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Summary

While vaccine efficacy and safety research has dramatically progressed with the methods of /n
sifico prediction and data mining, many challenges still exist. A formal ontology is a human- and
computer-interpretable set of terms and relations that represent entities in a specific domain and
how these terms relate to each other. Several community-based ontologies (including the Vaccine
Ontology, Ontology of Adverse Events, and Ontology of Vaccine Adverse Events) have been
developed to support vaccine and adverse event representation, classification, data integration,
literature mining of host-vaccine interaction networks, and analysis of vaccine adverse events. The
author further proposes minimal vaccine information standards and their ontology representations,
ontology-based linked open vaccine data and meta-analysis, an integrative One Network
(“OneNet™) Theory of Life, and ontology-based approaches to study and apply the OneNet theory.
In the Big Data era, these proposed strategies provide a novel framework for advanced data
integration and analysis of fundamental biological networks including vaccine immune
mechanisms.
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Progresses and Challenges

While vaccines have been used to dramatically improve public health, effective and safe
vaccines against many deadly diseases, including HIV, malaria, tuberculosis, and most
cancers, still do not exist. Data integration and mining have played an important role in
vaccine candidate prediction and causal adverse event (AE) identification. However, with the
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ever increasing amount of vaccine-related data available, how to more efficiently integrate
and analyze the data has become a huge challenge.

In silico vaccine candidate prediction and bottlenecks

Different bioinformatic methods have been developed to support vaccine research [1]. The
first success in bioinformatic prediction of vaccine candidates is through the epitope
prediction using immunoinformatic methods. The predicted immune epitopes can be used in
different ways, including diagnosis, vaccine immune response studies, and rational
development of epitope-based vaccines. Many epitope vaccines have been tested and
evaluated [1]. T-cell epitopes are classified into MHC Class | or Class Il immune epitopes
that are able to stimulate CD8+ cytotoxic T cells or CD4+ T helper cells, respectively.
Current T-cell epitope prediction methods are very accurate with a range of 90-95% positive
predictive value [1]. B-cell epitopes are able to stimulate the production of specific
antibodies. B-cell epitopes include linear (or non-conformational) and discontinuous (or
conformational) epitopes. In general, B-cell epitopes, especially discontinuous B-cell
epitopes are much more difficult to predict than T-cell epitopes [1]. Approximately 90% of
B-cell epitopes are discontinuous epitopes. The challenge of accurately predicting
discontinuous B-cell epitopes prevents the successful development of antibody-oriented
vaccines.

Protein antigen prediction can be performed using the reverse vaccinology strategy that
starts with bioinformatic analysis of genome sequencing data with an aim to predict vaccine
protein candidates. The predicted genes and proteins can then be used for efficient
development of gene-based vaccines such as subunit protein vaccines, DNA vaccines, and
recombinant vector vaccines. Reverse vaccinology has been pioneered by Dr. Rino Rappuoli
and proven successful for the development of a vaccine against serogroup B Ne/sseria
meningitidis (MenB), the major cause of sepsis and meningitis in children and young adults
[2]. Originated from the study, Rappuoli and his colleagues in Novartis have developed
Bexsero, a multi-component, broad-coverage MenB vaccine [3]. Currently Bexsero has been
approved for use in Europe, Australia, Canada, and USA. The successful story of the
Bexsero vaccine development is established as a milestone in reverse vaccinology. Vaxign is
the first web-based vaccine design program based on the reverse vaccinology strategy [4].
The Vaxign execution pipeline is able to predict antigen cellular localization, adhesion,
epitope binding to MHC class | and class 1, and sequence similarities to human, mouse
and/or pig proteins. Vaxign has successfully been tested in prediction of vaccine candidates
for many different pathogens such as Brucella[5-7] , uropathogenic £. coli[4], Francisella
[8], Streptococcus agalactiae [9] and human herpes simplex virus [10]. The experimental
verification of Vaxign-predicted results [7] confirms the accuracy of the Vaxign vaccine
candidate prediction.

While Vaxign has been proven successful, it can be further improved by incorporating other
types of vaccine candidate prediction methods such as protein structure-based prediction
[11], literature mining [12] and Omics-based gene expression screening [13,14] (Figure 1).
For example, since the DNA is not the same as the DNA gene expression, real experimental
detection and analysis of gene expression profiles is critical to identify which genes are up-
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or down-regulated. The gene expression profiles will support vaccine design. Omics gene
expression methods (including transcriptomics and proteomics) and RNA-seq sequencing
methods are able to simultaneously monitor the expression profiles of thousands of genes.
Transcriptomics and RNA-seq measure the RNA level gene expression. Proteomics
measures the protein-level gene expression. Given the complexity and a large amount of
data, it is a challenge to efficiently integrate various data into optimal prediction of vaccine
antigens (Figure 1).

In addition to the prediction of antigens, it is often challenging to rationalize the selection
and usage of other vaccine components, for example, vaccine adjuvants [15] and DNA
vaccine plasmids [16]. Bioinformatics programs are also needed to support the rational
design of these individual vaccine components.

Vaccine safety-related data mining and future challenges

While licensed vaccines are effective for most vaccinees, they induce adverse events (AE),
and sometimes even severe adverse events in specific populations. Different types of
vaccines may also be associated with different vaccine adverse events (VAE) [17,18]. For
example, many live attenuated vaccines are typically very efficient in stimulating protective
immunity. However, live attenuated vaccines are currently difficult to get approval for
human use primarily due to their potential VAEs and safety issues.

Many post-licensure vaccine safety surveillance programs exist [19]. One of the most
commonly referred to programs is the Vaccine Adverse Event Reporting System (VAERS)
[20], a web-based vaccine safety surveillance program co-sponsored by the USA Centers for
Disease Control and Prevention (CDC) and the Food and Drug Administration (FDA).
VAERS collects the data of VAE cases for those vaccines licensed for use in the USA
[21,22]. No causal association between the vaccination and reported adverse events is
assumed. Since 1990, VAERS has received more than 200,000 case reports. Most of the
reported cases describe mild adverse events. \ery rarely, some serious adverse events might
be reported. By collecting and analyzing the VAERS data, possible causal associations
between particular adverse events and administration of particular vaccines could be
identified [23].

Since anyone (e.g., vaccine recipients, health care providers and vaccine manufacturers) can
file VAERS report, the reported adverse event data can be noisy. For data normalization, the
Medical Dictionary for Regulatory Activities (MedDRA) terminology system [24] is used.
The MedDRA system, mostly used in pharmacovigilance for AE case report coding, has
also been used for drug adverse event reporting [24]. The usage of MedDRA also supports
statistical AE data analysis. However, several issues related to the usage of MedDRA exist.
For example, MedDRA does not provide specific definitions for individual MedDRA terms.
The lack of term definitions may cause confusion when MedDRA terms are assigned to
VAERS cases. In addition, the relations between MedDRA terms are not or poorly defined.
The poorly defined MedDRA hierarchical structure makes it difficult to use MedDRA for
term clustering analysis [18]. The Systematized Nomenclature of Medicine (SNOMED)
provides another commonly used terminology for general medical evaluation [25]. However,
many issues existing in MedDRA also exist for SNOMED.
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In addition to clinical VAE case reports, another focus on vaccine safety is the exploration of
basic VAE-related molecular mechanisms. A large number of studies have been published in
this area. Progresses and challenges co-exist and will be discussed in detail below.

Data mining of vaccine immune mechanisms and known bottlenecks

The vaccine candidate prediction skills as introduced above are primarily based on microbe-
side sequence (DNA/RNA/protein) analysis. Since vaccines are used to improve host (e.g.,
human) immunity, it is also important to examine the host-side immune mechanisms. The
questions to be asked include: (i) What host gene immune responses correlate with vaccine-
induced protective immunity? (ii) How does the host respond to individual vaccine
components, such as vaccine adjuvant? (iii) What host molecular pathways are critical to the
protection? (iv) What genetic susceptibility factors exist that significantly contribute to the
induction of various VAEs?

There are different ways to address these questions. A common approach is to raise a
hypothesis about how one gene can be regulated or regulate a pathway, followed by
experimental testing of the hypothesis with immune response evaluation after the gene
knockout or knockdown. While such an approach is highly specific, it is often difficult to
identify novel hypothesis and the individual gene testing can be very expensive. Another
approach relies on high throughput studies including Omics analysis or next-generation
sequencing analysis. The Omics approaches are composed of several methods that ends with
the letters “omics”, including genomics, transcriptomics, proteomics, and metabolomics.
The RNA-seq sequencing technology is able to measure the RNA gene expression profiles
by next-generation sequencing [26]. The strategy “systems vaccinology” targets to use high
throughput Omics and other systems biology approaches to analyze the interactions between
vaccines and host immune systems and identify critical immune signatures and markers that
correlate with vaccine-induced protection [27,28]. The systems vaccinology strategy has
been successfully demonstrated in different examples, such as Yellow fever vaccine YF-17D
[27], and live attenuated and Killed inactivated influenza vaccines [29].

To better understand the mechanisms of VAES, Dr. Gregory A. Poland proposed a strategy
called “vaccinomics” that applies high dimensional genetic, proteomic, bioinformatic, and
other assays to study vaccine response heterogeneity [17]. After the linkage between vaccine
administration and host genetic susceptibility is understood, it will become possible to
generate “personalized vaccines” that are specifically targeted for persons or a group of
persons and benefit from the prevention of severe adverse events [30,31]. To achieve such a
new paradigm of developing “personalized vaccines”, more fundamental basic mechanism
studies are required.

A critical challenge in “systems vaccinology” and “vaccinomics” is on the difficulty of
systematically integrating and analyzing high throughput data. In addition to newly
generated experimental studies, a large amount of published literature data are also available.
A feasible strategy for uncovering fundamental vaccine immune mechanisms is literature
annotation and mining of published experimental results, followed by the storage of curated
results in databases, bioinformatic assembly of the results, and statistical analysis and
reasoning based on the results. Since manual curation will not be able to catch up with the
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speed of paper publication in the era of “Big Data”, automated literature mining has become
very important. These areas of research will be described below and later in this paper.

Existing vaccine research databases and bottlenecks in further development

Most existing vaccine databases provide administration, safety, or other information about
licensed vaccines [32]. Many vaccine databases are generated by governmental agencies and
international organizations. These databases usually include information about licensed
human or animal vaccines and are typically targeted for clinical usages or for educating the
public. For example, the US Food and Drug Administration (FDA) and Department of
Agriculture (USDA) provide the information of US-licensed human vaccines [33] and
veterinary vaccines [34], respectively. The US Centers for Disease Control and Prevention
(CDC) Vaccine Information Statements (V1Ss) system includes information sheets
explaining the benefits and risks of a vaccine [35]. As described earlier in this article, the
VVAERS database collects the data of randomly reported VVAE cases associated with US-
licensed vaccines [21,22]. The PATH Vaccine Resource Library (VRL) is a database offering
high-quality documents and links to specific diseases and vaccine immunization topics
[36,37].

Many research-oriented vaccine-related databases also exist. For example, many immune
epitope databases have been developed, including the Immune Epitope Database (IEDB)
[38,39], SYFPEITHI [40], and the international ImMunoGeneTics information system
(IMGT) [41,42]. Disease-specific vaccine databases, such as the Nonhuman Primate
HIV/SIV Vaccine Trials Database [43], also exist. The most comprehensive research-
oriented vaccine database is the web-based Vaccine Investigation and OnLine Information
Network (VIOLIN) [44,45]. The VIOLIN vaccine database has stored over 3,000
experimentally verified vaccines that were manually curated from peer-reviewed
publications [46]. The VIOLIN database also includes the information of vaccine
components (e.g., vaccine antigen, adjuvant and vector) and the immune responses
stimulated by vaccines. Some important components of VIOLIN are introduced below.

VIOLIN includes many complementary components that are related to potential vaccine
efficacy improvement research. Besides the Vaxign vaccine design program, VIOLIN
includes several databases targeting for collecting manually verified data on different
vaccine ingredients. Particularly, VIOLIN has the following major databases: (1) Protegen
protective antigen database [47]. Protegen collects those antigens that have been
experimentally proven to be effective as a protective vaccine antigen component. Protegen
has currently included over 800 protective antigens. (2) The VirmugenDB “virmugen”
database. The term “virmugen” was coined to define a virulence factor that can be mutated
in a wild type virulent pathogen for generation of an effective live attenuated vaccine that
stimulates protective immunity against virulent pathogen infections [46]. The VirmugenDB
database has collected >200 virmugens and associated live attenuated vaccines [46]. (3) The
Vaxjo vaccine adjuvant database [15]. Vaxjo has collected 93 vaccine adjuvants that have
been used in 379 vaccines stored in VIOLIN. (4) The DNAVaxDB DNA vaccine database
[16]. DNAVaxDB contains >100 DNA vaccine plasmids that have been used in over 400
vaccines [16]. DNAVaxDB also includes bacterial, viral and DNA vaccine plasmid vectors.
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In addition, VIOLIN has also started to collect and analyze data for other vaccine
components (&.g., vaccine vectors) and for vaccine-induced host immune factors.

The analysis and usage of the data stored in the databases will be able to support rational and
efficient development of vaccines against the infections of existing and emerging pathogens.
These programs allow systematic analysis of enriched patterns from experimentally verified
literature reports. The identified enriched patterns can be used for rational vaccine design.
For example, the list of protective antigens in the Protegen database has been used as a gold
standard for vaccine design software development [48]. Many specific enriched patterns
among the collected virmugens have been identified to support the development of live
attenuated vaccines [46].

Although the VIOLIN manually curated databases have been proven successful, many
challenges prevent its fast growth. While manual curation and inclusion of the manually
curated data in a well-structured database provides high quality data, such an approach
cannot catch up with the pace of ever increasing publications. Therefore, computer-assisted,
automated literature mining is required to increase the rate of information retrieval.
However, the accuracy of current literature mining methods can still not match that of
manual curation. How to improve the literature mining and make the data curation better
performed is still a big challenge.

A promising solution: ontology-based data mining

In this section, the background of ontology is first introduced. The current status of
ontology-based data mining to support the areas of vaccine efficacy and safety
improvements is then reviewed.

What is ontology and ontology-based data mining

A formal ontology is a human- and computer-interpretable set of terms and relations that
represent entities in a specific domain and how they relate to each other. Most formal
biomedical ontologies are represented using the Web Ontology Language (OWL) format
[49] or Open Biomedical Ontology (OBO) format [50]. Biomedical ontologies can be
incorporated in various software programs and used to support automated reasoning and
Semantic Web applications [51].

Current biomedical ontologies are developed usually through international collaborations.
The OBO Foundry is a collaborative initiative aimed at establishing a set of ontology
development principles and ontologies (such as the VVO) following these principles in an
evolving non-redundant suite [52]. To facilitate collaborative ontology development, an
evolving set of OBO Foundry principles have been designed to encapsulate good practice in
ontology development [52]. These principles require that ontologies 1) be developed in a
collaborative effort; 2) use common relations that are unambiguously defined; 3) provide
procedures for user feedback and for identifying successive versions; and 4) have a clearly
bounded subject-matter [52]. These principles have widely been accepted and used as
guidance to support the ever increasing efforts of ontology development.
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Biomedical ontologies have played important roles in different areas. As shown in Figure 2,
ontologies have at least the following roles:

i. Naming “Things”. Most ontologies are designed to first represent entities in
different scientific domains. For example, the NCBI Taxonomy ontology
(NCBITaxon) includes the names and hierarchy of nearly one million taxonomy
names [53].

ii. Knowledgebase construction. For example, the Foundational Model of Anatomy
(FMA) that serves as an explicit declarative knowledge about human anatomy [54].
FMA represents classes (or types) and relations necessary for representing
phenotypic structure of the human body in a human- and computer-interpretable
form.

iii. Data exchange. A typical example is the OWL-based Biological Pathway
Exchange (BioPAX) standard language targeted for representing molecular and
cellular pathways and facilitating the exchange of biological pathway data [55].

iv. Data integration. Ontologies are able to integrate different types of data (e.g.,
vaccines, vaccine ingredients, vaccination methods, and host immune responses) by
representing these types of data and the relations among them. The universal (or
called class) level representation also provides a framework of representing
particular (or instance) level data [56]. An example of ontology-supported data
integration is that the Vaccine Ontology (VO) [57,58] has been used to integrate
data available from the VIOLIN vaccine database [46].

v. Data Analysis. Many ontologies, such as the Gene Ontology (GO) [59], have
played a major role in the integration and analysis of the large amount of
heterogeneous biological data available in the post-genomics era. Since its
publication in 2000, GO has been cited in over 6,000 peer-reviewed publications.

vi. Natural Language Processing (NLP). For example, both GO and VO have been
applied to enhance the performance of literature mining [12,60-64]. The VO-
SciMiner is a VO-supported SciMiner program for enhanced literature indexing
and analysis [12].

The Vaccine Ontology (VO) and its usage in vaccine data integration and mining

With a large number of vaccines and vaccine-related data collected in VIOLIN, it has
become difficult to integrate these data into a more powerful understanding of vaccine
knowledge. Towards addressing this issue, the community-based VO development was
initiated [57]. Developed by following the OBO Foundry ontology development principles,
VO is an ontology member under the OBO Foundry Ontology Library [65]. As of March 1,
2014, VO includes 4,864 ontology terms, including 3976 VVO-specific terms with the “VO_”
prefix and the other terms imported from 27 other existing ontologies. More specific
statistics of VO is available in the Ontobee [66] web page [67].

Developed with the OWL format [49], VO supports both asserted hierarchy and inferred
hierarchy. An asserted hierarchy is an ontology hierarchy asserted by the ontology
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developers, and an inferred hierarchy is generated by using an ontology reasoner [68-70].
Figure 3 provides an example of how VO supports inferred hierarchies of live attenuated or
inactivated vaccines. The ontology-enhanced data mining relies on the fact that an ontology
(e.g., VO) not only provides asserted hierarchies of thousands of terms (e.g., different
vaccine names), but it also provides the logical definitions that support automated
inferencing [12,64,71].

VO can be used in different applications. VO has been used in the VIOLIN system as a way
to more logically represent, share, and link vaccine data stored in VIOLIN [15,16,46,47].
For example, the information of virmugens and related vaccines stored in VirmugenDB has
been represented in the Vaccine Ontology (VO) [57,64]. The usage of VO provides an
efficient way for better data analysis in scientific vaccine research. With extensive vaccine
research, the volume of vaccine literature publications has been growing exponentially [1].
The literature query in PubMed is supported by the National Library of Medicine (NLM)'s
Medical Subject Headings (MeSH), a controlled vocabulary of medical and scientific terms
that is used by biomedical scientists to manually index articles in the PubMed literature
database [72]. MeSH has also been used in many other data mining programs [73-75]. The
usage of VO in combination with SciMiner, a literature indexing and gene name tagging
system [76], has allowed the development of an integrative VO-based SciMiner system VO-
SciMiner [12]. VO-SciMiner demonstrated superior performance in indexing/retrieving
vaccine papers compared to MeSH with the Brucella vaccine use case study [12]. GenoMesh
[77] is a novel algorithm and web program able to predict implicit gene-to-gene
relationships and networks based on genome-wide gene-MeSH term associations from the
PubMed literature database [78]. GenoMesh predicts implicit gene-gene relations by
statistically analyzing gene pairs that do not co-exist in any papers but share common MeSH
terms in MeSH-indexed PubMed papers. GenoMesh has been successfully evaluated using
E. coli and Brucella use cases [78]. It is anticipated that the GenoMesh algorithm can be
implemented using the VO and other OBO Foundry ontologies instead of MeSH to possibly
achieve higher performance.

VO-based literature mining has been used to improve the analysis of gene-vaccine
interactions. The VO-SciMiner was used to retrieve and analyze bacterial gene-vaccine
associations [12]. In addition, VO has been used to improve the discovery of host gene-
vaccine interaction networks in natural language processing (NLP)-based literature mining.
Using all the abstracts in the PubMed literature repository, a machine learning (particularly,
support vector machine or SVM [79])- and centrality-based method was used to identify
those host genes that interact with interferon-gamma (IFN-y) within or without the context
of vaccine [80]. By using VO that provides more names and relations of individual vaccines
(e.g., tuberculosis vaccine BCG), the literature mining program significantly improved the
retrieval of the vaccine-associated IFN-y-gene interaction network [64]. The inferred VO
hierarchy was also found beneficial in the analysis of specific types of vaccines (e.g., live
attenuated vaccines). In addition, such a method was applied to detect those vaccine- and
fever-associated gene-gene interactions [63].
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The Ontology of Adverse Events (OAE) and the Ontology of Vaccine Adverse Events

(OVAE)

Two safety-related biomedical ontologies recently developed include: The Ontology of
Adverse Events (OAE) [18,81] and the Ontology of Vaccine Adverse Events (OVAE) [82].

OAE was initially developed as a branch of the vaccine adverse events inside the VO. Due to
the complexity of AE representation and the shared features among different AEs (e.g.,
vaccine and drug AEs), the branch of vaccine AEs in VO was singled out to form the basis
of the Adverse Event Ontology (AEO). The AEO was focused on representing causal
adverse events. Since the namespace AEO was taken by another ontology (/.e., “Anatomical
Entity Ontology”), the name of AEO was later changed to OAE, which represents the
“Ontology of Adverse Events” [18]. In addition, OAE differs from AEO in that the adverse
events represented in OAE do not have to be causally induced by a medical intervention.
Such a broader range design makes the OAE ‘adverse event’ definition consistent with its
definition in commonly used clinical scenarios including their uses in the VAERS and the
FDA Adverse Event Reporting System (FAERS). Instead of focusing on AEs associated
with specific triggers (e.g., vaccine administration), OAE represents host adverse events that
are commonly associated with more than one trigger.

OVAE is designed to function as a knowledgebase of the adverse events known to be
associated with administration of licensed vaccines [82]. OVAE is an extension of both OAE
and VO. OVAE imports all the licensed vaccines from the VO and also imports related
adverse event terms from OAE. Currently, OVAE includes all over 1300 adverse events
associated with 63 US-licensed human vaccines. Figure 4 demonstrates how OVAE was
generated. Examples of OVAE usages are described in the next section.

Ontology-based data mining for more efficient classification and analysis of vaccine
adverse events

The OAE has been used to improve the analysis of VAE case reports collected from the
VAERS database [18]. In this case study, those VVAES associated with four trivalent (killed)
inactivated influenza vaccine (T1V) and one trivalent live attenuated influenza vaccine
(LAIV) were extracted from the VAERS database. After classical statistical analysis, 48
TIV-enriched and 68 LAIV-enriched AEs were identified. The MedDRA terms of these AEs
were first mapped to OAE terms. The OAE hierarchical structures were generated for these
two subsets of terms. The analysis of these two hierarchies allowed better classification of
these terms. Different patterns associated with these VAE subsets were identified.
Specifically, TIVV-enriched AEs include neurological and muscular processing such as
paralysis, movement disorders, and muscular weakness. In contrast, LAIV-enriched AEs are
inflammatory response and respiratory system disorders. Furthermore, LAIV was found to
have lower chance of inducing two severe adverse events (Guillain-Barre Syndrome and
paralysis) than TIV [18].

As described above, OVAE was used to classify VAES associated with US-licensed human
vaccines [82]. OWL-based OVAE is stored in an RDF triple store, a database system based
on the Resource Description Framework (RDF). The RDF data model makes statements
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about resources in the form of subject-predicate-object expressions (/.e, triples). SPARQL (a
recursive acronym for SPARQL Protocol and RDF Query Language) is an RDF query
language that can be used to retrieve and manipulate data stored in RDF format. After the
OVAE data were stored in a RDF triple store [66], specific SPARQL queries were generated
to retrieve useful information, such as the top 10 vaccines associated with the highest
numbers of VVAEs and the top 10 VAEs most frequently observed among all human vaccines
[82].

Expert commentary

To improving vaccine efficacy and safety, the author argues that ontology-based data mining
will play a significant role in predicting vaccine candidates, vaccine adverse events, and the
molecular mechanisms of protective immunity and adverse events. Specifically, the author
proposes the following ontology-related activities:

Proposing minimum data information about vaccine research publication and ontology-
based vaccine data representation, sharing, and meta-analysis

The informatics technology is efficient in processing “big data”. However, without standard
data format, it is difficult to process the big data. The minimum information standard is a set
of guidelines developed for reporting experimental data in a specific domain of biosciences.
The standard can be used to ensure the data being easily verified, analyzed and clearly
interpreted by the wide scientific community. Examples include the Minimum Information
About a Microarray Experiment (MIAME) and Minimum Information about a Flow
Cytometry Experiment (MIFlowCyt) [83]. MIAME is a standard that describes the
minimum information required to ensure the easy interpretation of microarray data and
possible independent verification of the analysis results [84]. MIFlowCyt is the minimum
information about a flow cytometry experiment. These recommendations lay out the
foundation of structuralized databases, public repositories, and data analysis tool
development.

There is also a need to develop the minimum information about vaccine research
experiments. For example, a vaccine protection experiment involves three basic processes:
vaccination, challenge, and protection efficacy assay. All these three processes are
implemented on the same host (e.g., some laboratory animal or human). Different variables
are needed to fully represent a vaccine used in the vaccination process and a pathogen used
in the challenge process. Different protection efficacy assays may be used. A clear
representation of temporal periods between processes is also required. In a recent study [85],
nearly 20 variables were identified to logically represent the vaccine protection study. The
20 variables provide a prototype of minimal information for analysis of vaccine protection.

To support data integration, ontology can play a role in standardizing the minimum
information into ontology format. For example, the MIAME minimum information for
microarray experiments is being represented into the Ontology for Biomedical Investigations
(OBI) [86]. Ontologies can also be used for data representation and statistical analysis [87].
Similarly, the author proposes to generate the minimum information about vaccine data
publication, and further represent the minimum vaccine data information using an ontology-
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based strategy. The combination of VO and OBI can be used as the basis for the ontology
representation. A community-based effort of developing and standardizing the minimum
information about vaccine data, and applying it with an ontology-based approach would
significantly enhance the high throughput vaccine data processing and automated reasoning,
supporting rational vaccine design and fundamental vaccine mechanism analysis.

One possible usage of the minimum information standardization and ontology representation
is its support on data integration and statistical “meta-analysis” of integrated data. The term
“meta-analysis” was coined by Glass in the 1970s to describe the process of gathering and
combining information from many studies of the same type [88]. Outcomes from a pooled
meta-analysis may include a more precise estimate of the effect of biological factors or
outcomes than could be obtained from an individual study. Meta-analysis can also be used to
investigate new hypotheses [89,90]. Although meta-analysis has been widely used in
biomedical research [88,91,92], how ontologies can be used to advance meta-analysis has
not been systematically explored. Different results in different studies may be affected by
different experimental variables (or conditions) and specific data of these experimental
variables. For better meta-analysis, it is critical to standardize the data as well as the
experimental conditions. The ontology-based data standardization supports standard variable
representation, data normalization, and advanced meta-analysis.

One example of ontology-based statistical meta-analysis is an ontology modeling and meta-
analysis of different variables contributing to the vaccine efficacy of whole organism
Brucella vaccines using the mouse model [85,87]. In this study, based on the identification
of 19 variables (e.g., vaccination route, challenge dose) relevant to the vaccine protection
study, 401 experimental groups were manually annotated from 74 peer-reviewed
publications. An Analysis of variance (ANOVA) meta-analysis on a whole organism
Brucella vaccine study based on the collection and analysis of data related to these variables
allowed us to statistically compute which variables significantly contributed to the vaccine
protection efficacy, and which variables did not. Such a study also found new counter-
intuitive results. For example, the meta-analysis has demonstrated that intraperitoneal and
subcutaneous vaccinations are much more effective in protecting against aerosol Brucella
challenge compared to intranasal vaccination [85].

The ontology-based statistical meta-analysis as exemplified in the above Brucella vaccine
efficacy use case [85,87] can also be applied for complex Omics meta-analysis such as those
related to the systems vaccinology studies [27]. Basically, the ontology methods can be used
to standardize the variables and relations among variables, normalize related data types, and
provide a platform for standardized and efficient statistical data analysis.

Proposing an OBO Ontologies-based Linked Open Data framework (OBO-LOD) and its
usage in the vaccine domain (LODV)

To address a major obstacle in “big data” integration, the Linked Data (LD) strategy that
extends the Web by publishing and linking various datasets [93] can be used. Dr. Tim
Berners-Lee, the inventor of WWW, outlined four principles of linked data [94]: (i) Use
uniform resource identifiers (URIS) to denote things. (ii) Use HTTP URIs so that these
things can be referred to and looked up (“dereferenced”) by people and user agents. (iii)
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Provide useful information about the thing when its URI is dereferenced by using standards
such as RDF. (iv) Include links to other related things (using their URIS) when publishing
data on the Web, so that more things can be discovered. Furthermore, linked data are
preferred to be open, leading to the Linked Open Data (LOD).

Many different LD or LOD systems, such as Bio2RDF [95] and DBpedia [96], have been
developed. These RDF links between data items can come from different data sources and
be accessed anywhere through the web [94]. However, since individual LOD systems tend to
use their own ontologies and standards, the difficulty in data exchange and query between
different LODs has become a new obstacle. To address this challenge, the author proposes to
use the community-based OBO Foundry ontologies as the framework for both “class” (or
called “universal™) and “instance” (or called “particular”) data representation. Such the OBO
Foundry-based LOD framework (abbreviated as “OBO-LOD” below) can be applied in the
vaccine domain to generate a LOD-Vaccine (LODV) system. Figure 5 lays out the upper
class level hierarchy of different components used for the LODV system. The Basic Formal
Ontology (BFO) is an upper level ontology [52,97] that has been used by over 100
biological and biomedical ontologies. By aligning all specific ontologies with BFO, all
ontologies can be integrated seamlessly. Once the class level hierarchy is generated, the
instance level data can be represented as instances of corresponding classes. One advantage
of such OBO-LOD representation is that the class level hierarchy will provide the schema
(like relational database schema) that defines the relations between different instance data.
Various data will be stored in RDF triple stores. Since the VO/OBO-based LODV is
developed following the community-based OBO ontologies, the vaccine-related data in
LODV can be easily shared with the broader biological and biomedical communities.

Many challenges still exist in fully implementing the OBO-LOD framework. Not all
domains of knowledge are represented by ontologies. Many ontologies (including the BFO
upper level ontology and specific domain ontologies) are still under constant updating and
evaluation. How to use the class-level hierarchy to link and analyze instance level
experimental data still needs testing. However, these challenges also pose opportunities. The
development of OBO-LOD-based LODV would provide a first evaluation of how such a
framework will be useful in novel data integration and analysis in the Big Data era.

Proposing the One Network (OneNet) Theory of Life for studying biological & molecular
interaction networks

Historically, many scientific theories, such as the Darwin's Theory of Evolution Theory,
have significantly advanced scientific biology research. The Evolutionary Synthesis Theory
(or the Synthetic Theory), a synopsis of much of contemporary evolutionary theory,
illustrates the relationship between genotype and phenotype [98]. Based on this theory, the
genotype is a blueprint for an organism that provides the set of instructions for development,
and the phenotype is the physical manifestation of a genotype. However, the environment
may influence the phenotype outcome [98]. The Cell Theory states that all organisms are
composed of one or more cells; the cell is the most basic unit of structure, function, and
organization in all organisms; and all cells arise from pre-existing, living cells [99,100].
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Many immune system-specific theories have also been proposed. The “Immune Network
Theory” explains how the adaptive immune system works [101]. Based on this theory, the
immune system is an interacting network of lymphocytes and molecules with variable (V)
regions. These V regions bind not only to those things foreign to the vertebrate, but it also
binds to other V regions within the system itself. The immune system is therefore a network
with the components connected to each other by V-V interactions. Recently, Dr. Poland
proposed a theory or hypothesis of the “immune response gene network” [17]. This theory
states that the response to a vaccine is the cumulative result of interactions driven by host
genes and their interactions. The immune response includes various responses including
innate, humoral, cell-mediated responses, and different adverse events. Basic genetic
elements of the theory include key immune-response genes necessary for activation and
suppression of immune responses, gene expression, gene polymorphism, epigenetic gene
modifications, innate response genes, and gene-gene interactions. Compared to the “Immune
Network Theory”, the “immune response gene network” theory is more focused on “gene”
level. The “immune response gene network theory” has been used as the basis for many
“vaccinomics” studies, which establish associations between immune response gene
polymorphisms and various antibody and cell-mediated immune responses to many viral
vaccines including measles-mumps-rubella vaccine, influenza vaccines, hepatitis B, and
smallpox vaccines [17].

While the Evolutionary Synthesis Theory and the Cell Theory introduce the principles of
how cells and organisms evolve, they do not emphasize the fundamental interaction network
mechanisms under the cellular and organismic evolvements. While the Immune Network
Theory and the “immune response gene network” theory propose specific network
mechanisms and address specific issues in immune systems, they often ignore other systems
(e.g., developmental system) as integrated parts of the whole dynamic life. To integrate and
extend these theories, the author here proposes a One Network (abbreviated as “OneNet”)
Theory (or hypothesis) of Life. Basically, the OneNet Theory of Life includes four tenets:

i.  The whole process of a life is a single complex and dynamic network (called
“OneNet”).

ii. The OneNet blueprint is stored in the genotype of the organism.
ili. The OneNet starts at the moment when the first cell of the organism forms.

iv. The OneNet of temporal interactions between the genetic materials and their
environments determines the dynamic phenotype of the life.

The OneNet Theory treats the life of an organism as an integrated, complex and dynamic
network. For a single-cell organism such as £. coli, the dynamic OneNet process starts at the
moment when the cell forms. For a human life, the OneNet starts at the moment with the
formation of the one-celled zygote out of the process of fertilization [102]. The moment of
the first cell formation is the “Big Bang” moment of a new life. After the first cell forms, the
cell development process will be dynamically regulated by the interactions between the
genetic materials and its environmental factors. The environmental factors of the genetic
materials include those inside the cell but outside the genetic materials and those outside the
cells. All these environmental factors may change the expression of the genotype leading to
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different phenotypes in the development and behavior of the new life. Since the whole £.
coli organism is a single cell, the environmental factors for the whole bacterial organism is
the same as the environmental factors for the single cell. In contrast, a mature multi-cell
human is composed of a large number of cells that are all originated from a single fertilized
cell. These human cells are well-organized into different tissues and organs as parts of the
whole human body in an integrated structure. The framework of how individual cells are
organized and interact with each other as a whole is also defined by the genotype. The
environmental factors for the life of a human are more complex and may be different at
various stages from a single fertilized cell to a multi-cell embryo to a fetus to a more
independent life outside the mother's womb. While the granularity and complexity of the
environmental factors of human genotype require deeper investigation, all the four tenets of
the OneNet theory (or hypothesis) likely hold true for the multi-cell human organism.

Therefore, the OneNet theory provides a basis for systematically studying what happens
once a life has formed. The systematical and dynamic OneNet network integrates different
development and growth stages (or processes) of the whole life. The OneNet theory can be
used to explain and study various genotype-phenotype linkages, including the association
between vaccination, host genetic variation, and host immune response heterogeneity. The
OneNet theory provides a clear systematic framework that may eventually explain vaccine-
induced protective immune responses or adverse events by uncovering detailed fundamental
mechanisms of dynamic molecular interaction networks. The OneNet theory may also be
used to study scientific questions beyond vaccinology and immunology. However, it is noted
that there is still a long way to go before we can fully understand how every interaction of
the OneNet works from the moment when a cell is fertilized or formed.

While it might be relatively easy to understand the OneNet Theory, how to study and apply
this theory can be challenging. The study of the OneNet can rely on computational and
statistical methods such as Bayesian network [103-105] and other causality and network
analysis methods [106]. The computational or statistical analysis of the OneNet Theory is
not discussed here since it goes beyond the scope of this manuscript. Here, the author
suggests that ontologies are a powerful approach to studying the OneNet dynamic network.
Indeed, the OBO-LOD system introduced in the above section provides an ideal platform for
the OneNet data integration and analysis. In the next section, the author proposes an
example strategy to study the dynamic interaction networks and how it can be used to study
the interactions between vaccine administration and the host immune system.

Proposing ontology-based integrative representation and analysis of the “OneNet”
interaction networks

While hundreds of databases of biological interactions and pathways (such as Reactome
[107], Kyoto Encyclopedia of Genes and Genomes (KEGG) [108], BioCyc [109], and
BioCarta [110]) have been developed [111], the knowledge and data in these databases are
not integrated. One major reason for the lack of integration is different representation
formats used by different databases. Some common formats, such as BioPAX [55], are used
for data exchange. The BioPAX ontology format represents basic high level pathways,
associated interactions, and entities participating in the interactions and pathways. Individual
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Reactome interactions and pathways are then represented as instances of BioPAX ontology
classes. While the approach of listing individual pathways as instances in OWL is
reasonable for data exchange, different levels of pathways (e.g., apoptosis pathways),
reactions (e.g., phosphorylation), and entities (e.g., protein) are universals (or classes)
instead of particulars (or instances). Given verified experimental conditions, these pathways
always occur. Therefore, they are more appropriately represented as classes instead of
instances in the scope of ontology. The BioPAX representation of individual interactions/
pathways as instances does not solve the issue of data integration among different databases.
Therefore, the author proposes the development of the Human Interaction Network
Ontology (HINO) [112] that integrates data from different interaction pathway databases
(e.g., Reactome and KEGG) and represents individual genes, molecules, interactions, and
pathways as non-redundant classes instead of instances [112]. Such an ontology can
eventually be expanded to fully represent the OneNet of a human being. The same strategy
can also be applied to study other organisms (e.g., £. coli). Similar to the Periodic Table of
Chemical Elements that systematically organizes chemical elements, the ontology logically
represents known interactions and pathways and may eventually be used to predict unknown
elements in the interaction network.

In addition to integrating annotated knowledge from existing databases, we may also need to
incorporate the experimental results published in the vast amount of literature. Ontologies as
knowledge bases of annotated interaction networks (including vaccine-induced host
response pathways) can be used as a prior for further improvements. Ontologies can also be
applied to enhance the performance of literature mining in the steps of Reading, Assembly
and Explaining [113] (Figure 6). The advantages of using ontologies in literature mining
come from formal logical representation of asserted and inferred hierarchies by ontologies.
All the ontologies (including HINO) are aligned with the upper-level Basic Formal Ontology
(BFO) (Figure 5). Different domain ontologies can be used for name tagging of specific
types of text in the literature. For example, chemical entities can be tagged in literature text
with the Chemical Entities of Biological Interest (ChEBI) [114], gene names tagged with the
Ontology of Genes and Genomes (OGG) [115], and cell types and cell line cells tagged with
the Cell Ontology (CL) [116] and Cell Line Ontology (CLO) [117]. The Ontology for
Biomedical Investigations (OBI) [86] can be used for tagging those terms related to
experimental assays and conditions. In addition to the noun name tagging, those verbs or
keywords indicating the interaction types can be tagged using the Interaction Network
Ontology (INO) [64]. The literature extracted molecular interactions can then be assembled
into the HINO basis using bioinformatic and statistical methods. Ontology-based inferences
can be used for different applications, such as resolving inconsistency and predicting
hypotheses. An ontology-based integrated software system can be generated to integrate
different technical methods into a pipeline for efficient literature mining and reasoning.
Newly predicted hypotheses can be selectively verified using wet-lab experimental methods.
Such a systematic system can thus result in the generation of new knowledge (Figure 6).
However, it may take a long time to have a comprehensive understanding of human OneNet
interactions and pathways.
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Ontology-based software tool development and applications

To increase the development and applications of ontologies, different software programs are
needed. Many ontology-oriented tools have been developed for various activities in ontology
development and applications [51,66,118,119]. Using the VO development and applications
as model, many tools have been developed to support ontology development and
applications [51,66,118,119] (Figure 7). Some of these tools, including Ontobee [66],
OntoFox [51], and the Hegroup triple store [66], have been widely used beyond the vaccine
community. For example, during the past three years, OntoFox and Ontobee have been
visited by >3,800 and >21,000 unique visitors, respectively.

Expert commentary

In summary, in the section of Expert Commentary, the author envisions and proposes new
strategies and their ontology-based representations and implementations. To support better
vaccine data analysis, the author proposes the development of minimal vaccine information
standards for reporting vaccine studies. For computer-assisted automated processing, the
minimal vaccine information standards can be represented using ontology formats. Different
ontology-based meta-analysis can then be developed for advanced statistical data analysis.
Ontologies are also the foundation of linked (open) data. To support data integration in the
big data era, the OBO Foundry ontologies can be integrated under the Basic Formal
Ontology (BFO) to provide an ontological framework for constructing and integrating
various LODs, including the LOD in the vaccine domain (LODV) (Figure 5). For a better
understanding of vaccine immune mechanisms, the author proposes an integrative One
Network (OneNet) theory. The OneNet theory can be used as guidance for generating an
ontology-based representation of the OneNet interactions and networks of an integrative and
dynamic life. The ontology-based data representation and mining based on the theory will be
critical to better predict vaccine candidates and understand the molecular mechanisms of
protective immunity and adverse event responses (Figure 6). To support ontology
development and applications, ontology-oriented software programs can be generated
(Figure 7). Since these proposed strategies are formed under a general integrative view, these
strategies are likely applicable for studies in scientific areas beyond vaccine immunology.

Five-year view

As demonstrated in this article, new technologies such as Omics and systems biology have
been used to generate a large amount of data in the field of vaccinology. The publication rate
of scientific articles has also dramatically increased in the last decade. The usage of
computers plays an important role in big data analysis. The computational analysis of the big
high-throughput and literature data has resulted in rational design of new or improved
vaccines or counter measurements of adverse events. However, it is often challenging to
analyze big data since the big data can be very noisy. To more efficiently use computational
technologies, data are required to be integrated and organized in a standardized way. Since
ontologies logically represent terms and relations in a human- and computer-interpretable
format, ontology-based data mining provides a new way for advanced computer-assisted
data mining.
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The biomedical ontology research is a booming research area. In the vaccine domain, the
community-based Vaccine ontology (VO) and the Ontology of Vaccine Adverse Events
(OVAE) have been developed to support various vaccine research and applications. These
studies are still at its early stage, and more efforts are required to make the ontologies better
and more useful. In five years, the author anticipates that much progress will be made in
generation of improved and new ontologies, development of ontology-based standards and
software programs, and their applications in scientific discoveries. More use cases in the
vaccinology or other research areas are expected to be studied and published to demonstrate
the advantages and usages of ontology-based data mining strategies.

The OneNet theory considers the whole life of an organism as a single complex and
dynamic network. Such a theory and its associated ontology representations provide a
feasible framework for systematically organizing, integrating and analyzing fundamental
mechanisms of biological interactions and networks. For the vaccine case, a human
vaccination process initiates an interaction between a foreign antigen and the human host,
and it induces a series of human responses including innate and adoptive immune responses.
Studies with monozygotic twins (/.e., identical twins) that share the same genotypes can be
useful in investigating how different vaccination exposures contribute to the differences in
immune responses. Similarly, given the same vaccination exposures, the genetic differences
between dizygotic twins (7.e., non-identical twins) may cause differences in positive
protective immunity or negative adverse event responses [120]. New methods such as Omics
and next-generation sequencing can be used to explore how individual vaccines work when
they are administered into a human body /n vivo or a population of cells /n vitro. However,
given that we just start to use new systems biology technologies and ontology-based data
integration/analysis approaches, to understand every detail of the OneNet interaction
network mechanism starting from the single cell formation is expected to remain a goal for a
long period of time in scientific research.

Conclusion

In the big data era, how to use big data to improve vaccine efficacy and vaccine safety has
become critical in vaccine research. In this article, the author summarizes existing progress
and challenges in these areas. Basic introduction of ontologies and ontology applications in
the vaccine research is provided. The author has also proposed many ontology-based
strategies and approaches to better study vaccine-related immune network and other
biological mechanisms. In summary, the following key issues are introduced and discussed.
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Key issues

»  Vaccine efficacy and safety research has dramatically progressed with the
methods of in silico prediction, literature mining, and bioinformatic analysis

»  The community-based Vaccine Ontology (VO) supports vaccine data integration
and enhanced vaccine literature mining.

e The Ontology of Adverse Events (OAE) represents various adverse events and
supports classification and data analysis of clinically reported adverse events.

»  The Ontology of Vaccine Adverse Events (OVAE) represents known vaccine
adverse events as a knowledge base and supports automated query and analysis
of know vaccine adverse events.

»  To support vaccine data integration, minimal information about vaccine research
can be generated and formulated with ontology support.

»  Ontology-based statistical meta-analysis will allow more advanced meta-
analysis of the relations between different variables using data from different
studies.

« An OBO Foundry ontologies-based linked open data (LOD) (OBO-LOD) is
proposed for biological data representation and integration, and its application in
the vaccine domain (LODV) will support better vaccine data standardization and
its integration and sharing with other research domains.

»  The author proposes to integrate and extend existing theories to form the
“OneNet” Theory of Life for better understanding of fundamental biological
interaction networks including vaccine immune mechanism.

» To apply the “OneNet”, the author proposes to develop ontologies (e.g., the
human interaction network ontology or HINO) to represent non-redundant
interaction pathways by integrating knowledge collected in databases and
reading/assembling experimentally verified data from published literature
reports.

»  Ontology-based software programs are being developed to support ontology
generation and applications.
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Figure 1. in silico protective vaccine antigen prediction
Different methods can be used for predicting protective antigens for vaccine development.

Specifically, T- and B-cell epitopes can be predicted using protein sequences as input based
on training data available from existing immune epitope databases. Bioinformatic analysis of
microbial genome sequences allows 7 silico prediction of protective vaccine antigens using
the reverse vaccinology strategy. The database of verified protective antigens (e.g., Protegen)
provides gold standard positive antigens for various programs to evaluate. The gene
expression data, coming from transcriptomics (DNA microarray or RNA-seq), proteomics,
or literature mining can be analyzed and used for further protein vaccine antigen predictions.
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Figure 2. Various ontology-based applications
The details of different applications are described in the text. Abbreviations: NCBITaxon:

NCBI Taxonomy ontology; FMA: Foundational Model of Anatomy; BioPAX: Biological
Pathway Exchange; VO: Vaccine Ontology; GO: Gene Ontology; VO-SciMiner: VO-based
SciMiner program.
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Figure 3. Ontology VO supports asserted and inferred hierarchies
(A) Asserted VO hierarchy of 8 bacterial and viral vaccines. Note that the term ‘live

attenuated vaccine’ has no asserted child term. (B) Inferred hierarchy after using Fact++
description logic reasoner [70]. The results were extracted from the VO using OntoFox [51]
and displayed using the Protégé ontology editor [121]. No specific vaccines were asserted
under live attenuated or inactivated vaccines. However, after reasoning, 6 vaccines were
inferred to be different types of live attenuated vaccines and 2 other vaccines were inferred
as inactivated vaccines. VO: Vaccine Ontology. Data taken from VO.
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e ADVERSE REACTIONS

e Inchildren 5 through 17 years of age, the most common injection-site
adverse reactions were pain (>60%), redness (>20%) and swelling
(>10%). The most common systemic adverse reactions were headache,
myalgia (>20%), malaise and fever (>10%). (6.1)

. In adultsthe most common injection-site
adverse reactions were|tenderness (260%)|and pain (>40%). The most
common systemic adverse reacfions were headache, malaise, and muscle
aches (>20%). (6.1)

. In adultg 65 years of age and older,|the most common injection-site
adverse reactions were|tenderness (>30%)|and pain (>10%). (6.1)

(©)

Figure 4. OVAE representing Afluria VAEs reported in FDA vaccine package insert
(A) The hierarchical structure of Afluria VAEs represented in OVAE. (B) OVAE ontological

representation of ‘Afluria-associated injection-site tenderness AE’ based on two age groups.

(C) Afluria adverse reactions recorded in the FDA package insert document. The (A) and
(B) subfigures were screenshots of OVAE using the Protégé OWL editor. The text from (C)
was retrieved from the FDA package insert document of the Afluria vaccine. The red color
box highlighted terms in (C) represents different age groups and percentage rate (/.¢.,
occurrence) of vaccinees who are likely have to the tenderness adverse event (AE). The
occurrence rates of tenderness AE under two different age groups are ontologically
represented in OVAE (B). OVAE also represents other Afluria-associated AEs using the
same strategy (A). AE: Adverse Event; OWL: Web Ontology Language; OVAE: Ontology of

Vaccine AEs.
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Figure 5. The top level ontology framework of linked open vaccine data (LODV) to support

vaccine data integration

This framework represents seamless integration of different data types represented by

different ontologies (e.g., VO, OAE, and OVAE). All related ontologies are aligned with the

Basic Formal Ontology (BFO). Vaccine-related experimental data can be represented as

instances of VO, OBI, and other ontology classes. A new Ontology of Genes and Genomes
(OGGQG) [115] can be used to represent individual genes and genomes from different
organisms. A new Interaction Network Ontology (INO) and specific INO extensions (e.g.,

human INO or HINO) to represent interaction data stored in databases such as Reactome

[107]. HINO: Human Interaction Network Ontology; INO: Interaction Network Ontology;
LOD: Linked Open Data; LODV: LOD-vaccine; OAE: Ontology of Adverse Events; OBI:

Ontology for Biomedical Investigations; OGG: Ontology of Genes and Genomes; PR:
Protein Ontology; VO: Vaccine Ontology; OVAE: Ontology of Vaccine Adverse Events.
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Figure 6. Proposal of ontology-based pathway representation and literature mining of gene

interaction networks
See text for detailed explanation.
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Figure 7. Tools available to develop, query, and apply ontologies
OntoFox is a web-based tool that supports ontology term reuse and sharing by automatically

fetching ontology axioms from existing ontologies [51]. To simultaneously generate and
annotate a large number of new ontology terms based on specified design patterns, Ontorat
was generated [118]. The tool Ontodog generates ontology community views from a large
ontology [119]. The Hegroup RDF triple store has been used as the default triple store that
includes all OBO Foundry ontologies [66]. Ontobee is a linked data server that supports
ontology term, dereferencing, browsing and querying. Ontobee currently supports over 130
ontologies with over two million ontology terms [66]. Ontobee has become the default
linked ontology data server for publishing and browsing biomedical ontologies in the OBO
foundry library. Ontobat, a tool still under development, will specifically be designed for
ontology-based LOD data analysis. LOD: Linked open data; OBO: Open Biomedical
Ontology; RDF: Resource Description Framework.
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