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Both Gram-positive and Gram-negative bacteria can secrete extracellular vesicles (EVs),
which contain numerous active substances. EVs mediate bacterial interactions with
their hosts or other microbes. Bacterial EVs play a double-edged role in infections
through various mechanisms, including the delivery of virulence factors, modulating
immune responses, mediating antibiotic resistance, and inhibiting competitive microbes.
The spread of antibiotic resistance continues to represent a difficult clinical challenge.
Therefore, the investigation of novel therapeutics is a valuable research endeavor for
targeting antibiotic-resistant bacterial infections. As a pathogenic substance of bacteria,
bacterial EVs have gained increased attention. Thus, EV inhibitors are expected to
function as novel antimicrobial agents. The inhibition of EV production, EV activity, and
EV-stimulated inflammation are considered potential pathways. This review primarily
introduces compounds that effectively inhibit bacterial EVs and evaluates the prospects
of their application.

Keywords: extracellular vesicles, outer membrane vesicles, antibacterial activity, antibiotics resistance,
membrane vesicles

INTRODUCTION

Extracellular vesicles (EVs) are vesicles with double-layer membrane structures, which are secreted
from the cell membrane (Cheng and Schorey, 2019; Briaud and Carroll, 2020). According to
the size of vesicles, EVs are divided into various subgroups, including microvesicles, exosomes,
and apoptotic bodies (Peng et al.,, 2020). Moreover, EVs carry various active substances (e.g.,

Abbreviations: 4HI, 4-hydroxyindole; LtxA, Leukotoxin A; 5HI, 5-hydroxyindole; MAPKs, Mitogen-activated protein
kinases; 6HI, 6-hydroxyindole; MHC-II, Major histocompatibility complex-II; 7HI, 7-hydroxyindole; MIC, Minimal
inhibitory concentration; Ag85, Antigen Ag85 complex; MMP, Matrix metalloproteinases; ATRA, All-trans Retinoic Acid;
MPO, Myeloperoxidase; BUD, Budesonide; MRSA, Methicillin-resistant S. aureus; CBD, Cannabidiol; MVs, Membrane
vesicles; CFUS, Colony forming units; COX-2, Cyclooxygenase-2; NAC, N-acetyl-L-cysteine; DCs, Dendritic cells; NETs,
Neutrophil extracellular traps; EGCg, Epigallocatechin gallate; NF-kB, Nuclear factor-kB; EVs, Extracellular vesicles; NK
cells, Natural killing cells; FLUT, Fluticasone; NLRC4, NOD-like receptor family caspase activating and recruitment domain-
containing protein 4; FOM, Fosfomycin; NLRP3, Pyrin domain containing protein 3; Gsdmd, Gasdermin D; OMVs,
Outer membrane vesicles; HA, Hyaluronic acid; OXA, Oxacillinase; HBHA, Heparin binding hemagglutinin adhesion;
PADs, Peptidyl arginine deiminases; HBP, Hop bract polyphenol; PQS, 2-heptyl-3-hydroxy-4-quinolone; HGE cells, Human
gingival epithelial cells; QS, Quorum-sensing; HGE, Human gingival fibroblast; SigB, Sigma factor B; Hla, a-Hemolysin;
SIRS, Systemic inflammatory response syndrome; HMGBI1, High mobility group protein B1l; STEC, Shiga toxin-producing
Escherichia coli; HUS, Hemolytic Uremic Syndrome; TLR, Toll-like receptor; IL, Interleukin; TNE Tumor necrosis factor,
LPS, Lipopolysaccharides; VEGFs, Vascular endothelial growth factors.
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proteins, lipids, lipoproteins, DNA, and RNA), which play
an important role in intercellular communication, immune
modulation, and the spread of infections. EV membranes protect
the encapsulated molecules from the degradation of numerous
enzymes (Ohno et al., 2016).

Bacterial EVs were first identified in the Gram-negative
bacteria, Escherichia coli (E. coli) (Hoekstra et al., 1976). Later,
Lee et al. (2009a) found that Staphylococcus aureus (S. aureus)
naturally secrete vesicles into the extracellular milieu. Further
characterizations revealed that both their densities and sizes are
similar to those of Gram-negative bacteria (Lee et al., 2009a).
Gram-positive-associated EVs are termed membrane vesicles
(MVs), whereas Gram-negative bacteria secreted EV's are termed
outer membrane vesicles (OMVs) due to their origin of the outer
membrane (Kim et al., 2013; Bitto and Kaparakis-Liaskos, 2017).
Previous studies have shown the functions of bacterial vesicles
include the acquisition of nutrients, adhesion to hosts, delivery
of virulence factors, and immune modulation (Jan, 2017). These
vesicles also participate in various physiological and pathological
processes of the bacteria and host (Ellis and Kuehn, 2010;
Brown et al., 2015). Furthermore, the EVs of various pathogenic
bacteria contribute to potential virulence by transferring bacterial
components over long distances, superseding direct bacterial
connections with their host (Unal et al., 2011).

Due to the unique properties of bacterial EVs, they have
gained increased attention as novel causative agents in infections
and thus represent potential targets for the identification of new
antimicrobial substances. Therefore, this review summarizes the
compounds which have been shown to display an inhibitory effect
on bacterial EVs. These inhibitors typically target EV production
or their efficacy in bacterial invasion of the host (Figure 1).

THE FUNCTIONS OF BACTERIAL
EXTRACELLULAR VESICLES

Bacteria harbor various virulence factors, including bacterial
enzymes, biofilms, biosurfactant, capsules, siderophores, and
other structural materials (Chen et al., 2017, 2019, 2020). Several
studies have demonstrated that bacterial EVs carry and deliver
virulence factors to improve bacterial proliferation and survival
within the host (Sharma et al., 2016; Leitao, 2020). Nakao
et al. (2014) reported that the oral pathogens Porphyromonas
gingivalis (P. gingivalis) release lipopolysaccharides (LPS) and
gingipains in their EVs, causing epithelial tissue destruction
in dental disease (Nakao et al., 2014). Bacillus anthracis
(B. anthracis) produce EVs that contain biologically active
virulence factors that are toxic to macrophages (Rivera
et al., 2010). Notably, bacterial EVs also deliver genetic
materials. Periodontal pathogenic bacteria like Aggregatibacter
actinomycetemcomitans  (A.  actinomycetemcomitans) — and
Treponema denticola (T. denticola) transport msRNAs (small
RNAs similar in size to miRNAs) via EVs. These msRNAs most
likely act as bacterial signaling molecules that are associated
with interactions between periodontal pathogens and the host
(Choi et al., 2017). In addition, substances that promote bacterial
invasion have also been identified in some bacterial EVs.

Mpycobacterium tuberculosis (M. tuberculosis)-derived EVs carry
heparin-binding hemagglutinin adhesion (HBHA) and antigen
Ag85 complex (Ag85), which enhance bacterial adhesion to host
cells (Lee et al., 2015).

As derivatives of heterogeneous pathogens, EVs are capable
of triggering both innate and acquired immune responses. This
is because bacterial EVs are loaded with various immune-
stimulating ligands (e.g., LPS, peptidoglycan, lipoprotein, and
bacterial nucleic acids) which can be identified by pathogen
recognition receptors and activate the host immune system
(Kaparakis-Liaskos and Ferrero, 2015). Yang et al. (2020) found
that flagellated bacteria, Pseudomonas aeruginosa (P. aeruginosa)
and Salmonella, secreted EVs that stimulated the NLRC4
inflammasome pathways via flagellin-mediated transfer to the
host cytoplasm. Moraxella catarrhalis (M. catarrhalis) EVs induce
B cell activation via the TLR2 and TLR9 pathways (Vidakovics
et al, 2010). P. aeruginosa-derived exosomes up-regulate
regulatory T cell responses and down-regulate Th2 responses
in an allergic immune response (Ding et al., 2018). Bacterial
EVs also affect other immune cells, including macrophages,
neutrophils, natural killing (NK) cells, and dendritic cells (DCs)
(Kaparakis-Liaskos and Ferrero, 2015; Zhang et al., 2018).

Bacterial EVs may cause immune escape, which involves
several different mechanisms. Pneumococci-produced EVs help
the bacteria evade complement-mediated opsonophagocytosis
via binding to complement proteins (Codemo et al., 2018). One
of the key factors associated with neutrophil-mediated immune
defenses is neutrophil extracellular traps (NETs), which attach to
pathogens and allow neutrophils to kill them (Papayannopoulos,
2017). Streptococcus pneumoniae (S. pneumoniae) EVs contain
tatD, a type of endodeoxyribonuclease that displays NET
degrading activity (Jhelum et al., 2018). Moreover, M. tuberculosis
EVs impair the ability of antigen presentation via inhibiting
major histocompatibility complex-II (MHC-II) expression
(Singh et al.,, 2011; Jurkoshek et al., 2016; Athman et al., 2017). In
addition, pathogen EVs are also able to promote the apoptosis of
immune cells (Winter et al., 2014; Avila-Calderon et al., 2015).

Recently, bacterial EVs have been found to mediate antibiotic
resistance. Acinetobacter baumanii (A. baumanii) EVs release
Oxacillinase (OXA)-58, a D P-lactamases that hydrolyzes
carbapenem to protect carbapenem-susceptible bacteria against
carbapenem killing (Liao et al., 2015). Similarly, E. coli MG1655
releases EVs that protect E. coli from the killing of colistin
and melittin (Kulkarni et al., 2015). M. catarrhalis EVs release
B-lactamase, which promotes their survival and even the survival
of other symbiotic pathogens [e.g., Hemophilus influenzae
(H. influenza) and S. pneumoniae] (Schaar et al., 2011). Some
bacterial EVs also transmit specific genes to other bacteria,
thereby mediating antibiotic resistance (Rumbo et al., 2011).

Bacteria participate in the interactions of bacterial community
and environment via the secretion of EVs. Studies have
demonstrated that several Gram-positive bacteria kill other
competing microbes by secreting EVs (Yu et al, 2018).
EVs from Burkholderia thailandensis (B. thailandensis) contain
antimicrobial compounds, such as peptidoglycan hydrolases,
rhamnolipid and 4-hydroxy-3-methyl-2-(2-nonenyl)-quinoline
(HMNQ). These substances inhibit methicillin-resistant S. aureus
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FIGURE 1 | Structure, composition and function of bacterial EVs. Bacterial EVs carry various active substances and can be transferred into host cells by
endocytosis. The immunogenicity of bacterial EVs is sufficient to stimulate the immune inflammatory response of the host. Inhibitors of bacterial vesicles typically
target the production of bacterial EVs, their activity, or the inflammatory response that bacterial vesicles stimulate.

(MRSA) to improve the survival of B. thailandensis (Wang
et al, 2020). Myxococcus xanthus (M. xanthus) EVs hunt
other microbes by transmitting hydrolytic enzymes and other
antimicrobial substances (Berleman et al., 2014).

Moreover, nucleic acid substances in bacterial EVs can be
transferred horizontally to host cells to regulate host gene
expression (Ahmadi Badi et al., 2020). EVs also enhance the
biofilm formation to protect pathogens against antibiotics and
host immunity (Jarzab et al., 2020; Seike et al., 2020). Bacteria
can use EVs to exchange cell surface substances and improve
their survival during mammalian infections (Zingl et al., 2020).
They also play a role in nutrient acquisition (e.g., iron), which
is crucial for bacterial growth and reproduction (Prados-Rosales
etal., 2014; Yu et al., 2018).

As akey factor involves in the interaction between bacteria and
hosts, bacterial EV's exhibit double-edged effects in hosts. While
EVs promote bacterial invasion of hosts, they also modulate
immune responses and suppress other microbes. Together, these
interactions can help us to understand the novel mechanisms of
bacterial invasion and develop more effective therapies which can
be used to overcome pathogenic infections.

INHIBITORS OF BACTERIAL
EXTRACELLULAR VESICLES

As mentioned above, bacterial EVs carry various virulence
factors, which play a significant role in bacterial infections. From
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this perspective, the modulation of bacterial EVs represents a
potential target for regulating bacterial invasion. The compounds
which suppress the release of EVs or block their functions are
expected to be developed as effective drugs against bacterial
infectious diseases.

Inhibitors of Suppressing Extracellular
Vesicle Production

Bacterial EVs contain various pathogenic factors and the
inhibition of EV secretion has been shown to reduce the spread of
toxic compositions. Compounds typically inhibit EV production
via suppressing EV formation signaling pathways.

Pseudomonas Quinolone Signal Inhibitors

P. aeruginosa secretes the signal molecule, 2-heptyl-3-hydroxy-
4-quinolone, termed the Pseudomonas quinolone signal (PQS).
PQS is known as a quorum-sensing (QS) molecule in
P. aeruginosa which is involved in the production of several
bacterial virulence factors and biofilm formation (Pesci et al.,
1999; Diggle et al., 2003). The production of PQS is initiated
with anthranilic acid and involves various enzymatic reactions
(Sabir et al., 2020). As a positive regulator of EV production,
PQS induces EV production by interacting with the acyl
chains and 4-phosphate of bacterial LPS (Mashburn-Warren
et al, 2008). Besides PQS, bacteria secrete several other
bicyclic compounds as extracellular signals. For example, indole
acts as a QS signal molecule in E. coli. Indole compounds,

including indole and 7-hydroxyindole (7HI), are able to inhibit
enterohemorrhagic E. coli biofilms and reduce P. aeruginosa
virulence (Lee et al., 2007, 2009b). Several bacteria also convert
indole into oxidized products (e.g., hydroxyindoles, isatin, and
indigo). These oxidized products may play the same role as
indoles in influencing the production of EVs. Therefore, many
bicyclic compounds, including indole derivates exist in the
bacterial environment and play a significant role in bacterial
communications (Rui et al., 2004; Yin et al., 2005).

Indole (1) and its oxidation products, such as 4HI
(4-hydroxyindole) (2), 5HI (5-hydroxyindole) (3), 6HI (6-
hydroxyindole) (4), oxidole (5) and isatin (6), can significantly
inhibit EV production in P. aeruginosa (Table 1). Compared with
a control, 500 pM of 1 led to a 92% reduction in EV production.
Products 2, 3, 4, and 6 also showed similar inhibitory efficacy
with indole. In addition, product 5 led to a 55% decrease in
EVs. PQS synthesis was also reduced in the presence of these
indole derivative compounds, suggesting that the reduction of
EVs might be related to the inhibition of PQS synthesis. Further
investigation indicated that indole suppressed EV production
via regulating PQS rather than inhibiting the interaction
between PQS and LPS. To determine whether the reduction
of PQS syntheses was due to the inhibited expression of the
PQS biosynthetic operon, the expression of related genes (e.g.,
PpqsABCDE and the pgsA promoter) was examined. The presence
of 500 mM indole led to a decrease in pgsABCDE expression;
however, it did not affect the autoregulation of pgsABCDE by

TABLE 1 | EV production inhibitors that targeting PQS.

No. Name Structure Target EV production inhibition (%) at References
500 wM in P. aeruginosa
1 Indole ‘ / PQS 92
2 4HI s PQs 92
Q
3 5HI /CE) PQS 85
4 BHI @U PQS %
5 Oxidole GU‘ PQS 55
6 Isatin CEI\N% PQS 90
o Tashiro et al., 2010
7 8-quinolinole L PQs 88
9
8 Naphthalene PQS 44
OH
9 1-Naphthol I i PQS 88
10 2-Naphthol - PQS 84
11 2,3-Dihydroxynaphthalene OH PQS 0
‘OH
NH.
12 1-Aminonaphthalene PQS 80

5.
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FIGURE 2 | Indole inhibits PQS synthesis and EV production. The production
of PQS is initiated with anthranilic acid. PQS involves in the production of
several bacterial virulence factors and biofilm formation, and it positively
regulates the production of EV through gene regulation or enzymatic
reactions. Indole can inhibit EV production by involving in the synthesis or the
degradation of anthranilic acid and affecting the activation of PQS
synthesis-related enzymes.

PQS. The presence of indole did not change pqsH transcription,
suggesting that pgsH is not related to the inhibition of PQS
synthesis by indole. Moreover, the efficacy of the pgsA promoter
was also inhibited in the presence of indole derivative products,
indicating that these compounds suppressed PQS-stimulated
transcription. Two hypotheses were considered regarding the
mechanism by which indole suppresses PQS synthesis: (1)
Indole was involved in the synthesis or the degradation of
anthranilic acid; and (2) Indole affected the activation of any
PQS synthesis-related enzymes after transcription (Figure 2;
Tashiro et al., 2010).

To investigate whether the bicyclic structure was critical
for the inhibition of EVs and PQS, other cyclic compounds,
including 8-quinolinole (7), naphthalene (8), 1-Naphthol
(9), 2-Naphthol (10), 2,3-Dihydroxynaphthalene (11), 1-
Aminonaphthalene (12), catechol and carbazole were tested.
According to the results, catechol and carbazole did not suppress
EV production or PQS synthesis. Compound 8 led to a 44%
reduction in EV production and other naphthalene analogs
significantly repressed both EV production and PQS synthesis
(Table 1). These findings suggested that bicyclic compounds,
rather than monocyclic or tricyclic compounds, inhibited EV
production and PQS synthesis (Tashiro et al., 2010).

Peptidyl Arginine Deiminase Inhibitors

Peptidyl arginine deiminases (PADs) are a series of calcium-
activated enzymes that participate in the post-translational
deamination or citrullination of arginine residues to citrulline,
leading to structural and functional alterations in target proteins.
PADs have been preserved throughout various phylogeny,
ranging from microbes to mammals (Magnadottir et al,
2018). Previous studies have established that EV secretion is
mainly PAD-driven, can be effectively suppressed using PAD

inhibitors, and that such suppression sensitized cancer cells to
chemotherapy (Kosgodage et al, 2017, 2019b). Therefore, it
was investigated if this might be a phylogenetically conserved
mechanism in bacterial EV secretion and can be utilized to
sensitize bacteria to antibiotics.

The effect of some PAD-specific inhibitors on EV secretion
and antibiotic sensitivity of E. coli VCS257 and S. aureus
subsp. aureus Rosenbach was analyzed. In E. coli VCS257,
the PAD4-specific inhibitor, GSK199 (13) exhibited a 66.4%
reduction in EV production. BB-Cl-amidine (14) and Cl-amidine
(15) led to a 53.8% reduction and a 42.4% reduction in EV
production, respectively. The PAD2-specific inhibitor AMF30a
(16) exhibited a 28.2% decrease in EV production. In the Gram-
positive bacterium S. aureus subsp. Sureus Rosenbach, 13 led
to a 22.5% reduction of EV production, whereas 16 showed
only a 3.4% decrease in EV production. Treatment with 14
and 15 showed 7.6 and 12.5% inhibition in EV production,
respectively (Table 2). The difference between Gram-positive
and Gram-negative bacteria indicate that the composition of
their membrane plays a role in EV formation. The thickened
peptidoglycan cell wall of Gram-positive bacteria limited the
penetration of drugs in to the cells. However, there is a thin layer
of peptidoglycan of Gram-negative cell membrane, the high lipid
content of them may facilitate the penetration of lipid soluble
drugs and lead to a more effective response. In addition, some
changes in the EV profile were discovered following treatment
with the PAD inhibitors, which varied between the inhibitors that
were used. Furthermore, the PAD inhibitors could be utilized
to improve the sensitivity of selected antibiotics. Interestingly,
while 13 was overall the most potent EV inhibitor, the pan-PAD
inhibitors (14 and 15) exhibited a similar trend and could
occasionally elicit a stronger sensitivity to the antibiotic. This
may due to their disparity in hydrophobicity, which plays a
role in the uptake and penetration of cells, affecting EV release
(Kosgodage et al., 2019b).

Other Extracellular Vesicle Production Inhibitors

Sigma factor B (SigB) is a positive auto-regulatory global
regulator that participates in the general stress response via
directly or indirectly affecting gene expression. SigB is also
involved in the bacterial secretion system by producing EVs
(Depke et al., 2012; Lee et al, 2013). S. aureus was found
to produce EVs that were able to deliver virulent bacterial
components to host cells and lead to cell apoptosis (Gurung
et al, 2011). In view of these problems, targeting natural
compounds for their anti-SigB activity could be considered as
a treatment for MRSA infection. Rhodomyrtone (17), a type of
acylphloroglucinol, was extracted from Rhodomyrtus tomentosa
(Aiton) Hassk (Saising et al., 2018). It was previously found
to exhibit strong antibacterial activity in various Gram-positive
bacteria including S. aureus and it was related to SigB activity
(Limsuwan et al., 2009). Further, the effects of 17 on EV release
were performed. 17 could inhibit EV production during the
exponential growth phase of bacteria. A reduction in the amount
of EVs was highly significant in the clinical isolate strain of
S. aureus, as EVs were decreased by 86.7 £ 3.8% when treated
with 0.5 x MIC of 17 (0.25 pg/mL) (Table 3). It was also
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TABLE 2 | EV production inhibitors that targeting PADs.

No. Name Structure Target Activity References
E. coli VCS257 S. aureus subsp. sureus Rosenbach
o /
13 GSK199 VOY@:)—(;(E PADs Reduce 66.4% EV Reduce 22.5% EV production at 10 pM
’ ] — production at 10 uM
14 BB-Cl-amidine /\,Q)L L/\/ N PADs Reduce 53.8% EV Reduce 7.6% EV production at 5 uM
o production at 5 pM Kosgodage et al., 2019b
15 Cl-amidine wi )K© PADs Reduce 42.4% EV Reduce 12.5% EV production at 50 uM
production at 50 pM
VF
HN o o i NH
16 AMF30a %)Lg /6"‘ PADs Reduce 28.2% EV Reduce 3.4% EV production at 5 uM
N
H,CO production at 5 uM
TABLE 3 | Other EV production inhibitors.
No. Name structure Target Activity References
17 Rhodomyrtone o o N SigB Reduce 86.7% EV production at 0.25 ng/mL in S. aureus Mitsuwan et al., 2019
18 CBD ‘ " Unknown Reduce 73% EV production at 1 uM in E. coli Kosgodage et al., 2019a
19 FOM Ho. A NLRP3 MAPKs Reduce 92% EV production at 4 wg/mL in S. aureus An et al., 2019

found that 17 treatment significantly decreased SigB activity
in S. aureus. The SigB activity of S. aureus was reduced by
approximately fivefold following the treatment with 0.5 x MIC
of 17 for 3 h. Further investigation indicated that sigB-related
genes (e.g., sigB and clfA) were downregulated, whereas cIpL,
another sigB-related gene, was up-regulated. These changes of
sigB-dependent genes were associated with SigB activity. These
findings supported the finding that 17 suppressed S. aureus
SigB activity, resulting in the reduction of EV production.
Interestingly, when the bacteria reached the early stationary
phase or late stationary phase, sigB activity increased. This
observation suggests that the inhibitory efficacy of 17 depends
on the bacterial growth phase. Moreover, it was believed that 17
induced a stress response via activating SigB instead of directly
affecting SigB activity (Mitsuwan et al., 2019).

Cannabidiol (CBD) (18) is a phytocannabinoid extracted
from Cannabis sativa and exhibits anti-inflammatory and
anti-bacterial properties (Hernandez-Cervantes et al, 2017;
Kovalchuk and Kovalchuk, 2020; Blaskovich et al., 2021).
Previous studies identified 18 as an effective inhibitor of EV
release in eukaryotes, and therefore, it was sought to determine
whether 18 was involved in bacterial EV release (Kosgodage et al.,
2018). The study by Kosgodage et al. (2018) showed that 18 had
a pronounced inhibitory effect on the total EV secretion from
E. coli VCS257 (Table 3). The lower dose displayed an even
stronger inhibitory efficacy. Treatment with 1 wM 18 led to a 73%
reduction in EV release whereas 5 wM 18 led to a 54% reduction.
However, contrary to E. coli, 5 uwM 18 treatment had no
significant inhibitory effect on EV release from the Gram-positive

S. aureus subsp. aureus Rosenbach. In addition, 18 treatment
altered the EV sizes and protein profiles in E. coli VCS257. It
was identified that various proteins, including proteins related
to metabolism, cellular respiration, and antibiotic metabolic
processes, which differ in CBD-treated E. coli VCS257 released
EVs, compared to non-treated E. coli VCS257-released EVs. The
effects of CBD on proteins involved in antibiotic metabolism
might contribute to its antibiotic sensitization. Indeed, CBD-
mediated EV suppression enhanced the antibacterial effects
of erythromycin, vancomycin, rifampicin, and kanamycin in
E. coli VCS257 (Kosgodage et al.,, 2019a). Thus, as an effective
inhibitor of bacterial EVs, 18 may have potential as a putative
adjuvant agent for co-application with antibiotics to reduce
antibiotic resistance.

a-Hemolysin (Hla) was contained by staphylococcal EVs,
which play a significant role in staphylococcal infections.
Fosfomycin (FOM) (19) was an antibiotic that was bactericidal
both in vitro and in vivo, especially against MRSA (Poeppl
et al,, 2011). The study by An et al. (2019) found that a sub-
inhibitory concentration of 19 showed an inhibitory effect on the
release of Hla and protected mice against S. aureus EV-induced
pneumonia. Further in vitro studies observed that treatment with
19 significantly suppressed EV release from S. aureus and the
level of Hla secreted from S. aureus EVs. The results implied
that Hla was associated with S. aureus EVs, and 19 inhibited the
release of S. aureus EVs and EV-contained Hla. Pretreated with 4
g mL~! 19 decreased almost 92% production of EVs in strain
8325-4 of S. aureus. Further investigation demonstrated that 19
inhibited the activation of NLRP3 and MAPK inflammasomes,
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which were stimulated by Hla from staphylococcal EVs, thereby
reducing the inflammation caused by S. aureus EVs and Hla.
Compared to the untreated group, the level of IL-1p and IL-18
stimulated by EV's from S. aureus strain 8325-4 was decreased by
approximately 40 and 72%, respectively, after 19 pretreatment.
Therefore, 19 was considered to represent a promising clinical
medication because it could both kill pathogens, as well as inhibit
their pathogenicity (An et al., 2019).

Inhibitors of Blocking the Inflammatory
Response Stimulated by Extracellular

Vesicles

Bacterial EVs are able to mediate serious inflammatory
responses. Molecules that reduce the release of bacterial EV-
induced pro-inflammatory factors have the potential to be
developed into antibacterial drugs. Major inflammatory factors
include interleukin (IL)-6, IL-8, IL-1f, and tumor necrosis
factor (TNF), which promote various inflammatory responses
that cause the dilation of blood vessels, promoting vascular
permeability or leading to fever, pain, tissue damage, severe organ
necrosis, and even death. Therefore, compounds that reduce
the release of EV-induced cytokines are thought to alleviate
inflammation (Table 4).

EVs which are derived from Gram-negative bacteria contain
various virulence factors. Moreover, they have been proven to
induce systemic inflammatory response syndrome (SIRS) (e.g.,
leukopenia, thrombocytopenia, increasing the IL-6 and TNF-a
concentration or sepsis) (Park et al., 2010). A blockade of IL-6
or TNF-a was confirmed to increase the survival of patients with
sepsis (Riedemann et al., 2003). Using novel EV-based screening
systems, drugs that showed a dose-dependent suppression of the
release of IL-6 and TNF-a from EV-stimulated macrophages and
which alleviated EV-induced SIRS were selected. Salbutamol (20),
a P2 adrenergic receptor agonist, and nortriptyline (21) exhibited
inhibitory effects in the secretion of E. coli EV-stimulated IL-6
and TNF-a both in vitro and in vivo, and also ameliorated EV-
induced SIRS in vivo. The release of IL-6 decreased by about
46% and TNF-o was almost undetectable following treatment
with 50 pg 20 in EV-induced sublethal SIRS model serum.
Treatment with 100 jLg 21 resulted in an approximately 48 and
95% reduction in IL-6 and TNF-a in the serum from an EV-
induced sublethal SIRS model. As the concentration increased,
the inhibitory effect on inflammatory cytokines also increased.
In addition, when compared with the results acquired following
treatment with 20 alone, the combination of 20 with 21 exhibited
an improved inhibitory effect on the secretion of IL-6 and TNF-a
(Kim et al., 2018). These findings may help to develop drugs for
synergistic therapies for the treatment of systemic inflammatory
diseases, including EV-mediated sepsis.

LPS is a critical virulence factor of the Gram-negative bacterial
outer cell membrane, which can be carried by EVs (Nakao
et al., 2014). Ethyl pyruvate (22) is a simple aliphatic ester that
originates from endogenous metabolites and has been found
to have a protective effect on endotoxemia and experimental
sepsis (Su et al., 2011). Qiu et al. (2020) demonstrated that 22
treatment could significantly reduce caspase-11 and gasdermin
D-mediated pyroptosis stimulated by cytoplasmic LPS and

Gram-negative bacterial EVs. Both LPS- and EV-induced IL-1a
and IL-1P release was significantly inhibited by 22 treatment
in a concentration-dependent manner. Compared to the E. coli
EVs-stimulated group, treatment with 15 mM 22 led to a
reduction of approximately 95% in the level of IL-la and a
reduction of approximately 97% in the level of IL-1B. Moreover,
bacterial EVs were automatically integrated into cytoplasm,
and the LPS of EVs interacted with and activated caspase-11.
Activated caspase-11 then cleaved Gasdermin D (Gsdmd), which
produced active Gsdmd to assist in the release of IL-la and
IL-1B, thus triggering cellular pyroptosis. Treatment with 22
can suppress LPS binding to caspase-11 and decrease the LPS-
induced upregulation of caspase-11. In addition, 22 treatment
dose-dependently prevented the activation of the Pyrin domain
containing protein 3 (NLRP3) inflammasome, a multiprotein
complex which activated caspase-1 and resulted in the release of
high mobility group protein Bl (HMGB1). These findings imply
that 22 treatment suppresses multiple signals in the immune
responses stimulated by LPS or EVs (Figure 3; Qiu et al,
2020).

N-acetyl-L-cysteine (NAC) (23) is a mucolytic agent that is
commonly administered with thiol and functions by breaking the
disulphide bonds in mucus (Poole et al., 2019). Several studies
have suggested that 23 also has various bacteriostatic properties
(Zhao and Liu, 2010). Volgers et al. (2017a) investigated whether
23 treatment also affected bacterial EVs. The results revealed
that the pro-inflammatory responses induced by bacterial
EVs were affected by 23 treatment. In addition, 25 mM 23
reduced TNF-« release by naive macrophages by approximately
73, 62, and 57% following stimulation with H. influenzae,
M. catarrhalis, and P. aeruginosa EVs, respectively. The response
of macrophages to bacterial EVs was dose-dependently decreased
in the presence of 23; however, the addition of 23 led to
an increase in the secretion of bacterial EVs. This finding
verified that 23 was able to counteract the increased EV
release and associated pro-inflammatory effects by inhibiting the
secretion of pro-inflammatory cytokines. Therefore, 23 exerted
a bacteriostatic effect even though it promoted the production of
pro-inflammatory EVs. The proposed mechanism through which
23 mediates its bacteriostatic effect might be via the inhibition of
cysteine utilization, which can also explain the species-differences
in the effects of 23 since the cysteine requirements vary between
strains (Volgers et al., 2017a).

Thymol (2-isopropyl-5-methylphenol) (24) is a phenolic
monoterpene that is known to possess various pharmacological
processes (e.g., anti-inflammatory and antibacterial processes)
(Li et al., 2017). Sub-inhibitory concentrations of 24 inhibited
the release of toxins [e.g., a-hemolysin (Hla)] by S. aureus.
Furthermore, the addition of 24 disrupted S. aureus EVs and
reduced the expression of pro-inflammatory cytokines induced
by EVs. Compared to the S. aureus EV-treated group, the gene
expression of IL-1f, IL-6, IL-8, and TNF-a were decreased by 67,
50, 64, and 67% following treatment with 5 g 24, respectively.
The topical application of 24 impairs the worsening of atopic
dermatitis induced by S. aureus EVs in an in vivo model.
Damage of bacterial EVs by treatment with 24 suppressed the
delivery of the effector molecules to host, which led to the
lower stimulation of pro-inflammatory responses. Moreover, 24
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TABLE 4 | EV-stimulated inflammation inhibitors.

No. Name Structure Target Inflammatory cytokines release inhibition (%) References
IL-6 TNF-o IL-1o IL-1B IL-8
20 Salbutamol Ji?& K Unknown 46 99 — — —
HO’
on Kim et al., 2018
N
21 Nortriptyline ) Unknown 48 95 — — —
000
o
22 Ethyl pyruvate o~ Caspase-11 — — 95 97 — Qiu et al., 2020
¢ NLRP3
[
23 NAC Hs ont Cysteine utilization - 73 - - — Volgers et al.,
HNT(H, 2017a
[}
24 Thymol OH - cHy NF-«xB 50 67 — 67 64 Kwon et al., 2018
/@*w« MAPKSs
H,C
25 ATRA TLR2 62 48 — — — Sinha et al., 2017
kB
NF-«kB
26 HMW HA CD44 53 24 — — — Liu et al., 2019
27 BUD Unknown 83 — — —
Volgers et al., 2017b
28 FLUT Unknown 84 - - -
29 Astragalin \QQ«\(@ NF-«B 43 - - - 55
|
Ly E Kou et al., 2008
30 MPPG %‘(;g‘)\ NF-«B 91 — — — 95
31 Pep19-2.5 Sequence: Inflammasomes/IL- - — - 35 —
GCKKYRRFRWKFKGK 1
FWFWG axis
32 Polymyxin B Unknown — — — 75 —
Pfalzgraff et al., 2019
F, (
33 TAK-242 ‘jb TLR4 - - - 65 -

— represents no experimental data.

decreased the production of pro-inflammatory cytokines through
the suppression of nuclear factor-kB (NF-kB) and mitogen-
activated protein kinases (MAPKs). Thus, it is possible that
inflammatory responses caused by thymol-treated S. aureus
EVs are inhibited by both the suppression of the transmission
of effector molecules (e.g., peptidoglycans) to the host and
the inflammatory signaling pathways related to inflammation
(Figure 4; Kwon et al., 2018, 2019).

Bacterial EVs are considered to represent as novel vaccine
candidates due to their excellent biocompatibility. However, the
toxicity associated with inducing pro-inflammatory responses
represents a major concern in EV-related vaccines (Lee et al,
2017; Fingermann et al., 2018). Hence, all-trans retinoic acid
(ATRA) (25) was selected to suppress EV-induced toxicity. The
study by Sinha et al. (2017) demonstrated that pretreatment
with ATRA inhibited V. cholerae EV-induced inflammation
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FIGURE 3 | Ethyl pyruvate inhibits caspase-11 expression and NLRP3
activation, which eventually retards pyroptosis and pro-inflammatory
responses. Gram-negative EVs carry LPS which are recognized by the
receptor and activated caspase-11. Activated caspase-11 then cleaved
Gasdermin D (Gsdmd), which produced active Gsdmd to assist in the release
of IL-1a and IL-18, thus triggering cellular pyroptosis. Ethyl pyruvate can
suppress LPS binding to caspase-11 and decrease the LPS-induced
upregulation of caspase-11. In addition, Ethyl pyruvate prevent the activation
of NLRPS inflammasome which resulted in the release of HMGB11.

OH CH,
CH; Thymol

Effector molecules

Epithelial cell
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Pro-inflammatory responses

FIGURE 4 | Thymol disrupts EVs and inhibits NF-kB and MAPKs pathways.
S. aureus EVs contain various effector molecules which trigger NF-«xB and
MAPKSs and lead to the release of proinflammatory cytokines. Thymol reduce
proinflammatory cytokines production by inhibiting effector molecules transfer
to host and inhibiting NF-kB and MAPKSs pathways.

without suppressing the protective immune response. In a
mouse model, 25 treatment decreased V. cholerae EV-induced
pro-inflammatory cytokines. Compared to the mice administered
EVs alone, the level of IL-6 and TNF-a was decreased by
approximately 64 and 48% when treated with cholera pentavalent
EVs in conjunction with 37.5 mg/mL 25 for 3 days. Furthermore,

treatment with 1 mM 25 for 16 h reduced V. cholerae
EV-mediated TLR2 expression. 25 treatment also inhibited the
downstream signaling of CPMVs (e.g., degradation of IkB
and nuclear translocation of NF-kB), which contributed to the
reduction of pro-inflammatory cytokines (Sinha et al., 2017).

Hyaluronic acid (HA) is key factor involved in maintaining
the structure and homeostasis of the alveolar air-blood barrier.
HA can be degraded to a low-molecular-weight and led to
inflammatory responses (Jiang et al., 2010; Lennon and Singleton,
2011; Liang et al, 2016). Surprisingly, high molecular weight
hyaluronic acid (HMW HA) (26) had the opposite effects.
Liu et al. (2019) studied the effects of 26 on the lung injury
induced by E. coli secreted EVs. Under the co-existence of
E. coli EVs and 20 pg/mL 26, the release of TNF-a and IL-6
by human monocytes was reduced by 24 and 53%, respectively.
CD44 is a transmembrane glycoprotein typically expressed on
immune cell EVs. In this study, it was discovered that the
binding of 26 with E. coli EVs, which was partly dependent on
CD44, prevented EV uptake by human monocytes and reduced
E. coli EV-induced inflammatory responses. Unexpectedly, 26
administration reduced the total colony forming units (CFUs)
of bacteria. Possible explanations for its antimicrobial effect may
be the activation of CD44, which is involved in phagocytosis and
interference with the adhesion of bacteria to a cellular substrate
(Liu et al., 2019).

Recent studies show that hormones (e.g., steroid hormones)
could directly interfere with bacterial growth, virulence, and
gene expression (Freestone, 2013; Earl et al.,, 2015). Whether
the treatment of glucocorticoids, budesonide (BUD) (27)
and fluticasone (FLUT) (28), affected bacterial EV secretion
and suppressed EVs induced pro-inflammatory responses
was investigated. For several bacterial species, including
H. influenzae, P. aeruginosa, S. pneumoniae, and M. catarrhiae,
the release of TNF-a and the pro-inflammatory effects stimulated
by pathogenic EVs were decreased following treatment with
27 and 28. Treatment of 0.1 WM 27 and 28 decreased TNF-
a secretion by macrophages by approximately 84 and 83%,
respectively in response to M. catarrhiae EVs. However, neither
the release of EVs nor bacterial growth were affected (Volgers
et al, 2017b). These findings suggest that 27 and 28 may
have a positive effect on bacterial EV-induced inflammation,
despite the observation that EV release and bacterial growth
remained unaltered.

Vesicles secreted from P. gingivalis, a crucial etiologic
agent in chronic marginal periodontitis, were considered to
be more virulent weapons than bacterial cells because they
could destruct the periodontal tissues and stimulate host cells
to activate various inflammatory responses (Inaba et al., 2005).
There was evidence demonstrated that hop bract polyphenol
(HBP) inhibited the expression of cyclooxygenase-2 (COX-2),
IL-6, and -8, matrix metalloproteinases (MMP)-1 and -3 in a
dose-dependent manner. Further fractionation of HBP identified
that the effective components were astragalin (29) and 2-[(2-
methylpropanoyl)-phloroglucinol]1-O-b-D-glucopyranoside
(MPPG) (30). Compared to human gingival epithelial cells
(HGE cells) treated with vesicles in the absence of HBP, the
expression of COX-2, IL-6, IL-8, MMP-1, and MMP-3 were
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all significantly decreased in the presence of HBP. Further
investigation suggested that 10 pg/mL 30 blocked over 90% of
the expression of these pro-inflammatory mRNAs. Treatment
with 25 pg/mL 29 also significantly suppressed the expression
of the inflammatory mediators. These results implied that the
anti-inflammatory efficacy of HBP contributed to 29 and 30. The
effects of 29 and 30 may be due to the inhibition of HGE cells
on NF-kB activation and the proteolytic activities of P. gingivalis.
In addition, safety experiments showed that HBP, 29, and 30
showed low cytotoxicity (Kou et al., 2008). Therefore, HBP,
29 and 30 are suggested to have potential for the treatment
of periodontitis.

Pfalzgraff et al. (2016, 2017) and Heinbockel et al. (2018)
previously demonstrated that one type of synthetic antiendotoxin
peptide, Pepl9-2.5 (31), could efficiently neutralize the
inflammatory responses mediated by extracellular and
intracellular LPS. Furthermore, the authors also found that
treatment with 31 and polymyxin B (32) decreased E. coli
EV-stimulated IL-18 and TNF secretion in macrophages and
suppressed E. coli EV-mediated pyroptosis. Treatment with 10
mg/mL 31 and 32 reduced IL-1p release by THP-1 macrophages
by about 35 and 75%, respectively. Moreover, the TLR4 signaling
inhibitor, TAK-242 (33), also inhibited EV-induced IL-18 and
TNF release, but not reduce pyroptosis. Treatment with 1 jg/mL
33 reduced IL-1P release from THP-1 macrophages by about
65%. The results of the Limulus assay showed that the reduction
of these inflammatory signals resulted from a blockade of
LPS-induced stimulation. It was also demonstrated that Pep19-
2.5-neutralized EV release of LPS. After the internalization of
EVs and Pepl9-2.5, Pepl19-2.5 may suppress the binding of
EV-released LPS to inflammatory caspases. Other evidence has
shown that 31 suppressed the EV-mediated activation of the
inflammasome/IL-1 axis in macrophages, which may be related
to protection against sepsis (Pfalzgraff et al., 2019).

Inhibitors That Reduce the Activity of

Extracellular Vesicles

Due to the multiple physiological properties of bacterial
EVs in host cells, compounds that destroy their structure
or inhibit the activity of their substances also affect their
functionality (Table 5).

Aggregatibacter actinomycetemcomitans (A.
actinomycetemcomitans) is an oral pathogen that produces
EVs which deliver various virulence factors, including leukotoxin
A (LtxA), a leukotoxin that can specifically kill human white
blood cells. Interference with LtxA activity showed a possible
approach to decreasing bacterial pathogenicity. Previous
studies have shown that galloylated catechins can block the
delivery of LtxA to the host by altering the secondary structure
of the toxin and inhibiting its binding to cholesterol in the
host cell membrane. Epigallocatechin gallate (EGCg) (34), a
galloylated catechin, can inhibit A. actinomycetemcomitans
growth at micromolar concentrations. The minimal inhibitory
concentration (MIC) of 34 to A. actinomycetemcomitans was
10 pg/mL and the inhibitory effect was further increased
with the increase in the concentration of 34. At subinhibitory
concentrations, 34 increased LtxA production; however, the
level of bacterial toxicity toward immune cells was decreased.
Therefore, these contradictory results were further investigated.
When A. actinomycetemcomitans EVs were used as a model of
the bacterial membrane, treatment with 34 enhanced the binding
of LtxA to EVs, which might affect the surface components and
alter the offensive function of the EVs. It is also conceivable
that 34 promoted the association of LtxA with the bacterial
membranes. The promoting effect of 34 on the binding of LtxA
and bacterial membranes and EVs may be a reason for such
reduced immunotoxicity (Chang et al., 2020).

Except for their effect of inhibiting bacterial EV production,
both 18 and 19, could also inhibit the activity of EVs. In addition,
18 decreased the hemolytic activity of S. aureus EVs, which
was dependent on the inhibition of hemolysin (e.g., a-toxin) in
EVs. 18 might also destroy the integrity of EVs, thus preventing
the delivery of hemolysin to the host (Mitsuwan et al., 2019).
Treatment with 19 decreased the staphylococcal EV-induced
myeloperoxidase (MPO) activity and vascular permeability, as
well as Hla (An et al., 2019).

Other Inhibitors

Vascular endothelial growth factor (VEGF) has been shown
to be an effective inducer of vascular permeability and
angiogenesis (Apte et al., 2019; Guo et al, 2021). Studies
have shown enhanced VEGF expression in human gingival

TABLE 5 | Inhibitors that reduce the activity of EVs.

No. Name Structure Target Activity References
34 EGCg I o LixA MIC = 10 pg/mL Chang et al., 2020
HO. 0, O on
O (3
OH (l)\Qiou
'OH
OH
TABLE 6 | Other inhibitors.
No. Name Structure Target Activity References
35 Resveratrol OH MAPKs Reduce about 75% and 60% VEGF production in Nunez et al., 2010
protein-1 A. actinomycetemcomitans and R gingivalis
HO" F OH NF'KB
L,
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fibroblasts (HGFs) stimulated with the major etiologic agents
of periodontitis (Ramya and Kumar, 2014). Nunez et al. (2010)
confirmed that resveratrol (35) significantly suppressed
VEGF production by HGF in response to periodontopathic
bacterial vesicles and outer membrane proteins. Moreover,
35 treatment reduced the vascular permeability induced by
bacterial vesicles and outer membrane proteins. Vesicle-
stimulated VEGF production was reduced by approximately
75 and 60% in A. actinomycetemcomitans and P. gingivalis
under 80 wM 35, respectively (Table 6). The MAPK
signaling pathway was identified as one of the targets of 35
in endothelial cells. The inhibitory efficacy of 35 was also
related to the suppression of proteases (e.g., MMPs, a type
of proangiogenic factor). Notably, the antioxidative activity
of 35 was associated with anti-angiogenesis. A decrease in
oxidative stress by 35 resulted in the inhibition of transcription
factors, including protein-1 and NF-«kB, which modulated
the expression of VEGF. In contrast to other angiogenic
factor inhibitors, 35 has the advantage of blocking the
common angiogenic pathway, which was activated by different
angiogenic factors. Furthermore, 35 can be administered orally
(Nunez et al., 2010).

In summary, bacterial EV inhibitors is likely an effective
approach to bacterial infections. Both chemical drugs
and multiple natural products also displayed inhibitory
activities, which acted on the entire process of bacterial
EV  production, including their formation, transport,
uptake by host cells, and pro-inflammatory activity. In
addition to being used alone, these inhibitors could also
be used as adjuncts to antibiotics or other antimicrobial
agents, thereby enhancing antimicrobial activity or reducing
bacterial resistance.

CONCLUSION

The secretion of EVs is an important method by which bacteria
exert their invasive power. EVs typically mediate bacterial
interactions with a host or other symbiotic bacteria. The
development of drugs targeting bacterial EVs has the potential to
provide new insight into the intractable problems associated with
bacterial infections.

Recently, inhibitors targeting bacterial EVs have developed
significantly. Several commercial drugs have been demonstrated
to be effective at inhibiting bacterial EVs, which will greatly
aid in the discovery of new compounds and the development
of new uses for old drugs; however, there are still some
limitations. Although the aforementioned compounds exhibit
substantial inhibitory activity against bacterial EVs, the precise
mechanisms of many compounds remain unclear. For example,
while PQS is related to EV production, the method by
which it affects EV production and how inhibitors suppress
EV formation by inhibiting PQS remains to be explored. In
addition to inhibiting the production of EVs and the EV-
stimulated inflammatory response, other directions, including
the prevention of their induced immune escape and antibiotic

resistance are also worthy of further study. The systematic
classification of inhibitors and structure-activity relationships
should also be further investigated.

Bacterial EVs also exhibit numerous special properties (e.g.,
great integrity and stability, immunogenicity, protection of
inclusions, ability to be mass-produced, and ease of operation).
Due to these effects, EVs have the potential to be used in
vaccine development and as drug carriers. For example, Shiga
toxin-producing E. coli (STEC) EVs can be developed into a
vaccine against Hemolytic Uremic Syndrome (HUS) in mice
(Fingermann et al., 2018). Moreover, EVs from N. meningitides,
which has been used as a vaccine for preventing meningococcal
disease, has acquired licenses in many countries (Martinon-
Torres et al,, 2017). A modified EV with low endotoxicity as a
vaccine adjuvant of an influenza intranasal vaccine has shown
higher protection and lower toxicity after the co-administration
compared to the vaccine-alone administration (Lee et al., 2017).
EVs can also be engineered to target a particular region of a
host; thereby functioning as a targeted drug carrier (Bitto and
Kaparakis-Liaskos, 2017). Recent studies have focused on the
use of bacterial EVs in oncology therapies. Bacterial EVs have a
remarkable ability to stimulate an anticancer immune response
and to eradicate established tumors (Kim et al., 2017). Although
substantial progress has been made in the application of bacterial
EVs and EV-associated compounds in biomedicine, numerous
concerns still remain. The inhibitory activity, specificity, and
toxic side effects of EVs still require further study. Moreover,
challenges associated with methods of mass production need
to be resolved for clinical applications. Thus, modified and
artificial bacterial EVs represent a direction worthy of further
investigation. Therefore, overcoming these challenges should be
considered in future studies.

Opverall, the natural properties of bacterial EVs exhibit double-
edged effects in a host. As we learn more about the mechanisms
of bacterial EVs, they will be of great benefit in the development
of new agents or therapies to intractable diseases. Although
EVs have not been studied in depth enough, these early studies
provide valuable knowledge for the development of effective,
highly selective, and well-tolerated therapeutics.
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