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Vaccine adjuvants are substances that improve the immune capacity of a recombinant vaccine to a great extent
and have been in use since the early 1900s; they are primarily short-lived and initiate antigen activity, mainly an
inflammatory response. With the developing technologies and innovation, early options such as alum were
modified, yet the inorganic nature of major vaccine adjuvants caused several side effects. Outer membrane
vesicles, which respond to the stressed environment, are small nano-sized particles secreted by gram-negative
bacteria. The secretory nature of outer membrane vesicles (OMV) gives us many benefits in terms of infection
bioengineering.

outer membrane vesicles (OMV) vaccines adjuvants

| 1. Introduction

The outer membrane vesicles (OMVs) are outer membrane vesicles of gram-negative bacteria, having stellar
intrinsic immunostimulatory properties; they are nano-sized particles having a mean size between 20 to 200 nm;
they are spherical buds of the outer membrane filled with periplasm and are usually bilayered. The bilayered nature
of OMVs protects the lumen from immediate degradation by extracellular enzymes. OMVs can fuse with other cells
allowing for the transfer of lumen contents and, therefore, providing a host-pathogen interaction. OMVs have
several biological functions, including the delivery of proteins and toxins to target cells, transport of various
effectors between bacterial cells, protection of nucleic acid during intercellular transport, and bacterial defense [,
Several bacterial species produce OMVs, such as Escherichia coli, Pseudomonas aeruginosa, Shigella sp.,
Salmonella sp., Helicobacter pylori (H. pylori), Campylobacter jejuni, Borrelia burgdorferi, Vibrio sp., Neisseria sp.
(21, For the first time in 1959, it was observed that the cell-free filtrate of V. cholera induces an immune response in
rabbits. Then in 1966, secretion of lipopolysaccharide in the form of spherical-shaped pouches was observed in E.
coli culture grown on a lysine-limiting medium Bl Indian Scientists Smriti Narayan Chatterjee and J. Das 1966—67
used Transmission-electron microscopy and discovered OMVs in V. Cholerae as membrane-bound vesicles
produced by blebbing out and pinching off of outer membranes [4l: these OMVs have been alternatively termed

“microvesicles”/“outer membrane fragments”, “blebs”, and “extracellular vesicles” 2.

Analysis of OMVs shows the presence of various outer membranes (OmpA, OmpC, and OmpF) and periplasmic
proteins (AcrA and alkaline phosphatase). Several virulence factors are also present, which aid in the adhesion and

invasion of host tissue. Periplasmic proteins present in the inner leaflet of the outer membrane show increased
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incorporation within OMVs compared to the tightly bound proteins of the inner membrane 2. It was demonstrated
that the lipid composition, SDS page protein profile, and specific activities of several membrane enzymes were
similar in both the membrane vesicles and the outer membrane. Moreover, proteins including lipoproteins were less
abundant in OMVs than in the outer membrane, indicating the likely origin of OMVs from specific outer membrane
regions (8. Multiple proteomic analyses reveal that inner membrane proteins and protoplasmic proteins are also
abundant in OMVs. A recent study showed that OMVs are likely formed by cell lysis (The cell wall is degraded by
endolysin, triggering explosive cell lysis, allowing for the fragmented membranes to round up forming OMVSs),
explaining the presence of inner membrane and cytoplasmic contents in OMVs . Preferential packaging of
proteins to OMVs is regulated by the total protein content of OMVs. Enrichment of proteins to OMVs takes place

when protein contents of OMV are significantly higher with respect to the cellular concentration (&,

Nonetheless, lipids are integral structural components of OMVs. Just as in proteins, there are occurrences of lipids
in the outer membrane but not in OMVs. Glycerophospholipids, phosphatidylglycerol, phosphatidylethanolamine,
and cardiolipin are all important lipids present in OMVs and are associated with their curvature. Notably, a higher
proportion of fatty acids results in their rigid structure . OMVs carry luminal and surface-associated DNA, and a
clear distinction is observed during DNase treatment; luminal DNA is present even after treatment compared to
surface-associated DNA. Besides DNA, RNA, plasmid; and chromosomal DNA;phage DNA is also present in
OMVs. Similar to protein incorporation, DNA is thought to be incorporated into OMVs after cell lysis during

biogenesis 2 (Figure 1).
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| 2. Formation of OMVs

There are three major models behind the formation of OMVs. The first is based on the loss or relocation of covalent
linkages between the peptidoglycan layer and the outer membrane; as lipoprotein is associated with the linkage, it
is hypothesized that a mutation in the lipoprotein gene could lead to potential hyper vesiculation. The missing
cross-links along with an outer membrane grow faster, allowing the outer membrane to protrude and initiate
vesiculation. In the second model, peptidoglycan fragments, misfolded proteins protrude into the periplasmic
space, which exerts a turgor pressure on the outer membrane leading to the pinching off of OMVs. Another
lipoprotein, vfgl, contributes to an increased peptidoglycan production or downregulation of transglycosylases,
which again leads to an increased turgor pressure on the outer membrane, which then pinches off OMVs to
decrease the pressure exerted [&. The enrichment of the curvature-inducing molecules such as B-band
lipopolysaccharide and the quinolone PQS of Pseudomonas aeruginosa forms the basis of the third model of OMV

production. PQS is thought to increase anionic repulsions between lipopolysaccharide molecules leading to
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membrane budding due to isolated divalent cations [2!. Hydrophobic molecules such as PQS allow the formation of
OMVs by inducing the outer membrane curvature, thus allowing the spread of these hydrophobic molecules in a
hydrophilic environment. OMVs allow soluble proteins to be encased in an insoluble protective membrane sheath,
often enabling the transport of these proteins in a hostile environment (having high temperatures or degrading
enzymes such as proteases). Moreover, encasing such soluble proteins allows them to travel a greater distance

while maintaining their concentration 29,

Another mechanism by which PQS causes blebbing is the asymmetric expansion of the outer layer of the outer
membrane. However, this model is restricted as it is species-specific 2. OMV-mediated secretion involves the
presence of an insoluble membrane surrounding the soluble material. It can be regulated both temporally and
spatially. In pathogenic bacteria, proteins known as adhesins present in the outer membrane, are crucial for
colonization of the host tissue as they cause coaggregation. OMVs present multivalent complexes of membrane
adhesins 29, The bacterial interaction with the host triggers the release of OMVs containing adhesin proteins,
which promote the adhesion of the bacterial cells to the epithelial linings of the host [Z. In addition to reaching a
particular site, OMVs also have the advantage of targeting a particular site via the binding proteins present on the
surface of the OMVs. Three different types of OMV delivery have been known. First is the targeted lysis, thus
releasing the contents of the vesicles. Second is the attachment and subsequent fusion of the membrane with
another cell allowing the lumen contents to be transferred; this mechanism carries importance regarding horizontal
gene transfer between the bacterial strains and occasionally among bacterial species. Thus, having an important
role to play in evolution and population dynamics. Another delivery mechanism is endocytosis within eukaryotic

cells, which results in a display of bacterial epitopes to the immune system 12,

| 3. Species Producing OMVs
3.1. Helicobacter pylori

Helicobacter pylori (H. pylori), is a helical-shaped, microaerophilic, gram-negative bacteria 1. |t is catalase,
urease, and oxidase-positive and contains 3-5 polar flagella for motility. H. pylori can colonize the stomach’s highly
acidic environment by converting urea into ammonia with the help of urease; this ammonia neutralizes the acidic
environment making it more hospitable for the bacterium to survive. It has evolved ways to interfere with the host’s
immune responses, making it ineffective in eliminating the bacterium. Furthermore, their helical shape burrows into
the stomach’s mucus lining and develops the infection. Usually, there are no symptoms of H. pylori infection, but it
sometimes causes gastritis (inflammation of the stomach lining) or stomach ulcers. The infection for a longer time
increases the risk of gastric cancer development (12, H. pylori are observed to release OMV in both in vivo and in
vitro conditions. OMV of H. pylori consists of phosphatidylglycerol (PG), phosphatidylcholine (PC),
lysophosphatidylcholine (LPC), phosphatidylethanolamine (PE), lysophosphatidylethanolamine (LPE), cardiolipin,
and lipopolysaccharide (LPS) 13, Proteomic analysis suggests the presence of an allelic form of vacuolating
cytotoxin (VacA), several porins and lipoprotein 20 (Lpp20), various adhesions such as sialic acid-binding adhesion

(SabA), blood group antigen-binding adhesin (BabA), adherence-associated lipoprotein A (AlpA), OipA, adherence
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associated lipoprotein (AlpA), H. pylori neutrophil-activating protein (HP-NAP), urease, and some other associated

virulence factors [141[15],

The cytotoxin-associated protein (CagA) is present on the surface of H. pylori OMVs; CagA is a virulence factor
encoded inside the 40-kb cag pathogenicity island (PAl); this PAI also contains a type-IV secretion system that
delivers CagA protein into the host cell. H. pylori neutrophil-activating protein (HP-NAP) is chemotactic for
monocytes and neutrophils of humans and stimulates the cell to produce reactive oxygen species (ROS); ROS
damages the gastric epithelium by releasing nutrients to the bacterium; therefore, delivering HP-NAP through OMV
to gastric mucosa can increase the availability of nutrients to bacteria via ROS-mediated mucosal damage 1. H.
pylori OMV can trigger serum IgG response that contains antibodies having specificity for bacterial Lewis’s
epitopes. Continuous release of OMVs in the cellular milieu contributes to the persistence of H. pylori in the
stomach through maintaining biofilm. OMV of H. pylori contributes to chronic inflammation by delivering certain
virulence factors and toxins to the gastric epithelium; they also deliver PE, LPS, and porins to the gastric
epithelium, which respond by secreting IL-8 [28]. H. pylori OMV can induce apoptosis of gastric epithelium cells in a
mitochondrial-independent and caspase-dependent pathway. It is observed that OMVs are internalized into the
AGS cells in, which OMV-mediated delivery of peptidoglycan to cytosolic NOD-1 leads to the activation of NFkB
and IL-8, this cytokine is acting as a chemoattractant to involve more neutrophils in the site of production; these H.
pylori OMVs also regulated the proliferation of gastric epithelium cells, resulting in growth arrest and decreased cell
viability. Once these OMVs are inside AGS cells, the VacA-mediated alkalization of late endosomal compartments

leads to increased cytoplasmic iron levels and a decrease in GHS 12 (Figure 2).
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Figure 2. Helicobacter pylori Neutrophil Activating Proteins (HP-NAP) stimulates the release of Reactive Oxygen
species (ROS), which damages the gastric epithelium. The delivery of HP-NAP through OMV to gastric mucosa
thus increases the nutrient availability to bacteria via ROS-mediated mucosal damage. Gastric Epithelium Lining
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3.2. Neisseria meningitidis

Neisseria meningitides (N. meningitidis) is a gram-negative bacterium that causes severe disease in humans called
meningococcal meningitis. It is an inflammation of the meninges, which are membranous coverings around the
brain and spinal cord. The most common symptoms of meningitis include high fever, stiff neck, headache, vomiting,
confusion, and sensitivity to light. The bacteria are transmitted through respiratory droplets from carriers. 12
serogroups have been identified in N. meningitides; among them, six major pathogenic serogroups can cause an
epidemic, they are A, B, C, W, X, and Y (WHO). Vaccines developed using capsular polysaccharides of the
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pathogen for serogroup A and C have been in use since the 1960s and for serogroups A, C, W, X, and Y since the
1980s [18l: these capsular polysaccharide structures have high immunogenic properties and are conjugated with
carrier proteins that induce a high immune response. However, this capsular polysaccharide vaccine approach is
not suitable for serogroup B of N. meningitidis due to the low immunogenicity and the risk of autoimmune response
due to structural homology of this capsular polysaccharide structure with polysialylated form of neural cell adhesion
molecule (PSA-NCAM) present in brain tissue of fetus. Therefore, the vaccine approach for N. meningitidis

serogroup B has been broadly focused on outer membrane vesicles proteins (OMVp) 121,

3.3. Campylobacter jejuni

Campylobacter jejuni (C. jejuni) is a spiral-shaped, rod-shaped, S-shaped, or curved-shaped gram-negative
bacterium that is a significant cause of acute food-borne gastroenteritis found in animals; pigs, cattle, poultry, cats,
and dogs. Clinical symptoms of the infection include fever, headache, nausea, abdominal pain, non-inflammatory
diarrhea to inflammatory diarrhea with blood. It rarely causes death, mostly confined to infants, elderly persons, or
patients with other severe diseases (WHO). The synchronized delivery of virulence factors such as adherence, the
ability of invasion, production, and motility of toxins is a general mechanism through, which bacterial pathogens
interact and cause damage to host cells and increase their survival rate. The mechanism of secretion of bacterial
proteins and non-protein substances directly into the host cytoplasm requires direct contact of enteric bacteria with
the host cells. Bacterial toxin such as cytolethal distending toxin (CDT) has been considered an essential factor for
the pathogenesis of infection by C. jejuni; these CDTs belong to AB2-type toxins, consisting of three subunits-Cdt
A, Cdt B, Cdt C 29, cdt A and C are binding proteins that deliver catalytic subunit Cdt B into the host cell; this Cdt
B showcases DNase I-like activity and causes double-stranded DNA damage; this leads to cell cycle arrest at the

G2/M stage and activation of DNA repair response 2],

| 4. OMV-Based Vaccine Delivery

Host immune responses are the first line of barrier to stopping any infection, but occasionally immoderate
responses could lead to lethargic tissue damage. Thus, there is a need for a system that avoids excessive immune
responses. Along with the adjuvant properties, OMVs also provide complete immunity as they carry the antigen of
pathogens. Moreover, the non-replicative nature of OMVs makes them advantageous for antigen delivery to the
host thus denying any fright of infection associated with whole cell vaccine against disease-causing pathogens.
OMVs stimulate the innate immune system of the host via the activation of TLRs and NLRs as they contain various

PAMPs such as lipoproteins, LPS, and pathogenic DNA fragments [22],

Host immune responses are the first line of barrier to stopping any infection, but occasionally immoderate
responses could lead to lethargic tissue damage. Thus, there is a need for a system that avoids excessive immune
responses. Along with the adjuvant properties, OMVs also provide complete immunity as they carry the antigen of
pathogens. Moreover, the non-replicative nature of OMVs makes them advantageous for antigen delivery to the

host thus denying any fright of infection associated with whole cell vaccine against disease-causing pathogens.
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OMVs stimulate the innate immune system of the host via the activation of TLRs and NLRs as they contain various

PAMPs such as lipoproteins, LPS, and pathogenic DNA fragments [22],

Host immune responses are the first line of barrier to stopping any infection, but occasionally immoderate
responses could lead to lethargic tissue damage. Thus, there is a need for a system that avoids excessive immune
responses. Along with the adjuvant properties, OMVs also provide complete immunity as they carry the antigen of
pathogens. Moreover, the non-replicative nature of OMVs makes them advantageous for antigen delivery to the
host thus denying any fright of infection associated with whole cell vaccine against disease-causing pathogens.
OMVs stimulate the innate immune system of the host via the activation of TLRs and NLRs as they contain various

PAMPs such as lipoproteins, LPS, and pathogenic DNA fragments [22],

| 5. Uptake of OMVs by Host Cells

OMVs can enter through many ways: macropinocytosis, lipid raft-dependent or independent endocytosis, clathrin,
caveolin, and dynamin-dependent entry 238l LPS is usually delivered through endocytosis; O antigen structural
region is crucial to OMV entry; if OMVs lack antigen, they can use clathrin-dependent endocytosis to enter the host
cell. PAMPs facilitate TLR signaling to facilitate OMV entry into host cells 22, OMVs mimic the pathogenicity of
bacteria; these invade the epithelial lining of the host cells and present themselves to the body’s immune cells,
such as neutrophils, macrophages, and dendritic cells in the submucosa, thus activating the immune response. B
and T lymphocytes will also be stimulated, thus, enabling a comprehensive immune response. When treated with
E. coli, OMVs can also cause apoptosis of host cells by developing the G2 phase arrest, or they can carry
virulence factors that cause cell death of epithelial cells of the gut 22, Neisseria meningitidis OMVs can stimulate
the human neutrophils to produce cytokines and chemokines such as interleukin 1-beta, IL-8, tumor necrosis
factor-alpha, macrophage inflammatory proteins 1 alpha, and 1 beta [28. Gamma interferon-stimulated can
maintain or increase the inflammation reaction. E. coli OMVs have cytotoxic necrotizing factors 1; these can reduce
the membrane fluidity of polymorphonuclear leukocytes, thereby decreasing the levels of cytokines and
chemokines 2. OMVs make macrophages secrete proinflammatory substances such as chemokines and
cytokines; they are phagocytosed by macrophages, activating them, then induce other immune molecules such as
interleukin 1-beta, IL-8, tumor necrosis factor-alpha, and macrophage inflammatory proteins 1 alpha and 1 beta 28],

Legionella pneumophila OMVs facilitate the replication of the pathogen in the host macrophages 29,

OMVs can also induce macrophage remodeling leading to dysfunction of immune cells. OMVs can play an
important role in secreting anti-inflammatory molecules such as IL 10. Porphyromonas gingivalis, Treponema
denticola, and Tannerella forsythia OMVs phagocytosed by macrophages; they also stimulate the macrophages to
release immune molecules such as TNFa, IL-8, and IL-13 and activate the NF-kB complex; they also primed and

activated the inflammasome complex B9,

OMVs can also induce macrophage remodeling leading to dysfunction of immune cells. OMVs can play an
important role in secreting anti-inflammatory molecules such as IL 10. Porphyromonas gingivalis, Treponema

denticola, and Tannerella forsythia OMVs phagocytosed by macrophages; they also stimulate the macrophages to
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release immune molecules such as TNFa, IL-8, and IL-1(3 and activate the NF-kB complex; they also primed and

activated the inflammasome complex B9,

| 6. OMVs-Based Therapeutics

The production of OMVs is very cost-effective, and it is quite easy to scale up the production of OMVs in
inexpensive liquid media. OMV production can be increased by inducing hyper-vesiculation in the bacteria.
Notably, hyper-vesiculation-based increased production of OMVs was successfully done in Neisseria meningitidis.
OMVs are quite stable under various conditions due to the protective lipid outer membrane. N. meningitidis OMVs
are shown to retain their antigenicity and enzymatic activity while stored at 4 °C. However, storage at 37 °C for
three months led to a certain loss in antigenicity B, Phosphotriesterase, upon packaging into OMVs of E. coli
retained enzyme activity 100 times more than free phosphotriesterase 2. Notably, OMVs maintain the activity of

phosphodiesterase even after multiple cycles of freeze and thaw.

| 7. Native OMV Vaccines

The benefits of OMVs in vaccines can be increased multiple folds by necessary modifications genetically.
Meningitis B vaccine study has also proved safe and effective by engineering the adverse effects of
lipopolysaccharide. The simultaneous reaction of multiple antigens/important antigens and heterologous antigens
promotes their application extensively B3, Natural OMVs are purified and concentrated, and the detergent-based
extraction of OMVs helps to reduce the toxicity of the LPS complex. The term native OMV is used to describe intact
OMV generation from cell supernatant and for concentration OMVs from dead cells using detergent-free disruption
methods (4], Currently, there are vaccines comprising capsular polysaccharides coupled to a carrier protein for
several serogroups of N. meningitides; however, this is not possible for serogroup B because it mimics the
molecular structures in the brain, thus leading to greater risks of autoimmunity 3. Polysaccharide combined with
antigen becomes immunogenic in infants and prime for memory anticapsular antibody response. To combat these
meningococcal OMV vaccines have been developed using DOC detergents to release the OMVSs, this also had the
added benefit of reducing the toxicity of the LPS complex, however, there was the loss of certain important outer

membrane lipoproteins and increased contamination with the inner membrane proteins and cytoplasmic contents
33

The immune response in infants and children is largely targeted against surface accessible loops on a porin protein
called Por A. Thus, these OMV vaccines are effective against one particular strain. To combat multiple strains OMV
vaccines must be prepared from more than one strain of mutants expressing more than one type of Por A
molecule. However, there are more than 20 different Por A molecules in many outbreaks, making it difficult to
create an effective OMV vaccine. However, since the adult immune response is wider than that of children, an

OMV vaccine can still be effective in adults 28],
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In addition to serving as vaccines against meningococcal pathogens, OMVs also act as vaccines for other
pathogens such as the Shigella flexneri; this vaccine could protect mice against shigellosis. With enhanced
protection when nOMVs were encapsulated in poly nanoparticles. Shigella sonnei mdOMYV is in clinical trials and
can elicit anti-LPS O antigen-specific antibodies in healthy adults. nOMV vaccines derived from S. typhimurium
protected against various serotypes due to antibodies being elicited against the outer membrane proteins. mdOMV
vaccines produced high anti-O antigen-specific IgG responses, which were much more diverse when compared to
those induced by glycoconjugates 2. Demand for the Bordetella pertussis vaccine has grown over the past few
years with an increased incidence of whooping cough; this has been associated with the change from whole-cell
vaccines to acellular pertussis vaccines, which consist of few antigens associated with alum; though there has

been a reduction in mortality rates, immunity was not provided against circulating strains of the bacteria 8],

| 8. Heterologous Vaccines

There are two ways by, which the antigenic content of OMVs can be enhanced. One is by inducing mutations so
that the proteins present on the outer membrane are not released. The second is by introducing antigens onto the
membrane by using autotransporters (3l Surface-associated antigens would bind with B cells, and luminal
antigens can trigger the cytotoxic T-cell response. Thus, depending upon the desired immune response, the OMV

can be designed.

In addition to luminal antigen loading, surface-bound antigens can also elicit a strong immune response.
Lipoprotein OspA in Neisseria meningitidis is a surface-exposed antigen. The surface-exposed antigen elicited a
more robust OspA-specific antibody immune response against outer membrane proteins and LPS than the luminal
antigen 22, O antigen from Francisella tularensis has resulted in O antigen-specific IgG production in mice,
protecting them against the lethal strain. Heterologous proteins can also be attached post OMV production by a
spy catcher coupled with a protein attached to the spy tag 9. OMVs activate pathogen-associated molecular
patterns, including TLR2, TLR5, TLR 9, and TLR13, which recognize lipoproteins, flagellin proteins, and
unmethylated CpG motifs; these then stimulate the corresponding Pattern associated Receptors on Antigen
Presenting Cells. Human kidney cells have been transfected by expressing TLRs from Shigella, Salmonella, and
Neisseria meningitides, mdOMVs from these bacteria have been modified to remove acyl chains from the LPS to
reduce endotoxicity. Most of these trigger TLR2, TL4, and TLR5 to induce an immune response. The contribution of

the other TLRs to stimulate the Pathogen Receptor cells is low 1],

| 9. OMV-Based Novel Adjuvants

OMV as an adjuvant is based on Pathogen Associated Molecular Pattern (PAMP), induction of dangerous
molecules, and geographic concept. The PAMPs activate both the Pattern Recognizing Receptors (PRRs) and Toll
Signalling Receptors (TLRs); these then recruit the cells into active immunity and stimulate the Antigen Presenting
Cells (APCs). It is thus thought that OMVs could increase antigen uptake, cell surface expression, and

immunostimulatory molecules, aiding in T cell production 2], Danger molecules affect host cells, leading to mature
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T cells engaged in an enhanced immune response 3. The geographic concept involves diverting antigens from
the injection site to the tissue-draining lymph node by dendritic cells. Thus, OMVs have immunogenic properties,

act as carriers, and show an inherent adjuvant effect (44]

Meningitidis MenB OMVs was used as an adjuvant with group A meningococcal capsular polysaccharide. Unlike
other adjuvants causing hypersensitivity, these vaccines had low toxicity and elicited a strong T cell response. 42!,
OMV derived from E. coli can stimulate the humoral and cell-mediated immunity mediated via the IFN-g and IL-17
T cell-dependent response production 28l In HIV, in addition to inducing IFN-g and IL-17, T cell-dependent
response and performing Thl oriented response. Other particles such as Virus-Like Particles (VLP) induced a high
anti-HIV 1gG production by using OMV vaccines 4748 OMVs have been explored as an adjuvant by mixing them
with other known antigens such as keyhole limpet hemocyanin and ovalbumin in the hepatitis B vaccine, triggering
an enhanced immune response in the host cells. Lipoprotein OspA in Neisseria meningitidis is a surface-exposed
antigen. The surface-exposed antigen elicited a more robust OspA-specific antibody immune response against

outer membrane proteins and LPS than the luminal antigen 2],

| 10. Conclusions

OMVs are an emerging and promising platform for vaccine development, especially in non-regenerative and
acellular vaccines. OMVs-based vaccines are more immunogenic in comparison to non-regenerative and VLP
vaccines. OMV-based vaccines are safer than the whole pathogen attenuated vaccine as OMVs do not have the
self-replicative capacity, and there is no evolutionary escaping. OMVs vaccines are potential candidates where
whole-cell treatment approaches are not applicable. Moreover, the cons of OMV-based vaccines are their low
yields and endotoxic effects. Notably, there is continuous improvement in extraction methods of OMVs to increase
vesicle formation and genetic modifications to avoid possible endotoxicity. Various factors are responsible for
elevated spontaneous vesicle formation in bacteria, such as temperature, stress, and antibiotic treatments. Host-
associated antimicrobial peptides have immunomodulatory potential; they act by directing and evoking the
proinflammatory (Th1/Th17) response. Importantly, OMV-based vaccines are a potential platform for vaccine
development against various bacterial infections. Conclusively, OMV-based vaccines are the future of antibacterial

vaccine development.
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