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Vaccines, like drugs and medical procedures, are increasingly amenable to individualization or per-
sonalization, often based on novel data resulting from high throughput “omics” technologies. As a
result of these technologies, 21st century vaccinology will increasingly see the abandonment of a “one
size fits all” approach to vaccine dosing and delivery, as well as the abandonment of the empiric
“isolate-inactivate-inject” paradigm for vaccine development. In this review, we discuss the immune
response network theory and its application to the new field of vaccinomics and adversomics, and illus-
trate how vaccinomics can lead to new vaccine candidates, new understandings of how vaccines stimulate
immune responses, new biomarkers for vaccine response, and facilitate the understanding of what genetic
and other factors might be responsible for rare side effects due to vaccines. Perhaps most exciting will
be the ability, at a systems biology level, to integrate increasingly complex high throughput data into
descriptive and predictive equations for immune responses to vaccines. Herein, we discuss the above
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Individualized vaccinology

with a view toward the future of vaccinology.

© 2013 Elsevier Ltd. All rights reserved.

1. Introduction

In this paper, we review and expand upon a new direction
in vaccinology (defined as the science and study of vaccines),
and vaccine development (defined as the use of knowledge that
derives from the science of vaccines to construct new vaccine candi-
dates), which we have called “vaccinomics [1].” This new direction
represents a novel and holistic scientific paradigm under which
vaccine immune responses can be studied, understood, and pre-
dicted, and with which new candidate vaccines can be conceived,
developed, and tested. This represents a radical departure from
the historical methodology by which vaccines were developed—an
empiric method we have labeled the “Isolate-Inactivate-Inject”
paradigm—and that reigned as the dominant mode of vaccine
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development until the late 1990s. Issues with such an approach
include that, for the most part, it: utilized only whole pathogen
(live or inactivated) approaches; ignored population genetics
(immunogenomics); is a failed paradigm for vaccines against
hyper-variable viruses and more complex pathogens (i.e., para-
sites, fungi, larger bacteria such as tuberculosis); usually required
an intact cold chain for vaccine viability; was a “one dose fits all”
population-based approach; required large and expensive clinical
efficacy and safety trials of genetically uncharacterized popula-
tions; resulted in expensive vaccines and, hence, under-utilization
and poor vaccine coverage; did not allow an informed understand-
ing of an individual’s genetically determined risk for an adverse
effect due to a vaccine; and other issues.

Now, guided in part by advances in personalized medicine as
applied to the use of drugs, the field of vaccinomics provides a
conceptual framework for both understanding (and predicting)
immune responses to vaccines, and allows the development of new
vaccines informed by advances in immunology, immunogenetics
(the study of individual host genetic variation associated with indi-
vidual differences inimmune responses to the same antigen(s))and
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immunogenomics (the study of population-level genetic variations
associated with population-level variations in immune responses),
bioinformatics, virology, systems biology, metagenomics (host and
non-host), and other fields. We first developed the concept of
vaccinomics in 2005, and published an early review in 2007 [2].
Subsequent reviews have enlarged the concept, added more data,
and answered questions that have arisen regarding the practi-
cal application of vaccinomics, as well as articulating challenges
facing the field [3-12]. Others have begun to recognize the impor-
tance of vaccinomics in understanding, at a more holistic level, why
inter-individual differences in immune responses to vaccines occur,
and how these concepts might play a role in new vaccine design
[13-15]. Additionally, major initiatives in multiple countries have
been proposed using the concept of vaccinomics in studying and
evaluating vaccine safety [16]. Additional credibility was lent to
the vaccinomics field by a review in Scientific American labeling
vaccinomics as “one of the most innovative scientific concepts of
the decade [17],” and by The Scientist, which labeled vaccinomics as
“one of the hottest omics fields [18],” as well as by other scientists
working in the field who have appropriated vaccinomics concepts
into subsets of the systems or bioinformatics aspects of vaccine
biology [19,20]. Below we elaborate on the concept and implica-
tions of vaccinomics and the immune response network theory,
its application to understanding vaccine immune responses, initial
analytic approaches to the data generated by vaccinomics, applica-
tion to new vaccine design and development, and progress toward
the ultimate goal - that of developing a predictive equation that
describes the immune response to a viral vaccine [19,21].

2. Vaccinomics and the immune response network theory:
development of a unified theory

Niels Jerne first proposed in the 1970s the “immune network
hypothesis,” which theorized how the adaptive immune system
worked as an idiotypic network to explain the regulation of clonal
immune responses [22]. Later this was expanded into the “symmet-
rical network theory” in the 1980s through the 1990s by Geoffrey
Hoffman in an attempt to solve the “I-] paradox [23].” Incremental
additions and changes to these models occurred over the next 20
years, but none were specifically aimed at defining the network
as applied to systems-level vaccine-induced immune responses. As
such, little consideration of factors outside the immediate immune
system itself (strictly defined) were included (e.g., gene polymor-
phisms, epigenetics, the influence of the host microbiome), and,
therefore, such features were not incorporated into the models
or theories prevalent at the time. Our proposal of the immune
response network theory, while building on the foundations of
Jerne’s and Hoffman’s work, as well as other immunologists, is the
first proposed in terms of its focus on systems-level vaccine-induced
immune responses, its intersection with host genetics and non-host
factors (microbiome for example), and its theoretical ability to
provide the basis for a mathematical model and predictive equa-
tion describing the non-random events that lead to pre-determined
immune responses. Since then, others have also proposed systems-
level vaccinology approaches [19,20,24-27].

The immune response network theory in its simplest form states
that “the response to a vaccine is the cumulative result of inter-
actions driven by a host of genes and their interactions, and is
theoretically predictable [2].” We elaborated further on this defi-
nition to recognize the impact of epigenetic phenomena, such as
gene methylation patterns, the influence of metagenomics (the
microbiome), the dominance profile of a given gene/SNP(s), com-
plementarity, epistasis, systems biology and immune profiling, and
other factors, including environmental and co-infections [ 7,9]. This
includes a concept we previously introduced termed “polymorphic

plasticity,” whereby a specific gene polymorphism could have dif-
ferent measurable genetic (and therefore phenotypic) effects based
on concomitant epigenetic effects, effects due to co-infection with
other pathogens, or other variables [2,28,29]. As we have previously
written:

For an individual to develop a protective immune response to
an antigen, a complex series of biologic, molecular, genetic,
physiologic, and other processes must be activated (and in
some cases suppressed). Antigen recognition, processing, pre-
sentation, and activation of innate, adaptive, and cell-mediated
immune responses must occur. Protective immunity requires
the activation/suppression of specific genes as well as protein
transcription, expression, secretion, and function. The immune
response network theory seeks to provide a framework for the
above described interactive and carefully regulated processes
that result in protective responses against pathogen threats [7].

To this traditional view we should add that superantigens can
nonspecifically cause massive polyclonal T cell activation without
requiring the seemingly orderly steps of the adaptive immune sys-
tem noted above.

Thus, while the immune response network theory recog-
nizes and incorporates elements of the immune response not
yet discovered at the time of Jerne and Hoffman, it includes the
immunogenetics of response to antigen, and the growing appre-
ciation of systems biology approaches to understanding more
holistically how immune responses are generated and sustained
in the host [2,5]. This theory recognizes the roles of individual
components (nodes) of the immune system (immune response
genes, epigenetic phenomena such as gene methylation patterns
and contributory SNPs), as well as networks or pathways com-
posed of groupings of individual genetic components (genes, gene
pathways, gene networks, etc.) of the immunogenetic system
and other factors determinative of immune response (micro-
biome, etc.), at both individual and population levels. The immune
response network theory and its fundamental application to vac-
cinomics draws together all of these components and utilizes
biostatistics and bioinformatics to deconvolute, visualize, ana-
lyze, and understand the individual and group components that
together compose immune response phenotypes (neutralizing
antibody, cytokine responses, innate immune responses, cell-
mediated immune responses, etc.) that are typically measured and
labeled “the immune response.”

As of this writing, we conceive the immune response network
theory as an encompassing theory that holistically recognizes and
explains the temporal, genetic, and immune aspects that together
are deterministic and predictive of the immune response(s) to a
specific vaccine. Thus, we posit that it can theoretically explain,
and eventually predict, the immune response to a vaccine in the
form of a mathematical equation that accounts for the complex-
ity of the system. The immune response network theory and
the development of a predictive equation implies a deconvoluted
yet mechanistic determination of key genetic and other vari-
ables that together explain innate, adaptive, and cell-mediated
immune phenotype archetypes and individual response patterns
[7]. Vaccinomics then uses this and other omics information to
engineer novel vaccine candidates that overcome genetic barriers
to developing protective immunity. These concepts arose out of our
studies demonstrating highly significant associations between spe-
cific single nucleotide polymorphisms (SNPs) and gene pathways
and networks, human leukocyte antigen (HLA) haplotypes, and
immune responses to a variety of viral vaccines, including measles,
mumps, rubella (MMR) [30-33], vaccinia (smallpox) [34-37], and
influenza [3,4], and one bacterial vaccine (anthrax) [38,39]. In
addition, compelling evidence for the predetermined influence
of host genetic factors on inter-individual variations in immune
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response was provided by our work in monozygotic and dizy-
gotic twins demonstrating that the hereditability of the humoral
immune response to measles vaccine is almost 90% [40]. Others
have reviewed the influence of the microbiome and metagenet-
ics on immune responses to non-self antigens [41,42], and these
data add yet another important dimension to the immune response
network theory, but will not be further reviewed here.

Like any biologic network, we conceive of the immune response
as the outcome of connected components (nodes) that communi-
cate and share information (directed and undirected edges). Data
suggest that this network is a neural network in that regula-
tion of activity is possible using feedback loops (transcription and
signaling pathways for example, as well as regulation of cytokine
responses) [43]. Nonetheless, much work remains to be done to
determine attributes of this network, such as scale and scope,
topology, methods of communication within the network and
between other biologic networks, boundaries of the network, and
what governs the behaviors of the network, changes over time
(e.g., methylation or microbiome influences), and the details of
interactions with other biologic networks. Additional data answer-
ing these questions will further define and enlarge the immune
response network theory, and some investigators have begun
to take aspects of such an approach in understanding immune
responses to vaccines [25,26].

Vaccinomics is a holistic field of study whose science base is
being built piece-by-piece. As discussed below, it can take advan-
tage of the information derived from the immune response network
theory by allowing an understanding of the key drivers of the
immune response to a specific or series of antigens, and applies
this information to the practical aspects of conceiving, designing,
and delivering new vaccine candidates informed by systems-
level information about the mechanism(s) by which immune
responses are generated, and theoretically by the development of
a derived equation describing immune profiles resulting from vac-
cine antigens [14,15,20,21,44-47]. We and others have described
achieving such goals as being the “second golden age” of vaccino-
logy [1,48-50].

Both the immune response network theory and its application
to vaccinomics could have multiple practical and beneficial appli-
cations. Issues relevant to the feasibility of designing new vaccine

i Genetics/Genomics
SNP typing
Copy Number Variation
Gene sequence data
miRNA/siRNA profiles

Transcriptomics

mRNA-Seq
SAGE
Microarray

Immune Profiles

Epitope prediction algorithms|
Multi-color flow cytometry
CyTOF

Pathogen protein array

Epigenomics
ChIP-Seq
MDIP-Seq
MRE-Seq
MethylC-Seq

Metagenomics/Microbiome
Targeted rRNA amplicons
Shotgun metagenomics
T-RFLP

candidates include: the need to better understand, at a systems
level, how immune responses to specific vaccines and vaccine anti-
gens are generated and sustained across genders, ethnic groups,
and with aging of the host; the need for a directed methodology,
rather than the historical empiric approach to vaccine design; and
methods for vaccine monitoring (by which we imply immune mon-
itoring in clinical trials), which is a hugely expensive aspect of new
vaccine development, and, finally, the field we have defined as
“adversomics,” which is the application of vaccinomics and system
biology approaches to the specific study and discovery of vaccine-
induced adverse events [12].

Vaccinomics could inform the rational and directed design of
new vaccine candidates by advancing our understanding of the
genetic and non-genetic drivers of the immune response to vaccine
antigens at the systems or network level. As the importance of
personalized medicine, or so-called “precision medicine,” becomes
more apparent, it is possible that vaccines will be developed not
on a “one size fits all” population-based approach, but rather
with a data-driven appreciation for restricting genetic differ-
ences between individuals and subgroups within a population
[20,21,25,51]. For example, vaccinomics could play an important
role in designing new vaccines for an immunosenescent population
by defining and understanding, at the systems level, pertubations
in the immune, immunogenetic, and metagenomic systems that
prevent the development of protective immune responses [46].
Likewise, as discussed in the sections below, understanding the
mechanism by which a polymorphism in a critical viral receptor
blocks viral binding and uptake, for example, allows the potential
ability to engineer around that genetic restriction and allow for
improved vaccine immunogenicity. Such an approach would allow
a move away from the “isolate-inactivate-inject” paradigm to
the “discover-validate-characterize-apply” paradigm of new
vaccine discovery and development [7]. A flow chart describing
the application of vaccinomics to this new paradigm is presented
in Fig. 2. Key elements of this new paradigm are the cutting-edge,
“omics” technologies and sophisticated modeling and bioinfor-
matics tools (Fig. 1). As an example, this paradigm starts with the
discovery of a key genetic restriction, or series of restrictions, then
moves to replication and validation of the effect of that genetic
restriction in relevant individuals or sub-groups, progresses to
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Fig. 1. High-dimensional “omics” technologies. (A) An overview of high dimensional approaches commonly utilized to comprehensively assess biological systems in response
to various stimuli (i.e., vaccination). The resulting datasets provide the “puzzle pieces” necessary to developing a systems level understanding of the biological response being
investigated. (B) An overview of the biostatistical and informatics tools required to “assemble the puzzle pieces” in order to make biological sense out of the large datasets

generated in panel A.
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Table 1
Recent theories/approaches in vaccinology.

Theory/model Description

Tools used

Reverse vaccinology [52,156]
identify antigens for vaccine use.
Immune response network theory [2]

The use of genomic data and in silico analyses to rapidly

Describes immunity as the predictable result of sequential

Transcriptomics, proteomics, epitope prediction
algorithms, immune monitoring
Transcriptomics, proteomics, pathway analysis

activation/interaction of genes and gene pathways.

Vaccinomics [2,9]

A comprehensive study of immune responses to
vaccination such that vaccine-induced immunity can be
understood and predicted and then applied to the

Transcriptomics, proteomics, epigenomics,
Immunogenetics/immunogenomics, computational
modeling, immune monitoring

rationale and directed development of vaccines.

Systems vaccinology [19,157]

responses.
Structural vaccinology [27,53]

selection of vaccine epitopes.
Vaccine informatics [24,158]

The application of systems biology methods to
understanding and predicting vaccine-induced immune

The use of structural biology studies to facilitate the

The use of bioinformatics approaches to facilitate vaccine
development, production, testing, and licensure.

Transcriptomics, proteomics, epigenomics, computational
modeling

Proteomics, NMR, X-ray crystallography, immune
monitoring

Computational modeling, epitope prediction algorithms,
HLA-binding algorithms, data mining and integration,
mathematical simulations of immune response

This table outlines several recent approaches being applied to the understanding of vaccine-induced immune responses and to the development of improved vaccines.
As science advances and new tools are developed, these approaches undergo continual refinement. For example: (1) The initial reverse vaccinology approach has evolved
into several closely-related approaches (i.e., classical, comparative, subtractive genome); (2) Vaccinomics was first conceived as immunogenetics/genomics applied to
understanding and improving vaccine responses and now incorporates additional ‘omic’ technologies in order to move beyond host genetic variations and include the
functional effects (epigenomic/transcriptomic/proteomic) of those variations; (3) Structural vaccinology is now beginning to use of synthetic protein mimetics to mimic

three-dimensional peptide/protein epitopes for use in vaccine formulations.

functional studies to uncover the mechanism(s) by which a causal
variant results in restriction, then finally “applies” (or engineers)
a new vaccine candidate around that restriction such that the new
vaccine candidate is immunogenic and efficacious even in the
presence of that specific genetic restriction [31].

Our work is different in scope, intent, and process from what
has been called “reverse vaccinology [52].” Reverse vaccinology
refers to the study and evaluation of the pathogen’s genome in order
to discover possible new vaccine candidates. While perhaps com-
plementary, vaccinomics takes the opposite tact — that of study
and evaluation of the host’s genome for clues as to how to over-
come genetic (or other host) restrictions in devising new vaccine
candidates. In fact, the developer of reverse vaccinology has pub-
lished papers recognizing the limitations of a pathogen genome
only approach and has published the need for a theory of “post-
genome” vaccine development that incorporates the elements of
vaccinomics into a fuller paradigm for understanding and develop-
ing vaccines [14,15,53]. Our vaccinomics approach proceeds from
an understanding of immune response and its intersection with
determinative genetic factors, and then proceeds to development
of vaccine candidates. This is a very different approach. Nonethe-
less, an interesting possibility might be to combine the benefits of
both vaccinomics and reverse vaccinology in understanding and
identifying new methods of vaccine discovery by understanding
and integrating information about both host and pathogen genet-
ics, respectively [13,15]. Vaccinomics and reverse vaccinology are
only two recent theories and approaches relevant to vaccinology
(see Table 1).

In the design of new vaccines, we have developed a
proof of principle approach for vaccinomics and the resulting
“discover-validate-characterize-apply” paradigm. By utilizing the
immune response network theory and vaccinomics approaches, we
developed a mass spectrometry approach to isolating and identify-
ing naturally presented and processed pathogen-derived peptides
from the HLA peptide binding groove of individuals of interest
(for example hyper- or hypo-responders to a specific vaccine) [54].
Because some peptides from the grooves of HLA molecule super-
types are promiscuous and can bind to a wide spectrum of HLA
alleles, we reasoned that such peptides could form the basis for
a peptide-based vaccine approach among individuals with that
HLA supertype. Indeed, both measles and vaccinia peptides derived
using this methodology have raised recall immune responses

among HLA discordant individuals [54,55], and are now being used
in preclinical vaccine development. Thus, this approach can be used
to identify immunogenic peptides, compare and contrast peptide
sets among hyper- and non-responders to viral vaccines, and allow
the development of HLA supertype vaccines. By extension, adding
peptide sets from additional HLA supertypes could allow coverage
of >90% of a given population [56-58].

Another potential application of vaccinomics could be in rela-
tion to clinical trials. Under the current usual method of developing
and testing new vaccine candidates and therapies, they are tested
wholesale, again using a “one size fits all” population-based
approach, among the general (and genetically uncharacterized)
population. We posit that by using an uncharacterized popu-
lation, subgroups that may respond vigorously—or, alternately,
poorly—are unlikely to be identified within the context of the entire
experimental group [59-63]. This has been seen with clinical trials
of drugs, and we speculate also occurs in clinical trials of vaccines.

In this review, we discuss these and other practical uses and
examples of the application of vaccinomics.

3. Practical uses of vaccinomics
3.1. Atool for evaluation of immune responses

Immunologists typically analyze discrete areas of immune func-
tion using reductionist approaches. This type of approach has
been tremendously successful in furthering our understanding of
discrete components of the immune system such as: individual
signaling pathways; B-cell receptor (BCR) rearrangements; CD4T
cell development; and Th1/Th2 differentiation. As increasingly
sophisticated tools become available, our ability to examine com-
plex networks and the important interactions between these dis-
crete components has also expanded. From this point, we can then
move beyond quantifying individual immune outcomes to under-
standing the specific pathways necessary for the development and
regulatory control of those specific immune outcomes. These pow-
erful “omics” technologies also provide a systems-level view of
immune function, allowing us to identify important relationships
between outcomes, pathways, cells, and even whole tissues.

These vaccinomics tools are being applied toward a deeper
understanding of immune function in multiple ways. For example,
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the use of polychromatic flow cytometry allows for the simulta-
neous detection of multiple cell surface and/or functional markers
on immune cells at precise time points during the generation of
an immune response. One can analyze specific cell types (CD14*
monocytes, CD4* or CD8" T cells, CD56" natural killer (NK) cells),
distinguish between naive (CCR7*CD45RA*), central/effector
memory (CCR7*CD45RA~/CCR7-CD45RA™), and terminal effector
(CCR7-CD45RA*) subsets, plasmacytoid or myeloid dendritic
cells, or between IgA and IgG-producing CD19*CD38*CD27*
plasmablasts. The same experiment can identify cells secreting
cytokines (TNFa, IL-2, IFNg), chemokines (MIP-1a), degranulation
markers (CD107a, Granzyme B), as well as specific activation mark-
ers (CD38, CD69). Due to overlapping excitation/emission spectra,
flow cytometry is currently limited to ~20 different markers [64].
Recent advances in single-cell, mass spectrometric cytometry
(CyTOF) have the potential to significantly increase the number of
parameters that can be measured [65]. Data from these types of
experiments indicate that T cell responses display a high degree
of diversity, which, in turn, provides the host’s immune response
with tremendous functional flexibility. Other labs are merging flow
cytometry with histology techniques to allow multispectral imag-
ing of cells capable of evaluating both visual/fluorescence traits
and spatial separation [66]. As another example, high dimensional
transcriptomic analysis of alterations in gene expression before and
after vaccination has identified specific gene signatures predictive
of functional immune outcomes for yellow fever vaccine [67].

Adaptive immunity is not the only area where vaccinomics
approaches have yielded important insights. Over the last several
years, innate immunity has begun to take center stage not only for
its ability to provide non-specific defenses against pathogens, but
also for its ability to recognize and differentiate between diverse
bacterial, viral, fungal, and parasitic pathogens [68-70], as well
as to prime appropriate adaptive responses tailored toward spe-
cific pathogens [71]. Vaccinomics approaches are perfectly suited
toward unraveling the intricacies of innate pattern recognition
receptors, which control a complex system of signaling path-
ways that exhibit additive, synergistic, cross-regulatory, and even
inhibitory effects. The outcome of pathogen detection by innate
immune components is controlled by the combinatorial and inte-
grated outcome of the cell type recognizing the pathogen, the
anatomic location and microenvironment present during pathogen
recognition, and the pathogen recognition receptors activated. In
this regard, genome/proteome-level analyses have been used to
identify key innate pathways activated by various pathogens and
can be applied toward the directed selection of adjuvants stimulat-
ing critical innate pathways [71]. An example of this type of analysis
is a recent study examining global gene expression patterns in the
genital tract upon administration of experimental adjuvants (CpG
and aGalCer) [72]. The authors performed both pathway and co-
expression analyses to identify adjuvant-induced functional and
coordinated gene expression activities. Their findings indicated
that both adjuvants led to enhanced neutrophil chemotaxis into
the vaginal tissues with corresponding inflammatory responses,
although CpG administration induced a greater degree of inflam-
mation and has been linked to epithelial damage [73]. aGalCer, on
the other hand, also upregulated genes involved in PD-1 signaling.
The authors hypothesized that the concomitant upregulation of
PD-1 limited the excessive neutrophil-induced inflammation [74].
This information could be used to identify mucosal adjuvants that
selectively activate pathways necessary for robust innate responses
while limiting immunopathology.

We believe that next generation sequencing technologies will
prove to be powerful tools for understanding both innate and
adaptive immune function [4,8,9,75]. These technologies provide
comprehensive and holistic data on simultaneous gene expres-
sion, miRNA levels, epigenetic events, and/or DNA/RNA sequence

information. Although these technologies can be used in a tar-
geted manner (specific genetic regions, isolated pathways, selected
miRNA species), the global nature of the resulting data can
be a considerable advantage as it allows the investigator to
observe multifaceted interactions between critical immune ele-
ments/pathways. It also provides the opportunity to discover novel
features of immune function that cannot be identified using reduc-
tionist approaches. These novel features can then be incorporated
into the design of new vaccine candidates. One example would
be the appropriate use of adjuvants stimulating necessary path-
ways involved in generating protective immune responses (i.e.,
aGalCer for mucosal immunity). In addition, rather than measur-
ing vaccine efficacy solely on neutralizing antibody titer or the
number of pathogen-specific T cells, one could develop an inte-
grated model to identify better correlates of immunity (such as the
aforementioned multifunctional T cells), or even predictive mod-
els of immune protection (such as the TNFRSF17 gene signature
proposed as being predictive of antibody responses to the yellow
fever vaccine) [67]. Another example is the use of transcriptional
profiling to identify vaccine vectors capable of appropriate activa-
tion of key antigen presenting cells as was done with the poxvirus
vector NYVAC containing HIV antigens (NYVAC-C) [ 76]. The authors
found that NYVAC-C-KC (withrestored expression of the host range
genes K1L and C7L) activated antigen processing pathways without
concomitant expression of inflammatory and IFN-induced genes,
whereas NYVAC-C-AB19R (missing the viral type I IFN receptor
homolog) induced inflammatory type I IFN and IL-1R gene path-
ways. By combining the two mutations, the authors were able to
construct a vaccinia vector (NYVAC-C-KC-AB19R) capable of acti-
vating strong inflammatory and IFN responses, while also fully
activating antigen processing and presentation pathways.

Thus, high dimensional “omics” tools provide not only the capa-
bility to study biologic responses in a comprehensive fashion, but
also the opportunity to uncover novel interrelationships and to
deconvolute the intricacies of the immune response to specific
antigens.

3.2. Atoolin developing new vaccine candidates

Lower costs, and an overall consensus that novel technolo-
gies must be applied in the process of vaccine discovery, have
led more researchers to adopt vaccinomics-like approaches. The
logical first step is to deploy vaccinomics technologies to profile
immune responses to model vaccine systems [25,26]. For exam-
ple, we are currently applying this approach to investigate immune
responses to seasonal influenza vaccine in older adults with the
intent of: (a) developing a predictive model of immunity to seasonal
influenza vaccine; (b) elucidating potential mechanisms behind
the influence of immunosensescence on vaccine response; and
(c) discovering biomarkers associated with vaccine efficacy. By
utilizing multiple “omics” platforms (genomics, proteomics, tran-
scriptomics, and epigenomics), a definitive model of host response
to seasonal influenza vaccine can be developed.

Recently, the National Institutes of Health funded the “Human
Immunopehnotyping Consortium” to accelerate these efforts
(http://www.immuneprofiling.org). The elegance of this approach
is that it can be adapted for use with other model and novel vac-
cine systems. Additionally, if specific host factors are involved
in immunity to more than one vaccine candidate, then perhaps
these factors could be incorporated into constructs that recapit-
ulate or enhance the immune response in low responder subjects
to the levels observed in high responders. For example, we have
observed polymorphisms/haplotypes in the vitamin D receptor
(VDR) that influence the immune response across two different
live viral vaccines—measles and rubella [77,78]. Genetic varia-
tions in the VDR influence the subsequent immune response. The
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active form of vitamin D (1,25(0H)2D3) binds to VDR and medi-
ates the expression of vitamin D responsive genes [79]. VDR is
expressed on multiple immune cells [80] and has been shown
to influence immunity by regulating the expression of antimicro-
bial peptides, MHC expression, and polarize toward a Th2 immune
response [81]. A very important observation is that baseline lev-
els of 1,25(0H)2D3 in subjects with prostate cancer correlate with
the serological response to seasonal influenza vaccine [82]. An in-
depth analysis of genes and gene pathways that links the expression
of vitamin D receptor and its influence on the immune response
to live viral vaccines will allow us to elucidate host-derived fac-
tors that could, for example, be used as adjuvants with a vaccine
candidate.

Our own work with elucidating naturally processed, HLA-
derived peptides from measles and vaccinia viruses [54,83]| can be
taken a step further with the advent of next generation sequenc-
ing for rapid HLA-typing [84] and TCR repertoire profiling [85].
Ideally, this would lead to a highly antigenic peptide cocktail
that would cover the majority of HLA haplotypes present in the
population. Another vaccinomics approach to elucidating natu-
rally processed or mathematically predicted peptides is to use
HLA-specific MHC tetramers, coupled with high-throughput flow
cytometric analyses [86,87]. An advantage to this approach is the
ability to quantify how many effector cells are specific for each
peptide and the phenotype of these cells. Using MHC tetramers,
Wagar et al. was able to identify a late effector subset of CD8T
cells (KLRG1(+)CD57(+) influenza M1-specific) that were nega-
tively associated with humoral immunity to influenza vaccine in
older adults [87].

There has been some success in pathogen genomic analysis
to determine potentially immunogenic antigens. One example is
work with Group B meningococci and the synthesis of a vaccine
containing five identified antigens [88]. Using these novel assays
in concordance with high-throughput sequencing and proteomics
will allow researchers to determine if a potential candidate will
be effective across diverse genetic backgrounds and immunologi-
cal phenotypes, and prior to committing large sums of money to
empiric clinical trials.

A very promising use of “omic” technologies is to elucidate
mechanisms behind vaccine escape variants. Golubchik et al.
deployed genome sequence tracking of 62 pneumococcal vaccine
escape isolates to determine what recombination events lead to
vaccine escape [89]. The real-time surveillance of epidemiologi-
cally relevant strains could also be used with other highly variable
pathogens to determine if putative vaccines or novel candidates
would be effective. Researchers are utilizing immunoinformatics
tools to develop vaccines that target conserved regions of circulat-
ing strains. One pitfall in the development of an effective HIV-1
vaccine is the high levels of genetic diversity between clades.
One approach was to construct a cocktail of bioinformatically pre-
dicted T-cell epitopes from 43,282 HIV-1 sequences. Twenty-seven
of these sequences were tested for binding and immunogenicity
on PBMCs isolated from HIV-infected individuals [90]. Isolat-
ing immunogenic epitopes using a reductionist-based approach
would prove to be near impossible with such a highly variable
virus.

Not only can vaccinomics be applied to understanding immune
responses and to developing novel vaccine candidates, but this
approach can also be applied to investigate why historically
successful candidates are effective [91-93]. Vaccinomics as a
practice is not a complete abandonment of reductionist-based
science, but a supplement and enhancement of the founda-
tions built by earlier works. In retrospect, we can elucidate the
mechanisms behind successful vaccine candidates against infec-
tious diseases and apply them to the more difficult, elusive
targets.

3.3. Atool in developing individualized vaccinology approaches

Vaccinomics could play a significant role in the develop-
ment of personalized vaccines and in individualized therapeutic
strategies. Understanding the genetics of host-pathogen interac-
tions, particularly how immunogenetics and metagenomics impact
the heterogeneity of vaccine-induced immunity, could allow the
production of new vaccine candidates and perhaps, one day,
individualized vaccines (or vaccines for specific sub-groups of
interest — such as individuals who are immunosenescent or who
carry common genetic variants that currently preclude devel-
opment of protective immune responses). Further, integrating
immunogenetics with functional SNP polymorphisms (including
high-dimensional studies to quantitate mRNA gene transcripts
of polymorphic genes) will add significant information to the
rapidly developing concept of personalized vaccinology. Indeed,
these novel concepts (the immune response network theory, vac-
cinomics, and adversomics), combined with the use of novel
high-throughput technology (next generation sequencing and
transcriptomics, proteomics, and epigenetics), will help eluci-
date, measure, and predict vaccine-induced immune responses,
and bring personalized vaccinology closer to reality. In addi-
tion, advances in new high-throughput technology will allow
identification of novel targets to be applied toward individual-
ized vaccinology, such as cytokines (or cytokine antagonists) and
cytokine adjuvants, hypomethylating agents (aberrant methyla-
tion), immune-relevant known and unknown genes and immune
response-associated polymorphisms and networks, and/or path-
ways. Gathering information from metagenomic studies of
microbial communities and their contribution to the health of
the host will be an important step in comprehending the roles
of microorganisms in immune response to vaccines [94]. Such
advances will allow development of specific and general principles
that advance personalized vaccinology and provide support for a
new paradigm of vaccine development at individual (and popula-
tion) levels.

An individualized vaccine approach results from application of
the vaccinomics concept and an understanding of the HLA and other
immune response genes’ contributions toimmunity [95]. For exam-
ple, identification of the antigenic peptides identified in the context
of specific HLA proteins and associated with certain HLA alleles has
allowed utilization of an HLA-based approach as a vaccinomics tool
to identify novel vaccine candidates [45]. Our population-based
study of smallpox vaccine-induced immune responses suggested
that the HLA-B*1501 allele (p=0.016) was highly correlated with
vaccinia virus-specific cellular IFN-y Elispot T cell responses after
smallpox vaccination [34]. By applying an HLA-based approach, we
have identified multiple class IA*0201 (A2 supertype), B*1501 (B15
supertype)and C*03-restricted T-cell epitopes in vaccinia virus pro-
teins [54]. These naturally processed peptides are currently being
assessed as new smallpox vaccines—either as synthetic epitope
vaccines or as long synthetic epitope-adjuvanted vaccines—while
having the benefits of immunogenicity and effectiveness, reduced
frequency of side effects, and the ability to produce them quickly
and at low cost [6,96]. An alternative strategy to overcome genetic
restrictions is to create a vaccine that also includes a “univer-
sal” immunodominant T-cell epitope to induce strong immune
responses in all individuals, regardless of genetic background, such
as what is being done with influenza vaccines [97]. When consid-
ering peptide-based vaccines for potential use in the majority of
the population, a relationship between HLA “supertype” alleles
associated with overlapping peptide-binding specificities should
be considered [98,99]. As an example, a relationship between the
HLA-B7 supertype and higher measles vaccine-induced antibody
levels, and a relationship between the HLA-B27 supertype and
lower rubella antibody levels were successfully replicated between
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two independent vaccine immunogenetic studies [30,32]. Person-
alized selection of viral peptides presented by these B7 and B27
supertype alleles could be a promising strategy for novel MMR
vaccines.

Several population-based vaccine studies have addressed
the association between genetic polymorphisms and MMR,
influenza, vaccinia, hepatitis B and HIV vaccines [34,100-107,59].
A recent Anthrax Vaccine Adsorbed (AVA) study analyzing
vaccine-induced antibody responses to Bacillus anthracis pro-
tective antigen (PA) has suggested a genetic basis for inter-
individual variations in immune responses following vaccination
[38,39]. Pajewski et al. [38] reported a significant association
between DRB1-DQA1-DQB1 haplotypes (*1501-*0102-*0602,
*0101-*0101-*0501, and *0102-*0101-*0501) and lower pro-
duction of PA-specific antibodies in AVA-immunized subjects.
Furthermore, significant associations with lower PA-specific T lym-
phocyte proliferation levels and HLA homozygosity (i.e., at the A,
DQA1, and DQB1 loci) were also discovered [159]. Studies sug-
gest that individuals who carry homozygous HLA alleles are more
likely to fail to develop antibody and cytotoxic T cells responses
to HIV vaccines, and are more likely to be susceptible to HIV-
1 infection [59,108]. The effects of gene polymorphisms in MMR
vaccine-induced immunity have been recognized and replicated
for several gene systems: antigen-presenting class I (B) and class II
(DR, DQ and DP) genes [30,32]; cytokine (IL2, IL10) and cytokine
receptor (IL12B, IL12RB1) genes [33,109]; measles viral recep-
tor CD46 genes [31]; and innate TLR4 genes [78,110,111]. Other
examples include the HLA class IB loci and CCR5-delta recep-
tor, which is correlated with susceptibility to HIV-1 infection and
many previously unrecognized loci, such as killer Ig-like recep-
tors (KIR), nucleotide-binding oligomerization domain-containing
cytosolic proteins (NOD), tripartite motif protein TRIM5alpha,
and mannose-binding lectin (MBL) [59,112-117]. Thus, under-
standing complex relationships between host genetic diversity
and vaccine-induced immune response can assist in designing
future personalized vaccines. In this respect, combined analy-
ses of SNPs (n=726) that tag multiple (n=84) candidate genes
also demonstrated that a multigenic assessment (p=0.017) may
explain variations in rubella vaccine antibody levels [118]. In our
recent rubella vaccine population study, a search for the SNPs that
influenced the antibody levels identified a set of 29 SNPs in 23
candidate immune response genes (such as IL6, L4, IL4R, TNF,
IL10RA, LTA, LST1, OAS2, ADAR, EIF2AK2, RARB, TRIM5, TRIM22,
and others) that were jointly associated with significant vari-
ation in rubella antibody titers, while only four SNPs in three
candidate genes (LTA, IL6, and IL4R) were implicated when SNPs
were analyzed in isolation [118]. These data show that multigenic
models may allow enhanced identification of additional signifi-
cant SNP associations otherwise unobservable by simple univariate
models.

As another example, we have recently identified and replicated
a CD46 gene 152724384 polymorphism that was associated with a
two-fold decrease in measles vaccine-induced (Edmonston strain)
antibody levels [31,119]. While functional studies are not yet com-
plete, we speculate that this SNP impacts the capacity of measles
virus to attach to its receptor and, therefore, prevents immune
response. Understanding these genetic relationships allows the
rational and directed design of a vaccine that evades immuno-
genetic limitations such as these. It terms of applicability to cellular
immune responses, a group of SNPs in the cytokine and cytokine
receptor genes, such as IL1RN, IL2RB, IL4R, IL6, IL10RB, IL12A, and
IL12RB2, demonstrated consistent associations with vaccinia virus-
specific cytokine production after smallpox vaccination among
Caucasians and African-Americans [ 120]. In different ethnic groups,
allele frequencies have been shown to vary significantly; thus, dis-
covering common SNPs associated with vaccine-induced immunity

among different racial or ethnic groups may allow for rational vac-
cine design across sub-groups of individuals.

Gender-based differences may also influence the develop-
ment of a personalized approach to vaccine practice. Several
studies have demonstrated a connection between gender and
immune responses to vaccine antigens [121-123]. For example,
our population-based vaccine studies demonstrate significantly
higher humoral (IgG and neutralizing antibody) immune responses
to rubella, mumps and vaccinia vaccines in females versus males
[101,124,125]. A meta-analysis of several vaccine studies (n=1800
influenza vaccinees) also demonstrated gender disparities in both
local and systemic adverse events following inactivated influenza
vaccination [126]. Though vaccine studies have focused mainly
on gender-based differences in the humoral aspects of immunity,
there is growing interest regarding gender disparities in cellu-
lar immunity, an important factor for vaccine development and
individualized vaccine development [127]. Of interest, age- and
gender-associated disparities in circulating NK T cell levels, as well
as CD4+ NK T cell subsets, were recently found in healthy Korean
individuals [128]. A better understanding of genetic background
and gender-based differences in the development of vaccine-
specific immunity may, for example, lead to the development of
prophylactic vaccines customized to gender.

3.4. Atoolin adversomics

Routine vaccination has been identified as a one of the great-
est public health achievements of the 20th century [129] and is
recognized in the scientific and medical community for its very
low risk-to-benefit ratio [130]. Nonetheless, adverse events asso-
ciated with vaccination represent important problems, in part
because of the impact of disproportionate publicity and its impact
on uptake [131], but, more importantly, because of vaccination’s
use in otherwise healthy individuals as a preventive—rather than
a therapeutic—intervention [132]. However, the determination of
causality with rarely occurring adverse events is fraught with dif-
ficulties for both pre- and post-licensure study [133,134]. Vaccines
are biologics, and the human response to biologics varies widely
across individuals and not just in the desired, salutary immune
response, but also in untoward reactions. This variation depends
upon a complex interaction of past exposures and infections, cur-
rent physical and emotional health, and the individual’s genome
and microbiome [135], among other factors. With respect to the
variation that results in the rare, but serious, adverse events asso-
ciated with vaccines, Relman wrote the following in 2008:

If these aberrant responses could be predicted and under-
stood mechanistically (the first element does not necessarily
require the second), we would be able to reduce the number
and/or severity of vaccine adverse events (AEs), improve vaccine
design, and create personalized strategies for eliciting immune
protection. [135]

We are moving toward an era where we may measure and
predict the complex interactions that result in adverse events
associated with vaccination or “adversomics [12,136].” This is not
science fiction. Several recent studies, as reviewed below, demon-
strate the feasibility and utility of such investigations.

The first example is an investigation of sodium channel
gene SCN1A mutations in alleged vaccine encephalopathy
[137]. Berkovic et al. studied 14 patients with alleged vac-
cine encephalopathy that was made manifest by seizures
occurring within 72h of vaccination after one of the
first three doses of diphtheria-pertussis-tetanus (DPT) or
diphtheria-pertussis-tetanus-inactivated polio-Haemophilus
influenzae type b (DPT-IPV-Hib) vaccine given in infancy. Of the
14 patients, eight had Dravet’s syndrome or severe myoclonic
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epilepsy in infancy (SMEI), four had borderline severe myoclonic
epilepsy in infancy (SMEB), and two had Lennox-Gastaut syn-
drome. Investigators conducted PCR amplification on all 26 exons
of the sodium channel gene SCN1A along with flanking intronic
primers and ascertained the presence of heterozygous mutations
of SCN1A in 11 of 14 cases. None of the mutations found occurred
in the 130-149 control samples obtained from blood donors. In
nine of 11 patients, studies of the parents demonstrated that
the mutations occurred de novo. Parental DNA was not available
in the other two, so de novo mutations could not be confirmed
in those. The 11 cases included eight of the eight original SMEI
cases, three of the four original SMEB cases, and none of the two
Lennox-Gastaut cases. As the authors wrote, while epidemiologic
studies have not supported associations of childhood vaccina-
tion with encephalopathic disorders, individual cases with their
coincidental associations pose real difficulties for the parents, the
physicians, and the public. Investigations into causation such as
these not only provide explanation, but also solace as well — and
potentially inform the design of newer, safer vaccines.

The second example concerned an investigation by Ball et al.
with regard to the association of arthritis with Lyme disease vacci-
nation [138]. The investigators compared the results of HLA-DRB1
allele typing, Western blots for Lyme disease, and T cell reactiv-
ity in 27 cases of individuals who developed arthritis following
their receipt of Lyme disease vaccine and 162 matched controls.
The investigators found no differences across HLA-DRB1 alleles or
T cell response to outer surface protein A (Osp-A), but did find lower
levels of IgG antibodies to Osp-A. The results point away from the
hypothesis that the Lyme disease vaccine was a major factor in the
development of these cases of arthritis [138]. This association of
arthritis and vaccination was rejected by the analyses conducted by
U.S. Food and Drug Administration and other investigators [139].

The preceding examples, while not genomic studies, demon-
strate the potential to use broad genomic evaluations in addressing
important questions of vaccine-associated adverse events—the first
to uncover an alternate explanation and the second to test a pro-
posed theory. A third example illustrated the actual use of modern
methods of adversomics. Reif et al. conducted genome-wide SNP
genotyping of subjects participating in two clinical trials of small-
pox vaccine [140]. In both trials, the subjects were healthy adults
receiving the smallpox vaccine for the first time, and were fol-
lowed closely to document any adverse events. In the first trial
of 96 subjects, 16 had systematic adverse events. A total of 36
SNPs representing 26 genes were identified in the first trial to have
significant associations with systematic adverse events. The inves-
tigators then used the same SNP panel on those in the second trial
including 46 subjects where 24 had systematic adverse events. Of
the original 36 SNPs, three SNPs were confirmed to have statisti-
cally significant associations with systematic adverse events. These
SNPs were associated with genes [5,10-methylenetetrahydrofolate
reductase gene (MTHFR) and interferon regulatory factor-1 (IRF1)]
that are quite possibly involved in pathways in line with hypoth-
esized mechanisms for adverse events resulting from imbalances
in inflammatory stimulation and tissue damage repair. The study
not only demonstrated the power of the SNP arrays, but also
the need for confirmatory replication [135]. Further work with
systemic adverse events associated with smallpox vaccine used
advanced computational techniques and specifically an analytic
approach labeled Random Forest™, which utilizes both genetic
and proteomic data to create a biologic model that included the
intercellular adhesion molecule-1, interleukin-10, colony stimulat-
ing factor-, and interleukin-4, and fit well with the previous findings
and the proposed underlying mechanism [141].

Afourth example concerned the combination of microarray with
immunofluorescence to monitor the effects of vaccine adjuvants in
mouse muscle [142]. The adjuvants studied included MF59, CpG,

and alum. The authors examined the expression of genes over time
to demonstrate that MF59 affected the up or downregulation of
891 genes, whereas CpG and alum up or down regulated 387 and
312 genes, respectively. All regulated a common set of 168 genes,
but MF59 had the strongest effect in inducing cytokines, cytokine
receptors, adhesion molecules, and antigen presentation cells. The
authors concluded from their investigation that MF59 represented
the best of the three adjuvants compared because MF59 not only
had the strongest, but had the earliest effects.

In a fifth example, Mizukami et al. evaluated the utility of
cloned complementary DNA microarrays in the quality control
of influenza vaccine manufacture, with particular reference to
novel strains [143]. Specifically, they demonstrated—with DNA
microarrays—that they were able to identify 76 genes that distin-
guish whole-virus H5N1 vaccines from split-virion H5N1 vaccines,
as well as saline controls. From their analyses of gene expression,
they concluded that this rapid and highly sensitive method pro-
duced results consistent with the standard toxicity tests currently
employed in quality control. This novel approach would reduce the
time necessary for safety tests, as well as the number of animals
sacrificed.

These examples illustrate a diverse set of applications of adver-
somics. Clearly, the combination of high-throughput genomics,
transcriptomics, proteomics, and others can—with the new
advances in computational capacity and techniques—open new
frontiers of investigation. We have learned that gene expression
studies of vaccines and their adjuvants as tested in animals may
fail to translate to humans [132]. Furthermore, despite the rarity
of the most concerning adverse events, replication of findings in
subsequent samples is critical; investigations of genomic associa-
tions in single samples are only hypothesis-generating [135,140].
Investigators will need access to multiple samples whose clinical
status (phenotype) is well characterized and from whom great care
is taken in collecting samples in terms of timing, as well as in col-
lecting data with respect to exposures and outcomes [132,135].

Not only will such investigations require financial resources;
consideration must be given to creating shared repositories of
data (freed from proprietary interests) [132], as well as to cen-
tralized authorities to monitor and account for vaccine adverse
events [136]. Such large-scale phenotype-genotype databases are
critical to developing multigenetic models of adverse effects from
vaccines and to achieving the promise of adversomics in both devel-
oping safer vaccines and in predicting/preventing serious adverse
reactions in vaccine recipients.

3.5. Development of systems level models to support vaccinomics

The development and application of bioinformatics and systems
biology tools will be essential to meeting the goals of vaccinomics
in the 21st century. In this section, we discuss analytical tools and
strategies for their application in two areas of vaccinomics. First,
the prediction of immune response outcomes (immune response
markers such as antibody response and adverse events) based on
a complex signature of biomarkers. The goal of immune response
prediction is to infer a statistical or machine learning classifier that
incorporates one or a combination of genetic and other biomarkers
to answer the question “will a particular vaccine ‘work’ for a given
individual?” Personalized vaccination will use these classifiers to
predict an individual’s quantitative response to different vaccina-
tion types, doses, or routes, and to suggest the safest and most
effective route, given the individual’s unique combination of geno-
type, gene expression levels, epigenetic and other markers. Second,
controllability of the immune response through the use of statistical
and mechanistic network models that can be manipulated in silico
to guide modifications to achieve safer, more effective vaccines.
The goal of controllability is very similar to the goal of vaccination
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itself—to guide the immune response trajectory to the optimum
state. The difference lies in the controllability theory’s use of mech-
anistic models, based on known interactions and signaling of cells
and molecules in immune system pathways, to identify drivers
within the model that may be used to achieve the precise biological
outcome. That is, understanding how the immune system works,
and what key elements are required to achieve a response. A combi-
nation of mechanistic and statistical/machine learning approaches
will likely emerge to achieve robust system identification and target
a desired immunological state.

Machine-learning algorithms have become popular in bioinfor-
matics for class prediction and regression in high-dimensional data
[144]. For class prediction, a rule is learned from training data to
predict class labels, such as case-control status, in unseen test data.
Similarly, machine-learning regression establishes a rule for fit-
ting a quantitative outcome variable, such as immune response.
Among the most popular class prediction and regression algo-
rithms are linear discriminant analysis, neural networks, support
vector machines (SVM), classification tress (CART), random forests,
penalized regression, and nearest neighbor methods. An integra-
tive, high-dimensional framework is needed to meet the challenge
ofimmune system prediction following vaccination because no sin-
gle data domain (genome-wide association studies or GWAS, gene
expression, epigenetic, environmental covariate) or single marker
will be sufficient to predict a complex outcome such as vaccine
immune response. Indeed, for GWAS it has been shown that when
replicated disease-associated SNPs are used as input, the resulting
classifiers provide poor accuracy [145]. In large part, poor classi-
fication is due to the low relative risks of validated disease loci,
typically in the range of 1.1-1.2, whereas very large relative risks
are required for accurate prediction [146]. Thus, in order to infer
classifiers that can predict personalized outcomes in the absence of
characteristics with large relative risks, classifiers likely will need
to include a large number of biomarkers and include interactions
among them. However, increasing the number of markers included
generally reduces the generalizability of a predictive model. Alter-
natively, integration of signatures from other molecular biology
levels, such as the protein or transcript level, together with DNA-
level information may be required for accurate prediction [141].
Integration may take place in a hierarchy or on multiple levels (e.g.,
SNP to gene expression with feedback loops, etc.) or without regard
to any structure that assumes the biological relationships between
data types. The advantage of a hierarchical network structure is
the potential to identify causal relationships. In addition, the no-
free-lunch theorem of data mining tells us that multiple statistical
methods will need to be combined to find consensus biomarkers
and signatures for immune response prediction [147,148].

A disadvantage of many of the modern methods mentioned for
class prediction is the difficulty of interpreting the classification
model. The SVM provides some degree of geometric interpretabil-
ity as a separating hyperplane; however, the ability to understand
or visualize such a plane is lost in higher dimensional feature space.
Thus, alternative and complementary approaches are needed to
rank important markers and interpret biological relationships. Net-
work and pathway approaches lend themselves to interpretability
because network relationships can be visualized in two dimen-
sions and pathway annotation can be mapped onto nodes and edges
(Fig. 2).

A network is simply a set of nodes connected by edges. For a
biological network, the nodes are typically genes or gene prod-
ucts. However, there are numerous ways to define the edges in
a biological network, including correlation, regulatory, biochemi-
calreaction, statistical interaction, protein-protein interaction, and
others. All of these ways of defining edge information content will
help vaccinomics; however, given the currently discussed goals of
personalized immune response prediction and control, we focus

on edges that carry information about immune response on the
population level. These epistasis networks or genetic association
interaction networks (GAIN) have been applied to SNP data for
vaccine immune response [149] and demonstrated pathway repli-
cation in GWAS of mental disorders [150].

Fig. 3 shows an epistasis network from Davis et al. [149] for a
genetic association study of human antibody response to small-
pox vaccine. Empirical node and edge weights for the GAIN are
determined by main effects and gene-gene interactions in the con-
text of post-vaccination antibody response. The most important
SNP node, based on network centrality (importance based on main
effect associations with response, together with interactions with
other SNPs conditional on response), is in the retinoid X receptor
alpha (RXRA) gene, highlighted in red along with its connections
in Fig. 3. The RXRA gene mediates vitamin D signaling, and recent
studies show that RXRA is involved in innate immune response
[77-82]. Other important genes based on their network central-
ity are highlighted, such as Cytochrome P450, family 1, subfamily
a, polypeptide 1 (CYP1A1) (highlighted in blue), and neutrophil
cytosolic factor 2 (NCF2) in green. The individual effect of RXRA
in this data would have been below the threshold of significance
in a standard statistical analysis, but our SNPrank algorithm identi-
fied RXRA as the most important association with smallpox vaccine
antibody response due to its many gene-gene interactions in the
network. Driven by RXRA, GAIN and SNPrank provide evidence that
other vitamin regulation pathway genes play an important role in
immune response to smallpox vaccination.

The epistasis network approach may lead to greater sensitivity
because it ranks genes based on their connections in the system-
wide network as well as their individual importance to the immune
response. The connections in these population-level statistical epis-
tasis networks will likely have some degree of isomorphism with
the connections in cellular, signaling and regulatory networks. The
isomorphism will be imperfect because the connectivity in epis-
tasis networks is specifically conditioned on risk of low immune
response or risk of adverse event. However, identifying isomor-
phisms will help us understand both statistical networks and
mechanistic networks. In addition to refining our understanding
of biological relationships involved in immune response, knowl-
edge of the complexity and topology of the epistasis network and
centrality of nodes will improve our ability to control the individual
immune response.

Controllability of a network refers to the number of nodes
required to reach a desired state of the system. The history of vacci-
nation has demonstrated the controllability of the immune system.
However, there is a need for a mathematical theory of control that
quantifies how controllable the immune system network is and
predicts the drivers of control. Drivers are nodes required to guide
a system to a desired state. In the study of dynamic networks, Liu
et al. [151] identified sets of driver nodes for complex networks.
The main determinant of the number of driver nodes was the
network’s degree distribution, and results suggested that dense
and homogeneous networks may be controlled using a few driver
nodes. Surprisingly, networks became more difficult to control as
the degree of heterogeneity increased. These dynamic networks
are fundamentally different from some other types of biological
networks, such as epistasis networks. Thus, an important goal of
vaccinomics is to determine whether similar controllability prop-
erties exist for epistasis networks and other biological networks
related to the immune system response. However, these results for
dynamic networks suggest that one may be able to identify new
drivers for improved vaccine design.

A challenge to development of these class prediction mod-
els is that many individuals’ immune responses may be truly
unique, and a personalized classifier may require a unique panel
of rare variants and other markers to predict who will be a poor
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Fig. 2. Vaccinomics and the development of the Immune Response Network Theory for directed vaccine design. The host response to vaccination leads to the sequential
activation of complex and poorly understood biological pathways and networks (black box). The outcome of this response is a consequence of the cascade of biological
pathways that are initiated. Because of the inherent complexities of the diseases for which we lack vaccines, it is no longer feasible to take an empirical approach to vaccine
development. A logical, directed approach is needed. This begins with the administration of a vaccine to an appropriate animal or human model. Biological specimens
consisting of the relevant immune cells or bodily fluids (sera, mucosal secretions) are collected at specified time-points in order to assess immune outcomes over time.
High throughput “omics” technologies are utilized in order to comprehensively assess biological processes. This is analogous to opening a puzzle box and spreading out all
of the pieces, with each “piece” of the puzzle being a separate assay. This is followed by the use of advanced statistical and bioinformatics tools to make logical sense of
the high-throughput data (i.e., putting the pieces together to form a coherent picture of the development of an immune response over time). The resulting systems-level
understanding of immune function following vaccination allows us to identify predictive biomarkers, essential immune pathways, select appropriate adjuvants, alter vaccine
composition to avoid side effects, include essential epitopes, and circumvent escape variants to deliver a personalized vaccine treatment. The resulting knowledge is also
applied to refining the experimental systems used to assess immune function, resulting in an iterative cycle of discover, validate, characterize, and apply this new knowledge.

vaccine responder. Unique signatures pose a challenge to machine to how the immune system works. As Box so elegantly stated,
learning and statistical methods in general because the goal is “all models are wrong, but some are useful [153].” We suspect
to learn patterns and trends from training data that generalize that while the initial equations we propose are overly simplified,
to test data containing characteristics on independent people. additional data will make clear that such a system (and its descrip-
As discussed in the prior section on adversomics, large sample tive equation) will rapidly become quite complex. With more data
sizes will be required in order to incorporate both common and and increasingly refined iterations of mathematical models, we

rare markers that span multiple molecular levels in the body into anticipate insights that will allow increasing simplicity of such an
class prediction models, ensuring accuracy and generalizability equation - leveraged on increased understandings of what vari-
of the classifiers. Establishment of biobanks containing clinical ables are of sufficient magnitude to be descriptive and predictive
specimens together with clinical characteristics, together with of immune response, and what the interactions among such vari-
public deposit of data into public data bases such as GEO (Gene ables might be when considered within the confines of the human

Expression Omnibus, http://www.ncbi.nlm.nih.gov/geo/) or Imm- system. A general form of this model of immune response can be
Port (http://immport.niaid.nih.gov) will help to move this field written as y =f,(HF, VF, GF, ...) where y indicates a measure of a
forward. person’s immune response (such as humoral immunity or circu-

lating antibody level), f, indicates a function (linear or nonlinear)
3.6. The ultimate goal: development of descriptive and predictive of the indicated variables for the vth vaccine, HF indicates human
immune response equations demographic factors, VF indicates vaccine variables, GF indicates

genomics factors, and so on. Based on past findings, we are confi-
Given the aforementioned theoretical and current models, we dent that demographic variables such as age and gender will be a

have established the goal of developing descriptive and predic- part of this model. If we assume this model can be linearized for a
tive equations, whereby it is theoretically possible to devise a given vaccine, it could be writtenin the formy = By + Zf;]ﬂixi +&,
meta-equation that describes the role and degree of importance where y is a measure of a person’s immune response, By is the

of key drivers/variables that in toto define the immune response to intercept, B; is the coefficient or slope for the ith variable x; and
a given antigen. Such an equation will need to characterize key indicates the amount of change in y for a 1 unit change in x;, and
genetic restrictions at the SNP/gene/haplotype level, epigenetic ¢ represents random deviations from this model. The x; variables

phenomena, complementarity, epistasis, polymorphic plasticity, are a mathematical representation of the human demographic and
the role of adjuvants, and, more recently, the current microbiome other factors described above. In reality the model is likely more
state [118,152]—all at the systems-integrated level. complex than can be represented by a linear equation and will be

The usefulness of such equations includes a method to organize a nonlinear function of these human characteristics defined by a
thinking about the components and interactions of these compo- complex system of differential equations, and may differ according

nents on immune response, and to provide initial hypotheses as to properties of the vaccine.


http://www.ncbi.nlm.nih.gov/geo/
http://immport.niaid.nih.gov/
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Fig. 3. Genetic association epistasis network for human antibody response to smallpox vaccine. Data-driven, vaccine-specific interaction networks will be an important
component of personalized, predictive vaccinomics. The properties of such networks can provide target information for vaccine or therapeutic design, and the connectivity
of such networks can guide causal and mechanistic models of vaccine immune response. This network was inferred from a genetic association study of individuals who
received the smallpox vaccine. The nodes and edges carry genetic variation that explains an individual’s response to smallpox vaccine. The most influential hub gene in the
network is retinoid-X receptor-alpha (RXRA), labeled in red at the bottom. This gene is involved in mediating vitamin D signaling and innate immune response. However,
the importance of RXRA would not be recognized in this data by a univariate analysis. The identification of this gene through a genome-wide network analysis indicates the
importance of statistical modeling that reflects the underlying complexity of the biological system.

Adapted from [149].

Of course, each of the variables (host factors, genetic factors,
etc.) are themselves sub-models that can be mathematically char-
acterized. Some may be linear, though likely most biologic systems
will not be. By virtue of building such equations, we are forced to
confront such issues, and incrementally design experiments and
provide data to inform belter model building.

While building such equations and models is conceptually pos-
sible, significant work remains to be accomplished in being able
to characterize each such component and its role in immune
phenotypes and profiles of interest. Much more research into
immunogenetics, immunogenomics, metagenomics, and bioinfor-
matics models will be needed, and readers should understand this
quest as a “forward-looking” statement. Nonetheless, given ade-
quate characterization of the role and strength of influence of each
component influencing or driving the immune system, it should
be possible to derive a descriptive, and later predictive, equation
that, through successive refinements informed by ongoing research
findings, allows definition and prediction of a specific immune
phenotype of interest at both the individual, and perhaps, the pop-
ulation or “sub-population” level. Key to these efforts will be the
integration of new bioinformatic approaches to such studies, and
the development of newer systems level analytical approaches as
noted above [11].

Development of such an equation(s) represents the “holy grail”
for vaccinologists and could enable more rapid, directed, and
rational design of new vaccines, more efficacious vaccines, safer
vaccines, and could potentially remove or minimize much of the
time and financial risk inherent in new vaccine development. Such
an approach is urgently needed for developing vaccine candi-
dates against pathogenic hyper-variable viruses, parasites, fungi,

and bacteria that plague humans. Too, such an equation(s) would
allow early determination of vaccine immunogenicity, dosing, and
safety in a given individual or subgroup of highly characterized
individuals. In addition to developing vaccines against pathogens
that cause significant morbidity and mortality, such “individualized
vaccinology” is a major and compelling goal for the 21st century
practice of vaccinology.

4. Summary

Vaccinomics and the immune response theory are poised to be
the major drivers of how vaccines are developed, administered, and
monitored in the 21st century. In addition, the application of these
concepts to vaccine safety (adversomics) will enable the concept
of personalized vaccinology, and allow administration of vaccines
informed by more refined estimates of potential adverse side effects
to a given vaccine. The application of these concepts may result in
significantly diminishing the current anti-vaccine and general fear
of vaccines that seem so prevalent today, and that measurably—and
adversely—affect population coverage with vaccines [154,155].

In addition, we have described within this article other practical
applications of vaccinomics in terms of creating a tool that will
assist us in determining how vaccines are evaluated and developed;
this will provide further impetus for the development of genetic
and systems levels models and analysis tools.

These concepts will emerge as critical, we believe, as we
move into the future where we: must better understand how to
manipulate the immune systems for the benefit of individuals
and populations; are increasingly compelled to develop vaccines
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against hyper-variable viruses and newly emerging infectious and
non-infectious threats; are engaging in efforts to develop new vac-
cine adjuvants to increase immunogenicity and vaccine efficacy in
the increasingly older and immunosenescent population, as well
as the increasing numbers of immunosuppressed individuals who
remain at high-risk for morbidity and mortality due to common
pathogens. Finally, as issues of vaccine-induced selective pressures
over long periods of time begin to be recognized, new vaccines and
new approaches will be required to replace currently successful
vaccines. Despite these challenges, the future looks bright, the tech-
nology and science base ever more useful and enlightening, and the
willingness to apply new scientific concepts invigorating.
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