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Abstract: Outer Membrane Vesicles (OMVs) are bacterial nanoparticles that are spontaneously
released during growth both in vitro and in vivo by Gram-negative bacteria. They are spherical,
bilayered membrane nanostructures that contain many components found within the external
surface of the parent bacterium. Naturally, OMVs serve the bacteria as a mechanism to deliver DNA,
RNA, proteins, and toxins, as well as to promote biofilm formation and remodel the outer
membrane during growth. On the other hand, as OMVs possess the optimal size to be uptaken by
immune cells, and present a range of surface-exposed antigens in native conformation and Toll-like
receptor (TLR) activating components, they represent an attractive and powerful vaccine platform
able to induce both humoral and cell-mediated immune responses. This work reviews the TLR-
agonists expressed on OMVs and their capability to trigger individual TLRs expressed on different
cell types of the immune system, and then focuses on their impact on the immune responses elicited
by OMVs compared to traditional vaccines.
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1. Introduction

Outer Membrane Vesicles (OMVs) are 25-250 nm round shaped exosomes that are
spontaneously released during growth by both pathogenic and nonpathogenic Gram-negative
bacteria, especially during the end of log phase growth and at then sites of cell division [1].

One of the first reports on OMVs produced during the growth of Escherichia coli cells was
published nearly 40 years ago by Wensink and Witholt [2] and indicated an imbalance of lipoproteins
in OMVs versus outer membranes. This finding led the authors to propose a bulging model for OMV
biogenesis which builds upon the presence of distinct membrane areas with limited peptidoglycan
synthesis, and, therefore, an absent lipoprotein-mediated outer membrane connectivity from the
underlying peptidoglycan. Since then, many scientists have worked to define an OMV biogenesis
pathway, and several models have been suggested, such as the initiation of OMV production by the
enrichment of membrane curvature-inducing molecules, or the accumulation of peptidoglycan
fragments or misfolded proteins in the periplasmic space [3]. Recent research has concentrated on the
molecular basis of OMV biosynthesis, including, for example, secretion and sorting of lipids into the
OMVs or outer membranes [4,5].

The production of OMVs has been described for a great number of Gram-negative bacteria in all
growth phases and in a variety of growth conditions. The production of vesicles has been further
demonstrated to be linked to the bacterial stress response [6,7], providing it a physiological relevance
as a protective mechanism for the removal of undesirable envelope components, or as a component
of wellbeing increase during the colonization of host tissues [8]. As shown by Elhenawy et al. for
Salmonella enterica serovar Typhimurium [9] and also recently for Mycobacterium tuberculosis [10,11],
OMVs are released even during intracellular growth within the host cells.
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OMVs have been proposed to have several biological functions such as long-distance delivery
systems of specific components [12,13], and protection of the molecules embedded in their structure
from dilution and degradation. OMVs can serve to collect nutrients or transfer virulence factors and
toxins, thus contributing to building a suitable micro-environment for the growth or survival of the
pathogen in a host [14-18]. It has been also demonstrated that OMVs can deplete the serum of
antibodies and other bactericidal molecules by binding to their surface, as suggested for Neisseria
gonorrhoeae OMV, thereby contributing to the serum resistance killing of bacteria [19]. For several
bacteria, it has been shown that OMVs engage in the formation of biofilms, increasing survival in
hosts [20], or in soil [21]. Moreover, OMVs production has been described as a bacterial defense
mechanism against antibiotics, since it appears to dilute the gentamycin detrimental effects on the
membranes [22]. Other studies have demonstrated the involvement of OMVs in the gene transfer
between bacteria, e.g., for the transfer of antibiotic resistance by DNA [23]. Indeed, OMVs can enclose
plasmids, chromosomal DNA fragments, or bacteriophage DNA [24].

Due to their biogenesis, OMVs largely reflect the structure of the outer membrane.
Phospholipids are present on the membrane inner side and lipopolysaccharide (LPS) is present on
the membrane outer side, mixed with outer membrane proteins and lipoproteins [25,26]. Various
compounds from the periplasm, and to a lesser extent, from cytoplasm, such as proteins, RNA/DNA,
and peptidoglycan, may be embedded in the OMV lumen [12,14].

OMVs represent the envelope of bacteria, with a wide range of surface bacterial antigens in their
native conformation and orientation and an optimal size for being uptaken by immune cells. The
simultaneous presence of several bacterial antigens, combined with the immunopotentiator effect of
the Toll-like receptor (TLR) agonists naturally present on these systems, confer self-adjuvanticity
properties to OMVs. These agonists or PAMPs (Pathogen-Associated Molecular Patterns), activators
of Pattern Recognition Receptors (PRRs), make OMVs strong drivers of the innate immune response,
which functions as the host’s first line of defense [27]. Moreover, several studies have highlighted
OMVs' ability to induce long-lasting humoral and cellular immune responses when used as vaccines
[28-30]. Recently, the potential for inducing a strong immune response together with the simplicity
of manufacture, have made OMVs an attractive platform for vaccine development. To this end,
genetic manipulations have been introduced in bacteria to further enhance the in vitro blebbing, by
the disruption of genes involved in processes including the synthesis of proteins linking the outer
membrane and the underlying peptidoglycan layer, envelope structure, and cellular stress [31-33].
These blebs resulting from the hyperblebbing of genetically modified microorganisms have also been
called GMMA (Generalized Modules for Membrane Antigens). The technology has been successfully
applied to many pathogens including non-invasive Salmonella [34-37], Neisseria meningitidis [38], and
Shigella serotypes, with the most advanced prototype tested up to phase 1 and 2 clinical studies [39-
41]. Several industrial approaches using this and other [42] OMV-based technologies have been used
and applied to produce OMVs from several Gram-negative bacteria.

Research over the last decade has demonstrated the application of OMVs as powerful,
economical, and flexible tools for the delivery of various heterologous vaccine antigens, ranging from
bacterial, to viral, parasitic, and even cancer antigens [43—46]. The antigen per se, or many of the
molecules composing the OMV used as delivery system for the heterologous antigen, could act as an
effective TLR-activating component, property considered as one of the key drivers for the powerful
immune response elicited by OMV. In this review, we focus our attention on dissecting the roles of
PAMPs and TLR agonists associated with OMVs and their impact on immune responses elicited by
OMV-based vaccines.

2. Toll-like Receptors (TLR)

PRRs represent a wide class of receptors predominantly expressed on innate immune cells such
as dendritic cells (DCs), macrophages, and neutrophils, as well as on cells not belonging to the
immune system, such as fibroblast and epithelial cells [47]. They identify two classes of molecules:
PAMPs, which belong to microbial pathogens, and Damage-Associated Molecular Patterns
(DAMPs), which are associated with host cell damage or death. There are several classes of PRRs,
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such as TLRs, RIG-I-Like Receptors (RLRs), NOD-Like Receptors (NLRs), and DNA receptors
(cytosolic sensors for DNA), each sensing different classes of PAMPs [48].

The class of PRRs most widely studied is represented by the TLRs, first discovered in Drosophila
as proteins involved in embryonic development [49].

TLRs are type I membrane glycoproteins composed by an extracellular domain with Leucine
Rich Repeats required for PAMP recognition [50], and a cytoplasmic Toll/interleukin-1 receptor (TIR)
homology domain required for downstream signaling. TIR domain containing adaptor molecules
such as MyD88, TRIF, TIRAP, and TRAM are recruited to the TIR domains of the different TLRs, thus
activating several transcription factors such as NF-kB, IRF3/7, and MAP kinases, and leading to the
production of pro-inflammatory cytokines (i.e., interleukin-6, IL-6) and type I interferons (IFN). Each
TLR recognizes only specific PAMPs [47,51].

Today, 13 TLR family members have been identified in humans and mice together: TLR1-TLR10
in humans and TLR1-TLR9, TLR11-TLR13 in mice. TLR 1, 2, 4, 5, 6, and 10 are surface receptors and
recognize PAMPs of bacteria, fungi, and protozoa, whereas TLR 3, 7, 8, 9, 11, 12, and 13 are only
expressed in endocytic compartments [47]. Cell surface TLRs mainly respond to components of the
microbial membrane such as proteins, lipids, and lipoproteins. Intracellular TLRs recognize non-self
bacterial and viral nucleic acids, and also self-nucleic acids in autoimmunity [52].

OMVs faithfully resemble the composition of the bacterial outer membrane, and therefore
contain LPS, glycerophospholipids, outer membrane proteins, lipoproteins, and soluble periplasmic
proteins in the lumen; other molecules can be also present, mostly in low quantities and like
impurities, such as flagellin in the case of OMVs produced from flagellated bacteria, ribosomal RNA,
or double strand DNA. Therefore, TLR1, TLR2, TLR4, TLR5, TLR6, TLR9, and TLR13 are of major
interest in the recognition of OMV PAMPs (Figure 1). Among them, the most important TLR for the
recognition of PAMPs expressed on OMVs is TLR4, which is involved in the detection of the lipidA
part of LPS [53] by forming a complex with the accessory proteins LPS Binding Protein (LBP),
Myeloid Differentiation 2 (MD2), and CD14. Of particular interest are also TLR2, directly involved in
the recognition of bacterial lipoproteins through dimerization with TLR1 in the case of tri-acylated
lipoproteins recognition, or TLR6 in the case of binding of biacylated lipoproteins [54]. TLRS is the
receptor that recognizes flagellin, which may be present in OMVs preparations from flagellated
bacteria, likely as FliC monomers [55,56]. TLR9, involved in recognition of unmethylated CpG motifs
which are prevalent in bacterial but not vertebrate genomic DNAs [57], and TLR13, that recognizes
bacterial ribosomal RNA [58], have a minor role in the recognition of OMV PAMPs, since these
molecules are rarely found in OMV preparations.
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Figure 1. Outer Membrane Vesicle (OMV) components and Toll-like receptor (TLR) engagement.

On top of these receptors, all the other TLRs can be involved in the response to OMV stimulation,
as OMVs can be efficiently decorated with homologous or heterologous antigens [59,60]. In
particular, TLR3 (which recognizes dsRNA) and TLR7 (which senses ssRNA) can be involved in
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OMVs decoration with viral antigens [61], or TLR11/12 [62] in OMVs decoration with parasite
antigens.

TLRs act in the form of dimers, and can be homo- (TLR 3, 4, 5, 7, 8, and 9) or hetero-dimers
(TLR1, 2, and 6). PAMPs bind to TLRs as single molecules (lipoproteins that bind to TLR1-2 or TLR2-
6 complexes [63]) or two molecules, as in the case of TLR4 homodimers that recognize two LPS
molecules [64]. The affinity of the specific interaction between each TLR and its ligand starts from
nanomolar concentrations of PAMPs, as in the case of TLR2, 3, 5, and 9 [60,65,66], or from higher
ligand concentration, as for TLR4 [64], and it is different in different cells.

3. PAMPs on OMVs

LPS is typically considered the most potent and immune-stimulating component of OMVs. Its
presence has attracted the attention of scientists developing OMV-based vaccines for two completely
opposite point of views. On one side, the presence of LPS has raised safety concerns, due to its risk
of inducing systemic reactogenicity when administered to humans (hence why LPS have been
historically called endotoxins). On the other side, the presence of LPS provides major support to
OMVs' ability to induce an optimal immune stimulation compared to subunit vaccines. Fine tuning
the balance between the risk of reactogenicity and the ability to efficiently stimulate the immune
response is the key in OMV-based vaccine development [39].

The lipid A part of the LPS is the portion directly interacting with TLR4, and changes in its
composition markedly affect its binding to and recognition by TLR4, resulting in low agonist or
antagonist behavior, and with a great influence on the dimerization and downstream signaling of
TLR4/MD-2.

In most Gram-negative bacteria (i.e. E. coli, Shigella, Salmonella), the basic lipid A structure is
composed of a 3-1’,6-linked disaccharide of glucosamine phosphorylated at the 1 and 4’ positions
and acylated at 2, 3, 2 and 3’ position with R-3-hydroxymyristate (called lipid IV A). Several enzymes
may act to decorate this scaffold in various positions, especially with fatty acids differing in length
and saturation level, or by adding (or deleting) substituents to phosphoryl groups of glucosamines
(Figure 2) [67]. In nature changes in the basic structure of lipid A are extensively used by bacteria in
response to various shocks and to modulate host-pathogen interaction, and thus evade the innate
immune recognition [67,68]. In E. coli and Shigella, the late acyltransferases HtrB [69] (also called
LpxL) and MsbB [70] (also called LpxM) transfer a lauroyl fatty acid and a myristoyl fatty acid to the
3’ or 2’ position, respectively, resulting in the most reactogenic form of lipid A (an hexa-acylated
glucosamine disaccharide phosphorylated at the 1 and 4" position with acyl chains from 12 to 14
carbons in length and an asymmetric (4/2) distribution). The addition of a seventh fatty acid chain to
the hexa-acylated lipid A by a 2-O-palmitoylation can be catalyzed by PagP [71], while deacylation
by LpxR [72] or PagL [73] (Figure 2). The addition of phosphatidylethanolamine or arabinose to 1 and
4’ phosphate groups by EptA and ArnT [74], the deletion of a phosphoryl group by LpxE, or the
hydroxylation by LpxO represent other widely described examples of enzymes acting on different
lipid A sites [75,76]. Furthermore, different enzymes can act on the same position of the lipid A
molecule, catalyzing the substitution of some acyl chains with others (i.e, LpxP can add a
palmitoleoyl chain in the same site in which HtrB acts [77]), and many enzymes have different
substrates specificity depending on the conditions (i.e., attachment of acyl chains differing for 2—4
carbons in length depending on stress conditions or metabolites present). Thus, a broad range of
lipidA types are described and possible, all providing to the bacteria, and therefore to the OMVs, a
different ability to activate TLR4, with the different structures possessing different levels of agonist
or antagonist abilities [78].
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Figure 2. Examples of enzymes responsible for lipid A modifications used by bacteria to evade the
innate immune recognition. Same mutations can be used to reduce an overly strong TLR4 stimulation
from OMV-based vaccines and identify an optimal balance between safety and immunogenicity.

In the case of the recognition of LPS, the accessory protein LBP forms direct contact with the
lipidA of OMYV and allows the extraction of an LPS molecule mediated by CD14 [79]. The complex
LPS/LBP/CD14 interacts stably with TLR4, which becomes a functional LPS receptor after
dimerization [80]. The LPS molecule is then transferred via this complex to MD2, which ultimately
leads to the production of proinflammatory cytokines and chemokines, hence creating the key
players in innate immunity and the modulators of adaptive immune responses [8]. Lipid A molecules
with less than six acyl chains have a minimal potential to crosslink more than one TLR4-MD2
heterodimer [64], and therefore cause much weaker inflammatory activity compared to more
acylated lipidA. Therefore, the reduction of lipidA chain number represents a strategy widely used
to reduce an overly strong TLR4 stimulation, which is necessary for OMV use in humans.

Given that most of the genes involved in the lipid A biosynthesis are essential to maintain the
integrity of the bacterial membrane and the vitality of the bacterium, successful approaches to modify
the acylation status of the lipid A generating minimal defects to bacterial growth have been focused
on the inactivation of the genes encoding the late acyltransferases, alone or in combination. For
example, the deletion of genes encoding HtrB (Shigella [31,39,81]), or MsbB (in Vibrio [82]), or MsbB
PagP (in Salmonella [35]) resulted in the production of OMVs carrying predominantly penta-acylated
lipidA, which cause a markedly lower pro-inflammatory cytokine release compared to their
respective OMVs carrying wild-type lipid A. Other modifications of lipid A tested preclinically
consisted of the dephosphorylation of Salmonella enterica lipid A by knocking-in the
dephosphorylases encoded by IpxE from Francisella tularensis, or by overexpressing the deacylases
encoded by IpxR, resulting in the cleavage of two fatty acid chains, or PagL, which is a 3-O-deacylases.
The reduction of lipid A endotoxic activity has also been essential for the development of
meningococcal OMV-based vaccines. One way to reduce the OMV’s LPS content is by detergent
extraction (e.g., used in Bexsero) [27]. An alternative method consists of the generation of
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meningococcal strains with genetically detoxified LPS, in particular knock out of IpxL1 [38,83] or
IpxL2 [84] genes, both resulting in penta-acylated lipid A structures, which results in a strongly
attenuated endotoxic activity, with tolerability demonstrated both preclinically and clinically.

OMVs have also been shown to contain other PAMPs in addition to LPS (Figure 1). For instance,
Shigella [81], Salmonella [35], and Neisseria meningitidis [38] GMMA have all been demonstrated to
efficiently activate TLR2 using Human Embryonic Kidney cells stably transfected to express just
specific TLRs, in line with their content of lipoproteins in natural conformation. Also, target blocking
TLRs in human PBMC, alone or in combination, has elucidated the relative contribution of TLR2,
TLR4, and TLR5 in the residual ability to induce pro-inflammatory response of Shigella [81] and
Salmonella [35] GMMA with modified lipidA. These experiments demonstrated that TLR4
contribution is drastically reduced to a level in which pro-inflammatory response is mostly mediated
by TLR2 activation, and the relative contribution of PRRs other than TLR2, TLR4, and TLR5 is
marginal (< 10%) in the residual response. Studies utilizing LPS-deficient OMVs from Neisseria
demonstrated the ability of non-LPS PAMPs to enhance immune responses to vesicles [85,86].
Although presence of flagellin and CpG DNA has been detected in Salmonella GMMA [35] and P.
aeruginosa vesicles [24,87], to date no studies have demonstrated that they directly impact the host
responses to intact vesicles containing LPS. The same is true for the low presence of cytoplasmic
proteins, principally ribosomal proteins, detected in Shigells GMMA preparations, likely purified
together with GMMA [88].

4. Engagement of Innate and Adaptive Immune Response Induced upon Activation by PAMPs

TLRs have been recognized to module host innate and adaptive immune responses through the
activation of immune cell signaling.

The maturation of DCs is key for the initiation of antigen-specific immune responses [89]. The
upregulation of co-stimulatory molecules, such as CD80 and CD86, and the modulation of the
peptide-MHC (major histocompatibility complex) on DCs following TLR stimulation allows DCs to
prime naive T cells [90,91]. Indeed, TLR agonists, particularly LPS, facilitate the redistribution of
MHC class I and Il molecules to the surface of DCs [92]. Moreover, TLR signaling drives endosomes
acidification in DCs, promoting peptide loading onto MHC molecules [93,94] and promoting cross
presentation of foreign antigens for CD8* T cell response stimulation by helping the fusion of MHC-
I-containing endosomes with phagosomes [93,95]. The migration of DCs from the periphery to the
draining lymph node, where naive T cell stimulation may take place, is stimulated by PRR activation.

When DCs recognize a microbial product, different effector responses may occur, determined
by the receptors that are stimulated and the cytokines that are released from the DCs. Therefore, a
naive T cell can differentiate into Th1l-, Th2- or Th17 T cell, depending on the type of antigen
presenting cell involved [96]. Usually, signaling via TLR3, TLR4, TLR7, TLRS, and TLR9 induces Th1-
type immune responses, while signaling via TLR2 (together with TLR1 or TLR6) and TLR5 promotes
Th2-type immune responses [90,91]. For instance, in response to H. pylori and P. aeruginosa OMVs,
epithelial cells produce IL-8, a cytokine involved in neutrophil and monocyte recruitment in vivo
[87,97]. Instead, OMVs from Salmonella Typhimurium induce an increase of MHC-II and CD86
surface expression on macrophages and DCs and an enhanced production of nitric oxide, tumor
necrosis factor-a, and IL-12. Which TLR is activated by the exogenous stimulus obviously depends
on which DCs are activated. Indeed, DCs are functionally heterogeneous and have been classified in
different subsets that express subset-specific PRRs [98] [99,100]. As a result, these cells are activated
in response to different stimuli, which in turn trigger specific signaling pathways leading to the
production of specific cytokines that designate the Th cell subset that will be developed [101]. For
example, plasmacytoid DCs induce Type I IFNs and thus control anti-viral immunity [98-100]. They
do not express surface TLRs to detect bacterial PAMPs but only present endosomal TLRs, such as
TLR7 and 9, that recognize ssSRNA and CpG DNA, respectively. CD8a* DCs, a different DC subset
which drives cross-presentation, is relevant for the activation of CD8* T cells. These DCs present TLR3
as well as RLRs, recognize viral antigens, and produce Type I IFNs and IL-12 [102] (Table 1).
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Table 1. Expression of principal TLRs on different human immune cells.

TLR type Absent/Low Expression Medium/High Expression
TLR2
(+TLR1) plasmacytoid DCs, B cells* [103] monocytes [104], myeloid DCs [105], T cells [106]
TLR2 monocytes [107], plasmacytoid DCs, .
loid DCs [105], T cells [1
(+TLR6) B cells*[103] myeloid DCs [105], T cells [106]
D8a* loid DCs [1 D138+ B cells [103], T cell
TLR3 monocytes [104], plasmacytoid DCs D8a” myeloid DCs | 05[]i (;] 38°B cells [103], T cells
. monocytes [104], myeloid DCs [105], CD138* B cells
TLR4 plasmacytoid DCs [103], T cells [109]
TLRS plasmacytoid DCs, B cells monocytes [107], myeloid DCs [105], B cells [110], T
cells [111]
TLR7 monocytes [112], plasmacytoid DCs, myeloid DCs, B
cells [103], T cells [113]
TLRS plasmacytoid DCs monocytes [112], myeloid DCs [105], B cells [103], T
cells [113]
TLRY monocytes [107], plasmacytoid DCs, B cells [103], T

cells [114]
*Only activated and memory B cells, whereas naive B cells express low levels of all TLRs.

TLRs are also expressed by T cells. For instance, TLR ligands influence Treg development [115],
either directly, since they are expressed on this T cell subset, or indirectly, when a Treg interacts with
TLR-activated antigen presenting cells [116]. Treg cell activation or suppression, upon the stimulation
of the TLR signaling pathway, is controlled by the type of TLR agonist and its ability to elicit
antagonistic Th17 cell differentiation [115]. This feature is important, especially for diseases where
Th17-type cytokines (IL-17A, IL-17F and IL-22) [115,117] have a prominent role, such as
autoimmunity, chronic inflammation, and cancer.

In B cells, TLR signaling enhances antigen uptake through the upregulation of MHC molecules
and cross-talk with T cells through the expression of costimulatory molecules, thus promoting the
secretion of antigen-specific antibodies upon vaccination with antigens in combination with TLR
ligands [118].

B cell responses can be divided into T cell-independent and T cell-dependent. T-cell-
independent B cell responses are driven by innate-like B cells which express TLRs and respond to
microbiota derived stimuli. In these cells, NF-kB signaling is induced upon the activation of both
TLRs and B cell receptors and leads to the production of natural immunoglobulin (IgM) which protect
against bacteria and viruses such as influenza [119]. T cell-dependent antibody responses are initiated
by the engagement of the B cell receptor by the antigen presented on an antigen presenting cell and
are modulated by cytokines that drive isotype class switching. Antibody responses, especially 1gG2
in mice or IgG1 or IgG3 in humans, are determined by TLRs present on B cells (Table 1) [120].

In the last few years, several synthetic TLR agonists (reviewed in [121]) have been selected as
molecules that can be used as vaccine adjuvants and have been tested in clinical trials. One of them
is the TLR4 agonist monophosphoryl lipid A (MPL), a detoxified form of the bacterial LPS. MPL
formulated with aluminum hydroxide, named AS04, has been approved for use in vaccines that
target human papilloma virus and hepatitis B [122]. It has been demonstrated to bind TLR4, thus
promoting cytokine production, antigen presentation, and the migration of antigen presenting cells
to the T cell area of draining lymph nodes, where they can prime naive T cells [122]. Non-methylated
CpG oligonucleotide has also been identified as a novel adjuvant and has been used in both
preclinical and clinical studies for cancer vaccines [123]. It stimulates TLR9 expressed by human
plasmacytoid DCs and B cells, thus promoting B- and T-cell responses. Other TLR agonists that have
demonstrated promising pre-clinical and clinical results as vaccine adjuvants are those targeting the
TLR7/8 pathway. Two small molecules, i.e.,, Imiquimod, an agonist of TLR7, and Resiquimod, a
TLR7/8 agonist, have been conjugated to protein antigens or properly formulated and shown an
improvement in the immunogenicity of the tested vaccine [123-125]. Imiquimod has been proven to
modulate the immune response when used as a topic vaccine adjuvant. Indeed, when immature DCs
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were injected into Imiquimod-pretreated skin of cancer patients, they migrated to draining lymph
nodes and showed enhanced DC immunostimulatory capacity [123]. Imiquimod has been licensed
as a topical treatment for malignant and non-malignant skin cell disorders and has been
demonstrated to be safe and to have a good efficacy [126-130].

OMVs possess the ability to stimulate the innate compartment of a host’s immune system
through the activation of TLRs and NLRs since they contain various bacterial PAMPs such as LPS,
lipoproteins, flagellin monomers, and bacterial DNA fragments [8]. In recent studies, the
intramuscular injection of OMVs with heterologous antigens enhanced antigen-specific humoral and
cellular immune responses and increased the protection rate against tumor and virus challenges
[131,132]. OMVs with attenuated endotoxicity (fmOMYVs) through the modification of the lipid A
moiety of LPS, have been tested as a mucosal adjuvant using an influenza vaccine model. fmOMVs
have been demonstrated to be less reactogenic when compared with native OMVs (nOMVs), and
intranasal injection of vaccine antigens with fmOMVs resulted in the enhanced production of IgG
and IgA compared with the influenza vaccine adjuvanted with cholera toxin. Furthermore, co-
administration of fmOMVs conferred protection against homologous and heterologous viral
challenges, indicating that fmOMVs can be a promising mucosal adjuvant for intranasal vaccines
[133].

The capacity of OMVs to trigger an adaptive memory immune response has already been
demonstrated with several OMV-based acellular vaccines, the most successful example being
represented by vaccines against N. meningitidis serogroup B. The advancement and characteristics of
such vaccines have recently been comprehensively reviewed by Holst and colleagues [134]. As
described in this work, OMVs have been confirmed to be the only effective formulation against
serogroup B infections, with over 55 million doses administered to date. Several approaches to
vaccine formulation have been adopted, targeting different strains and including antigens specific to
a given geographic region. All preparations of meningococcal vesicles have been proven to elicit a
protective bactericidal humoral response mainly targeting the outer membrane porins PorA and PorB
[135]. The adjuvant role of LPS in OMVs seems to be important for the induction of an effective
immune response. In fact, immune responses to LPS-free N. meningitidis OMVs are poor, and need
the inclusion of exogenous PAMPs as immune stimulators in order to generate an optimal immune
response [85,86,136]. The most commonly used commercial OMV-based vaccine against N.
meningitidis serogroup B is based on detergent-extracted vesicles. This OMV purification process
markedly decreases the endotoxic content of vesicles. Recent studies investigating the mechanism
underlying the impact of TLR activation on the maturation of phagosomes and DCs and on the
antigen presentation on MHC molecules, demonstrated that a “mixture” of LPS and other outer
membrane bacterial PAMPs could generate a more effective response [93]. Schild et al. demonstrated
that OMVs from Vibrio cholerae generate a protective antibody response in a neonatal mouse model
of passive antibody transfer [137]. B-cell responses to OMVs from S. Typhimurium [138], B.
burgdorferi [139], and Flavobacterium [140] have also been reported, suggesting that OMV's can be good
antigen delivery systems to generate effective antibody responses.

5. OMVs Compared to Classical Vaccines

The intrinsic features of OMVs have been exploited in the vaccinology field over the past few
decades (Table 2) and their potential as novel vaccine delivery platform has been investigated by
several groups. For instance, when N. meningitidis OMVs displaying the antigenic porin protein PorA
were examined in comparison to purified PorA protein, a humoral immune response was elicited in
response to both candidate vaccines, but only the PorA-containing OMVs induced bactericidal
antibodies [141]. The functional immune response induced by OMVs over-expressing fHbp is similar
to that induced by > 10-fold higher fHbp administered in recombinant form, suggesting that the
native conformation and self-adjuvant properties of OMV have a great impact in the immune
response induced [142]. OMVs naturally released from a recombinant African N. meningitidis W strain
with deleted capsule locus, attenuated LPS toxicity ([pxL1 mutant), improved OMV yield (gna33
mutant) and with overexpressed fHbp v.1 have been proposed as an affordable vaccine with broad
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coverage against strains from all main serogroups currently causing meningococcal meningitis in
sub-Saharan Africa [38]. Recently, novel B. pertussis OMV vaccines have been compared to the current
approved whole cell B. pertussis vaccine, and proved to efficiently raise OMV-specific antibodies in
mice to a level comparable to that obtained with the whole cell vaccine [28,143,144]. Moreover, OMVs
were more effective against a current circulating isolate than the whole-cell vaccine and able to induce
long-lasting immunity [144]. Also GMMA from S. Typhimurium and S. Enteritidis strains engineered
to increase OMV yields induced high anti-O polysaccharides specific IgG titers comparable to those
induced by corresponding CRM197 glycoconjugates formulated with alhydrogel, and with increased
IgG antibody isotype profile and complement-mediated bactericidal activity [34].

Table 2. OMVs versus classical vaccines. Examples of animal studies in which OMVs have shown
improved immunogenicity compared to traditional formulations.

OMVs Classical Vaccines
Purified PorA on OMV Purified PorA [141]
Salmonel.la Typhlmurlum OMV Recombinant PspA [145]
expressing PspA in the lumen
E. coli OMVs expressing Omp22of o i ant Omp22 adjuvanted with Alum [146]
A. baumannii
OMVs over-expressing fHbp Recombinant fHbp [38,142]
hole cell B. 1 i 1lul
TdapOMVsBp Whole cell B. pertussis vaccine and acellular 28]
vaccines
OMVs from B. pertussis B1917 Whole cell B. pertussis vaccine and acellular [143]
vaccines
S. Typhimurium and . Enteritidis S. TyPhlmurlum and S. Enteritidis O-antigen
CMMA conjugated to CRM197 and formulated on [34]
Alhydrogel
glyOMVs displaying O- Native F. tularensis LPS [147]
polysaccharides from F. tularensis
E. coli OMV expressing Chlamydia Purified Chlamydia rHtrA [148]
rHtrA
E. coli OMV carrying different Purified heterologous antigens [149]

heterologous antigens in their lumen

More recently OMVs have been explored as delivery systems of specific proteins or
polysaccharides, as they can be easily decorated with heterologous antigens. OMVs, expressing the
poorly immunogenic green-fluorescent protein (GFP), elicited strong and sustained anti-GFP
antibody titers in immunized mice, whereas immunization with GFP alone did not elicit such titers
[150]. Mice immunized intranasally with S. Typhimurium OMVs, engineered to contain the
pneumococcal protein PspA in the lumen, developed serum antibody responses against PspA,
Salmonella LPS, and outer membrane proteins, while no detectable responses were developed in mice
immunized with an equivalent dose of recombinant PspA [145]. Immunization with 50 pg of E. coli
OMVs expressing 0.1 ug Omp22 of A. baumannii rapidly generated significantly higher Omp22-
specific antibodies than immunization with 50 ug recombinant protein formulated with Alum, while
injection with 0.5 ug recombinant Omp22 with Alum produced no detectable response [146]. Other
examples have been reported, demonstrating that OMVs often induce humoral immune responses
far more efficiently than recombinant antigenic proteins formulated with alum [38,148,149].

Recently, E. coli OMVs have been used as carriers for the expression of heterologous
polysaccharides, resulting in glycoengineered OMVs (glyOMYVs) [151]. Using this approach, Chen et
al. [147] created glyOMVs displaying O-polysaccharides from F. tularensis. In mice, immunization
with glyOMVs led to a sustained O-polysaccharide-specific IgG production which was 2-3-fold
higher than IgG levels elicited by the native LPS and protected the animals against lethal challenge
with F. tularensis. Upon subcutaneous glyOMV administration, a protective mucosal immune
response was also generated. Price et al. [152] engineered E. coli OMVs to express capsular
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polysaccharides, such as a S. pneumoniae CPS14 capsule. The corresponding glyOMVs induced IgG
levels and efficacy in opsonophagocytic activity tests comparable to those induced by PCV13.

Multiple factors can explain the strong immune response induced by OMVs. In fact, not only
OMVs contain TLR agonists providing self-adjuvanticity, but antigens are also presented in
multiplicity in the context of a membrane and in their native orientation and conformation, as well
as OMVs have the optimal size for immune stimulation [30,59]. To our knowledge, few studies have
been performed so far to elucidate the specific contribution of TLR activation to the immune response
induced by OMVs. The roles of TLR2 and TLR4 have been investigated in the induction of immune
responses in mice after immunization with N. meningitidis OMVs [35,153]. Wild type mice were
compared with mice deficient in TLR2, TLR4, or TRIF and their innate and adaptive immune
responses were analyzed. TRIF-deficient and TLR4-deficient mice showed reduced immune response
after immunization, whereas it was not impaired in TLR2-deficient mice, suggesting that TLR4 (but
not TLR2) stimulation contributes to the immunogenicity of the N. meningitidis OMVs.

Like OMVs, Outer Membrane Protein Complexes (OMPCs) have been proposed as particle
platforms for antigen display and also possess inherent adjuvant activity. It has been shown that
chemical conjugation of malaria transmission blocking antigens Pfs25 or Pfs230 to OMPCs enhanced
the immunogenicity and functional activity of the antigens compared to Pfs25 or Pfs230 alone
adjuvanted or conjugated to rEPA carrier protein [45,154]. OMPCs have been shown to possess TLR2-
mediated adjuvant activity attributed to its membrane porin proteins [155]. It has been demonstrated
that Haemophilus influenzae type b-OMPC glycoconjugate vaccine induces cytokine production by
engaging human TLR2 and requires the presence of TLR2 for optimal immunogenicity. Furthermore,
OMPC may contain TLR4 agonists such as LPS since they derive from the outer membrane of Gram-
negative bacteria.

6. Discussion

OMVs combine both adjuvant and carrier activities, which allows for an increase in the low
immunogenic properties of protein and carbohydrate antigens alone. The presence of TLR agonists
on OMVs plays an unmistakably important role on their ability to efficiently stimulate both innate
and adaptive immunity. However, if limited activation of the innate immune system can aid a useful
immune response to the vaccine, a strong activation could lead to adverse effects ranging from febrile
response to septic shock [156]. Thus, a balance between immune stimulation and reactogenicity is
desired in a vaccine. Mass vaccination with detergent-extracted OMV-based vaccines are well
tolerated and are currently changing the world by highly decreasing the burden of meningococcal
meningitis [157]. Similarly, results obtained in terms of tolerability of GMMA are extremely
satisfactory, and true not only in healthy adults in developed countries, but also in developing
countries, where endemic factors may influence the immunogenicity/reactogenicity balance [158].
However, due to differences in the maturation of TLR in children and adults [159], an open question
remains regarding the risk of systemic reactogenicity in different age groups. For instance, neonatal
monocytes displayed down-regulated surface expression of CD14 and TLR4 and suppressed
phosphorylation of NF-«kB p65 and p38 MAPK in response to the TLR4 agonist LPS stimulation when
compared with adult monocytes [87]. For vaccines targeting children, the systemic reactogenicity can
be fully assessed only by ad hoc dose escalation clinical trials.

Overall, OMVs represent an attractive and innovative platform for the development of effective
and safe vaccines. Nevertheless, few studies so far have investigated the OMV mode of action,
including the role of TLR agonists on the induced immune response. Such studies will be important
for driving the rational design of improved OMV-based vaccines. Moreover, important differences
exist between mice and humans regarding function and tissue expression of TLRs. For example,
TLR2, which has been shown to be the main driver of detoxified Shigella [81] and Salmonella [35]
GMMA reactogenicity, presents differences between humans and mice, since human but not murine
TLR2 discriminates between tri-palmitoylated and tri-lauroylated peptide [160]. The recognition of
lipid A by the TLR4/MD-2 complex is species-specific [85] with mice being less sensitive to LPS than
humans [64]. In addition, within human subjects, TLR4 presents polymorphisms that result in
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different susceptibility to LPS [86]. Both in mice and humans, TLR7 is expressed in B cells,
neutrophils, and pDC; however, in mice TLR7 is expressed by macrophages and CD8-, but not CD8*
and DC subsets [116]. TLRS, in contrast, is expressed by monocytes lineage cells and myeloid DC in
man, whereas it may not be a functional receptor in mice [161]. TLR9 has been recognized as the
mediator of species-specific DNA sequence recognition [162,163]. All this implies that TLR species-
specific properties exist and thus humans and mice may have distinct susceptibilities to challenge
with specific TLR ligands. Thus, in parallel to additional investigation in animal models to dissect
OMV mechanisms, clinical trials will be fundamental to better characterize OMV vaccine
immunological properties in the target populations and to guarantee their efficacy and safety.
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OMV Outer Membrane Vesicle

LPS Lipopolysaccharide

TLR Toll Like Receptor

PAMP Pathogen-Associated Molecular Pattern
PRR Pattern Recognition Receptor

GMMA  Generalized Modules for Membrane Antigens
DAMP Damage-Associated Molecular Pattern

RLR RIG-I-Like Receptor

NLR NOD-Like Receptor

TIR Toll/interleukin-1 receptor

IL interleukin

IFN interferon

MHC major histocompatibility complex

DC dendritic cell

fmOMV  OMV with attenuated endotoxicity

nOMV native Outer Membrane Vesicle

OMPC Outer Membrane Protein Complex

LBP LPS Binding Protein
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