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Legionella pneumophila is an opportunistic intracellular pathogen that inhabits 
artificial water systems and can be transmitted to human hosts by contaminated 
aerosols. Upon inhalation, it colonizes and grows inside the alveolar macrophages 
and causes Legionnaires’ disease. To effectively control and manage Legionnaires’ 
disease, a deep understanding of the host-pathogen interaction is crucial. 
Bacterial extracellular vesicles, particularly outer membrane vesicles (OMVs) have 
emerged as mediators of intercellular communication between bacteria and 
host cells. These OMVs carry a diverse cargo, including proteins, toxins, virulence 
factors, and nucleic acids. OMVs play a pivotal role in disease pathogenesis by 
helping bacteria in colonization, delivering virulence factors into host cells, and 
modulating host immune responses. This review highlights the role of OMVs in 
the context of host-pathogen interaction shedding light on the pathogenesis of 
L. pneumophila. Understanding the functions of OMVs and their cargo provides 
valuable insights into potential therapeutic targets and interventions for combating 
Legionnaires’ disease.
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1. Introduction

Lower respiratory infections are the fourth leading cause of death worldwide (WHO, 2020). 
Pneumonia is the most common type of lower respiratory tract infection clinically represented 
by pulmonary alveoli inflammation and caused by a diverse class of pathogens including viruses, 
bacteria, parasites, and fungi. Among many kinds of pneumonia infections, Legionnaires’ is a 
severe manifestation which is caused by the bacteria “L. pneumophila.” Recent studies have 
identified Legionella spp. among the four most common microbial causes of hospitalizations due 
to community-acquired pneumonia (CAP) (Stout and Yu, 1997; Woodhead, 2002). Although it 
is primarily associated with CAP, Legionnaires’ disease is also observed in healthcare settings as 
hospital-acquired pneumonia (HAP) when water systems are poorly managed in hospitals.

Legionella pneumophila, the causative agent of Legionnaires’ disease was discovered in 1977 
after an outbreak of pneumonia in Philadelphia. Since then it has been linked to many outbreaks 
caused by improper management of artificial water management. As per the WHO report of 
September 2022, the overall death rate of Legionnaires’ disease is 5–10% among all infected 
individuals and 40–80% in immunocompromised patients. Proper case management can reduce 
the mortality rate in immunocompromised to 5–30% (WHO, 2022). Perhaps as a result of a 
variety of variables such as host risk factors, late diagnosis and poorly maintained artificial water 
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systems incidences of Legionnaires’ disease are increasing every year. 
To control incidences and improve disease management, 
understanding the host-pathogen interaction is vital, potentially 
paving the way for the development of targeted therapeutics 
and interventions.

Recent research has highlighted bacterial extracellular vesicles as 
mediators of communication among bacteria and, between bacteria 
and host cells. These vesicles contribute to the development of disease 
and regulate the host immune response. Extracellular vesicles are lipid 
bilayer structures released by living organisms of all domains. The 
name of these vesicles varies depending on the type of organism and 
the nature of originating cells. As gram-negative bacteria like 
L. pneumophila contain an outer membrane, vesicles shed by gram-
negative bacteria are named outer membrane vesicles (OMVs). 
Although OMVs were first discovered and visualized by Narayan in 
1966, the mechanisms of OMVs regulation and functions are still 
unclear (Chatterjee and Das, 1967). This review summarizes the 
pathogenesis of L. pneumophila, role of OMVs in host-pathogen 
interactions, and addresses gaps in the study of L. pneumophila OMVs 
highlighting their importance in the host-pathogen interaction.

2. Legionella pneumophila

Intracellular pathogen L. pneumophila is an aerobic obligate gram-
negative rod that widely inhabits the freshwater environment. This 
organism is an opportunistic pathogen causing either mild-flu like 
illness known as Pontiac fever or acute form of pneumonia known as 
Legionnaires’ disease (Hamilton et al., 2018). Typically, the organism 
is found in freshwater in free form or association with biofilms. The 
ability of L. pneumophila to reproduce within biofilms offers additional 
defense against environmental stresses like biocides, nutrient 
depletion, and adverse temperatures. The organism can also infiltrate 
and persist intracellularly in a variety of protozoans including 
Acanthamoeba, Vermamoeba, and Naegleria etc. in both soil and 
aquatic environments (Newsome et al., 1985; Atlas, 1999; Siddiqui 
et  al., 2021). Since the life cycle of the L. pneumophila generally 
requires endoparasitization and reproduction within eukaryotic 
protists like amoebae, L. pneumophila have also developed the ability 
to infect human cells, particularly the macrophages.

The typical route of transmission of L. pneumophila is through 
inhalation of contaminated aerosols. Common sources of the spread 
of L. pneumophila in communities include humidifiers, whirlpool 
spas, air conditioning cooling towers and, hot and cold water systems 
(Mondino et  al., 2020). While in hospitals, infection can occur 
through the exposure of newborns to infectious aerosols during water 
deliveries and the aspiration of contaminated water by susceptible 
hospitalized patients (Muder et al., 1986; Franzin et al., 2001). Direct 
human-to-human transmission has not yet been documented (Lorry 
and Rubin, 2008).

Soon after being taken up by lung macrophages, L. pneumophila 
bypasses the airway defense system by evading endocytic 
maturation pathway, preventing phagosome-lysosome fusion and 
developing a niche for replication called LCV (Legionella containing 
vacuole). This LCV compartment differs from phago-lysosome 
compartment since it does not acidify and is formed by recruitment 
of vesicles from rough endoplasmic reticulum (ER) (Robinson and 
Roy, 2006). Following the establishment of replication niche, 

L. pneumophila secrete effector proteins to modulate host cell 
signaling, host membrane trafficking, ubiquitin and autophagy 
pathways to favor its replication inside host. L. pneumophila 
multiplying inside the LCV is knowns as the replicative phase of the 
infection cycle. The intracellular replication cycle within the lung 
cell is completed after depletion of nutrients after which 
L. pneumophila shifts toward transmissive phase by destroying the 
host cell and release from it. The released bacteria then spread to 
nearby host cells and starts a new infection cycle (Mondino 
et al., 2020).

One of the outstanding features of L. pneumophila is its ability to 
reproduce within different hosts. In order to successfully establish 
infection cycle in multiple hosts series of distinct events are required, 
many of which are performed by action of one or more of over 300 
effector proteins of L. pneumophila (Lockwood et al., 2022). Like other 
bacteria, L. pneumophila uses multiple strategies to deliver proteins 
extracellularly and intracellularly. Particularly, secretion systems are 
known to facilitate the transportation of proteins and other molecules 
which play a vital role in their survival, virulence, and interactions 
with the host. L. pneumophila possesses secretion systems I, II, and IV 
which translocate effector proteins, enzymes, and virulence factors 
from the bacteria across the bacterial membranes, delivering them 
into the host cell cytoplasm. Although the T1SS is dispensable for the 
intracellular life cycle, but it is required for the host cell invasion 
mechanisms (Fuche et al., 2015). The T2SS and T4SS have received 
significant attention in L. pneumophila research because of their 
crucial roles in infection (Cianciotto, 2005). During L. pneumophila 
development inside the cell, the T2SS system transports more than 25 
effector proteins, which are important for bacterial replication in 
various hosts (Cianciotto, 2009; Cianciotto, 2013). Additionally, the 
T2SS may play a role in biofilm formation and the dispersal of 
L. pneumophila from biofilms, which can contribute to bacterial 
transmission and persistence in water systems (Cianciotto, 2009; 
Cianciotto, 2013).

The Dot/Icm type IV secretion system significantly contributes to 
L. pneumophila virulence. Both LCV biosynthesis and intracellular 
replication in human and protozoans hosts require the Dot/Icm T4SS 
(Andrews et al., 1998; Segal and Shuman, 1999; Nagai and Roy, 2003). 
The L. pneumophila T4SS is situated at the poles of bacteria and polar 
secretion of effectors is necessary to alter the host endocytic pathway 
hence promoting bacterial survival in the host (Jeong et al., 2017). 
Importantly, T4SS secrete more than 330 effector proteins which 
regulates all intracellular life stages of L. pneumophila and target the 
fundamental cellular functions shared by protozoa and mammals 
(Kitao et  al., 2020). Effectors Sidk, VipD, and PieE participate in 
L. pneumophila uptake and evasion from the endocytic maturation 
pathway. Many other effector proteins, including SidM, SidD, RaIF, 
and LseA, facilitate the interaction of the endoplasmic reticulum (ER) 
and the formation of LCV. Once the LCV is established, the organism 
secretes many other effectors into the host through the Dot/Icm 
system to hijack host cell functions including mRNA processing, the 
ubiquitin pathway, cell signaling, and cell death pathways (Kitao 
et al., 2020).

Overall, the secretion systems in L. pneumophila are involved in 
many functions like protein synthesis in host cells, the secretion of 
effectors to create an infectious niche, the transfer of DNA, and the 
secretion of autotransporters which are related to virulence and 
pathogenesis of the bacteria (Green and Mecsas, 2016). However, 
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soluble secretion systems are effective over short distances as they 
require close physical contact between bacteria and host cells.

Apart from using secretion systems for protein delivery over short 
distances, L. pneumophila, like other gram-negative bacteria, uses 
outer membrane vesicles (OMVs) as long-distance delivery vehicles 
for transporting bioactive chemicals from bacteria to environment or 
host cells.

3. Outer membrane vesicles

3.1. Production

Secretion of extracellular vesicles (EVs) is a conserved mechanism 
found in all life forms, including bacteria, archaea, fungi, and complex 
eukaryotes (Deatherage and Cookson, 2012). These small lipid-
membrane bounded particles, which range in size from 20–400 nm, 
are released from cells but lack the ability of self-replication (Maas 
et al., 2017; Liu et al., 2022). Bacterial vesicles production was first 
observed in 1960; since then, OMVs have been extensively studied in 
bacteria including Escherichia coli, Neisseria, Vibrio, Bacteroides, 
Pseudomonas aeruginosa, Campylobacter jejuni and Actinobacillus 
(Chatterjee and Das, 1967; Devoe and Gilchrist, 1973; Hoekstra et al., 
1976; Logan and Trust, 1982; Nowotny et  al., 1982; Grenier and 
Mayrand, 1987; Kadurugamuwa and Beveridge, 1995) (Toyofuku 
et al., 2019). In gram-positive bacteria, EVs bud from cytoplasmic 
membrane containing cytoplasmic contents, also known as membrane 
vesicles (MV) whereas in gram-negative bacteria, EV bleb from the 
outer membrane contain both periplasmic and cytoplasmic 
components referred as outer membrane vesicles (OMVs) (Brown 
et al., 2015; Toyofuku et al., 2019). According to recent research, gram-
negative bacteria also release double- and triple-membrane vesicles in 
addition to OMVs which are hypothesized to be the results of bacterial 
cell lysis with and without bacteriophages (Toyofuku et al., 2019).

Although OMVs are produced by various bacterial species, the 
rates of OMV production vary among different bacterial species 
(Devoe and Gilchrist, 1973; Gankema et  al., 1980; Wensink and 
Witholt, 1981; Ribeiro de Freitas et al., 2022). Moreover, the growth 
and nutrient conditions also influence the production and 
composition of OMVs within the same bacterial specie. Several 
studies have shown that bacteria increase vesicle production after 
exposure to certain antibiotics (Orench-Rivera and Kuehn, 2016). This 
increased OMV production can either release more enzymes such as 
beta-lactamases to destroy antibiotics or capture surrounding 
antibiotics by acting as decoys to protect bacteria against certain 
antibiotics. Bacterial vesiculation can also be  influenced by the 
presence of a host. Studies reported differences in OMVs production 
upon exposure to host components and tissue. Using enterotoxigenic 
E. coli infection mouse model, electron microscopy observations 
revealed that vesicles were more abundant on ETEC cells recovered 
post-infection from the mouse small intestine (Ellis and Kuehn, 2010).

3.2. Elements/components of OMVs

Elements of OMVs purified by ultracentrifugation, filtration, or 
chromatography included components predominantly present in 
membranes, such as proteins and lipids of periplasm, as well as other 

cytoplasmic components (Roier et al., 2016). Protein compositions of 
OMVs identified the presence of outer membrane (OM) proteins, 
periplasmic proteins, and flagellin (OMVs derived from motile-
bacteria). In lipid compositions, lipopolysaccharide (LPS) and 
lipoproteins were identified. Notably, a significant abundance of LPS 
component was observed in all OMVs originating from gram-negative 
bacteria (Toyofuku et al., 2019). Flagellin, LPS, OM proteins, and 
lipoproteins are also proposed as key players in OMV biogenesis 
mechanisms (Avila-Calderón et  al., 2021). Oligosaccharides, also 
known as glycans are present in the outer membrane and can be found 
associated with OMVs. Since OMVs are involved in bacteria-bacteria 
and bacteria-host interactions, the successful docking of OMVs with 
other bacterial and host cell surfaces is associated with the presence of 
adhesive oligosaccharides within the OMVs (Knoke et  al., 2020). 
Furthermore, the composition of oligosaccharides in OMVs varies 
among different bacterial strains or species. Thus, oligosaccharide 
present in OMVs composition can serve as a molecular fingerprint of 
the specific type of OMVs. However, further research and analysis are 
necessary to fully understand the diversity and functional significance 
of oligosaccharides within OMVs of different bacterial strains.

Apart from flagellin, oligosaccharide, outer membrane, and 
periplasmic proteins, OMVs contain a variety of cargos, including 
nucleic acids such as plasmids, DNA, RNA, and cytosolic proteins 
including virulence factors (Figure 1). Although various components 
have been identified from the OMVs of gram-negative bacterial 
species, several key components remain constant in OMVs, providing 
us with the advantage of understanding them from the perspective of 
a shared origin.

4. Outer membrane vesicles in 
host-pathogen interaction

Previous studies described OMVs production as a by-product of cell 
lysis but recent studies demonstrate that the OMVs are actively produced 
by all gram-negative bacteria. These OMVs are enriched in cytoplasmic, 
periplasmic, virulence proteins, and specific lipids suggesting that 
bacteria purposefully release OMVs. There could be two reasons for this: 
first as a means of interaction with other bacteria and host, and secondly, 
for survival in stressful environments (McBroom et al., 2006).

OMVs play diverse roles in both pathogenic and non-pathogenic 
bacteria (Figure  2). In non-pathogenic bacteria, OMVs can act as 
vehicles for intercellular communication among bacterial populations. 
OMVs carry signaling molecules, quorum sensing factors, or small RNA 
molecules that facilitate coordination and cooperation among bacteria. 
This communication helps regulate microbial community dynamics and 
can contribute to host homeostasis. Further, OMVs can mediate nutrient 
exchange among bacterial populations by carrying enzymes or nutrient-
binding molecules that scavenge and acquire nutrients from the 
environment. This way OMVs can benefit both the producing bacteria 
and neighboring microbes. OMVs can also contribute to the formation 
and maintenance of bacterial biofilms by carrying the extracellular 
polymeric substances (EPS), including polysaccharides and proteins, 
which provide structural support to the biofilm. Recently, the beneficial 
role of OMVs produced by gut microbiota or commensal bacteria has 
also been highlighted. A study reported that OMVs released from 
Akkermansia muciniphila which colonizes the intestinal mucous layer 
can restore the gut microbiota balance by specifically stimulating the 
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growth of beneficial bacteria while suppressing the proliferation of 
opportunistic pathogens. In addition, OMVs also improved immune 
functions of mucosa by switching IgM to IgA (Wang et al., 2023).

Among pathogenic bacteria, OMVs aid in the delivery of virulence 
factors/toxins, immune evasion, and modulation of host factors to 
facilitate bacterial growth. As the focus of this review is to summarize 
the role of OMVs in host-pathogen interaction with context to 
L. pneumophila, we will not discuss extracellular functions in detail.

4.1. Mechanisms of OMVs interaction with 
host cells

Although there is considerable evidence that OMVs can enter 
host cells and release their cargo to modulate host cell functions, the 

precise mechanisms underlying how OMVs interact with and are 
taken up by host cells are still not completely known. OMVs from 
pathogenic bacteria interact with a variety of host cells including 
immune cells (epithelial cells, macrophages, dendritic cells and 
neutrophils) and non-immune cells (endothelial cells, osteoblasts and 
synovial cells) (Schultz et al., 2007; Kaparakis et al., 2010; Maldonado 
et al., 2011; Kim et al., 2013; Lappann et al., 2013; Jäger et al., 2014; 
Kaparakis-Liaskos and Ferrero, 2015). Generally, there are five 
endocytic pathways for OMVs entry to host cells including 
macropinocytosis, clathrin mediated endocytosis, caveolin mediated 
endocytosis, lipid-raft mediated endocytosis and direct membrane 
fusion. Examples exist for each pathway in literature.

Evidence of macropinocytosis or actin mediated endocytosis 
was found when uptake of P. aeruginosa OMVs by airways 
epithelial cells was reduced after treatment with actin 

FIGURE 1

Typical composition of OMVs. OMVs are originated by outer membrane blubbing and contain a lipid layer packaged with proteins, toxins, DNA, and 
RNA.

FIGURE 2

Diverse functions of OMVs released by non-pathogenic and pathogenic bacteria.
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polymerization inhibitor, a crucial protein for actin-dependent 
macropinocytosis (Bomberger et  al., 2009). Interestingly 
P. aeruginosa OMVs also required lipid-raft mediated endocytosis 
pathway for its entry to human lung epithelial cells (Bauman and 
Kuehn, 2009). OMVs of L. monocytogenes interacted with Caco-2 
cells by acting-mediated endocytosis or macropinocytosis pathway 
(Karthikeyan et  al., 2019). Clathrin-mediated endocytosis was 
shown to be  OMVs entry route for Brucella abortis in human 
monocytes (Pollak et  al., 2012), Enterohemorrhagic E. coli in 
human brain microvascular endothelial cells (HBMEC) and Caco-2 
cells (Bielaszewska et  al., 2013), Aggregatibacter 
actinomycetemcomitans in HeLa cell and human gingival fibroblasts 
(HGF) (Thay et al., 2014; Vanaja et al., 2016). Finally, OMVs are 
also able to uptake by host cells by direct membrane fusion which 
has been demonstrated in P. aeruginosa, A. actinomycetemcomitans 
and L. pneumophila by labeling OMV membranes with Rhodamine 
R-18 fluorescent dyes (Bomberger et al., 2009; Rompikuntal et al., 
2012; Jäger et al., 2015).

However, studying interaction between OMVs and host cell is 
complex as the majority of pharmacological inhibitors of endocytic 
pathways have impact on many mechanisms, making it frequently 
difficult to identify the uptake process. Additionally, more than one 
mechanism for OMV uptake can be  found within same bacterial 
species. OMVs content and size can also influence the uptake pathway. 
Details of OMVs entry mechanisms and factors effecting entry have 
been published elsewhere in 2020 (Caruana and Walper, 2020) and 
immunological effects of OMVs interactions with different host cells 
have also been described before (Kaparakis-Liaskos and Ferrero, 
2015). Here, we discuss the interaction of L. pneumophila with host 
cell, and the subsequent immune responses triggered by the host.

5. Legionella pneumophila outer 
membrane vesicles

5.1. Legionella pneumophila OMVs 
production

Research on the biology of Legionella and Legionnaires’ disease 
for four decades has provided important insight on bacterial infection 
strategies. L. pneumophila OMVs added a new aspect to the 
pathogenesis of L. pneumophila. Flesher et al. discovered OMVs in 
L. pneumophila for the first time as membrane blebs in 1979 while 
studying the cell-envelope structure of bacterium using electron 
microscopy (Flesher et al., 1979). These vesicles were later isolated by 
ultracentrifugation of bacterial culture supernatants after filtration 
through 0.22um of the L. pneumophila and purity was analysed by 
negative staining electron microscopy (EM) and atomic force 
microscopy (AFM) in 2008. In microscope, they ranged in size from 
100–200  nm (Galka et  al., 2008). AFM and EM are considered 
standard method to visualize and validate the purity of OMVs 
fractions (Théry et al., 2018).

L. pneumophila produce OMVs throughout the life cycle 
including log phase and stationary phase and at different growth 
conditions including both extracellular and intracellular growth. 
Jung et  al. confirmed intracellular production of OMVs by 
co-incubating L. pneumophila with amoeba Dictysotelium 
discoideum host for 24 h. Thin-section electron microscopy showed 

blebs from the L. pneumophila membrane surface within the 
Legionella-specific phagosome of infected D. discoideum host cells 
(Galka et al., 2008).

5.2. Legionella pneumophila OMVs binding 
to and uptake by host cells

The uptake of OMVs by other bacteria and host cells is a dynamic 
and complex process involving various pathways of interactions as 
described earlier. Once internalized, OMVs can deliver their cargo, 
including proteins, toxins, nucleic acids, antibiotic-resistance 
enzymes, and several other factors.

So far, the binding of L. pneumophila OMVs with human alveolar 
epithelial cells has been confirmed using confocal laser microscopy 
by labeling OMVs with green fluorescent anti-LPS antibody 
(conjugated with Alexa flour 488). After 8 h of OMVs incubation 
with A549 cells, confocal microscopy revealed acquisition of green 
color on epithelial cells surface. Further binding of OMVs to host 
cells also changed the cell morphology toward round shape 
suggesting OMVs can not only bind to host cells but also trigger 
significant morphological changes in host cells (Galka et al., 2008). 
Later L. pneumophila OMVs interaction with human macrophages 
were also observed using same Alexa-flour anti-LPS antibody. Strong 
green fluorescence signal was detected just after 3 min incubation of 
OMVs with differentiated human mononuclear cells (MNCs) and 
this signal intensity increased with time and with increasing OMVs 
protein concentration. This time and dose-dependent binding of 
L. pneumophila OMVs with human macrophages suggested that 
OMVs can fuse with host cells and deliver their cargo (Jäger et al., 
2015). To study whether L pneumophila OMVs can be internalized 
to host cells by direct membrane fusion, Jäger et al. incubated OMVs 
with liposomes made up of eukaryotic phospholipids membranes. 
By using Fourier transform infrared spectroscopy and Förster 
resonance energy transfer (FRET) they found that OMV membrane 
material could be incorporated into liposomes model of eukaryotic 
membrane by direct membrane fusion (Jäger et al., 2015). However, 
involvement of other OMVs entry pathways is not studied in 
L. pneumophila.

Binding of L. pneumophila OMVs with host cells was also 
confirmed in-vivo, when lung tissue explants from healthy donors 
were incubated with L. pneumophila OMVs. Immunostaining revealed 
the localization of OMVs predominantly on alveolar macrophages 
after 24 and 48 h (Jäger et al., 2014).

5.3. Legionella pneumophila OMVs role in 
intracellular infection cycle

The key feature of L. pneumophila infections is to escape phago-
lysosomal degradation and develop replicating niche. By coating latex 
beads with L. pneumophila OMVs Fernandez et  al. reported that 
OMVs can inhibit the fusion of phagosomes containing L. pneumophila 
with lysosomes suggesting OMVs have ability of mediate the 
pathogenesis (Fernandez-Moreira et al., 2006). Another research found 
that L. pneumophila OMVs pre-treated macrophages had more 
Legionella-containing vacuoles (LCV) and produced less 
pro-inflammatory cytokines hence OMVs exposed macrophages are 
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FIGURE 3

Proteins families identified in Outer Membrane Vesicles (OMVs).

more susceptible for bacterial replication than unexposed macrophages 
(Jung et al., 2016).

5.4. Are Legionella pneumophila OMVs 
cytotoxic to host cells?

The extent of cytotoxicity associated with L. pneumophila OMVs 
remains unclear to date. Studies in vitro indicated that 
L. pneumophila OMVs are not cytotoxic to host cells. For example, 
in one study, the metabolic activity of PMA-differentiated human 
U937 macrophage cell line was studied using Alamar blue dye 
reduction. OMVs did not affect cell vitality after incubation with 
100 μg mL−1 protein concentration of OMVs for 24 h (Jäger et al., 
2015). Consistent with these results another research group observed 
non-significant reduction in growth of H292 alveolar epithelial cells 
after 72 h incubation with 50 μg mL−1 L. pneumophila OMVs (Galka 
et al., 2008). However, in-vivo examination of lung tissues explants 
after treatment with 100 μg mL−1 of L. pneumophila OMVs revealed 
that after attachment to alveolar epithelial cells OMVs caused 
damage in septa and epithelia over time suggesting OMVs can cause 
damage to host cells during intracellular infection (Jäger et  al., 
2014). Results were found opposite when L. pneumophila OMVs 
were incubated with amoeba host model Acanthamoeba castellanii. 
Surprisingly, growth of A. castellanii was increased after 
co-incubation with OMVs. As amoeba like A. castellanii feeds on 
bacteria using peptides and amino acids generally and OMVs 
contain significant protein hence OMVs may serve as a food source 
for A. castellanii.

The cytotoxity of OMVs to host cells may depend on multiple 
factors including type of host, dose of OMVs, time duration and 

growth phase (replicative and transmissive) of L. pneumophila. 
Further investigation is required to conclude the cytotoxity potential 
of L. pneumophila.

5.5. The content of Legionella pneumophila 
OMVs- what is known

While the exact mode of OMV-host interaction remains to 
be elucidated, studies on OMV cargos have highlighted they may 
contribute to bacterial pathogenesis and host immune modulation. 
This section highlights the probable contributions of OMV 
components in host-pathogen interaction and discuss the gaps in 
L. pneumophila.

5.5.1. Proteins
Proteome analysis of gram-negative bacterial OMVs revealed that 

they contain diverse protein families, which include predominantly 
outer membrane proteins, antibiotic resistance enzymes, and other 
proteins (Figure 3) (Uddin et al., 2020). Following OMVs isolation, 
determining the protein concentration provides an estimation of the 
amount of OMVs present. Therefore, protein concentration of OMVs 
is commonly used in dosage studies of OMVs. It helps standardize the 
OMV dosage across experiments, ensuring consistent and 
reproducible results and gives direct correlation between the amount 
of OMVs administered and the biological response observed, such as 
cytokine induction, immune response, or cellular signaling.

For protein component analysis of L. pneumophila OMVs, OMVs 
were separated from bacterial supernatant fraction by 
ultracentrifugation (at 150,000 × g for 3 h) (Wai et al., 2003). Pellet 
obtained was suspended in Tris–HCl and termed as OMVs which was 
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visualized by Electron microscopy in order to confirm the absence of 
non-OMV protein aggregates. The remaining liquid supernatant 
fraction was termed as SSP fraction. MALDI-TOF mass spectrometry 
analysis of L. pneumophila secretome including both pellet (OMV) 
and soluble supernatant fraction (SSP) revealed that OMVs contain 
33 specific proteins that are not released by any other secretion systems.

Total 74 proteins were found in OMVs fraction of L. pneumophila, 
percentage of each functional group is described in Figure 4 (Galka 
et al., 2008). Eighteen out of 33 OMV-specific proteins are predicted 
to contribute bacterial virulence. While 41 proteins were common in 
both fractions and belonged to carbohydrate metabolism, energy 
metabolism, amino acid metabolism, and protein sorting (Galka et al., 
2008). Table  1 summarizes the known functional proteins of 
L. pneumophila OMVs among the whole secretome studied by Galka 
et al. (2008). The presence of many virulence factors, metabolic and 
protein folding proteins within OMVs suggest that L. pneumophila 
may exploit OMV to deliver factors and manipulate host cell functions 
for its survival. Interestingly, a greater number of virulence associated 
proteins were found in the OMV fraction as compared to soluble 
supernatant fraction; out of 25 virulence factors isolated from whole 
secretome of L. pneumophila, 18 were associated with OMVs. This 
distribution suggests that OMVs are specific carrier of virulence-
associated proteins.

Composition and functions of these OMV proteins are not 
studied yet during intracellular infection of L. pneumophila. However, 
the literature on over all bacterial infection suggests that each set of 
OMV proteins may play a role in the pathogenesis of bacteria, as 
mentioned in the following discussion.

5.5.1.1. Membrane associated proteins
Nearly all OMVs are loaded with OM (outer membrane) proteins 

and PP (periplasmic proteins). OM proteins primarily responsible for 
OMVs formation may also perform additional functions like adhesion 
to host cells (Lee et al., 2007). OmpH found in L. pneumophila OMVs 
is a major structural protein associated with membrane phospholipids, 
essential for outer membrane formation and hence may play role 
OMV formation (Khemiri et al., 2008). Another protein found in 
L. pneumophila OMVs is com1 which was annotated in 2008 as OM 

protein because of its similarity to Com1 of Coxiella burnetii outer 
membrane protein, later localization studies in 2011 confirmed that 
com1 is periplasmic protein and was designated as DsbA2. Literature 
shows that DsbA2 is responsible for assembly of Dot/Icm T4SS during 
L. pneumophila infection. This 27 kDa protein is also responsible for 
L. pneumophila motility and viability (Hendrix et  al., 1993; 
Jameson-Lee et al., 2011). MOMP (Major outer membrane protein) 
which is considered as important virulence factor of L. pneumophila 
was also found in OMVs. During infection of L. pneumophila MOMP 
binds with complement proteins and facilitate the bacterial uptake via 
complement receptors. It has also been shown to reduce phagocytosis 
of macrophage and increase the expression of IL-10, NOD2, MCP-1, 
and RIP2 (Bellinger-Kawahara and Horwitz, 1990; Yang et al., 2021).

5.5.1.2. Invasion and adhesion factors
OMVs are also enriched with proteins and enzymes that enhance 

their invasive properties, thereby promoting OMV internalization at 
the host interface (McMillan et al., 2021). They can be found either 
localized in outer membrane of OMVs or in lumen of OMVs. 
L. pneumophila OMVs contain phospholipase, chitinase and astacin 
protease in lumen. Astacin proteases belong to the family of 
metalloproteinases and are involved in protein degradation. In 
L. pneumophila, astacin proteases are associated with tissue damage 
and host cell invasion. These proteases can degrade extracellular 
matrix components, such as collagen and elastin, facilitating tissue 
penetration and dissemination within the host. They also contribute 
to the activation of host cell signaling pathways, modulating the host 
immune response, and promoting bacterial survival (Bond and 
Beynon, 1995; Banerji et al., 2008). Similarly, phospholipases are 
enzymes that hydrolyse phospholipids, breaking them down into 
their constituent parts. In L. pneumophila, phospholipases are 
involved in altering the host cell membrane and promoting both 
invasion of bacterium in host cell and escape of the bacterium out 
the Legionella-containing vacuole (LCV) into the host cell 
cytoplasm. By disrupting the host cell membrane, phospholipases 
also contribute to the cytotoxic effects of L. pneumophila infection 
(Istivan and Coloe, 2006). Chitinases are enzymes that degrade 
chitin, a complex polysaccharide found in the protozoa and biofilms. 

FIGURE 4

Protein families identified by KEGG pathway prediction in L. pneumophila OMVs.
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TABLE 1 Legionella pneumophila OMVs protein families identified by 2-DE and in silico data analysis.

Proteins families
Gene identity (As defined in 

genome of L. 
pneumophila Philadelphia-1)

Predicted KEGG function in L. 
pneumophila

Description in other OMVs 
proteome

Protein folding, sorting or degradation

Thiol disulphide interchange protein lpg0123 Protein folding, sorting or degradation Escherichia coli (Aguilera et al., 2014)

Neisseria meningitidis (Vaughan et al., 2006)

L-lysine dehydrogenase (LDH) lpg1350 Protein folding, sorting or degradation No

DnaK chaperone protein, heat shock protein 

Hsp70

lpg2025 Protein folding, sorting or degradation; stress Francisella novicida (Pierson et al., 2011)

Aminopeptidase lpg2631 Protein folding, sorting or degradation Pseudomonas aeruginosa (Bauman and Kuehn, 

2006)

Peptidylprolyl cis-trans isomerase B (ppiB) lpg2726 Protein folding, sorting, or degradation Pseudomonas aeruginosa (Choi et al., 2011)

Acinetobacter baumannii (Yun et al., 2018)

Outer membrane protein and periplasmic protein

OmpH outer membrane protein lpg0507 OMV biogenesis/Other functions Pasteurella multocida (Fernández-Rojas et al., 

2014) Fusobacterium necrophorum (Bista et al., 

2023)

27 kDa outer membrane protein (Com1) lpg1841 OMV biogenesis/Other functions No

Major outer membrane protein (MOMP) lpg2960 OMV biogenesis/Other functions No

Rod shape determining protein (MreB) lpg0811 Cell envelope No

Metabolism

Catalase/hydroperoxidase (KatG) lpg0194 Energy metabolism; amino acid metabolism Francisella novicida (McCaig et al., 2013)

Acetoacetate decarboxylase lpg0672 Carbohydrate metabolism; lipid metabolism No

Acetyl-CoA acetyltransferase (fadA) lpg1353 Lipid metabolism; amino acid metabolism; 

xenobiotics biodegradation and metabolism

Fusobacterium nucleatum (Liu et al., 2019)

Glutamine synthetase, type I (glnA) lpg1364 Energy metabolism; amino acid metabolism; 

peptidoglycan biosynthesis

No

Nucleoside diphosphate kinase (ndk) lpg1548 Nucleotide metabolism No

Aconitate hydratase (acnA) lpg1690 Carbohydrate metabolism; energy metabolism Mycobacterium tuberculosis (Lee et al., 2015)

Bacteroides fragilis (Zakharzhevskaya et al., 

2017)

Long-chain fatty acid transporter lpg1810 Lipid metabolism No

S-adenosylmethionine synthetase (metK) lpg2022 Amino acid metabolism No

Aspartate semialdehyde dehydrogenase 

(Asd)

lpg2302 Amino acid metabolism No

Malate dehydrogenase (mdh) lpg2352 Carbohydrate metabolism; energy metabolism Acinetobacter radioresistens (Fulsundar et al., 

2015)

Bacillus subtilis (Bergsma et al., 1981) Escherichia 

coli (Aguilera et al., 2014)

GTP cyclohydrolase I (folE2) lpg2766 Metabolism of cofactors and vitamins Pseudomonas syringae (Chowdhury and 

Jagannadham, 2013) Campylobacter jejuni 

(Taheri et al., 2019)

Polyribonucleotide nucleotidyltransferase 

(Pnp)

lpg2768 Nucleotide metabolism Francisella novicida (Pierson et al., 2011) 

Neisseria meningitidis (Williams et al., 2007)

Inosine 5′-monophosphate dehydrogenase lpg2843 Nucleotide metabolism Staphylococcus haemolyticus (Cavanagh et al., 

2019) Fusobacterium nucleatum (Munshi, 2020) 

Cryptococcus neoformans (Rodrigues et al., 2008)

ATP synthase subunit A and B lpg2984 Energy metabolism No

Fumarylacetoacetate hydrolase lpg2279 Amino acid metabolism; xenobiotics biodegradation 

and metabolism

Moraxella catarrhalis (Schaar et al., 2011)

Glu/Leu/Phe/Val dehydrogenase lpg2275 Amino acid metabolism No

Endo-1,4 beta-glucanase lpg0482 Metabolism No

Virulence factors

Astacin protease (legP) lpg2999 Virulence/pathogenesis No

Phospholipase/lecithinase/hemolysin, 

lysophospholipase A

lpg2837 Virulence/pathogenesis Pseudomonas aeruginosa (Kadurugamuwa and 

Beveridge, 1995)

IcmX (IcmY) lpg2689 Virulence/pathogenesis Noa

Tail fiber protein (SclB) lpg2644 Virulence/pathogenesis Noa

(Continued)

https://doi.org/10.3389/fmicb.2023.1270123
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org


Ayesha et al. 10.3389/fmicb.2023.1270123

Frontiers in Microbiology 09 frontiersin.org

In L. pneumophila, chitinase plays a role in the bacterium’s 
environmental invasion, survival and virulence in protozoa or 
biofilm matrices (Chen et  al., 2020). Other protein found in L 
pneumophila OMVs, the heat shock protein Hsp60 is found crucial 
for bacterial adhesion and invasion in HeLa cell model (Garduño 
et al., 1998).

5.5.1.3. ABC transporters and metabolism enzymes
OMV-associated ABC transporters and metabolic enzymes play 

a crucial role in bacterial survival during nutritional deficiency (Nevot 
et al., 2006; Lappann et al., 2013). Interestingly, L. pneumophila OMVs 
contain a great percentage of metabolic enzymes. Metabolic enzymes 
are crucial for energy production and the biosynthesis of essential 
molecules required for bacterial growth and survival. The TCA cycle, 
where these enzymes function, is vital for the bacterium’s adaptation 
to various environmental conditions and its ability to replicate within 
host cells during infection. Acetyl-CoA produced by FadB- FadA 
(acetyl-CoA acetyltransferase) mediate degradation of fatty acids and 
feeds directly into the TCA cycle. Asd (aspartate semialdehyde 
dehydrogenase) is important in the biosynthesis of amino acids and 
Asd mutant of L. pneumophila was unable to survive in amoeba and 
macrophage (Harb and Kwaik, 1998). Role of OMV-packaged 
metabolic enzymes in bacterial pathogenies is still unclear. They may 
influence the metabolic state of neighboring cells, potentially 
modulating host cell signaling pathway and host responses, scientific 
evidence of which is missing. Understanding the role of these enzymes 
in OMVs can provide valuable insights into L. pneumophila 
physiology, virulence, and their interactions with the host.

5.5.1.4. Virulence factors
Many virulence factors are associated with bacterial membrane 

vesicles of pathogenic bacteria which either damage host cells directly 
or modulate host immune defence (Grenier and Mayrand, 1987; 
Kadurugamuwa and Beveridge, 1995; Kolling and Matthews, 1999; 
Horstman and Kuehn, 2000; Haurat et al., 2011; Prados-Rosales et al., 
2011; Coelho et  al., 2019). Several virulence factors were found in 
L. pneumophila OMVs. A virulence protein of L. pneumophila KatG 
detoxifies antibacterial reactive oxygen compounds produced by host 
macrophages (Manca et al., 1999). Another major virulence protein 
Mip, is a stable homodimer. Mip can bind to collagen IV based on its 
PPIase activity and therefore enables L. pneumophila to transmigrate 
over tissue barriers of lung epithelial cells (Wagner et al., 2007). It can 
also promote proliferation of bacteria in LCV by inhibiting the 
acidification of phagosome consequently reducing the phagocytosis 
of macrophages (Shen et al., 2022). IcmX protein plays role in the 
establishment of LCV and pore formation in macrophage cell 
membrane (Shevchuk et al., 2011). Another virulence factor Zinc 
metalloprotease or Msp have been reported to cause destruction in 
lung tissue explants by collagen IV degradation (Scheithauer et al., 
2021). Intracellular studies are needed to confirm the contributions of 
these virulence factors.

5.5.1.5. Protein degradation and stress response
Function of cold-shock and DNA binding stress proteins are not 

well studied in L. pneumophila. But literature on other bacteria shows 
that cold-shock proteins can sense and respond to temperature 
changes and other environmental stresses and allows bacteria to thrive 

TABLE 1 (Continued)

Proteins families
Gene identity (As defined in 

genome of L. 
pneumophila Philadelphia-1)

Predicted KEGG function in L. 
pneumophila

Description in other OMVs 
proteome

SdeD (LaiF) lpg2509 Virulence/pathogenesis Noa

TPR repeat protein lpg2222 Virulence/pathogenesis Porphyromonas gingivalis (Mantri et al., 2015) 

Fibrobacter succinogenes (Arntzen et al., 2017) 

Francisella tularensis (Klimentova et al., 2019)

LaiE lpg2154 Virulence/pathogenesis Noa

Phospholipase C lpg1455 Virulence/pathogenesis Pseudomonas aeruginosa (Bomberger et al., 

2009) Acinetobacter baumannii (Jha et al., 2017)

Flagellin (FliC) lpg1340 Virulence/pathogenesis Pseudomonas aeruginosa (Bauman and Kuehn, 

2006) Campylobacter jejuni (Jang et al., 2014)

Major acid phosphatase (Map) lpg1119 Virulence/pathogenesis No

Chitinase lpg1116 Virulence/pathogenesis Francisella novicida (Pierson et al., 2011) Bacillus 

thetaiotaomicron (Elhenawy et al., 2014)

ecto-ATP diphosphohydrolase II lpg0971 Virulence/pathogenesis No

Macrophage infectivity potentiator (Mip) lpg0791 Virulence/pathogenesis Neisseria meningitidis (Williams et al., 2007)

Hsp60, 60 K heat shock protein (HtpB) lpg0688 Virulence/pathogenesis Piscirickettsia salmonis (Oliver et al., 2016) 

Campylobacter jejuni (Lindmark et al., 2009) 

Neisseria meningitidis (Ferrari et al., 2006)

Icmk (DotH) lpg0450 Virulence/pathogenesis Noa

IcmE (DotG) lpg0451 Virulence/pathogenesis Noa

Phosphatidylcholine hydrolysing 

phospholipase

lpg0502 Virulence/pathogenesis No

Zinc metalloprotease (ProA, Msp) lpg0467 Virulence/pathogenesis Vibrio cholerae (Rompikuntal et al., 2015)

Stress response

Cold shock protein CspE lpg2825 Stress Klebsiella pneumoniae (Zhang et al., 2021)

DNA binding stress protein lpg0689 Stress Pseudomonas syringae (Kulkarni et al., 2014)

aSpecific effector proteins of L. pneumophila.
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in various challenges (Keto-Timonen et al., 2016). Many proteins were 
identified in L. pneumophila OMVs which participate in protein 
folding, sorting and degradation. As these protein folding chaperons 
are involved in the regulation of membrane dynamics and curvature, 
they might get packed inside during biogenesis of OMVs. However, 
their exact functions in OMVs are still uncertain. OMVs can also 
serve to remove toxic compounds such as misfolded protein by this 
function group of proteins under environmental stresses (Rollauer 
et al., 2015; Schwechheimer and Kuehn, 2015).

5.5.2. Nucleic acids associated with OMVs
Diverse genetic materials have been found in association with 

OMVs including; chromosomal DNA, Plasmid DNA, phage/viral 
DNA, mRNA, rRNA, sRNA and tRNA (Yaron et al., 2000; Biller et al., 
2014; Ho et al., 2015; Blenkiron et al., 2016).

5.5.2.1. RNA cargo
OMVs contain variety of RNAs including mRNA, rRNA, sRNA 

and tRNA (Domingues and Nielsen, 2017). Interestingly, while the 
function of OMVs-associated DNA in disease pathogenesis remains 
uncertain, OMVs-associated RNA plays a substantially significant role 
during disease pathogenesis. Bacterial RNA can be  packaged and 
transferred to other bacteria and host via OMVs (Tsatsaronis et al., 
2018; Lee, 2019). Table 2 summarizes the studies on association of 
RNA with OMVs and their functions including L. pneumophila. 
Among all groups of RNA, sRNA has been found more significant in 
host-pathogen interaction which range in size from 20 to 200 
nucleotide. Although there are largely unknown about packing, 
delivery stability, and host selection they have shown many regulatory 
mechanisms by binding to protein targets and modify their functions 
(Lalaouna et al., 2013; Koeppen et al., 2016). This binding can have a 
wide range of negative effects on the cell’s metabolic, apoptotic, and 
immunomodulatory processes. These sRNA of bacteria are similar to 
miRNA and small interfering RNAs (SiRNA) of eukaryotes in 
function. Hence during host-pathogen interaction they mimic host 
miRNA, which plays key role in gene expression regulation, and 
modulate host cell functions including immune responses.

So far, two studies have been done on L. pneumophila 
OMV-associated small RNAs. One comprehensive study identified 
OMV-associated very small RNAs (vsRNAs <16 nt) in 5 different 
bacterial species including L. pneumophila. RNA-seq of vsRNA 
revealed their abundance within OMVs along with 
thermodynamically stable tRFs (transfer RNA fragment). Presence of 
tRFs and their bioinformatic analysis by BLASTN, RNA hybrid, 
DIANA-microT suggest that they are eukaryotic miRNA analogues 
and target human mRNAs. Gene function analysis on tRFs targets by 
PANTHER described that they have diverse targets like cell 
differentiation, B cell chemotaxis, metal ion binding, and, MAP 
kinase activity and, regulation of cellular response to stress and 
macrophage colony-stimulating factor production etc. (Diallo et al., 
2022). This phenomenon suggests that small RNAs packaged in 
L. pneumophila OMVs can influence the transcriptome profile of 
neighboring host cells during infection. Another RNA-seq study 
revealed that L. pneumophila translocate small RNAs (sRNA) by 
OMVs which are eukaryotic analogous. These sRNAs target host 
defence signaling pathways by binding to the UTR of RIG-I, IRAK1 
and cReI and finally downregulating the IFNβ production (Sahr et al., 
2022). Thus, a noteworthy aspect of communication between 

L. pneumophila pathogen and host is direct miRNA-like regulation of 
the expression of the innate immune response. Surprisingly, the 
discovered “bacterial miRNAs” serve two purposes: as trans-kingdom 
signaling molecules as well as being crucial for bacterial own survival. 
For example, regulatory RNA called RsmY is believed to control the 
life cycle L. pneumophila, and tRNA-Phe to be involved in protein 
production. It is important to find out how the sRNAs of 
L. pneumophila and other bacteria contained in OMVs affect 
eukaryotic cells as well as whether they share any common strategies 
for modulating the host immune response. Further research on the 
delivery of sRNAs through OMVs and their influence on host-
pathogen interactions is anticipated. Due to their immunomodulatory 
abilities, OMVs may be the ideal vehicle for the delivery of sRNAs 
that target certain host genes. These numerous variables and processes 
are still difficult to understand and are leading to a new understanding 
of host-pathogen interactions.

5.6. The content of Legionella pneumophila 
OMVs- what needs to be known

5.6.1. Lipids
The lipid composition of OMVs is found consistent across gram-

negative bacterial species except some geometric changes (Silhavy 
et al., 2010; Gnopo et al., 2020). They serve two functions. First, they 
participate in the biogenesis of OMVs. Deformation of the bacterial 
outer membrane is necessary for OMV production and this 
deformation is controlled by regulating the concentration and 
structure of individual phospholipid and lipid A molecules (McMahon 
and Gallop, 2005). Second, lipids of OMVs play a role in immune 
response regulation. Lipid A, an endotoxin that contributes to the 
amphipathic base structure of LPS, is a microbe-associated molecular 
pattern (MAMP) which is recognized by eukaryotic pattern 
recognition receptors (PRRs). In response to contacts with gram-
negative bacteria, PRRs regulate inflammatory reactions including 
host immunity, and cell death (Loppnow et al., 1989; Gioannini et al., 
2004; Simpson and Trent, 2019). In addition to lipid A, cardiolipins 
are essential outer membrane components. These tetra-acylated 
di-phosphatidylglycerols also engage TL4/MD-2 receptor to activate 
or modulate host immune response (Mileykovskaya and Dowhan, 
2009; Chandler and Ernst, 2017).

The lipidome profile of L. pneumophila OMVs has not been 
characterized yet. However, cell envelope of L. pneumophila is 
described in detail. Like other gram-negative bacteria, 
L. pneumophila also contain outer membrane made up of inner 
phospholipids leaflet and outer lipopolysaccharides (LPS) leaflet. 
Outer membrane has embedded proteins that play a variety of 
roles in virulence, including attachment and uptake into host 
cells. Lipids are composed of dimethylphosphatidylethanolamine, 
phosphatidylethanolamine, phosphatidylglycerol, cardiolipin, 
and phosphatidylcholine (Finnerty et  al., 1979). These 
phospholipids in bacterial cell envelop is considered as 
permeability barrier but intriguingly, the removal of 
phosphatidylcholine from L. pneumophila’s envelope led to 
decreased cytotoxicity and reduced bacterial yield within 
macrophages (Conover et al., 2008). Moreover, absence of this 
lipid effected binding efficiency of bacteria to macrophages. 
Sawada et al. reported that L. pneumophila LPS specifically binds 
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with pulmonary surfactant protein of lungs which play important 
role in innate immunity. This interaction leads to localization of 
L. pneumophila in lysosome and subsequently inhibition of 
bacterial intracellular growth (Sawada et al., 2010).

In conclusion, as outer membrane lipids participate in OMVs 
biogenesis, virulence mechanism and activation of host receptors by 
PRRs, studying L. pneumophila OMVs lipid is equally important than 
any other cargo to understand the contribution of OMVs in host-
pathogen interaction.

5.6.2. DNA cargo
In L. pneumophila, no research has been done yet on the 

OMV-associated DNA. Several investigations have reported the 
presence of DNA in OMVs fraction. Although the actual route 
through which DNA incorporates into OMVs is still not clear [37–39], 
literature shows that these OMV-associated DNA serves important 
role in horizontal DNA transfer and transfer of several functions in 
bacterial communities including antibiotic resistance, virulence, 
degradation (Supplementary Table S1) (Klieve et al., 2005; Rumbo et 
al., 2011; Velimirov and Hagemann, 2011; Fulsundar et al., 2014; 
Kulkarni et al., 2015; Chatterjee et al., 2017; Qiao et al., 2021). Studies 
on extracellular bacterial OMVs confirmed the presence of virulence 
genes in the DNA profile of OMVs also found transfer and expression 
of these genes in recipient bacteria (Yaron et al., 2000). However, such 
transfer between pathogenic bacteria and eukaryotic host is 
understudied. To date, there is only one study on P. aeruginosa which 
describes that OMVs have potential to deliver DNA to eukaryotic cells 
(Bitto et al., 2017). Regarding the direct influence of OMV-packaged 
DNA in host-pathogen there are few studies and needs to be further 

elucidated. As bacterial RNA and DNA are recognized by host 
endosomal nucleic acid receptors TLR7, 8, and 9 respectively (Jurk 
et al., 2002; Latz et al., 2004; Eigenbrod and Dalpke, 2015), so OMV 
associated DNA activate immune response by inducing Toll-like 
receptor 9 (TLR9) signaling (Perez Vidakovics et al., 2010; Bitto et al., 
2021). A study in 2021 reported that S. aureus membrane vesicles were 
able to induce TLR9 suggesting that OMVs may contain 
immunostimulatory DNA.

6. Legionella pneumophila OMVs and 
host immune response

It has been demonstrated that OMVs of pathogenic bacteria 
promote the development of infection and host inflammation (Craven 
et al., 1980; Fiocca et al., 1999; Ren et al., 2012; Jung et al., 2016). 
OMVs can interact with a wide variety of immune cells and induce 
immunological responses (Kaparakis-Liaskos and Ferrero, 2015). 
Despite the fact that OMVs can cause inflammation in a variety of 
host tissues, the underlying processes are unclear. During infection, 
L. pneumophila interact with lung epithelial cells and lung 
macrophages. The epithelial surface containing resident immune cells, 
is the first line of defence. The interaction of OMVs with epithelial 
cells and macrophages not only induces cytokines but also stimulates 
PRR signaling. This is because OMVs contain numerous 
microorganism-associated molecular patterns (MAMPs), including 
RNA, DNA, LPS, peptidoglycan, and lipoproteins. MAMPS engage 
host PRRR and start the pro-inflammatory signaling chain. Since 
OMVs from different bacterial species change in their composition 

TABLE 2 Summary of published articles reporting RNA association with OMVs.

Organism OMV-associated RNA studied Study approach Function studied Reference

E. coli strain 536 Complete RNA profile (rRNA, tRNAs, small 

RNAs, and mRNA)

RNA-sequencing OMV RNA uptake by the bladder epithelial cells Blenkiron et al. (2016)

P. aeruginosa Short RNA (sRNA) RNA-sequencing One candidate (sRNA52320)

 1. Reduced IL-8 secretion in primary human airway 

epithelial cells

 2. Modulated OMV-induced KC cytokine secretion and 

neutrophil infiltration in mouse lung

Koeppen et al. (2016)

S. enterica serovar 

Typhimurium

Complete RNA profile (OMVs were enriched 

in mRNA and non-coding RNA)

High throughput sequencing Not assessed Malabirade et al. (2018)

Actinomycetemcomitans msRNAs (miRNA-size, small RNAs) Northern blot and RT-qPCR msRNA (A.A_20050) decreases IL-15, IL-13 and IL-5 

secretion in Jurkat T-cells

Choi et al. (2017)

P. gingivalis msRNA (miRNA-size, small RNAs) Northern blot and RT-qPCR msRNA (P.G_45033) decreases IL-15, IL-13 and IL-5 

secretion in Jurkat T-cells

Choi et al. (2017)

Treponema denticola msRNA (miRNA-size, small RNAs) Northern blot and RT-qPCR msRNA (T.D_2161) decreases IL-15, IL-13 and IL-5 

secretion in Jurkat T-cells

Choi et al. (2017)

Vibrio cholerae Small non-coding RNA gene- vrrA Mutation analysis vrrA mutant

 1. Overproduces OmpA porin leading to increased 

OMV production

 2. increased ability of bacteria to colonize the intestines 

of infant mice

Song et al. (2008)

L. pneumophila The top 20 enriched sRNA in OMVs were 

identified (2 further studied)

 1. RsmY is analog to host miRNA144 (it 

regulates RIG-I expression)

 2. 2. tRNA-Phe targets the UTR of the irak1

RNA-sequencing  1. RsmY reduced the RIG-I and IFN-β response 

expression in the host.

 2. tRNA-Phe downregulated IRAK1 expression

Sahr et al. (2022)
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and content, so do the processes by which they trigger PRR signaling. 
For example, the LPS content of E. coli OMVs interacts with toll-like 
receptor 4 (TLR4) of human epithelial cells and drives TH4-dependent 
CXCL8 production (Soderblom et al., 2005), while L. pneumophila 
LPS poorly recognize TLR4 as lipid A of L. pneumophila contains 
unusual long, branched-chain fatty acids (Zähringer et  al., 1995). 
Instead in L. pneumophila peptidoglycan-associated lipoproteins 
(PAL) are recognized by TLR2 (Liu and Shin, 2019).

Pneumonia induced by L. pneumophila is characterized by 
acute lung damage and severe hypoxemia. Patients exhibit elevated 
levels of inflammatory cytokines, including TNF, IFN-, IL-12, IL-6, 
IL-8, and granulocyte-colony stimulating factor, and disease 
severity is closely associated with the intensity of these 
inflammatory responses. To investigate the role of L. pneumophila 
OMVs in the inflammatory responses during bacterial infection, 
Galka et al. conducted a study where they examined the cytokine 
profiles of alveolar macrophages after a 15-h incubation with 
L. pneumophila OMVs (Galka et al., 2008). In comparison to the 
cytokine profiles observed during L. pneumophila infection, which 
included the induction of IL-2, IL-4, IL-6, IL-8, IL-17, IL-1β, 
INF-γ, MCP-1, TNF-α, and G-CSF, the OMVs were found to 
upregulate CCL2, CXCL8, G-CSF, IFNβ, IL6, IL7, and IL13. This 
highlights that IL-7 and IL-13 is a common secretion (Schmeck 
et al., 2007). The cytokine response induced by OMVs was found 
to be both dose-dependent and time-dependent in certain studies. 
In investigations involving L. pneumophila OMVs and a 
macrophage cell line called THP1, an increase in cytokine 
induction, including IL-8, IL-6, IL-10, TNF-α, and IL-1β, was 
observed as the concentration of OMVs increased. Additionally, 
this cytokine secretion was significantly higher at 48 h compared to 
24 h. Using murine BMDM macrophages, similar time and dose 
dependent increase was observed for the CXCL1 cytokine (Jung 
et al., 2016).

Taken together, L. pneumophila OMVs have shown 
immunomodulatory potential when studied in epithelial cells A549, 
macrophage cell line THP-1, and murine BMDM suggesting the 
contribution of OMVs in patients’ inflammatory profile. However, the 
exact mechanism, and responsible cargos behind these immune 
modulations are largely unknown.

7. Potential applications of OMVs

7.1. OMV-based vaccine

OMVs are highly desirable as candidate vaccines due to their 
numerous inherent qualities. One of the key advantages is their 
exceptional stability even when exposed to different temperatures and 
treatments. Additionally, OMVs contain a variety of immunogenic 
membrane-associated and cytoplasmic components of their 
originating bacterium, are non-replicative, and thus safe (Arigita et al., 
2004). Furthermore, the particulate nature of OMVs allows them to 
stimulate the innate immune system, resulting in their intrinsic 
adjuvant activity. This quality enables OMVs to enhance T-cell and 
antibody responses to antigens, making them even more effective 
(Etchart et al., 2006; Nieves et al., 2011; Reza Aghasadeghi et al., 2011). 
Finally, OMVs may be bioengineered to express any desired antigen 

and they can be modified to reduce their endotoxicity (Sanders and 
Feavers, 2011; Baker et  al., 2014). This versatility makes OMVs 
particularly useful.

Despite of having good vaccination potential, OMV-based vaccines 
have been under development for more than two decades. However, 
significant progress has been made in the control of meningococcal 
serogroup B infection (Oster et al., 2005). This discovery of a vaccine with 
wide protective effectiveness against several N. meningitidis serogroup B 
isolates led to substantial advancement in the field. To date, 3 
meningococcal vaccines are developed and commercialized. The 
VA-MENGOC-BC vaccine, developed and tested by the Finlay Institute 
in Cuba during an outbreak between 1987 and 1989, demonstrated 83% 
effectiveness after 16 months in young adults (Sierra-González, 2019). 
Similarly, the MenBvac vaccine, developed and evaluated by the 
Norwegian Institute of Public Health during an outbreak from 1988 to 
1991, showed 87% effectiveness after ten months (Bjune et al., 1991). 
Another vaccine, MeNZB, was developed between 2004 and 2008 
through collaboration between various institutions and was proven to 
be 73% effective in young adults. The most recent OMV-based vaccine, 
Bexsero, manufactured by Novartis and approved by the European 
Medicines Agency, comprises three recombinant antigens and detergent-
extracted OMVs from the New Zealand strain (Semchenko et al., 2019). 
For use against gram-negative infections, more OMV-based vaccines are 
presently being created, although none of them have reached the clinical 
trial stage.

7.2. OMV based therapeutics – drug 
delivery

Early in the 1890s, cancer patients were treated with weakened 
bacteria as they stimulate anti-tumor cytokines CXCL10 and 
interferon-gamma. However, the safety concerns of using bacterial 
components have limited the clinical application of bacteria-mediated 
cancer therapy (Patyar et  al., 2010; Hirayama and Nakao, 2020). 
Deletion of the msbB gene in Salmonella led to the reduction of 
immunotherapy’s side effects. The use of msbB-mutant Salmonella can 
protect the animal from septic shock caused by lipid A-stimulated 
tumor necrosis factor (TNFα) (Low et  al., 1999). Although an 
impressive antitumor impact was seen in an animal investigation, 
Salmonella-mediated antitumor was unsuccessful in phase I clinical 
trial because it did not sufficiently reduce tumor growth (Mi et al., 
2019). These studies provide solid ground for the use of modified 
OMVs in cancer immunotherapy. Recently, it was demonstrated that 
OMVs originating from attenuated E. coli strains may effectively 
prevent tumor growth and be employed as therapeutic agents to treat 
cancer. To reduce the negative effects of bacterial endotoxin 
lipopolysaccharide, the lipid A acyltransferase - (msbB) gene in E. coli 
was mutated. 12 h after the delivery of attenuated OMVs, a significant 
fluorescence signal was seen at the tumor location (Kim et al., 2017). 
As OMVs have an innate potential to protect their cargo, recent 
studies have reported effective drug delivery by OMVs. Successful 
drug loading into the OMV lumen has been achieved using 
electroporation. Allan and Beveridge in 2003 demonstrated that 
gentamicin loaded P. aeruginosa (PAO1 strain) OMVs hold the 
potential for treating Cepacia syndrome caused by Burkholderia 
cepacia (Allan and Beveridge, 2003).
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8. Conclusion

The knowledge about function and fate of L. pneumophila OMVs 
inside host is still in the early stages, but available literature suggests 
its functional role in disease pathogenesis through OMVs attachment 
and uptake by host cells. However, there is a need for reliable and 
standardized methods to analyse the mechanisms by which OMVs 
enter and behave inside host cells. Furthermore, OMVs carry a variety 
of virulence factors which provides an intriguing hypothesis regarding 
the delivery of these factors to host cells. To gain more insights into 
this process, further research is needed, particularly through 
intracellular infection studies. Additionally, the variety of cargo 
carried by OMVs highlights the importance of studying individual 
components to understand their contributions to disease development. 
While some studies have been conducted on protein and RNA 
components in L. pneumophila, limited research has focused on other 
components, which leaves their role in pathogenesis uncertain. Lastly, 
understanding the potential benefits of L. pneumophila OMVs is 
crucial, as they may have ability to play a dual role in the intracellular 
infection cycle. On one hand, they can help bacteria by delivering 
virulence factors, thereby promoting their virulence. However, on the 
other hand, these OMVs also carry immunomodulatory properties 
that could be  beneficial to the host by potentially triggering a 
protective immune response. In first case scenario, by targeting 
specific components within the OMVs that are involved in their 
interaction with human lung cells or macrophages, novel treatment 
approaches for this infection may be developed. For the second case 
scenario, immunomodulatory properties of OMVs could be utilized 
for the development of vaccines for protecting patients from 
bacterial infections.

In summary, the discovery of OMVs has significantly advanced 
our understanding of bacterial physiology. Despite the existing 
challenges, we  anticipate that future research including the 
characterization of L. pneumophila OMVs produced during infection 
and their interactions with the host, along with investigations of the 
mechanisms of vesicle secretion, will deepen our knowledge about 
bacterial strategies and host defence responses. Finally, exploring 
L. pneumophila OMVs may guide us in the development of innovative 
immunization approaches and predictive biomarkers for treatment 
and vaccine efficiency.

Author contributions

AA: Conceptualization, Writing – original draft. FC: 
Conceptualization, Visualization, Writing – review & editing. PL: 
Funding acquisition, Supervision, Validation, Visualization, Writing –  
review & editing.

Funding

The author(s) declare financial support was received for the 
research, authorship, and/or publication of this article. AA was 
supported by the Belt and Road Scholarship (Research Postgraduate). 
The project on Legionella pneumophila was funded by the Health and 
Medical Research Fund (ref. no. 18171032), Health Bureau, The 
Government of The Hong Kong Special Administrative Region.

Conflict of interest

The authors declare that the research was conducted in the 
absence of any commercial or financial relationships that could 
be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the 
authors and do not necessarily represent those of their affiliated 
organizations, or those of the publisher, the editors and the 
reviewers. Any product that may be evaluated in this article, or 
claim that may be made by its manufacturer, is not guaranteed or 
endorsed by the publisher.

Supplementary material

The Supplementary material for this article can be found online 
at: https://www.frontiersin.org/articles/10.3389/fmicb.2023.1270123/
full#supplementary-material

References
Aguilera, L., Toloza, L., Giménez, R., Odena, A., Oliveira, E., Aguilar, J., et al. (2014). 

Proteomic analysis of outer membrane vesicles from the probiotic strain Escherichia coli 
Nissle 1917. Proteomics 14, 222–229. doi: 10.1002/pmic.201300328

Allan, N. D., and Beveridge, T. J. (2003). Gentamicin delivery to Burkholderia cepacia 
group IIIa strains via membrane vesicles from Pseudomonas aeruginosa PAO1. 
Antimicrob. Agents Chemother. 47, 2962–2965. doi: 10.1128/AAC.47.9.2962-2965.2003

Andrews, H. L., Vogel, J. P., and Isberg, R. R. (1998). Identification of linked Legionella 
pneumophila genes essential for intracellular growth and evasion of the endocytic 
pathway. Infect. Immun. 66, 950–958. doi: 10.1128/IAI.66.3.950-958.1998

Arigita, C., Jiskoot, W., Westdijk, J., van Ingen, C., Hennink, W. E., Crommelin, D. J., 
et al. (2004). Stability of mono-and trivalent meningococcal outer membrane vesicle 
vaccines. Vaccine 22, 629–642. doi: 10.1016/j.vaccine.2003.08.027

Arntzen, M. Ø., Várnai, A., Mackie, R. I., Eijsink, V. G., and Pope, P. B. (2017). Outer 
membrane vesicles from Fibrobacter succinogenes S85 contain an array of carbohydrate-
active enzymes with versatile polysaccharide-degrading capacity. Environ. Microbiol. 19, 
2701–2714. doi: 10.1111/1462-2920.13770

Atlas, R. M. (1999). Legionella: from environmental habitats to disease pathology, 
detection and control. Environ. Microbiol. 1, 283–293. doi: 
10.1046/j.1462-2920.1999.00046.x

Avila-Calderón, E. D., Ruiz-Palma, M. D. S., Aguilera-Arreola, M. G., 
Velázquez-Guadarrama, N., Ruiz, E. A., Gomez-Lunar, Z., et al. (2021). Outer membrane 
vesicles of gram-negative bacteria: an outlook on biogenesis. Front. Microbiol. 12:557902. 
doi: 10.3389/fmicb.2021.557902

Baker, J. L., Chen, L., Rosenthal, J. A., Putnam, D., and DeLisa, M. P. (2014). Microbial 
biosynthesis of designer outer membrane vesicles. Curr. Opin. Biotechnol. 29, 76–84. doi: 
10.1016/j.copbio.2014.02.018

Banerji, S., Aurass, P., and Flieger, A. (2008). The manifold phospholipases a of 
Legionella pneumophila–identification, export, regulation, and their link to bacterial 
virulence. Int. J. Med. Microbiol. 298, 169–181. doi: 10.1016/j.ijmm.2007.11.004

Bauman, S. J., and Kuehn, M. J. (2006). Purification of outer membrane vesicles from 
Pseudomonas aeruginosa and their activation of an IL-8 response. Microbes Infect. 8, 
2400–2408. doi: 10.1016/j.micinf.2006.05.001

https://doi.org/10.3389/fmicb.2023.1270123
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://www.frontiersin.org/articles/10.3389/fmicb.2023.1270123/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fmicb.2023.1270123/full#supplementary-material
https://doi.org/10.1002/pmic.201300328
https://doi.org/10.1128/AAC.47.9.2962-2965.2003
https://doi.org/10.1128/IAI.66.3.950-958.1998
https://doi.org/10.1016/j.vaccine.2003.08.027
https://doi.org/10.1111/1462-2920.13770
https://doi.org/10.1046/j.1462-2920.1999.00046.x
https://doi.org/10.3389/fmicb.2021.557902
https://doi.org/10.1016/j.copbio.2014.02.018
https://doi.org/10.1016/j.ijmm.2007.11.004
https://doi.org/10.1016/j.micinf.2006.05.001


Ayesha et al. 10.3389/fmicb.2023.1270123

Frontiers in Microbiology 14 frontiersin.org

Bauman, S. J., and Kuehn, M. J. (2009). Pseudomonas aeruginosa vesicles associate 
with and are internalized by human lung epithelial cells. BMC Microbiol. 9, 1–12. doi: 
10.1186/1471-2180-9-26

Bellinger-Kawahara, C., and Horwitz, M. A. (1990). Complement component C3 fixes 
selectively to the major outer membrane protein (MOMP) of Legionella pneumophila 
and mediates phagocytosis of liposome-MOMP complexes by human monocytes. J. Exp. 
Med. 172, 1201–1210. doi: 10.1084/jem.172.4.1201

Bergsma, J., Strijker, R., Alkema, J. Y. E., Seijen, H. G., and Konings, W. N.  
(1981). NADH dehydrogenase and NADH oxidation in membrane vesicles from Bacillus 
subtilis. Eur. J. Biochem. 120, 599–606. doi: 10.1111/j.1432-1033.1981.tb05742.x

Bielaszewska, M., Rüter, C., Kunsmann, L., Greune, L., Bauwens, A., Zhang, W., et al. 
(2013). Enterohemorrhagic Escherichia coli hemolysin employs outer membrane vesicles 
to target mitochondria and cause endothelial and epithelial apoptosis. PLoS Pathog. 
9:e1003797. doi: 10.1371/journal.ppat.1003797

Biller, S. J., Schubotz, F., Roggensack, S. E., Thompson, A. W., Summons, R. E., and 
Chisholm, S. W. (2014). Bacterial vesicles in marine ecosystems. Science 343, 183–186. 
doi: 10.1126/science.1243457

Bista, P. K., Pillai, D., and Narayanan, S. K. (2023). Outer-membrane vesicles of 
Fusobacterium necrophorum: a proteomic, Lipidomic, and functional characterization. 
Microorganisms 11:2082. doi: 10.3390/microorganisms11082082

Bitto, N. J., Chapman, R., Pidot, S., Costin, A., Lo, C., Choi, J., et al. (2017). Bacterial 
membrane vesicles transport their DNA cargo into host cells. Sci. Rep. 7, 1–11. doi: 
10.1038/s41598-017-07288-4

Bitto, N. J., Cheng, L., Johnston, E. L., Pathirana, R., Phan, T. K., Poon, I. K., et al. 
(2021). Staphylococcus aureus membrane vesicles contain immunostimulatory DNA, 
RNA and peptidoglycan that activate innate immune receptors and induce autophagy. 
J. Extracel. Ves. 10:e12080. doi: 10.1002/jev2.12080

Bjune, G., Høiby, E., Grønnesby, J., Arnesen, Ø., Fredriksen, J. H., Lindbak, A., et al. 
(1991). Effect of outer membrane vesicle vaccine against group B meningococcal disease 
in Norway. Lancet 338, 1093–1096. doi: 10.1016/0140-6736(91)91961-S

Blenkiron, C., Simonov, D., Muthukaruppan, A., Tsai, P., Dauros, P., Green, S., et al. 
(2016). Uropathogenic Escherichia coli releases extracellular vesicles that are associated 
with RNA. PLoS One 11:e0160440. doi: 10.1371/journal.pone.0160440

Bomberger, J. M., MacEachran, D. P., Coutermarsh, B. A., Ye, S., O'Toole, G. A., and 
Stanton, B. A. (2009). Long-distance delivery of bacterial virulence factors by 
Pseudomonas aeruginosa outer membrane vesicles. PLoS Pathog. 5:e1000382. doi: 
10.1371/journal.ppat.1000382

Bond, J. S., and Beynon, R. J. (1995). The astacin family of metalloendopeptidases. 
Protein Sci. 4, 1247–1261. doi: 10.1002/pro.5560040701

Brown, L., Wolf, J. M., Prados-Rosales, R., and Casadevall, A. (2015). Through the 
wall: extracellular vesicles in gram-positive bacteria, mycobacteria and fungi. Nat. Rev. 
Microbiol. 13, 620–630. doi: 10.1038/nrmicro3480

Caruana, J. C., and Walper, S. A. (2020). Bacterial membrane vesicles as mediators of 
microbe–microbe and microbe–host community interactions. Front. Microbiol. 11:432. 
doi: 10.3389/fmicb.2020.00432

Cavanagh, J. P., Pain, M., Askarian, F., Bruun, J.-A., Urbarova, I., Wai, S. N., et al. (2019). 
Comparative exoproteome profiling of an invasive and a commensal Staphylococcus 
haemolyticus isolate. J. Proteome 197, 106–114. doi: 10.1016/j.jprot.2018.11.013

Chandler, C. E., and Ernst, R. K. (2017). Bacterial lipids: powerful modifiers of the 
innate immune response. F1000Research 6:6. doi: 10.12688/f1000research.11388.1

Chatterjee, S., and Das, J. (1967). Electron microscopic observations on the excretion 
of cell-wall material by Vibrio cholerae. Microbiology 49, 1–11. doi: 
10.1099/00221287-49-1-1

Chatterjee, S., Mondal, A., Mitra, S., and Basu, S. (2017). Acinetobacter baumannii 
transfers the blaNDM-1 gene via outer membrane vesicles. J. Antimicrob. Chemother. 72, 
2201–2207. doi: 10.1093/jac/dkx131

Chen, W., Jiang, X., and Yang, Q. (2020). Glycoside hydrolase family 18 chitinases: the 
known and the unknown. Biotechnol. Adv. 43:107553. doi: 10.1016/j.
biotechadv.2020.107553

Choi, D. S., Kim, D. K., Choi, S. J., Lee, J., Choi, J. P., Rho, S., et al. (2011). Proteomic 
analysis of outer membrane vesicles derived from Pseudomonas aeruginosa. Proteomics 
11, 3424–3429. doi: 10.1002/pmic.201000212

Choi, J.-W., Kim, S.-C., Hong, S.-H., and Lee, H.-J. (2017). Secretable small RNAs via 
outer membrane vesicles in periodontal pathogens. J. Dent. Res. 96, 458–466. doi: 
10.1177/0022034516685071

Chowdhury, C., and Jagannadham, M. V. (2013). Virulence factors are released in 
association with outer membrane vesicles of Pseudomonas syringae pv. Tomato T1 
during normal growth. Biochim. Biophys. Acta 1834, 231–239. doi: 10.1016/j.
bbapap.2012.09.015

Cianciotto, N. P. (2005). Type II secretion: a protein secretion system for all seasons. 
Trends Microbiol. 13, 581–588. doi: 10.1016/j.tim.2005.09.005

Cianciotto, N. P. (2009). Many substrates and functions of type II secretion: lessons 
learned from Legionella pneumophila. Future Microbiol. 4, 797–805. doi: 10.2217/
fmb.09.53

Cianciotto, N. P. (2013). Type II Secretion and Legionella Virulence. In: H. Hilbi (ed) 
Molecular Mechanisms in Legionella Pathogenesis. Current Topics in Microbiology and 
Immunology, 376. Springer, Berlin, Heidelberg.

Coelho, C., Brown, L., Maryam, M., Vij, R., Smith, D. F., Burnet, M. C., et al. (2019). 
Listeria monocytogenes virulence factors, including listeriolysin O, are secreted in 
biologically active extracellular vesicles. J. Biol. Chem. 294, 1202–1217. doi: 10.1074/jbc.
RA118.006472

Conover, G. M., Martinez-Morales, F., Heidtman, M. I., Luo, Z. Q., Tang, M., Chen, C., 
et al. (2008). Phosphatidylcholine synthesis is required for optimal function of Legionella 
pneumophila virulence determinants. Cell. Microbiol. 071103031556001–
071103031556??? doi: 10.1111/j.1462-5822.2007.01066.x

Craven, D., Peppler, M., Frasch, C., Mocca, L., McGrath, P., and Washington, G. 
(1980). Adherence of isolates of Neisseria meningitidis from patients and carriers to 
human buccal epithelial cells. J. Infect. Dis. 142, 556–568. doi: 10.1093/infdis/142.4.556

Deatherage, B. L., and Cookson, B. T. (2012). Membrane vesicle release in bacteria, 
eukaryotes, and archaea: a conserved yet underappreciated aspect of microbial life. 
Infect. Immun. 80, 1948–1957. doi: 10.1128/IAI.06014-11

Devoe, I., and Gilchrist, J. (1973). Release of endotoxin in the form of cell wall blebs 
during in vitro growth of Neisseria meningitidis. J. Exp. Med. 138, 1156–1167. doi: 
10.1084/jem.138.5.1156

Diallo, I., Ho, J., Lalaouna, D., Massé, E., and Provost, P. (2022). RNA sequencing 
unveils very small RNAs with potential regulatory functions in Bacteria. Front. Mol. 
Biosci. 9:9. doi: 10.3389/fmolb.2022.914991

Domingues, S., and Nielsen, K. M. (2017). Membrane vesicles and horizontal gene 
transfer in prokaryotes. Curr. Opin. Microbiol. 38, 16–21. doi: 10.1016/j.mib.2017.03.012

Eigenbrod, T., and Dalpke, A. H. (2015). Bacterial RNA: an underestimated stimulus 
for innate immune responses. J. Immunol. 195, 411–418. doi: 10.4049/jimmunol.1500530

Elhenawy, W., Debelyy, M. O., and Feldman, M. F. (2014). Preferential packing of 
acidic Glycosidases and proteases intoBacteroidesOuter membrane vesicles. MBio 
5:10.1128/mbio, 00909–00914. doi: 10.1128/mBio.00909-14

Ellis, T. N., and Kuehn, M. J. (2010). Virulence and immunomodulatory roles of 
bacterial outer membrane vesicles. Microbiol. Mol. Biol. Rev. 74, 81–94. doi: 10.1128/
MMBR.00031-09

Etchart, N., Baaten, B., Andersen, S. R., Hyland, L., Wong, S. Y., and Hou, S. (2006). 
Intranasal immunisation with inactivated RSV and bacterial adjuvants induces mucosal 
protection and abrogates eosinophilia upon challenge. Eur. J. Immunol. 36, 1136–1144. 
doi: 10.1002/eji.200535493

Fernandez-Moreira, E., Helbig, J. H., and Swanson, M. S. (2006). Membrane vesicles 
shed by Legionella pneumophila inhibit fusion of phagosomes with lysosomes. Infect. 
Immun. 74, 3285–3295. doi: 10.1128/IAI.01382-05

Fernández-Rojas, M. A., Vaca, S., Reyes-López, M., la Garza, M., Aguilar-Romero, F., 
Zenteno, E., et al. (2014). Outer membrane vesicles of Pasteurella multocida contain 
virulence factors. Microbiology 3, 711–717. doi: 10.1002/mbo3.201

Ferrari, G., Garaguso, I., Adu-Bobie, J., Doro, F., Taddei, A. R., Biolchi, A., et al. (2006). 
Outer membrane vesicles from group B Neisseria meningitidis Δgna33 mutant: 
proteomic and immunological comparison with detergent-derived outer membrane 
vesicles. Proteomics 6, 1856–1866. doi: 10.1002/pmic.200500164

Finnerty, W., Makula, R., and Feeley, J. C. (1979). Cellular lipids of the Legionnaires' 
disease bacterium. Ann. Intern. Med. 90, 631–634. doi: 10.7326/0003-4819-90-4-631

Fiocca, R., Necchi, V., Sommi, P., Ricci, V., Telford, J., Cover, T. L., et al. (1999). Release 
of Helicobacter pylori vacuolating cytotoxin by both a specific secretion pathway and 
budding of outer membrane vesicles. Uptake of released toxin and vesicles by gastric 
epithelium. J. Pathol. 188, 220–226. doi: 10.1002/(SICI)1096-9896(199906)188:2<220::
AID-PATH307>3.0.CO;2-C

Flesher, A. R., Ito, S., Mansheim, B. J., and Kasper, D. L. (1979). The cell envelope of 
the Legionnaires' disease bacterium: morphologic and biochemical characteristics. Ann. 
Intern. Med. 90, 628–630. doi: 10.7326/0003-4819-90-4-628

Franzin, L., Scolfaro, C., Cabodi, D., Valera, M., and Tovo, P. A. (2001). Legionella 
pneumophila pneumonia in a newborn after water birth: a new mode of transmission. 
Clin. Infect. Dis. 33, e103–e104. doi: 10.1086/323023

Fuche, F., Vianney, A., Andrea, C., Doublet, P., and Gilbert, C. (2015). Functional type 
1 secretion system involved in Legionella pneumophila virulence. J. Bacteriol. 197, 
563–571. doi: 10.1128/JB.02164-14

Fulsundar, S., Harms, K., Flaten, G. E., Johnsen, P. J., Chopade, B. A., and 
Nielsen, K. M. (2014). Gene transfer potential of outer membrane vesicles of 
Acinetobacter baylyi and effects of stress on vesiculation. Appl. Environ. Microbiol. 80, 
3469–3483. doi: 10.1128/AEM.04248-13

Fulsundar, S., Kulkarni, H. M., Jagannadham, M. V., Nair, R., Keerthi, S., Sant, P., et al. 
(2015). Molecular characterization of outer membrane vesicles released from 
Acinetobacter radioresistens and their potential roles in pathogenesis. Microb. Pathog. 
83-84, 12–22. doi: 10.1016/j.micpath.2015.04.005

Galka, F., Wai, S. N., Kusch, H., Engelmann, S., Hecker, M., Schmeck, B., et al. (2008). 
Proteomic characterization of the whole secretome of Legionella pneumophila and 
functional analysis of outer membrane vesicles. Infect. Immun. 76, 1825–1836. doi: 
10.1128/IAI.01396-07

https://doi.org/10.3389/fmicb.2023.1270123
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://doi.org/10.1186/1471-2180-9-26
https://doi.org/10.1084/jem.172.4.1201
https://doi.org/10.1111/j.1432-1033.1981.tb05742.x
https://doi.org/10.1371/journal.ppat.1003797
https://doi.org/10.1126/science.1243457
https://doi.org/10.3390/microorganisms11082082
https://doi.org/10.1038/s41598-017-07288-4
https://doi.org/10.1002/jev2.12080
https://doi.org/10.1016/0140-6736(91)91961-S
https://doi.org/10.1371/journal.pone.0160440
https://doi.org/10.1371/journal.ppat.1000382
https://doi.org/10.1002/pro.5560040701
https://doi.org/10.1038/nrmicro3480
https://doi.org/10.3389/fmicb.2020.00432
https://doi.org/10.1016/j.jprot.2018.11.013
https://doi.org/10.12688/f1000research.11388.1
https://doi.org/10.1099/00221287-49-1-1
https://doi.org/10.1093/jac/dkx131
https://doi.org/10.1016/j.biotechadv.2020.107553
https://doi.org/10.1016/j.biotechadv.2020.107553
https://doi.org/10.1002/pmic.201000212
https://doi.org/10.1177/0022034516685071
https://doi.org/10.1016/j.bbapap.2012.09.015
https://doi.org/10.1016/j.bbapap.2012.09.015
https://doi.org/10.1016/j.tim.2005.09.005
https://doi.org/10.2217/fmb.09.53
https://doi.org/10.2217/fmb.09.53
https://doi.org/10.1074/jbc.RA118.006472
https://doi.org/10.1074/jbc.RA118.006472
https://doi.org/10.1111/j.1462-5822.2007.01066.x
https://doi.org/10.1093/infdis/142.4.556
https://doi.org/10.1128/IAI.06014-11
https://doi.org/10.1084/jem.138.5.1156
https://doi.org/10.3389/fmolb.2022.914991
https://doi.org/10.1016/j.mib.2017.03.012
https://doi.org/10.4049/jimmunol.1500530
https://doi.org/10.1128/mBio.00909-14
https://doi.org/10.1128/MMBR.00031-09
https://doi.org/10.1128/MMBR.00031-09
https://doi.org/10.1002/eji.200535493
https://doi.org/10.1128/IAI.01382-05
https://doi.org/10.1002/mbo3.201
https://doi.org/10.1002/pmic.200500164
https://doi.org/10.7326/0003-4819-90-4-631
https://doi.org/10.1002/(SICI)1096-9896(199906)188:2<220::AID-PATH307>3.0.CO;2-C
https://doi.org/10.1002/(SICI)1096-9896(199906)188:2<220::AID-PATH307>3.0.CO;2-C
https://doi.org/10.7326/0003-4819-90-4-628
https://doi.org/10.1086/323023
https://doi.org/10.1128/JB.02164-14
https://doi.org/10.1128/AEM.04248-13
https://doi.org/10.1016/j.micpath.2015.04.005
https://doi.org/10.1128/IAI.01396-07


Ayesha et al. 10.3389/fmicb.2023.1270123

Frontiers in Microbiology 15 frontiersin.org

Gankema, H., Wensink, J., Guinée, P. A., Jansen, W. H., and Witholt, B. (1980). Some 
characteristics of the outer membrane material released by growing enterotoxigenic 
Escherichia coli. Infect. Immun. 29, 704–713. doi: 10.1128/iai.29.2.704-713.1980

Garduño, R. A., Garduño, E., and Hoffman, P. S. (1998). Surface-associated hsp60 
chaperonin of Legionella pneumophila mediates invasion in a HeLa cell model. Infect. 
Immun. 66, 4602–4610. doi: 10.1128/IAI.66.10.4602-4610.1998

Gioannini, T. L., Teghanemt, A., Zhang, D., Coussens, N. P., Dockstader, W., 
Ramaswamy, S., et al. (2004). Isolation of an endotoxin–MD-2 complex that produces 
toll-like receptor 4-dependent cell activation at picomolar concentrations. Proc. Natl. 
Acad. Sci. 101, 4186–4191. doi: 10.1073/pnas.0306906101

Gnopo, Y. M., Misra, A., Hsu, H.-L., DeLisa, M. P., Daniel, S., Putnam, D., et al. (2020). 
Induced fusion and aggregation of bacterial outer membrane vesicles: experimental and 
theoretical analysis. J. Colloid Interface Sci. 578, 522–532. doi: 10.1016/j.jcis.2020.04.068

Green, E. R., and Mecsas, J. (2016). Bacterial secretion systems: an overview. Virul. 
Mech. Bact. Pathog. 4, 213–239. doi: 10.1128/9781555819286.ch8

Grenier, D., and Mayrand, D. (1987). Functional characterization of extracellular 
vesicles produced by Bacteroides gingivalis. Infect. Immun. 55, 111–117. doi: 10.1128/
iai.55.1.111-117.1987

Hamilton, K., Prussin, A., Ahmed, W., and Haas, C. (2018). Outbreaks of legionnaires’ 
disease and Pontiac fever 2006–2017. Curr. Environ. Health Rep. 5, 263–271. doi: 
10.1007/s40572-018-0201-4

Harb, O. S., and Kwaik, Y. A. (1998). Identification of the aspartate-β-semialdehyde 
dehydrogenase gene of Legionella pneumophila and characterization of a null mutant. 
Infect. Immun. 66, 1898–1903. doi: 10.1128/IAI.66.5.1898-1903.1998

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

Hendrix, L. R., Mallavia, L. P., and Samuel, J. E. (1993). Cloning and sequencing of 
Coxiella burnetii outer membrane protein gene com1. Infect. Immun. 61, 470–477. doi: 
10.1128/iai.61.2.470-477.1993

Hirayama, S., and Nakao, R. (2020). Glycine significantly enhances bacterial membrane 
vesicle production: a powerful approach for isolation of LPS-reduced membrane vesicles of 
probiotic Escherichia coli. Microb. Biotechnol. 13, 1162–1178. doi: 10.1111/1751-7915.13572

Hoekstra, D., van der Laan, J. W., de Leij, L., and Witholt, B. (1976). Release of outer 
membrane fragments from normally growing Escherichia coli. Biochim. Biophys. Acta 
455, 889–899. doi: 10.1016/0005-2736(76)90058-4

Ho, M.-H., Chen, C.-H., Goodwin, J. S., Wang, B.-Y., and Xie, H. (2015). Functional 
advantages of Porphyromonas gingivalis vesicles. PLoS One 10:e0123448. doi: 10.1371/
journal.pone.0123448

Horstman, A. L., and Kuehn, M. J. (2000). Enterotoxigenic Escherichia coli secretes 
active heat-labile enterotoxin via outer membrane vesicles. J. Biol. Chem. 275, 
12489–12496. doi: 10.1074/jbc.275.17.12489

Istivan, T. S., and Coloe, P. J. (2006). Phospholipase a in gram-negative bacteria and 
its role in pathogenesis. Microbiology 152, 1263–1274. doi: 10.1099/mic.0.28609-0

Jäger, J., Keese, S., Roessle, M., Steinert, M., and Schromm, A. B. (2015). Fusion of L 
egionella pneumophila outer membrane vesicles with eukaryotic membrane systems is 
a mechanism to deliver pathogen factors to host cell membranes. Cell. Microbiol. 17, 
607–620. doi: 10.1111/cmi.12392

Jäger, J., Marwitz, S., Tiefenau, J., Rasch, J., Shevchuk, O., Kugler, C., et al. (2014). 
Human lung tissue explants reveal novel interactions during Legionella pneumophila 
infections. Infect. Immun. 82, 275–285. doi: 10.1128/IAI.00703-13

Jameson-Lee, M., Garduno, R. A., and Hoffman, P. S. (2011). DsbA2 (27 kDa Com1-
like protein) of Legionella pneumophila catalyses extracytoplasmic disulphide-bond 
formation in proteins including the dot/Icm type IV secretion system. Mol. Microbiol. 
80, 835–852. doi: 10.1111/j.1365-2958.2011.07615.x

Jang, K.-S., Sweredoski, M. J., Graham, R. L., Hess, S., and Clemons, W. M. Jr. (2014). 
Comprehensive proteomic profiling of outer membrane vesicles from Campylobacter 
jejuni. J. Proteome 98, 90–98. doi: 10.1016/j.jprot.2013.12.014

Jeong, K. C., Ghosal, D., Chang, Y.-W., Jensen, G. J., and Vogel, J. P. (2017). Polar 
delivery of Legionella type IV secretion system substrates is essential for virulence. Proc. 
Natl. Acad. Sci. 114, 8077–8082. doi: 10.1073/pnas.1621438114

Jha, C., Ghosh, S., Gautam, V., Malhotra, P., and Ray, P. (2017). In vitro study of 
virulence potential of Acinetobacter baumannii outer membrane vesicles. Microb. Pathog. 
111, 218–224. doi: 10.1016/j.micpath.2017.08.048

Jung, A. L., Stoiber, C., Herkt, C. E., Schulz, C., Bertrams, W., and Schmeck, B. (2016). 
Legionella pneumophila-derived outer membrane vesicles promote bacterial replication 
in macrophages. PLoS Pathog. 12:e1005592. doi: 10.1371/journal.ppat.1005592

Jurk, M., Heil, F., Vollmer, J., Schetter, C., Krieg, A. M., Wagner, H., et al. (2002). 
Human TLR7 or TLR8 independently confer responsiveness to the antiviral compound 
R-848. Nat. Immunol. 3:499. doi: 10.1038/ni0602-499

Kadurugamuwa, J. L., and Beveridge, T. J. (1995). Virulence factors are released from 
Pseudomonas aeruginosa in association with membrane vesicles during normal growth 
and exposure to gentamicin: a novel mechanism of enzyme secretion. J. Bacteriol. 177, 
3998–4008. doi: 10.1128/jb.177.14.3998-4008.1995

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

Kaparakis, M., Turnbull, L., Carneiro, L., Firth, S., Coleman, H. A., Parkington, H. C., 
et al. (2010). Bacterial membrane vesicles deliver peptidoglycan to NOD1 in epithelial 
cells. Cell. Microbiol. 12, 372–385. doi: 10.1111/j.1462-5822.2009.01404.x

Karthikeyan, R., Gayathri, P., Gunasekaran, P., Jagannadham, M. V., and Rajendhran, J. 
(2019). Comprehensive proteomic analysis and pathogenic role of membrane vesicles 
of Listeria monocytogenes serotype 4b reveals proteins associated with virulence and 
their possible interaction with host. Int. J. Med. Microbiol. 309, 199–212. doi: 10.1016/j.
ijmm.2019.03.008

Keto-Timonen, R., Hietala, N., Palonen, E., Hakakorpi, A., Lindström, M., and 
Korkeala, H. (2016). Cold shock proteins: a minireview with special emphasis on Csp-
family of enteropathogenic Yersinia. Front. Microbiol. 7:1151. doi: 10.3389/
fmicb.2016.01151

Khemiri, A., Galland, A., Vaudry, D., Chan Tchi Song, P., Vaudry, H., Jouenne, T., et al. 
(2008). Outer-membrane proteomic maps and surface-exposed proteins of Legionella 
pneumophila using cellular fractionation and fluorescent labelling. Anal. Bioanal. Chem. 
390, 1861–1871. doi: 10.1007/s00216-008-1923-1

Kim, J. H., Yoon, Y. J., Lee, J., Choi, E.-J., Yi, N., Park, K.-S., et al. (2013). Outer 
membrane vesicles derived from Escherichia coli up-regulate expression of endothelial 
cell adhesion molecules in vitro and in vivo. PLoS One 8:e59276. doi: 10.1371/journal.
pone.0059276

Kim, O. Y., Park, H. T., Dinh, N. T. H., Choi, S. J., Lee, J., Kim, J. H., et al. (2017). 
Bacterial outer membrane vesicles suppress tumor by interferon-γ-mediated antitumor 
response. Nat. Commun. 8, 1–9. doi: 10.1038/s41467-017-00729-8

Kitao, T., Nagai, H., and Kubori, T. (2020). Divergence of Legionella effectors reversing 
conventional and unconventional ubiquitination. Front. Cell. Infect. Microbiol. 10:448. 
doi: 10.3389/fcimb.2020.00448

Klieve, A. V., Yokoyama, M. T., Forster, R. J., Ouwerkerk, D., Bain, P. A., and 
Mawhinney, E. L. (2005). Naturally occurring DNA transfer system associated with 
membrane vesicles in cellulolytic Ruminococcus spp. of ruminal origin. Appl. Environ. 
Microbiol. 71, 4248–4253. doi: 10.1128/AEM.71.8.4248-4253.2005

Klimentova, J., Pavkova, I., Horcickova, L., Bavlovic, J., Kofronova, O., Benada, O., 
et al. (2019). Francisella tularensis subsp. holarctica releases differentially loaded outer 
membrane vesicles under various stress conditions. Front. Microbiol. 10:2304. doi: 
10.3389/fmicb.2019.02304

Knoke, L. R., Abad Herrera, S., Götz, K., Justesen, B. H., Günther Pomorski, T., 
Fritz, C., et al. (2020). Agrobacterium tumefaciens small lipoprotein Atu8019 is involved 
in selective outer membrane vesicle (OMV) docking to bacterial cells. Front. Virol. 
11:1228. doi: 10.3389/fmicb.2020.01228

Koeppen, K., Hampton, T. H., Jarek, M., Scharfe, M., Gerber, S. A., Mielcarz, D. W., 
et al. (2016). A novel mechanism of host-pathogen interaction through sRNA in 
bacterial outer membrane vesicles. PLoS Pathog. 12:e1005672. doi: 10.1371/journal.
ppat.1005672

Kolling, G. L., and Matthews, K. R. (1999). Export of virulence genes and Shiga toxin 
by membrane vesicles of Escherichia coli O157: H7. Appl. Environ. Microbiol. 65, 
1843–1848. doi: 10.1128/AEM.65.5.1843-1848.1999

Kulkarni, H. M., Nagaraj, R., and Jagannadham, M. V. (2015). Protective role of E. coli 
outer membrane vesicles against antibiotics. Microbiol. Res. 181, 1–7. doi: 10.1016/j.
micres.2015.07.008

Kulkarni, H. M., Swamy, C. V., and Jagannadham, M. V. (2014). Molecular 
characterization and functional analysis of outer membrane vesicles from the antarctic 
bacterium Pseudomonas syringae suggest a possible response to environmental 
conditions. J. Proteome Res. 13, 1345–1358. doi: 10.1021/pr4009223

Lalaouna, D., Simoneau-Roy, M., Lafontaine, D., and Massé, E. (2013). Regulatory 
RNAs and target mRNA decay in prokaryotes. Biochim. Biophys. Acta 1829, 742–747. 
doi: 10.1016/j.bbagrm.2013.02.013

Lappann, M., Danhof, S., Guenther, F., Olivares-Florez, S., Mordhorst, I. L., and 
Vogel, U. (2013). In vitro resistance mechanisms of N eisseria meningitidis against 
neutrophil extracellular traps. Mol. Microbiol. 89, 433–449. doi: 10.1111/mmi.12288

Lappann, M., Otto, A., Becher, D., and Vogel, U. (2013). Comparative proteome 
analysis of spontaneous outer membrane vesicles and purified outer membranes of 
Neisseria meningitidis. J. Bacteriol. 195, 4425–4435. doi: 10.1128/JB.00625-13

Latz, E., Schoenemeyer, A., Visintin, A., Fitzgerald, K. A., Monks, B. G., Knetter, C. F., 
et al. (2004). TLR9 signals after translocating from the ER to CpG DNA in the lysosome. 
Nat. Immunol. 5, 190–198. doi: 10.1038/ni1028

Lee, E. Y., Bang, J. Y., Park, G. W., Choi, D. S., Kang, J. S., Kim, H. J., et al. (2007). 
Global proteomic profiling of native outer membrane vesicles derived from Escherichia 
coli. Proteomics 7, 3143–3153. doi: 10.1002/pmic.200700196

Lee, H.-J. (2019). Microbe-host communication by small RNAs in extracellular 
vesicles: vehicles for transkingdom RNA transportation. Int. J. Mol. Sci. 20:1487. doi: 
10.3390/ijms20061487

Lee, J., Kim, S. H., Choi, D. S., Lee, J. S., Kim, D. K., Go, G., et al. (2015). Proteomic 
analysis of extracellular vesicles derived from Mycobacterium tuberculosis. Proteomics 
15, 3331–3337. doi: 10.1002/pmic.201500037

https://doi.org/10.3389/fmicb.2023.1270123
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://doi.org/10.1128/iai.29.2.704-713.1980
https://doi.org/10.1128/IAI.66.10.4602-4610.1998
https://doi.org/10.1073/pnas.0306906101
https://doi.org/10.1016/j.jcis.2020.04.068
https://doi.org/10.1128/9781555819286.ch8
https://doi.org/10.1128/iai.55.1.111-117.1987
https://doi.org/10.1128/iai.55.1.111-117.1987
https://doi.org/10.1007/s40572-018-0201-4
https://doi.org/10.1128/IAI.66.5.1898-1903.1998
https://doi.org/10.1074/jbc.M110.185744
https://doi.org/10.1128/iai.61.2.470-477.1993
https://doi.org/10.1111/1751-7915.13572
https://doi.org/10.1016/0005-2736(76)90058-4
https://doi.org/10.1371/journal.pone.0123448
https://doi.org/10.1371/journal.pone.0123448
https://doi.org/10.1074/jbc.275.17.12489
https://doi.org/10.1099/mic.0.28609-0
https://doi.org/10.1111/cmi.12392
https://doi.org/10.1128/IAI.00703-13
https://doi.org/10.1111/j.1365-2958.2011.07615.x
https://doi.org/10.1016/j.jprot.2013.12.014
https://doi.org/10.1073/pnas.1621438114
https://doi.org/10.1016/j.micpath.2017.08.048
https://doi.org/10.1371/journal.ppat.1005592
https://doi.org/10.1038/ni0602-499
https://doi.org/10.1128/jb.177.14.3998-4008.1995
https://doi.org/10.1038/nri3837
https://doi.org/10.1111/j.1462-5822.2009.01404.x
https://doi.org/10.1016/j.ijmm.2019.03.008
https://doi.org/10.1016/j.ijmm.2019.03.008
https://doi.org/10.3389/fmicb.2016.01151
https://doi.org/10.3389/fmicb.2016.01151
https://doi.org/10.1007/s00216-008-1923-1
https://doi.org/10.1371/journal.pone.0059276
https://doi.org/10.1371/journal.pone.0059276
https://doi.org/10.1038/s41467-017-00729-8
https://doi.org/10.3389/fcimb.2020.00448
https://doi.org/10.1128/AEM.71.8.4248-4253.2005
https://doi.org/10.3389/fmicb.2019.02304
https://doi.org/10.3389/fmicb.2020.01228
https://doi.org/10.1371/journal.ppat.1005672
https://doi.org/10.1371/journal.ppat.1005672
https://doi.org/10.1128/AEM.65.5.1843-1848.1999
https://doi.org/10.1016/j.micres.2015.07.008
https://doi.org/10.1016/j.micres.2015.07.008
https://doi.org/10.1021/pr4009223
https://doi.org/10.1016/j.bbagrm.2013.02.013
https://doi.org/10.1111/mmi.12288
https://doi.org/10.1128/JB.00625-13
https://doi.org/10.1038/ni1028
https://doi.org/10.1002/pmic.200700196
https://doi.org/10.3390/ijms20061487
https://doi.org/10.1002/pmic.201500037


Ayesha et al. 10.3389/fmicb.2023.1270123

Frontiers in Microbiology 16 frontiersin.org

Lindmark, B., Rompikuntal, P. K., Vaitkevicius, K., Song, T., Mizunoe, Y., Uhlin, B. E., 
et al. (2009). Outer membrane vesicle-mediated release of cytolethal distending toxin 
(CDT) from Campylobacter jejuni. BMC Microbiol. 9, 1–10. doi: 10.1186/1471-2180-9-220

Liu, H., Geng, Z., and Su, J. (2022). Engineered mammalian and bacterial extracellular 
vesicles as promising nanocarriers for targeted therapy. Extracell Ves. Circ Nucleic Acids 
3, 63–86. doi: 10.20517/evcna.2022.04

Liu, J., Hsieh, C.-L., Gelincik, O., Devolder, B., Sei, S., Zhang, S., et al. (2019). 
Proteomic characterization of outer membrane vesicles from gut mucosa-derived 
fusobacterium nucleatum. J. Proteome 195, 125–137. doi: 10.1016/j.jprot.2018.12.029

Liu, X., and Shin, S. (2019). Viewing Legionella pneumophila pathogenesis through an 
immunological lens. J. Mol. Biol. 431, 4321–4344. doi: 10.1016/j.jmb.2019.07.028

Lockwood, D. C., Amin, H., Costa, T. R., and Schroeder, G. N. (2022). The Legionella 
pneumophila dot/Icm type IV secretion system and its effectors. Microbiology 
168:001187. doi: 10.1099/mic.0.001187

Logan, S. M., and Trust, T. (1982). Outer membrane characteristics of Campylobacter 
jejuni. Infect. Immun. 38, 898–906. doi: 10.1128/iai.38.3.898-906.1982

Loppnow, H., Brade, H., Dürrbaum, I., Dinarello, C. A., Kusumoto, S., Rietschel, E. T., 
et al. (1989). IL-1 induction-capacity of defined lipopolysaccharide partial structures. J. 
Immunol. 142, 3229–3238. doi: 10.4049/jimmunol.142.9.3229

Lorry, G., and Rubin, I. (2008). Etiologic agents of infectious diseases. In: S. S. Long 
(ed). 3rd Edn. Principles and Practice of Pediatric Infectious Disease. W.B. Saunders. 
912–915. doi: 10.1016/B978-0-7020-3468-8.50183-8

Low, K. B., Ittensohn, M., le, T., Platt, J., Sodi, S., Amoss, M., et al. (1999). Lipid a 
mutant Salmonella with suppressed virulence and TNFα induction retain tumor-
targeting in vivo. Nat. Biotechnol. 17, 37–41. doi: 10.1038/5205

Maas, S. L., Breakefield, X. O., and Weaver, A. M. (2017). Extracellular vesicles: unique 
intercellular delivery vehicles. Trends Cell Biol. 27, 172–188. doi: 10.1016/j.tcb.2016.11.003

Malabirade, A., Habier, J., Heintz-Buschart, A., May, P., Godet, J., Halder, R., et al. 
(2018). The RNA complement of outer membrane vesicles from Salmonella enterica 
Serovar typhimurium under distinct culture conditions. Front. Microbiol. 9:2015. doi: 
10.3389/fmicb.2018.02015

Maldonado, R., Wei, R., Kachlany, S., Kazi, M., and Balashova, N. (2011). Cytotoxic 
effects of Kingella kingae outer membrane vesicles on human cells. Microb. Pathog. 51, 
22–30. doi: 10.1016/j.micpath.2011.03.005

Manca, C., Paul, S., Barry, C. E. III, Freedman, V. H., and Kaplan, G. (1999). 
Mycobacterium tuberculosis catalase and peroxidase activities and resistance to oxidative 
killing in human monocytes in  vitro. Infect. Immun. 67, 74–79. doi: 10.1128/
IAI.67.1.74-79.1999

Mantri, C. K., Chen, C. H., Dong, X., Goodwin, J. S., Pratap, S., Paromov, V., et al. 
(2015). Fimbriae-mediated outer membrane vesicle production and invasion of P 
orphyromonas gingivalis. Microbiology 4, 53–65. doi: 10.1002/mbo3.221

McBroom, A. J., Johnson, A. P., Vemulapalli, S., and Kuehn, M. J. (2006). Outer 
membrane vesicle production by Escherichia coli is independent of membrane instability. 
J. Bacteriol. 188, 5385–5392. doi: 10.1128/JB.00498-06

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

McMahon, H. T., and Gallop, J. L. (2005). Membrane curvature and mechanisms of 
dynamic cell membrane remodelling. Nature 438, 590–596. doi: 10.1038/nature04396

McMillan, H. M., Rogers, N., Wadle, A., Hsu-Kim, H., Wiesner, M. R., Kuehn, M. J., 
et al. (2021). Microbial vesicle-mediated communication: convergence to understand 
interactions within and between domains of life. Environ Sci Process Impacts 23, 
664–677. doi: 10.1039/D1EM00022E

Mileykovskaya, E., and Dowhan, W. (2009). Cardiolipin membrane domains in 
prokaryotes and eukaryotes. Biochim. Biophys. Acta 1788, 2084–2091. doi: 10.1016/j.
bbamem.2009.04.003

Mi, Z., Feng, Z.-C., Li, C., Yang, X., Ma, M.-T., and Rong, P.-F. (2019). Salmonella-
mediated cancer therapy: an innovative therapeutic strategy. J. Cancer 10:4765. doi: 
10.7150/jca.32650

Mondino, S., Schmidt, S., Rolando, M., Escoll, P., Gomez-Valero, L., and Buchrieser, C. 
(2020). Legionnaires’ disease: state of the art knowledge of pathogenesis mechanisms of 
Legionella. Ann. Rev. Pathol. 15, 439–466. doi: 10.1146/annurev-
pathmechdis-012419-032742

Muder, R. R., Victor, L. Y., and Woo, A. H. (1986). Mode of transmission of Legionella 
pneumophila: a critical review. Arch. Intern. Med. 146, 1607–1612. doi: 10.1001/archin
te.1986.00360200183030

Munshi, R. (2020). Characterization of outer membrane vesicles from Fusobacterium 
nucleatum. Indian J. Sci. Technol. 13, 161–192. doi: 10.17485/ijst/2020/v13i02/148492

Nagai, H., and Roy, C. R. (2003). Show me the substrates: modulation of host cell 
function by type IV secretion systems. Cell. Microbiol. 5, 373–383. doi: 
10.1046/j.1462-5822.2003.00285.x

Nevot, M., Deroncelé, V., Messner, P., Guinea, J., and Mercadé, E. (2006). 
Characterization of outer membrane vesicles released by the psychrotolerant bacterium 
Pseudoalteromonas antarctica NF3. Environ. Microbiol. 8, 1523–1533. doi: 
10.1111/j.1462-2920.2006.01043.x

Newsome, A. L., Baker, R., Miller, R., and Arnold, R. (1985). Interactions between 
Naegleria fowleri and Legionella pneumophila. Infect. Immun. 50, 449–452. doi: 10.1128/
iai.50.2.449-452.1985

Nieves, W., Asakrah, S., Qazi, O., Brown, K. A., Kurtz, J., AuCoin, D. P., et al. (2011). 
A naturally derived outer-membrane vesicle vaccine protects against lethal pulmonary 
Burkholderia pseudomallei infection. Vaccine 29, 8381–8389. doi: 10.1016/j.
vaccine.2011.08.058

Nowotny, A., Behling, U., Hammond, B., Lai, C., Listgarten, M., Pham, P., et al. (1982). 
Release of toxic microvesicles by Actinobacillus actinomycetemcomitans. Infect. Immun. 
37, 151–154. doi: 10.1128/iai.37.1.151-154.1982

Oliver, C., Valenzuela, K., Hernández, M., Sandoval, R., Haro, R. E., 
Avendaño-Herrera, R., et al. (2016). Characterization and pathogenic role of outer 
membrane vesicles produced by the fish pathogen Piscirickettsia salmonis under in vitro 
conditions. Vet. Microbiol. 184, 94–101. doi: 10.1016/j.vetmic.2015.09.012

Orench-Rivera, N., and Kuehn, M. J. (2016). Environmentally controlled bacterial 
vesicle-mediated export. Cell. Microbiol. 18, 1525–1536. doi: 10.1111/cmi.12676

Oster, P., Lennon, D., O’Hallahan, J., Mulholland, K., Reid, S., and Martin, D. (2005). 
MeNZB™: a safe and highly immunogenic tailor-made vaccine against the New Zealand 
Neisseria meningitidis serogroup B disease epidemic strain. Vaccine 23, 2191–2196. doi: 
10.1016/j.vaccine.2005.01.063

Patyar, S., Joshi, R., Byrav, D., Prakash, A., Medhi, B., and das, B. (2010). Bacteria in 
cancer therapy: a novel experimental strategy. J. Biomed. Sci. 17, 1–9. doi: 
10.1186/1423-0127-17-21

Perez Vidakovics, M. L. A., Jendholm, J., Mörgelin, M., Månsson, A., Larsson, C., 
Cardell, L.-O., et al. (2010). B cell activation by outer membrane vesicles—a novel 
virulence mechanism. PLoS Pathog. 6:e1000724. doi: 10.1371/journal.ppat.1000724

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

Pollak, C. N., Delpino, M. V., Fossati, C. A., and Baldi, P. C. (2012). Outer membrane 
vesicles from Brucella abortus promote bacterial internalization by human monocytes 
and modulate their innate immune response. PLoS One 7:e50214. doi: 10.1371/journal.
pone.0050214

Prados-Rosales, R., Baena, A., Martinez, L. R., Luque-Garcia, J., Kalscheuer, R., 
Veeraraghavan, U., et al. (2011). Mycobacteria release active membrane vesicles that 
modulate immune responses in a TLR2-dependent manner in mice. J. Clin. Invest. 121, 
1471–1483. doi: 10.1172/JCI44261

Qiao, W., Wang, L., Luo, Y., and Miao, J. (2021). Outer membrane vesicles mediated 
horizontal transfer of an aerobic denitrification gene between Escherichia coli. 
Biodegradation 32, 435–448. doi: 10.1007/s10532-021-09945-y

Ren, D., Nelson, K. L., Uchakin, P. N., Smith, A. L., Gu, X.-X., and Daines, D. A. 
(2012). Characterization of extended co-culture of non-typeable Haemophilus influenzae 
with primary human respiratory tissues. Exp. Biol. Med. 237, 540–547. doi: 10.1258/
ebm.2012.011377

Reza Aghasadeghi, M., Sharifat Salmani, A., Mehdi Sadat, S., Javadi, F., 
Memarnejadian, A., Vahabpour, R., et al. (2011). Application of outer membrane vesicle 
of Neisseria meningitidis serogroup B as a new adjuvant to induce strongly Th1-oriented 
responses against HIV-1. Curr. HIV Res. 9, 630–635. doi: 10.2174/157016211798998772

Ribeiro de Freitas, M. C., Elaine de Almeida, P., Vieira, W. V., Ferreira-Machado, A. B., 
Resende, J. A., Lúcia da Silva, V., et al. (2022). Inflammatory modulation and outer 
membrane vesicles (OMV) production associated to Bacteroides fragilis response to 
subinhibitory concentrations of metronidazole during experimental infection. Anaerobe 
73:102504. doi: 10.1016/j.anaerobe.2021.102504

Robinson, C. G., and Roy, C. R. (2006). Attachment and fusion of endoplasmic 
reticulum with vacuoles containing Legionella pneumophila. Cell. Microbiol. 8, 793–805. 
doi: 10.1111/j.1462-5822.2005.00666.x

Rodrigues, M. L., Nakayasu, E. S., Oliveira, D. L., Nimrichter, L., Nosanchuk, J. D., 
Almeida, I. C., et al. (2008). Extracellular vesicles produced by Cryptococcus neoformans 
contain protein components associated with virulence. Eukaryot. Cell 7, 58–67. doi: 
10.1128/EC.00370-07

Roier, S., Zingl, F. G., Cakar, F., Durakovic, S., Kohl, P., Eichmann, T. O., et al. (2016). 
A novel mechanism for the biogenesis of outer membrane vesicles in gram-negative 
bacteria. Nat. Commun. 7:10515. doi: 10.1038/ncomms10515

Rollauer, S. E., Sooreshjani, M. A., Noinaj, N., and Buchanan, S. K. (2015). Outer 
membrane protein biogenesis in gram-negative bacteria. Phil. Trans. Royal Soc. B 
370:20150023. doi: 10.1098/rstb.2015.0023

Rompikuntal, P. K., Thay, B., Khan, M. K., Alanko, J., Penttinen, A.-M., Asikainen, S., 
et al. (2012). Perinuclear localization of internalized outer membrane vesicles carrying 
active cytolethal distending toxin from Aggregatibacter actinomycetemcomitans. Infect. 
Immun. 80, 31–42. doi: 10.1128/IAI.06069-11

Rompikuntal, P. K., Vdovikova, S., Duperthuy, M., Johnson, T. L., Åhlund, M., 
Lundmark, R., et al. (2015). Outer membrane vesicle-mediated export of processed PrtV 
protease from Vibrio cholerae. PLoS One 10:e0134098. doi: 10.1371/journal.pone.0134098

Rumbo, C., Fernández-Moreira, E., Merino, M., Poza, M., Mendez, J. A., Soares, N. C., 
et al. (2011). Horizontal transfer of the OXA-24 carbapenemase gene via outer 

https://doi.org/10.3389/fmicb.2023.1270123
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://doi.org/10.1186/1471-2180-9-220
https://doi.org/10.20517/evcna.2022.04
https://doi.org/10.1016/j.jprot.2018.12.029
https://doi.org/10.1016/j.jmb.2019.07.028
https://doi.org/10.1099/mic.0.001187
https://doi.org/10.1128/iai.38.3.898-906.1982
https://doi.org/10.4049/jimmunol.142.9.3229
https://doi.org/10.1016/B978-0-7020-3468-8.50183-8
https://doi.org/10.1038/5205
https://doi.org/10.1016/j.tcb.2016.11.003
https://doi.org/10.3389/fmicb.2018.02015
https://doi.org/10.1016/j.micpath.2011.03.005
https://doi.org/10.1128/IAI.67.1.74-79.1999
https://doi.org/10.1128/IAI.67.1.74-79.1999
https://doi.org/10.1002/mbo3.221
https://doi.org/10.1128/JB.00498-06
https://doi.org/10.1128/JB.02007-12
https://doi.org/10.1038/nature04396
https://doi.org/10.1039/D1EM00022E
https://doi.org/10.1016/j.bbamem.2009.04.003
https://doi.org/10.1016/j.bbamem.2009.04.003
https://doi.org/10.7150/jca.32650
https://doi.org/10.1146/annurev-pathmechdis-012419-032742
https://doi.org/10.1146/annurev-pathmechdis-012419-032742
https://doi.org/10.1001/archinte.1986.00360200183030
https://doi.org/10.1001/archinte.1986.00360200183030
https://doi.org/10.17485/ijst/2020/v13i02/148492
https://doi.org/10.1046/j.1462-5822.2003.00285.x
https://doi.org/10.1111/j.1462-2920.2006.01043.x
https://doi.org/10.1128/iai.50.2.449-452.1985
https://doi.org/10.1128/iai.50.2.449-452.1985
https://doi.org/10.1016/j.vaccine.2011.08.058
https://doi.org/10.1016/j.vaccine.2011.08.058
https://doi.org/10.1128/iai.37.1.151-154.1982
https://doi.org/10.1016/j.vetmic.2015.09.012
https://doi.org/10.1111/cmi.12676
https://doi.org/10.1016/j.vaccine.2005.01.063
https://doi.org/10.1186/1423-0127-17-21
https://doi.org/10.1371/journal.ppat.1000724
https://doi.org/10.1021/pr1009756
https://doi.org/10.1371/journal.pone.0050214
https://doi.org/10.1371/journal.pone.0050214
https://doi.org/10.1172/JCI44261
https://doi.org/10.1007/s10532-021-09945-y
https://doi.org/10.1258/ebm.2012.011377
https://doi.org/10.1258/ebm.2012.011377
https://doi.org/10.2174/157016211798998772
https://doi.org/10.1016/j.anaerobe.2021.102504
https://doi.org/10.1111/j.1462-5822.2005.00666.x
https://doi.org/10.1128/EC.00370-07
https://doi.org/10.1038/ncomms10515
https://doi.org/10.1098/rstb.2015.0023
https://doi.org/10.1128/IAI.06069-11
https://doi.org/10.1371/journal.pone.0134098


Ayesha et al. 10.3389/fmicb.2023.1270123

Frontiers in Microbiology 17 frontiersin.org

membrane vesicles: a new mechanism of dissemination of carbapenem resistance genes 
in Acinetobacter baumannii. Antimicrob. Agents Chemother. 55, 3084–3090. doi: 10.1128/
AAC.00929-10

Sahr, T., Escoll, P., Rusniok, C., Bui, S., Pehau-Arnaudet, G., Lavieu, G., et al. (2022). 
Translocated Legionella pneumophila small RNAs mimic eukaryotic microRNAs 
targeting the host immune response. Nat. Commun. 13, 1–18. doi: 10.1038/
s41467-022-28454-x

Sanders, H., and Feavers, I. M. (2011). Adjuvant properties of meningococcal outer 
membrane vesicles and the use of adjuvants in Neisseria meningitidis protein vaccines. 
Expert Rev. Vaccines 10, 323–334. doi: 10.1586/erv.11.10

Sawada, K., Ariki, S., Kojima, T., Saito, A., Yamazoe, M., Nishitani, C., et al. (2010). 
Pulmonary collectins protect macrophages against pore-forming activity of Legionella 
pneumophila and suppress its intracellular growth. J. Biol. Chem. 285, 8434–8443. doi: 
10.1074/jbc.M109.074765

Schaar, V., de Vries, S. P. W., Perez Vidakovics, M. L. A., Bootsma, H. J., Larsson, L., 
Hermans, P. W., et al. (2011). Multicomponent Moraxella catarrhalis outer membrane 
vesicles induce an inflammatory response and are internalized by human epithelial cells. 
Cell. Microbiol. 13, 432–449. doi: 10.1111/j.1462-5822.2010.01546.x

Scheithauer, L., Thiem, S., Schmelz, S., Dellmann, A., Büssow, K., Brouwer, R. M., et al. 
(2021). Zinc metalloprotease ProA of Legionella pneumophila increases alveolar septal 
thickness in human lung tissue explants by collagen IV degradation. Cell. Microbiol. 
23:e13313. doi: 10.1111/cmi.13313

Schmeck, B., N'Guessan, P. D., Ollomang, M., Lorenz, J., Zahlten, J., Opitz, B., et al. 
(2007). Legionella pneumophila-induced NF-κB-and MAPK-dependent cytokine release 
by lung epithelial cells. Eur. Respir. J. 29, 25–33. doi: 10.1183/09031936.00141005

Schultz, H., Hume, J., Zhang, D. S., Gioannini, T. L., and Weiss, J. P. (2007). A novel 
role for the bactericidal/permeability increasing protein in interactions of gram-negative 
bacterial outer membrane blebs with dendritic cells. J. Immunol. 179, 2477–2484. doi: 
10.4049/jimmunol.179.4.2477

Schwechheimer, C., and Kuehn, M. J. (2015). Outer-membrane vesicles from gram-
negative bacteria: biogenesis and functions. Nat. Rev. Microbiol. 13, 605–619. doi: 
10.1038/nrmicro3525

Segal, G., and Shuman, H. A. (1999). Legionella pneumophila utilizes the same genes 
to multiply within Acanthamoeba castellanii and human macrophages. Infect. Immun. 
67, 2117–2124. doi: 10.1128/IAI.67.5.2117-2124.1999

Semchenko, E. A., Tan, A., Borrow, R., and Seib, K. L. (2019). The serogroup B 
meningococcal vaccine Bexsero elicits antibodies to Neisseria gonorrhoeae. Clin. Infect. 
Dis. 69, 1101–1111. doi: 10.1093/cid/ciy1061

Shen, Y., Xu, J., Zhi, S., Wu, W., Chen, Y., Zhang, Q., et al. (2022). MIP from Legionella 
pneumophila influences the phagocytosis and chemotaxis of RAW264. 7 macrophages 
by regulating the LncRNA GAS5/MiR-21/SOCS6 Axis. Front. Cell. Infect. Microbiol. 
12:810865. doi: 10.3389/fcimb.2022.810865

Shevchuk, O., Jäger, J., and Steinert, M. (2011). Virulence properties of the Legionella 
pneumophila cell envelope. Front. Microbiol. 2:74. doi: 10.3389/fmicb.2011.00074

Siddiqui, R., Makhlouf, Z., and Khan, N. A. (2021). The increasing importance of 
Vermamoeba vermiformis. J. Eukaryot. Microbiol. 68:e12857. doi: 10.1111/jeu.12857

Sierra-González, V. G. (2019). Cuban meningococcal vaccine VA-MENGOC-BC: 30 
years of use and future potential. MEDICC Rev. 21, 19–27. doi: 10.37757/MR2019.V21.
N4.4

Silhavy, T. J., Kahne, D., and Walker, S. (2010). The bacterial cell envelope. Cold Spring 
Harb. Perspect. Biol. 2:a000414. doi: 10.1101/cshperspect.a000414

Simpson, B. W., and Trent, M. S. (2019). Pushing the envelope: LPS modifications and 
their consequences. Nat. Rev. Microbiol. 17, 403–416. doi: 10.1038/s41579-019-0201-x

Soderblom, T., Oxhamre, C., Wai, S. N., Uhlen, P., Aperia, A., Uhlin, B. E., et al. (2005). 
Effects of the Escherichia coli toxin cytolysin a on mucosal immunostimulation via 
epithelial Ca2+ signalling and toll-like receptor 4. Cell. Microbiol. 7, 779–788. doi: 
10.1111/j.1462-5822.2005.00510.x

Song, T., Mika, F., Lindmark, B., Liu, Z., Schild, S., Bishop, A., et al. (2008). A new 
Vibrio cholerae sRNA modulates colonization and affects release of outer membrane 
vesicles. Mol. Microbiol. 70, 100–111. doi: 10.1111/j.1365-2958.2008.06392.x

Stout, J. E., and Yu, V. L. (1997). Legionellosis. N. Engl. J. Med. 337, 682–687. doi: 
10.1056/NEJM199709043371006

Taheri, N., Fällman, M., Wai, S. N., and Fahlgren, A. (2019). Accumulation of 
virulence-associated proteins in Campylobacter jejuni outer membrane vesicles at 
human body temperature. J. Proteome 195, 33–40. doi: 10.1016/j.jprot.2019.01.005

Thay, B., Damm, A., Kufer, T. A., Wai, S. N., and Oscarsson, J. (2014). Aggregatibacter 
actinomycetemcomitans outer membrane vesicles are internalized in human host cells 
and trigger NOD1-and NOD2-dependent NF-κB activation. Infect. Immun. 82, 
4034–4046. doi: 10.1128/IAI.01980-14

Théry, C., Witwer, K. W., Aikawa, E., Alcaraz, M. J., Anderson, J. D., 
Andriantsitohaina, R., et al. (2018). Minimal information for studies of extracellular 
vesicles 2018 (MISEV2018): a position statement of the International Society for 
Extracellular Vesicles and update of the MISEV2014 guidelines. J. Extracel. Ves. 
7:1535750. doi: 10.1080/20013078.2018.1535750

Toyofuku, M., Nomura, N., and Eberl, L. (2019). Types and origins of bacterial 
membrane vesicles. Nat. Rev. Microbiol. 17, 13–24. doi: 10.1038/s41579-018-0112-2

Tsatsaronis, J. A., Franch-Arroyo, S., Resch, U., and Charpentier, E. (2018). 
Extracellular vesicle RNA: a universal mediator of microbial communication? Trends 
Microbiol. 26, 401–410. doi: 10.1016/j.tim.2018.02.009

Uddin, M. J., Dawan, J., Jeon, G., Yu, T., He, X., and Ahn, J. (2020). The role of bacterial 
membrane vesicles in the dissemination of antibiotic resistance and as promising 
carriers for therapeutic agent delivery. Microorganisms 8:670. doi: 10.3390/
microorganisms8050670

Vanaja, S. K., Russo, A. J., Behl, B., Banerjee, I., Yankova, M., Deshmukh, S. D., et al. 
(2016). Bacterial outer membrane vesicles mediate cytosolic localization of LPS and 
caspase-11 activation. Cells 165, 1106–1119. doi: 10.1016/j.cell.2016.04.015

Vaughan, T. E., Skipp, P. J., O’Connor, C. D., Hudson, M. J., Vipond, R., Elmore, M. J., 
et al. (2006). Proteomic analysis of Neisseria lactamica and N eisseria meningitidis outer 
membrane vesicle vaccine antigens. Vaccine 24, 5277–5293. doi: 10.1016/j.
vaccine.2006.03.013

Velimirov, B., and Hagemann, S. (2011). Mobilizable bacterial DNA packaged into 
membrane vesicles induces serial transduction. Mob. Genet. Elem. 1, 80–81. doi: 
10.4161/mge.1.1.15724

Wagner, C., Khan, A. S., Kamphausen, T., Schmausser, B., Ünal, C., Lorenz, U., et al. 
(2007). Collagen binding protein Mip enables Legionella pneumophila to transmigrate 
through a barrier of NCI-H292 lung epithelial cells and extracellular matrix. Cell. 
Microbiol. 9, 450–462. doi: 10.1111/j.1462-5822.2006.00802.x

Wai, S. N., Lindmark, B., Söderblom, T., Takade, A., Westermark, M., Oscarsson, J., 
et al. (2003). Vesicle-mediated export and assembly of pore-forming oligomers of the 
enterobacterial ClyA cytotoxin. Cells 115, 25–35. doi: 10.1016/S0092-8674(03)00754-2

Wang, X., Lin, S., Wang, L., Cao, Z., Zhang, M., Zhang, Y., et al. (2023). Versatility of 
bacterial outer membrane vesicles in regulating intestinal homeostasis. Science. 
Advances 9:eade5079. doi: 10.1126/sciadv.ade5079

Wensink, J., and Witholt, B. (1981). Outer-membrane vesicles released by normally 
growing Escherichia coli contain very little lipoprotein. Eur. J. Biochem. 116, 331–335. 
doi: 10.1111/j.1432-1033.1981.tb05338.x

WHO. Legionellosis (2022). Available at: https://www.who.int/news-room/fact-sheets/
detail/legionellosis.

WHO. The top 10 causes of death (2020). Available at: https://www.who.int/news-
room/fact-sheets/detail/the-top-10-causes-of-death.

Williams, J. N., Skipp, P. J., Humphries, H. E., Christodoulides, M., O'Connor, C. D., 
and Heckels, J. E. (2007). Proteomic analysis of outer membranes and vesicles from 
wild-type serogroup B Neisseria meningitidis and a lipopolysaccharide-deficient 
mutant. Infect. Immun. 75, 1364–1372. doi: 10.1128/IAI.01424-06

Woodhead, M. (2002). Community-acquired pneumonia in Europe: causative 
pathogens and resistance patterns. Eur. Respir. J. 20, 20s–27s. doi: 
10.1183/09031936.02.00702002

Yang, Z, Chen, Y, Zhang, Q, Chen, X, and Deng, Z. (2021). Major Outer Membrane 
Protein from Legionella pneumophila Inhibits Phagocytosis but Enhances Chemotaxis 
of RAW 264.7 Macrophages by Regulating the FOXO1/Coronin-1 Axis. J Immunol Res. 
2021:9409777. doi: 10.1155/2021/9409777

Yaron, S., Kolling, G. L., Simon, L., and Matthews, K. R. (2000). Vesicle-mediated 
transfer of virulence genes from Escherichia coli O157: H7 to other enteric bacteria. Appl. 
Environ. Microbiol. 66, 4414–4420. doi: 10.1128/AEM.66.10.4414-4420.2000

Yun, S. H., Park, E. C., Lee, S.-Y., Lee, H., Choi, C.-W., Yi, Y.-S., et al. (2018). Antibiotic 
treatment modulates protein components of cytotoxic outer membrane vesicles of 
multidrug-resistant clinical strain, Acinetobacter baumannii DU202. Clin. Proteomics 15, 
1–11. doi: 10.1186/s12014-018-9204-2

Zähringer, U., Knirel, Y., Lindner, B., Helbig, J., Sonesson, A., Marre, R., et al. (1995). 
The lipopolysaccharide of Legionella pneumophila serogroup 1 (strain Philadelphia 1): 
chemical structure and biological significance. Prog. Clin. Biol. Res. 392, 113–139.

Zakharzhevskaya, N. B., Vanyushkina, A. A., Altukhov, I. A., Shavarda, A. L., 
Butenko, I. O., Rakitina, D. V., et al. (2017). Outer membrane vesicles secreted by 
pathogenic and nonpathogenic Bacteroides fragilis represent different metabolic 
activities. Sci. Rep. 7:5008. doi: 10.1038/s41598-017-05264-6

Zhang, J., Zhao, J., Li, J., Xia, Y., and Cao, J. (2021). Outer membrane vesicles derived 
from hypervirulent Klebsiella pneumoniae stimulate the inflammatory response. Microb. 
Pathog. 154:104841. doi: 10.1016/j.micpath.2021.104841

https://doi.org/10.3389/fmicb.2023.1270123
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://doi.org/10.1128/AAC.00929-10
https://doi.org/10.1128/AAC.00929-10
https://doi.org/10.1038/s41467-022-28454-x
https://doi.org/10.1038/s41467-022-28454-x
https://doi.org/10.1586/erv.11.10
https://doi.org/10.1074/jbc.M109.074765
https://doi.org/10.1111/j.1462-5822.2010.01546.x
https://doi.org/10.1111/cmi.13313
https://doi.org/10.1183/09031936.00141005
https://doi.org/10.4049/jimmunol.179.4.2477
https://doi.org/10.1038/nrmicro3525
https://doi.org/10.1128/IAI.67.5.2117-2124.1999
https://doi.org/10.1093/cid/ciy1061
https://doi.org/10.3389/fcimb.2022.810865
https://doi.org/10.3389/fmicb.2011.00074
https://doi.org/10.1111/jeu.12857
https://doi.org/10.37757/MR2019.V21.N4.4
https://doi.org/10.37757/MR2019.V21.N4.4
https://doi.org/10.1101/cshperspect.a000414
https://doi.org/10.1038/s41579-019-0201-x
https://doi.org/10.1111/j.1462-5822.2005.00510.x
https://doi.org/10.1111/j.1365-2958.2008.06392.x
https://doi.org/10.1056/NEJM199709043371006
https://doi.org/10.1016/j.jprot.2019.01.005
https://doi.org/10.1128/IAI.01980-14
https://doi.org/10.1080/20013078.2018.1535750
https://doi.org/10.1038/s41579-018-0112-2
https://doi.org/10.1016/j.tim.2018.02.009
https://doi.org/10.3390/microorganisms8050670
https://doi.org/10.3390/microorganisms8050670
https://doi.org/10.1016/j.cell.2016.04.015
https://doi.org/10.1016/j.vaccine.2006.03.013
https://doi.org/10.1016/j.vaccine.2006.03.013
https://doi.org/10.4161/mge.1.1.15724
https://doi.org/10.1111/j.1462-5822.2006.00802.x
https://doi.org/10.1016/S0092-8674(03)00754-2
https://doi.org/10.1126/sciadv.ade5079
https://doi.org/10.1111/j.1432-1033.1981.tb05338.x
https://www.who.int/news-room/fact-sheets/detail/legionellosis
https://www.who.int/news-room/fact-sheets/detail/legionellosis
https://www.who.int/news-room/fact-sheets/detail/the-top-10-causes-of-death
https://www.who.int/news-room/fact-sheets/detail/the-top-10-causes-of-death
https://doi.org/10.1128/IAI.01424-06
https://doi.org/10.1183/09031936.02.00702002
https://doi.org/10.1155/2021/9409777
https://doi.org/10.1128/AEM.66.10.4414-4420.2000
https://doi.org/10.1186/s12014-018-9204-2
https://doi.org/10.1038/s41598-017-05264-6
https://doi.org/10.1016/j.micpath.2021.104841

	Role of Legionella pneumophila outer membrane vesicles in host-pathogen interaction
	1. Introduction
	2. Legionella pneumophila
	3. Outer membrane vesicles
	3.1. Production
	3.2. Elements/components of OMVs

	4. Outer membrane vesicles in host-pathogen interaction
	4.1. Mechanisms of OMVs interaction with host cells

	5. Legionella pneumophila outer membrane vesicles
	5.1. Legionella pneumophila OMVs production
	5.2. Legionella pneumophila OMVs binding to and uptake by host cells
	5.3. Legionella pneumophila OMVs role in intracellular infection cycle
	5.4. Are Legionella pneumophila OMVs cytotoxic to host cells?
	5.5. The content of Legionella pneumophila OMVs- what is known
	5.5.1. Proteins
	5.5.1.1. Membrane associated proteins
	5.5.1.2. Invasion and adhesion factors
	5.5.1.3. ABC transporters and metabolism enzymes
	5.5.1.4. Virulence factors
	5.5.1.5. Protein degradation and stress response
	5.5.2. Nucleic acids associated with OMVs
	5.5.2.1. RNA cargo
	5.6. The content of Legionella pneumophila OMVs- what needs to be known
	5.6.1. Lipids
	5.6.2. DNA cargo

	6. Legionella pneumophila OMVs and host immune response
	7. Potential applications of OMVs
	7.1. OMV-based vaccine
	7.2. OMV based therapeutics – drug delivery

	8. Conclusion
	Author contributions

	References

