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Abstract

The sequence of microbial genomes made all potential antigens of each pathogen available for
vaccine development. This increased by orders of magnitude potential vaccine targets in bacteria,
parasites, and large viruses and revealed virtually all their CD4* and CD8* T cell epitopes. The
genomic information was first used for the development of a vaccine against serogroup B
meningococcus, and it is now being used for several other bacterial vaccines. In this review, we
will first summarize the impact that genome sequencing has had on vaccine development, and then
we will analyze how the genomic information can help further our understanding of immunity to
infection or vaccination and lead to the design of better vaccines by diving into the world of T cell
immunity.

From Pasteur to Reverse Vaccinology

Vaccination is a medical practice of ancient origin that possibly started somewhere in Asia
using materials from smallpox lesions to transmit a mild infection and thereby protect
against more serious disease (Fenner et al., 1988). The practice was formally introduced into
Western medicine in 1796 by Edward Jenner, who used infected materials isolated from
cows (vacca in Latin) to immunize against smallpox and introduced the terminology
“vaccine” (Jenner, 1801, 1959). A century later, when it was discovered that infections are
caused by microbes, Louis Pasteur started the rational development of vaccines and
established the basic rules of vaccinology (Pasteur, 1880). Pasteur proposed that in order to
make a vaccine, one should “isolate, inactivate and inject the microorganism” (Rappuoli,
2004) that causes the disease. Pasteur’s rules were followed for a century by vaccine
developers, from Jonas Salk, who developed a vaccine containing a poliovirus that had been
killed by formaldehyde treatment, to Albert Sabin (Levine et al., 2009), who used a
poliovirus that had been attenuated by serial passage in vitro. Hilleman developed vaccines
against measles, mumps, and rubella by attenuating the viruses causing the diseases (Offit,
2007). Others, such as Ramon and Glenny, isolated essential components from bacterial or
viral cultures, inactivated them, and paved the way for the development of vaccines against
diphtheria and tetanus (Glenny and Hopkins, 1923, Ramon 1924), Neisseria meningitidis,
Streptococcus pneumoniae, Haemophilus influenzae, and so on. In the case of hepatitis B, it
was found that the causative virus could not be cultured in vitro. As a result, the vaccine was
initially developed by inactivating viral antigen present in the plasma of chronically infected
people (Buynak et al., 1976). The vaccines developed using Pasteur’s rules became powerful
tools in the history of medicine and, in less than a century, led to the elimination of some of
the most devastating infectious diseases globally.
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At the end of the 20th century, most of the vaccines that could be developed by these
traditional technologies had been developed, and new technologies were required to conquer
the remaining pathogens. Remarkable progress was made during this period by the
introduction of new technologies such as recombinant DNA and chemical conjugation of
proteins to polysaccharides, as well as advances in the use of novel adjuvants. Additionally,
a powerful tool came from the ability to access the genomes of microorganisms, a new
technology that become available in 1995 when Craig Venter published the genome of the
first free living organism (Fleischmann et al., 1995). This technological revolution allowed
for the first time the capacity to move beyond the rules of Pasteur, using the computer to
rationally design vaccines starting with information present in the genome, without the need
to grow the specific microorganisms. This new approach was denominated “reverse
vaccinology” (Rappuoli, 2000).

The first pathogen addressed by the reverse vaccinology approach was Meningococcus B
(MenB), a pathogen that causes 50% of the meningococcal meningitis worldwide. This
bacterium had been refractory to vaccine development because its capsular polysaccharide is
identical to a human self-antigen, whereas the bacterial surface proteins are extremely
variable. By mid 1990s, when the many attempts to develop a vaccine using the traditional
technologies had failed and the hope to develop a vaccine was very low, we and others at
TIGR began a project to sequence the MenB genome and to use the genomic information to
develop a vaccine that had been refractory to development. Gene sequences were analyzed,
and over 600 potential antigens were tested for antigenicity. Candidate sequences were
expressed in Escherichia coli, and sera from immunized mice was obtained against each of
them. Analysis of the sera revealed more than 90 previously unknown surface located
proteins and that 29 of them were able to induce antibodies able to kill the bacteria in vitro
in the presence of complement. The power of the technology became evident by noting that,
up to that moment, only 12 surface antigens of meningococcus had been described in the
literature, and of these, only 4 or 5 had bactericidal activity (Tettelin et al., 2000; Pizza et al.,
2000). In subsequent years, the antigens discovered by this approach inducing the best and
broadest bactericidal activity were selected and inserted into prototype vaccines that were
able to induce protective immunity against most of the MenB strains in mice (Giuliani et al.,
2006). After successful preclinical studies, the MenB vaccine entered the long path of
vaccine development that included testing safety and immunogenicity in adult volunteers,
initial testing in infants, and finally, a large scale, phase Il clinical trial that is the basis for a
European license application.

In the meantime, reverse vaccinology has been applied to many other bacterial pathogens. In
the case of group B streptococcus, the analysis of eight genomes led to the expression of 312
surface proteins and the development of a vaccine composed of four proteins able to protect
against all serotypes (Maione et al., 2005). A vaccine made by combination of a few
bacterial proteins has also been developed for group A Streptococcus. In this case, because
the infection is known to induce antibodies that cross-react with human antigens, the reverse
vaccinology approach was essential to make sure that the selected antigens did not have
homology to proteins encoded by the human genome. A genome-based approach is also
being used to develop protein-based vaccines against emerging pathogens, such as
antibiotic-resistant Staphylococcus aureus and Streptococcus pneumoniae. A vaccine which
uses this approach against Chlamydia has also been described (Thorpe et al., 2007).

More recently, the power of the genome has been complemented by the ability to interrogate
the entire antigenic repertoire. This has been done by using libraries of expressed antigens
and screening for the immunogenicity of the proteins (referred to as the “antigenome”)
during infection (Giefing et al., 2008), or by testing directly for the presence and amount of
antigens on the surface of bacteria. This latter technology takes advantage of the power of
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mass spectrometry to identify and quantify those antigens that are present on the bacterial
surface (Rodriguez-Ortega et al., 2006). Surface proteins of gram-positive bacteria are first
partially digested by treatment with proteases, and then the resulting peptides are loaded on
a mass spectrometer that provides information on the identity and quantity of surface
exposed proteins. In the case of the gram-negative bacteria, antigens on the surface are
identified by mass spectrometry of membrane fragments free of cytoplasmic material that
are released by gram-negative bacteria, which have been genetically modified to weaken the
outer membrane stability (Berlanda Scorza et al., 2008).

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 pili in gram-positive pathogens and the
discovery of factor H binding protein in meningococcus. In the first 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 such as group B and
group A streptococcus and pneumococcus. However, following screening for protective
antigens by reverse vaccinology, it was found that a protective antigen of group B
streptococcus was a component of a high molecular weight pilus that is essential to mediate
adhesion during colonization (Lauer et al., 2005). Following this initial observation, a pilus
was also found in group A streptococcus and pneumococcus, revealing a unique mechanism
of pathogenesis for these three important human pathogens. In the case of meningococcus,
following the publication of the protective antigen GNA1870, two independent laboratories
found that this antigen binds the human complement regulator factor H. This discovery led
to an understanding that meningococcus can grow in human blood by downregulating the
alternative pathway of complement activation. However, because the same protein was
unable to bind Factor H (Madico et al., 2006; Schneider et al., 2009) from animal species
such as mice and rats, the discovery also allowed the understanding of the species specificity
of meningococcus 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 to be the solution for a
meningococcus animal model.

In conclusion, reverse vaccinology uses the entire protein repertoire of each pathogen to
select the best candidate vaccine antigens. This allows the development of vaccines that
were previously difficult or impossible to make and can lead to the discovery of unique
antigens that may improve existing vaccines. Processes affecting vaccine development
during reverse vaccinology are reported in Figure 1. The main differences between
conventional and reverse vaccinology are summarized in Table 1.

Measuring Cellular Immunity as a Tool to Understand and Design
Responses to Pathogens and Vaccines

So far we have described how genome sequences allowed the discovery of previously
unknown antigens and how this resulted in the development of vaccines against pathogens
for which vaccines were not yet available. These vaccines work mainly by inducing serum
antibodies, a necessary and often sufficient component of vaccine efficacy that can
inactivate pathogens directly or by cooperation with complement or immune cells. However,
it is well known that antibodies cannot be efficiently induced in the absence of CD4* T cells
that play a key role in B cell expansion and differentiation, class switching, and affinity
maturation of the responses. In addition, elicitation of direct CD4* T cell effector activity is
important in vaccination strategies against tuberculosis, malaria, and parasitic diseases,
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while CD8*T cellular responses are a key element of the immune reactivity elicited by
several vaccines, such as most attenuated vaccines.

In light of the important role of cellular immunity in vaccine efficacy and design, it seems
logical and necessary, at least in certain cases, to also incorporate a cellular immunity
dimension into reverse vaccinology. In this field, the genomic information, which contains
the sequences of all known and unknown protein antigens of each pathogen, enabled the
prediction of the entire repertoire of CD4* T cell and CD8* T cell epitopes by bioinformatic
approaches and enabled their analysis by the synthesis of overlapping peptides. However,
accurately measuring cellular immunity against complex pathogens is technically
challenging and, until recently, has not been readily feasible. In this section, we describe
some key examples of how measuring cellular immunity can provide insights into immunity
and host-pathogen interactions and may inform the design of vaccines inducing optimal T
cell responses.

In the last 10-15 years, the introduction of and optimization of technologies, such as
tetrameric staining reagents, ELISPOT, and Intracellular Cytokine Staining (ICCS), have
allowed for the exact measurement of cellular immune responses. This, in turn, has provided
insights into the evolution of responses and enabled studies regarding pathogenesis,
immunity, and correlates of protection. Monitoring cellular immunity is of particular
importance in cases where CD4*T cell or CD8" T cell responses are thought to be of
relevance for protection and clearance of infection, as well as the establishment of chronic
pathology (in the case of aberrant T cell responses). Examples include viral and bacterial
infections (e.g., HIV, HCV, TB), certain parasitic diseases (malaria and several others), as
well as autoimmunity and cancer. Although a comprehensive review of this topic is beyond
the scope of this paper, we would like to highlight some specific examples.

It is widely acknowledged that cellular immunity in general, and CD8*T cell responses in
particular, play an important role in the control of HIV (and SIV) replication and in
establishing the viral set point ultimately determinant for clinical outcomes. Accordingly,
studies analyzing epitope specific responses have revealed complex interactions between
HIV and SIV and their hosts. For example, identification of the specific SIV epitopes within
Tat and Gag which are recognized in the context of the MHC Mamu A*01 expressed by SIV
infected macaques shed light onto the shift of responses from one antigen to another, the
predictable mutation of dominant epitopes, and viral escape (Allen et al., 2000, 2001). In
humans, several studies enabled by precise identification of epitopes recognized in the
context of certain HLA types have highlighted how CD8* T cell responses to different HIV
proteins have discordant associations with viral load (Berger et al., 2010; Bhattacharya et al.,
2007; Kiepiela et al., 2007; Zufiiga et al., 2006) and how certain mutations originate and are
maintained within a given host but can actually revert upon transmission to a host lacking
expression of the HLA type in question (Friedrich et al., 2004; Kawashima et al., 2009;
Leslie et al., 2004). Based on the predicted and observed breadth of epitope recognition
associated with different HLAs, it was recently suggested that thymic selection of the T cell
repertoire might reflect the association of certain HLA alleles (John et al., 2010) with
control of HIV infection (Kosmrlj et al., 2010).

Many studies in HIV and other systems have utilized pools of overlapping peptides to
accurately characterize T cell responses, demonstrating that is not necessary to identify the
actual epitope to measure responses (Betts et al., 2001; Maecker et al., 2001; Provenzano et
al., 2007; Tobery et al., 2001). However, the large number of peptides required by this type
of approach precludes its use to accurately characterize T cell responses in the case of large
pathogens encoding hundreds or thousands of different ORFs.
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Several studies have compared immune responses associated with positive clinical
outcomes, pathogen clearance, and/or disease resolution and, in particular, examined if
certain epitopes are differentially recognized. In general, differential recognition has not
been observed. However, examining immune responses at the epitope level revealed
differences in the quality of the T cell responses associated with different clinical outcomes
(Appay et al., 2008; Harari et al., 2006, 2007). Examples of this line of experimentation are
provided by studies that emphasized a correlation between the multispecificity of T cells and
more favorable clinical outcomes in the case of HIV infection (Betts et al., 2006; Duvall et
al., 2008; Zimmerli et al., 2005).

Tetrameric staining reagents allow the precise enumeration and characterization of T cells.
Furthermore, as their use is dependent on TCR expression and not any specific functional
activity, these reagents have been invaluable in instances where the T cells are rendered
unresponsive as, for example, in the case of the regulation of the programmed death receptor
1(PD1) and its ligand, PD1L system associated with certain chronic infections (Barber et al.,
2006; Day et al., 2006; Sester et al., 2008). Vaccine trials in humans, and previous trials in
nonhuman primates (Manuel et al., 2009; Martins et al., 2010; Robb, 2008; Santra et al.,
2010; Wilson et al., 2009), have monitored cellular responses using tetramers, isolated
epitopes, and/or peptide pools.

Following epitope-specific responses is particularly informative for monitoring possible
epitope loss or escape associated, for example, with vaccination against highly variable
viruses or tumor epitopes. Monitoring different epitope-specific responses is also key to
appreciate the degree to which epitope spreading, defined as the sequential appearance of
new epitope-specific responses as a function of the evolution and maturation of cellular
responses (Lehmann et al., 1993), is occurring, both molecularly and intramolecularly.

Reverse Vaccinology and Cellular Immunity

As discussed above, reverse vaccinology relies on the combined use of immunological and
genomic information to identify relevant protein antigens for diagnostic or vaccine purposes.
In this context, the identification of the epitopes recognized by CD4* T cell or CD8* T cells
can be utilized in “reverse” as a tool to identify new antigens (Buus, 1999; De Groot et al.,
2009b; Doolan et al., 2003; Lauemgller et al., 2000).

Pools of peptides can be designed to include peptides predicted to bind specific common
HLA types. Alternatively, pools may be composed of peptides predicted to bind multiple
alleles within an HLA supertype and thereby provide coverage representative of all
populations without ethnic bias (Doytchinova and Flower, 2005; Doytchinova et al., 2004;
Hertz and Yanover, 2007; Kangueane et al., 2005; Lund et al., 2004; Nielsen et al., 2010; Ou
et al., 1998; Reche and Reinherz, 2004; Sette and Sidney, 1998, 1999; Sidney et al., 2008;
Southwood et al., 1998; Tong et al., 2007). At the same time, pools may be formulated to
include peptides representing a single putative antigen predicted on the basis of genomic
sequence information. Pools can then be screened for immune reactivity with PBMC of
exposed or vaccinated donors. If an antigen is immunodominant and is frequently
recognized in the process of natural infection (or vaccination or exposure, depending on the
study design), this strategy would lead to a “hit” even if the accuracy of the predictions is as
low as 10%. As discussed below, consensus from several independent studies reveals that
the actual success rate is indeed much higher.

An important issue to be addressed in the context of epitope prediction studies is the
extremely large degree of polymorphism associated with HLA molecules. Indeed, thousands
of different allelic molecules exist, each associated with a distinct peptide-binding
specificity. Only a minor sample has been studied to date. Furthermore, even if predictions
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for thousands of different variants were available, synthesis and testing of thousands of
different peptide sets would be clearly unpractical. However, two different approaches have
been devised to overcome this difficulty. First, it has been noted that while thousands of
alleles exist, a limited number (about 10 or 15, depending on the class and locus considered)
allow coverage of the majority of the population (see, e.g., Sette and Sidney, 1998, 1999;
Doolan et al., 2008; Southwood et al., 1998). Second, it has also been noted that although
different alleles are each associated with a distinct binding specificity, most HLA alleles can
be categorized into HLA “supertypes” associated with largely overlapping peptide
specificity (HLA supermotifs; see, e.g., Doytchinova and Flower, 2005; Doytchinova et al.,
2004; Hertz and Yanover, 2007; Kangueane et al., 2005; Lund et al., 2004; Nielsen et al.,
2010; Ou et al., 1998; Reche and Reinherz, 2004; Sette and Sidney, 1998, 1999; Sidney et
al., 2008; Southwood et al., 1998; Tong et al., 2007). Targeting these groups of alleles and
associated motifs allows coverage of nearly of 90% of the general population with only a
few peptide motifs. Furthermore, although the frequency of different alleles can vary
dramatically in different ethnicities, the frequency of the supertype is relatively constant
across different populations, thus avoiding the potential danger of ethnically biased
population coverage.

By designing peptide pools to focus on HLA supertypes or the most common HLA types,
there is no need for HLA typing PBMC donors as an inclusion criterion for these types of
studies. Because relatively large pools of peptides can be easily assayed, the method allows
one to quickly identify “hot spots” or immunodominant protein antigens. Accordingly,
efforts can be directed at tackling larger genomes, previously unapproachable to systematic
study because of their size and because of resource limitations.

In parallel with epitope and antigen mapping studies, it is important to conduct additional
studies further validating the role of the cellular responses in immunity and protection.
Studies such as depletion of CD4* or CD8* T cells, adoptive transfer experiments, or
immunization with isolated epitopes can help assessing whether those responses are useful
in preventing or attenuating disease (Yauch et al., 2009; Moutaftsi et al., 2009).

Knowing which epitopes are presented by infected cells, as opposed to cross-presented, may
be critical to determine vaccine design. This has been addressed in the VACV system by
examining the kinetics of antigen presentation in conditions favoring cross-presentation
versus recognition of infected target cells (Gasteiger et al., 2007). Additional studies have
analyzed the protective capacity of different VACV epitopes and found that the best
correlates of protective capacity were high immunogenicity and capacity of being presented
by infected cells (Moutaftsi et al., 2009).

Validations of the Epitope Prediction Approach

As a result of the considerable effort that has been devoted to developing epitope prediction
technologies, most common HLA class | and class 11 alleles are covered by predictive
algorithms publicly available at several sites, including the IEDB Analysis Resource (Zhang
et al., 2008) (http://tools.immuneepitope.org). Several large-scale evaluations of available
methods for predicting peptide binding to class | and class Il MHC have been performed
(Lin et al., 2008a, 2008b; Peters et al., 2006; Wang et al., 2008). For MHC class I, binding
predictions generally perform extremely well, approaching error rates similar to what is
observed between repeat experiments. Further algorithmic improvements for these
predictions will, therefore, have little practical relevance. For class Il molecules, binding
predictions performed well, but there was still a substantial performance gap compared to
the class | predictions and will, therefore, require further improvements.
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Although the reason for the discrepancy in predictive accuracy between class I and class Il
molecules is not completely understood, it is widely believed that it might reflect multiple
factors, all related to basic differences in the way the two classes bind their peptide ligands.
First, the binding groove of class Il molecules is open at both ends, allowing peptides of
varying size to bind. Also, the peptide regions flanking the core region engaged by the MHC
peptide-binding groove can influence binding in subtle and not easily predictable fashion.
Furthermore, because the size of the typical class Il peptide ligand is about 15 residues in
size, or even longer, more than one binding register (each register corresponding to a 9-mer
binding core) can be present in one peptide, further complicating the task of predicting
binding affinity.

One promising strategy is the generation of consensus approaches that combine multiple
prediction methods. Several studies have shown how consensus approaches can outperform
individual predictors (Karpenko et al., 2008; Mallios, 2003; Moutaftsi et al., 2006; Wang et
al., 2008).

The value of predictive algorithms for identifying CD8* T cell epitopes was tested
experimentally in a study by Moutaftsi et al. (2006). In this study, it was demonstrated that a
bioinformatic approach could efficiently identify the vast majority of CD8* T cell epitopes
derived from vaccinia virus Western Reserve (VACV-WR) in the H-2b mouse model.
Specifically, bioinformatic predictions based on a consensus approach led to the
identification of 49 different epitopes, and additional experiments demonstrated that the
epitopes identified by the prediction method accounted for approximately 95% of the total
response to VACYV infection in vivo.

To compare the prediction and overlapping peptide approaches, Kotturi et al. (2007)
screened both a set of peptides predicted to bind major histocompatibility complex class |
and a complete set of overlapping 15-mer peptides spanning the entire LCMV proteome for
their capacity to induce IFN-y production by CD8" T cells derived from LCMV-infected
H-2b mice. In addition to nine previously described epitopes, 19 novel epitopes were
identified. These epitopes accounted for the total CD8* CD44M T cell response.
Interestingly, the top 1.2%, or 160, predicted peptides accounted for 89% of the total
response. By contrast, the overlapping peptide approach required synthesis of 664 peptides
(plus several hundreds more to define the minimal epitope recognized) and identified
epitopes accounting for only about 65% of the response. The failure of the 15-mer peptides
to identify more epitopes is most likely because of the fact that they are not the optimal size
for class | presentation and, therefore, require further processing to generate a functional
epitope.

In terms of applicability to class Il responses, recent improvements in prediction algorithms
have translated into increased reliability in predicting class Il restricted responses. For
example, consensus predictions by Larry Stern’s group identified class Il restricted epitopes
in the DR1 VACYV system (Calvo-Calle et al., 2007). Similarly, in the case of MCMV, 15 I-
Ab-restricted CD4* T cell epitopes were identified using consensus predictions (Arens et al.,
2008).

Some important caveats should be kept in mind when considering epitope predictions. First,
most epitope prediction methods consider only primary sequence, and the impact of 3D
structure is not taken into account. Whereas it is generally assumed that since T cells
recognize short linear fragments, and thereby 3D accessibility is of limited impact on
epitope prediction for T cells (unlike the case for B cell epitopes), this issue might be of
relevance in particular cases, such as for peptides involved in disulfide bridges. An
additional caveat is that epitopes encompassing posttranslation modifications are not
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predicted. Indeed, several T cell epitopes with posttranslation modifications have been
described. In these cases, mass spectroscopy-based sequencing prediction methods have
been demonstrated to be the most effective technique to map the specific epitopes
recognized.

Taken together, these studies have shown that efficient tools and approaches for identifying
immune epitopes are already available. With the rapidly growing knowledge base pertaining
to epitopes, reverse vaccinology by making available the entire repertoire of CD4* T cell
and CD8* T cell epitopes provides the unique opportunity to optimize vaccines by selecting
the most appropriate sequences.

Cellular Immunology and Technological Advances: The Landmark Case of
Vaccinia and Other Complex Viral Pathogens

Historically, preferential targets of genome wide analysis of cellular immunity have
encompassed small to medium size viruses. This was dictated by various factors, which
included limitations in terms of algorithm accuracy, cost of performing binding assays to
weed out nonbinders resulting from inaccurate predictions, and also the sheer cost of the
peptide synthesis. An additional, and formidable, limitation was the lack of accurate and
quantitative assays to detect T cell responses. At the same time, for many pathogens, the
lack of genomic information represented an insurmountable barrier.

However, in the course of the last ten years, this scenario has changed dramatically, and it
continues to evolve, as discussed in the section below discussing future directions for
cellular responses and reverse vaccinology. The accuracy and breadth of predictive
algorithms has improved dramatically, as pointed out above, thus reducing the number of
leads to be examined and, in many cases, even obviating the need to prescreen peptide
libraries to eliminate nonbinders to the specific MHC(s) targeted. Peptide costs have also
dropped dramatically, by almost an order of magnitude, enabling synthesis of tens of
thousands of peptides at a reasonable, albeit still expensive, cost. To be able to synthesize
and test thousands of peptides is key for reverse vaccinology for T cells because, even with
the most accurate predictions, thousand of peptides are obviously still required to analyze
pathogen genomes encoding hundreds or thousands of ORFs. Also, as discussed above,
much more quantitative and sensitive techniques are available to detect T cell responses.
Finally, the number of genomes for which complete sequencing information is available is
increasing exponentially. As a result, it has become possible to more comprehensively
approach larger and more complex pathogens. In a parallel technology application, synthesis
of hundreds of microbial ORFs has been shown to be suitable for CD4* T cell testing to
define immunodominance and population prevalence at the ORF level. In this application,
pathogen specific T cells are enriched and then interrogated with the pathogen proteome
either as a library (Jing et al., 2005, 2007; Koelle et al., 2001, 2003) or as pseudolibrary
made up of the predicted ORFeome (Jing et al., 2008).

Perhaps the paradigm that demonstrates the combined benefit of these technological
advantages is represented by the case of vaccinia virus. It is well known that vaccinia virus
was used to eradicate smallpox, but this remarkable feat was accomplished several decades
ago, when the immunological tools available to the scientific community were less
sophisticated than today. As a result, the mechanisms of vaccination were not completely
understood and the targets of immunity were not fully elucidated. Vaccination with VACV
elicits a vigorous humoral and cellular immune response, detectable for decades following
VACV immunization (Amara et al., 2004; Crotty et al., 2003; Demkowicz et al., 1996;
Hammarlund et al., 2003; el-Ad et al., 1990; Putz et al., 2005). The general consensus is that
cellular, and possibly also humoral, immunity are key for clearance of poxviruses following
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natural infection or vaccination (Fang and Sigal, 2005; Panchanathan et al., 2008), whereas
humoral immunity is the main mechanism conferring protection from subsequent exposure
following vaccination.

A renewed concern over the potential use of smallpox as a bioterrorist weapon prompted a
fresh reexamination of the targets and mechanisms associated with vaccinia-specific
immune responses. From 2003 on, many laboratories have produced an impressive amount
of work, yielding an unprecedented wealth of information pertaining to the targets of CD4*
and CD8* T cell immunity in humans, nonhuman primates, and mice (Moutaftsi et al., 2010;
Walsh et al., 2009). These studies revealed that certain antigens are more prevalently
recognized by CD8* T cell responses. The majority of these antigens tended to be expressed
early in infection, although late antigens are sometimes also recognized (Jing et al., 2005;
Moutaftsi et al., 2006; Oseroff et al., 2005). The antigens more prevalently recognized in the
case of CD4* T cell responses tend to be different from the ones recognized by CD8* T cell
responses (Moutaftsi et al., 2007). Interestingly, the antigens dominantly recognized by
antibodies are similar to the ones recognized by CD4* T cell responses (Jing et al., 2008;
Sette et al., 2008). Abortive infection of DC by VACV could lead to a preference for early
antigens by CD8* T cell, whereas viral particles taken up by uninfected bystander DC
(exogenous) lead to recognition of late antigens by CD4* T cell (Chahroudi et al., 2006;
Engelmayer et al., 1999; Jenne et al., 2000; Liu et al., 2005). Likewise, Sigal’s group
recently showed that direct presentation is sufficient to generate VACV CD8* T cell
responses (Xu et al., 2010). One conclusion of the studies by Jing et al. (2008) was that the
population of prevalent CD4" T cell antigens also represented the most abundant virion
proteins, as measured by weight percent or mole percent in purified virions.

Because similar patterns, in terms of the types of antigens recognized by the different
response types (i.e., CD4* T cell, antibody, CD8* T cell), were observed in different animal
species, this data provided an exemplary justification for the validation and use of animal
models to measure and compare the performance of different vaccine candidates. A parallel
set of studies led to the generation of a complete characterization of the VACV
transcriptome, in terms of the kinetics of expression of the various encoded ORFs, a gene
array analysis of the host response to infection, and proteomic analysis of VACV virions
(Assarsson et al., 2008; Moutaftsi et al., 2010). Taken together, these data allowed for the
first time, in a complex pathogen, precise correlation of humoral and cellular immunity with
genomic, transcriptomic, and proteomic information. It was found that early (4 hr) mRNA
correlates with recognition by CD8* T cell responses, while levels of protein expression best
correlates with recognition by antibodies and CD4* T cell responses. It is tempting to
correlate these results in light of the DRIP theory for CD8* T cell recognition (Yewdell and
Nicchitta, 2006), while speculating that the correlation between protein abundance and
CD4* T cell responses might be reflective of the fact that class Il recognition is mostly
associated with the exogenous antigen processing pathway. Furthermore, these results called
into question the validity of a simple cognate antigen model for antibody and T cell
responses, at least in the case of complex viruses (Sette et al., 2008). These data are of
particular interest in the context of reverse vaccinology, as they demonstrate that different
subsets of antigens might be relevant (and perhaps could be combined) in the context of
different types of adaptive responses.

These issues are not only relevant in the context of VACV. Indeed, other demonstrations of
how different types of adaptive responses might recognize different sets of antigens come
from the study of herpes viruses. An important study (Gredmark-Russ et al., 2008) utilizing
the technique of caged tetramer loading (Toebes et al., 2006), and a subsequent study
utilizing epitope predictions (Freeman et al., 2010), characterized, for example, the targets of
CD8 cellular immunity recognized in the case of the Murine gammaherpesvirus 68. Parallel
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studies probed other viruses of the herpes family and CD4* T cell responses as well. These
studies illustrate the complexity of responses involved and also how different kinetic classes
are recognized, how different antigen/epitope specificities are associated with differential
memory maturation (Arens et al., 2008), and how antigens expressed in different stages of
infection can be associated with differential immunity (Freeman et al., 2010). Taken
together, these studies emphasize the important differences in the quality of responses
directed against different antigens in the case of complex viral pathogens.

In conclusion, it appears that combining epitope mapping and antigen identification studies
with genetic and proteomic studies is required to pinpoint the kinetics, cell specificity,
subcellular localization, and expression patterns of the various antigens and is required to
provide a complete picture of the immune response to complex pathogens. This information,
in turn, will be essential for rational vaccine design and to further our understanding of host
pathogen interactions.

Examples of T Cell Vaccines

Genome sequences and the new immunological and bioinformatic tools described above
expanded enormously the ability to analyze the cellular immune response to pathogens and
vaccines; however, our ability to use this information to design better vaccines is still
limited. Below are few examples of how T cell immunity can be used to design better
vaccines.

The knowledge of promiscuous T cell epitopes was used to design a recombinant protein
containing 9 different CD4* T cell epitopes that was covalently linked to the hemophilus
influenzae type b oligosaccharide to make a new conjugate vaccine that was capable of
generating responses as good as the conjugate vaccine used contemporaneously for mass
immunization (Falugi et al., 2001). An optimized nonnatural pan DR epitope (PADRE),
which was shown to elicit better immune responses than several pathogen-derived
promiscuous T helper cell epitopes, was incorporated into several vaccines in development
(Alexander et al., 2000). Synthetic peptides or genes coming from the sequences of viral or
bacterial pathogens have been used for vaccines against chronic infections such as hepatitis
B, hepatitis C, and HIV (Moynihan and Howard, 2001; Klade et al., 2008; Graham et al.,
2010). A T cell-based vaccine against HIV, delivered by an adenovirus vector, showed no
protective effect against HIV, although it had been able to reduce the viral load in non
human primates (Buchbinder et al., 2008). Finally peptide-based vaccines have shown some
efficacy in clinical trials against cancer, and the efficacy appeared to correlate with
induction of T cell-specific immunity (Bocchia et al., 2005; Kenter et al., 2009). These
results are very promising because the ability to sequence the genome of cancer cells will
increasingly provide new information on cancer-specific epitopes and increase our ability to
design novel cancer vaccines.

Future Trends: Further Technology Development and Integration with
Bioinformatics, Genomics, Proteomics, and Systems Biology

The outlook for reverse vaccinology is bright. A growing number of studies demonstrate
that the technical and conceptual advances of recent years have enabled tackling large and
complex pathogens, encoding thousands of different ORFs. Examples of these pathogens
include bacterial and protozoan pathogens, such as mycobacteria, plasmodium, anthrax, and
tularemia (Crompton et al., 2010; Doolan et al., 2003, 2008; Doolan et al., 2003; Ingram et
al., 2010a, 2010b; Lewinsohn et al., 2007; McMurry et al., 2005, 2007; Moise et al., 2009).
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Comprehensive meta-analyses of the immune epitope data published in the scientific
literature have also provided valuable insights. For example, such an analysis in the context
of both plasmodium and mycobacterium revealed that, in both cases, the described epitopes
are mainly derived from a small fraction of the genome, despite the fact that these two
pathogens encode thousands of ORFs (Blythe et al., 2007; Vaughan et al., 2009). For
example, the MTB genome comprises approximately 4000 coding ORFs, from which 721
unique T cell epitopes are defined in the literature. However, the MTB epitopes are derived
from relatively few ORFs. In total, as few as 30 ORFs account for 85% of the defined
epitopes, and if the 93 known human CD4* T cell epitopes are considered, as few as 10
ORFs account for 80% of the epitopes.

The explanation for the narrow breadth of reported responses against MTB might lie in
historical considerations because soluble antigens and/or antigens identified early on were
more thoroughly investigated. Alternatively, the narrow breadth of antigens could reflect a
focus of the immune response on a few targets recognized as immunogenic
(immunodominance), leading to the immune system being, in effect, blind or oblivious to
95% of the pathogen genome. However, recent studies in several complex pathogen systems
revealed broad immune responses, directed against a relatively large fraction of the genome.
Indeed, analysis using protein chip arrays, in the context of both plasmodium and
mycobacteria, reveals a much broader spectrum of responses than originally suspected.
Thus, these observations provide a strong rationale for performing truly unbiased analysis of
cellular immunity in complex pathogens.

At the technical level, several different issues are coming to fruition. For example, the
availability of tetramers is constantly expanding in several regards. First, the breadth of
alleles for which multimeric staining reagents are commonly available is constantly
expanding (Altman et al., 1996; Bakker and Schumacher, 2005; McHeyzer-Williams et al.,
1996). Indeed, the most powerful way to demonstrate peptide-specific, MHC-restricted, T
cell epitopes is obtained by HLA tetramers. MHC predictors are essential for the rational
identification of both the optimal peptide and the restricting MHC. The ability to
subsequently generate the appropriate HLA tetramers is essential for the proper
implementation of this strategy (Leisner et al., 2008). Second, recent work in the class Il
system has shed new light on some of the technical challenges associated with tetramer
production for Class Il molecules (Landais et al., 2009). Furthermore, the use of tetramer
reagents in tandem with epitope identification strategies represents a valuable approach to
determining frequencies of naive T cells in unexposed individuals, in the context of class |
(Kotturi et al., 2008) and also class Il (Moon et al., 2007).

Another important issue is achieving sufficient coverage of MHC polymorphism. Decisive
progress has been recently made in terms of the definition of motifs and development of
bioinformatic tools, to allow predictions for a majority, or at least a large fraction, of all
common HLA class I and class Il molecules. Because of these recent advances, population
coverage in excess of 90% at the class | A and B loci is now possible. Similarly, coverage of
>B80% of individuals at each class Il locus, including the historically much underrepresented
DQ and DP loci, is now achievable (P. Wang, J. Sidney, A.S., and B. Peters, unpublished
data). Furthermore, in terms of characterizing the ever growing numbers of MHC alleles,
new approaches to generate pan-specific predictors for both class I and 1l suggest that the
end might be in sight for the long quest for a complete mapping of MHC specificities called
for in the “Human MHC project” (Nielsen et al., 2007, 2008). Still, other areas need
attention to expand the reverse vaccinology platform. For example, the definition of motifs,
development of tools for predictions, and generation of reagents for tetramers for species
other than mice and humans, such as ferrets, certain primates (Chinese macaques and
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cynomolgous monkeys), guinea pigs, and other species commonly utilized for evaluations of
disease models and vaccine candidates, is essential.

An important development is the growing availability of bioinformatic resources that store
and organize both immune reactivity data and pathogen data (Aurrecoechea et al., 2010;
Greene et al., 2007; Snyder et al., 2007; Squires et al., 2008). This is particularly key as the
amount of data escalate, both regarding immune recognition and genomic transcriptomic
and proteomic information for various pathogens. The intersection of these two types of
resources allows the development and testing of new hypotheses, such as those exemplified
in the analysis of epitope information and influenza strain variation in the context of the
recent swine origin flu pandemic (Greenbaum et al., 2009) and in the case of the design of
promising new mosaic immunogens as potential HIV vaccines (Barouch et al., 2010; De
Groot et al., 2005, 2009a; De Groot et al., 2005; Koita et al., 2006; Santra et al., 2010).

In conclusion, it is easy to predict that in the following years, an ever-growing widespread
application of reverse vaccinology to infectious diseases in an integrated fashion. These
advances will allow taking into account the heterogeneity of host responses in general and
individual cellular responses in particular, but also, and quite importantly, pathogen
heterogeneity. The lessons learned, and the technologies developed, will also be applicable
to other diseases where strategies to either induce or control cellular immune responses are
of potential clinical benefit, such as in autoimmunity and cancer.
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Figure 1. Schematic Diagram Summarizing the Pathway of Vaccine Development Starting from
Reverse Vaccinology

(1) First, computer analysis of the whole genome identifies the genes coding for predicted
antigens and eliminates antigens with homologies to human proteins. (2) Then the identified
antigens are screened for expression by the pathogen and for immunogenicity during
infection. (3) The selected antigens are then used to immunize animals and test whether
immunization induces a protective response. (4) Protective antigens are then tested for their
presence and conservation in a collection of strains representative of the species (molecular
epidemiology). (5) Finally, selected antigens are manufactured in large scale for clinical
trials, and candidate vaccines are tested for safety and protective immunity in humans using
established correlates of protection or efficacy studies. (6) Scientific, clinical, and technical
information is then analyzed and approved by regulatory agencies, such as the Food and
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Drug Administration (FDA) or the European Medicinal Agency (EMA). (7) Policy-making
bodies, such as the ACIP and equivalent bodies from other nations, make the
recommendation on how the vaccine should be used. (8) The approved vaccine is then
commercialized and used in large scale. At this point, phase 1V clinical studies confirm
safety.
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Comparison between Traditional and Reverse Vaccinology
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Traditional Vaccinology

Reverse Vaccinology

Antigens available

10-25 identified by biochemical or genetic
tools.

Virtually all antigens encoded by the genome are available.

Property of antigens

The most abundant antigens, the most
immunogenic during disease, only from
cultivable microorganisms.

All antigens are available, even if not highly immunogenic
during disease. Antigens from noncultivable microorganisms
can be identified.

Immunology of the
antigens

Highly immunogenic antigens, often variable
in sequence, because of immune selective
pressure. Some may contain domains
mimicking self-antigens and may induce
autoimmunity.

The most conserved protective antigens can be identified.
Usually these are not the most immunogenic during infection.
The novel antigens are screened against the human genome,
and antigens with homology to self-antigens are removed
upfront

Polysaccharide antigens

A major target of traditional bacterial vaccines.

Cannot be identified by reverse vaccinology; however,
operons coding for the biosynthesis of polysaccharides can be
identified. This can lead to discovery of novel carbohydrate
antigens.

T cell epitopes

Known epitopes limited to the known antigens.

Virtually every single T cell epitope is available. Screening of
the total T cell immunity can be done by overlapping peptides.
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