11, Zhang et al., 2014). Quality control of the resulting sequences was carried out with the FastQC tool (v0.11.8). Before mapping the sequences of the reads from the MVs, an index of the S. vesiculosa M7T genome was constructed with the bowtie2-build tool (v2.3.0, Langmead et al., 2019). Mapping of the MVs DNA fragments with S. vesiculosa M7T genome was carried out using the bowtie2 tool (v2.3.0, Langmead et al., 2019). The above alignment resulted in a sam file for each sample mapped that stores the nucleotide sequence and characteristics of said sequence with a position in a reference genome. The sam files were converted into bam files, containing the same information in binary format using the samtools view tool (v1.11, Danecek et al., 2021). The FASTA file containing the S. vesiculosa M7T genome was transformed into gtf format. The final file was transformed into a bed file by removing certain unnecessary information to reduce the size of the file. The previous bam files were then crossed with the bed file containing the S. vesiculosa M7T genome annotation using the bedtools intersect tool (v2.29.2, Quinlan and Hall, 2010) to determine the genes found in the DNA fragments from MVs. For graphical representations, the bam format of the files of the DNA fragments of the MVs was changed. For that purpose, the bam files were sorted using the samtools sort tool (v1.11, Danecek et al., 2021) and subsequently indexed using the samtools index tool (v1.11, Danecek et al., 2021). Ordered, indexed, and aligned bam files of each sample were stacked using the samtools mpileup tool (v1.11, Danecek et al., 2021) and formatted to the graph coverage extension, to be read by the DNAplotter tool from Artemis (Sanger, United Kingdom; Carver et al., 2012).



Statistics

Statistical analyses of the data were performed using StatGraphics XVII Version 17.2.07 (64-bit; StatGraphics Technologies, Inc., The Plains, Virginia). ANOVA tests were performed to analyze the mean differences between samples. The level of significance was set at p≤0.05 for all the tests.




RESULTS AND DISCUSSION

It has become evident that the type of bacteria (Gram-positive or Gram-negative) dictates the production of different types of MVs (Nagakubo et al., 2020). However, recent studies have shown that in Gram-negative bacteria, even members of the same species can secrete different types of MVs into the medium (Pérez-Cruz et al., 2013; Hagemann et al., 2014; Devos et al., 2017; Gill et al., 2019; Toyofuku et al., 2019). It is now clear that even careful isolation and purification lead to the recovery of a mixture of different types of MVs. Therefore, it is essential to identify the types of MVs a bacterium produces during its growth and the mechanisms governing MV formation that would influence the results of our subsequent studies.


MV Secretion Depends on the Growth Phase of S. vesiculosa M7T

In this study, we investigated MV secretion during the growth of S. vesiculosa M7T by high-resolution flow cytometry to directly enumerate FM4-64 stained MVs from culture supernatants (Wieser et al., 2014). For this purpose, S. vesiculosa M7T was grown in 500ml of TSB at 15°C under agitation. At different time points, the number of viable cells and MVs were measured directly from filtered supernatants. Moreover, the number of MVs was normalized to the number of viable cells to measure the vesiculation rate (MV/cell) at each time point. As shown in Figure 1, the concentration of MVs increased during growth, but the vesiculation rate did not remain constant over time. During the first hours of incubation (12, 18h), the exponential growth of the cells and the MV concentration increased with a positive correlation (Figure 1A). However, during this time, the MV/cell ratio remained constant, with a value close to 0.05. It is important to note that S. vesiculosa M7T growth halted between 18 and 24h of incubation, before accelerating again until reaching the stationary phase at approximately 32h. After 18h of incubation, there was a significant increase in the ratio of MVs/cell, while the vesiculation rate peaked at 48h with a stabilized value of 1.59 after that point. The transition from the exponential to the stationary phase, between 24 and 48h, was accompanied by the export of more MVs to the medium with significant differences in the vesiculation rate (Figure 1B), indicating that MV secretion depended on the growth phase.
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FIGURE 1. MV production during the growth of Shewanella vesiculosa M7T. (A) Growth curve of S. vesiculosa M7T and the MV concentration during growth. Cell concentration was determined by Trypticase soy agar plate counting (CFU/ml). MV concentration was measured by flow cytometry with FM4-64 labeling, and events were extrapolated with the 100nm FluoSpheres™. (B) Graph representing the ratio or number of MVs secreted per cell along the growth curve. n=3, Statistical analysis was done using the ANOVA test, * and ** p<0.05.


Consistent with the literature, our results confirm that the concentration of MVs increases exponentially with cell density (Tashiro et al., 2010; Pérez-Cruz et al., 2021). Moreover, we found that the transition from the late exponential to the stationary phase prompted S. vesiculosa M7T to export more MVs to the medium. MV formation depends on multiple factors such as growth phase, nutrient availability or environmental stressors. Transition from exponential to stationary phase is accompanied by changes in protein expression; in this process, misfolded or defective proteins and peptides from protein degradation may accumulate in the periplasmic space increasing the osmotic pressure and, thus, increasing vesiculation. In the same way, peptidoglycan fragments from cell wall turnover can also accumulate in the periplasmic space. MVs formation would release the pressure induced by the accumulation of these macromolecules (McBroom and Kuehn, 2007). In stationary phase, nutrients also begin to lack affecting MVs formation. Vesiculation is also strictly dependant of the outer membrane asymmetry, and this asymmetry is maintained by the VacJ/Yrb ABC system and a phospholipid transferase. The FUR regulator of the former is dependent on iron and in its absence hypervesiculation due to outer membrane asymmetry disruption (Roier et al., 2016). Similarly, sulfur depletion provokes NADPH overproduction, which is necessary for phospholipids production. Thus, the overproduction of phospholipids induces their accumulation in the outer membrane, disrupting its asymmetry and, finally, increasing MVs formation (Gerritzen et al., 2019). Different studies have reported that various stressors (oxidative stress, anoxia, UV radiation, antibiotics) promote prophage activation in prokaryotes which can act as inducers of membrane lysis and, eventually, MVs formation (Kageyama et al., 1979; Bamford et al., 1987; Beaber et al., 2004; Binnenkade et al., 2014; Fang et al., 2017).



Nucleic Acid Content of MVs Varies During the Growth of the Bacteria

Previous studies have shown that MVs from S. vesiculosa M7T contain DNA mainly located inside O-IMVs (Pérez-Cruz et al., 2013). In this study, we aimed to determine if the nucleic acid content of MVs from S. vesiculosa M7T varied during growth. We first isolated MVs at different stages of the growth curve, simultaneously labeled them with FM4-64 and SYBR™ Gold, and analyzed them by flow cytometry. FM4-64 with affinity for lipidic membranes was used to quantify MVs and SYBR™ Gold was used to detect nucleic acids inside them. The analysis of isolated MVs also showed that the concentration of MVs increased exponentially until 48h of growth and then stabilized up to 96h. Moreover, it is worth highlighting the marked increase in the concentration of MVs during the transition to the stationary phase between 24 and 48h (Figure 2), as observed before in the analysis in the supernatant. However, the percentage of SYBR™ Gold labeled MVs that contain nucleic acids did not increase similarly. Their percentage remained low for all the assayed times, with values between 0.34 and 3.38%. Moreover, they showed no significant differences between different time points, except at 24h when the percentage of SYBR™ Gold labeled MVs was very high (17%) and significantly different from all other points of the growth curve (Figure 2). These findings confirm that nucleic acid contents in MVs also depend on the growth phase, and suggest a possible induced cell lysis mechanism.
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FIGURE 2. Nucleic acid content in S. vesiculosa M7T MVs. Bar graph representing the total MV concentration (only labeled with FM4-64) and the percentage of nucleic acid-containing MVs (simultaneously labeled with FM4-64 and SYBR™ Gold) during growth. n=3, Statistical analysis was done using ANOVA test, * and ** p<0.05.


Assuming that nucleic acid-containing MVs are O-IMVs, their rise in concentration at 24h could be explained by the fact that O-IMVs are actively formed at this time point. This high percentage could imply a mechanism of O-IMV formation different from the blebbing mechanism previously described by us (Pérez-Cruz et al., 2013).



Observation of Explosive Cell Lysis in S. vesiculosa M7T

Next, we aimed to investigate by TEM the appearance of cells and MVs during growth in order to detect events that would confirm an explosive cell lysis mechanism in S. vesiculosa M7T. This will allow us to explain the significant differences in the vesiculation rate during the transition to the stationary phase and the high percentage of SYBR™ Gold labeled MVs at 24h. For this purpose, TSB cultures of S. vesiculosa M7T were centrifuged at different time points (12, 24, 48h) at high speed (44,000×g) to sediment cells and MVs simultaneously. Then, the samples were high-pressure fixed, freeze-substituted (FS), sectioned, and observed by TEM.

The appearance of the S. vesiculosa M7T cells and extracellular matter markedly varied according to the time point at which they were observed (Figure 3). At 12h of incubation, most of the cells had regular appearances with well-defined envelopes (Figures 3A,B). The cells had a rod or round shape, depending on the section plane, with their cytoplasmic content being homogeneous, corroborating the characteristic stippling of the ribosomes. Moreover, the cell surfaces were covered by fine perpendicular fibers on the cell walls. The extracellular matter also consisted of vast amounts of round structures (Figures 3A,B, black triangles) that resembled small MVs (inset in Figure 3B). When viewed at higher magnification (Figure 3B), these structures seemed to derive from outer membrane fragments and dragged fibrillar material that surrounded the cells. These small MVs were regular in size with a mean diameter of 26nm. Larger MVs (around 70–100nm) having the characteristic appearance of OMVs were also observed, but much less frequently. The same fringe of fine fibers also surrounded the OMVs (Figure 3A, white arrows). These smalls MVs appeared to be derived from the outer leaflet of the cell’s outer membrane. Similar, uniformly distributed, small MVs (around 26nm in size) have already been observed by our research group in the extracellular matter of the cold-adapted Antarctic strain Shewanella livingstonensis NF22T, where they were related to cold-adaption (Frias et al., 2010); however, more in-depth analysis is required to determine if they could correspond to a different novel group of MVs with a specific function.
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FIGURE 3. Transmission electron microscopy observation of S. vesiculosa M7T cells and MVs at different times of growth. S. vesiculosa M7T cells were collected from TSB liquid cultures by high-speed centrifugation and processed by high-pressure freezing and freeze substitution. The images are representative of the changes produced in cells and extracellular matter during growth of S. vesiculosa M7T. At 12h (A,B), the cells appeared normal, and the extracellular space was occupied mainly by small round structures surrounded by fibrillar material (black triangles in A,B and inset in B). Some outer membrane vesicles (OMVs) were also observed (white arrows in A). At 24h (C–F), being F an enlarged view of the inset in D, rounded and enlarged cells were visualized (black arrows in C). Cells exploding were observed (see white line-drawing in D), and reannealing membranes were detected at these points (asterisks in E–F) that led to the formation of OMVs (white arrows in F). At this time point, bacteriophages were observed (black arrowheads in E–F). At 48h (G,H), the extracellular matter was complex containing the elements previously observed such as OMVs (white arrows in G) and complex vesicles with double-layered membranes (white arrowheads in G,H) or with electrodense material inside (asterisks in G). Scale Bars A-C,D, 1μm; B-E,F, 200nm; G,H, 500nm.


Next, we observed that at 24h, some of the S. vesiculosa M7T cells lost their bacillary shape and acquired a rounded morphology. Moreover, their sizes became significantly larger than those of the other cells (Figure 3C, black arrows). A few cells also appeared exploded, liberating their cytosolic contents to the extracellular space (Figure 3D, white profile). TEM analysis corroborated all the morphological traits for explosive cell lysis described by Turnbull et al. (2016) as a biogenesis mechanism of bacterial MVs in P. aeruginosa biofilms. On the one hand, a small percentage of giant round cells were observed and exploding cells surrounded by membrane fragments with re-annealing tendencies were detected (Figure 3E). The higher resolution provided by TEM and HPF-FS clearly proved that the membrane fragments presented a bilayer structure with the same staining profile as that of the outer membranes of the cells. Interestingly, the regularly sized fragments at 24h gave rise to MVs with uniform diameters such as OMVs, named explosive-OMVs (EOMVs) by Toyofuku et al. (2019) to distinguish them from blebbing OMVs. In future studies, it would be enlightening to study the elements and mechanisms involved in this uniform membrane lysis and the tendency to re-circulize (Supplementary Figure S1).

The enlarged inset of the lysed cell (Figure 3F) showed 1,000s of tiny particles that possibly corresponded to the icosahedral heads of a bacteriophage (Figure 3F, black arrowheads). Occasionally, particles that possibly corresponded to complete bacteriophages were also observed. These particles had icosahedral heads and tails, which were challenging to visualize when dealing with thin sections (Figure 3F, black rectangle). We hypothesized that the explosion mechanism would be similar to that observed by Turnbull et al. (2016) in a P. aeruginosa strain using phase contrast, wide-field fluorescence, and f3D-SIM super-resolution microscopy. TEM observation clearly confirmed the explosion of a sub-population of cells in S. vesiculosa M7T and the presence of phages at the point where explosion took place. Although bacteriophages have developed various lysis strategies for most Gram-negative phages, the key players in this process are the holins, endolysins, and spanins (Cahill and Young, 2019). In-depth analysis is required to confirm the presence of these proteins in S. vesiculosa M77 and how they can affect the outer membrane breakage and, subsequently, the size of the formed MVs.

Explosive cell lysis is an essential mechanism for the generation of MVs of different types (Toyofuku et al., 2019). In our samples, we observed a mixture of shattered fragments of the outer membrane with curling and self-annealing tendencies at the points where the explosive cell lysis took place (Figures 3E,F, black asterisks). We observed that they also formed MVs (Figure 3F, white arrows; Supplementary Figure S1). Most of these re-annealed MVs were homogeneous in size with diameters of around 50nm with the typical structure of OMVs surrounded by a lipid bilayer and having the same profile as that of the outer membranes of the cells. Moreover, in 24h samples, the bacteriophages were highly concentrated at the lysis sites (Figures 3E,F) and scattered throughout the extracellular space. For our investigations, the samples of cells and MVs were prepared for TEM observation from agitated liquid cultures. Thus, bacteriophages, once liberated, became dispersed in supernatants. The lack of these cellular events in some of the 12h samples indicated the occurrence of explosive cell lysis between 12 and 24h.

Next, we observed how samples collected at 48h were significantly different from the other time points. Numerous MVs were observed scattered between the cells, without any trace of the original lysed cell. This observation could be attributed to the total disintegration of the lysed cell at this time point. Moreover, we observed that some of the MVs corresponded to OMVs (Figures 3G,H, white arrows). However, numerous MVs were seen containing electrodense material inside. In some cases, this intracellular material could be ribosomes having a granular appearance in the cell cytoplasm (Figures 3G,H, white asterisks). At 48h, many double-layered MVs were also seen, but most looked different from the O-IMVs previously described by our group. The membrane staining pattern observed in TEM did not allow us to distinguish if the two bilayers corresponded to the outer and inner membranes of the cells or if they arose from the same membrane (Figures 3G,H, white arrowheads). Moreover, many of the double-layered MVs observed at 48h did not show any electron dense material inside the inner layer, unlike the blebbing O-IMVs (Supplementary Figure S2). It is highly probable that recircularization of cell fragmented membranes formed the double-layered MVs after explosive lysis and not by extrusion of the outer membrane dragging along the inner membrane with a part of the cytoplasmic content. The name EOMVs was assigned to OMVs generated by explosive cell lysis (Toyofuku et al., 2019); we advocate that the double-layered O-IMVs formed after explosive cell lysis should be named explosive O-IMVs (EOIMV).



Sequencing of Genome and MV DNA Confirmed a Bacteriophage Mediated Explosive Cell Lysis

After confirming nucleic acids in MVs by high-resolution flow cytometry, we further quantified and characterized the DNA by sequencing. For quantification, DNA was extracted from three biological samples of MVs collected from S. vesiculosa M7T treated with DNAse at different time points and quantified. DNA concentrations from the exponentially growing cultures (18h) were significantly lower than that of the samples collected at the transition from the late exponential to the stationary phase (24h). However, after this transition, the DNA concentrations remained constant during the stationary phase (Figure 4A). This observation corroborated findings from other studies that demonstrate that phage-induced MVs carry a higher amount of DNA and are more effective at horizontal gene transfer (Bearson and Brunelle, 2015; Andreoni et al., 2018; Crispim et al., 2019). Our results contradict the previous reports on Streptococcus mutans and P. aeruginosa (Liao et al., 2014; Bitto et al., 2017), which found more DNA association with MVs in the exponential phase than in the stationary phase. These last studies did not consider the explosive cell lysis mechanism in which DNA is likely to be entrapped in the recirculating membrane fragments, however more studies are needed to clarify these differences.
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FIGURE 4. DNA characterization from S. vesiculosa M7T MVs. (A) DNA concentration from S. vesiculosa M7T MVs at different times of growth. n=3, ANOVA test, * p<0.05. (B) Circos plot for the MVs-DNA read count across each replicates show read counts at each base pair position. Positions that show greater than average read density are colored in red, and those with less than average density are colored in blue. Darker tones show fractions of fragments larger than 125bp, and lighter ones show fractions of fragments smaller than 125bp.


Next, to know which type of DNA was exported in MVs, we first sequenced the genome of S. vesiculosa M7T to assemble and recircularize the S. vesiculosa M7T chromosome with Illumina and Nanopore technology (NCBI accession number PRJNA723175). Then, we sequenced MV DNA to map the obtained fragments with S. vesiculosa M7T chromosome., For this purpose the DNA from samples collected at the transition to the stationary phase (24h) were divided into two aliquots according to the size of the fragments. One of the aliquots contained DNA fragments bigger than 125bp, while the other contained fragments below 125bp. The two aliquots were sequenced separately. MVs-DNA sequencing showed that the MV DNA fragments represented the whole genome of S. vesiculosa M7T. Figure 4B shows the MV-DNA fragments’ representation along the S. vesiculosa M7T genome, with the first half of the chromosome being represented below average (blue) and the second half being represented above average (red), similar to previous studies (Turnbull et al., 2016; Bitto et al., 2017) in different strains of P. aeruginosa. Other studies have reported the representation of only half of the genome in DNA isolated from MVs of the cyanobacteria Prochlorococcus (Biller et al., 2017). We also found a uniform representation of the fragments, although two over-represented peaks in 1.1 and 3Mb were detected. These fragments correspond to several coding sequences (CDS), even though most of the resulting proteins remain uncharacterized. Our analysis identified only a tyrosine-type integrase (RefSeq: WP_011637468.1) and a 23S ribosomal RNA that could be mapped to the obtained fragments.

The visualization of bacteriophage-like particles in our TEM analysis prompted us to initiate an in silico PHASTER tool-mediated (Arndt et al., 2016) search to identify prophage-like sequences in the S. vesiculosa M7T chromosome. PHASTER showed one region of 37.1Kb with 52 protein-CDS, placed between 2.15 and 2.19Mb, that matched a phage-like structure. Moreover, the identified region showed high homology with the phiΦ18P phage previously described in the genus Aeromonas (Beilstein and Dreiseikelmann, 2008). The characteristics, localization, and structure of the identified prophage-like region are described in Supplementary Figure S3. TEM images and PHASTER tool confirmed that explosive cell lysis in S. vesiculosa M7T was caused by a prophage activation. The morphology of viral particles visualized by TEM was comparable with phage phi18P, although virus isolation is needed to accurately define this new phage’s structural characteristics. Similar observations showing explosive cell lysis by prophage induction and secretion of different MVs were also reported in Stenotrophomonas maltophila (Devos et al., 2017).



Apoptosis-Like Cell Death Was Observed in S. vesiculosa M7T

Prophage activation leads to DNA damage and activates a series of distinct cell death mechanisms referred to as ALD (Peeters and de Jonge, 2018). As growth arrest was detected in S. vesiculosa M7T cultures at the transition from the late exponential to the stationary phase, we decided to identify the markers of ALD activation, such as the exposure of phosphatidylserine on the external face of the cell membrane or DNA fragmentation patterns.

Exposure of phosphatidylserine was measured by flow cytometry of Annexin V-FITC- and PI-labeled S. vesiculosa M7T cells collected at different time points of their growth. At 24h, significant differences in the percentage of Annexin V-FITC positive cells were detected compared with the other growth curve time points. Moreover, at the 24h time point, a non-significant increase in the percentage of PI marked cells indicated the death of a small portion of the population. This increase in PI staining corroborated the data of cell counts between 18 and 24h, reflecting the growth arrest, probably due to the phage lysis of the cells (Figures 5A,B). Next, the extent of DNA fragmentation was estimated by the TUNEL assay with the same samples. At 24h of incubation, 27% of the cells were positive for Alexa Fluor™ 488 compared with less than 1% at the other incubation times. This significant difference at 24h confirmed the phage replication-mediated DNA damage (Figure 5C). It is known that ALD processes require enzyme activation at the cost of highly energetic molecules like NADH or ATP, with a rise in the concentration of the reduced molecules compared with that of their oxidized counterparts. In our study, the NADH/NAD+ ratio and ATP concentration were significantly higher at 24h of incubation than for the samples collected from the exponential and stationary phases (Figure 5D).
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FIGURE 5. Apoptosis-like death in S. vesiculosa M7T cultures. (A) Exposure of phosphatidylserine in S. vesiculosa M7T cells at different time points of the growth curve was analyzed by flow cytometry after PI and Annexin V-FITC staining. (B) Bars graph representing percentage of PI (black) and Annexin V-FITC (gray) stained cells and unstained cells (white) at different time points of growth. n=3, ANOVA test, * p<0.05 of Annexin V-FITC stained cells. (C) Bars graph representing the percentage of TUNEL (gray) stained and unstained cells (white) at different times of growth. n=2, ANOVA test, * p<0.05. (D) Metabolic markers, ATP and NADH, in S. vesiculosa M7T cells at different times of growth. n=3, ANOVA test, * and ** p<0.05.


The lack of apparent stressors (e.g., antibiotics, UV radiation, chemicals, or environmental stress factors) leads to explosive cell lysis, and MV secretion in S. vesiculosa M7T, unlike other strains (Toyofuku et al., 2012; Turnbull et al., 2016; Devos et al., 2017). Spontaneous induction of the lytic cycle can occur despite the stressful condition-mediated transition from the lysogenic to the lytic state of a prophage (Lwoff, 1953; Nanda et al., 2015). Several studies have demonstrated at a single-cell level that spontaneously occurring DNA damage under standard growth conditions induces an SOS pathway that in turn triggers the induction of prophages (Little, 1990; Nanda et al., 2014). Our investigation revealed distinct ALD mechanisms in S. vesiculosa M7T cultures with significant differences in 24-h samples compared with other time points. We hypothesize that spontaneous phage lysis and activation of ALD processes lead to growth arrest at this time point. It is known that activation of a prophage can cause a bacterial community to induce the death of a fraction of their population (Little, 1990). Consequently, the SOS pathway activates the recA protein to induce a series of characteristic mechanisms of ALD (Maslowska et al., 2019).



Separation of Different MVs by Flow Cytometry Sorting

Our previous studies demonstrated that S. vesiculosa M7T produced OMVs and O-IMVs and that the latter contained DNA (Pérez-Cruz et al., 2013). The dragging of cytoplasmic components and cytoplasmic membranes and their outer membranes during O-IMV formation facilitated the incorporation of DNA in the O-IMVs. In this study, our TEM analysis confirmed the potential of S. vesiculosa M7T to form various MVs during growth owing to bacteriophage-mediated explosive cell lysis. After cell explosion and lysis, self-annealing of membrane fragments could also explain the presence of double-layer MVs with nucleic acids inside. We aimed to separate the DNA-containing MVs by visually flow cytometry sorting and visualize them via Cryo-EM to determine their types. We isolated MVs from S. vesiculosa M7T cultures at 24h owing to the significantly high percentage of double-labeled MVs. For flow cytometry-based sorting, we established one channel to collect MVs labeled with FM4-64 and another channel to collect those labeled with FM4-64 and SYBR™ Gold. This experiment was carried out twice, and in each one, between 1–1.5 million events were separated. After sorting, each separated sample was ultracentrifuged at 100,000g, resuspended in a minimal amount of sterile water, and plunge-frozen (PF) for observation by Cryo-EM.

We successfully separated the MVs despite the challenging nature of the experiment (Figure 6). We demonstrated that the events labeled with only FM4-64 corresponded mostly to single-layered OMVs (90% of visualized MVs; Figures 6A–C). However, events marked with both fluorochromes corresponded predominantly to double-layered MVs (70% of visualized MVs), with several distinguishable types (Figures 6D–H). Based on the Cryo-EM structure, we hypothesize that some double-layered MVs in S. vesiculosa M7T could correspond to the previously described O-IMVs (Figure 6D). However, many of them have a different appearance, with more than one vesicle inside the external layer and strange shapes of the inside content (Figures 6E–H). A percentage of MVs marked with both fluorochromes (30%) were visualized as one-layered MVs, confirming that during the process of membrane re-annealing after cell lysis, OMVs also entrap nucleic acids (Figures 6H,I).
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FIGURE 6. Cryo-electron microscopy images of MVs from S. vesiculosa M7T separated by flow cytometry sorting. MVs were isolated from TSB liquid cultures of S. vesiculosa M7T at 24h of incubation and were submitted to sorting by flow cytometry. Cytometry events were separated into two channels. Events marked only with FM4-64 were collected in one channel, and events marked with FM4-64 and SYBR™ Gold in another one. Subsequently, they were ultracentrifuged and cryofixed by Plunge Freezing. The images are representative of the different types of MVs observed by Cryo-EM. Images (A–C) show that events labeled with only FM4-64 corresponded mostly (90%) to single-layered MVs probably corresponding to OMVs. Images (D–I) show events marked with both fluorochromes and corresponded predominantly to double-layered MVs (70%); some of them have the same structure described for outer-inner membrane vesicles (D), while others showed strange shapes with an external layer and more than one vesicle inside (E–H). A lower percentage of MVs (30%) marked with both fluorochromes were visualized as one-layered MVs (I). Bars, 200nm.





CONCLUSION

In summary, our novel findings highlight the growth phase-dependent production of different amounts and types of MVs by S. vesiculosa M7T. Moreover, we demonstrate how a part of the population incurred spontaneous induction of phage-mediated explosive cell lysis in the transition from the late exponential to the stationary phases, and led to the secretion of different types of vesicles. After phage lysis, a different type of O-IMV (EOIMV) was detected with structural differences compared with the blebbing O-IMVs previously identified in S. vesiculosa M7T. High-resolution flow cytometry is a valuable tool to monitor the production of different MVs during growth; here, it facilitated the first separation of MVs based on their nucleic acid content. Even so, there remains a clear need to implement improved bacterial MV separation techniques to advance our knowledge of MVs. This study shows that prophage activation can be a determinant factor in MV formation and should be taken into consideration when studying Gram-negative bacteria MVs.
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Importance of the Study

It is known that bacteria secrete various types of vesicles with different morphological and functional characteristics. Studies to characterize the different types of vesicles are important to harness their multiple potentials in the field of biology and biotechnology. In this study, we used a model vesiculating bacteria to characterize the different kinds of vesicles secreted. We show that the amount and type of vesicles depends on the growth phase and on the activation of a phage-mediated explosive cell lysis leading to the release of a heterogeneous pool of single- and double-layered vesicles. After phage lysis, a different type of double-layered vesicle was detected with structural differences compared with the blebbing model previously identified in this strain. For the first time, an attempt has been made to separate bacterial vesicles based on their nucleic acid content. However, improvement and implementation of vesicle separation techniques should be a priority to advance knowledge of vesicles and their biological functions.
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Francisella tularensis is known to release unusually shaped tubular outer membrane vesicles (OMV) containing a number of previously identified virulence factors and immunomodulatory proteins. In this study, we present that OMV isolated from the F. tularensis subsp. holarctica strain FSC200 enter readily into primary bone marrow-derived macrophages (BMDM) and seem to reside in structures resembling late endosomes in the later intervals. The isolated OMV enter BMDM generally via macropinocytosis and clathrin-dependent endocytosis, with a minor role played by lipid raft-dependent endocytosis. OMVs proved to be non-toxic and had no negative impact on the viability of BMDM. Unlike the parent bacterium itself, isolated OMV induced massive and dose-dependent proinflammatory responses in BMDM. Using transmission electron microscopy, we also evaluated OMV release from the bacterial surface during several stages of the interaction of Francisella with BMDM. During adherence and the early phase of the uptake of bacteria, we observed numerous tubular OMV-like protrusions bulging from the bacteria in close proximity to the macrophage plasma membrane. This suggests a possible role of OMV in the entry of bacteria into host cells. On the contrary, the OMV release from the bacterial surface during its cytosolic phase was negligible. We propose that OMV play some role in the extracellular phase of the interaction of Francisella with the host and that they are involved in the entry mechanism of the bacteria into macrophages.
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INTRODUCTION

Release of extracellular vesicles is a highly conserved and natural process known in all kingdoms of life: in Archaea, Bacteria, and Eukarya (Gill et al., 2018). Regarding bacteria, the vesicles are known to be involved in multiple situations during their life cycle. Generally, the vesicle release serves the bacteria for interaction with the environment, for communication with other bacteria in their community, and in the case of pathogenic bacteria, also for interaction with the host (Ellis and Kuehn, 2010; Avila-Calderón et al., 2014; Jan, 2017). Vesicles of Gram-negative bacteria are derived from their outer membrane, thus are termed outer membrane vesicles (OMV), and they are formed by the bulging of the membrane and closing inside a portion of the periplasm (Schwechheimer and Kuehn, 2015). Being derived from the bacterial envelope, OMV are highly enriched in such immunostimulatory materials as the outer membrane proteins, lipids, lipoproteins, glycoproteins, and lipopolysaccharide. The cargo of pathogenic bacteria OMV also often contains virulence factors, toxins, or other biologically active molecules that play important roles in host–pathogen interaction. OMV are known to enhance the invasiveness and survival of bacteria inside the host (Jan, 2017). OMV can increase the bacterial adherence to various surfaces (Ellis and Kuehn, 2010), they are part of the membrane stress response to hostile environments (MacDonald and Kuehn, 2013; Klimentova et al., 2019), and they can modulate the host immune response (Kaparakis-Liaskos and Ferrero, 2015). Great attention is currently focused on the vaccine potential of OMV because of their strong immunomodulatory effect, self-adjuvant characteristic, and the ease of genetic modifications (Acevedo et al., 2014; Bitto and Kaparakis-Liaskos, 2017; Yang et al., 2018; Gerritzen et al., 2019).

The diverse fates of OMV released from extracellular bacteria inside the host encompass interaction with the extracellular matrix or direct effects on the host cells. The latter proceed after binding to one of the host surface structures, either by membrane fusion followed by the release of the vesicle’s inner content directly into the host cell cytosol or by the vesicle’s internalization. The internalization of OMV may proceed via various pathways, and their further intracellular trafficking depends upon the type of vacuole within which they end up. OMV engulfment by immune cells is also the explanation for lipopolysaccharide (LPS) intracellular sensing and the non-canonical inflammasome activation observed in extracellular bacteria (Vanaja et al., 2016). Much less is known about the OMV secretion from intracellularly surviving bacteria during their intracellular phase. The secretion of OMV inside macrophages has been proven by electron microscopy in Salmonella (Yoon et al., 2011), Listeria (Vdovikova et al., 2017), and Mycobacteria (Prados-Rosales et al., 2011; Athman et al., 2015). In Legionella pneumophila, OMV have been found to inhibit the phagosome–lysosome fusion and to interrupt phagosome maturation in order to allow the intracellular survival and replication of bacteria (Fernandez-Moreira et al., 2006).

Francisella tularensis, a Gram-negative facultative intracellular bacterium, is one of the most infectious bacteria and is a potential biological warfare agent (Dennis et al., 2001; Oyston, 2008). The extremely high virulence of Francisella is caused by its ability to invade and proliferate inside a range of host cell types—macrophages and dendritic cells being its primary target cells (Celli and Zahrt, 2013)—and its ability to successfully overcome innate immune mechanisms (Putzova et al., 2017; Fabrik et al., 2018). After internalization, Francisella resides in a phagosomal vacuole, the maturation to phagolysosome of which is arrested by a yet unknown mechanism, it escapes rapidly into the cytosol, and there it proliferates (Clemens and Horwitz, 2007; Celli and Zahrt, 2013; Ozanic et al., 2015). Francisella spp. have been described to produce OMV of tubular shape that contain a number of virulence factors and take part in bacterial stress response (McCaig et al., 2013; Sampath et al., 2018; Klimentova et al., 2019, 2021). Similar membrane nanotubes with adhesive and communication functions have been described in Salmonella typhimurium (Galkina et al., 2011). In Francisella novicida, which is a close relative to F. tularensis but displays very low virulence in human, the formation of tubular outer membrane protrusions has been shown to occur in close vicinity to the macrophage cytoplasmic membrane in the early stage of interaction (McCaig et al., 2013).

In the present study, we focused on the effects on the host cells of OMV released by the virulent F. tularensis subsp. holarctica strain FSC200. We describe here the entry of isolated and purified OMV into the host cells with a view also to their further intracellular fate. The vesicles proved to be non-toxic in vitro to primary macrophages, but they triggered a strong proinflammatory response that is in contrast with the ability of the bacterium itself to efficiently inhibit the immune pathways. We also documented OMV release from the parent bacteria in contact with the host cells during the early stage of the bacterial internalization by macrophages. On the contrary, we were not able to prove OMV release from the bacterial surface during its cytosolic phase. Our findings nevertheless point to the engagement of Francisella OMV in the pathogenesis of the bacterium and their future potential in the research of protective agents.



MATERIALS AND METHODS


Bacterial Strains and Cultivation

Francisella tularensis subsp. holarctica strain FSC200 (Johansson et al., 2000) was kindly provided by Åke Forsberg (Swedish Defence Research Agency, Umeå, Sweden). FSC200 with inactivated production of O-antigen (FSC200/ΔwbtDEF) from an earlier study (Balonova et al., 2012) was used here. Stock bacteria were pre-cultivated on McLeod agar supplemented with bovine hemoglobin and IsoVitaleX (Becton Dickinson, Le Pont de Claix, France) at 37°C for 24 h. Brain heart infusion (BHI; Becton Dickinson) was prepared according to the manufacturer’s instructions. pH was adjusted with HCl to 6.8, and it was sterile filtered instead of autoclaved.



Outer Membrane Vesicles Isolation and Purification

Outer membrane vesicles were prepared as described earlier (Klimentova et al., 2019). Briefly, bacteria from agar plate were inoculated to BHI and pre-cultivated for 10–14 h at 37°C and 200 rpm. Starting cultures were pelleted (6,000 × g, 15 min at 25°C), diluted with fresh medium to OD600 = 0.1, and then cultivated for 14–16 h [final optical density (OD) of approx. 0.6]. Bacteria were removed by low-speed centrifugation and the supernatants sterilized by filtration through a 0.22-μm vacuum-driven filter. Culture filtrates were concentrated using an Amicon® Stirred Ultrafiltration Cell through membrane of regenerated cellulose with 100 kDa cutoff (both Millipore, Billerica, MA, United States) and subsequently pelleted (100,000 × g, 90 min at 4°C). The pellet was resuspended in 45% (w/v) OptiPrep (Sigma-Aldrich, St. Louis, MO, United States) in 10 mM HEPES/0.85% NaCl, pH 7.4 (HEPES buffer), and overlaid with a step OptiPrep gradient of 40%–20%. The gradient was centrifuged at 100,000 × g for 16–20 h at 4°C in a swinging-bucket rotor. After centrifugation, the top fractions containing a clearly visible opaque white band were carefully collected, diluted 8× with HEPES buffer, and centrifuged (100,000 × g, 2 h at 4°C). The supernatant was removed and the pellet washed again (same conditions) to remove the residual OptiPrep. The final pellet was suspended in physiological saline and the protein concentration determined with Micro BCATM Protein Assay Kit (Pierce, Rockford, IL, United States). OMV samples were stored at +4°C for up to 2 weeks.



Cell Culture

The human alveolar type II epithelial cell line A549 (ATCC® CCL-185TM) and the mouse BALB/c monocyte–macrophage cell line J774.2 (Merck, Darmstadt, Germany) were cultured in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% (v/v) fetal bovine serum (FBS; United States origin, Sigma-Aldrich) at 37°C in 5% CO2.

Bone marrow-derived macrophages (BMDM) were generated from the femurs and tibias of 6- to 10-week-old female BALB/c mice as described previously (Celli, 2008). Briefly, cells flushed from the bone marrow were placed in bacteriological Petri dishes and differentiated in DMEM supplemented with 10% FBS, 20% (v/v) L929-conditioned medium (as a source of macrophage colony-stimulating factor), and 50 U/ml penicillin/50 μg/ml streptomycin (only for the first 3 days of cultivation). After 6 days of differentiation, the BMDM were seeded on tissue culture-treated multiwell plates at the desired density as further specified in the relevant assay procedure.



Outer Membrane Vesicles Internalization Assays

To detect the ability of OMV to invade host cells, BMDM, J774.2, or A549 cells were seeded onto sterile glass coverslips in 24-well plates (at a concentration of 1 × 105 cells/well) and treated with OMV (0.5 μg) for 10 min or for 1, 4, or 24 h. At indicated times, the cells were fixed in 3.7% paraformaldehyde (PFA; pH 7.2) for 10 min at room temperature (RT), washed three times with phosphate-buffered saline (PBS), quenched with 50 mM ammonium chloride for 10 min at RT, and then washed three times with PBS. The cells were next permeabilized with 0.1% Triton X-100 for 5 min at RT and blocked with 3% (w/v) bovine serum albumin (BSA) in PBS for 60 min at RT. To label the internalized OMV, the cells were first incubated with purified immune rabbit polyclonal anti-F. tularensis serum and then, after four washes with PBS, with Alexa FluorTM 488 anti-rabbit immunoglobulin G (IgG; Life Technologies, Carlsbad, CA, United States). Actin was labeled with phalloidin-TRITC (Sigma-Aldrich) and nuclei with DAPI (Invitrogen, Waltham, MA, United States) according to the manufacturers’ instructions. After three washes with PBS and one wash with deionized water, the coverslips were mounted on glass slides with ProLong Diamond Antifade Mountant (Invitrogen) and imaged on a Nikon Eclipse Ti fluorescence microscope equipped with a Plan-Apochromat ×60/1.4 oil immersion objective (Nikon, Tokyo, Japan) and the NIS Elements Image Analyzer (version 4.20, Nikon).

To determine the effects of endocytosis inhibitors on OMV uptake, the BMDM were pretreated with methyl-β-cyclodextrin (MβC, 10 mM), cytochalasin D (10 μM), wortmannin (100 nM), filipin (1 μg/ml), amiloride (10 mM), dansylcadaverine (150 μM), or dynasore (80 μM) (Sigma-Aldrich) for 30 min at 37°C. The cells were then exposed for 1 h to OMV (0.5 μg) isolated from the wild-type FSC200 strain or FSC200/ΔwbtDEF and thereafter fixed and further processed for microscopy as described above. Non-treated and DMSO-treated cells were used as negative controls. For cell entry quantification, 200 cells from randomly selected fields were evaluated. Results are reported as percentages of the 200 cells analyzed or as the mean of a given dataset.



Cell Viability, Cytotoxicity Assay, and Apoptotic Assay

To follow the viability and cytotoxic effect of F. tularensis FSC200 OMV, the cells were seeded in 96-well tissue culture plates at concentrations of 2 × 104 cells/well for BMDM, 0.5 × 104 cells/well for J774.2, and 0.5 × 103 cells/well for A549 and allowed to adhere overnight. The cell numbers had been optimized by preliminary experiments. The next day, the supernatant was discarded and the cells incubated with OMV (1, 0.5, or 0.05 μg of OMV protein per 1 × 104 cells) in 50 μl of DMEM/well. After 30 min, additional DMEM was added to a final volume of 100 μl/well and the cells were incubated in DMEM at 37°C with 5% CO2. BMDM and J774.2 were infected with F. tularensis FSC200 at a multiplicity of infection (MOI) of 50 and 100, respectively, for 30 min. The extracellular bacteria were then washed out and the cells further incubated in DMEM. The cell viability was observed in real time using a non-lytic bioluminescence RealTime-GloTM MT Cell Viability Assay (Promega, Madison, WI, United States). Cytotoxicity was assayed in parallel using fluorescence CellToxTM Green Cytotoxicity Assay (Promega). The luminescent Caspase-Glo 3/7 Assay (Promega) was used for the measurement of the activity of caspase-3/caspase-7. The samples were processed and the luminescence and fluorescence were measured at indicated time points on a FLUOStar OPTIMA plate reader (BMG Labtech, Ortenberg, Germany) according to the manufacturer’s instructions.



Evaluation of Cytokine Release in Outer Membrane Vesicles-Treated Macrophages

For the evaluation of cytokine release by cytokine arrays, the BMDM seeded on 96-well plates at a concentration of 2 × 104 cells/well were treated with 1 or 0.1 μg OMV in 150 μl DMEM or infected with the FSC200 strain at MOI of 50 in the same manner as that for the cell viability assay (see above). The supernatants were collected after 4 and 24 h of co-incubation and stored at −80°C until needed. The cytokine profiles were analyzed in collected undiluted supernatants using a fluorescence-based multiplex Quantibody ELISA microarray chip (RayBiotech, Norcross, GA, United States) with the following set of screened cytokines: granulocyte colony-stimulating factor (G-CSF), granulocyte–macrophage colony-stimulating factor (GM-CSF), interleukin 1α (IL-1α), IL-1β, IL-2, IL-3, IL-4, IL-5, IL-6, IL-7, IL-9, IL-10, IL-12p70, IL-13, IL-15, IL-17, IL-21, IL-23, IFN-γ, tumor necrosis factor alpha (TNF-α), CXCL-1 (keratinocyte-derive chemokine, KC), monocyte chemoattractant protein 1 (MCP-1), macrophage colony-stimulating factor (M-CSF), RANTES (regulated on activation, normal T-cell expressed, and secreted), and vascular endothelial growth factor (VEGF). The evaluation was performed according to the manufacturer’s protocol. The cytokine concentrations were calculated against the standards using the software H20 OV Q-Analyzer v8.20.4 (RayBiotech). Three replicates of each sample were evaluated for each cytokine in one experiment. The experiments were repeated two or four times, with comparable results.

For confirmation, cytokines that were significantly changed were also quantified by means of classical enzyme-linked immunosorbent assay (ELISA). BMDM at a concentration of 1 × 105 cells/well were adhered on 24-well plates and treated with 200 μl of DMEM containing 0.5 or 5 μg of OMV or infected with FSC200 at MOI of 50. The plates were centrifuged at 400 × g for 5 min at RT. After 1 h of incubation, the infected cells were washed twice with PBS to remove the extracellular bacteria and further cultivated in 500 μl of fresh DMEM. To the OMV-treated cells, 300 μl of fresh DMEM was added at the same time. At 4 and 24 h of co-incubation, the cell supernatants were collected and stored at −80°C until needed. The quantities of secreted cytokines/chemokines were measured using mouse ELISA kits against IL-1α, IL-6, IL-10, IL-12p70, TNF-α, GM-CSF, MCP-1, and CXCL-1 (KC) (Thermo Fisher Scientific, Waltham, MA, United States) according to the manufacturer’s instructions. The absorbance was measured at 450 nm on a Paradigm detection platform (Beckman Coulter, Brea, CA, United States). The resulting concentrations were determined from standard calibration curves.



Stimulated Emission Depletion Super-Resolution Microscopy

For immunofluorescence, the staining protocol was adopted from www.cellsignal.com, with some modifications. Briefly, the differentiated BMDM were attached to no. 1.5 CSHP high-precision cover glasses (Paul Marienfeld, Lauda-Königshofen, Germany) at a concentration of 5 × 105 cells/well in 24-well plates and treated with OMV at a dose of 0.5 μg/1 × 105 cells or infected with FSC200 at MOI of 50, followed by centrifugation at 400 × g for 5 min at RT for synchronization. The extracellular bacteria were removed by a thorough wash with PBS (three times). At selected time intervals (1, 6, and 12 h post-treatment), the cells were washed with warm PBS (three times), fixed with 4% PFA for 15 min at RT, and then washed again three times with PBS. After PFA fixation, the cells were permeabilized with ice-cold methanol for 10 min at −20°C. The cells were blocked for 1 h in PBS containing 0.1% saponin (Sigma-Aldrich) with the addition of 2.5% fetal calf serum and 2.5% BSA and then incubated with primary antibodies [mouse anti-F. tularensis LPS monoclonal antibody FB11 (Abcam, Cambridge, United Kingdom) and rat anti-MHC class II antibody M5/114.15.2 (BioLegend, San Diego, CA, United States)] and secondary antibodies (goat anti-mouse Alexa 555 and goat anti-rat Alexa 488) for 1 h each consecutively. The coverslips were mounted using 4% n-propyl gallate in glycerol. Samples were analyzed with stimulated emission depletion (STED) super-resolution microscopy (Leica TCS SP8 STED 3X, 660-nm CW depletion laser). Image reconstruction was performed using Huygens Professional (SVI) software and post-editing was with Fiji imaging software (Schindelin et al., 2012).



Transmission Electron Microscopy


Examination of F. tularensis Interaction With Macrophages

For the morphological analysis of the adherence and phagocytic uptake of F. tularensis, we proceeded as previously described, albeit with minor modifications (Clemens et al., 2012; McCaig et al., 2013). Briefly, 6 × 106 of BMDM were pelleted (800 × g, 10 min at 4°C) and 1 ml of F. tularensis FSC200 bacterial suspension (chilled to 4°C) was added to the pelleted cells at an approximate MOI of 2,000. The cells were centrifuged sequentially at 200 × g and 800 × g, each for 10 min at 4°C. The supernatant was removed and the tube with cells and bacteria pellets was placed in a 37°C water bath for 5 min and then fixed with 2.5% glutaraldehyde in 0.1 M Na/K phosphate buffer, pH 7.2–7.4 (Sörensen’s buffer, SB). The cells and bacteria were then resuspended in a very small volume of SB prewarmed to 37°C and added to prewarmed 2% low-melting-point agarose in water in a 1:1 ratio. Hardened agarose with biological material was cut into small pieces and post-fixed with 1% osmium tetroxide in SB for 2 h at RT in darkness. Pieces were dehydrated in an ethanol series, and during this process, additionally stained with 1% uranyl acetate in 50% ethanol overnight at 4°C. Dehydrated pieces were embedded in Epon–Durcupan resin. After polymerization for 72 h at 60°C, resin blocks with samples were cut into 80-nm ultrathin sections and collected on 200-mesh size copper grids. The sections were examined in a JEOL JEM-1400Flash transmission electron microscope operated at 80 kV and equipped with a Matataki Flash sCMOS camera (JEOL Ltd., Tokyo, Japan).

For morphological analysis of the later infection stages, 1 × 106 cells/well adhered to the glass coverslips in 24-well plates were infected with bacterial suspension at MOI of 100 and centrifuged at 400 × g, for 3 min at RT (time 0). After 1 h of incubation at 37°C in 5% CO2, the cells were washed twice with warm PBS and further incubated in fresh DMEM under the same conditions (for a 6-h interval only). At 5 min and 6 h after infection, BMDM were washed with warm SB and fixed with 2.5% glutaraldehyde in SB for 30 min at RT and subsequently overnight at 4°C. Infected cells on glass coverslips were post-fixed with 1% osmium tetroxide in SB for 2 h at RT in darkness and later dehydrated in an ethanol series. During this process, the cells were additionally stained with 1% uranyl acetate in 50% ethanol overnight at 4°C. Afterward, the cells were embedded in Epon–Durcupan resin. After polymerization for 72 h at 60°C, resin blocks with samples were cut into 80-nm ultrathin sections and collected on 200-mesh size copper grids. Sections were examined with the JEOL JEM-1400Flash transmission electron microscope operated at 80 kV equipped with a Matataki Flash sCMOS camera (JEOL Ltd.).

For statistical analysis of the bacterial infection after 5 min, the Limitless Panorama ultrawide area montage system (JEOL Ltd.) was used, which enables capturing a large area of the sample containing 213 cells. The collected image data were manually processed and every cell was visually evaluated with reference to specific criteria. If a cell was infected, the total number of bacteria in its cytoplasm was counted and an evaluation was made on whether these bacteria were encapsulated in phagosome or had direct contact to the cytoplasm. The number of bacteria in each category was counted. Subsequently, each bacterium was evaluated for the presence of OMV. Those with developed OMV were counted and evaluated for whether they were encapsulated in complete phagosome or had direct contact to the cytoplasm.



Examination of Macrophage Interaction With Isolated Outer Membrane Vesicles

Bone marrow-derived macrophages (1 × 106 cells/well) adhered to the glass coverslips in 24-well plates were treated with approximately 8 μg of OMV in 200 μl/well of DMEM, centrifuged at 800 × g for 5 min at RT, and then incubated at 37°C in 5% CO2. After 1 h, 800 μl of warm DMEM was added to each well. At 1, 6, and 24 h, the cells were briefly rinsed with warm SB and fixed in 3% freshly depolymerized PFA with 0.25% glutaraldehyde in SB (1 h at RT). Chemical fixation continued with incubation in 0.02 M glycine in SB for 10 min and dehydration in an ethanol series, all on ice. The samples were embedded in LR White acrylic resin and polymerized for 72 h at 4°C under UV light. Resin blocks with samples were cut into 80-nm ultrathin sections and collected on 200-mesh size copper grids.

For immunolabeling, 80-nm ultrathin sections on 200-mesh gilded grids were first placed for 20 min on 10% normal serum, 0.2% cold water fish skin gelatin in PBS with 0.01% (v/v) Tween 20 (PBT) containing 1% (w/v) BSA, and then incubated with anti-LPS primary antibody in 1% normal serum, 0.2% cold water fish skin gelatin in PBT with 1% BSA for 1 h. After a series of washing with PBT, the sections were incubated with secondary goat anti-mouse 12 nm gold-conjugated antibody in 1% normal serum, 0.2% cold water fish skin gelatin in PBT with 1% BSA for 1 h. The sections were then repeatedly washed in PBT and double-distilled water, air dried, and then examined in the JEOL JEM-1400Flash transmission electron microscope operated at 80 kV equipped with a Matataki Flash sCMOS camera (JEOL Ltd.).




Statistical Analysis

Each experiment was independently repeated at least three times, and the assay was performed in triplicate for each time interval and strain in an experiment. The ELISA experiment was performed in triplicate and repeated twice, with similar results. The Prism 6 program (GraphPad, San Diego, CA, United States) was used for the statistical analysis. The values were expressed as the mean ± standard error of the mean (SEM) and analyzed for significance using ANOVA with a recommended multiple-comparison posttest. Differences were considered statistically significant at p < 0.05. Cell viability, cytotoxicity, and caspase-3/caspase-7 activity were expressed as percentages relative to the untreated control.




RESULTS


Interaction of F. tularensis Outer Membrane Vesicles With Host Cell


Outer Membrane Vesicles Enter and Accumulate in Macrophages, but Not Epithelial Cell Line A549

The direct interaction or internalization of OMV derived from pathogenic bacteria has been reported in a number of studies. We therefore decided to first verify the ability of F. tularensis-derived OMV (Ft-OMV) to interact with macrophages and epithelial cells. Macrophages are generally regarded as the primary mammalian target cells of F. tularensis replication, but this pathogen is also able to occupy non-phagocytic epithelial cells (Hall et al., 2007; Craven et al., 2008; Lo et al., 2013). The isolated OMV were co-incubated with primary bone marrow macrophages, the monocyte–macrophage cell line J774.2, or the lung epithelial cell line A549 for 10 min or for 1, 4, and 24 h. OMV were then visualized using the purified immune rabbit polyclonal anti-F. tularensis serum and FITC-labeled secondary antibody and evaluated using fluorescence microscopy. Whereas only sporadic amounts of OMV were detected within the A549 epithelial cells in any of the monitored time intervals (Supplementary Figure 1), the OMV were observed inside the BMDM after only 10 min of co-incubation. Moreover, the amounts of internalized vesicles increased continuously, and at 24 h, the green fluorescence signal indicating OMV presence was accumulated mostly around the cell nucleus (Figure 1A). A similar rate of OMV entry was also observed for the J774.2 cell line. To ensure that OMV really do accumulate inside the host cells and do not stick onto their surfaces, we also confirmed our observation using high-resolution microscopy (STED) (Figure 1B).
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FIGURE 1. Outer membrane vesicle (OMV) entry into bone marrow-derived macrophages (BMDM) by fluorescence microscopy. BMDM seeded on cover glasses were co-incubated with Francisella tularensis-derived OMV (Ft-OMV) for the indicated time, fixed, and immunostained for fluorescence microscopy (A) and stimulated emission depletion (STED) microscopy (B). (A) Ft-OMV were visualized by immunostaining with purified immune rabbit polyclonal anti-F. tularensis serum, followed by Alexa FluorTM 488 anti-rabbit immunoglobulin G (IgG) (green signal). Actin was stained with phalloidin-TRITC (red signal) and cell nuclei with DAPI (blue signal). Arrows point to the internalized OMV. Untreated BMDM are shown as control. The accumulation of OMV signals around the nucleus is observed in the latest interval. The samples were observed using a ×60 objective. (B) Ft-OMV were stained with the anti-F. tularensis lipopolysaccharide (LPS) antibody followed by Alexa FluorTM 555 anti-mouse IgG (green) and the BMDM membrane with the anti-MHC class II antibody followed by Alexa FluorTM 488 anti-rat IgG (red). OMV alone are shown on the upper left. Shown are the maximal intensity projections of example cells from three independent experiments. Scale bar, 2 μm.




Outer Membrane Vesicles–Host Cell Interaction Analyzed by Immunoelectron Microscopy

To further analyze the interaction of Ft-OMV with primary macrophages, we utilized immunoelectron microscopy of ultrathin sections of BMDM exposed to Ft-OMV for 1, 6, and 24 h. The OMV were visualized using immunogold labeling with the anti-LPS antibody (Figures 2A–C). Already 1 h after the exposure, multiple clusters of gold particles were observed indicating the position of the anti-LPS antibody binding sites (Figure 2A). The labeling was mostly clustered in groups and connected with some underlying medium dark roundish structures, usually with a light spot surrounded by the labels. Because cellular membranes are commonly not well preserved in samples processed for immunolabeling due to mild fixation and the extractive effect of dehydration and monomeric acrylic resin, it is sometimes difficult unambiguously to define by morphology the type of membrane-bounded structures. Due to this uncertainty, the labeled cellular structures were not exactly identified.
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FIGURE 2. Immunoelectron microscopy of ultrathin sections of bone marrow-derived macrophages (BMDM) exposed to Francisella tularensis-derived outer membrane vesicles (Ft-OMV) for 1 h (A), 6 h (B), and 24 h (C). Gold particles are highlighted as red dots, small clusters are marked with an arrowhead, and large clusters with an arrow. (A) Immunolabeling after 1 h exposure showed the most significant fraction of large gold particle clusters (more than 20 particles per cluster) associated with darker structures of sizes around 0.5 μm. However, this fraction was still minor when compared with the smaller gold particle clusters. (B) After 6 h exposure, the number of large clusters decreased and the number of smaller clusters increased; the total number of clusters increased as well. (C) Exposure for 24 h led to a significant increase in the number of small clusters, with the large ones becoming rather rare. The high number of small clusters further increased the total number of clusters. (D) Details of the most typical labeled structures irrespective of exposure time. Larger aggregates localized at the periphery of the dark structure (upper left) or covering the entire structure (lower left). Smaller aggregates found as isolated (upper right) or in groups (lower right). In the upper right picture, typical appearance of the light spot in the darker cellular structure is shown. Scale bar, 500 nm (A–C) and 200 nm (D). The original image without highlighted gold particles is in Supplementary Figure 5.


The size of these labeled cellular structures was up to 0.6 μm in diameter. Smaller clusters of labeling (5–20 gold particles) were associated with cellular structures of all sizes, while a majority of larger clusters (greater than 20 gold particles) were found at structures with larger sizes (approx. 0.5 μm). These bigger structures with large gold particle clusters were in all samples in the minority compared to the number of structures labeled with small clusters. Labeling clusters surrounding the light spots were mostly rather localized on the periphery of the structure, but wholly covered structures were found as well (Figure 2D). The larger structures had either a homogenous appearance or revealed a more complex inner structure with dark spots, morphologically resembling late endosomes. These described types of labeled structures were present in all exposed samples. Nevertheless, the overall labeling characteristic changed with the Ft-OMV exposure time. With prolonged time of exposure of the cells to Ft-OMV, the ratio of the smaller to the larger gold particle clusters, as well as the total number of labeled cellular structures, increased. The smaller clusters were often present in groups within samples that had prolonged exposure times (Figures 2C,D). The bigger cellular structures were also labeled at later stages, but the labeling then showed smaller gold particle clusters, while the large clusters still remained in the minority and their numbers did not visibly increase with the exposure time. This overall observation might indicate the accumulation of OMV inside the BMDM over time.



Effect of F. tularensis-Derived OMV on Host Cell Viability

As Ft-OMV had previously been shown to contain a number of known virulence factors (McCaig et al., 2013; Klimentova et al., 2019, 2021), we expected that they might have a direct impact on host cells. We therefore examined the effect of isolated Ft-OMV on the viability of host cells by monitoring the cell-reducing potential and changes in the cell membrane integrity. Three various doses of purified Ft-OMV were added to BMDM, J774.2, or A549 cells and the indicated parameters were observed during 48 h of co-incubation. In BMDM and J774.2, we additionally measured the activity of caspase-3 and caspase-7, the primary effector caspases in the apoptosis pathway, 24 h after the co-incubation. In primary BMDM, none of the three applied doses of OMV showed a significant effect on the cell viability and membrane integrity (Figures 3A,B). Interestingly, the activity rates of caspase-3/caspase-7 were significantly decreased in the OMV-treated primary BMDM compared to those of the non-treated cells or cells infected with the virulent FSC200 strain (Figure 3C). On the other hand, the viability of the J774.2 monocyte–macrophage cell line was significantly reduced 24 and 48 h after treatment with Ft-OMV at all dose levels (Figure 3D). After 24 h of incubation, higher doses of Ft-OMV caused a significant disruption of membrane integrity and increased the activity of caspase-3/caspase-7 in J774.2 (Figures 3E,F). No significant changes were observed in the A549 lung epithelial cell line treated with Ft-OMV (Supplementary Figure 2). These results might be related to the reduced ability of Ft-OMV to enter this cell line, as described above.


[image: image]

FIGURE 3. Viability (A,D), induction of cytotoxicity (B,E), and apoptosis (C,F) in indicated cells treated with various concentrations of Francisella tularensis-derived outer membrane vesicles (Ft-OMV). Control groups: non-treated cells and cells infected with F. tularensis FSC200 (for apoptosis only). The values are expressed as percentages relative to the non-treated control (OMV 0) which is highlighted by the dotted line. Experiments were performed in triplicate wells at least three times. Data are the mean ± SEM from three independent experiments. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 (versus control); two-way ANOVA with Dunnett’s multiple comparisons test.


Taken together, our observations revealed that OMV can have different effects depending on the cell type. While primary macrophages were not significantly affected by the Ft-OMV treatment, significant signs of cytotoxicity were obvious in the macrophage cell line. For subsequent investigations, primary BMDM were selected as the primary host cell model.



F. tularensis FSC200 Outer Membrane Vesicles Enter Macrophages by Several Uptake Routes

The internalization of OMV in BMDM was further evaluated by treatment with various endocytic inhibitors prior to the addition of OMV. About 86% of non-treated or DMSO-treated cells contained an average of 5 OMV per cell after 1 h of co-incubation. Pretreatment with any of the selected inhibitors resulted in a decreased OMV uptake and decreased number of OMV per cell (Figure 4A). The smallest statistically non-significant effects on OMV uptake were seen with the cholesterol-binding agent filipin (76% of cells, 3 OMV per cell, a 10% reduction in internalization), the phosphatidylinositol kinase inhibitor wortmannin (77%, 2.5 OMV per cell, a 9% reduction), and dynasore, which blocks the activity of dynamin GTPase (61% of cells, 2.5 OMV per cell, a 25% reduction). On the other hand, a significant inhibition of OMV uptake was caused by the cholesterol sequestering agent MβC (51%, 2 OMV per cell, a 40% reduction), the F-actin depolymerization agent cytochalasin D (48%, 1.6 OMV per cell, a 44% reduction), and dansylcadaverine, which inhibits receptor internalization (41%, 1.8 OMV per cell, a 52% reduction). The most pronounced decrease in OMV uptake was evident with amiloride, the inhibitor of macropinocytosis (28%, 1.9 OMV per cell, a 68% reduction in internalization). These data show that OMV are able to access different uptake routes and that macropinocytosis seems to be the preferred internalization pathway. The observed effect of dansylcadaverine indicates the involvement of clathrin-dependent endocytosis. MβC is known to inhibit the internalization of caveolae and lipid raft through the depletion of cholesterol from the cell membrane. It can also perturb clathrin-mediated endocytosis inasmuch as clathrin uptake requires cholesterol as well (Rodal et al., 1999). As we detected only a minor effect of filipin, the Ft-OMV uptake inhibition induced by MβC might also be associated with its ability to disrupt the clathrin-mediated endocytosis. Neither can the possible involvement of another cholesterol-dependent mechanism be fully ruled out. Our observations are not surprising because the OMV of other bacteria have also been reported to be internalized via several routes, and this is widely regarded to be a consequence of their size heterogeneity (O’Donoghue and Krachler, 2016; Turner et al., 2018; Jones et al., 2020). As observed in Figure 1B, OMV tend to make clumps, which further contribute to their size heterogeneity. The O-antigen structural region of LPS is known to be critical for OMV entry; therefore, we also tested the uptake of OMV isolated from the F. tularensis FSC200 mutant strain with abrogated O-antigen production (FSC200/ΔwbtDEF). The only difference, in comparison to the OMV isolated from the O-antigen-positive wild-type strain, was observed in cells pretreated with MβC (Figure 4B). This agent had no obvious effect on the uptake of OMV derived from the O-antigen-deficient strain, thereby indicating that the presence of O-antigen is essential for the cholesterol-dependent endocytic route. Because the uptake of O-antigen-depleted OMV was affected by the inhibitor dansylcadaverine to the same extent as was that of the Ft-OMV with intact O-antigen by the cholesterol-dependent endocytic route, the O-antigen seems not to be responsible for the clathrin-dependent endocytosis. The presence of O-antigen thus seems to be crucial for the cholesterol-dependent endocytosis.
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FIGURE 4. Efficiency of outer membrane vesicle (OMV) uptake by bone marrow-derived macrophages (BMDM) pretreated with the indicated endocytosis inhibitors, DMSO (vehicle control), or untreated (control). (A) Pretreated cells were exposed to OMV isolated from the wild-type FSC200 strain for 1 h, and OMV uptake was then expressed as the percentage of cells with at least one internalized OMV from 200 analyzed cells. (B) Comparison of the uptake of OMV derived from the ΔwbtDEF strain with inactivated O-antigen production. Data are the mean ± SEM from three independent experiments. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001; one-way ANOVA with Dunnett’s multiple comparisons test (A) or two-way ANOVA with Sidak’s multiple comparisons test (B).




Cytokine and Chemokine Release in Macrophages After Outer Membrane Vesicles Treatment

We next evaluated the immunomodulatory effects of isolated Ft-OMV on BMDM using the fluorescence-based multiplex microarray chip ELISA. As illustrated in Figure 5, we detected significantly increased levels of TNF-α, IL-6, IL-12p70, CXCL-1 (KC), MCP-1, IL-1α, and IL-10 and slightly increased levels of GM-CSF in the supernatants of BMDM treated with Ft-OMV. For purposes of confirmation, we also quantified the significantly changed cytokines by means of classical ELISA assay (Supplementary Figure 3). The effect of OMV treatment was dose-dependent and increased over time. Inasmuch as the highly induced cytokines are in general regarded as proinflammatory, the Ft-OMV seemed to evoke primarily inflammatory responses in macrophages. In contrast, the infection of BMDM by the whole viable bacterium FSC200 did not induce the release of any of the studied cytokines. This corresponds with the well-described ability of Francisella to actively inhibit the innate immune pathways, for which the viability and structural integrity of a bacterium are essential (Telepnev et al., 2003; Singh et al., 2013; Holland et al., 2016; Putzova et al., 2017).
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FIGURE 5. Profiles of cytokine secretion by bone marrow-derived macrophages (BMDM) stimulated with Francisella tularensis-derived outer membrane vesicles (Ft-OMV). BMDM were treated with two different doses of Ft-OMV or infected with F. tularensis FSC200. Four and 24 h after these stimulations, the cell supernatants were collected and the indicated cytokines were quantified by fluorescence-based multiplex microarray chip ELISA. Data are representative of two to four independent experiments. **p < 0.01, ***p < 0.001, ****p < 0.0001; two-way ANOVA with Tukey’s multiple comparisons test.





F. tularensis-Derived OMV Production During Infection of Macrophages

The production of OMV in F. tularensis has so far been studied in bacteria cultivated extracellularly, and OMV were then isolated from the bacterial culture media (Klimentova et al., 2019, 2021). Here, we also aimed to explore whether this intracellular pathogenic bacterium produces OMV or OMV-like structures when it comes in contact with its primary host cell—the macrophage. For this purpose, we examined F. tularensis FSC200 during different stages of infection of BMDM using TEM. The cells were infected with bacteria grown in BHI medium to the early log phase (OD600 = 0.3, approx. 4 h of growth), wherein they produced only minimal amounts of vesicles (McCaig et al., 2013). To examine bacterial adherence and uptake, the bacteria at a relatively high MOI (around 2,000 bacteria per cell) were added to BMDM in suspension, fixed after 5 min of co-incubation at 37°C, and then further processed for TEM. This standard procedure should ensure contact with the cell by a sufficient number of bacteria, which is essential for TEM analysis (Clemens et al., 2005). Under these conditions, most of the bacteria were localized outside the host cells, either in contact or in close proximity to the outer side of the cytoplasmic membrane of macrophages. Only rarely were they also seen inside the BMDM (about 5%). The shape of the bacteria was very heterogeneous, but noticeable protrusions from the membrane that might represent the formation of OMV could be distinguished. The main criterion for identifying an OMV-like structure among other membrane protrusions is its distinctively prolonged (100–300 nm long) straight and narrow body with a thin base (20–50 nm wide) and a rounded tip (Figure 6). These OMV-like structures were seen in about 62% of the observed outside bacteria (n = 484). Most of these structures (71.4%) faced toward the host cells, and 29% of them were in direct contact with the host cell membrane. The outside bacteria were associated with the macrophages mostly via the OMV-like structures (94%). Some of these bacteria (78%) were in contact only via these protrusions. In other bacteria (36%), multiple contact points were observed, but at least one of them was via these structures. Only 6% of bacteria were associated without the involvement of OMV-like structures. Concerning the bacteria observed inside the BMDM (n = 27), around half of them (56%) had also formed such OMV-like structures. Most of these structures (71%) seemed to mediate the contact of bacteria with the host.
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FIGURE 6. TEM analysis of outer membrane vesicle (OMV) production during infection of macrophages. (A) Francisella tularensis with developed OMV of standard proportions (180 nm long, 40 nm wide). (A′) Protrusions of the outer membrane that are not OMV. (B) OMV of F. tularensis in direct contact with bone marrow-derived macrophages (BMDM) facing toward the cell. (B′) OMV facilitating contact of F. tularensis with BMDM. (C) F. tularensis encapsulated inside a phagosome of BMDM with developed OMV. (C′) OMV in connection with the phagosomal membrane. (D) F. tularensis encapsulated in complete phagosome of BMDM. (D′) Decomposition of the phagosomal membrane in the presence of F. tularensis. (E) Singular F. tularensis in complete phagosome 5 min after infection. (F) Groups of F. tularensis are localized freely to the cytoplasm 6 h after infection. (E′,F′) Higher magnification images of black boxes on (E,F) respectively. Arrowheads, fragments of phagosomal membrane; arrows, OMV; asterisk, connection of OMV to BMDM. Scale bar, 200 nm and 1 μm (E,F).


For the TEM analysis of the later infection stages, BMDM monolayers on coverslips were infected with bacteria at MOI of 100. Under these experimental conditions, only the bacteria localized inside the cells could be examined. After a 5-min co-incubation interval, about 29% of all the observed cells (n = 213) were infected with one or two bacteria (the total number of observed bacteria was 98). Most of the bacteria (82.7%) were found in complete phagosome, with the remainder (17.3%) occurring in a phagosome only partially surrounded by the limiting membrane, thus indicating the phase of phagosomal escape. Only 9.2% of these bacteria (n = 9) formed an OMV-like structure, with nearly all of them being localized in complete phagosome (n = 8, 88.9%).

The contrasting data relating to the phagosomal stage most likely reflect the distinct experimental conditions applied for the infection of BMDM in suspension vs. BMDM in monolayer. For the BMDM in suspension, we were able to observe and evaluate primarily the adherence and uptake of bacteria and the very early phagosomal stage in only a few infected cells. On the other hand, only the phagosomal stage could be examined in monolayered BMDM infected for the same time interval (5 min). Nevertheless, in both situations, a significantly lower production of OMV-like structures was obvious in bacteria localized within a phagosome.

By 6 h post-infection, almost every cell contained a large number of bacteria. The bacteria were localized free in the cytoplasm, but they gathered in large groups mainly close to the cellular membrane. The outer membrane of the bacteria was wavier, with numerous smaller bulges all around their peripheral membrane, but no typical OMV-like structures could be distinguished.

We also attempted to visualize OMV production from intracellular bacteria 1, 6, and 12 h post-infection using the super-resolution fluorescence microscopy (STED), but no release of OMV-like structures was observed using this approach (Supplementary Figure 4).




DISCUSSION

The roles of OMV derived from pathogenic bacteria in relation to host cells have been demonstrated in a number of studies (Cai et al., 2018; Gao and van der Veen, 2020), and it is now widely accepted that they may contribute significantly to bacterial pathogenesis and host–pathogen interaction. Depending on the original bacterial agent and the host cell type, these structures are able to involve themselves in a diverse set of biological functions, and their final roles can be either defensive or offensive (MacDonald and Kuehn, 2012; Avila-Calderón et al., 2014; Jan, 2017). They might reinforce bacterial adhesion and invasion through the host tissues (Elmi et al., 2016; Metruccio et al., 2016). In the host cell, OMV are usually reported to elicit inflammatory responses by the induction of relevant cytokines and chemokines (Kaparakis-Liaskos and Ferrero, 2015). On the other hand, some OMV have been shown to limit inflammation and the viability of immune cells, allowing the bacteria to escape the host defense mechanisms and to proliferate imperceptibly (Chmiela et al., 2018). Many pathogenic bacteria have been reported to use OMV to transfer virulence factors to the host cells, even over a distance within the host. This has been reported not only for extracellular but also for intracellular bacteria. For example, S. typhimurium localized inside the Salmonella-containing vacuole produces OMV that can deliver genotoxin to the nuclei of bystander cells (Guidi et al., 2013). Extracellular vesicles released from Mycobacterium tuberculosis transfer immunologically active glycolipids to T cells (Athman et al., 2015). On the other hand, Listeria monocytogenes release membrane vesicles intracellularly to control the lytic activity of listeriolysin, which promotes the bacteria to survive inside the host cell (Vdovikova et al., 2017). In other intracellular bacteria, the OMV have also been established to modulate cellular processes to favor their internalization and persistence in the host cell. OMV from Brucella abortus have been shown to promote bacterial internalization by human monocytes and also to downregulate the innate immune response of these cells to Brucella infection (Pollak et al., 2012). The OMV released by L. pneumophila into phagosomes are able to inhibit the phagosome–lysosome fusion (Jung et al., 2016).

The production of OMV had also been demonstrated in Francisella spp., but data regarding the effect on host cells remain so far very limited and moreover come from studies performed on OMV derived from non-pathogenic F. novicida (Pierson et al., 2011; McCaig et al., 2013). Although closely related genetically to F. tularensis, F. novicida is a separate species with significant differences in its pathogenesis and virulence (Kingry and Petersen, 2014). Pathogenic or non-pathogenic bacterial OMV may, however, show great discrepancies in their biological activity (Behrouzi et al., 2018). Here, we report that, even as OMV derived from the fully virulent F. tularensis subsp. holarctica strain FSC200 can be internalized into the macrophages, their association with A549 lung epithelial cells was, in our experimental conditions, almost negligible. Consistent with this observation, the viability and membrane integrity of the latter cell type was not affected by the Ft-OMV. Interestingly, Pierson et al. (2011) observed that some OMV from F. novicida attached to the A549 cell line, but their internalization also could not be clearly demonstrated. Nevertheless, it should be noted that the F. novicida OMV analyzed in their study were prepared from the distinct growth phase of bacteria grown in medium of a different composition. Under these conditions, they obtained small spherical vesicles, in contrast to the large tube-shaped ones characterized by McCaig et al. (2013) in F. novicida and by our group in F. tularensis (Klimentova et al., 2019). Most of the studies focused on OMV–host cell interaction have demonstrated the internalization of the vesicles into epithelial cells (Kunsmann et al., 2015; Mondal et al., 2016; Bielaszewska et al., 2017; O’Donoghue et al., 2017; Turner et al., 2018). Only a few studies have provided direct evidence for OMV uptake into macrophages (Pollak et al., 2012; Vanaja et al., 2016; Hu et al., 2020). This might mainly be due to the fact that, as professional phagocytes, macrophages are naturally programmed to engulf and eliminate any foreign particles, and therefore the internalization of OMV is highly assumed. Francisella proliferates primarily in mononuclear phagocytes (macrophages and dendritic cells), but it is also able to infect non-phagocytic cells (epithelial cells, endothelial cells, and hepatocytes). Such entry is less efficient than that in macrophages (Hall et al., 2007), indicating distinct but so far unknown uptake mechanisms. Whether this may also be related to the observed differences in the association of OMV with macrophages and lung epithelial cells remains a subject for discussion and further research.

Several endocytic uptake routes have been implicated in mediating OMV entry into non-phagocytic cells depending on their origin, size, and cargo (O’Donoghue and Krachler, 2016; Turner et al., 2018). On the other hand, data on the exact mechanism of OMV entry into macrophages are quite sparse. Macrophages are characterized by an exceptionally high endocytic activity. Larger particles (>100 nm) are engulfed by phagocytosis and macropinocytosis and smaller ones by pinocytosis, such as clathrin- and non-clathrin-mediated endocytosis. Our data suggest that the Ft-OMV uptake depends primarily on macropinocytosis, then on clathrin-dependent endocytosis, and, to a lesser extent, probably also on clathrin-independent uptake mechanisms. As the OMV produced by Francisella are heterogeneous in shape and size (McCaig et al., 2013; Sampath et al., 2018; Klimentova et al., 2019), the involvement of several distinct uptake routes is not so surprising. Whereas macropinocytosis is a non-specific process, the internalization by clathrin-dependent endocytosis is mediated by cell surface receptors. This means that only receptor-specific substances can utilize this pathway. Macropinocytosis is more probably used by larger particles and the OMV clumps. Several previous studies have demonstrated a role of the LPS O-antigen in OMV entry. In Escherichia coli, the presence of the LPS O-antigen increases the entry efficiency of OMV into epithelial host cells. OMV lacking the O-antigen require protein receptors for uptake and use of the clathrin-mediated endocytosis as a main route of entry. In contrast, OMV with intact O-antigen enter host cells by the faster and thus more efficient raft-mediated endocytosis (O’Donoghue et al., 2017). Vanaja et al. (2016) demonstrated the ability of E. coli OMV to enter macrophages by clathrin-mediated endocytosis, followed by the release of LPS into the cytosol. Based on the data provided in this study, the F. tularensis LPS O-antigen seems not to be responsible for the clathrin-mediated endocytosis, but it did contribute to the uptake of Ft-OMV mediated by the cholesterol-dependent route.

Inside the macrophages, the OMV tend to accumulate in cytoplasmic structures and to reside there for at least 24 h. The OMV thus seem able to evade the classical endosomal degradation mechanisms of macrophages. Unfortunately, we were not able to determine the precise origin of these structures. Some of them seemed to resemble late endosomes, but the electron microscopy approach used in our study did not allow further specification. Hence, the elucidation of the intracellular trafficking of isolated OMV and the mechanisms that allow such long persistence inside a professional phagocyte require further extensive studies.

The OMV produced by pathogenic bacteria are loaded with plenty of biologically active substances, such as toxins, LPS, and other virulence factors. Based on the nature of their content, they can induce distinct host cell responses. In some bacteria, the cytotoxic effect of OMV was shown to be due to the presence of LPS or OmpA (Jin et al., 2011; Vanaja et al., 2016). Francisella does not produce any yet known toxin, and its LPS has only low toxicity and immunogenicity. Here, we found that the Ft-OMV had no cytotoxic effect and did not influence the viability of primary murine macrophages. Minor cytotoxicity was reported also for F. novicida OMV (McCaig et al., 2013). In contrast, the viability of the murine macrophage-like cell line J774A.2 was negatively affected by the Ft-OMV. The harmful effect of F. novicida OMV on this cell line was also reported by Pierson et al. (2011). It is thus obvious that the use of different cell types and primary cells vs. cell lines may lead to significant disparities in the results. Cautious interpretation is therefore highly advised. Despite their zero toxicity, the Ft-OMV elicited a significant dose-dependent release of a number of proinflammatory cytokines in the primary murine macrophages. On the contrary, the whole bacterium revealed an immunosuppressive effect on these cells, and this has also been described by others (Bauler et al., 2014; Gillette et al., 2014; Fabrik et al., 2018). It is a part of the bacterial strategy to invade the very immune system surveillance that would otherwise activate cellular mechanisms directed to bacterial elimination. In this context, however, the diametric difference between the huge amounts of isolated vesicles used for the BMDM treatment in the presented experiments in comparison with the orders of magnitude lower amount that the bacterium releases during host cell entry should be taken into account. For Francisella, it is not clear which particular components of the OMV are responsible for their high immunostimulatory effect. McCaig et al. (2013) described in OMV derived from F. novicida that the surface-exposed OMV proteins are only partially responsible for this effect because the proinflammatory effect of OMV was not altered after proteinase K treatment, and it was decreased by heat treatment of OMV.

The proinflammatory effect of Ft-OMV—in contrast to the immunosuppressive effect of the whole bacterium—may appear to be irrelevant during the infection. This raises the questions whether and in which phase of its intracellular life cycle Francisella produces OMV. Based on the results of the TEM analysis, it seems that the Ft-OMV or the OMV-like protrusions from the outer membrane might play a role in the contact of the bacterium with the host cell and maybe for the bacterial uptake. The number of observed OMV-like protrusions decreased markedly in the bacteria localized inside the phagosome, and no structures that would resemble the OMV were visible in the bacteria within the host cell cytosol. The production of OMV by F. novicida during the initial infection phase has also been reported (McCaig et al., 2013). These authors, however, analyzed only the very early phase of bacterial infection, and in contrast to the fully virulent F. tularensis, F. novicida lacks the ability to induce immunosuppression (Kingry and Petersen, 2014).

To summarize, in the present study, we provide the first deeper insights into the effects of OMV isolated from the fully virulent F. tularensis strain on host cells. OMV exert various effects especially on macrophages, whereas their association with non-phagocytic cells appears to be of minor importance. The Ft-OMV enter the macrophages by various uptake routes and accumulate in specific cytosolic structures for at least 24 h. Their negligible cytotoxicity together with their immunostimulatory effect on these cells might point to future research into their potential as a vaccine candidate. Further experimental evaluation of the OMV–host cell interaction is nevertheless still needed. Moreover, we have demonstrated that F. tularensis seems to utilize OMV primarily for the initial contact with the host cells, but their exact role in this process warrants further investigations. Furthermore, the processes of OMV isolation and purification suffer from low yields that are far below the requirements for vaccine development; thus, we propose that future research on Francisella-derived OMV considered for vaccine development should not focus solely on naturally secreted vesicles.
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pH Stress Mediated Alteration in Protein Composition and Reduction in Cytotoxic Potential of Gardnerella vaginalis Membrane Vesicles
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The vagina of healthy women is predominantly colonized by lactobacilli but it also harbors a limited proportion of certain anaerobes such as Gardnerella vaginalis. An increase in G. vaginalis along with other anaerobes on account of perturbation in the vaginal microbiota is associated with bacterial vaginosis (BV). Although strategies adopted by G. vaginalis for survival and pathogenesis in a conducive environment (i.e., high vaginal pH, characteristic of BV) have been previously studied, the approaches potentially employed for adaptation to the low pH of the healthy vagina are unknown. In the present study, we investigated the effect of acidic stress on the modulation of the production and function of membrane vesicles (MVs) of G. vaginalis. pH stress led to a distortion of the bacterial cell morphology as well as an altered biogenesis of MVs, as revealed by transmission electron microscopy (TEM). Both qualitative and quantitative differences in protein content of MVs produced in response to pH stress were observed by flow cytometry. A significant change in the protein composition characterized by presence of chaperones despite a reduction in number of proteins was also noted in the stress induced MVs. Further, these changes were also reflected in the reduced cytotoxic potential toward vaginal epithelial cells. Although, these findings need to be validated in the in vivo settings, the modulation of G. vaginalis MV biogenesis, composition and function appears to reflect the exposure to acidic conditions prevailing in the host vaginal mileu in the absence of vaginal infection.
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INTRODUCTION

The mucosal lining of the vagina and the resident microbiota act as robust barriers against invading pathogens on account of the arsenal of antimicrobial substances such as defensins, mucins, and neutrophil gelatinase-associated lipocalin present in the cervicovaginal fluid (Aldunate et al., 2015).

Besides, the low pH (<4.5) maintained by the healthy vaginal microbiome comprising predominantly of Lactobacillus spp. also plays a key role in preventing urogenital infections including bacterial vaginosis (BV) which can lead to severe reproductive health complications (Reid, 2008; Witkin and Linhares, 2017). BV is characterized by a change in vaginal microbiome composition comprising of reduction in vaginal lactobacilli and a simultaneous increase in the abundance of anaerobic pathogens such as Atopobium spp., Mobilincus spp., Streptococcus spp., Megasphaera spp., Gardnerella spp., i.e., G. vaginalis, G. leopoldii, G. piotii, and G. swidsinskii, etc. (Jung et al., 2017; Vaneechoutte et al., 2019). G. vaginalis is a virulent, opportunistic microorganism commonly isolated from both symptomatic and asymptomatic women with BV. It has also been reported to be present in healthy women but at a lower abundance (2–7%) compared to women suffering with BV (11–29%; Shipitsyna et al., 2013; Ceccarani et al., 2019). Several studies have discussed the presence of different strains of G. vaginalis and their biofilm formation capacity under the conducive environment of high vaginal pH (Patterson et al., 2010; Castro et al., 2015). However, the precise manner in which G. vaginalis survives and adapts to the low vaginal pH has not been investigated in detail. This lack of information necessitates an investigation into the adaptive mechanisms employed by the bacterium to sustain under these stress conditions.

All bacteria are known to release membrane vesicles (MVs) which are required for intercellular communication and other vital functions. MVs are lipid-layered, non-replicative, nano-sized particles and have been reported in general to mediate various functions from bacterial defense to host pathogenesis (Avila-Calderón et al., 2014; Yu et al., 2017). Recently, we have reported the characterization of MVs produced by G. vaginalis. These MVs act as vehicles for virulence-associated factors and thereby contribute to host cell pathogenesis (Shishpal et al., 2020). However, it is not known whether the MVs produced by G. vaginalis play a role in adaptation and survival under stress conditions.

In view of the above, we aimed to study the effect of low pH exposure on the biogenesis, composition and function of G. vaginalis MVs. For this we employed, transmission electron microscopy (TEM) and dynamic light scattering (DLS) for determining morphology and size distribution of the MVs, proteomics for studying MV composition and flow cytometry for size based lipid and protein distribution within MVs. Further confocal microscopy and cytotoxicity assays were used for functional assessment of the MVs produced under acidic conditions.



MATERIALS AND METHODS


Bacterial Culture and Growth Conditions

Gardnerella vaginalis ATCC 14019 (American Type Culture Collection, Manassas, VA, United States) was grown on Columbia agar base plates containing 5% human blood (Becton Dickinson) at 37°C for 48 h under anaerobic conditions using Anaerocult® A (Merck Millipore, Germany) system in an anaerobic jar (Patterson et al., 2010). Cells were inoculated in brain heart infusion broth (BHI) supplemented with 2% (w/v) gelatin, 0.5% yeast extract, 0.1% starch, and 1% glucose (HiMedia, India), i.e., sBHI for 48 h at pH 6.5 (Rosca et al., 2020). 2 mL of 9.9M lactic acid (HiMedia, India) was added to sBHI medium (pH 6.5) to lower the pH of the medium to 3.5. Additionally, the cells were also transferred from sBHI medium (pH 6.5) to the same medium with pH 3.5 and allowed to grow for 48 h under conditions similar to that for pH 6.5. The cells cultured as mentioned above were used for all subsequent experiments.



Gardnerella vaginalis Growth Curve

Gardnerella vaginalis was grown overnight in sBHI medium (pH 6.5) and further sub-cultured independently in the same medium, both at pH 6.5 and pH 3.5 under anaerobic conditions using Anaerocult® A system (Merck Millipore, Germany) in an anaerobic jar as mentioned above. An equal volume of the culture was taken to measure the absorbance (OD595 nm) over time. Cells were pelleted at 4,000 × g for 10 min and stored at –20°C until preparation of whole cell lysates and determination of protein concentration and protein profile analysis by SDS-PAGE as described later. The growth curve analysis experiment including estimation of protein concentration and subsequent protein profile analysis was performed thrice. Also, cells collected at 48 h time point were plated on sheep blood agar plates (HiMedia, India) and incubated further under anaerobic conditions for 48 h at 37°C to determine the colony forming units (CFU). The CFU analysis was performed twice. The results were analyzed for statistical significance as mentioned in the section on statistical analysis.



Gardnerella vaginalis Membrane Vesicles Isolation

Gardnerella vaginalis was cultured on Columbia agar base plates containing 5% human blood (Becton Dickinson), inoculated in sBHI medium and allowed to grow at pH 6.5 and pH 3.5, respectively, for 48 h. Then, the cell free supernatants (CFS) were filtered through 0.4 μm and 0.2 μm syringe filters (Merck Millipore) to remove cell debris. The filtrates thus obtained were subjected to ultracentrifugation at 100,000 × g for 3 h at 4°C to isolate MVs (Shishpal et al., 2020). Additionally, CFS (pH 6.5) was supplemented with 2 mL of 9.9M lactic acid to adjust the pH to 3.5 and was further incubated for 48 h followed by ultracentrifugation at 100,000 × g for 3 h at 4°C. The pellets were subsequently resuspended in phosphate buffered saline (PBS) at pH 7.4 (PBS), aliquoted and stored at –20°C till further processing. An aliquot of the MVs was used for determining the protein concentration by the Bradford reagent (Sigma) using BSA (0.1–1.4 mg/mL) as the protein standard as detailed in the subsequent section.



Protein Profile Analysis of G. vaginalis Cells and Membrane Vesicles by SDS-PAGE

Stored bacterial pellets of G. vaginalis at pH 6.5 and pH 3.5 were subjected to whole cell lysate preparation with BugBuster reagent (BugBuster® HT Protein Extraction Reagent, Novagen) using the manufacturer’s protocol. The protein concentration of the whole cell lysates of the bacterial pellets obtained for various time points during growth curve analysis was estimated by the Bradford assay (Sigma) with BSA (0.1–1.4 mg/mL) as the protein standard using a standard curve. To compare the protein profile of G. vaginalis cells at pH 6.5 and pH 3.5 over time, whole cell lysates were resolved using SDS-PAGE (10% resolving gel). Similarly, to compare the protein profile of G. vaginalis cells and MVs, an equal amount of protein (16 μg) from the whole cell lysate (collected at 48 h time point) and the G. vaginalis MVs were subjected to SDS-PAGE (10% resolving gel) at a constant voltage (100 volts) till the dye front reached the bottom of the gel, followed by staining of the gel with Coomassie brilliant blue R-250 (Sigma). SDS-PAGE analysis was repeated at least 5 times for both the whole cell lysates as well as MVs and qualitative changes in the protein profile were recorded.



Transmission Electron Microscopy

To evaluate the effect of pH variation on bacterial cell morphology, TEM was carried out as previously described by Schooling and Beveridge (2006) with some modifications. 50 μL of bacterial cell suspension (30 mg/mL) was applied on formvar carbon-coated grids and allowed to dry at room temperature (RT) for 10 min. The coated grid containing the bacterial cells was stained with 2% uranyl acetate for 40 s, followed by washing with distilled water to remove excess stain and drying at RT. Micrographs were recorded using a Tecnai 12BT (FEI) transmission electron microscope at an acceleration voltage of 120 KV. TEM analysis was repeated at least three times for each of the conditions, i.e., growth of cells at pH 6.5 and pH 3.5. A total of 7–9 fields were observed per condition and the total number of MVs per field was determined.



Dynamic Light Scattering

Dynamic Light Scattering measurements were performed to study the size distribution of MVs from G. vaginalis at the two different pH conditions. Particle size measurement was performed using Zetasizer Nano-ZS (Malvern Instruments, United Kingdom). The autocorrelation functions of the samples were analyzed using the Contin algorithm through the Zetasizer 7.11 software available with the instrument. Samples were run in triplicates.



Flow Cytometry

To quantitate the size, protein and lipid distribution of MVs isolated under normal and acidic stress conditions, two different flow cytometers were used. Firstly, to detect the carboxyfluorescein succinimidyl ester (CFSE) stained MVs, a mixture of non-fluorescent beads of sizes 1, 2, and 4 μm (InvitrogenTM) were acquired with default threshold on FSC-A vs SSC-A scale using BD AccuriTM C6 flow cytometer. The gating strategy included selection of a region corresponding to the region of beads of 1 μm as the MVs are expected to be approximately of a similar size. MVs were acquired at 20K threshold in R5 gate with a slow flow rate. To rule out non-specific staining with CFSE, BHI medium was processed in a manner analogous to the MVs. Further, the pellet of the BHI medium thus obtained as well as the supernatant remaining after isolation of MVs were used as controls.

As the BD AccuriTM C6 flow cytometer was not found to be suitable for sub-micron analysis, it was used only for qualitative analysis. The quantitative analysis of MVs at submicron level was carried out using the BD FACSAriaTM Fusion flow cytometer. Prior to acquisition, MVs were stained with 10 μM CFSE (a protein staining dye) for 20 min at 37°C and 10 μg/mL of the lipid staining dye FM 4-64 FX (InvitrogenTM) for 10 min at 37°C (Pospichalova et al., 2015). The dual (i.e., both protein and lipid) stained populations were considered for quantitative analysis. CFSE has an excitation peak at 492 nm and emission at 517 nm and FM 4-64FX has excitation emission peak at 565 nm and 744 nm, being acquired in FITC and PE-Cy7 channels, respectively. A mixture of FITC labeled sub-micron particles (InvitrogenTM) of sizes 100 nm, 200 nm, 500 nm, and 1 μm were acquired on flow cytometry with a threshold of 100 on SSC, at slow flow rates and used to gate the dual stained MVs (Görgens et al., 2019). Similar parameters were used to acquire CFSE and FM 4-64FX stained MVs isolated under both pH conditions. Data analysis was carried out using FlowJo VX (TreeStar, Ashland, OR, United States).



Mass Spectrometry and Data Analysis

To characterize the protein content of the G. vaginalis MVs at pH 3.5, nano LC-MS/MS (EASY-nLC 1000 system, Thermo Fisher Scientific) was performed using a methodology identical to that mentioned in our previous publication (Shishpal et al., 2020). Briefly protein sample (100 μg) from G. vaginalis MVs at pH 3.5 was treated with 6M guanidine-HCl followed by reduction with 5 mM Tris (2-Carboxyethyl) phosphine (TCEP), alkylation using 50 mM iodoacetamide and trypsin digestion. Trypsin digests were cleaned up using C18 silica cartridge as mentioned by manufacturer (The Nest Group, Southborough, MA, United States) and dried using speed vac. One microgram of the peptide mixture was resolved using 15 cm PicoFrit column (360 μm OD, 75 μm ID, and 10 μm tip) filled with 1.8 μm C18-resin (Dr. Maisch, Germany).

MS/MS scans were acquired at a resolution of 17,500 at m/z 400. The MS/MS spectra of peptides were analyzed using MaxQuant (version 1.5.3.8; with the Andromeda search engine). The peptides thus obtained were analyzed against the total predicted proteome of G. vaginalis for identification of proteins associated with the MVs. The protein false discovery rate was set to 1%. Subcellular localization of the proteome of G. vaginalis MVs obtained at pH 3.5 was compared with that of MVs obtained at pH 6.5 using UniProt repository1.



Confocal Microscopy of Vaginal Epithelial Cells Treated With Membrane Vesicles

Confocal microscopy was used to study the effect of G. vaginalis MVs (obtained at both pH 6.5 and 3.5) on human vaginal epithelial cells (VK2/E6E7). Vaginal epithelial cells were grown in an eight-chamber slide (SPL Life Sciences, Korea) in keratinocyte serum-free medium supplemented with the bovine pituitary extract (50 μg/mL) and recombinant epidermal growth factor (0.1 ng/mL; Gibco, InvitrogenTM) at 37°C in a humidified atmosphere containing 5% CO2. Once the confluency reached 70–80%, cells were treated with CFSE stained MVs at a concentration of 300 μg/mL for 24 h, followed by washing with PBS and fixation with pre-chilled 3% formaldehyde for 10 min at RT. To observe changes in the cytoskeleton, cells in each well were stained with 250 μL of Phalloidin conjugated to BODIPY 558/568 dye (InvitrogenTM) at a dilution of 1:40 for 45 min at RT. Stained cells were washed twice with Dulbecco’s Phosphate Buffered Saline (DPBS) followed by nuclear staining with 250 μL of 1:2000 DAPI for each well and mounted with Vectashield mounting medium (Vector labs, United States). Imaging was done using a confocal laser scanning microscope-CLSM (Olympus Fluoview fv3000, Japan). Internalization of MVs within the vaginal epithelial cells was confirmed by serial Z section at intervals of 1 μm. All the experiments including treatment with MVs and imaging of the treated cells were carried out more than three times and all images thus obtained were studied for qualitative changes compared to untreated cells.



Preparation of BSA Entrapped Liposomes

BSA entrapped liposomes were used as a negative control in experiments related to evaluation of the cytotoxicity of MVs as well as their potential to induce the production of the cytokine, IL-8 in vaginal epithelial cells, VK2. The liposomes were prepared by the thin film hydration method (Zhang, 2017). Briefly, 10 mg/mL phosphatidylcholine, was dissolved in 2:1 mixture of chloroform and methanol. Solvent was evaporated by using rotatory evaporator at 45°C to form a thin layer of lipid and left overnight at RT to evaporate the solvent completely. The dried thin lipid layer was resuspended in 10 mL of DPBS containing 10 mg/mL BSA followed by probe sonication at 30% amplitude for 5 min to obtain unilamellar vesicles.



Cytotoxicity Assay and IL-8 ELISA for Vaginal Epithelial Cells Treated With Membrane Vesicles

VK2 cells were grown in 96 well plates and treated with increasing protein concentrations of MVs obtained at both pH 6.5 and pH 3.5 (9.37–300 μg/mL) and BSA entrapped liposomes (negative control) for 24 h at 37°C with 5% CO2. After completion of the incubation period, cell supernatants were removed and stored at –80°C for estimation of the levels of the cytokine, IL-8 using a commercially available sandwich ELISA kit (eBioscience, Thermo Fisher Scientific) according to manufacturer’s instructions. Cells were processed further by adding 10 μL of methylthiazolyldiphenyltetrazolium bromide (5 mg/mL) to each well, followed by incubation for 2 h in the dark. Following this, 100 μL of dimethyl sulfoxide was added to dissolve the formazan crystals and absorbance at 570 nm was measured. Untreated cells represented the 0% cytotoxicity control. Total lysis of cells following treatment with 1% (w/v) SDS represented the 100% cytotoxicity control.



Statistical Analysis

All the data is representative of independent experiments and has been expressed as mean ± SD. The statistical significance of CFU and TEM analysis of G. vaginalis was determined using student’s unpaired t-test. Bacterial growth curve, protein estimation of the whole cell lysates, determination of percentage of MV sizes, median fluorescence intensity (MFI) of MVs at pH 6.5 and 3.5, cytotoxicity and ELISA were analyzed by two-way ANOVA with Bonferroni post hoc test and differences were considered significant at p < 0.05.




RESULTS


pH Stress Reduces Growth of G. vaginalis

Effect of acidic stress on the growth kinetics of G. vaginalis was studied over time (1, 24, 48, and 72 h). The increase in absorbance of the G. vaginalis culture at pH 6.5 although not statistically significant, indicates a trend toward gradual increase in growth, over time while the absence of an apparent increase in absorbance suggesting no significant changes in growth was observed for bacteria grown at acidic conditions, i.e., pH 3.5 (Figure 1A) indicate pH stress mediated growth restriction. This was also supported by a significant, i.e., 2.7 log reduction (p < 0.01) in G. vaginalis cells numbers at pH 3.5 for the 48 h time point (Figure 1B). Despite a higher baseline protein concentration that was observed in the culture at pH 3.5 no significant change in protein concentration was observed over time. The apparent absence of changes in growth and protein concentration along with the reduction in viability of the G. vaginalis culture in response to pH stress was also reflected in the visible changes in the SDS-PAGE protein profile of G. vaginalis cells at pH 3.5 such as the reduction in both high and low molecular weight protein bands, reduced sharpness and intensity of the protein bands as well as apparent increase in the intensity of the lowermost protein band, i.e., approximately 10 kDa close to the dye front compared to that observed in cells grown at pH 6.5 (Figure 1C).
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FIGURE 1. Effect of pH on the growth and protein profile of G. vaginalis ATCC 14019. (A) Changes in growth and protein concentration of G. vaginalis at pH 6.5 and 3.5 over time (1, 24, 48, and 72 h); data are presented as mean ± SD (n = 3). No statistical significance was observed upon analysis by two-way ANOVA with Bonferroni test. (B) Reduction in colony forming unit (CFUs) of G. vaginalis at pH 3.5 compared to pH 6.5 after 48 h; data are presented as mean ± SD (n = 2). Data was analyzed using student’s unpaired t test (**p < 0.01). (C) Time dependent (1, 24, 48, and 72 h) changes in protein profile of whole cell lysate of G. vaginalis at pH 6.5 and 3.5.




Modulation in G. vaginalis Cells and Membrane Vesicles Under Acidic Stress

Transmission Electron Microscopy of G. vaginalis cells exposed to pH stress revealed an increase in budding of MVs (p = 0.015, Supplementary Figure 1) at the cell surface indicating an increase in MV production compared to those in cells grown at pH 6.5 (Figures 2A,B). Additionally, DLS showed a wider distribution as well as larger size of MVs from ∼190 to 615 nm at pH 3.5 compared to those at pH 6.5 (Figures 2C,D and Supplementary Tables 1, 2). Apart from this, acidic stress also resulted in visible changes in the SDS-PAGE protein profile of MVs compared to MVs from cells grown at pH 6.5. Despite having equal protein concentrations as measured by Bradford assay, MVs produced at pH 3.5 displayed a diffused or smear pattern with absence of distinct protein bands in contrast to distinct and well separated protein bands of MVs obtained at pH 6.5. However, protein profile of MVs (pH 6.5 CFS) exposed to acidic conditions (pH 3.5) does not show any smearing pattern similar to that observed in MVs isolated at pH 3.5 (Figure 2E). Similar results were obtained in multiple replicates of the SDS-PAGE profiles of the MV proteins.
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FIGURE 2. pH dependent changes in G. vaginalis ATCC 14019 membrane vesicles (MVs). Transmission Electron Microscopy (TEM) of negatively stained preparation of G. vaginalis cells showing released MVs attached to the cell surface (arrow) at pH 6.5 (A) and pH 3.5 (B); scale bar-1 μm. Size distribution profile of MVs measured by dynamic light scattering indicates a diameter range of 190–250 nm at pH 6.5 (C) and 190–615 nm at pH 3.5 (D). SDS-PAGE profile of G. vaginalis MVs isolated from (1) cells grown at pH 6.5, (2) cells grown at pH 3.5, and (3) cell free supernatant (cells grown at pH 6.5) supplemented with lactic acid to produce acidic conditions (pH 3.5) and (M) molecular weight marker (E).




pH Induced Changes in Morphology and Fluorescence Profiles of G. vaginalis Membrane Vesicles

As described previously, micrographs demonstrated the release of MVs at both pH 6.5 and pH 3.5. However, upon observation at a higher magnification, differences in cell morphology and the number of MVs released was apparent in cells exposed to acidic stress. The distortion in cell morphology arising on account of an apparent burst of vesicles at the cell surface observed under the stress condition was not seen at pH 6.5 (Figures 3A,B). In addition to this, flow cytometry-based characterization was carried out to determine changes in content of MVs. Non-fluorescent reference beads of 1, 2, and 4 μm were detected and gated based on their forward and side scatter profiles (Supplementary Figure 2A) and the region corresponding to beads of 1 μm were gated as R5 (Supplementary Figure 2B). Acquisition of CFSE labeled MVs, the supernatant obtained after ultracentrifugation as well as the pellet of the BHI medium obtained after ultracentrifugation was restricted to the R5 gate (Supplementary Figures 2C,D). Comparison of the fluorescence signals for all the above revealed a clear shift in the peak for MVs indicating a distinct fluorescence profile (Supplementary Figure 2E). Though, the overall fluorescence vs side scatter profiles (acquired in the R5 gate) of MVs obtained at pH 6.5 and 3.5 were similar, a distinct population was observed at pH 3.5 and was further gated as R1 (Figure 3D). A similar region was analyzed in case of MVs at pH 6.5 (Figure 3C). Doublet discrimination plots of forward scatter height vs area, typically used to identify singlets along the diagonal, were analyzed for the entire population of MVs (acquired in the R5 gate) at both pH 6.5 and pH 3.5. Superimposition of the R1 gated population in the area vs height plots represented in Figures 3E,F led to the identification of the portions of the total population which possessed higher fluorescence, i.e., MVs with an appreciable protein content. The P2 subset in MVs of pH 6.5 (Figure 3E) possesses higher fluorescence compared to that in MVs of pH 3.5 (Figure 3G) while the P1 subset in MVs both pH 6.5 and p H 3.5 possessed approximately equal fluorescence (Figure 3H).
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FIGURE 3. Characterization of G. vaginalis ATCC 14019 MVs obtained at pH 6.5 and 3.5 by flow cytometry. Enlarged images of negatively stained bacteria depicting release of MVs at pH 6.5 (A) and pH 3.5 (B). Fluorescence based side scatter profile of MVs at pH 6.5 (C) and pH 3.5 (D) indicating the presence of a distinct subset at pH 3.5 gated as R1. Forward scatter plot of area vs height for total population of MVs at pH 6.5 (E) and pH 3.5 (F), superimposed with R1 gated population. Fluorescence profiles of the P2 (G) and P1 subsets (H) of the total population (E,F) at pH 6.5 and pH 3.5.




Quantitative Analysis of pH Induced Changes in G. vaginalis Membrane Vesicles Using Flow Cytometry

Due to the limitations in obtaining a clear separation of sub-micron beads with the BD Accuri flow cytometer, quantification of MVs was carried out using the BD Fusion Aria flow cytometer. Since MVs consist of both lipids and proteins, quantitation of dual protein (CFSE) and lipid (FM 4-64FX) fluorescence was carried out to obtain a better estimate of the changes in G. vaginalis MVs brought about due to acidic stress. The distinct regions obtained in the side scatter vs fluorescence profile of the sub-micron beads (0.1, 0.2, 0.5, and 1 μm; Supplementary Figure 3) were used to demarcate corresponding regions in the forward vs side scatter profile of the bead mixture (Figure 4A). The strategy employed for the flow cytometry analysis is summarized in Supplementary Figure 4. In order to characterize the population of MVs of varying sizes that were obtained at pH 6.5 and pH 3.5, reference gates corresponding to beads of different sizes were applied on the forward vs side scatter profiles (Figures 4B,C). A decrease in the percentage of the total dual, i.e., CFSE and FM 4-64FX fluorescent population of MVs in the range of 0.2 μm (Supplementary Table 3) was observed at pH 3.5 along with an apparent increase in the percentage of the corresponding population of MVs in the range of 0.5 μm (Figures 4F,H). The changes in the percentage of the dual stained MVs observed at pH 3.5 indicate an alteration in the protein and lipid content due to changes in the distribution of protein across the population of lipid membrane bound vesicles, i.e., MVs, on account of the acidic stress (Figure 4D). In order to further investigate the apparent changes in protein and lipid distribution, we focused our attention on the MVs in the range of 0.5 μm owing to their higher protein fluorescence compared to those MVs in the range of 0.2 μm. Out of the entire dual fluorescence positive population represented in the Q2 quadrant, the region with maximum overlap of the protein and lipid fluorescence was gated as shown in fluorescence profiles for MVs around 0.5 μm obtained at both pH 6.5 (Figures 4E,G) and pH 3.5 (Figures 4F,H) from two different experiments. Although an apparent increase in total fluorescence of the dual positive population was observed at pH 3.5 (Figure 4D), analysis of the MFIs of the above mentioned regions revealed an overall reduction in protein as well as lipid fluorescence at pH 3.5 compared to that at pH 6.5 (Figure 4I). The reason for this apparent discrepancy is not known but the results clearly indicate that acidic stress leads to alteration in the fluorescence profile of the MVs. In case of the fluorescence profile for one experiment, the major dual fluorescence positive population observed at pH 6.5 was significantly diminished at pH 3.5 along with the appearance of two distinct subsets “a” and “b.” These subsets were not clearly evident at pH 6.5 (Figures 4G,H). Further, the MVs at pH 3.5 corresponding to subset “a” were lipid enriched while those corresponding to subset “b” were found to be protein enriched (Figure 4J). These results support the observation of uneven protein and lipid distribution in MVs (Figure 3) obtained at pH 3.5.
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FIGURE 4. Quantitation of MVs at submicron level under acidic condition by flow cytometry. (A) Forward vs side scatter profile of FITC tagged sub-micron beads (0.1, 0.2, 0.5, and 1 μm). Representative scatter profile of protein (CFSE) and lipid stained (FM 4-64FX) MVs of (B) pH 6.5 and (C) pH 3.5 superimposed with reference beads gate. (D) Change in percentage of MVs of varying sizes at pH 6.5 and pH 3.5 corresponds to the superimposed gates on scatter plot of pH 6.5 and pH 3.5 MVs. Data are presented as mean ± SD (n = 3). Quadrant gate, Q2 represents dual positive population of 0.5 μm sized MVs of (E,G) pH 6.5 and (F,H) pH 3.5 and two sub population at (G) pH 6.5 and (H) pH 3.5. (I) Median Fluorescence intensity of dual positive population of CFSE and FM 4-64FX stained MVs (*p < 0.05). (J) Histograms of a and b subsets of pH 6.5 and 3.5 MVs.




pH Induced Changes in the Proteome of G. vaginalis Membrane Vesicles

Mass spectrometric characterization of the proteome of MVs obtained at pH 3.5 revealed a marked difference in protein composition along with a clear reduction in the total number of proteins compared to MVs obtained at pH 6.5 previously described in Shishpal et al. (2020). Compared to a total of 417 proteins identified in our previous study on MVs obtained from cells grown at pH 6.5, only 26 proteins (Table 1) could be identified in MVs at pH 3.5 in the present study. Out of these, 14 were found to have a peptide score more than or equal to 2 and twelve amongst these were also common to those found in MVs at pH 6.5 while one of the remaining two proteins was uncharacterized (Figure 5A). These proteins were categorized on the basis of predicted sub-cellular locations. Majority of the proteins (93%) were cytoplasm associated and the remaining (7%) were classified as lipid anchored and extracellular proteins by Locate P and Uniprot databases (Figure 5B). Functional annotation of the identified proteins indicated enrichment of cellular and metabolic processes such as carbohydrate metabolism.


TABLE 1. List of proteins identified in G. vaginalis MVs at pH 3.5.
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FIGURE 5. Proteomic analysis of G. vaginalis ATCC 14019 MVs in acidic stress. (A) Venn diagram demonstrating proteins common to MVs at pH 6.5 (Shishpal et al., 2020) and pH 3.5. (B) Subcellular localization of proteins of G. vaginalis MVs at pH 3.5 predicted using Uniprot and Locate P database.




Effect of pH Induced Changes in G. vaginalis Membrane Vesicles on Uptake by Vaginal Epithelial Cells

The pH induced changes in G. vaginalis MVs (CFSE stained; green) appeared to have an effect on their adherence to and uptake by vaginal epithelial cells (VK2 cell line). Compared to pH 6.5 MVs which resulted in both adherence to and uptake by VK2 cells (Figures 6E,F), pH 3.5 MVs were found to only adhere to VK2 cells without evidence of any significant uptake (Figures 6G–I). Although blebbing and changes in actin cytoskeleton network (phalloidin staining; red) of the VK2 cells were observed upon treatment with MVs compared to untreated controls (Figures 6A–C), the extent of changes observed in case of pH 3.5 MVs suggests that the apparent reduction in fluorescence of the actin cytoskeleton (Figure 6D) was lesser than that seen with pH 6.5 MVs.
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FIGURE 6. Adherence of G. vaginalis ATCC 14019 MVs and uptake by vaginal epithelial cells, VK2. Confocal microscopy sections of phalloidin (red) stained VK2/E6E7 cells treated for 24 h with CFSE (green) stained G. vaginalis MVs obtained at pH 6.5 (D–F) and pH 3.5 (G–I) along with untreated controls (A–C). Nuclei were stained with DAPI (blue). Scale bar 20 μm.




Cytotoxicity and IL-8 Cytokine Induction by G. vaginalis Membrane Vesicles

In order to understand the functional relevance of the change in protein composition of MVs in response to acidic stress compared to MVs obtained at pH 6.5, their effect on viability of vaginal epithelial cells, VK2 was investigated. Although the pH 6.5 MVs resulted in a significant reduction in viability of the VK2 cells, pH 3.5 MVs were found to have no significant effect on the viability of VK2 cells with the exception of a reduction in viability at a protein concentration of 9.37 μg (Figure 7A). On the contrary, pH 3.5 MVs led to a significant dose-dependent increase in the levels of the pro-inflammatory cytokine IL-8 in the vaginal epithelial cells similar to that observed in case of pH 6.5 MVs (Figure 7B).


[image: image]

FIGURE 7. Effect of G. vaginalis MVs obtained at pH 6.5 and pH 3.5 on the viability and cytokine induction by vaginal epithelial cells. Cell viability (A) and induction of IL-8 (B) by VK2 cells in response to treatment with pH 6.5 and pH 3.5 MVs (9.37–300 μg/ml). BSA entrapped liposomes served as control and was used at protein concentrations similar to that of the MVs. Data are presented as mean ± SD. Statistical analysis was done using two-way ANOVA with Bonferroni test *p < 0.05; **p < 0.01; ***p < 0.001; and ns, non-significant.





DISCUSSION

Bacteria are exposed to numerous environmental conditions including an alteration in physiological pH which may induce stress. In order to sustain under stress conditions, bacteria employ different strategies including the modulation of the cell membrane components, changes in macromolecules, synthesis of chaperones that are required to prevent protein and DNA damage, etc. (Haruta and Kanno, 2015). The emphasis of studies related to pH stress has been in the context of the microbiota of the gastrointestinal tract (Lund et al., 2014; Sanhueza et al., 2015). Compared to this, fewer studies have focused on stress response of the vaginal microbiota which is also exposed to low pH in case of healthy women. Further, the studies have been restricted only to lactobacilli (Witkin and Linhares, 2017) and there are no studies on mechanisms of adaptation to low pH by anaerobes, which may also inhabit the healthy vagina. In addition to the already mentioned approaches, secretion of MVs has also been proposed as a strategy for adaptation and survival under stress conditions (Volgers et al., 2018). MV formation is a ubiquitous process that occurs in both pathogenic and non-pathogenic organisms (Yu et al., 2017). This process has been widely characterized in physiological conditions as a defensive and offensive mechanism. This is on account of the fact that MVs transport virulence factors such as toxins, hydrolytic enzymes and other proteins which facilitate invasion, damage of host cells, down regulation of host immune responses, etc. MVs also carry components which degrade antibiotics, promote biofilm formation, etc. in addition to absorbing cell surface acting antimicrobial agents and protecting the bacterial cells. However, the contribution of MV production as a mechanism for adaptation to environmental stress has received less attention (MacDonald and Kuehna, 2013; Bonnington and Kuehn, 2015).

Gardnerella vaginalis is an anaerobic bacterium which grows well in less acidic pH (>4.5) of the vaginal milieu during BV, a widely prevalent genital tract infection (Aldunate et al., 2015). However, a healthy vagina characterized by low pH (3.5–4.5) may also harbor G. vaginalis, although in reduced numbers (O’Hanlon et al., 2013; Shipitsyna et al., 2013). A significant drop in CFUs of G. vaginalis indicates considerable extent of cell death upon exposure to low pH which mimics the physiological environment of a healthy vagina. This has been reported previously (Gottschick et al., 2016) and is also supported by our own results. Further, the reduction in viability of the cells exposed to low pH appears to be accompanied with a reduction in integrity of the proteins or an increase in protein degradation suggested by the qualitative changes in the SDS-PAGE profiles of total cellular proteins from cells grown at pH 3.5 compared to those grown at pH 6.5. Despite the substantial loss of cell viability observed due to acidic stress, there exists a possibility that some of the bacterial cells may survive and adapt to growth in low pH conditions (Aertsen and Michiels, 2004). However, this needs to be still experimentally validated. Nevertheless, the reduction in total protein as well as reduced expression of certain proteins over time could be indicative of both cell death and dormancy. The altered morphology of G. vaginalis exposed to pH stress characterized by increased vesiculation therefore reflects altered biogenesis of MVs in cells poised either for lysis or adaptation (Turnbull et al., 2016; Klimentova et al., 2019). The increase in MV production observed in response to pH stress appears to be similar to that reported in case of other stress conditions including stress induced by antibiotic treatment (Devos et al., 2015; Volgers et al., 2018). It is likely that a fraction of the stressed cells may undergo fragmentation followed by “self-annealing” of the fragments leading to generation of larger MVs (Turnbull et al., 2016) while the remaining cells adapt to the stress by actively producing smaller MVs in a regulated manner. This is also supported by the wider size distribution of MVs including both small and large MVs obtained in response to pH stress and demonstrated by DLS measurements which further hint toward altered biogenesis of MVs.

Acidic stress led not only to an increase in the release of MVs but also led to change in the protein integrity, i.e., increased protein degradation, also reflected by the diffused or smear pattern of the SDS-PAGE profile. The fact that MVs isolated from cells grown under non-stressed conditions (pH 6.5) do not exhibit a diffused protein profile upon exposure to acidic conditions post production indicates that the protein degradation observed in MVs isolated from cells grown under acidic stress at pH 3.5 is due to degradation of proteins in the cells from which they have been derived and not due to protein degradation in MVs post production and release from cells. Acidic stress also resulted in reduced protein content of the released MVs, demonstrated by flow cytometry. Qualitative analysis indicated that despite the apparent increase in number of MVs in response to pH stress, there was an overall reduction in protein content of these MVs. Quantitative flow cytometry analysis using dual florescence labeling for proteins and lipids revealed that although pH stress results in an alteration in release of MVs, there is an increase in the percentage of larger MVs (∼0.5 μm) along with a reduction in smaller MVs. It is likely that the increase in release of larger MVs is contributed by both cell death as well as cellular adaptation to stress. Further, there appeared to exist two distinct sub populations of these larger MVs arising most likely due to non-uniform protein distribution as a response to stress compared to a population of MVs without stress (pH 6.5). It is not clear whether pH stress results in either dysregulation of protein packaging to MVs or in selective protein packaging to a distinct subset of MVs.

It is known that stress conditions (such as pH stress) lead to a change in bacterial cell physiology (Baatout et al., 2007). This is reflected by an altered protein composition and may help the cell to survive in an environment characterized by reduced macromolecular stability and increased cellular damage. The protein composition of MVs is altered in response to pH stress with a drastic reduction in the number of proteins compared to non-stressed conditions. The presence of chaperones like Dnak and GroEL as well as the DNA binding protein-HB1 despite the overall reduction in protein diversity suggests that they could play an important role in acid tolerance by prevention of protein and nucleic acid denaturation (Susin et al., 2006; Henderson and Martin, 2011). It is evident that the presence of some of the proteins required for translation and carbohydrate metabolism, i.e., glycolysis and pentose phosphate pathway in the MVs is on account of their essential role in the survival of the bacterial cell. It is likely that some of the bacterial cells which have adapted to the pH stress may transfer these proteins via the MVs to rescue surrounding bacterial cells (Schwechheimer et al., 2014). It is notable that some of the protein constituents of the MVs produced under non-stressed conditions, e.g., proteins suggested to be involved in host cell invasion and virulence (Shishpal et al., 2020) including the pore forming toxin, vaginolysin are missing in MVs produced in response to pH stress.

Additionally, the absence of these proteins in the stress induced MVs could explain the apparent reduction of their ability to be internalized by the host cells as well as their diminished cytotoxic potential. Despite the reduced internalization and cytotoxicity of the vaginal epithelial cells, acidic stress induced MVs resulted in induction of the pro-inflammatory cytokine, IL-8. A likely explanation for this effect could be the presence of cell membrane and cell wall constituents such as lipopolysaccharide and peptidoglycan which may also be associated with these MVs (Pivarcsi et al., 2005).

This study for the first time provides an insight into the probable mechanisms for adaptation to acidic stress employed by G. vaginalis, an anaerobe usually associated with BV but also found in the vaginal tract of healthy women. The results of the study demonstrate that acidic stress encountered by G. vaginalis on account of exposure to low pH leads to modulation of the biogenesis of MVs. This is also reflected in the altered morphology of the bacterial cells as well as altered size distribution and protein content and composition as well as reduced cytotoxic potential of the stress induced MVs. Apart from being required for survival of G. vaginalis in the vaginal lactobacilli dominated, lactic acid induced, low pH environment of a healthy vagina, the modulation of MV composition and function is also in concordance with host physiology in absence of vaginal infection. The relevance of these findings could be further validated by comparing the compositional and functional profile of MVs obtained from vaginal tract of healthy women and women with BV. Though the present study focused on potential mechanisms of stress adaptation by G. vaginalis ATCC 14019, similar approaches could be used to investigate the phenomenon of adaptation to low pH by other anaerobes found, in the healthy vagina.
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Incorporation of Plasmid DNA Into Bacterial Membrane Vesicles by Peptidoglycan Defects in Escherichia coli
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Membrane vesicles (MVs) are released by various prokaryotes and play a role in the delivery of various cell-cell interaction factors. Recent studies have determined that these vesicles are capable of functioning as mediators of horizontal gene transfer. Outer membrane vesicles (OMVs) are a type of MV that is released by Gram-negative bacteria and primarily composed of outer membrane and periplasm components; however, it remains largely unknown why DNA is contained within OMVs. Our study aimed to understand the mechanism by which DNA that is localized in the cytoplasm is incorporated into OMVs in Gram-negative bacteria. We compared DNA associated with OMVs using Escherichia coli BW25113 cells harboring the non-conjugative, non-mobilized, and high-copy plasmid pUC19 and its hypervesiculating mutants that included ΔnlpI, ΔrseA, and ΔtolA. Plasmid copy per vesicle was increased in OMVs derived from ΔnlpI, in which peptidoglycan (PG) breakdown and synthesis are altered. When supplemented with 1% glycine to inhibit PG synthesis, both OMV formation and plasmid copy per vesicle were increased in the wild type. The bacterial membrane condition test indicated that membrane permeability was increased in the presence of glycine at the late exponential phase, in which cell lysis did not occur. Additionally, quick-freeze deep-etch and replica electron microscopy observations revealed that outer-inner membrane vesicles (O-IMVs) are formed in the presence of glycine. Thus, two proposed routes for DNA incorporation into OMVs under PG-damaged conditions are suggested. These routes include DNA leakage due to increased membrane permeation and O-IMV formation. Additionally, our findings contribute to a greater understanding of the vesicle-mediated horizontal gene transfer that occurs in nature and the utilization of MVs for DNA cargo.
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INTRODUCTION

The release of membrane vesicles (MVs) is a widespread phenomenon in prokaryotic cells. These spherical particles are 20–400 nm in a diameter and have been reported to facilitate a number of biological functions, including the delivery of proteins, signals, and toxins to target cells and the release unnecessary substances in the context of the envelope stress response (Tashiro et al., 2012). In particular, MVs derived from Gram-negative bacteria that are also known as outer membrane vesicles (OMVs) are composed of outer membrane (OM) and periplasmic components (Toyofuku et al., 2015).

In bacteria and archaea, genome revolution via recombination with foreign DNA requires horizontal gene transfer (HGT). Vesicle-mediated gene transfer has been identified as a novel mechanism of HGT that functions in addition to the three traditional mechanisms, including conjugation, transformation and transduction (Hasegawa et al., 2015; Tashiro et al., 2019; Soler and Forterre, 2020). Gene exchange via MVs has been observed across a broad range of bacterial species that include Gram-negative bacteria (Dorward et al., 1989; Kolling and Matthews, 1999; Yaron et al., 2000; Rumbo et al., 2011; Fulsundar et al., 2014), Gram-positive bacteria (Klieve et al., 2005) and archaea (Gaudin et al., 2013) that are derived from various environments such as seawater, rumen, gut, and periodontitis (Domingues and Nielsen, 2017). Additionally, bacterial MVs can transfer DNA into the nucleus of eukaryotic cells (Bitto et al., 2017). MV-mediated gene transfer possesses several advantages over other HGT mechanisms. This process protects packaged DNA from degradative enzymes and permits DNA transfer over long distances and time frames. In contrast to transduction with bacteriophages, recipients are not strictly limited in MV-mediated HGT (Tran and Boedicker, 2017). Although plasmid characteristics such as plasmid copy number and origin of replication can affect the efficiency of MV-mediated HGT, this process does not require a donor to possess a specialized set of gene products like conjugation (Tran and Boedicker, 2019).

A variety of Gram-negative bacteria release OMVs, but it remains unclear how DNA localized in the cytoplasm is packaged into OMVs. Proteomic analyses have indicated that cytoplasmic and inner membrane proteins and also periplasmic and outer membrane proteins (OMPs) are all present in OMVs derived from various Gram-negative bacteria (Lee et al., 2007; Choi et al., 2011; Aguilera et al., 2014). A proposed mechanism for the incorporation of DNA into MVs in Gram-negative bacteria is the formation of outer-inner membrane vesicles (O-IMVs) that exist as double membrane structures of OM and inner membrane (IM). These unique MVs were first identified in the ocean bacterium Shewanella vesiculosa M7T (Pérez-Cruz et al., 2013). It was subsequently confirmed that O-IMVs are naturally secreted by several Gram-negative bacteria such as Neisseria gonorrhoeae, Pseudomonas aeruginosa, and Acinetobacter baumannii, and DNA and ATP were both detected in the O-IMVs (Pérez-Cruz et al., 2015). Another possible route for the formation of MVs containing cytoplasmic components in Gram-negative bacteria is explosive cell lysis that is triggered by phage-derived endolysin (Turnbull et al., 2016; Toyofuku et al., 2018). Endolysin degrades the peptidoglycan (PG) cell wall to facilitate the formation of MVs that are likely composed of OM or IM. Cell lysis is considered as an underlying reason for the existence of cytoplasmic components such as DNA in MVs. However, it remains unknown how DNA is sorted into OMVs through processes other than the formation of O-IMVs and explosive cell lysis. Additionally, little is known regarding the timing and contributing factors of O-IMV formation.

Currently, several mechanisms have been suggested to be responsible for the blebbing observed in OMV biogenesis based on studies examining mutants that are lacking genes related to bacterial surfaces in Gram-negative bacteria. One of the best-characterized factors is encoded by a gene cluster known as tol-pal that is conserved across most Gram-negative bacteria. The Tol-Pal system is comprised of five proteins (TolA, TolB, TolQ, TolR, and Pal), and these components are linked to the inner membrane, PG, and OM (Sturgis, 2001). The deletion of one of these components results in increased vesicle formation due to dissociation of the OM from the underlying PG in various Gram-negative bacteria (Sonntag et al., 1978; Bouveret et al., 1995; Bernadac et al., 1998; Turner et al., 2015; Takaki et al., 2020). The deletion of nlpI also induces OMV formation in E. coli (McBroom et al., 2006). It has been postulated that the balance between PG breakdown and synthesis is altered in the nlpI mutant, and covalent crosslinks are not properly formed between PG and Lpp, which is a major lipoprotein in E. coli (Schwechheimer et al., 2015; Schwechheimer and Kuehn, 2015). Additionally, the deletion of σE-related genes, including rseA, degP, and degS, is also known to enhance OMV formation (McBroom et al., 2006). These mutations cause accumulation of misfolded proteins within the periplasm and increase OMV formation in Gram-negative bacteria (McBroom and Kuehn, 2007; Tashiro et al., 2009; Schwechheimer et al., 2014).

In this study, we explored which blebbing mechanism affects the incorporation of DNA into OMVs. We analyzed the DNA content of OMVs derived from an E. coli wild type (WT) strain and from several hypervesiculating mutants, including ΔnlpI, ΔrseA, and ΔtolA, using plasmid pUC19. We demonstrated that PG defects increase plasmid sorting into OMVs and that glycine-induced vesicles includes higher concentration of plasmid. Our findings contribute to a greater understanding of how plasmids are contained in OMVs.



MATERIALS AND METHODS


Bacterial Strains, Plasmids, and Growth Conditions

All bacterial strains and plasmids used in this study were listed in Supplementary Table 1. E. coli K12 BW25113 (used as WT) and its derivatives (KEIO collection) were obtained from National BioResource Project (National Institute of Genetics) (Baba et al., 2006). Plasmid pCP20 was introduced into each mutant harboring FRT-Km-FRT cassette and the kanamycin (Km) cassette was eliminated using flippase/flippase recognition target (Flp/FRT) recombination. Plasmid pUC19 was introduced into non-marker mutants and the transformants were used for further experiments. E. coli cells were grown in lysogeny broth (LB) Miller (1% w/v tryptone, 0.5% w/v yeast extract and 1% w/v NaCl) at 37°C with shaking at 200 rpm or on solid LB agar plates. When required, antibiotics were added to the medium at 100 μg/mL ampicillin or 50 μg/mL kanamycin. 10% glycine was added to be a final concentration of 1%, when necessary.



Extraction and Quantification of Vesicles

Vesicle extraction from E. coli was performed as previously described with some modifications (Ojima et al., 2015). Precultures were inoculated into 100 mL of LB broth with or without 1% glycine at an initial OD600 of 0.01, and they were grown with shaking for 16 h at 37°C. Bacterial cells were removed by centrifugation, and the supernatants were filtered through 0.45 μm and 0.2 μm-pore-size filters. Ammonium sulfate was added to the filtrates (final concentration of 400 g/L), and the samples were incubated at room temperature for 1 h. Vesicles were recovered from the suspensions by centrifugation at 9,500 × g for 30 min at 20°C. Pellets were resuspended in 15% (v/v) glycerol and concentrated by ultracentrifugation at 150,000 × g for 1 h at 4°C using an Himac CP80WX and a P50A3 rotor (Eppendorf Himac Technologies, Hitachinaka, Japan), and they were then resuspended in 50 mM HEPES (pH 6.8)-0.85% (w/v) NaCl (HEPES-NaCl buffer). The vesicles were stored at −80°C until further use.

For quantification of vesicles, extracted vesicles were incubated with 5 μg/mL of FM4-64 for 30 min on a 96-well black plate at 37°C in the dark. The fluorescence intensities of the fluorescently labeled samples were measured using a microplate reader (PerkinElmer, Waltham, MA, United States) at 506/750 nm (excitation/emission wavelength). Water-soluble linoleic acid was used as a standard. Vesicle formation is presented as the amount of vesicles normalized to the cell density.



Quantification of DNA Concentration

Extracellular and vesicle-associated DNA was quantified using a Quant-iT PicoGreen assay (Thermo Fisher Scientific, Waltham, MA, United States). For quantification of extracellular DNA, cell cultures were centrifugated and the supernatants were filtered through 0.45 μm and 0.2 μm-pore-size filters to remove bacterial cells. If necessary, vesicle-free supernatants were prepared by the ultracentrifugation at 150,000 × g for 1 h at 4°C. DNA concentration of the supernatant was measured using the PicoGreen. A Tris-EDTA (TE) buffer (pH 8.0) was used to dilute the PicoGreen and lambda-DNA. A standard curve was constructed by serial dilution of DNA based on quantitation by the commercial provider and then incubated for 5 min at room temperature while protected from light. After incubation, the sample fluorescence was measured using a microplate reader (PerkinElmer) at 480 nm for excitation and 520 nm for emission.

For quantification of vesicle-associated DNA, extracted vesicles were treated with GES lysis reagent (5M guanidinum thiocyanate, 100 mM EDTA, 0.5% w/v sodium N-lauroylsarcosinate) for prior to labeling. DNA concentrations were measured by PicoGreen, and the values were normalized to the vesicle protein concentration. Vesicles were lysed with 1% (w/v) SDS and protein concentration of vesicles were determined using a Micro BCA Protein Assay Reagent Kit (Thermo Fisher Scientific).

Internal vesicle-associated DNA was obtained by the treatment of vesicles (20 μg protein) with 2 U DNase I (Fujifilm Wako Pure Chemical Co., Osaka, Japan) at 37°C for 30 min according to the manufacturer’s directions, followed by release of the internal DNA by lysis of vesicles with GES reagent. External and internal DNA associated with vesicles derived from E. coli grown with and without 1% glycine was quantified using PicoGreen.



Particle Analyses

Hydrodynamic diameters of vesicles were measured by a Zetasizer Nano ZS particle analyzer (Malvern Panalytical Ltd., Malvern, United Kingdom) in HEPES-NaCl buffer at 30°C. The hydrodynamic zeta average diameter was calculated using the dynamic light scattering (DLS) method. The concentration of vesicles was measured by nanoparticle tracking analysis (NTA) using a NanoSight LM10 instrument (Malvern) equipped with an sCMOS camera (Andor, Belfast, United Kingdom) as described previously (Tashiro et al., 2017). Briefly, the samples were diluted in HEPES-NaCl buffer, five replicate videos were collected from each sample, and particle movement was analyzed using NTA software (Version 3.1, Malvern). The velocity of particle movement was used to calculate the particle size according to the two-dimensional Stokes-Einstein equation.



Quantitative PCR Analyses

The plasmid copy number was determined by real-time PCR analysis. For quantification of internal vesicle-associated plasmid, extracted vesicles were treated with DNase I at 37°C for 30 min to remove external DNA, DNase I was inactivated at 75°C for 15 min, and internal DNA was released from vesicles at 100°C for 10 min. DNA fragments were amplified and quantified using LightCycler FastStart DNA Master SYBR Green I (Roche, Basel, Switzerland) with specific primer pairs (M13-F/M13-R for pUC19 and dxs-F/dxs-R for chromosome listed in Supplementary Table 1) on a LightCycler 2.0 (Roche) according to the manufacturer’s instructions.



Membrane Permeability Assays

The permeability of bacterial membrane was analyzed by using BacLight Live/Dead bacterial viability staining kit (Thermo Fisher Scientific). Bacterial cells grown at the late exponential phase was centrifuged and washed twice with 0.85% NaCl. Cell suspension was treated with SYTO9 and propidium iodide (PI) following the manufacturer’s instruction. Cells were observed using the Olympus IX73 (Olympus, Tokyo, Japan) microscope, and images were captured with the charge-coupled-device (CCD) camera DP73 and processed by the imaging software cellSens.

The permeability of the outer membrane was analyzed by using fluorescent probe 1-N-phenylnaphthylamine (NPN) as previously described (Soh et al., 2020). Briefly, bacterial cells were centrifuged and washed twice with 5 mM HEPES buffer (pH 7.2) containing 1 mM sodium azide. Cell suspension was adjusted to OD600 = 0.5 and kept at room temperature for 30 min. 200 μL of samples were applied to black microtiter plate and 4 μL of 500 mM NPN was mixed to achieve a final concentration of 10 μM. The NPN fluorescence was measured using a microplate reader (PerkinElmer) at 350 nm for excitation and 420 nm for emission.



Transmission Electron Microscopic Observation

For observation of negatively stained vesicles, samples were placed on Cu400 mesh grids (JEOL, Tokyo, Japan) that were pretreated with 0.01% α-poly-L-lysine. Bacterial cells and vesicles were stained with 2% (NH4)6Mo7O24 and observed using a JEM-1010 (JEOL) at 80 kV that was equipped with a FastScan-F214 (T) CCD camera (TVIPS, Gauting, Germany).

For quick freeze and replica electron microscopic (QFDE-EM) observations, the protocol was as described previously (Takaki et al., 2020). Briefly, bacterial cells were centrifuged, washed, mixed with a rabbit lung slab and mica flakes, and then placed on a paper disk attached to an aluminum disc. The samples were quickly frozen in liquid helium using a CryoPress (Valiant Instruments, St. Louis, MO, United States). The specimens were placed in a chamber maintained at −180°C using a JFDV freeze-etching device (JEOL). The samples were freeze-fractured with a knife and freeze-etched. Subsequently, the samples were coated with platinum and then coated with carbon. The replicas were floated in full-strength hydrofluoric acid, rinsed in water, cleaned with a commercial bleach containing sodium hypochlorite, and rinsed in water. Replica specimens were placed onto grids and observed using a JEM-1010 (JEOL).




RESULTS


Incorporation of Plasmid Into Vesicles Is Increased in nlpI Mutant

The incorporation of plasmid DNA into OMVs has previously been reported in E. coli (Tran and Boedicker, 2017, 2019); however, the mechanism by which plasmid DNA moves from the cytoplasm to OMVs has not been fully elucidated. To gain further insight regarding this process, we focused our studies on examining the relationship between OMV biogenesis and the incorporation of plasmids into MVs. We used E. coli BW25113 WT and three high OMV-producing strains (ΔnlpI, ΔrseA, or ΔtolA) that possessed differing hypervesiculating mechanisms. The non-conjugative, non-mobilized and high copy number plasmid pUC19 was used in this experiment, as the copy number per vesicle was the highest among plasmids as previously tested by Tran and Boedicker (2017). These mutants harboring pUC19 exhibited higher OMV formation compared to that of the control strain WT/pUC19 (Figure 1). The average hydrodynamic diameter of OMVs derived from ΔnlpI was slightly less than that from WT, and those from ΔrseA and ΔtolA did not differ from that of WT (Supplementary Figure 1).
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FIGURE 1. Vesicle formation from E. coli BW25113 and mutants. WT, ΔnlpI, ΔrseA, and ΔtolA, all harboring plasmid pUC19, were grown in LB medium containing ampicillin overnight. The amount of vesicles extracted from the supernatants was normalized to cell density, and each value shown is relative to that of WT. The data are presented as the mean ± standard deviation from three replicates. *P < 0.05 compared to WT.


To investigate the association of DNA with OMVs, DNA concentration was investigated using the PicoGreen assay that detects double-stranded DNA. First, we measured the DNA concentration of the supernatant before and after ultracentrifugation to examine the extent of DNA associated with OMVs. Concentrations of extracellular DNA (eDNA) in ΔnlpI and ΔrseA were higher than those in WT, while the eDNA concentration was significantly decreased in the OMV-free supernatant (Figure 2A), suggesting that most of eDNA is associated with OMVs. Next, we investigated the DNA concentration associated with the extracted OMVs. As PicoGreen reagent is not permeable through the cellular membrane in the absence of additional treatments, OMVs were lysed with guanidium thiocyanide prior to labeling with PicoGreen. The DNA associated with OMVs derived from ΔnlpI was slightly increased compared to levels derived from WT (Figure 2B), thus indicating that the total of external and internal DNA associated with OMVs was highest in OMVs from ΔnlpI.
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FIGURE 2. DNA associated with vesicles. E. coli BW25113 WT, ΔnlpI, ΔrseA, and ΔtolA, all harboring pUC19, were grown overnight in LB medium containing ampicillin. (A) The extracellular DNA (eDNA) concentration of the supernatant (sup.) with and without vesicles was measured by PicoGreen. (B) DNA associated with vesicles derived from E. coli. Vesicles were lysed with guanidium thiocyanide prior to labeling. DNA concentrations were measured by PicoGreen, and the values were normalized to the vesicle protein concentration. (C) The ratio of plasmid to DNase I-treated vesicles. The amount of plasmid and vesicles were measured by real-time PCR and nano-tracking analysis, respectively, and the values (plasmid/vesicle) relative to control (WT/pUC19) are provided. In all figures, the data are presented as the mean ± standard deviation from three replicates. *P < 0.05; **P < 0.005 compared to WT.


To analyze the plasmid DNA concentration in OMVs, extracted OMVs were treated with DNase I to remove externally associated DNA from OMVs, and the ratio of plasmid to vesicle was evaluated using real-time PCR and nano-tracking analysis. The amount of plasmid DNA in vesicles was increased threefold in ΔnlpI/pUC19 and was significantly decreased in ΔrseA/pUC19 and ΔtolA/pUC19 compared to that in WT/pUC19. By contrast, the relative plasmid copy number in bacterial cells was not significantly different among the samples (Supplementary Figure 2). These results suggest that defects in peptide crosslinks in PG can increase the incorporation of plasmids into OMVs in ΔnlpI even though the average size of these OMVs was smaller than that of the OMVs from the other strains.



Glycine Enhances the Vesicle Release in E. coli BW25113

To understand the relationship between defects in peptide crosslinks in PG and the association of DNA with OMVs, we investigated the impact of glycine on OMV formation. Glycine inhibits PG synthesis by substituting glycine for the D- or L-alanine of PG during growth in E. coli (Hammes et al., 1973), and the addition of glycine significantly enhances OMV formation in E. coli Nissle 1917 (Hirayama and Nakao, 2020). As described in a previous report, the addition of a final concentration of 1% (w/v) glycine enhanced OMV formation in E. coli BW25113 harboring pUC19 (Figure 3A). The presence of OMVs surrounding bacterial cells with 1% glycine was confirmed by TEM (Figure 3B), which are thought to be vesicles that did not leave the cell surface due to increased formation. The size distribution of OMVs was not significantly different between OMVs in the presence and absence of 1% glycine, although OMVs derived from ΔnlpI/pUC19 did exhibit smaller diameters (Figure 3C).
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FIGURE 3. Vesicle formation was increased by glycine. (A) Vesicle formation of E. coli BW25113/pUC19 in the absence (-Gly) and presence (+ Gly) of 1% glycine. The amount of vesicles extracted from the supernatants was normalized to the cell density, and each value presented is relative to that of control. **P < 0.005 compared to WT. (B) E. coli BW25113 grown with and without 1% glycine was negative-stained and observed by transmission electron microscopy. Black arrows indicate vesicles. Scale bars are 1 μm. (C) Nano-tracking analysis of vesicles from E. coli BW25113 WT (with and without glycine) and ΔnlpI. Blue numbers indicate the size (nm) of peaks. Each sample was measured three times.




Glycine Promotes the Incorporation of DNA Into Vesicles

To investigate the association between glycine-induced PG deficiency and DNA secretion, we examined the DNA content within the supernatant and in OMVs. The amount of eDNA released per cell was quantified using the PicoGreen assay and according to cellular density, and the results revealed that eDNA release in the presence of 1% glycine was fourfold higher than that in the control (Figure 4A). To compare DNA content inside and outside of OMVs, DNA concentrations were measured in OMVs treated with or without DNase. The percentage of internal DNA relative to total DNA associated with OMVs was 13% in OMVs derived from E. coli in LB medium and 70% in OMVs with glycine (Figure 4B), thus suggesting that the addition of glycine enhances the amount of internal DNA in OMVs. Furthermore, real-time PCR analysis indicated that the ratio of plasmid to OMVs induced by glycine were higher than were those in the control (Figure 4C). These results support the idea that PG defects increase the incorporation of plasmid DNA into OMVs.
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FIGURE 4. Glycine induces the incorporation of plasmid into vesicles. (A) The production of extracellular DNA (eDNA) in E. coli BW25113 in the absence (-Gly) and presence (+ Gly) of 1% glycine. DNA concentration in the supernatant was normalized to cell densities, and values relative to that of control are presented. (B) Percentage of external and internal DNA of vesicles from E. coli BW25113. Vesicles were treated with or without DNase I, and the DNA concentration was measured using PicoGreen. (C) The ratio of plasmid to DNase I-treated vesicles. The amount of plasmid and vesicles were measured by real-time PCR and nano-tracking analysis, respectively, and the values (plasmid/vesicle) relative to control (-Gly) are provided. In all figures, the data are presented as the mean ± standard deviation from three replicates. **P < 0.005 compared to the control.




Peptidoglycan Defects Increases Membrane Permeability

As glycine inhibits the proper alignment of PGs in E. coli (Hammes et al., 1973; Jonge et al., 1996), we evaluated the growth and membrane integrity of E. coli in the absence and presence of glycine. We analyzed membrane permeability using SYOT9 and PI, both of which are frequently used to test bacterial viability. The growth curve revealed that the presence of 1% glycine slightly repressed E. coli growth in LB medium (Supplementary Figure 3). At the late exponential phase (3 h culture), the percentage of PI-labeled cells was increased (Figures 5A,B); however, the colony forming unit (CFU) did not change significantly in the presence or absence of glycine (Figure 5C), suggesting that glycine increases the membrane permeability.
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FIGURE 5. Effect of glycine on membrane permeability. E. coli BW25113 was grown to the late exponential phase in the presence and absence of 1% glycine. (A) Membrane permeability analyses using SYTO9 and propidium iodide (PI). Bacterial cells exhibiting membrane integrity and deficiency were labeled green and red, respectively. Representative images are presented. Bar = 100 μm. (B) The percentages of SYTO9- and PI-labeled cells. The data are presented as the mean ± standard deviation from more than three representative images. **P < 0.005 compared to the control (-Gly). (C) Cell viability in the presence and absence of glycine. Bacterial cells were adjusted to equal optical densities (OD600 = 1.0), diluted samples were plated onto LB agar, and colony forming units (CFUs) were calculated. The data are presented as the mean ± standard deviation from three replicates. (D) The permeability of the outer membrane was assessed by measuring the fluorescence of 1-N-phenylnaphthylamine (NPN), and the values relative to that of control are presented. The data are presented as the mean ± standard deviation from three replicates. **P < 0.005 compared to the control (-Gly).


To further analyze the effect of glycine on membrane permeability, we used the fluorescent probe 1-N-phenylnaphthylamine (NPN) that is a small hydrophobic molecule (219 Da) and cannot cross the OM. When the membrane is damaged, the hydrophobic molecule NPN can enter into the phospholipid layer, resulting in prominent fluorescence (Muheim et al., 2017). At the late exponential phase, the membrane permeability of OM showed a high level (approximately threefold) in the presence of 1% glycine (Figure 5D). Thus, membrane remodeling already occurred at the late exponential phase, although the bacterial viability was not altered at that point.



Visualization of Released Vesicles and Cellular Surface Exposure to Glycine

O-IMVs have been suggested as a route for MV-mediated gene transfer in several bacterial species (Pérez-Cruz et al., 2013, 2015). To evaluate the relationship between DNA incorporation and the appearance of OMVs, OMVs derived from WT (with and without 1% glycine), and ΔnlpI were analyzed by negative staining using transmission electron microscopy (TEM). Most OMVs were single spherical vesicles in all samples; however, double lamellar vesicles were observed in OMVs of WT grown with glycine or from ΔnlpI (Figure 6 and Supplementary Figure 4). This suggested that these double lamellar vesicles are O-IMVs and may contain cytoplasmic components, including DNA.
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FIGURE 6. Transmission electron microscopy observation of vesicles. E. coli BW25113 WT and ΔnlpI harboring pUC19 were grown in LB containing ampicillin with or without 1% glycine, and vesicles extracted from the supernatant were observed after negative staining. Bar = 100 nm.


To investigate the spatial structure of the bacterial envelope after exposure to glycine, we used quick-freeze deep-etch and replica electron microscopy (QFDE-EM) to observe bacterial cellular surface with high spatial and sub-millisecond time resolutions (Tulum et al., 2019; Takaki et al., 2020). When E. coli cells were grown without glycine, abnormally altered cellular surfaces were not observed in the freeze-fractured sections (Figures 7A,B). The QFDE-EM method enables visualization of the intracellular compartments such as the presumptive OM, IM, and cytoplasm (CP) (Figures 7B,C). The addition of glycine caused the separation of OM and IM and resulted in curvature of the OM (Figure 7D). Furthermore, a large amount of OMVs were observed on the cellular surface in the presence of glycine (Figure 7E). Interestingly, vesicles composed of double membranes were observed in the sample containing glycine (Figure 7F). The freeze-fractured section of the blebbing cells revealed that the multilamellar vesicles were O-IMVs and contained cytoplasmic components (Figures 7G,H), thus suggesting that O-IMVs are a possible route for incorporation of DNA into OMVs in the presence of glycine.
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FIGURE 7. Visualization of bacterial surfaces by quick freeze deep-etch and replica electron micrograph (QFDE-EM) analyses. E. coli BW25113 was grown in LB in the absence (A,B) and presence (C–H) of 1% glycine. The outer membrane (OM), inner membrane (IM), and cytoplasm (CP) are shown (B,C). The black arrows indicate loose and curved OM portions (D) and double lamellar vesicles (F), respectively. Enlarged image of the black box in image (G) are shown in image (H).





DISCUSSION

A number of previous studies have reported the presence of DNA in OMVs in several Gram-negative bacteria (Dorward et al., 1989; Dorward and Garon, 1990; Kadurugamuwa and Beveridge, 1995), and OMV-mediated gene exchange has been extensively investigated (Domingues and Nielsen, 2017; Soler and Forterre, 2020). Although vesicle-mediated gene transfer is estimated to occur at a low rate compared to that of the other three HGT mechanisms (transformation, transduction, and conjugation) according to mathematical models (Nazarian et al., 2018), this process possesses unique characteristics compared to those of the others; where specific genes such as dprA and com operon for natural transformation, phage genes for transduction, and type IV secretion system genes (relaxase, type IV coupling protein, and type IV secretion system) for conjugation are not required. To use vesicles as DNA cargo among bacterial species, the general mechanism of gene exchange has recently been studied using OMVs from E. coli (Tran and Boedicker, 2017, 2019). In contrast, much less is known regarding the mechanism by which DNA passes through the inner membrane and is sorted into OMVs in Gram-negative bacteria. In the present study, we explored factors that influence DNA packing into vesicles using OMV-overproducing E. coli mutants, and showed that PG defects increase the incorporation of plasmid DNA into OMVs. Furthermore, glycine was identified as a stimulator for OMV production and incorporation of plasmid DNA into OMVs.

In this study, the presence of plasmid DNA in OMVs was examined using hypervesiculating E. coli mutants harboring high-copy plasmids. Tran and Boedicker (2017) reported that an average of 3.62 pUC19 plasmids were loaded per E. coli vesicle. However, both their and our experiments evaluated the relative ratio of the specific region of the plasmid to that of chromosome, and we cannot debate the absolute copy number of plasmid per vesicle from those results. Further quantitative analyses are required to estimate the copy number present inside the vesicles. As the radius of gyration of pUC19 was estimated to be 65.6 nm (Störkle et al., 2007), several copies at a maximum are presumed to be contained per vesicle. In our results, the loading of pUC19 into vesicles was increased by approximately threefold in the ΔnlpI in which peptide crosslinks were defective in PGs (Figure 2C). Interestingly, OMVs from ΔnlpI possessed small diameters according to both hydrodynamic (Supplementary Figure 1) and nano-tracking (Figure 3C) analyses despite harboring higher plasmid copies. The PG defects disturb OM-PG links, and OMVs derived from the cellular surface through such mechanisms tend to exhibit smaller diameters compared to those of OMVs derived from cell-binding sites (Deatherage et al., 2009). Thus, we speculated that the incorporation of DNA into OMVs is driven by PG defects.

To further corroborate if PG defect-based OMV production enhances the encapsulation of plasmid DNA into OMVs, the influence of 1.0% glycine supplementation on plasmid copy numbers within OMVs was investigated. Glycine substitutes for D- and L-alanine of PGs during growth (Hammes et al., 1973; Jonge et al., 1996), and it also induces OMV production (Hirayama and Nakao, 2020). The mechanism for OMV induction by glycine is considered to be a similar phenomenon to that observed in the depletion of nlpI, where the loss of the OM-PG bridge (i.e., Braun’s lipoprotein Lpp) increases OM looseness and the accumulation of PG fragments increases OM protrusion, thus resulting in OMV production (Figures 8A,B). Our data demonstrated that supplementation with 1% glycine enhanced both OMV and eDNA release (Figures 3A, 4A). Additionally, approximately 70% of the DNA associated with OMVs from E. coli treated with glycine was the internal DNA in OMVs (Figure 4B). Notably, glycine-induced OMVs contained 13-fold higher pUC19 copies per vesicle compared to those without glycine (Figure 4C). Therefore, glycine can function as an effective additive for producing plasmid-containing OMVs.
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FIGURE 8. A possible model for DNA incorporation into vesicles. (A) The spatial image of the surface of Escherichia coli. Peptidoglycan (PG) is localized between the outer membrane (OM) and the inner membrane (IM). Braun’s lipoprotein Lpp (gray) forms crosslinks between OM and PG. (B) Defects in PG increase outer membrane vesicle (OMV) formation. The depletion of NlpI or the addition of glycine causes defects in peptide crosslinks in PG. The loss of bridges between OM and PG and the accumulation of PG fragments increase OM curvature, ultimately resulting in OMV formation. (C,D) Mechanisms for the incorporation of plasmids into OMVs in E. coli cells after exposure to glycine are explained by two proposal models. One is the leakage of plasmids (C). The membrane permeabilities of both OM and IM are increased when PG is not synthesized normally. The other mechanism is the formation of outer-inner membrane vesicles (O-IMVs) (D). IM and cytoplasmic components such as plasmids are included in the vesicle that is leaving the cell. The encapsulation of IM is considered to occur at the site where peptidoglycan is not normally synthesized.


Two mechanisms for the incorporation of plasmid DNA into OMVs under PG-defective conditions were proposed in this study. One mechanism is the leakage of DNA from the cytoplasm. Our data revealed that glycine increased the percentage of PI-labeled cells despite no differences in CFUs at the late exponential phase (Figures 4A, 5D), thus indicating that glycine enhances membrane permeability prior to the occurrence of cell lysis. Moreover, eDNA release and OM permeability were increased by glycine (Figures 5A,D). Taken together, our results indicated that cytoplasmic plasmid DNA is leaked into the periplasmic space and the extracellular milieu, ultimately leading to the incorporation of DNA into OMVs and eDNA release (Figure 8C). While PI is permeable to pores that are approximately 1.5 nm in diameter (Nesin et al., 2011), much larger pores could contribute to plasmid DNA penetration. The effect of glycine on PG weakness has been used for effective transformation in several previous studies (Holo and Nes, 1989; Thompson and Collins, 1996; Buckley et al., 1999; Ito and Nagane, 2001), and our results are consistent with those from previous reports indicating that PG defects contribute to DNA permeation through cellular membranes. The internal existence of double-stranded DNA in a single OM bilayer vesicle has also been reported in Acinetobacter baylyi (Fulsundar et al., 2014) and P. aeruginosa (Bitto et al., 2017), and increased membrane permeability may be one of the proposed mechanisms underlying these observations. It is not yet clear to what extent the existence of vesicles containing interior DNA is due to elevated IM permeability, and quantitative analyses will allow for improved understanding of vesicle-mediated gene transfer in future studies.

The other proposed mechanism for DNA incorporation into OMVs is the production of O-IMVs. The O-IMV production is a natural event for the growth of pathogenic bacteria, including N. gonorrhoeae, P. aeruginosa and A. baumannii (Pérez-Cruz et al., 2015). In our results, O-IMVs were observed in OMVs from ΔnlpI and WT supplemented with glycine, but not in those from WT without glycine (Figure 6 and Supplementary Figure 4). When PG is not synthesized accurately, IM can become protruded and encapsulated into OMVs (Figure 8D). The presumption is also supported by a recent report; double lamellar vesicle formation is promoted in a hypervesiculating E. coli mutant ΔmlaEΔnlpI (Ojima et al., 2021), in which phospholipids are accumulated at the OM in the ΔnlpI background (Ojima et al., 2020). Intracellular vesicles, considered to be derived from IM, are accumulated in the periplasmic spaces and finally multilamellar vesicles are formed in the ΔnlpI and ΔmlaEΔnlpI mutants. We have recently observed excessive intracellular vesicle accumulation in the periplasm and multilamellar/multivesicular outer membrane vesicle (M-OMV) formation in Buttiauxella agrestis ΔtolB mutant (Takaki et al., 2020), but it is still unclear whether common factors are related to in M-OMV and O-IMV formations. MV formation beyond the PG also occurs in Gram-positive bacteria, where MVs are pinched off from the sites where PG is damaged by the expression of a prophage-encoded endolysin in Bacillus subtilis (Toyofuku et al., 2017). As IM exists within the PG in Gram-negative bacteria, an analogous principle may exist in Gram-negative bacterial O-IMV formation and Gram-positive MV formation.

Damage to PG frequently occurs in nature due to incomplete PG synthesis or PG degradation. PG-hydrolyzing enzymes are widespread and classified as endolysins, exolysins, and autolysins based on their origin and role (Vermassen et al., 2019). These PG hydrolyzing enzymes are used for cell division, lytic bacteriophage, and several types (type II, IV, and VI) of secretion systems. Indeed, the existence of autolysins has been confirmed in MVs from P. aeruginosa, and endolysin is an endopeptidase that cleaves a critical amide bond between the glycan moiety and the peptide moiety of the PG (Kadurugamuwa and Beveridge, 1995; Li et al., 1996). Therefore, PG damage-based incorporation of plasmid DNA into OMVs has potentially occurred during normal growth.



CONCLUSION

We demonstrated that PG defects contribute to the incorporation of DNA into OMVs in addition to OMV formation in E. coli. Glycine may provide a useful tool for the development of DNA-containing vesicles for genetic manipulation. Encapsulation of DNA in OMVs under PG defects is considered to occur by two proposed mechanisms that include increased membrane permeability and O-IMV formation. The results of this study are important for providing a better understanding of vesicle-mediated HGT in the nature and the utilization of vesicles for DNA cargo.
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One-way ANOVA, with Tukey as post hoc test. ns = non-significative compared

with S. Typhi WT.
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S. Typhi WT 25 20 28 —18.60 £ 2.07
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n = at least 3.

aKruskal-Wallis, Dunn as a post hoc test, ***o < 0.001. The analysis refers to differ-

ences in the size among different OMVs, not only to the median.

bOne-way ANOVA, Tukey as a post hoc test, *p < 0.05.
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