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Reverse vaccinology (RV), the first application of genomic technologies in vaccine research, represented a major
revolution in the process of discovering novel vaccines. By determining their entire antigenic repertoire, researchers
could identify protective targets and design efficacious vaccines for pathogens where conventional approaches had
failed. Bexsero, the first vaccine developed using RV, has recently received positive opinion from the European
Medicines Agency. The use of RV initiated a cascade of changes that affected the entire vaccine development process,
shifting the focus from the identification of a list of vaccine candidates to the definition of a set of high throughput
screens to reduce the need for costly and labor intensive tests in animal models. It is now clear that a deep understanding
of the epidemiology of vaccine candidates, and their regulation and role in host-pathogen interactions, must become
an integral component of the screening workflow. Far from being outdated by technological advancements, RV still
represents a paradigm of how high-throughput technologies and scientificinsight can be integrated into biotechnology

research.
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Introduction

In its original formulation, vaccination is the prac-
tice by which individuals injected with inactivated
or attenuated forms of an infectious agent become
immune to infection from the injected agent. The
application of this practice has essentially remained
unchanged for nearly two centuries. The first ma-
jor revolution was the development of subunit vac-
cines, when it was realized that components of the
microorganism could be sufficient to elicit immune
response, decreasing the probability of unwanted
side effects. Since then most efforts in vaccine re-
search have been dedicated to identifying the com-
ponent or mixture of components able to protect
against the disease. The main characteristics of these
molecules are their presence and conservation in the
infectious agent, their visibility to the host immune
system, and their ability to elicit a protective im-
mune response. Given these assumptions, the pre-
ferred method for vaccine target identification has
been the analysis of sera from infected individuals
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who are protected from reinfection. This procedure
is usually able to identify a restricted set of can-
didates that dominate the host immune response;
it fails to identify those components that are not
highly immunogenic during infection, but are able
to confer protective immunity. A typical example is
tetanus toxin.

Since the late 1990s, the development of se-
quencing technologies has changed the landscape of
the slowly evolving field of vaccinology. When the
genome of the first living organism was sequenced
in 1995,! it was realized that genomic technologies,
by determining the whole proteomic potential of
the infectious organism, could boost the chances of
identifying the protein, or mixture of proteins, that
could be used to develop an efficacious vaccine. The
method, reverse vaccinology (RV), offered two main
advantages. First, it allowed identification of a much
broader spectrum of candidates, including proteins
that had not been identified before because they
were masked by other, immunodominant targets.
Second, it allowed the identification of potential
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vaccine targets in organisms that were difficult to
cultivate in the laboratory.

The RV protocol was originally developed to over-
come the hurdles that had hampered the develop-
ment of an efficacious vaccine against serogroup
B Neisseria meningitidis (MenB), a gram-negative
bacterium responsible for about 50% of the bac-
terial meningitis worldwide.> N. meningitidis is a
natural component of the commensal flora that col-
onizes the upper respiratory tract of healthy individ-
uals. In a small proportion of cases, the bacterium
can invade the host bloodstream and, after cross-
ing the blood-brain barrier, cause meningitis. To
escape reconnaissance by the host immune system
and survive in blood, N. meningitidis is coated by a
polysaccharide capsule that, based on its chemical
properties, is classified into five major serogroups:
A, B, C, Y, and W135. Given its exposure on the
surface of the cell and role in pathogenicity, the
capsular polysaccharide constitutes the antigen of
choice for the meningococcus, and is an excellent
target for bactericidal antibodies elicited by conju-
gate vaccines against serogroups A, C, Y, and W135.
However, in the case of serogroup B, the conju-
gate vaccine was not feasible because the capsular
polysaccharide is an «(2, 8) polysialic acid, identical
to the polysialicacid present in human glycoproteins
such as N-CAM. The capsule of MenB is thus a hu-
man self-antigen, and much effort has been directed
toward the development of a protein-based vaccine
specific for it. In the mid 1990s, all of these efforts
were frustrated by the inconsistency of the protec-
tion data, in that there was extreme variability in the
surface proteins tested as vaccine antigens.

The term reverse vaccinology originates from the
change in perspective allowed by the advancements
in sequencing technologies. The entire genome of
the virulent MC58 strain was sequenced,’ and from
the genomic data, potential vaccine targets were se-
lected.? The main idea behind the procedure was
that all of the successful examples of protein-based
vaccines include targets that are either exposed on
the surface of the cell or secreted into the extra-
cellular milieu. Starting from the 2,158 proteins
encoded in the MC58 sequenced genome, bioin-
formatic analysis predicted that over 600 were ei-
ther exposed on the surface or secreted. Of these,
350 were cloned in Escherichia coli, successfully ex-
pressed in soluble form, purified, and used to im-
munize mice. The sera of immunized animals were
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then screened in a serum bactericidal assay that is
known to correlate with protection. At each of these
steps, candidates not satisfying quality criteria were
discarded; the process led to the identification of
five previously unknown vaccine candidates? that
subsequently have completed clinical trials in a vac-
cine combination known as 4CMenB, and received
a positive opinion from the European Medicines
Agency (and approved with the commercial name
of Bexsero®). Since the pioneering MenB project,
the RV approach has been applied to a variety of
other important pathogens, including Streptococcus
pneumonia,® Porphyromonas gingivalis® Chlamy-
dia pneumoniae,” Streptococcus agalactiae,® E. coli,’
Leishmania major, and L. infantum,'® and has
earned a dedicated entry on Wikipedia (http://
en.wikipedia.org/wiki/Reverse_vaccinology).

When first proposed, the idea behind the RV
approach was for it to be the definitive solution
to the problem of antigen discovery. Once all the
genes encoded in the genome of a pathogenic
species are known, the list of vaccine candidates
is finite and, in principle, can be tested in animal
models. Therefore, protective antigens would not
be missed, although it might take time and effort
to find them and to define the most effective vac-
cine formulation. However, in each of the vaccine
projects based on RV, the original design had to be
modified to adapt to the peculiarities of the target
species. In turn, following the enormous research
effort that was needed to overcome many unfore-
seen difficulties, there is a clearer understanding of
many aspects of bacterial population biology and of
the interactions between pathogens and the human
host, as well as how they impact the development of
a vaccine.

The experience accumulated in the last decade
has demonstrated that the formulation of a vac-
cine able to guarantee broad coverage requires a
deep understanding of the population structure of
the pathogen. Theoretical and experimental work
of sequence analysis has shown that a certain degree
of strain-to-strain variability, both in sequence and
expression level, is an unavoidable characteristic of
the antigens identified using RV. Thanks to the ad-
vent of high-throughput sequencing technologies,
it is now feasible to determine the complete genome
sequences of hundreds of bacterial isolates and to
use these, instead of a single genome, as a start-
ing point for the vaccine target selection process.
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In this way, epidemiological characterization of the
pathogen has become an integral part of the RV
approach.

The testing of vaccine candidates in animal
models—a step at the end of which usually only a
handful of the screened candidates proves to induce
protective immunity—still produces the major bot-
tleneck of the entire RV process. Therefore, a large
effort has been devoted to defining a set of screening
procedures that could integrate the original bioin-
formatic selection to significantly reduce the num-
ber of candidates that need to be tested in animal
models. New technologies, including microarrays,
RNA-Seq, and proteomics, are now providing data
that, integrated into the RV process, can turn the
original brute force approach into a much more ef-
ficient and streamlined process. In addition, there
has been a general technological advancement in
the software tools that are used throughout the se-
lection process, and in many cases their predictions
can now be tested using new experimental methods.

In the following pages we will review the major
improvements of the original RV workflow that oc-
curred in the last decade, with particular attention
to those genome-wide experimental methods that
constitute a valuable complement to bioinformatic
screening. In doing so, we will also review the ma-
jor discoveries that were made in the context of RV
projects (Table 1).

Genomic variability

Fifteen years ago the sequencing of the entire
genome of a single bacterial isolate was a significant
achievement; thanks to improvements in sequenc-
ing technologies within the last decade, the sequenc-
ing of hundreds of bacterial genomes is now rou-
tinely done at a fraction of the cost of that of a single
genome at the beginning of the RV era. Comparative
analysis of multiple genomes of the same bacterial
species has shown that genomic variability in bacte-
ria is much more extensive than initially anticipated,
and is a mechanism by which bacterial species are
able to adapt to many different environments and
escape reconnaissance by the host immune system.
There are two main ways in which this affects the
selection of a vaccine candidate: different strains
can have different antigenic repertoires, and the se-
quence of shared antigens can vary from strain to
strain. This highlights the importance of character-
izing the epidemiology of selected candidates that
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Table 1. Major milestones in the evolution of reverse
vaccinology

1995 First complete genome sequence of a living
organism.!
2000 First application of whole genome sequencing in
vaccine research: formulation of the reverse
vaccinology approach.?

2002 First application of DNA microarray technology

to antigen discovery.”*"’

2005 First comparative genomic study of multiple
isolates of the same bacterial species and
formulation of the pan-genome concept.'”

2005 First rational design of a multi-component
protein vaccine for GBS based on the analysis
and screening of multiple bacterial genomes.®

2006 First formulation of a broadly protective vaccine
against MenB based on reverse vaccinology.

2006 First use of proteomics to identify surface exposed
proteins in the screening of vaccine
candidates.®

2011 First rational, structure-based design of an
antigen inducing broad protective immunity

against heterologous strains for MenB.'*

might require the development of an entirely new
typing system.

Variability of genome content: core and
pan-genome

When RV was first proposed, several aspects of bac-
terial population genomics were not known in de-
tail. Although it was clear that at the genomic level
bacteria are more variable than species in other
realms of life, the extent of this variability was not
fully understood, and it was thought to be confined
to a few structures, known as pathogenicity islands
(PI), strictly involved in interaction with the host.!!
These regions, usually including more than 10 kb of
sequences, are present in pathogenic strains and ab-
sent from non-pathogenic strains of a given species,
are frequently associated with mobile elements, and
can often be identified from a distinct GC content
from the hosting genome that is a relic of their re-
cent acquisition from a foreign origin. Well-studied
examples include the PI in uropathogenic E. coli,'?
the SPI-1 and SPI-2 islands in Salmonella,'* the Yop
virulon in Yersinia pestis,'* and the Cag island in
Helicobacter pylori."®
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This anthropocentric vision was put into a
wider perspective when the availability of multi-
ple genomes of the same bacterial species showed
that a certain degree of variability in gene content
is not an exceptional phenomenon limited to PI,
but is instead an essential component of bacterial
population biology with profound implications for
the way bacteria adapt to changing environments.
Comparing the genomic sequences of eight strains
of S. agalactiae (group B Streptococcus, GBS), it was
shown that each strain had genes that were miss-
ing from one or more of the other strains. Math-
ematical extrapolation of this concept led to the
definition of the core genome of a species (i.e., the
portion of the genome that is shared by all strains).
In the case of GBS, the core genome is composed
of 1806 genes, representing approximately 80% of
the genome of any given strain.!® The remaining
20% includes genes either shared only by a subset of
the strains or that are strain-specific. The surprising
result of this analysis was the prediction that even
after a large number of strains have been sequenced,
each new sequence will contribute an average of
thirty-three new genes, suggesting that the size of
the pan-genome (i.e., the total set of distinct genes
that can be found in at least one strain of a named
species) can continue to grow as more strains are
sequenced.

This model can be applied to any bacterial
species.!” The size of the core genome reflects the
evolutionary history and lifestyle of each species,
and can be as little as 42% of the genome in species,
such as E. coli, that are able to colonize very dif-
ferent environments. In addition, although the core
genome mostly encodes metabolic functions thatare
essential for cell viability, the rest of the genome that
was, perhaps inappropriately, defined as dispensable
is comparatively rich in poorly characterized genes
and genes associated with mobile and extrachromo-
somal elements, supporting the hypothesis that the
majority of strain-specific traits depend on lateral
gene transfer events.!®:18

Later analysis has shown that the size of a species
pan-genome can be related to fundamental param-
eters of the population genetics of a species,'? sup-
porting a vision in which bacterial cells have access
to a large pool of genes (the species pan-genome)
from which they occasionally derive traits that are
not essential for survival.?’ In the case of E. coli,
the pool of genes present at least once in a panel of
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100 genomic sequences of randomly chosen isolates
was estimated to include 17,838 genes, almost four
times bigger than the average size of E. coli genomes
with 4,721 genes;'® in contrast, for the same num-
ber of strains, the pan-genome of S. pneumonia was
predicted to include 3,221 genes, compared with
the 2,104 genes encoded, on average, in each S.
pneumoniae genome. '

The probability of exchange of genetic mate-
rial among intracellular pathogens that have a low
chance of sharing the same environment with un-
related strains is low.!” However, it has recently
been shown that even in a strictly intracellular
pathogen such as Chlamydia trachomatis horizontal
gene transfer is an important phenomenon essen-
tially shaping the phylogeny of the species.?! The
frequency at which gene exchange occurs can be
significantly increased by natural processes such
as inflammation, or by selective pressure induced
by clinical intervention. An example of the former
is the boost of the efficiency of plasmid exchange
between Salmonella enteric serovar Typhimurium
and E. coli following pathogen-driven inflamma-
tory responses in the gut.22 Frequent capsular ex-
change between pneumococcal strains following
the introduction of a capsular polysaccharide vac-
cine, and spread of antibiotic resistance loci iden-
tified in S. pneumoniae, are clear examples of the
latter.”

Recently, advancements in sequencing technolo-
gies, allowing characterization of the genetic com-
position of entire microbial communities (the mi-
crobiome), have shown that even the pan-genome
concept is probably too restrictive, and that a net-
work of gene exchange connects the bacteria form-
ing the normal commensal flora of the human body,
where the main limitation is the ecology of the mi-
crobial species.?* This is especially relevant in vac-
cine research for those bacterial pathogens, such as
N. meningitidis, that are essentially harmless com-
ponents of the human microbial flora of the upper
respiratory tract and only cause life-threatening dis-
ease in a small minority of cases for reasons that are
still poorly understood.

From a vaccine discovery perspective, the distinc-
tion between core and pan-genome can be seen as
both alimitation and an opportunity. Ifit is required
that a single antigen protects against all strains, the
antigen needs to be part of the core genome, thus
limiting the panel of potential candidates. On the
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Figure 1. Reverse vaccinology (RV) pipeline. (A) In the original formulation, RV was designed to quickly lead from the genome of
asingle virulent isolate of a bacterial pathogen to the definition of a list of vaccine candidates through bioinformatics screening (grey
arrows). The process involved the testing of a large panel of candidates in animal models, and only at the end, epidemiological data
were generated for the protective antigens. (B) In the latest applications of RV, several steps have been modified and bioinformatic
predictions have been complemented by experimental screenings (black arrows). The process starts with the sequencing of the
genomes of a panel of representative isolates selected on the basis of epidemiological data. The complete set of genes encoded
by these isolates (the pan-genome) is determined using bioinformatic predictions and transcriptome analysis. A list of surface-
exposed proteins is extracted using bioinformatic predictions and refined using proteomic analysis, and additionally filtered using
expression studies. This produces a focused list of high priority candidates to be tested in animal models. The ability of the selected
antigens to protect against heterologous strains is tested, and a combination guaranteeing broad coverage is identified on the basis
of epidemiology. Besides the introduction of several experimental steps to reduce the number of candidates to be tested in animal
models, the main innovation is the use of next generation sequencing technologies to sequence large collections of isolates as a
starting point for the selection pipeline. In this way, the conservation and epidemiology of a vaccine target is taken into account at
the beginning of the process.

other hand, vaccine candidates able to guarantee
partial protection can be derived from a gene pool
that is larger than the genome of a single strain, and
multicomponent vaccines including two or more of
these antigens might guarantee broad protection.
However, identification of the best combination re-
quires a deep understanding of the epidemiology of
the species, as an essential component of the initial
screening of candidates (Fig. 1).

Variability of the antigens

The screening of large collections of isolates has
shown that, even in the case of core genes, an as-
pect that must be taken into account is the sequence
variability of the antigens and the effect that this
has on their ability to elicit protection against het-
erologous strains. In an epidemiological study of
a sample of 107 isolates, fetA, one of the major
antigens in MenB, was found to have 56 distinct
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amino acid sequences.”® Five major variant families
were identified, and polyclonal mouse sera raised
against four of the variants were shown to react
poorly with other variants. Similarly, one of the
antigens that was selected in the first RV project,
the factor H binding protein (fHbp), was found in
three major variants that are not cross protective.?®
Subsequent studies showed that distinct subvari-
ants differ in their level of surface accessibility and
intrinsic reactivity to serum from a vaccinated indi-
vidual.?” Given its importance as an antigen, the epi-
demiology of fHbp has been extensively character-
ized.?3%? Presently, more than 570 distinct peptide
sequences have been deposited in a public database
(http://pubmlst.org/neisseria/fHbp/).

Theoretical considerations and studies based on
sequence analysis have shown that the high vari-
ability of the molecules having antigenic prop-
erties is related to the pressure exerted by the
host immune response. In the case of PorB, an-
other major meningococcal antigen, the variable re-
gions of the protein coincide with the loops that
are exposed on the surface of the bacterial cell
and display a higher than expected rate of non-
synonymous mutation,” a phenomenon that is
known as positive selection. Similar results have
been shown for other antigens in MenB* and in
other species, such as internalin A (inlA) in Listeria
monocytogenes,” the antigenic membrane pro-
tein (Amp) in the plant pathogen Phytoplasmas,*
the Hrp pilin HrpE of the plant pathogen Xan-
thomonas,®® the intimin protein in E. coli,*” the outer
surface protein OspC in Borrelia burgdoferi,® and
the major structural components RrgA and RrgB of
the pilus in S. pneumoniae.”

Such results in many different species and for
many different surface-exposed proteins suggest
that a certain degree of variability of those proteins
that are able to elicit a protective immune response
is an unavoidable consequence of the evolution-
ary pressures exerted by their interaction with the
host immune system and that select for the main-
tenance of polymorphisms within pathogen pop-
ulations. Therefore, vaccine projects based on RV
should take into account the possibility of having
vaccine candidates with a low degree of cross pro-
tection against heterologous strains. To overcome
these difficulties, strategies should be devised based
on extensive characterization of the epidemiology
of the candidate, or candidates of interest, in order
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to individuate the main variants and formulate a
combination that is broadly cross protective. These
variants can be expressed independently, or fused
into a single construct.? Alternatively, a promis-
ing approach is the use of structural information
of the target protein to rationally design a chimera
that merges the major antigenic regions of the main
variants into a single molecule, as recently shown in
pioneering work on meningococcal fHbp.*!

Population genomics and epidemiology of the
bacterial species

Given the sequence variability often found in
vaccine candidates, it is essential that sequences are
characterized from a panel of isolates representative
of the target bacterial population. This procedure
requires an adequate description of the population
structure of the pathogen. Considerable effort has
been devoted to the definition of typing schema,
such as multilocus sequence typing (MLST), based
on the sequencing of small numbers of carefully
chosen genomic loci (typically seven, but ex-
tended schema have also been proposed*?); online
databases for many pathogens are available.**~*
Once a panel of strains reproducing the relevant
characteristics of the population of circulating
strains has been selected (in terms of, for instance,
MLST typing), the antigens are sequenced and
alignment pipelines, based on software tools like
BLAST,”® FastA,”® ClustalW,”> or MUSCLE,”
are used to determine their variability and the
distribution of distinct allelic variants. Since the
advent of next generation sequencing (NGS),' it is
often more practical to sequence the entire genome
of representative strains and then extract the se-
quences of the MLST loci and the potential vaccine
candidates from the genome. Two computational
procedures are possible. The short sequencing
reads can be directly aligned against one or more
reference genomes to identify structural genomic
variants, such as substitutions or short indels,
using dedicated software suites.’*>° Alternatively,
the genomes can first be assembled and then
the sequences of the potential antigens can be
extracted and aligned. Although the first approach
is usually quicker, given the short reads generated
by NGS it can be applied only in the case of highly
similar sequences, whereas preliminary assembly is
required in the case of variable sequences, as is the
case for many candidate antigens.
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Figure 2. Clonal relationships and gene content. By transferring portions of the genome between unrelated strains, recombination
events break the correlation between clonal relationships and gene content. Therefore, the presence, absence or allelic form of a
given antigen cannot be predicted on the basis of the molecular typing of the strains. In the example sketched here, typing of isolates
using loci A and B can predict the allelic state of locus D at generation 2, but not at generation 3, after an event of homologous

recombination.

The work on MenB and GBS has shown that novel
vaccine antigens do not necessarily follow the typing
systems currently used and described in the text-
books, complicating the task of predicting which
strains will be covered by the vaccine and, ultimately,
the expected decrease in the number of disease cases
following vaccination. Therefore, developing a vac-
cine based on RV may require developing a new typ-
ing system and educating the scientific community
accordingly. A typical example is the 4CMenB vac-
cine against N. meningitidis. Pathogenic N. menin-
gitidisis classified into serogroups A, B, C, Y, W-135,
and X based on the chemical composition of the cap-
sular polysaccharide, and on clonal complexes and
sequence types based on the genetic make-up of the
seven genes defined by the MLST schema.*’ It was
found that neither of these typing systems was able
to accurately describe the potential strain coverage
of the 4CMenB vaccine. This lack of predictive value
was attributed, on one hand, to the confounding ef-
fect of homologous recombination that breaks the
linkage between the MLST loci and the antigens®®~?
and, on the other hand, to the lack of correlation
between expression of the antigens and molecular
typing (Fig. 2). As a generalization of MLST, se-
quencing of complete genomes is now increasingly
used to gain a deeper understanding of the relation
between bacterial strains,?’**-** and will soon be-
come the tool of choice for the typing of bacterial
species. The high resolution guaranteed by whole
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genome typing can readily be used to dissect finer
relationships within known clades,”*>® and these
efforts are likely to result in improved phylogenetic
characterization of bacterial species.’’” However, al-
though in principle genomic data contain all of the
information concerning the expression, surface ex-
posure, and accessibility of each antigen, using them
to predict coverage by a given vaccine formulation
is still not feasible.

For this reason the meningococcal antigen typ-
ing system (MATS) was developed to predict the
coverage of the 4CMenB vaccine (Fig. 3).% MATS
combines a series of three antigen-specific sand-
wich ELISA assays for fHbp, NadA, and NHBA, with
genotyping of the variable region of the PorA com-
ponent. MATS ELISA simultaneously quantifies the
amount of the antigens expressed by a given bacterial
isolate and its immunological cross-reactivity with
the antigens present in the 4CMenB vaccine. Given
the correlation between MATS typing and suscepti-
bility to killing in a serum bactericidal assay, MATS
has the potential to predict vaccine coverage in large
panels of strains, a result that even genome-based
typing schema cannot presently guarantee.

Improvements to the antigen prediction
pipeline

There has been a general evolution of the quality
and accuracy of the bioinformatics tools that can be
used to perform the selection of antigens, rivaling
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Figure 3. MATS typing system for the 4CMenB vaccine. (A)
MenB bacteria are grown overnight on chocolate agar. (B) A
suspension of bacteria taken from the plate is prepared to a
specified OD600, and detergent is added to the suspension to
extract the capsule and expose the antigens. (C) Serial dilutions
of extract are tested in the MATS ELISA. A specific capture
antibody binds one of the antigens from the extract, which
is then detected with a specific biotin-labeled antibody and a
streptavidin—enzyme conjugate. Plates are read in an ELISA
reader.
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in many cases the accuracy of experimental meth-
ods. The bioinformatics pipeline of RV involves
several prediction steps, including (1) prediction
of the protein open reading frames (ORFs), (2)
annotation of the ORFs, and (3) prediction of the
cellular localization of proteins. Because of the
increasing popularity of the RV approach and the
need for tools that allow its application, including
by research groups that could not afford a large
team of bioinformatics experts, dedicated software
platforms were developed,’*~?° often using machine
learning methods that leverage on accumulated
knowledge from the experimental screens of large
sets of potential vaccine candidates. Moreover, the
increased availability of genome-scale experimental
protocols, in many cases, now allows independent
confirmation of bioinformatics predictions; in par-
ticular, it is now feasible to experimentally validate
the gene prediction algorithms and the cellular
localization algorithms at the genomic level. These
experimental techniques are both able to correct
errors and to identify new genes or surface-exposed
proteins that were missed in the predictions.

Experimental validation of gene prediction
algorithms
In the original RV efforts, identification of pro-
tein coding genes was based on gene predic-
tion algorithms such a Glimmer,”*%! GeneMark,*?
ZCURVE,® EasyGene,** or MED.®* Despite contin-
uous improvements, these algorithms suffer from
systematic errors that are often not easy to quantify
because of the relatively low prevalence of exper-
imentally confirmed protein coding sequences in
the genomic databases. Critical reannotation of 143
prokaryotic genomes has shown that the number of
genes for which the wrong starting site has been pre-
dicted can be as high as 60%, especially for GC-rich
genomes.®® Given that, in many cases, the signal for
cellular localization of the proteins is encoded near
the start site, accuracy of the gene prediction is vital
for the RV selection process of vaccine candidates.
Tiling arrays and RNA-Seq experiments can iden-
tify protein coding regions, transcriptional units,
and regulatory elements independently from pre-
diction algorithms.®’=%° Dedicated software suites
for the assembly of RNA-Seq data are continu-
ously improving our understanding of the struc-
ture of transcriptional units in both eukaryotes
and prokaryotes.”””! Previously unpredicted coding
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sequences, alternative transcripts, and regulatory
elements have been identified in Mpycoplasma
pneumoniae, one of the smallest self-replicating
organisms.”? Alternatively, proteomic approaches
using high resolution mass spectra obtained by tan-
dem mass spectrometry can experimentally vali-
date gene predictions by directly identifying pep-
tides from expressed proteins. A proteome-derived
ORF model for M. pneumoniae was able to con-
firm 81% of the predicted ORFs, additionally dis-
covering 16 previously unknown ORFs and ex-
tending 19 ORFs at their N-termini.”* In a recent
genome-wide study on S. typhimurium, MS-based
proteomics confirmed more than 40% of the pre-
dicted ORFs, correcting 47 start sites and identifying
12 novel genes not predicted by current gene-finding
algorithms.”

Improved bioinformatics algorithms
Experimental determination of the cellular localiza-
tion of proteins is a time consuming task that is dif-
ficult to perform on a genomic scale. Therefore, RV
projects usually rely on teams of experts that com-
plement protein cellular localization predictions
provided by computational tools with literature-
based searches of experimental evidence.? In the last
ten years, the accuracy of computational predictions
has greatly improved, limiting the need for expert
supervision.

In bacteria, proteins are synthesized in the cy-
toplasm and then directed to specific sites or cell
compartment by signals that are encoded in their
amino-acid sequences. Although the nature of these
signals is not completely known, their existence
allows one to approach the protein localization
problem through bioinformatics tools. The com-
putational pipelines leading to a reliable prediction
can be roughly classified into two main categories:
homology-based inferences in which databases of
proteins whose cellular localization has been exper-
imentally determined are scanned to identify possi-
ble homologies with the unknown protein, and tools
based on the identification of sequence-encoded sig-
nals known to influence protein localization. The
homology-based method relies on the assumption
that a certain degree of sequence conservation will
lead to conservation of localization,”® and its high
accuracy is supported by the surprisingly sharp
transition found in the relation between sequence
similarity and identity in subcellular localization.”®

Reverse vaccinology in the 21st century

Other studies have shown that the level of homology
needed for an accurate prediction of localization can
be as low as 30%.”7

In the last decade, many computational methods
for predicting cellular localization based on machine
learning algorithms have been introduced.”’~%* Be-
cause the first version was applicable only to Gram-
negative bacteria, PSORTb® has been the most
widely used localization prediction tool in RV
projects. PSORTb has now been updated to include
Gram-positive bacteria and to increase its cover-
age, while maintaining high precision.?*%5 Web-
accessible databases of precompiled PSORTb pre-
dictions for most of the sequenced genomes also
exist.®® Other methods, combining more than one
predictor, have been proposed.®’-** Comprehen-
sive databases that include the predictions of many
computational tools for large samples of bacterial
genomes are now freely available on the web.”
Using these methods it is now possible to predict
the cellular localization of large protein datasets
with a precision that exceeds that of many exper-
imental methods.”! An approach that could sub-
stantially further improve the accuracy of compu-
tational methods is the integration of the available
knowledge from the body of scientific literature us-
ing text mining and machine learning approaches,”
supporting the role of human experts with modern
tools of knowledge management. More generally,
literature mining methods have been developed to
identify proteins involved in host—pathogen interac-
tion that could therefore constitute promising vac-
cine targets.”

Proteomics

The availability of bacterial genomes, together with
the advancement of bioinformatic analysis tools, has
greatly improved the ability of mass spectroscopy to
identify bacterial proteins in uncharacterized sam-
ples. Using these technologies, known as proteomics,
the large scale identification of proteins exposed on
the surface of bacterial cells (the surfome) is now
feasible.”* In Gram-positive bacteria, the technol-
ogy is based on “shaving” the surface of bacte-
ria with proteases under conditions that preserve
bacterial viability.”> For Gram-negatives, the tech-
nology leverages on the fact that these organisms
naturally release outer membrane vesicles (OMVs),
organelles that bud out of the outer membranes
without impairing cell viability. OMVs are then
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purified and their protein content, prevalently
composed by membrane-associated proteins, is
characterized.”*?’

Surfome analysis has allowed confirmation of
surface localization predictions obtained by com-
putational tools in many bacteria, and to iden-
tify previously unknown antigens. Novel antigens
were identified by 2D gel electrophoresis of mem-
brane extracts followed by MALDI-TOF identifica-
tion in Clostridium difficile’® and Bordetella pertus-
sis.” Shaving of the bacterial cell surface followed by
identification of the released peptides by mass spec-
troscopy have allowed the identification of surface-
exposed proteins in group A Streptococcus (GAS)®
and in GBS.!? Furthermore, proteomic technolo-
gies have been used to identify biomarkers that
distinguish virulent isolates of bacterial pathogens
from harmless commensals.!%!

Differently from bioinformatic predictions, pro-
teomic technologies also have the ability to iden-
tify posttranslational modifications that change the
structure, and therefore potentially the antigenic
properties, of the vaccine targets. Multiply charged
isoforms that represent posttranslational modifica-
tion such as phosphorylation, as well as smaller mass
variants because of proteolytic cleavage, are com-
monly found in proteomic screens of outer mem-
brane proteins by 2D-PAGE in E. coli.'>1%° On the
basis of these data, it has been estimated that the
fraction of proteins that undergo posttranslational
modifications can represent up to 42% of the E. coli
proteome.'%?

Prediction of immunogenicity

Of obvious interest for the selection of candidate
antigens is the possibility to computationally pre-
dict the immunogenicity of the proteins that are on
the surface of the bacterial cells. Most vaccines work
by inducing serum antibodies, requiring the acti-
vation of B cells. Despite numerous efforts using a
variety of computational techniques (for a review
of available software and online resources, see Ref.
104), an exhaustive assessment of their predictive
power has shown that their rate of success is only
marginally better than random,!* possibly because
B cell epitopes are often conformational. Although
recent approaches based on 3D protein structures
have shown encouraging results,'% their large-scale
use is limited by the availability of crystallographic
data.
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In contrast to the case of B cell epitopes, con-
siderable improvements have been made in T cell
epitope prediction methods, thus allowing the in-
clusion of cellular mediated immunity in the RV
framework. A large number of computational algo-
rithms have been proposed,'® 197 and databases of
predicted and experimentally determined epitopes
are available.!% In parallel, many technological ad-
vancements and experimental studies have allowed
the validation of prediction algorithms and the elu-
cidation of the role of cellular immunity in vac-
cine efficacy (for a recent comprehensive review, see
Ref. 107).

Gene expression

It is increasingly appreciated that it is essential
for potential vaccine targets to be expressed by
pathogens during the infection process, and that
in many cases antigens poorly expressed in in vitro
conditions can be induced in vivo by specific sig-
nals. One example is the NadA protein, an adhesin
present in approximately 50% of the MenB iso-
lates. NadA was found to be protective in an in-
fant rat model of bacteremia!%''% and was selected
as one of the components of the 4CMenB vaccine
against MenB.* In vitro, the expression of NadA de-
pends on the growth phase and is different in differ-
ent strains of MenB.?*"!% However, the presence of
the nadA gene associates significantly with hyper-
virulent strains; in contrast to most meningococcal
surface-associated proteins, sera from children re-
covering from invasive meningococcal disease react
specifically to recombinant forms of NadA.> Later
studies have shown that NadA expression is tightly
regulated by a complex combination of genetic and
environmental factors involving the binding of a re-
pressor, NadR, to regions flanking the phase variable
promoter of the nadA gene (Fig. 4).!'! The presence
of 4-hydroxyphenylacetic acid (4HPA), a metabolite
of aromatic amino acids found in saliva, can induce
NadA expression by alleviating the binding activity
of NadR, suggesting that in vivo NadA expression
can be induced by environmental factors present in
the oropharynx.!!!:112

Although measuring the expression of large pan-
els of proteins in a large number of strains or ex-
perimental conditions is not feasible, the identi-
fication of genes differentially transcribed can be
a powerful tool to identify proteins that play a
role in the infection process. These approaches
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Figure 4. NadR mediated regulation of NadA expression. (A)
The expression of NadA is repressed in vivo by the binding
of NadR to regions flanking the promoter of NadA. (B) The
binding activity of NadR is alleviated by the presence of 4HPA,
a metabolite of aromatic amino acids found in saliva. (C) In
human saliva NadA is expressed at levels similar to that obtained
in the presence of 4HPA, suggesting that environmental factors
can trigger the expression of NadA in vivo.
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use RNA-based techniques—from the conventional
expression microarray to the more recent tiling
arrays and RNA-Seq technologies—to infer the
amount of protein synthesized by bacterial cells
at a given time. Soon after the first applications
of RV, microarray studies of the differential ex-
pression between pathogenic N. meningitidis and
nonpathogenic Neisseria lactamica, upon contact
with epithelial cells, was used to identify previ-
ously unknown vaccine candidates.!'*!'* Overex-
pression of the fHbp protein of N. meningitidis has
been measured in human blood.'!> Selective enrich-
ment techniques of transcribed sequences''® have
allowed measurement of the level of mRNA tran-
scription in vivo in S. typhi.'' An integrated sys-
tems biology approach applied to S. pyogenes has
identified many ways in which this pathogen reacts
in a niche-specific manner to the interaction with
the human host, identifying new potential vaccine
candidates.''®

New technologies, like RNA-Seq and tiling
arrays, that are able to determine the transcriptome
independently from genome annotation are in-
creasingly used to validate genome annotation and
to elucidate the structure of transcriptional units.
In one of the first genome-wide transcriptome
determinations using tiling arrays, it was shown
that the structure and regulation of the tran-
scriptional units in L. monocytogenes are far more
intricate than previously known.!! Strand-specific
RNA-Seq has been used to define both the coding
and non-coding transcripts in S. typhi, identifying
many small noncoding RNAs that are likely to be an
important regulatory mechanism.'?’ Trascriptome
analysis through RNA-Seq of several pathogens,
such as H. pylori,'*! Campyobacter jejuni,'*? and C.
trachomatis,'* has been performed. The applica-
tion of these techniques to in vivo studies will help
to identify genes that are differentially expressed
during infection, allowing a more effective selection
of target antigens for vaccine formulation.

Discovery of new mechanisms of
pathogenesis

The large body of research on previously unknown
or poorly characterized surface proteins, initiated
by projects based on RV, has substantially increased
our knowledge of the mechanisms of interaction be-
tween pathogens and the human host, and has led to
the discovery of new mechanisms of pathogenesis.
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One example is fHbp in N. meningitidis. Originally
known as GNA1870, fHbp is a surface-exposed
lipoprotein that was selected as a vaccine target
because of its ability to elicit protective antibodies
in an infant rat model of bacteremia. GNA1870
was shown to bind factor H, a component of
the alternative complement pathway, and for
this reason was renamed fHbp.*® By inhibiting
the activation of the complement cascade, fHbp
enhances the ability of bacteria to survive in human
serum and might be essential for survival during
carriage, when bacteria are often unencapsulated.
Another example is the discovery of pili, long fil-
amentous structures protruding from the surface of
cells in Gram-positive organisms. Although it has
long been known that Gram-negative bacteria can
express pilus-like structures to mediate attachment
to host tissues,!?* the presence, structure, and func-
tion of pili in Gram-positive bacteria has only re-
cently been characterized, mainly because of their
importance as vaccine antigens. Pilus-like structures
in a Gram-positive bacterium were first observed in
Corynebacterium renale using electron microscopy
in the late 1960s,>* and their role in attachment
to cells was soon discovered thereafter.”” However,
only recently has the structure and mechanism of
assembly of Gram-positive pili been studied in de-
tail.!?> Since then pili have been identified in sev-
eral species, including Actinomycess pp,'*® GAS,*
GBS,*?! and S. pneumonia;'*”'*® and the way in
which they were discovered represents an example
of how applied research can produce results of gen-
eral interest. Gram-positive pili are very different
from pili found in Gram-negative bacteria because
they are formed by covalent linkage between pro-
tein subunits by the action of specialized sortase
enzymes and are then anchored to the cell wall.
Sortase-mediated attachment to the cell wall is a
general mechanism used by Gram-positive bacte-
ria to expose proteins on their surface; and sortase
enzymes specifically recognize a conserved carboxy
terminal motif (LPXTG). For this reason, proteins
containing the LPXTG motif are among those rou-
tinely selected in RV projects on Gram-positive bac-
teria. In most cases, Gram-positive pili are encoded
in genomicislands that contain between one and five
LPXTG proteins, and between one and three specific
sortases. The presence of these genomic structures
in many species of Streptococcus attracted the atten-
tion of researchers looking for vaccine candidates
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in a specialized variant of RV called targeted reverse
vaccinology.'” Components of these genomic struc-
tures often prove to be protective in animal mod-
els against homologous strains,’341:130 3lthough
their use as vaccine targets is challenging because of
their extreme variability'*! and presence only in a
subset of virulent strains.!?8:132

Future developments

Integrated approaches

One of the key points in an RV project is that
both the bioinformatic analysis and the proteomic
analysis identify a large number of candidate
vaccines, all of which need to be tested in an animal
model to measure their ability to elicit protective
antibodies. In an attempt to narrow down the list of
potential vaccine targets and to streamline the vac-
cine development process, the concomitant use of
an array of technologies, including bionformatics,
proteomics, screening of human sera using protein
arrays, and FACS analysis, has been proposed.!* By
simultaneously predicting/testing the conservation,
expression, surface exposure, and immunogenicity
of the predicted antigens, this experimental strategy
allows an accurate selection of bacterial vaccines
without using in vitro and/or in vivo protection
assays, thus dramatically decreasing the costs of vac-
cine projects and maximizing the chances of success.

Single cell expression

Most of the steps in the RV antigen selection
procedure rely on the assumption that genetically
homogeneous populations of bacterial cells will
display homogeneous phenotype. However, it is
well known that marked phenotypic heterogeneities
can be identified even in clonal cultures,'** where
individual microbial cells can exhibit variable
degrees of resistance to antibiotics, motility, or
expression of virulence determinants.

Phenotypic heterogeneity of a population is
thought to allow bacteria to adapt to variations in
the environment, leveraging on their large popu-
lation size. The main advantage of these mecha-
nisms is that because they do not involve irreversible
genetic modifications the population of bacteria
can revert to the original state once the transient
stimulus is removed, thus providing an ideal so-
lution to the problem of adapting to short-time
environmental fluctuations. Bacterial pathogens
have adopted these mechanisms in cases in which
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the infection process involves selective bottlenecks,
and to provide a reservoir of escape mutants that
survive the action of the adaptive host immune sys-
tem. In other cases, structures with high fitness costs
are expressed only transiently, as recently shown for
the type III secretion system ttss-1, the main viru-
lence factor of S. enteric serovar Typhimurium that,
at any given time, is present only in a fraction of the
bacterial population in vitro.!*> This phenomenon
poses a significant challenge to the use of vaccine tar-
gets of antigens that are not consistently expressed
by the entire bacterial population, as in the case of
the Var antigen in Plasmodium falciparum.'>®

Several mechanisms have been identified as the
cause of these heterogeneities, including the pres-
ence of variations at the genome or epigenetic lev-
els. Hypermutable loci have been recognized as one
of the mechanisms that allow the generation of a
huge number of genomic variants via the combi-
nation of different variants at individual loci. Poly-
merase slippage on simple sequence repeats is one
of the best understood mechanism that generate
hypermutability at selected loci, often resulting in
inactivation of genes through phase variation.'*”’
These and other subtle mechanisms have been sug-
gested to be responsible for the observed virulence
differences between carriage and disease strains of
N. meningitidis."*® The existence of minority se-
quence heterogeneities in a clonal population of bac-
teriais very difficult to identify with conventional se-
quencing technologies that usually determine only
a consensus sequence in which low copy number
variants are averaged out. NGS technologies, with
the high level of coverage that they can attain, will
provide the basis for a genome-wide identification
of these loci.

Other mechanisms that are likely to be much
more widespread than currently thought can pro-
duce phenotypic heterogeneities in the absence of
genotypic differences, as suggested in the case of
the pilus expression in pilus-positive strains of S.
pneumonia.'” These mechanisms rely on the in-
trinsically non-linear nature of many expression
regulatory networks.!** A certain degree of cell-
to-cell and time-dependent fluctuations in pro-
tein expression is unavoidable, and the relevance
of this grows for proteins present in low copy
numbers.'“’ These fluctuations, when occurring
in a molecular circuitry that includes feedback
loops, can allow single cells to reversibly switch be-
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tween mutually exclusive states,'*! effectively turn-
ing metabolic pathways into decision-capable cir-
cuits.'*? One of the first well-studied examples of
a fluctuation-induced switch between two alterna-
tive stable states is the lambda switch in bacterio-
phages;'*® the role of fluctuation-induced switches
has also been studied in many other microbial bi-
ological processes, from chemotaxis in E. coli'** to
viral latency in HIV.!*> Although it is hard to imag-
ine the fitness advantage of these mechanisms in a
fixed environment, it is now well understood that
these mechanisms can actually confer a selective ad-
vantage in fluctuating environments.'*® Moreover,
it has been shown that these complex regulatory cir-
cuitries can, in turn, modulate host physiology in a
nontrivial way.'*’

Technical and methodological advances in exper-
imental techniques and data analysis are boosting
interest in cell-to-cell variability.'**-152 Determina-
tion of copy number variations in a clonal popula-
tion of E. coli has shown the extent to which such
fluctuations are an intrinsic property of single cell
measurements of both the transcriptome and the
proteome.'*® Large-scale application of single cell
expression measurement technologies to popula-
tions of bacterial cells grown in infection-mimicking
cultures is likely to provide valuable information
that can be used in screening libraries of poten-
tial vaccine targets, allowing concentration on those
that are consistently expressed by all members of the
bacterial population or whose expression is essential
during the infectious process.

Conclusions

Despite the many difficulties and pitfalls, RV has
been a revolution in the field of vaccine discov-
ery for infectious diseases, and has been instru-
mental in advancing vaccines for bacteria that were
thought intractable. At the same time, the introduc-
tion into vaccine research of high-throughput tech-
nologies, such as NGS and proteomic technologies,
has brought new insights into many aspects of the
biology of infectious diseases and allowed the use of
experimental data in several steps of the RV process
that a decade ago were based only on bioinformatic
predictions. Since their introduction, these tech-
nological advancements have greatly improved the
efficiency of the vaccine target identification, selec-
tion, and development process. Further improve-
ments are still possible that will widen the scope of
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RV. For instance, use of large-scale screening tech-
nologies based on sequencing of complete genomes
could increase the chances of success and speed the
development of some viral vaccines, particularly for
complex viruses, such as human cytomegalovirus,
that have a coding capacity, the complexity and so-
phisticated regulation mechanisms of which we are
now starting to appreciate.'>’

In this review, we have presented an overview
of the aspects of RV that have undergone ma-
jor changes, with an emphasis on the possibilities,
opened by new technologies, to focus the costly test-
ing in animal models on those molecules that have
a high chance of success.

Bringing a new vaccine from basic research to a
product ready for the market through the many
stages of development is a challenging task that
sometimes requires formulating completely new sci-
entific paradigms; RV is a good example of such a
paradigm. Although many of its original premises
have changed, the RV approach, and more generally
the use of omics approaches, is, and will continue
to be in the future, a fundamental part of vaccine
research projects.
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