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7 The impact of genomics on vaccine design

Trends in Biotechnology, Volume 23, Issue 2, February 2005, Pages 84-91
Maria Scarselli, Marzia M. Giuliani, Jeannette Adu-Bobie, Mariagrazia Pizza and
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15 Applying pharmacogenomics to enhance the use of
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25 Moving primate genomics beyond the chimpanzee genome
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32 Genomics of microRNA
Trends in Genetics, Volume 22, Issue 3, March 2006, Pages 165-173
V. Narry Kim and Jin-Wu Nam
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41 Differences between pair-wise and multi-sequence align-

ment methods affect vertebrate genome comparisons
Trends in Genetics, Volume 22, Issue 4, April 2006, Pages 187-193
Elliott H. Margulies, Christina W. Chen and Eric D. Green
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48 Dissecting the mammalian genome - new insights into
chromosomal evolution

Trends in Genetics, Volume 22, Issue 6, June 2006, Pages 297-301
Terence J. Robinson, Aurora Ruiz-Herrera and Lutz Froenicke
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53 Many gene and domain families have convergent fates
following independent whole-genome duplication events in

Arabidopsis, Oryza, Saccharomyces and Tetraodon

Trends in Genetics, Volume 22, Issue 11, November 2006, Pages 597-602
Andrew H. Paterson, Brad A. Chapman, Jessica C. Kissinger, John E. Bowers,
Frank A. Feltus and James C. Estill
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59 Did brain-specific genes evolve faster in humans than in
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Trends in Genetics, Volume 22, Issue 11, November 2006, Pages 608-613
Peng Shi, Margaret A. Bakewell and Jianzhi Zhang

Jigith S R L2 A 2 v iy E AR L A SRR v PR 7
RHNAE. EHSHERAXRITHERKEXREZNG

New Focus in Life Sciences . \é

# OE &
REN GOMMUNIGATIONS

fiz—. WEM—TRIEY EAXRRNEES, BWERSHA
XHBREFEEZNFIMEH AR . HREXFRE, &
M BLFERHEFHENERPRENEER RN R TEES
ZEAMNBERH#TT S ERATENST FERBIRRFFMEN
ARMARSTERREN ERXALRFRENERZ BRIFE
&, BHAPET—NERZFALMER X MR BRE. B
EHIRER, B TRHERER AXBHRHERNIERXERE
LLEEERES. RNNERIER, ARNBERHEFFAZHTH
FEARMABTERENMREM~ L.

65 Plant bioinformatics: from genome to phenome
Trends in Biotechnology, Volume 22, Issue 5, 1 May 2004, Pages 232-237
David Edwards and Jacqueline Batley
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71 Interrogating the transcriptome
Trends in Biotechnology, Volume 22, Issue 1, January 2004, Pages 23-30
Yijun Ruan, Pierre Le Ber, Huck Hui Ng and Edison T. Liu
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79 Microarrays - status and prospects
Trends in Biotechnology, Volume 22, Issue 12, December 2004, Pages 630-637
Srivatsa Venkatasubbarao
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87 Miniaturising the laboratory in emulsion droplets
Trends in Biotechnology, Volume 24, Issue 9, September 20086, Pages 395-402
Andrew D. Griffiths and Dan S. Tawfik
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95 Surface manipulation of biomolecules for cell microarray

applications
Trends in Biotechnology, Volume 24, Issue 10, October 2006, Pages 471-477
Andrew L. Hook, Helmut Thissen and Nicolas H. Voelcker
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102 Small molecule microarrays: from proteins to mamma-
lian cells - are we there yet?

Trends in Biotechnology, Volume 23, Issue 6, June 2005, Pages 271-274
Gabriela Chiosis and Jeffrey L. Brodsky
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106 Issues in the analysis of oligonucleotide tiling microarrays
for transcript mapping

Trends in Genetics, Volume 21, Issue 8, August 2005, Pages 466-475
Thomas E. Royce, Joel S. Rozowsky, Paul Bertone, Manoj Samanta, Viktor
Stolc, Sherman Weissman, Michael Snyder and Mark Gerstein
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The impact of genomics on vaccine

design
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After 200 years of practice, vaccinology has gained
new perspectives for preventing infectious diseases.
Sequencing of complete bacterial genomes led to the
development of new large-scale technologies, such as
bioinformatics, proteomics and DNA microarrays. By
examining genetic content, as well as transcription and
expression profiles, a more detailed understanding of
bacterial pathogenesis can be reached. Moreover, the
whole-genome perspective is expected to provide an
instrumental contribution to vaccine development,
particularly to target those pathogens for which the
traditional approaches have failed so far. In this review,
we describe how genomic approaches can be used to
identify novel vaccine candidates or create safer live-
attenuated vaccines.

Over the years, immunization has experienced several
milestones, from the early attempts of ‘variolation’ to
modern, genetically engineered vaccines. Since its intro-
duction more than 200 years ago, vaccination has
prevented illness and death for millions of individuals
every year. However, despite the success of vaccinology,
infectious diseases are still the leading cause of death
worldwide. All vaccines available are based on killed or
live-attenuated microorganisms, on toxins detoxified by
chemical treatment, on purified antigens and on poly-
saccharide conjugated to proteins (Figure 1). The knowl-
edge of the pathogenesis of microorganisms, the
identification of the main virulence factors and the
characterization of the immune response after infection
has been fundamental for the design of second-generation
vaccines based mainly on highly purified antigenic
components [1].

Recently, there have been two major innovations in
vaccine design. The first was the advent of modern
molecular biology techniques. These techniques gave rise
to two efficacious recombinant vaccines: the hepatitis B
vaccine, which is based on a highly purified envelope
protein [2] and that against Bordetella pertussis, based on
three highly purified proteins [3]. The latter also
pioneered the use of structure—function studies to
produce a genetically detoxified toxin that maintained
an unaltered antigenic conformation [4].

Until recently, vaccine design was based on conven-
tional approaches using biochemical, microbiological and
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serological methods to identify single antigen components
that can be produced either in pure form from the
pathogen cultivated in laboratory conditions or by using
recombinant DNA technology. The antigens are then
tested for their ability to induce an immune response.
This approach can take years or decades, and in many
cases fails to identify protective antigens that are relevant
in vivo during infection. The approach needs the pathogen
to be grown in vitro and therefore is not applicable to
noncultivable organisms.

The second revolution in vaccine design is more recent
and is a result of the use of genomic technology.
Sequencing of the first bacterial genome Haemophilus
influenzae marked the beginning of a ‘genomic era’,
changing the landscape of modern biology and leading to
a new approach in vaccine design. So far, ~172 complete
genomes of pathogens and nonpathogens are available
and more than 400 other microorganisms are being
sequenced [Genomes OnLine database (GOLD) at http:/
wit.integratedgenomics.com/GOLDY/]. It is now possible to
determine the complete genome sequence of a pathogen in
a short period of time (months) at low cost. Genomic
information can then be used to screen the inclusive set of
proteins potentially encoded by a microorganism, in
search of potential vaccine candidates — an approach
known as reverse vaccinology [5]. ,

Moreover, is it now possible to compare the sequences of
related bacteria and pathogens against commensals of the
same or related species, and even bacteria with different
or similar pathogenic profiles, identifying putatively
disease-related genes (comparative genomics).

Functional genomics approaches are complementary to
in silico antigen discovery. These include the large-scale
analysis of gene transcription by DNA microarrays, the
identification of the whole set of proteins encoded by an
organism (proteomics) by two-dimensional gel electro-
phoresis and mass spectrometry, as well as the compara-
tive genome—proteome technologies.

Reverse vaccinology

The first example in which genomic technology was used
for the identification of potential vaccine candidates is the
vaccine against Neisseria meningitidis serogroup B [6],
the major cause of sepsis and meningitis in children and
young adults. For several decades, studies using conven-
tional approaches to vaccine research failed to provide an
effective and universal vaccine against meningococci B
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Figure 1. Different approaches to vaccine design. The development of vaccines has been the consequence of the continuous introduction of a series of new technologies.
Progress made in molecular immunology and biotechnology in the past two decades has led to a gradual shift from the classical whole-cell vaccines consisting of killed
pathogens (a) to subunit vaccines (c.e). Application of DNA recombinant technology has resulted in the production of live attenuated vaccines (b) by inactivating genes
responsible for pathogenicity. DNA manipulation has also revolutionized the ability to clone, purify and engineer subunit antigens to remove toxic effects while retaining
immunogenicity (¢). Moreover, attenuated or nonpathogenic bacteria and viruses can be engineered to express foreign protein antigens (d). The possibility of determining
the complete genome sequence of bacteria marked the beginning of a ‘genomic era’ that opened new perspectives for vaccine design. The entire set of potential antigens can
be identified by the analysis in silico of the genome sequence. Then potential antigens are cloned, purified and subjected to immunological screening. The whole procedure
leads to the identification of a restricted number of vaccine candidates. This approach is called reverse vaccinology (e).



(MenB). With the advent of genomics, in collaboration
with The Institute of Genomic Research (TIGR; www.tigr.
org), the complete genome of the virulent strain MC58 was
sequenced [7]. Within 18 months of beginning the
sequencing, more than 600 potential vaccine candidates
had been predicted using computer analysis, and 350 of
them were expressed in Escherichia coli, purified and used
to immunize mice [6]. The antisera obtained were tested
using enzyme-linked immunosorbent assay (ELISA) flu-
orescent-activated cell sorting (FACS) techniques to
evaluate the surface localization of the antigens in
MenB. In addition, the antisera were tested for bacteri-
cidal activity, a property known to correlate with protec-
tion in humans. Ninety-one novel surface-exposed
antigens were identified, 29 of which induced bactericidal
antibodies. Moreover, sequence variability of the potential
vaccine candidates was evaluated among multiple isolates
and serogroups of N. meningitidis, three strains of
Neisseria gonorrhoeae, as well as one strain each of
Neisseria cinerea and Neisseria lactamica. The antigens
identified using the genome approach are different from
those identified using conventional approaches. Many of
the new antigens include 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. The approach of
reverse vaccinology has identified more potential vaccine
candidates than have been identified over the past 40
years. These promising vaccine candidates, able to induce
wide strain coverage, are currently under evaluation and
have entered into development. In a subsequent study,
Grifantini et al. [8], using DNA microarray technology,
identified several novel MenB antigens that had not been
identified by the reverse vaccinology technique. This study
therefore showed that DNA microarrays can be used to
identify vaccine candidates and complement other gen-
ome-mining strategies.

Following the success of MenB, other groups have used
this approach to identify vaccine candidates against the
main human pathogens. Pathogens that have been
studied using reverse vaccinology include Bacillus
anthracis [9], Streptococcus pneumoniae [10], Staphylo-
coccus aureus [11,12], Chlamydia pneumoniae [13],
Porphyromonas gingivalis [14], Edwardsiella tarda
[15] and Mycobacterium tuberculosis [16]. It is worth
noting that DNA technology is a powerful tool that
facilitates the discovery of previously unknown pro-
teins. However, genome projects risk becoming a vast
library of information and it is important to charac-
terize these novel antigens not only as vaccine
candidates but also in terms of understanding their
roles and functions.

In our efforts to discover surface-exposed proteins of
N. meningitidis to exploit for vaccine development, we
identified and characterized, from the biochemical and
functional point of view, three meningococcal adhesins
(Adhesion and penetration protein App [17], Neisseria
adhesin NadA [18] and Neisseria Hia/Hsf homolog NhhA
[19,20]), two novel lipoproteins (Genome-derived Neis-
seria. antigens GNA1870 [21] and GNAS33 [22]) and the
ADP-ribosyltransferase NarE [23].

App is a member of the autotransporter family homolog
to the Haemophilus adhesion and penetration protein
(Hap) of H. influenzae [24]. The recombinant protein has
serine protease activity and is able to bind to human
epithelial cells. Deletion of the app gene in a virulent
MenB strain significantly reduces its adherence capability
compared with the wild type, suggesting that App is an
adhesin, which might have a role in N, meningitidis
colonization of the nasopharyngeal mucosa [17].

NadA is a surface protein of N. meningitidis and is
homologous to YadA of enteropathogenic Yersinia and to
UspA2 of Moraxella catarrhalis [25]. The NadA gene was
found in strains belonging to many hypervirulent lineages
but was absent in N. gonorrhoeae and in the commensal
species N. lactamica and N. cinerea. The protein forms
high molecular weight oligomers on the surface of
N. meningitidis and mediates bacterial binding to epi-
thelial cells, suggesting that it might be involved in
adhesion [18].

NhhA, a protein showing sequence similarity to Hia
and Hsf adhesins of H. influenzae, is also likely to have a
role in the cell adhesion process. These three proteins
present a common modular organization and contain a
conserved amino acid motif which is also present in
human proteins belonging to the family of cell adhesion
molecules (CAMs). The analogy between NhhA and CAMs
could suggest that NhhA might mediate the adhesion of
meningococcus to human cells by mimicking the cell—cell
interaction mechanisms [19].

GNA1870, a surface-exposed protein, is considered to
be a top candidate for the development of a new vaccine
against meningococcus, being able to induce protective
immunity in animals [21,26]. GNA33 is a highly conserved
lipoprotein, homologous to a membrane-bound lytic
transglycosylase (MItA) of E. coli, and its lytic trans-
glycosylase and muramidase activity has been demon-
strated [27], indicating that GNAS33 is involved in the
degradation of both insoluble murein sacculi and unsub-
stituted glycan strands. The role of GNA33 in patho-
genesis and virulence has been further investigated by
generating a knockout mutant in N. meningitidis sero-
group B. The mutant showed retarded growth and altered
morphology in vitro, as well as being unable to cause
bacteremia in the infant rat model [22]. These results
showed that GNA33 has an important role in peptido-
glycan metabolism, cell separation and virulence.

A profile-based computational approach, assisted by
secondary structure predictions, has been the basis for the
identification of NarE, a surface ADP-ribosyltransferase
in N. meningitidis, with structural analogies to E. coli
heat-labile enterotoxin and cholera toxin [23]. Bacterial
ADP-ribosylating exotoxins exert their toxic effects by
transferring the ADP-ribose moiety of NAD onto specific
eukaryotic target proteins. The possible membership of
NarkE to this class of virulence factors makes this protein a
potentially valuable target for antibiotic therapy as well as
an immunogen for vaccine development.

Comparative genomics
In silico whole-genome analysis has the potential to
provide the basis for the complete understanding of the
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genetics, biochemistry, physiology and pathogenesis of
microorganisms.

As the number of complete genome sequences
increases, it becomes possible to compare a significant
number of genomes from bacteria belonging to closely
related species. In particular, the analysis of the genetic
variability between pathogens and closely related non-
pathogenic microorganisms leads to the rapid identifi-
cation of the complete set of genes potentially responsible
for acquisition of virulence and has two main practical
implications in vaccine discovery.

Firstly, it offers a valuable guideline into the search for
suitable proteins to use as purified antigens in subunit-
based vaccines. Secondly, it can provide the rational basis
for a safe and stable attenuation of live vaccine candidates
or vectors for vaccine delivery.

The virulence of many pathogens often correlates with
the presence of DNA tracts encoding disease-related
factors, the so-called pathogenicity islands (PAIs), usually
acquired by genetic horizontal transfer (GHT) and absent
from nonpathogenic species [28].

Although GHT is a ubiquitous phenomenon common to
prokaryotic and eukaryotic phyla, the frequency, mechan-
isms and extent of GHT vary widely among different
microorganisms [29]. Enterobacteriaceae and group A
Streptococci (GAS) both represent examples of bacteria
subjected to extensive GHT.

Comparison of the genome of pathogenic strains of
E. coli with the laboratory strain K-12 MG1655 showed
evidence of a mosaic-like structure in these genomes, in
which the synteny of the common core chromosome is
broken by multiple segments of apparently introgressed
DNA-carrying directories of virulence-associated genes.
Different combinations of these acquired ‘islands’ confer to
each type of E. coli its characteristic lifestyle and
pathogenic potential [30-32].

Group A Streptococci, human pathogens causing
pharyngitis, cellulites, sepsis, necrotizing fasciitis and
acute rheumatic fever, represents perhaps the most
prominent example of the role of phages in determining
genetic variability [33]. Complete GAS genome sequences
determined so far detected the presence of a phage
population heterogeneous in number, gene content and
chromosomal integration position [34—37]. Almost all of
the GAS phages contain proven or putative virulence
factors, supporting the hypothesis that the mechanism by
which variation in virulence is generated in natural GAS
populations is via recombination events involving phage-
borne toxin genes.

By contrast, in the case of Listeria [38], Corynebacterium
[39], Bacillus [40-43], Clostridium [44] and Pseudomonas
[45] genera, comparative genome analysis detected a
lower degree of genetic variability between pathogens
and avirulent variants, which nevertheless still enabled
the identification of strain-specific genes responsible for
the pathogenic lifestyle.

The association between GHT and the acquisition of
virulence is valuable information for therapeutic inter-
vention. In particular, proteins encoded by disease-related
genes form a promising class of vaccine candidates, which
underlines the usefulness of comparative genome
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analyses to tackle outbreaks generated by the emergence
of new invasive microorganisms that have recently
expanded their offensive arsenal of genes.

Although DNA acquisition is often the main cause of
inter- and intraspecies genetic differences, it is not the
only determinant of pathogenicity: the genome of
Campylobacter jejuni, the causative agent of Guillain—
Barré syndrome, presents few indications of GHT [46], in
contrast to the closely related gastric pathogen Helico-
bacter pylori [47].

The uptake of exogenous DNA is typically a rare event
in the case intracellular bacteria such as Chlamydiaceae
[41,48,49] and Mycobacterium spp. [50]. The inherent
isolation of intracellular microorganisms probably pro-
vides little chance of horizontal transfer and seems to
enhance the tendency to genome reduction as a conse-
quence of adaptation to the host cell environment. In
principle, this higher stability of intracellular bacterial
genomes enhances the possibility of identifying protein
targets for broad-spectrum drugs and vaccines.

Genome sequence analysis also provides crucial
insights into the evolution of bacterial pathogenesis,
enabling us to decipher a series of different mechanisms
evolved by microorganisms to alter their antigenic
appearance: phase variation [51], gene duplication [52—54]
and tendency to loss of rudimental functions [55,56].

The discovery of such a panoply of bacterial strategies
devoted to shielding crucial proteins from attack by the
immune system emphasizes that a good vaccine candidate
has to be conserved and stably maintained within the
natural population of the target pathogen.

Recently, increasing emphasis has been placed on
genome sequencing of closely related organisms [57],
which can, in principle, be used to monitor gene content
variability within a single species. In particular, some
examples of genome comparison between different clinical
isolates have been reported [58-60]. Interestingly, these
studies have contributed to a better definition (and in
some cases a revision) of the profile of genetic variability
of these pathogens. The comparative genome analysis of
H. pylori strain J99, isolated in the USA in 1994 from a
patient with a duodenal ulcer, and strain 26695, recovered
before 1987 in the UK from a patient with gastritis,
revealed a limited number of strain-specific genes and an
overall genome organization quite similar between the
two strains [58]. These results, somewhat unexpected in a
pathogen previously believed to be subject to extensive
genomic and allelic diversity, suggested that, in addition
to differences in bacterial gene expression, human host
factors might also have a significant and perhaps
previously underestimated role in determining the sever-
ity of H. pylori infection.

By contrast, from a comparison of the genome sequence
of M. tuberculosis clinical strain CDC1551 with the
laboratory-adapted H37Rv emerged a more extensive
variability than had been initially anticipated [59]. Such
divergence could have important implications for patho-
genesis and immunity, as it is likely that these variable
proteins are involved in interactions with the host.

The case of Mycobacterium highlights the relevance of
detecting genetic diversity in pathogenic strains.



Whole-genome sequencing is undoubtedly the most
powerful method, in that it provides the most precise
information. In practice, it is not actually feasible to
sequence a panel of isolates that is wide enough to fully
monitor a circulating bacterial population, and the
available genome sequences actually refer to a limited
number (often only one) of strains. Moreover, the choice of
strains for genome sequence projects is contentious
because it is unlikely that a single strain can be
sufficiently paradigmatic for the biology and pathogenic
potential of a species. It is therefore imperative that the
identification of candidate antigens obtained by genome
sequence analysis is validated and extended by the
contribution of other high-throughput techniques.

DNA microarray is a powerful technology for investi-
gating genome diversity and relatedness from a com-
parative genomics perspective [61]. In particular, the
comparative genomic hybridization (CGH) approach cir-
cumvents the need for sequencing multiple closely related
genomes. Briefly, through differential hybridization of
probes generated from a test genomic DNA, for which
the sequence is available, CGH reveals regions of loss
(or retention) with respect to the reference strain. Owing
to its intrinsic technical limitations, CGH analysis
necessarily fails to detect acquisition events with respect
to the reference strains. However, the increasing number
of CGH studies directed towards detecting gene presence
or absence profiles in bacterial populations [61,62] permits
a more accurate evaluation of the genetic stability of a
great number of bacterial pathogens.

Functional genomics

Based on the availability of the entire genome sequences
of an organism, new disciplines of molecular biology have
emerged. These techniques have the potential to accel-
erate the process of identifying protective protein antigens
as subunit vaccine targets as well as validating and
extending the range of available candidate antigens
(Figure 2). Moreover, by providing a functional correlation
for genes and proteins with phenotypes such as the
presence and mode of pathogenicity, they offer new
perspectives for the production of attenuated mutants
which might be used as live vaccines or delivery systems
for heterologous antigens.

Microarray expression technology

Following the expression profiling of mRNA, the tran-
scriptome (i.e. the complete set of transcripts of an
organism) can be monitored through a series of specific
standardized in vitro conditions of growth, to identify
genes that are differentially expressed in response to
environmental modifications. Consequently, the use of
this technology has been exploited for the study of
infectious diseases by analyzing global variations in gene
expression occurring during infection on both sides of the
host—pathogen interaction [59].

Microarray-based expression studies provide a strong
contribution to the understanding of how a pathogen
orchestrates responses to the host environment. The
transcriptional changes in N. meningitidis were investi-
gated from meningococci incubated in human serum as
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Figure 2. Interplay between the different rationales for applying genome-derived
technologies to vaccine design. The rational design of protein-based vaccines can
exploit complete bacterial genome sequencing by predicting the cellular localiz-
ation of all the putative gene products, using a variety of sophisticated computer
programs. It becomes possible to choose a priori potentially surface-exposed
proteins that form a first group of vaccine candidates. This set of potential antigens
can be validated by using DNA microarray technology and/or two-dimensional gel
electrophoresis profiles to verify whether such proteins are effectively expressed by
the microorganism. The elucidation of complete bacterial genome sequences also
gave a new impetus to the development of live attenuated vaccines. By analyzing
differences in gene content and sequence variability between pathogenic and
harmless microorganisms, a set of virulence-specific genes can be identified in
silico. Functional genomics represents an alternative approach to identifying genes
essential for survival and fitness within the host, as well as a valuable tool for
verifying the results of computer predictions. The wealth of information obtainable
is expected to greatly enhance the ability to engineer safer and more effective live
attenuated vaccines.

well as adherent to human epithelial and endothelial
cells [63]. The authors of this study discovered a wide
range of surface proteins that are induced under in vivo
conditions and that could represent novel candidates for a
protein-based vaccine for meningococcal diseases.

Understanding the mechanism of protection of a
vaccine is important for developing a new generation of
vaccines. Recently, Mueller et al. [64] used gene expres-
sion profiling and immunohistochemical analysis to
elucidate the mechanism of protection of a whole-cell
sonicate vaccine of Helicobacter felis in mice.

Ideally, microarray expression profiles would reveal the
complex interaction between host and pathogen during
the various infection steps and monitor the expression of
virulence genes. Unfortunately, most microarray studies
have been initiated from organisms grown in vitro because
of the lack of efficient methods for differentially extracting
bacterial RNA from tissues. Considering the influence of
growth conditions on microorganism gene expression, it
should be pointed out that the expression results cannot
always reproduce the real in vivo situation. Because of
these considerations, traditional biological studies remain
important.



