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The production of extracellular vesicles is a ubiquitous process in both Gram-negative and Gram-positive bacteria. 

Gram-negative bacteria produce and secrete outer membrane vesicles during in vitro culture and in vivo infection and 

their contribution to bacterial pathogenesis has been well characterized. However, little is known about extracellular 

vesicles in Gram-positive bacteria. Until now, only few Gram-positive bacterial species, Staphylococcus aureus, Bacillus 

anthracis, B. cereus, and B. subtilis, have been found to produce membrane vesicles (MVs), but their contribution to 

bacterial pathogenesis has not been understood. Here, I discuss S. aureus MVs in terms of MV production, interaction 

of MVs with host cells, and immune response against MVs to understand its potential role in S. aureus pathogenesis. 
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INTRODUCTION 

 

A variety of Gram-negative bacteria, including pathogenic 

and environmental bacteria, naturally secretes extracellular 

vesicles, so called outer membrane vesicles (OMVs) (1~9). 

These extracellular vesicles are 'blebbed off ' from the outer 

membrane when a portion of the outer membrane bulges out 

(10, 11). OMVs are spherical and bilayered nanovesicles 

with a diameter of 20~300 nm. Based on the biogenesis 

model proposed by Kuehn and Kesty (1), OMVs reflect the 

outer membrane and periplasmic components and they are 

composed of lipopolysaccharides (LPS), phospholipids, 

outer membrane proteins, and periplasmic proteins (5, 12, 

13). Recent proteomic analyses reveal that cytosolic and 

inner membrane proteins are also packaged in the OMVs 

(5, 14). In addition, a wide variety of virulence determinants, 

such as toxins, adhesins, enzymes, and LPS, and pathogen-

associated molecular patterns (PAMPs) has been found in 

the OMVs (8, 15~18). These vesicles play a role in cell-to-

cell communication, nutrient sensing, killing of competing 

bacteria, the delivery of toxins or other virulence deter- 

minant to host cells, and modulation of host immune 

response. Examination of animal infection model and human 

biopsy specimens provides the evidence that Gram-negative 

pathogens can secrete OMVs during in vivo infection 

(19~22). OMVs may directly or indirectly contribute to 

bacterial pathogenesis during infection. 

The OMV production in Gram-negative bacteria has 

been observed for more than 50 years, but the extracellular 

vesicle production in Gram-positive bacteria has not been 

focused, because of the absence of outer membrane in 

Gram-positive bacteria. However, mammalian cells have 

been found to secrete extracellular vesicles, so called 

microvesicles (23~25). The extracellular vesicle production 
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was also identified in eukaryotic pathogens such as 

Cryptococcus neoformans (26, 27). These findings strongly 

implicate that Gram-positive bacteria can also produce 

extracellular vesicles. The possible evidence of extracellular 

vesicles in Gram-positive bacteria has been reported in 1990. 

Using transmission electron microscopic (TEM) analysis, 

the extracellular vesicles were first observed in the surfaces 

of Bacillus cereus and B. subtilis (28). More recently, 

Staphylococcus aureus and B. anthracis have been found 

to produce extracellular vesicles, called membrane vesicles 

(MVs), during in vitro culture (29, 30). The formation of 

extracellular vesicles and their secretion into extracellular 

milieu appear to be a conserved process among both Gram-

negative and Gram-positive bacteria, which are considered 

to be a widely used strategy for pathogenic bacteria to 

deliver a noxious cargo to host cells during infection. This 

review will focus on the MV production in S. aureus and 

the possible contribution of S. aureus MVs to bacterial 

pathogenesis. 

 

MEMBRANE VESICLES OF S. AUREUS 

1. MV production in S. aureus 

S. aureus is a Gram-positive, non-spore forming bacterium 

which causes a wide range of diseases in humans and 

animals, from uncomplicated local infection to life 

threatening systemic infection (31~34). The ability of S. 

aureus to develop diseases is associated with various 

virulence determinants, including structural molecules 

(capsule and protein A), toxins (cytotoxins, exfoliative toxins, 

enterotoxins, and toxic shock syndrome toxin-1), and 

enzymes (coagulase, catalase, hyaluronidase, fibrinolysin, 

lipase, and nuclease) (35, 36). Although Gram-positive 

bacteria usually secrete proteins via the Sec pathway (37), 

the secretion of these virulence determinants from S. aureus 

has not been well understood. Lee et al. (30) for the first 

time provided the evidence that Gram-positive bacterium, 

S. aureus ATCC 14458, produced MVs using TEM analysis. 

Similar to OMVs in Gram-negative bacteria, MVs purified 

from broth culture of S. aureus are spherical, bilayered, 

and membranous structures. The size of S. aureus MVs 

ranges from 20 to 100 nm, which are relatively smaller 

than OMVs derived from Gram-negative bacteria. S. aureus 

produces 3.47 ± 1.3 of MVs per single bacterium. More 

recently, Gurung et al. (38) demonstrated the production and 

secretion of MVs in clinical isolates, S. aureus 103D (toxic-

shock syndrome toxin-1-producing strain) and 06ST1048 

(methicillin-resistant S. aureus, MRSA) as well as type 

strains, ATCC 25923 (control strain for antimicrobial 

susceptibility test) and ATCC 700699 (vancomycin-

intermediate S. aureus Mu50). The size of MVs purified 

from S. aureus 06ST1048 ranges from 20 to 130 nm, which 

are similar to S. aureus ATCC 14458. Moreover, they first 

reported that S. aureus secreted MVs during in vivo 

infection in a mouse pneumonia model. In the infected 

lung tissues, MVs are budded from bacterial surface and 

the secreted MVs are found in the surrounding milieu of S. 

aureus. These findings indicate that S. aureus produces and 

secretes MVs during both in vitro culture and in vivo 

infection (Fig. 1). 

2. Proteins and virulence determinants associated 

with the S. aureus MVs 

Due to the structural differences in the cell walls 

between Gram-positive and Gram-negative bacteria, Gram-

positive bacteria may have a different biogenesis mechanism 

of MVs, which may result in compositional differences 

between Gram-positive bacterial MVs and Gram-negative 

bacterial OMVs. With a proteomic analysis, a total of 90 

proteins were identified in the MVs of S. aureus ATCC 

14458 (30), whereas a total of 143 proteins were identified 

in the MVs of clinical isolate of S. aureus 06ST1048 (38). 

Differences in protein composition between MVs of two S. 

aureus strains are possibly due to the bacterial strains and/or 

analysis techniques applied, such as the MV preparation 

and proteome analysis tool. Cytoplasmic proteins are the 

most common in the S. aureus MVs, which accounts for 

56.7%, followed by extracellular (23.3%) and membrane 

proteins (16.7%) (30). There are some differences in the 

predominance of MV proteins between two S. aureus 

strains: IgG-binding protein, serine hydroxymethyltransferase, 

glyceraldehyde-3-phosphate dehydrogenase 1, staphylo- 
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coccal secretory antigen, and NADH dehydrogenase-like 

protein are the most common in the MVs of S. aureus 

ATCC 14458, whereas a putative pyruvate dehydrogenase 

E1 component β subunit and dihydrolipoamide acetyl- 

transferase component of pyruvate dehydrogenase complex 

are the most common in the MVs of S. aureus 06ST1048. 

Several virulence-associated proteins are also found in 

the S. aureus MVs. β-lactamases packaged in the S. aureus 

MVs inactivate nitrocefin, chromogenic cephalosporin sub- 

strate (38), suggesting the biologically active β-lactamases 

in the S. aureus MVs. In addition, a variety of virulence 

factors associated with bacterial persistence in the infected 

host, tissue destruction, and induction of immune response 

are detected in the S. aureus MVs: they include super- 

antigens, toxins, tissue destruction enzymes, immune 

evading factors, and proteins associated with bacterial 

adherence to host cells (Table 1). Therefore, S. aureus MVs 

may directly or indirectly contribute to disease development 

and progression. 

3. Delivery of MV components to host cells 

OMVs of Gram-negative bacteria are delivered to the 

cytoplasm of host cells via either receptor-mediated 

endocytic pathway or the fusion with host cell plasma 

membranes (2, 39), although the fusion of OMVs with 

plasma membrane of host cells is still under debate. Lipid 

rafts on the plasma membrane of host cells are essential for 

the delivery of OMV components to host cells (16, 40, 41). 

Toxins or other molecules on the vesicular membrane can 

bind specifically to the receptors within lipid rafts. LPS is 

responsible for the binding of Pseudomonas aeruginosa 

OMVs to macrophage surfaces (8). 

Like the delivery of OMV components to host cells, MV 

components of S. aureus are likely to enter the cytoplasm 

of host cells via a cholesterol-rich membrane microdomain 

(38). Two documented MV proteins, protein A and β-

lactamases, are detected in the cytoplasm of epithelial 

HEp-2 cells treated with S. aureus MVs. Protein A is first 

detected in the cytoplasm of epithelial HEp-2 cells within 5 

min and then persist for 24 h after treatment (unpublished 

data). However, MV proteins are not detected in the cells 

when cells are pretreated with a cholesterol destructing agent, 

methyl-β-cyclodextrin (MβCD). Moreover, MV components 

are rarely detected in the cytoplasm of host cells when cells 

are treated with MVs lysed with ethylenediaminetetraacetic 

acid (EDTA) (38). These findings suggest that MVs are an 

important vehicle for the delivery of bacterial components, 

including virulence determinants, to host cells. However, 

Figure 1. Membrane vesicle production in S. aureus. (A). Transmission electron micrograph (TEM) of MVs prepared from S. aureus
ATCC 25923 cultured in Luria-Bertani broth. (B) Production and secretion of MVs from S. aureus 06ST1048 during in vivo infection. 
Mice were infected with S. aureus 06ST1048 intratracheally for 18 h. The infected lung tissues were prepared for TEM analysis. Arrows
indicate MVs produced by S. aureus. 
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future studies will clearly be necessary to identify other 

delivery mechanisms of MVs and determine the bacterial 

molecules associated with lipid rafts. The subsequent 

trafficking pathway of MVs following the entry should be 

also clarified. 

4. Cytotoxicity of S. aureus MVs 

OMVs derived from several pathogenic Gram-negative 

bacteria, including Acinetobacter baumannii, enterotoxigenic 

Escherichia coli, and P. aeruginosa, induce cytotoxicity of 

host cells (8, 16, 41). B. anthracis MVs containing toxin 

components, such as protective antigen, lethal factor, and 

edema factor, can also induce cytotoxicity of macrophages 

(29). It has been recently reported that MVs of clinical 

MRSA 06ST1048 isolate induce morphological changes of 

HEp-2 cells, such as cellular shrinkage, nuclear conden- 

sation, and nuclear fragmentation, and then finally result in 

apoptotic cell death (38). The cytotoxicity of S. aureus 

MVs on epithelial HEp-2 cells is apparently in dose- and 

time-dependent manners. However, neither MVs lysed 

with EDTA nor pretreatment of MβCD in the cells induces 

cytotoxicity of epithelial cells. To clarify whether cyto- 

toxicity is a common phenomenon in S. aureus MVs, MVs 

were purified from different S. aureus strains and treated to 

HEp-2 cells. However, no cytotoxicity was observed in 

HEp-2 cells treated with MVs from other S. aureus strains, 

except from S. aureus 06ST1048 (unpublished data). These 

results suggest that cytotoxicity induced by S. aureus MVs 

is dependent on S. aureus strains, but not a common 

phenomenon in all S. aureus MVs. Bacterial effector 

molecules that induce cytotoxicity of host cells have not 

been determined yet. 

 

Table 1. Virulence determinants and their activities identified in S. aureus membrane vesicles 

Virulence determinants Pathogenesis-associated activity References 

Extracellular-associated   

α-hemolysin Cytolysis of cells 30 

β-lactamase Hydrolysis of β-lactam antibiotics 30, 38 

Extracellular matrix and plasma-binding protein Adhesin 30 

γ-hemolysin component C Hemolysis of host erythrocyte 30 

IgG-binding protein Pathogenesis (component of protein A) 30, 38 

Staphopain A Proteolysis 30 

Staphylococcal secretory antigen ssaA1 Pathogenesis 30 

Staphylococcal secretory antigen ssaA2 Pathogenesis 30 

Staphylocoagulase precursor Coagulation 30 

Cytoplasmic membrane-associated   

77 kDa membrane protein Pathogenesis (uncharacterized) 30 

ABC transporter extracellular binding protein Transporter, pathogenesis-associated 30 

Hypothetical protein MW1942 Cytolysis of cells of another organism 30 

Membrane protein oxaA Resistance to β-lactam antibiotics 30 

Penicillin-binding protein 2 Resistance to methicillin 38 

Putative ferrichrome-binding lipoprotein precursor Iron utilization 38 

Staphylococcal enterotoxin SeQ Enterotoxin 38 

Cytoplasm-associated   

Ferritin Iron and manganese utilization 38 



Staphylococcus aureus Membrane Vesicles and Its Potential Role in Bacterial Pathogenesis 185 

 

5. Innate immune response against S. aureus MVs 

S. aureus MVs are considered to be a potent initiator of 

immune responses. Although the composition of S. aureus 

MVs has not been fully characterized, a variety of PAMPs, 

including membrane proteins, peptidoglycans, lipoteichoic 

acid, and other bacteria-specific molecules, can be packaged 

in the S. aureus MVs, by which PAMPs packaged in the 

MVs interact with pattern-recognition receptors (PRRs) 

located on either the cytoplasmic membrane or the cyto- 

plasm. Recognition of PAMPs by PRRs activates signal 

transduction cascades to initiate a defense response to fight 

invading bacteria. The MVs purified from S. aureus ATCC 

14458 enhance the secretion of pro-inflammatory cytokines, 

including interleukin (IL)-6 and macrophage inflammatory 

protein (MIP)-1α, in mouse dermal fibroblasts (42). 

Moreover, MVs purified from a clinical MRSA isolate, S. 

aureus 06ST1048, also induce IL-1α, IL-6, IL-8, and 

MIP-1α in a transformed human keratinocytes, HaCaT 

cells (unpublished data). The silencing of Toll-like receptor 

(TLR) 2 and nucleotide-binding oligomerization domain-

containing protein 2 (NOD2) genes by small interfering 

RNA results in the downregulation of proinflammatory 

cytokine genes in HaCaT cells treated with S. aureus MVs 

(unpublished data). This result indicates that diacylated 

lipoprotein and peptidoglycan packaged in the S. aureus 

MVs are responsible for the expression of proinflammatory 

cytokine genes, because TLR2 and NOD2 are the receptors 

for diacylated lipoprotein and peptidoglycan, respectively. 

6. Association of S. aureus MVs with human disease 

Atopic dermatitis (AD) is a chronic relapsing inflam- 

matory skin disease with immunopathologic features that 

vary depending on the duration of the lesion (43~45). The 

AD lesions are highly susceptible to colonization or infection 

of S. aureus (46~48). S. aureus is isolated from ≥80% of 

skin lesions of AD patients. Although S. aureus infection is 

known to trigger skin inflammation and modulation of 

immune responses to exacerbate clinical AD, the underlying 

mechanisms by which S. aureus infection can worsen the 

AD lesions are not fully understood. Several S. aureus 

products, protein A, lipoteichoic acid, and peptidoglycan, 

are able to induce cytokine production and inflammatory 

responses in vitro assay (49), but the cutaneous application 

of these bacterial products does not induce major skin 

alterations that are observed in the AD lesions. Additional 

specific virulence factors or a complex of bacterial mole- 

cules are required for the development or worsening of 

AD. 

Hong et al. (42) for the first time determined that S. 

aureus MVs are associated with the development of AD. 

They have demonstrated that S. aureus MVs produce 

proinflammatory mediators, including IL-6, MIP-1α, thymic 

stromal lymphopoietin, and eotaxin, in the cultured dermal 

fibroblasts. The application of S. aureus MVs in the tape-

stripped mouse skin causes the thickening of epidermis 

and infiltration of mast cells and eosinophils in the dermis. 

After observing immunopathologies and skin lesions 

induced by S. aureus MVs, they concluded that S. aureus 

MVs could induce AD-like inflammation in the skin. Our 

team tried to determine whether S. aureus MVs were 

responsible for the worsening of AD. Mice were pretreated 

with the extract of house dust mite (Dermatophagoides 

farinae extract) for the development of AD and then applied 

S. aureus MVs in the skin lesions. S. aureus MVs exaggerate 

eczematous skin lesions, which are associated with a mixed 

Th1/Th2 immune response (unpublished data). Moreover, 

mice group treated with house dust mite and then S. aureus 

MVs shows a significant thickening of epidermis as 

compared to mice group treated with house dust mite. This 

result indicates that S. aureus MVs are directly responsible 

for the worsening of AD. Based on both experimental 

results, it is clear that S. aureus MVs are associated with 

the development and progression of AD. 

 

CONCLUSION REMARKS 

 

The extracellular vesicle production is an evolutionally 

conserved process in both Gram-positive and Gram-negative 

bacteria. MVs derived from Gram-positive bacteria share 

common features with Gram-negative bacterial OMVs in 

terms of morphology, delivery mechanism to host cells, 
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cytotoxicity, and immune modulation. Although the MV 

production and their roles in bacterial pathogenesis have 

not been studied in a variety of Gram-positive pathogens, 

MVs play a role in the delivery of bacterial components, 

including virulence determinants, to host cells, which are 

likely to be a good candidate to prevent or reduce disease 

development or progression. Future work in bacterial 

extracellular vesicles is likely to focus on the development 

of a novel therapeutics that blocks vesicle production in 

bacteria and vesicle delivery to host cells. Moreover, it is 

likely to develop MV vaccines against Gram-positive 

pathogens, since MVs are a complex of bacterial antigens. 
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