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Abstract Pathogenic organisms, causes of various infectious
diseases, possess a rich repository of antigenic proteins that
engender an immune response in a host. These types of
diseases are usually treated with the use of pharmaceuticals;
unfortunately, many of these also have a potential to induce
fatal side effects, especially allergic responses in the diseased
host. In addition, many pathogens evolve (by selective sur-
vival) single or multi-drug resistance (MDR). Therefore, a
means to prevent the host from becoming susceptible to the
pathogen from the onset, rather than trying to devise pharma-
cologic protocols to treat an ongoing infection, are increas-
ingly seen as desirable to reduce the incidence of infectious
diseases altogether. To this end, cost-effective development
and use of “safe” vaccines is key. This paper provides an
overview on the new and expanding area of computational
vaccinology and a brief background on pathogen antigenicity,
identification of pathogen-specific antigens, and screening of
candidate antigens using various tools and databases devel-
oped in the recent past.
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Introduction

Every year, approximately 3.5 million people die worldwide
due to infectious diseases (WHO 2014). Infection is defined as
an invasion of a host’s tissues by disease-causing organisms,
their multiplication, and the reaction of host tissues to these
organisms/toxins they produce. Infections can be caused by a
multitude of microbes and macro-parasites, and are classified
on the basis of the causative agents, i.e., bacterial, protozoal,
viral, fungal, etc., transferred among hosts by numerous
means. For example, respiratory diseases are often acquired
by a naive host when in contact with aerosolized droplets
containing the organism that are released from an infected
host during sneezing, coughing, or talking. On the other hand,
gastrointestinal diseases are routinely acquired by consuming
food\water directly contaminated with pathogens, or by the
inadvertent transmission by inappropriate usage of sanitary
techniques during the handling of food and liquid meant for
consumption.

These types of diseases, when diagnosed, are treated
with various pharmaceuticals such as penicillin, Cephalo-
sporin, Glycopeptide, and Macrolide; unfortunately, many
of these drugs also have the potential to induce fatal side
effects (Poppe 2001; Nebeker et al. 2004; Kronman et al.
2012), especially those that induce allergic responses, in
the diseased host. Nevertheless, even with a plethora of
drugs to choose from, many pathogens can develop
single/multi-drug resistance (MDR) through selective sur-
vival (Sood and Arti 2008). Therefore, a means to prevent
the host from becoming susceptible to the pathogen from
the onset, rather than trying to devise pharmacologic
protocols to treat an ongoing infection, have increasingly
been seen as desirable throughout the world to reduce the
incidence of infectious diseases altogether. To this end,
the practical/cost-effective development and use of “safe”
vaccines is key.
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Vaccine: a shielding measure

When a pathogen/antigen is introduced in a host, the
vaccine tricks (i.e., using a “non-real” version of the
organism) the host immune system and educates it about
how to respond at that moment/in the future against the
same agent (NIAID 2013), thus inducing a cell-mediated/
humoral immune response. For example, a viral vaccine
contains an undermined form of the virus that neither
causes a disease nor replicates. Since the host macro-
phages are unaware that the vaccine virus is undermined,
it processes it as it would any other antigen/pathogen. The
macrophages then induce the viral antigen to T- and B-
cells in the lymph nodes. In turn, after several steps
including activation and differentiation, virus-specific T-
cells activate B-cells to ultimately produce anti-viral anti-
bodies. While the weakened viruses in the vaccine are
quickly eliminated, the host is left with a set of memory
T- and B-cells which are imperative to opposing the
specific viral disease should the host ever actually encoun-
ter the live organism.

In the past, vaccines have been developed using
different strategies, each with their own disadvantages
and advantages. These vaccines are of the following
types:

Live or attenuated These vaccines enclose the living mi-
crobe in a weakened form so that it cannot induce the
actual disease. For example, vaccines against measles,
mumps, and chickenpox are live, attenuated vaccines.
They provoke more long-lasting humoral and cellular im-
mune responses and are preferred for healthy adults, not
immunocompromised people (Sinha and Bhattacharya
2014). The limitation here is that while the microbes are
live and attenuated, they still have the tendency to change
and potentially relapse to a virulent form. In addition, the
habituated live attenuated vaccine necessitates refrigeration
to stay viable; this makes their use costly and problematic
in parts of the world where optimal facilities are not
available. It is more difficult to develop these vaccines
for bacteria as they have thousands of genes and are
hence much harder to control (Alexandersen 1996; NIAID
2013). The other concern with live or attenuated vaccines
is that they can confound disease investigation, based on
serological testing which leads to false positives (Pluimers
2004).

Inactivated Since dead microbes in an inactivated vaccine are
treated with chemicals, heat, or radiation, they lose the ability
to replicate and cause infection. This inactivated vaccine
contains pathogen recognition patterns capable of initiating
innate immune responses (van Duin et al. 2006). Vaccines for
polio, plague, TB, etc. are of inactivated type (Immunization

2014). The storage of these vaccines doesn’t require refriger-
ation, making them useful and safer for larger populations or
easier to deliver to remote areas of the world. However, the
major constraint for the use of such vaccine is that they lead to
generation of weaker immune responses, and therefore, there
is a need for recurring dosages or booster shots due to
diminishing immunity. In order to overcome this limitation,
inactivated vaccines are often administered along with an
adjuvant, which induces an inflammatory response and can
stimulate the cellular immune system (Plotkin 2003; Principles
of Vaccination 2014).

Subunit Avaccine candidate causes an immune response due
to the presence of an antigen as a small part of the pathogen
protein, i.e., a subunit. These subunits bear the antigens that
correspond to the major antigenic sites, which is followed to
generate hepatitis B and C vaccines. Sub-unit-based vaccines
use semi-pure antigens as epitopes targeted by the antibodies;
use of these vaccines tends to cause a reduction in adverse
reactions compared to other types of vaccines. The advantage
of using such vaccines is the significant increase in safety and
reduction in antigenic competition faced by the host immune
cells. The potential disadvantage of this class of vaccines is the
usage of strong adjuvants having low sustainable immunity in
order to attain maximal specificity (Plotkin 2003; NIAID
2013). Subunit vaccines can be effective at inducing humoral
immunity, but may not effectively induce cellular immunity
and will not mimic the natural route of infection (Foged 2011).

Toxoid These types of vaccines are best suited against bacte-
rial toxins wherein the antigens themselves are key compo-
nents in the pathologies observed in an ongoing infection.
Vaccines administered for diphtheria and tetanus are examples
of toxoid vaccines. Tetanus toxoid is innately a stronger
immunogen than that for diphtheria, which becomes apparent
when immunocompetence is more limited, such as in preterm
infants (Faldella et al. 1998). In this type of vaccine, an agent
such as formalin is used to inactivate purified toxins and these
“detoxified” toxins (now termed toxoids) are used to generate
the vaccine. Toxoids may elicit immune response, but with no
guarantee of retention of memory for future response; in other
words, it produces a less effective immune response compared
to live-attenuated vaccines (Clem 2011; NIAID 2013).

DNA vaccines These forms of vaccines contain fragments of
DNA (generally a gene) from the pathogen. A DNA vaccine
would induce a strong antibody response to the free-floating
antigen secreted by cells, and would also kindle a strong
cellular retort against the microbial antigens displayed on cell
surfaces. It is not possible for the DNA vaccine to cause the
disease, even in immunocompromised people, since it would
not contain the microbe, but just copies of a few of its genes
capable of producing antigenic proteins. In addition, DNA
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vaccines are relatively easy and inexpensive to design and
produce, and there is also no need of an adjuvant. Vaccines
against influenza and herpes are DNA vaccines, which are
currently in the experimental stage (Donnelly et al. 2005;
NIAID 2013).

Recombinant vector vaccines These are similar to DNA vac-
cines, but employ an attenuated virus or bacterium to com-
mence microbial DNA to cells of the body used as haulier and
defined as vectors. This vaccine induces both humoral and
cellular immune response. Vaccines for HIV, rabies, and mea-
sles are of this type, which are also currently in the experi-
mental stage (NIAID 2013). In this type of vaccine, it is
possible to introduce genes from more than one pathogenic
virus into the same vector that protects against several patho-
gens. A potential problem with recombinant viruses is that
they could cause disease in immunocompromised people
(Plotkin 2003, 2005). A bacteriophage is a vector used to
introduce a multivalent antigen into a cell or an organism.
This phage is constructed to display an antigen on its surface,
resulting in the presentation of the antigen to the immune
response cells (Pande et al. 2010). The advantages of using
this type of bacteriophage-based recombinant vaccine deliv-
ery include high immunogenicity because of the addition of
foreign CD4 T-cell epitopes to pIII or pVIII, high stability due
to the relatively low surface complexity of the page, and low
production cost (van Houten et al. 2010). Recombinant Bacil-
lus subtilis spores are a durable delivery vehicle for the heter-
ogenous vaccine antigens. As it has various coat proteins
(CotB, CotC, CotG, CotZ, and CgeA) on the surface, it is
feasible to express and fuss the heterogenous antigen
(Iwanicki et al. 2014). The tuberculosis antigen, MPT64,
fussed with spore coat gene cotB, was tested for the ability
to protect mice against tuberculosis (Sibley et al. 2014). In
another study, the tetanus toxin (TTFC) was expressed with
spore coat gene CotB, which is not experimentally proven in
any animal studies (Isticato et al. 2011).

As noted here, each of these commonly-used vaccine types
have inherent problems associated with their generation and/
or their subsequent utilization. Generation of a novel vaccine
through conventional approaches requires concerted efforts,
huge costs, and quite prolonged procedures. Among the latter
are the issues of isolating, inactivating, and injecting antigenic
agents of various infectious pathogens into systems to create
the vaccine itself (André 2003).

Computational vaccine development

Computational vaccinology holds the promise of changing
vaccine development in that it challenges the conventional
“price-and-period” approach. In this genome era, with the

bulk inflow of constructive genome sequence information
from various hosts and numerous pathogens, there has been
an increase in the use of computational approaches for vaccine
development based on genomic information; this was termed
“reverse vaccinology” (Bambini and Rappuoli 2009; De
Groot et al. 2002; Major et al. 2011; Plotkin 2008; Serruto
et al. 2009). Vaccine informatics is a growing arena that draws
attention to the expansion and relevance of bioinformatics
techniques in pre-clinical vaccine development ventures. Di-
verse immunoinformatics algorithms have also been devel-
oped to envisage T- and B-cell immune epitopes for epitope
vaccine development. Virtual screening of potential vaccine
candidates directly from genome sequences is made possible
through reverse vaccinology approaches. Computational sim-
ulations for host–pathogen interactions are also increasingly
used in vaccine development protocols and for other purposes
like development of immunization registries, appraisal of
vaccine safety and worth, and immunization modeling (He
et al. 2010a, b). The instances of successful vaccines and
probable vaccine candidates for a few pathogens are provided
in Tables 1 and 2.

The tools and databases used for computational vaccine
development are provided in Tables 3 and 4. The first step is
data collection, which included retrieving proteomes from
proteomics databases. Several protein sequence databases
are available in this bioinformatics era. Universal Protein
Resource (UniProt) is a comprehensive resource for protein
sequence and annotation data [http://www.uniprot.org/],
which includes UniProt Knowledgebase (UniProtKB),

Table 1 Vaccine developed through reverse vaccinology approach

Sr. No Vaccines References

1. Anaplasma marginale PMID: 22066488

2. Schistosoma spp PMID: 21458582

3. Neisseria meningitides PMID: 21993656

4. Listeria monocytogenes PMID: 21791233

5. Trypanosoma brucei PMID: 21349321

6. Corynebacteriumpseudo tuberculosis PMID: 23201561

7. Stryptococcus spp PMID: 23181284

8. Herpes simplex virus type 2 PMID: 22649465

9. Mycobacterium tuberculosis PMID: 21756938

10. Human adenovirus type 55 PMID: 23087107

11. Pasteurella multocida PMID: 22540951

12. Rhipicephalus microplus PMID: 22521592

13. Brachyspira hyodysenteriae PMID: 19179021

14. Leptospira borgpetersenii PMID: 23176980

15. Pasteurella multocida PMID: 22792202

16. Cryptosporidium spp PMID: 21918117

17. Ehrlichia ruminantium PMID: 20566221

18. Teladorsagia circumcincta PMID: 23282110
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UniProt Reference Clusters (UniRef), UniProt Archive
(UniParc), and UniProt Metagenomic and Environmental
Sequences (UniMES). The species specific sequences in
fasta format can be downloaded through a web server and
file transfer protocol (FTP) (Magrane and Consortium 2011).
The protein database of the National Center for Biotechnology
Information (NCBI) [http://www.ncbi.nlm.nih.gov/protein]
has translation sequences from annotated coding regions in
GenBank, RefSeq and TPA, as well as records from
SwissProt, PIR, PRF, and PDB, which could be retrieved
through text query search and taxonomy search [http://www.
ncbi.nlm.nih.gov/taxonomy/]. Then, clustering these retrieved
sequences using CD-HIT tool [http://weizhong-lab.ucsd.edu/
cdhit_suite/cgi-bin/index.cgi?cmd=cd-hit] (Huang et al.
2010) results in non-redundant sequences. MaxCluster
(Herbert 2014) and USEARCH (Robert 2014) are other tools
that allow sequence clustering, but these have a lower accu-
racy (Fu et al. 2012). CD-HIT run is based on a greedy
incremental clustering algorithm in which the input sequences
are first sorted in the order of decreasing length. The longest
sequence becomes the representative of the first cluster. Then,
each residual sequence is comparedwith the representatives of
existing clusters. If similarity is found above a given thresh-
old, it is grouped into that cluster. Else, a new cluster is defined
with that sequence as the representative. Short word filtering
is used for sequence comparison to confirm whether the
similarity is below the clustering threshold. If this is not
confirmed, an actual sequence alignment is performed (Li
et al. 2001). The sequence post-CD-HIT is then screened by
eliminating homologous proteins between rodents and
humans using a BLASTP tool. Basic Local Alignment Search
Tool (BLAST) directly approximates alignments that optimize
a measure of local similarity, i.e., the maximal segment pair
(MSP) score. BLAST performs faster than existing sequence
comparison tools with high sensitivity. (Altschul et al. 1990).
The data from BLASTP yields homologous and non-
homologous protein sequences to the pathogen, human, and

rodents, and then the homologous sequence is discarded as it
generates an autoimmune response in the host (John et al.
2012).

The non-homologous proteins are then characterized for
different properties, a step that is a prerequisite for it to
become a vaccine candidate. Identification of membrane pro-
teins that are necessary for pathogenic interactions with the
host is performed using sub-cellular localization tools such as
PSORTb for bacteria and archaea and CELLOfor eukaryotes.
PSORTb is a stand-alone, web-based tool which analyses
sequence based on multiple analytical modules such as SCL-
BLAST & SCL-BLASTe or SubCellular Localization
BLAST, Support Vector Machine (SVM), Motif & Profile
Analysis, Outer Membrane Motif Analysis, ModHMM, and
Signal Peptide. Each module analyzes one biological feature
known to influence or be a characteristic of subcellular local-
ization. The final results are derived based on probabilistic
method and fivefold cross validation to assess the likelihood
of a protein being at a specific localization. These likelihoods
are used to generate a probability value for each of the five
major localizations for Gram-negative bacteria (cytoplasmic,
inner membrane, periplasmic, outer membrane, and extracel-
lular) and four localizations for Gram-positive bacteria (cyto-
plasmic, cytoplasmic membrane, cell wall, and extracellular)
with 80–95 % accuracy (Yu et al. 2010). CELLO uses four
types of sequence coding schemes: the amino acid composi-
tion, the di-peptide composition, the partitioned amino acid
composition, and the sequence composition based on the
physico-chemical properties of amino acids. It predicts four
localizations for eukaryote (cytoplasmic, extracellular, mito-
chondrial, and nuclear) with 87 % accuracy and five localiza-
tions for bacteria (cytoplasmic, inner membrane, periplasmic,
outer membrane, and extracellular) with 88.9 % accuracy (Yu
et al. 2004).

Subsequently, plasma membrane proteins and extracellular
proteins are screened to predict transmembrane helices using a
high-efficiency TM-HMM software. The hidden Markov
model predicts transmembrane helices in the protein se-
quences with 77% accuracy (Sonnhammer et al. 1998). Those
proteins that yield transmembrane (TM) values equal to 1 are
chosen for subsequent steps as they can be easily cloned and
expressed; if proteins have a TM value greater than 1, this
would likely result in errors in cloning and expression in vitro
(Pizza et al. 2000).

The selected transmembrane proteins are then analyzed for
binding epitopes using ProPred1 and ProPred programs that
predict 47MHC class I (Singh and Raghava 2001) and several
class II alleles (Singh and Raghava 2003), respectively. These
are web-based tools which run on a matrix-based approach
that provides an accuracy of approximately 80 %. The simul-
taneous prediction of MHC class I binders and proteasome
cleavage sites in an antigenic sequence leads to the identifica-
tion of potential T-cell epitopes. B- and T-cell epitopes are

Table 2 Vaccine candidate prediction through reverse vaccinology
approach

Sr. No Vaccine References

1. Leishmania spp. PMID: 22434357

2. Campylobacter fetus PMID: 22890137

3. E coli 536 PMID: 22493535

4. Plasmodium vivax PMID: 21713006

5. Mannheimiahaemolytica PMID: 20336679

6. Human influenza H1N1 PMID: 22450272

7. Halicobacter pylori PMID: 22130156

8. Mycoplasma genitalium PMID: 22057004

9. Human papilloma virus 16 E6 PMID: 21699918
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Table 3 Immunoinformatics databases

Name Purpose URL

AntigenDB Sequence, structure, and other data on pathogen antigens http://www.imtech.res.in/raghava/antigendb/index.html

AntiJen Quantitative binding data for peptides and proteins
of immunological interest

http://www.ddg-pharmfac.net/antijen/AntiJen/
antijenhomepage.htm

BCIpep Warehouses information of all experimentally determined
B-cell epitopes of antigenic proteins

http://bioinformatics.uams.edu/mirror/bcipep/

dbMHC The dbMHC database provides an open, publicly accessible
platform for DNA and clinical data related to the human
major histocompatibility complex (MHC)

http://www.ncbi.nlm.nih.gov/gv/mhc/
main.fcgi?cmd=init

DIGIT Database of ImmunoGlobulin sequences and Integrated Tools http://www.biocomputing.it/digit4/

GPX-Macrophage
Expression Atlas

A database for expression profiles of macrophages
challenged with aa variety of pro-inflammatory,
anti-inflammatory, benign, and pathogen insults

http://gpxmea.gti.ed.ac.uk/

HPTAA HPTAA is a database of potential tumor-associated antigens
that uses expression data from a range of expression
platforms, including vigilantly selected overtly
accessible microarray expression data, GEO SAGE
data and Unigene expression data

http://www.bioinfo.org.cn/hptaa/

IEDB The IEDB contains data related to antibody and T cell
epitopes for humans, non-human primates, rodents,
and other animal species

http://www.iedb.org

IEDB-3D Structural data within the Immune Epitope Database http://www.iedb.org/bb_structure.php

IL2Rgbase X-linked severe combined immunodeficiency mutations http://www.ncbi.nlm.nih.gov/lovd/home.php?select_
db=IL2RG

IMGT IMGT® is a high-quality integrated knowledge resource
specialized in the immunoglobulins (IG) or antibodies,
T cell receptors (TR), major histocompatibility (MH)
of human and other vertebrate species, and in the
immunoglobulin superfamily (IgSF), MH superfamily
(MhSF), and related proteins of the immune system
(RPI) of vertebrates and invertebrates

http://www.imgt.org/

IMGT_GENE-DB IMGT/GENE-DB is the IMGT® comprehensive genome
database for immunoglobulins (IG) and T cell receptors (TR)
genes from human and mouse, and, in development,
from other vertebrate species (e.g., rat)

http://www.imgt.org/IMGT_GENE-DB/
GENElect?livret=0/

IMGT/HLA The IMGT/HLA Database provides a specialist database for
sequences of the human major histocompatibility
complex (HLA)

http://www.ebi.ac.uk/ipd/imgt/hla/

IMGT/LIGM-DB IMGT/LIGM-DB is the first and the largest database of IMGT®,
the international ImMunoGeneTics information system®,
the high-quality integrated knowledge resource specialized
in IG, TR, major histocompatibility complex (MHC) of
human and other vertebrate species, and related proteins of
the immune system (RPI) that belong to the immunoglobulin
superfamily (IgSF) and to the MHC superfamily (MhcSF)

http://www.imgt.org/cgi-bin/IMGTlect.jv/

Interferon Stimulated
Gene Database

Contains over more than 400 microarray based interferon
stimulated gene information

http://www.lerner.ccf.org/labs/williams/xchip-html.cgi

IPD-ESTDAB ESTDAB aims to provide a service enabling investigators
to search on-line for HLA-typed,
immunologically-characterized tumor cells available
for distribution from a central bank

http://www.ebi.ac.uk/ipd/estdab/

IPD-HPA - Human
Platelet Antigens

The database provides a centralized repository for the data
which define the human platelet antigens (HPA)

http://www.ebi.ac.uk/ipd/hpa/

IPD-KIR - Killer-cell
Immunoglobulin-like
Receptors

The database provides a centralized repository for human
KIR sequences. Killer-cell immunoglobulin-like receptors
(KIR) have been shown to be highly polymorphic at the
allelic and haplotypic level.

http://www.ebi.ac.uk/ipd/kir/

IPD-MHC The IPD-MHC Database provides a centralized repository
for sequences of the major histocompatibility complex
(MHC) from a number of different species

http://www.ebi.ac.uk/ipd/mhc/
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predicted next, as these are critical elements for generation of
specific humoral and cell-mediated responses. BCPREDS is a
widely used web-based tool for predicting B-cell epitopes
based on the support vector machine algorithm with an accu-
racy of 74.5 % (El-Manzalawy et al. 2008). NetChop is
another tool (based on a machine-learning approach using
neural networks) meant for predicting T-cell epitopes; it has
a prediction accuracy of 70 %. It combines predictors of
proteasomal processing, TAP transport, and MHC binding to
produce an overall score for each peptide’s intrinsic potential
of being a T cell epitope (Saxova et al. 2003; Nielsen et al.
2005).

Sequences predicted to have all the above properties are
then analyzed for epitope topology which is helpful in
interpreting the likely antigen binding site. Epitope binding
and mapping are done using the Pepitope software to accu-
rately identify discontinuous epitopes from any given protein
sequence. This approach is based on two algorithms, PepSurf
and Mapitope, to yield 3D structures of antigenic proteins, a
step necessary to study the binding efficacy with antibodies.
PepSurf aligns each peptide to a graph that represents the
surface of the 3D structure. Each aligned peptide corresponds
to a path of residues on the 3D structure that exhibits a high
similarity to the input peptide. The resulting paths are clus-
tered and the epitope location is inferred. The Mapitope first
identifies pairs of residues that are significantly overrepresent-
ed in the panel of peptides, compared to their expected fre-
quencies, and then searches for patches on the surface that are
enriched with these pairs. The resulting patches are presented

on the 3D protein structure (Mayrose et al. 2007). Binding
efficacy can be predicted only for the available 3D protein
structure. It is also an indispensable tool for modeling the
structure in order to identify the potential relevancy using
diversified approaches, such as homology modeling,
threading, and ab initio methods. Homology modeling pre-
dicts 3D models for a protein that are related to at least one
known protein sequence/structure in the data repositories.
Tools used for homology Modeling are MODELLER (Sali
and Blundell 1993), HHPred (Soding 2005), YASARA
(Krieger et al. 2002), RaptorX (Kallberg et al. 2012),
SWISS-MODEL (Arnold et al. 2006), WHAT IF (Vriend
1990), BHAGEERATH-H (Jayaram et al. 2012), and
CPHModels (Nielsen et al. 2010).

Among these tools, MODELLER automatically calculates
a model containing all non-hydrogen atoms, making it a
highly accurate tool for comparative protein structure model-
ing. It satisfies spatial restraints, and also performs many
additional tasks, including de novo modeling of loops in
protein structures, optimization of various models of protein
structure according to a flexibly defined objective function,
multiple alignment of protein sequences and/or structures,
clustering, searching of sequence databases, and comparison
of protein structures (Sali and Blundell 1993). When homol-
ogous or weakly homologous sequences of a known structure
are unavailable, the alternative successful structure prediction
method has been the threading method used to predict sec-
ondary structure and local structure motifs. This deals with
modeling the query protein based on similar secondary

Table 3 (continued)

Name Purpose URL

MHCBN The MHCBN is a curated database consisting of detailed
information about major histocompatibility complex (MHC)
binding, non-binding peptides and T-cell epitopes

http://www.imtech.res.in/raghava/mhcbn/

MHCPEP This data repository bridges the gap between immunological
and computer science/machine learning communities by
providing preprocessed and scaled immunological data
sets suitable for use in machine learning applications

http://bio.dfci.harvard.edu/DFRMLI/

MUGEN Mouse
Database

Welcome to the MUGEN Mouse Database (MMdb) a fully
searchable database of murine models of immune processes
and immunological diseases

http://bioit.fleming.gr/mugen/mde.jsp

Protegen Protective antigens are specifically targeted by the acquired
immune response of the host and are able to induce protection
in the host against infectious and non-infectious diseases

http://www.violinet.org/protegen/

SuperHapten The current version of the database compiles 2D/3D structures,
physicochemical properties and references for about
7500 haptens and 25,000 synonyms

http://bioinformatics.charite.de/superhapten/

VBASE2 VBASE2 is an integrative database of germ-line variable genes
from the immunoglobulin loci of human and mouse

http://www.vbase2.org/

Epitome Epitome is a database of all known antigenic residues and the
antibodies that interact with them, including a detailed
description of residues involved in the interaction and
their sequence/structure environments

http://rostlab.org/services/epitome/
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structures available from secondary protein structure data-
bases. Tools used for this analysis, among the many available,
are Raptor X (Kallberg et al. 2012), HHPred (Soding 2005),
SUPERFAMILY (Gough et al. 2001), and Phyre2 (Kelley and
Sternberg 2009). PHYRE2 is the most popular and widely
used one owing to its accuracy; it was designed to ensure a
user-friendly interface for inexperienced users in protein struc-
ture prediction methods and is free for noncommercial users.
Phyre2 uses the alignment of hidden Markov models via
HHsearch (Söding 2005) to significantly improve the accura-
cy of alignment and detection rate. It also incorporates a new
ab initio folding simulation called Poing (Jefferys and Kelley
2010) to model the regions of proteins that have no detectable
homology to known structures. Poing is also used to combine
multiple templates.

If, in the end, no similarity is determined between the query
protein sequence and the available protein structures, either at
the secondary or tertiary level, the ab initio strategy is
employed. This strategy applies energy values and global
energy minimizations after model building. The tools used
for protein modeling based on this approach are QUARK (Xu
and Zhang 2012), I-TASSER (Zhang 2008), and PEP-FOLD
(Thevenet et al. 2012). CASP9 accredits QUARK as the best
online tool for ab initio protein modeling with the limitation
that it accepts only proteins with less than 20 amino acids.
QUARK is an online server that works on replica-exchange
Monte Carlo simulation under the guidance of an atomic-level
knowledge-based force field method. I-TASSER runs on
threading fragment structure reassemblymethods on an online
server and also as a standalone. It provides five full-length
models with the confidence score, the estimated TM-score and
RMSD, and the standard deviation of the estimations. Though
I-TASSER is a highly used tool owing to its accuracy, its
limitation is that it accepts only a single task at a time for a
single registered user and requires an academic e-mail ID for
registration.

Understanding the binding of the antigenic protein to a
specific MHC class allele or a T-/B-cell receptor is of para-
mount importance as the strength and specificity of the im-
mune response is ultimately based on these events. This
critical information can be obtained using protein–protein
docking tools, including PatchDock (Schneidman-Duhovny
et al. 2005), PIPs (McDowall et al. 2009), PIPE (Pitre et al.
2006), APID (Prieto and De Las Rivas 2006), Protopia (Real-
Chicharro et al. 2009), and Cluspro (Comeau et al. 2004).
Among these, PatchDock has been successfully tested in three
rounds of CAPRI and found to generate near-native results.
PatchDock algorithm is adapted from object recognition and
image segmentation techniques used in Computer Vision.
This tool executes docking of proteins with three main
steps: molecular shape representation, surface patch
matching and filtering, and scoring (Schneidman-Duhovny
et al. 2005).

Ultimately, prediction of a protein structure provides a
constructive way of searching for the best conformations of
antigen–antibody, antigen–MHC class, and antigen–receptor
binding. Lowest energy values during binding assure optimal
binding. A variety of tools are available for such molecular
dynamics implementation, such as AMBER Package (Case
et al. 2005), TINKER (Jay 2014), MDAPI (Hardy 2014),
MINDY (Justin 2014), and FeMD (Glavaš 2014). AMBER
is an effective tool that involves two different applicative
modes: a set of molecular mechanical force fields for simula-
tion of biomolecules and a package of molecular simulation
programs that includes source code and demos (Case et al.
2005).

Apart from the above-mentioned tools and databases for
computational vaccine approach, very few vaccine database
or vaccine candidate prediction pipelines are currently avail-
able, among which VIOLIN [http://www.violinet.org/] is a
well-curated database that includes 3453 vaccines for 210
pathogens or non-infectious diseases (e.g., cancer). In addi-
tion, it allows the user to perform various simple and advanced
searches to retrieve vaccine information (Xiang et al. 2008).
The Web-based vaccine prediction tool, VaxiJen, is the first
server for alignment-independent prediction of protective an-
tigens and subunit vaccines, which is based on auto cross
covariance (ACC) transformation of protein sequences into
uniform vectors of principal amino acid properties. This tool
predicts protective antigens and subunit vaccines from the
selected virus, bacteria, parasite, fungi, and tumor with 70 to
89 % accuracy (Doytchinova and Flower 2007). On the other
hand, Vaxign is a vaccine target prediction and analysis tool
for microbial genomic and protein sequences. This tool in-
cludes a pipeline of software programs, such as PSORTb:
bacterial localization prediction tool, TMHMM: Prediction
of transmembrane helices in proteins, SPAAN: Prediction of
adhesins and adhesin-like proteins, BLAST: NCBI sequence
similarity alignment and analysis program, and IEDB: The
Immune Epitope Database and Analysis Resource. The pre-
dictable features in the Vaxign pipeline include antigen
sublocation, adhesion, epitope binding to MHC class I and
class II, and sequence similarities to human, mouse, and/or pig
proteins (He et al. 2010a, b).

Computational vaccine adjuvant designing

Vaccine adjuvants are compounds that enhance the specific
immune responses against coadministered antigens in vac-
cines (Petrovsky and Aguilar 2004; Marciani 2003). The
various adjuants used are aluminum salts, Freund’s complete
adjuvant (FCA) which an emulsion of water and mineral oil
containing killed mycobacteria, Freund’s incomplete adjuvant
(FIA) which does not have mycobacteria and is less toxic,
lipopolysaccharides (LPSs) from Gram-negative bacteria, and
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muramyldipeptide (MDP). Currently, several hundred natural
and synthetic compounds are known to have adjuvant activity
(Petrovsky and Aguilar 2004; Sayers et al. 2012). However, in
the USA, alum salts and AS04 (composed of aluminum salt
and MPL) are only licensed for use in humans (Giannini et al.
2006) . The mode of act ion of adjuvants is (1)
immunostimulation, i.e., the ability to modify the cytokine
network, (2) presentation of the antigen to the appropriate
immune effector cells, (3) CTL induction of CD8+ cytotoxic
T-lymphocyte (CTL) responses, (4) targeting, i.e., the ability
to deliver an immunogen to immune effector cells, and (5)
depot generation, i.e., the generation of a short-term or long-
term depot to give a continuous or pulsed release (Cox and
Coulter 1997).

Bioinformatics approach to vaccine adjuvant designing is a
potential new research area for the researchers as it is in an
early developmental stage. No significant tools have thus far
been developed in this field; however, the currently available
bioinformatics tools and databases are used for manual anal-
ysis, which includes literature mining, ontology data integra-
tion, and analysis, and bioinformatics data analysis (He 2014).
Vaxjo (http://www.violinet.org/vaxjo/) a web-based well-cu-
rated vaccine adjuvant database is developed by a group of
researchers from the United States of America. This database
stores the information of more than 100 vaccine adjuvants and
approximately 400 vaccines that use the adjuvants. To im-
prove data integration and automated reasoning, the vaccine
adjuvant-related data have been logically represented in the

Vaccine Ontology (VO). VO has been found to be able to
improve literature mining of gene–gene integration (Ozgür
et al. 2011). Omics and informatics are also critical to the
designing of a personalized vaccine (including vaccine
adjuvant), which reduce the adverse reactions (Poland
et al. 2008).

Conclusion

The computational vaccinology approach can be widely used
and developed as it provides a variety of advantages over
traditional approaches to vaccine development. Some of the
advantages include virtual screening of every antigen, ap-
proaching non-cultivable microorganisms, determining non-
profuse antigens, identifying nonimmunogenic antigens,
knowing antigens expressed during infectious stages, finding
antigens not expressed in vitro, and implementing non-
structural proteins in the prediction. However, there still exist
some disadvantages such as difficulty in predicting non-
proteinous antigens and the requirement of biological
determination for the prediction of antigenic proteins
(Rappuoli 2000). On the other hand, computational
vaccinology is yet to be the primary procedure followed for
vaccine development in this era, despite the significant advan-
tage of least time taken in mining the antigenic protein of a
pathogen (Fig. 1).

Fig. 1 Antigen presentation
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