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ABSTRACT
Historically vaccines were produced using whole attenuated or killed pathogens and still a large
proportion of current vaccines utilizes such procedure. However, for safety and quality reasons the
development of novel vaccines is preferentially based on the selection and use of specific pathogen
components which alone are capable of eliciting protective immune responses against the pathogens
they derived from. The big challenge for vaccinologists is how to select the right antigens and to combine
them with proper immune stimulatory components (adjuvants) in order to induce protective immunity.
This Commentary outlines the authors’ view on the current and future strategies for the efficient and rapid
identification of the most effective protective antigens and adjuvants. Since efficacious subunit-based
vaccines against recalcitrant pathogens are likely to require more than one antigen and/or immune
stimulator, this poses the problem of how to make such vaccines economically acceptable. In this regard,
the authors also present their view of how bacterial Outer Membrane Vesicles (OMVs) could become a
promising platform for the development of future vaccines. The unique properties of OMVs might be
exploited in the field of infectious diseases and oncology.
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From whole pathogen to subunit vaccines

The benefits of immunization in reducing the morbidity and
mortality of infectious diseases have not been surpassed by any
other medical intervention so far. Widespread use of vaccines
in the past century led to the eradication of smallpox and con-
trol of many other pathogen-associated diseases including
diphtheria, pertussis, measles and polio.

Vaccinology was born administering killed or attenuated
pathogens to healthy people with the aim of protecting
them from the deleterious effects of accidental, subsequent
exposure to the same, but live and virulent, pathogens.
Records of this procedure date to about 1000 A.D. in China
and describe how smallpox pustules from infected patients
were stored in the air for a month or more (to kill/attenu-
ate the “unknown”) and subsequently administered intrana-
sally to healthy individuals together with grinded leaves of
Uvularia grandiflora, probably the first “adjuvant” ever used
in the history of Vaccinology.

At present, vaccines are available against 11 bacterial patho-
gens and 14 viral pathogens (for simplicity, different serotypes/
isolates belonging to the same species are here considered as a
single pathogen). Sixty per cent of these vaccines are still con-
stituted by killed or attenuated pathogens.1 Indeed, one of the
best vaccine ever developed, given to hundreds of millions of
people and still administered to individuals living in, or travel-
ing to, endemic areas is against the Yellow Fever Virus and
makes use of an attenuated viral strain, named 17D strain,
which was isolated almost hundred years ago by the Nobel
laureate Max Theiler.

Despite their public health triumphs, killed/attenuated
pathogens are now rarely considered as a valid option for the
development of new vaccines. This is in part due to safety con-
cerns in handling virulent strains during the production pro-
cesses and to the potential risk of administering something to
healthy individuals that could, at least theoretically, be harmful.
An anecdotal example is the Oral Polio Vaccine (OPV).1 This
vaccine, developed by Sabin in the middle of last Century, was
produced by passages of the 3 main infective viral strains
through non-human cells at a sub-physiological temperature.
This produced spontaneous mutations resulting in a reduced
ability of poliovirus to translate its RNA template within the
host cell. The beauty about the attenuated poliovirus strains
thus isolated is that they do not cause disease, being unable to
replicate efficiently within nervous system tissue, but they can
still replicate efficiently in the gut, thus allowing the elicitation
of long-lasting protective immunity in vaccinated people.
Indeed, OPV is an extremely effective vaccine and has almost
succeeded in eliminating polio infections which are now
restricted to limited areas in developing countries in which vac-
cination campaigns are logistically difficult to organize. How-
ever, even though at a very low frequency (approximately 1
case per 3 million vaccinees), the attenuated strains can revert
to an infective form. The clinical symptoms caused by vaccine-
derived poliovirus (VDPV) are indistinguishable from those
caused by wild polioviruses. Furthermore, outbreaks of vac-
cine-associated paralytic poliomyelitis (VAPP) have been
reported. This led the USA and other Countries to abandon
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OPV and to replace it with a vaccine based on inactivated
poliovirus (IPV).

Switching from whole pathogen to purified subunit(s) cre-
ates a different level of complexity to vaccinologists. Those
ingredients naturally provided by whole pathogens, namely, the
virulent factors that have to be neutralized by the immune sys-
tem to prevent infection (“protective antigens”) and the stimu-
latory components (“adjuvants”) that activate immune cells
and establish adaptive immunity, must be selected and properly
combined to elicit the immune responses necessary and suffi-
cient to prevent disease.

The search for the “right ingredients” turned out to be rela-
tively simple for some bacterial and viral pathogens whose
infection can be prevented by eliciting functional antibodies
against single pathogen components. This is the case for lethal
toxins, which can be inactivated by antibodies, and for surface
components (for instance, capsular polysaccharides), which are
the target of either bactericidal/opsonophagocytic antibodies or
antibodies inhibiting pathogen binding to cellular receptors. In
these cases, these specific components purified from pathogens
or from engineered organisms and eventually combined with
Alum as adjuvant have been sufficient to make vaccines that
stimulate long lasting antibody-mediated protection. By con-
trast, for those pathogens which have evolutionarily evolved to
escape the immune system by exploiting gene variability and/
or redundancy of virulence factors, and for those pathogens
which require both humoral and cell-mediated immunity
(CMI) to be neutralized, the selection of the right ingredients
can be a frustrating challenge.

High throughput technologies and a better understanding of
microbial pathogenesis and basic immunology now offer new
opportunities to identify protective antigens and to discover
novel adjuvants which can better orchestrate the effector
functions of our immune system.

Selection of protective antigens

A number of innovative technologies are now in the quiver of
vaccinologists to facilitate the identification of pathogen-associ-
ated protective antigens. Four of these technologies are briefly
described below.

Antigenome technology – The Antigenome approach, pro-
posed by Etz and co-workers,2 stems from the assumption,
experimentally confirmed to be basically true for antibody-
mediated immunity, that all protective antigens induce anti-
bodies during natural infection. On the basis of that, the geno-
mic DNA of the pathogen of interest is fragmented and the
fragments are cloned to create bacterial expression libraries,
each clone expressing random portions of the pathogen pro-
teins. Those clones expressing immunogenic proteins are then
identified by immunoassays using sera from convalescent
patients. Normally, from a bacterial pathogen, 40 to 50 immu-
nogenic proteins are identified and these proteins are subse-
quently tested in appropriate surrogate-of-protection assays
(SoPAs) to select those to be used as vaccines.

Genome (“Reverse Vaccinology”) technologies – Differently
from the previous approach, this technology is completely
“unbiased” and originates from the indisputable assumption
that protective proteins must be encoded by the genetic

makeup. Therefore, the genome of the pathogen of interest
is sequenced and all annotated proteins are expressed and
purified to be finally tested in SoPAs. The approach was
conceptualized for the first time by Stephen Johnson and
coworkers using DNA immunization,3 subsequently pro-
posed using protein immunization by L. Lissolo and co-
workers (Abstracts WHO Conference ‘Utilization of geno-
mic information for tropical disease drug and vaccine dis-
covery’, Geneva, 1998;4), and finally demonstrated to be
effective by Pizza and coworkers.5 A Neisseria meningitidis
Group B vaccine based on antigens (and Outer Membrane
Vesicles (OMVs), see below) selected by Reverse Vaccinol-
ogy has recently been registered in Europe.6 One interesting
aspect of this approach is that it can also be applied for the
identification of antigens that stimulate Cell-Mediated
Immunity (CMI).7

Proteomic technologies – The main drawback of genome
technologies is that several hundreds of recombinant proteins
have to be screened in time-consuming and labor intensive
assays usually involving animal models. Since protective anti-
gens of extracellular pathogens are surface-exposed and/or
secreted, technologies which selectively identified this category
of antigens can substantially accelerate the antigen discovery
process. In Gram-positive bacteria surface and secreted pro-
teins can be identified by treating bacteria with proteases under
conditions that preserve cellular integrity. Mass spectrometry
analysis of the proteolytic fragments released from the cell sur-
face after enzymatic digestion allows the identification of the
corresponding surface/secreted proteins.8 In the case of
Gram-negative bacteria, surface and secreted proteins can be
characterized by mass spectrometry analysis of Outer mem-
brane Vesicles (OMVs), which are naturally released by all
Gram-negative bacteria and are constituted by outer membrane
and periplasmic proteins.9 Since a few tens of proteins are pres-
ent on the bacterial surface as determined by the 2 mass spec-
trometry analyses, the number of antigens to be tested in
SoPAs is markedly reduced with respect to the genomic
approach. Following these strategy several protective antigens
have been discovered.10,11,12

Recently, a combination of proteomics with an Antigenome-
like approach (differently from the original Antigenome
approach, immunogenic proteins are identified by screening
sera from convalescent patients on protein arrays carrying puri-
fied recombinant proteins from the pathogen of interest) has
been described.13 The strategy allows to narrow the antigens to
be tested in SoPAs down to less than 10. This is probably one
of the most effective approach for vaccine antigen identification
ever reported so far. The approach could theoretically allow to
move from protective antigen identification directly to humans
without the need of “filtering” vaccine candidates through
SoPAs. This has a number of advantages. First, the most time
consuming step of the antigen discovery process, namely the
use of animal models, is basically eliminated. Second, the
approach is in line with the new international regulations gov-
erning the utilization of animals in research. Third, since SoPAs
generally make use of models which not necessarily recapitulate
human infections, the approach should avoid the risk that
“false positive” antigens enter clinical trials while “false nega-
tive” antigens are excluded.
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Bioinformatics technologies – Surface-associated and
secreted proteins, the proteins that, as said above, include anti-
gens inducing antibody-mediated protection, carry characteris-
tic signatures, such as secretion signal sequences and
transmembrane spanning regions, recognizable at the level of
their primary sequence. Algorithms are available that allow the
reliable identification of these categories of proteins from
genome sequences. Since surface and secreted proteins nor-
mally constitute approximately 30% of the whole proteome of a
bacterial pathogen, bioinformatics tools have been combined
with Reverse Vaccinology to simplify the screening of vaccine
candidates.5,14 More refined algorithms are currently under
evaluation in an attempt to better single out protective antigens
by in silico inspection of bacterial genomes. Among these are
algorithms which further dissect the population of surface pro-
teins and predict those that not only are surface-associated but
also possess structural and functional domains that well extend
out of the bacterial outer membrane/cell wall and therefore are
potentially accessible to antibodies.15 Another approach has
been reported where the discrimination of protective antigens
versus non-protective antigens was carried out using statistical
methods based on amino acid compositional analysis and auto
cross-covariance.16 Along this line, very recently a novel in sil-
ico prediction strategy has been reported that appears to be par-
ticularly promising.17 In essence, the strategy assumes that
protective antigens carry specific signatures (“protective signa-
tures” (PSs)) that discriminate them from the plethora of non-
protective proteins. To identify PSs, all known protective anti-
gens described in the literature (the “Protectome Space”) are
collected and computer-analyzed in search of common struc-
tural/functional motifs. In the paper described by Altindis
et al.17 from 241 antigens belonging to 36 bacterial pathogens
approximately 35 PSs were identified. PSs are then used to pre-
dict protective antigens of the pathogen of interest by scanning
the pathogen genome in search of proteins carrying one or
more PSs. Although further optimization is needed, the
approach paves the way to an “in silico only” antigen discovery
strategy, which would allow to jump “from genome to clinics”
without the need of “wet science.”

Selection of adjuvants

Protein antigens alone are usually poorly immunogenic. When
a purified protein is injected into experimental animals (and
humans) antibody titers are low, isotype switching is inefficient
and immunological memory is poorly induced. We now know
that this is due to the inability of most of the proteins to prop-
erly activate professional Antigens Presenting Cells (APCs)
which, in turn, do not activate antigen-specific T helper (TH)
cells. To be activated TH cells not only have to recognize their
specific antigen presented by APCs in the context of the Major
Histocompatibility Complex (MHC) II, but also they must
receive stimulatory signals. Such signals are released by APCs
as long as they sense the danger of a potential intruder through
specific receptors (Pathogen Recognition Receptors (PRRs)),
which recognize “Pathogen-Associated Molecular Patterns
(PAMPs)” and “Danger-Associated Molecular Patterns
(DAMPs).” Several PRRs have been identified in mammals, of
which the transmembrane Toll-like receptors (TLRs) and the

cytoplasmic Oligomerization Domain (NOD)-like Receptors
(NLRs) are the best characterized. Together, by recognizing
PAMPs and DAMPs they initiate innate immune responses
and activate APCs to properly orchestrate adaptive immunity
toward the invading pathogen. The chemical nature of PAMPs
and DAMPs is now sufficiently well characterized and, a part
from some important exceptions, pathogen proteins do not
proficiently interact with PRRs. This is why protein-based vac-
cines must include adjuvants: the proteins are taken up by
APCs, degraded into peptides and presented in the context of
MHC, while the adjuvants activate APCs so that the T cells
which recognize the peptide-MHC complex can differentiate
into effector and memory T cells. Ideally, protein antigens and
adjuvants should be physically associated so as to guarantee
that all APCs presenting the antigen-derived peptides are also
activated.

Although the importance of adjuvants was recognized very
early on in vaccination (the use of Uvularia grandiflora in the
thousand year old Chinese smallpox virus vaccine has already
been cited) the only adjuvants approved till recently were Alu-
minum salts and the oil-in-water emulsions MF59 and AS03.
Interestingly, these adjuvants were approved in the absence of a
minimal understanding of their mechanism of action. Although
we still do not know exactly how they work, it is now well docu-
mented that both Aluminum salts and the oil-in-water emul-
sions act as antigen delivery systems. Antigen adsorption to
alum increases antigen uptake by DCs18 and alum injection
recruits monocytes which then migrate to the draining lymph
nodes to differentiate into inflammatory DCs capable of prim-
ing T cells.19 Similarly to alum, oil-in-water emulsions enhance
antigen uptake by DCs, which seem to internalize both antigen
and MF59 and then migrate to the draining lymph nodes where
they can prime an adaptive response.20 There is evidence that
internalization of Alum and MF59 by immune cells also leads
to the activation of specific immune pathways, thus suggesting
that, in addition of being good delivery systems, they can also
exert some immune potentiating activities.

The main reason why very few adjuvants have been
approved so far is because adjuvants are “double-edge swords”:
their ability of potentiating the immune system can theoreti-
cally lead to excess inflammation and autoimmunity. There-
fore, vaccine companies have been reluctant to develop novel
adjuvants which at the end could not pass the strict require-
ments which regulatory authorities imposed also to respond to
the society demand for extremely high level of safety for phar-
maceutical products. The realization that Alum and oil-in-
water emulsions are not adequate to induce the proper immune
responses against a number of pathogens, particularly intracel-
lular pathogens and pathogens causing chronic diseases, is
changing this attitude and one new adjuvant, the GSK AS04,
has recently been approved and many others have reached the
clinics.21 In general the new generation adjuvants include a
delivery system (Alum, oil-in-water emulsions, liposomes, etc.,)
and immune potentiators which specifically bind to one partic-
ular PRRs. AS04 is constituted by Alum and monophosphoryl
lipid A (MPL), a TLR4 agonist purified from Salmonella Min-
nesota lipopolysaccharide (LPS). The adjuvant is used in
human licensed vaccines preventing human papillomavirus
(HPV) and hepatitis B virus (HBV) infections. Clinical studies
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have shown that HPV vaccination with the MPL/alum adjuvant
combination enhances both humoral and memory B-cell
immunity compared with alum alone. In vitro studies have
shown that AS04 activates human DCs, resulting in the produc-
tion of IL-12 and increased expression of MHC class II and
costimulatory molecules.

Several other PRR agonists are being tested in humans,
including new generation TLR4 agonists, synthetic oligonu-
cleotides targeting TLR9, TLR3 and MDA5, flagellin (TLR5
agonists), and small molecules targeting TLR7. The search
for new immune potentiators often starts from the under-
standing at molecular and structural level of how natural
PAMPs interact with their cognate PRRs and subsequently
new molecules are designed which optimize the activation
signals triggered by PAMP/PRR interactions. For instance,
Glucopyranosyl lipid A (GLA) is a new synthetic immune
stimulator which has been designed starting from the struc-
ture of the TLR4 agonist LPS. GLA combines 6 acyl chains
with a single phosphorylation site and when formulated as
a stable oil-in water emulsion (GLA-SE) it features excellent
safety and immunostimulatory profiles in humans.22

Recently, the group led by N. Valiante at Novartis Vaccines
has demonstrated the power of in vitro high throughput
screening in the identification of novel adjuvants.23 Focus-
ing their interest in TLR7 agonists, Valiante and co-workers
exploited an engineered TLR7-expressing cell line which
fires the expression of a reporter gene anytime a molecule
binds to TLR7. The cell line was used in a high throughput
modality to single out TLR agonists among a vast chemical
library (>106 compounds). A few molecules were identified
among which one, named SMIP.7–10, appeared to be par-
ticularly promising. Interestingly, the chemical structure of
the molecule turned out to resemble the backbone of RNA,
the natural agonist of TLR7. When such an immune poten-
tiator was chemically functionalized to be efficiently
adsorbed to aluminum hydroxide, the resulting formulation
was shown to have excellent adjuvanticity properties when
combined with different antigens, including Meningococcus
B antigens, Bacillus anthracis toxin23 and S. aureus
antigens.24

Chemical modification of known and natural PRR agonists,
high throughput screening of chemical libraries, and computer-
assisted design of novel chemical entities are likely to play a rele-
vant role for the development of future adjuvants characterized
by low reactogenicity and optimal immune stimulatory capacity.
Furthermore, there is an increasing body of evidence suggesting
that when combined different immune potentiators can work
synergistically.21 Therefore, combinations of immune potentia-
tors can be exploited to activate proper gene expression profiles
which ultimately orchestrate effector functions necessary to com-
bat the target pathogen/disease.

Once protective antigens and effective adjuvants are
selected, they have to be produced, purified, and properly for-
mulated to become vaccines. Considering that effective vac-
cines against recalcitrant pathogens could require a cocktail of
several antigens, delivery system and immune potentiators, the
production costs could not be compatible with the health care
budget of many countries, particularly developing countries.
Therefore, the challenge for modern vaccinology is to find

strategies which simplify vaccine production processes and
abate costs while fulfilling the need of making complex combi-
nation of antigens and adjuvants.

Bacterial outer membrane vesicles
(OMVs) and vaccines

OMVs are closed spheroid particles of a heterogeneous size,
20–300 nm in diameter, released by all Gram-negative bacteria
so far studied. Several experimental evidences indicate that
OMVs are generated through a “budding out” of the bacterial
outer membrane and, consistently, the majority of their com-
ponents are represented by LPS, glycerophospholipids, outer
membrane proteins and periplasmic proteins.

A multitude of functions have been attributed to OMVs,
including inter and intra species cell-to-cell cross-talk, biofilm
formation, genetic transformation, defense against host
immune responses, and delivery of toxins and virulence factors
to host cells.25 OMV interaction to host cells can occur by
endocytosis after binding to host cell receptors or lipid rafts.
Alternatively, OMVs have been reported to fuse to cell mem-
brane, leading to the direct release of their content into the
cytoplasm of the host cells.25,26

From a biotechnological standpoint OMVs are emerging as
promising vaccine platform. Indeed, OMVs purified from sev-
eral pathogens, including Neisseria, Salmonella, Pseudomonas,
Vibrio cholerae, Burkholderia, and E. coli,27 induce potent pro-
tective immune responses against the pathogens they derive
from, and highly efficacious anti-Neisseria OMV-based vac-
cines are already available for human use. The attractiveness of
OMVs in vaccine applications reside in several key features.
First, OMVs are highly immunogenic being readily phagocy-
tosed by professional APCs and carrying many PAMPs, includ-
ing, among others, LPS, lipoproteins and peptidoglycan.26 As a
result, OMVs elicit potent Th1-skewed immune responses
without the need of adding additional adjuvants or delivery sys-
tems. For instance, mice immunized with Salmonella OMVs
develop robust Salmonella-specific B and T cell responses.28

Similarly, immunization with Escherichia coli–derived OMVs
prevented bacteria-induced lethality and OMV-induced sys-
temic inflammatory response syndrome. As verified by adop-
tive transfer and gene-knockout studies, the protective effect of
OMV immunization was found to be primarily by the stimula-
tion of T cell immunity, especially by IFN-g and IL-17 from T
cells.29 Second, OMVs are amenable for large scale GMP pro-
duction. The original processes foresee the treatment of bacte-
rial cells with a mild detergent to obtain portions of the outer
membrane which in a hydrophilic environment subsequently
collapse to form vesicles. Such vesicles can be purified by ultra-
filtration. However, OMVs can be directly purified in large
quantities from culture supernatant if specific genes in the
OMVs-producing strains are inactivated. It has been shown
that such “naturally released” OMVs are not only easier to pro-
duce but also immunogenically much superior than their deter-
gent-derived cousins, which are heavily contaminated with
cytoplasmic proteins and deprived of important membrane-
associated antigens and PAMPs as a consequence of the deter-
gent treatment.9 At least 100 mg of “naturally derived” OMVs
per liter of culture can be purified.30 Assuming that 10 to 50 mg
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per vaccine dose are used, 1 L of culture is sufficient to produce
something between 2.000 to 10.000 doses. Third, the protein
content of OMVs can be manipulated by applying molecular
and synthetic biology strategies to properly alter the genetic
makeup of the OMV-producing strain. After the first demon-
stration by Kesty and Kuhen that heterologous proteins can be
compartmentalized in OMVs,31 an increasing number of publi-
cations report the decoration of OMVs with heterologous pro-
teins. Two main strategies for delivering proteins to the OMVs
are used. According to one strategy, a leader sequence for secre-
tion (LP) is fused at the N-terminus of the protein of interest.
In so doing the protein enters the secretory pathway and
reaches the periplasm where can be trapped in the lumen of
OMVs during the budding out process.31,32 Alternatively, the
protein of interest is fused to endogenous periplasmic and
membrane-associated proteins which chaperone the protein to
the vesicular compartment. For instance, a number of heterolo-
gous proteins have been successfully exported to the surface of
OMVs when fused to the b-barrel forming autotransporter
AIDA, the hemolysin ClyA and Hemoglobin protease Hbp,
proteins that compartmentalize in E. coli OMVs.33,34,35,36

The growing number of studies on the immunogenicity
properties of engineered OMVs indicate that potent immune
responses against the recombinant antigens used to decorate
OMVs are elicited in immunized animals. For instance, alkaline
phosphatese (PhoA) from E. coli has been expressed in Vibrio
cholera OMVs and mice immunization with such OMVs
induced anti-PhoA antibodies.37 Similarly, OMVs expressing a
ClyA-GFP fusion induced anti-GFP antibodies.35 Furthermore,
OMVs carrying the Chlamydia trachomatis antigen HtrA
induced antibodies capable of neutralizing Chlamydia infection
in vitro.38 Finally, in a recent study, Fantappie’ and coworkers
extensively analyzed antigen-specific antibodies responses
induced by OMVs engineered with 6 different heterologous
proteins, including known protective antigens from Group A
Streptococcus (GAS).32 With no exceptions, all vesicles induced
functional antibodies and, in particular, mice immunized with
OMVs decorated with GAS antigens were protected from a
subsequent challenge with a lethal dose of GAS virulent strains.
Another important information from published studies is that
good antigen-specific antibody responses can be induced even
if the recombinant antigens are expressed in the lumen of the
vesicles. Although the exact mechanism remains to be eluci-
dated (it has been postulated that part of the vesicles are
destroyed at the site of injection thus making the antigens
accessible to B cell receptors), this observation makes the OMV
vaccine platform even more attractive and flexible since deliver-
ing of antigens to the OMVs surface is not strictly necessary to
induce functional antigen-specific antibody responses.

An increasing body of evidence also indicate that immune
responses induced by OMVs are skewed toward a Th1/Th17
profile and include the activation of antigen-specific CD4 and
CD8 T cells. For instance, OMVs purified from E. coli protected
mice from a lethal challenge with a pathogenic E. coli strain and
protection was largely mediated by cellular immunity.29 Fur-
thermore, Kuipers and co-workers have demonstrated the
intranasal administration of Salmonella OMVs expressing
pneumococcal antigens protect mice from pneumococcal colo-
nization and protection was partially mediated by interferon g

and Th17 in the nasal tissue.39 In addition, Zhang and cow-
orkers exploited MisL autotransporter to present CD4 T cell
epitopes on the Salmonella OMVs surface and showed that
such engineered OMVs induced epitope-specific T cell
responses.40 Finally, very recently, we have decorated OMVs
with several B and T cell epitopes, including CD8 T cell epito-
pes, and such OMVs induced epitope-specific antibodies and T
cell responses in mice (Grandi A., Tomasi M. and Grandi G.,
unpublished).

In conclusion, built-in adjuvanticity, possibility of manipu-
lation and simplicity of production process make OMVs a
promising vaccine platform.

The main drawback of OMVs is represented by their hetero-
geneity in size and composition which make lot consistency a
manufacturing challenge. Rigorous production processes and
new analytical procedures need be established to minimize
product variability and to assure that each vaccine dose has the
expected potency and safety. However, such complications in
manufacturing are not unsurmountable as clearly demon-
strated by the fact that OMV-based vaccines are already avail-
able for human use, including the recently approved vaccine
against Meningococcus B.

The quite unique properties of OMVs to carry different
PAMPs which, by working synergistically, induce potent
antibody and cell-mediated immune responses, strongly
suggest that their application could not be limited to vac-
cine against bacterial infections but also, and particularly,
against viral diseases and cancer. In this respect we like to
close this commentary with an historical note. In 1891 a
young New York surgeon, William Coley, began intratu-
moral injections of live or inactivated bacteria in an effort
to reproduce the spontaneous remissions of sarcomas
observed in rare cancer patients who had developed erysipe-
las. Some significant responses were recorded over the ensu-
ing 40 years, and this was attributed to the fact that
“Coley’s toxins” stimulated antibacterial phagocytes that
killed bystander tumor cells. In particular, intravesical injec-
tion of live bacillus Calmette-Gu�erin in superficial bladder
cancer patients after surgical resection prolonged patient
survival. Such anti-cancer activity, unexplainable at the time
W. Coley performed his human trials, can now be attrib-
uted to bacterial PAMPs which stimulate immunity by
binding to their cognate PRRs expressed on the surface of
different cell populations present in tumors. This leads to
the optimistic perspective that if properly decorated with
tumor-associated and/or tumor specific antigens, OMVs
could play an important role in future anti-cancer therapeu-
tic applications.
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