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Abstract 

Nucleic acids produced by the human pathogen, Staphylococcus aureus, have 

become increasingly recognized as important pathogen-associated molecular patterns 

capable of eliciting Type I Interferon (IFN) signaling in host cells. Intracellular Toll-like 

receptors (TLRs)  have been identified as sensors of S. aureus-derived RNA and DNA. 

However, there is a lack of mechanistic insight into how S. aureus secretes nucleic acids 

and how nucleic acids derived from S. aureus—which is classified as an extracellular 

pathogen—are transported into host cells to activate TLRs to modulate host cell 

functions. Recent studies have uncovered extracellular membrane vesicles (MVs) 

produced by bacteria as a novel secretion mechanism for biologically active RNA and 

DNA. These findings raised the intriguing possibility of a new paradigm in bacterial 

secretion whereby MVs act as a vehicle for both local and distant delivery of regulatory 

and immunomodulatory RNA and DNA to target cells. As such, we hypothesized that 

MVs secreted by S. aureus could represent an important source of functional and 

structurally relevant bacterial RNA and DNA molecules that modulate the host immune 

response.  

Through biochemical analysis of S. aureus MVs and their nucleic acid cargo, we 

found that subpopulations of MV-associated RNA and DNA can withstand nuclease 

degradation. We report that in cultured mouse macrophages, IFN-β mRNA is induced 
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by S. aureus MVs and that MV-induced IFN-β expression is specifically promoted by 

activation of endosomal TLR3,TLR7, and TLR9 receptors—pointing to the likelihood 

that MV-associated, protected RNA and DNA are inducing such a response. By 

metabolically labeling S. aureus RNA in culture and imaging the resultant MVs using 

super-resolution microscopy, we provide visual evidence that MVs and their stably 

associated RNA cargo are internalized by macrophages. Our work suggests that both 

unprotected and protected S. aureus MV-associated RNA and DNA molecules induce 

significant responses in host cells, but do so by different pathways, and that these 

differences could have important functional consequences. Altogether, we provide the 

first piece of evidence that S. aureus releases MVs laden with RNA and  DNA molecules 

that are internalized by host immune cells to induce IFN-β via TLR-dependent signaling. 

These novel insights could promote the development of novel therapeutic strategies for 

the treatment of staphylococcal disease.
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1. Introduction  

Pathogenic bacteria have developed remarkably complex mechanisms that 

enable them to extend their sphere of influence to local and distant sites. The 

coordinated delivery of virulence factors to the surrounding environment is key for 

bacterial activity and survival (Jenul and Horswill, 2019; Liu, 2009; Sharma et al., 2017). 

This is achieved in part by the secretion of soluble molecules, such as proteins, small 

molecules, and membrane vesicles (MVs), into the extracellular milieu (Ellis and Kuehn, 

2010; Kuehn, 2005; Manning and Kuehn, 2011; Manning et al., 2011; Schwechheimer and 

Kuehn, 2015). MVs are proteoliposomes shed by the outward vesiculation of the 

cytoplasmic membrane in Gram-positive bacteria and are known to deliver a selection of 

biologically active virulence factors and pathogen-associated molecular patterns 

(PAMPs) to host cells both near and distant from the site of bacterial infection (Brown et 

al., 2015; D. Mayrand, 1989; Jan, 2017; Kulkarni and Jagannadham, 2014; Liu et al., 2018; 

Nagakubo et al., 2020; O’Donoghue and Krachler, 2016; Toyofuku et al., 2019). In recent 

years, there has been an emergence of exciting new reports that have uncovered 

bacterial MVs as a novel RNA and DNA secretion mechanism and as potential delivery 

vehicles for bacterial RNA and DNA molecules to gain access into the interior of host 

immune cells ( Badi et al., 2020; Biller et al., 2014; Bitto et al., 2017, 2021; Blenkiron et al., 

2016; Choi et al., 2017a, 2017b; Dagnelie et al., 2020; Dauros-Singorenko et al., 2018; 

Dauros Singorenko et al., 2017; Domingues and Nielsen, 2017; Ghosal et al., 2015; Habier 
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et al., 2018; Han et al., 2019; Jiang et al., 2014; Koeppen et al., 2016; Lécrivain and 

Beckmann, 2020; Li and Stanton, 2021; Luz et al., 2021; Moriano-Gutierrez et al., 2020; 

Resch et al., 2016; Sjöström et al., 2015; Stanton, 2021; Tran and Boedicker, 2017; 

Turchinovich et al., 2019; Zhang et al., 2020). Bare RNAs and DNAs secreted into the 

extracellular environment are rapidly detected and digested by nucleases due to the 

presence of extracellular nucleases, which limits the ability of bacteria to secrete 

functional RNA and DNA molecules into the extracellular space without some form of 

protection against nuclease attack (Li and Stanton, 2021; Mateescu et al., 2017; Tosar et 

al., 2020). Therefore, in developing this project, we hypothesized that MVs secreted by 

Gram-positive bacteria could represent an important source of functional and 

structurally relevant bacterial RNA and DNA molecules that modulate the immune 

response during infection by modulating host immune responses. 

1.1 Bacterial membrane vesicles 

All three domains of life—eukaryotes, bacteria, and archaea—have been 

discovered to produce extracellular vesicles (EVs), suggesting that EVs are likely an 

important external communication mechanism common to both simple and complex 

multicellular organisms (Deatheragea and Cooksona, 2012; Gill et al., 2019). Limited by a 

lipid bilayer, EVs are non-replicative, spherical nanosized particles that enclose complex 

and selective mixtures of macromolecular cargo derived from the cells that release them. 

Eukaryotic EVs are generally categorized as exosomes, microvesicles, or apoptotic 



 

3 

bodies according to their size, density, and biogenesis and are produced under both 

physiological and pathological conditions (Witwer and Théry, 2019).  

Throughout the literature, the terms “EVs”, bacterial EVs (“BEVs”), and bacterial 

membrane vesicles (“BMVs”) have been used interchangeably to describe vesicles of 

bacterial origin (Bose et al., 2020; Jahromi and Fuhrmann, 2021; MJ et al., 2020). Because 

the term “EVs” is also commonly used for eukaryotic vesicles, in this dissertation 

bacterial EVs will be hereafter referred to as “BEVs” to distinguish them from non-

prokaryotic vesicles. BEVs derived from the outermost layer of the cell envelope of 

Gram-negative and Gram-positive bacteria are characterized as outer-membrane 

vesicles (OMVs) and membrane vesicles (MVs), respectively. While at present a 

consensus on the nomenclature of diverse types of bacterial vesicles is lacking, Toyofuku 

et al. recently proposed a rational classification system for BEVs based on reported and 

hypothesized biogenesis routes (Toyofuku et al., 2019). Namely, vesicles that bud from 

the outer membrane of Gram-negative bacteria are designated as OMVs whereas OMVs 

that originate from explosive cell lysis are referred to as outer-inner MVS (O-IMVs) or 

explosive OMVs (EOMVs). BEVs derived from Gram-positive bacteria are referred to as 

either cytoplasmic membrane vesicles (CMVs) or membrane vesicles (MVs). Here we 

will use the term “MVs” for all vesicles that are produced by Gram-positive bacteria. 

Owing to the fact that research into MVs biogenesis mechanisms is still in the early 
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stages, MV subpopulations have not yet been classified on the basis of defined 

biogenesis pathways, content, or functions.  

Prokaryotic vesicle studies have mostly focused on OMVs which are produced 

by Gram-negative bacteria. Gram-negative bacteria secrete multifunctional OMVs by the 

outward pinching of the lipopolysaccharide (LPS) decorated-outer membrane, becoming 

predominantly loaded with heterogeneous lumenal periplasmic components. OMVs are 

heterogeneous in morphology and cargo, ranging from ~30-300 nm in diameter and 

have been demonstrated to carry a mixture of lipids, lipoproteins, soluble proteins, 

virulence factors, toxins, and nucleic acids (Kulp and Kuehn, 2010). OMV secretion has 

been documented to occur in different environmental conditions such as in planktonic 

cultures, biofilms, in eukaryotic cells, and in fresh and salt water (Biller, 2020; Biller et 

al., 2014, 2017; Gamalier et al., 2017; Schorey et al., 2021). OMV production can also 

confer benefits to the producing bacterium by disposing of harmful or unnecessary 

intracellular compounds and acting as important mediators of communication with 

other cells (Kulp and Kuehn, 2010). Importantly, OMVs have been implicated in the 

pathogenesis of a broad range of infectious diseases and chronic inflammatory diseases 

(Bitto and Kaparakis-Liaskos, 2017; Ellis and Kuehn, 2010; Finethy et al., 2017) and are 

being explored as potential delivery vectors for nanotechnological applications (Qing et 

al., 2019). 
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In comparison, research on MV production by Gram-positive bacteria has lagged 

behind largely due to the decades-long skepticism regarding the ability of MVs to be 

secreted beyond the thick Gram-positive cell wall (Brown et al., 2015). As such, Gram-

positive bacteria have only recently been recognized as producers of MVs (Bose et al., 

2020). The slow progression of Gram-positive MV research parallels the exploration of 

EV production by other thick-cell walled organisms (fungi and mycobacteria) (de Toledo 

Martins et al., 2019). Like OMVs, MVs are also heterogenous in morphology and cargo, 

ranging from 20-300 nm in diameter and carry a mixture of cellular components 

including lipids, carbohydrates, lipoproteins, soluble and membrane proteins, virulence 

factors, toxins, and nucleic acids (Cao and Lin, 2021) (Figure 1). As discussed in detail 

below, several of these vesicle-associated macromolecules have been shown to promote 

bacterial survival, modulate host immune responses, deliver antibiotic resistance 

molecules to recipient bacteria, and participate in biofilm production (Figure 2). 

Currently, the most comprehensively studied MVs are from the genetically tractable 

and/or pathogenic species of Staphylococci, Streptococci, and Bacilli (Table 1). All of these 

MVs have been found to take part in inter-species and inter-kingdom communication. 
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Figure 1. Examples of negatively-stained purified MVs from different Gram-positive 

bacteria. 

 

Representative transmission electron micrographs or uranyl acetate-stained 

membrane vesicles purified from cultures of Staphylococcus aureus, Staphylococcus 

epidermidis, and Lactobacillus johnsonii. Size bars are indicated. 
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Figure 2. Schematic representation of the typical structure, composition, and functions 

of bacterial membrane vesicles. 

 

The structure of MVs resembles the cytoplasmic membrane of the parental bacteria and 

contains phospholipids, lipoproteins, and membrane proteins. Cytosolic and secreted 

macromolecules also comprise the complex cargo of MVs. 
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Table 1. List of Gram-positive species that produce MVs and their physicochemical 

properties 

Species Diameter (nm) Characterized Contents1 References 

Bacillus anthracis 50-300 Toxins, proteins, lipids (Rivera et al., 2010)  

Bacillus subtilis 
Vegetative: 30 – 200 

Sporulating: 30 – 170 
Proteins (C,M,E, Lpp) 

(Brown et al., 2014; 

Kim et al., 2016) 

Bifidobacterium bifidum N/A N/A (López et al., 2012) 

Bifidobacterium longum 50-80 dsDNA, proteins (C,M,E) 
(Kim et al., 2016a; 

Nishiyama et al., 

2020) 

Clostridium perfringens 20-400 
DNA, peptidoglycan, 

proteins (C,M,E) 

(Jiang et al., 2014b; 

Nicholas et al., 2017; 

Obana et al., 2017) 

Clostridium 

thermocellum 

36-300 

31-480 
Cellulosomes (Ichikawa et al., 2019) 

Dietzia sp. 100-300 
DNA, canthaxanthin, 

siderophores 
(Wang et al., 2021a) 

Enterococcus faecalis 20-80 N/A  (Kim et al., 2016a)  

Enterococcus faecium 
37 ± 23 

83 ± 29 

Proteins (C,M,E), 

peptidoglycan 

(Kim et al., 2019; 

Wagner et al., 2018) 

Filifactor alocis 50-270 Proteins (C,M,E,Lpp) (Kim et al., 2020b) 

Granulicatella adiacens 30-250 Proteins (C,M,E) 
(Alkandari et al., 

2020) 

Lactobacillus acidophilus 
20-400 

142 ± 64 
proteins (C,M,E) (Dean et al., 2019) 

Lactobacillus casei 

13-500 

143 ± 52 

19 ± 2.5 

LTA, proteins (C,M,E) 
(Bäuerl et al., 2020; 

Dean et al., 2019) 

Lactobacillus crispatus 
133 ± 2.9 

141 ± 9.8 

Metabolites, proteins 

(C,M,E) 

(Ñahui Palomino et 

al., 2019) 

Lactobacillus gasseri 120 LTA (T et al., 2018) 

Lactobacillus johnsonii <20 - <150 Proteins This work 

Lactobacillus kefir Spp. 80-400 N/A (Seo et al., 2018) 

Lactobacillus paracasei 
20-100 

34.2 ± 6.9 
N/A (Choi et al., 2020) 

Lactobacillus plantarum 20-400 Lipids, proteins (C,M,E) 
(Bajic et al., 2020; Kim 

et al., 2020a; Lee et al., 

2021; Li et al., 2017) 

Lactobacillus reuteri 30-400 
DNA, RNA, ,metabolites, 

proteins (C,M,E) 

(Dean et al., 2019; 

Forsberg et al., 2019; 

Grande et al., 2017; 

Maccelli et al., 2020)  

Lactobacillus rhamnosus 30-150 Proteins (C,M,E) 
(Al-Nedawi et al., 

2015; Behzadi et al., 

2017)  

Lactobacillus sakei 30-400 DNA/RNA, proteins (Yamasaki-Yashiki et 
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al., 2019)  

Listeria monocytogenes 20-350 
RNA, lipids, metabolites, 

proteins (C,M,E) 

(Coelho et al., 2019; 

Frantz et al., 2019; 

Kannan et al., 2020; 

Karthikeyan et al., 

2019; Lee et al., 2013b; 

Vdovikova et al., 

2017) 

Propionibacterium acnes 

30-200 

37 ± 13.5 

42.5 ± 7 

106.5 ± 0.89 

Lipids, proteins (C,M,E) 
(Choi et al., 2018a; 

Jeon et al., 2017, 2018) 

Propionibacterium 

freudenreichii 
50-200 Proteins (C,M,E) 

(Rodovalho et al., 

2020). 

Ruminococcus spp. N/A DNA, cellulosomes (Klieve et al., 2005)  

Staphylococcus aureus 20-300 
DNA, RNA, proteins 

(C,M,E,Lpp) 

(Andreoni et al., 2018; 

Joshi et al., 2021; Lee 

et al., 2009; Luz et al., 

2021; Rodriguez and 

Kuehn, 2020; Tartaglia 

et al., 2020; X Wang et 

al., 2018) 

Staphylococcus 

epidermidis 
123.5 ± 18 Proteins 

(Zaborowska et al., 

2020) 

Staphylococcus 

haemolyticus 
20-180 Proteins (C,M,E) 

(Cavanagh et al., 

2019) 

Streptococcus agalactiae 

(group B streptococcus) 
<50-300 

DNA, lipids, proteins, 

hemolytic pigment 
(Surve et al., 2016) 

Streptococcus mutans 

100-4000 nm2 (area) 

or 10-35 nm 

(diameter) 

DNA, proteins (C,M,E) 

(Liao et al., 2014; 

Morales-Aparicio et 

al., 2020; Nakamura et 

al., 2020) 

Streptococcus 

pneumoniae 
<25-250 Proteins (C,M,E,Lpp) 

(Codemo et al., 2018; 

Mehanny et al., 2020)  

Streptococcus pyogenes 

(group A streptococcus) 
10-272 

RNA, lipids, proteins 

(C,M,E,Lpp) 

(Biagini et al., 2015; 

Resch et al., 2016) 

Streptococcus suis 13-130 Proteins (C,M,E) 
(Haas and Grenier, 

2015) 

Streptomyces coelicolor 30-400 Proteins (Schrempf et al., 2011)  

Streptomyces lividans 20-230 Proteins 
(Schrempf and 

Merling, 2015) 

Streptomyces sp. Mg1 75-200 Metabolites (linearmycins) (Hoefler et al., 2017) 

Streptomyces venezuelae N/A N/A 
(Fröjd and Flärdh, 

2019) 

1C: cytoplasmic, M: membrane, E: extracellular, Lpp: lipoproteins, LTA: lipoteichoic acids. 
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1.1.2 History of Gram-positive MVs in the literature 

The history of MV research has been sporadic, mostly because of differences in 

nomenclature which exacerbated a lack of a cohesive understanding that various groups 

were each characterizing what ultimately have been termed Gram-positive MVs. Not to 

be confused with empty membrane vesicles artificially prepared from osmotically 

sensitized cells and used to study mechanisms of transport in bacteria  (Kaback, 1971) 

the term “membrane vesicles'' was used for the first time in the Gram-positive literature 

in 1990 to describe naturally secreted vesicles (Dorward and Garon, 1990). This report in 

1990 by Dorward and Garon included purified, naturally secreted MVs from the Gram-

positive bacteria, Bacillus cereus and Bacillus subtilis (Dorward and Garon, 1990). They 

mentioned production of MVs by Bacillus but not by Staphylococcus aureus 12600 and 

Streptococcus sanguis 10556. MV properties were not investigated further until 2009 when 

a study on S. aureus MVs provided substantive proteomic analysis and visual evidence 

of the production of MVs in Gram-positive bacteria. Since then, recognition that MVs in 

Gram-positive bacteria also carry on diverse biological activities provided the impetus 

for researchers to study these extracellular vesicular structures in more detail. Most 

recently there has been a surge of studies confirming MV production in various Gram-

positive bacterial species including Bacillus, Streptococcus, Clostridium, Lactobacillus, and 

Listeria.  
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However, we would like to call attention to earlier studies that described 

blebbing and protrusions of vesicular structures from the surface of various Gram-

positive species before MV release was formally reported in 2009. A timeline of pertinent 

findings is depicted in Figure 3. Many of these early observations have been 

substantiated, sometimes apparently unknowingly, by more recent studies. 

To our knowledge, a paper published in 1984 reported the first transmission 

electron micrographs of what have since been identified as MVs from Gram-positive 

bacteria (Stack and Hungate, 1984). In studying the effect of certain growth media on cell 

morphology and on cellulosomes (extracellular carbohydrate-active enzyme complexes) 

of Ruminococcus albus 8, Stack and Hungate discovered “small vesicular structures (50-60 

nm in diameter) which appeared to aggregate into larger spherical units (200 to 300 nm 

in diameter).” Two years later, Bayer and Lamed observed “nodulous protuberances on 

the cell surface of Clostridium thermocellum YS” (Bayer and Lamed, 1986). Remarkably, 34 

years after these observations, Ichikawa and colleagues confirmed MV production in C. 

thermocellum and these MVs were in fact shown to harbor enzymatically active, surface-

associated cellulosomes (Ichikawa et al., 2019). 

Vesicular structures were also observed in 1985 by Giesbrecht et al. in a study 

that examined the ultrastructure of S. aureus cells harvested during untreated and 

penicillin-induced bacteriolysis conditions (Giesbrecht et al., 1985). The observed 

vesicular structures were described as “novel, extraplasmatic vesicular structures  
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Figure 3: Timeline of early observations and discovery of Gram-positive vesicles, as 

described in the text. (Antranikian et al., 1987; Bayer and Lamed, 1986; Bayer et al., 1985; 

Blair and Anderson, 1998; Blair and Anderson, 1999; Giesbrecht et al., 1985; Kim et al., 
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2001; Klieve et al., 2005; Lamed et al., 1987; Lee et al., 2009; Mayer and Gottschalk, 2003; 

Stack and Hungate, 1984) 

 

located at the base of the nascent cross walls, mostly at the first division plane.” Often, 

these vesicular structures appeared to be enclosed in a membrane-like layer being in 

many cases considerably thinner than a bacterial plasma membrane. In each case, these 

vesicular structures were covered with layers of “loose” cross wall material, which was 

often stained more intensely by lead citrate than wall material.” (Giesbrecht et al., 1985). 

This work was extended further by the same group by showing electron microscopy 

evidence of S. aureus murosomes measuring 30-40 nm in diameter. In one image, 

regularly arranged “blebs'' are clearly observed on the cell surface, while other images 

show release of murosomes and pores left behind presumably after murosome release 

(Giesbrecht et al., 1992). In their comprehensive review about Staphylococcal cell wall 

morphology and morphogenesis, Giesbrecht et al. detailed key findings on the 

morphogenesis of the staphylococcal cell wall in the absence and presence of penicillin, 

including electron micrographs that were previously unpublished (Giesbrecht et al., 

1998). An article by Terry Beveridge’s group in 2004 provided support for the 

hypothesis that during the beginning of cell division, S. aureus cells develop perforations 

~50-60 nm in diameter that they speculated could be caused by the activity of 

“Giesbrecht murosomes” (Touhami et al., 2004). Interestingly, none of those findings 

have been cited in the S. aureus MV literature, although the characterization of 
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murosomes and their potential cell wall lytic activity is consistent with recent models of 

MV formation (X Wang et al., 2018). A recently published article showed transmission 

electron microscopy (TEM) images of MV-like structures that were observed 

intracellularly (S. aureus strains were treated with ceftazidime) reminiscent of 

“murosomes” although the work of Giesbrecht et al was not mentioned (He et al., 2019). 

In 1987, two separate papers again showed the occurrence of cell surface 

protuberances in Gram-positive bacteria. Lamed et al. demonstrated the presence of 

protuberant structures on Cellulomonas sp. Clostridium cellulovorans and Clostridium 

cellobioparum (Lamed et al., 1987). Similarly, Antranikian and colleagues reported “blebs 

and a high number of vesicles originating from the cytoplasmic membrane” in 

Thermoanaerobacterium thermosulfurogenes (formerly Clostridium thermosulfurogenes EM1) 

grown under starch limitation conditions (Antranikian et al., 1987). The overproduction 

of α-amylase and pullulanase could have resulted in the physical release of MV-like 

material, as these would degrade the cell wall. It is also notable that 

Eubacterium/Clostridium cellulosolvens grown on cellulose exhibited ultrastructural 

proturberances (Blair and Anderson, 1998, 1999) and a few years later Kim et al. 

observed protuberant structures on the surface of the cellulolytic bacteria Ruminococcus 

albus similar to the vesicular structures that were previously described in Clostridium 

(He et al., 2019; Kim et al., 2001). Klieve et al. reported that a cellulolytic bacterium, 

Ruminococcus spp., from ovine rumen produced MVs (Klieve et al., 2005). It was also 
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reported that S. aureus MVs may be liberated by the activity of N-acetylmuramoyl-l-

alanine amidase on teichoic acid in the membrane (Lee et al., 2009). Specka et al 

contradicted the purely enzyme-based biogenesis model since they found no correlation 

between enzyme activity and cell wall instability and MV production for many Gram-

positive species (Specka et al., 1991). Consequently, in an alternative biogenesis 

mechanism, Mayer and Gottschalk proposed that MV production resulted from 

upregulated protein secretion coupled with improperly localized bacterial cytoskeleton, 

specifically EF-Tu, a bacterial translation elongation factor that interacts and colocalizes 

with MreB, an actin-like bacterial cytoskeletal component (Harvey et al., 2019; Mayer 

and Gottschalk, 2003; Soufo et al., 2010). In this model, increased secretion of protein and 

membrane-bound enzymes would lead to increased membrane synthesis and surface 

area, which ultimately result in the release of membrane excess in the form of blebs. 

Interestingly, the controversial mesosome research could also be a contributing 

factor for the delay in MV research in Gram-positive bacteria. For around two decades 

(1968-1985), intracellular membranous structures dubbed ‘mesosomes’ were widely 

observed in electron micrographs of Gram-positive bacterial cells (Greenawalt and 

Whiteside, 1975). Nanosized vesicular structures from L. casei and S. aureus cells were 

isolated and imaged and were presumed to originate from mesosomes (Popkin et al., 

1971; Thorne and Barker, 1969). Nonetheless, mesosomes were later rebuked as artifacts 

induced by chemical fixation methods. In 1981, Ebersold et al. reported that mesosomal 
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compartments form when bacteria are pre-fixed at room temperature with osmium 

tetroxide, but they were often absent when OsO₄ was used at low temperatures during 

freeze substitution (although similar structures can still be observed using modern 

fixation methods) (Ebersold et al., 1981). These reports effectively put an end to the 

mesosome sub-field, which at the time sought to characterize the structure, function, 

and biochemistry of mesosomes. While there appeared to be a general agreement that 

several mesosome structures were artifacts in some earlier studies, there are recent 

studies that report the presence of these structures in bacteria experiencing elevated 

levels of hydrogen peroxide after treatment with antibiotics or cationic peptides 

(Grigor’eva et al., 2020; Li et al., 2008; Santhana Raj et al., 2007; Xin et al., 2014). 

Collectively, most of the aforementioned studies went largely unnoticed in the bacterial 

vesicle field and Gram-positive MV production was not formally recognized until 

several decades later (Lee et al., 2009). 
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1.1.3 MV biogenesis mechanisms 

Biogenesis mechanisms remain enigmatic for Gram-positive MVs. For a long 

time, it was not considered that MVs could possibly breach the thick cell wall and be 

released into the extracellular space from the cell surface. Nevertheless, more recent 

experimentation and reports in this field have revealed that Gram-positive bacteria 

constitutively release MVs, countering these theoretical concerns. Consequently, the 

field is only now beginning to uncover common, as well as species-specific, principles in 

MV biogenesis. Insights based on MV composition and the impact of mutations on MV 

production have already begun to yield regulatory mechanisms and testable hypotheses 

(Fig 4). 

Based on the best evidence available, vesiculation in Gram-positive bacteria 

occurs constitutively over the course of the bacterial life cycle and/or as an adaptation 

strategy in response to various physiological and environmental stresses. In S. 

pneumoniae and S. pyogenes, studies have demonstrated that MVs are produced by live 

cells and actively produced during normal cell growth (Olaya-Abril et al., 2014; Resch et 

al., 2016). Further, the two-component “control of virulence regulator-sensor” operon 

CovRS was shown to negatively regulate vesiculation in the Group A Streptococcus 

(GAS), S. pyogenes. Toyofuku et al. demonstrated that prophage-encoded endolysins 

could trigger MV formation in B. subtilis (Toyofuku et al., 2017) through a distinct 

process called bubbling cell death (Toyofuku et al., 2019). In this process, endolysins 
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initially form holes in the cell wall through which the cytoplasmic membrane protrudes 

and forms MVs (Toyofuku et al., 2017, 2019). Toyofuku and colleagues observed that 

few B. subtilis cells growing in solid media produced large amounts of vesicles, and 

those that did had compromised membranes and died within 12 h. Since only a small 

population of cells experienced this phenomenon, they hypothesized that the increased 

vesicle production which ultimately led to cell death was due to genotoxic stress, similar 

to explosive cell lysis events, which have been described for the Gram-negative 

pathogen P. aeruginosa (Toyofuku et al., 2017; Turnbull et al., 2016). DNA damage 

caused by addition of the DNA-damaging agent, mitomycin C (MMC), resulted in an 

increase in vesicle production due to the prophage PBSX holin–endolysin system 

composed of XhlA, XhlB and XlyA. Interestingly, MV production was decreased in the 

ΔxhlAB-xlyA mutant only in the presence of MMC (Toyofuku et al., 2017). Thus, it 

appears that this mechanism of MV formation is specific to certain conditions such as 

DNA damage. 

More recently, the same group has identified another pathway for MV formation 

independent of the previously described prophage mediated MV formation facilitated 

by XhlAB and XlyA. In this case, a mechanism for MV release during stress-induced 

autolysis was described. LytC, LytD, LytE, and LytF are the major autolysins in B. 

subtilis and have been previously shown to cause cell lysis in response to various 

stresses, including treatment with antimicrobials, cold shock, nutrient depletion, and 
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low-O2 conditions (Abe et al., 2021). Thus, they hypothesized that MVs are produced 

during stress-induced autolysis in B. subtilis. Using a sucrose palmitic-acid ester to 

induce autolysis, MV production increased with the addition of the sucrose palmitic-

acid ester in a dose and LytCDEF-dependent manner. ∆lytCDEF mutant cells exhibited 

decreased MV formation in response to cold shock, starvation, and low-O2 conditions 

(Abe et al., 2021). Interestingly, the ∆lytCDEF mutant cells had a cell division defect, 

whereby a cell chaining phenotype was observed, and vesicle production was 

undetectable. There is a possibility that vesicle formation is perturbed as a result of the 

chaining phenotype instead of the lack of autolysin activity. Therefore, future 

experiments looking at other mutants with similar phenotypes would be useful to 

further investigate this MV formation pathway. Additionally, because the autolysins, 

LytC, LytD, LytE, and LytF, are also involved in cell wall maintenance and turnover in 

the absence of stress, the regulation of the activities of these enzymes needs to be further 

explored. 

Previously identified MV production mechanisms described for Bacillus species 

have been limited to MV production in response to stress, and certainly other MV 

production pathways are expected to be discovered. Other studies on Bacillus MVs have 

hinted at other vesiculation strategies used by Bacillus to produce MVs during non-

stressed conditions or during sporulation. Brown and colleagues demonstrated that B. 

subtilis actively produces MVs during non-stressed normal growth that are enriched in 
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specific proteins (Brown et al., 2014), while Kim and colleagues demonstrated 

differences in composition of MVs produced during vegetative growth and during 

sporulation (Kim et al., 2016b). When considering biogenesis mechanisms in spore-

forming bacteria, there are likely to be additional MV formation mechanisms that could 

be exclusive to spore-forming cells, which are reflective of the cell wall architecture and 

metabolic changes in spores. As such, there are many aspects of vesicle production 

strategies in Bacillus species yet to be investigated. (Fig 3).  

 
Figure 4. Concepts of MV biogenesis mechanisms. 

 

This schematic highlights a generic Gram-positive envelope with different 

categories summarizing where genetic influences have been seen to structurally impact 

and regulate MV production. Cytoplasm (regulatory factors, transcriptional networks), 

membrane (fluidity effects/bending), PG layer (crosslinking and PG associated factors) 

have been discovered as individual factors from mutational analyses, but these are 

functionally and molecularly interconnected in the envelope, suggesting coordinated 

processes govern vesicle formation and release. 
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1.1.4 MV protein composition 

Many studies evaluate the quantitative and quantitative composition of MVs in a 

variety of species. Proteinaceous MV cargo include soluble protein, membrane protein, 

lipoprotein, membrane-associated protein, and cell wall-associated protein. The data 

have revealed interesting characteristics, most importantly, evidence of cargo selectivity 

and the potential relationships between cargo and MV biogenesis, as well as between 

cargo and MV function. The activity of enzymes and toxins carried by the MVs varies 

substantially, depending on the species and strains, but similarities in enzymatic 

function, particularly on the parent bacterial cell wall could implicate their role in MV 

biogenesis.   

Proteomic studies of Streptococcus MV’s have demonstrated the presence of 

active virulence factors in the MV’s of S. pneumoniae, S. pyogenes, S. agalactiae, S. mutans, 

as well as S. suis (Cao et al., 2020; Haas and Grenier, 2015; Olaya-Abril et al., 2014; Resch 

et al., 2016; Surve et al., 2016). MV association of toxins may also explain the secretion of 

some toxins that lack export or secretion sequences, such as the toxin pneumolysin in S. 

pneumoniae (Codemo et al., 2018; Olaya-Abril et al., 2014). In 2018, Codemo et al. 

demonstrated that pneumococcal MV’s are enriched for the active form of the major 

cytotoxin pneumolysin (Codemo et al., 2018), suggesting that release of this cytosolic 

protein could occur through CM budding and that MVs may deliver pneumolysin into 

host cells. Analysis of MV associated proteins in S. mutans revealed that MVs contained 
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fewer lipoproteins and integral membrane proteins with fewer transmembrane domains 

than the CM, suggesting that the delivery of proteins to S. mutans MVs is a selective 

process, which does not simply mirror the CM (Morales-Aparicio et al., 2020). 

Proteomic analysis of the non-pathogenic bacilli, B. subtilis MVs show that they 

are enriched in lipoproteins and contain many siderophore-binding proteins (Brown et 

al., 2014). This analysis identified 30 proteins found exclusively in the MVs. Of interest, 

the protein SunI, which confers self-immunity to sublancin, a broad-spectrum antibiotic 

with bactericidal activity against other Gram-positive species that is produced by the 

bacterium itself, was found in the MVs (Brown et al., 2014). Proteomic studies on MVs 

produced by the pathogenic bacillus species, B. anthracis, revealed biologically active 

toxins associated with the MVs (Rivera et al., 2010). Toxin secretion through MVs in B. 

anthracis could allow for concentrated delivery of toxic components to target host cells. 

These data provide further evidence for both socially beneficial and antagonistic 

functions for MVs, depending on the species. Interestingly, a comparative study of MVs 

produced by B. subtilis during sporulation and vegetative growth showed that bacteria 

at both states release MVs to a similar extent, however the proteinaceous cargo of the 

two vesicle populations are significantly different (Kim et al., 2016b). 193 total proteins 

were identified across both populations, and 61 proteins were shown to be significantly 

more abundant in MVs from sporulating cells, while 62 proteins were found to be 

significantly more abundant in MV shed by vegetative cells (Kim et al., 2016b). While 



 

23 

intriguing, delineating the composition of a “core proteome” and “stage-dependent 

proteomes” for Bacillus MVs requires more examples to eliminate strain-dependent 

effects. 

Other MV cargo include cell wall and small molecules. The question of whether 

intact or fragments of cell wall encapsulate MVs is highly debated and currently a very 

active area of research. Evidence for the inclusion of small molecules and nutrients in 

MVs supports their potential role in nutrient scavenging, acquisition, and signaling. 

Understanding the basis for incorporation and selectivity of these often-overlooked 

cellular components as MV cargo will be critical to understanding both MV biogenesis 

and function. 

1.1.5 MV lipid composition 

A relatively unique study regarding the lipid characterization of MVs isolated 

from B. anthracis has yielded particularly intriguing results that could reflect on MV 

biogenesis mechanics. Lipid analysis showed a higher diversity in the purified B. 

anthracis MVs compared to those in the whole cell, suggesting an ordered mechanism for 

MV biogenesis (Rivera et al., 2010). Further, short chain saturated fatty acids, specifically 

myristic and palmitic acids are enriched in MV’s relative to the cell membrane, 

suggesting that the fluidity of the membrane may be important for MV production 

(Rivera et al., 2010). These types of analyses, especially if performed for multiple species, 
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could shed substantial insight into CM properties that are conducive to sites of MV 

production.  

Lipid MV cargo can provide insight into the composition of membrane domains 

that are active for MV budding. By definition, MVs are composed of lipid bilayers. 

Despite the fact that lipids are integral constituents of MVs and likely serve structural 

and functional roles, there is currently a great paucity of information concerning the 

lipid composition of MVs derived from Gram-positive bacteria in general. In Gram-

negative cocci bacteria, some differences in lipid composition between the outer 

membrane and OMVs have been observed and are likely reflective of different sites of 

origin within the membrane during fluctuating physical and chemical stresses 

(Bonnington and Kuehn, 2016; Gerritzen et al., 2019). 

Lipid analysis of S. pyogenes and S. pneumoniae MV’s have shown differential 

enrichment of lipid species compared to the CM (Olaya-Abril et al., 2014; Resch et al., 

2016). The lipid components of S. pyogenes cell membranes and MVs were analyzed 

using a matrix-assisted laser desorption ionization (MALDI)-based mass spectrometry 

approach. This analysis revealed greater than 85 individual lipid species. Thin-layer 

chromatography-based quantification of membrane and MV lipid species identified 

anionic phosphatidylglycerol (PG) as being significantly enriched in S. pyogenes MVs 

while cardiolipin (CL) comprised only a minor fraction of MV lipids relative to the CM 

(Resch et al., 2016). This is consistent with a prior study where identical lipids were 
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found in S. pyogenes vesicles and bacterial membrane, but the lipid proportions were 

different. Phosphatidylglycerol was found to be more enriched in MVs than in the 

membrane (Biagini et al., 2015). Similarly, lipid characterization of MV’s isolated from S. 

pneumoniae show that short chain saturated fatty acids are enriched in MV’s relative to 

the cell membrane, suggesting that the fluidity of the membrane might be important for 

MV release (Biagini et al., 2015). 

The differential enrichment of MV lipid species relative to the membrane 

provides further evidence to support the existence of an ordered mechanism 

contributing to MV biogenesis, as opposed to nonspecific membrane shedding, which 

would generate MVs with an identical lipid composition to the originating membrane. 

1.1.5 MV nucleic acid composition 

A topic that has gained a lot of attention, especially recently, is the ability for 

MVs to harbor nucleic acids. Deep RNA-sequencing of OMVs has revealed that the 

OMV RNA cargo represents a selected portion of the RNA content from the source cell, 

with a strong bias towards fragmented mRNA, rRNA, tRNA, and sRNA molecules 

(Blenkiron et al., 2016; Choi et al., 2017b; Ghosal et al., 2015; Habier et al., 2018; Han et 

al., 2019; Kang et al., 2013; Koeppen et al., 2016; Malabirade et al., 2018; Pérez-Cruz et al., 

2021; Sjöström et al., 2015). It is postulated that the inclusion of certain RNA molecules 

into OMVs could be the result of selective packaging processes based on observations 

that growth conditions and the growth phase of the producing cell can alter the 
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abundance and composition of RNA molecules in OMVs (Malabirade et al., 2018; Pérez-

Cruz et al., 2021). Multiple studies have also shown that plasmid DNA and/or 

chromosomal DNA can be detected in OMVs retrieved from various Gram-negative 

bacteria (Biller et al., 2014; Bitto et al., 2017; Blesa and Berenguer, 2015; Fulsundar et al., 

2014; Klieve et al., 2005; Kolling and Matthews, 1999; Perez Vidakovics et al., 2010; 

Renelli et al., 2004; Yaron et al., 2000). Not only can vesicles serve as vehicles for bacteria 

to exchange genetic material to other species, but there is also evidence that OMV-

associated DNA can harbor immunomodulatory properties (Perez Vidakovics et al., 

2010). 

Most of the knowledge on prokaryotic extracellular RNA and DNA is derived 

from studies on Gram-negative OMVs (Blenkiron et al., 2016; Choi et al., 2017b, 2018b; 

Dauros-Singorenko et al., 2018; Ghosal et al., 2015; Habier et al., 2018; Han et al., 2019; 

Koeppen et al., 2016; Lécrivain and Beckmann, 2020; Malabirade et al., 2018; Pérez-Cruz 

et al., 2021; Sjöström et al., 2015; Tsatsaronis et al., 2018). Nonetheless, the mechanisms 

by which nucleic acids are directed and incorporated into bacterial MVs have not yet 

been elucidated. Generally, Gram-negative bacteria produce OMVs enriched in outer 

membrane and periplasmic components and contain relatively little cytoplasmic 

material (Schwechheimer and Kuehn, 2015). Biochemical and genetic studies have 

shown that OMV biogenesis occurs largely through the liberation of the outer 

membrane from the cell envelope, followed by the formation of budding vesicles into 
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the extracellular space after complete detachment from the cell envelope (Kulkarni and 

Jagannadham, 2014; Kulp and Kuehn, 2010; Margolis and Sadovsky, 2019; 

Schwechheimer and Kuehn, 2015). Proposed models suggest that the cytoplasmic 

content observed in association with OMVs likely represents cellular material that 

becomes entrapped into populations of unconventionally produced OMVs and those 

OMV sub-populations are composed of an inner and outer membrane (O-IMVs)—

possibly via cell-lysis dependent mechanisms (Pérez-Cruz et al., 2015) . It has also been 

reported that on average such double-membraned OMVs constitute <1% of the total 

population of OMVs purified from several Gram-negative bacterial species, which could 

also account for the low cytoplasmic content found in heterogeneous OMV populations. 

Although Gram-positive MV biogenesis mechanisms are poorly understood, it is well 

established and accepted that MVs are enriched with cytoplasmic macromolecules 

because MVs are generated from the CM (Brown et al., 2015; Toyofuku et al., 2019). 

Therefore, it is conceivable that nucleic acids are recruited to sites of MV biogenesis as 

part of an active secretion mechanism driven by Gram-positive bacteria. Whether RNA 

and DNA are shuttled into MVs by nucleic acid-binding proteins or by proximity to sites 

of MV biogenesis is yet to be determined. 

Studies on Gram-negative rod-shaped bacteria (P. aeruginosa and Vibrio fischeri) 

have strongly suggested that OMV-associated sRNA molecules can be delivered to host 

recipient cells where they trigger significant host responses, either through RNAi-like 
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gene expression modulation or by activating cytosolic pattern recognition receptors 

(PRRs) (Koeppen et al., 2016; Moriano-Gutierrez et al., 2020). To our knowledge, studies 

on the RNA and DNA content of MVs produced by the Gram-positive rod-shaped 

bacterium Bacillus have not yet been conducted. However, it is noteworthy to mention 

that a study conducted by Dorward and Garon in 1990 concluded that B. cereus and B. 

subtilis produced MVs devoid of DNA (Dorward and Garon, 1990). The same study also 

reported that S. aureus and S. sanguis did not produce detectable MVs, a finding which 

has now been corrected (Choi et al., 2018; Lee et al., 2009). Therefore, with the current 

advancements in MV isolation techniques and nucleic acid detection methods, nucleic 

acids may yet be discovered as cargo in Bacillus MVs. 

Various studies have shown that DNA molecules from Streptococcus are secreted 

in association with MVs. Liao et al showed that S. mutans extracellular DNA can be 

secreted into the extracellular space via different routes, including through lysis-

independent MV secretion (Liao et al., 2014). Additionally, Senpuku et al demonstrated 

that S. mutans release MVs containing short DNA fragments (Senpuku et al., 2019). The 

RNA content of MVs from Group A Streptococcus and Streptococcus sanguinis has been 

characterized using RNA-seq and qPCR (Choi et al., 2018; Resch et al., 2016). In Group A 

Streptococcus MVs, differentially enriched intragenic RNAs, which were primarily 

composed of rRNAs and tRNAs, were identified. RNase protected RNA molecules were 
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identified in S. sanguinis MVs and the expression of small RNAs (15-30 nucleotides long) 

was altered in response to changes in the growth media composition. 

Reports from other Gram-positive species have demonstrated that these can 

secrete nucleic acids via MVs. Klieve et al determined that MVs from Ruminococcus sp. 

YE73 and Ruminococcus albus AR67 contain DNA molecules ranging in size from < 20 to 

49 kb and from 23 to 90 kb, respectively (Klieve et al., 2005). Importantly, DNA-laden 

MVs were shown to carry out horizontal gene transfer functions by conferring 

cellulolytic activity to a mutant Ruminococcus. sp YE73 strain. In addition, C. perfringens 

and L. reuteri also secrete MVs replete with DNA molecules (Grande et al., 2017; Y Jiang, 

2014) although functional roles have not been ascribed to those MV DNA molecules. 

1.1.6 MV functional roles 

Bacterial MVs can function as important signaling, communication, and delivery 

modules within inter- and intra-species microbial communities. In addition, MV 

secretion also facilitates the transport and delivery of virulence factors and 

immunomodulatory molecules to host cells, which can lead to cytotoxicity or 

modulation of the host immune response. MVs are multifaceted and depending on the 

setting, they may be beneficial to the host or to the pathogen. MV production could 

contribute to the development of bacterial pathogenesis by promoting immune evasion 

strategies or they can contribute to host defense mechanisms. As many of these 
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functions impact human health, they have been better studied and as expected, tend to 

be species and strain-specific. 

It is clear that the majority of studies on MVs have focused on pathogen-derived 

MVs and their impact on the host immune system. As expected, MVs generated by 

pathogenic bacteria typically function as an extension of the parent cell through the 

transmission of virulent and pro-inflammatory molecules to host recipient cells. 

Likewise, it is logical to assume that MVs from commensal bacteria carry out functions 

that could benefit the host. Indeed, recent work on MVs produced by Gram-positive 

commensal bacteria from the Lactobacillus genus have demonstrated their anti-

inflammatory and protective effects on hosts. MVs from L. plantarum, L. sakei, L. 

paracasei, L. rhamnosus, L. reuteri, L. acidophilus, and L. casei, have been reported to exert 

immunomodulatory effects on host cells by interacting with PRRs, which activates 

signaling cascades that enhance anti-inflammatory secretion or decrease secretion of 

pro-inflammatory cytokines (Bäuerl et al., 2020; Choi et al., 2020; Dean et al., 2020; 

Forsberg et al., 2019; Kim et al., 2020a; Li et al., 2017; Yamasaki-Yashiki et al., 2019). Such 

immune responses are beneficial to hosts under both in vitro and in vivo settings. These 

studies were recently reviewed in more detail elsewhere (Caruana and Walper, 2020; 

Macia et al., 2020; Molina-Tijeras et al., 2019; Ñahui Palomino et al., 2019). MVs of 

probiotic bacteria can also deliver antimicrobial agents to other bacterial species that 

compete for the same pool of resources within a specific niche. As a prime example, L. 
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acidophilus exposed to a lactacin B-inducing peptide released MVs enriched with 

bacteriocin peptides. These MVs were found to be bactericidal towards the opportunistic 

pathogen L. delbrueckii, presumably via delivery of MV-associated bacteriocins to 

competing bacteria (Dean et al., 2020). 

To date, many Gram-positive species have been shown to produce MVs, but to 

our knowledge, research in S. aureus MVs has been more extensive and comprehensive 

in terms of their biogenesis, composition, and functions. 

1.2 Model organism: Staphylococcus aureus 

S. aureus is a major human pathogen capable of causing a variety of severe 

diseases, ranging from skin and soft tissue infections to infective endocarditis and 

septicemia (Tong et al., 2015). As the first line of defense against S. aureus, the host 

innate immune response plays a critical role in shaping the outcome of staphylococcal 

infections (Thammavongsa et al., 2015) . The ability of S. aureus to cause a multitude of 

infections is linked to its ability to generate an arsenal of virulence factors, which interact 

with and manipulate the host immune response to promote the survival and spread of 

the pathogen (Jenul and Horswill, 2019; Liu, 2009). During infection, S. aureus also 

secretes PAMPs, defined as bacterial products that modulate and destabilize the 

immediate innate immune response (de Jong et al., 2019). PAMPs are bacterial molecular 

signatures spanning from lipids, enzymes, carbohydrates, to RNA and DNA (Bertsche et 

al., 2015; Kumar et al., 2011; Mogensen, 2009; Nicaise et al., 2009; Ugolini and Sander, 
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2019; Wolf and Underhill, 2018). In some cases, PAMPs interact directly with specific 

components of host immune cells to prevent the host from eradicating the pathogen. 

Advances in the treatment of staphylococcal infections hinge upon our collective ability 

to gain a better understanding of the molecular determinants that control the complex 

interactions between S. aureus and host immune cells. 

1.2.1 RNA and DNA 

Bacterial nucleic acids are well recognized as important PAMPs sensed by host 

innate immune cells during infection (Eberle et al., 2009; Tan et al., 2018; Simonov et al., 

2016). Nucleic acid-sensing receptors in eukaryotic cells have been characterized as 

complex intracellular sensors that must differentiate between ‘self’ and ‘intruding’ 

nucleic acids to mount a defensive host response against pathogens. Reports show that 

S. aureus nucleic acids are important contributors to increased pro-inflammatory 

cytokine and Type I Interferon (IFN) signaling in host cells (Bergstrøm et al., 2015; 

Oldenburg et al., 2012; Parker, 2014; Parker and Prince, 2012a). Studies have further 

identified that Toll-like receptors (TLRs) located within endosomal compartments of 

mammalian cells recognize the S. aureus-derived RNA and DNA molecules. A 

conserved sequence embedded within 23S ribosomal RNA has been identified as the 

minimal S. aureus RNA sequence required for TLR13 activation in mouse immune cells 

(Oldenburg et al., 2012). In human monocytes, TLR8 can sense S. aureus ssRNA 

degradation products containing a UR/URR RNA consensus motif, leading to IFN-ß 
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production (Krüger et al., 2015; Moen et al., 2019). S. aureus tRNA was previously 

reported to induce Type I IFN production in peripheral blood mononuclear cells by 

activating TLR7 (Jöckel et al., 2012). These studies established a role for S. aureus-derived 

RNA in activating Type I IFN and cytokine production by transfection of purified S. 

aureus RNA into host cells or after treatment with heat-killed S. aureus. Additionally, a 

role for TLR9 in sensing staphylococcal DNA in murine bone marrow-derived dendritic 

cells was established (Parker and Prince, 2012a). Following treatment with lysates, or 

with viable and heat-killed bacteria, the authors showed a strong TLR9-mediated Type I 

IFN response to S. aureus DNA containing unmethylated CpG motifs (Parker and Prince, 

2012a). Despite the growing body of literature showing the importance of S. aureus RNA 

and DNA in modulating host immune responses, there is a lack of mechanistic insight 

into how S. aureus secretes nucleic acids and how these molecules reach their cognate 

endosomal TLR receptors to alter host cell functions (Fig. 5). 



 

34 

 
Figure 5: Schematic overview of bacterial host-pathogen interactions mediated by 

RNA and DNA derived from bacteria.  

 

The secretion of RNA and DNA from bacterial cells and the mechanisms by which those 

nucleic acids are delivered into host cells is unclear. Upon entry into host cells, bacterial 

RNA and DNA can be recognized by cognate pattern recognition receptors. Activation 

of these receptors triggers downstream signaling cascades leading to the expression and 

secretion of type I interferons. 

 

1.2.2 Cell wall 

An appreciation for the complex structure and organization of the bacterial cell 

envelope in each of the major MV-producing organisms is central for understanding 

how Gram-positive bacteria generate and release MVs from the cell surface. The 
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composition and architecture of Gram-positive cell walls differ significantly and 

obviously would influence the formation and release of envelope-derived vesicles. 

However, it is also critical to consider differences beyond the properties of the bacterial 

cell wall.  For example, cell shape (e.g. coccoid, rod, diplococcoid) and cell division 

dynamics (e.g. spore forming, septation sites) differ broadly among Gram-positive 

species and these are intimately related to the composition of the cell envelope.  

The thick cell envelope is the defining feature of Gram-positive bacteria and is 

considered an evolutionary alternative to the outer membrane barrier of Gram-negative 

bacteria. Importantly, the composition of the cell wall can vary considerably, even 

between Gram-positive species (Turner et al., 2014). In Gram-positive bacteria the 

cytoplasmic membrane (CM) is surrounded by a continuous peptidoglycan (PG) 

sacculus that envelopes the entire cell. Generally, PG is composed of N-acetylmuramic 

acid (MurNAc) and N-acetylglucosamine (GlcNAc) residues connected by β1,4 

glycosidic linkages [GlcNAc-(β1,4)-MurNac]. Covalently linked to the MurNAc lactyl 

group are short pentapeptides, which are stem peptides typically composed of 

alternating L- and D-amino acids. The pentapeptides are cross-linked with other 

pentapeptides and the presence of cross-bridges on adjacent glycan strands form a 

three‐dimensional meshwork of strands. While the arrangement of glycan chains is 

highly conserved among bacterial species, the composition of the pentapeptide stem and 
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the cross-bridge as well as the length of the glycan strands can vary among species 

(Vollmer et al., 2008).  

Staphylococcal cells are spherical bacteria with a diameter of approximately 1 µm 

(Fig. 6). The PG of S. aureus comprises alternating MurNac and GlcNAc saccharides 

interlinked by 𝛽-1,4-glycosidic bonds and crosslinked by stem pentapeptides (L-Ala-D-

Glu-L-Lys-D-Ala-D-Ala) that are covalently bound to the D-lactyl moiety of MurNAc. 

The bridge structure in S. aureus is a pentaglycine, which is attached to the L-Lys of the 

third position of the pentapeptide stem (Fisher and Mobashery, 2021). This arrangement 

creates a mesh-like framework ranging from 20 to 40 nm in thickness (compared to a 7-8 

nm thick single PG layer for Gram-negative bacteria)(Vollmer and Seligman, 2010). The 

glycan strands in the S. aureus PG are typically between 5 and 10 disaccharide units 

(Wheeler et al., 2011). The cell wall represents up to 25% of the dry mass of the cell and 

the highly crosslinked nature of staphylococcal PG stabilizes and maintains its cellular 

shape, thereby enabling these bacteria to withstand fluctuating turgor pressure over the 

course of the bacterial life cycle (Dmitriev et al., 2004; Monteiro et al., 2019). As such, PG 

plays a central role in regulating growth, cell shape, and cell division of S. aureus. 

Additionally, covalently bound carbohydrates and cell wall-associated proteins 

comprise the complex network of the S. aureus cell wall. Threading through the layers of 

PG are long anionic cell wall polymers, called teichoic acids. Teichoic acids are 

negatively charged polymers that are divided into two separate classes according to  
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Figure 6: Structural organization of the S. aureus cell envelope.  

Schematic of S. aureus cell envelope is based on (Marraffini et al., 2006; Rohde, 2019; 

Schneewind and Missiakas, 2019; Smith et al., 2012; Turner et al., 2014; Vollmer and 

Höltje, 2004; Vollmer and Seligman, 2010). An inner wall zone (IWZ) was reported by 

Matias and Beveridge in S. aureus cells, although there is continued interest in 

confirming those observations (Erickson, 2017, 2021; Matias and Beveridge, 2005). Figure 

legends in each panel indicate unique molecules present in the cell envelope of each 

species. WTA = wall teichoic acids; LTA = lipoteichoic acids; NAM = N-acetylmuramic 

acid; NAG = N-acetylglucosamine. 
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their subcellular localization. Wall teichoic acids (WTA) are covalently linked to PG 

while lipoteichoic acids (LTA) are anchored to glycolipids in the outer leaflet of the CM. 

The CM resides underneath the PG layer as an asymmetric bilayer, containing 

lipoteichoic acids, cardiolipin, and phosphatidylglycerol in the outer leaflet and 

lysylphosphatidylglycerol in the inner leaflet (Jones et al., 2008; Mukhopadhyay et al., 

2007; Rosado et al., 2015). Although the S. aureus cell wall has classically been described 

as rigid, increasing evidence now points to the S. aureus PG sacculi as a flexible structure 

capable of expanding and contracting upon cell growth and in response to certain 

environmental stimuli (Vollmer and Seligman, 2010; Vollmer et al., 2008). Using high-

resolution atomic force microscopy Pasquina-Lemonche et al. collected high resolution 

images of the S. aureus cell wall, which revealed that the mature external PG surface is 

replete with deep pores that span up to 60 nm in diameter (Pasquina-Lemonche et al., 

2020). In contrast, the interior of the cell wall was found to be much denser with pores 

smaller than 7 nm. Interestingly, ultrastructural imaging of the cell wall organization in 

S. aureus revealed a periplasmic-like compartment, named the “inner wall zone,” (IWZ) 

localized between the cell wall and the CM (Matias and Beveridge, 2005). According to 

Matias and Beveridge, the IWZ might accommodate membrane vesicles. Taking these 

observations into consideration, it is unlikely that MVs are able to traverse the cell wall 

by passive diffusion without employing a coordinated mechanism. 
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Recent work indicates the existence of functional membrane microdomains 

(FMMs) in the membrane of certain Gram-positive bacteria (Bramkamp and Lopez, 

2015; Lopez and Koch, 2017; Tsai et al., 2020; Wagner et al., 2017). FMMs are similar to 

eukaryotic lipid-raft domains in that they contain specific types of lipids and proteins 

(namely scaffold proteins such as flotillins), making them less susceptible to detergents. 

So far, FMMs have been identified in S. aureus (García-Fernández et al., 2017; Martínez et 

al., 2019; Rashid and Kline, 2017). The involvement of bacterial FMMs in MV production 

and release is yet to be explored. Nonetheless, it is conceivable that the presence of 

FMMs on MVs could contribute to increased MV stability—which could have 

implications for bioengineering MVs as potential delivery platforms. 

In sum, PG composition, cell wall components, cell morphology/morphogenesis 

and cell size could all affect mechanisms of vesicle biogenesis from Gram-positive 

organisms. As such, a unified biogenesis mechanism for bacterial EVs based purely on 

their retention of Gram stain cannot exist. Instead, it is beneficial for the bacterial EV 

field to consider MV biogenesis models and hypotheses with respect to the cell wall 

composition and morphological properties of particular bacterial species. 

 

1.2.3 MV formation and release 

As detailed earlier, initial observations of vesicle formation in Staphylococcus 

species occurred in the mid-1980’s with the detection of vesicular structures within the 

cell wall of S. aureus (Giesbrecht et al., 1985). These structures, then termed murosomes, 



 

40 

had diameters similar to MVs and appeared to be enclosed in a membrane-like layer 

(Giesbrecht et al., 1985). However, it was not until 2009 that Lee at al. characterized MVs 

secreted by S. aureus where the formation of MVs in Gram-positive species became more 

widely accepted (Lee et al., 2009). Since then, many aspects of Staphylococcal MVs have 

been explored, particularly with regard to major outstanding questions in the field 

regarding the mechanism behind MV biogenesis and cargo incorporation.  

Recently, Wang and colleagues described a biogenesis and release pathway for 

MVs in S. aureus based on small molecules (Wang et al., 2018). They show that 

Staphylococcal alpha-type-phenol-soluble modulins (α-PSMs) can promote vesicle 

formation presumably by disruption of the CM due to their surfactant-like activity. 

Schlatterer et al later showed that α-PSMs promote vesicle formation by increasing 

membrane fluidity (Schlatterer et al., 2018). Wang et al. further showed that the degree 

of PG crosslinking is inversely proportional to MV yield. MV levels as well as their 

average size increased for a) S. aureus treated with Penicillin G, which decreases PG 

crosslinking; b) the S. aureus mutant lacking the penicillin-binding protein 4 (PBP4), a 

carboxypeptidase that is essential for secondary crosslinking of the PG; and c) the S. 

aureus mutant lacking the gene tagO, encoding the enzyme catalyzing the first step of 

wall teichoic acid biosynthesis. Conversely, a decrease in MV yield was found for a 

mutant lacking the gene encoding Sle1, an autolysin that belongs to a family of PG 

hydrolases that play a role in the separation of daughter cells. A separate study has also 
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demonstrated the effect of PG crosslinking on MV formation: Andreioni et al found that 

β-lactam antibiotics, which increase the permeability of PG, can induce the formation of 

MV’s (Andreoni et al., 2019). 

A relationship between MV production and phage induction has been reported 

by several groups. Oxidative stress-inducing antibiotics can promote S. aureus MV 

production through induction of phage (Andreoni et al., 2019). Induction of the SOS-

response, which results in phage induction in lysogenic S. aureus strains, resulted in an 

increase in MV formation only in lysogenic S. aureus strains but not in non-lysogenic 

strains (Andreoni et al., 2019). Along with the induction of MV formation in the 

lysogenic strains, they observed the presence of ghost cells, suggesting that the death of 

the mother cell is linked to phage-dependent MV formation. Wang et al also 

investigated the role of phages in MV formation (Wang et al., 2018). The S. aureus strain 

NCTC 8325 carrying ϕ11, ϕ12, and ϕ13 was demonstrated to induce phages in the 

conditions they used, while the strain 8325-4, which is cured of all three prophages did 

not. The lysogenic and non-lysogenic strains were then shown to yield comparable MV 

amounts. Thus, it remains unclear whether the phage-dependent MV formation 

mechanism described by Andreioni et al is a strain-specific phenomenon, or is only 

activated in certain conditions, such as the activation of the SOS-response pathway. 

A virulence-associated genetic pathway has also been implicated in S. aureus MV 

production. S. aureus mutants lacking AgrA were reported to yield undetectable levels 
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of MVs (Im et al., 2017). AgrA is a component of the quorum-sensing accessory gene 

regulator (agr) system, which controls a large arsenal of virulence factors including α-

PSMs. AgrA, specifically upregulates αpsm transcription by binding directly to its 

promoter domain (Thoendel et al., 2011). Thus, it is likely that MV formation in S. aureus 

is, at least in part, regulated by the agr system, although the agr-controlled factor(s) 

impacting MV formation have not yet been identified. 

Cargo sorting mechanisms have been suggested for MV-load packaging. A study 

analyzing and comparing MVs from S. aureus strains originating from diverse hosts has 

identified a highly conserved core S. aureus MV proteome, which strongly supports a 

conserved cargo sorting and biogenesis mechanism in S. aureus (Tartaglia et al., 2020).  

The mechanisms behind the sorting of S. aureus MV cargo remain unknown. 

 

1.2.4 MV-associated peptidoglycan 

The presence of PG on the vesicle surface has been an important, long-standing 

and challenging question to address, particularly in the case of S. aureus MVs. In 2018, 

Askarian et al approached this question using immunogold-labeling TEM of the MVs 

and anti- S. aureus PG antibodies followed with immunogold-labeled protein A 

(Askarian et al., 2018). Upon finding MV-associated gold deposition, Askarian and 

colleagues concluded that S. aureus MVs are covered in PG or fragments of PG. 

However, as discussed in a subsequent commentary, these data require careful 



 

43 

interpretation (Heilbronner, 2018). It is noted that S. aureus produces immunoglobulin-

binding proteins, Spa and Sbi, which have been previously detected in the S. aureus MV 

proteome (Askarian et al., 2018; Gurung et al., 2011). Sbi is localized on the CM, and Spa 

is a cell-wall anchored protein. Thus, there is a possibility that MV-associated Spa and or 

Sbi may be the MV components which facilitate gold deposition and not the PG 

(Heilbronner, 2018). 

As Spa is cell-wall localized, it is tempting to infer from the presence of Spa and 

other cell-wall associated proteins in S. aureus MVs that PG must be present on the MV 

surface. However, as Heilbronner also discussed, this could also be misleading as all 

cell-wall associated proteins remain membrane localized until linked to the PG. Thus, it 

is possible that vesicles budding from a parental cell carry immature cell-wall associated 

proteins retained within the membrane. 

More recently, Bitto et al asserted that PG is present in S. aureus MVs by an 

indirect colorimetric detection of muramic acid and immunoblotting (Bitto et al., 2021). 

However, conclusive determination of the detected material as mature PG on the MV 

surface is challenging, if not impossible, using these methods. Their demonstration of 

various sized PG fragments by immunoblotting strongly suggests the presence of 

surface PG, as cytoplasmic PG precursors would be monomeric and appear as a single 

band. Additionally, the PG immunoblot needs to be interpreted carefully. In addition to 

the presence of immunoglobulin-binding proteins in S. aureus MVs, it is also unclear 
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what the antibody recognizes as it does not recognize either muramyl dipeptide or N-

acetylglucosamine. Further, the very defined pattern of PG breakdown by lysostaphin in 

their samples seems unexpected for the enzymatic breakdown of a repeating structure. 

Whether PG is on the S. aureus MV surface, and whether it is intact, or 

fragmented, is a particularly challenging question that requires an innovative approach 

to address. In particular, future analyses would benefit from a direct method to detect 

and differentiate intact and fragmented PG on native MVs. In sum, due to the current 

confounding detection limitations, experimental data regarding the presence and/or 

localization of S. aureus MV-associated PG should be interpreted with caution. 

1.2.5 MV proteins 

Several studies have analyzed the proteome of S. aureus MVs (Askarian et al., 

2018; Jeon et al., 2016; Lee et al., 2009; Tartaglia et al., 2020, 2018; Wang et al., 2018). The 

proteinaceous EV cargo includes a wide variety of proteins, such as virulence factors 

and lipoproteins, some of which are known to be potent antigens (Askarian et al., 2018; 

Gurung et al., 2011; Jeon et al., 2016; Lee et al., 2009; Schlatterer et al., 2018; Tartaglia et 

al., 2020, 2018; Wang et al., 2021b; X Wang et al., 2018). S. aureus-derived MVs contain 

many cytoplasmic proteins, including ribosomal proteins, DNA polymerases, tRNA 

synthetases, and several metabolic enzymes, and it has been suggested that due to the 

nature of their proteinaceous cargo, MVs may facilitate in the transfer of proteins to aid 

other bacteria (Lee et al., 2009). However, it is also likely that the large cytoplasmic 
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protein content of S. aureus MVs is simply due to the fact that the MVs originate from 

the CM.  

Various roles for the protein content of S. aureus MVs have been proposed, from 

antagonistic, to socially beneficial, to biogenic. The presence of N-acetylmuramoyl-L-

alanine amidase as cargo has implicated S. aureus MVs in a predatory role by enabling 

killing of competing bacteria by PG degradation or cell lysis, similar to P. aeruginosa 

OMVs (Kadurugamuwa and Beveridge, 1996). Other S. aureus MV components could 

contribute to survival of both “self” (parent strain) and “non-self” bacteria in their 

immediate environment. For example, MVs containing the beta-lactamase BlaZ from S. 

aureus ATCC 14458, were demonstrated to mediate the protection and survival of 

ampicillin-sensitive strains of Escherichia coli, Salmonella enterica ser. enteritidis, and 

Staphylococcus sp. in media containing ampicillin (Lee et al., 2013a). Further, MsrR, a 

protein involved in providing methicillin and teicoplanin resistance, has also been 

identified in S. aureus MVs suggesting a role for these MVs in anti-bactericidal activity 

(Rossi et al., 2003; Tartaglia et al., 2018). In addition, nutrient-scavenging components 

identified in S. aureus MVs, such as iron-binding proteins, are known to aid in iron 

storage and survival in iron depleted conditions (Askarian et al., 2018; Gurung et al., 

2011; Wang et al., 2018). Finally, the proteinaceous cargo of MVs have also been 

speculated to aid in the release of MVs through the thick cell wall. PGN degrading 
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enzymes, such as Sle1, have been identified in proteomic surveys of S. aureus MVs (Lee 

et al., 2009). 

1.2.6 MV lipids 

There is a general paucity of information regarding the lipid content of S. aureus 

MVs, despite the fact that these data could provide important insights into biogenesis 

and function of MVs. Recently, Wang et al showed that MVs from S. aureus strain JE2 

contain LTA molecules detectable by anti-LTA antibodies in a dot blot assay (Wang et 

al., 2021b) . Importantly, production levels of MVs and their associated LTA content 

were higher in cells that were challenged with oxidative stress, ethanol treatment, and 

iron limiting conditions. High salt conditions led to a reduction in MV production, but a 

dose-dependent response was not observed for EV-associated LTA content. Whether or 

not S. aureus MVs also contain WTA is yet to be determined. 

1.2.7 MV nucleic acids 

Recent studies have shown that S. aureus MVs harbor RNA and DNA. Andreoni 

et al found that the amount of dsDNA in S. aureus MVs can vary substantially across 

lysogenic and non-lysogenic strains (Andreoni et al., 2018). MVs produced by the phage-

bearing NRS135 strain contained higher DNA content compared to the phage-devoid 

NRS135 strain after treatment with subinhibitory concentrations of mitomycin C. 

However, it was unclear whether the higher levels of DNA were due to increased 

packaging of DNA into MVs or due to phage contaminants that co-purified with MVs.  
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We recently showed that DNA ~500 base pairs in length can be detected in MVs 

produced by S. aureus Newman and that a significant amount of those DNA molecules 

are remarkably resistant to nuclease degradation. Additionally, RNA <300 nucleotides in 

length was also detected in S. aureus Newman MVs, of which nuclease-sensitive and 

nuclease-resistant subpopulations were observed (Rodriguez and Kuehn, 2020). Joshi et 

al. confirmed that small RNA molecules are packaged into S. aureus MVs by sequencing 

the small RNA content of S. aureus MSSA476 cells cultured in iron-depleted media 

supplemented with a subinhibitory concentration of vancomycin. MV-associated sRNAs 

ranged from 35 to 151 nucleotides in length and the presence of sRNAs that were highly 

enriched in MVs was validated by qPCR (Joshi et al., 2021). An in-depth analysis of MV 

RNA in S. aureus strain HG003 revealed that the RNA composition of MVs changes 

upon treatment with sublethal concentrations of vancomycin. An even more significant 

change in RNA cargo was detected in MVs that were collected from S. aureus cells that 

were grown to late-stationary phase compared to early-stationary phase (Luz et al., 

2021). Combined, these studies suggest that RNAs, and particularly sRNA molecules, 

are likely selectively packaged in MVs through mechanisms that have not yet been 

defined. 

1.2.7 MV functions 

The research in S. aureus has primarily focused on examining the beneficial roles 

of MVs for bacterial survival in the context of antibiotic resistance in both planktonic 
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bacteria and biofilms. The outcomes of these interactions have recently been recently 

reviewed (Silva Rosa da Luz et al., 2021) . 

Staphylococcal MVs are capable of regulating innate and adaptive immune 

responses through the combined transfer and presentation of PAMPs to host immune 

cells, wherein MV PAMPS activate signaling pathways via recognition by surface and/or 

intracellular receptors. A growing body of literature has uncovered important functional 

roles for S. aureus MVs in mediating host-pathogen interactions in vivo and in vitro. Key 

findings were reviewed recently by da Luz and colleagues and by Briaud and Carroll 

(Briaud and Carroll, 2020; Silva Rosa da Luz et al., 2021). Some recent examples of host 

modulation by S. aureus MVs include studies showing MV-associated lipoprotein 

activation of TLR2 and NLRP3 inflammasome resulting in the modulation of IL-18, IL-

1β, and caspase-1 activity in host cells (Kengmo Tchoupa and Peschel, 2020; Wang et al., 

2020). Importantly, MVs engineered to be non-toxic showed immunogenic 

characteristics by eliciting neutralizing antibodies and upon immunization, mice were 

protected against lethal sepsis caused by S. aureus (Wang et al., 2018). 

While most studies have focused on investigating the immunomodulatory 

properties of toxins and proteins in S. aureus MVs, there is emerging interest in 

evaluating the functional roles of other MV cargo during host-pathogen interactions. For 

instance, our group showed that in cultured mouse macrophages, IFN-ß mRNA 

induction can be triggered by purified S. aureus MVs (Rodriguez and Kuehn, 2020). We 
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reported that MV-induced IFN-ß expression requires endosomal TLR activation and is 

specifically promoted by engagement of endosomal TLR3, TLR7, and TLR9 receptors—

pointing to the likelihood that MV-associated, protected RNA and DNA molecules elicit 

potent immune responses (Rodriguez and Kuehn, 2020). Whether the induction of IFN-ß 

in macrophages by S. aureus MVs is beneficial to the pathogen or to the host warrants 

further investigation. These findings were supported recently by Bitto and colleagues in 

a study that demonstrated the ability of MV-associated RNA and DNA to activate TLR 

7, 8, and 9 in human epithelial cells (Bitto et al., 2021). This study also demonstrated that 

the PG-recognizing receptors TLR2 and NOD2 could be activated in response to S. 

aureus MVs resulting in NF‐κB activation, and they provided evidence that S. aureus 

immunostimulatory cargo may contribute to inflammation and potentially aid in 

colonization of host tissues during S. aureus infection (Bitto et al., 2021). Combined with 

studies that have characterized the RNA and DNA content of S. aureus MVs  (Joshi et al., 

2021; Luz et al., 2021; Rodriguez and Kuehn, 2020), MV-associated nucleic acids are 

rising as important mediators of host-pathogen interactions. Nonetheless, how 

immunomodulatory nucleic acids are sorted and loaded into MVs is an important 

question that remains to be answered. 
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2. Characterization of S. aureus MVs and their nucleic acid 

content 

Much of this chapter appears in the journal Scientific Reports and STAR Protocols 

(Rodriguez and Kuehn, 2020; McMillan, Rodriguez, Rogers, Wiesner, and Kuehn 2022) 

 

2.1 Summary 

In recent years, there has been a surge of studies that have reported that bacteria 

secrete RNA and DNA via extracellular membrane vesicles (BEVs) (Choi et al., 2017a; 

Dauros-Singorenko et al., 2018; Habier et al., 2018; Lécrivain and Beckmann, 2020; 

Tsatsaronis et al., 2018). Despite the fact that the nucleic acid cargo of BEVs is becoming 

better defined, the functional roles of BEV-associated nucleic acids in host-pathogen 

interactions remain to be elucidated. In the present study we identified RNA and DNA 

molecules in membrane vesicles (MVs) secreted by S. aureus during normal growth 

conditions. Through extensive biochemical experimentation, we determined that certain 

MV-associated RNAs and DNAs from S. aureus were able to withstand degradation by 

extracellular nucleases due to protection conferred by the remarkably stable structure of 

MVs. Further characterization showed that the size distribution of MV-associated RNA 

molecules in S. aureus parallels the RNA profile reported for other Gram-negative and 

Gram-positive bacteria. We also show that MVs do not readily bind exogenous RNA or 

DNA, suggesting that tightly bound nucleic acids are loaded into MVs during the MV 

biogenesis process. These findings raise important questions regarding the mechanisms 
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involved in the loading of RNA into bacterial MVs and whether an active selection 

mechanism governs the types of RNAs and DNAs that are secreted via MVs. 

2.2 Introduction  

Despite the growing body of literature showing the importance of S. aureus RNA 

and DNA in modulating host immune responses, there is a lack of mechanistic insight 

into how S. aureus secretes RNA and DNA—owing to the fact that no specialized RNA 

and DNA secretion systems have been reported for S. aureus. Furthermore, there is a 

paucity of information regarding how bacterial RNA and DNA are transported into host 

cells to interact with and activate intracellular receptors to alter immune host cell 

functions. Bacterial nucleic acids are important PAMPs sensed by innate immune cells 

during infection (Eberle et al., 2009; Parker, 2014; Simonov et al., 2016). Intriguingly, 

emerging evidence shows that bacteria secrete RNA and DNA in association with BEVs.  

All bacteria studied to date have been shown to secrete BEVs (Kulp and Kuehn, 

2010; Nagakubo et al., 2020; Schwechheimer and Kuehn, 2015; Toyofuku et al., 2019). 

Vesicles are nanosized, spherical, proteolipidic structures that originate from the 

membrane of bacterial cells and over the course of their formation and they are loaded 

with a complex molecular cargo of lipids, soluble and insoluble proteins, toxins, and 

nucleic acids (Brown et al., 2015; Schwechheimer and Kuehn, 2015; Toyofuku et al., 

2019). BEVs are multifaceted and have been implicated in a variety of biological 

functions. In the context of host-pathogen interactions, bacterial-derived BEVs interact 
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with host cells and are often internalized by recipient cells, leading to the intracellular 

delivery of bioactive macromolecules and modulation of host immune responses (Cao 

and Lin, 2021; Kaparakis-Liaskos and Ferrero, 2015; Kulp and Kuehn, 2010; Palacios et 

al., 2020). Importantly, BEV composition & structure provide stability and protection to 

their cargo from extracellular proteolytic and nuclease degradation. As such, BEVs are 

increasingly recognized as key mediators in the dynamic crosstalk between bacteria and 

host immune cells. 

A study on P. aeruginosa outer membrane vesicles (OMVs) suggested that 

regulatory non-coding small RNAs (sRNAs) may attenuate host innate immune 

responses by repressing the expression of target host cell mRNAs that encode cytokines 

necessary for bacterial clearance (Koeppen et al., 2016). Recent studies support the idea 

that BEVs are loaded with differentially sorted RNAs, such as sRNAs as well as specific 

types of rRNA, tRNA, and mRNA fragments shorter than 200 nucleotides in length 

(Blenkiron et al., 2016; Choi et al., 2017b; Dauros-Singorenko et al., 2018; Ghosal et al., 

2015; Habier et al., 2018; Han et al., 2019; Joshi et al., 2021; Koeppen et al., 2016; Luz et 

al., 2021; Malabirade et al., 2018; Pérez-Cruz et al., 2021; Resch et al., 2016; Sjöström et al., 

2015). Altogether, this sets a precedent for the association of MVs with biologically 

functional RNA that may be selectively packaged into MVs by the parent cell, perhaps 

as a mechanism to actively secrete RNAs that can act as regulators or signaling 

molecules in recipient cells. Building upon this information, we set out to evaluate 
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whether MVs generated by S. aureus cells consist of RNA and DNA molecules that are 

protected from degradation. First, we adjusted the traditional MV isolation methods in 

order to minimize the presence of contaminating, non-vesicle associated nucleic acids. 

We then characterized the RNA and DNA content of S. aureus MVs and determined 

their size distribution and nuclease protection status. 

 

2.3 Results  

2.3.1 S. aureus Newman strain secretes MVs containing nucleic acids 

during normal growth conditions 

MV production could potentially serve as an active secretion system for nucleic 

acids produced by viable, intact S. aureus cells; however, it is conceivable that nucleic 

acids could be released through spontaneous phage-dependent or independent cell lysis 

(Andreoni et al., 2018; Biller et al., 2014; Rice et al., 2007; Steinmoen et al., 2002; Toyofuku 

et al., 2017) and that such nucleic acids could become associated with MVs after MVs are 

released into the extracellular space. The current state of knowledge regarding bacterial 

MV formation and the possible routes by which cytoplasmic material, such as DNA, 

could be loaded into MVs has recently been summarized by Toyofuku and colleagues 

(Toyofuku et al., 2019). So far, two independent groups have provided evidence for the 

formation of certain MV subpopulations through routes that involve weakening of the 

peptidoglycan layer by cell wall-degrading enzymatic activity. In B. subtilis, prophage-
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encoded endolysins were activated by genotoxic stress leading to the release of a sub-

population of MVs from dying B. subtilis cells (Abe et al., 2021; Toyofuku et al., 2017). In 

S. aureus JE2, production of certain MV subpopulations was promoted by the 

coordinated activity of phenol-soluble modulins and peptidoglycan-targeting autolysins 

(Wang et al., 2018). Additional routes of MV formation in lysogenic and non-lysogenic S. 

aureus strains were shown to be induced by a variety of different antibiotics, which had 

consequences on the type of DNA cargo that was packaged in MVs (Andreoni et al., 

2018).  

Taking all of these findings into account, we deliberately aimed to reduce the 

amount of exogenous DNA released by broken cells by purifying MVs harvested from S. 

aureus cultures grown to mid-log phase (OD600 of ~1.0, Fig. 7A). We then verified that at 

this growth stage there were minimal levels of cell lysis by using a SYTOX Green assay 

and a LIVE/DEAD BacLight Bacterial Viability Kit to probe membrane integrity and cell 

viability (Fig. 7B-D). Moreover, S. aureus cells harvested at mid log-phase exhibited the 

typical morphological characteristics of cells actively undergoing cell division (Fig. 7E). 

A more in-depth examination of S. aureus cells by TEM analysis of ultrathin sections 

revealed interesting ultrastructural features (Fig. 8). Specifically, vesicular structures 

were observed intracellularly, often at the periphery of the cell. Similar types of 

intracellular structures that were detected in methicillin-resistant S. aureus strains were 

proposed as potential sites of MV formation, although further experimentation will be 
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necessary to test this hypothesis (He et al., 2019). In agreement with previous studies, we 

detected spherical structures resembling MVs near the surface of some S. aureus cells as 

well as fully released vesicular structures in the surrounding space at different distances 

from cells (Lee et al. 2009; Wang et al. 2018) (Fig. 9). Based on these data, MVs purified 

for this study were collected from liquid cultures grown to mid-exponential phase. It is 

important to note however, that spontaneous cell lysis, even at minimal levels could 

potentially still contribute to the association of nucleic acids in MV preparations. 
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Figure 7: Minimal cell lysis occurs at S. aureus mid-log growth phase. 

(A) Representative growth curve of S. aureus Newman grown in nutrient broth (NB) 

treated with or without RNase A over the course of 18 hours. Bacterial cultures were 

grown overnight in NB at 37˚C with aeration. After 18 h, cultures were inoculated in NB 

treated with or without RNase A (0.5 μg/mL) in a 1:100 dilution. Optical densities were 
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recorded during the subsequent incubation (shaking, 37˚C) over an 18 h period. 

Representative growth curves from triplicate experiments are shown. (B) SYTOX Green 

relative fluorescence units (RFU) of heat-killed or mid-log phase S. aureus cell 

normalized to mean negative controls (PBS). (C-D) Confocal microscopy images of live 

(C) and (D) isopropanol-killed S. aureus Newman cells grown to early-stationary phase 

(OD600 1.6). Cells were prepared using a LIVE/DEAD BacLight Bacterial Viability Kit 

followed by staining with SYTO9 (green fluorescence for live bacteria) and propidium 

iodide, PI, (red fluorescence for killed bacteria) for 15 min in the dark at 25°C. PI and 

SYTO9-stained cell counts were obtained using the Analyze Particles function available 

in ImageJ. Scale bars = 5 μm. (E) Representative TEM images of S. aureus Newman cells 

grown to mid-log phase. Scare bars are indicated 
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Figure 8: TEM micrographs of negatively-stained ultrathin sections of S. aureus.  

TEM micrographs of thin sections of S. aureus strain Newman show intracellular 

vesicular structures (arrows). Scale bars are indicated. 
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Figure 9: Ultrathin sections of mid log-phase cells of S. aureus strain Newman.  

TEM micrographs reveal vesicle-like structures released from the surface of cells and in 

the extracellular space (highlighted by arrows). Scale bars are indicated. 

 

MVs in cell-free S. aureus Newman culture supernatants were separated from 

protein aggregates, cell debris, and non-membranous soluble proteins using Optiprep 

gradient density centrifugation as illustrated in Fig. 10. A 50% to 10% Optiprep/HEPES 

gradient resulted in successful separation of MVs as evidenced by the distinct layers that 

were formed between fraction 1 and fraction 3 (Fig. 11A). A total of 6 fractions were 

collected and the protein, lipid, and nucleic acid content of each fraction was measured. 

The lowest density fractions (F1, F2, and F3) contained the highest protein and lipid 
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content as determined by Bradford and FM4-64 assays, suggesting the presence of the 

MVs (Fig. 11B). Notably, these fractions also contained the highest DNA and RNA 

content as determined using fluorescence-based dyes (Fig. 11B). The presence of MVs in 

the fractions was assessed using negative-stain TEM analysis (Fig. 11D). In accord with 

our proteolipid quantification analysis, the lower density fractions F1-F3 were highly 

enriched with MVs, whereas few vesicles were identified in the higher density fractions 

(Fig. 11D,E). Morphologically, MVs of average smaller diameter were distributed to the 

lower density fractions (F1-F3), in contrast to higher density fractions (F4-F6) where 

larger sized MVs were observed. Consistent with previous data regarding S. aureus 

MVs, our size distribution analysis of the pooled MV fractions F1-F3 showed a size 

distribution range from ~20 nm to ~300 nm in diameter (Fig. 12), with an average 

diameter of 68.5 nm. Importantly, pooled MV fractions 1-3 exhibited distinctly different 

protein binding patterns compared to those of whole-cell lysates, suggesting selective 

sorting of particular proteins into MVs (Fig. 19A). Due to the abundance of MVs in the 

lower density fractions, F1-F3 were pooled and used for the MV characterization and 

functional experiments described hereafter.  
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Figure 10. Schematic representation of MV isolation workflow. 

S. aureus was cultivated in nutrient broth to an OD600 of 1.0 and the intact bacteria was 

sedimented with gentle centrifugation. (i) The supernatant was collected and filtered to 

remove cells. (ii) The supernatant was concentrated (12X) using a Tangential Flow 

Filtration system with a 100 kDa-cutoff filter and the retentate was subsequently filtered 

through a 0.22 μm pore. (iii) The concentrated filtrate was pelleted at high speed (iv) and 

the vesicle pellet resuspended in Optiprep. (v) The resuspended pellet was placed in the 

bottom of a 12.5 mL ultracentrifuge tube and overlaid with sequential decreasing 

percentages of Optiprep solutions. (vi) After ultracentrifugation, fractions were collected 

starting from the top of the gradient (F1-F6). 
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Figure 11: Separation of S. aureus MVs on a discontinuous density gradient.  

(A) The iodixanol solutions form distinct layers (arrows) between F1-F3. (B) All six 

Optiprep fractions were analyzed for protein, lipid, DNA, and RNA content using 

Bradford, FM4-64, SYTOX Green, and SYTO RNASelect, respectively. Relative 

fluorescence values shown were normalized to 100% in the peak fraction for each 

method. (C) The protein profile of each fraction was examined using SDS-PAGE. Equal 

volumes of each fraction were loaded and separated on a 4-20% SDS-PAGE gradient gel. 

Protein gels were stained using SYPRO Ruby Protein Gel Stain. (D) Negative-stain TEM 

was used to image purified MVs. Representative images of each fraction are shown. (E) 

The size and number of MVs imaged in each fraction from a 10 μL sample in a negative-

stained copper grid was determined using Fiji. The average diameter ± standard error of 

the mean (SEM) of MVs counted in each fraction are tabulated. 
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While cell death was shown to be minimal, we also considered the possibility 

that MVs could co-purify with phages released by S. aureus Newman, a known lysogenic 

strain (Bae et al., 2006). If MVs samples contain co-purified phages, this could confound 

our analysis of bona fide MV-associated DNA. Our group previously showed that 

distinct T4 phages can be imaged by TEM in association with E. coli OMVs after co-

incubation, suggesting that both MV morphology and the structure of exogenous phages 

remain relatively stable after co-incubation (Manning and Kuehn, 2011). Additionally, 

antibiotic-induced MVs purified from a lysogenic strain of S. aureus were shown to co-

purify with filamentous phage-like structures as imaged by TEM (Andreoni et al., 2018). 

To our knowledge however, there is no evidence that complete and intact phages can be 

recovered from non-induced S. aureus MV samples after purification by Optiprep 

gradient centrifugation. Indeed, after density gradient centrifugation no filamentous or 

tail-like structures were evident in the S. aureus Newman MV TEM micrographs 

presented herein (Fig. 12A). While we cannot rule out the possibility that phages may 

co-purify with MVs, even if they are present after Optiprep purification, they may be 

present in extremely low abundance.  
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Figure 12: TEM images of purified MVs. 

(A) Representative micrographs of negatively stained MVs collected from S. aureus 

Newman after Optiprep density gradient purification. Scale bars are all 200 nm except 

for in the bottom left panel where it indicates 100 nm. (B) Size distribution analysis of 

pooled MV fractions F1-F3 is presented as MV frequency of occurrence by size range. 
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2.3.2 RNA and DNA associated with S. aureus MVs are likely 

incorporated into MVs during vesicle formation 

We also considered the possibility that, despite harvesting MVs from only mid-

log cultures, RNA derived from cell lysis may co-purify with MVs or adhere to the 

surface of MVs during the MV purification process and confound interpretation of our 

data. To address this concern, we first tested whether RNA that we added exogenously 

to MVs could be removed from the MVs with RNase treatment (Fig. 13A). The 

exogenously added S. aureus cellular RNA remained stable in MV samples after 30 min 

of incubation, however, RNase A treatment of the exogenous RNA-MV mixtures 

completely digested the exogenously added RNA from the samples (Fig. 13B). This 

indicated that in our future experiments using purified MVs, RNase A treatment would 

efficiently remove any exogenous RNA that had become associated with the MVs 

during culture growth or MV purification. Similar results were observed when purified 

MVs were incubated with exogenously added DNA in the form of the standard DNA 

ladder (Fig. 13C). Next, we characterized how readily exogenous RNA adsorbed to MVs 

by incubating cellular RNA with purified MVs for 30 min, subjecting the MV-RNA 

mixtures to ultracentrifugation, washing unbound molecules from MVs, and monitoring 

the binding of the exogenous RNA to the MVs using agarose gel electrophoresis (Fig. 

13D). In this case, we did not detect the intact exogenously added RNA in association 

with MVs after the addition of a wash step (Fig. 13E). In addition, exogenous RNA 

recovered from the MV-free supernatant consisted predominantly of small RNA, 
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indicative of RNA degradation. This could mean that the MV purification process of 

high-speed ultracentrifugation can lead to degradation of unprotected RNA molecules. 

Based on the fact that exogenously added RNA did not appear to adsorb to purified 

MVs, we propose that the native MV-associated RNA cargo is likely packaged into MVs 

during MV formation. While there is a possibility that RNA degradation fragments from 

the exogenously added RNA could become associated with MVs during 

ultracentrifugation through specific or non-specific binding, no additional bands that 

were not already present in the MV-only samples were detected (Fig. 13E). 

 

 
Figure 13: MVs do not readily bind exogenous RNA or DNA. 

(A,D) Schematics to illustrate differences between the two RNA binding assays. (B) RNA 

extracted from whole-cell S. aureus was incubated with native MVs for 30 min at RT, 

followed by RNase A treatment at 37˚C for 30 min as indicated. MV + RNA mixtures 
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were loaded directly onto a 1% TAE agarose gel and stained with ethidium bromide. 

Samples of MVs, S. aureus RNA, and S. aureus RNA incubated with RNase A were 

loaded as controls. (C) A sample of 2-log DNA ladder was incubated with native MVs 

for 30 min at RT, followed by digestion with DNase I for 30 min at 37˚C as indicated. 

MV + DNA ladder mixtures were loaded directly onto a 1% TAE agarose gel and stained 

with ethidium bromide. Samples of DNA ladder, DNA ladder incubated with DNase, 

and MVs were loaded as controls. (E) Native MVs + S. aureus RNA were mixed and 

incubated at RT for 30 min, centrifuged for 1 h at 200,000 x g to remove unbound 

exogenous RNA from MVs, pellets were resuspended in HEPES-NaCl. Samples were 

then loaded onto 1% TAE agarose gels and stained with ethidium bromide. Arrowhead 

indicates migration of nucleic acid associated with intact MVs. Asterisk indicates 

unbound and degraded RNA that had been exogenously added to the MVs. Arrows 

indicate the migration of 23S and 16S rRNA from whole cell S. aureus RNA preparations. 

 

 

A final consideration was the possibility that some of the RNA that is detected in 

association with MVs could be carried over from the rich culture media in which S. 

aureus is grown. In fact, Ghosal et al. previously identified RNA molecules of yeast origin 

in E. coli OMVs, likely originating from the Luria-Bertani media used to culture the 

bacteria (Ghosal et al., 2015; Habier et al., 2018). Consequently, for the MV preparations 

used throughout this study, we treated the growth media with RNase A prior to 

sterilization and inoculation, a process that did not drastically affect the growth kinetics 

of S. aureus (Fig. 7A). Altogether, these data suggest that nucleic acid bearing-MVs 

harvested from S. aureus cultures grown to mid-log phase are mostly secreted by 

actively growing cells. 
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Figure 14: General strategy for nuclease protection assays. 

Nuclease protection assays on MVs assume that RNA and DNA not protected by the 

vesicular lipid membrane are accessible for degradation by nucleases. The sequential 

treatment of MVs with detergent, boiling, proteinase K, inactivation of proteinase with 

PMSF, and benzonase should result in complete degradation of RNA and DNA 

molecules in MV samples. 

 

 

2.3.3 Subpopulations of MV-associated nucleic acids are protected from 

nuclease degradation 

We then set out to address the hypothesis that immunomodulatory RNA and 

DNA that are secreted in association with MVs are protected from nuclease attack. It is 

also possible that proteins on the surface of MVs may bind and protect MV-associated 

nucleic acids from nuclease activity. In an effort to determine the protection status and 
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localization of RNA and DNA in relation to MVs, we conducted a series of nuclease 

protection assays (Fig. 14). As visualized by native agarose gel electrophoresis, the 

results revealed dark bands in the untreated and RNase A-treated MV samples (Fig 15A; 

lanes 1 & 2) which were likely RNA and DNA that were unable to migrate from the 

sample loading wells into the agarose matrix due to their association with the large 

vesicles. However, we further detected MV-associated nucleic acids that were highly 

resistant to RNase A and DNase I treatment even after MVs were subjected to 

combinations of heat, detergent, and Proteinase K digestion (Fig. 15A). We ruled out the 

possibility that components present in MV samples simply inactivated the nucleases by 

noting that exogenously added RNA or DNA mixed with MV samples could be 

degraded effectively by RNase A and DNase I, respectively (Fig. 13B,C).  
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Figure 15. Subpopulations of MV-associated nucleic acids are protected from RNase 

& DNase degradation irrespective of MV permeabilization and/or Proteinase K 

treatment. 

(A) MV samples were treated for 30 min with either HEPES-NaCl [1], RNase A at 37˚C 

[2] or with the detergent Triton X-100 for 10 min at 4˚C followed by boiling for 10 min at 

90˚C [3]. MV sample was treated with RNase A followed by detergent and heating [4], 

or detergent, heat, and Proteinase K [5], or similar to 5 with the addition of RNase A [6]. 

MV sample was treated with all of the aforementioned conditions [7]. (B) MVs were 

treated with HEPES-NaCl [1], with the detergent RIPA followed by boiling [2], or with 

Benzonase for 30 min at 37˚C [3]. MV sample was treated with detergent, heat, and 

Benzonase [4]. MV sample was treated with detergent, heat, Benzonase, and Proteinase 

K [5]. Subsequently, the MV samples were loaded onto 1% TAE agarose gels and stained 

with ethidium bromide. Red asterisks indicate nucleic acids that remain in the gel 

loading wells and the yellow asterisk indicates a band of Benzonase-sensitive nucleic 

acids. 
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Using RNase A and DNase I to treat MVs yielded results that were surprising yet 

inconclusive: We expected MVs to protect associated nucleic acids, but it was unclear 

why a population of MV-associated nucleic acids remained protected from degradation 

even after we disrupted the vesicular structure. As such, we decided to employ 

benzonase, a nuclease which degrades all forms of RNA and DNA, to further examine 

this phenomenon. First, we verified that S. aureus RNA could be degraded by benzonase 

treatment (Fig. 15B). In addition to using agarose gels for these nuclease protection 

assays, we also assessed the MV-associated nucleic acids using denaturing urea 

polyacrylamide gel electrophoresis—which allows for more sensitive detection of 

smaller and low abundance RNA and DNA molecules compared to native agarose gels 

(Fig. 16). Nuclease protection assays on purified MVs revealed that a considerable 

population of nucleic acids are susceptible to degradation by benzonase digestion alone 

(Fig. 15B and 16). Intriguingly however, neither disruption of the vesicle lipid bilayer by 

heating MVs to 95˚C and/or treating with detergent or proteinase K led to increased 

digestion of the benzonase-resistant nucleic acids. Altogether, these results suggest that 

a subpopulation of MV-associated nucleic acids is either highly resistant to nuclease 

degradation and/or that subpopulations of MVs remain stable even after being exposed 

to harsh conditions. 
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Figure 16. Detergent, Benzonase, and Proteinase K sensitivity of MV-associated 

nucleic acids. 

Nucleic acids from untreated MVs (10 μL, 7 μg total protein), or permeabilized MVs 

boiled at 95 °C for 10 min followed by RIPA treatment for 10 min at 4 °C, and/or MVs 

treated with Benzonase at 37 °C for 30 min, and/or MVs subjected to Proteinase K 

digestion at 37 °C for 30 min were separated on a 10% denaturing urea-PAGE gel in TBE 

buffer and stained with SYBR Gold. 

 

To characterize the MV-associated nucleic acids that were observed by gel 

electrophoresis, we extracted RNA and DNA from untreated MVs, benzonase-treated 

MVs (bMVs), or permeabilized + proteinase K treated bMVs 

(permeabilized/proteinased/bMVs), and we analyzed the specific RNA and DNA 

profiles using a Bioanalyzer. We found that the predominant RNA type that is secreted 

in association with untreated MVs is generally < 300 nt in length, while the predominant 

DNA species is ~500 base pairs long (Fig. 17A, B and Fig. 18A, B, respectively). 
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Interestingly, benzonase treatment alone digested a significant portion of MV-associated 

RNA molecules, but permeabilization and proteinase K digestion of MVs prior to 

benzonase treatment did not significantly affect the amount of RNA extracted from MVs 

(Fig. 17C). Notably, the benzonase-susceptible RNA molecules included those that were 

~200 nt long. A sharp, distinct RNA band slightly greater than 25 nt was resistant to 

benzonase treatment in all of the conditions tested, in accordance with our gel 

electrophoresis assays. We also noted that the 500 bp DNA band extracted from MVs 

was not affected by benzonase treatment alone or with additional MV permeabilization 

and proteinase K treatments (Fig. 18C). Collectively, these data along with the results 

from the various gel-electrophoresis-based assays provide support for the observation 

that subpopulations of benzonase-sensitive RNA molecules as well as subpopulations of 

benzonase-resistant RNA and DNA molecules are secreted in association with S. aureus 

MVs. It was furthermore particularly remarkable that detergent and proteinase K 

treatment did not lead to significant changes in the nuclease susceptibility of the MV-

associated RNA and DNA. 
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Figure 17. The RNA content of S. aureus MVs consists of Benzonase-sensitive 

and Benzonase-resistant subpopulations. 

(A) Bioanalyzer RNA profile of untreated MVs [1], RNA profile of MVs treated with 

Benzonase [2], and RNA profile of heated MVs treated with detergent, Proteinase K, and 

Benzonase [3]. X-axis represents the RNA nucleotide length, and the y-axis represents 

fluorescent units. (B) Bioanalyzer gel image of RNA extracted from MV samples treated 

under different conditions. M indicates the relative migration of RNA standards. (C) 

RNA concentrations from each MV treatment were averaged from triplicate 

experiments. The data is represented as mean SEM from n = 3. Profiles are 

representative of two independent experiments. Statistical analysis was performed by 

one-way ANOVA with Tukey’s multiple comparison test (n.s = not significant; ****p < 

0.0001). 
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Figure 18. The DNA content of S. aureus MVs is resistant to Benzonase treatment. 

(A) Bioanalyzer DNA profile of untreated MVs [1], DNA profile of MVs treated with 

Benzonase [2], and DNA profile of heated MVs treated with detergent, Proteinase K, and 

Benzonase [3]. X-axis represents DNA base pairs, and the y-axis represents fluorescent 

units. (B) Bioanalyzer gel image of DNA extracted from MV samples treated under 

different conditions. M indicates the relative migration of DNA standards. (C) DNA 

concentrations from each MV treatment were averaged from triplicate experiments. The 

data is represented as mean SEM, n = 3. Profiles are representative of two independent 

experiments. Statistical analysis was performed by one-way ANOVA with Tukey’s 

multiple comparison test (n.s = not significant). 

 

2.3.4 Characterization of permeabilized and proteinase K-treated MVs 

In an attempt to gain further insight into the stability of MVs and their 

macromolecular cargo, proteinase K protection assays were performed. Proteinase K 

protection assays are commonly used to determine if proteins of interest are localized in 

the lumen or surface of MVs. We reasoned that performing these protection assays could 

also help clarify whether the MV permeabilization conditions used in the nuclease 
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protection assays were effective at rupturing MVs. The susceptibility of MV-associated 

proteins to proteinase K treatment was assessed by exposing MVs to proteinase K in the 

presence or absence of membrane permeabilizing agents and detecting changes in MVs 

and their protein composition by SDS-PAGE, immunoblot, and negative-stain TEM (Fig. 

19). Surprisingly, all MV-associated proteins detectable by SDS-PAGE were 

proteolytically digested in the absence of detergent even at low concentrations of 

proteinase K (0.1 mg/mL) and after only 10 minutes of treatment (Fig. 19A, B). In fact, 

the only protein bands that were detectable corresponded to proteinase K (Fig. 19A, B). 

Previous studies reported that MV-associated α-hemolysin and β-lactamase are 

localized in the lumen of S. aureus MVs as demonstrated by their resistance to 

proteolytic digestion in the absence of detergent, whereas these two proteins were fully 

digested only after MVs were permeabilized and treated with proteinase K (Hong et al., 

2014; Lee et al., 2013a). However, when we tested the susceptibility of MV-associated α-

toxin to proteinase K, we found that proteinase K treatment alone digested α-toxin and 

non-specific IgG binding proteins, suggesting that α-toxin is likely localized on the 

surface of MVs (Fig. 19C). Ultimately, we were unable to identify lumenal protein 

markers in MVs produced by S. aureus strain Newman using proteinase K protection 

assays. These data suggest that the prominent MV-associated proteins are sensitive to 

proteolytic digestion because they are surface associated. Alternatively, these data could 

also indicate that those proteins are critical for maintaining the integrity of MVs and 
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exposure to proteinase K leads to the disruption of vesicular membranes, followed by 

the release of lumenal proteins, which would then allow them to be accessible for 

degradation. This hypothesis is consistent with a study by Jeon et al (2016) where they 

showed near complete digestion of all MV-associated proteins upon treatment with 

proteinase K in the absence of detergent treatment. We tested this hypothesis by 

imaging proteinase K-treated MVs using negative-stain TEM. We found that MVs were 

still detectable after proteinase K treatment, although our preliminary work suggested 

that proteinase K-treated MVs were less abundant than untreated MVs (Fig. 19D). Even 

fewer MVs were observed in samples that were permeabilized before treatment with 

proteinase K (Fig. 19D), suggesting the existence of MV subpopulations that are 

extremely resistant to permeabilization. Nonetheless, these results are inconclusive due 

to the fact that we did not quantify the number of MVs present in each condition.  
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Figure 19. Proteinase K susceptibility assays. 

(A) MVs from S. aureus strain Newman were treated with or without proteinase K (0.1 

mg/mL or 2 mg/mL) in the absence or presence of Triton X-100 for 30 min at 37 ˚C and 

proteins were separated on a 4-20% SDS-PAGE gradient gel. (B) MVs were treated with 

0.1 mg/mL of proteinase K for 10 or 30 min at 37˚C or with PMSF (1 mM) for 5 min at 

RT. (C) Immunoblot analysis of S. aureus MVs using anti-α-toxin antibodies after 

treatment with RIPA, lysostaphin, and or proteinase K. (D). Negative-stain TEM 

micrographs of intact MVs, MVs treated with proteinase K, and MVs treated with RIPA 

followed by proteinase K treatment. Scale bars are indicated. 

 

2.3.5 Visualization of MV-associated DNA using immunogold labeling 

While we were unable to ascertain the exact localization of DNA with respect to 

the outermost vesicle membrane using electrophoresis-based nuclease protection assay, 
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we examined the presence of DNA on MVs using immunogold labeling approaches. 

DNA molecules on intact MVs were labeled with anti-dsDNA antibodies followed by 

labeling with secondary goat anti-mouse antibodies coupled to 12-nm colloidal gold. We 

were able to determine the presence of surface-associated DNA molecules on MVs since 

only surface molecules are accessible for labeling by whole-mount immunogold labeling 

approaches (Fig. 20A). Although DNA molecules also appear to be surface associated 

when imaging immunogold-labeled ultrathin sections of MVs (Fig. 20B), we note that 

the distance between colloidal gold-labeled antibodies and DNA molecules is not 

insignificant, and it would be misleading to draw conclusions about the exact 

localization of MV-associated DNA based on these data alone. 
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Figure 20. Representative TEM images of immunogold labeled S. aureus MVs. 

(A) Whole mount immunogold staining shows the presence of dsDNA on S. aureus MVs. 

Red arrows indicate MV-associated DNA and blue arrows indicate either non-MV 

associated DNA or DNA associated with small MVs that are out of focus. (B) 

Immunogold staining of ultrathin sections of S. aureus MVs show the presence of 

dsDNA. For all control samples, the primary antibodies were omitted. 
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2.4 Discussion 

Recent studies have shown that nucleic acids can be found outside bacterial cells, 

surrounded by membrane in particles called MVs (Dauros-Singorenko et al., 2018; 

Lécrivain and Beckmann, 2020; Tsatsaronis et al., 2018). Structural and biochemical 

studies have started to uncover how intracellular host receptors recognize bacterial-

derived nucleic acids (Eberle et al., 2009; Geyer et al., 2015; Hemmi et al., 2000; Song et 

al., 2015; Tanji et al., 2015; Zhang et al., 2016). Intriguingly, RNA-secretion structures 

analogous to protein secretion systems have not been identified in bacteria. It is 

therefore unclear how bacterial RNA is secreted and whether specific types of RNAs are 

selected for secretion during bacterial infection of host cells to modulate immune 

responses. In this chapter, we set out to characterize MVs released by the human 

pathogen S. aureus during normal growth conditions and to determine whether MV 

production by this pathogen could serve as a secretion mechanism for S. aureus-derived 

nucleic acids.  

Bacterial RNA is a relatively unstable molecule, with a short half-life (Bonnin and 

Bouloc, 2015; Redder, 2016) and is accordingly predisposed to forming intermolecular 

structures (Buskilay et al., 2014). Mature tRNA molecules are considered relatively 

stable due to their tertiary structure (Li and Deutscher, 2008). Subsets of free tRNAs 

have been observed to diffuse in E. coli (Plochowietz et al., 2017), but this stability has 

not been tested for tRNA fragments in bacteria, therefore it is possible that tRNA 
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fragments would also necessitate binding to other molecules for stability purposes 

during loading into bacterial vesicles.  

The binding state of Staphylococcal RNAs as they associate with MVs is 

currently unknown. Interestingly, Plochowietz et al. recently demonstrated using single-

molecule fluorescence imaging that tRNA localized near the membrane of E. coli cells 

diffuse slowly due to their association with ribosomal and non-ribosomal complexes, 

whereas free tRNAs were enriched at the nucleoid (Plochowietz et al., 2017). If the 

localization of RNAs within the cell is found to direct specific RNA molecules to MVs, 

this could mean that MV-associated tRNA molecules could be in complex with their 

cognate binding partners. Moreover, translation machinery proteins have been mapped 

in the S. aureus MV proteome, representing possible binding partners to rRNA and 

tRNA fragments (Jeon et al., 2016; Lee et al., 2009). Mass-spectroscopy analysis has 

identified S. aureus proteins that contain RNA-binding domains (Zhang et al., 2015b). 

From the proteins identified in that study, Ribonuclease J, Protein translocase subunit 

SecA, and Pseudouridine synthase were found to associate with S. aureus MVs (Jeon, et 

al. 2016; Lee et al. 2009).  

Small non-coding RNAs are often bound to proteins, though all S. aureus sRNA 

protein binding partners have not been identified (Zhang et al. 2015). Moreover, sRNAs 

have also been sequenced in purified BEVs (Frantz et al., 2019; Koeppen et al., 2016; 

Malabirade et al., 2018; Moriano-Gutierrez et al., 2020). Hfq is the best characterized 
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sRNA-binding protein, however it is absent from the S. aureus MV proteome (Jeon, et al. 

2016; Lee et al. 2009).  Cold-shock proteins have also been described as sRNA 

chaperones, but they were also absent from the S. aureus MV proteome. In lieu of the 

presence of known sRNA binding proteins, it is possible that sRNAs are protected from 

nuclease degradation by interactions with other MV-associated macromolecules. 

Nuclease protection assays revealed subpopulations of nucleic acids that are 

protected from nuclease degradation. This finding was consistent with several previous 

studies on OMV-associated nucleic acids which suggested that OMVs provide a physical 

barrier that blocks extracellular nucleases from accessing their associated RNA and 

DNA cargo. Surprisingly, even when the structure of MVs was challenged with 

detergent and proteinase K treatments, we found that certain RNA molecules were 

resistant to nuclease degradation. Nuclease protection assays of P. aeruginosa OMVs by 

Koeppen et al. indicated that all OMV-associated RNA species were protected from 

RNase degradation (Koeppen et al., 2016). OMVs from Salmonella enterica spp. 

Typhimurium were found to be protective for a selection of non-coding RNAs. 

Additionally, RNase A treatment on Vibrio cholerae and Escherichia coli OMVs were found 

to be inefficient for complete removal of OMV-associated RNA (Koeppen et al., 2016, 

Ghosal et al., 2015). These observations of RNA protection may be due to the presence of 

secondary structures and/or non-proteinaceous binding partners that protect the 

nuclease-resistant RNA from degradation. Interestingly, miRNAs, which are short 
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eukaryotic RNAs, are susceptible to degradation when they are not interacting with 

target mRNAs, even when they are bound to cognate argonaute proteins (Zhang et al., 

2015a). It has been proposed that binding of miRNAs to mRNAs can protect EV-

associated miRNAs from degradation (Zhang et al., 2015a). Therefore, we cannot 

exclude the possibility that RNA-RNA binding can also be involved in stabilizing MV 

RNAs which could be important for the inclusion of specific RNAs to MVs. Intriguingly, 

as recent study conducted by Tosar et al. demonstrated that some extracellular tRNA 

molecules can be converted into highly stable tRNA halves after degradation by 

extracellular RNases (Gámbaro et al., 2020; Tosar et al., 2020). Follow-up studies on 

bacterial tRNA molecules encapsulated in MVs will explore whether this phenomenon is 

evolutionarily conserved in bacteria. 

Interestingly, we found that all of the detectable MV-associated DNA was 

resistant to benzonase treatment in all of the conditions tested. However, because there 

were no significant changes in the amount of DNA extracted from MVs that underwent 

membrane damage, we were unable to determine the exact nature of the association 

between DNA and MVs based on electrophoretic assays. Our nuclease protection assays 

contrast reports concluding the external association of nucleic acids with OMVs in cases 

where DNase treatment alone was sufficient to degrade the DNA (plasmid and/or 

chromosomal fragments) associated with OMVs secreted by Gram-negative pathogens 

(Bitto et al., 2017; Perez Vidakovics et al., 2010). In other Gram-negative species such as 
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S. Typhimurium, Porphyromonas gingivalis, and P. aeruginosa, chromosomal DNA 

fragments were determined to be both external and internal to OMVs (Bitto et al., 2017; 

Fulsundar et al., 2014; Perez Vidakovics et al., 2010). 

Although nuclease protection assays did not clarify the localization of DNA 

molecules in MVs, using immunogold labeling approaches we did obtain a piece of 

evidence suggesting that certain DNA molecules could be associated to the surface of 

MVs. Immunogold labeling coupled with TEM imaging is often used to detect the 

presence of specific markers on EVs as well as to determine whether the labeled markers 

are located on the surface or the lumen of vesicles (Chuo et al., 2018; Jung and Mun, 

2018). Immunogold labeling of whole-mount samples is limited to the detection of MV 

surface molecules, which relies on prior identification of surface-localized markers 

within heterogenous populations of MVs. Non-surface associated markers can be 

labeled using ultrathin sections of MVs. It should be noted, however, that using 

immunogold labeling in order to resolve the specific location of markers along MV 

structures comes with inherent limitations. Namely, primary and secondary antibodies 

add approximately 15-30 nm of distance between the colloidal gold particle and the 

antigen recognition site. Thus, determining the precise location of specific markers on 

MVs is not always possible due to the fact that bacterial vesicles themselves range from 

20 to 300 nm in diameter. As such, future experiments are warranted in order to 
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conclusively evaluate whether or not DNA molecules derived from S. aureus cells are 

surface and/or lumen localized in MVs.  

Collectively, the inconsistent reports on vesicle-associated RNA and DNA 

suggest that, depending on the microbe, vesicles differ in their RNA and DNA cargo 

composition and location with respect to the outermost vesicle membrane. These 

variations may also be attributed to different vesicle biogenesis mechanisms, which 

would influence the surface features and localization of lumenal cargo into vesicles. 

Revealing the localization of MV-nucleic acids is crucial to gain insights into potential 

mechanisms employed by bacteria to release nuclease-resistant nucleic acids to the 

extracellular environment. 

Envelopment of nucleic acids by proteolipid vesicles is a mechanism believed to 

be crucial for the delivery of nucleic acids to distant cells by conferring protection from 

nuclease degradation (Lécrivain and Beckmann, 2020). The types of molecules that are 

displayed on MVs can influence their interactions with host receptors, thereby 

modulating host immune responses (Caruana and Walper, 2020; Johnston et al., 2021; 

Kuehn and Kesty, 2005; O’Donoghue and Krachler, 2016). Uncovering the protection 

status of MV-associated RNA and DNA molecules and their localization within MVs is 

important based on our understanding that the composition and structure of MVs can 

affect the modes of interaction with recipient cells.  
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3. S. aureus secrete immunomodulatory nucleic acids in 

association with MVs 

Much of this chapter appears in the journal Scientific Reports and STAR Protocols (Rodriguez 

and Kuehn, 2020; McMillan, Rodriguez, Rogers, Kuehn 2022) 

 

3.1 Summary 

Bacterial-derived RNA and DNA can function as ligands for intracellular 

receptor activation and induce downstream signaling to modulate the host response to 

bacterial infection. The mechanisms underlying the secretion of immunomodulatory 

RNA and DNA by pathogens such as S. aureus and their delivery to intracellular host 

cell receptors are not well understood. Recently, extracellular membrane vesicle (MV) 

production has been proposed as a general secretion mechanism that could facilitate the 

delivery of functional bacterial nucleic acids into host cells. S. aureus produce 

membrane-bound, spherical, nano-sized, MVs packaged with a select array of bioactive 

macromolecules and they have been shown to play important roles in bacterial virulence 

and in immune modulation through the transmission of biologic signals to host cells 

(Silva Rosa da Luz et al., 2021). Here we demonstrate that MVs can be delivered into 

cultured macrophage cells and subsequently stimulate a potent IFN-β response in 

recipient cells via activation of endosomal Toll-like receptors. These findings advance 
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our understanding of the mechanisms by which bacterial nucleic acids traffic 

extracellularly to trigger the modulation of host immune responses. 

3.2 Introduction 

Recent studies in Gram-negative bacteria have revealed that extracellular vesicles 

produced by these organisms can potentially serve as delivery vehicles for RNA and 

DNA molecules to eukaryotic host cells (Bitto et al., 2017; Blenkiron et al., 2016; Choi et 

al., 2017b, 2017a; Dauros-Singorenko et al., 2018; Ghosal et al., 2015; Habier et al., 2018; 

Han et al., 2019; Koeppen et al., 2016; Lécrivain and Beckmann, 2020; Malabirade et al., 

2018; Pérez-Cruz et al., 2021; Perez Vidakovics et al., 2010; Sjöström et al., 2015; 

Tsatsaronis et al., 2018). Data from studies of Pseudomonas aeruginosa suggested that 

regulatory non-coding small RNAs (sRNAs) carried by these outer membrane vesicles 

(OMVs) may attenuate host innate immune responses in the mouse lung by repressing 

the expression of target host cell mRNAs that encode cytokines necessary for bacterial 

clearance (Koeppen et al., 2016). In a separate study, uropathogenic Escherichia coli was 

found to deliver OMV-associated RNA into the cytoplasm and nucleus of human 

bladder epithelial cells in vitro (Blenkiron et al., 2016). Bitto et al also recently reported 

that chromosomal DNA fragments can be delivered to the nucleus of cultured lung 

epithelial cells by P. aeruginosa OMVs (Bitto et al., 2017). While such findings have 

catalyzed an interest in further understanding the functional roles of microbial vesicle-

associated nucleic acids and how they modulate the immune response during infection, 
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these studies have not reported on the specific mechanisms by which OMV-associated 

RNA and DNA are taken up by host cells or provided evidence to show that OMV-

associated nucleic acids interact directly with host cells to modulate the immune 

response. Additionally, studies of the extracellular vesicles produced by Gram-positive 

bacteria (termed membrane vesicles, MVs) have primarily focused on their 

proteinaceous cargo, with limited characterization of the MV-associated RNA and DNA 

content. Therefore, although MVs are increasingly recognized as key mediators in the 

dynamic crosstalk between the pathogen and the host (Cao and Lin, 2021; Kuehn and 

Kesty, 2005; Molina-Tijeras et al., 2019; Silva Rosa da Luz et al., 2021), the functional 

relevance and transfer of MV-associated RNA and DNA cargo from Gram-positive 

bacteria to host immune cells remains to be defined.  

MVs are a heterogeneous population of spherical, bioactive nanoparticles that 

range from 20 to 300 nm in diameter, secreted naturally by many Gram-positive bacteria 

over the course of their lifecycle (Toyofuku et al., 2019; Cao and Lin, 2021). Originating 

from the cytoplasmic membrane, MVs contain an array of cellular components that 

include virulence factors, phospholipids, polysaccharides, small molecules, and 

lipoproteins. Biochemical and proteomic analyses have shown that the molecular cargo 

of MVs includes RNA, DNA, and cytoplasmic proteins that lack export signals (Abe et 

al., 2021; Andreoni et al., 2018; Brown et al., 2015; Cao and Lin, 2021; Ebner and Götz, 

2019; Jiang et al., 2014a; Nagakubo et al., 2020; Resch et al., 2016; Schlatterer et al., 2018; 
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Toyofuku et al., 2019; Wang et al., 2018). MV cargo can be associated to the surface of 

vesicles or encapsulated within the MV lumen (Cao and Lin, 2021; Liu et al., 2018; 

Nagakubo et al., 2020; Silva Rosa da Luz et al., 2021). Importantly, MVs were shown to 

stabilize and protect their protein cargo from extracellular proteolytic digestion and 

likely also protect their nucleic acid cargo from degradation by nucleases present in the 

extracellular space. This feature enables MVs to deliver a selection of protected, 

biologically active macromolecules to host cells both proximal and distal from the site of 

bacterial infection (Liu et al., 2018). Generally, MVs are internalized by host cells via 

endocytosis, macropinocytosis, or phagocytosis—which facilitates the delivery of 

bacterial-derived immunomodulatory cargo to mammalian host cells in a coordinated 

fashion (Liu et al., 2018; O’Donoghue and Krachler, 2016; Wang et al., 2020). Such 

reports position MVs as a likely, non-canonical secretion mechanism for bacterial nucleic 

acids to gain access to the interior of host cells and to play a functional role in the host-

pathogen interface. 

DNA and RNA secretion has been characterized for some important pathogens. 

For instance, the release of Gram-negative extracellular DNA by the type IV secretion 

system has been well-described (Grohmann et al., 2018). This mechanism is largely 

dependent on direct cell-to-cell contact, although contact-independent export has been 

observed in H. pylori and N. gonorrhoeae. In contrast to DNA release, RNA secretion 

mechanisms remain largely unexplored. Recent studies of the intracellular pathogens 
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Mycobacterium tuberculosis and Listeria monocytogenes have suggested the existence of 

MV-independent RNA secretion mechanisms that elicit a potent IFN-ß response in host 

cells (Cheng and Schorey, 2018; Frantz et al., 2019; Pagliuso et al., 2019). Cheng and 

Shorey showed that M. tuberculosis releases RNA into the cytosol of infected 

macrophages in a SecA2 and EsX-1 secretion system-dependent manner, however they 

only speculated that potential RNA-binding proteins could also shuttle bound RNA 

molecules via the SecA2 system into the extracellular milieu (Cheng and Shorey, 2018). 

Frantz and colleagues recently showed that L. monocytogenes secretes both “naked” and 

MV-contained sRNAs that are potent IFN-ß inducers in macrophages and in HEK293 

cells (Frantz et al., 2019). This group focused on characterizing specific “naked” sRNAs 

present in the non-MV containing supernatant fraction that also induced high levels of 

IFN-ß but did not examine the secretion mechanism for the RNA. Notably, no 

specialized nucleic acid secretion systems have been reported for S. aureus. 

The present study aims seek to analyze the immunostimulatory potential of MV-

associated RNA and DNA, and to evaluate receptor-mediated recognition of MV-

associated RNA and DNA molecules by innate immune cells. Consistent with the 

hypothesis that nuclease protected MV-associated RNA and DNA molecules induce 

Type I IFN production in mouse immune cells, we found that endosomal TLR3-/-, TLR7-/-, 

and TLR9-/- macrophages expressed significantly reduced IFN-β mRNA in response to 

nuclease-treated MVs relative to their wild-type counterparts. We demonstrated that 
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uptake of MVs followed by endosomal acidification and maturation are critical steps 

that lead to a potent IFN-β response in macrophages. Collectively, these findings point 

to a mechanism whereby MVs facilitate the transfer of bacterial RNA and DNA 

molecules into recipient cells. 

3.3 Results 

3.3.1 Cultured murine macrophages produce significant Interferon-ß mRNA 

in response to MV stimulation 

After establishing that S. aureus Newman strain secretes nucleic acids in 

association with MVs, we set out to investigate whether purified MVs induce Type I 

Interferon mRNA expression in innate immune cells as has been previously reported for 

S. aureus derived nucleic acids (Bergstrøm et al., 2015; Oldenburg et al., 2012; Parker, 

2014; Parker and Prince, 2012a). An mRNA expression assay was utilized based on 

previous observations that in cultured immune cells. S. aureus triggers a comparable IFN 

response in terms of IFN-β mRNA and IFN-β protein production (Parker and Prince, 

2012a; Parker et al., 2014). Both time-dependent and dose-dependent responses were 

assessed in RAW264.7 macrophage cells. Time-course experiments showed significant 

IFN-β mRNA induction within 1 hour of stimulation with MVs (5 µg/mL, by protein) 

and a peak expression of IFN-β mRNA at 3 hours (Fig. 21A). These results were in 

agreement with previous studies that reported peak IFN-β mRNA expression between 

2-4 hours by airway epithelial cells and bone marrow-derived macrophages post-

infection with S. aureus bacteria (Martin et al., 2009; Parker, 2014; Scumpia et al., 2017). 
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We also observed a significant expression of IFN-β relative to untreated macrophages 

with as low as 1 µg/mL MVs and a significantly increased, dose-dependent IFN-β 

response with 5 µg/mL MVs (Fig. 21B). Based on these results, MV-stimulated 

macrophages were harvested for RNA extraction 3 hours after exposure to MVs (5 

µg/mL), unless indicated otherwise. We also found that macrophages preferentially 

induced IFN-β mRNA expression in response to MV stimulation, whereas MVs did not 

induce IFN-𝞪 expression (Fig. 21C). This result is consistent with previous reports that 

showed a marked capacity for macrophages to produce IFN-β in response to S. aureus 

bacterial infection, whereas IFN-𝞪 is generally secreted by plasmacytoid dendritic cells 

after bacterial infection (Bekeredjian-Ding et al., 2014; Parker, 2014). 

 

 

Figure 21. Purified S. aureus MVs induce significant IFN-β mRNA expression in 

cultured murine macrophages. 

(A) Time-course analysis of RAW 264.7 cells treated with MVs (5 µg/mL total protein) 

over a 24 h time period. Macrophages were homogenized at the indicated times points 

for RNA extraction and analyzed for β-actin and IFN-β mRNA expression using qPCR. 

The relative fold induction of a sample was calculated relative to the no treatment 

control sample using the Ct method. β-actin was used to normalize IFN-β mRNA 

expression in all samples. (B) Macrophages were stimulated with the indicated doses of 
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S. aureus MVs for 3 h and the IFN-β mRNA expression relative to β-actin was 

determined by qPCR. (C) Macrophages were incubated with no treatment controls or 

with MVs (5 µg/mL) and IFN-𝛼2, IFN-𝛼4, or IFN-β mRNA expression was measured 

using qPCR. The data is represented as mean SEM, n = 3. Profiles are representative of at 

least two independent experiments. Statistical analysis was performed by one-way 

ANOVA with Tukey’s multiple comparison test (****p < 0.0001). (D) q-PCR was used to 

determine the IFN-ß gene expression levels in RAW264.7 cells after exposure to 0.5 

µg/mL of each fraction for 3 h. IFN-ß mRNA expression was normalized to ß-actin 

mRNA expression. Results are representative of three independent experiments. 

Statistical analysis was performed by one-way ANOVA with Tukey’s multiple 

comparison test (n.s = not significant; *p ≤ 0.05). 

 

Because these experiments were performed using pooled MV fractions, we 

wondered whether the highest MV activity—in terms of IFN-β mRNA induction—

corresponded to the 3 low-density fractions enriched with MVs and nucleic acids. As 

shown in Figure 21D, when we stimulated macrophages with equal total protein 

concentration (0.5 µg/mL) of each fraction, we observed significant IFN-β expression in 

response to F2, while no significant IFN-β mRNA was detected in response to the 

remaining fractions. These results show that lower density fractions do in fact contain 

immunomodulatory MVs and that normalizing the MV dosage by total protein 

concentration—as is standard in the extracellular vesicle field—is a convenient metric to 

use to normalize the amount of MVs that are added to macrophages for stimulation 

assays between experiments. Collectively, these data show that S. aureus MVs induce 

strong IFN-β mRNA expression in cultured macrophage cells in a dose- and time-

dependent manner.  
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While S. aureus does not produce lipopolysaccharide (LPS), endotoxins are 

ubiquitous environmental contaminants commonly found in the laboratory setting 

(Gorbet and Sefton, 2005). LPS acts as a strong inflammatory mediator in mammalian 

cells through activation of the surface-exposed receptor TLR4 (Brubaker et al., 2015). 

LPS-activated cells mount an immune response consisting of pro-inflammatory cytokine 

release and Type I Interferon production. In order to address the possibility that the 

IFN-ß mRNA macrophage response to MVs was due to endotoxin contamination, we 

evaluated the presence of LPS in S. aureus MV samples by SDS-PAGE and Western blot 

analysis. LPS was not detected in any of the MV samples used for this study as noted by 

the absence of the distinctive LPS laddered banding pattern in MVs after staining of the 

SDS-PAGE gel using the Pro-Q Emerald LPS Gel Stain (Fig. 22A). The high molecular 

weight bands detected by the LPS stain in MV samples were also observed using the 

SYPRO Ruby Protein Gel Stain, indicating that those bands are glycoproteins and not 

LPS (Fig. 22B). Additionally, we show that LPS was not detected in S. aureus MVs by 

Western blot analysis using goat polyclonal antibodies directed against the endotoxin 

region of LPS. Non-specific binding of anti-LPS antibodies to immunoglobulin-binding 

proteins in S. aureus MVs (such as SpA and/or Sbi) was responsible for the bands 

detected in MV samples (Fig. 22C). This was confirmed by complete removal of non-

specific bands in MVs after proteinase K treatment, whereas bands corresponding to the 

LPS standard were unaffected by proteinase K (Fig. 22D).  
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Figure 22. S. aureus MV samples are free of endotoxin contamination. 

Wild-type MVs (samples from two different vesicle purifications are shown), Δspa MVs, 

and LPS standard from E. coli serotype 055:B5 were separated on a 4-20% SDS-PAGE 

gradient gel. Gels were stained using the (A) Pro-Q Emerald 300 LPS Gel Stain or the (B) 

SYPRO Ruby Protein Gel Stain. Glycoproteins are indicated by red arrows. (C, D) After 

treatment of WT MVs, Δspa MVs, and LPS with or without Proteinase K (PK), proteins 

were separated by SDS-PAGE and transferred to a nitrocellulose membrane. LPS was 
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detected in the samples by immunoblotting with polyclonal antibodies against the 

endotoxin region of LPS. Molecular weight marker (MWM, in kDa). 

 

3.3.2 Staphylococcal protein A likely contributes to MV-mediated IFN-
ß induction 

Staphylococcal protein A (SpA) was previously shown to induce IFN-ß mRNA 

expression in human airway epithelial cells following endocytosis of the purified protein 

(Martin et al., 2009). Furthermore, proteomic analyses have revealed that S. aureus MVs 

contain SpA  (Wang et al., 2018; Lee et al., 2009; Gurung et al., 2011) and our own work 

suggests that IgG binding proteins, such as SpA are associated with MVs (Fig. 22D). 

Therefore, we examined whether SpA could contribute to the IFN-ß mRNA response of 

macrophages to MVs. We first established that Newman ∆spa produces MVs at late log-

phase as confirmed by TEM imaging of MVs collected at OD600 of 0.9 (Fig. 23A & B). The 

protein profile of ∆spa MVs was analyzed by SDS-PAGE (23C). We show that wild-type 

and ∆spa MVs contain some similar protein bands, while other proteins appear to only 

be packaged into either wild-type or ∆spa MVs (Fig. 23C). By qPCR, we show that MVs 

produced by S. aureus ∆spa retain their ability to induce significant IFN-ß mRNA in 

cultured macrophages, suggesting that other macromolecules, such as nucleic acids 

could also be involved in eliciting the IFN-ß response (Fig. 23D). However, ∆spa MVs 

induce IFN-ß mRNA in macrophages at significantly lower levels than wild-type MVs. 

Although these data suggest that SpA could directly contribute to the IFN-ß response of 

macrophages to wild-type MVs, relatively little is known about the role of SpA in S. 



 

98 

aureus MV formation. Therefore, further studies will be required to examine whether it 

is the presence of SpA itself in wild-type MVs that leads to the increased IFN-ß mRNA 

induction in macrophages, or if—consistent with the altered protein profile and protease 

protection of ∆spa MVs relative to wild-type MVs—deletion of SpA in S. aureus affects 

the biogenesis and/or cargo composition of MVs, thereby influencing the overall 

immunomodulatory activity of MVs produced by Spa-negative strains. 

 

Figure 23. Protein A may contribute to the immunomodulatory activity of 

MVs. 

(A) Growth curve of Newman Δspa cells in RNased-NB media at 37°C. The data is 

represented as mean ±SE from n = 7. (B) MVs purified from Newman Δspa were imaged 

using negative-stain TEM. Scale bars are indicated in each micrograph. (C) The protein 

profile of MVs purified from wild-type Newman and Δspa were examined using SDS-

PAGE. MVs were treated with or without Proteinase K (2 μg/mL) for 30 min at 37° 

before being separated on a 4-20% SDS-PAGE gradient gel. Protein gels were stained 

using SYPRO Ruby Protein Gel Stain. (D) Wild-type macrophage cells were treated with 

HEPES-NaCl (NT), Δspa MVs (5 μg/mL), or MVs (5 μg/mL). After 3 h, macrophages 
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were homogenized for qPCR analysis of IFN-β mRNA expression relative to β-actin 

mRNA expression. The data is represented as mean ±SE from n = 3. Statistical analysis 

was performed by one-way ANOVA with Tukey’s multiple comparison test (**p < 0.005; 

****p < 0.0001). 

 

3.3.3 A subset of immunomodulatory MV-associated nucleic acids are 
protected from nuclease degradation 

Transfection reagents are known to facilitate RNA uptake by mammalian cells 

while protecting the RNA from nuclease degradation. Transfection of S. aureus RNA into 

innate immune cells was previously shown to trigger the production of Type I IFNs and 

pro-inflammatory cytokines (Bergstrøm et al., 2015; Jöckel et al., 2012; Krüger et al., 2015; 

Moen et al., 2019; Oldenburg et al., 2012). We verified that RNA extracted from S. aureus 

whole-cells induce IFN-β mRNA expression in RAW 264.7 cells after 3h of transfection 

with lipofectamine (Fig. 24A). Notably, S. aureus RNA only triggered IFN-β production 

when it was delivered in complex with a transfection reagent. This observation is in line 

with the hypothesis that immunomodulatory RNA derived from S. aureus can be 

transmitted into host cells via protective delivery vehicles, such as MVs. 

We then set out to address the hypothesis that immunomodulatory RNA and 

DNA that are secreted in association with MVs are protected from nuclease attack. With 

this characterization of MV-associated nucleic acids in mind, we next investigated the 

effect on IFN-ß induction of benzonase treatment of the MVs prior to their incubation 

with cultured macrophages (Fig. 25A). While IFN-ß mRNA expression was significantly 

reduced in response to bMVs relative to MVs, bMVs still induced potent IFN-ß mRNA  



 

100 

 
Figure 24. S. aureus total RNA induces IFN-β mRNA expression in macrophages only 

after transfection and is benzonase sensitive. 

(A) Total RNA (1 μg) extracted from S. aureus was coincubated with RAW 264.7 

macrophages with or without Lipofectamine (‘RNA alone’ = without Lipofectamine; 

‘RNA + TR’ = with Lipofectamine). Macrophages were also treated with transfection 

reagent alone (mock). After 3 h, macrophages were homogenized for qPCR analysis of 

IFN-β mRNA expression relative to β-actin mRNA expression. The data is represented 

as mean ±SE from n = 2. Statistical analysis was performed by one-way ANOVA with 

Tukey’s multiple comparison test (n.s = not significant; ***p < 0.001). (B) S. aureus RNA 

(400 ng) without or with benzonase treatment was run on a 0.5% agarose gel and stained 

with ethidium bromide. 

 

expression in macrophages (Fig. 25B). These results demonstrate that IFN-ß mRNA is 

induced significantly by both benzonase-sensitive and benzonase-resistant 

subpopulations of MV-associated RNA and DNA molecules.   
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Figure 25. Benzonase-treatment reduces MV-mediated IFN-ß mRNA expression in 

macrophages. 

(A) Schematic representation of the experimental set-up. Purified MVs were treated with 

either Benzonase (250 U/μL) or HEPES-NaCl for 30 min at 37 °C. An NT control sample 

was prepared by incubating HEPES-NaCl with 1 μL Benzonase (250 U/μL) similarly to 

MVs. After 30 min, MVs were pelleted and re-suspended in HEPES-NaCl. Benzonase-

treated and untreated MVs (5 μg/mL) were then incubated with RAW 264.7 cells for 3 h 

at 37 °C in 5% CO2. (B) Macrophages were analyzed for expression of β-actin and IFN-β 

mRNA using qPCR. The data is represented as mean ± SEM from n = 3. Statistical 

analysis was performed by one-way ANOVA with Tukey’s multiple comparison test 

(****p < 0.0001). 

 

3.3.4 MVs induce IFN-ß mRNA expression largely through endosomal 
TLR signaling in macrophages 

Generally, microbial nucleic acid recognition takes place in the cytoplasm or in 

endosomal compartments of host mammalian cells. In the case of S. aureus-derived 

nucleic acids, Type I IFNs can be produced via endosomal TLR signaling and through 

cytosolic Stimulator of Interferon Signaling Gene pathways (Parker, 2014; Scumpia et al., 

2017). Moreover, a recently published study demonstrated that S. aureus MVs are 

internalized into human macrophages primarily through dynamin-dependent endocytic 
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pathways (Wang et al., 2020). To test whether bMVs induce potent IFN-ß expression via 

endosomal- or cytoplasmic-dependent signaling, we treated macrophage cells with 

Dynasore, a dynamin-dependent endocytosis inhibitor, prior to stimulation with bMVs 

(Fig. 26A). Treatment with Dynasore significantly reduced the expression of IFN-ß 

mRNA in response to MVs, suggesting that entry of MVs and their immunomodulatory 

cargo could occur via dynamin-dependent endocytic pathways. It is well understood 

that endosomal acidification is required for TLR signaling activity (Kužnik et al., 2011) 

(Fig. 26B). We further hypothesized that the IFN-ß mRNA produced in response to S. 

aureus MV nucleic acids have been released by acidification of the MV-containing 

endosomal compartment to activate cognate TLRs. To test this, we pretreated 

macrophages with the endosomal acidification inhibitors bafilomycin A1 and/or 

chloroquine (Kužnik et al., 2011). Bafilomycin and chloroquine severely reduced IFN-ß 

mRNA expression in response to bMVs (Fig. 26C). To track the location of MV-

associated RNA, MV-associated RNA was stained using the RNA-specific SYTO 

RNASelect-dye and incubated with the cultured macrophages for 10 min. Macrophages 

were subsequently fixed and immunofluorescently labeled for the early endosomal 

marker EEA1. Two fluorescent images were simultaneously acquired and analyzed for 

colocalization using STORM microscopy (Fig. 26D). To quantitate the degree of 

colocalization between RNA-stained MVs with EEA1 in macrophages, analysis of 

micrographs of the dual immunofluorescent labeling for MV-RNA and EEA1 was 
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performed using the Mander’s overlap coefficient algorithm. Quantitative analysis 

revealed “moderate colocalization” between RNA-labeled MVs (green fluorescence) and 

the early endosomal marker EEA1 (red fluorescence) in macrophage cells.  

 

 

Figure 26. Dynamin-dependent endocytosis is likely involved in MV-mediated 

induction of IFN-β in RAW 264.7 cells. 

(A) RAW 264.7 cells were either treated with 80 μM Dynasore, which inhibits dynamin-

mediated endocytosis, or with PBS buffer for 30 min and incubated with bMVs (5 μg/mL 

total protein) for 3 h, homogenized, and processed for qPCR analysis of β-actin and IFN-

β mRNA expression. (B) Schematic representation of endosomal TLR signaling 

inhibition by the endosomal acidification inhibitors bafilomycin and chloroquine. 

Acidification of the endosome is essential for TLR3, TLR7, and TLR9 signaling in 

response to nucleic acid binding. Inhibition of the endosomal acidification process by 
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bafilomycin A1 or chloroquine treatment prevents proteolytic cleavage of endosomal 

TLRs thereby inhibiting their signaling activity. (C) RAW 264.7 cells were either treated 

with PBS, 0.5 μM bafilomycin A1, and/or 100 μM chloroquine for 30 min followed by 

stimulation with bMVs (5 μg/mL) for 3 h, homogenized, and analyzed by qPCR for β-

actin and IFN-β mRNA expression. (D) Association of MV RNA with an early 

endosomal marker. Macrophages were incubated for 10 min with SYTO RNASelect-

stained MVs (1 μg/mL), washed, fixed, and immunostained with anti-EEA1 antibodies. 

Arrows indicate “moderate colocalization” between MV-RNA and EEA1. 

 

Because S. aureus MVs contain the IgG binding proteins Spa and Sbi (Fig. 22C,D), 

we incorporated an irrelevant primary antibody control to account for potential non-

specific binding of the EEA1 antibody to MV-associated Spa and Sbi in these 

immunofluorescence staining assays (Fig. 27). We show that moderate colocalization of 

bMV-associated RNA is observed in cells that were blocked both in the presence or 

absence of an irrelevant human IgG monoclonal antibody (Fig. 27A & B). Additionally, 

we provide evidence that the stained RNA is carried into RAW 264.7 cells in association 

with bMVs due to colocalization of DiD-stained bMVs with RNA-stained bMVs (Fig. 

27C). These observations suggest that internalized MVs are capable of delivering RNA 

into endosomal compartments of host recipient cells. 

To develop a mechanistic framework for IFN-ß mRNA induction by S. aureus 

MVs, we examined the role of endosomal TLR signaling in the macrophage IFN-ß 

response to MVs. First, we sought to confirm that the bMV-mediated IFN-ß induction 

was dependent upon TLR signaling by abolishing all TLR-dependent signaling using  
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Figure 27. Airyscan super-resolution microscopy shows moderate colocalization of 

bMV-associated RNA to early endosomal compartments in RAW 264.7 macrophages. 

RAW 264.7 macrophages were treated with 1 μg/mL SYTO RNASelect-labeled bMVs 

(green) for 10 min. Macrophages were then fixed and permeabilized using saponin. 

Macrophages were either incubated with blocking buffer alone (A) or with blocking 

buffer containing an irrelevant human IgG monoclonal antibody (B). Cells were then 

immunostained with anti-EEA1 Alexa Fluor 647 antibodies (magenta), washed, and 

counterstained with DAPI (nucleus; blue). Representative z-stack projections are shown 

from 2 independent experiments. (C) Macrophages were treated with DiD + SYTO RNA-

labeled bMVs (green; bMV RNA & magenta; bMV lipids) for 10 min. Macrophages were 

then fixed and stained with DAPI. Representative z-stack projections are shown from 2 

independent experiments. Images demonstrate that bMV-associated RNA molecules can 

be delivered to early endosomes in macrophages after 10 min of coincubation. All 
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images were captured using a Zeiss LSM 880 equipped with Airyscan (63x objective). 

Scale bars = 5 μm. 

 

 

MyD88/TRIF-deficient (MyD88-/-Trif-/-) BMDMs. MyD88 and TRIF are adaptor proteins 

essential for signaling downstream of TLR activation and are not required for 

cytoplasmic receptor signaling (Gay et al., 2014). bMV treatment of MyD88-/-Trif-/- 

macrophages resulted in significantly less IFN-ß expression compared to wild-type 

macrophages (Fig. 28A). This result confirms that TLRs are the dominant class of pattern 

recognition receptors (PRRs) that contribute to the IFN-ß signature response of 

macrophages to bMVs. Interferon regulatory factor 3 and 7 (IRF3 and IRF7) have been 

identified as critical regulators for nucleic acid-induced IFN production as they signal 

downstream of MyD88 and TRIF (Antonczyk et al., 2019). Since IRF3 and IRF7 can be 

activated by TLRs and by cytosolic nucleic acid receptors, we were interested in testing 

whether they are involved in the IFN-ß macrophage response to bMVs. Indeed, IFN-ß 

induction was also significantly reduced in IRF3-/-/IRF7-/- macrophages upon bMV 

stimulation compared to wild-type macrophages (Fig 28B). Combined, these results 

further support the conclusion that nucleic acids delivered by bMVs activate endosomal 

TLRs to induce a potent IFN-ß response in macrophages. 
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Figure 28. MV-associated RNA induces IFN-β largely through endosomal TLR 

signaling in murine macrophages. 

(A) Wild-type and Myd88−/−/TRIF−/− BMDMs were treated with 2 μM CpG DNA, 1 μg/mL 

2′3-cGAMP, or bMVs (5 μg/mL total protein) for 3 h at 37 °C, 5% CO2. (B–E) Wild-type, 

IRF3−/−/IRF7−/−, TLR3−/−, TLR7−/−, TLR9−/− NR-9456 macrophage cells were stimulated with 

bMVs (10 μg/mL total protein) or with HEPES-NaCl (NT control) for 3 h. Treated 

macrophages were homogenized, and β-actin and IFN-β mRNA expression levels were 

measured using qPCR. Data are expressed as means ± SE of triplicate samples and are 

representative of three independent experiments. n.s, not significant; *p ≤ 0.05; **p < 

0.005; ***p < 0.001;****p < 0.0001. 
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Since bMV-mediated induction of IFN-ß expression was mostly dependent on 

endocytic TLR activation we investigated the role of TLR3, TLR7, and TLR9 in detecting 

bMV-associated RNA and DNA. First, we established that wild-type macrophages 

responded to purified bMVs in a dose-dependent manner (Fig. 29). Additionally, the 

functional properties of knock-out macrophage cells were verified by their reduced IFN-

ß mRNA production in response to established IRF3/IRF7, TLR3, TLR7, and TLR9 

agonists (Fig. 30).  

 

Figure 29. Wild-type macrophages produce IFN-β after stimulation with bMVs in a 

dose-dependent manner. 

WT macrophage cells were treated with HEPES-NaCl (NT), 10 μg/mL bMVs, or 20 

μg/mL bMVs. After 3 h, macrophages were homogenized for qPCR analysis of IFN-β 

mRNA expression relative to β-actin mRNA expression. The data is represented as mean 

±SE from n = 3. Statistical analysis was performed by one-way ANOVA with Tukey’s 

multiple comparison test (***p < 0.001; ****p < 0.0001). 
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Figure 30. Control experiments show that IRF3/7, TLR3, TLR7, and TLR9-deficient 

macrophages produce significantly less IFN-β in response to known TLR ligands 

relative to WT macrophages. 

(A) WT and IRF3-/-IRF7-/- macrophages were treated with mock transfection reagents or 

with 20 μg/mL Poly (I:C) + Lipofectamine mixtures for 3 h. (B) TLR3-/- and WT 

macrophages were treated with 20 μg/mL Poly (I:C) or mock reagents for 3 h. (C) TLR3-/- 

and WT macrophages were treated exactly as described for IRF3-/-IRF7-/- macrophages. 

(D) WT and TLR7-/- macrophages were treated with 1 μg/mL Resiquimod for 3 h. (E) WT 

and TLR9-/- cells were treated with 5 μM CpG ODN 2395 or with 5 μM CpG ODN + 

Lipofectamine for 3 h. After stimulation with their corresponding ligands, macrophages 
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were harvested for qPCR analysis of IFN-β mRNA expression relative to β-actin mRNA 

expression. The data is represented as mean ±SE, n = 3. Statistical analysis was 

performed by one-way ANOVA with Tukey’s multiple comparison test (*p ≤ 0.05; **p < 

0.005; ***p < 0.001; ****p < 0.0001). 

 

To explore the role of endosomal TLRs, we exposed TLR3-/-, TLR7-/-, and TLR9-/- 

macrophages to bMVs. Intriguingly, as evaluated by IFN-ß mRNA expression, the 

responsiveness of TLR3-/-, TLR7-/-, and TLR9-/- macrophages to bMVs was strongly 

impaired (Fig. 28 C-E). Furthermore, we wondered whether TLR3 was also an important 

contributor to IFN-ß induction in RAW 264.7 cells. To explore this question, we pre-

treated RAW 264.7 cells with a TLR3/dsRNA inhibitor prior to stimulation with either 

the TLR3 agonist Poly (I:C) (Fig. 31A) or with bMVs (Fig. 31B). As expected, the TLR3 

inhibitor significantly reduced the IFN response of RAW 264.7 cells to Poly (I:C) (Fig. 

31A). Interestingly, we also found that cells pretreated with TLR3 inhibitor produced a 

modest but statistically significant decreased level of IFN-β mRNA in response to bMVs 

(Fig. 31B). While TLR7 and TLR9 have previously been reported as sensors for S. aureus-

derived nucleic acids (Jöckel et al., 2012; Oldenburg et al., 2012), our findings show for 

the first time a TLR3-dependent IFN-β induction by S. aureus-derived nucleic acids. 

Furthermore, when we stimulated the non-TLR expressing cell line HEK293 with S. 

aureus MVs at either 5 μg/mL or 10 μg/mL total protein , IFN-β mRNA was not induced 

(Figure 32). Altogether, these data indicate that TLR3, TLR7, and TLR9 are all involved 
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significantly in the signaling cascade that leads to the potent bMV-mediated IFN-β 

induction in cultured macrophages.  

 

 

Figure 31. RAW 264.7 cells treated with TLR3/dsRNA inhibitor produce significantly 

less IFN-β mRNA in response to MVs. 

(A) Macrophages were pre-treated with 0.1% DMSO (NT control), HEPES-NaCl (Poly 

I:C control), or 10 μM TLR3/dsRNA Complex Inhibitor for 30 min at 37˚C, 5% CO2. 

Following pre-treatment, macrophages received HEPES-NaCl (TLR3 Inhibitor control) 

or 10 μg/mL Poly (I:C). (B) Macrophages were pre-treated with 0.1% DMSO (NT), 

HEPES-NaCl (MV), or 10 μM TLR3/dsRNA Inhibitor for 30 min at 37˚C, 5% CO2. 

Following pre-treatment, macrophages were incubated with MVs (5 μg/mL). After 3 h, 

total RNA was extracted and processed for β-actin and IFN-β mRNA quantitation. The 

data is represented as mean ±SE, n = 3. Statistical analysis was performed by one-way 

ANOVA with Tukey’s multiple comparison test (**p < 0.005; ***p < 0.001; ****p < 0.0001). 
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Figure 32. MVs do not induce IFN-β mRNA expression in HEK293 cells. 

HEK293 cells were treated with HEPES-NaCl (NT), 5 μg/mL MVs, or 10 μg/mL MVs. 

After 3 h, macrophages were homogenized for qPCR analysis of IFN-β mRNA 

expression relative to β-actin mRNA expression. The data is represented as mean ±SE 

from n = 2. Statistical analysis was performed by one-way ANOVA with Tukey’s 

multiple comparison test (ns = not significant). 

 

3.3.5 MVs induce IFN-ß mRNA expression largely through endosomal 
TLR signaling in macrophages 

Next, we examined differences in the IFN-ß response to benzonased and 

untreated MVs in the various endosomal TLR-deficient macrophages to evaluate 

differences in signaling pathways induced by nuclease accessible and nuclease protected 

MV-associated nucleic acids. In accord with our data from RAW 264.7 cells, wild-type 
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macrophages produced more IFN-ß mRNA after stimulation with untreated MVs 

compared to stimulation with bMVs (Fig. 33A). When TLR3-/- macrophages were 

stimulated with untreated MVs, IFN-ß mRNA expression levels were significantly 

increased compared to stimulation with bMVs (Fig. 33B). Intriguingly, benzonase 

treatment did not affect the ability of MVs to stimulate IFN-ß expression in TLR7-/- or 

TLR9-/- macrophages (Fig. 33C and 33D). These data suggest that a substantial portion of 

the stimulatory RNA and/or DNA content of S. aureus MVs is protected and can be 

delivered into host cells by MVs to activate intracellular nucleic acid receptor, but also 

that a population of exposed MV-associated RNA and/or DNA that enter into 

macrophages can signal through intracellular receptors that include TLR7 and TLR9.  

 

Figure 33. Treating MVs with benzonase reduces the IFN-β mRNA expression in both 

WT and TLR3−/− RAW 264.7 macrophages compared to macrophages stimulated with 

untreated MVs. 

(A–D) Wild-type, TLR3−/−,TLR7−/−, TLR9−/− macrophage cells were stimulated with 

untreated MVs (10 μg/mL total protein), bMVs (10 μg/mL total protein), or with HEPES-

NaCl (NT) for 3 h. Treated macrophages were homogenized, and β-actin and IFN-β 

mRNA expression levels were measured using qPCR. Data are expressed as means ± SE 
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of triplicate samples and are representative of three independent experiments. n.s, not 

significant; **p < 0.005; ****p < 0.0001. 

 

3.3.6 S. aureus bMVs and their associated RNA cargo is delivered 
into wild-type macrophages 

Due to what appears to be a significant contribution by RNA to the potent bMV-

mediated IFN-ß induction in macrophages, we asked whether nuclease-protected RNA 

molecules could be delivered into wild-type macrophages via bMVs. Based on the 

uptake of SYTO RNASelect-labeled MVs into RAW 264.7 cells shown in Figure 26D, we 

investigated the delivery of bMV-associated RNA into wild-type macrophages by 

staining bMV-RNA with SYTO RNASelect. Furthermore, we also sought to confirm that 

the bMV-RNA detected in macrophages is specifically of staphylococcal origin by 

metabolically labeling S. aureus RNA with the nucleoside analog of uracil, 5-ethynyl 

uridine (5-EU). We first performed a proof-of-concept experiment to demonstrate that 

the Click-iT RNA Alexa Fluor 488 Imaging Kit could be adapted to successfully label the 

RNA of actively proliferating S. aureus cells in culture (Fig. 34). To achieve this, we 

supplemented the culture media (RNased NB) with 100 µM 5-EU and grew S. aureus 

cells to mid-log phase, which allowed 5-EU to become incorporated into newly 

synthesized RNA. This technique effectively labeled 5-EU RNA in S. aureus cells grown 

to mid-log phase (Fig. 34B).  
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Figure 34. 5-EU incorporation into RNA in S. aureus cells. 

(A) Schematic representation of the metabolic labeling process for bacterial RNA. 5-EU 

provided in the growth media becomes incorporated into nascent RNA in actively 
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dividing cells. At mid-log phase, cells are rinsed, fixed, and permeabilized. Fixed cells 

are then incubated with a fluorescent azide in the presence of a copper catalyst to enable 

detection of the fluorophore-azide bound to the metabolically labeled RNA using a 

confocal microscope. Created with BioRender.com. (B) Cells were grown in the presence 

of 100 μM 5-EU to OD600 of 1. The cells were fixed, permeabilized with lysostaphin (80 

μg/mL), and reacted with Alexa Fluor 488-Azide. Cells were counterstained using DAPI. 

Two representative images from 2 independent experiments are shown. Scale bars = 2 

μm (upper and bottom panels) and 1 μm (middle panels). 

 

To examine uptake of bMVs and their RNA cargo, we scaled up the volume in 

which 5-EU labeled S. aureus cells were grown, we supplemented the culture media with 

150 µM 5-EU, and isolated MVs from the supernatant of the culture after reaching mid-

log phase. Purified MVs were treated with benzonase and the MV lipids were labeled 

with DiD, a lipophilic dye. We also purified MVs from S. aureus cells grown in RNased 

NB without 5-EU, we treated the MVs with benzonase, labeled their membranes with 

DiD and the associated RNA molecules with SYTO RNASelect. Labeled bMVs were 

incubated with wild-type macrophages for 1h, the macrophages were washed to remove 

unbound or non-internalized bMVs, followed by fixation and permeabilization. 5-EU 

RNA bMVs were labeled within macrophages using the Click-iT RNA labeling kit. DiD-

bMVs and 5-EU RNA bMVs were readily taken up by wild-type macrophages after 1h 

of co-incubation (Fig. 35A and Fig. 36A & B). We also show that DiD + SYTO RNA bMVs 

were internalized by macrophages in a similar fashion (Fig. 35B and Fig. 36C). These 

findings are consistent with the suggestion that bMVs and their nuclease-protected, 

bacterially-derived RNA cargo are internalized into wild-type macrophages. 
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Figure 35. S. aureus bMVs and their associated RNA cargo is delivered into wild-type 

macrophages. 

(A) Wild-type RAW 264.7 macrophages were treated with DiD-labeled bMVs (magenta) 

for 1 h. Macrophages were then fixed and permeabilized using saponin. S. aureus 5-EU 

RNA in macrophages was reacted and stained with the Click-iT Alexa Fluor 488 

microscopy labeling kit (green), and counterstained with DAPI (nucleus; blue). 

Representative z-stack projections and their corresponding 3D reconstructions are 

shown for each of the 2 independent experiments that were performed. N = 64 stacks 

(top panel) and N = 64 stacks (bottom panel). (B) Wild-type RAW 264.7 macrophages 

were treated with DiD + SYTO RNA-labeled bMVs (green; bMV RNA & magenta; bMV 

lipids) for 1 h. Macrophages were then fixed, permeabilized, and stained with DAPI. 

Representative z-stack projections and their corresponding 3D reconstructions are 

shown for each of the 2 independent experiments that were  performed. N = 40 stacks 

(top panel) and N = 64 stacks (bottom panel). Images demonstrate that bMV-associated 

RNA molecules can be delivered to macrophages and possibly released into the 

cytoplasm and peri-nuclear region after 1 h of co-incubation. All images were captured 

using a Zeiss LSM 880 equipped with Airyscan (63 × objective). Scale bars are indicated. 
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Figure 36. Confocal microscopy images showing uptake of bMVs and bMV-RNA in 

wild-type macrophages. 

Wild-type macrophages were treated with (A) unlabeled bMVs (5 μg/mL), (B) 5-EU 

RNA -DiD-bMVs (5 μg/mL), or (C) SYTO RNA-DiD-bMVs (5 μg/mL) for 1 h, fixed, and 

permeabilized. Macrophages treated with unlabeled bMVs or with SYTO RNA-DiD 

bMVs were then stained with DAPI. Macrophages treated with 5-EU RNA DiD-bMVs 
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were reacted with the Click-iT RNA labeling kit after cell permeabilization, followed by 

staining with DAPI. Images are representative of 2 independent experiments. Scale bars 

= 5 μm. 

 

3.6 Discussion 

Microbial-derived RNA has recently received attention as a PAMP capable of 

modulating host immune responses via activation of signaling pathways previously 

considered to respond primarily to viral RNA (Tan et al., 2018; Eberle et al., 2009; 

Simonov et al., 2016). In light of these reports, both RNA and DNA of bacterial origin 

have now been described as strong inducers of Type I IFNs by activating cytosolic 

and/or endosomal receptors. That bacterial RNA and DNA can drive host immune 

responses and determining whether such responses are protective or detrimental to the 

host has been the subject of the majority of studies on immunomodulatory nucleic acids 

(Tan et al., 2018; Eberle et al., 2009; Simonov et al., 2016; Parker, D. 2014). In comparison, 

fewer studies have examined how those immunomodulatory nucleic acids are secreted 

by bacteria in general–and by the extracellular human pathogen S. aureus in particular—

and how they are transferred to host cells to eventually reach IFN signaling receptors 

(Bitto et al., 2021, 2017; Dauros-Singorenko et al., 2018; Eberle et al., 2009; Lécrivain and 

Beckmann, 2020; Simonov et al., 2016; Stanton, 2021; Tsatsaronis et al., 2018). In 

conjunction with an increasing number of studies showing secretion of bacterial RNA 

and DNA via extracellular vesicle production, we hypothesized that S. aureus secrete 

MVs containing bacterially-derived RNA and DNA molecules that can withstand 
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nuclease degradation and be delivered into host cells. In this report we show for the first 

time that in cultured mouse macrophages, IFN-ß mRNA induction can be triggered by 

purified S. aureus MVs. We further provide evidence that MV-induced IFN-ß expression 

requires endosomal TLR activation and is specifically promoted by engagement of 

endosomal TLR3, TLR7, and TLR9 receptors—pointing to the likelihood that MV-

associated, protected RNA and DNA molecules are inducing such a response.  

Wang et al. demonstrated that inhibition of dynamin-dependent endocytosis 

prevented internalization of S. aureus MVs into human macrophages (Wang et al., 2020). 

We observed that IFN-β mRNA expression is significantly reduced in dynasore-treated 

macrophages. Thus, dynamin-dependent endocytosis is strongly implicated in the MV-

mediated induction of IFN-β mRNA in macrophages. However, based on these data 

alone we are unable to ascertain the extent to which this reduced IFN-β response was 

due to the blockage of MV uptake through dynamin-dependent endocytic pathways or 

if this was due to other factors. In fact, upon stimulation with their respective ligands, 

TLR3 and TLR9 are translocated from the endoplasmic reticulum to the cell surface 

before being internalized through dynamin-dependent endocytosis into endosomal 

compartments where they initiate signaling events (Fitzgerald and Kagan, 2020; Motoi et 

al., 2014; Pohar et al., 2014). Therefore, it is possible that dynasore-treated macrophages 

have a diminished IFN-β response due to the combined inability of certain MVs from 

being internalized through endocytosis and the inability of TLR3 and TLR9 to localize 
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into endosomal compartments, which could prevent effective sensing and activation of 

MV nucleic acids by these TLRs.  

Internalization of vesicle-associated DNA and RNA into host cells has been 

demonstrated recently for OMVs. OMVs derived from uropathogenic E. coli were 

reported to deliver 5-EU RNA to the nucleus of human bladder cells after 15 h of 

incubation (Blenkiron et al., 2016). Metabolically labeled DNA from P. aeruginosa OMVs 

localized to the nucleus of A549 epithelial cells after 5 h of treatment and intracellular 

trafficking assays indicated that OMV-DNA is transported to the nucleus over the 

course of 18 h (Bitto et al., 2017). By metabolically labeling the RNA cargo of bMVs, we 

provide visual evidence that bMV-associated RNA is delivered into macrophages after 1 

h of incubation. We also showed that certain populations of MV-associated RNA 

colocalized to early endosomal compartments in RAW 264.7 cells in as early as 10 min. 

Importantly, the work presented here showed delivery of bMVs and their stably 

associated RNA cargo into macrophages during time points leading up to the IFN-β 

peak induction of 3 h. Although follow-up investigations will be required to assess 

specific internalization pathways and trafficking of MV-associated nucleic acids in host 

immune cells, the work presented here suggests that certain populations of MV-

associated RNAs could be trafficked into locations within cells where intracellular RNA 

receptors reside.  
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We also investigated the mechanism by which IFN-β mRNA production was 

stimulated by the internalized S. aureus MVs by blocking endocytic processing. Previous 

studies of MV-mediated signaling indicated that rupturing of the MV lipid bilayer 

facilitates targeted and delayed release of their macromolecular cargo to target cells, 

leading to a concentrated delivery of bioactive agents (Bielaszewska et al., 2013, 2017). 

Bielaszewska et al. reported that a pore-forming toxin associated with 

enterohemorrhagic E. coli OMVs required acidic pH conditions to dissociate from OMVs 

to induce apoptosis (Bielaszewska et al., 2017). We found that endosomal acidification 

also plays a role in the S. aureus bMV-induced IFN-β response in macrophages, as 

signaling was significantly reduced by bafilomycin and chloroquine treatments. This 

effect likely highlights a requirement for MVs to be processed within acidic endosomal 

compartments in order to release their immunomodulatory cargo for subsequent 

recognition by TLRs. A deeper understanding of how and when the immunomodulatory 

cargo is released from MVs and consequently interacts with cognate TLRs will require 

further investigation. 

On the basis of our observations that lipofectamine-assisted delivery of S. aureus 

RNA is necessary for induction of IFN-β m RNA expression in RAW 264.7 cells, and that 

transfected Poly (I:C) elicited significantly higher IFN-β mRNA expression in wild-type 

and TLR3-/- cells compared to when it was delivered alone, we postulated that MVs play 

a crucial role as transport vehicles in the inter-kingdom communication of 
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immunomodulatory RNAs. We also noted a significant increase in IFN-β induction by 

transfection of CpG DNA in wild-type cells which could signify that the uptake and 

immunomodulatory activity of DNA molecules is enhanced upon complexation with 

lipid-based transfection reagents.  

We investigated the hypothesis that MV-associated RNA and DNA molecules 

are immunomodulatory by assessing the contribution of endosomal nucleic acids 

receptors to the IFN-β response. To develop an understanding of the downstream 

specific signaling pathways that contribute to the MV-mediated IFN-β mRNA response 

in macrophages, we examined the IFN-β response in WT cells compared to the response 

that remains when each endosomal TLR receptor is eliminated. It should be noted that 

this general approach has limitations related to the possibility that multiple pathways 

could each make small contributions to the activation of IFN-β mRNA. Nevertheless, 

these studies allow for the identification of dominant PRR sensors of MV-associated 

cargo, thereby representing an important first step towards developing a full 

understanding of the MV-mediated delivery of immunomodulatory nucleic acids into 

host cells. In finding that, relative to WT macrophages, the strongly induced IFN-β 

mRNA expression is significantly diminished in macrophages lacking Myd88 and TRIF, 

IRF3 and IRF7, TLR3, TLR7 or TLR9, the data highlight the dominant roles of endosomal 

TLR pathways in the Type I IFN response to S. aureus-derived MVs. The murine-specific 

endosomal receptor TLR13 and its functional human homolog TLR8 are additional 
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innate immune receptors that have previously been shown to initiate signaling cascades 

in response to S. aureus RNA (Bergstrøm et al., 2015; Krüger et al., 2015; Moen et al., 

2019; Oldenburg et al., 2012). We note that since TLR13- and TLR8-deficient cells were 

not tested in this study, we cannot rule out the possibility that TLR13 and/or TLR8 could 

also recognize MV-associated RNA and contribute to IFN-β signaling in host cells. 

Consistent with our findings, OMVs secreted by the respiratory pathogen, Moraxella 

catarrhalis, induced T-independent B cell activation partly by signaling through the 

endosomal DNA receptor TLR9 (Perez Vidakovics et al., 2010). Additionally, OMVs 

produced by the periodontal pathogens P. gingivalis and Tannerella forsythia were found 

to moderately stimulate TLR7, TLR8, and TLR9 as assayed in HEK-Blue cell lines (Cecil 

et al., 2016). Therefore, these endosomal receptors are utilized to recognize nucleic acids 

associated with both Gram-positive and Gram-negative bacteria-derived vesicles. 

A limitation ion our experimental design was that only a limited number of 

mammalian cell lines were tested for MV stimulation assays, which limits our ability to 

generalize the potent IFN-β response of murine macrophages to other immune and non-

immune cells. In a pilot experiment, we found that using the low-TLR expressing cell 

line HEK293 cells served as indirect evidence that MV-mediated IFN-β induction 

requires the expression of TLRs. This could be due to nucleic acid TLR receptors not 

recognizing the MV-associated RNA and DNA and/or due to surface localized TLRs that 
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may interact with MV-surface associated molecules such as lipoteichoic acids or 

lipoproteins, which could lead to endocytosis of MVs. 

From the total stimulatory RNA and DNA that is associated with MVs, certain 

subpopulations are protected from benzonase degradation and those protected nucleic 

acids can be delivered into host cells and activate TLR3, TLR7, and TLR9. We speculate 

that another subpopulation of RNA and DNA molecules associate with MVs in a 

manner that leaves them susceptible to nuclease degradation, and these susceptible 

nucleic acids (in the absence of nucleases) can be delivered via MVs into host cells to 

stimulate IFN-β expression, likely through TLR7 and TLR9 activation. Although we 

detected a prominent subpopulation of RNA molecules that can be degraded by 

benzonase treatment alone, we did not detect benzonase-susceptible DNAs in purified 

MVs. Therefore, it is possible that additional subpopulations of MV-associated 

immunomodulatory DNA were present in MV samples but that their relative amounts 

were below the limit of detection for the assays used herein.  

The location of nucleic acid relative to the bacterial vesicle membrane appears to 

be a significant factor in signaling. DNA molecules associated to the surface of M. 

catarrhalis OMVs were responsible for inducing B cell activation in a TLR9-dependent 

manner (Perez Vidakovics et al., 2010), whereas A. baylyi OMVs mediated the transfer of 

nuclease-protected plasmid DNA to recipient bacterial cells (Fulsundar et al., 2014). In a 

different study, DNA molecules that were associated internally with P. aeruginosa OMVs 
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were compared to the types of DNA molecules that were external to the OMVs (Bitto et 

al., 2017). These authors hypothesized that DNA encapsulated by OMVs may play a 

different role in bacterial cell–cell communication as compared to DNA associated to the 

surface of OMVs. This hypothesis parallels differences observed for toxin delivery, in 

that soluble S. aureus α-hemolysin was reported to be less cytotoxic to HaCaT 

keratinocytes by inducing apoptosis-like cell death, whereas MV-enclosed α-hemolysin 

caused necrosis and atopic dermatitis-like skin inflammation in mice (Hong et al., 2014). 

The data presented in this study suggest that both unprotected and protected S. aureus 

MV-associated nucleic acids induce significant responses in host cells, but do so by 

different pathways, and these differences could have as-yet-unexplored consequences. 

Future studies will focus on characterizing the immunomodulatory RNA and DNA 

molecules that associate with MVs but are susceptible to nuclease degradation.  

Altogether, our data support the model that S. aureus MVs are internalized by 

macrophages and that they are likely trafficked to endosomal compartments to elicit a 

potent IFN- β expression via TLR signaling (Fig. 37). To our knowledge, this report 

provides the first piece of evidence that S. aureus releases MVs that are internalized by 

mouse macrophages to induce IFN-β via endosomal TLR-dependent signaling. In 

bacterial infections, type I IFNs can act as activators of protective immune responses or 

mediate immunosuppressive functions leading to a reduced ability of the host to clear 

bacterial infections (Boxx and Cheng, 2016; Eberle et al., 2009; Kovarik et al., 2016; 
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Parker, 2014; Simonov et al., 2016; Tan et al., 2018). The ambivalent role of type I IFN 

during bacterial infections is currently the topic of multiple investigations. Future 

studies will be necessary to address whether the potent IFN-β induction of S. aureus 

MVs has an impact on the pathogenesis of staphylococcal disease. 
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Figure 37: Proposed model for the MV-mediated delivery and trafficking of 

immunomodulatory RNA and DNA molecules into macrophages. 

S. aureus MVs carrying protected and non-protected nucleic acids are internalized by 

macrophage cells and MV-associated RNA and DNA are subsequently trafficked to 

endosomal compartments. After endosomal acidification, MV-associated RNA and DNA 

molecules are either separated from MVs to access TLR binding sites and/or non-

protected DNA and RNA bind to PRRs through yet-to be- determined mechanisms. MV-

associated nucleic acids induce a potent IFN-β innate immune response by activating 

endosomal TLR signaling pathways. Downstream TLR signaling requires Myd88, Trif, 

IRF3, and IRF7 activation. 

 

4. Future directions 

The research presented in this dissertation provides strong evidence that 

immunomodulatory nucleic acids of the human pathogen Staphylococcus aureus can be 

secreted in association with MVs. While this work has brought new insights into the 

nucleic acid composition of S. aureus MVs and their contribution to modulating host-

pathogen interactions, these findings have also prompted additional questions that 

remain to be resolved. The following sections detail proposed future experiments and 

research considerations that will improve our knowledge on the secretion of RNA via 

MVs and the importance of MV-associated DNA and RNA during infection. 

4.1 Sequencing the RNA content of MVs 

Having determined that S. aureus MVs harboring RNA and DNA molecules are 

transferred into host immune cells where they manipulate host immune responses, we 

sought to define the MV-associated RNA cargo by performing RNA-Seq. Previous 
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studies have shown that compared to the producing cells, BEVs contain differentially 

enriched RNA molecules that mostly comprise small non-coding RNAs such as sRNAs 

as well as rRNA and tRNA fragments (Blenkiron et al., 2016; Choi et al., 2017b; Dauros-

Singorenko et al., 2018; Ghosal et al., 2015; Habier et al., 2018; Joshi et al., 2021; Koeppen 

et al., 2016; Luz et al., 2021; Malabirade et al., 2018; Pérez-Cruz et al., 2021; Sjöström et 

al., 2015). A recent study found that the RNA composition of MVs produced by the S. 

aureus strain HG003 changed according to the specific growth conditions experienced by 

S. aureus cells (Luz et al., 2021). A connection was made between the physiological state 

of the parental cells and the incorporation of specific types of RNA molecules into MVs, 

thereby suggesting the existence of a selective packaging mechanism for certain RNA 

species into MVs. It is therefore tempting to speculate that the incorporation of selected 

RNA cargo into MVs shapes the immunomodulatory properties of MVs during different 

stages of bacterial infection. As such, we aimed to sequence the RNA content of S. aureus 

MVs in order to identify immunostimulatory RNA sequences, RNA motifs, and to 

evaluate the presence of RNA species that are particularly enriched in MVs relative to 

the producing cells. 

In planning these experiments, we first conducted a review of the published 

literature that have described methods of deep RNA sequencing to profile MV RNA. As 

shown in Table 2, we compiled a list of the reported RNA extraction techniques, RNA 

yield (where applicable), library preparation methods, and sequencing platforms used to  
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Table 2. Comparison of the current RNA isolation, library preparation and RNA-seq 

methods for bacterial extracellular vesicles 

Source Bacteria 
RNA extraction  

& yield 

Library 

Preparation 
Instrument  Reference 

OMV P. aeruginosa strain PA14 

miRNeasy kit (Qiagen) 

Yield: 1 µg DNase –  

treated total RNA 

TruSeq 

Small RNA 

Library Prep 

Kit 

Illumina 

Genome 

Analyzer 

(50 bp 

single-end 

reads) 

Koeppen, 

K. et al. 

2016. 

OMV P. aeruginosa strain PA01 
miRNeasy kit (Qiagen) 

 

NEBNext 

Small RNA 

Library Prep 

Set  

Illumina 

HiSeq 2500 

System (50 

bp paired-

end reads) 

Pérez-Cruz, 

C. et al. 

2021. 

OMV UPEC 
TRIzol 

Yield: 60 ng total RNA  

TruSeq 

Small RNA 

Library Prep 

Kit  

Illumina 

MiSeq 

(2x50bp 

reads & 

2x250 bp 

reads) and 

Illumina 

TruSeq 

stranded 

mRNA kit, 

excluding 

the poly A-

selection 

step w/out 

ribo-zero 

depletion 

Blenkiron, 

C. et al. 

2016 

OMV V. cholerae 

RNA hot phenol extraction 

Yield: 18 pM solution  

of RNA 

rRNA-

depleted 

RNA 

TruSeq 

RNA Kit V2 

Illumina 

MiSeq 

rRNA-

depleted 

RNA 

preparations 

Sjöström, 

A. E. et al. 

2015. 

OMV 
S. enterica Serovar 

Typhimurium 

 

All-in-One Purification Kit 

(Norgen) 

Separated <200 nt and >200 

nt RNA fractions  

Yield: N/A  

TruSeq 

Stranded 

mRNA LT 

kit and 

KAPA 

stranded 

RNA kit 

w/out rRNA 

depletion 

lllumina 

NextSeq500 

(2x80 or 

2x75 

cycles) 

Malabirade, 

A. et al. 

2018 

OMV V. fischeri 

mirVana PARIS kit 

Yield: N/A (RNA was  

extracted from 

SeqMatic 

Illumina 

MySeq 

platform 

Moriano-

Gutierrez, 

S. et al. 
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 500 µL (2.5 mg/ml total 

protein) of purified OMVs 

(2x7 bp 

paired-end 

stranded 

RNA) 

2020. 

MV Group A Streptococcus 
Trizol 

Yield: N/A 

ScriptSeq vs 

library prep 

kit w/out 

rRNA 

depletion 

Illumina 

HiSeq 2500 

platform 

Resch, U. 

et al. 2016 

MV 
S. aureus Rosenbach 

MSSA476 

miRNeasy kit 

Concentration: 77 ng/µL  

and 40 ng/µL after  

rRNA depletion 

High-

capacity 

cDNA RT 

kit w/ rRNA 

depletion 

Illumina 

NextSeq550 

platform 

Joshi, B. et 

al. 2020 

MV S. aureus HG003 
Phenol:chloroform extraction.  

Yield: (0.322-219 ng) 

Universal 

Prokaryotic 

RNA-Seq 

Library 

Preparation 

Kit w/rRNA 

depletion 

Illumina 

NextSeq500 

(75 cycles, 

single-read) 

Luz, 

BSRD. et 

al. 2021 

 

sequence the RNA cargo that resides within MVs and OMVs from different bacterial 

species. Comparing methodologies across different studies is worthwhile as it provides 

insight into potential biases and variations that are introduced during the planning and 

design stage of RNA-Seq experiments, which ultimately influences the type of data and 

analysis that is generated downstream. At the time of embarking on this project, very 

few studies had reported the concentration and yield of RNA extracted from purified 

BEVs. Moreover, no studies provided information regarding the minimum amount of 

RNA that is necessary to successfully generate RNA-seq libraries. It is well established 

that the intrinsic levels of RNA in eukaryotic EVs are relatively low (Gutiérrez García et 

al., 2020; Mateescu et al., 2017; O’Brien et al., 2020; Small et al., 2018; Veziroglu and Mias, 

2020), and this also appears to be the case for bacterial EVs (Table 2). Habier et al. noted 
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that OMV-derived RNA samples are low yield samples and the few studies that have 

reported BEV RNA concentration and yield generally support this statement (Table 2) 

(Habier et al., 2018).  

Indeed, the concentration of RNA in MVs (150 µg total protein) recovered from 

S. aureus Newman cells grown to mid-log phase typically ranged from 200-550 pg/µL 

with a yield ranging from 9 to 40 ng total RNA, based on quantification with an RNA 

Bioanalyzer (Figure 38). Unfortunately, when we submitted these samples for RNA-

sequencing, no quantifiable RNA was measured by the Microbial Genome Sequencing 

Center using an RNA high sensitivity Qubit assay, which has a low detection limit of 200 

pg/µL; these samples were therefore unable to be sequenced. Our next step was to 

increase the amount of MVs from which RNA was extracted with the expectation that a 

higher amount of RNA would be obtained. However, even after we extracted RNA from 

a much higher amount of MVs (2 mg total protein) no quantifiable RNA was detected by 

the Microbial Genome Sequencing Center. Naturally, this was extremely deflating and 

discouraging based on the amount of time and effort that went into isolating MVs from 

the supernatant of 6 liters of S. aureus cultures, in triplicate, for this experiment alone.  

It became increasingly clear that several factors likely contributed to our inability 

to sequence MV-associated RNA. First, discrepancies exist between different RNA 

quantification methods. The RNA extracted from MVs (2 mg total protein) isolated from 

large-scale S. aureus cultures were quantified using the Quantifluor RNA system, which 
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had been used by Luz et al.  in a recently published study that successfully sequenced 

the RNA content of MVs from S. aureus strain HG003 (Luz et al., 2021). Similar to the 

Qubit RNA HS Assay, the Quantifluor RNA system is purported to be a highly sensitive 

fluorescence-based assay for quantification of small amounts of RNA in solution. In this 

case, the RNA concentrations were determined to be 12, 13, and 66 ng/µL and the 

corresponding yields were 722 ng, 828 ng, and 3.9 µg, respectively. However, as 

mentioned previously, this effort was fruitless as the Microbial Genome Sequencing 

Center did not detect sufficient RNA for construction of RNA-seq libraries. Even though 

methods of RNA quantification were similar, drastically different results were obtained.  

Another factor that may have contributed to our inability to isolate RNA of high 

enough yield for sequencing was the RNA extraction method that was used. Following 

the recommendation of Habier et al. we decided to isolate RNA from MVs for RNA-Seq 

experiments using a silica-column based extraction method, which presumably 

decreases the presence of contaminating RNA molecules compared to extraction via 

phenol-chloroform approaches (Habier et al., 2018). An important caveat to using a 

silica-column is that the RNA yields are generally lower compared to phenol-chloroform 

extraction approaches. Indeed, when we compare the concentration of RNA recovered 

from MVs (22 µg total protein) using Trizol (Figure 17), the average concentration was 

1879 pg/µL, whereas the average concentration of RNA extracted from MVs (150 µg 
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total protein) using the Total RNA Purification Plus Kit was 387 pg/µL (Figure 38). 

Because the Bioanalyzer was used to quantify the concentration of these two different  
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Figure 38. The profile and concentration of RNA extracted from S. aureus MVs for 

RNA-seq library preparation. 

(A) Bioanalyzer profiles of RNA extracted from MVs (150 µg total protein). X-axis 

represents the RNA nucleotide length, and the y-axis represents fluorescent units.(B) 

Bioanalyzer gel image of RNA. M indicates the relative migration of RNA standards. (C) 

RNA concentration and yield for each sample were measured using the Bioanalyzer. 

Data for replicates 1, 2, 3 (R1, R2, R3) are shown. 
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sets of samples, we are able to directly compare these two extraction methods. It is 

worth pointing out that even though approximately 6X more MVs were used to isolate 

RNA using the silica spin column-based approach, the RNA concentration was 

approximately 4X lower compared to the RNA concentration of MVs that were 

subjected to RNA extraction using Trizol reagent. Assessing whether Trizol-based RNA 

extraction does in fact result in the presence of more RNA contaminants relative to silica 

spin column-based approaches will require an exhaustive comparative analysis of the 

different methods used to extract RNA from vesicles for preparation of RNA-seq 

libraries, in the same vein as those that have been conducted in the eukaryotic EV field 

(Prendergast et al., 2018; Tang et al., 2017; Zeringer et al., 2013). As shown in Table 2,  

when the biological question of interest does not require extracting specific RNA 

fractions based on their size, phenol-chloroform extraction methods, such as Trizol, have 

commonly been used to extract total RNA. Moving forward, we propose extracting total 

RNA from S. aureus MVs using Trizol and quantifying the RNA yield using a Qubit 

RNA HS Assay.  

While we were able to obtain raw RNA-seq data from S. aureus Newman whole 

cells grown to mid-log phase, complete analysis of that data was put on hold while we 

worked through troubleshooting and optimization of MV RNA extraction and library 

preparation methods for RNA-seq. Interestingly, Joshi et al. recently reported that the 

amount of sRNAs recovered from MVs purified from S. aureus MSSA476 cells grown 
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under normal conditions was too low for RNA sequencing, whereas the sRNA yield of 

MVs generated by cells (from ~2.5 liters of culture) grown under iron depletion 

conditions was sufficient to perform RNA-seq on those samples (Joshi et al., 2021). In 

that study, the average concentration of sRNAs from MVs from stressed cells was 

measured using a Bioanalyzer and reported to be 77 ng/µL and 40 ng/µL prior to- and 

after treating the RNA with an rRNA depletion kit, respectively. The RNA concentration 

of those samples is substantially lower than the concentration of MV-associated RNA 

from our work, and yet we have been unsuccessful in our efforts to sequence the MV 

RNA cargo.  

On the other hand, a study conducted by Luz and colleagues provided what has 

so far been the most detailed and comprehensive report of RNA extraction, 

concentration, yield, library preparation, and RNA-Seq analysis for MVs produced by S. 

aureus strain HG003 (Luz et al., 2021). This study characterized RNA in MVs produced 

by S. aureus grown under different environmental conditions. One of the conditions 

tested was similar to the growth conditions that we use to culture S. aureus Newman 

cells for MV isolation. In our studies, S. aureus Newman cells are grown to mid-log 

phase for 5 h and in the study published by Luz et al. S. aureus HG003 cells were grown 

to early-stationary phase for 6h, in the absence of any antibiotics or other stressors. This 

group extracted total RNA from density gradient-purified MVs isolated from 800 mL of 

culture using a phenol: chloroform-based method which resulted in RNA concentrations 
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ranging from 94-105 ng/µL. Compared to our work, this suggests that the clinical S. 

aureus strain HG003 grown in brain heart infusion media produces MVs with 

significantly more RNA molecules, and possibly also more than crude MVs isolated 

from S. aureus MSSA476 cells.  

The complexity and diversity concerning the experimental approaches used to 

isolate RNA from BEVs and to generate RNA-seq libraries poses a challenge for the 

design and reproducibility of published findings. Therefore, in order to overcome the 

challenges that we and others have faced when attempting to sequence RNA from 

bacterial vesicles, it is recommended that authors include as many details and 

specifications about their RNA-seq workflow as possible in their publications (Hill et al., 

2013) . Not only is it important to provide the parameters used for high-throughput 

sequencing and library preparation conditions, it is also important to include details of 

RNA isolation and purification as well the yields that are obtained. Being cognizant of 

these considerations is highly valuable for this incipient field of research and will 

facilitate comparisons of MV RNA data sets across different studies. 

Additionally, a future set of experiments involves validating data from RNA-seq 

by qRT-PCR. Conventional primers used in RT-PCR are not amenable for the detection 

of short RNA sequences due to insufficient complementarity. Instead, researchers have 

successfully used the TaqMan microRNA Reverse Transcription kit to target 

extracellular vesicle-associated RNA. This kit employs the use of stem-loop RT primers, 
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which allows for high specificity and sensitivity during RT-PCR applications with short 

RNA molecules. Koeppen et al. successfully detected a 24 nt RNA molecule in OMV 

preparations using this method (Koeppen et al., 2016). Alternatively, Northern blot 

analysis could also be employed to detect the presence of immunomodulatory RNA 

sequence of interest. Unlike qRT-PCR, Northern blots are not as sensitive in detecting 

low abundance molecules, but it can still be a useful tool to supplement qRT-PCR. This 

method was successfully employed by Sjostrom et al to detect V. cholerae OMV-

associated RNA molecules (Sjöström et al., 2015). Both qRT-PCR and Northern blot 

analysis will also be suitable methods to validate the presence of the most abundant 

MV-associated RNA reads from the high-throughput sequencing data and to test the 

presence of RNA molecules that were recently reported to be particularly enriched in 

vesicles produced by S. aureus MSSA476 under iron-depleted conditions such as SsrA, 

RsaC, and RNAIII (Joshi et al., 2021; Luz et al., 2021). Furthermore, we could also utilize 

the RNA sequencing data to guide the selection of target molecules in order to assess 

their sensitivity to nucleases using qRT-PCR or Northern blots. Overall, characterizing 

the RNA content of bacterial MVs by high-throughput sequencing and qRT-PCR is of 

value as it will advance our knowledge of MV cargo and potential selective packaging 

mechanisms, and may allow for the identification of new drug targets.  
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4.2 Does bacterial RNA localization influence RNA packaging into 

MVs? 

Until recently, bacterial RNA organization studies focused on the localization of 

a handful of synthetic RNA molecules using fluorescence in situ hybridization (FISH) 

(Bonnin and Bouloc, 2015). This methodology was recently expanded by the Zhuang 

group through the development of a modified FISH-based RNA imaging approach to 

measure the spatial organization of the E. coli transcriptome (Zhang et al., 2015b). This 

study revealed that only mRNAs encoding cytoplasmic membrane proteins, specifically 

those containing signal recognition particle (SRP) signals, are enriched at the membrane. 

Intriguingly, the role of spatial organization in the post-transcriptional fate of 

cytoplasmic membrane protein encoding mRNAs was found to be linked to the rapid 

degradation of RNAs by the membrane-associated degradation machinery 

(degradosome). RNases process RNA molecules into their mature forms and degrade 

RNAs by targeting specific sequence and structural features (Bonnin and Bouloc, 2015). 

The S. aureus degradosome is composed of the membrane-bound RNase Y, and the 

soluble RNase J1/J2, enolase, ATP-Phosphofructokinase, DEAD-box ATP-dependent 

RNA helicase CshA, PNPase, and RNase RnpA (Bonnin and Bouloc, 2015). Cytoplasmic 

degradosome proteins are excluded from the nucleoid thereby sharing the localization 

of ribosomes (Moffitt et al., 2016).  

tRNA is one of the predominant RNA biotypes that associates with prokaryotic 

vesicles (Blenkiron et al., 2016; Choi et al., 2017b; Ghosal et al., 2015; Habier et al., 2018; 
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Joshi et al., 2021; Koeppen et al., 2016; Luz et al., 2021; Malabirade et al., 2018; Pérez-

Cruz et al., 2021; Resch et al., 2016; Sjöström et al., 2015); therefore, it will be important to 

dissect mechanisms that could contribute to tRNA-packaging in MVs. tRNAs bound to 

other proteins preferentially localize at the peripheral of the cell as stated above 

(Plochowietz et al., 2017). Intriguingly, tRNA-Gly molecules are involved in the S. aureus 

cell wall biosynthesis pathway as donors for the pentaglycine peptidoglycan cross-

bridge between MurNAc and GlcNAc chains (Dare and Ibba, 2012; Schneider et al., 

2004; Shepherd and Ibba, 2013). The selection of non-proteinogenic tRNA-Gly in S. 

aureus is likely due tRNA-Gly isoacceptors that exhibit weak binding affinity to EF-Tu 

(Cascante-Estepa et al., 2016), thus enabling the participation of tRNAs in the cell wall 

biosynthesis pathway. Overall, both proteinogenic and nonproteinogenic tRNA roles 

result in membrane localization of tRNAs and in their exclusion from the nucleoid. Two 

of the proteins involved in binding to the charged tRNA-Gly molecules (FemA & B) 

were identified in the S. aureus MV proteome (Lee et al., 2009; Jeon et al., 2016), which 

could implicate this process in the selection of specific tRNAs that are packaged in S. 

aureus MVs.  

Mammalian EV-associated mRNA fragments enriched in the 3’ untranslated 

region contain sequence elements that dictate their subcellular localization (Janas et al., 

2015). The subcellular localization of mRNAs in mammalian cells has therefore been 

proposed to influence the type of mRNA fragments that are secreted by human EVs. 
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This hypothesis has not been tested in prokaryotic systems but with the increasing 

evidence that supports targeting of RNA molecules to discrete regions in prokaryotic 

cells, we can envision a model where MV-RNA is selectively loaded to MVs based on 

their cognate binding partners and/or sequence and structural motifs. 

Although we look to mammalian EV-RNA research for potential MV-RNA 

loading mechanisms, it is important to note that there may be little overlap between the 

biogenesis mechanisms of mammalian EVs and Gram-positive MVs given the 

fundamental differences in biological function and in their cell membrane composition. 

A recent paper demonstrated that a subset of Bacillus subtilis MVs can form 

through a mechanism mediated by a peptidoglycan degrading enzyme in response to 

genotoxic stress (Toyofuku et al. 2017). A similar mechanism was described for the 

formation of Gram-negative OMVs, whereby cytoplasmic content was captured in self-

annealing OMVs after cell lysis suggesting a non-selective cargo mechanism (Turnbull 

2016). Peptidoglycan and LPS remodeling mechanisms also regulate OMV biosynthesis 

(Kulp and Kuehn, 2010; Schwechheimer and Kuehn, 2015). During such OMV 

biosynthesis mechanisms, protein and lipid loading selection has been reported. 

Additional processes involved in Gram-positive MV biosynthesis are yet to be 

elucidated. It is likely that MV biogenesis dictates the mechanisms by which nucleic 

acids are secreted via MVs and thus both selective and non-selective models should be 
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considered as we interrogate the effect of RNA localization and RNA binding partners 

on the association between MVs and RNA. 

We propose evaluating the role of membrane protein-encoding signals on mRNA 

loading to MVs by targeting the transmembrane MsrR mRNA using FISH. This target 

mRNA is of interest because its protein product is secreted in association with S. aureus 

MVs (Lee et al., 2009; Jeon et al., 2016). The creation of an msrR construct containing 

binding sites for the phage MS2 protein and assess the presence of this mRNA target in 

MVs purified from msrR construct-containing cultures (Regalia et al., 2002). Detection of 

this target mRNA will be performed by using a MS2-fluorescent fusion protein that will 

bind to the msrR-MS2 binding sites. Fluorescence signals in association with purified 

MVs can be visualized by super-resolution microscopy. Alternatively, if the abundance 

of this target RNA in association with MVs is too low to yield a measurable fluorescent 

signal, qRT-PCR could be used to probe for the presence of msrR in MVs. In the case that 

msrR is absent in MVs, MV RNA-seq data could be used to identify membrane protein 

encoding mRNAs. 

Translation of membrane protein-encoding mRNAs is required for membrane 

localization of those mRNAs (Moffitt et al., 2016). A translation-initiation inhibitor, 

kasugamycin, has previously been used to abolish the membrane localization of 

mRNAs. The properties of this antibiotic could be leveraged to test for the presence of 

msrR and other membrane-encoding mRNAs in MVs. If no change in the types of 
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mRNAs that are loaded into MVs is detected, this could mean that the mRNA loading 

mechanism is independent of the SRP pathway. Antibiotic-induced stress has been 

shown to increase the production and cargo of bacterial vesicles (Fulsundar et al., 2014; 

Schwechheimer and Kuehn, 2015), therefore it will be imperative to control for this effect 

by also comparing the MV-RNA cargo in kasugamycin-treated cells with MVs from cells 

treated with an antibiotic not involved in affecting mRNA localization or turnover, such 

as ampicillin. 

To assess the role of degradosome RNases in directing RNA to MVs a 

mutagenesis approach could be employed. RNase J1 is secreted in MVs and is involved 

in the processing of rRNAs and in degradation of RNAs from the 5’end (Bonnin et al., 

2015). The ΔRNase J1 strain is viable when grown at temperatures lower than 42˚C but 

major morphological and competence defects are observed (dos Santos et al., 2012). 

Therefore, we could use the J1AGA active site mutant strain, which does not lead to 

significant phenotypic consequences in the cell (Linder et al., 2014). A comparison of the 

RNAs associated with MVs will be performed by sequencing MV-RNAs from the J1AGA 

strain. 

Treatment of bacterial cells with the transcription inhibitor rifampicin leads to 

nucleoid delocalization from the central region of the cell to the entire cytoplasm 

(Cascante-Estepa et al., 2016). Rifampicin treatment on B. subtilis resulted in aberrant 

spatial distribution of degradosome components RNase J1/J2 (Cascante-Estepa et al., 
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2016). Therefore, rifampicin treatment could be used to interrogate the effect the 

subcellular distribution of RNase J1/J2 has on the selection of specific RNA molecules for 

MV-loading. In conjunction with the mutagenesis approach described above, this 

chemical inhibition assay will reveal whether RNAse J1 enzymatic activity is involved in 

the selection of RNA-loading to MVs or if the localization of the RNase itself plays a role 

in controlling MV-RNA selection. 

Lastly, future experiments could involve S. aureus femA/B/X mutants, whereby a 

comparative analysis of the presence/enrichment of tRNA-Gly species in MVs purified 

from fem mutants will be carried out relative to the tRNA-Gly read counts in the WT 

MVs. Null mutations in the fem genes do not inhibit S. aureus growth, although they do 

become more susceptible to beta lactam (Gründling et al., 2006). Assessing the 

differences in the types of RNA molecules that associate with MVs in fem deletion cells 

will provide insight into the role of non-proteinogenic tRNA localization on selective 

loading of RNA to MVs. 

Although we hypothesize that immunostimulatory RNA is selectively packaged 

into MVs, it is also possible that RNAs associate with MVs non-specifically along with 

other cytoplasmic bulk material as a result of cell lysis induced by a peptidoglycan-

degrading enzyme (Toyofuku et al. 2017). MVs purified in the studies presented here 

were obtained from mid-log phase cultures to deliberately reduce the occurrence of cell 

lysis. Nonetheless, cell lysis is still a common occurrence in naturally growing cells, even 
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if it is minimized. Therefore, it is crucial to interpret data from these studies with the 

caveat that MV populations are heterogeneous in content, function, and in the 

mechanisms by which they are produced. As such, it is possible that MV subpopulations 

associate with MVs via a non-selective mechanism while other MV subpopulations 

contain RNAs that were selectively loaded by active mechanisms. Altogether, the results 

from these experiments will provide valuable insight into the pathways that lead to the 

secretion of RNAs via MVs. 

4.3 Do conditions encountered in acidified endosomes impact MV 

stability and structure? 

One of the key findings from our study was the discovery that MV-associated 

RNA and DNA molecules are recognized by intracellular TLRs to activate IFN-β mRNA 

expression, and that endosomal acidification is required, to an extent, for this response 

to occur. As such, these data prompted basic follow-up questions. Are MVs processed 

within host endosomal compartments such that its lumenal cargo is released? Do the 

internalized MVs release their contents into the endosomal compartments of the 

recipient cells after endosomal maturation? Is endosomal acidification solely required 

for TLR activation? Generally, endosomes are membrane bilayer compartments 

conducive to creating an enclosed environment. During the maturation process, 

endosomes become acidic with the lumen pH ranging from 6 to 4.5 as a result of the 

activity of ATP-dependent proton pumps expressed in the membrane of the endosomes 
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(Huotari and Helenius, 2011). Notably, several hydrolases exhibit optimal function at 

acidic pH conditions.  

In our work. purified S. aureus MVs appeared stable after nuclease treatment, 

and they were found to be internalized into recipient cells and remain functional. We 

propose two non-mutually exclusive hypotheses: (1) Immunomodulatory RNA and 

DNA are bound to the surface of MVs, which enables them to be readily accessible for 

binding to cognate TLR receptors after endocytic uptake of MVs and/or (2) after 

endosomal acidification, MV stability is affected by the conditions present in the 

endosomal compartments facilitating the dissolution of the MV structure, which leads to 

the release of encapsulated RNA and DNA molecules. Liberated nucleic acids could 

then interact with and activate cognate TLRs.  

To begin exploring these questions, we performed a preliminary experiment. By 

exposing purified MVs to a pH range from 8 to 4 and imaging the resultant MVs using 

negative-stain TEM, we observed fewer intact MVs at acidic conditions (Fig. 39). 

Interestingly, larger MVs (≥ 200 nm in diameter) were not detected in MV samples 

exposed to acidic pH. These results could indicate that certain MV subpopulations are 

not stable at acidic conditions, which would support the hypothesis that acidified 

endosomes can disrupt the structure of some MVs and could provide an explanation for 

release of encapsulated cargo, such as nucleic acids. Compelling data are still needed to 

fully uncover the underlying mechanisms by which MV associated cargo interacts with  
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Figure 39. Low pH conditions could affect the stability of certain MV 

subpopulations. 

Negative-stain TEM micrographs of S. aureus MVs that were incubated in TRIS-HCl 

buffer with the indicated pH for 1 h at 37°C. Scale bars are indicated. 

 

intracellular receptor inside endosomal compartment. Ideally, an MV marker such as a 

protein that is exclusively found inside MVs could serve as a reporter for the release of 

lumenal cargo in response to acidified conditions. This type of approach was used by 

Bielaszewska et al. in a study where they demonstrated that a pH-dependent separation 

of Stx2a toxin was from OMVs derived from E. coli O157 (Bielaszewska et al., 2017). A 

limitation to this experiment setup, however, is that acidified endosomes are much more 

complex than acidic buffers. The mere presence of active hydrolases could be highly 

relevant to the processing of MVs, if MV-associated cargo is susceptible to that category 

of enzymes. For instance, cathepsins, a group of cysteine proteases expressed in 

acidified endosomes, could potentially digest MV-associated proteins and destabilize 

the vesicular structure (PILLAY et al., 2002). 
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5. Materials and methods 

Much of this chapter appears in the journal Scientific Reports and STAR Protocols 

(Rodriguez and Kuehn, 2020; McMillan, Rodriguez, Rogers, Kuehn 2022) 

 

5.1 Bacterial strains and growth conditions 

S. aureus Newman and Newman Δspa were grown in nutrient broth (NB; 0.5% 

peptone, 0.3% beef extract, pH 7.0) overnight at 37˚C with shaking (200 rpm). For MV 

nucleic acid and macrophage stimulation assays, S. aureus Newman wild-type and 

Newman Δspa were grown in NB treated with 0.5 µg/mL RNase A (Thermo Fisher) at 

37˚C for 1.5 h prior to sterilization by autoclaving. Overnight cultures were sub-cultured 

to a 1/1000 dilution and grown for 4-5 hours at 37˚C to an optical density of 1.0 at 600 nm 

(1.0 OD600).  

5.2 Bacterial growth curve and membrane integrity assay 

Bacterial growth curves were recorded using a Spectramax 190 plate reader from 

Molecular Devices (California, US). A 96-well, U bottom plate was loaded with NB 

controls and with overnight S. aureus cultures diluted to 0.1 OD600 in fresh NB. The assay 

plate was incubated at 37˚C for 18 h with constant shaking and the OD600 recorded every 

15 min. Newman wild-type growth curve experiments were carried out in triplicate and 

representative growth profiles are shown. 

For membrane integrity assays using the membrane-impermeant nucleic-acid 

dye SYTOX Green, S. aureus was grown to mid-log phase (1.0 OD600; 5 x 109 cfu ml-1) 
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and 1 mL culture samples were centrifuged at 10,000 x g for 10 min. The supernatants 

were discarded, and the pellets were resuspended in 10 mM HEPES, 150 mM NaCl, pH 

7.5 (HEPES-NaCl). One of the resuspended cell pellets was heat-killed (80˚C, 1 h) and 

used as a positive control. HEPES-NaCl buffer alone was used as a negative control. The 

samples were incubated (10 min, 20°C, in the dark) with 1 µM (final concentration) of 

SYTOX Green (Molecular Probes). SYTOX Green binding to bacterial DNA was 

measured using a microplate reader (Molecular Devices SpectraMAX GeminiXS) using 

500 nm excitation /550 nm emission. Relative fluorescence units (RFU) were subtracted 

from the negative control RFU for each sample. 

Live and dead S. aureus cultures were prepared according to the manufacturer’s 

instructions provided with the BacLight Kit (Invitrogen). Two flasks of 25 mL S. aureus 

cultures were grown to early-stationary phase (1.6 OD600). Bacterial cells were harvested 

using centrifugation at 10,000 x g for 10 min. After discarding the supernatant, each 

pellet was resuspended in 2 mL Tris Buffered Saline (TBS). One mL of this suspension 

was added to either 20 mL of TBS (for live bacteria) or to 20 mL of 70% isopropyl alcohol 

(for killed bacteria). Samples were incubated at room temperature for 1 h and the cells 

were pelleted by centrifugation at 10,000 x g for 15 min. Pellets were washed in TBS 

twice and ultimately resuspended in 10 mL TBS. For cell staining, working solutions of 

propidium iodide (PI; 20 mM in DMSO) and SYTO9 (3.34 mM in DMSO) were 

established by combining equal volumes of each stain and mixed thoroughly. 3 μL of the 
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dye mixture was added to 1 mL of bacterial suspension, mixtures were incubated at 

room temperature (RT) in the dark for 15 min and 5 μL of the stained bacterial 

suspension was trapped between a slide containing a drop of BacLight mounting oil and 

a poly-L-lysine coated coverslip (#1.5). Confocal laser scanning microscopy (CSLM) was 

carried out using a Zeiss LSM 880 inverted confocal microscope and images were 

acquired using a 40x/1.2 water immersion objective (Duke Light Microscopy Core 

Facility). The 488 nm laser was used to acquire SYTO9 signals, and the 594 nm laser was 

used to acquire signals from PI-stained cells. Images were processed using the ZEN 2.3 

software (Carl Zeiss) and PI and SYTO9-stained cell counts were obtained using the 

Analyze Particles function available in ImageJ. 

5.3 Membrane vesicle isolation 

MVs were isolated by adapting a previously described protocol39. Briefly, 6 liters 

of S. aureus were grown in four 3-liter flasks to mid-exponential phase (OD600 of 1.0) and 

the culture was centrifuged (10,000 x g, 20 min, 4˚C). The cell-free supernatant was 

filtered through a 0.45 µm pore size, hydrophilic polyvinylidene fluoride filter (Merck 

Millipore Germany). Filtered supernatants were concentrated 24-fold by ultrafiltration 

using a tangential flow system with 100-kDa hollow-fiber membrane (Pall Corporation) 

followed by ultracentrifugation (100,000 𝑥 g, 3 h, 4˚C) to separate MVs from cell debris 

and contaminants. Pelleted vesicles were resuspended in HEPES-NaCl and subjected to 

an additional ultracentrifugation step (200,000 x g, 1 h, 4˚C). MV preparations were 
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tested for sterility by streaking a portion of the sample on NB agar and incubating at 

37˚C for 18 h.  

5.4 Density gradient centrifugation  

Crude MV samples were adjusted to 50% (vol/vol) Optiprep (Sigma) solution 

and loaded to the bottom of a 13.2 ml ultracentrifuge tube. The sample was overlaid 

with a 40% Optiprep layer followed by a 10% Optiprep layer. The tube was centrifuged 

at 130,000 x g (Beckman SW 41Ti Swinging-bucket rotor) for 16-18 hours at 4°C and 2-ml 

fractions were collected from the top of the density gradient. The Optiprep solution was 

then removed by washing each fraction with HEPES-NaCl buffer in Oakridge tubes 

(Type 50.2 Ti fixed-angle rotor, 150,000 × g, 1 h, 4°C). Each fraction was resuspended in 

HEPES-NaCl buffer and 10 µL of each fraction was examined for protein concentration 

and lipid content using a Bradford protein assay (VWR) and the lipophilic FM4-64 dye 

(Molecular Probes), respectively. MV preparations were used in experiments according 

to their total protein concentration. Each fraction was also examined for DNA content by 

staining 10 µL of each fraction with SYTOX Green dye (1 µM final concentration, 500 nm 

excitation/550 nm emission) and MV RNA was determined by using the membrane 

permeable SYTO RNASelect green fluorescent cell stain (Invitrogen, 1 µM final 

concentration) to stain 10 µL of each fraction. SYTO RNASelect binding to MV RNA was 

measured (490 nm excitation/550 nm emission). MV fractions containing high 
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proteolipid and nucleic acid content (F1-F3) were combined, checked for sterility, and 

stored at -20˚C.  

5.5 Transmission electron microscopy imaging 

10 µL of purified MV fractions were placed on 400-mesh copper grids (Electron 

Microscope Sciences) and stained with 2% uranyl acetate. All grids were viewed in a FEI 

Tecnai G2 Twin electron microscope at an 80-kV accelerating voltage and images were 

obtained using an AMT XR-60 charge-coupled device digital camera system. To 

quantitate diameters, MVs on the micrographs were measured from the outermost 

points of the stained membrane with the measurement function in the NIH FIJI 

Software. 

5.6 Immunogold labeling of MVs 

For whole-mount visualization of immunogold-labeled MVs, MV samples were 

prepared so that the total protein concentration was approximately 1 mg/mL in 50 µL 

HEPES-NaCl buffer. 50 µL of prepared MVs (1 mg/mL) were pelleted by 

ultracentrifugation at 200,000 x g for 1 h (Beckman Optima TLX ultracentrifuge; TLA-

100.3 rotor). The MV pellet was then resuspended in 100 µL of Karnovsky’s fixative and 

MVs were fixed at 4°C overnight. Fixed MVs (10 µL) were then loaded onto glow-

discharge Fordmvar/carbon-coated nickel EM grids and incubated for 5 min at RT. The 

grids were then washed in PBS 3X for 5 min each followed by treatment with 0.05M 

glycine for 10 min to quench free aldehyde groups. The grids were then transferred to a 



 

155 

drop of PBS containing 1% BSA for 3 min. Grids to be labeled with anti-dsDNA 

antibodies were incubated with 40 µL anti-DNA mouse antibody (1:10 in PBS containing 

0.1% BSA; Sigma-Aldrich, Clone AC-30-10, #CBL186) for 1 h. This step can also be 

carried out at 4°C overnight. Next, the grids were washed with five separate drops of 

PBS containing 0.1% BSA for 10 min each. Grids were transferred to a drop of anti-

mouse IgM antibody conjugated to a 12 nm gold particle (1:1000 in PBS containing 0.1% 

BSA; Jackson ImmunoResearch, #115-205-075) and incubated for 1 h or overnight at 4°C. 

To probe for IgG-binding proteins on S. aureus MVs were, grids were incubated with a 

drop of anti-rabbit IgG antibody conjugated to an 18 nm gold particle (1:10,000 in PBS 

containing 0.1% BSA; Jackson ImmunoResearch, #111-215-144). The grids were washed  

with five separate drops (50 μL) of PBS containing 0.1% BSA for 10 min each. Grids were 

then washed with two separate drops (50 μL) of distilled water for 10 min each. For 

imaging,  grids were negatively stained with 2% uranyl acetate as outlined above for 

TEM and imaged by TEM at 120 kV. 

5.7 Fixation, dehydration, embedding, sectioning and staining of MVs 

MVs were fixed as described above. Remove the fixative and rinse the pellets with 1 mL 

of 0.1 M sodium cacodylate buffer at room temperature for 10 min. Repeat three times.  

Post-fix the samples with 1 mL of 2% Osmium tetroxide for 1 h at 4°C. Remove the 

fixative and rinse with 0.1 M sodium cacodylate buffer for 10 min. Repeat three times. 

Incubate pelleted samples with gentle shaking using a graded ethanol series (30% 
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ethanol for 10 min, 50% ethanol for 10 min, 70% ethanol for 10 min, 90% ethanol for 10 

min, remove the 90% ethanol and wash 3X with 100% ethanol for 10 min). Prepare the 

resin embedding mixture into a plastic beaker and stir for at least 10 minutes.  Remove 

the 100% ethanol and add the resin to the vesicle pellet without disrupting the pellet. 

Incubate overnight at room temperature inside a fume hood. The following day prepare 

new embedding resin. Rinse the sample in fresh resin mixture and bake for 48h at 60°C.  

Prepare sections with 60 nm thickness using an ultra-microtome. Collect ultrathin 

sections on nickel grids (Electron Microscopy Sciences, Cat# FCF200-Ni). Treat the 

sections with 50 μL of 0.05 M glycine for 10 min. Follow the steps for immunogold 

labeling as above. Double-stain grids using uranyl acetate and Reynolds lead citrate 

solution. Prepare the staining solutions on a piece of parafilm pressed inside a glass petri 

dish (prepare one petri dish per stain). Filter the uranyl acetate and lead citrate solutions 

with a 0.45 µm syringe filter immediately before using to remove any precipitates. Place 

a drop of 2% uranyl acetate onto the parafilm for each grid that is to be stained. Float the 

grid-mounted sections on drops of filtered 2% uranyl acetate inside of a fume hood. 

Stain the grids with 2% uranyl acetate for 20 min, at RT in the dark. Rinse the grids with 

dH2O. Prepare a petri dish with parafilm for lead citrate staining by surrounding the 

parafilm with NaOH pellets. Stain the grids with 0.4% lead citrate for 10 min, at RT in 

the dark. Keep the petri dish covered. Rinse the grids with dH2O and allow the grids to 

air dry. Wash off excess stain by gently placing the grid on top of a 50 μL drop of 
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distilled water and wash for 5 min (3X). Store the grids in an EM grid box for future 

observation by TEM at 120 kV. 

5.8 Cell culture strains and growth conditions 

RAW 264.7 macrophage cells (ATCC TIB-71), macrophage cells derived from 

wild-type mice (NR-9456), TLR3, TLR7, TLR9 knockout mice, and from IRF3/7 double 

knockout mice (BEI Resources, NIAID, NIH) were maintained in Dulbecco’s Modified 

Eagle Medium (DMEM) containing high glucose (4.5 g/L), L-glutamine (4.5 g/L), and 

sodium pyruvate (110 mg/L). The growth medium was supplemented with 10% (v/v) 

heat-inactivated fetal bovine serum (Gibco). Wild-type (WT) and MyD88-/-/TRIF-/- bone 

marrow-derived macrophages (BMDMs) were cultured in RPMI 1640 + 20% (vol/vol) 

FBS + 12% (vol/vol) macrophage colony stimulating factor-conditioned media. All cell 

lines were grown under a humidified 5% CO2 atmosphere at 37˚C. 

5.9 S. aureus RNA extraction 

S. aureus was grown overnight in NB medium at 37˚C, with shaking. The 

following day, the cells were diluted 1:50 in 5 mL fresh NB. Cells were harvested after 

reaching OD600 of 1 by centrifugation at 14,000 x g for 2 minutes. The pellet was 

resuspended in 200 µL lysozyme from a 3 mg/mL stock solution and 10 µL lysostaphin 

from a 10 mg/mL stock solution (Sigma-Aldrich). Cells were incubated at 37˚C for 15 

min. Total RNA was then extracted using the SV Total RNA Isolation System (Promega) 

according to the manufacturer’s instructions. RNA was also extracted from MVs using a 
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Total RNA Purification Micro Kit (Norgen Biotek Corporation; Cat #35300) and 

following the supplementary protocol for exosomal RNA purification from exosomes 

already purified via ultracentrifugation. 

5.10 SDS-PAGE and LPS staining 

Newman wild-type and Δspa MVs of equal amounts (2 µg total protein) and LPS 

standard from E. coli serotype 055:B5 (250 µg/mL) were mixed with 0.5x volumes of 

Laemmli sample buffer (65.8 mM Tris-HCL, pH 6.8, 26.3% w/v glycerol, 2.1% SDS, and 

0.01% bromophenol blue; Bio-Rad) and boiled for 5 min prior to loading on 4-20% SDS-

PAGE gradient gels (Mini-PROTEAN TGX precast gels; Bio-Rad). Precision Plus Protein 

Unstained Protein Standards (Bio-Rad) were used as molecular weight markers. To stain 

LPS, the gels were stained using the Pro-Q Emerald 300 LPS gel staining kit according to 

the manufacturer’s instructions (Thermo Fischer Scientific). The presence of 

glycoproteins was examined by staining the gels with SYPRO Ruby protein gel stain 

according to the manufacturer’s instructions (Thermo Fisher Scientific). Stained LPS and 

protein bands were visualized under UV light using an Azure c300 gel imaging system 

(Azure Biosystems). 

5.11 Western blot analysis 

Wild-type MVs (2 µg), Δspa MVs (2 µg), and LPS (250 µg/mL) were either 

incubated with proteinase K (2 µg/mL) or with HEPES-NaCl buffer (at the same volume 

as proteinase K) for 30 min at 37°C. The protease reaction was stopped using 100 µg/mL 
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phenylmethylsulfonyl fluoride (PMSF). The samples were then prepared and run on 4-

20% SDS-PAGE gradient gels as described above. Precision Plus Protein Dual Color 

Standards (Bio-Rad) were used as molecular weight markers. After SDS-PAGE, samples 

on the gel were transferred onto a nitrocellulose membrane, followed by overnight 

incubation in blocking buffer at 4°C (Odyssey Intercept TBS Protein-free blocking buffer; 

Li-Cor). The membrane was then incubated for 1 h at RT with goat anti-Lipid A LPS 

antibodies (diluted 1:1,000 in blocking buffer; Bio-Rad; Cat # OBT1844). Blots were 

washed three times with TBST (50 mM Tris-Cl, pH 7.6, 150 mM NaCl, 0.1% Tween 20) 

followed by incubation at RT for 1 h with IRDye 680RD donkey anti-goat IgG secondary 

antibody (diluted 1:25,000 in blocking buffer; Li-Cor; Cat # 926-68074). After washing the 

membrane three times, the membranes were imaged on a Li-Cor Odyssey CLx near IR 

Imaging system (Li-Cor) with Li-Cor Image Studio software. 

5.12 Nuclease protection assays 

To distinguish MV-associated nucleic acid molecules from extracellular nucleic 

acids not associated to MVs we conducted a series of nuclease protection assays. Five 

different conditions were prepared as follows: (i) 10 µL MVs (7 µg protein) were 

adjusted to 14 µL total volume with 4 µL HEPES-NaCl; (ii) 10 µL MVs were heated to 95 

˚C for 10 min, allowed to cool to RT, treated with 1 µL RIPA buffer (25 mM Tris-HCl pH 

7.6, 150 mM NaCl, 1% 
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NP-40, 1% sodium deoxycholate, 0.1% SDS) on ice for 10 min, and adjusted to 14 

µL total volume with 3 µL HEPES-NaCl; (iii) 10 µL MVs were treated with 2 µL 

benzonase (250 U/μL) for 30 min at 37˚C and the total volume was adjusted to 14 µL 

with 2 µL HEPES-NaCl; (iv) 10 µL MVs were heated, permeabilized with RIPA (1% 

final), treated with benzonase as described above and to total volume was adjusted to 14 

µL with 1 µL HEPES-NaCl; (v) 10 µL MVs were heated, permeabilized with RIPA, 

treated with 1 μL Proteinase K (100 μg/mL final; Promega) incubated at 37˚C for 30 min, 

the Proteinase K was inactivated with 1 µL PMSF (100 mM; Sigma-Aldrich) at RT for 5 

min, and treated with 2 μL benzonase at 37˚C for 30 min. These samples were degraded 

in 7 µL urea loading sample buffer, boiled for 5 min, and placed on ice for 2 min before 

loading on a 10% denaturing urea polyacrylamide gel in TBE buffer (Bio-Rad) next to an 

RNA marker (low range ssRNA ladder; NEB) and run at 200 V for 45 minutes. Staining 

with SYBR Gold (Invitrogen) allowed visualization of high and low molecular-weight 

MV-associated nucleic acids. To detect nuclease-treated MVs in native agarose gels, MV 

samples were mixed with 4 µL glycerol (20%) before being separated on a 2% TAE 

agarose gel, run at 110 V for 20 min, and stained with ethidium bromide (0.5 µg/mL).  

5.13 MV RNA and DNA extraction 

Nucleic acids were extracted from 50 µL MV samples (28 µg total protein) using 

TRIzol. MVs were treated with HEPES-NaCl, benzonase, or Triton X-100 + Proteinase K 

+ PMSF + benzonase as described above. After treatment, MVs were pelleted at 200,000 x 
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g for 1h. MV pellets were then resuspended in 500 µL Trizol reagent and incubated for 5 

min at room temperature. Next, 100 µL chloroform was added, mixed by inverting 3X 

and incubated for 3 min at RT. MVs were then centrifuged at 12,000 x g for 15 min in 

4˚C. The aqueous phase was transferred to a microcentrifuge tube (“MV RNA”) and the 

interphase layer was transferred to a microcentrifuge tube (“MV DNA”). MV DNA was 

kept on ice during the RNA extraction process. Each tube of MV RNA received 1 µL 

glycogen (20 mg/mL) and 250 µL isopropanol and were incubated for 10 min at 20°C. 

MV RNA tubes were centrifuged for 10 min at 12,000 x g at 4˚C and the RNA pellet was 

washed with 500 µL ethanol (75%). The RNA pellet was resuspended in 20 µL nuclease-

free dH2O and further ethanol precipitated. DNA was extracted from the MV DNA 

samples according to the TRIzol DNA Extraction protocol (Invitrogen). DNA pellets 

were resuspended in 8 mM NaOH adjusted to pH 7.0 with HEPES. RNA and DNA 

extracted from MVs were stored in 20˚C. The quantity and size distribution of the RNA 

and DNA were determined by Agilent Bioanalyzer 2100 with an RNA 6000 Pico Kit and 

a DNA 1000 kit (Agilent Technologies, Santa Clara, CA, USA). 

5.14 Macrophage response assays 

Macrophage cells were seeded into 12-well flat-bottom tissue culture plates at a 

volume of 1 mL per well (2 × 105 cells/well) and incubated for 24 h at 37˚C, 5% CO2. The 

following day, growth media was changed to fresh DMEM with 10% FBS and 

macrophages were treated with purified MVs at the indicated total protein 
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concentration (1 µg/mL, 2 µg/mL, 5 µg/mL, 10 µg/mL or 20 µg/mL) or with HEPES-

NaCl buffer (no treatment controls; NT) for 3 h. For time-course experiments, RAW 

264.7 cells were treated with MVs (5 µg/mL) for the indicated time points. Following 

treatment with MVs or NT controls, the growth medium was removed from 

macrophages and the cells were homogenized with 500 µL TRIzol reagent (Invitrogen). 

RNA isolation was performed according to the manufacturer’s instructions.  

For some experiments, RAW 264.7 cells were treated with 80 µM Dynasore 

hydrate (Sigma-Aldrich), 0.5 µM bafilomycin A1 (Sigma-Aldrich), 100 µM chloroquine 

(Sigma-Aldrich), 10 µM TLR3/dsRNA Complex Inhibitor (Millipore Sigma), or 0.1% 

DMSO for 30 minutes at 37˚C, 5% CO2. Following pre-treatment with the 

aforementioned compounds, macrophages received the indicated MV dose or 10 µg/mL 

Polyinosinic–polycytidylic acid sodium salt [Poly (I:C)]. After 3 h, total RNA was 

extracted and processed for β-actin and IFN-β mRNA quantitation. 

In control experiments, WT and MyD88-/-/TRIF-/- BMDMs were treated for 3 h at 

37˚C, 5% CO2 with 1 μg/mL 2’3-cGAMP (negative control; Sigma-Aldrich) or with 2 µM 

CpG ODN 2395 (positive control) 5’-

T*C*G*T*C*G*T*T*T*T*C*G*G*C*G*C*G*C*G*C*C*G-3’ (*represents phosphorothioate- 

modified bases; Eurofins). To confirm that TLR3, TLR7, TLR9 and IRF3/7-deficient 

macrophages produce significantly less IFN-β mRNA in response to known TLR 

ligands, we performed a series of control experiments. WT and TLR3-/- macrophages 
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were treated with 20 µg/mL Poly (I:C) alone or Poly (I:C) was transfected into cells by 

using Lipofectamine 2000 (Invitrogen) as the transfection reagent. Transfection was 

conducted as follows: 40 µL Poly (I:C) (10 mg/mL) was diluted in 160 µL Opti-MEM 

reduced serum medium (Thermo Fisher) and mixed gently to obtain a final 

concentration of 2 mg/mL Poly (I:C). 4 µL Lipofectamine 2000 was mixed with 196 µL 

Opti-MEM and incubated at RT for 5 min. The diluted Poly (I:C) and Lipofectamine 2000 

samples were combined, mixed gently, and incubated for 20 min at RT. Mock 

transfection reagent was prepared as described above, except Poly (I:C) was replaced 

with dH2O. 20 µL Poly (I:C)+Lipofectamine [1 mg/mL Poly (I:C)] or 20 µL mock 

transfection reagent was added to WT and TLR3-/- cells to a final concentration of 20 

µg/mL Poly (I:C).  WT and TLR7-/- cells were treated with 1 µg/mL Resiquimod, WT and 

TLR9-/- cells were treated with 5 µM CpG ODN 2395 for 3h or were transfected with 5 

µM CpG ODN 2395 complexed with 1 µL Lipofectamine 2000 (in 100 µL Opti-MEM) for 

3h, and WT and IRF3-/-/IRF7-/- macrophages were treated with 20 µg/mL Poly 

(I:C)+Lipofectamine for 3 h. Total RNA was extracted from these cells and processed for 

qPCR analysis. 

For S. aureus RNA transfection assays, 60 µL of total RNA (1 µg) was diluted in 

50 µL Opti-MEM. 1 µL Lipofectamine 2000 was mixed with 49 µL Opti-MEM. The mock 

transfection reagent control was prepared by replacing RNA with dH2O. Transfection 

was carried out in RAW 264.7 cells according to the manufacturer’s instructions. After 
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3h, macrophages were harvested, and the cellular RNA was extracted and analyzed for 

β-actin and IFN-β mRNA quantitation. 

5.15 Macrophage response assays with nuclease treated MVs 

To assess the response of RAW264.7 macrophages to stimulation with intact MV 

compared to stimulation with nuclease-treated MVs, MVs were treated with benzonase 

(Sigma-Aldrich) at a ratio of 10 µg MV total protein:1 µL benzonase (250 U/µL) for 30 

min at 37˚C. To control for functional effects that may be caused by this incubation 

period, intact MVs were treated with HEPES-NaCl at the same ratio of benzonase 

volume to total MV protein. We also prepared a HEPES-NaCl + 1 µL benzonase sample 

for NT controls and both intact MVs and NT control samples were incubated for 30 min 

at 37˚C. To remove benzonase from MVs prior to macrophage stimulation assays, 

benzonase-treated MVs, intact MVs, and NT control samples were ultracentrifuged at 

200,000 × g for 1h. MV pellets were then resuspended in HEPES-NaCl and were added 

to RAW264.7 cells at the indicated doses for 3 h.  

5.16 cDNA synthesis and qPCR 

cDNA was synthesized using the High-Capacity cDNA Reverse Transcription 

Kit (Applied Biosystems) in accordance with the manufacturer’s instructions. The 

reaction mixture consisted of 500 ng total RNA, 2 µL RT buffer, 2 µL Reverse 

Transcriptase (RT) random primers, 0.8 µL dNTP Mix (100 mM), and 1 µL of 
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MultiScribe Reverse Transcriptase (50 U/µL) in a final reaction volume of 20 µL. The 

synthesized cDNA was diluted 20X to 25 ng in RNase-free dH2O.  

The reaction mixture for quantitative real-time PCR (qPCR) consisted of 1 µL 

template cDNA (25 ng), 10 µL PowerUp SYBR Green Master Mix (Thermo Fisher 

Scientific), and 3 µL of each primer pair (300 nM final primer concentration) in a total 

reaction volume of 20 µL. qPCR was performed on a StepOnePlus Real-Time PCR 

System (Applied Biosystems) to detect mouse IFN-𝛼2, IFN-𝛼4, IFN-β, and β-actin. The 

qPCR primers used in this study are experimentally validated sequences taken from the 

Primer Bank database (https://pga.mgh.harvard.edu/primerbank/). The following 

primer pairs were amplified using qPCR: IFN-𝛼 2 gene forward primer, 5’-

TACTCAGCAGACCTTGAACCT-3’; reverse primer, 5’-

CAGTCTTGGCAGCAAGTTGAC-3’; IFN-𝛼4 gene forward primer, 5’-

TGATGAGCTACTACTGGTCAG C-3’; reverse primer, 5’-

GATCTCTTAGCACAAGGATGGC-3’; IFN-β gene forward primer, 5’-

AGCTCCAAGAAAGGACGAACA-3’; reverse primer, 5’-

GCCCTGTAGGTGAGGTTGAT-3’; β -actin gene forward primer, 

5’GGCTGTATTCCCCTCCATCG-3’; reverse primer, 5’CCAGTTGGTAAC 

AATGCCATGT-3’. 
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The mRNA expression levels for IFN- 𝛼2, IFN- 𝛼4, or IFN-β with respect to β-

actin were calculated using the delta-delta cycle threshold (Ct) method (2-ΔΔCt) and the 

standard error of the difference between means were determined using Microsoft Excel. 

5.17 Microscopy imaging of RAW 264.7 cells 

From confluent RAW 264.7 cells, 2x105 macrophage cells were plated in 35mm 

dishes and incubated at 37˚C, 5% CO2 for 24 h. The next day, MVs (1 µg/mL) were 

labeled with 1 µL SYTO RNASelect (1 µM). Unincorporated dye was removed by 

washing MVs in HEPES-NaCl 2X after ultracentrifugation at 200,000 for 1 h. The RAW 

264.7 growth media was changed to fresh DMEM with 10% FBS and macrophages were 

treated with purified MVs (10 µg/mL protein). After 10 minutes of stimulation, 

macrophages were washed with 1X PBS and fixed with 4% paraformaldehyde. For 

immunostaining, cells were permeabilized with warmed 0.1% Triton X-100 in PBS for 5 

min (this step was repeated 3X). Cells were then incubated in blocking solution (1% 

bovine serum albumin in PBS) overnight at 4˚C. The following day, the cells were 

washed in PBS and incubated for 1-h at RT with 1 mL anti-Early Endosomal Antigen 1 

(EEA1) monoclonal antibody (F.43.1; Invitrogen) diluted 1:200 in blocking buffer. Cells 

were then rinsed for 5 min at RT (3X) with PBS and incubated with secondary antibody 

(Alexa Fluor 647 diluted 1:2,000 in blocking buffer; Invitrogen) for 45 min at RT. The 

cells were then rinsed 3X for 5 min in 1X PBS and imaged using an N–STORM super 

resolution microscope (Nikon). The extent of colocalization between MV-RNA and the 
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endosomal marker EEA1 was calculated using the CoLocalizer Pro 5.2 software with the 

Mander’s overlap coefficient algorithm (Colocalization Research Software, Switzerland, 

Japan). 

5.18 5-ethynyl uracil (EU) labeling and imaging of bacterial RNA 

To label S. aureus cells with 5-EU in vivo, we grew a 5 mL overnight bacterial 

culture at 37˚C with shaking (200 rpm) in RNased NB. The following day, the cultured 

cells were diluted 1:500 by adding 20 µL of the cell suspension to a flask containing 10 

mL RNased NB and 10 µL 5-EU (100 mM stock solution; Invitrogen), giving a final 

concentration of 100 µM 5-EU. Cells were grown to OD600 of 1 (~5 h) and 1 mL of the 

cultured cells was removed and centrifuged at 18,000 x g for 5 min. Cell pellets were 

washed in PBS and fixed using 500 µL of fixation solution (4% paraformaldehyde in 

PBS; Sigma-Aldrich) for 15 min at RT followed by a 15 min incubation on ice. Fixed cells 

were washed 3X in PBS and permeabilized by resuspending the fixed cell pellet in 200 

µL lysostaphin (80 µg/mL solution in TE buffer) and incubating at 37˚C for 15 min. 100 

µL of permeabilized cells were pipetted onto coverslips coated with 0.01% poly-L-lysine 

(Sigma-Aldrich). Cells were allowed to adhere to the coverslip at RT for 15 min and 

unbound cells were washed with PBS. To detect 5-EU labeled RNA by fluorescence 

microscopy, the commercially available kit, Click-iT RNA Alexa Fluor 488 Imaging Kit 

(Invitrogen) was used. The Click-iT reaction cocktail was prepared and added onto 

coverslip-adhered cells according to the manufacturer’s instructions. After removing the 
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Click-iT reaction rinse buffer, coverslips were washed once more with PBS (protected 

from light). The coverslips were then mounted onto a clean microscope slide using 

ProLong Diamond Antifade Mountant with DAPI (Invitrogen). CSLM was carried out 

using a Zeiss LSM 880 inverted confocal microscope and images were acquired using a 

40x water immersion objective. Image acquisition of 5-EU Alexa Fluor 488-labeled cells 

was carried out with the 488 nm Argon laser, the 405 nm Diode laser was used to 

acquire signals from DAPI-stained cells, and brightfield images were captured using the 

transmitted light detector (T-PMT). Acquired images were processed and analyzed 

using the ZEN Blue 2.3 software (Zeiss). 

5.19 5-EU labeling of MV-associated RNA and DiD-MV labeling 

5-EU labeling of S. aureus RNA for MV isolation was performed as described 

above, except cells were grown in a flask containing 250 mL RNased NB supplemented 

with 150 µM 5-EU. After reaching mid-log phase (OD600 of 1.0), MVs were isolated from 

the supernatant of the culture as delineated in the “Membrane Vesicle Isolation” section. 

However, after the initial filtration step, supernatants were pelleted using a Beckman 

Avanti J-25 centrifuge (38,400 x g, 3h, 4˚C; JLA-16.250 rotor), followed by 

ultracentrifugation and filtration using a 0.22-µm pore size, hydrophilic polyvinylidene 

fluoride filter (Merck Millipore Germany). MV preparations were tested for sterility and 

the protein concentration was measured using a Bradford assay.  
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For MV RNA uptake assays, 5-EU RNA MVs were treated with benzonase as 

described in the “Macrophage response assays with nuclease-treated MVs” section. 

Following benzonase treatment, bMVs were labeled with 5% (v/v) DiD Vybrant cell-

labeling solution (Molecular Probes). Specifically, 47.5 µL bMVs were incubated with 2.5 

μL DiD (5 μM) for 30 min at 37˚C (protected from light). Unbound dye was removed by 

ultracentrifugation (200,000 x g, 30 min, 4˚C), MVs were washed in PBS, and subjected to 

ultracentrifugation once more. DiD-labeled 5-EU RNA bMV pellets were resuspended in 

47.5 µL PBS and stored at -20 ˚C.  

bMVs purified from S. aureus cells grown in the absence of 5-EU were also 

stained with 5% (v/v) DiD and with 5% (v/v) SYTO RNASelect working stock solution (5 

µM). bMVs were then incubated at 37˚C for 30 min, and unincorporated dye was 

removed by ultracentrifugation 2X. DiD + SYTO RNA-labeled bMVs were resuspended 

in PBS and stored at -20 ˚C.  

5.20 Airyscan super-resolution microscopy imaging of MV uptake by 

macrophages 

RAW 264.7 cells or wild-type macrophages (2 x 105 cells/well in 6-well plates) 

were grown on poly-L-lysine-coated glass coverslips in DMEM supplemented with 10% 

FBS. After 24 h, macrophages were treated with 5 µg/mL unlabeled bMVs, SYTO RNA-

labeled bMVs, DiD-labeled 5-EU RNA bMVs, or with DiD + SYTO RNA-labeled bMVs 

for 1 h. Macrophages were then washed with PBS, fixed with pre-warmed 4 % 
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paraformaldehyde in 1X PBS for 15 min at RT. Fixed cells were washed with PBS 3X and 

permeabilized with 0.2% saponin (Sigma-Aldrich) for 10 min at RT. After washing 3 

times with PBS, 5-EU RNA bMV-treated macrophages were incubated with the Click-iT 

reaction cocktail containing CuSO4 and Alexa Fluor 488 azide to label internalized bMV- 

5-EU RNA according to the manufacturer’s instructions. For colocalization assays of 

bMV-RNA in RAW 264.7 cells, the permeabilized macrophages were incubated in 

blocking buffer (1% BSA in PBS) with or without human monoclonal IgG1 kappa 

isotype control antibody (10 µg/mL; GeneTex; Cat # GTX35068) for 2 h at RT. The 

macrophages were then incubated with EEA1 antibodies conjugated to Alexa Fluor 647 

(1:100 dilution in blocking buffer; Santa Cruz Biotechnology; Cat # sc-137130) for 1 h at 

RT. The coverslips were washed three times in PBS and mounted onto slides in ProLong 

Diamond Antifade Mountant with DAPI. 

All samples were imaged using a Zeiss LSM 880 inverted confocal equipped with 

an Airyscan detection unit (63x/1.4 oil immersion objective). DAPI was excited at 405 

nm, Alexa Fluor 488 and SYTO RNASelect were excited at 488 nm, DiD or EEA1-Alexa 

Fluor 647 were excited at 633 nm, and brightfield images were captured using the T-

PMT. After acquisition of selected cells using T-PMT in confocal mode, cells were 

imaged in super-resolution mode with the Airyscan detector (pinhole size 1.25 AU). The 

z-stack module was used to capture between 40 and 64 sections per z-stack (6.209 µm 

and 10.045 µm, respectively) at 0.16 µm intervals per slice. These intervals were 
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automatically calculated by the Zen Black software to fulfill Nyquist criteria. 

Consecutive Z-stack images captured by Airyscan were reconstructed to a 3D image 

using the Zen Blue 2.3 software (using maximum intensity projection). 

6. Concluding Remarks 

Membrane vesicles (MVs) are membrane-bound particles produced by Gram-

positive bacteria that were first observed almost 40 years ago. As outlined in the 

introduction of this dissertation, early observations of vesicular structures released by 

Gram-positive bacteria were largely overlooked in the field of microbiology until 2009 

when a series of papers characterizing the protein composition and biological activities 

of MVs were published (Lee et al., 2009; Rivera et al., 2010). Since then, mounting 

evidence has continued to reinforce the hypothesis that MVs are important contributors 

to bacterial pathogenicity by encapsulating a complex mixture of bacterial 

macromolecules and transferring their cargo across cellular boundaries, either locally or 

distally. 

Nanosized vesicles are produced by all domains of life and can contain a variety 

of biomolecules, including proteins, lipids, small molecules, and nucleic acids. When 

delivered to recipient cells, the contents of MVs can steer the immune response of host 

cells, thereby influencing the outcome of bacterial infections (Briaud and Carroll, 2020; 

Brown et al., 2015; Kaparakis-Liaskos and Ferrero, 2015; Macia et al., 2020; Palacios et al., 

2020). As such, MVs are increasingly considered to play important roles in cross-
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kingdom molecular exchange between bacteria and their hosts, leading to modulation of 

host immunity responses and pathogen virulence. Over the past decade, studies of 

bacterial MVs (BMVs) have primarily focused on their biological activities mediated by 

BMV-associated proteins and toxins (Bose et al., 2020; Briaud and Carroll, 2020; Brown et 

al., 2015). Recently, it has been found that nucleic acids are also packaged into BMVs and 

that they can be delivered to host recipient cells and potentially contribute to the 

immunomodulatory functions of BMVs (Blenkiron et al., 2016; Koeppen et al., 2016; 

Tsatsaronis et al., 2018; Vidakovics, 2010). Nonetheless, secretion of RNA and DNA via 

BMVs is an emerging field of study in the host-pathogen interaction network and at the 

onset of this project in 2016, very little was known regarding the composition and 

functions of BMV-associated RNA and DNA molecules in Gram-positive bacteria (JW et 

al., 2018; Liao et al., 2014; Resch et al., 2016; Senpuku et al., 2019). Much of our 

understanding of BMV-associated RNA and DNA comes from studies in Gram-negative 

bacteria, but even then, many basic questions regarding the RNA and DNA content and 

function of BMVs have not been fully answered. Are BMV-associated nucleic acids 

functional and are they transferred between cells as a form of intercellular 

communication? Are RNA and DNA molecules selectively packaged into BMVs, and if 

so, what mechanisms govern the specific loading of RNA and DNA into BMVs? Are 

BMV-associated nucleic acids localized inside and/or on the surface of BMVs? Does the 
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localization of BMV nucleic acid cargo affect recognition and uptake of BMVs by host 

immune cells? 

 Our primary aim for this project centered on the hypothesis that the human 

pathogen, Staphylococcus aureus, produces and releases MVs containing 

immunomodulatory RNA and DNA molecules that can be delivered to host innate 

immune cells. S. aureus are known to secrete biologically active MVs that interact closely 

with other bacterial species (Im et al., 2017; Lee et al., 2013a), keratinocytes (Hong et al., 

2014; Kwon et al., 2019), and with host innate immune cells (Choi et al., 2015; 

Heilbronner et al., 2018; Jun et al., 2017; Kim et al., 2012; Tartaglia et al., 2018; Wang et 

al., 2020, 2021b; X Wang et al., 2018). Furthermore, a collection of studies has established 

DNA and RNA molecules produced by S. aureus as important triggers of innate immune 

responses (Bergstrøm et al., 2015; Oldenburg et al., 2012; Parker, 2014; Parker and Prince, 

2012b). However, the mechanisms by which S. aureus releases immunomodulatory 

nucleic acids and how those nucleic acids are able to gain access to intracellular 

compartments of host immune cells had not been addressed. In this dissertation, I have 

addressed previously unresolved questions related to the RNA and DNA cargo of MVs 

secreted by Gram-positive bacteria by developing and optimizing methods to study the 

uptake and immunomodulatory function of MV-associated nucleic acids derived from S. 

aureus.  



 

174 

In agreement with previous studies (Blenkiron et al., 2016; Ghosal et al., 2015; 

Koeppen et al., 2016; Malabirade et al., 2018; Resch et al., 2016; Sjöström et al., 2015), the 

data obtained from our work indicates the presence of short RNA molecules in MVs. We 

also show for the first time that S. aureus secretes DNA molecules in association with 

MVs and that a significant portion of those DNA molecules are protected from DNase 

degradation. Intriguingly, we identified RNA subpopulations that were either 

susceptible or highly resistant to RNase degradation. As discussed extensively in 

Chapter 2 of this dissertation, future studies are warranted to better understand the 

structural and molecular properties that allow certain EV-associated nucleic acids to 

become resistant to nuclease degradation. 

The research presented in this dissertation also reveals a novel 

immunomodulatory role for MVs derived from S. aureus cells. We report a potent 

Interferon-ß (IFN-ß) mRNA induction in cultured mouse macrophages in response to S. 

aureus MVs. MV-mediated IFN-ß mRNA induction was determined to rely on Toll-like 

receptor (TLR) signaling based on experiments where macrophages deficient in MyD88 

and TRIF (two adapter proteins that signal downstream of TLRs) were found to be 

significantly impaired in their ability to induce IFN-ß mRNA. Moreover, IFN-ß mRNA 

expression was significantly reduced in endosomal TLR-deficient macrophages, 

indicating that MV-mediated IFN-ß mRNA expression is largely induced by endosomal 

TLR activation. TLR3 recognizes dsRNA, which points to the possibility that S. aureus 
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MVs are packaged with immunostimulatory dsRNA molecules. TLR7 has previously 

been found to recognize S. aureus tRNA, as well as ssRNA molecules. Meanwhile, TLR9 

is known to recognize Staphylococcal CpG DNA, which can lead to Type I Interferon 

production. Altogether, these results suggest that IFN-ß mRNA is significantly induced 

by MV-associated RNA and to a lesser extent by MV-associated DNA. Although the 

findings described in this dissertation shed light on the biology and immunomodulatory 

functions of MV-associated nucleic acids, many questions still remain unresolved. 

In our work, we showed that S. aureus MVs exhibit dose-dependent 

immunomodulatory effects on cultured mouse macrophages. Here, the amount of MVs 

was determined according to their total protein concentration measured using 

colorimetric protein assays. However, it is unclear if total protein concentration of MVs 

from different bacterial species is always correlated with the activity of MV-associated 

RNA and DNA molecules. Therefore, it will be advantageous to use complementary 

methods of MV quantification in order to confidently establish dose-dependent 

responses in vitro (Hartjes et al., 2019). It is important to note however, that precise 

quantification and characterization of MVs is currently hampered by technical 

limitations. Nanoparticle tracking analysis (NTA) is increasingly used to enumerate 

BMVs and could therefore be used in conjunction with colorimetric protein assays to 

establish dose-dependent properties of MVs (Hartjes et al., 2019). NTA relies on 

recording the trajectory of particles undergoing Brownian motion over time and 
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estimating the concentration and size of nanoparticles according to scattered light. 

Nonetheless, this method is not without limitations. In fact, NTA is notorious for 

misrepresenting the concentration and size distribution of EVs as it is unable to 

differentiate the light scattering properties of EVs from similarly sized complexes (e.g., 

protein aggregates). Great efforts are currently underway to improve upon these 

quantification methods and to develop novel techniques for EV quantification 

(Bordanaba-Florit et al., 2021; Dehghani et al., 2021; Gupta et al., 2021; Maia et al., 2020; 

Mateescu et al., 2017; Rupert et al., 2017; Serrano-Pertierra et al., 2020). 

MVs harbor molecular cargo other than RNA and DNA, therefore exclusive 

nucleic-acid dependent activity cannot be assumed for MVs. It is conceivable that MV-

associated molecules localized on the surface of MVs interact with host surface receptors 

to initiate uptake and/or signaling cascades leading up to activation of immune 

responses. Whether RNA and DNA are the primary functional molecules in a 

subpopulation of MVs will require intensive investigation on MV subpopulations of 

interest. Answering these types of questions at present is technically challenging. One 

important consideration that will need to be taken into account when addressing 

questions of MV activity and specificity is how to separate and categorize MV 

subpopulations. The inherent heterogeneity of MVs purified from bacterial cultures 

undoubtedly contributes to the broad biochemical and physical properties that have 

been reported for MVs secreted from the same bacterial species (Briaud and Carroll, 
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2020; Kim et al., 2015; Silva Rosa da Luz et al., 2021). MV heterogeneity further 

accentuate the importance of using highly purified MV preparation for immunological 

assays and not crude MV preparations, which are likely to be contaminated with non-

MV associated, immunologically active contaminants. At present, BMV subpopulations 

can be more narrowly characterized by obtaining pure BMV preparations using density 

gradient-based isolation methods (Dauros Singorenko et al., 2017; Klimentová and 

Stulík, 2015; Nasukawa et al., 2021). However, we and others show that MV populations 

of similar buoyant density can still exhibit heterogeneity with respect to their size, 

morphology, and molecular content (Dauros Singorenko et al., 2017; Nagakubo et al., 

2020), but recent methods developed to separate BMVs using size exclusion 

chromatography columns could help improve the isolation of molecularly distinct BMV 

subpopulations (Collins et al., 2021; Dauros Singorenko et al., 2017).  

There is an urgent need to develop novel therapeutic approaches to treat 

bacterial infections caused by antibiotic-resistant bacteria such as S. aureus (Guo et al., 

2020; Suresh et al., 2019; Teitzel, 2019; Vanamala et al., 2021; Wang and Wang, 2021). The 

development of such new therapeutic methods will require a systemic understanding of 

all the strategies used by S. aureus to modulate host immune responses during S. aureus 

pathogenesis. Because all pathogenic bacteria produce BMVs capable of interacting with 

and delivering virulence factors to mammalian cells, BMVs have attracted considerable 

attention as key mediators of dynamic host-pathogen interactions. The ability of bacteria 
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to selectively package certain active macromolecules into BMVs while excluding other 

molecules indicates that vesiculation is driven by temporal and spatially regulated 

processes, which could implicate BMVs in the development and spread of antibiotic 

resistance within specific microbial communities (Bonnington and Kuehn, 2014; Haurat 

et al., 2015; Kim et al., 2015; Kulp and Kuehn, 2010; McBroom and Kuehn, 2007; 

Schwechheimer and Kuehn, 2015). Understanding how these vesicles are formed by 

bacteria and what bacterial determinants affect the inclusion of certain biologically 

active content that gets delivered to recipient cells is paramount for the development of 

treatments against human pathogens, such as S. aureus. Altogether, the data presented in 

this dissertation extends the current knowledge concerning the molecular cargo of S. 

aureus MVs and establishes a novel role for S. aureus-derived MVs as potent inducers of 

the IFN-ß response in mouse macrophages through activation of nucleic acid receptor 

signaling pathways. 
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