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ABSTRACT ARTICLE HISTORY
Introduction: Vaccinology has evolved from a sub-discipline focussed on simplistic vaccine develop- Received 11 September
ment based on antibody-mediated protection to a separate discipline involving epidemiology, host and 2017

pathogen biology, immunology, genomics, proteomics, structure biology, protein engineering, chemi- Accepted 30 November
cal biology, and delivery systems. Data mining in combination with bioinformatics has provided a 2017

scaffold linking all these disciplines to the design of vaccines and vaccine adjuvants. KEYWORDS

Areas covered: This review provides background knowledge on immunological aspects which have Adjuvant; antigen; data
been exploited with informatics for the in silico analysis of immune responses and the design of vaccine mining; immunoinformatics;
antigens. Furthermore, the article presents various databases and bioinformatics tools, and discusses B structural biology; systems
and T cell epitope predictions, antigen design, adjuvant research and systems immunology, high- immunology; vaccine design
lighting some important examples, and challenges for the future.

Expert opinion: Informatics and data mining have not only reduced the time required for experimental

immunology, but also contributed to the identification and design of novel vaccine candidates and the

determination of biomarkers and pathways of vaccine response. However, more experimental data is

required for benchmarking immunoinformatic tools. Nevertheless, developments in immunoinformatics

and reverse vaccinology, which are nascent fields, are likely to hasten vaccine discovery, although the

path to regulatory approval is likely to remain a necessary impediment.

1. Introduction responses following infection is generally a combination of
antibody- and cell-mediated functions. On the other hand,
typical evaluation of vaccine efficacy involves antibody titers
and/or functionalities. This is possibly due not only to histor-
ical reasons (antibodies being studied for more than a century
compared to less than half a century of study of cellular
responses), but also to the fact that standardization of assays
to measure cell-mediated responses, and more importantly
their protective correlates, are difficult. Thus, levels of antibo-
dies are still the only correlates of protection defined for
several vaccines [3-5].

Several new developments in the last two decades have
opened new vistas in vaccine development. The design of
vaccines has moved from empirical methods to rational
approaches based on the understanding of host-pathogen
interactions, structure-function analyses, mining of various
databases, omics technologies, and bioinformatics [6].
Systems immunology approaches are attempting to under-
stand the similarities and differences between immune
responses to natural infection and vaccination to better define
correlates of protection. Immunoinformatics (i.e. application of
bioinformatics tools to answer questions related to immune
responses) has revolutionized rational approaches to design-
ing vaccines. Computational methods developed and refined
based on experimental immunology and large data sets save

Vaccines have been one of the best interventional strategies
to control infectious diseases [1]. Since the first demonstration
of protection against small pox, numerous vaccines have been
developed, and a huge number of other candidates have been
experimentally tested in animal models as well as in target
species. Classical ways to develop vaccines have been to mass
produce the pathogens, inactivate them by physical or chemi-
cal means, and purify and formulate the antigen [2]. In many
instances, this has proven to be a very useful strategy, espe-
cially given the safety of such vaccines. On the other hand, live
attenuated vaccines have played a major role in the eradica-
tion or elimination of some infectious diseases at regional
level. However, live attenuated vaccines are typically not pre-
ferred due to live nature of the antigen and the potential risks
for their use in subjects where the immune system is under-
developed (pediatric subjects), in decline (geriatric subjects),
or suppressed (e.g. transplant patients, or due to infectious
agents such as human immunodeficiency virus (HIV)), and in
pregnant individuals.

It is well known that those who survive any infection are
typically protected against homologous infection or disease,
although the duration of protection varies vastly between
pathogens and/or hosts. The breadth of protective immune
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Article Highlights

e Data mining has contributed greatly to the identification of vaccine
targets

o Databases have considerable utility in determining biomarkers and
pathways of immune responses to antigens

o Informatics combined with structural biology has significant potential
for future vaccine design

o Prediction of T cell targets (mostly sequential epitopes) has been
easier than prediction of B cell targets (mostly conformational
epitopes)

¢ Adjuvant discovery is another area where immunoinformatics could
influence vaccine development

This box summarizes key points contained in the article.

time and cost. Generic methodologies to this ‘genome-to-
vaccine’ approach have been described by others [7-9].
Here, we present our views on the status and the future

immunoinformatics holds for vaccine design and
development.

2. A prelude to immunoinformatics

Immune responses can be innate or adaptive. Innate

responses are triggered by pathogen-associated molecular
patterns, which signal through pattern recognition receptors
(PRRs), on responder cells to initiate a cascade of events to
stimulate antibody- and cell-mediated responses, and elimi-
nate the pathogen [10,11].

Antibodies are heterodimeric molecules, which fold to form
a three-dimensional antigen-binding cavity. The binding
groove is formed by the combination of hypervariable, com-
plementarity-determining regions (CDRs) contributed by light
and heavy chains of the antibody molecule. Side chains of
amino acids in the CDR contact charged moieties on the
antigen to form a complementarily fitting structure of the
antigen with the antibody. The sequences of amino acids
partaking in the interaction form epitope on the antigen and
paratope on the antibody. This interaction between epitope
and paratope is the quintessential target of antibody-based
vaccine design using immunoinformatics.

Cell-mediated immune responses, on the other hand, are
initiated by contact between cognate receptors and ligands
on cells, and the effector molecules are different from these
recognition molecules. Typically, the T cell receptors (TCRs)
recognize major histocompatibility complex (MHC) molecules
on antigen presenting cells, to be activated. A dichotomy in
the way antigen is processed results in the presentation of
antigens in the context of MHC Class | and Class Il molecules
to CD8" and CD4" T lymphocytes, respectively [12-14].
Between antigen recognition and effector function, a plethora
of soluble mediators initiate, maintain, and regulate cellular
and humoral responses [15]. Compartmentalization into sub-
populations of cells adds another layer of complexity since a
balance between these subpopulations and polarization
toward one or another may define protection against certain
pathogens. Since TCRs typically recognize short linear pep-
tides (i.e. T cell epitope) on an antigen [12], peptide binding

by MHC molecules is the only aspect of cellular immunity that
can be interrogated by immunoinformatics.

The classical method of identification of B or T cell epitopes
involves the identification of whole antigen first, followed by
the assessment of its fragments for reactivity with antibodies
or T cells. Despite advancement in high-throughput methodol-
ogies in qualitative and functional assays, these methods are
still laborious, time-consuming, and expensive. The advent of
omics approaches, availability of various databases based on
individual parameters, structural analyses, computational cap-
abilities, and automation to perform high-throughput assays
to experimentally validate theoretical predictions have paved
the way for faster development of vaccines [9,16]. In this
context, protein microarrays have been employed for the
identification of reactivity to antibodies as well as T cells
[17-23], and these data can be applied to build bioinformatics
tools for antigen discovery. Thus, applying bioinformatics to
predict vaccine targets provides a focused approach where
limited number of potential candidates can then be investi-
gated for their involvement in immune response through
directed experimental exploration.

3. Antibody-based vaccine design: where are we?

Despite a century of research on antigen-antibody interac-
tions, in silico prediction of B cell epitopes remains compli-
cated. Initial prediction algorithms depended on individual or
a combination of propensities for amino acids to fit certain
characteristics such as hydrophilicity, surface probability, heli-
city, flexibility, solvent accessibility and turns. The later
machine-learning methods, which combined a variety of pro-
pensity scores with neighborhood matrices, conformational
geometry, and statistics-supported likelihood criteria, have
seen vast improvements [24,25]. However, predictive perfor-
mance of these approaches has been demonstrated to be
close to random [26], not to mention the fact that their use
has been mostly limited to simple pathogens such as viruses.
The availability of crystal structures of many proteins as well as
some antigen-antibody complexes, and our ability to carry out
docking and modeling studies have further contributed to
improvements in the prediction of B cell epitopes [27,28].
Indeed, structure-based predictions outperform sequence-
based predictions [29].

Recent data mining and omics approaches have been a
boon to our ability to tackle pathogens, which are complex
(e.g. bacteria, protozoa, viruses with large genomes), present
hypervariable antigenic regions (e.g. HIV, hepatitis C virus,
Plasmodium, etc.), or cause chronic infections or mimic host
proteins (e.g. human cytomegalovirus, hepatitis C virus, sta-
phylococci, streptococci). The first example of using immu-
noinformatics and reverse vaccinology was that of group B
meningococcal vaccine, which was developed following the
whole genome sequencing of the pathogen and subsequent
series of immunomic and structure-function analyses [30-35].
An approach using genome screening, proteomics, and/or
antigenomics also led to the identification of protective anti-
gens of group A and group B streptococci [8,36-43]. Genomics
and proteomics followed by secretome analyses have also led



to the discovery of conserved protective antigens against
Chlamydia pneumoniae [44-46].

Findings from structure biology have also been instrumen-
tal in designing novel vaccine candidates. From a metastable,
difficult to purify, weak, recombinant antigen, structure-func-
tion analyses yielded a highly stable respiratory syncytial virus
glycoprotein capable of eliciting strong functional antibody
responses [36,47-51]. Similar structure-guided engineering
has been employed to produce potent, conformationally
stable, and homogenous spike protein of Middle East respira-
tory syndrome coronavirus [52]. Broadly cross-reacting neutra-
lizing antibodies (bNAb) have also recently been described
against dengue virus in both infected and vaccinated indivi-
duals, and these have been shown to bind to regions which
are irrelevant to serotypes [53-56]. Importantly, recent studies
have shown the importance and utility of structure-guided
studies to engineer high affinity bNAbs [57]. In another exam-
ple, structure-based studies have not only revealed the deter-
minants of thermolability of foot-and-mouth disease virus but
also have helped in the development of more stable variants,
which are not typically represented in natural infections, as
vaccine candidates [58-63].

Immunoinformatics can be used to design strategies to
induce bNAbs against hypervariable pathogens. High through-
put in vitro assessment combined with structure-based func-
tional analyses of antibody responses to influenza virus
hemagglutinin have revealed two regions within the protein
to be targets of bNAbs [36, 64-69]. Hemagglutinin stalk-based
vaccine constructs have been shown to protect mice against
challenge with a broad range of influenza A viruses [70-73]. In
the case of HIV-1, studies have identified the V2- and V3-
glycans of HIV-1 to be targets of bNAbs, and Env expressing
V3-high mannose glycans could induce bNAb precursors in
macaques [74,75]. The ultimate hope with these studies is the
development of vaccines that (a) do not depend on annual
prediction of influenza virus strains to be included in the
vaccine formulation and the associated delay in production
of seasonal influenza vaccines, and (b) target all variants and
quasi-species of HIV-1. Whether these will be successful in
humans is far from clear due the influence of environment,
microbiota, genetic background, and history of past infections.
However, it is expected that databases of various parameters
from infected and vaccinated individuals and immunoinfor-
matics can provide valuable details on the selection of immu-
nogens, their properties, and parameters for vaccination
strategies. One could also look forward to the design of com-
putationally guided scaffolds onto which antibody target
regions can be grafted, as has been shown recently [76,77].

Despite the advancements in the computational methods
for prediction of antibody binding sites on antigens, the iden-
tification of conformational epitopes are best accomplished
experimentally by e.g. studying escape mutants [78-80] or by
using other techniques such as isotope exchange mass spec-
trometry or nuclear magnetic resonance spectroscopy, in com-
bination with proteolytic fragmentation, epitope excision, and
peptide panning [81-84]. Indeed, such methodologies provide
fundamental data for building, verifying, and validating com-
putational methods. And yet, prediction of B cell epitopes is
far from ideal [85-87]. First, the prediction depends on three-
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dimensional structure of the antigen, and how the epitope is
displayed on the surface of this structure. Although there has
been tremendous advancement in our ability to predict pro-
tein structures, predicting the structure of bound antigen-anti-
body complexes is a relatively unchartered area. Added to this
is the fact that co-crystals may not completely reflect binding
in solution, since (a) the phenomena of intrinsic protein dis-
order and induced fit may be difficult to visualize, although it
can be modeled based on minimal energy requirements, and
(b) the influence of other physiochemical characteristics of the
antigen, such as multimerization, posttranslational modifica-
tion (e.g. glycosylation), folding (e.g. disulfide bridge), and
charge (e.g. protonation of histidine), on function will need
to be considered as well. However, biological consequence of
antigen binding can be a continuum, which is not reflected by
a dichotomous binding/nonbinding prediction [88]. In addi-
tion, it is difficult to predict affinity and avidity of an antibody
to its cognate antigen, and further, complicated to equate this
to the biological activity.

A second area of concern is the vaccine design itself. The
best vaccines have been live or inactivated whole organisms
or complex assembled structures. And yet, the simplicity of
peptides makes them an attractive target for vaccine design,
although not a single peptide vaccine has been commercia-
lized despite half a century of research in this area [89]. The
inability to form ordered structures could be a major reason
for this. On the other hand, elicitation of antibodies reacting to
peptides does not necessarily translate to reactivity with
native antigen, and further, reflect on biological activity [88].
One way to address this is to rationally design scaffolds to
present peptides which mimic spatial organization of epi-
topes, but production of reliable scaffolds is not a trivial
issue. In addition, a fundamental problem with assessing cor-
relates of protection is the fact that in vitro assays may not
completely mirror biological activity in vivo, although this is an
issue with the development of any vaccine. Furthermore, a
multitude of conformation-dependent antibodies are more
likely to be of in vivo functional relevance than a handful of
antibodies specific to one or a mixture of a few peptides.
Therefore, there is a need to redirect efforts to not only better
predict conformational epitopes but also expand on structural
and experimental data, both to support the predictions as well
as to provide platforms to strengthen computation.

4. T-cell-based vaccine design: are we there yet?

Since T cells recognize linear peptides, the only information
that is required for data mining to identify T cell epitopes is
the way peptides, specifically the side chains of the amino
acids of the epitope, fit into grooves of MHC proteins [90]. The
size and location of the pockets represent the polymorphism
of MHC molecules among a population. Although most of the
MHC molecules can bind thousands of different peptides, the
size and charge environment of the pockets dictate the kind of
amino acid side chains that can fit, resulting in restrictions in
the amino acids that can be present at specific positions of an
epitope presented by each MHC allomorph [91]. Thus, avail-
ability of the structure of an MHC allomorph allows us to
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predict not only the epitope but also the binding character-
istics of the epitope to the specific allomorph. Several pro-
grams are available for the prediction of peptides binding to
Class | or Class Il MHC molecules, and these have been useful
in the identification of CD8" or CD4" T cells, respectively [92].
In the case of MHC Class Il, combining multiple prediction
methods appear to be better than individual methods [93-95].

T cell antigens can be defined by using protein fragments
or polypeptide pools. For practical considerations, these anti-
genic regions are sufficient, and may be better than minimal
peptide epitopes, to elicit T cell responses. Nevertheless, deli-
neation of T cell epitopes can reveal other information such as
fine specificity and immunological dominance. Since the first
identification of a minimal T cell epitope [96], a huge number
of CD4" and CD8* T cell epitopes have been defined. A large
proportion of these, including cross-clade epitopes of HIV,
were identified through reverse immunogenetic or epitope-
driven approaches [97,98]. It was later discovered that MHC
polymorphism can be circumvented somewhat by combining
several allotypes into a handful of supertypes [99] or by select-
ing promiscuous epitopes [100-102] to overcome MHC poly-
morphism. Epitopes delivered through various vehicles
(plasmid DNA, virus vectors, etc.) were explored and shown
to protect against challenge with the pertinent pathogen in
experimental models. In addition, epitopes encoded in tan-
dem (string-of-beads) [103] were envisaged and engineered to
immunize against multiple antigens or pathogens simulta-
neously [104]. Bioinformatics has also been employed to iden-
tify regions within vaccine candidates that enhance regulatory
responses, as evidenced by the enhancement in protective
immunity when such epitopes were removed or modi-
fied [105].

In the field of oncology, besides contributing to accurate
and early cancer detection, biomarker-based predictions, grad-
ing of tumors, identification of metastases, and predicting
prognosis and survival of patients, data mining based on
genomic, transcriptomic, proteomic, and imaging data sets
have helped in the identification of new targets for cancer
vaccines and therapy [106-110]. As tumor antigens are self-
antigens, breaking immunological tolerance to these antigens
is a difficult task, and hence, exploiting data mining for anti-
tumor vaccine development requires close collaboration with
adjuvant and other vaccinology areas. Also, several factors
contribute to tumor escape; thus, gene expression profiles in
particular cancer types, tumor microenvironment, frequency of
specific effector T cells to tumor antigens, in silico prediction of
antigen presentation by MHC and peptide selection, adjuvant
selection, and monitoring of immune responses can benefit
from data mining. Since the last few years, more than 60-70
clinical trials have been conducted every year in the field of
oncology (ClinicalTrials.gov), and data from those trials are
valuable in designing future vaccines. Thus, data mining can
play a crucial role in discovery and development of cancer
vaccines.

However, T-cell-based vaccine design has mainly remained
experimental, possibly because: (a) cellular response to multi-
ple epitopes and a combination of cellular and antibody
responses are required in most cases, and (b) it is still not
clear what exactly defines correlates of cell-mediated

protection. In fact, evaluation of cellular immunity is much
more complex than evaluating antibody responses, and assays
that constitute evaluation of vaccine efficacy based on cellular
immunity are a major focus of systems immunology research.
In addition, a report has recently cautioned that extrapolating
data obtained from self-antigen-derived peptides to predic-
tion of antigenic peptides has its own limitations, requiring
further fine-tuning [111].

5. Contribution of data mining and
immunoinformatics to other areas of vaccine
research

Data mining and immunoinformatics have also greatly facili-
tated adjuvant discovery, systems immunology, and pathogen
engineering. Designing ligands to stimulate specific PRRs is an
area of immunoinformatics, which is being employed to tweak
adaptive responses as well as to potentiate or channelize
responses through adjuvants.

Adjuvants are an integral part of vaccine formulation, espe-
cially given that several of the current vaccines use inactivated
pathogen or subunits as antigen [2]. Application of informatics
to vaccine adjuvant research spans receptor-ligand docking
studies to analysis of gene expression, safety, mechanism of
action, and correlates of effective vaccine adjuvant response
[112]. The most investigated is the systematic discovery of
small molecule adjuvants through targeting receptors impli-
cated in initiating and/or regulating innate and/or adaptive
immune responses. For example, in silico designing and/or
homology modeling have been employed to develop toll-
like receptor agonists as potential adjuvants [113-117]. A
combination of homology modeling, molecular docking, and
through-put screening in vitro and in vivo has also identified
CCR4 receptor antagonists to enhance T cell and antibody
responses [118,119], and CD1d agonists to activate invariant
natural killer T cells [120]. Other computationally predicted
adjuvant candidates include citrus-derived molecules [121]
and microbe-derived macromolecules [122]. Vaccine adjuvant
informatics, which encompasses collating diverse information
ranging from structure to immune response to toxicity to
function, and applying bioinformatics tools, and vaccine ontol-
ogy, which attempts to integrate all data (both basic and
clinical) related to vaccines in order to standardize annotation,
and guide informatics-based reasoning [122,123], are nascent
areas of research but have the potential to lead to the devel-
opment of new and better adjuvants. Since it is highly challen-
ging to predict optimal adjuvants for developing disease-
specific vaccines, advanced computational and statistical algo-
rithms provide researchers more capabilities to conduct adju-
vant research.

Systems immunology, which includes transcriptomic, pro-
teomic, and immunomic analysis of responses to infectious
agents, vaccine antigens, and adjuvants, has recently revolu-
tionized vaccine development. Importantly, attempts have
been made to understand signature immunological markers
during responses to natural infection versus following vaccina-
tion in order to better define correlates of protection, espe-
cially that of cell-mediated responses, and to identify early
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predictors of vaccine efficacy [65,124-126]. In addition, stimu-
lation and polarization of immune responses by using specific
adjuvants or delivery systems [16,127,128] have also acceler-
ated approaches to induce directed immune functions.
Furthermore, it has been suggested that biomarker screening
could be used to rapidly identify adverse reactions to adju-
vants [129-131].

Finally, omics investigations have been carried out to
identify markers of attenuation in classically attenuated
vaccines such as those for Japanese encephalitis, measles,
mumps, polio, tuberculosis, varicella-zoster, yellow fever,
etc. but definitive answers have been difficult to get. On
the other hand, subtractive and deductive approaches to
attenuate pathogens have involved systematic identifica-
tion of target regions on pathogens based on experimental
evidence on essential genes or virulence determinants (e.g.
influenza, bluetongue, West Nile, rabies, dengue, herpes,
etc.). Studies on pathogen biology and host-pathogen
interactions based on omics approaches are likely to lead
to the derivation of genetically defined attenuated patho-
gens for vaccine development. For example, expression
profiling of pre-erythrocytic stages of Plasmodium parasite
have identified genes which could be deleted to generate
gene-deficient, attenuated parasites [132]. Another
approach has involved antigenome analysis (mining of
expressed antigens) of pathogenic versus nonpathogenic
strains [133,134].

6. Summary

In silico analytical and predictive methods have greatly facili-
tated all aspects of biological research and the field of vacci-
nology is no exception. While early immunoinformatics work
focused on prediction of antibody or T cell recognition
regions within antigens, explosion in research in both experi-
mental immunology and informatics and structural biology
have in the last two decades contributed immensely to the
application of bioinformatics to the understanding immune
responses at a higher order, and to harness the outcome for
the prediction of vaccine design and development. Although
shortcomings remain in immunoinformatics approaches,
recent developments support a view of bright future for
immunoinformatics.

7. Expert opinion

Vaccine development has come a long way from variolation to
reverse vaccinology and systems immunology. Application of
bioinformatics to data mining and analysis, structure predic-
tion, and intermolecular and pathway interactions have tre-
mendously advanced, and have great potential to further
contribute to, vaccine development. Several tools have been
developed as well as employed by researchers to identify
antigenic regions targeted by both antibodies and T cells, as
well as for systems immunology (see Table 1). There have
been efforts to integrate informatics with biological phenom-
ena; however, the vertebrate immune system is a very com-
plex homeostatic system. The application of
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immunoinformatics to vaccinology, therefore, requires knowl-
edge of a broader biological perspective which includes host
genetic background and population diversity, physiological
status of the host, pathogen variation, antigenic drift and
shift, host-pathogen interaction, environmental influences,
microbiota, the complexity and adaptability of the immune
system, comorbidities, delivery methods, the route and mode
of immunization, and others.

One area that needs progress and implementation is
benchmarking of the bioinformatic tools. For T cell epitopes,
this has been easier because of the continuous nature of the
epitopes; however, surrogate in vitro assays of in vivo T cell
function will need to be identified. On the other hand, bench-
marking bioinformatics tools for the prediction of antibody
epitopes, most of which are discontinuous [135-139], needs
improvement. Elucidation of more structures of bound anti-
gen-antibody complexes might be the only answer to this, but
could still fall short since we may not be able to define
structural commonalities, owing to potential uniqueness of
each antigen-antibody complex.

Computational biology depends on elucidation of biological
phenomena through experimental observations. Since interroga-
tion of biological phenomena is time-consuming, development of
computational methods could face lag periods. On the other
hand, computational methods could complement experimental
biology by reducing investigations to arrive at definitive answers
on biological phenomena, in turn reducing the time required for
the cycle of discovery. Immunoinformatics is, therefore, a tremen-
dous boost to experimental immunology, and vaccine design and
evaluation, although the ultimate test of in vivo consequence in
the target species is sometimes difficult to gauge.

Classical vaccine development approaches have been to
either derive attenuated pathogens or to inactivate them.
There have also been several subunit vaccines to combat
bacterial diseases, and some viral vaccines which have been
derived through recombinant approaches. However, time
lines of vaccine development using these approaches have
been prolonged, albeit variable depending on the type of
vaccine, due both to (a) the time required for basic under-
standing of attenuation, or balancing inactivation versus
immunogenicity, or technological hurdles in developing sys-
tems to mass produce antigens, and (b) the acceptance by
regulatory bodies. Data mining and immunoinformatics have
the potential to hasten the process of vaccine discovery,
thereby enabling faster time to vaccine availability for
deployment in society.
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