Chapter 2
Bacterial Genomes and Vaccine Design
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Abstract Since its introduction, vaccinology has been very effective in controlling
and eliminating life-threatening infectious diseases. However, in several cases, the
conventional approach to identifying protective antigens, based on biochemical,
immunological, and microbiological methods, has failed to deliver successful
vaccine candidates against major human pathogens. The availability of complete
bacterial genome sequences has allowed scientists to change the paradigm and
approach vaccine development starting from genomic information, a process
named reverse vaccinology. This can be considered as one of the most powerful
examples of how genomic information can be used to develop vaccines that were
difficult or impossible to tackle with conventional approaches. The ever-growing
genomic data, the new genome-based approaches and high-throughput sequencing
technologies will help to complement reverse vaccinology to enable timely devel-
opment of new vaccine antigens against emerging infectious diseases.

2.1 Introduction

Vaccines are currently available for infectious diseases caused by various viruses
and bacteria and the prevention of disease and death by vaccination has profoundly
improved the public health of many populations globally. Louis Pasteur, who
developed the first vaccine against rabies, established in 1881 the basic paradigm
for vaccine development, which included the isolation, inactivation, and injection
of the causative microorganism. These basic principles have guided vaccine devel-
opment during the twentieth century. All existing vaccines are based on killed or
live-attenuated microorganisms or subunits purified from the microorganism such
as toxins detoxified by chemical treatment, purified antigens or polysaccharide
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conjugated to proteins. At the end of the twentieth century, most of the vaccines that
could be developed by these traditional technologies had been developed and they
allowed the control and, in some cases, the eradication of many important infec-
tious diseases [78]. Although very successful, in several instances these approaches
were not able to deliver vaccines against certain pathogens and on other occasions
the vaccines obtained with these classical approaches were no longer adequate due
to safety concerns and low efficacy. Killed and attenuated vaccines, based on the
whole organisms, may contain several factors that may have reactogenic activity
and may induce undesirable inflammatory response. The attenuated vaccines could
also revert to the virulent status and chemicals used for inactivating pathogens
could be present as traces in the final composition. In addition, classical biochemi-
cal and microbiological methods used to identify protective subunits were ham-
pered by the limited number of candidate antigens that could be identified as well as
the time required for their identification. Remarkable progresses were recently
made by the introduction of new technologies such as recombinant DNA and
chemical conjugation of proteins to polysaccharides, as well as advances in the
identification of novel adjuvants.

The genome era, initiated with the completion of the first bacterial genome, that
of Haemophilus influenzae in 1995 [1], catalyzed a new revolution in vaccine
development. Advances in sequencing technology and bioinformatics have resulted
in an exponential growth of genome sequence information. The study of genomes
by both computational and experimental approaches has significantly advanced our
understanding of the physiology and pathogenicity of many microbes and has
provided insights into the mechanisms of genome evolution as well as microbial
population structures [2, 3].

Genomes and genome-based technologies have also the potential to help in the
development of therapeutics and vaccines. The availability of whole-genome
sequences has entirely changed the approach to vaccine development. The genome
represents a list of virtually all the protein antigens that the pathogen can express at
any time. It becomes possible to choose potentially surface-exposed proteins in a
reverse manner, starting from the genome rather than from the microorganism with
an approach called reverse vaccinology [4]. In this review we will describe how
genomic information has been successful in the identification of novel protein
antigens against various human pathogens. We will also focus on recent reports
that have contributed to the discovery of novel vaccine candidates providing the
proof of concept of genome-based approaches such as pan-genome investigation,
subtractive reverse vaccinology, and DNA microarray analysis. A future view of
how high-throughput sequencing methods might positively influence vaccine
design will also be discussed.
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2.2 Reverse Vaccinology: A Novel Genomic Approach
to Antigen Identification

The recent genome revolution has extended the confines in vaccine research.
Genome mining has revolutionized the approach to vaccine development and
provided a new innovation to antigen selection and design. The approach starting
from the genomic information leading to the identification of potential vaccine
candidates is termed reverse vaccinology [4]. The availability of complete bacterial
genome sequences offers a comprehensive catalogue of genes encoding all the
potential proteins of a pathogen, with the potential to rationally select vaccine
candidates rather than empirically test them one at a time. Furthermore, the
prediction of antigens is independent of the need to culture the pathogen in vitro.
On the basis of the concept that surface-exposed proteins are susceptible to anti-
body recognition and are therefore the most suitable vaccine antigens, a complete
genome sequence can be screened using bioinformatics algorithms to select open
reading frames (ORFs) encoding putative surface-exposed or secreted proteins.
Putative surface proteins can be readily identified based on the combination of
several features including the presence of signal peptide sequences, membrane
spanning regions, lipoprotein signature, and motifs such as sortase attachment
sites (LPTXG sites). Moreover, proteins with homology to known virulence factors
or protective antigens from other pathogens can be selected based on homology.
Several computational methods are available to search for surface-associated or
secreted proteins: PSORT is used for the prediction of protein sorting signals and
localization sites in amino acid sequences; SignalP predicts the presence and
location of signal peptide cleavage sites in amino acid sequences from different
organisms, Gram-positive and Gram-negative prokaryotes; TMpred program
makes a prediction of membrane spanning regions and their orientation. Although
much progress can be made in silico, the experimental approach is necessary to
establish unambiguously the localization of the protein in living bacteria. Further-
more, screening for sequence homologies to human proteins for their exclusion in
the selection process can help to avoid problems of autoimmunity.

After candidate surface antigens are identified in silico, they are produced as
recombinant proteins and their immunogenicity is assayed to measure their potential
as vaccine candidates. The feasibility of the reverse vaccinology approach relies on
the availability of a high-throughput system for protective immunity screening and
also on good correlate of protection. In the paragraphs below, we will describe how
genomic information has been successful in the identification of novel potential
vaccine candidates against various human pathogens, such as Neisseria meningitidis
serogroup B, Streptococcus agalactiae, and pathogenic Escherichia coli.
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2.2.1 The First Vaccine Obtained Through Reverse Vaccinology:
The Serogroup B Meningococcus Vaccine

The concept of reverse vaccinology was applied for the first time to serogroup B N.
meningitidis (MenB). N. meningitidis is the major cause of meningitis and sepsis,
two devastating diseases that can kill children and young adults within hours,
despite the availability of effective antibiotics. It is a Gram-negative bacterium
that colonizes asymptomatically the upper nasopharynx tract of about 5-15 % of the
human population. However, in a significant number of cases, the bacterium can
traverse the epithelium and reach the bloodstream causing septicemia. From the
blood meningococcus is able to cross the blood—brain barrier and infect the
meninges, causing meningitis [5, 6].

N. meningitidis can be classified in 13 serogroups on the basis of the chemical
composition of the capsule polysaccharide. However, more than 95 % of total cases
of invasive disease are caused by five major serogroups: A, B, C, Y, and W135.
Vaccines against serogroups A, C, Y, and W135 were developed in the 1960s by
using the purified capsular polysaccharide as antigen. Second-generation, conju-
gated vaccines have now been introduced. The chemical composition of the poly-
saccharide of serogroup B, which resembles a molecule present in human tissues,
makes a polysaccharide-based vaccine poorly immunogenic and a possible cause of
autoimmunity.

In the last 40 years a lot of efforts have been directed to the identification of
meningococcus B antigens as the basis of new vaccines. However, the high
variability of these proteins among the different MenB strains represents a serious
obstacle to the production of a globally effective anti-MenB vaccine [5]. As a
consequence there are no effective vaccines available for the prevention of MenB
disease, which is responsible for one third of meningococcal disease in the United
States, and up to 80 % of cases in Europe.

In 1998, the research team at Novartis Vaccines embarked on a large-scale
genome project. To develop a universal vaccine against serogroup B, the genome
of a MenB isolate (MC58 strain) has been sequenced and used to discover novel
antigens [7, 8].

The identification of new previously unidentified antigens was a process that
took the research team 18 months to achieve. The sequence of the virulent strain
was determined by the shotgun strategy and in order to identify novel vaccine
antigens a strategy has been aimed to select, among the more than 2,000 predicted
proteins, those that were predicted to be surface-exposed or secreted and their
potential to induce protection against disease was tested. N. meningitidis is essen-
tially an extracellular pathogen and the major protective response relies on
circulating antibodies: complement-mediated bactericidal activity is, in fact, the
accepted correlate for in vivo protection and as such is the surrogate endpoint in
clinical trials of potential meningococcal vaccines. On the basis of this evidence,
the group worked on the assumption that protective antigens are more likely to be
found among surface-exposed or secreted proteins. Hence the initial selection of
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candidates is based on computer predictions of secretion or surface location. Of the
2,158 predicted ORFs in the N. meningitidis genome, 570 were selected by these
criteria and could therefore represent new potential vaccine candidates. The
selected ORFs were amplified, cloned and analyzed for expression in a heterolo-
gous system as either C-terminal His-tag or N-terminal glutathione S-transferase
fusion proteins. These two expression systems were chosen to achieve the highest
level of expression and the easiest purification procedure by a single chromatogra-
phy step. Of the 570, 350 ORFs were successfully cloned in E. coli and purified in a
sufficient amount for mice immunizations. Most of the failures, both in cloning and
in expression, were related to proteins with more than one transmembrane spanning
region. This is likely to be due to toxicity for E. coli or to their intrinsic insolubility.

Each purified recombinant protein was used to immunize mice. Immune
response was analyzed by Western blot analysis on total cell extracts to verify
whether the protein was expressed and by enzyme-linked immunosorbent assay and
flow cytometry on whole cells to verify whether the antigen was surface-exposed in
meningococcus. Finally, the bactericidal assay was used to evaluate the
complement-mediated killing activity of the antibodies (serum bactericidal activ-
ity), since this property correlates with vaccine efficacy in humans [9, 10].

Of the 91 proteins found to be positive in at least one of these assays, 28 were
able to induce antibodies with bactericidal activity [8]. Several of the antigens
previously identified using conventional approaches showed strain variability or
were only expressed in some strains, and most of them are effective only against the
homologous strains. Therefore, the potential vaccine candidates identified were
evaluated for degree of sequence variability among multiple isolates and
serogroups of N. meningitidis. Many of the newly identified serogroup B antigens
included surface-exposed proteins or lipoproteins with a globular structure and
without membrane spanning domains and many of them are not abundant on the
bacterial surface. Reverse vaccinology has therefore proven to be a rapid and
reliable approach to identifying vaccine candidates. In the case of serogroup B,
these potential vaccine candidates, able to induce broad strain coverage, were
subjected to further evaluation and characterization. The candidates were gradually
funneled down, a process that took a further 24 months. Finally, the three most
immunogenic antigens on the basis of their ability to induce bactericidal activity or
in vivo passive protection were selected to be used in a multicomponent vaccine.
They were NHBA [11], fHbp [12, 13], and NadA [14, 15]. Other two antigens
(named GNA2091 and GNA1030) were also selected. To further enhance their
immunogenicity and facilitate large-scale manufacturing of the vaccine, four of the
selected antigens were combined into two fusion proteins so that the resulting
protein vaccine contained three recombinant proteins. The antigen NHBA was
fused to GNA1030 while GNA2091 was fused to fHbp. NadA was included as a
single antigen as it did not perform well when fused to a partner. It is thought that
this may be due to the fact that the protein may loose its native trimeric organiza-
tion. Results showed that the two fusion proteins formulated with aluminum
hydroxide induced immunes in both FACS and bactericidal assays. These
antibodies were more potent than those induced by the individual antigens. Twenty
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micrograms of each of the two fusion proteins and of the NadA antigen were
adsorbed to an adjuvant suitable for human use aluminum hydroxide to make the
vaccine formulation that was used in subsequent studies. The rationale behind
combining antigen was to increase the spectrum of vaccine coverage, minimizing
the possibility of bacterial evasion and development of selection mutants [16].

After successful preclinical studies, the MenB vaccine entered the long path of
vaccine development that included testing safety and immunogenicity in adult
volunteers [17], initial testing in infants [18, 19], and finally, a large-scale, phase
IIT clinical trial that is the basis for a European license application (Fig. 2.1).

2.2.2 From One to Multiple Genomes: Pan-Genome Reverse
Vaccinology

While the genome sequence of a single strain reveals many aspects of the biology of
a species, it fails to address how genetic variability drives pathogenesis within a
bacterial species and also limits genome-wide screens for vaccine candidates or for
antimicrobial targets to a single strain. The availability of genome sequences for
different isolates of a single species enables quantitative analyses of their genomic
diversity through comparative genomic analyses. The higher the number of isolates
and the broader the selection of strains, the better the estimate of whole species
heterogeneity.

The advantage of multiple genome analysis in vaccine design is highlighted by
the discovery of universal vaccine candidates against S. agalactiae, the group B
Streptococcus (GBS). GBS is the leading cause of illness and death among newborn
infants. Nine distinct capsular serotypes of GBS have been described; however, the
major disease-causing isolates in Europe and the United States belong to only five
serotypes: Ia, Ib, II, III, and V [20]. A comparative genomic hybridization analysis
revealed that there was significant variation in gene content among different clinical
isolates of GBS [21], supporting the idea that one genome sequence was not enough
to fully capture the diversity of the species and to enable the identification of
broadly protective vaccine candidates. For this reason, additional GBS strains
belonging to the five major serotypes were sequenced and compared allowing the
definition of the species pan-genome [22]. The pan-genome can be defined as the
global gene repertoire pertaining to a species. In general, it can be divided in three
parts: the core genome, which includes the set of genes invariably present and
conserved in all the isolates; the “dispensable genome,” comprising genes present
in some but not all the strains, and the strain-specific genes, which are present only
in one single isolate.

Maione et al. have applied the pan-genome concept to GBS vaccine discovery.
Bioinformatic algorithms were used to select from the pan-genome genes that
encode putative surface-associated and secreted proteins. After testing a consistent
number of selected proteins in a mouse model of infection, four antigens were
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identified that were capable of significantly increasing the survival rate among
challenged mice. Unexpectedly, only one of these antigens was part of the core
genome, the remaining three belonging to the dispensable genome. The final
vaccine formulation comprises a combination of the four antigens, which provide
overall almost universal strain coverage, with levels of protection similar to those
seen when using capsular carbohydrate-based vaccines [23]. This example
demonstrates the importance of having access to the genome sequence of multiple
strains and performing upfront genome comparisons.

Characterization of the newly identified vaccine antigens revealed that three of
them are able to form pilus-like structures extending from the bacterial surface [24].
Furthermore, three pilus islands have been discovered in GBS that encode structur-
ally distinct pilus types [25]. Because of the limited variability of GBS pili, it has
been suggested that a combination of three pilin subunits could lead to broad
protective immunity against GBS [26].

2.2.3 The Utility of Analyzing Genome Sequences of Commensal
Bacteria: The Subtractive Reverse Vaccinology Approach

While in the case of GBS, comparative genome analysis has been applied to
disease-causing isolates, an alternative approach is the comparison between patho-
genic and nonpathogenic strains of the same species. This kind of analysis can
provide the information necessary for the identification of antigens that really make
the difference in pathogenesis. An elegant example of comparative genome analy-
sis is that described for uropathogenic strains of E. coli, whereby a comparison of
UPEC genomes with other complete E. coli genome sequences was carried out to
help identifying sets of “UPEC-specific” and strain-specific proteins, respectively,
that may form the basis of their different individual phenotypes and uropathogenic
potential. Comparative genome analysis revealed that genome evolution in these
bacteria cannot be simply described by a “backbone and flexible gene pool” model,
but must also be described by repeated insertions and deletions occurring in certain
parts of the genome [27]. Similarly, whole-genome sequence analyses of Listeria
and Neisseria spp. revealed that an extensive genome reduction had occurred in the
nonpathogenic species with loss of genes, particularly those involved in virulence,
host interaction, and metabolic pathways [28-30].

From a vaccine point of view, genes encoding for antigens conserved both in
pathogenic and in nonpathogenic strains could be discarded during the selection,
reducing the number of candidates to express and test in the animal model and,
consequently, reducing the time for the delivery of a vaccine. This is mainly
because the selection of antigens that are selectively present only in pathogenic
strains might reduce the impact on the commensal flora, especially for
microorganisms that possess both phenotypes, such as E. coli. The first example
of a subtractive reverse vaccinology approach has been recently published.
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Gomes Moriel et al. performed a comparative genome analysis between pathogenic
extraintestinal E. coli (EXPEC) and commensal E. coli strains with the aim of
identifying genes specific for pathogenic strains and therefore an ideal target for a
vaccine that will not interfere with the natural commensal gut flora of the human
host. Authors have selected 230 antigens that have been tested for protection
in vivo. Nine antigens were protective in a mouse model of sepsis and the molecular
epidemiology analysis showed that these nine antigens are conserved among
several pathogenic E. coli strains suggesting that by combining some of these
antigens a broadly cross-protective vaccine may be developed [31]. A protective
antigen (named ECOK1_3385) was identified and active immunization with the
antigen or passive protection with sera raised against it provided nearly complete
protection from bacteremia and mortality. It is interesting to notice that this antigen
was expressed by nonpathogenic strains but not secreted due to the absence of a
type II secretion system involved in the surface localization of this antigen [31].

2.2.4 Reverse Vaccinology Explains Biology: Characterization
of the Vaccine Antigens Identified

In addition to the discovery of many previously unknown antigens, which have led
to successful vaccine development in several instances, reverse vaccinology has
made possible studies on antigen function, leading to an understanding of the
biology of the pathogen. The two most notable examples are the discovery of factor
H binding protein in meningococcus and the discovery of pili in Gram-positive
pathogens. In the case of meningococcus, following the publication of the protec-
tive antigen GNA 1870, two independent laboratories found that this antigen binds
the human complement regulator factor H (fH) [32, 33]. This discovery led to an
understanding that meningococcus can grow in human blood by downregulating the
alternative pathway of complement activation [13]. However, because the same
protein was unable to bind Factor H from animal species such as mice and rats [79],
the discovery also allowed the understanding of the species specificity of meningo-
coccus and that failure to develop an animal model for meningococcus was because
of the fact that the bacterium is unable to grow in the blood of mice and rats.
Transgenic animals expressing human factor H may likely be the solution for a
meningococcus animal model.

In the second case, while pili had been known for decades to be an essential
component for the pathogenesis of Gram-negative bacteria, they were not known to
be present in Gram-positive pathogens before the sequencing and analysis of the
genomes of Streptococcus pyogenes, S. agalactiae, and Streptococcus pneumoniae
[34]. Following screening for protective antigens by reverse vaccinology, it was
found that a protective antigen of GBS was a component of a high molecular weight
pilus [24]. This new line of research soon led to the identification of similar surface
protrusions in S. pyogenes and in S. pneumoniae [35, 36], revealing a unique
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mechanism of pathogenesis for these three important Gram-positive human
pathogens.

2.3 Lessons Learned While Exploiting Reverse Vaccinology
Approaches

The reverse vaccinology approach has been applied to other pathogenic bacteria
including Bacillus anthracis, Porphyromonas gingivalis, S. pneumoniae, Chla-
mydia pneumoniae, and Brucella melitensis [37]. All the results obtained so far
showed that genome mining allowed to increase the number of candidate vaccine
antigens by several orders of magnitude. However, during the development of new
vaccine antigens through reverse vaccinology, we understood that parallel genome-
based studies can be applied in order to better characterize the candidates and
understand their potentials.

In the development of a universal vaccine capable of inducing protection against
virtually all circulating strains, accurate characterization of the selected vaccine
candidates is highly recommended. The analysis of the sequence conservation of a
given antigen is a fundamental aspect in its evaluation as vaccine candidate.
Bacterial pathogens use a broad range of microevolutionary tools (like phase
variation and antigenic variability) to escape the human immune response.

The analysis should be performed on a strain collection representing globally
diverse geographic regions that take into account the target population of the
vaccine. In the era of genomics, the availability of multiple genome sequences
greatly facilitates the analysis of sequence conservation. However, the number of
genomes available is usually not sufficient to cover the diversity of a species or its
global geographic representation. Hence, large molecular epidemiology studies on
a restricted number of genes encoding the best vaccine antigens are necessary. For
example, in the case of MenB, a panel of strains was selected as representative of
the meningococcus diversity. In order to evaluate the sequence variability the genes
encoding vaccine antigens were sequenced and compared [38]. Performing these
studies we learnt that the discovery of previously unknown protein antigens has
generated new challenges because the presence and sequence variability of these
antigens are not completely aligned with classical typing systems used to charac-
terize the population structures of bacterial pathogens [38]. New antigens usually
segregate in the bacterial population in a manner that is independent of conven-
tional markers, such as those used to define serotypes, and genetic markers, such as
those used in MLST (multilocus sequence typing), and so we need to identify new
ways to type bacteria in order to evaluate the efficacy of new vaccines. In the case of
MenB a new typing system, named MATS (meningococcal antigen typing system),
has been developed as a basis for molecular epidemiology studies and evaluation of
vaccine coverage [39]. Another critical aspect that must be considered during the
development of a widely protective vaccine is the expression profile of the antigens
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identified. Bacteria have different and complex mechanisms to regulate gene
expression [40]. For vaccine discovery programs, it is of key importance to know
what genes are expressed during host infection and also to understand the mecha-
nism of regulation of the genes encoding the vaccine antigens. These notions will
help to understand (i) whether these genes are expressed during infection so gene
products can be the target of the antibodies generated by vaccination and (ii)
whether they are expressed in the laboratory conditions used to evaluate antigen
immunogenicity (e.g., serum bactericidal assay or opsonophagocitosis).

These lessons suggest that genome mining can be complemented by functional
genomics approaches in order to obtain a comprehensive characterization of the
antigens identified. For example an upfront comparison of whole-genome
sequences from strains representative of the genetic diversity of a bacterial species
can be a powerful tool for the selection of the most conserved antigens. Global
genome profiling of gene expression in different conditions resembling infection or
even better in infected hosts can be an approach to advance the study of genes
involved in the pathogenesis and select those expressed in vivo.

2.4 Applications of Functional Genomics and High-Throughput
Sequencing in Vaccine Design

Functional genomics methods, linking genotype to phenotype, empower the use of
highly parallel methodologies that allow investigators to study all the genes or all the
proteins of a pathogen in the context of a host or under various physiological states of
interest [3]. These approaches are complementary to in silico antigen identification.
These include the large-scale analysis of gene transcription by DNA microarray, the
identification of the whole set of proteins encoded by a microorganism by two-
dimensional gel electrophoresis and mass spectrometry, as well as the use of protein
chips to analyze immunological responses in human sera. All these approaches have
been widely applied to vaccine design, with the purpose of identifying sets of genes
expressed during infection and involved in pathogenesis (Table 2.1).

In the past few years, unprecedented efforts have been made to develop and
deploy new sequencing technologies [2, 41, 42]. The advent of new sequencing
technologies that can produce sequence data much more cheaply and speedily than
traditional methods has recently transformed the study of many fields of microbiol-
ogy, from epidemiology to functional genomics.

With respect to traditional sequencers, new sequencing platforms can perform
highly parallel sequencing of amplified DNA fragments without the need for
cloning, thus generating, in the form of short reads, an output having a much higher
order of magnitude. Three technologies have undergone a wide spread on the
market: Roche 454 (Roche) [43], Genome Analyzer (Solexa/Illumina) [44], and
SOLiDTM (Applied Biosystems) [45]. Their technical features are significantly
different and have been described in several recent reviews [46, 47].
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The high amount of information that can result from high-throughput sequencing
applications, thanks also to the development of computational tools able to manage
so much sequence data, is improving our understanding of the complexity of
bacterial genomes. One of the next challenges of vaccinology is to apply these
technologies to help and improve the identification and characterization of vaccine
antigens in the reverse vaccinology approach.

2.4.1 Studies on Antigen Variability and Population Structures

In the reverse vaccinology approaches conducted thus far, molecular epidemiology
studies on antigen presence and variability have been conducted on a small number
of antigens when they have been already selected and tested for expression and
immunogenicity. On the contrary, it would be useful to start new reverse
vaccinology projects by sequencing the genomes of a collection of strains
representing globally diverse geographic areas that take into account the target
population of the vaccine. The application of the new sequencing technologies will
make this approach feasible. The large collection of genomic data generated will
help upfront in the identification of the most conserved protein antigens. Moreover,
genomic information will help to define the dimension of the pan-genome and to
characterize the population structure, shedding light on the complexity of bacterial
species. It will be possible to identify the major lineages inside the population and
their geographical distribution and also evaluate how genetic exchange occurs
between lineages, leading to a better understanding of the mechanisms involved
in the evolutionary process of a bacterial species against which a vaccine has to be
designed (Fig. 2.2a).

Recent works have demonstrated that new sequencing technologies have the
potential to study the dynamics of bacterial pathogens. For example, studying a
single strain of methicillin-resistant Staphylococcus aureus, Harris et al.
demonstrated the potential of this approach in tracing transmission events over a
short timescale, within a hospital environment or between hospitals, and in
identifying the sources of outbreaks [48]. By comparing whole-genome sequences
of many isolates of the same antibiotic-resistant strain of S. pneumoniae, Croucher
et al. reconstructed its evolution and global spread. Moreover, they shed light on the
effects that clinical practices as antibiotic use and vaccination can have on the
evolution of this pathogen [49].

New sequencing technologies will also open up opportunities for monitoring
pathogen vaccine escape by screening for evidence of immune selection in the
genomes of pathogen populations before and after vaccination. By deep sequencing
of microbial populations it will be possible to identify antigens under immune
selection by monitoring the clustering of single nucleotide polymorphisms and
other mutations that affect protein sequence.
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Fig. 2.2 Application of novel sequencing approaches to vaccine antigens identification. Three
applications of next-generation sequencing technologies and their impact on vaccine design are
schematically represented. (a) Analysis of antigen variability, distribution, and evolution by high-
throughput sequencing of different isolates. (b) High-throughput transcriptional profiling of
antigens by RNA-Seq in different in vitro, ex vivo, and in vivo conditions. (¢) High-throughput
functional characterization of vaccine antigens in different conditions mimicking infection by

TnSeq.
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2.4.2 Transcriptomics

To rapidly respond to environmental changes, bacteria have evolved different and
complex mechanisms to regulate gene expression. While the genome carries all the
necessary genes, bacteria can save considerable energy by expressing only those
that are required in a particular stage of their life cycle [40]. Transcriptional
regulation is an important aspect that needs to be considered when designing a
new vaccine. During the phase of antigen selection, transcriptional profiling of
bacteria in conditions mimicking infection can lead to the identification of novel
virulence factors that can be considered as vaccine antigens. Moreover, once a
panel of candidates has been selected, antigens of interest can be better
characterized by transcriptional analysis, to understand which are the conditions
influencing their expression.

From a vaccine coverage point of view, an important aspect to take into
consideration is that discrepancy between the sequence conservation of an antigen
and its expression can occur. Even when gene conservation is high, variability can
occur in terms of expression. There may be several reasons for such discrepancy.
First, the genomic organization can vary from strain to strain thus affecting gene
expression. Second, activity of transcriptional regulators can also vary, and this is
not predictable from the nucleotide sequence of the selected antigens. Therefore
transcriptional studies must be carried out, as an approach complementary to
genome mining, in order to select antigens that are expressed in the conditions of
interest used to assess the functionality of an antigen. For example, in the case of
MenB we use an in vitro serum bactericidal assay to assess the ability of antibodies
to induce complement-mediated killing. It is fundamental that the target antigen
under evaluation be expressed in the particular in vitro condition otherwise we
might underestimate the role of the antigen as a vaccine candidate. If sufficient
information is known about the mechanism of regulation of the gene encoding an
antigen, we may think to modify the in vitro assay performing it in the conditions
where it is expressed. An example is represented by the NadA antigen, which
is highly regulated and repressed during standard in vitro growth conditions
{[15] #642;[80] #29037}.

Last but not least, the analysis of the transcriptional profile of pathogens during
infection or in conditions mimicking infection has considerably improved our
understanding of the mechanisms implicated in host—pathogen interaction.

In the last few years, DNA microarrays have been extensively used to simulta-
neously monitor the expression levels of all annotated genes in a bacterial popula-
tion (Table 2.1). Gene expression can be studied by growing pathogens in an
appropriate in vivo or ex vivo model of infection (e.g., cell and tissue cultures,
animal models) and, after recovering the bacteria for RNA preparation and labeling,
the gene activity is analyzed and compared to the expression of the genes under
in vitro conditions [61].

The need for a more precise and comprehensive identification of microbial
transcriptomes, independently of any annotated sequence feature, recently led to
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the development of tiling microarrays, which generally represent both strands and
the intergenic regions of the genome. These new arrays have revealed an unexpect-
edly high degree of transcriptome complexity in bacterial species, allowing detec-
tion of unannotated genes, noncoding RNAs, alternative and antisense transcripts,
and untranslated regions [62]. However, hybridization-based approaches present
several limitations. In particular, they rely upon existing knowledge about genome
sequence and the dynamic range of detection is limited by cross-hybridization and
saturation signals.

Following progress in DNA sequencing and development of new computational
tools, genome-wide studies on bacterial gene expression have begun to shift from
microarray technology to a new method termed RNA sequencing (RNA-seq), in
which high-throughput sequencing of cDNA is carried out.

Over preexisting approaches, RNA-Seq presents several advantages. Following
sequencing, the resulting reads are either aligned to a reference genome or assem-
bled de novo to produce a transcription map. This also means that transcripts that do
not correspond to existing genomic sequences can be detected. RNA-Seq provides a
far more precise measurement of the levels of transcripts than other methods,
having very low if any background signal and no upper limit for quantification,
which correlates with the number of sequences obtained. Transcripts can be pre-
cisely located to a single-base resolution. Moreover, it can help genome sequencing
in revealing sequence variations in the transcribed regions [63].

In the last few years, RNA-seq has been applied to the transcriptome analysis of
several pathogens. Yoder-Himes and coworkers used RNA-Seq to examine the
transcriptional response of two closely related strains of Burkholderia cenocepacia,
one isolated from a cystic fibrosis patient and the other from soil, in conditions
mimicking human sputum and soil. Despite the high degree of DNA sequence
similarity of the two strains, the authors were able to detect a large number of
regulatory differences between them, which may represent specific adaptations to
the niches from which they were isolated [64]. Similarly, the RNA-seq approach
has been successfully applied to the transcriptome analysis of other species, such as
Salmonella enterica serovar Typhi [65], Listeria monocytogenes [66], B. anthracis
[67], Acinetobacter baumannii [68], Chlamydia thracomatis [69], and Helicobacter
pylori [70].

We can predict that in the near future this technique, enabling the simultaneous
transcriptomic analysis of all the antigens of interest more speedily and precisely
than it was previously possible, will become a helpful tool for antigen identification
and characterization. Moreover, without any need to accurately design probed
arrays, RNA-Seq will allow comparison of the expression profiles of multiple
strains. We can also imagine that RNA-seq will be used in some applications that
aim to characterize host—pathogen interactions without any need to separate the two
RNA populations and allowing to understand not only how the pathogen adapts to
cause an infection but also how the host (or an animal model) responds to the
infection. For example, RNA could be isolated from infected patients and both the
pathogen and the host transcriptional responses analyzed (Fig. 2.2b).
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Knowledge of strains and conditions in which an antigen of interest is expressed
can provide fundamental complementary information regarding the potential pro-
tective capability of each antigen that will help in the prioritization of the antigens.
Moreover, analyzing expression levels on a whole-transcriptome scale and in a
high-throughput fashion can lead in a short time to the identification of in vitro and
in vivo conditions in which an antigen is expressed. These will be the conditions in
which that antigen can be immunologically characterized and its function
investigated in depth.

2.4.3 Identification of Genes Involved in Pathogenesis

While RNA expression can provide indication on the expression of an antigen in a
certain condition related to pathogenesis, other approaches are needed to demon-
strate its role in the establishment of the disease or the survival of the pathogen in
the host. In order to identify bacterial genes involved in survival and pathogenesis, a
variety of methods have been set up in the past few years. All these approaches rely
on random mutagenesis and require a detection system that allows simultaneous
screening of a pool of mutants.

A strategy that has been extensively used to evaluate gene expression in vivo is
IVET (in vivo expression technology), which identifies promoters that are active
in vivo but not in vitro using a library of random genomic fragments ligated to a
promoterless reporter gene [71]. Another methodology that has been used is STM
(signature-tagged mutagenesis). In STM, unique hybridization tags are introduced
into each mutant by transposon mutagenesis [72]. All the mutants are pooled and
used to infect an animal or alternatively are exposed to a selected condition
mimicking a stage of infection. “Negative selection” of the clones unable to survive
is then carried out by comparing hybridization of the input pool (the entire mutant
library) with that of the output pool (a subset of the library containing all the
survived mutants). This approach allowed the identification of Salmonella
typhimurium mutants showing an attenuated virulence in a murine model of typhoid
fever [72]; similarly, N. meningitidis genes involved in the establishment of sys-
temic infection could be selected in an infant rat model [73] (Table 2.1).

These methods allow selection of virulence factors on a large scale, providing
useful information for both identification of new vaccine candidates and their
prioritization.

Taking advantage of next-generation sequencing technology, a new method has
recently been developed. In this method, called Tn-Seq, a saturated transposon
insertion library is generated. Upon growth under a test condition of interest
(in vitro or in vivo) insertion mutants with a lower fitness decrease in the popula-
tion, while other mutants remain the same or increase in frequency. Changes in
frequency are determined by high-throughput sequencing of the transposon
flanking regions [74, 75].
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Using a saturated mariner transposon insertion library, van Opijnen et al. have
been able to evaluate fitness of S. pneumoniae genes in standard laboratory
conditions [74]. Langridge et al. have used a similar approach, named TraDIS
(transposon-directed insertion-site sequencing), to assay simultaneously every
gene of S. enterica serovar Typhi for both essentiality in standard laboratory growth
conditions and contribution toward bile tolerance. They clearly show how the
possibility to sequence at high resolution large numbers of mutants allows
the screening of very rich libraries. Moreover, the semi-quantitative nature of the
assay allows the identification not only of essential and dispensable genes, but also
advantageous and disadvantageous genes during growth [76]. Using mouse as a
model of pulmonary infection Gawronski et al have identified genes required by
H. influenzae to resist host defenses during lung pathogenesis [77]. This study
shows the potential of this Tn-seq approach to provide new vaccine targets for
prevention of H. influenzae pulmonary infection.

Providing a link between genotype and phenotype in a high-throughput fashion,
Tn-Seq is likely to become the tool of choice for the characterization of bacterial
pathogenesis (Fig. 2.2c). Given a selected condition, the entire gene content of a
pathogen can be screened speedily and at unprecedented resolution. Moreover,
negative selection can be carried out in multiple conditions, mimicking different
stages of infection, thus revealing which genes are most important to establish
successful infection. Tn-Seq can thus become very helpful in screening vaccine
candidates on a whole-genome scale on the basis of their role in vivo.

2.5 Conclusions

Genomics has introduced a new paradigm to bacterial pathogenesis. Instead of
dissecting bacterial components in vitro, the new approach starts with the complete
information on the genome sequence and then identifies the important factors in
virulence. Moreover, the availability of complete genome sequence information of
many pathogens has led to a new paradigm in vaccine development. If a suitable
assay is available, every protein synthesized by the pathogen can be tested as a
vaccine candidate without any prior selection based on incomplete knowledge of
the pathogenicity and immunogenicity of the organism. Several years into the
reverse vaccinology approach, we have a previously unbelievable insight into a
pathogen’s genome and its use to identify new vaccine candidates. However, the
approaches used for vaccine development are continually being refined based on
improved understanding of microbial molecular epidemiology, evolution, viru-
lence, host—pathogen interactions and increased understanding of the complexity
of microbial communities as well as improved genome-based technologies. One, or
a combination, of the approaches described in this chapter typically drives vaccine
discovery projects, with the approach used being heavily dependent on the
characteristics of the target pathogen and the vaccine antigens to be identified.
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Finally, the progress made in the genomic era has finally put the realization of

vaccines for many pathogens within reach as demonstrated by the new MenB
vaccine recently developed. Many diseases still cannot be controlled by vaccination
and more infectious diseases are expected to emerge or reemerge. In this new era of
vaccine development, we would expect the evolution of genome-based approaches
that will provide a number of candidate antigens for new vaccines to control and
eradicate microbial infections.
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