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Whole-genome sequencing of bacteria and advances in bioinformatics
have revolutionized the vaccinology field, leading to the identification of
potential vaccine candidates without the need for cultivating the
pathogen. This approach, termed ‘reverse vaccinology’, reduces the time
and cost required for the identification of candidate vaccines and provides
new solutions for those diseases for which conventional approaches have
failed. The first example of the potential of reverse vaccinology has been
the identification of novel antigens of meningococcus B as potential
candidates for a novel and effective vaccine. The same approach has been
successfully applied to other important human pathogens, demonstrating
the feasibility to develop vaccines against any infectious disease. This
review focuses on some recent advances in the identification of vaccine

candidates by mining the genomic sequences of pathogenic bacteria.

v Until recently, the development of vaccines
for use in humans relied on biochemical,
immunological and microbiological methods.
These conventional approaches have been
successful in many cases but they require the
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suitable for vaccine testing. Furthermore,
when dealing with non-cultivatable micro-
organisms, there is no approach to vaccine
development.

With the advent of whole-genome sequenc-
ing and advances in bioinformatics, the vac-
cinology field is radically changed, providing
the opportunity for developing novel and
improved vaccines. Although DNA-sequencing
methods have changed little over the years,
advances in automation and bioinformatics
have enabled the determination of complete
microbial genome sequences in a short period
of time. One can now mine the sequences for
potential surface targets using various algo-
rithms, characterize these gene targets and
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choose primers for cloning, all before one
enters the laboratory.

This new approach, termed ‘reverse vacci-
nology’ [1,2], in conjunction with advances
in molecular biology technologies, enables
systematic identification of all the potential
antigens of a pathogen, making it theoreti-
cally possible to develop a safe and efficacious
vaccine against any infectious disease.

Vaccines at the end of the 20th century:
classical vaccinology

Conventional vaccines consist of live-atte-
nuated microbes, killed, inactivated micro-
organisms, purified microbial components,
polysaccharide-carrier protein conjugates or
recombinant proteins. The two basic types
of vaccine, based on the microorganism in an
attenuated but live form or on the killed, inac-
tivated microorganism, were among the first
vaccines generated. A third type of vaccines,
made from the diphtheria and tetanus toxoids,
was developed in the 1920s and represents a
much more sophisticated product. The two
toxins, which were previously shown to be the
essential for causing the disease, were chemi-
cally detoxified to yield the non-toxic toxoids.
Although other purified single-component
vaccines (e.g. surface polysaccharides of encap-
sulated bacteria) are immunogenic, they might
not be able to induce immunological memory.
The ability of a protein antigen to induce a
T-cell immune response can be improved by
conjugation to a polysaccharide. These glyo-
conjugate vaccines were first prepared and
studied with Haemophilus influenzae type b and
have proved to be a great success [3].

In the last quarter of the 20th century, the
revolution of microbiology through recom-
binant DNA techniques provided new tools
for vaccine research. In this approach, specific
antigens, selected on the basis of immuno-
logical data from patients, are purified from
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Figure 1. Flow chart of the genome-based approach to vaccine
development. This approach involves the in silico analysis of
microbial genome sequences followed by the high-throughput
expression of the genes of interest. The recombinant proteins
are then used to immunize mice and the post-immunization
sera are analyzed to assess the ability of the polypeptide to elicit
a quantitative and qualitative immune response.

heterologous systems in which the corresponding genes
have been cloned and tested for safety and efficacy. This
approach generated the first recombinant vaccine for
human use, the hepatitis B vaccine, in 1984 [4].

The impact of vaccinology in the 20th century has been
enormous; however, all these approaches have several lim-
itations, including the fact that proteins that are immuno-
genic in vivo are not necessarily protective antigens, are
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often variable in sequence and are difficult to express
and/or purify in a large amount, leading to high produc-
tion costs. In addition, the antigens identified are only the
most abundant and only a few antigens are analyzed
simultaneously. As a result, there are several infectious dis-
eases for which these traditional approaches have failed
and for which vaccines have not yet been discovered.

Vaccines at the beginning of the 21st century:
reverse vaccinology

The technology for sequencing entire genomes of micro-
organisms is a recent development in the history of genetics
[5]. The first complete genome sequence for any free-living
organism (H. influenzae) was published by Venter and co-
workers in 1995 [6], who employed a strategy of random
whole-genome ‘shotgun’ sequencing. It therefore became
possible to sequence the entire genomes of prokaryotes
with great rapidity and efficiency.

The possibility of determining the whole sequence of a
bacterial genome led to the idea of using the genomic
information to discover novel antigens that had been
missed by conventional vaccinology. This novel reverse
vaccinology approach (Fig. 1) involved the in silico analysis
of the microbial genome sequence [1,2] and was first used
to identify antigens as potential candidates for a vaccine
against serogroup B meningococcus [7].

In silico analysis of genomes

Secreted or extracellular proteins are more easily accessible
to antibody than are intracellular proteins and therefore
represent ideal vaccine candidates. Various algorithms
currently exist to identify proteins with these features from
data bank sequences. However, computer algorithms are
not always able to correctly predict the cellular localization
of proteins [8]. The success of genomic-based strategies for
vaccine development is highly dependent on the criteria
used for the in silico selection of the potential antigens.
Several approaches can be used to mine genomic sequences,
and the appropriate combination of the various algorithms
and the critical evaluation of the information generated are
essential for the proper selection of the antigens.

A primary screen for coding capacity is carried out on
DNA segments or contigs using database and computer
programs included in the Wisconsin package version 10.0
[Genetics Computer Group (GCG); http://www.accelrys.
com]. As a second step, all the predicted open reading
frames (ORFs) are used for homology searches against a
database with BLASTX, BLASTN and TBLASTX programs
[9,10] to identify DNA segments with potential coding
regions. The ORFs coding for known cytoplasmic functions
or known antigens are excluded, whereas the other coding
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regions are selected for further analysis. A third screening
step, designed to identify putative proteins with a cellular
localization spanning the inner membrane to outside the
bacterium, is applied. BLAST, FASTA, MOTIFS, FINDPAT-
TERNS and PSORT [11,12], in addition to the ProDom
[13,14], Pfam [15] and Blocks [16,17] databases, are used to
predict features typical of surface-associated proteins, such
as transmembrane domains, leader peptides, homologies
to known surface proteins, lipoprotein signatures, outer
membrane anchoring motives and host-cell binding
domains such as RGD [18].

The genome is also searched for proteins that are homo-
logous to putative virulence factors previously character-
ized in other organisms. The sequences are examined for
the presence of tandem repeats in or at the 5' ends of
genes that characterize certain virulence genes [19,20].
Owing to changes in the number of copies of tandem re-
peats, the expression of these genes is turned on or off
(phase variation), leading to an attenuated or virulent
phenotype. In addition, the G+C content of the genome
is analyzed to establish the possible acquisition of genes
by horizontal transfer. Finally, the bioinformatic analysis
is expanded to include similarity searches against unfin-
ished microbial genome sequence databases, in addition
to the available sequences of related genomes for sequence
conservation.

High-throughput expression
The in silico approach results in the selection of a large
number of genes, covering as much as 25% of the total
number of ORFs in the genome. Therefore, it is necessary
to use simple procedures that permit large numbers
of genes to be cloned and expressed. Fortunately, the
development of robotics and PCR make this possible.
Oligonucleotide primers for the PCR reaction are designed
from the genomic sequences. Each pair of primers also
contains sequences that correspond to appropriate restric-
tion sites for cloning into prokaryotic expression vectors or
recognition sites for recombinases where in vitro recombi-
nation is employed to clone genes. The product of each
PCR reaction is then cloned and screened for expression in
a heterologous system. Successful expression depends on
the predicted localization of the protein. Integral mem-
brane proteins have proven to be particularly difficult to
produce by recombinant techniques in Escherichia coli.
The most commonly used methods to express genes are
based on their fusion to a histidine-tag and/or to glutathione
S-transferase to facilitate rapid purification of the recombi-
nant proteins by simple affinity column chromatography.
In the case of insoluble antigens, the purification with de-
naturing agents (e.g. urea) is followed by a renaturation
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procedure based on two-step dialysis in the presence of
arginine, glycerol and, in the case of proteins with disul-
fide bridges, the addition of reduced and oxidized
glutathione. Enhancement of solubility, yield and purity
of the antigens is, in some cases, achieved by using deter-
gents or changing the temperature at which the microbial
strain is grown.

Immunogenicity testing

Once purified, the recombinant proteins are used to im-
munize mice and the post-immunization sera are analyzed
to verify the computer-predicted surface localization of
each polypeptide and their ability to elicit a quantitative
and qualitative immune response.

First, the immune sera are tested using western blot
analysis of the recombinant proteins, outer membrane
vesicles (OMVs) and total extracts of the bacterium to
determine if the antibodies are able to recognize both the
recombinant and the bacterial protein, and to confirm the
predicted localization of the protein. A limitation of im-
munoblotting is that it requires boiling of the samples,
which results in disruption of the native structure of anti-
gens, preventing antibody from binding to conformational
epitopes. To further confirm the presence of the proteins
on the bacterial surface and to assess their immunogenicity,
sera are analyzed by ELISA and fluorescence-activated cell
sorter analysis (FACS) to measure antibody titers and to
determine the ability of antisera to bind to the surface of
live bacteria.

The direct means to study the protective efficacy of can-
didate antigens is to test the immune sera in an animal
model in which protection is dependent on the same effec-
tor mechanisms as in humans. The lack of reliable animal
models has often hampered the development of vaccines,
and alternative in vitro assays that are known to correlate
with vaccine efficacy in humans have to be developed (e.g.
assays that measure bactericidal activity [21] and opso-
nophagocytosis [22]).

A milestone: MenB

Neisseria meningitidis is a human pathogen that, despite
available antibiotic therapy, is still a major cause of mortal-
ity as a result of sepsis and meningitis. Using traditional
approaches, vaccines have been developed against
serogroups A, C, Y, and W135, but for group B meningo-
coccus (MenB), an efficacious vaccine is not yet available.
Sequence variation of surface-exposed proteins and cross-
reactivity of the serogroup B capsular polysaccharide with
human tissues have hampered efforts to develop a success-
ful vaccine. Therefore, a completely different approach was
needed for this bacterium.
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MenB represents the first example of the application of re-
verse vaccinology and the demonstration of the power of
genomic approaches for target antigen identification [7].
While the N. meningitidis sequencing project was in progress,
the incompletely assembled DNA fragments were screened
by computer analysis to select proteins predicted to be on the
bacterial surface or those with homologies to known bacterial
factors involved in pathogenesis and virulence. After dis-
carding cytoplasmic proteins and known Neisseria antigens,
570 genes predicted to code for surface-exposed or mem-
brane-associated proteins were identified. Successful cloning
and expression was achieved for 350 proteins, which were
then purified and tested for localization, immunogenicity
and protective efficacy. Of the 85 proteins found to be sur-
face-exposed, 22 were able to induce complement-mediated
bactericidal antibody response, providing a strong indication
of proteins capable of inducing protective immunity. In
addition, to test the suitability of these proteins as candidate
antigens for conferring protection against heterologous
strains, the proteins were evaluated for gene presence, phase
variation and sequence conservation in a panel of genetically
diverse MenB strains representative of the global diversity of
the natural N. meningitidis population [23]. Most of the se-
lected antigens were able to induce cross-protection against
heterologous strains, demonstrating that the antigens,
identified by in silico analysis, are good candidates for the
clinical development of a vaccine against MenB [7-24].

A more general application: other pathogens

The availability of an increasing number of bacterial
genome sequences, together with the MenB example, has
prompted the application of the reverse vaccinology ap-
proach to other pathogens. The use of bioinformatics tools
in combination with molecular biology techniques, en-
ables the systematic investigation of the utility of potential
genomic sequences to act as antigens for vaccine produc-
tion. It is now possible to conceive of the development of
new vaccines against a wide variety of pathogens for which
classical vaccinology has failed so far and, in theory, this
approach could be extended to parasites and viruses.

Streptococcus pneumoniae

Streptococcus pneumoniae is the leading cause of bacterial
sepsis, pneumonia, meningitis and otitis media in young
children in the USA. Vaccines in current use have poor effi-
cacy in infants and there is little or no cross-protection
between the different serotypes. To identify a more suit-
able vaccine candidate, the whole genome sequence of
S. pneumoniae was scanned and 130 potential ORFs with
significant homology to surface proteins and virulence factors
of other bacteria were selected [25]. From this set, 108 ORFs
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were expressed and purified for mice immunization and
evaluated as vaccine candidates. A subset of six novel antigens
was able to induce protective antibodies against pneumo-
coccal challenge in a mouse sepsis model. Furthermore, the
six predictive targets showed a high degree of cross-reac-
tivity against the majority of capsular antigens that are
expressed in vivo and are immunogenic during human
infection. Thus, this genomic approach to vaccine devel-
opment led to the identification of new antigens, which
could constitute parts of a more powerful vaccine.

Porphyromonas gingivalis

Another application of the reverse vaccinology strategy is
represented by the attempt to develop a protein-based vac-
cine for the prevention of chronic adult periodontitis
disease caused by Porphyromonas gingivalis, a gram-negative
anaerobic bacterium that has been found in subgingival
plaques. From an anticipated 2000 genes, 120 proteins
were selected for screening using bioinformatics tools [26]
and 107 of these were expressed in E.coli and analyzed by
western blotting using sera from human periodontitis
patients and animal antisera. These candidates were reduced
to a group of 40 proteins, which were purified and used to
immunize mice. The mice were then challenged with the
bacteria in a subcutaneous abscess model. From this subset
of candidates, two antigens demonstrated significant
protection in this animal model. These proteins have
also shown homology to OprF of Pseudomonas aeruginosa,
which is part of the vaccine formulation that is currently
in human clinical trial. Therefore, these proteins could
represent potential vaccine antigen candidates.

Staphylococcus aureus

To identify vaccine candidates for Staphylococcus aureus, an
approach based on genomic libraries was developed [27].
This represents an alternative way to use whole-genome se-
quence information. S. aureus peptides were displayed on
the surface of E. coli via fusion to one or two outer mem-
brane proteins (LamB and FhuA) and probed with sera
selected for high antibody titers and opsonic activity. The
exhaustive screening of the two different peptide expres-
sion libraries by the application of MACS technology
(magnetic cell sorting) enabled the profile of antigens that
are expressed in vivo and that are able to elicit an immune
response in humans to be identified. A total of 60 antigenic
proteins were identified, most of which were predicted to
be secreted or located on the surface of the bacterium, and
their antibody-binding sites were mapped. This approach,
which makes use of whole-genome sequence information,
can facilitate the development of novel vaccines and can
be extended to other related bacteria.
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Chlamydia pneumoniae

Chlamydia pneumoniae is an obligate intracellular bac-
terium and a human pathogen associated with respiratory
infections, atherosclerotic and cardiovascular disease.
Chlamydia has developed a biphasic life cycle, with two
morphologically different forms: a spore-like infectious
form, called elementary bodies (EBs), and an intracellular
form, called reticulate bodies (RBs). The technical difficulty
in working with Chlamydia and the absence of reliable
tools for genetic manipulation have prevented the
characterization of the EB form.

Using a systematic genomic—proteomic approach to
identify EB surface proteins, 28 surface-exposed proteins
were identified [28]. Through in silico selection, 157 puta-
tive proteins were identified. The recombinant form of
these proteins was expressed in E. coli, purified and used to
immunize mice. The antisera were used to detect cell sur-
face localization of the putative proteins by FACS analysis.
This methodology led to the identification of 53 proteins
that were also screened by western blot analysis. To support
FACS and western blot data, a proteomic analysis of EB
total proteins was carried out using 2D gel electrophoresis
combined with spot identification by mass spectrometry.
Combining the results, 28 antigens were identified. This
work represents the first successful attempt at a systematic
genome-proteome analysis of protein organization on the
cell surface in C. pneumoniae and a rational way to select
new vaccine candidates.

Bacillus anthracis

Bacillus anthracis is the causative organism of the potentially
fatal disease anthrax. Fully virulent forms of B. anthracis
carry the two large plasmids pXO1 and pXO2, which are
considered to be the major virulence determinants. pXO1
carries the protective antigen (PA), the common cell-
binding domain capable of interacting with two different
domains, the lethal and edema factors, which elicit cell
damage. The PA is the major immunogenic component of
the vaccines licensed for use in humans and requires multiple
immunizations and occasionally provokes cases of reacto-
genicity. Identification of novel antigens is therefore essen-
tial for the development of second-generation B. anthracis
vaccines. This search focused on secreted and surface-
exposed proteins along with ORF products similar to proteins
involved in bacterial pathogenesis [29]. Using functional
genomic analysis, 11 candidates were selected. In this case,
a simple method that relied on the in vitro translation of
the linear full-length DNA of the selected ORFs was used.
Polypeptides obtained in vitro were then evaluated for
immunogenicity by analysis of their reactivity with hyper-
immune anti-B. anthracis antisera. The combination of
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bioinformatic genomic analysis and an efficient and fast
screening facilitated the identification of unknown anti-
genic proteins, three of which appear to be similar to im-
munogenic PA, the major constituent of the B. anthracis
vaccine. These new proteins could represent parts of a second-
generation anthrax vaccine.

Conclusions

The late 1990s marked the beginning of the era of genomics.
Genomic sequencing and analysis are now in a period
of ‘exponential growth.” More than 90 eukaryotic and
prokaryotic genomes have been completely sequenced,
with analysis of more than 200 genome sequences cur-
rently under way.

The availability of the entire genetic content of several
important human pathogens has opened new innovative
and efficient research avenues to identify a wide array of
new antigens for vaccines against any infectious disease.
However, genome data alone cannot be used to accurately
predict the in vivo efficacy of candidate antigens. Therefore,
vaccine candidates selected on the basis of in silico criteria
need to be validated using genomic, proteomic, genetic,
biochemical and bioinformatic approaches, in addition to
appropriate animal models.

The advantage of the reverse vaccinology approach is
that it is not limited by growth conditions or detection
methods for gene expression. This strategy identifies a
small number of the most promising new vaccine candi-
dates from a large number of antigens and enables more
rapid development of these candidates at a reasonable cost
compared with traditional strategies.
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