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Abstract

:

Outer membrane vesicles (OMVs) are nanoparticles released by Gram-negative bacteria, which contain different cargo molecules and mediate several biological processes. Recent studies have shown that OMVs are involved in antibiotic-resistance (AR) mechanisms by including β-lactamase enzymes in their lumen. Since no studies have as yet been conducted on Salmonella enterica subs. enterica serovar Infantis’ OMVs, the aim of the work was to collect OMVs from five S. Infantis β-lactam resistant strains isolated from a broiler meat production chain and to investigate whether β-lactamase enzymes are included in OMVs during their biogenesis. OMVs were isolated by means of ultrafiltration and a Nitrocefin assay quantified the presence of β-lactamase enzymes in the OMVs. Transmission electron microscopy (TEM) and dynamic light scattering (DLS) were used to identify the OMVs. The results showed that all strains release spherical OMVs, ranging from 60 to 230 nm. The Nitrocefin assay highlighted the presence of β-lactamase enzymes within the OMVs. This suggests that β-lactamase enzymes also get packaged into OMVs from bacterial periplasm during OMV biogenesis. An investigation into the possible role played by OMVs in AR mechanisms would open the door for an opportunity to develop new, therapeutic strategies.
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1. Introduction


Outer membrane vesicles (OMVs) are spherically bilayered nanoparticles, ranging in size from 10 to 300 nm, released into the extracellular milieu from the Outer Membrane (OM) of Gram-negative bacteria [1]. OMVs biogenesis is the result of a budding process and therefore three different main mechanisms have been proposed based on several biochemical and genetic studies. The first process involves the dissociation of the outer membrane in specific zones lacking proper attachments to underlying structures (e.g., peptidoglycan); the second is due to the presence of misfolded proteins, which accumulate in nanoterritories where crosslinks between peptidoglycan and other components of the bacterial envelope are either locally depleted or displaced; and the third, in which some changes in LPS composition also modulate OMV biogenesis, presumably by generating a differential curvature, fluidity, and/or charge in the outer membrane [2]. Several bacterial species have been shown to produce OMVs, e.g., Escherichia coli [1,3], Pseudomonas aeruginosa [4], Campylobacter jejuni [5,6], Borrelia burgdorferi [7,8], Shigella spp. [9], Helicobacter pylori [10], Vibrio spp. [11] Neisseria spp. [12], and Salmonella spp. [2].



Since OMVs arise from the OM of Gram-negative bacteria, they contain several outer membrane components as well as a soluble content inside and attached to their Outer Vesicle surface. The composition of OMVs cargo is modulated by growth conditions and is also highly influenced by the interactions between host cells and bacteria [13]. For instance, OMVs enclose in their lumen different types of molecules, such as proteins, LPS, lipids, metabolites, virulence factors, and also nucleic acids, derived from the bacterial periplasm that is located between the inner membrane and outer membrane [1]. Based on the nature of the cargo, OMVs are involved in multiple processes, including intracellular and extracellular communication, quorum sensing, horizontal gene transfer, interbacterial killing, and inter- and intra-species delivery of molecules, e.g., toxins and virulence factors. Moreover, OMVs are also involved in stress responses, such as biofilm formation, and participate in modulating the host immune response [1,2,11,12,13]. In addition to their role in bacterial communication, the transfer of virulence factors as cargoes to OMVs enhance bacterial survival in the host. In fact, OMVs are secreted as distinct entities which mediate the transfer of virulence factors, adhesion molecules, toxins, and immunomodulatory compounds. In particular, many virulence factors are secreted into OMVs, such as the vacuolating toxin VacA of Helicobacter pylori and the HlyE hemolysin in Salmonella enterica serovar Typhi [2]. In this way, they constitute a separate secretory system, which operates in Gram-negative bacteria to gain access to host tissues and the bloodstream. OMV production under in vitro conditions has been observed during bacterial growth on solid and liquid media, in biofilms, and also during intracellular infections [13].



Recent evidence indicates that OMVs, in addition to their multiple roles, are able to protect bacteria not only from phages and environmental stress factors but also from antibiotics [14].



It has been demonstrated that OMVs play a key role in antibiotic-resistance mechanisms by disseminating genetic determinants of antibiotic-resistance [14].



Recent studies have pointed out that OMVs can provide immediate protection for bacteria, acting as decoys that bind or absorb antibiotics and toxins, before the molecules reach their targets on bacteria [2]. Moreover, knowing that bacteria in biofilms are more resistant to the actions of antibiotics than their planktonic counterparts, a recent proteomic analysis obtained from planktonic growth and biofilm in P. aeruginosa revealed that the drug-binding proteins were more concentrated in biofilm OMVs [15].



OMVs can also carry enzymes that mediate antibiotic protection, such as β-lactamase enzymes. These enzymes are located in the bacterial periplasm, where they inactivate the β-lactam molecules before they reach their targets situated on the cytoplasmic membrane, the penicillin-binding proteins. The origin of extracellular β-lactamase activity was initially thought to be exclusively from lysed and broken cells. As observed in P. aeruginosa, it seems that the enzyme is packaged into OM vesicles. In fact, Ciofu et al. [15], using polyclonal antibodies against chromosomal β-lactamase of Pseudomonas aeruginosa, demonstrated the presence of β-lactamase in OMVs isolated from three β-lactam-resistant clinical isolates and one β-lactam-sensitive strain of the bacterium [15]. There is evidence to indicate that vesicles carrying β-lactamases protect not only the producer cell but also some other bacteria co-present in the micro-environment [16,17]. Indeed, it has been demonstrated that the β-lactamase associated with OMVs produced by some members of Bacteroides spp. can protect some commensal and enteric pathogens, such as Salmonella Typhimurium from the cefotaxime, a third-generation cephalosporin. In addition, blaZ, a lactamase protein, was found to be associated with the vesicles produced by Staphylococcus aureus, a Gram-positive bacterium [18].



Salmonella Infantis is a poultry-adapted Salmonella enterica serovar that is increasingly reported in broilers and is also regularly identified among human salmonellosis cases.



Over recent years, the increasing incidence of S. Infantis infection in humans and animals has also been complicated by the spread of multidrug-resistant (MDR) and extended spectrum β-lactamase (ESBL) clones in several European countries, including Switzerland [19], Slovenia [20], Hungary, Austria, Poland [21], Israel [22], Germany [23], and Italy [23,24]. S. Infantis ESBL strains mediate resistance to third-generation cephalosporins [17]. Recently, resistance to extended-spectrum cephalosporins such as cefotaxime, ceftriaxone, ceftazidime, and ceftizoxime, which are mainly produced by β-lactamase, is increasing. This poses serious public health implications, especially because these two classes are critically important human antimicrobials being the drug of choice for human salmonellosis.



Since there are no scientific studies to date on S. Infantis’ Outer Membrane Vesicles the aim of the research was to isolate and identify OMVs from MDR-ESBL S. Infantis strains. Furthermore, in order to study their involvement in antibiotic-resistance mechanisms, the possible inclusion and quantification of β-lactamase enzymes in OMVs were also evaluated.




2. Results


2.1. Transmission Electron Microscopy (TEM)


OMVs isolated from the MDR and ESBL S. Infantis cultures were spherical in shape and ranged from 60 to 230 nm in size. OMVs appeared as single vesicles or they were organized in clusters and exhibited an electrodense appearance (Figure 1).




2.2. Dynamic Light Scattering (DLS) Analysis


Photocorrelation analysis highlighted the presence of two populations at approximately 50 and 150 nm in both OMV samples. No major differences were observed, which suggested consistent features among the different samples. The analysis corresponded with the TEM observations, where outer membrane vesicles between 50 and 200 nm were observed (Figure 2).




2.3. Evaluation of β-Lactamase Enzymatic Activity


The β-lactamase activity values measured in the OMV concentrates, the eluates, and the filtrates normalized to the protein content are reported in Supplementary Table S1.



The β-lactamase enzymatic activity in OMV concentrates showed significantly higher values when compared with 0.45 filtrate (p < 0.01) and eluted samples (p < 0.05), respectively. No statistically significant differences were observed between the 0.45 filtrate and eluted samples (Figure 3).



In three strains (1,2,5), the value of β-lactamase enzymes was higher in the OMV concentrate (515.13, 554.14, and 1905.47 mU/mg, respectively) than in both the eluted (157.13, 289.34 and 118.70) and the 0.45 μm filtrate samples (192.51; 175.43 and 206.74 mU/mg). In two strains (3,4), the β-lactamase activity value was lower in the OMV concentrate (524.60 and 255.38) than in both the eluted (634.22 and 400.57 mU/mg) and the 0.45 μm filtrate samples (471.94 and 211.54 mU/mg).





3. Discussion


Bacterial OMVs are an intelligent strategy of mediation and exchange between intra- and interspecific micro-organisms in the micro-environment. They are involved in several processes, including protection from antibiotics and horizontal gene transfer. More specifically, OMVs mediate AR in various ways, as reported in the literature [25].



In fact, several studies have demonstrated that OMVs enable antibiotic resistance, including antibiotic-inactivating enzymes such as β-lactamase enzymes in their lumen [26,27].



Furthermore, it has been reported that OMVs from Porphyromonas gingivalis are able to confer resistance to antibiotics without the presence of resistance enzymes, by absorbing Chlorhexidine themselves [13].



Chattopadhyay et al. [14] observed the protecting action against antibiotics of OMVs isolated from the Antarctic bacterium Pseudomonas syringae. In fact, the authors demonstrated that the growth inhibitory effect of colistin and melittin, two membrane-active antibiotics, was reversed by the addition of outer membrane vesicles from the same organism to the culture medium. In this way, it was clear that the OMVs protect the bacteria by binding and removing the antimicrobial peptides from the extracellular milieu [14].



Moreover, it has been demonstrated that OMVs actively participate in disseminating the genes responsible for antibiotic resistance. Indeed, OMVs use horizontal gene transfer to mediate the acquisition of antibiotic-resistance gene determinants by those susceptible bacteria that are not only co-specific but also share the same habitat [14,26].



In our study, we considered five S. Infantis strains, previously identified as multi-drug resistant (MDR) and ESBL producers. S. Infantis strains were resistant to tetracycline, sulfamethoxazole/trimethoprim, and nalidixic acid, thus confirming the typical pattern of multi-resistance of the European S. Infantis clone [22]. To date, no studies have reported on the isolation and identification of OMVs from S. Infantis. We isolated OMVs from all strains of S. Infantis examined (n = 5). TEM analysis revealed that S. Infantis’ vesicles are spherical with a diameter ranging from 60 to 230 nm, in accordance with the previously published data on OMVs produced by E. coli [28], Klebsiella pneumoniae [29] and Pseudomonas aeruginosa [30].



The morphology was also similar to OMVs isolated by other S. enterica serovars, such as S. Choleraesuis and S. Typhimurium [31].



These observations were confirmed by DLS analysis which revealed two main populations at 50 and 150 nm in all OMV samples tested.



In this work, we measured the β-lactamase enzyme activity to understand whether β-lactamase enzymes are included in vesicles during their biogenesis.



Our results demonstrated that there was a statistically significant difference between the value measured within the concentrate with OMVs and that detected in the filtrate and eluate. Instead, no statistically significant difference was observed between filtrated and eluted samples. The activity value detected within the filtrate samples may be due to either the presence of free β-lactamases or the presence of OMVs.



Although Kim et al. [27] showed that Nitrocefin can enter OMVs through porins, sonication enables OMVs to be lysed and thus release all the β-lactamase present in their lumen. In our case, the β-lactamase activity values related to the 0.45 μm filtrate samples may have been underestimated, since filtrate samples were not subjected to sonication, contrary to the OMV concentrate samples.



In the concentrates, OMVs are retained by the Amicon filter with the 100-kDa cut-off, and for this reason, the β-lactamase activity value detected in these samples can only be attributed to the presence of β-lactamases in the vesicle lumen. On the contrary, the β-lactamase activity value detected in the eluate is due only to free β-lactamase which is not retained by the 100-kDa cut-off filter, as it weighs between 30 and 40 kDa. This is the first study in which the detection of β-lactamase with the Nitrocefin assay is used on 0.45 μm filtrate, eluate, and OMV concentrate samples.



With regards to the quantification of β-lactamase enzyme activity, it should be stressed that the value of β-lactamase enzymes in three strains (1,2,5) was higher in the OMV concentrate than in both the eluted and 0.45 μm filtrate samples. Instead, the value of the β-lactamase activity in two strains (3,4) was lower in the OMV concentrate than in both the eluted and 0.45 μm filtrate samples. This difference may be due to the diversity between the bacterial strains. A larger sample size would be useful to better investigate this phenomenon.



The values for β-lactamase enzyme activity obtained in our work are not currently comparable with other data due to the lack of similar studies in the literature. S. Infantis has emerged as the fourth most frequent serovar to cause human salmonellosis in Europe and is becoming a serious public health concern. S. Infantis is the serovar most frequently isolated in broiler flocks and the fourth most common in breeding flocks and laying hens in the European Union [28]. Casagrande Proietti et al. [27] have shown the spread and persistence of the ESBL strains of S. Infantis that are also resistant to cephalosporins, included in the list of critically important antimicrobials for human medicine by the WHO [31]. S. Infantis OMVs carrying β-lactamase enzymes could represent a strategy to protect resistant or susceptible bacteria co-present in the micro-environment by degrading β-lactam antibiotics before they can affect the bacteria, as observed in E. coli [26] and Moraxella catarrhalis [15].



Moreover, β-lactamases packed into the OMV lumen are relatively safe from dilution and degradation as a result as reported in the literature [31]. In fact, it has been reported that OMVs isolated from Moraxella catarrhalis were found to be able to protect the β-lactamase enzyme, produced by this bacterium, from the inactivation by anti-β-lactamase antibody, packaging the enzyme in their lumen [15].



In this scenario, S. Infantis’ OMVs containing β-lactamase enzymes could play a role in AR mechanisms.




4. Materials and Methods


4.1. Experimental Design


Five MDR and ESBL producers S. Infantis strains from a broiler meat production chain investigated in two previous studies [22,27] were selected in this work. Bacterial strains were stored at −80 °C until use. To evaluate the inclusion of β-lactamase enzymes in OMVs during their biogenesis, the β-lactamase activity value was measured in three different samples from three subsequent steps of the OMV isolation procedure. OMVs were isolated by means of 0.45 μm filtration and ultrafiltration. First, the β-lactamase enzyme activity in the 0.45 μm filtrate was tested, in which both vesicles and potential free β-lactamases were present. Then, β-lactamase enzyme activity was tested both in eluate and concentrate samples resulting from the ultrafiltration step.




4.2. Isolation of S. Infantis OMVs


In order to isolate the OMVs, all MDR and ESBL S. Infantis strains were cultured on Luria-Bertani (LB) agar plates (Thermo Fisher Scientific, city name, Milan MI, Italy) at 37 °C for 12/24 h and then on LB medium (Thermo Fisher Scientific, Milan MI, Italy) at 37 °C for 6–8 h with orbital shaking (220 rpm) under aerobic conditions.



The OMVs were prepared from liquid cultures of S. Infantis according to the method described in the literature with modifications [3,29]. OMVs were isolated from the late exponential phase of five S. Infantis strains, based on the previously published procedure [24,25,26]. Two separate tests were set up for each strain. A volume of 3 mL of overnight (O/N) culture was inoculated in 300 mL of LB medium (Thermo Fisher Scientific, Milan MI, Italy). The bacterial inoculum was cultured at 37 °C under orbital shaking (180 rpm) with aeration until OD600 reached 1.8 (up to 6–8 h of incubation). The cultures were centrifuged at 4500× g for 20 min at 4 °C in order to remove bacterial cells. A vacuum pump (Euroclone, Milano, Italy) filtered supernatants through a 0.45 μm filter membrane to remove the remaining bacteria and cell debris. The filtrate was checked for sterility by plating 100 μL on LB agar plates. The bacteria-free filtrates were concentrated with a 100 kDa membrane using the Amicon Ultrafiltration system (Merck Millipore, Billerica, MA, USA) to a volume of approximately 400 μL. The concentrated filtrates with OMVs were washed twice in a phosphate buffer (PBS pH 7.2). The OMV preparations were checked for the presence of remaining bacterial cells by plating the vesicle suspension on LB agar plates incubated at 37 °C O/N. OMVs were stored at −20 °C until used for experiments.




4.3. Transmission Electron Microscopy (TEM)


Transmission electron microscopy (TEM) was used to investigate OMV morphology. Ten microliters from each S. Infantis sample were adsorbed for 15 min on Formvar-coated copper grids (Electron Microscopy Sciences, Hatfield, PA, USA) in a humified chamber with the coated side towards the suspension. After the incubation, the grids were washed twice in 0.22 μm filtered PBS (0.1 M pH 7.3), followed by a final wash in distilled water. The excess liquid was removed with filter paper. The samples were contrasted with 2% uranyl-acetate dissolved in distilled water for 5 min. The grids were then washed twice in distilled water, air dried, and observed under a Philips EM208 transmission electron microscope equipped with a digital camera (CUMEF—University Centre of Electron and Fluorescence Microscopy, Perugia, Italy).




4.4. Dynamic Light Scattering (DLS)


The hydrodynamic size distribution of NVs was measured by dynamic light scattering (DLS) analysis, using a NICOMP 380 ZLS equipped with a 35 mW He-Ne Coherent Innova 70-3 laser source at 654.0 nm and APD detector (Particle Sizing System, Inc., Santa Barbara, CA, USA). Samples were analyzed after purification in 0.22 µm filtered PBS medium at 20 °C, as reported above.




4.5. Evaluation of β-Lactamase Activity


To investigate the presence of the β-lactamase enzymes in OMVs, β-lactamase activity was quantified by a colorimetric β-lactamase activity assay kit (β-Lactamase Activity Assay Kit, Sigma-Aldrich, Saint Louis, MO, USA) according to the manufacturer’s instructions. The β-lactamase activity was measured in three different samples: the filtered 0.45 μm supernatants, the eluted samples from ultrafiltration, and OMV concentrates. Two different tests were set up for each strain. The colorimetric assay is based on the hydrolysis of Nitrocefin, a chromogenic cephalosporin that produces a coloured, spectrophotometrically measurable product (OD490) proportional to the enzymatic activity present. A lyophilized, positive control included in the kit was used. The quantity of enzyme capable of hydrolysing 1.0 µM of Nitrocefin/min at 25 °C (pH 7.0) corresponds to 1 U of β-lactamase. To liberate β-lactamase from the OMV lumen, each OMV sample (30 μL) was sonicated for 5 min and cooled on ice for 5 min. Equal aliquots of OMVs, the eluted and the 0.45 μm filtrate (5 μL, 20 μL, and 20 μL, respectively) were dispensed into the wells of a clear, flat-bottomed 96-well plate (Thermo Fisher Scientific-Nunclon 96 flat bottom transparent polystyrene), and Nitrocefin and β-lactamase assay buffer (provided by the kit) were added to reach a final volume of 100 μL. The absorbance at OD490 was immediately measured in kinetic mode for 60 min at room temperature. Each sample was analysed in triplicate. A standard curve was generated using 0, 4, 8, 12, 16, and 20 nmol of Nitrocefin.



The protein content of the specific β-lactamase activity of each sample was normalized and expressed in milli-units/milligram of protein.




4.6. Protein Content Quantification


To determine the protein concentration, the 0.45 filtrate and eluted samples were previously centrifuged at 10,000× g for 10 min at 4 °C. The supernatant was discarded, and subsequently, the weight of the pellet was determined and it was resuspended in PBS (1 μL/mg of sample). The supernatants obtained after sonication and centrifugation at 4 °C for 13,500× g for 20 min were stored at −20 °C until use. OMV proteins were quantified using the Bradford assay, with bovine serum albumin (BSA) as the standard.




4.7. Statistical Analysis


Enzymatic activity data were presented as the mean ± standard deviation (SD). Significant differences in the enzymatic activity were determined by the Kruskal–Wallis test followed by Dunn’s post-hoc test (JASP Version 16.2). A p-value < 0.05 was considered significant for the analysis. All data were analyzed using GraphPad Prism (GraphPad, version 7, San Diego, CA, USA).





5. Conclusions


In this work, OMVs were isolated from five MDR and ESBL S. Infantis strains and the presence of β-lactamase enzyme activity was evaluated. It highlighted the presence of β-lactamase enzyme activity within the outer membrane vesicles, confirming the hypothesis that β-lactamase enzymes are packaged in OMVs’ lumen during their biogenesis.



However, further in-depth studies are required to fully identify the vesicular content and to understand how OMVs mediate antibiotic-resistance mechanisms. In fact, an investigation into the possible role played by OMVs in antibiotic-resistance mechanisms would open the door for an opportunity to develop new, innovative therapeutic strategies to fight antibiotic resistance in the “post-antibiotic era”.








Supplementary Materials


The following supporting information can be downloaded at https://www.mdpi.com/article/10.3390/antibiotics12040744/s1, Table S1: β-lactamase enzymes values (mU/mg) in OMVs concentrate, eluted and 0.45 μm filtrate.





Author Contributions


Conceptualization, P.C.P., V.T. and G.S.; methodology, V.T., G.S., L.M., P.C.P., A.T., E.C. and S.G.; investigation, V.T., L.M., L.P. and G.S.; resources, M.P.F. and R.B.; data curation, V.S. and V.T.; writing—original draft preparation, P.C.P. and V.T.; writing—review and editing, P.C.P. and V.T. All authors have read and agreed to the published version of the manuscript.




Funding


This project has been funded by Dipartimento di Medicina Veterinaria di Perugia-Ricerca di Base dipartimentale, grant number BASE22_CASAGRANDEPROIETTI.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Not applicable.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



McBroom, A.J.; Kuehn, M.J. Outer Membrane Vesicles. EcoSal Plus. 2005, 1, ecosal.2.2.4. [Google Scholar] [CrossRef]

	



Nevermann, J.; Silva, A.; Otero, C.; Oyarzún, D.P.; Barrera, B.; Gil, F.; Calderón, I.L.; Fuentes, J.A. Identification of Genes Involved in Biogenesis of Outer Membrane Vesicles (OMVs) in Salmonella enterica Serovar Typhi. Front. Microbiol. 2019, 10, 104. [Google Scholar] [CrossRef] [PubMed]

	



Bauman, S.J.; Kuehn, M.J. Purification of outer membrane vesicles from Pseudomonas aeruginosa and their activation of an IL-8 response. Microbes Infect. 2006, 8, 2400–2408. [Google Scholar] [CrossRef]

	



Lindmark, B.; Rompikuntal, P.K.; Vaitkevicius, K.; Song, T.; Mizunoe, Y.; Uhlin, B.E.; Guerry, P.; Wai, S.N. Outer membrane vesicle-mediated release of cytolethal distending toxin (CDT) from Campylobacter jejuni. BMC Microbiol. 2009, 9, 220. [Google Scholar] [CrossRef]

	



Elmi, A.; Watson, E.; Sandu, P.; Gundogdu, O.; Mills, D.C.; Inglis, N.F.; Manson, E.; Imrie, L.; Bajaj-Elliott, M.; Wren, B.W.; et al. Campylobacter jejuni Outer Membrane Vesicles Play an Important Role in Bacterial Interactions with Human Intestinal Epithelial Cells. Infect. Immun. 2012, 80, 4089–4098. [Google Scholar] [CrossRef] [PubMed]

	



Dorward, D.W.; Schwan, T.G.; Garon, C.F. Immune capture and detection of Borrelia burgdorferi antigens in urine, blood, or tissues from infected ticks, mice, dogs, and humans. J. Clin. Microbiol. 1991, 29, 1162–1170. [Google Scholar] [CrossRef] [PubMed]

	



Shoberg, R.J.; Thomas, D.D. Specific adherence of Borrelia burgdorferi extracellular vesicles to human endothelial cells in culture. Infect. Immun. 1993, 61, 3892–3900. [Google Scholar] [CrossRef] [PubMed]

	



Chatterjee, D.; Chaudhuri, K. Association of cholera toxin with Vibrio cholerae outer membrane vesicles which are internalized by human intestinal epithelial cells. FEBS Lett. 2011, 585, 1357–1362. [Google Scholar] [CrossRef]

	



Kadurugamuwa, J.L.; Beveridge, T.J. Virulence factors are released from Pseudomonas aeruginosa in association with membrane vesicles during normal growth and exposure to gentamicin: A novel mechanism of enzyme secretion. J. Bacteriol. 1995, 177, 3998–4008. [Google Scholar] [CrossRef]

	



Furuta, N.; Takeuchi, H.; Amano, A. Entry of Porphyromonas gingivalis Outer Membrane Vesicles into Epithelial Cells Causes Cellular Functional Impairment. Infect. Immun. 2009, 77, 4761–4770. [Google Scholar] [CrossRef]

	



Biller, S.J.; Schubotz, F.; Roggensack, S.E.; Thompson, A.W.; Summons, R.E.; Chisholm, S.W. Bacterial Vesicles in Marine Ecosystems. Science 2014, 343, 183–186. [Google Scholar] [CrossRef] [PubMed]

	



Fulsundar, S.; Harms, K.; Flaten, G.E.; Johnsen, P.J.; Chopade, B.A.; Nielsen, K.M. Gene Transfer Potential of Outer Membrane Vesicles of Acinetobacter baylyi and Effects of Stress on Vesiculation. Appl. Environ. Microbiol. 2014, 80, 3469–3483. [Google Scholar] [CrossRef]

	



Jan, A.T. Outer Membrane Vesicles (OMVs) of Gram-negative Bacteria: A Perspective Update. Front. Microbiol. 2017, 8, 1053. [Google Scholar] [CrossRef]

	



Chattopadhyay, M.K.; Jaganandham, M.V. Vesicles-mediated resistance to antibiotics in bacteria. Front. Microbiol. 2015, 6, 758. [Google Scholar] [CrossRef]

	



Ciofu, O.; Beveridge, T.J.; Kadurugamuwa, J.; Walther-Rasmussen, J.; Høiby, N. Chromosomal β-lactamase is packaged into membrane vesicles and secreted from Pseudomonas aeruginosa. J. Antimicrob. Chemother. 2000, 45, 9–13. [Google Scholar] [CrossRef] [PubMed]

	



Bush, K. Past and Present Perspectives on β-Lactamases. Antimicrob. Agents Chemother. 2018, 62, e01076-18. [Google Scholar] [CrossRef] [PubMed]

	



Nógrády, N.; Király, M.; Davies, R.; Nagy, B. Multidrug resistant clones of Salmonella Infantis of broiler origin in Europe. Int. J. Food Microbiol. 2012, 157, 108–112. [Google Scholar] [CrossRef]

	



García-Soto, S.; Abdel-Glil, M.Y.; Tomaso, H.; Linde, J.; Methner, U. Emergence of Multidrug-Resistant Salmonella enterica Subspecies enterica Serovar Infantis of Multilocus Sequence Type 2283 in German Broiler Farms. Front. Microbiol. 2020, 11, 1741. [Google Scholar] [CrossRef]

	



Helms, M.; Vastrup, P.; Gerner-Smidt, P.; Mølbak, K. Excess Mortality Associated with Antimicrobial Drug-Resistant Salmonella Typhimurium. Emerg. Infect. Dis. 2002, 8, 490–495. [Google Scholar] [CrossRef]

	



Pate, M.; Mičunovič, J.; Golob, M.; Vestby, L.K.; Ocepek, M. Salmonella Infantis in Broiler Flocks in Slovenia: The Prevalence of Multidrug Resistant Strains with High Genetic Homogeneity and Low Biofilm-Forming Ability. BioMed Res. Int. 2019, 2019, 4981463. [Google Scholar] [CrossRef]

	



Dionisi, A.M.; Lucarelli, C.; Benedetti, I.; Owczarek, S.; Luzzi, I. Molecular characterisation of multidrug-resistant Salmonella enterica serotype Infantis from humans, animals and the environment in Italy. Int. J. Antimicrob. Agents 2011, 38, 384–389. [Google Scholar] [CrossRef]

	



Casagrande Proietti, P.; Stefanetti, V.; Musa, L.; Zicavo, A.; Dionisi, A.M.; Bellucci, S.; La Mensa, A.; Menchetti, L.; Branciari, R.; Ortenzi, R.; et al. Genetic Profiles and Antimicrobial Resistance Patterns of Salmonella Infantis Strains Isolated in Italy in the Food Chain of Broiler Meat Production. Antibiotics 2020, 9, 814. [Google Scholar] [CrossRef] [PubMed]

	



Franco, A.; Leekitcharoenphon, P.; Feltrin, F.; Alba, P.; Cordaro, G.; Iurescia, M.; Tolli, R.; D’Incau, M.; Staffolani, M.; Di Giannatale, E.; et al. Emergence of a Clonal Lineage of Multidrug-Resistant ESBL-Producing Salmonella Infantis Transmitted from Broilers and Broiler Meat to Humans in Italy between 2011 and 2014. PLoS ONE 2015, 10, e0144802. [Google Scholar] [CrossRef] [PubMed]

	



Kim, S.W.; Park, S.B.; Im, S.P.; Lee, J.S.; Jung, J.W.; Gong, T.W.; Lazarte, J.M.S.; Kim, J.; Seo, J.-S.; Kim, J.-H.; et al. Outer membrane vesicles from β-lactam-resistant Escherichia coli enable the survival of β-lactam-susceptible E. coli in the presence of β-lactam antibiotics. Sci. Rep. 2018, 8, 5402. [Google Scholar] [CrossRef]

	



Kim, S.W.; Lee, J.S.; Park, S.B.; Lee, A.R.; Jung, J.W.; Chun, J.H.; Lazarte, J.M.S.; Kim, J.; Seo, J.-S.; Kim, J.-H.; et al. The Importance of Porins and β-Lactamase in Outer Membrane Vesicles on the Hydrolysis of β-Lactam Antibiotics. Int. J. Mol. Sci. 2020, 21, 2822. [Google Scholar] [CrossRef] [PubMed]

	



Casagrande Proietti, P.; Musa, L.; Stefanetti, V.; Orsini, M.; Toppi, V.; Branciari, R.; Blasi, F.; Magistrali, C.F.; Capomaccio, S.; Kika, T.S.; et al. mcr-1-Mediated Colistin Resistance and Genomic Characterization of Antimicrobial Resistance in ESBL-Producing Salmonella Infantis Strains from a Broiler Meat Production Chain in Italy. Antibiotics 2022, 11, 728. [Google Scholar] [CrossRef]

	



Martora, F.; Pinto, F.; Folliero, V.; Cammarota, M.; Dell’Annunziata, F.; Squillaci, G.; Galdiero, M.; Morana, A.; Schiraldi, C.; Giovane, A.; et al. Isolation, characterization and analysis of pro-inflammatory potential of Klebsiella pneumoniae outer membrane vesicles. Microb. Pathog. 2019, 136, 103719. [Google Scholar] [CrossRef]

	



Bai, J.; Kim, S.I.; Ryu, S.; Yoon, H. Identification and Characterization of Outer Membrane Vesicle-Associated Proteins in Salmonella enterica Serovar Typhimurium. Infect. Immun. 2014, 82, 4001–4010. [Google Scholar] [CrossRef]

	



Liu, Q.; Yi, J.; Liang, K.; Zhang, X.; Liu, Q. Salmonella Choleraesuis outer membrane vesicles: Proteomics and immunogenicity. J. Basic Microbiol. 2017, 57, 852–861. [Google Scholar] [CrossRef]

	



Manning, A.J.; Kuehn, M.J. Contribution of bacterial outer membrane vesicles to innate bacterial defence. BMC Microbiol. 2011, 11, 258. [Google Scholar] [CrossRef]

	



WHO. Global Priority List of Antibiotic-Resistant Bacteria to Guide Research, Discovery, and Development of New Antibiotics; World Health Organization: Geneva, Switzerland, 2018. [Google Scholar]








[image: Antibiotics 12 00744 g001 550] 





Figure 1. Representative transmission electron microscopy (TEM) images of OMVs isolated from S. Infantis culture. Scale bar 200 nm. 






Figure 1. Representative transmission electron microscopy (TEM) images of OMVs isolated from S. Infantis culture. Scale bar 200 nm.



[image: Antibiotics 12 00744 g001]







[image: Antibiotics 12 00744 g002 550] 





Figure 2. DLS analysis of OMVs concentrates 1 and 2. Samples were tested at 20 °C in a 0.22 µm filtered PBS medium. The hydrodynamic size distributions show two nearly overlapping populations at about 50 and 150 nm indicating size similarity of the OMV samples tested. 
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Figure 3. β-lactamase enzymatic activity. The bar graph shows the β-lactamase enzymatic activity expressed in milliunits/milligram of protein (mU/mg) measured in the three experimental conditions. Each value was normalized to the protein content and expressed as means ± standard deviation. Asterisks indicate significant differences in the β-lactamase activity. * p < 0.05, ** p < 0.01. 
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